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Foreword

With the rapid development of Chinese economy and economic globalization,
China’s logistics industry has connected to the international market at great speed,
logistics engineering has made remarkable development, and logistics technology
and equipment market have kept growing.

Logistics engineering is an integrated multidisciplinary technology; the tech-
nological progress of logistics engineering has undoubtedly promoted the devel-
opment of modern logistics greatly. In recent years, the Chinese government’s
enhanced policy of support to the logistics industry, and the activeness of the
logistics market has greatly promoted the rapid development of logistics
engineering.

Proceedings of China Modern Logistics Engineering was edited by Logistics
Engineering Institution, CMES, which collected 44 thesis covering enterprise
logistics, logistics systems and management, logistics warehousing and distribution
technology and management, lifting machinery technology, conveying machinery
technology, and other fields; it reflects the latest research achievement of China’s
logistics engineering.

This book can serve as a reference book for teachers, graduate students, and
undergraduate students from college/university of logistics management, logistics
engineering, transportation, business administration, e-commerce, and industrial
engineering. The book can also be used as a reference book for logistics profes-
sionals, including scholars, researchers from colleges, and technical personnel of
enterprises.
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Part I
Logistics Systems and Management

Research (LSMR)



Chapter 1
Research on Distribution Center Logistics
Equipment Risk Management

Qicai Zhou, Xiaolei Xiong and Hang Fang

Abstract In view of the problem of the operational risk on distribution center, a
technical framework of logistics equipments that adapted to the risk-based main-
tenance decision making is proposed. The frame includes three modules: risk
analysis, risk evaluation, and risk control. The reliability of equipment and con-
sequence of malfunction are considered. The risk is quantitatively analyzed, by
which maintenance strategy is built for decision objective, so that we can build the
management system of logistics equipment. An instance is taken to explain how to
use the risk-based maintenance decision technique to logistics equipment.

Keywords Risk-based maintenance � Risk evaluation � Logistics equipments �
Risk management � Fault tree

1.1 Introduction

Since the development of distribution center in the early 1990s in China, there has
been extensive application of distribution center. In recent years, along with the
utilization of novel technologies, such as logistics information technology, net-
worked objects, and radio frequency identification in logistics, distribution center
has been widely used in food, clothing, medicine, tobacco, motorcar, retail, railway,
electronics and electrical, chemical industries, etc.

However, with the considerable application of distribution center, accidents
happen occasionally during the usage of distribution center and the equipment
maintenance and management tasks we are confronted with become more promi-
nent day by day. The whole process that distribution center from accepting goods
provided by the suppliers, taking a series of processes such as storage, safekeeping,

Q. Zhou � X. Xiong � H. Fang (&)
College of Mechanical Engineering, Tongji University, Cao’an Road,
Shanghai 201804, China
e-mail: fanghang716@163.com

© Springer-Verlag Berlin Heidelberg 2015
Logistics Engineering Institution, CMES (ed.),
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sorting, circulation processing and information processing, and so on, and deliv-
ering to the particular customers require the participation of lots of modern logistics
equipment.

Modern logistics distribution center general is equipped with highly automated
and intelligent automatic storage retrieval system (AS/RS). AS/RS is a new type of
storage system that features a complicated system configuration, which consists of
multitudinous subsystems and components. The operation of AS/RS not only
requires enormous capital investment and high operating cost, but also needs
constant updates and maintenance after being put into use. Thus, the cost of
equipment maintenance accounts for a large proportion in the total cost of enterprise
operation. The stacker crane, as the core component of AS/RS, is composed of a
great number of mechanical devices and electrical control components and has the
important functions of cargo lifting, handling, and access. The operation process of
stacker cranes may be affected by many factors such as environment, operation, and
maintenance; hence, equipment failures feature uncertainty and fuzziness. Once a
system failure happens, it is difficult to identify the source of failure in time, which
can greatly affect the normal operation of AS/RS as a whole and in severe situations
may cause the breakdown of the entire distribution center. Hence, it is urgent to
build up a feasible and economical maintaining strategy to strengthen equipment
maintenance management and thus to reduce the probability of malfunction and
improve the reliability and stability of AS/RS.

Although risk-based maintenance (RBM) method is a new research area and a
trend of future development in the field of equipment maintenance management, but
this study is developing quickly. At present, RBM has been successfully adopted in
petrochemical plants, power plants, offshore facilities, etc., which can cut down
enterprises’ cost of maintenance and service by 15–40 % [1]. However, RBM is
seldom used in logistics and has not yet formed the complete theoretical frame. The
American Society of Mechanical Engineers has already begun to develop a risk
evaluation and management model for logistics equipment.

The proposed risk-based maintenance method aims at reducing the operating
system’s overall risk of failure and optimizing the total life cycle cost. This paper
first introduces a methodology of risk-based maintenance and then illustrates how
to apply this method to the analysis of AS/RS’s maintenance decision making.

1.2 Equipment Risk Management and Risk-Based
Maintenance

1.2.1 Equipment Risk Management

A widely accepted definition of risk in the field of risk management is: the overall
estimate of the probability of uncertain adverse events and the severity of possible
loss. In the risk-based maintenance, risk can be expressed as
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Risk ¼ Probability of failure� Consequence of failure ð1:1Þ

Risk exists during the equipment’s entire life cycle. At different stages, risk types
vary. Risk can be caused either by material properties or equipment attrition’s
influence on the system’s reliability, potential unreasonable design or wrong
manufacturing, and also improper installation or maintenance management.

On the basis of identifying potential risk, equipment risk management is a
process of assessing both the probability of risk and the consequence of failure so as
to measure the severity of the risk. Also, equipment risk management serves to
judge whether the maintenance measure should be optimized or improved, which
focus the attention and resources on the most significant maintenance activities and
ensure the equipment’s safe operation to the largest extent while helping the
maintenance section to control the cost of maintenance within a reasonable range.

The operation of distribution center is affected by many inner and external
factors and is full of uncertainty, especially in high-risk chemical industry. The
objective of applying the risk-based approach to AS/RS is to conduct a qualitative
or quantitative risk assessment of the uncertainty in the operational process so as to
control risk scientifically.

1.2.2 Risk-Based Maintenance Methodology

Compared with traditional maintenance method, RBM is a maintenance theory
based on risk identification and views risk assessment as its core component and the
purpose of risk control as its pursuit. More than simply a maintenance strategy,
RBM is an approach or a process to formulate the optimized maintenance strategy
for the object of maintenance and is carried out in the maintenance decision-making
process. The RBM methodology is broken down into three main modules.

1. Risk analysis, which consists of risk identification and estimation. Based on a
comprehensive identification of the system’s potential risk, equipment risk
analysis is an analytical process integrating failure probability and its resulting
consequence. Risk analysis is the most crucial part. This module comprises four
steps:

(a) To fully identify risk events affecting the equipment’s normal operation,
the system is divided into subsystems or unit components to develop
failure scenario according to operational characteristics of the system;
physical conditions under which operation occur; geometry of the system,
safety arrangement, etc. [2]. The analysis of failure scenarios is the fun-
damental of equipment risk management, which details a series of events
that may lead to a system failure.
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(b) Fault tree analysis (FTA) [3] is used to establish the logical relationship
between malfunctioning components and system failure. The minimum
cutsets leading to the system failure can be accurately determined, which in
turns helps calculate the probability of the system’s ultimate failure.

(c) The consequence of the most probable failure scenarios is estimated.
Failure consequence assessment includes system performance loss, finan-
cial loss, and human health loss. The worst-case consequence should be
considered to obtain a relatively conservative result.

(d) Combine failure consequence and failure probability to approximate the
risk of failure units, which may induce any system failure as well as the
system’s total risk.

2. Risk evaluation establishes the acceptance criteria of risk and evaluates the
result of risk assessment so as to judge whether the estimated risk of the system
or its subsystems exceeds the acceptable level. The evaluation provides a sci-
entific foundation for making strict risk control measures. Risk evaluation plays
an important role in bridging the identification of systemic risk and the for-
mulation of reasonable risk control measures.

3. Risk control focuses on systems or faulty units whose level of estimated risk
exceeds the acceptance criteria and sets up corresponding maintenance strategies
so as to reduce the total systemic risk. The processes of re-estimating and re-
evaluating of risk are repeated until the total systemic risk can be kept below the
acceptable level. The operational flow chart of RBM in equipment risk man-
agement is showed in Fig. 1.1.

The advantages of risk-based maintenance approach are as follows: The risk of
all equipment can be identified and distinguished in the process of maintenance;
unnecessary inspection and maintenance can be avoided to ensure the effectiveness
maintenance activities.

1.3 Application of Risk-Based Maintenance in AS/RS

Automated storage and retrieval system is the principal part of distribution center
and has a complicated system configuration. The stacker crane is the core com-
ponent in AS/RS and has a higher probability and a greater variety of failures than
any other component. Hence, the stacker crane becomes a part of relatively high
risk in distribution center for its exceptional complexity and seriousness of failure
consequence. This paper takes the laneway stacker crane as an example to expound
the application of risk-based maintenance approach to equipment management in
distribution center.
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1.3.1 Risk Analysis

1.3.1.1 Failure Scenarios

The stacker crane is divided into mechanical execution system and electrical control
system according to operational characteristics, the functional properties of com-
ponents and control principles. The stacker crane achieves the inbound, outbound,
and shift functions via handling, transferring and accessing operations; therefore, its
mechanical execution system is subdivided into three mechanisms: a traveling
mechanism, a lifting mechanism, and a telescoping fork mechanism. The traveling
mechanism is mainly composed of subparts including motor (with brake), reducer,

Characterize a system into manageable 
sub-system, and associated components

Failure scenarios development

Consider one sub-system

Hazard identification

Failure consequence 
assessment

Probabilistic 
failure analysis

Start

Risk evaluation

Setting up 
acceptable risk 

criteria

Develop complete 
inspection & 

maintenance plan

Is risk 
acceptable?

Are all 
sub-system 

studied?

Yes

No

No

Yes

End

Fig. 1.1 Framework of RBM
methodology
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traveling wheel, and track; the lifting mechanism consists of loading shelf, motor,
transmission, brake, steel rope or chain, drum or sprocket, pulley and fall-proof
machine, etc., and the telescoping fork mechanism is made up of fork, reducer,
clutch, pinion and rack or chain and sprockets, etc. The stacker crane runs to the
designated locations through the cooperation of the traveling mechanism and the
lifting mechanism. And the cooperation of the telescoping fork mechanism and the
lifting mechanism can achieved the functions of cargo deposit and withdrawal.
Electrical control system comprises electric drive, control, signal detection, electro-
safety protection, and other electrical equipment and is divided into two sub-
mechanisms: the main circuit mechanism and the control mechanism. The main
circuit mechanism consists of power supply, capacitor, frequency converter, cont-
actor, electric transmission line, over flow protective apparatus, etc., and serves to
provide strong electric drive for the above three mechanical mechanisms. The
electrical control mechanism mainly performs functions such as automatic location
identification, speed control, position detecting, telescoping direction and speed
control of fork, etc. [4].

Faulted systems are distinguished according to the aforementioned five mech-
anisms, and combining with failure symptoms of the stacker crane [5], the most
probable failure scenarios for each faulted system are listed as in Fig. 1.2. Finally,
the most probable failure scenario is divided into several subfailure scenarios step
by step until primary events as listed in Table 1.1.

1.3.1.2 Building Fault Tree

A fault tree with ‘stacker crane is not functioning normally’ as the top event first
branches into ‘mechanical system fault’ and ‘electrical control system fault.’ Then,
the node ‘mechanical system fault’ is further split into to three branches: ‘traveling
mechanism is not functioning properly,’ ‘lifting mechanism is not functioning
properly,’ ‘telescoping fork mechanism is not functioning properly.’ Meanwhile,
the mother node ‘electrical control system fault’ forks into two branches, ‘main
circuit mechanism fault,’ and ‘control mechanism fault.’ Finally, the fault tree
continues to develop from the bottom events described above until the primary
events. The fault tree for ‘stacker crane is not functioning normally’ is shown in
Fig. 1.3.

1.3.1.3 Finding of Minimum Cutsets and Optimization

To analyze the fault tree shown in Fig. 1.3, the Boolean algebra simplifying method
is adopted to represent the system failures as a single or a combination of indis-
pensable component failure; that is, all minimum cutsets are obtained through fault
tree qualitative analysis. Minimum cutsets are all possible unique combinations of
component failures that cause a system failure (top event). Therefore, the optimized
minimum cutsets can be used to estimate the system’s probability of failure. In this
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paper, the downlink method is adopted to calculate the minimum cutsets. According
to Fig. 1.3, the minimum cutsets for ‘mechanical execution system fault’ are:

X1f g; X2f g; X3f g; X4f g; X5f g; X6;X21f g; X6;X22f g; X6;X23f g; X12;X22f g;
X12;X26f g; X13f g; X14f g; X15f g; X16f g; X17f g; X18f g; X19f g; X20f g;

The minimum cutsets for ‘electrical control system fault’ are:

Stacker crane

Electrical 

control system

Mechanical 

execution system

Control 

mechanism

Main circuit 

mechanism

Telescoping fork 

mechanism

Lifting 

mechanism

Moving

mechanism

Open phase

No voltage at both 
ends of the motor

Software fault

Fork failed to stretch

 Hardware fault

Speed changer mechanism fault

Driving system  fault

Mechanical system fault

Loading shelf fault

Driving system fault

Lifting mechanism fault

Fig. 1.2 Fault system of stacking crane
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X7f g; X8f g; X9f g; X10f g; X11f g; X21f g; X24f g; X25f g;
X27f g; X28f g; X29f g; X30f g; X31f g; X32f g; X33f g;

The minimum cutsets for ‘stacker crane is not functioning normally’ are:

X1f g; X2f g; X3f g; X4f g; X5f g; X6;X22f g; X6;X23f g; X7f g; X8f g;
X9f g; X10f g; X11f g; X12;X22f g; X12;X26f g; X13f g; X14f g; X15f g;
X16f g; X17f g; X18f g; X19f g; X20f g; X21f g; X24f g; X25f g; X27f g;
X28f g; X29f g; X30f g; X31f g; X32f g; X33f g:

Table 1.1 Results of consequence analysis for most probable failure scenarios of stacking crane

Failure systems Most probable failure
scenarios

Consequence
analysis

Driving system of traveling mechanism
fault

Motor fault 6

Speed changer mechanism
fault

4

Mechanical system of traveling mecha-
nism fault

Skew traveling of crane’s
running gears

5

Stacker crane running
unstable

5

Loading shelf fault Loading shelf running
unstable

6

Loading shelf falling 9

Speed changer mechanism of lifting
mechanism fault

Motor fault 6

Transmission fault 6

Lifting mechanism fault Tilt wheel 7

Roller failure 6

Wire rope breaking 8

Driving system of telescoping fork
mechanism fault

Motor fault 6

Gearbox failure 5

Fork failed to stretch Clutch fault 4

Obstruction in the movement
of fork

4

Open phase Capacitor failure 5

Power failure 6

No voltage at both ends of the motor Frequency converter fault 6

Electric transmission line
fault

5

Software fault Human error in operation 5

Faulty data communication 4

Hardware fault Unable to locate accurately 7

Frequency conversion fault 5

Fork is out of control 5
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1.3.1.4 Probabilistic Failure Analysis

By referring to the literature, analyzing experimental data, and consulting experts
and technicians, we can calculate the probability of each faulted system based on
the suggested values of the probability of primary events. Taking the fault tree with
‘control mechanism fault’ as the top event as an example, Table 1.2 lists the failure
probability of each primary event in the control mechanism.

Using the downlink method, we get: the minimum cutsets of ‘software fault
E10,’ E10 = X10 + X11; the minimum cutsets of ‘hardware fault E11’ is
E11 = X9 + X21 + X26 + X27 + X28 + 29 + X30 + X31 + X32 + X33. The
minimum cutsets can be regarded as independent events, so we formulate the
probability of ‘software fault E10’ and ‘hardware fault E11’ as in (1.2),

X12

X1

X19X18X17X16X15X14X13

X5 X26

X6X5X1X4X3X2

X23X22X21

Mechanical execution 
System fault

Telescoping fork 
mechanism is not 
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Lifting mechanism is not 
function properly
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E6E5E3

E17

E2

E15E14E13

E1

E12

E23 X4X20

E16

X12

X1

X22 X26

E4

E24

X31X30

E27 X9

E21X11X10

X29X32

E22

E28

X21X33

E29

Control mechanism
fault

E11E10

X25X24

X28X27

E20

E25

X29X26

E26

X9

E9

X8X7

E8

E19

Main circuit 
mechanism fault

Electrical control
 system fault

Stacker crane is not functioning normally

Fig. 1.3 Fault tree for stacking crane failure scenarios, Note E1 driving system of traveling
mechanism fault; E2 mechanical system of traveling mechanism fault; E3 loading shelf fault; E4
speed changer mechanism of lifting mechanism fault; E5 lifting mechanism fault; E6 driving
system of telescoping fork mechanism fault; E7 fork failed to stretch; E8 open phase; E9 no
voltage at both ends of the motor; E10 software fault; E11 hardware fault; E12 speed changer
mechanism fault; E13 skew traveling of crane’s running gears; E14 stacker crane running unstable;
E15 loading shelf running unstable; E16 loading shelf falling; E17 transmission fault; E18
obstruction in the movement of fork; E19 electric transmission line fault; E20 unable to locate
accurately; E21 frequency conversion fault; E22 fork is out of control; E23 reduction gear fault;
E24 speed changer box fault; E25 error positioning; E26 positioning in the wrong location; E27 no
variable speed control signal; E28 location failed to store cargo; E29 fork failed to moving; X1
motor fault; X2 tilt wheel; X3 roller failure; X4 wire rope breaking; X5 gearbox failure; X6 clutch
fault; X7 capacitor failure; X8 power failure; X9 frequency converter fault; X10 human error in
operation; X11 faulty data communication; X12 motor running normally; X13 track installation
error; X14 traveling wheel deviation; X15 track under poor maintenance; X16 track existing a
certain slope; X17 brake fault; X18 columns deformation; X19 track supporting wheels wearing
down; X20 fall-proof machine fault; X21 fork failed to stretch; X22 pinion and rack fault; X23
chain and sprockets fault; X24 cable fault; X25 sliding contact device fault; X26 coupling fault;
X27 address identification device fault; X28 identification bar loosen or migrated; X29 other
failures; X30 arithmetic unit of control system fault; X31 counter fault; X32 sensor faults; X33
fork stretching out overtime
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G ¼ 1�
YN

i¼1

1� P Xið Þ½ � ð1:2Þ

where N denotes the number of minimum cutsets, P(Xi) signifies the probability of
minimum cutsets.

P E10ð Þ ¼ 1� 1� 0:0001ð Þ � 1� 0:00014ð Þ ¼ 0:00024 ð1:3Þ

P E11ð Þ ¼ 1� 1� 1� 1� P X27ð Þð Þ 1� P X28ð Þð Þ½ � 1� 1� P X26ð Þð Þ � 1� P X29ð Þð Þ½ �f g
� 1� 1� 1� P X30ð Þð Þ 1� P X31ð Þð Þ½ � � 1� P X9ð Þð Þf g
� 1� 1� 1� P X32ð Þð Þ 1� P X29ð Þð Þ½ �
� 1� 1� P X33ð Þð Þ 1� P X21ð Þð Þ½ � ¼ 0:00529:

ð1:4Þ

We can also calculate the probability of all other faulted systems in the same way.
The results are presented in the third column of Table 1.3. Finally, the probability of
‘stacker crane is not functioning normally’ can be obtained.

1.3.1.5 Consequence Assessment

The consequence of a stacker crane breakdown involves system performance loss,
financial loss, and human health loss. It is so complicated to quantify different kinds
of losses accurately that we use a hierarchical approach to rank the seriousness of
failure consequences and thus conduct a semi-quantitative analysis. System per-
formance loss LF accounts for the performance loss due to components’ failures and

Table 1.2 Cumulative failure probability of equipment in control mechanism

No. Primary event Probability

X9 Frequency converter fault 0.00020

X10 Human error in operation 0.00010

X11 Faulty data communication 0.00014

X21 Fork failed to stretch 0.00050

X26 Coupling fault 0.00110

X27 Address identification device fault 0.00020

X28 Identification bar loosen or migrated 0.00180

X29 Other failures 0.00030

X30 Arithmetic unit of control system fault 0.00010

X31 Counter fault 0.00020

X32 Sensor faults 0.00030

X33 Fork stretching out overtime 0.00030
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takes as its value an integer ranged from 0 to 10, which denotes the degree of loss
from low to high based on experts’ opinions. Financial loss LA defines the damage
to assets or properties, outage losses, and loss of goods in storage. The evaluative
method of financial loss is similar to that of system performance loss. Human health
loss LH assesses the severity of personal injury caused by accidents.

According to the specifications in China, human health loss can be subcatego-
rized into light injury, serious injury, heavy casualties, and serious casualties [6],
which correspond, respectively, to values 2, 4, 6, and 8, while LH = 0 indicates no
fatality. Combining the three types of losses, we can obtain the total failure loss L.

L ¼ L2F þ L2A þ L2H
� �

=3
� �0:5

: ð1:5Þ

It is evident from Table 1.1 that ‘loading shelf falling E16’ and ‘the fracture of steel
wire rope X4’ led to the most serious consequence among all failure scenarios in
each faulted system. Taking ‘hardware fault E11,’ for example, it consists of three
failure scenarios: ‘unable to locate accurately E20,’ ‘frequency conversion fault
E21,’ and ‘fork control fault E22.’ ‘Unable to locate accurately E20’ induces a
moderate loss of system performance with LF = 6, a significant financial loss with
LA = 9 and a serious injury impact on human health with LH = 4; hence, the failure
consequence of LE20 is determined as in (1.6):

Table 1.3 Results of risk estimation for all fault systems

No. Failure system Probability Consequence Risk
factor

Risk
ranking

E1 Drive system of traveling
mechanism failure

0.00359 6 0.0215 2

E2 Mechanical system of traveling
mechanism failure

0.00150 6 0.0090 8

E3 Loading shelf failure 0.00180 9 0.0162 5

E4 Speed shifting mechanism
failure

0.00339 6 0.0203 3

E5 Lifting mechanism failure 0.00170 8 0.0136 7

E6 Drive system of telescoping
fork mechanism failure

0.00250 6 0.0150 6

E7 Fork failed to stretch 0.00379 5 0.0190 4

E8 Open phase 0.00069 7 0.0048 10

E9 No voltage at both ends of the
motor

0.00090 7 0.0063 9

E10 Software fault 0.00024 6 0.0014 11

E11 Hardware fault 0.00529 8 0.0423 1

The stacker crane system failure 0.02511 7 0.1758
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LE20 ¼ 72 þ 92 þ 72
� �

=3
� �0:5¼ 7:7244 � 8: ð1:6Þ

We can also calculate in the same fashion the failure consequence of ‘frequency
conversion fault E21’ and ‘fork control fault E22,’ respectively, as in (1.7) and
(1.8):

LE21 ¼ 62 þ 62 þ 02
� �

=3
� �0:5¼ 4:8990 � 5 ð1:7Þ

LE22 ¼ 62 þ 72 þ 22
� �

=3
� �0:5¼ 5:4467 � 5: ð1:8Þ

The failure consequence of ‘Hardware fault E11’ is the maximum value of the
failure consequence of the three failure scenarios as illustrated in (1.9).

LE11 ¼ MAXðLE20; LE21; LE22Þ ¼ 7 ð1:9Þ

The analytical result of failure consequence for different faulted systems is listed in
the fourth column of Table 1.3.

1.3.1.6 Risk Estimation

The result of failure probability and the failure consequence are combined to
determine the risk value of different faulted systems. The fifth column of Table 1.3
provides the values estimated for the risk of different faulted systems.

The failure probability of the top event ‘stacker crane is not functioning nor-
mally’ is 0.02511, while the failure consequence is the mean value of failure
consequence of all faulted systems; thus, the total risk of the stacker crane failure is
estimated at 10.1758.

1.3.2 Risk Evaluation

There always exists high risk for equipment owing to the uncertainty of risk, and it
is difficult to eliminate the risk by taking precautionary measures. The lower the
system’s level of risk is, the more difficult it gets to further bring down the level, the
more rapidly the maintenance cost increases. The risk must be reduced until the
benefit brought by the risk-reducing measures is out of proportion to the cost
invested to lower the risk. The risk can be deemed as reasonable only at this point.
‘As Low As Reasonable Practicable’[7] Principle can be used to evaluate the
equipment risk comprehensively.

In accordance with the ALARP principle, the risk map can be divided into
several regions in equipment risk management with regard to the characteristics of
various industries. In this paper, the risk map is partitioned into three quite distinct
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regions as in Fig. 1.4, the unacceptable risk level is 1.0 × 10−2 per year. If the
estimated risk value is greater than the unacceptable risk level, then it falls into the
unacceptable region and we should take effective measures to lower the risk as soon
as possible.

The total risk of the stacker crane is 0.1758, which is far beyond the unac-
ceptable level of 1.0 × 10−2. There is a strong correlation between the failure
probability of a system and that of its components, so it is feasible to lower the total
risk of the system by reducing the failure probability of the components. In this way
can the excess risk be distributed over the critical components and can it be ensured
that the overall risk is kept within the acceptable range. The results in Table 1.3
show that to reduce the risk of stacker crane failure, we need to cut down the failure
probability of ‘hardware fault,’ ‘drive system of traveling mechanism fault,’ and
‘speed changer mechanism fault’ by establishing an appropriate and effective
maintenance strategy.

1.3.3 Maintenance Planning

The failure consequence of the equipment is intimately interconnected with the
running environment and is identified when it was put into operation. So, we can
only control the risk of equipment through reducing its failure probability. The
aforementioned equipment with a higher risk should be taken of preventive
maintenance measures and be increased the maintenance frequency to improve the

High

Unacceptable Region:
Can be adjusted only under very 
special circumstances
Action:
Immediate measures should be 
taken to decrease or avoid risk 

ALARP Region:
Risk must be reduced if 
reasonably practical
Action:
Strict monitoring; Risk-reducing 
measure depends on the 
attitudes in dealing with risk 

Acceptable Region :
Ensure the risk must be kept in 
the specified region 
Action:
Control the risk under  acceptable 
region

10-2per year

10-4per year

Fig. 1.4 ALARP and (un)acceptable risk level
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efficiency and quality of maintenance, but breakdown maintenance is applied to
equipment with a lower risk. A maintenance or inspection plan has been worked for
all high-risk components. The specific implementation of maintenance plan will be
elaborated in the further research.

1.4 Conclusion

The objective of risk-based maintenance approach is to develop a technique to build
up maintenance program for reducing the total risk caused by system failures and
optimizing the total life cycle cost. This paper illustrates that the risk-based
maintenance method is a powerful decision-making tool to optimize maintenance
programs and can be applied to AS/RS. Analytical results demonstrate that this
maintenance strategy can be used to improve the efficiency and cost effectiveness of
existing maintenance policies by optimal decision-making procedures at various
stages of the life cycle. The greatest advantage of RBM is that it can prevent
unexpected damage by assessing the risks of all equipment, and it is remarkably
quantitative and comprehensible so as to be operated by technicians and mainte-
nance workers.

References

1. Kaplan Stan (2000) The words of risk analysis. Risk Anal 17(4):407–417
2. Khan FI, Haddara M (2003) Risk-based maintenance (RBM): a quantitative approach for

maintenance /inspection scheduling and planning. J Loss Prev Process Ind 16:561–573
3. Vesely WE, Goldberg FF, Roberts NH (1987) Fault tree handbook. Government Printing Office
4. Zhou Q (2002) Study on control and management technique of automated storage and retrieval

system (AS/RS) basing on modern logistics. Southwest Jiaotong University, Chengdu
5. Xiong X, Zhao J, Zhou Q (2002) Research on the abnormal state detection and self-recover

ability of stacker crane machine. Hoisting and Conveying Machinery, (9):1–4
6. National Bureau of Standards (1986) GB6441-86 Classification standard of injured and fatal

accident of staffer. China Standards Press, Beijing
7. Melchers RE (2001) On the ALARP approach to risk management. Reliab Eng Syst Saf 71

(2):201–208

16 Q. Zhou et al.



Chapter 2
Research on Logistics Center Layout
Based on SLP

Yannan Liu and Qilan Zhao

Abstract Systematic layout planning (SLP) has been widely applied to the pro-
duction system, but not to the service system. Combined with the goals, influencing
factors, and conditions of logistics center layout, this paper probes into the appli-
cation of SLP to the layout of the rapidly increasing logistics centers in large- and
medium-sized cities in recent years. According to the logistics relationship and non-
logistics relationship between work units in the logistics center, the author decides
the position of work units and maps out the initial position relationship chart.
Through further amendments and adjustment based on the move line and other
factors, the author gets the feasible layout plan. Finally, this paper uses a medicine
logistics center in Jiangsu Province as an example to design, analyze, and evaluate
for the purpose of providing some theoretical basis and method for reference in the
service system layout.

Keywords SLP � Logistics center � Layout � Design

2.1 Introduction

Since entering the twenty-first century, the logistic industry in China has been
rapidly growing up and the number of logistics centers has increased dramatically.
Many large- and medium-sized cities across the country are planning to set up
logistics centers. Logistics center is a comprehensive, regional concentration of
large quantities of materials, and it is an intermediary between production and
marketing enterprises, integrating commodity flow, logistics, information flow, and
cash flow [1]. The reasonable layout of logistics centers has taken more and more
attention, and it is also the research focus of many scholars.
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At first, people use their experience and feeling to design the logistics centers. In
the 1950s, developed from the traditional small systems to big and complex sys-
tems, it is difficult to design the logistics centers only with experience. And so, with
the integration development of the diverse discipline, the system engineering
concept and system analysis method have been used in layout planning [2], and
some more advanced design methods have gradually emerged. One of the most
representative methods is systematic layout planning (SLP) proposed by American
R. Muther in 1961. Study on facilities layout problem is developed from qualitative
stage to quantitative stage on the basis of SLP [3]. SLP is also widely applied to
various production systems and service systems [4]. Finally, it improves to move
line SLP.

2.2 The Goals, Influencing Factors, and Conditions
of Logistics Center Layout

2.2.1 The Goals of Logistics Center Layout

After determining the location of a logistics center, the overall goal of logistics
center layout is to make the personnel, equipment, and material space in the
logistics activity process be in the most appropriate allocation and the most effective
combination [5]. The specific goals can be the minimum total cost of material flow,
work units1 of high relationship close degree close to each other, simplifying
transport routes, shortening the distance between similar work units, avoiding
roundabout transport, etc.

2.2.2 Influencing Factors of Logistics Center Layout

Layout design has a significant effect on a production performance or service
system performance [6]. For a logistics center, its layout has direct influence on
logistics, information flow, the logistics operation efficiency, cost, and safety of the
whole system. So the influencing factors of logistics center layout are as follows:

1. The nature and function of a logistics center. Because the nature and function of
the logistics centers is different, it is different to choose equipment type and
quantity. The size and layout of logistics centers are also not the same.
According to its core function, the logistics center has three types: transit
logistics center, storage logistics center, and distribution logistics center.

1 The sectors at all levels in a logistics center are called work units.
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2. The basic operation process of a logistics center. The main activities of the
logistics center are purchasing, warehousing, distribution, circulation process-
ing, packing, returning, and so on [5]. The operation process has an influence on
the move line of personnel, equipment, and material. To realize the efficient
logistics, the basic operation process of a logistics center should be in consid-
eration when layout designing.

3. Logistics relationship and non-logistics relationship between work units.
Logistics relationship is that there is logistics contact between work units. And
interpersonal contact, administrative affairs, and other activities can be expres-
sed as non-logistics relationship between work units. Work units of high rela-
tionship close degree should be close to each other.

2.2.3 Application Conditions of SLP in the Layout
of Logistics Center

It is necessary to specify five basic elements, namely P (logistics products), Q
(logistics quantity), R (logistics routes), S (service sectors), and T (logistics oper-
ation time or technology) before applying SLP to logistics center layout. The first
two basic elements are the most important. Different logistics products have dif-
ferent demands on storage, loading, and other logistics activities. Ultimately, it
leads to different logistics routes. What is more, using different logistics equipment
and technology determines logistics operation time. The work quantity of the
logistics center reflects the logistics intensity2 of all work units; logistics routes,
distance, and logistics intensity have an influence on layout, which is reflected in
the logistics cost and efficiency [7]. Therefore, SLP can be used in the layout of a
logistics center based on logistics product category, logistics quantity, and other
factors.

2.3 The Main Steps of Layout Based on SLP

Under the guidance of SLP, the first step is to use quantification method to analyze
the logistics relationship and non-logistics relationship between work units and then
to get the composite correlation between work units. The close degree relationship
between work units determines the distance between work units. According to that,
we can arrange its location. Through further amendments and adjustment based on
the move line and other factors, we can get the feasible layout plan. The specific
layout procedure is as follows.

2 The distance of movement of logistics products in a certain time of cycle is called logistics
intensity.
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2.3.1 Logistics Operation Process and Work Units’ Settings

The main activities of the logistics center are purchasing, warehousing, distribution,
circulation processing, packing, returning, and so on. It is necessary to make clear
the main logistics operation process before layout designing. And then, we analyze
the corresponding P, Q, R, S, and T elements. Based on the analysis, we can divide
the work units.

2.3.2 Interrelation Analysis Between Work Units

It is reasonable to describe the logistics relationship between work units by logistics
intensity. Logistics intensity is divided into five ranks: A, E, I, O, and U [8], as
shown in Table 2.1.

We can use relationship close degree proposed by R. Muther to describe the non-
logistics relationship between work units. If two work units have frequent activity,
their relationship close degree is high and vice versa. First, the relationship close
degree is divided into six levels: A, E, I, O, U, and X, as shown in Table 2.2.

Then, list the reason for close relationship (see Table 2.3). Using these two kinds
of information, we can determine the correlation between work units. According to
the correlation, the higher the degree is, the closer their distance is.

2.3.3 The Composite Correlation Analysis Between
Work Units

Integrate the logistics relationship and the non-logistics relationship. According to
the certain weight of each relationship, calculate the composite correlation between
work unit i and work unit j (i, j = 1, 2,…, n and j ≠ i).

Table 2.1 Logistics intensity rank

Logistics intensity rank Sign Logistics routes’
proportion (%)

Logistics quantity (%)

Absolutely important A (4) 10 40

Extremely important E (3) 20 30

Important I (2) 30 20

Ordinarily important O (1) 40 10

Unimportant U (0)
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2.3.4 Determine the Relative Position of All the Work Units
and Get the Final Feasible Layout Plan

To design a logistics center layout, the first step is not directly considering the floor
space and shape of all the work units but the composite correlation between work
units. If two work units’ composite correlation is high, their distance is shorter and
vice versa. During the layout, according to the composite correlation degree in
sequence, we locate different work units. If some work units are at the same level,
we determine their relative position by scores.

According to the above steps, we can get the preliminary theory position of all
work units, and then, we get the final feasible layout plan through further
amendments and adjustment based on the actual area, move line, and other factors.

2.4 Case Analysis

This paper uses a medicine logistics center as an example to design and analyze
according to the characteristics of medicine logistics, move line, and the actual
ground condition. This paper rationally divides each function areas, solves the
evacuating problem, saves land, meets the relevant regulations, and aims to verify
the feasibility and rationality SLP.

Table 2.2 The classification of relationship close degree

Sign Relationship close degree Proportion (%)

A Absolutely important 2–5

E Extremely important 3–10

I Important 5–15

O Ordinarily important 10–25

U Unimportant 45–80

X Ignored (or negative close degree) Discretionary

Table 2.3 The reason for
close relationship

Serial number Reason

1 Using common original records

2 Sharing equipment or site

3 Material handling

4 Frequent contact and file exchange

5 Safety and pollution

6 Continuous work flow

7 Manageable

8 Others
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2.4.1 Business Background

Y medicine logistics center [4] located in Jiangsu Province is a third-party medicine
logistics enterprise. It mainly provides a medicine trading platform, stocking,
storage, picking, packing, distribution, information processing, and many value-
added services for entering enterprises. The logistics center plans to cover 125 units
of area. Its construction area is 180,000 m2, and its storage area is about 80,000 m2.

Medicine logistics center has its own characteristics. Medicines can be divided
into three types, namely the normal drugs at room temperature, some medicines
requiring refrigeration, and psychiatric drugs. These three types of drugs must be
stored separately using different storage facilities and paid different attention to. So
this paper divides Y medicine logistics center into several work units as follows.

(1) office area; (2) arrival and sorting area; (3) automatic storage/retrieval system
(AS/RS); (4) cold storage; (5) psychiatric drugs storage; (6) picking area; (7)
packing and processing area; (8) gathering and distribution; and (9) service sectors.

2.4.2 Application of SLP

1. Analyzing the logistics relationship (see Fig. 2.1) and non-logistics relationship
(see Fig. 2.2) between work units.

2. Determining the relative importance of logistics relationship and non-logistics
relationship. For Y medicine logistics center, the weight of two relationships is
1:1.

3. Quantifying the logistics intensity rank and the non-logistics relationship close
degree. Usually, A = 4, E = 3, I = 2, O = 1, U = 0, X = −1.

4. When the number of work units is N, the total matching number can be cal-
culated using the following equation: P = N(N − 1)/2. Here, N = 9 so P = 36.

5. Calculating the composite correlation between work units (see Table 2.4).
6. Switching the composite correlation scores (see Table 2.4) to the composite

correlation close degree rank (see Table 2.5). Then, drawing the composite
correlation chart (see Fig. 2.3).

7. Determining the relative position of all the work units. According to Fig. 2.3, the
higher the work units’ composite correlation is, the shorter their distance is (see
Fig. 2.4).

8. Analyzing the move line. The move lines of the logistics centers are different for
their different land areas and logistics products. There are five types, namely I,
L, U, O, and S. Type I is the most simple, and it is suitable for the rectangular
logistics center whose entrance is to the exit. Type S is the most complex, and it
is suitable to arrange a long logistics route. Y medicine logistics center is near-
rectangular. The main activities of Y medicine logistics center are stocking,
storage, picking, packing, distribution, information processing, and many value-
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added services. So this paper intends to design Y medicine logistics center
combining type L with type U (see Fig. 2.5).

9. The final feasible layout plan. After adjustment, the final layout plan is shown in
Fig. 2.6.

Fig. 2.1 Logistics relationship between work units

Fig. 2.2 Non-logistics relationship between work units
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Table 2.4 The composite correlation between work units

Work units’ pairing Relationship close degree The composite
correlationLogistics

relationship
Non-logistics
relationship

Degree Score Degree Score Score Degree

1–2 U 0 U 0 0 U

1–3 U 0 U 0 0 U

1–4 U 0 U 0 0 U

1–5 U 0 U 0 0 U

1–6 U 0 U 0 0 U

1–7 U 0 U 0 0 U

1–8 U 0 U 0 0 U

1–9 U 0 E 3 3 O

2–3 A 4 I 2 6 E

2–4 E 3 O 1 4 I

2–5 E 3 O 1 4 I

2–6 O 1 U 0 1 U

2–7 U 0 U 0 0 U

2–8 U 0 X -1 -1 X

2–9 U 0 U 0 0 U

3–4 O 1 O 1 2 U

3–5 O 1 O 1 2 U

3–6 A 4 E 3 7 E

3–7 E 3 I 2 5 I

3–8 U 0 O 1 1 U

3–9 U 0 U 0 0 U

4–5 I 2 O 1 3 O

4–6 I 2 O 1 3 O

4–7 O 1 U 0 1 U

4–8 U 0 U 0 0 U

4–9 U 0 U 0 0 U

5–6 I 2 I 2 4 I

5–7 O 1 U 0 1 U

5–8 U 0 U 0 0 U

5–9 U 0 U 0 0 U

6–7 A 4 A 4 8 A

6–8 I 2 U 0 2 U

(continued)
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Table 2.5 The composite correlation close degree rank

Total score Relationship close degree Matching number Proportion (%)

8 A 1 2.8

6–7 E 3 8.3

4–5 I 4 11.1

3 O 4 11.1

0–2 U 23 63.9

−1 X 1 2.8

Total 36 100

Fig. 2.3 The composite correlation chart

Table 2.4 (continued)

Work units’ pairing Relationship close degree The composite
correlationLogistics

relationship
Non-logistics
relationship

Degree Score Degree Score Score Degree

6–9 U 0 U 0 0 U

7–8 A 4 I 2 6 E

7–9 U 0 U 0 0 U

8–9 U 0 E 3 3 O

总计 36 100
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Fig. 2.4 The relative position of the work units

Fig. 2.5 The move line
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2.4.3 Evaluation

Through dividing the nine main work units, the paper designs Y medicine logistics
center considering the logistics relationship and non-logistics relationship. So the
final feasible layout plan is comprehensive. What is more, the main activities of Y
medicine logistics center are stocking, storage, picking, packing, distribution,
information processing, and many value-added services. Its storage area is about
80,000 m2. Therefore, we put the three warehouses nearly in the middle considering
the warehouse layout priority principle. This is helpful for the quick contact with
the other circumjacent area, and this helps to improve the logistics center’s oper-
ational efficiency. At the same time, the classification of warehouses contributes to
the different storage requirements of different customers. And there is enough space
for adjustment, greatly improving the flexibility of the storage system. The designed
move line of Y medicine logistics center, combining both the layout of work units
and the principle of avoiding circuitous transportation, can well ensure smooth
logistics activities. Different storages can also use different move lines.

2.5 Conclusion

This paper focuses on the layout of the logistics center, proposes the use of SLP to
design the layout of the logistics center, and adds to the move line analysis.
Through the analysis of this paper, the main conclusions are as follows.

The overall goal of logistics center layout is to make the personnel, equipment,
and material space in the logistics activity process be in the most appropriate
allocation and the most effective combination. At the same time, the main

Fig. 2.6 The final layout plan
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influencing factors of logistics center layout are the nature, function, basic operation
process of a logistics center, logistics relationship, and non-logistics relationship
between work units. Through the case analysis, after making clear the P, Q, R, S,
and T elements, it is feasible and reasonable to use SLP in the layout of a logistics
center.

It provides a good reference for other logistics center layout problem. It is
necessary to point out some limitations and shortages. When drawing the relative
position of the work units’ figure, people have to constantly adjust and amend the
plan in order to meet the corresponding condition. What is more, different
designers’ way of solving conflicts may lead to different design plans. How to use
the computer simulation technology to compare SLP layout plan with other plans is
one of our future research directions.
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Chapter 3
System Dynamics Modeling
and Simulation of Two-Stage
Remanufacturing Reverse Supply Chain

Yiwei Mo, Liwei Li and Wei Huang

Abstract Remanufacturing is a processing for recycling the availability value of
used product; it contains recovery, disassembly, cleaning, overhaul, repair, and
replacement operations, and product recovery operations in remanufacturing supply
chains face continually changing product demand. In this paper, according to the
principle and procedure of system dynamics modeling, system dynamic model of
two-stage remanufacturing reverse supply chain including a reproducer and recycler
is established. The simulation of model can be used to analyze the remanufacturing
supply chain system from the macroscopic qualitative view and microcosmic
quantitative view, and to improve the structure and get parameter optimization. As
for the purpose of reducing the operation cost and improving the gross profit, this
paper analyzes the influence of different factors to the cost and total profit of
remanufacturing reverse supply chain through dynamic simulation. Through ana-
lyzing and controlling the change of the impact factors, this paper presents the
remanufacturing supply chain operation mode with higher benefits.

Keywords Remanufacturing � Supply chain � System dynamics � Simulation �
Vensim

3.1 Introduction

Because of the resources shortage, remanufacturing has been an area of increasing
attention in recent years. Remanufacturing involved in many fields, such as the car
industry, machine tool industry, and household electrical appliance industry. It is
different with the traditional production distribution logistics network due to the
uncertainty and complexity of recovery time, recovery number, and location. At
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present, a few researches refer to the costs and profits of remanufacturing system
base on system dynamics [1–6]. And it urgently needs to take the costs and profits
into account in modeling and simulations.

According to the system dynamics methodology, we build a system dynamics
model of remanufacturing in two-stage supply chain, which consists of recovery
dealer and remanufacturer. Remanufacturing logistics activity is analyzed firstly.
Secondly, remanufacturing supply chain causal loop diagram and flow diagram is
built in Vensim. Then, the proposed system dynamics model is simulated in
Vensim and to pursuit higher profits. This research is motivated by the need for the
development of methodological tools that would assist the decision-making process
to obtain operation mode with higher profit for remanufacturing reverse supply
chains, in which some important factors are taken into account. And the operation
mode of the high benefit is obtained at last.

3.2 Modeling

In this paper, we focus on the recycled used engineering mechanical transmission in
an area. An assumption of our analysis is that this model collects a single type of
gearbox, which values 10,000 yuan RMB as new product. Except scraping, all of
the collected used products are accepted and transferred for remanufacturing, and
the collection capacity of the recovery dealer is infinite. The members of reman-
ufacturing supply chain system are: manufacturers, distributors, remanufacturers,
recovery dealers, and customers. Remanufacturing supply chain system contains
positive logistics and reverse logistics, as shown in Fig. 3.1. The positive logistics
activities include the manufacturing of new products, distribution, and reaching the
final customers. And the remanufacturing reverse logistics activities include the
recovery of used product, detection, classification, splitting and cleaning, repairing,
and redistribution operations [1].

Due to the reciprocal influences of the uncertainty and variety in remanufac-
turing supply chain, the behavior of the system is analyzed through a simulation
model based on the principles of the system dynamics methodology, which is
designed for long-term dynamic management problems. It focuses on understand-
ing how the information flows, physical processes, and managerial policies interact.
As the modeling foundation, causal loop diagram is used to figure out the system
feedback structure [1].

3.2.1 Causal Loop Diagram

Causal loop diagram can reflect the relation between variables in complex system
briefly. We will study the causal and effect of recovery dealer subsystem and
remanufacturer subsystem. In the sequel, the recovery dealer and remanufacturer
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will be represented by R and H, respectively. The objective of this work is just to
study remanufacturing reverse logistics link only.

In the recovery dealer subsystem, the analysis objects are various, such as
recovery cost, transportation cost, not reuse rate, resales income, testing time, and
error. And in the remanufacturing subsystem, the analysis objects include reman-
ufacturing productivity, remanufacturing products income, scrap rate, remanufac-
turing production capacity, remanufacturing capacity expansion rate, and
remanufacturing capacity adjustment, etc. [2, 3].

Figures 3.2 and 3.3 show the two subsystems, respectively, and embody the
causal relationship between the various factors. For example, the increase of R
reuse rate causes the remanufacture products increasing, while the increase of scrap
rate and testing error will cause remanufacture products decreasing. The important
variables will be explained in Sect. 2.2.

3.2.2 Flow Diagram

Although causal feedback loop has analyzed, but it cannot determine the mecha-
nism of how variables work. In the following, we will show the physical structure,
behavior, and control laws of these variables through flow diagram. Flow diagram
makes up of state variable, rate variables, auxiliary variables, constants, and flow.
Then, we build the flow diagram on the basis of causal loop diagram, as shown in
Fig. 3.4.
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Fig. 3.1 Remanufacturing supply chain system
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In order to ensure the validity of parameter and mathematical equations correctly
setting, important variables will be stated in the following:

(1) An assumption of Total_market_demand is that it obeys the random normal
distribution, which means for 10,000 and the variance for 500. Total_mar-
ket_demand = RANDOM NORMAL (1, 200,000, 10,000, 500, 2)

(2) Hypothesis is to add remanufacturing link to manufacturing enterprise. At the
beginning of the remanufacturing system putting into operation, there have
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used products already, the initial value is 3,000. H_recovery_prod-
uct = INTEG(Recovery_rate–H_not_reuse_rate–H_reuse_rate, 3,000)

(3) Expected recovery product is the smooth functions of used product.
Expected_recovery_product = SMOOTH(Used_product, Recovery_delay)

(4) Remanufacturing_product = INTEG(R_reuse_rate–Remanufacturing_produc-
tion_rate–reject_rate,0)

(5) Remanufacturing_production_rate = MIN(Remanufacturing_production_
capacity, Remanufacturing_product/Remanufacturing_time)

(6) Remanufacturing_capacity_adding_rate is the three delay function of
Remanufacturing_capacity_expansion_rate; delay time is 15 week. Remanu-
facturing_capacity_adding_rate = DELAY3I(Remanufacturing_capacity_
expansion_rate, 15, 0)

(7) Remanufacturing_capacity_adjust = MAX(Expected_remanufacturing_
capacity-Remanufacturing_production_capacity, 0) * PULSE TRAIN (50, 0,
Pr, 300); That is the beginning to check whether need to expand capacity after
50 weeks; Pr is the interval for repeated inspection, and the inspection will
stop after 300 weeks.
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(8) Remanufacturing_capacity_expansion_rate = MAX(Remanufacturing_capac-
ity_adjust * Kr, 0)

(9) R_Transportation_costs_adding_rate = R_transportation_per_price *
R_fuzzy_transport_mileage * Freight_demand_rate/R_average_traffic.

(10) According to the literature [1], Kr is the expansion decision and will be set to
1.5. Pr is the review-check period. Pr = 50 weeks. A/RC is time delay; the
value is taken as 12.

3.3 Simulation and Analysis

At the beginning of simulation, the initial value of H_recovery_product is 3,000, all
of the other state variables are 0, and product life cycle is 40 weeks. The relations
between Reuse_rate and Market_share are showed in tabulate function graph,
which can reflect the initial market share is 25 %, and the upper limit is 40 %. The
relationship between environmental protection intensity index (ERSI) and
Remanufacturing_subsidy_per_price is also showed in tabulate function graph, and
the change range of ERSI is 0.5–0.7. The other parameters are setup as following:

Remanufactured_product_per_price = 5,500 Yuan/uint, R_recovery_per_price
= 3,000 Yuan/uint.
Material_reuse_per_price=1,000Yuan/uint,H_average_traffic=250,R_average_
traffic = 300.
R_fuzzy_transport_mileage = 500 miles, H_fuzzy_transport_mileage = 600
miles.
R_transportation_per_price = H_transportation_per_price = 6,
Remanufacturing_costs_per_price = 100 Yuan/uint.
Material_resale_per_price = 800 Yuan/uint, H_recovery_per_price = 2,500
Yuan/uint.
Recovery_delay = 50 = Regeneration_delay.
Setting simulation in length as: INITIAL TIME = 0, FINAL TIME = 300 week.

3.3.1 Model Validation

There are four methods to test the authenticity of the proposed model, which are
intuitive inspection, operation test, sensitivity test, and history test [4]. The first two
methods have been included in the simulation software, and we cannot carry out
history test due to the lack of history data sources, so we just carry out the sensi-
tivity test.

In this research, the price for collecting used product is high, so the scrap cost
plays an important role in the whole supply chain. If testing_error increases, the
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scrap rate increases, and the whole supply chain profits will decrease. The value of
testing_error is setup as 0.3, 0.2, and 0.1 in simulation 1, 2, and 3, respectively. The
simulation results are given in Fig. 3.5, which shows that it is consistent with the
reality. In other words, the proposed model is effective.

3.3.2 Simulation and Results Analysis

There are many factors influencing the profit of remanufacturing reverse supply
chain system. In this paper, we focuses on the analysis of testing error, which has
the biggest impact on profit and the Remanufacturing_subsidy_per_price that has
greater adjustment range.

(1) Testing_error analysis
As shown in Fig. 3.5, it reflects the change of Remanufacturing_total_profit
for different testing_error settings. The testing_error influences the quantity of
Remanufacturing_product and Remanufacturing_production_rate and then
affects the profits of the model. Setting testing_error as same as those in the
model validation, the simulation results as shown in Fig. 3.6.
With the testing_error decreasing, the quantity of R_recovery_product,
Remanufacturing_total_profit, and Remanufacturing_production_rate increa-
ses. When the testing_error is 0.2, the Remanufacturing_total_profit is very
low, and it will decrease when testing_error is higher than 0.2. Therefore, the
model testing_error must be less than 0.2; according to actual condition, it can
be set to 0.1–0.15.

(2) Remanufacturing_subsidy_per_price analysis
ERSI and Recovery_rate increases while the Subsidy_per_price is increasing,
and Subsidy_costs of remanufacturer increase while the H_total_incomes
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increase. Therefore, we need to balance H_total_profit and R_total_profit
under the premise of keeping the Remanufacturing_total_profit increasing.

In the following five simulations, set the Remanufacturing_subsidy_per_price to
10, 50, 100, 150, and 200, respectively. The simulation results as shown in Fig. 3.7.
From the simulation results, it can confirm that when the Remanufacturing_sub-
sidy_per_price is improved, Recovery_rate, H_total_profit, and Remanufactur-
ing_total_profit will increase naturally, but the R_total_profit will decrease. As
shown in Fig. 3.7, the difference of the Remanufacturing_total_profit in simulation1
and simulation2, simulation4 and simulation5 are very small. The profit does not
increase obviously. However, the Remanufacturing_total_profit of simulation3
increases obviously. In the meantime, the difference of the R_total_profit in sim-
ulation1, simulation2, and simulation3 is very small. Considering about the balance
of R_total_profit and H_total_profit, we select the solution of simulation3, which
Remanufacturing_subsidy_per_price is 100 yuan.

3.4 Conclusions

This paper establishes a system dynamics model of two-stage remanufacturing
supply chain and studies its long-term behaviors based on simulations. Through the
simulation analysis, we can find that the affecting the remanufacturing supply chain
profits factors include Remanufacturing_subsidy_per_price, transporta-
tion_per_price, Recovery_rate, ERSI, Testing_error, and Remanufacturing_pro-
duction_rate, etc. We not only can adjust the parameters to predict profits and costs
of model for a certain point-in-time, but also can use it as the practical decision
support. This research is focused on testing_error and Remanufacturing_sub-
sidy_per_price. From the simulation results, we can know that the testing_error
cannot be more than 0.2, and it is appropriate to set Remanufacturing_sub-
sidy_per_price to 100 yuan. The model can also analysis the other factors to pro-
vide effective management decision making. Meanwhile, the model has a certain
commonality that it can be used in the other remanufacturing logistics system when
change the parameters or take fine tuning.
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Chapter 4
Research and Demonstration of Dynamic
Intelligent Logistics System
of the Collection and Transportation
Process of Giant Municipal Garbage

Shuang Xu, Guangming Li, Haitao Ou and Wenqing Wu

Abstract Promoting garbage classification and reducing garbage amount are the
roots for solving garbage siege problem. Therefore, municipal garbage logistics
system can not only collect and transport municipal garbage, but also need to
automatically realize precise gathering and managing information of garbage cat-
egory, garbage producers, collecting spots, capacity, flow rate, and flow direction,
which also needs to be blended into traditional garbage collecting and transporting
flow. These are all difficulties that municipal garbage logistics system is facing
currently. This essay provides a dynamic intelligent logistics system of the col-
lection and transportation process of giant municipal garbage based on questions
above. It shows a way of realizing on-car RFID automatically precise position
identification and on-car dynamic measurement, which can be perfectly imple-
mented in complicated environment. Besides, RFID precise position and automatic
identification, on-car dynamic transduction and measurement, GPS position, GPRS
mobile transmission, and other key IOT technologies and information technologies
are also integrated, which leads to building up a fine-grained dynamic intelligent
logistics system of the collection and transportation process of garbage. It has been
successfully implemented in Shanghai and great achievements have also been
made. It is a pioneering work of domestic municipal garbage logistics system.
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4.1 Overview

Garbage siege has already become an unevadable problem for urbanization process
of many developing countries. It deeply restricts development of metropolis such as
Shanghai and Beijing. To solve this problem, promoting garbage classification and
reduce garbage amount [1] are the root. Nowadays, most cities in China only have a
certain numbers of isolated garbage collecting and transporting systems. Even
Shanghai initiated primary municipal garbage logistics system [2] recurred to 2010
EXPO. And only intensive management of municipal garbage logistics has been
realized. Garbage classification and reducing garbage amount have not been tech-
nically supported at angles of logistics engineering and logistics equipment.

As a result, Ministry of Science and Technology and Shanghai decided to build
dynamic intelligent logistics system of the collection and transportation process of
giant municipal garbage by integrating RFID precise position and automatic
identification, on-car dynamic transduction and measurement, GPS position, GPRS
mobile transmission, and other key IOT technologies and information technologies.
This system is capable of automatically identifying garbage category and garbage
weight precisely during the process, while garbage is collected and transported,
which lays a very solid technical stone for realizing garbage charge so that things
such as garbage classification and reducing garbage amount can be well accom-
plished. Great effects have been received after demonstrating in 1050 committees in
Pudong, Changning, and Minhang in Shanghai.

4.2 System Introduction

Dynamic intelligent logistics system of the collection and transportation process of
giant municipal garbage is consisted of three parts: intelligent on-car identification
and dynamic measurement system of front-end vehicles, RFID intelligent tag sys-
tem of user-side, and back-stage intelligent logistics management software of the
management side. Please take reference to the system flow chart (Fig. 4.1) as below.

4.2.1 Key Technology of On-car Precise Intelligent
Identification System

The purpose of designing on-car intelligent identification system is to achieve the
work of automatically identifying different kinds of garbage containers (garbage
can, garbage bag, etc.) precisely so that workers who collect and transport garbage
can be free from burden of doing such an extra work.
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4.2.1.1 Frequency Simulation of On-car Intelligent Identification
System

To identify garbage containers in an on-car environment automatically, we need to
work on how to identify different kinds of container materials in certain distance
and the unique matching problem between dynamic measurement and automatic
identification. Therefore, one of the most important points that can influence
automatic identification is the special feature of bidirectional wireless signal
transmission in an on-car environment. It makes how to choose wireless frequency
for automatic identification system the most important task of all. To choose the
best and the most suitable wireless frequency, four kinds of different frequency
signals were researched and tested.

According to different working environment of on-car automatic identification
system, we did different simulated researches to theoretically analyze features and
applicability of different frequencies. The following simulated research results are
distribution situations of radio frequency signals analyzed through CTLESS soft-
ware in on-car environment based on 2.4 GHz, 916, 433 MHz, and 125 kHz.
Figure 4.2 shows dissemination and distribution of different radio frequencies on
the “Z” axis.

Fig. 4.1 System flow
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By implementing through simulated on-car identification, we found that none of
the frequencies (433, 916 MHz and 2.44 GHz) has any advantage particularly.
Dissemination efficiency is reduced by from 5 to 10 %, while the frequency is
changed from 433 MHz to 2.44 GHz. However, fast-fading feature of 125 kHz has
good border effect. Therefore, according to simulation results, we decided to use
2.4 GHz as the main identification frequency of active RFID because it has high
speed and low power consumption. On the other hand, as an assisting positioning
frequency of dual-mode active RFID, the 125 kHz frequency can satisfy the
requirement for precise positioning of automatic identification. We also choose
916 MHz as the main identification frequency [3] of passive RFID, which provides
conditions for different garbage containers being able to be compatible with dif-
ferent standards of RFID, especially when it comes to disposable containers such as
garbage bag.

4.2.1.2 Design of On-car Precise Automatic Identification System

Dynamic intelligent logistics system of the collection and transportation process of
giant municipal garbage requires appropriate RFID automatic identification

Fig. 4.2 Distribution chart of radio frequency signals in different frequencies on the “Z” axis
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technology. However, the key factor to success is to implant this new technology
without influencing operation habits of current garbage collecting and transporting
workers. Traditional garbage trucks work on garbage cans. They lift and pour them
and change for new ones after it is done. This requires unique identification of the
garbage can the truck is working on precisely without hitting the other garbage
cans. It is only by this way that on-car dynamic weight-measuring result can be
precisely matched with practical operative goals. It also solves garbage classifica-
tion and measurement problems from the origin. This is the key factor for realizing
dynamic intelligent logistics system of the collection and transportation process of
municipal garbage.

To realize the goal of identifying targeted container automatically in precise
distance, we designed a dual-mode frequency RFID precise position identification
mechanism, which combines 125 kHz and 2.4 GHz. It fully embodies the fast-
fading 3D border feature of low-frequency 125 kHz signal and high-speed low
power consumption feature of 2.4 GHz signal, which helps form low-frequency
awakening mixing precise identification mode in a passive form.

As what is showing in Fig. 4.3, low-frequency mode under passive mode is
activated by locator beacon. Ultrahigh frequency mode sends ultrahigh frequency
signal with position information in it after it is activated. A reader catches and reads
this signal and sends it to system platform to finish identifying and positioning
electronic tag. This mixing precise position mechanism has unparalleled advantage
and utility value. It can satisfy the requirement of low power consumption for
electronic tag and satisfy the unique requirement for distance identification and
garbage identification at the same time.

Please take reference to Fig. 4.4 for information of working mechanism of
garbage can RFID tag.

This working mechanism defines four functional modes of tag: sleeping mode,
channel inquiry system, semi-sleeping mode, and communication mode. Sleeping
mode: A mode that all parts stop working except for timer. Channel inquiry system:

Fig. 4.3 Chart of mixing precise identification mode
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A mode that inquires valid reader signal in the channel after tag is woken up by a
certain matter. Semi-sleeping mode: Temporary sleeping mode is activated when
hitting another tag. Communication mode: Valid connection to reader is built up to
realize data transmission.

Low-frequency radio signal in working mechanism belongs to near-field
induction. Getting a long communication distance in near-field induction is a dif-
ficulty. Intensive study of main factors that have influence on valid acceptance
distance in near-field induction is the key point to design a reasonable optimized
125 kHz low-frequency antenna system. Therefore, we used single-turned large
coils with different diameters and receiving coil made by winding 500 turns of
multiple-turned small coils around a 0.8-cm-diameter ferrite core to make the
simulation and experiment. Coils were all placed horizontally. Output power loaded
on transmitting coil is 216 MW. Refer to Fig. 4.5.

According simulation and test results, we designed two sizes of dipole antenna
as what is shown in Fig. 4.6. It realized an adjustable range of 0–4.5 m of 3D valid
acceptance distance on small-sized low-frequency antenna, which also satisfied the
requirement for mixing precise position identification working mechanism.
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communication
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channel inquiry

Awake
Awake

Channel collision

No readers

Has readers

Read success

Fig. 4.4 Working
mechanism of garbage RFID
tag

Fig. 4.5 Chart of low-
frequency coil receiving
induction energy
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4.2.2 Key Technology of On-car Dynamic Measurement
System

4.2.2.1 Study of Sensor of On-car Measurement System

Design of on-car measurement sensor is also a difficulty during the whole
researching process. It has influence on both measurement accuracy and safety and
stability of refitted vehicles.

Traditional sensor is usually bolted on chassis of vehicles, which makes it only
be able to support vertical force. As a result, such sensors are not available in many
kinds of conditions. When a vehicle runs on a bumpy road or on a slope, traditional
sensors cannot receive vertical force but component of forces. As a result, output
data is smaller than actual measurement data. This is how error is produced. This
error is very difficult to overcome in most situations. Meanwhile, punching on
secondary beam has great impact on vehicle intensity, which also reduces safety
and stability of vehicles in large scale. Besides, design of traditional sensors also
makes vehicles have high requirement for strength of bolts. Vehicles suffer from
complicated external forces while they are running, including pressure, pull, and
alternating stress and so on. Even the strongest bolts cannot be used for a long time.
Once they break, vehicles will become quite dangerous to drive.

We designed a saddle-shaped sensor after repeating tests and researches as what
is showed in Fig. 4.7.

Specially designed saddle-shaped sensor has special advantage in both stress and
installation:

a. Saddle-shaped sensor has two radian stress surfaces. Meanwhile, they can
produce relatively rotation. It can solve the problem of accurate measurement
while vehicles are running on slopes, which also overcomes the influence on
measurement system when vehicles work in complicated environments.

Fig. 4.6 Dipole antenna
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b. Junction surfaces on top and at bottom are of radian shape, which changes the
structure of point-contact or surface-contact of traditional sensors. It is good to
increase stress area and enhance stability. The advantage of radian-contact is
that junction surface increases or decreases with the change of stress. It can
efficiently and randomly change the junction surface area to keep vehicle stable.

c. We can no longer fasten saddle-shaped sensor on chassis with bolts. Instead, U-
bolt is used. It can avoid the influence brought by punching on secondary beam
for installing sensors. It can also reduce the blade load created by using bolt,
which is also a big influence on vehicle safety.

d. For garbage trucks that are used for transporting liquid garbage, they have to
suffer from big shake during the process of transportation. Shake makes mass
transfer, which has big influence on measurement stability. Now, saddle-shaped
sensor can well solve this problem. It can overcome the influence created by
mass transfer due to its special stress method.

Great amount of experiments prove that this sensor indeed increase safety and
stability, which helps the whole test achieve a satisfying result.

4.2.2.2 Research of Refitting Garbage Vehicle Model

Great discover has been found after refitting garbage vehicles (3t, 5t). Ninety
percent of domestic garbage vehicles use domestically made ISUZU chassis. Most
of them are refitting vehicles, in which self-discharging vehicles have two main
types, rear dump, and expadump. Sensor designed by us is qualified for both types
of garbage vehicles.

We choose four stress points on the chassis as the supporting point to install our
sensor. Measurement method is a traditional paralleled way as shown in Fig. 4.8a.
Data is output and collected through quadruple sensor. Final data is gotten after
processing. Great amount of tests and experiments have been done based on the
model above. However, test result is quite different from result described in this
model. Therefore, according to the experiment, general measurement is based on

Fig. 4.7 Saddle-shaped sensor
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stress on elastomer. Traditional measurement mode is inadvisable
(G ≠ G1 + G2 + G3 + G4). This is because traditional mode is a measuring method
of rigid theoretical technology. Sensors on vehicles have elastic base. Thus, it is not
suitable for traditional theoretical research.

Theoretical model (Fig. 4.8b) is gotten based on above test results and experi-
ment conclusions. The model above shows that each sensor is designed to be an
independent magnifying A/D converting unit. Stress of sensor is related to weight
of box: G = G1 + G2 + G3 + G4. This model provides supporting base to sensor as
a whole elastic unit, which reasonably locates stress sensor in the gravity center
position of the model. It breaks through traditional calculation model of rigid
supporting base and creates accurate measuring model and calculation method
based on elastic base.

Big number of tests has been done to prove the above mechanical part (Instal-
lation position as shown in Fig. 4.9), and the theory of how sensor supporting point
was chosen. The best condition can be state of the whole system function and
structure can be achieved by the research results above.

4.2.2.3 Design of On-car Dynamic Measuring System of Garbage
Vehicles

Hardware system needs to be divided into three big units, data acquisition unit, data
processing and display unit, and data management unit. Data acquisition model is
placed at the bottle of vehicles. Data processing and display unit is installed in the
cab. Data management unit is usually placed in vehicle management center. Five
independent function modules can be divided as follows: Sensor signal magnifying
circuit: magnifying small signal output by sensor and sending A/D port of
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Fig. 4.8 Calculation model of on-car measurement
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processor. Audible-visual alarm module: this module alarms when vehicles are
overloaded. Oil valve control: it is realized by controlling oil channel. Wireless data
transferring module: sending weight data processed by processor to main control
panel in cab. Processor: collecting magnified sensor signal and converting it into
weight data and controlling related peripheral.

Data acquisition unit (Fig. 4.10a) is consisted of processor, sensor, wireless data
transferring module, oil valve control, and audible-visual alarm module. Data
processing and display unit (Fig. 4.10b) is consisted of main control panel, display
screen, ZigBee communication module, GPS module, printer, etc. Data manage-
ment unit is consisted of servers in each vehicle management station and data
transceivers. It can collect vehicle data and transfer it to server in control center
through internet to realize data management.
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Fig. 4.10 On-car measuring system researching

Fig. 4.9 Picture of installation position of sensor
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4.2.3 Municipal Garbage Intelligent Logistics Management
Software Platform

Intelligent logistics management software (Fig. 4.11) based on networking garbage
electronic declaration uses technical means such as cross-platform open architecture
and multilayer system structure. It uses vector-quantized electronic map based on
WEB type to display and operate visualized data. It can also automatically produce,
import, edit, plan route, page range, and configure map. Municipal garbage real-
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time flow fine grit data acquisition unit management and monitoring is realized by
integrating information issue, municipal garbage electronic declaration, classified
municipal garbage collecting, and transporting management system.

4.3 Conclusion

Giant municipal garbage dynamic intelligent logistics system of the collection and
transportation process of giant municipal garbage has on-car intelligent identification
and dynamic measuring system as its core, and uses user-side intelligent RFID tag
system to achieve automatic precise identification and dynamic weight measuring
while collecting garbage. It realizes fine grit garbage logistics origin control and
location tracking along the way. It cooperates with backstage logistics management
system software based on networking garbage electronic declaration to provide giant
municipal garbage charging with fine grit data. It is only by supporting by such a
garbage intelligent logistic system with the help of economical management and
scientific rewards and punishment can we truly realize garbage classification and the
aim of reducing garbage amount. And it will be implemented in the whole Shanghai
district gradually based on successful early-stage implementation.
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Chapter 5
Research on the Stairs Evacuation
with Fluid Wave Theory

Xun Weng, Zhiyuan Su, Wenshuo Liu and Qianqing Xu

Abstract With the point of view that building’s structure has different influences
on evacuation, and focusing on the structural complexity of the building itself, the
paper creatively divides the stairs into three basic areas from the point of archi-
tectural construction: step area, bend area, and influx area. Then, basing on the
division of the stairs’ architectural construction, the paper will build a new and
complete evacuation model in stairs by using the theory of fluid mechanics. The
fundamentals of fluid mechanics and the ideas of fluid wave will be used to pen-
etratingly analyze the crowd’s behaviors in the phases of evacuation in stairs, and
the paper will finally put forward the sophisticated evacuation model using stairs in
the way that build piecewise models. The new evacuation model using stairs not
only can offer facilities for geotechnical analysis, but also can establish the theo-
retical basis to support studies on the more efficient evacuation strategy in high-rise
buildings fire.

Keywords Fluid wave theory � Stairs evacuation � Model research

5.1 Background

In recent years, with rapid economic development, China’s urbanization is gath-
ering pace, which the most obvious phenomenon is the height of the buildings in all
city of China grow quickly. The spring up of high-rise buildings not only can
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largely save our resources of urban land, but also provide the modern of urban
space and functionality. While, as the high-rise buildings have lots of complexity in
construction and functionality, besides of the related technology and the security of
support equipment are not excellent enough, once the high-rise buildings catch fire,
the fire easily spread widely and stereoscopically, which will cause big trouble in
rescue operation of fire departments [1, 2].

So far, the only worldwide accepted way of emergency evacuation is that the
affected should evacuate from the building by stairs. But as the stairs have the
characteristics of structural complexity and limited space, stairs are considered as
the bottleneck of the whole evacuation. How to improve the evacuation’s efficiency
of the crowd moving in the stairs has become an important problem worried to be
solved. The paper basing on the analyzing the stairs’ architectural construction, the
fundamentals of fluid mechanics, and fluid wave will be used to study the evacu-
ation of the crowd’s movement in stairs, offering security to the more efficient and
more secure evacuation planning in future.

5.2 Evacuation Model Using Stairs

Stairs have the characteristics of structural complexity and limited space, thus not
only can impact the crowd’s behavior trajectories in the stage of evacuation by
stairs, but also can directly change the moving speed of crowd, even can reduce the
efficiency of the evacuation [3]. For these reasons, with the point of view that
building’s structure has different influences on evacuation, the paper divides the
stairs into three basic areas from the point of architectural construction as follows:

I. step area
II. bend area
III. influx area (Fig. 5.1)

In the stair structure, generally, there are one exit and two entrances. The one
exit connects the upper floor to lower floor; the two entrances are that: one entrance
connects the upper floor to lower floor and the other entrance is the influx entrance
by which people come from this floor to stair hall. The structure schematic above is

entrance

I step area

II bend area  

III influx area

Fig. 5.1 The three basic
areas of architectural
construction
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gotten referring to the ordinary buildings; structure schematic about these special
structures also is a flexible combination with these three basic areas. As the three
basic areas have different influences on evacuation, the paper will further analysis,
respectively.

Basing on the stairs’ architectural construction, the paper will build a new and
complete evacuation model in stairs by using the theory of fluid mechanics. The
evacuation model that the paper built not only can offer facilities for geotechnical
analysis, but can also establish the theoretical basis to support studies on the more
efficient evacuation strategy in high-rise buildings fire.

Studying the observation to real evacuation, we always find that the certain
behaviors of the crowd are very similar to the theory of fluid in fluid mechanics. In
the real evacuation, each individual needs the necessary space environment for
themselves; once arrive to the some structure of the building, the crowd also can
generate the phenomenon of lower speed, and the phenomenon will propagate
backward soon; in the crowd, one individual cannot climb over the one before him
to keep moving forward, and so on. Basing on the many similarities between the
crowd in the evacuation and fluid mechanics, the paper will analyze the movement
in the evacuation of the crowd referencing the relevant theory of fluid mechanics.
Considering the characteristic of three basic areas, on the basis of using theory of
fluid mechanics uniformly, the paper will discuss the behavior of the crowd in the
evacuation by stairs.

5.2.1 Evacuation in Step Area

The step area of stairs has its unique characteristic in structure: There is not only
difference in height between adjacent steps, but also the distance change in the
horizontal direction. In order to accurately describe the behavior characteristic of
the crowd in this area, the architectural structure must be analyzed first. In this
stage, there are not obvious obstructions in front of the crowd, the movement of the
crowd is much more regular, the people always move forward at a constant speed.
With lots of actual observations and theoretical analysis, the paper put forward that
in the step area, a pace-covered one step is the most efficiency and secure way to
pass the step area. The reason can be described as follows:

1. For different buildings, the design of the step in the step area is not unique, that
means the height and the width of the steps are not same. Even to some building,
the dimension of step is not designed reasonable; thus, a pace-covered numbers
of steps is so difficulty.

2. In step area, a pace-covered numbers of steps will expend more energy and
strength of the individuals in crowd, which can greatly increase the risk of injury
in the evacuation. For example, the fault of pace often will cause individual’s
ankle injury even tumble. So that will bring about a congestion point in stairs,
and this will directly reduce efficiency of the whole evacuation.
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3. In the step stage, as there are the characteristic of laddering structure in this area,
the space seems much more limited. If the individual choose a pace-covered
numbers of steps, thus will cost more available space in the moving direction.
The two problems will be caused as follows:

(1) As the individual increase the space needed to move forward, it will reduce
the rate of accommodate per unit area for individuals, the number of each
stair accommodated will become smaller, and the efficiency of evacuation
will be reduced finally. It can be described as Fig. 5.2.

(2) In the real evacuation, it is impossible that all the individuals keep the same
tempo and frequency; thus, a pace-covered numbers of steps will further
reduce the use efficiency of the space in the stairs (Fig. 5.3).

The paper attempts to in macroscopic view discuss the theoretic time for the
crowd needed to evacuate using stairs in the case high-rise buildings fire and
establishes the theoretical basis to support further studies and engineering practices.

...
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step area

pace pace              pace pace           pace             pace

pace               pace            pace pace            pace             pace

Fig. 5.2 The example of the relationship between movement space and move speed
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Fig. 5.3 The influence of multi-number steps in stairs evacuation
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So, based on the above three reasons, the paper considers that the crowd will choose
the way that a pace-covered one step to pass the step area.

Thus, the speed and time formula for the crowd in the step area can be obtained
as follows:

Vstep ¼ B� f ð5:1Þ

tstep ¼ N=f ð5:2Þ

5.2.2 Evacuation in Bend Area

The bend area is a specific area in the evacuation using stairs, once the crowd reach
the area will not only change their direction of motion, but also further lower their
moving speed because of the right-angle turn in stairs. When the crowd pass the
right-angle turn, due to the effect of centrifugal force, also considering the obser-
vation of the crowd’s moving law in the real evacuation, the actual evacuation route
of the crowd can be described as Fig. 5.4: that means in the real evacuation, the
crowd will move along the blank area in Fig. 5.4.

When the crowd passes the bend area, the moving track will change due to the
natural instincts that people will avoid impacting to wall and the effect of centrifugal
force, which will reduce the speed of the crowd in this area. The phenomenon is
much more similar to the theory of head loss in fluid mechanics. When the fluid pass
the right-angle turn, much loss of energy will be generated. The reason of loss may
be the collision loss, turning loss, eddy current loss, and so on. The paper will study
the speed of the crowd in the bend area using the theory of fluid mechanics [4].

h ¼ f
v2

2g
¼ k

h
90�

v2

2g
ð5:3Þ

In the formula, h is the turning angle, and when h ¼ 90�, we can get

d

R 

Fig. 5.4 The actual
evacuation route of the crowd
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k ¼ f ¼ 0:131þ 0:163
d
R

� �3:5
" #

ð5:4Þ

d is the diameter of the bend, R is curvature radius of the bend’s neutral line,
then the Formula (5.4) can be changed as follows:

hbend ¼ f
v2

2g
¼ 0:131þ 0:163

d
R

� �3:5
" #

v2

2g
ð5:5Þ

Also the loss of energy in the actual evacuation will directly affect to the loss of
speed:

1
2
mV2

bend þ hbend ¼ 1
2
mV2

step ð5:6Þ

Then, the Formula (5.6) can be expressed as:

Vbend ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vstep � 2hbend

m

r
ð5:7Þ

There m is average weight of individual, and the value of it can reference relative
standard in the same period.

5.2.3 Evacuation in Influx Area

When the crowd does not reach bottleneck area, the movement of the crowd is
much more regular, and the people always move forward at a constant speed. But in
the actual evacuation, there is often phenomenon of congestion, chaos even block in
the bottleneck area. That is because that as soon as the crowd reach the bottleneck
area, a wave that spreads opposite to moving direction of the crowd can be gen-
erated, which is similar to phenomenon that sound wave meets an obstacle and
reflex or the phenomenon that current meets obstacles and flow backward. The
phenomenon in the bottleneck area can be explained by the theory of fluid wave in
fluid mechanics. The wave can cause turbulence phenomenon in the area ahead of
the bottleneck, and that is wave behavior of the evacuation crowd, which we called
the phenomenon of evacuation wave.

When the original crowd reaches the influx area, showed in the Fig. 5.5, a new
crowd will join the original crowd, while the density and speed of these two crowds
are not same at all. The interface of these two parts whose densities are different is
called evacuation wave. This evacuation wave will spread backward one by one,
which we called the wave evacuation crowd, and its speed is called wave speed.
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The paper will build a new evacuation model in influx area by using the theory
of fluid mechanics in order to describe the process of evacuation in this area. Then,
the influx area will be studied separately, as shown in Fig. 5.5.

In the Fig. 5.5, the direction of movement is from below to above, which is
considered as positive direction. As this consideration, the number of person per
unit distance in evacuation route is considered as linear density of crowd, which is
expressed as character q.

vsp1q1t þ vspmqnt ¼ vsp2q2t ð5:8Þ

Where vsp1 is the speed of crowd in Sect. 5.1 relative to boundary w; q1 is the
linear density of crowd in Sect. 5.1; vspn is the speed of crowd in influx entrance
relative to boundary w; qn is the linear density of crowd in influx entrance; vsp2 is
the speed of crowd in Sect. 5.2 relative to boundary w; q2 is the linear density of
crowd in Sect. 5.2. Then, the Formula (5.8) can be expressed as:

Vbend � Vwð Þq1 þ Vinflow � Vwð Þqn ¼ Vflow � Vwð Þq ð5:9Þ

Vbend is the speed when the crowd enter the influx area; Vinflow is the speed when
the crowd pass the influx entrance; Vflow is the speed when the crowd leave the
influx area Also get:

Vw q2 � q1 � qnð Þ ¼ Vflowq2 � Vbendq1 � Vinflowqn ð5:10Þ

Vw ¼ Vflowq2 � Vbendq1 � Vinflowqn= q2 � q1 � qnð Þ ð5:11Þ

Studying the Formula (5.11), the paper finds that in the actual evacuation by
stairs, the evacuation wave that is opposite to evacuation direction is not wanted;

Section 2

Section 1

influx entrance

Fig. 5.5 Describe the process
of evacuation in the influx
area
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thus, some structural characteristics should be improved in order to reduce the
possibility of from the evacuation wave. In an ideal world, we can set Vw ¼ 0, then

Vflow ¼ Vbendq1 þ Vinflowqn=q2 ð5:12Þ

.

5.3 Conclusions

Stairs are considered as the most traditional and reliable tool of evacuation and its
result is much important to the whole evacuation, relating directly to lives and
property of people. According to the influence to crowd, the paper divides the stairs
into three basic areas from the point of architectural construction in order to study
the crowd’s behavior of evacuation in these three areas using the relevant theory of
fluid mechanics. Enlightenments can be obtained as follow:

First, in the step area, with the practical observation and theoretical analysis, the
paper suggests that the crowd should choose the way that a pace-covered one step
to pass the step area. Thus, it not only can reduce the probability of injured in
evacuation for individuals to improve the reliability, but also can decrease the space
needed for individuals to increase the efficiency of evacuation.

Second, once the crowd reaches bend area in stairs, due to the natural instincts
that people will avoid impacting to wall and the practical architecture, the crowd
will pass the area along a sector region. Some measures that change the architecture
reasonably can at different levels improve the effect of passing this area in evac-
uation; they amplify turn radius, change inboard wall reasonably, and choose better
shape of handrail.

Third, as a new crowd will join the original crowd in the influx area, an evac-
uation wave that is opposite to evacuation direction will be caused in this area. The
evacuation wave may shape congestion in this area, directly reduce the efficiency of
the whole evacuation. In practical evacuation, the evacuation wave is not wanted by
us. Thus, we can take some measures that design the number of stairs reasonably,
scatter the amount of crowd in one stair entrance, and so on, in order to maximum
reduce the possibility of formation of the evacuation wave. About the more practical
laws of evacuation in this area should be further studied by us.

The paper attempts to deep study the evacuation characteristics of the crowd
showed in the evacuation using stairs. It not only helps us to establish more rig-
orous and efficient evacuation strategy and provided convenience to engineering
calculation, but also can put forward renovation projects focusing on the security
risk of buildings in evacuation. But as the influences that the crowd suffered in the
so narrow stairs are too much miscellaneous, nowadays many knowledge and
theory cannot cover and interpret the characteristic of behavior. The relevant
research will be continued deep in future.
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Chapter 6
An Approach to Integrated Cellular
Layout Design Based on Logistics Cost
Optimization

Yongqian Zheng, Kuixue Ding and Kefeng Cen

Abstract Cellular layout includes inter-cell and intra-cell layouts. This paper
presented a multi-objective-integrated optimization model that minimizes the total
material handling distance and the area of the cellular layout. To avoid the decrease
of the solution set of cellular layout problem by solving the inter-cell and intra-cell
layouts separately, the proposed model solves the two steps simultaneously. To
handle the complexity confronted with the large-scale model, a structured real-code
cooperative particle swarm optimization (CPSO) was proposed, the particles were
divided into genic particles and non-genic particles, operations of genetic algorithm
(GA) were applied on the two kinds of particles, and the performance of the particle
swarm optimization was improved largely. Simulation experiment verified the
validity of the model and algorithm.

Keywords Cellular layout � Integrated optimization � Multi-objective optimiza-
tion � Cooperative particle swarm optimization � Co-evolution

6.1 Introduction

As the rapidly increased worldwide competition, the traditional manufacturing
systems, such as job-shop and flow-shop, are hard to satisfy the newly emerged
needs of manufacturing systems [1]. To meet these challenges, a company must be
able to offer perfect quality products at lower cost than competitors and still remain
efficient and flexible [2]. To achieve this goal, new manufacturing systems must be
designed. In recent years, many advanced manufacturing technology have been
proposed. Among them, cellular manufacturing systems (CMSs) combine the
advantages of a job-shop’s flexibility and a flow-shop’s efficiency and are con-
sidered one of the manufacturing systems that can meet the above challenges [3].
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According to Wemmerlov and Johnson [4], the implementation of CMSs provides
the opportunity of decreasing material handling cost, work in process, setup time,
lead time, and throughput time.

The design for cellular manufacturing involves three stages: (1) grouping of
parts and production equipment into cells (cell formation), (2) allocation of the cells
within the shop floor (inter-cell layout), and (3) layout of the facilities within each
cell (intra-cell layout) [5], while the intra-cell and inter-cell layouts not received
attention of researchers in comparison to cell formation in cellular manufacturing
systems (CMSs). The purpose of this paper is to solve the facility layout problem in
a cellular manufacturing system.

Alfa et al. [6] formulated a model for solving only an intra-cell layout problem.
Das [7] formulated a model for solving inter-cell layout problem. Kaebernick [8]
proposed a nonlinear goal programming to integrate inter-cell and intra-cell layout
problems. Won [9] proposed a linear programming model and minimal backward
flow model in order to find an optimal linear machine sequence in a machine cell. A
solving method for the model was also proposed.

Wang et al. [10] proposed a new approach based on simulated annealing in order
to solve inter-cell and intra-cell layout problems in CMSs. Bazargan-Lari et al. [11]
presented the application of an integrated approach to three phases of a design of
CMSs to a white-goods manufacturing company in Australia. Sangwan and Kodali
[12] formulated the facility layout, both inter-cell and intra-cell as a quadratic
assignment problem.

6.2 Problem Formulation

This section formulates the mathematical model for both intra-cell and inter-cell
layout problems. The assumptions are described as follows: (1) Cell formation is
first completed and known as a prior, i.e., what kinds of facilities belong to which
cells are known. (2) The facilities are considered to be rectangular blocks; the
orientation of the facility is considered to be horizontal or vertical. (3) Each cell is
laid out in U-shape, and the multi-rows strategy is applied on the inter-cell layout.
(4) Each cell adds a buffer area to increase the equipment effectiveness. (5) Parts are
moved in batches between the equipments, and the flow of materials is static and
deterministic.

6.2.1 Variables and Symbols

The variables and symbols used in the model are defined as follows: p is the index
for parts (p = 1,2,…,P); c is the index for cells (c = 1,2,…,C); i, j is the index for
facilities (i, j = 1,2,…M); i ≠ j, (xi, yi) is the coordinate of the center of facility i; (xib,
yib) is the left-bottom coordinate of the facility i; (xjt, yjt) is the right-top coordinate
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of the facility j; npij is the number of trips made by material handling between
facilities i and j when produce part p; Vp is the demand of part p; and Hp is the
handling batch size for part p.

6.2.2 Problem Objectives

6.2.2.1 Traveling Distances

In this model, rectilinear distances between centers of the facilities are used to
evaluate the traveling distances. In most CMSs, the parts are often moved in batch.
The total traveling distance can be described as:

XM

i¼1

XM

j¼1

XP

p¼1

npij Vp=Hp
� � jxi � xjj þ jyi � yjj

� � ð6:1Þ

6.2.2.2 Cellular Layout Area

The location of the facilities should consider the principle of closeness, i.e., the high
usage of the shop floor is pursued. The shop-floor area utilization rate can be
described as:

max
Xn

i¼1

Si=S ð6:2Þ

Si, S represent the area of facility i and the total area of final cellular layout,
respectively. Due to the area of each facility is constant, so the formula is equal to
min S. S can be described as:

S ¼ ½maxðxjtÞ �minðxibÞ� � ½maxðyjtÞ �minðyibÞ�; i; j ¼ 1; 2; . . .;M ð6:3Þ

6.2.2.3 Objective Function

To minimize the total material handling distances and the total area of the final
layout, a multi-objective optimization is proposed. Consider the two objective
functions as only one function, the following measure was adopted:

g ¼ 1=
XM

i¼1

XM

j¼1

XP

p¼1

npij � li� Vp=Hp
� � ð6:4Þ
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l ¼ 1=
Xn

i¼1

Si ð6:5Þ

minz ¼ a � g �
XM

i¼1

XM

j¼1

XP

p¼1

npij � ceil Vp=Hp
� � � dij þ b � l � S ð6:6Þ

In objective (6.6), g and l are used to align the range of total material traveling
distance with the area of the layout. They are obtained from formula (6.4) and (6.5).
At the same time, α and β stand for the weight of the two objectives. They are set by
the decision-makers. Here, α + β = 1.

6.2.3 Problem Constraints

6.2.3.1 Constraints of Intra-cell Layout

The assumptions are described as follows: (1) In each cell, the facilities are laid out
in U-shape; (2) There are two kinds of orientation for each facility: horizontal or
vertical; (3) The loading point is the same as the unloading point, that is, the center
of the facility; (4) The facilities within the same side have the same value of Y-axis.

If the facilities i, j are within the same side, they should meet the constrain:

xi � xj
�� ��� hi þ hj

� �
=2þ dhij; yi ¼ yj ð6:7Þ

Otherwise, the constrain is changed to

yi � yj
�� ��� vi þ vj

� �
=2þ dvij; yi 6¼ yj ð6:8Þ

dhij and dvij respectively are referring to as the safety distance in X-axis and Y-
axis, respectively; hi and vi are defined as follows:

If facility is positioned horizontally, hi = li, vi = wi, if facility is positioned
vertically, hi = wi; vi = li. Constrains (6.7) and (6.8) aim to keep the facilities in a
safety distance.

6.2.3.2 Constraints of Inter-cell Layout

The multi-rows strategy is applied on the inter-cell layout. The assumptions are
described as follows: (1) Each cell is considered to be rectangular blocks; (2) The
center of each cell has the same Y-axis value when the cells are located in the same
row; (3) If the sum of the safety distance and the length of all cells in the same row
exceed the length of shop floor, the last cell in this row will be relocated in the next
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row. Here, by introducing the extended cellular model, the original cellular model is
stretched longer and wider based on the safety distances in the X-axis and Y-axis.
Distance between the centers of the adjacent cells is represented by d, while Lc and
Wc, another two parameters of the model, are the length and width of the extended
cellular model. For each manufacturing cellular model, the following constrains
should be met:

Scr ¼ 1; cellular c is in row r
0; otherwise

�
ð6:9Þ

XR

r¼1

Scr ¼ 1; c ¼ 1; 2; . . .; c ð6:10Þ

XC

c¼1

Scr �C; r ¼ 1; 2; . . .;R ð6:11Þ

xcb � ðxc0b þ Lc0bÞ½ � � ðxcb þ LcbÞ � xc0b½ � � 0; Scr ¼ Sc0r ð6:12Þ

ycb � ðyc0b þWc0bÞ½ � � ðycb þWcbÞ � yc0b½ � � 0; Scr 6¼ Sc0r ð6:13Þ

xcb þ Lc �max x ð6:14Þ

ycb þWc �max y ð6:15Þ

Constrain (6.10) makes sure that each facility location is assigned only one row;
constrain (6.11) ensures the number of cells in each row is less than the total
number; constrain (6.12) makes sure the cells c and c′ are not overlapped in x-
projection if they are in the same row; constrain (6.13) ensures the cells c and c′ are
not overlapped in y-projection if they are in the different rows; constrains (6.14) and
(6.15) make sure the facilities are laid out within the provided area.

6.3 Proposed CPSO Algorithm

6.3.1 Cooperative Particle Swarm Optimization

Basic PSO is easily stuck in local optimal solution. To improve the performance of
the basic PSO, this section proposed an improved cooperative particle optimization
(CPSO).

In CPSO, the particles are split into several populations, and in each population,
the particles evolve as basic PSO. In every iteration, the best solution is selected
from all of the particles, the Gbest is updated if the current solution is better than
Gbest.
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The GA’s idea in research literatures [14, 15] is added to the PSO, inspired by
them, here absorb the operations of selection and crossover of GA to improve the
performance of the CPSO. The algorithm selected the genic particles and the same
quantity of non-genic particles into a pool. Here, define p1, and p1 are parents that are
selected from the genic and non-genic particles randomly; q is a constant in intervals
(0, 1). For child xi, the j-dimension xij is created according to the following rule: if
rand() < q, xij = p1j, else xij = p2j. The newly created children are used to replace the
equal number of non-genic parents, and the genic parents are kept unchanged.

6.3.2 Particles Encoding/Decoding

Here is a structured real-code method of encoding. Figure 6.1 illustrates an example
of encoding.

Each part of the encoding is explained as follows:

(1) Encode the inter-cell layout. This part is a string of real number at the length of
C, each of the real number represents a manufacturing cell. When decoding,
the number is ranked decreasing, the arrangement of the serial number equates
the sequence of the manufacturing cells.

(2) Encode the intra-cell layout. This part is a string of real number at the length of
M; each of the real number represents a facility. The ranking of the real
number represents the sequence of the facilities.

(3) Encode of the orientation of the facility. This part is a string of integers at the
length of M; the arrangement of the facilities is the result of the encoding of
inter-cell and intra-cell layouts, while each integer represents the orientation of
the corresponding facility. If the integer is an odd number, then the orientation
of the facility is horizontal, otherwise the facility will be placed vertically.

This section illustrated an example of 7 facilities. The cell formation is a known
condition. The result of cell formation is as follows: c1 = {1, 4, 5}, c2 = {3, 6}, and
c3 = {2, 7}. From Fig. 6.1, the encoding of the inter-cell layout is (10.5, 3.2, 11.6), the
ranking of three number is 2-1-3, which equates the arrangement of the manufacturing
cells; the encoding of the intra-cell layout is (2.1, 1.3, 13.6, 0.3, 8.2, 3.5, and 1.6),
according to the ranking, the arrangement of the facilities is 6-3 |5-1-4|7-2; the encoding
of the orientation of facility is (2, 7, 3, 4, 15, 19, and 10), after the identification of the
odd number and even number, the orientation of the facilities is decoded as follows:
vertical-horizontal- horizontal- vertical- horizontal- horizontal- vertical.

inter-cell 10.5 3.2 11.6

intra-cell 2.1 1.3 13.6 0.3 8.2 3.5 1.6

orientation 2 7 3 4 15 19 10

Fig. 6.1 Example of the encoding of a particle
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6.3.3 The Solution Procedure of the Proposed CPSO

This paper uses the improved CPSO to solve the cellular layout problem; the
workflow of the proposed CPSO is as follows.

Step 1: Parameters Setting and Initialization. Set evolutionary environment, such
as pop_size (size of population), max_gen (maximal generation for a
run), pop_num (number of population), p (ratio of the genic particle),
initiate the position and the velocity of the particles. The number of
iterations that Gbest has not been optimized is set by n = 0.

Step 2: Check the total number of iterations, if it reaches the max_gen, output
result and stop, else go to step 3.

Step 3: Check that if the Gbest has not been optimized for N iterations in a row,
if yes, then output the result and stop, else go to step 4.

Step 4: For each population, update the position and velocity of the particles.
Step 5: For each population, if the current position of the particle is better than

the Pbest, reset the Pbest.
Step 6: Compare the Pbest of each population with the Gbest, once one the Pbest

is better than the Gbest, reset the Gbest.
Step 7: According to the ratio of genic particles, divide the particles into genic

particles and non-genic particles.
Step 8: Operator of GA is applied on genic particles and non-genic particles.
Step 9: The new-generated offspring is used to replace the equate number of

non-genic particles randomly.

6.4 Case Study

The facilities in each manufacturing cell and the size of each facility are described
as Table 6.1; the routing of each part is listed in Table 6.2.

Set the max_gen = 1,000, the size of the population = 60, the number of
population is 4, the ratio of genic particles is 0.4, the maximal iteration that the
Gbest has not been updated in a row is N = 300, the velocity constants c1 = c2 = 2,
inertia weight wmax and wmin equate 0.9 and 0.4, respectively, the weight of han-
dling distance α = 0.7, and the weight of area β = 0.3. The shop floor can be seen as
a rectangle with the area of 25 m × 20 m; the safety distance between the facilities
in the same manufacturing cell is 1.2 m, while the safety distance between the
manufacturing cells is 3.0 m, the buffer area in each cell is also seen as a rectangle
with the size of 2 m × 2 m.

The traditional approach is solving the intra-cell layout problem firstly, arranging
the facilities of each cell to minimize the handling distance within the cell. Then,
the inter-cell layout problem is solved by minimizing the total handling distance.
Wang [10] used the simulated annealing to solve the cellular layout problem; the
paper did not consider the orientation of the facility and the buffer area. To verify
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the validity of the model and proposed algorithm, here use the basic PSO and
improved CPSO to solve the three solutions of cellular layout, respectively. There is
one point which should be emphasized, it is the value of the population number n
will influence the result. If the value is too small, the communication among the
manufacturing will be waken, while if the value is too large, the communication
among the particles in the same manufacturing cell will be waken as well. The
effective of cooperative will reduced. In this section, set n = 3, 4, 5, respectively, to
illustrate the impact of the value of n.

Use the basic PSO and improved CPSO to solve three solution of cellular layout
problem for 30 times; the results are listed in Table 6.3. Figure 6.2 demonstrates the
distribution of the value of objective function when solving the three models under
the condition of n = 3, 4, 5. Figure 6.3 demonstrates the distribution of the value of
objective function when use the basic PSO and improved CPSO (n = 4) to solve the
proposed model of this paper.

Through Figs. 6.2 and 6.3, three conclusions can be reached.

Table 6.1 Facilities in each manufacturing cell and the size of each facility

Cell Facilities in cell and the size of facility (m2)

C1 m1 (2.5 × 1.5), m2 (3.0 × 1.6), m9 (3.5 × 2.5), m13 (2.2 × 2.0), m17 (3.0 × 1.5)

C2 m3 (2.5 × 1.5), m8 (3.0 × 2.8), m10 (3.5 × 1.5), m11 (4.0 × 3.0), m15 (2.2 × 2.0), m18

(2.5 × 2.0), m20 (3.5 × 2.0)

C3 m4 (3.0 × 1.5), m5 (3.0 × 2.5), m6 (2.5 × 1.5), m7 (2.5 × 1.5), m16 (2.2 × 2.0)

C4 m12 (4.0 × 3.0), m14 (2.2 × 2.2), m19 (3.5 × 2.0)

Table 6.2 The process paths
of the parts

Part Demand/Handling
batch

Routing

A 100/10 m3–m8–m20–m11–m15–m18–m19

90/10 m4–m7–m6–m16–m5–m20

180/15 m1–m2–m9–m13–m17

280/20 m3–m8–m20–m11–m15–m18–m10

140/10 m1–m3–m14–m19–m12

160/20 m1–m2–m17–m9–m13

200/20 m14–m19–m12

180/15 m1–m2–m5–m17–m9–m13

220/20 m1–m2–m17–m9–m13

120/10 m3–m11–m8–m10–m20–m15–m18

240/10 m4–m5–m7–m6–m16

150/15 m14–m19–m12–m20

160/20 m2–m5–m7–m6–m16

220/20 m12–m14–m15–m19
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(1) When use the improved CPSO to solve the case of this paper, the performance
of the algorithm reaches best if the number of population n = 4. Analyze the
CPSO part of the Table 6.3, no matter solve the traditional model, literature
[10] or solve the proposed model, the average value of the objective function
is best. And from Fig. 6.4, the values of objective function are closer to the
optimal solution.

(2) Compared to basic PSO, the performance of the improved CPSO is better.
From Table 6.3, it shows that higher-quality solution can be achieved by
improved CPSO.
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Fig. 6.2 The distribution of the results solved by CPSO (n = 3, 4, 5)
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Fig. 6.3 The distribution of the results solved by PSO and CPSO (n = 4)

Fig. 6.4 The final cellular
layout
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(3) The proposed model of this paper can achieve high-quality solution. From
Table 6.3, the cellular layout solved by the proposed model in this paper is
best compared to the other two models. The same conclusion can also be
reached from the CPSO part of Table 6.3.

From the results ran by 30 times, the best solution solved by the improved CPSO
and the proposed model can be described as follows: C1{m13, m9, m17, m1, m2, m21}
{0, 1, 0, 1, 1, 0}; C3{m23, m4, m16, m6, m7, m5} {1, 1, 0, 1, 0, 0}; C2 {m22, m8, m15,
m3, m20, m11, m18, m10}{0, 1, 0, 0, 0, 0, 0, 0}; C4 {m19, m14, m24, m12} {1,1,0,0},
m21, m22, m23, m24 represent the buffer areas. 1 or mean placed horizontally or
vertically respectively.

6.5 Conclusion

This paper considers the cellular layout problem in which a multi-objective-inte-
grated optimization model is proposed and the intra-cell and inter-cell layouts are
solved simultaneously. To solve the model, an improved cooperative particle
swarm optimization was proposed to find near-optimal solutions. The proposed
algorithm absorbs the operators of GA and divided the particles into several pop-
ulations. The particles are evolved through cooperation. According to the case
study, the validity of the proposed model and algorithm are verified.
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Chapter 7
The Inventory Demand Forecasting Model
of the Regional Logistics Network
in Supply Chain

An-Quan Zou and Ren-Cun Huang

Abstract This article is conducting a study on the demand forecast from the x-
retailers, y-distribution centers, and z-suppliers supply chain of logistics area. The
supply chain will be divided into upstream and downstream levels. Combined with
the characteristics of the supply chain and demand characteristics of the regional
logistics network, Dijkstra shortest path algorithm is used and its demand forecast
model is constructed based on it to obtain the exact demand of each node enter-
prises. At last, an example is given to prove it.

Keywords Supply chain � Regional logistics network � Inventory demand �
Forecasting

7.1 Introduction

In recent years, logistics has been developing rapidly for enterprise’s emphasizes on
the third profit source in logistics, huge support to logistics from government, and
numerous researches from experts and scholars. However, there is also bottleneck
in the process of logistical development [1], such as higher expense and lower level
of service. Thus, it is indispensible to solve that how to decrease the expense and
increase the service quality. Supply chain [2] is a functional network inventory
made up of suppliers, manufacturers, retailers, and clients. The word network
inventory is defined as assembly of interrelated organizations and facilities in
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logistical process by the national standard logistic term [3]. Regional logistics
network actually, is a complex network system made up of logistical node and
interrelated parts in region [4]. So, on account of the regional network inventory in
supply chain, enterprises in every node should consider the forecasting problem.
Not only the expense and profit of the company but also the expense of the whole
supply chain should be considered so that make the mutual benefit and win and
decrease the total expense in the society.

Current problem on demand forecasting is the supply period and demand
uncertainties [5]. And recently, application of supplier inventory management
model (VMI) could eliminate the impact of the supply period uncertainty. But the
demand uncertainty remains to solve. Because the demand uncertainty is mainly
reflected in huge preference of clients, many enterprises in every node choose the
suppliers depending on the shortest distance, for diminishing expense. Whereas, in
a certain region, it exist a situation that there are variances in different distances
between distribution center and supplier demand, though they are certain and stable
that the potential total demand of client and the total demand of distribution center.
Main domestic demand forecasting methods are not suitable for this situation
currently such as differential equation model [6], time series model [7], gray
forecasting theory model [8], and BP neural network model [9]. Therefore, the
authors constructed an accurate demand forecasting model [9] combined charac-
teristics of supply chain and network in the situation, for forecasting demand,
reducing expense and improving the service level.

7.2 Model Description

In this paper, on the premise of every logistic node fixed, the author researched on
the supply chain network is a complex one composed of many retailers, distribution
centers, and suppliers. In the network, the nodes stand for retailers, distribution

Retailers 1

Retailers 2

Retailers 3

Retailers 4

Retailers 5

Distribution center 3

Distribution center 2

Distribution center 1

Suppliers1

Suppliers 2

Fig. 7.1 Supply chain
structure diagram
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centers, and suppliers, and the edge is the actual road. And every node is inter-
dependent [10] (Fig. 7.1).

7.2.1 The Assumptions of the Mode

In a region, retailers have some demands on distribution centers, and they also hold
demands on suppliers. Considering the expenses of logistics and transportation,
logistics service level, and randomness of shopping, retailers take goods from one
or several distribution centers, and the amount of goods that retailers take depends
on distance from a distribution center to a retailer that is retailers take more goods
from close distribution center and less goods from far distribution center. Similarly,
distribution centers chose the closest supplier providing goods, but every distri-
bution center could only chose one supplier, differently. Next, there are such
assumptions:

(1) In a certain region, there are x-retailers r, y-distribution centers d, and z-
suppliers s.

(2) Assumed the locations of retailers, distribution centers, and supplier are
defined.

(3) Demands of every retailers are defined and equal. Let Qr ¼ 1.
(4) Retailers have a certain demand to distribution centers, let qdr .
(5) Considering the randomness and subjectivity of consumers choosing com-

modities, assume retailers choose distribution centers only depending on the
distance lrd , qdr is inversely proportional to lrd .

(6) Distribution centers have demand on suppliers, let as qsd .
(7) On account of factors, such as expense of transportation, assume that distri-

bution center choose suppliers only depending on distance lds that is every
distribution center only choose one, the closest suppliers (Table 7.1).

Table 7.1 The specific meaning of the symbol

Symbol Implication

rð1; . . .; xÞ There are x-retailers

dð1; . . .; yÞ There are y-distribution centers

sð1; . . .; zÞ At there are z-suppliers

qdr ; qsd The amount that retailer demand to distribution center, the amount that
distribution center demand to supplier

lrd ; lds The distance from a retailer to a distribution center, the distance from a
distribution center from a supplier

Qr ;Qd ;Qs The total demand of retailers, the total demand of distribution centers and the total
demand of suppliers
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7.2.2 Parameters of Model Contribution

1. Logistics network-weighted matrix

According to graph theory [11], logistics network picture could be described an
assembly of a finite number of peaks V ¼ v1; v2; . . .; vnf g, and an assembly that
represents the relationships with these peaks L ¼ l1; l2; . . .; lmf g. The picture is
marked asG ¼ V ; Lð Þ. And theweights of the side of any two nodes i and j aremarked
as wij. And the following network picture is the weighted network one (Fig. 7.2).

Let the weighted network picture be described as a weighted matrix, there are
several conditions in the following:

(1) If there is no side between any two nodes i and j in the picture, wij ¼ 1.
(2) If there is side between any two nodes i and j in the picture, wij is the side

weighted value.
(3) If the two nodes i and j coincided, wij ¼ 0. So, we could conclude a weighted

matrix (7.1) as displayed in Fig. 7.2.

W ¼

0 1 3 2 1 1
1 0 1 1 3 1
3 1 0 1 1 3
2 1 1 0 2 2
1 3 1 2 0 1
1 1 3 2 1 0

2
6666664

3
7777775

ð7:1Þ

2. Dijkstra function to find the shortest route matrix

The shortest route problem is started with any node in the network picture, and
to find the shortest route from the node to any other node in the network picture.
The function proposed by Dijkstra [12], actually and currently, is great function to
find the shortest route. The basic steps are in the following:

(1) Let the first note as i, the shortest distance Dii ¼ 0, then let the node i marked
by 0 mark in the small square, representing that the node i marked.

V6V4

V5

V1

V3

3

2

1

2

2

3

3
V2

1

Fig. 7.2 Regional network
picture
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(2) Start from i and find the point with the shortest distance, and let it as j, and let
the symbol Dij ¼ Dii þ wij be marked in the small square, representing that the
node j have been marked.

(3) Start from marked node, and find the several points which have not been
marked, marked as p. If there is Dip ¼ min Dii þ wip;Dij þ wjp

� �
, then give

the p number, and let the Dip be marked beside p.
(4) Repeat the step 3 again, until the last pointed marked.

Now, we can use these steps above and combine related conditions in order to
solve the matrix.

In the shortest route from retailer r to distribution center d, lrd represents the
actual distance from r to d, and Drd represents the shortest distance from r to
d. According to the steps in Dijkstra function, we could find out the shortest route
formula Drd ¼ min Drd;Drd þ lrdf g, to find out the matrix (7.2) that could conclude
the shortest route model.

Drd ¼
D11 D12 . . . D1y

D21

..

.
Drd

..

.

Dx1 . . . Dxy

2
6664

3
7775 ð7:2Þ

Similarly considered the relevant conditions, we could conclude the matrix to
find out the shortest distance from the distribution center and the suppliers, the
forecasting model, as (7.3) shows.

Dds ¼
D11 D12 . . . D1z

D21

..

.
Dds

..

.

Dy1 . . . Dyz

2
6664

3
7775 ð7:3Þ

7.3 Model Construction

Wedivided themodel fromupstream and downstream to construct. The upstream is the
model forecasting the demand from retailers and distribution centers, and the down-
stream is the model forecasting the demand from distribution centers and suppliers.

7.3.1 Forecasting Model for the Demand from Retailers
and Distribution Centers

The upstream supply chain includes retailers and distribution centers. According to
the relevant parametric conditions above, we could construct the forecasting model
depending on the demand from retailers and distribution centers.
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1. The demand of retailers r

Assumed the demand of every retailer is definite and equal, the total sum of
every retailer taking goods from distribution is described as one unit.

Qr ¼ qr1 þ qr2 þ � � � þ qry ¼
Xy

d¼1

qrd ¼ 1 ð7:4Þ

2. The demand from distribution centers d

The total sum of the every retailer taking goods from distribution centers are the
total demand from distribution centers. The demand function is as (7.5) shows:

Qd ¼ qd1 þ qd2 þ � � � þ qdx ¼
Xx

r¼1

qdr ð7:5Þ

3. The demand qrd is inversely proportional to the distance Drd

The sum that every retailer demands the distribution centers is inversely pro-
portional to the distance from retailers to distribution centers. And the relationship
is as (7.6) shows:

qr1 : q
r
2 : � � � : qry ¼

1
Dr1

:
1
Dr2

: � � � : 1
Dry

ð7:6Þ

4. The construction of model

To conclude, we could find out the final forecasting demand model:ą

Qd ¼ qd1 þ qd2 þ � � � þ qdx ¼
Xx

r¼1

qdr

s:t:

Drd ¼

D11 D12 . . . D1y

D21

..

.
Drd

..

.

Dx1 . . . Dxy

2
66664

3
77775

Qr ¼ qr1 þ qr2 þ � � � þ qry ¼
Py

d¼1
qrd ¼ 1

qr1 : q
r
2 : � � � : qry ¼ 1

Dr1
: 1
Dr2

: � � � : 1
Dry

8
>>>>>>>>>>>><
>>>>>>>>>>>>:

ð7:7Þ
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7.3.2 The Model Forecasting Demand that Distribution Centers
Demand Suppliers

Similarly, we could find out the model forecasting demand that distribution centers
demand suppliers according to several relevant conditions above.

1. To define the relationship that the demand qsd is inversely proportional to the
distance lds.

If the distribution choose suitable suppliers, they should consider ability and
frequency of the suppliers, and to the most important, they will consider the dis-
tance from distribution center to supplier. If so, it is possible to decrease the
expense and increase the service level. Thus, in the model, the choice of suppliers
should depend on the distance to fix, and every distribution centers choose the
shortest distribution center. And the relationship is in the following:

qsd ¼
1 minðldsÞ
0 others

�
ð7:8Þ

2. The demand of suppliers s,

Qs ¼ qs1 þ qs2 þ qs3 þ � � � þ qsy ¼
Xy

d¼1

qsd

s:t:

Dds ¼

D11 D12 . . . D1z

D21

..

.
Dds

..

.

Dy1 . . . Dyz

2
6666664

3
7777775

qsd ¼
1 minðldsÞ
0 others

(

8
>>>>>>>>>>>><
>>>>>>>>>>>>:

ð7:9Þ

7.3.3 The Model Forecasting Demand Depending on the Supply
Chain

To conclude, in the region that with supply chain, the network model forecasting
the demand is shown as the following:
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7.4 An Instance Application

In order to examine the effect of the model, the paper is focused on a logistics
network in Xiangtan supermarkets. And we use the model to forecast the demand.

Figure 7.3 is a network of distributing good of the supermarkets. The star nodes
s represent the suppliers location. The solid nodes d can be described the location of
distribution centers. The hollow nodes r illustrate the retailers. And the sides of the
every node stand for the actual distances.

According to the description in the network, we could find out the network
matrix, as (7.10) shows:
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A ¼

0 1 1 2 � � � 1 1 1 1
1 0 3 1 � � � 1 1 1 1
1 3 0 3 � � � 1 1 1 1
2 1 3 0 � � � 1 1 1 1
..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

. ..
.

1 1 1 1 � � � 0 2 3 1
1 1 1 1 � � � 2 0 3 1
1 1 1 1 � � � 3 3 0 1
1 1 1 1 � � � 1 1 1 0

2
6666666666664

3
7777777777775

ð7:10Þ

Using the MATLAB and other programming tools, and combining Dijkstra
function to find out the shortest route matrix, and the Drd matrix representing the
shortest distance from retailers to distribution centers, as (7.11) shows:

Drd ¼

2 10 12 13 14
10 8 13 17 18
7 5 10 14 15
..
. ..

. ..
. ..

. ..
.

15 7 2 14 12
18 13 4 16 14

2
6666664

3
7777775

ð7:11Þ

Similarly, the Dds matrix standing for the shortest distance from distribution
centers to suppliers, as (7.12) shows:

Dds ¼

18 17
18 12
13 3
3 15
3 13

2
66664

3
77775

ð7:12Þ

Fig. 7.3 Logistics distribution network diagram
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Now, we could use the model to find out the sum demand from distribution
centers and suppliers, respectively.

1. The total demand from distribution centers:

Combining (7.11) with the matrix Qd , we could get the (7.13)

Qd ¼

0:6012 0:1202 0:1002 0:0925 0:0859
0:2402 0:3003 0:1848 0:1413 0:1334
0:2459 0:3443 0:1721 0:1229 0:1148
..
. ..

. ..
. ..

. ..
.

0:0771 0:1653 0:5785 0:0826 0:0964
0:1076 0:1489 0:4841 0:1211 0:1383

2
6666664

3
7777775

ð7:13Þ

Using (7.13), we could find out the final total demand from 5 distribution centers

Qd1 ¼ 0:6012þ 0:2402þ � � � þ 0:1076 ¼ 3:2583

Qd1 ¼ 0:1202þ 0:3003þ � � � þ 0:1489 ¼ 4:4863

Qd3 ¼ 0:1002þ 0:1848þ � � � þ 0:4841 ¼ 4:7734

Qd4 ¼ 0:0925þ 0:1413þ � � � þ 0:1211 ¼ 2:6105

Qd5 ¼ 0:0859þ 0:1334þ � � � þ 0:1383 ¼ 2:8715

ð7:14Þ

And to do a further comparison, we could find out:

Q0
d1 ¼

Qd1

Qd1 þ Qd2 þ Qd3
¼ 3:2583

18
¼ 0:18

Q0
d2 ¼

Qd2

Qd1 þ Qd2 þ Qd3
¼ 4:4863

18
¼ 0:25

Q0
d3 ¼

Qd3

Qd1 þ Qd2 þ Qd3
¼ 4:7734

18
¼ 0:27

Q0
d4 ¼

Qd4

Qd1 þ Qd2 þ Qd3
¼ 2:6105

18
¼ 0:14

Q0
d5 ¼

Qd5

Qd1 þ Qd2 þ Qd3
¼ 2:8715

18
¼ 0:16

ð7:15Þ

As (7.15) shows, the demand of distribution centers d1 account 0.18, and d2
accounting 0.25, d3 making up 0.27, d4 making up 0.14, d5 making up 0.16. From
this, we could know the proportions of the demand of every distribution centers

2. The total demand of suppliers

Combining (7.12) with the model, the total demand of suppliers as (7.16) shows:
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Qs1 ¼ Qd4 þ Qd5 ¼ 5:4820

Qs2 ¼ Qd1 þ Qd2 þ Qd3 ¼ 12:5180
ð7:16Þ

And make a further comparison:

Q0
s1 ¼

Qs1

18
¼ 5:4820

18
¼ 0:3

Q0
s2 ¼

Qs2

18
¼ 12:5180

18
¼ 0:7

ð7:17Þ

The demand of supplier s makes up 0.3 in the whole supply chain, s2 making up
0.7. Now, the model has calculated the stock sum in suppliers and distribution
centers exactly in the network.

7.5 Conclusions

This paper constructs a forecasting model, with graph theory and matrix knowl-
edge, using the Dijkstra function, in the supply chain. And finally, use of MATLAB
calculates the accurate demand. And the further research directions are: (1) How to
construct a forecasting model considering the randomness, (2) How to let the model
become more accurate with accurate expense in the model.
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Chapter 8
Research on Logistics Marketing Based
on Local Characteristic Economy
Industrial Cluster

Xiaoyuan Shi

Abstract Industrial cluster has become an important phenomenon in the contem-
porary world economy. For the promotion of regional economic strength, the com-
petitive advantage of its core competitiveness is distinctive day by day through the
synergistic effect. Along with the economic globalization, the enterprises gradually
transferred from single competition to group competition. And in themodern business
environment, the competition among enterprises has replaced by the supply chain and
the competition among supply chains. It has brought convenience and opportunities to
the development of the logistics industry, based on the regional characteristic industry
group formed by local economic traits, the relatively immobilization in the product
categories, packaging specifications, logistics modules and standardization, and the
shortened geographical restrictions by industry agglomeration. On the basis of this
background, logistics enterprises should enhance marketing innovation and service
for supply chain. They should carry out targeted marketing strategies based on cus-
tomer orientation. And also, they should integrate the enterprise service and customer
logistics demand and provide their users with integrated, systematic logistics solu-
tions. It will create competitive advantages for the regional industry cluster.

Keywords Industrial cluster � Local economic traits � Competitive advantage �
Logistics marketing � Innovation

8.1 Introduction

Industrial cluster has a competitive and scale benefit, by way of an industrial
organization form for creating competitive advantages. In today’s economic glob-
alization, the enterprises gradually transferred from single competition to group
competition. The competition of region economy is also focused on regional
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industrial competition. From worldwide look, clustering is a very common phe-
nomenon. It becomes new highlight for current world economy and becomes a
dominant role in regional economic development, as well a new power for inter-
national competitiveness of national industry. Relate to this topic research the
domestic scholars mainly concentrated in three aspects. One is focused on the
development of the industrial cluster; the two is the logistics of how the market
marketing study [1–3]; the three is the logistics industry group studies [4–7].
Comprehensive study of the above, we can see scholars on their respective fields of
study are more detailed and thorough, but based on regional characteristic industry
group, logistics marketing research rarely mentioned. Along with the economic
globalization, the enterprise competition, modern business environment has chan-
ged from the supply chain and the competition between supply chains instead of the
competition between enterprises. It has become a pressing issue that enterprise how
to delivery product to customer high efficiency and low cost and how to improve
customer satisfaction.

It has brought convenience and opportunities to the development of the logistics
industry, based on the regional characteristic industry group formed by local eco-
nomic traits, the relatively immobilization in the product categories, packaging
specifications, logistics modules and standardization, and the shortened geograph-
ical restrictions by industry agglomeration. Logistics enterprises should be based on
this background, strengthen supply chain innovation and marketing services, carry
out targeted marketing strategies based on customer orientation, through the
interaction, communication and other forms of the enterprise customer service and
logistics needs of integration, to provide users with an integrated, systematic
logistics solutions, and enhance their market competitiveness at the same time as
the regional industry cluster development to create competitive advantage.

8.2 The Advantage of the Industrial Cluster in Regional
Economy Development

8.2.1 Professionalization Leads to Competitive Advantage

With the global competition, international market has become more and more
subdivision, more and more specialization. And industrial cluster is often dominant
and leading in industry market. The deep division of industry group is conducive to
the formation of the professional market, to improve efficiency and technical
innovation. And the formation of professional market will further promote the
development of industrial clusters. Cluster industry products generally occupy a
large marketing share, so it has a cost advantage in raw materials procurement and
sales. Within the industry cluster, all the latest products, technology and informa-
tion are in this together naturally into competition, and industry healthy competition
and further inspire innovative consciousness. If clusters of bibcock enterprise
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innovation drive action, then becomes the other enterprises to learn a model, the
local industry innovation. In the fierce competition in the market economy society,
because of its advanced technology, high market share has formed a certain well-
known brands of domestic or international brand, which has the competitive
advantage of industry. Let the people mentioned that the household appliances,
think of Shunde city; mention lighter, think of Wenzhou city; referred to tie, think
of Shengzhou city; mentioned textile, they think of Shaoxing city; mentioned
tobacco thought of Yuxi city. Industrial cluster is actually the industry development
and regional economic integration, through the professional division of labor and
trade convenience, for a kind to promote local economic growth and effective ways
of organizing production [8].

8.2.2 Cluster Shows Scale Advantage

Reviewing domestic and international industry group, they are aggregated in space
by certain geographical proximity of some enterprises. From the perspective of the
mode analysis of industrial cluster, whether by many related small and medium-
sized enterprises around the axis of the finished product, forming an oversize
wheeled cluster, such as Japan's Toyota motor city; Or small businesses around
several large finished products business of multi-core type industrial cluster, such as
the United States of Detroit's big three auto company, these have large scale
advantage of industrial clusters. “Specialized market + family factory” character-
istics of industrial clusters in Zhejiang Province of China are very common. This
has obvious local characteristics of regional industry group leading the local
economy and social development. It is also known as regional characteristic
economy. “Massive economy” the formation of the “agglomeration advantages”
often has a great deal of economies of scale advantage. As the Wenzhou lighter
accounted for 70 % of world output, Shengzhou tie production accounted for 80 %
of domestic market, accounting for 30 % of the global market, these are the spatial
agglomeration formation of the economies of scale.

8.3 The Relationship Between Industrial Cluster
and Logistics

8.3.1 Industry Group Expedites the Logistics Market

(1) Professional Avails Logistics Market Segmentation

According to different requirements and characteristics of logistics demand,
logistics market can be divided into several different small markets. Every little
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market logistics requirements in the product transportation, packaging, storage, etc.,
have similar consumption demand and mode, and the demand characteristics of
different markets also have obvious difference. Market segmentation can help deci-
sion makers to accurately define the logistics needs of customers, develop marketing
objective and reasonable allocation of logistics resources. Logistics enterprises
should according to the characteristics of the market of industrial clusters, according
to the customer, geographical area, items attributes, customer scale of logistics market
segmentation, according to its own conditions and external environment, the size of
the market segment and competition situation, as well as the market segment cus-
tomer service needs, preferences and the enterprise main characteristics to determine
the target market, formulate the corresponding marketing strategy.

(2) Cluster is Convenient for Formation of Logistics Scale Economy

“Industrial clusters economy” is a kind of industry concentration of industry.
Associated enterprises in industrial cluster and its supporting enterprises gathered in a
certain area, easy to form a flexible production complex, constitutes the core of
regional competitiveness. These companies are often geographically close local
economic pillar industry, also known as regional characteristic economy. Manufac-
turing of similar products on the space gathered to form brand “location.” With the
success of the industry cluster, the product unceasingly to theworld of cluster industry
formed a kind of regional brand in the world. And this kind of small businesses and
large market of agglomeration formed the scale economic advantage, occupying a
particular product or one kind of product a largemarket share. The geographical space
gather also provides a lot of logistics demand for logistics enterprises.

(3) Adjacent Regions Provide Convenience for Logistics Enterprises
Cooperation

Throughout the home and abroad industrial clusters are almost many enterprises
gathered in geographic space. The large and small enterprises from raw material
supply to the end product of a series of logistics activities are decentralized and
inconsistencies. The scale of logistics demands for logistics facilities, equipment,
and logistics cost savings. Due to geographical location, adjacent industry homo-
geneity, the consistency of its logistics activities for many small businesses had the
characteristics of cooperation, facilitating collaboration for both sides, so as to
improve the logistics operation mode, save the cost, and improve the efficiency.

8.3.2 Supporting Role of Modern Logistics for Industrial
Clusters

With global market many companies realize that profit source from to expand pro-
duction and reducing consumption has become more and more difficult. Enterprises
on the one hand are committed to technology development and improve the quality of
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products, on the other hand to seek the cost advantage and value advantage shifts the
attention of the logistics field, gradually to the high profits and high returns of mar-
keting, logistics, brand expansion and high added value, etc. Logistics rationalization,
modernization, and a series of activities not only make the enterprise reduce the cost
and ensure the marketing and procurement activities, but also became enterprise
operation profit is the main activity. More important is through the logistics service
improve service levels, thus improving the competition ability of the firm. AsMichael
porter said, the success of the enterprise competition can only be achieved by cost
advantage and value advantage. And logistics management not only can reduce
business costs, but also can provide customers with quality services; it not onlymakes
the enterprise to obtain cost advantages, but also makes the enterprise gain value
advantage. Look around the world well-known multinational enterprises, they not
only has the world first-class product research and development, sales and marketing
ability, but also has the ability to provide quality logistics services for customers.
Through the logistics outsourcing to professional logistics companies, companies can
focus on core competence to improve the quality of the product research and devel-
opment, andmanufacture. In thisway, companies can provide competitive products to
customers, and attract upstream and downstream suppliers and customers [4].

8.4 Logistics Marketing Strategy Based on the Industrial
Cluster

8.4.1 Flexibility in the Use of 4P, 4C, and 4R Theory
in Logistics Marketing Application

The 4P, 4C, and 4R theories are the three classic marketing combination theories in
the history of marketing development. They have their own characteristics and
specific. The 4P theory focused on product, price, marketing channel, and pro-
motion, but ignore real object–the customer’s interests. The 4C theory focuses on
how to realize the consumer’s needs, pay attention to the two-way exchange and
communication with the customer, and focus on the convenience of customers to
buy. With the theory development of 4C also shows its limitations, when customer
demand conflicts with the social principle, customer strategy is also not adapt. Don
E Schultz put forward the relationship, reaction, relevancy, and rewards that is 4R
theory. Logistics marketing should be flexibility in the use of marketing the-
ory. Logistics enterprises according to their own strength size, focus on a mar-
keting, differentiation strategy, and benefits with customers as much as possible,
cultivate customer loyalty; The services provided by the logistics companies in the
customer's consumption process, should be positive and effective to carry on the
good communication with customers, as far as possible, provide convenience for
the customer; Through its own hardware and software facilities investment,
improve service quality and brand awareness. Logistics enterprises should, establish
a long-term and win-win strategic cooperative partnership with customers.
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8.4.2 Pay Attention to Brand Building

After ten years of development, the whole society and the enterprise all have a more
profound understanding of logistics, and realize that the logistics as “the third profit
source” can bring wealth to enterprises and society. So lots of enterprises hang
“logistics” brand arise all of a sudden. Report statistics show that in 2011, the
number of level A logistics enterprises in China has reached 1061. I can see the
development of domestic logistics industry is very fast. But very few number is
very good in our logistics companies. Many domestic logistics enterprises is
committed to the business market development, also want to do business big and
strong, but few attention to brand building. Enterprises do not have the brand
construction consciousness; the so-called service concept also only stays in oral or
some beautiful slogans. They do not know that brand is a kind of intangible assets.
The logistics enterprises should, such as DHL, UPS, FedEx, and EXEL, pay
attention to brand building. First of all, enterprises should strengthen the brand
awareness, integrate internal and external resources from leader to employees,
improve the management level and service consciousness, create their own brand,
and establish distinctive, domestic well-known international brand. Secondly,
establish personality brand. Logistics enterprises should be selectively according to
their own strength to provide service for the customer, for example, the powerful
integrated logistics services, enterprises can carry out the weaker enterprises can
focus on a particular aspect to provide specialized logistics services with high added
value. Some powerful enterprise can carry out integrated logistics services, and the
weaker enterprises can focus on a particular aspect to provide customers with high
value-added logistics services, Brand is a name card, is a kind of trust of customer
to you, and is a kind of invisible enterprise core competitiveness. Brand is a name
card and a kind of invisible enterprise core competitiveness. Once customers choose
a certain brand means the identification of the value of the product. Brand building
should not only have a striking image of the “name”, “logo”, also should through
the process to establish a good cooperation with the customer. The last is to
maintain the brand. Good brand is not stay on the propaganda, but embodied in
action. Enterprises should actively improve the service ability and the management
level in the face of fierce market competition. Enterprise should do to maintain the
brand image and supervision work. Enterprise can shape a brand from some of the
details, for example, to participate in public welfare and charity, to help disad-
vantaged groups, to protect the environment, etc. Logistics enterprises should learn
how to fulfill their own responsibility and should not forget their social responsi-
bility, at the same time of gain wealth.
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8.4.3 Differentiation Strategy for Market Segments

Differentiation strategy refers to the enterprises on products, service, and corporate
image with competitors have obvious differences, so as to gain a competitive
advantage and strategy. The strategic emphasis is to create unique products and
services for customers. The winner of the logistics enterprises in the future must
focus on specialization and market segmentation. A variety of industrial clusters in
China, almost every province, has a large and small industrial clusters based on
local features. Whether the ship, automobile, engineering machinery, or lighter, tie
clip, badges, shoes, hats, socks, ties, lamps and lanterns, lamp decoration, small
items such as glass, ceramics, furniture, handicraft, different industries are in an area
formed a certain scale of industrial cluster. Products under each kind of industry
cluster have its own characteristics in the transportation, storage, packaging, and
other logistics link. Logistics industry should be market segmenta. Logistics
industry should be based on local flavor characteristics of industrial clusters market
segments, positioning target customer, and then concentrated funds, manpower,
technology, to provide appropriate to the service. Concentrate funds, man- power,
and technology, and good to provide logistics services for the customer. In this way,
enterprises can form features and advantages, avoid repeated construction and
excessive competition in the industry, and develop their own brands [2]. As
Wukuang development company dedicated to domestic comprehensive logistics
warehousing, YIyatong company is supply chain integration services; Pegasus
international specialized is engaged in the petrochemical logistics; railway container
transport monopolized by Tielong logistics company; Ande logistics company
specializing in electrical home appliances; and Anji Tiandi company is committed
to automotive logistics.

8.4.4 Establishing Logistics Industrial Clusters Depended
on Logistics Park

Gather industry group needs a lot of logistics demand, and these needs to show the
multi-level, diversified characteristics. Different logistics companies can provide
different logistics service function and level to meet the requirements of enterprise.
This kind of space gathered provides the convenience for the coordinated devel-
opment of logistics enterprise. In dealing with customer demand diversity and ties
to reduce enterprise logistics cost, logistics enterprises have more and more difficult
to adapt. More and more logistics enterprises come to realize that logistics activity
is social, if only from the Angle of supply chain related to the enterprise to improve
logistics efficiency, it is difficult to achieve a goal. So, logistics enterprises in the
area of the industrial cluster realize efficient and convenient services using of
complementary and logistics resources sharing through the synergies and econo-
mies of scale and scope economy effect. And this kind of regional brand brought the
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accumulation effect of logistics demand with its popularity and the overall mar-
keting strategy to expand, the total demand pull the third party logistics the area [3].
Logistics industry cluster based on logistics parks can provide strong support to
enhance the competitiveness of industrial cluster with more effective integration,
specialization, and integration services [5, 6].

8.4.5 Collaborative Development of the Third Party Logistics
Enterprises and Industry Cluster

Industrial cluster is an important resource of competitive advantage for countries or
regions. It has become the important cornerstone of sustained economic growth.
The globalization of economy and the shortage of resource lead to new challenges
for industrial cluster development. Global manufacturing network accelerates the
formation of clusters, requires enterprises to expand their market share, and par-
ticipates in global division of labor. With the economic globalization, the compe-
tition between supply chain and supply chain have taken the place of the
competition between individual enterprise. Due to the presence of operations on the
interconnection, industry cluster provides market needs for the third party logistics
enterprises, and the third party logistics enterprises provide a flow of logistics
supply for clusters of enterprise products. Industrial cluster can form strategic
cooperation and information sharing with the third party logistics enterprise, has
become a tool of cluster enterprise cope with fierce competition. The third party
logistics enterprises with professional equipment and technical advantages, in the
inventory availability, delivery timeliness, and delivery of the consistency of leader
in the same industry, attract more suppliers and the ideal business partners. The
enterprise cooperation among the third party logistics enterprise and industry group,
not only dispersed logistics business risk, allowed to concentrate resource on their
main business, reduced the logistics cost, improved customer satisfaction, remod-
eled the cost advantage, and enhanced the competitiveness of industrial clusters, but
also won the market for the third party logistics enterprises, enhanced its own
competitiveness, and achieved a “win-win” result.

8.5 Conclusions

Industrial cluster has shown extraordinary influence and the important status in the
economic development of various countries. With global economic competition, the
enterprise competition gradually changed to group competition from single com-
petition. And in the modern business environment, the competition among enter-
prises has replaced by the competition among supply chains. Based on the regional
characteristic industry group formed by local economic traits, the geographical
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proximity and the products proximity made scale economy easy to form and also
brought convenience and opportunities to the development of the logistics industry.
Logistics enterprises should conduct effective logistics marketing in the industrial
cluster zone. Through providing quality services to the industry, enterprises can
obtain the cost advantage and price advantage. Furthermore, they also can create
competitive advantage for the regional industry cluster development.
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Chapter 9
Based on AHP and Cluster Analysis
for Classification Method of Emergency
Supplies

Zhiyuan Su, Xun Weng and Lei Zhang

Abstract This thesis is devoted to the research of emergency material distinction
between different levels of reserve and scheduling problems using the combined
model of AHP analytical hierarchy process and cluster analysis, AHP analytical
hierarch process being both qualitative and quantitative, while the cluster analysis
being both clear and concise. Viewing the Features of emergency supplies of
scheduling and reserve, two hierarchical models were proposed separately. For the
hierarchical model for the emergency supplies scheduling, classification is based on
the scheduling characteristics of the emergency materials, defining the emergency
materials scheduling as the target layer; the features of the emergency rescue, such
as the importance, timeliness and degree of scarcity, as the policy level, and the
typical relief supplies to programmers. For the hierarchical process model of the
material reserve, classification is based on the reserve characteristics of the emer-
gency material. Set the emergency materials reserve to the target layer in the
analytic hierarchy process model of the material reserve. For character of emer-
gency relief set the material costs, management requirements and degree of scarcity
to policy makers; For a typical relief supplies set the related material to program-
mers. Establish a corresponding judgment matrix according to the relevant
requirements which is based on reserve and scheduling requirements. The
deployment requirements and reserve requirements can be built by using the
algorithm of AHP analytical hierarchy process in order to get the weights of 9 kinds
of materials. After clustering analysis of these two weighted tables, the correlated
classification of the 9 kinds of materials can be obtained finally. The disadvantages
of the traditional centralized management can be solved.

This work was supported by the Project of Beijing University of Posts and Telecommunications
“Youth Innovative Research Program”(2012RC0502).

Z. Su (&) � X. Weng
School of Automation, Beijing University of Posts and Telecommunications, Beijing 100876,
China

L. Zhang
National Disaster Reduction Center of China (NDRCC), Beijing 100124, China

© Springer-Verlag Berlin Heidelberg 2015
Logistics Engineering Institution, CMES (ed.),
Proceedings of China Modern Logistics Engineering,
Lecture Notes in Electrical Engineering 286, DOI 10.1007/978-3-662-44674-4_9

95



Keywords AHP � Cluster analysis � Emergency material

9.1 Introduction

After a natural disaster, a timely and effective distribution of the relief supplies can
greatly reduce the loss whi caused by natural hazards, even can save much valuable
time, and then numbers of innocent lives can be saved [1]. For now, the classifi-
cation about emergency materials mostly storage and schedule in uniform man-
agement mode, not adequately considering reserve features of materials, causing a
series of questions such as high management expense, low efficiency of disaster
relief and so on [2]. Focusing on these above problems, the paper mainly researches
on how to use AHP and clustering analysis hybrid algorithms, making extensive
use of characteristic of analytic hierarchy process (AHP) which combined quali-
tative and quantitative methods and the advantages of clustering analysis which is
concise and brevity [3–5]. Considering the features of scheduling and storing of the
reserve materials, two hierarchical process modes were proposed accordingly, to
better meet the actual requirements of materials classification.

9.2 Concrete Step of Analytic Hierarchy Process

1. Definitude principle about build index
Before select the appropriate evaluation index, the principle about build index
should be confirmed, which can make the selected index more significant.

2. Build hierarchical structure model
The first step of AHP is to build hierarchical structure analysis, which means
that they will hierarchical processed according to the interdependency of each
main factor which can be referred to the research object

3. Establish judgment matrix
The next step is to determine the weight of each relevant factor in criterion level.
In order to determine weight of J which correspond with the n factors, the
factors in K need pairwise comparisons separately. The results of comparisons
can be indicated as weight ratio of two factors. While these results of com-
parisons form a judgment matrix.

4. Single-level sort
Single –level sort is a foundation, which the factors of this level comparing with
the upper level even the target level are sorted by weight. Eigenvalues and
eigenvectors calculated, the consistency inspection of it can be processed.

5. All-levels sort All-levels sort is carried out on the basis of single–level sort. A
group of weight of, …, to the whole J level can be obtained, and it is the basis
which the n factors of K level are sorted according to its importance. Finally,
consistency inspection is processed.
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9.3 Instance Modeling Analysis

9.3.1 Construction of Judgment Matrix

9.3.1.1 Judgment Matrix According to Scheduling Requirements

1. Storing requirements of emergency supplies

According to the pairwise comparisons among the 3 indexes of scheduling
requirements of emergency supplies in middle level, judgment matrix is obtained as
Fig. 9.1: Consistency ratio of judging matrix: 0.0000; weight to the overall
objective: 1.0000.

2. Importance

According to the index importance, pairwise weight comparisons among the 9
emergency supplies are processed, respectively. Judgment matrix is obtained as
Fig. 9.2: Consistency ratio of judging matrix: 0.0431; weight to the overall
objective: 0.3333.

3. Scarcity

According to the index scarcity, pairwise weight comparisons among the 9
emergency supplies are processed, respectively. Consistency ratio of judging
matrix: 0.0889; weight to the overall objective: 0.3333.

4. Timeliness

According to the index timeliness, pairwise weight comparisons among the 9
emergency supplies are processed, respectively. Consistency ratio of judging
matrix: 0.0510; weight to the overall objective: 0.3333.

9.3.1.2 Judgment Matrix According to Storing Requirements

1. Storing requirements of emergency supplies

According to the pairwise comparisons among the 3 indexes of storing
requirements of emergency supplies in middle level, judgment matrix is obtained as
Fig. 9.3: Consistency ratio of judging matrix: 0.0000; weight to the overall
objective: 1.0000.

emergency 

supplies

Importance Scarcity Timeliness WI

Importance\ 1 1 1 0.3333

Scarcity 1 1 1 0.3333

Timeliness 1 1 1 0.3333

Fig. 9.1 Scheduling requirements of emergency supplies
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2. Supplies costs

According to the index supplies costs, pairwise weight comparisons among the 9
emergency supplies are processed, respectively. Consistency ratio of judging
matrix: 0.0370; weight to the overall objective: 0.3333.

3. Scarcity

According to the index scarcity, pairwise weight comparisons among the 9
emergency supplies are processed, respectively. Consistency ratio of judging
matrix: 0.0582; weight to the overall objective: 0.3333.

4. Managing requirement

According to the index managing requirement, pairwise weight comparisons
among the 9 emergency supplies are processed, respectively. Consistency ratio of
judging matrix: 0.0381; weight to the overall objective: 0.3333.

Material c
ost

bottled 

water

storage 

battery

tent searchli

ght

life 

detector

cotton-p

added 

clothes

compres

sed food

emergen

cy 

medicin

e

pressure 

bandage

Wi

bottled water 1.0000 0.1429 0.2000 0.5000 0.1429 0.1429 0.2000 0.1111 0.2000 0.0168

storage 

battery

7.0000 1.0000 3.0000 7.0000 0.5000 2.0000 4.0000 0.3333 4.0000 0.1593

tent 5.0000 0.3333 1.0000 3.0000 0.2000 1.0000 2.0000 0.2500 2.0000 0.0760

searchlight 2.0000 0.1429 0.3333 1.0000 0.1429 0.2000 0.5000 0.1429 0.3333 0.0260

life detector 7.0000 2.0000 5.0000 7.0000 1.0000 3.0000 5.0000 1.0000 5.0000 0.2443

cotton-padded 

clothes

7.0000 0.5000 1.0000 5.0000 0.3333 1.0000 2.0000 0.2500 2.0000 0.0924

compressed 

food

5.0000 0.2500 0.5000 2.0000 0.2000 0.5000 1.0000 0.1429 0.5000 0.0450

emergency 

medicine

9.0000 3.0000 4.0000 7.0000 1.0000 4.0000 7.0000 1.0000 7.0000 0.2852

pressure 

bandage

5.0000 0.2500 0.5000 3.0000 0.2000 0.5000 2.0000 0.1429 1.0000 0.0549

Fig. 9.2 Importance

emergency 

supplies store

Supplies costs scarcity managing 

requirement

WI

Supplies costs 1.0000 0.8187 1.0000 0.3104

scarcity 1.2214 1.0000 1.2214 0.3792

managing 

requirement

1.0000 0.8187 1.0000 0.3104

Fig. 9.3 Storing requirements of emergency supplies
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9.3.2 Solution of AHP

Calculated by AHP, weights of 9 supplies according to scheduling and storing
requirements are presented as follows:

1. Classification weight table based on scheduling requirement is presented in
Fig. 9.4

2. Classification weight table based on storing requirement is presented in Fig. 9.5

9.3.3 Clustering Analysis

Clustering analysis is processed according to the classification weight table.
Clustering variables are processed based on the 3 comprehensive value of the first
index in terms of storing requirement. The variables are analyzed with IBM spss

Alternatives  weight
 

bottled water 0.1259 
storage battery 0.0568 
tent 0.1286 
searchlight 0.0629 
life detector 0.1780 
cotton-padded clothes 0.0791 
compressed food 0.0809 
emergency medicine 0.1843 
pressure bandage 0.1036 

Fig. 9.4 Classification weight based on scheduling requirement

Alternatives weight

bottled water 0.0813

storage battery 0.0875

tent 0.1392

searchlight 0.0771

life detector 0.1871

cotton-padded clothes 0.0754

compressed food 0.0692

emergency medicine 0.1921

pressure bandage 0.0911

Fig. 9.5 Classification weight based on scheduling requirement
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statistics 19. Linkage between groups of system clustering is applied in clustering,
and square Euclidean distance is applied in measuring distances. In this analysis,
supplies are grouped into 9 classes at most, and 1class at least. However, this
classification is obviously unreasonable. So the method is ignored in this study.

Through the final classification and analysis, clustering analysis results are
presented as follows:

1. Clustering analysis according to scheduling requirement:

From Fig. 9.6, according to scheduling requirement there are different hierarchy
classifications of the nine supplies, the classification is:

The first class: life detector, emergency medicine.
The second class: bottled water, tent, pressure bandage.
The third class: searchlight, compressed food, storage battery, cotton-padded

clothes.

2. Clustering analysis according to storing requirement:

there are different hierarchy classifications of the nine supplies, the optimal
classification is:

The first class: life detector, emergency medicine.
The second class: tent.
The third class: pressure bandage, searchlight, compressed food, storage battery,

cotton-padded clothes.

Fig. 9.6 Clustering analysis
according to scheduling
requirement
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9.3.4 Result Analysis

9.3.4.1 Classification According to the Scheduling Requirements

Detailed analysis for the results of cluster analysis has been achieved in the last
paragraph. The first step is to analyze cluster according to scheduling requirements,
and the concrete situation are as follows:

1. Figure 9.7 shows the curve evaluation of the first category goods (life detector,
emergency medicine) in the respect of importance, scarcity and timeliness. I
shows that the trend of these two materials are very similar with each other. The
weight of factors are higher, both of them are above 0.15. In particular, the
weight of scarcity are higher than 0.2. From the actual demand point of view,
these two types of materials are of great importance. Therefore, in the respect of
both theory and fact, this classification is reasonable.

2. The second category of materials include bottled water, tent and pressure ban-
dage. The weights of these three types of materials are above the average level.
Apart from the scarcity of tent are higher than the other two materials, the overall
goodness offit is very high. Compared with the last figure, if tents are regarded as
the first category of materials, the trend of curves is totally feasible. However,
compared with life detector and emergency medicine, the importance, scarcity
and timeliness of tent is lower. Therefore, the classification of tent is reasonable.
From the respect of actual scheduling need, the timeliness weights of bottled
water, pressure bandage and tent are above 0.1, which reflects that the timeliness
of these materials are fairly high. Therefore, victims should be satisfied within
the shortest time in these materials.

3. Finally, the third category of materials includes batteries, searchlights, padded
coats and compressed food. The trend of the curves of these types of materials is
relatively common. It can be seen that the overall weights of this type are lower
than that of the two types mentioned before, no matter in the degree of
importance, the degree of scarcity or timeliness. And the distribution of them is
above the average level. The distribution of the weights of these types seems

Fig. 9.7 Scheduling factors
for the second class
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much more concentrated in the degree of scarcity or timeliness. And among
them, the scarcity degree of compressed food is the lowest, while the timeliness
requirement of batteries is the lowest. In the matter of the degree of importance,
the distribution seems not so concentrated. Since the compressed food and
padded coats are closely relative to the diet and warming of disaster victims, the
importance degree of these to materials are higher. By comparison, batteries and
searchlights sorted to auxiliary materials, so the importance degree is the lowest.

9.3.4.2 The Materials Classified Which Based on the Schedule Demands

1. The materials classified which based on the schedule demands, the first category
of materials is shown in Fig. 9.8 including life detector and emergency medi-
cine. From the figure we can find these two don’t have many difference on the
degree of scarcity, but have some differences in the requirement of material
costs and warehouse management. The overall level of the weight is in the
highest position, and the highest weight value is nearly 0.3. The requirements of
these two materials are very high, from the actual reserve requirements.So the
materials cost is. But market scarcity are making such material procurement
difficult, which is focus on the custody of Class A material. Therefore, these two
materials are classified as first category obviously.

2. There is tent that only a kind of materials in the classification of the second
category of materials from the point of view of reserve requirement. The overall
weight value distribution of it is more extensive. The market scarcity of tents lags
far behind the life detector and emergency medicine in the first category of
materials. From the view of management requirements, the requirements of tent
are not as good as the first category of materials, but the weight of tent is higher
than the third category of material. Tents need unbundled storage in the storage
process so that the management capability of storehouse is higher. It is reasonable
to divide tent into the second category of materials from the view of storage.

Fig. 9.8 Storing factors for
the first class
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9.4 Conclusion

In this paper, we study the classifications of materials hierarchy, and the algorithm
we use is a combined model of AHP and cluster analysis. The combination is first
proposed in the study of materials hierarchy, which mainly takes the advantage of
AHP’s characteristics combining qualitative and quantitative evaluation and the
concise advantage of the cluster analysis, to classify the representative materials
chosen in this paper and achieved good results.
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Chapter 10
Green Supply Chain Management System
of Modern Enterprise Construction
Strategy

Xiaoyuan Shi

Abstract With the continuous development of China’s logistics industry, green
supply chain management is becoming a hot issue for the current research. With the
continued enhancement of people’s environmental awareness, a growing shift in the
mode of economic growth, enterprises cannot succeed in the fierce market com-
petition to occupy a favorable position to achieve long-term survival and devel-
opment if they do not make innovations in traditional management pattern and
adapt to various needs of the changing market. This paper first describes the basic
characteristics of the green supply chain management and then analyzes the status
quo of green supply chain management in China’s enterprises and finally focuses
on the strategy for the green supply chain management and the measures.

Keywords Green supply chain � Management system � Modern enterprise � Basic
characteristics � Build strategy

10.1 Introduction

At present, the ecological environment of the world is deteriorating, the environ-
ment for human survival and life safety is constantly subject to challenges, so
sustainable development of the economy has become a hot topic worldwide. As the
“green” concept is particularly accepted by people and people have risen their
environmental awareness, enterprises also need to assume more social responsi-
bility in the development process. Green supply chain management emphasizes a
coordinated development between social economy and ecological environment.
Thus, it requires enterprises to pay more attention to environmental protection in
product design, packaging, procurement, production, sales, logistics, disposal and
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recycling, and other sectors and gradually build a scientific system for green supply
chain management in modern enterprises, thus achieving harmony and unity
between economic and social benefits in the process of enterprise development and
promoting the sustainable development of enterprises.

10.2 A Basic Meaning and Features of Green Supply Chain
Management of Modern Enterprises

At present, there are many statements about the concept of green supply chain
management, but the core concept is the same, referring to a new business man-
agement concept in enterprises, namely an effective integration between supply
chain management and protection of ecological environment. It means that enter-
prises should take into account the relationship between effective use of enterprise
resources and the protection of ecological environment in the key links of supply
chain management in enterprises. By doing so, enterprises may realize economic
targets in such fields as supply, production, sales, use and recycling, and the aim of
protecting ecosystem. Furthermore, enterprises may improve their ability to make
more profits in supply chain management, enhance core competencies to participate
in market competition, and ultimately realize a win–win situation between enter-
prise development and ecological environmental protection.

10.2.1 Concerning About the Environment at Any Time

Modern enterprises should consider the environmental benefits in their operation
and management activities so as to avoid negative effects on ecological environ-
ment as much as possible when they implement green supply chain management.
Therefore, enterprises must take into account the most effective use of management
programs to the resources, the lowest emissions of pollutants, or scientific recycling
and utilization of waste, and finally, enterprises should make scientific and rational
evaluation of the various effects on the ecological environment. If these programs
fail to meet relevant requirements, they will not be implemented. The traditional
supply chain management is to emphasize a customer-centered method and provide
the best quality service, without taking into account environmental factors, and it
apparently has been difficult to adapt to the latest requirements of the time.

10.2.2 The Closed-Loop Operation

The factors of production and logistics elements in the implementation process of
green supply chain management are not raw materials, but semifinished or final
products in the traditional sense, and instead, they emphasize the green movement
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and circulation of material elements within the supply chain system. For example,
waste generated in the production, or defective products, and expired products in
the process of logistics and sales are needed to be recycling and reuse so as to reuse
resources or resale products. Modern enterprises implement green supply chain
management process, which is a scientific system of closed-loop operation, without
a so-called termination point in the green supply chain system.

10.2.3 Emphasis on the Application of Modern Information
Network Technology and Data Sharing

With the continuous development and progress of computer technology and net-
work IT, construction and implementation of green supply chain management
system become convenient, because modern enterprises can seek a suitable partner
in product design and production processes through the computer network to
achieve further optimization and sharing of social resources and to achieve expected
goals such as resource conservation, inventory savings, and improvement of pro-
duction efficiency; secondly, enterprises can grasp cutting-edge information about
market supply and demand through e-commerce platform, thus achieving the high-
quality procurement of raw materials and broadening of sales channels. In this way,
enterprises reduce the expenditures in the procurement and marketing chain;
thirdly, with the help of modern network technology, companies can also improve
the logistics efficiency, reduce waste of logistics resources, and reduce the adverse
impact on the surrounding environment in the process of logistics and transport.
Meanwhile, data sharing in green supply chain management system is beneficial to
optimizing the raw material selection, product design, green production, green
logistics, waste recycling, and other aspects.

10.2.4 With the Idea of Concurrent Engineering

Green supply chain management emphasizes its concern about the product life
cycle, whether it is the production of raw materials, or manufacturing and recycling
of products. All these need “green” concept. Concurrent engineering thinking also
attaches importance to the product life cycle. It requires comprehensive consider-
ation of all aspects in the design process and takes into account the recycling and
reuse of products and materials. Obviously, the ideal of green supply chain man-
agement and concurrent engineering thinking has the same purpose.
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10.3 Factors Influencing Green Supply Chain Management
Quality

10.3.1 Business Managers Do not Have the Modern Concept
of “Green”

Due to the influence of the traditional business management model, many com-
panies blindly pursue the maximization of corporate profits, while ignoring the
possible adverse impact on the ecological environment in the process of supply
chain management. Many entrepreneurs even believe that only when companies get
maximum economic profits, they can in turn make a greater contribution to society.
They also think that excessive focus on environmental issues will increase the
production and operating costs, which is not conducive to the improvement of
economic benefits of enterprises. At the same time, if they want to guarantee the
quality of the implementation of green supply chain management, they have to
reach consensus among all company members relevant to the whole supply chain
and make joint efforts to achieve the desired structure and objectives. If the man-
agers of many companies in China do not have the basic modern concept of green
supply chain management, it cannot fully guarantee the effective implementation of
green supply chain management.

10.3.2 The Tradition of the Supply Chain Management Has
Formed a Barrier

The traditional supply chain management model lays stress on factors such as time,
cost, quality, and service, without taking into account the demand of environmental
protection. Making suppliers as a starting point and the user as the end point, it is a
one-way flow, whether it should be capital flow, information flow, or logistics. It
does not pay attention to the closed-loop operation in all sectors of the supply chain
management. Obviously, it is in conflict with the green supply chain management
in many ways. It is precisely because there are a lot of traditional factors of the
supply chain management in modern enterprises and they, to a large extent, hin-
dered the effective implementation of green supply chain management strategies in
modern enterprises.

10.3.3 Environmental Policy and Enterprise System Is
not Perfect

The government should play a guiding role in the implementation of the green
supply chain management, actively carry out and build a sound environmental
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policy and system, and do a good job in supervision and management for the
implementation of green supply chain to create a favorable policy environment and
social environment. However, many local governments lay too much emphasis on
economic growth, making inadequate efforts in fighting against environmental
pollution. Some even damage the environment to obtain performance, which is
shortsighted. Some governments even support the mode of production at the
expense of ecological environment by some enterprises, which make many com-
panies ignore the protection of ecological environment and excessively pursue
economic interests. Implementation of green supply chain management strategy
requires coordination between various links. If there are no sound system and
policy measures of environmental protection, it would be difficult to implement the
strategy of green supply chain management in a deeper and comprehensive manner.

10.3.4 Consideration of Input and Output by Enterprises

In the process of implementation of green supply chain management strategy,
enterprises do not only invest operating costs in the production and management
links, such as human resources, information, logistics, and capital, but also require
all members to consider the social costs of the entire supply chain, which makes
enterprises doubt their proportion of their input and output and fear that they may
not have the expected benefits, which to some extent limits the implementation of
green supply chain management strategies in modern enterprises.

10.4 Effective Measures to Build Green Supply Chain
Management System in Modern Enterprises

If modern enterprises want to truly implement green supply chain management,
they need to overcome difficulties, learn successful experience from other enter-
prises based on their own situation, and gradually build a sound system of green
supply chain management.

10.4.1 Green Design System

Researches indicate that the integrated performance of the product depends largely
on the product design, which accounts for only a small percentage of the total cost.
Therefore, modern enterprises must pay full attention to green design system,
giving consideration to the possible impact on the environment by products in the
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product life cycle while designing products. Modern enterprises should also ensure
the environmental benefits of the product throughout the life cycle, so that they can
make full use of social resources to their lowest consumption [1]. First, the modular
design can help companies quickly develop products and facilitate the optimization
and maintenance of the product structure, conducive to scientific recycling and
reuse of products; second, standardized design can reduce the workload of the
production and processing and reduce the difficulty of the work and resource
consumption; third, removable design and recyclable design are also important
methods in green design system, reducing the difficulty of the work and increasing
the reuse of parts. In addition, in the process of the product design, enterprises
should try to choose green materials and control the quality of green supply chain
management from the source, so you can ensure that products can be closely
integrated in all aspects of supply chain management of green management
objectives.

10.4.2 Green Supply System

In order to ensure the effect of the implementation of the green supply chain
management in modern enterprises, enterprises should ensure the supply of raw
materials on the one hand, and they also need to build a scientific system of green
supply. First is the strict selection of suppliers. In addition to considering the
traditional factors in supply chain management, enterprises should look into the
efforts made by suppliers in environmental protection, to see whether it can meet
the objectives of enterprises in supply chain management to promote the production
of green products and energy saving and consumption reduction; second is
implementing a green logistics policy [2]. For example, during the packaging
process, we should try to choose biodegradable, pollution-free packaging materials;
in the handling process, we should reduce the breakage rate of the goods and reduce
noise pollution; in the process of transport operations, we should reduce energy
consumption and harmful emissions.

10.4.3 Green Production System

In organizing production activities, modern enterprises should fully take into
account the adverse effects on ecological environment by raw material input,
product output, and a variety of resource consumption. Their aim is to build a
scientific production system for environmental protection. First of all, in the choice
of production technology and programs, scientific analysis should be given to the
factors that may adversely affect the green supply chain management, such as
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processing methods, processing machinery efficiency, and resource consumption.
Modern enterprises should try to make production technology easier, lower the
consumption of resources on the basis of production needs, and reduce pollution
caused by production technology. Secondly, with the improvement in production
and processing, enterprises should minimize the leftover of processing, which
contributes to the conservation of materials and waste generation. Third is the strict
production processing machinery and equipment selection and maintenance.
Enterprises should try to select those processing machineries with high-perfor-
mance and lower pollution emissions. And they should also draw up scientific rules
about maintenance and repair. Finally, in the production process, more humanized
methods should be given consideration and the protection of ecological environ-
ment and reduction of the discharge of pollutants should be given more attention.

10.4.4 Construction of Green Marketing and Green
Circulation System

First of all, in the sales sector, enterprises should try to choose “green” marketing
methods and adopt ecological management method. For example, they can make
use of e-commerce platform to carry out online marketing; when choosing sales
promotion, enterprises should pay attention to the publicity of the green features of
companies and products and select the most economical and most environmentally
friendly ways of publicity; in the selection of suppliers or brokers, their green image
should also be taken into account [3].

Secondly, in the circulation, it is necessary to select the green, environmentally
friendly, and safe packaging materials or forms of packaging, as packaging can
easily be discarded by the user, both a waste of resources and also causing damage
to the ecology; besides, it is important to select the green mode of transport, such as
centralized distribution and optimization of transportation routes; furthermore, a
comprehensive evaluation should be given to the service life of products and the
extent of their recycling when products are in service.

10.4.5 Green Recycling System

Due to scientific and technological progress, products on the market are not only
enriching their functions, but also accelerating the frequency of product replace-
ment and shortening product life cycles, and thus, a large number of obsolete
products or waste products are produced. Construction of the green recycling
system is to achieve the scientific recycling and reuse of obsolete products or waste
products. In this way, enterprises can not only save a lot of resources for themselves
but also reduce the damage to ecological environment so as to achieve sustainable
development.
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10.5 Effective Strategies for the Implementation of Green
Supply Chain Management in Modern Enterprises

10.5.1 Create a Strategic Partnership with Green Members

Green supply chain management emphasizes the full attention of the entire product
life cycle, requiring the active participation of each member in the supply chain. In
view of this, enterprises should actively guide the consumers, encourage the public
to actively participate in the process of consumption of green products, and recycle
and reuse packaging or old products to achieve the desired objective of protecting
the environment. At the same time, in the implementation of green supply chain
management strategy, enterprises should develop a strategic partnership with sup-
pliers and partners on the entire supply chain, which is very important. Because
only by doing so can they realize sharing of information and resources, improving
market competitiveness on the whole and making sure the implementation of
management measures on green supply chain.

10.5.2 Making the Building of Green System More Targeted
Based on the Actual Situation of Enterprises

Each industry or enterprise has its own characteristics. Therefore, when building a
system of green supply chain management, deep analysis should be given to the
operating condition and the market environment enterprises live in. And then,
scientific management goal can be formulated. What is more, targeted management
measures are necessary in the process of product design, supply, packaging,
manufacturing, sales, and recycling. All these will make the management system of
green supply chain more targeted.

10.5.3 To Build a Good Corporate Green Culture

Modern enterprises can effectively raise green awareness by building the “green
culture,” so that all personnel are aware of the importance of environmental pro-
tection. Strengthening the guidance of the concept on scientific development and
the concept of sustainable development is beneficial to the implementation of green
supply chain management [4]. First, enterprises should strengthen in-house pro-
motion and training, improve corporate rules and regulations, strengthen the
establishment and penetration of green culture, and gradually build a green culture,
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so that completely change the traditional concepts of supply chain management and
form green atmosphere within the enterprise; second, companies should carry out a
series of forums, lectures, and other activities relevant to green supply chain
management in the region or within the industry, sharing green ideas and successful
experiences; third, to realize harmony between operating activities and performance
appraisal on environment, enterprises should emphasize green business culture and
promote the implementation of management thinking about green supply chain.

10.5.4 The Government’s Active Participation and Guidance

To get more enterprises to implement green supply chain management strategy, the
government and relevant departments must first build sound laws and regulations
and policy support system, play a guiding role in helping enterprises implement
green supply chain management, and provide a favorable social environment to the
implementation of green supply chain management. At the same time, relevant
departments should do the monitoring work, punish those who are in violation of
the system of relevant laws and regulations or the rules and norms of the enterprise,
and ensure the follow-up and implementation of various policies on environmental
protection.

10.6 Conclusion

To sum up, there is much room to improve the implementation of the green supply
chain management in China’s enterprises. Only when environmental awareness is
raised among enterprises and the public, relevant laws and regulations and policies
are improved and green supply chain management is more recognized and accep-
ted, and enterprises can be more active to implement green chain supply man-
agement. Under those circumstances, enterprises are able to build a sound
management system of green supply chain, guarantee the implementation of rele-
vant management measures, and finally contribute to the social and economic
harmony and sustainable development.
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Chapter 11
Based on FCM Disaster Area Management
at Different Levels

Chaowei Zheng, Xun Weng, Zhiyuan Su and Zhijun Zhuang

Abstract This chapter mainly researches the classification result of the stricken
areas based on the Fuzzy C-mean algorithm. The mortality, building collapse rate,
and seismic intensity are considered as the reference factors which need Fuzzy C-
Means clustering analysis firstly, and then the reference factors will be converted by
nondimensionalizing process in order to compress all the data in the standard
interval of [0, 1]. The thresholds of operation will be defined in the process of data
initialization, if the condition of thresholds is realized, the operation will be stop-
ped; secondly, iterations of algorithm will be stated. The consequence obtained
after the stop of the initialization will be used to calculate the subjection degree of
each factor again, and is divided into several intervals in order to construct a matrix
set, and then cluster center will be calculated again. After the many steps of
repetitive computations, if the cluster center and the matrix set meet the conditions
of thresholds and the iterations which are both set by us, and the condition that
thresholds is realized means the astringency of algorithm is outstanding enough to
meet requirements of relevant target. Besides, the algorithm will be simulation
analyzed using MATLAB software, and at last take the some regions such as
Qingchuan County, An County and Mianzhu City for example to get the final
result. Stricken areas are classified into three categories, and the result will be
analyzed in the view of different proportions of all the factors.
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11.1 The Disaster Area Classification

In emergency logistics, how to make a reasonable allocation and utilize these
materials as much as possible, so that the material needs of the disaster areas to
satisfaction optimal is a worthy study in emergency logistics field, we should study
how to make a reasonable allocation and utilize these materials as much as possible
[1]. There are significant variations, because the disaster area will be based on the
different areas and the reserve supplies are limited when it happened in the disaster
[2]. In this paper, the concept proposed by analysis of three managements: the
hardest disaster areas, moderate disaster areas, and mild disaster areas [2]. We can
select the previously mentioned disaster area and classification based on FCM
clustering analysis.

11.2 FCM Clustering Algorithm

The hardest disaster areas: natural disasters affected, house severely destroyed,
casualties, severe shortage of materials, and in urgent need of aid.

The moderate disaster areas: The condition is better than the hardest disaster
areas, moderate housing damage, and casualties in general, the extent of demand for
emergency and disaster lower than the hardest disaster area. Such disaster areas
should also fully be prepared at allocation.

The mild disaster areas: That is not a very serious disaster, housing only a small
part of the damage, lesser casualties and material part of the shortage areas. Such
disaster area can be conduct the configuration of materials preparation according to
the needs. The urgency and the demand of the priority are lower than the highest
disaster area and the moderate disaster area.

A sample object is classified as multiple classes based on the degree of similarity
because of large number of samples of traditional clustering algorithms and the
difference between the sample object. Based on the above characteristics as the
improved C-means algorithm, we named FCM [3].

11.2.1 The Steps of the FCM Clustering Algorithm

FCM operations require the following steps:

1. The original data processing
Define a data range [0, 1], different data with different dimensions, so the first
dimensionless, get data range [A, B], all data are normalized in the range, data
X into X′, Can put all the data are compressed in the range [0, 1], the step as follow:
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Get A by a series of variables after standard difference operation, for every
factor in A has dimensionless, it is very easy to calculate that mean is 0 and
standard deviation is 1, and belongs to the same dimension, can be directly
superimposed. There have one problem that is all about the x_ik of A range
is not necessarily deal with the standard data on the range [0, 1] it also need
to standardize conversion factor.

(2) Translation-R conversion

x�ik ¼
x0ik �min1� i� nfx0ikg

max1� i� nfx0ikg �min1� i� nfx0ikg
ðk ¼ 1; 2; . . .;mÞ ð11:4Þ

Get a new collection B, every x�ik of B belongs to standard range [0, 1],
because xik is dimensionless, the factor of B is also dimensionless data.

2. Initialization
Defined in the formula, the fuzzy-weighted index of 2, the cluster center value
of V, is divided into c categories, C greater than or equal to 2, and less than or
equal to the number of samples. We can define as fellow to stop the operator: the
first, defined the computing threshold value, the operator stopped when
threshold value is satisfied. The second, Making the required number of itera-
tions for the computation stops when the number of iterations is greater than the
specified value, to ensure that the entire computation is not unlimited computing
down, satisfied the requirements to immediately stop.

3. Re-calculating of each factor to degree membership, for different degrees of
membership is divided into various intervals, composed of a matrix set U(b) is
as follows:
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4. Re-computing the cluster centers:

vðbþ1Þ
i ¼

Pn
k¼1ðumikÞðbÞxkPn
k¼1ðumikÞðbÞ

ð11:6Þ

5. If vðbÞ � vðbþ1Þ�� ��\e, the algorithm satisfies the threshold, stop the calculation;
otherwise go to the fourth step, the number of iterations plus 1, if the number of
iterations to meet the specified value, and stop counting.

6. The algorithm is constantly calculating and updating the cluster center, as well
as material factors attached to the matrix set, after repeating the calculation
several times, the cluster center and the matrix set can meet our threshold and
the number of iterations. If it is to meet the threshold description in the algo-
rithm, the convergence is good enough to meet the requirements; if it is to meet
the number of iterations rather than the threshold, indicating the convergence of
the algorithm lack of need to increase the number of iterations or correction
algorithm, its nature is a real-time dynamic update process.

11.2.2 FCM Algorithm Characteristics Analysis

FCM is C-means cluster analysis; the algorithm uses a two-tier iterative way to
obtain the minimum of the objective function; the algorithm is divided into outer
and inner layers: The main of the outer layer is contrast specified threshold to
determine whether the algorithm has converged to the corresponding degree; the
main of the inner layer is to calculate the new cluster centers and update fuzzy
membership matrix. After accomplishing the iterative steps, the matrix will deter-
mine the object of vesting conditions in accordance with the degree of a value in the
new fuzzy membership matrix and calculate the cluster centers. The weighted index
m and the convergence threshold of ε value are more critical.

Weighted index m mainly affects the cluster analysis results of the fuzzy. With
the increase of m, the fuzzy classification matrix is also growing. It is lost until the
time tends to a certain degree of clustering significance. M parameter is a very
important parameter, if is not good that it will have very adverse effects results. Of
course, the choice of the m value is not as small as possible m values according to
different situations and needs to select the corresponding suitable value.
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Convergence threshold the same as the cluster number are related with the
clustering accuracy and speed. ε is the greater, and the convergence is the faster.
Calculated results may be unsatisfactory. When ε is small, will pay high compu-
tational cost and time cost, selecting an appropriate threshold is critical.

11.3 Case Analysis

11.3.1 The Original Data Processing

1. According to Chap. 4, data about the information of disaster areas, to extract
useful information to make the disaster area classification required for the
management of data, are shown in Table 11.1.

Deaths ratio, rate of housing collapse, and earthquake intensity as the reference for
FMC analysis factors where deaths ratio is the ratio of number of deaths and the
number of the local population.

2. Data were normalized to get the results as shown in Table 11.2 as before data
processing method:

11.3.2 MATLAB Modeling

11.3.2.1 Model Program Design

Based on FCM clustering model algorithm design MATLAB program, the function
is:

Function [center, U, O] = Count (data, c, parameter)

Table 11.1 The original data

Area name Deaths ratio Rate of housing collapse Intensity

Mao county 0.038 0.7 8.9

BeiChuan county 0.050 0.8 11.0

Mian Zhu county 0.026 0.7 9.0

Li county 0.003 0.2 8.2

Peng Zhou city 0.001 0.3 7.8

Qing Chuan county 0.020 0.6 9.5

An county 0.008 0.3 9.0
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1. Input parameters:

Data are raw data matrix, expressed n samples; each sample has m-dimensional
eigenvalue

C is the initial number of aggregation centers as the number of categories rep-
resented by the characteristic value of C

Parameter is 4 × 1 matrix:

parameter ¼ p1 p2 p3 p4½ �

In which: p1; p2; p3;p4 expressed membership matrix U index, >1 (The default
value is 2.0), maximum number of iterations (The default value is 100), member-
ship the smallest change, iterative terminate condition (The default value is 1e − 5),
each iteration whether the output message signs (The default value is 1)

2. Output parameters

Center show ultimately obtained the cluster centers; U show membership matrix
and O show the end result of the objective function

11.3.2.2 Result

Input parameters data are matrix:

A ¼

0:0034 0:0635 0:8091
0:0048 0:0726 1:0000
0:0018 0:0635 0:8182
0:0001 0:0181 0:7454
0:0000 0:0272 0:7091
0:0016 0:0544 0:8636
0:0002 0:0272 0:8182

2
666666664

3
777777775

Num value is 3 that is divided into three categories for the clustering variables C

Table 11.2 Standardized

Area name Deaths ratio Rate of housing collapse Earthquake intensity

Mao county 0.0034 0.0635 0.8091

BeiChuan county 0.0048 0.0726 1.0000

Mian Zhu county 0.0018 0.0635 0.8182

Li county 0.0001 0.0181 0.7454

Peng Zhou city 0.0000 0.0272 0.7091

Qing Chuan county 0.0016 0.0544 0.8636

An county 0.0002 0.0272 0.8182
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After MATLAB procedures to obtain, the result is as follows:

center ¼
0:0001 0:0229 0:7276
0:0018 0:0528 0:8258
0:0048 0:0725 0:9993

2
4

3
5obj ¼

0:0194
0:0166
0:0136
0:0117
0:0097
0:0055
0:0031
0:0031
0:0031

2
6666666666664

3
7777777777775

U ¼
0:0449 0:0000 0:0170 0:9531 0:9713 0:0640 0:0786
0:9448 0:0000 0:9779 0:0421 0:0246 0:8696 0:9028
0:0103 1:0000 0:0051 0:0048 0:0041 0:0665 0:0185

2
4

3
5

The disaster area clustering is as follows: {Mao county, Beichuan county},
{Mianzhu city, Qingchuan county}, and {Li county, Pengzhou city, An county}

Corresponding to the cluster centers: (0.0, 048, 0.0725, 0.9993), (0.0018,
0.0528, 0.8258), and (0.0001, 0.0229, 0.7276).

11.3.2.3 Analysis

According to analysis of these three groups of influencing factors of the deaths ratio
and rate of housing collapse, rate of housing collapse and earthquake intensity, and
deaths ratio and earthquake intensity in clustering results, the cluster results are
verified by FCM and then scatter plots are drawn as follows:

Deaths ratio is X-horizontal coordinate; rate of housing collapse is Y-horizontal
coordinate; drawing (deaths ratio, rate of housing collapse) scatter plot is shown in
Fig. 11.1. As can be clearly seen from the figure, the seven disaster areas are
roughly divided into three parts: as Pengzhou county, An county, and Li county
where deaths ratio and rate of housing collapse are very close, so it became a group.
Corresponding to point (0.0001, 0.0229) of FCM is very consistent, basically
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Deaths ratio-rate of housing collapseFig. 11.1 Deaths ratio–rate
of housing collapse
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describes the characteristics of the center of this group. Corresponding to point
(0.0018, 0.0528) of FCM is very consistent also in Mianzhu city and Qingchuan
county. Both of Beichuan County and Mao County in the analysis of the two
factors of deaths ratio and rate of housing collapse showed a more serious disaster
situation, and it became a group. Basically, in two central locations, corresponding
to point (0.0048, 0.0725) of FCM is logical.

Rate of housing collapse is X-horizontal coordinate; earthquake intensity is Y-
horizontal coordinate; and drawing (rate of housing collapse, earthquake intensity)
scatter plot is shown in Fig. 11.2. As can be clearly seen from the figure, the seven
disaster areas are roughly divided into two parts, mainly because Mao and Mianzhu
counties’ coordinate values are very close. The seven disaster areas can still be
divided into three areas virtually.

Pengzhou county, An county, and Li county where earthquake intensity and rate
of housing collapse are very close, so it became a group. Corresponding to point
(0.0229, 0.7276) of FCM is very consistent, basically describes the characteristics
of the center of this group. The upper right of the regional distribution has four
disaster areas, Both of Mianzhu city and Mao county have the same intensity
values. So there are very difficult to distinct. But, from the cluster analysis point of
view, Mianzhu city and Qingchuan county are divided into a group that is very
reasonable. Rate of housing collapse is very close; corresponding to point (0.0528,
0.8258) of FCM is very consistent, so it became a group by rate of housing collapse
and earthquake intensity. Beichuan County has the highest seismic intensity values
and rate of housing collapse into a uniform group with the Mao county, basically in
two central locations corresponding to point (0.0725, 0.9993) of FCM is logical

Deaths ratio is X-horizontal coordinate; earthquake intensity is Y-horizontal
coordinate; and drawing (deaths ratio, earthquake intensity) scatter plot is shown in
Fig. 11.3. As can be clearly seen from the figure, the seven disaster areas are
roughly divided into three parts, from (deaths ratio, earthquake intensity) scatter
plot, the distribution is the regular at disaster area. Pengzhou county, An county,
and Li county, where deaths ratio and earthquake intensity are very close; so, it
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became a group. Corresponding to point(0.0001, 0.7276)of FCM is very consistent,
which basically describes the characteristics of the center of this group.

Axis in the middle of the first quadrant is the area of Mianzhu city and Qingchuan
county; deaths ratio and rate of housing collapse are very close, so it became a group.
Corresponding to point (0.0018, 0.8258) of FCM is very consistent.

Finally, it is shown in the upper right part of the areas Beichuan county and Mao
county. Deaths ratio and rate of housing collapse are relatively high both in two
disaster area than other disaster areas; it became a group. Corresponding to point
(0.0048, 0.9993) of FCM is very consistent.

11.4 Summary

This paper mainly studies the disaster area classification based on FMC by taking
examples of Qingchuan county, An county, Mianzhu city, and other disaster areas
and presents the final results. The paper divided the disaster area into three cate-
gories; results were analyzed from the perspective of the ratio of each factor; and
the results and the actual situation are consistent. Paper is implemented as proof of
algorithm feasibility for disaster management at different levels.
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Chapter 12
Life Cycle Inventory of Multi-mode
Transport System for Designing Green
Logistics

Lu Li and Suiran Yu

Abstract Under the background of fact that global environmental crisis is
increasingly serious, green logistics issues are gaining interest. As recognized, a
good logistics system should be good not only in economy but also in social
benefits. Today, the green logistics has already become the trend of the adminis-
trative system of logistics. Since transport is the most important function of the
system, it becomes the key to lessen environmental pressures caused by logistics
activities. The scope of this paper is to summarize a methodology to assess the
environmental impact result from transport. The paper focuses on the three main
transport modes, i.e., road, rail, and ship, and obtained the whole life cycle
inventory (LCI) of the three modes with five main pollutants (CO2, CO, NOx,
NMVOC, and PM). A case study is given to show the difference between the
environmental impacts caused by the three transport modes and how the result
changes when different ratios of transport modes were chosen. The obtained
inventory can provide the data support for the life cycle inventory analysis of the
transport parts of logistics. The results may also be employed to complement global
emission inventories and by fleet managers as a green logistics decision-making
reference.

Keywords Green logistics � Transport modes � Life cycle inventory (LCI)

12.1 Introduction

Nowadays, the main environmental issues in cities and towns are related to the
activities of transport. Increase in environmental concerns boosts the awareness of
the importance of finding environmentally friendly ways to reduce emissions and to
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save primary energy resources in the transport system. Recently, to better under-
stand and improve the transport system, some researches on the life cycle inven-
tories of different modes of transport were made. Xie et al. [1] found that the
emission factors calculated with the COPERT III model are better close to those in
the actual emission status in China than with the MOBILE model. Fan et al. [2]
have done an estimation on the exhaust emissions from the railway vehicles in
Beijing, in which they have studied the locomotive emission factors of the Envi-
ronmental Protection Agency (EPA) of USA, along with the domestic emission
factors in comparison with the emission standards of China, American, and Inter-
national Union of Railways (IUR). According to the method based on fuel con-
sumption, Jin et al. estimated the emissions from the commercial ships of Tianjin
harbor in 2006 [3].

This paper describes a comparative analysis of freight transport alternatives in
China under the assessment of their life cycle inventories. A life cycle assessment
(LCA) inventory analysis of a multi-mode transport system was undertaken using
three main transport modes: road, rail, and inland ship. The inventory analysis
followed the guidelines provided by the ISO 14040 and ISO 14044 standards.

12.2 Methods

12.2.1 Goal, Scope, and Functional Unit

The study is focused on a multi-mode transport system. Generic background data
have been generated for three modes of transport (road, rail, and inland ship) to
account for cumulative exchanges due to the transportation occurring between two
process steps of a logistics system. The data represent average transport conditions
in China.

In order to quantify environmental exchanges of transport services and to relate
transport datasets to other product life cycles, the environmental exchanges are
related to the reference unit of 100 ton kilometer (t · 100 km). A 100 ton kilometer
is defined as the transport of one ton of goods by a certain transport service over
100 km.

The system boundary is illustrated in Fig. 12.1. The studied stages are any
freight transport occurring between any two process steps of a logistics system.
Besides, the extraction, transportation, production, and distribution of the fuel itself
are considered. The waste treatment and the production processes of conveyances
are excluded.

Transport modes discussed in the paper are as follows:

• Road (gasoline and diesel trucks, freight transport)
• Rail (diesel and electrical trains, freight transport)
• Shipping (inland ship, freight transport)
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Pollutants covered: carbon dioxide (CO2), carbon monoxide (CO), non-methane
volatile organic compounds (NMVOC), oxides of nitrogen (NOx), particulate
matter (PM), water pollutants, and solid wastes. These seven kinds of substances
are the main items in the output list of transport.

12.2.2 The Inventory Analysis

The environmental pressures considered in the paper are associated with the three
main transport modes, i.e., road, rail, and inland ship. The main environmental
issues caused by transport are the predominant use of fossil fuel as transport fuel,
the combustion of which significantly contributes to air pollution and greenhouse
gases. However, emissions result not only from the combustion of fuel, but also as a
result of the extraction, transportation, production, and distribution of the fuel itself.
Therefore, in the framework of inventory calculation, two related parts are devel-
oped for the estimation of emissions and energy consumptions from transport, i.e.,
conveyance’s using stage and energy production stage.

In a LCA study, the data collection has the largest importance for the usefulness
of the result, and consumes most of the resources of the study. The reliability of the
result of the LCA study is highly dependent on the reliability of the data from which
the results are derived, and the data documentation is therefore a crucial issue.
Because data collection is such an expensive task, it is more economic to reuse data
already collected, and most LCA practitioners do reuse data from previous studies
retrieved from LCI databases or other sources.

System
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Fig. 12.1 System boundary and transport processes
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12.2.2.1 Fuel Production and Electricity Generation Inventories

The inventory analysis started with an estimation of the fuel production and elec-
tricity generation stages. The inventory analysis of the life cycle of production of
gasoline and diesel as well as the generation of electricity used data from two
studies performed by the Key Laboratory for Advanced Functional Materials of the
Ministry of State Education, Beijing University of Technology [4, 5].

The input included the consumption of raw coal, crude oil, and natural gas, and
the output included water pollutants, solid wastes, and gaseous state pollutants. The
life cycle inventories contained the stages of fossil fuels production and transpor-
tation. See Table 12.1.

12.2.2.2 Inventories for Road Transport

In China, most of the light vehicles are propelled by gasoline, while heavy vehicles
always use diesel as fuel. Under this situation, the studied light vehicles are set to use
gasoline and its load is 2t, and the heavy vehicles are set to use diesel and its load is
10t. Based on the report of Ma et al. [6], the energy consumption in a functional unit
with light vehicles and heavy vehicles are 6.15 and 3.22 kg, respectively. Emission
estimates are produced for three distinct driving modes: urban, rural, and highway
driving. Given that the highway driving takes the most place of the logistics pro-
cesses, only the highway driving mode is considered in this section.

The output list of road transport is built upon existing calculation methods, i.e., the
emission factors and combustion equations. In order to evaluate the environmental
indicators for road transport, first, the emission factors (g/km) for each vehicle

Table 12.1 Life cycle inventories of fuel and electricity

Gasoline Diesel Electricity

Input

Raw coal (kg) 4.7700E−02 4.7300E−02 5.8000E−01

Crude oil (kg) 1.3200E+00 1.3100E+00 1.4400E−02

Natural gas (m3) 7.9500E−05 7.8700E−05 9.6900E−04

Output

Gasoline (kg) 1.0000E+00 0.0000E+00 0.0000E+00

Diesel (kg) 0.0000E+00 1.0000E+00 0.0000E+00

Electricity (kW h) 0.0000E+00 0.0000E+00 1.0000E+00

CO2 (g) 2.2000E−01 2.2000E−01 1.0700E+00

CO (g) 1.3500E−04 1.3300E−04 1.5500E−03

NOx (g) 8.4800E−04 8.4000E−04 6.4600E−03

PM (g) 1.7500E−03 1.7300E−03 4.8700E−04

Water pollutants (g) 7.7000E−01 7.6000E−01 1.7500E−03

Solid wastes (g) 7.7700E−03 7.7000E−03 2.2394E−01
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category and technology class were produced from COPERT III [1]. Then, by using
the aforementioned assumed load factors, indicators were calculated for each vehicle
category. Emission factors for the five regular air pollutants (CO2, CO, NOx,
NMVOC, and PM) are expressed as emission per kilogram fuel consumption. The
emission factors in this part were all calculated based on the national average in China.

1. CO, NOx, NMVOC, and PM. The four pollutants’ emission factors use the data
from a research of Xie et al. [1], which is based on the COPERT model.
Compared with MOBILE model, COPERT estimates emissions of all regulated
air pollutants and is more suitable for the actual conditions in China [7]. See
Table 12.2.

2. CO2 is calculated on the basis of fuel consumption as follows [6]:

fco2 ¼ Cfuel � fTHCð Þ � 0:87� fCO � 0:42½ �=0:273 ð12:1Þ

where Cfuel denotes the fuel consumption per kilometer of a certain vehicle
category, g/km; fTHC and fCO represent the emission factors of THC and CO,
respectively, g/km. The CO2 emission factors can be calculated by using
Formula (12.1) (see Table 12.2)

By using the emission factors and corresponding load factors and taking into
account each vehicle category’s fuel consumption factor, we can get the life cycle
inventories of road transport of their usage phase. Additionally, considering about
the stages of fossil fuels production and transportation, the LCI for the road
transport is obtained and is presented in Table 12.3.

12.2.2.3 Rail Transport

The train is distributed into three classes: steam train, diesel train, and electrical
train, which are propelled by coal, diesel, and electricity, respectively. Nowadays,
steam trains are no longer working as a means of freight transport. Therefore,
Chinese rail transport is a mix of diesel and electric traction. So the diesel trains are
the only resources that release pollutants to the environment directly. Although
electrical trains do not release emissions directly when being driven, there are
emissions due to the electricity generation stages. The emission factors for diesel
trains are calculated first.

Table 12.2 Emission factors of different transport modes

Transport modes CO2 CO NOx NMVOC PM

Light vehicle (g/kg gasoline) 2,411.87 365.61 19.11 38.94 9,121.68

Heavy vehicle (g/kg diesel) 3,123.14 14.44 31.40 8.73 3,488.90

Diesel train (g/kg diesel) 3,369.50 4.14 94.34 2.19 1.46

Inland ship (g/kg diesel) 3,161.00 9.16 49.24 4.87 2.43
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The emission factors of CO, NOx, NMVOC, and PM are provided by the
Environmental Protection Agency, USA [8]. See Table 12.2. Based on the Energy
Statistical Yearbook of China [9], the emission factor of CO2 is 73,187 kg/TJ and
the heat value of diesel is 46.04 MJ/kg. So the result is 3.3,695 kg/kg diesel.

Inputs and outputs for the operation datasets of rail transport are directly related
to the functional unit, i.e., the load factor cannot be adjusted. And according to the
Statistical Yearbook of China [10], the fuel consumption factor of diesel train per
10’000 ton kilometer is 25.2 kg as well as the electricity consumption figure of
electrical train is 107.9 kW h per 10,000 ton kilometer. By timing the corresponding
emission factors with energy consumption figures and taking into account the
energy production stages, the inventories of rail transport are obtained and illus-
trated in Table 12.3. A database is then developed for rail transport consisting of
emissions and energy consumption.

12.2.2.4 Ship Transport

In a similar way to rail transport calculation, the life cycle inventory of shipping
contains two parts, i.e., the using stage and the fuel production stage. The category
of transport considered in this section is only inland ship which traveling in Yangtze
River. The results represent the national average condition of inland shipping in
China.

Table 12.3 Inventories for functional unit of different transport modes

Light
vehicle

Heavy
vehicle

Diesel train Electrical
train

Inland ship

Input

Raw
coal (kg)

2.9336E−01 1.5231E−01 1.1920E−02 6.2582E−01 2.6015E−02

Crude oil
(kg)

8.1180E+00 4.2182E+00 3.3012E−01 1.5538E−02 7.2050E−01

Natural gas
(m3)

4.8893E−04 2.5341E−04 1.9832E−05 1.0456E−03 4.3285E−05

Output

CO2 (g) 1.6186E+04 1.0765E+04 9.0455E+02 1.1545E+03 1.8596E+03

CO (g) 2.2493E+03 4.6928E+01 1.0768E+00 1.6725E+00 5.1096E+00

NOx (g) 1.2272E+02 1.0380E+02 2.3985E+01 6.9703E+00 2.7542E+01

NMVOC
(g)

2.3950E+02 2.8100E+01 5.5188E−01 5.2547E−01 2.6793E+00

PM (g) 5.6109E+04 1.1240E+04 8.0388E−01 1.8883E+00 2.2872E+00

Water pol-
lutants (g)

4.7355E+03 2.4472E+03 1.9152E+02 2.4163E+02 4.1800E+02

Solid
wastes (g)

4.7786E+01 2.4794E+01 1.9404E+00 3.0899E+01 4.2350E+00
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According to the database of the Statistical Yearbook of China [10], the average
load of inland ship is 844 ton. Then, the indicators of inland ship are set to be 800
ton of load with 360 kW power rating and the average speed is 15 km/h. The
emission factors of CO, NOx, NMVOC, and PM use the data from a study per-
formed in Tianjin [3]. Since the density of diesel is 0.84 kg/L, unit g/L diesel can be
turned into g/kg diesel (see Table 12.2). Based on the research of Dolphin and
Melcer [11], emission factor of CO2 is taken as 3,161 g/kg diesel.

Given that the fuel consumption of inland ship is 550 t/(108 t km)3 and database
of emission factors with the definition of functional unit, together with the life cycle
inventories of energy production (see Table 12.1), the LCI of ship transport is
calculated and shown in Table 12.3.

All the calculative processes presented in this paper are implemented within a
PC-based MS Excel 2007 environment, providing detailed pollutant and resource
consumption results.

12.3 Results and Discussions

In this section, LCI results are presented and discussed within a certain transport
system between Shanghai and Chongqing which represents the average in China.
Shanghai is the international economic center and the biggest seaport in China;
Chongqing has become the transportation junction of southwest and the economic
center in the upper reaches of the Yangtze River with rapid development after
Chongqing became municipality since 1997. Extensive and close trade contracts
exist between the two modern cities, and transportation plays an important role in
their economic cooperation. The implement of greening of logistics activities means
much to the two cities.

12.3.1 Inventories of Road, Rail, and Ship Transport

Shanghai and Chongqing are 1,773 miles apart for highway, 2,226 miles for rail,
and 2,399 miles for water (inland). Based on the data in the Statistical Yearbook of
China [10], the ratios of light vehicles and heavy vehicles are set to be 30 and 70 %;
the percentage of diesel and electrical trains in freight transport are 45 and 55 %,
respectively. Then, the life cycle inventory of transport system from Shanghai to
Chongqing can be calculated with the inventory of the functional unit of different
transport modes which was obtained in the paragraph before. To better compare the
energy consumption and pollutant emission among different modes, a histogram
was drawn to illustrate the percentages of the items in the inventories for road, rail,
and ship transport from Shanghai to Chongqing (see Fig. 12.2).

The energy consumption figure for road transport is 3.45 kg raw coal, 95.53 kg
crude oil, and 5.75E−03 m3 natural gas, and for rail transport is 7.78 kg raw coal,
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3.50 kg crude oil, and 1.30E−02 m3 natural gas, and for ship transport is 0.62 kg
raw coal, 17.29 kg crude oil, and 1.04E−03 m3 natural gas. The road transport
consumes the most crude oil, and compared with raw coal and natural gas, crude oil
is the predominant energy sources for transport consumption. So based on com-
prehensive consideration, the road transport is the biggest energy consumer when
compared with the other two modes. As clearly shown in Fig. 12.2, road transport
discharges most pollutants.

12.3.2 Sensitivity Analysis

The sensitivity analysis is generally used to indicate the impact of changes in the
data to the results. Sensitivity analysis can show which influences the results
seriously in the system and which slightly. International agreements and scientific
assessments call for a social awareness for substantial reductions of global green-
house gas emissions. In this paper, the environmental load of a multi-mode
transport system is represented by its CO2 emission in the sensitivity analysis
section. And improvement suggestions for the system are made according to the
results of sensitivity analysis.

Based on the data in the Statistical Yearbook of China [10], the percentages of
road, rail, and ship transport are set to be 25, 35 and 40 %, respectively, in the
Shanghai–Chongqing transport system. The major parameters are the percentages
of the transport modes, energy consumption factors, emission factors, and so on.
The results of sensitivity analysis are illustrated in Fig. 12.3. The higher point the
graph shows, the more important the item is to the whole system.
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Where PLV represents the percentage of light vehicle, PHV presents percentage
of heavy vehicle, PDT presents percentage of diesel train, PET presents percentage
of electrical train, PIS presents percentage of inland ship, ECLV presents energy
consumption figure of light vehicle, ECHV presents energy consumption figure of
heavy vehicle, ECDT presents energy consumption figure of diesel train, ECET
presents energy consumption figure of electrical train, ECIS presents energy con-
sumption of inland ship, EF presents emission factor of CO2 for different transport
modes, EIG means emission intensity of gasoline production, EID means emission
intensity of diesel production, and EIE means emission intensity of electricity
generation.

It can be easily distinguished that the percentages of road transport, emission
factors of road transport, and the fuel consumption figures of vehicles are the most
important items in the system for improvement.

12.4 Conclusions

The comparative analysis of different transport modes per ton load of travel in life
cycle inventories assessment between Shanghai and Chongqing reveals that road
transport consumes most natural resources and discharges most amount of pollu-
tants. Actually, in the Shanghai–Chongqing logistics system, road transport is
predominant, ship transport comes next, and rail transport is the least. The result of
sensitivity analysis shows that parameters of road transport are the most important
impact factors of the whole system. In order to lessen the environmental impact
caused by transport activities and assist decision makers in designing a greener
logistics system, it is suggested that the rational use of vehicles should be carefully
considered, since road transport is not an environmentally friendly alternative
compared with the other modes, and the characteristics of vehicles would better be
improved.
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Chapter 13
Dynamic Reliability of the Weight Index
Model Research of Residual Fatigue Life
of the Crane Boom

Fuhai Cai, Fuling Zhao, Xin Wang, Shunde Gao and Liming Chen

Abstract This paper analyzes the operating characteristics of the crawler crane and
summarizes distributed sources in the process of fatigue crack propagation of the
boom, makes an introduction of evaluation process of the boom of the remaining
life. Three static reliability analysis models are analyzed; the evaluation of reli-
ability indicators do not change over time, and the defect is pointed out that they
cannot be satisfied to solve practical engineering problems. This article regards the
load and fatigue resistance as a random process and considers the fatigue failure of
the randomness in a variety of factors, the concept of dynamic reliability of the
weight index is proposed, and models of dynamic reliability of the weight index are
built based on the fatigue bearing capacity mode and limit damage degree mode. By
computational analysis of the two models and test comparison of the standard
welding components, the remaining fatigue life under the dynamic reliability of the
weight index model prediction accuracy higher than the static reliability indicators
of prediction accuracy. This method provides a new thinking and new methods for
the detection and evaluation of the fatigue life of crane booms.
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13.1 Introduction

Crawler crane is lifting equipment which is widely used in various fields of the
national economy. According to the findings of the accident, serving more than
10 years crawler crane accident in addition to the vehicle overturning, most acci-
dents occurred in the fatigue failure of the boom. It is difficult to detect in advance
because there is no obvious plastic deformation harbinger and the fatigue fracture
occurred suddenly. So the evaluation of the residual fatigue life of the crane boom
is difficult.

Many scholars have proposed the fatigue strength and fatigue life analysis of
many systems and made a thorough research on them. However, due to many
uncertainties, there is a huge dispersion of the fatigue crack of the boom system in
the expansion process.

Dispersion can be divided into three categories according to their sources [1].

1. Intrinsic dispersion: the material itself microstructure heterogeneity, including
randomly distributed lattice defects, impurity atoms, dislocations, voids, cracks,
manufacturing defects, and so on.

2. External dispersion: Including the external load, specimen geometry, and the
work environment uncertainties, all of this dispersion determines the crack
extension of the random nature of the process. There are larger deviations
between the analysis methods based on deterministic expansion of the fracture
crack compared to engineering practice.

3. Evaluation of dispersion: The evaluation of the past is often a definite target. But in
the actual process, the safe operation should be dynamic indicators with the time
course which the crane is worked after the experience of a variety of loads. The
evaluation indicators are gradually reduced to the minimum value. Therefore, the
evaluation function for dynamic analysis is necessary on the crack structure of the
boom system in order to meet the practical engineering applications.

13.2 Introduction to Residual Fatigue Life Evaluation
Methods of Crawler Crane Booms

13.2.1 Working Characteristics

1. The work load is relatively stable, smooth, and small impact
Crawler crane is generally worked with rope, and a smooth lifting and falling is
demanded. This job has little impact on the boom. During the working process,
the boom will produce a larger elastic deformation to withstand shocks. Boom
rods basically belong to the state of compression when the boom is withstanding
the load. The boom can be restoring the status quo when the load is gone.
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2. The both ends of the boom bear a greater load by force, and the middle bear a
small load by force
According to the results of the finite element analysis, there is a larger force in
the top section and bottom section of the boom which is shown in Fig. 13.1. We
should pay special attention to the weld on the dangerous section, whether or not
to bear a greater stress. Truss arm is welded together more than one tube, and the
weld is easy to crack damage under alternating load or fluctuating loads.
Therefore, the weld initiation, expansion, and the instability of the time course
of the model are the focus of life evaluation of the boom system.

3. Boom system under different operating conditions needs to set a different
evaluation parameters
The working condition is quite different between different tonnage crawler
cranes. Small tonnage crawler cranes loads are generally much smaller than the
rated lifting weight. Boom system is working in the elastic range, and the boom
plastic deformation is small so it is more suitable for use stress analysis. Large
tonnage crawler crane loads are generally close to the rated lifting weight. It
means that the work stress is close to the allowable stress value, and the plastic
deformation of the boom material is big so it is more suitable for use strain
analysis.

1

2
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4

7

5

8

6

9

Fig. 13.1 Layout of possible fatigue position. 1 Reinforcing plate of the top chord near the bottom
section. 2 Junction of the lower chord and flanks rod of the bottom section. 3 Hinge ears of the top
chord of the bottom section. 4 Hinge ears of the lower chord of the bottom section. 5 Hinge ears of
the top chord of the top section. 6 Hinge ears of the lower chord of the top section. 7 Abdominal
rod and the flanks rod connection at the bottom chord of the top section. 8 Upper chord of the top
section and epigastric rod connection. 9 Junction of 3 m section and 6 m boom section
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13.2.2 Fatigue Life Evaluation Process of Boom

13.2.2.1 Fracture Mechanics Theory

Fracture mechanics theory is the study of crack propagation law of fracture with
initial defects in material or structural loads. Complex welded structures are easy to
produce a fatigue crack due to the presence of weld defects and crack initiation, and
the formation of life is very short. Therefore, the stable propagation life of crack is
the main fatigue life of welded structures.

At present, there are several mainstream theories of fatigue crack growth rate
model such as the Paris equation, Forman equation, Walker equation, and so on.

The Paris equation has a good accuracy in use with the low stress ratio of fatigue
crack growth. The famous Paris equation:

da=dN ¼ CðDKÞm ð13:1Þ

In the equation:da=dN: the fatigue crack growth rate; DK: the stress intensity factor
range; DK ¼ Kmax � Kmin; C, m: material constants.

The choice of the stress intensity factor K is critical to calculate in the Paris
equation. The degree of the strength of the stress field near the crack tip region can
reflect the size of the stress intensity factor and can be an indicator of unstable
growth of the crack occurred. Under normal circumstances, the stress intensity
factor of a general expression for:

K ¼ ar
ffiffiffiffiffiffi
pa

p ð13:2Þ

In the equation: a the coefficient depends on the loading mode, the crack shape, and
crack location. a can be a constant or a function about a; r is the externally imposed
stress; a is the crack length.

Paris equation can be integrated under amplitude loads, and the fatigue crack
propagation life equation can be obtained from the initial crack length of a0 to
critical crack length of ac.

N ¼
Zac
a0

1
C aDr

ffiffiffiffiffiffi
pa

pð Þm da ð13:3Þ

Analytical solution can be obtained by direct integration when the coefficient a is
a constant. It is not easy to calculate the analytical solution when the coefficient a is
the function of the crack length of b. Numerical integration methods are commonly
used in that way.
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13.2.2.2 The Limit Damage Degree Mode

Miner theory is a cumulative damage theory which is proposed in the earliest. It is
widely used in engineering of simple. Miner theoretical equation for:

D ¼
Xm
i¼1

ni
Ni

ð13:4Þ

In the equation: D: the damage; mi: the load level of the variable amplitude
loading; ni: the number of cycles under the i-level load block; Ni: the fatigue cycles
under the separate role of the i-level load.

Assume that pi is the probability under i-class load in the total number of cycles,
fatigue life under variable amplitude loading is

N ¼ DP
pi=Ni

ð13:5Þ

Under variable amplitude loading and based on the Paris equation, Ni under each
level of load can be calculated using Eq. (13.3). The fatigue life of the structure can
be calculated by Eq. (13.5) combined with the Miner theory.

13.3 Study on Fatigue Reliability Analysis Model

13.3.1 Reliability Analysis of Life Cycle

Life cycle of crawler crane begins with design from scrap end. Concurrent design
method is used to achieve optimum technical products in the whole life cycle, the
most reliable quality, the shortest time and lowest cost, best service, and environ-
mental protection best. Reasonable dynamic adjustment of the safety evaluation
indicators is very important. Under normal circumstances, the evaluation indicators
should be down to the minimum to meet safety and economy of the most reasonable
match with the time history year by year.

Currently, there are three kinds of static reliability analysis model in the engi-
neering on the basis of the difference of the evaluation objectives and evaluation
methods:

1. Ultimate stress model

DrR � DrS � 0 ð13:6Þ

In the equation:
DrR the fatigue strength of material or construction details under the

amplitude repeated stress effect also named resistance random variables
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DrS equivalent stress amplitude of component or construction details under
the amplitude repeated stress effect also named random variable of the
load effects

2. Fatigue bearing capacity model

R� S� 0 ð13:7Þ

In the equation:

S Random variables of structural components to withstand the amplitude of
the repeated load effects (bending moments, torque, shear, etc.)

R Fatigue bearing capacity of structural components under the amplitude
repeated load effects

3. The limit damage degree mode

D� a� 0 ð13:8Þ

D Cumulative damage degree of the material or construction details
a The limit damage degree index of materials or construction details,

general values of 0.8–1.2

If the fatigue performance of materials or construction details to meet the Miner
linear cumulative damage rule, assume that a is a variable, then the above
equation can be written as:

D ¼
X ni

Nj
� a ð13:9Þ

Equation (13.9) is the expression of the linear limit damage model, which is one of
the most widely used analytical model. The reliability index obtained does not change
over time so it cannot be a satisfactory solution to practical engineering problems.

13.3.2 Building of Dynamic Reliability of the Weight Index
Model

The definition of the fatigue dynamic reliability is the functional ability of the
structure after the t time. The structure is in a scheduled service time range and
under conventional working conditions. In the service time, the fatigue resistance
will decrease as the fatigue service cycle increase.

The concept of dynamic weight index is introduced here. The purpose to study
these two random variables of load and resistance in the course of time is to
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calculate affect of the weights evaluation result. Key factors can be found out
through sensitivity analysis of the random variable, then we can find which critical
factor has significant impact on the evaluation results.

13.3.2.1 Fatigue Bearing Capacity Model

After the introduction of the time factor, the load and the resistance become random
processes. Loading effect of the random process can be expressed by S(t), t 2 T .
Resistance of the random process can be expressed by R(t), t 2 T . 0;T½ � is an
arbitrary base period which is the specified time defined in the reliability.

ZðtÞ ¼ aRðtÞ � bSðtÞ
v

ð13:10Þ

In the equation:

a Value of weighted resistance coefficient, a 2 ð0; 1�
b Value of weighted load coefficient, b 2 ð0; 1�
v Value of adjustable reliability coefficient, v 2 ð0; 1�

Function of random process Z(t) is a random variable dependent on time t
Zðt1Þ; Zðt2Þ; . . .; ZðtmÞ.

In this way, the dynamic reliability can be expressed as:

PZðtÞ ¼ P ZðtÞ[ 0; t 2 ½0; t�f g ð13:11Þ

Failure probability is expressed as

Pf ¼
R1
0 bfsðsÞ

R S
0 afRðRÞdR

n o
v

dS ð13:12Þ

fRðRÞ is load probability density function and fsðsÞ is resistance probability density
function. According to the literature [1], they in general obey the normal distri-
bution so the reliable indicator as follows:

k ¼ lR � lSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2R þ r2S

p ð13:13Þ

In the equation:

lR the average of the resistance R;
lS the average of the load S;
rR Standard deviation of the resistance R;
rS standard deviation of the load S.
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Probability of failure as PS ¼ 1� /ðkÞ
/ðkÞ the standard normal distribution function

The number of cycles of fracture reliability in accordance with the theory of
fracture mechanics [1] can be expressed:

N ¼ 2
ðn� 2ÞCYnpn=2ðDrÞn að1�n=2Þ

0 � að1�n=2Þ
c

��� ��� ð13:14Þ

a0 the original crack length of component present which can be assumed to
be 0.25 mm;

ac the critical size of crack which can be assumed to be 120 mm;
C, n, Y material constants;
Dr cycle stress amplitude

13.3.2.2 The Limit Damage Degree Mode

The membership function in fuzzy mathematics can be used to describe the injury
fuzziness which we can set the parameter of a (Value of weighted resistance
coefficient), b (Value of weighted load coefficient), and v (Value of adjustable
reliability coefficient). For the convenience of expression, the model can be sim-
plified based on the principle:

Value of weighted resistance coefficient a is gradually reduced with the time
course which can reflect the aging with the operating process in the base metal and
weldments, and the value of weighted load coefficient b and value of adjustable
reliability coefficient v can be set to the initial constant. b and v can be set to 1. A
partial large amendments parabolic distribution function can be used to describe the
evolution of a [2].

aðxÞ ¼
1; x� a1

0:5� 0:5 x�a1
a2�a1

� �2
; a1\x\a

0:5; x� a2

8><
>: ð13:15Þ

Fatigue damage degree can be used to describe the membership function which
the variable x is used to describe the value of the stress amplitude s. The structural
damage degree of membership is aðxÞ under this stress.

According to the literature [3, 4], the general crane work load stress amplitude is
almost more than 20 MPa, the maximum can reach 80 MPa, and therefore, the
distribution function of the variable range can be set to 20–80 MPa. So we can set
a1 ¼ 20; a2 ¼ 80.
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The degree of damage is calculated as follows:

DðSiÞ ¼
aðSiÞ�ni

N0
; S� Sf

aðSiÞ�ni
Ni

; S[ Sf

(
ð13:16Þ

In the equation

Si the i-level stress;
ni the number of cycles of Si;
aðSiÞ the membership degree of stress S of component damage;
Sf the fatigue limit of components;
N0 the fatigue life under the fatigue limit stress;
Ni the fatigue life under stress Si;

The fatigue failure criterion is:

Xm
i¼1

aðSiÞ � ni
N0

þ
Xn
i¼mþ1

aðSiÞ � ni
Ni

�Df ð13:17Þ

In the equation:

m the number of stress levels below the fatigue limit;
n the total number of stress levels;
Si the i-level stress;
Df the critical damage value.

Equation (13.16) shows the cycle in a load spectrum:

N ¼ Df =
Xm
i¼1

aðSiÞ � ni
N0

þ
Xn
i¼mþ1

aðSiÞ � ni
Ni

 !
ð13:18Þ

13.4 Cases Study

13.4.1 Reliability Evaluation

A domestic 75 tons lattice boom crawler crane booms are detected which is in
service for 3 years. The dynamic fatigue reliability analysis model which is dis-
cussed in this paper is used to do the evaluation. The failure probability of the crane
is 2.3 %, and the actual usage is normal. There is no fatigue crack.

A domestic 160 tons lattice boom crawler crane booms are detected which is in
service for 8 years. The failure probability of the crane is 3.5 %, and the actual
usage is normal. There is no fatigue crack.

An imported 350 tons lattice boom crawler crane booms are detected which is in
service for 16 years. The failure probability of the crane is 38.5 %, and the actual
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usage is normal. There are lots of annular circle crack in the boom of the bottom
section and top section parts. The maximum length of the crack is 10.0 mm, and the
maximum depth is 1.2 mm. Those booms must be recutting and welding or prone to
fatigue fracture.

13.4.2 The Load Spectrum and the S–N Curve

In order to research the quantitative analysis of the mode of study fatigue bearing
capacity and the limit damage degree mode, a domestic 75 tons crawler crane which
is in service and welded joints sample which are under the same load of test is
compared with analysis.

According to the literature [5], the S–N curve of 16 Mn material is:

l gN99:9 ¼ 18:4403� 5:5716l gS ð13:19Þ

Material S–N curve correction should be done in accordance with the boom
welding junction. Usually the fatigue limit stress (The corresponding welded
components fatigue limit life N = 2 × 106) and the short lifetime stress (N = 104) are
required to correct. The fatigue limit in the post-correction is given by the
Eq. (13.20).

S0f ¼
Sf
Kf

CsizebCL ð13:20Þ

In Eq. (13.20):

S0f is fatigue limit after correction
Sf is fatigue limit of the standard sample. Sf ¼ 151 MPa. It is calculated by the

Eq. (13.19)

When the corresponding stress value S104 ¼ 390 MPa when N ¼ 104.

Kf is fatigue notch factor which is calculated by q ¼ ðKf � 1Þ=ðKt � 1Þ. q is
notch sensitivity coefficient. Kt is theoretical stress concentration factor.
According to Refs. [2] and [6], Kt ¼ 1:96; q ¼ 0:5798; Kf ¼ 1:56

Csize is size factor. The boom chord size is 76 mm. According to literature [6],
alloy steel Csize ¼ 0:79

b is coefficient of surface quality. Taking into account the shot peening
surface hardening effect, b ¼ 1;

CL is load factor. The load of boom is compressive stress, and the S–N curve is
obtained by rotating bending conditions, and according to the literature [7],
the load factor can be 0.85
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Thus, the fatigue limit in the post-correction can be obtained by Eq. (13.20) that
S0f ¼ 65MPa.

Similarly, in the short lifetime, stress levels are high, and material dispersion and
size effect are relative decreased, so they are not considered here. The load factor
CL ¼ 0:85. q � 0:2, Kf ¼ 1:56; K 0

f ¼ 1þ 0:2� ðKf � 1Þ ¼ 1:112.
Corrected stress at the short-lived (N = 104) S0104 ¼ CL � S104=K 0

f ¼ 297MPa.
The corrected S–N curve given by the above two endpoints are expressions (65,

2 × 106) and (297, 1 × 104). The corrected S–N curve can be expressed by the
Eq. (13.21).

lgN ¼ 12:6078� 3:4774 lg S ð104 �N � 2� 106Þ ð13:21Þ

Before and after corrections of the curve are shown in Fig. 13.2.
Fatigue experiment is made by weldments which are made as the crane boom

welded joints. The actual crane boom structure of the K type is shown in Fig. 13.3.
The test pieces are shown in Fig. 13.4, and PLG-200 high-frequency fatigue testing
machine is used to do the experiment.

13.4.3 Result Analysis

By the danger point of the load spectrum and S–N curves of the component, the
dynamic reliability of the weight index is used to calculate the fatigue life with two
models. The initial crack length can be set to 0.25 mm. Four dangerous point
comparison results of the analysis (corresponding to Fig. 13.1 in the dangerous
point) are shown in Tables 13.1, 13.2, 13.3, 13.4, and trend analysis is shown in
Figs. 13.5, 13.6, 13.7, and 13.8.

Fig. 13.2 Correction S–N curve
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The results compared are shown in Table 13.1. It can be seen, when the resis-
tance of the weight coefficient is close to 0.8–0.7, the calculation error compared to
the actual sample test life is smaller. Another phenomenon is the polarization. There
is an optimal value of the resistance of the weight coefficient.

Fig. 13.3 The actual crane
boom structure of the K type

Fig. 13.4 The test piece
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Table 13.1 Calculated life error analysis of dangerous point 1

The resistance of the
weight coefficient a

1 0.9 0.8 0.7 0.6 0.5 0.4

Test life of sample
(×105)

5.34 5.34 5.34 5.34 5.34 5.34 5.34

Calculated life of
damage degree
(×105)

6.17 6.11 5.88 5.66 4.77 4.53 4.43

Calculated life error
of damage degree
model (%)

15.54 14.42 10.11 5.99 10.67 15.17 17.04

Calculated life of the
fatigue bearing
capacity model
(×105)

6.38 6.22 6.12 5.67 4.98 4.43 4.33

Calculated life error
of the fatigue bear-
ing capacity model
(%)

19.48 16.48 14.61 6.18 6.74 17.04 18.91

Table 13.2 Calculated life error analysis of dangerous point 2

The resistance of the
weight coefficient a

1 0.9 0.8 0.7 0.6 0.5 0.4

Test life of sample (×105) 6.04 6.04 6.04 6.04 6.04 6.04 6.04

Calculated life of damage
degree (×105)

7.18 7.11 6.24 5.84 5.43 5.21 5.12

Calculated life error of
damage degree model (%)

18.87 17.72 3.31 3.31 10.10 13.74 15.23

Calculated life of the fati-
gue bearing capacity model
(×105)

7.55 7.22 6.98 6.44 5.89 5.44 5.38

Calculated life error of the
fatigue bearing capacity
model (%)

25.00 19.54 15.56 6.62 2.48 9.93 10.93

Table 13.3 Calculated life error analysis of dangerous point 3

The resistance of the weight
coefficient a

1 0.9 0.8 0.7 0.6 0.5 0.4

Test life of sample (×105) 6.74 6.74 6.74 6.74 6.74 6.74 6.74

Calculated life of damage
degree (×105)

7.97 7.44 7.12 6.43 6.44 6.02 5.89

Calculated life error of dam-
age degree model (%)

18.25 10.39 5.64 4.60 4.45 10.68 12.61

Calculated life of the fatigue
bearing capacity model (×105)

7.43 7.22 7.01 6.86 6.23 6.02 5.86

Calculated life error of the
fatigue bearing capacity
model (%)

10.24 7.12 4.01 1.78 7.57 10.68 13.06

13 Dynamic Reliability of the Weight Index Model … 149



By the above chart analysis, the following conclusions can be drawn:

1. When the resistance of the weight coefficient is close to 0.8–0.7, the calculation
error compared to the actual sample test life is smaller. There is an optimal value
of the resistance of the weight coefficient.

2. Dangerous points 1 and 2 are under serious regional force in the boom bottom
section, and the calculation error is significantly larger. The main reason lies in
its part of the plastic deformation zone and is not very suitable for the appli-
cation of the nominal stress method.

Table 13.4 Calculated life error analysis of dangerous point 4

The resistance of the
weight coefficient a

1 0.9 0.8 0.7 0.6 0.5 0.4

Test life of sample (×105) 7.45 7.45 7.45 7.45 7.45 7.45 7.45

Calculated life of damage
degree (×105)

8.21 7.92 7.7 7.23 7.1 6.94 6.64

Calculated life error of
damage degree model (%)

10.20 6.31 3.36 2.95 4.70 6.85 10.87

Calculated life of the fati-
gue bearing capacity model
(×105)

8.45 8.23 6.91 6.67 6.23 6.12 5.87

Calculated life error of the
fatigue bearing capacity
model (%)

13.42 10.47 7.25 10.47 16.38 17.85 21.21

Fig. 13.5 Trend analysis of
point 1
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Fig. 13.6 Trend analysis of
point 2

Fig. 13.7 Trend analysis of
point 3
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13.5 Conclusions

Experimental study based on this article shows that the fatigue life of bottom
section is lower than the top section and the middle section. The fatigue dangerous
parts are concentrated in the chord and web member welding and the hinge ear
welding. Prediction accuracy of dangerous parts is lower than the prediction
accuracy of the non-hazardous parts. Dynamic fatigue and fracture reliability
analysis methods can be more accurately used in fatigue life analysis of welded
structure of the crane boom system, and by adjusting different weight coefficients,
the fatigue reliability analysis of error can be reduced. This method offers a new
method reference that can predict fatigue life effectively of crane booms through the
improvement and optimization.
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Chapter 14
Study of the Opening Angle Influence
of Y-shaped Guying System
on the Buckling Stability
of Telescopic Boom Crane

Li Chen, Rumin Teng, Yahui Zheng, Haibo Chi, Wei Xu and Na Hou

Abstract The Y-shaped telescopic boom guying system offers remarkable
increases in load capacity of all-terrain crane. However, there are very few articles
reporting on this special structure. Because the telescopic boom with Y-shaped
guying system is a statically indeterminate space structure of quartic, it cannot be
solved by an analytical method and there are no complete qualitative analyses of
results. On the one hand, the front guyrope has played a positive role because the
pull force partially weakens the bending moment and the deformation of boom head
and decreases the stress of the bottom cover plate on the telescopic boom. On the
other hand, it has played negative effects due to increasing the axial pressure and
the stress of the top cover plate on the telescopic boom. The length and opening
angle of guying frame balance the load distributions of working process between
the revolution plane and luffing plane. In this paper, the all-terrain crane is sim-
plified as a model which includes the telescopic boom, guying frame, front guyrope
and back guyrope in this paper. The eigenvalue buckling analysis of finite element
method is used to research the influence of Y-shaped opening angle on the crane
maximal lift load decided by buckling stability. The research results show that the
critical lifting load determined by stability increases first and then decreases with
the increment of the opening angle of guying frame. The bigger of the opening
angle, the larger of the pulling force component of guyrope in the revolution, and
the better stability in this plane. However, the increasing opening angle will
decrease the stability in the luffing plane. The optimal range of the opening angle is
between 70° and 100°, which can balance the revolution plane stability and the
luffing plane stability. This conclusion might be useful for the design of the Y-
shaped guying system of cranes.
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Keywords Crane �Maximal lift load � Y-shaped guying system � Opening angle �
Buckling stability

14.1 Introduction

It is obviously that large size crane plays a more and more important role with the
development of capital construction of urbanization. In order to meet the require-
ments, a variety of new components such as guying mast, boom head guyrope are
invented. These equipments improve the lifting capacities greatly [1, 2].

Guying system equipments can improve the boom-carrying capacities of all-
terrain crane in revolution plane and luffing plane ultimately [3, 4]. These kinds of
systems are widely used in the large size products of Liebherr and Terex-Demag,
such as LTM1500, LTM11200 and AC1000. The Y-shaped equipment can improve
the lifting capacities by 50–200 %. The main parameters of Y-shaped guying
system are the length and opening angle of guying frame. The load distribution of
the boom system in revolution plane and luffing plane during the process of
working is decided by these two parameters. Specially, the opening angle is the
more significant factors. The opening angle of guying equipment in Liebherr crane
is from 30° to 40° for standard telescopic boom, 20° for lattice fly jib and 84°–90°
for luffing lattice jib. However, there are very few studies on the effects of different
opening angles about guying system. Because the guyed telescopic boom is a
statically indeterminate space structure of quartic, it is difficult to solve with ana-
lytical method. Nowadays, some qualitative results cannot be got and the effect of
guying system is not clearly. On the one hand, the pull force produced by the
guyrope can weaken the bending moment, which reduce the deformation and the
bottom cover plate stress of telescopic boom. On the other hand, however, the
increasing axial pressure is disadvantageous to the top cover plate.

So far, research on how the parameters of guying system affect the lifting
capacities of crane has been elementary stage at home. Shi [5] introduce different
kinds of guying systems and make a preliminary analysis on the range of lifting
capacities caused by fixing guying system. Teng [6] solve the statically indeter-
minate problem by energy method of classical mechanics and discuss the influence
of boom applied force caused by different length parameters of guying system.
Researches on the potential performance of guying system are not enough.

In this paper, the buckling stability influence of crane boom system caused by
different opening angles of guying system is studied. The all-terrain crane is sim-
plified as a model which includes the telescopic boom, guying frame, front guyrope
and back guyrope. The eigenvalue buckling analysis of finite element method is
used to study the influence of opening angle on the telescopic crane maximal lift
load decided by buckling stability. The results will give the application of guying
system in actual project theoretical guidance.
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14.2 Methods

14.2.1 Simplified Model of Telescopic Boom System

This paper takes LTM 11200 for an example and the diagrammatic drawing is
shown in Fig. 14.1.

The boom system with guying system is made up of 5 parts, which include
telescopic boom, Y-shaped guying frame, front guyrope, back guyrope and luffing
cylinder.

The influence of car frame, chassis and telescopic friction are ignored in this
paper. The telescopic boom, guying frame, front guyrope, back guyrope and luffing
cylinder are modeled by beam element because their slenderness ratios are bigger
than 260. All structures are linked through nodes coupling. Three translations
degrees of freedom are coupled between front guyrope and guying frame, front
guyrope and telescopic boom, back guyrope and guying frame, and back guyrope
and telescopic boom. Three translations and rotations degrees of freedom are
coupled between guying frame and telescopic boom. The telescopic boom and
luffing cylinder are free in the degree of freedom for rotations about the luffing
plane, which is also applied on luffing cylinder and rotary tables.

y

z
x

Telescopic boom

Guying frame

Back guyrope

Luffing cylinder

Main boom luffing angle

Front guyrope

Opening angle

Lift weight

Fig. 14.1 Boom system
composition with guying
system
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14.2.2 Finite Element Method of Buckling Stability [6]

The boom system with guying system instability problem can be treated as an
eigenvalue problem that is also called eigenvalue buckling analysis. The instability
load is called buckling load that is the maximum critical lift load for the crane.

In the stability balanced state, geometric stiffness matrix ½Kr� is used to repress
the structure stiffness change in the deformation state considering the structure force
influence on the bending deformation. Based on potential energy principle, the
balance equation is

KE½ � þ Kr½ �ð Þ Ugf ¼ Pgf ð14:1Þ

½KE� is the elastic stiffness matrix. ½Kr� is the geometric stiffness matrix. fUg is the
nodal displacement vector. fPg is the nodal load vector.

When the system is during an equilibrium state, the derivative of the system
potential energy Eq. (14.1) should be zero.

KE½ � þ Kr½ �ð Þ dUgf ¼ 0 ð14:2Þ

That is to say

KE½ � þ Kr½ �ð Þ ¼ 0 ð14:3Þ

In Eq. (14.3), the elastic stiffness matrix ½KE� is known. The lift load is the
buckling load to be solved, so the geometric stiffness matrix ½Kr� is unknown. For
solving it, we assume that a unit lift load fP0g corresponds with the unit geometric
stiffness matrix ½K0

r�. The buckling load is kfP0g, so ½Kr� ¼ k½K0
r� can be get. The

Eq. (14.3) can be conversed as follows:

KE½ � þ k K0
r

� �� � ¼ 0 ð14:4Þ

The Eq. (14.4) is conversed to be and eigenvalue equation

KE½ � þ ki K
0
r

� �� �
/igf ¼ 0 ð14:5Þ

ki is the i order eigenvalue. f/ig is the correspondent eigenvalue vector, which
represses the deformation of the structure system, and it also can be called buckling
mode shape.

14.3 Examples

There are many work conditions using Y-shaped guying system. In order to
investigate the effects of the opening angle on the maximum lift load, three typical
cases of shortest, longest and medium boom length are studied here. The range of
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luffing angle for telescopic boom is from 20° to 80° with 10° step size and the
guying opening angle is from 0° to 180° during the analysis. The opening angle
influence of Y-shaped guying system on the lifting buckling stability of telescopic
boom crane is studied by compare guying system with non-guying system.

The main finite element parameters of the telescopic crane are shown in
Tables 14.1 and 14.2.

The length of telescopic luffing cylinder and front guying rope is a variational
value that is determined by the crane luffing angle and telescopic length. The
modulus of elasticity of the front guyrope is 1.04e11 Pa and the others are
2.05e11 Pa.

14.3.1 Longest Boom Length Case

The crane maximal lift capacity load of the longest boom length (100 m) decided by
buckling stability with different opening angles and telescopic boom luffing angle is
studied. The result of curves is shown in Fig. 14.2.

As shown in Fig. 14.2, there is an obvious difference on the crane maximal lift
load decided by buckling stability between non-guying system and guying system
at longest telescopic boom length. The bigger of the telescopic boom luffing angle,
the worse of the stability and maximum lift load when there is not guying system.
The maximal lift load is 114 t at 20° luffing angle, and the minimum lift load is
25.5 t at 80°. However, the trend is opposite with guying system besides 170°
opening angle. During this case, the critical lifting load is better when the range of
boom luffing angle is from 20° to 53° and becomes worse when the telescopic
boom luffing angle is between 53° and 80°. As we can see, the weakest lift load is at
20° opening angle and the best one is at 80° opening angle. The minimum lift load
is 34.5 t at 20° luffing angle and the maximum one is 99 t at 80° luffing angle.
Figure 14.3 shows that the potential buckling mode is lateral deformed mode in the
revolution plane when the longest length crane luffing angle is 50° with the best
guying opening angle of 80°.

Table 14.2 Main finite element parameters of the Y-shaped guying system

Guying frame Front guying rope Back guying rope

Length 14.50 – 21.30

Area 9.56e−2 2.51e−3 5.76e−3

Iy 6.25e−3 2.50e−7 2.80e−7

Iz 7.84e−3 2.50e−7 2.80e−7

Length unit is m, section area unit is m2 , moment of inertia unit is m4 , Iy is moment of inertia in
the luffing plane, and Iz is for the revolution plane
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14.3.2 Medium Boom Length Case

The crane maximal lift capacity load of the medium boom length (65 m) decided by
buckling stability with different opening angles and telescopic boom luffing angle is
studied, and the result of curves is shown in Fig. 14.4.

As shown in Fig. 14.4, it is also different on the crane maximal lift load decided
by buckling stability for non-guying system and guying system at medium tele-
scopic boom length. Without guying system, the bigger of the telescopic boom
luffing angle, the worse of the stability and maximum lift load. The maximal lift
load is 347 t at 20°, and the minimum lift load is 66 t at 80°. However, the trend is
opposite with guying system besides 170° opening angle. As we can see, the
minimum lift load is at 20° opening angle and the maximum one is at 80° opening
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Fig. 14.3 Top view of the
finite element buckling mode
when boom luffing angle is
80° and guying opening angle
is 50° at longest boom length
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angle. The minimum lift load is 142 t at 20° luffing angle and the maximum one is
292 t at 80° luffing angle. Figure 14.5 shows that the potential buckling mode is
also lateral deformed mode in the revolution plane when the medium boom length
crane luffing angle is 50° with the best guying opening angle of 80°.

14.3.3 Shortest Boom Length Case

The crane maximal lift load of the shortest boom length (36.9 m) decided by
buckling stability with different opening angles and telescopic boom luffing angle is
studied, and the result of curves is shown in Fig. 14.6.
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As shown in Fig. 14.6, it is also different on the crane maximal lift load decided
by buckling stability between non-guying system and guying system at shortest
telescopic boom length. With the increasing of the telescopic boom luffing angle,
the stability becomes better first and then worse without a guying system. The
maximal lift load is 2,430 t at 50° and the minimum lift load is 1,912 t at 80°.
However, the lift load is less with guying system than with non-guying system. In a
word, the minimum lift load is at 20° opening angle and the maximum one is at
110° opening angle. The minimum lift load is 1,144 t at 20° luffing angle and the
maximum one is 1,527 t at 80° luffing angle. Figure 14.7 shows that the potential
buckling mode of shortest boom length is the same as that of longest and medium
boom length when the crane luffing angle is 50° with the best guying opening angle
of 80°.
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14.4 Discussion and Conclusion

As shown above, the maximum lift load decreases without a guying system when
the boom length increases. Because the stiffness of the longer boom decreases, the
stability becomes worse. With the increasing of the telescopic boom luffing angle,
the load component along with the boom axis increases, so the maximum lift load
decreases.

When there is a guying system, the less of the opening angle, the worse stability in
the revolution plane. However, the increasing opening angle of guying equipment
will decrease the stability in the luffing plane and the maximum lift load. The
instability happens in the revolution plane with a small opening angle. With the
increasing of the telescopic boom luffing angle, the boom axial force increases, which
makes the stability worse in the revolution plane, but the pulling force component of
guyrope in the revolution becomes larger relatively, which makes the stability better
in that plane, and it has greater influence than the boom axial force. So, the stability in
the revolution plane becomes better. The optimal range of the opening angle is
between 80° and 110°. With the increasing of the opening angle, the pulling force
component of guyrope in the luffing decreases too quickly relatively, which makes
the instability happen in the luffing plane and it becomes worse and worse.

In fact, besides the lifting buckling stability, other factors may affect the crane
maximal lift load, such as the stress of the telescopic boom structure, shell buckling
stability, overturning stability and luffing cylinder strength, and so on. Only the
telescopic boom is longer enough, the crane maximal lift load is decided by the total
buckling stability, which can be increased through assembling guying system.

The research results show that the guying system can greatly increase the total
buckling stability for the longer boom. The bigger of the opening angle, the greater
of the opening angle influence on the total buckling stability. The optimal range of
the opening angle is between 80° and 110°, which can balance the revolution plane
stability and the luffing plane stability. This conclusion might be useful for the
design of the Y-shaped guying system of cranes.
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Chapter 15
Design of New Hydraulic Pushing Device

Qicai Zhou, Jiong Zhao, Xiaolei Xiong and Haiyan He

Abstract Hydraulic pushing equipment is widely used to transport the extreme
heavy structure and equipment in road and bridge, construction, railway, electric
power, metallurgy, petrochemical, etc. In this article, the hydraulic pushing
equipment can move with the pushed object along the track, which is mainly
composed of hydraulic cylinder and clamping device. The clamping device
installed in the back of the hydraulic cylinder mainly consists of a rod and bugles
beside the rail. The device can provide reaction force when the piston rod stretches
out through the compaction of the rod and bugle. The clamping device follows the
movement of the hydraulic cylinder when the piston rod retracted. This paper takes
the hydraulic pushing equipment of 2,500-ton ring crane as an example to introduce
the specific design, and optimizes the key components and overall structure using
ANSYS.

Keywords Hydraulic pushing equipment � Clamping device � Finite element
analysis

15.1 Introduction

The hydraulic equipment is widely used due to the smooth, safe, and reliable
operation in the field of modern construction. There must be support used to pro-
vide anti-force installed behind cylinder when pushing the heavy loads. When the
target position is so far, meanwhile the cylinder stroke is fixed, the cylinder would
complete the pushing task by accumulation of stroke. It is too tedious, time-con-
suming, and work-consuming when the anti-force support is dismounted, moved,
and reinstalled artificially in traditional construction. Moreover, it would cause
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track deformation and wear easily in the process of repeated installation and dis-
assembly [1]. In order to achieve automatic step of anti-force support, this paper
presents an automatic hydraulic pushing device.

15.2 Composition and Operating Principle

15.2.1 Composition

The automatic pushing device mainly composes of hydraulic jacking cylinder, anti-
force support, existed track and bosses on both sides of track, as shown in Fig. 15.1.
Anti-force support is similar to a propeller car, of which the basic frame welded by
steel plates is connected to the hydraulic jacking cylinder through bolts. The “L-
shaped” rods withstanding the reaction forces are hinged to the frame mainly in this
device.

15.2.2 Operating Principle

The anti-force support is located on the track which can move back and forth along
the track. There are “L-shaped” rods and corresponding baffle on both sides of the
support. During operation, rod 5 can rotate a certain angle about the pin with the
piston rod’s retraction. The distance between two adjacent bosses is approximately
equal to the cylinder stroke.

This device’s workflow is shown in Fig. 15.2. Figure 15.2a presents the status
that when the device just gets started an operating cycle, the “L-shaped” rod fits
with the bosses and the baffles. If there is gap between rod and boss when it starts to
work, the propellant remains in situ, while the cylinder moves along the track in the

Fig. 15.1 Structure of new hydraulic pushing device. 1 Propellant, 2 cylinder, 3 anti-force
support, 4 rod, 5 track, and 6 boss
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opposite direction, because the propellant’s weight is obviously greater than the
anti-force generated by hydraulic cylinder. The cylinder stops moving when the rod
fits with the boss and baffle. The original still propellant begins to move forward
with the stretching of the piston rod till it reached its maximum stroke, and the final
position is shown in Fig. 15.2b. Then, the anti-force support moves forward, fol-
lowed by the cylinder when its piston rod gradually contracts. During the process,
the “L-shaped” rod would slide over the boss until the piston rod contracts entirely.
At this moment, an operating cycle is completed. The device can start to work
immediately after the assembly and commission at the site, and what is more, it
does not require repeated disassembly and installation. So not only it is easy and
safe to be used, but also it can help save construction time.

15.3 Key Structure Design

Taking the traveling system of 2,500 t ring crane developed by a company for
example, the main technical parameters are as follows: pressure: 20 MPa, the
maximum thrust: 980.6 kN, the maximum advance speed: 90 m/h, and the maxi-
mum stroke: 1,150 mm.

To ensure its reliability and security, the “L-shaped” rod should be designed in
detail because it is the main component providing anti-force. There are bosses on
the both sides of the track, and with the total thrust of a cylinder approximately
100 t, the maximum load each rod bears is about 50 t. The force diagram of “L-
shaped” rod is shown in Fig. 15.3. Q345B is chosen as the material of “L-shaped”
rod in order to maintain the fine ductility, welding, and mechanical properties.

Fig. 15.2 Workflow of the new hydraulic pushing device
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1. Stress analysis of “L-shaped” rod

The anti-force F1 produced by bosses makes the “L-shaped” rods tend to rotate
around the hinge pin counterclockwise. Meanwhile, the baffle would give the “L-
shaped” rod corresponding anti-force F2. According to the equilibrium condition,
Function (15.1) is obtained.

F2 ¼ F1 � I12 ð15:1Þ

In this paper, the “L-shaped” rod mainly withstands moment which can be
equivalent to the combination of two plates (Fig. 15.4).

Taking the force characteristics of the “L-shaped” rod into account, the sectional
dimension of cross A is calculated firstly. Then, based on the dimension, the stress
of the other plate is judged whether it satisfies the allowable stress or not.

2. Allowable stress [2]
(a) Allowable stress of tension, compression, and bending (i.e., basic allowable

stress) σ due to (Table 15.1)

rSrb� 275; 470 � 0:585\0:7;

r ¼ rSn ¼ 2; 751:48 � 185:8MPa
ð15:2Þ

Fig. 15.3 Force diagram of
“L-shaped” rod

Fig. 15.4 Equivalent force
diagram of “L-shaped” rod
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(b) Shearing allowable stress [τ]

s ¼ r½ �3 � 107:28MPa ð15:3Þ

According to the boss dimension, taking b = 100 mm.

rmax ¼ MmaxWz ¼ 50� 103� 9:806� I1100� 10�3 � h26

� r½ �smax ¼ FSb� h ¼ 50� 103� 9:806h� 100� 10�3 � s½ � : ð15:4Þ

The solution is given below based on simultaneous Eqs. (15.1)–(15.4)

I1� 6:3158h2h	 45:7mm
Taking the dimensions of the anti-force support into account, l1 = 120 mm,
h = 150 mm is finally defined. That is to say, the cross-dimension is defined. In
order to reduce the anti-force received by the upper end, l2 = 250 mm is taken. The
model of “L-shaped” rod and anti-force support are shown in Fig. 15.5.

3. Strength check of anti-force support

Anti-force support, which is used to install the cylinder and detection equipment,
is the important component of the hydraulic pushing device. It is also used to
transfer the force. When designing the support structure, in addition to consider the
relative position of relevant parts and the overall layout, the key components should
also be checked to have sufficient rigidity and strength.

Table 15.1 Chemical composition and mechanical properties of low-alloy structural steel Q345B

Sign Quality grade Thickness/mm Yield point σS/MPa Tensile strength σb

Q345 B >50–100 275 470–630

Fig. 15.5 Model of “L-shaped” rod and anti-force support. a “L-shaped” rod. b Anti-force
support
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Strength analysis is to ensure that the anti-force support has enough bearing
capacity when working; moreover, it can also ensure its safety and reliability. At the
same time, the device should be minimized its weight and the bearing capacity
should be played sufficiently.

The pushing device provides cylinder anti-force intermittently during walking
operation; additionally, the velocity is relatively low, and thus, the anti-force
support can be checked in accordance with the static strength. Evaluation method of
static strength: Under normal operating load, the largest Von Mises stress is not
greater than the allowable stress, i.e., σmax ≤ [σ], and the maximum shear stress is
not greater than the allowable shear stress, i.e., τmax ≤ [τ] [3]. Firstly, the anti-force
support and “L-shaped” rod are analyzed in ANSYS, and the stress distribution is
shown in Fig. 15.6.

According to the results, it is easy to find the maximum stress concentrated in the
“L-shaped” rod, and the rod would be checked in detail.

Building the rod finite element model in ANSYS, applying load according to
load cases and solving the Von Mises stress value and stress pattern is the main aim
of rod strength analysis. For the stress-concentrated area, the static strength should
be assessed by the static strength theory [4]. Stress calculation results of “L-shaped”
rod are shown in Fig. 15.7.

According to the analysis results, the largest Von Mises stress is
σmax = 170 MPa < [σ] and the maximum shear stress is τmax = 71.4 MPa < [τ].
Therefore, the key components of this device meet the strength requirements.

15.4 Application Prospect

The most common hydraulic pushing device in domestic market is stationary
hydraulic cylinder, which is generally used for short-range translation or temporary
construction. But it is difficult to achieve long-range translation. Stationary
hydraulic cylinder, installed easily, is used in some cases in order to achieve
continuous pushing. But its maintainability is inconvenient and expensive.

Fig. 15.6 Calculation of anti-force support
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Stationary cylinder’s cost is relatively high, and what is more, it is difficult to
maintain because of so many fault points [5].

The development of new hydraulic device lays foundation for the horizontal
movement and is conductive to the large-scale structure and buildings’ translation.
So this device can be used in areas such as municipal construction. Compared with
fixed-pushing device, the new hydraulic pushing device as continuous pushing
device has incomparable superiority in long-range translation. The new hydraulic
pushing device, with characteristics such as small size, low cost, easy installation
and removal, fewer fault points, and infrequent changes, has strong market com-
petitiveness. This device can be applied not only in ring crane to push trolley, but
also in the translation of steel truss girder cable-stayed bridge.

15.5 Conclusion

The new hydraulic pushing device is developed for the translation of super-heavy
equipment and structures and has great use value in fields such as construction,
lifting, and metallurgy. The device in this paper can work without external

Fig. 15.7 Stress calculation result of rod. a Von Mises distribution. b Shear stress distribution in
plane XY. c Shear stress distribution in plane YZ. d Shear stress distribution in plane XZ
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clamping pressure, and the structure is simple. Besides, it is easy to be clamped and
to assembly. The device can be widely used in the movement of roads, bridges,
buildings, railways, metallurgy, and petrochemical and other areas, but the instal-
lation of bosses on both sides of the track is complicated. The device, which is a
strong representation in the installation and construction of similar equipment, has
broad application prospects.
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Chapter 16
The Improvement of Running Condition
on the Crane with the Wheel Flange

Jigui Kuang, Dabao Liu, Xuequan Xiao and Hao Wu

Abstract There is always snaking phenomenon while the crane running. Associ-
ated with the snaking phenomenon, the flange wear and the boring noise will
emerge. The flange wear has greatly cut down the service life of the wheels, and the
noise has an adverse effect upon the stuffs on site. After conducting the analysis of
forces, a new kind of structure has been argued through theory analysis and actual
test, and the wheel flange lubrication has been introduced. The running condition is
improved greatly.

Keywords Snaking phenomenon � Wheel flange lubrication � The structure

16.1 Introduction

Because of the fabricate and the assembly, there will be snaking phenomenon in
70–80 % of the running, and the flange abrasion will come about directly. The
wheel flange restrains the transverse movement, so the flange abrasion is worse than
the wheel tread. According to statistics, the service life of the flange is about
0.5–1 year, while the wheel tread is about 2–3 years. So the flange abrasion restricts
the service life of the wheel. Besides, there may be the regular structure snaking and
the greater noise on the crane in the higher classification group. That can have an
adverse effect on not only the crane operating conditions and the field staff and can
cause hidden trouble to safety.
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16.2 Theory Analysis

When there can be an offset angle between the center line of the wheel and the one
of the rail, it will appear that the sliding friction between the wheel tread and the
rail, and the lateral resistance come into being. The component of the friction in the
running direction forms the additional running résistance, and the one in the vertical
direction forms the side pressure of the wheel. The side pressure is born by either
the horizontal control roller or the wheel flange. Then, the phenomenon of gnawing
track emerges, resulting in flange wear (Figs. 16.1 and 16.2).

The speed of the spindle is just the crane running speed ν, and it is vh, that is, the
speed of the wheel contact points relative to the crane in the circumferential
direction, and the angle is β between ν and vh. So the sheer speed of the contact
points is just the sliding speed between the wheel and the rail, the vh, the vectorial
sum of the two.

vh ¼ vþ v2h

The friction between the wheel and the rail is in the opposite direction to vh. If it
ignore the friction in the bearing, the friction could be in the same direction with the
spindle that means vh could be in the direction. The figure shows:

vh ¼ v sin b � vb

This says: the wider the offset angle is, the higher the sliding speed is, the worse
the wear.

Fig. 16.1 The mechanical
analysis
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It is Pwx, which is the component in the running direction of the friction, and the
additional resistance for the wheel askew. The component in vertical direction is the
side pressure Ps.

Pwk ¼ lp sin b � lpb

Ps ¼ lp cos b � lp

In theory, when there should be a tiny offset angle, the same size side pressure Ps

should emerge. So the side pressure is unavoidable in running.
When the metal constructions rigidity is not enough, there will be cyclical

springing phenomenon and noise sometimes. For the metal constructions rigidity,
there is the elastic displacement in the side direction at first, not the sliding. The
lateral pressure increases with the magnitude of displacement proportionally, and
when Ps increases to l0p(µ0 is the static friction coefficient between the wheel and
the rail, greater than dynamic friction coefficient), the wheel starts to slid, and the
friction drops to μp. For the friction smaller than the resilience, the wheel will
rebound suddenly, and the strong noise will appear [1].

16.3 Technology on the Wheel Flange Lubrication

The active impacts have been recognized by the continuous improvement, the
technology brings which emerged in the western countries firstly. The engineers of
original German federal railways had concluded that the distance could grow by
400 % at most between two copings [2]. (Figs. 16.3 and 16.4)

According to the lubricating material, it can be divided into three kinds: solid
lubrication, liquid lubrication, and mixed lubrication. The main solid lubricating
material is the graphite mixed with other materials in general. The reason of
reducing friction is that the molecules of surface adsorption are formed on the

Fig. 16.2 The abrasion
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lubricant contact, whose role is the same as the additive molecules of the liquid
friction under the state of boundary lubrication. When accelerating the friction
surface running-in, the graphite forms a veneer of solid lubricant at the friction
sector in the running-in period rapidly and improves surface quality effectively. The
lubricants are the main liquid lubricating material now, but the early is mostly
mineral thin oil. Under the pressure supplied by pneumatic pumps, according to
certain proportion mixed with the air, the lubricant forms a layer of coating at the
wheel flange after accelerating ejection by the nozzle. If the jet velocity matches
well with the speed of the wheels in optimal system, the lubricant should not drip,
but can guarantee the lubrication effect [3]. After the actual tested, the best lubricant
is viscid which is mixed with higher rates of the solid particles at present, for
example, the graphite and the aluminum powder. Just for the best lubricant, the
wear is close to zero between the wheel flange and the rail, and the wear of the
wheel flange is better than the one of the tread, so the mixed lubrication is. The
flange wear is more serious, for the cranes at the higher classification group, for
instance, the metallurgical crane. After adopting the wheel flange lubrication, the

Fig. 16.3 The liquid
lubrication

Fig. 16.4 The solid
lubrication
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life of the wheels increases obviously, and the operating condition is improved
greatly, for reducing drag and the noise. But there are some questions on the wheel
flange.

1. The special work environment. The edge of rail will be used by the rail
clamping device, for the wind-proof cranes. But it is just coated with the
lubricating film in the lubrication on the wheel flange, impacting the rail
clamping device. So it does not apply.

2. The specificity of the crane. In the liquid lubrication, the cost is higher for the
aerodynamic force and the oil delivery, but the work is less in the routine
maintenance. In the solid lubrication, the cost is lower, and the routine main-
tenance is easier, but more frequent. The solid lubrication is more suitable, when
no air power source and strict cost requirements. And there are some appearance
requirements, avoiding the bulge of partial structure, and the cost requirement is
looser. So the liquid lubrication is more suitable at the moment.

16.4 The Improvement of the Structure

In our country, there is a fillet R1 in the transition region of the flange and the tread,
and there is also a fillet R on the top of the rail, R1 < R [4]. But in Western Europe,
it is the type showed in Fig. 16.5. Just for the new type, it emerges that the
phenomenon of the flange growing, because of the flange wear reducing and the
working life increasing in the project. The wheels can work for more distances
before grinding, and cutting quantity is much fewer, so there are more copings
before replace (Fig. 16.6).

In solidworks, the physical model is built, the wheel diameter is 700 mm, wheel
pressure is 540 Mpa, and side pressure is 81 Mpa. There is an analysis of the stress
distribution, the strains, and the fatigue damage, in the simulation.

Fig. 16.5 The internal type
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Because the safe factor is bigger in practice, the differences are not obvious in
the fatigue analysis.

The stress distributions are little changed by watching, but the maximum stress
reduces by 7.5 %. The stresses reduce accordingly at each range, so the new
structure is superior to the old.

16.5 Conclusions

With the development of manufacturing in China, the manufacturing techniques
have changed greatly. It has stepped off the rough, cumbersome and heavy stage.
The running conditions are improved after introducing the new type of the structure
and the wheel flange lubrication, resulted in improving the loading conditions,
reducing the flange wear, and extending the service life of the wheels.
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Chapter 17
Lightweight Design for the Combinatorial
Jib

Jiong Zhao, Qicai Zhou, Wenjun Li and Zailei Zhou

Abstract To realize the lightweight design of the combinatorial jib, the design
theory of the combinatorial jib was analyzed, and the sectional dimensions and the
limb spacing were taken as design variables. Based on the rigidity, strength, and
stability of the combinatorial jib, the mathematical model of lightweight design of
the combinatorial jib was established. Then, a practical problem was studied.
Moreover, the mathematical model was solved, and its lightweight design solution
was obtained. The results demonstrated the validity of the solution, and it provided
a certain way to realize the lightweight design of the combinatorial jib in
engineering.

Keywords Combinatorial jib � Lightweight design � Stability
With the demand of engineering construction and the development of the hoisting
technology, some super-tonnage jib cranes emerged, and the crawler crane that over
3000 tons has appeared both at home and overseas [1–3]. Most cranes of this kind
use high-strength combinatorial jib as bearing structure and change the total length
of the jib by means of the combination of different numbers of standard jib seg-
ments, to adapt to different lifting tasks and environments.

Jib structures have occupied an important role in the working process of cranes.
In the classical design method, to ensure the safety of crane jib, the designer usually
took an excessive safety factor. So, the structures designed in this way were always
too ponderous, and obviously, they would consume more steel than they really
need, and it was contradicting to the lightweight design of cranes. In recent years,
with the development of computer technologies and the improvement of design
theories, through the optimization design of the jib structures, it has been a new
development trend that to reduce the weight of structures and the power of the
mechanism, but to ensure the safety and fulfill the performance requirements at the
same time [4–6].
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Compared with other structures, truss structure has a smaller deadweight, a
better resistance to buckling, and a greater load capacity. So, it had been widely
used in jib cranes, especially in super-tonnage jib cranes. With the combination of
several standard jib segments, the jib could expand the working range. Therefore,
this article made a design and research on combinatorial jib, established its math-
ematical model of lightweight design. Then, this method was applied to a practical
problem and obtained the corresponding lightweight design solution.

17.1 Lightweight Mathematical Model

Figure 17.1 shows the section of a 4-limb standard jib segment and the unfolded
drawing of the truss structure. It uses cross-shaped webmember architecture. Refer to
this figure, suppose n is the number of standard jib segment, L0 is the length of
standard jib segment, a and b are limb spacing, l is the distance between two adjacent
nodal points, d1 and t1 are, respectively, the outer diameter and wall thickness of the
chord members, d2 and t2 are the outer diameter and wall thickness of the web
members, a is the angle between the tilted web member and the chord member in the
truss plane that parallel to x-axis, b is the angle between the tilted webmember and the
chord member in the truss plane that parallel to y-axis. In the most dangerous working
condition, suppose the axial force of the dangerous section isN, the moments in x and
y directions are, respectively, Mx and My; the maximum shear force is Q. The yield
strength of the material of the jib is rs, and the allowable strength is ½r�.

17.1.1 Selection of Design Variables

Generally, the jibs of super-tonnage crane are lattice structures that compressed
eccentrically. Previously, many researchers had researched the optimal design

Fig. 17.1 Standard jib
segment
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method about the structures of this type, but they mainly selected the wall thick-
nesses of the chord members and web members as design variables and established
non-linear programming to solve it. For example, reference [7] selected the wall
thickness of the chord members of different jib segments as design variables, and
the design variables of reference [8] are the coordinates of the nodal points and the
sectional area of members, to conduct the layout optimization of members. But, the
design variables are all of the same type.

Practically, for the lattice structure that compressed eccentrically, compared with
the lattice structure that compressed axially, when influenced by the same external
load, with the spacing between chord members increasing, the internal force of
them would decrease, and the sectional area would also decrease. However, the
shear force of web members keeps invariant, so the length of web members would
increase rapidly, and it would consume more steel consequently [9]. To sum up, to
determine the spacing between chord members reasonably, is the key factors of
lightweight design of lattice structures in cranes. In reference [10], although the
spacing between chord members were taken into account in the optimal design of
crane jibs, the writer did not researched the effect of shear force to web members.

In conclusion, this paper elected the spacing between chord members, a, b, and
the wall thicknesses of chord members and web members, t1, t2, as the design
variables.

x ¼ a; b; t1; t2½ �T¼ x1; x2; x3; x4½ �T ð1Þ

17.1.2 Objective Function

In this paper, the weight of the crane jib was taken as the optimization objective, so
the objective function is

w xð Þ ¼ pqL0 d21 � d1 � 2x3ð Þ2
h i

þ 3pq
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ x21

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ x22

q� �
d22 � d2 � 2x4ð Þ2
h i

ð2Þ

17.1.3 Constraint Conditions

Based on the design requirements and design theories, and combined with engi-
neering practice, the constraint conditions consist of: the overall rigidity, strength,
and stability of the jib, the rigidity, strength, and stability of components, etc.
Specially, when analyzing the internal force of the structure, section method was
applied and researched the effect of shear force to web members.
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(1) Overall Rigidity and Stability Condition

khx � k0 � 2nL
x1

� �
þ 40
3n

2

� d
2
1 � d1 � 2x3ð Þ2

d22 � d2 � 2x4ð Þ2 � k0½ � � 0 ð3Þ

khy � k0½ � � 2nL
x2

� �2

þ 40
3n

� d
2
1 � d1 � 2x3ð Þ2

d22 � d2 � 2x4ð Þ2 � k0½ � � 0 ð4Þ

N
u0A

þMx

Wx
þMy

Wy
� r½ � � N

u0p d21 � d21 � 2x3
� �2h i

þ Mx

px1
2 d21 � d21 � 2x3

� �2h iþ My

px2
2 d21 � d1 � 2x3ð Þ2
h i� r½ � � 0

ð5Þ

where, khx and khy are, respectively, the equivalent slenderness ratio of the jib in the
x–x and y–y plane; ½k0� is the overall allowable slenderness ratio of the jib; L is the
equivalent length of the jib; u0 is the overall stability coefficient of the jib.

(2) Component Rigidity Conditions and Diameter–thickness ratio Conditions [11]

k1 � k1½ � ¼ 4Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d21 þ d1 � 2x3ð Þ2

q � k1½ � � 0 ð6Þ

k2 � ½k2�¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x21 þ l2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d22 þ ðd2 � 2x4Þ2

q � ½k2� � 0 ð7Þ

k2 � k2½ � ¼ 4x21 þ l2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d22 þ d2 � 2x4ð Þ2

q � k2½ � � 0
d1
x3

� 100 � 235
rs

� 0 ð8Þ

d2
x4

� 100 � 235
rs

� 0 ð9Þ

where, k1 and k2 are, respectively, the slenderness ratio of chord members and web
members; ½k1� and ½k2� are the allowable slenderness ratio of the corresponding
components.
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(3) Stability Conditions of Components

N
4 þ Mx

2x2
þ My

2x1

p
4u1 d21 � d1 � 2x3ð Þ2

h i� r½ � � 0 ð10Þ

Q

u2psin b d22 � d2 � 2x4ð Þ2
h i� r½ � � 0 ð11Þ

where, u1 and u2are the stability coefficients of chord members and web members;
sin b ¼ x1

X2
1þl2

. Compared with the axial force and moments, the effect on the stability

of chord members that derived from the shear force is rather small, so the shear
force is not taken into account in Formula (10). But, this situation must be checked
after optimal design.

17.2 Practical Computing Example

One super-tonnage jib crane, it adopts double jib structure, as shown in Fig. 17.2.
When the jib is the shortest, and the range is 10 meters, the maximum lifting
capacity is up to 2,500 tons. This paper studied a single jib, and its two ends are
both box structures, as shown in Fig. 17.2. On condition of the shortest jib, it is
made up of 6 standard jib segments, that is n ¼ 6, the length of a standard jib
segment is L0 ¼ 5:7ðmÞ, and the total weight of the jib is 41,202(kg). In the jib, the
section of chord member is /406� 22(mm), and the section of web member is

Fig. 17.2 The jib structure
and overall dimensions of one
super crane
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/152� 10(mm). The overall dimensions of the standard jib segment are
a ¼ 2:1ðmÞ, b ¼ 1:6ðmÞ. The material of jib is Q345, and the yield strength is
rs ¼ 345ðMPa). According to the reference [12], the strength safety factor of load
combination B is 1.34, so ½r� ¼ rs=1:34 ¼ 257:5ðMPa).

17.2.1 Load Analysis

The worst working condition of the crane is that the wind flowing from side
direction and the hoisting mechanism is still working. At the moment, the jib would
bear lateral loads. In the luffing plane, the jib can be simplified as a beam that
simply supported at both ends, and the force diagram is shown in Fig. 17.3. While
in the rotary plane, the jib can be simplified as a cantilever beam that fixed at the
root of the jib but free at the upper end, and the force diagram is shown in Fig. 17.4.

Where, PQ is the hoisting load and imposed at the top end point A, it consists of
the lifting weight and the deadweight of spreader and steel strand, (N); /2 is the
dynamic hoisting load coefficient, /2 ¼ 1:05; PG1 is the deadweight of the jib
structure and uniformly distributed on the jib, (N); the impact coefficient of hoisting
load /1 can be neglected; PG2 is the vertical load imposed at the top end point A,
(N); PW is the lateral wind load that uniformly distributed on the jib, (N); PS is the
luffing force that imposed at the top end point A, N; L is the length of the jib, (m); R
is the working range of the crane, (m).

The luffing plane :
At the boot hinge point O, list the moment equilibrium equation, that is :

Ps � L sin b� ;2PQ þ PG2ð ÞL cos a� PG1 � L cos a2
¼ 0 ð12Þ

Fig. 17.3 Force analysis in
the luffing plane
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So, the luffing force is:

ps ¼
;2PQ þ PG2ð Þcos aþ PG1 � cos a2

sin b
ð13Þ

According to Fig. 17.3, analyze the forces and get the formulas below.
The axial force of any cross section of the jib is:

Nc ¼ ;2PQð Þsin aþ PScos bþ c
L
pG1sin a ð14Þ

The shear force of any cross section of the jib is:

Qc ¼ PG1
1
2
� C

L

� �
cos a ð15Þ

The moment of any cross section of the jib is:

Mcx ¼ PG1cos a
2

c� c2

L

� �
ð16Þ

where, c is the distance between the cross section to the upper hinge point A of the
jib, m.

Fig. 17.4 Force analysis in
the rotary plane

17 Lightweight Design for the Combinatorial Jib 185



The rotary plane:
The moment of any cross section of the jib is:

Mcy ¼ PW

2L
c2 ð17Þ

According to Formulas (14)—(17), it is easily gotten that the maximum axial
force and the maximum shear force appear at the boot of the jib, the maximum
moment of X-axis appears at the middle cross section of the jib, and the maximum
moment of y-axis appear at the boot cross section. Therefore, the middle and root
cross sections are dangerous sections that should be analyzed and checked. Gen-
erally, the load capacity of crane jibs depends on its overall stability condition [13].
For the jib structure in this practical example, the overall stability of the boot cross
section is more important. So, this paper selected the load of the boot cross section
as the lightweight design load.

17.2.2 Lightweight Design Solution

Based on the analysis above and the practical data of the crane, this paper calculated
and converted the result to a single jib, got the load of the root cross section:

N ¼ 17; 667; 909N; Mx ¼ 388; 283N �m; My ¼ 307; 406N �m,

The maximum shear force was Qc ¼ 86; 994N.
According to the data, the lightweight mathematical model was established.
The outer diameters of chord members and web members are constant values,

which are: d1 ¼ 0:406m; d2 ¼ 0:152m; According to the lightweight requirements
and practical engineering, the top and bottom limitations of limb spacing, respec-
tively, are: 1:6 mð Þ� x1 � 2:1 mð Þ; 1:2 mð Þ� x2 � 1:6 mð Þ; the diameter-thickness
ratio conditions could be transformed to the state variables of the design variables,
which determined the top and bottom limitations of wall thickness of the chord
members and web members, to increase the computation speed. Reference the
standard of seamless steel tube [14], the bounds of x3, and x4 are: 0:009 mð Þ�
x3 � 0:022 mð Þ, 0:003 mð Þ� x4 � 0:01 mð Þ.

Obviously, it is a non-linear optimization problem to solve the lightweight
mathematical model. Therefore, the non-linear programming algorithm in the
MATLAB optimization toolbox was applied for optimization design in this paper.
Based on the discussion above, the top and bottom limitations of 4 design variables
were defined in two matrixes vlb and vub:

vlb ¼ 1:6; 12; 0:009; 0:003½ �
vub ¼ 2:1; 1:6; 0:022; 0:01½ �
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Wrote the MATLAB program of the lightweight mathematical model, solved it
by calling the optimization algorithm.

And, the results are:

x� ¼ 1:9836; 1:5213; 0:0192; 0:0094½ �T :

Because the results are all precise values, before adopting the results, the data
should be rounded and processed based on practical engineering and relevant stands
[14]. So, the final lightweight design solution is xopt ¼ 1:985; 1:525; 0:02; 0:0095½ �T
and the weight after optimization of the jib isW xoptð Þ ¼ 37; 816:2 kg. Obviously, the

total weight of the optimal design solution has reduced about 8.22 % than before,
and it shows an evident effect on weight reduction of truss structures.

17.3 Conclusions

For the super-tonnage jib cranes, their jibs always consume large quantities of steel.
Specially in consideration of the interchangeability and generality of standard jib
segments of different cranes, to design the combinatorial jib reasonably, is bene-
ficial to realize the lightweight of jib structure of cranes. In this paper, a kind of jib
structure was analyzed and researched. Based on the rigidity, strength, and stability
conditions of the jib structure, the lightweight design mathematical model was
established. Then, combined with a practical example, made an optimal design to
reduce the weight of the jib and achieved a good result.

To sum up, the lightweight design method proposed in this paper is based on the
design theories of the lattice compression-bending members and integrated with the
practical constraint conditions in engineering, met the safety requirements of jib
structures, and closed to engineering practices. It could provide a certain basis and
reference to the lightweight design of jib structures.
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Chapter 18
Research on the Overload Protection
System of Knuckle Boom Crane

Kun Song, Yaofeng Xue, Lei Xu and Bo Zhang

Abstract Due to the particularity of the knuckle boom truck-mounted crane
structure, it is difficult to express the rated operating capacity at various states
simply with the rated lifting load curve. The operator cannot get an intuitive
understanding of the operational capacity of the crane. Therefore, there is a big
security risk. According to the GB 6067–2010 “Safety rules for lifting appliances,”
the overload protection system must be installed on the knuckle boom crane. In this
paper, studying on the structural characteristics of the knuckle boom crane, a torque
limit method is proposed based on programmable controller, weight sensor, angle
sensors, length sensor, and electromagnetic unloading valves. And it is introduced
from the system structure, establishment of a mathematical model, and so on. The
overload protection system based on this method is now applied to a knuckle boom
crane, and the method can dynamically and accurately reflect the rated lifting load,
lifting load, and operating range and also achieve the crane overload warning and
action limits in any conditions, providing a guarantee for safe operation, and the
system can also be programmed to expand vertical lifting function, with a very
good application prospect.

Keywords Knuckle boom crane � Truck-mounted crane � Overload protection
system � Vertical lifting

18.1 Introduction

Truck-mounted crane is a kind of crane which was placed on a truck to lift goods
[1]. It was divided into two types: knuckle boom crane and stiff boom crane.
Compared with stiff boom crane, knuckle boom crane has compact structure and
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obvious advantages in operability, functionality, security, and maintainability.
Because of its unique structure, it is difficult to show the rated operating capacity of
the various states with the rated load curve; the operator cannot get an intuitive
understanding of the operational capacity of the crane, so there is a big security risk.
As the GB 6067–2010 “Safety rules for lifting appliances” is issued, it is really
necessary to install the overload protection system on the mobile crane [2], and the
knuckle boom crane is also asked to be with overload limit mandatory
requirements.

To make sure the operations on knuckle boom crane are safe, some study puts
forward a method using a moment-limiting valve [3]. This method still has some
shortcomings because sometimes the moment decays as operating range increases.
Another study puts forward a way using pressure sensors, angle sensors, and length
sensor [4], but the zero drift and hysteresis will increase the calculation error. This
paper presents a method using angle sensors, length sensor, and weight sensor,
which can be useful in any conditions to warn and limit overloading operation.

18.2 Knuckle Boom Crane

18.2.1 Figures

As shown in Fig. 18.1, generally, a knuckle boom crane is constituted by outrig-
gers, base, turntable, main boom, telescopic boom, lifting hook, cylinder, and so on.

Outriggers

Turntable

Base

Main boom Telescopic Boom

Lifting hook

Derricking cylinder

Derricking cylinder

Telescopic cylinder

Fig. 18.1 The structure composing of a knuckle boom crane
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18.2.2 Hydraulic System

Figure 18.2 is the hydraulic system diagram of some knuckle boom crane which has
a two section telescopic arm. In this system, there are five electromagnetic
unloading valves to make sure that the overload protection system can limit
overloading operation. Electromagnetic unloading valve is a kind of relief valve
supplemented with an electromagnetic change valve. It is closed when it is not
electrified. When the crane is overloaded, it will be electrified, and the valve port
will open, and the oil will go back to the tank directly. In this way, the dangerous
operations will be avoided. The five valves correspond successively to prevent main
boom rising and decreasing, telescopic boom rising and decreasing, and telescopic
boom extending.

1 2 3 4 5 6 7 8 9 10

11

121314151617181920

1-multi-way direction valve;2- selector valve;3- unidirectional balance valve;4- derricking cylinder 1; 5-
gyration motor ;6,7-bidirectional balance valve;8-telescopic cylinder 1;9- sequence valve;10- telescopic 
cylinder 2;11- derricking cylinder 2;12,14- vertical outrigger cylinder;13,15- double-direction hydraulic-
clock;16,17- horizontal outrigger cylinder;18- electromagnetic unloading valves;19- tank;20- piston 
pump

Fig. 18.2 Hydraulic system diagram of some knuckle boom crane. 1 multi-way direction valve; 2
selector valve; 3 unidirectional balance valve; 4 derricking cylinder 1; 5 gyration motor; 6, 7
bidirectional balance valve; 8 telescopic cylinder 1; 9 sequence valve; 10 telescopic cylinder 2; 11
derricking cylinder 2; 12, 14 vertical outrigger cylinder; 13, 15 double-direction hydraulic clock;
16, 17 horizontal outrigger cylinder; 18 electromagnetic unloading valves; 19 tank; 20 piston
pump
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18.3 Mathematical Model

18.3.1 Parameter Setting

Figure 18.3 shows the force analysis diagram for a certain type of truck-mounted
crane operations. To simplify the calculation process, it is assumed here that the
center of gravity of each boom approximate overlaps at the midpoint of the line
between twisted points.

Figure 18.3a, b, d, and e are the distances between the twisted points;a1,a2, and
a3 are angles between connection of twisted points and the horizontal direction or
booms; L1 and L2 are the length of the main boom and basic telescopic boom; L3 is
the distance from twist point C to the rotation center; and m1, m2 and m3 stand for
the quality of the main boom, basic telescopic boom and inner telescopic boom
respectively. These parameters are known as structural parameters of the crane.

There are four variables measured by the sensors: amplitude angle of the main
boom, amplitude angle of the telescopic boom, telescopic boom extension length,
and lifting load. Other variables such as force arm h1 and force arm h2 can be
solved using the above parameters. To solve the rated lifting load, the force F1 and
F2 can be solved by the rated pressure and area of cylinders.

A

B

C

2α

1α

1L

2L

LΔ

3α

1m g

2m g

3m g

mg

1θ

2θ

1h

a

c

b

1F
D

E
F

e f

d

L3L

2h

2F

Fig. 18.3 The force analysis diagram of a knuckle boom crane
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18.3.2 Modeling

In the process of knuckle boom crane operations, the rated moment is mainly
determined by the pressure of the derricking cylinders, the overturning moment of
the vehicle, and the allowable stress of the steel structure. According to the rated
load curve characteristics of a product, the rated pressure of both derricking cyl-
inders and the calibrated rated load curve to model is selected to model.

(1) Moment model based on the derricking cylinder 1

In the triangle ABC:

\C ¼ h1 þ a1 þ a2
h1 ¼ 2s

c
s ¼ 1

2 ab sin\C
c2 ¼ a2 þ b2 � 2ab cos\C

8
>><
>>:

So the force arm h1 can be solved.

h1 ¼ ab sin h1 þ a1 þ a2ð Þ
a2 þ b2 � 2ab cos h1 þ a1 þ a2ð Þ

Therefore, the moment of derricking cylinder 1 on the twist point C is as
follows:

M1 ¼ F1h1 ¼ ppr21ab sin h1 þ a1 þ a2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 � 2ab cos h1 þ a1 þ a2ð Þp

The moment of booms and lifting load on the twist point C is as follows:

M
0
1 ¼

m1gL1 cos h1
2

þ m2g L1 cos h1 þ L2 cos h2
2

� �
þ m2g L1 cos h1 þ L2 cos h2

2

� �

þ m3g L1 cos h1 þ L2 cos h2
2

� �
þ mg L1 cos h1 þ L2 cos h2 þ DL cos h2ð Þ

The rated lifting load mr1 can be solved by the moment equilibrium equation.

mr1 ¼

ppr21ab sin h1 þ a1 þ a2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 � 2ab cos h1 þ a1 þ a2ð Þp � m1gL1 cos h1

2
� m2g L1 cos h1 þ L2 cos h2

2

� �

� m3g L1 cos h1 þ L2 cos h2
2

� �

2
6664

3
7775

� mg L1 cos h1 þ L2 cos h2 þ DL cos h2ð Þ½ �
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In the equation, P is the rated pressure of the hydraulic system; r1 is the radius of
derricking cylinder 1.

(2) Moment model based on the derricking cylinder 1

Similarly, according to the moment of derricking cylinder 2 on the twist point
F and the moment equilibrium equation, the rated lifting load mr2 can be solved.

mr2 ¼

ppr2de sin pþ h2 � h1 � a3ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ e2 � 2de cos pþ h2 � h1 � a3ð Þp � m2gL2 cos h2

2

� m3g DLþ L2
2

� �
cos h2

2
6664

3
7775

� g L2 þ DLð Þ cos h2½ �

In the equation, r2 is the radius of derricking cylinder 2.

(3) Moment model based on calibrated rated lifting load curve or overturning
moment of the vehicle

The crane’s calibrated rated lifting load curve has been verified through the most
dangerous conditions of structure stress. According to the calibrated rated lifting
load curve or the overturning moment of the vehicle, it can be modeled as follows.

T 1� K=DL

� �
¼ m1g L1 cos h1 � L3ð Þ

2
þ m2g L1 cos h1 þ L2 cos h2

2
� L3

� �

þ m3g L1 cos h1 þ L2 cos h2
2

� L3

� �
þ mg L1 cos h1 þ L2 cos h2 þ DL cos h2 � L3ð Þ

The rated lifting load mr3 can be solved.

mr ¼
T 1� K=DL

� �
� m1g L1 cos h1 � L3ð Þ

2
� m2g L1 cos h1 þ L2 cos h2

2
� L

� �

� m3g L1 cos h1 þ L2 cos h2
2

� L3

� �

2
6664

3
7775

� L1 cos h1 þ L2 cos h2 þ DL cos h2 � L3ð Þ

In the equation, T is the calibrated rated hoisting moment of the crane, and
1� k=DL is the attenuation coefficient of the moment of non-constant moment
crane.

(4) The current rated lifting load

The current rated weight is the minimum of mr1, mr2, and mr3.
According to the measured parameters, the current operating range can be cal-

culated by measured parameters.
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L ¼ L1 cos h1 þ L2 cos h2 þ DL cos h2 � L3

When the lifting load equals to the rated lifting load, add a given step to the
angle of main boom or telescopic boom to calculate the rated lifting load of each
action, and it can be determined that which valves should be unloaded to restrict
dangerous operations.

18.4 Composition and Principle of the Overload Protection
System

Figure 18.4 shows the installation location diagram of the overload protection
system installed on the crane. The overload protection system is mainly composed
of PLC, input circuit and output circuit, angle sensor 1, angle sensor 2, length
sensor, weight sensor, and actuators (buzzer and electromagnetic unloading valves,
etc.). The function of the overload protection system is that when the lifting load
reaches 90 % of the rated lifting load, the buzzer alarms, and when the lifting load
reaches 100 % of the rated lifting load, the corresponding unloading valve ports are

Length Sensor

Weight Sensor

Angle Sensor 1

Angle Sensor 2

PLC,Input Circuit 
and Output Circuit

Actuators

Fig. 18.4 Location diagram of the overload protection system
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open to prevent the operations to the unsafe direction, while allow the operations to
the safe direction.

Figure 18.5 is the system flowchart of this overload protection system.

18.5 Features

The overload protection system has the following characteristics:

(1) Rated lifting load is calculated based on data collected in real time to avoid the
inconvenience of inputting the rated lifting load curve and the imperfection of
the curve.

(2) The system can be useful in any working conditions as a full-featured overload
protection system.

(3) Calculating from the system pressure, structural stress, stability, and so on, it
has a good safety performance, and it can adapt to a variety of knuckle boom
crane by modifying the parameters according to the actual situation.

Calculate mr

m ≥ 0.9mr

m≥ mr

Determine which action will 
decrease mr

Start

Open corresponding 
unloading valves

Processe Sensor Information

Yes

No

Close unloading 
valves

No

Yes

Turn off buzzer

Turn on buzzer

Collecte Sensor Information

Fig. 18.5 System flowchart
of the overload protection
system
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(4) The system has a high precision using a weight sensor measuring the lifting
load directly, which avoids the calculation error brought by the zero drift and
hysteresis of pressure sensors.

(5) The system uses a programmable controller, so it is convenient to expand the
function.

18.6 Conclusion

The overload protection system developed on the basis of this method has been
used in a certain knuckle boom crane. That crane uses a operation mode of wired
remote control. It has set up a display screen on the wired remote control, which can
dynamically show the rated lifting load, lifting load, operating range, angle, and
other parameters, so the operator can have an intuitive understanding of the oper-
ational status of the crane. The system provided a safety guarantee by alarming and
restricting dangerous operations, and the overload operations can be inquired. On
the basis of the overload protection system, it can be expand in the program to
achieve vertical lifting. This function can be used in some special places requiring
more precise operation, which can reduce manually adjusting operation and
improve efficiency.
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Chapter 19
Research on Energy Consumption
of Variable Frequency Control for Portal
or Overhead Crane

Lili Ma and Wenming Cheng

Abstract In order to make research on the hoisting mechanism, motor’s energy
consumption during the motor’s starting period and smooth running period for the
portal crane or overhead crane, the rotational inertia, and load torque of the hoisting
mechanism are converted to the rotor side; an equivalent uniaxial motor driving
system is derived according to motor driving system of the hoisting mechanism;
and the variable frequency control system is designed based on the slip frequency
between stator’s synchronous angular speed and rotor’s electric angular speed and
it made comparative research about energy consumption with the direct running
synchronous motor. The research results showed the following: The variable fre-
quency running motor could vapidly reach the given rotational speed within 0.2 s
and could vapidly track the load torque; the frequency and amplitude of the stator’s
3-phase variable frequency modulation voltage would be gradually increasing
during the motor’s starting period, and the 3-phase variable frequency modulation
voltage would be constant during the motor’s smooth running period; start energy
consumption would not exceed 2 × 104 J when variable frequency running motor’s
load did not exceed heavy load and the load torque’s effect on the energy con-
sumption wave was small; the motor’s energy saving was obvious during starting
period and smooth running period if the variable frequency running motor’s load
exceeded medium load.

Keywords Portal or overhead crane � Hoisting synchronous motor � Variable
frequency � Slip frequency � Energy consumption
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19.1 Introduction

Synchronous motor is portal or overhead crane’s (hereinafter referred to as crane)
power plant and used to hoisting load. Though these modern control methods such as
adaptive inverse control, passive control, adaptive backstepping control can regulate
the synchronous motor’s speed, and these modern control methods can adapt to
situation that demand good speed adjusting performance for synchronous, energy
consumption is usually hoisting motor’s control emphasis on the motor’s starting
period, smooth running period, and braking period, for the portal crane or overhead
crane whose hoisting mechanism can hoisting load according to designed hoisting
speed. Generally, the motor’s variable frequency control system can realize motor’s
speed adjusting through changing the motor’s power frequency. Some experts made
series of researches and obtained achievements. But, their researches’ emphasis was
mainly on the motor’s speed adjusting, and the energy consumption of motor’s
variable motor’s variable frequency control system was not studied, especially, the
motor’s energy consumption on the motor’s starting period and smooth running
period even was not studied. The reference [1] put forward the energy saving method
of motor’s regulation voltage aiming at crane’s motor’s hoisting mechanism with the
characteristic of constant torque load and variable working condition load. This
method took the motor’s electric total loss as objective function. This method’s
characteristic is to make the motor’s slip power to be consumed in the motor’s rotor
circuit, and the motor’s rotor will be heated [2–3]. So, the motor’s energy saving is
obvious if crane is running with no load, but the energy saving is not obvious when
crane is running with medium load or above medium load. So, it is necessary to
improve this motor’s energy saving method of regulation voltage [4–6]. In this
paper, the variable frequency control system is designed based on the slip frequency
between the motor’s stator and rotor. The control system can fast respond motor’s
load torque and given rotational speed and energy saving will be realized. Com-
parative research will be made for motor’s starting time and starting energy con-
sumption and smooth running power consumption through motor’s direct running
mode and variable frequency running mode on various load conditions.

19.2 Equivalent Calculating of Hoisting Load Torque

Generally, the hoisting mechanism’s motor driving system may be as shown in
Fig. 19.1a [7]. In order to conveniently calculate, we give Fig. 19.1a’s equivalent
uniaxial motor driving system as shown in Fig. 19.1b. The motor rotor’s equivalent
rotational inertia is expressed as

J ¼ Je þ J1
1
j21
þ J2

1
j22
þ Jr

1
j2r
þ m

vL
n

� �2
þWfd

n2
ð19:1Þ
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where: Je is motor rotor’s rotational inertia, and its unit is kg m2. J1 is the jackshaft
1’s rotational inertia, J2 is the jackshaft 2’s rotational inertia, and Jr is the drum’s
rotational inertia. j1 ¼ n

n1
, j2 ¼ n

n2
, and jr ¼ n

nr
are, respectively, reduction gear ratio

of the jackshafts 1 and 2 and the drum. n is the motor’s rotational speed, and its unit
is r/min. n1, n2, and nr are, respectively, the jackshafts 1, 2 and drum’s rotational

speed. m ¼ 30
p

� �2ðm0 þ mLÞ is equivalent quality, and its unit is kg. m0 and mL are,

respectively, the spreader’s quality and hoisting quality. Wfd ¼ 2� 30
p

� �2
Wf is

equivalent loss, and its unit is J, and Wf is the loss because of these factors such as
friction.

Generally, j21, j
2
2, j

2
r � 1, and 1

n2 � 0, it is known from expression (19.1) that
the transmission mechanism’s equivalent rotational inertia J is only determined
by the motor rotor’s rotational inertia Je. So, often takes J � Je in engineering
calculation [8].

The motor rotor’s equivalent load torque (hereinafter referred to as load torque,
its unit is Nm) can be expressed as

TL ¼ DFL

2j1j2jrjLg1g2grgL
ð19:2Þ

where: D is the drum’s diameter, its unit is m jL ¼ n
nL
is the pulleys’ reduction ratio.

FL ¼ ðm0 þ mLÞg is the steer wire rope’s static tension, and its unit is N. g is
gravity acceleration, and its unit is m/s2. g1 and g2 are transmission efficiencies of
the jackshafts 1 and 2, respectively. gr is the drum’s transmission efficiency. And gL
is the pulley’s transmission efficiency.
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Fig. 19.1 Crane’s hoisting mechanism and its equivalent uniaxial motor driving system.
a Hoisting mechanism, b equivalent uniaxial driving system

19 Research on Energy Consumption of Variable Frequency Control … 201



19.3 Motor’s Variable Frequency Control System’s Design
Based on Slip Frequency

Seeing motor’s two-phase static orthogonal coordinate system αβ and two-phase
rotating orthogonal coordinate system dq whose angular velocity of rotation is the
stator’s synchronous angular velocity x1 as shown in Fig. 19.2a, the angle between
axis d and axis α is φ, φ’s unit is rad. du=dt ¼ x1, and 0 is coordinate axis’ origin [9].
isd and isq are the stator winding’s current on the axis d and axis q, respectively. ird and
irq are the rotor winding’s current on the axis d and axis q, respectively. usd and usq are
stator’s voltage. The unit of usd and usq is V urd and urq are rotor’s voltages. The unit of
urd and urq is V. The direction of isd; isq; ird; irq; usd; usq, urd , and urq is shown in
Fig. 19.2. The state equations may be expressed as the following:

_x ¼ k isqwrd � isdwrq

� �
� np

J
TL

_isd ¼ awrd þ bxwrq � cisd þ x1isq þ dusd
_isq ¼ awrq � bxwrd � cisq � x1isd þ dusq
_wrd ¼ �ewrd þ ðx1 � xÞwrq þ fisd
_wrq ¼ �ewrq � ðx1 � xÞwrd þ fisq

9
>>>>>>>>=
>>>>>>>>;

ð19:3Þ

where: x ¼ npxr is rotor’s electricity angular velocity, np is the motor’s pole-pair
number, and xr ¼ p

30 n is the motor rotor’s mechanical angular velocity, namely
rotor’s mechanical angular frequency or rotor’s angular velocity. Coefficients

k ¼ n2pLm
JLr

, a ¼ Lm
dLsLrTr

wrd , b ¼ Lm
dLsLr

, c ¼ RsL2rþRrL2m
dLsL2r

, d ¼ 1
dLs
, e ¼ 1

Tr
, f ¼ Lm

Tr
. And Rs is

the motor stator’s resistance, Rr is the motor rotor’s resistance. Resistance’s unit is
Ω. Ls is stator’s self-inductance. Lr is rotor’s self-inductance. Lm is mutual
inductance between stator and rotor. Inductance’s unit is H. Tr ¼ Lr

Rr
is called as

rotor’s electromagnetic time constant. Tr’s unit is S. d ¼ 1� L2m
LsLr

is called as
motor’s magnetic leakage factor.
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Fig. 19.2 Motor’s static orthogonal coordinate system ab and rotating orthogonal coordinate
system dq
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Now, let axis d coincide with flux linkage vector wr. So, synchronous rotation
orthogonal coordinate system mt may be established according to rotor flux linkage
orientation. We change axis d into axis m, and change axis t as shown in Fig. 19.2b.
Because axis d always coincides with rotor flux linkage rector, wrm ¼ wrd ¼ wr,
wrt ¼ wrq ¼ 0, and _wrd ¼ _wrq ¼ 0. According to the expression (19.3), when the
subscript d is changed into m and q is changed into t, we may obtain the following
motor’s state equations base on coordinate system.

_x ¼ kistwr �
np
J
TL

_ism ¼ awr � cism þ x1ist þ dusm
_ist ¼ �bxwr � cist � x1ism þ dust
_wr ¼ �ewr þ fism

9
>>>>>=
>>>>>;

ð19:4Þ

Motor’s electromagnetic torque is

Te ¼ kistwr ð19:5Þ

Rotor’s flux linkage is

wr ¼ Lmi
�
sm 1� e�

1
Tr
t

� �
ð19:6Þ

Let _wrq ¼ 0 and wrd ¼ wr, we have

x1 � x ¼ Lm
Tr

ist
wr

ð19:7Þ

In expression (19.7), let xs ¼ x1 � x. And we call xs as slip frequency. The
hoisting motor’s variable frequency control system is designed based on slip fre-
quency xs as shown in Fig. 19.3. Energy consumption is shown in Fig. 19.3
variable frequency control system.

19.4 Running Motor and Variable Frequency Running
Motor Comparative Research for Direct

Suppose motor’s parameters: 380 V, 50 Hz, nominal power 37 kw, nominal torque
TN ¼ 235 N m, Rs ¼ 0:435 X, Rr ¼ 0:816 X, Ls ¼ Lr ¼ 0:071 H, Lm ¼ 0:069 H,
np ¼ 2, Je ¼ 0:189 kg m2, crane’s working parameters: vL ¼ 16:5 m/min,
D ¼ 0:5 m, j1 ¼ 11, j2 ¼ 10, jr ¼ 3, jL ¼ 2, g1 ¼ g2 ¼ gr ¼ gL ¼ 0:95, Wf ¼ 0,
m0 ¼ 500 kg. Maximum hoisting load is m ¼ 50� 103 kg. For variable frequency
control system: motor’s reference rotational speed is n� ¼ 800 r/min, and reference
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excitation current is i�sm ¼ 8:5 A. So, maximum load torque is TL ¼ 230 N m
according to the expression (19.2).

The dynamic response simulation results of motor’s speed and electromagnetic
torque for variable frequency control system are shown in Fig. 19.4. From
Fig. 19.4, we know that motor’s speed fast reaches the reference speed when time is
ts ¼ 0:147 s; at the same time, the electromagnetic torque is equal to load torque.

When the motor is working with full load ð100 %TLÞ, heavy load ð90 %TL �
TL\100 %TLÞ, middle heavy load ð50 %TL\TL\90 %TLÞ, moderate load
ð50 %TLÞ, and light load ðTL\30 %TLÞ, the columnar comparative graph about
starting time and about starting energy consumption are shown in Figs. 19.5 and
19.6, respectively. From Fig. 19.5, we know that the starting time is less than 0.2 s
for the variable frequency running motor when the motor is working with full load
and heavy load, the starting time is more than 0.3 s for the direct running motor
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when the motor is working with all kinds of working conditions, especially starting
time is more than 0.5 s for the moderate load or above. So, the variable frequency
running motor has better dynamic performance. From Fig. 19.6, we know that
starting energy consumption is less than 2:0� 104 J for the variable frequency
running motor when the motor is working with heavy load or below, and energy
consumption fluctuation is smaller for load torque’s change; the direct running
motor’s starting energy consumption is obviously more than the variable frequency
sunning motor’s starting energy consumption. So, when the variable frequency
running motor is working with moderate load or above, the effect of energy saving
is obvious.

Power consumption comparison is shown in Fig. 19.7 when the motor is
smoothly running. From Fig. 19.7, we know that variable frequency running motor
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has obvious effect of energy saving when motor’s load is moderate load or above.
But when motor’s load is below moderate load, power consumption of variable
frequency running motor is nearly equal to power consumption of direct running
motor.

19.5 Conclusion

In this paper, the variable frequency control system was designed based on crane’s
hoisting motor’s slip frequency. Comparative research was made about motor’s
starting time, energy consumption, and power consumption for the variable frequency
running motor and the direct running motor. We have the following conclusions:

(1) The variable frequency running motor’s speed can reach the reference speed in
0.2 s, and at the same time, the motor’s electromagnetic torque is equal to load
torque.

(2) When the variable frequency running motor is working with heavy load or
below, the starting energy consumption is less than 2:0� 104 J, and energy
consumption fluctuation is smaller.

(3) The variable frequency running motor has obvious effect of energy saving
when motor’s load is moderate load or above

Acknowledgements This research and work is funded by the National Natural Science Foundation
of China (51175442).
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Chapter 20
User-Oriented and Visualized
Optimization for Crane Design

Yuanfang Tao and Chaofei Hong

Abstract Traditional optimization methods suffer from hardness to inspect and
control during the process. To solve the problem, the paper discussed a user-
oriented and visualized optimization, which shows the result in drawing form by
emulation and can control the process by the operator. This technique has been used
in overhead crane CAD software as a post-process for traditional optimization and
leads to a good result of what you see is what you get. So, the design focused on
specialized machine, user-oriented, automation, visualization will be the tendency
for the optimization design software.

Keywords Optimization design � Visualization � Overhead crane � CAD

20.1 Introduction

The optimization technology is one of the most important modern design methods,
some of the classical theories and methods have been put into practical use with the
development of the computer hardware and software. Optimization technology
enjoyed a most rapid development and been widely adopted into practical use in
1980s–1990s. New methods in optimization are still undergoing development, such
as the genetic algorithm, the particle swarm algorithm, the neural network, etc. And
in the meantime, the optimization methods have also becoming more applicable. In
the development of machinery specialized CAD software, the user-oriented and
visualization technology is introduced to optimization software. The technology is
focused on design of specified machinery. It aim is to achieve a user-oriented
interaction mode, visualizing the optimization process and result.
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20.2 Specialized Optimization Software for Certain Kind
of Machinery

20.2.1 To Do the Design Work

Except choosing the structure, a design procedure should at least include deter-
mining the dimensions, check the performance and the stress, and generate the
engineering drawings. When the design work was done by hand, the designer often
put the emphases on the drawing, draw something, than modify it a little, and check
it at the same time. This process makes it looks like that drawing is design. But for
all we know, design is not just drawing [1], and a good aided design software
should be able to automatically determine the dimensions, check calculations, and
also guide the design process.

The design work is not just checking the given product dimensions. It should be
a creative work. Commonly, the dimensions of the product are not able to derive
from a set of equations.

So, the design work is a complicated, repetitive, intelligent, and needs much of
experience. How to improve the design functionality of the CAD software is the
key part to convert the computer-aided drawing into computer-aided design. Some
of the mechanical CAD software adopts the drawing library to offer the design
function, but that is just a sorting and indexing to the existed drawings, not a real
design. And for non-standard designs, there is nothing that can be done with the
drawing library.

In a CAD system, using the optimization as the design function is a good choice,
especially for certain kind of machine, such as overhead crane. The dimensions are
taken as parameters to be optimized, the weight or the performance of the machine is
considered to be the objective function, than the strain and stress, etc., are concerned
to be the constraint function. Here, the emphasis is on the design, not on the opti-
mization. The optimization algorithm is used just as the means to describe design
process of the machine mathematically, and then, it can be dealt by computer.
Optimization of the result is not the main goal of the process; generally, optimized
result would be more reasonable, with less defection, at least a realizable one.

20.2.2 To Be the Parameter Generator for Parameter
Drawing

As described above, drawing cannot take the place of design, but design cannot be
done without drawing. The drawings are the ultimate description of the design. In
the modern CAD software for specialized machinery, the parameter drawing
technologies are widely used. Parameter drawing means drawing automatically,
supported by the drawing support software, with the interface or interface file,
according to the coordinates, derived from several main parameter of the certain
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machine with fixed structure. The parameter drawing needs not only several
parameters derived from optimization software, but whole geometry parameters of
the drawing. So other than the object function and subject function, it will be
necessary to compose a geometry parameter model.

20.2.3 Subdivisions of the Optimization Technology

There are many theories and methods of optimization, which each of them is
suitable for a certain field, none of them are universal. There are specified physical
and mathematics model for each practical project, which has special object and
constraint function and needs specified optimization method. So, to develop opti-
mization software for certain kind of machinery is necessary.

With a specifically optimization method, a given geometry dimension model, a
specialized object and constraint function, and a set of initial values and limits, it
forms a specialized optimization software for certain kind of machinery. Special-
ization is an inevitable tendency, when the optimization technology developed and
widespread to certain level. It is the result of subdivisions of market needs.

20.3 The User-Oriented Optimization Software

20.3.1 Optimization Process Transparent to User

The common shortcoming for many traditional optimization theory or method,
which is widely used, is that the operator cannot inspect the process of the opti-
mization intuitively and also cannot control or influence it. One can only wait until
the optimization is done. Designer’s experience has not been well utilized.

20.3.2 To See the Result of the Optimization in a Graphics
Mode

The user of the optimization software can only see the result in a numeric format in
the past, which is unintuitive. Only those who have been through expertise training
can know what that means from the numeric format. So, we should change the
numeric format into a picture or a graphics mode by means of simulation. Only in
that way can we judge the result conveniently, and then, the designer’s sight and
experience can do some thing about the products.
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20.3.3 The Control or Influence to the Result of Optimization

The result of optimization is used to be unforeseen, unique, abstract, and it cannot
be adjusted easily. The designer will bewildered when the result of optimization is
not consistent with the standard or special requirement, such as the dimensions need
to be integer, standard or serial product requirement, production process require-
ment, has to fit with the existing product, or has to make a new product with
different dimensions. In all those cases, the unchangeable result hindered the
application of the optimization technology greatly. The result of the optimization
should be adjustable. CAD means aid, not instead of designer. The decision should
be made by designer with plenty of experience, not by computer, or software.

20.3.4 Make the Object of the Optimization Changeable
Flexibly

In the real mechanical optimization design project, there are often multi-object and
multi-constraint. The object function systems for a certain project are usually
complex and often influenced by the user’s opinion or requirements. Some result is
good for a group of user, but not for others. Furthermore, the process of the
optimization is a numerical cycle, the result is unforeseen, and actually useless
some times. Getting a good result is something random or lucky. Designer’s
experience for certain machinery cannot help.

20.3.5 Make a Friendly Interface for the Optimization
Software

Sometimes, optimization cannot get the best solution in overall dimension, because
many factors need to set manually, such as the origin point, the step, the dimension
limits, and other factors related to the optimization. Those interactive operations are
in source file level, only for the programmer to do, which is not convenient for the
user. If the optimization software has a friendly interface, which can guide the user
conveniently, then the software can be a good tool for the designers to use and with
commercial values.

User orientation is necessary for commercial software. The history of the
development for software shows clearly that such as the windows with graphical
user interface replace the DOS, the Visual Basic and Visual C++ replace the BASIC
and C language.

The common interface should be adopted in the optimization software to be
universal and to facilitate the user, such as the I/O interface, the data files, and
database.
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The optimization technology seems not fashionable and not friendly. But if those
problems above solved properly, the optimization software will be the essential part
in CAD system for specialized machinery.

20.4 The Visualized Optimization and the Visualized
Design

The essential process of optimization design in computer is a kind of random test
directed by optimization theory or method. In optimization process, taking
advantage of computer’s highly computational power, the function of optimization
theory or method is to reduce the number of test, both help to find the best solution
for design. The programmer develops the software by analysis the physical model,
builds up the numerical relationship between dimensions and performance and
strain and stress, and then adopts computer optimization for a certain kind of
machinery.

20.4.1 The Visualization for the Process and Result
of the Optimization

If there is a set of program that can calculate the performance, strain, and stress,
then an interactive process can be carry out, which change the parameter and check
the constraint function right afterward, until a satisfactory result to be found.
Actually that is a kind of optimization, a computer-aided manual optimization [2].
That is: to change the parameters interactively, to calculate the performance the
strain and stress by computer at the same time, to evaluate the result by human
being, then change the parameters again, until find a satisfactory result. There are
parameters to be optimized, performances to be object functions, strain and stress to
be constraint functions. Necessary elements for optimization are all here. The only
difference here is the method, all the process of the optimization such as adjustment
and evaluation is made under the interactive manual control. The result is also
depending on the user’s opinion and decision.

In mechanical optimization design, the result of optimization means a set of
dimensions for a machine to be manufactured. To make the result sensible, the
simulation technology is adopted according to the situation, the sketch of the
machine’s associated part is put on the screen to scale. This process can be regarded
as the post-treatment of the optimization result, such as in the finite element analysis
(FEA).

20 User-Oriented and Visualized Optimization for Crane Design 213



20.4.2 The Control of the Visual Optimization

For the process of the visual optimization to be controlled, a set of buttons are
arranged on the interface of the software, then the parameters can be adjusted easily.
There are a set of buttons to change the parameters, a set of text column to display
the numeric result, an area to show the picture of the structure. Interface forms of
the software integrated with the calculation model forms the visual optimization
software [1]. This software is convenient to use, sensible to the result, and what you
see is what you get.

20.4.3 The Purpose of Visual Optimization

Of course, for a computer-aided manual optimization, the speed of visual optimi-
zation is slow. Due to the complex dimension system and the hidden relationship
between parameters and functions, to determine all the parameters manually is
difficult too. So, the visual optimization could be used as the post-treatment after the
numerical optimization, to get rid of the shortcoming for traditional optimization.
For the complex of the programming, the key to realize the visual optimization is
that it limits the field to certain kind machine with fixed structure, and then, the
problem can be reduced, the algorithm will be realized easily.

20.5 The Visual Optimization Used in CAD Software
for Overhead Crane

When an overhead crane is to be designed, the main parameters are the height of the
beam, the width of the beam, the thickness for every plate, etc. These parameters
will affect the strain and stress of the crane. The total weight of the crane, the
outline of the crane, the passage access, the manufacturability, is also related to
those parameters.

For the further perfect result, an elementary result can be done by traditional
optimization. Put this elementary result on the screen in a picture form according to
scale, show the weight, strain and stress at the same time, and then the outline and
performance of the crane are clear. Defining a set of buttons aside, the parameters of
the crane can be changed easily by mouse, and the change can be reflected on
the screen meanwhile. Thus, the designer can chose the model he likes easily.
Figures 20.1 and 20.2 show the main beam section and checking interface in the
software.
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Fig. 20.1 Beam-section visual optimization

Fig. 20.2 Check interface
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20.6 Conclusion

It will be the tendency for the optimization design software to be design focused,
applied for specialized machinery, user-oriented, automatized, visualized. What
user need is the kind of software, which can be easily used, adjustable and con-
trollable. Only this kind of optimization software can give the designer the maxi-
mum free space for design, to make the design work go from “have to” to “want
to.” This kind of demand can only be met by developing the specialized optimi-
zation software for certain kind of machinery. Visualization is a common tendency
for software. Although the property of “what you see is what you get” appeared
early in the filed of office automation, it is also needed in the field of computer-
aided design. The visualization is concerned with the emulation, the simulation, and
the modeling, is also the base of virtual design.

The adjustments and checking calculations have to be done and repeated all the
time, so it is a hardwork to do the design by hand. The result of the traditional
optimization is not sensible, cannot be controlled, and has nothing to do with the
designer’s experience. With visualized optimization, experience of the designer can
be fully considered. The process of the visualized optimization is similar to the
design process by hand, so the dimension of existing serial product can be inherited,
the environment of production, etc., can be think over, the process is used to the
designer of the plant, it is a delightful technology, the potential of development is
great [2].

The optimization plays an important part in the modern design methods. The
potential application for visualized optimization in the specialized machinery is
satisfactory. Only in this way, the optimization design technology can be the
practical and useful methods and tools for engineer.
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Chapter 21
Design of the Special Spreader
of Super-Tonnage Crane

Jiong Zhao, Xiaolei Xiong, Wenjun Li and Yujun Hu

Abstract A kind of special spreaders of super-tonnage crane are studied and
designed, which are used for lifting large-scale tower equipments. As a very key
component or bearing of the crane, the design of the special spreader is in the pursuit of
the rationalization and the lightweight of the structure on the premise of ensuring high
security. Studying and analyzing the mechanical characteristics and the actual
working conditions of the tower equipment, using SolidWorks to build the parametric
model and importing the image into the ANSYS Workbench for the finite element
analysiswhich is based on the traditionalmechanical design, a comprehensive scheme
combining the traditional design and the parametric modeling and finite element
design is proposed. Finally, take the spreader of the 2,500-t ring crane as an example,
which proves the feasibility of the design concept and the design process. Also, it
provides a theoretical basis and design method for the design of similar projects.

Keywords The spreader of super-tonnage crane � Force analysis � Finite element
analysis � Structural design

With the rapid development of China’s oil refining and petrochemical
industry, especially in the field of large-scale tower tanks used as the core
petrochemical equipment of unit operation for stripping, distillation, extrac-
tion, absorption, flash [1], which is now trending toward large scale. The
characteristics of these tower equipments are with large weight, high altitude,
complex structure, high slenderness ratio, poor stability, and strict require-
ments for installation.

The early domestic lifting method of petrochemical equipment adopted the
mast and hoist. However, in terms of overall lifting for oversized, overweight,
and overtop petrochemical equipments, the capacity of early lifting is far from
enough. The liter weight and the lifting height of hydraulic synchronization
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lifting technology are unrestricted. This technology is steady, safe, and reli-
able. Hydraulic synchronization lifting technology has a clearly advantage
especially in overall lifting of huge equipment [2].

Spreader as a core component in one crane is used for connecting the
lifting system and the liter heavy. The pros and cons of the design of spreader
have impact on the security and economy of the entire crane directly [3].
Especially for large and high tower equipment, it is necessary to design
spreader in specially according to the force analysis of lifted equipment
during lifting process and the structural characteristics of lifted equipment.
This paper aims at the design of the dedicated spreader, combining the
traditional design and the finite element design concept, which provides a
reference for similar engineering projects.

21.1 Design Process of Dedicated Spreader

The design process of the dedicated spreader for large tower equipment can draw on
part of the structure of previous products and concepts. This paper presents a design
process as Fig. 21.1. Firstly, analyze the force state of tower equipment accurately

Start

Force analysis of tower equipment

Determination of basic shape and size

Meeting requirements?

Traditional design

Solid Works modeling/modifying

ANSYS Workbench checking/analyzing Re-modifying size or shape

End

Determination of the overall program

Yes

No

Fig. 21.1 Design process of dedicated spreader
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and specifically during the lifting. Secondly, refer to the structure of traditional
spreader and then determine the shape of the dedicated spreader, which provides
clear design tasks and requirements for the following detailed design steps. This
step is critical and essential. On the basis of the above, adapting traditional design
methods, theoretical experience, and related manuals to complete the preliminary
design of the various components and the corresponding structure size [4]. Then,
apply Solid Works to do parametric modeling of the various components and
import the model into ANSYS Workbench for finite element analysis. If the
analysis result shows that the structure does not meet the requirements of stiffness
or strength, the model will be returned back to Solid Works to re-modify the shape
or size and then re-imported into ANSYS Workbench for another finite element
analysis until the result meets the requirements. The design process combines the
traditional design and the finite element analysis together, which not only double
guarantees the components satisfy the design requirements such as strength and
stiffness, but also make up the shortcoming that the traditional design cannot
provide the accurate calculation of intensity or the stress of dangerous points of the
components [5, 6]. At the same time, it gives a comprehensive understanding of the
practical performance of the spreader at the design stage, reduces the production
cycle, and improves production efficiency.

21.2 Force Analysis of the Lifting of Tower Equipment

As for lifting large tower equipment, if a crane is used as the main one and
another two cranes are slipped at the tail of the tower equipment, it will occur
to be instability when the gravity vertical line of the entire tower exceeds the
vertical lifting slipped tail rope during the rise of the tower equipment.
Therefore, usually choosing one main crane and one slipped crane is suitable
as shown in Fig. 21.2.

Main crane is connected with the upper lifting lug of tower equipment,
while another crane is slipped at the tail. In the following, it will analyze the
theoretical force of the equipment from the horizontal position of the ground
gradually rising to the vertical position. Figure 21.3 shows the force analysis
of the tower in the lifting process.

Figure 21.3 shows as follows: FZ : the main crane capacity force; FL: the slipped
crane capacity force; G: the weight of the tower; L1: the distance from main lug to
the center of gravity; L2: the distance from slipped tail to the center of gravity; R:
the radius of the equipment; a: the angle between the centerline and FZ . Rela-
tionships are listed as follows according to the tower force balance and moment
equilibrium.
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Fig. 21.2 Schematic diagram of lifting tower equipment

Fig. 21.3 Force analysis of tower equipment
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FZ þ FL ¼ G ð21:1Þ

FZðL1 sin aþ L2 sin aþ R cos aÞ ¼ GðL2 sin aþ R cos aÞ ð21:2Þ

) FZ ¼ G
L2 sin aþ R cos a

L1 sin aþ L2 sin aþ R cos a
¼ G

L2 tan aþ R
ðL1 þ L2Þ tan aþ R

ð21:3Þ

) FL ¼ G
L1 tan a

ðL1 þ L2Þ tan aþ R
¼ G

L1
ðL1 þ L2Þ þ R cot a

: ð21:4Þ

As a 2 ½0 p=2�, y ¼ cot a is a monotonically decreasing function, while FL ¼
GL1=ðL1 þ L2 þ R cot aÞ is a monotonically increasing function. That means the
slipped crane capacity force FL will increase with a. On the contrary, FZ ¼ G� FL

is a monotonically decreasing function, i.e., the main crane capacity force FZ will
decrease with a.

At the time a ¼ p=2 when the tower equipment is in the horizontal lifting
position and FZ ¼ GL2=ðL1 þ L2Þ, FL ¼ GL1=ðL1 þ L2Þ, the slipped crane capacity
force FL reaches the maximum. While at the time a ¼ 0 when the tower equipment
is in the vertical position, FZ ¼ G, FL ¼ 0, i.e., the slipped crane capacity force FL

is close to zero, and main crane capacity force FZ is the maximum which is equal to
the weight of the equipment.

21.3 Determination of the Overall Program

Strand through the upper part of the special spreader of tower equipment is
connected with cluster hydraulic synchronization lifter. Thus, the form of the
spreader’s upper part is according to the layout design of hydraulic lifters on the
platform. The lifters can be distributed in a row as Chinese word “一” or like a
polygon such as four points. The design of the pattern of the through-holes for
fixing strand can refer to the distribution of hydraulic lifters. The bottom of
spreader is generally linked with the equipment-lifting lug instead of fixing the
tower equipment directly. Equipment-lifting lug is a kind of special component
made up of metal plates or fittings to be convenient for the easy connection of
rigging or spreader. It is welded on containers, tower equipment, or other
structural parts [7]. Therefore, the bottom can be designed into a through-hole
and fix the equipment-lifting lug in pin roll method which is increasingly
becoming one of the most preferred connectionmethods in large tonnage cranes.
Spreader’s middle part can be a triangulation twisted branch board or a U-
shaped structure for connecting the upper and the bottom. And usually, pin
connection is still the first choice of connecting among different parts. Compared
to the structure of traditional hook, this kind of dedicated spreader’ structure is
not only more compact, simpler processing, but also carrying greater loads.
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21.4 Analysis of an Example

Ring rail crane is one of new types of over large cranes, especially suitable for the
overall lifting of overweight and ultrahigh tower equipment. Its superiority reflects
on the aspects of the substantial increase of weight, the convenience of the container
transitions, high stability, and low development cost. Next, take 2,500-t ring rail
crane as the example to explore the research and development of the design of large
tonnage crane’s spreader.

21.4.1 Force Analysis

The force analysis of tower equipment can refer to Fig. 21.3. According to the
derivation of the formula (21.3), when the equipment is close to the upright position
at the time a ¼ 0, FZ ¼ G namely the main crane capacity force FZ is equal to the
weight of the equipment.

G includes the weight of the tower equipment and steel strands. Considering
lifting dynamic load factor /2 and comprehensive working conditions, /2 is taken
as 1.05 and the weight of tower equipment is taken as 2,564 t, steel strands as 44 t.
As followings:

FZ ¼ /2G ¼ 1:05� 2,564þ 44ð Þ � 9:806� 1,000 ¼ 2:6853� 107N ð21:5Þ

21.4.1.1 Determination of the Initial Program

The initial program is as shown in Fig. 21.4. 2,500-t ring rail crane has a total of
four hydraulic lifters which correspond with the four small connectors with the steel
strands. Four small connectors are arranged in parallel as Chinese word “one” type.
Strands pass through the corresponding small connectors on the upper of the
spreader with supporting anchorage fixing at the bottom of the small connector.
Four small cutter support plates connect pin rolls and four small connectors. So pin
rolls and large connectors are connected by two large cutter support plates. The ring
spreader passes through the middle through-hole of large connector from the bot-
tom to the up connected with a large nut, which is inserted with an aligning thrust
bearing inside. Retaining rings are used at the shaft end of small connectors, pin
rolls, and large connectors to prevent axial movement. The overall structure of this
special spreader presents a gradual contraction from the up to the down, which is
compact, smooth, and complying with the characteristics of the actual lifting force.
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21.4.1.2 Traditional Design and Finite Analysis

Design of Ring Spreader

The ring spreader selects forged steel DG34Cr2Ni2Mo with yield stress rs ¼
687 MPa [8]. The tentative size parameters are as follows: annual ring diameter
d ¼ 550 mm, outer diameter D ¼ 1,100 mm, length d¼ 800 mm; boom diameter
d1 ¼ 545 mm.

The check of boom’s tensile stress is as follows:

r ¼ Fz
p
4 d

2
1
¼ 115 MPa� r½ � ¼ rs

5
¼ 137:4 MPa ð21:6Þ

The horizontal section of annual ring is dangerous. The check of its maximum
medial stress [9] is as follows: Including: R ¼ 412:5mm and h ¼ 275mm, K is a
cross-sectional shape factor.

K ¼ R
h
� ln 2Rþ h

2r � h
� 1 ¼ 0:0397 ð21:7Þ

The maximum medial stress of the horizontal section:

Fig. 21.4 The model diagram of the spreader of 2,500-t ring rail crane
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rbn ¼
Fz

h � d 0:405þ 0:095
K

� h
2R� h

� �
¼ 2:6853� 107

275� 800
0:405þ 0:095

0:0397
� 275
550

� �

¼ 194:5MPah r½ �i ¼ rs
2:5

¼ 274:8MPa

ð21:8Þ

The check of the traditional design meets the requirements. In order to examine
the overall security in the actual operating conditions, the finite element for specific
analysis must be taken. Imposing loads and constraints on the model and selecting
mesh element size of 100, the stress cloud result is shown as Fig. 21.5 on the left.
The figure shows the distribution of the medial stress of the horizontal section is too
concentrated, which is verified with the actual situation. But the maximum stress
376.4 MPa is greater than allowable stress 274.8 MPa. Therefore, the design of the
structure does not satisfy with the requirements and has to be re-modified.

The fact is that the medial stress of the horizontal section is too concentrated,
and the annual ring’s diameter and out diameter have already been great
enough. It is not suitable to make the diameter or out diameter greater to let
the maximum stress below the allowable stress. Also, the cross-sectional
shape factor K should not be changed. Thus, the length d is made to increase
from 800 to 1,000 mm. At the same time, 40-mm-thick ribs boards are added
on the connector between the boom and the annual ring to improve the local
strength. Solid Works is applied to modify its structure and parametric
dimensions for re-modeling. Then, the new model is imported into ANSYS
Workbench for a new finite element analysis. The result is as shown in
Fig. 21.5 on the right side. The maximum stress value is still on the predicted
position and less than the allowable stress 274.8 MPa. The distribution of
overall stress is almost uniform, and the change gradient of stress is not
obvious, which means there is no large area of low stress region and the
material utilization rate is high [10]. Thus, the new design of the structural is

Fig. 21.5 The stress cloud diagram of initial program and of modified program
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reasonable. If only the traditional design method is adopted, each perfor-
mance will be known until the trial is completed. When the structure of the
trial is not qualified, the size parameters and shape have to be modified for a
further optimization of the structure, which not only leads to a high cost, but
also extends the design cycle.

Large and Small Connector

Large connector selects forged steel DG34Cr2Ni2Mo with yield stress
rs ¼ 687 MPa. There is a through-hole in the middle of it for connecting ring
spreader with nut. The tentative size parameters are as follows: the axial end
diameter d ¼ 450mm, the width of the rectangular section B ¼ 1,100 mm, the
height of intermediate section h ¼ 600mm, the distance from the axial end of the
beam to the force point l1 ¼ 1,370mm, and the distance from the square cross
section to the force point l2 ¼ 90 mm.

The middle section is dangerous. The check of bending stress is as follows:

r ¼ M
W

¼ 1:5FZl1
B� dð Þh2 ¼

� �
1:5� 2:6853� 107 � 1,370

1,100� 450ð Þ � 6002
¼ 235 MPa� r½ �

¼ rs
2:5

¼ 274:8MPa
ð21:9Þ

The check of the maximum bending stress of the axial end is as follows:

r ¼ M
W

¼
Fz
2 � l2
pd3
32

¼
2:6853�107

2 � 90
3:14�4503 32

¼ 135:2 MPa� r½ �

¼ rs
2:5

¼ 274:8 MPa

ð21:10Þ

Small connector selects forged steel DG34Cr2Ni2Mo with yield stress
rs ¼ 687 MPa. The tentative size parameters are as follows: the axial end diameter
d ¼ 250mm, the width of the rectangular section B ¼ 700 mm, the height of
intermediate section h ¼ 500mm, the distance from the axial end of the beam to the
force point is l1 ¼ 940mm, and the distance from the square cross section to the
force point is l2 ¼ 75 mm.

The middle section is dangerous. The check of bending stress is as follows:

r ¼ M
W

¼
Fz
8 � l1

2
B
6 h

2
¼

2:6853�107
8 � 940

2
700
6 � 5002

¼ 54MPa� r½ � ¼ 274:8MPa ð21:11Þ
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The check of the maximum bending stress of the axial end is as follows:

r ¼ M
W

¼
Fz
8 � l2
pd3
32

¼
2:6853�107

8 � 75
3:14�2503

32

¼ 164:2 MPa� r½ � ¼ rs
2:5

¼ 274:8 MPa

ð21:12Þ

The results of large connector and small connector can be seen in Fig. 21.6
which show both of their maximum stresses are less than allowable stresses. The
designs are qualified.

Large and Small Cutter Support Plate

Large cutter support plate selects high-strength structural steel S690Q with yield
stress rs ¼ 630 MPa. The tentative size parameters are as follows: the thickness of
the plate d ¼ 150 mm, reinforcing earrings at two sides of the plate d0 ¼ 65 mm,
and the cross-sectional shape parameter R ¼ 412:5 mm and h ¼ 375 mm.

K ¼ R
h
� ln 2Rþ h

2R� h
� 1 ¼ 0:079 ð21:13Þ

The maximum medial stress of the horizontal section:

rbn ¼
FZ
2

h � dþ 2d0ð Þ 0:405þ 0:095
K

� h
2R� h

� �
¼ 179:9 MPah r½ �i ¼ rs

2:5
¼ 252MPa ð21:14Þ

While small cutter support plate selects high-strength structural steel S690Q with
yield stress rs ¼ 630 MPa. The tentative size parameters are as follows: the
thickness of the plate d ¼ 100 mm, reinforcing earrings at two sides of the plate

Fig. 21.6 The stress cloud diagram of large connector and small connector
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d0 ¼ 40 mm, and the cross-sectional shape parameter R ¼ 312:5 mm and
h ¼ 275 mm.

K ¼ R
h
� ln 2Rþ h

2R� h
� 1 ¼ 0:073 ð21:15Þ

The maximum medial stress of the horizontal section:

rbn ¼
Fz
4

h � dþ 2d0ð Þ 0:045þ 0:095
K

� h
2R� h

� �
¼ 193:6MPah r½ �i ¼ rs

2:5
¼ 252 MPa ð21:16Þ

The results of large and small cutter support plates are shown in Fig. 21.7. Both
of their maximum stresses are less than allowable stresses. Thus, the design meets
the requirement.

21.5 Conclusion

This paper proposes a set of design process of dedicated spreader of large-scale
crane aiming at oversized tower equipment, including the research of actual
mechanical characteristics of the equipment, the exploration of how to confirm the
structure program of this kind of dedicated spreader, and the combination of tra-
ditional design and finite element analysis. Take this process as the reference and
the spreader of 2500-t ring rail crane as the example. Explicitly the actual force
situation and determine the structure of the spreader to undertake the traditional
mechanics checking. Then, parametric modeling and finite element analysis of the
structure of the various parts are taken. The structures that are not qualified with the
strength or stiffness requirements have to be re-modified the shape or parameters
until they meet the design requirements, which provide the basis for the security

Fig. 21.7 The stress cloud diagram of large and small cutter support plate
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and reliability. It completes the seamless connectivity of design, modeling, analysis,
and improvement, which reduce the cycle time and improve productivity greatly. It
is believed that the design method and process will get a wide range of applications
and be learned by designers of other dedicated spreaders of large tower equipments.
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Chapter 22
Research of Crane Parametric
Collaborative Design Platform

Zongyan Wang, Fen Yang, Jian Zhao, Jian Li
and Rongbin Zhai

Abstract Aim to figure out information exchange redundancy, centralized serial
solving low-efficiency problems of the intricacy product design process, based on
the intensive considering the mechanism of intricacy product task decomposition
and communication mechanism of networked collaborative design, a distributed
parallel-driven collaborative design way based on message information module was
raised, the submission method of multi-user dynamic data, heterogeneous mecha-
nism of network space, and time sequence was studied, a parametric collaborative
design process platform based on multi-client single server multi-workstation
(MCSSMW) for multi-user was set up. United with features of the high level of
comparability of the large intricacy ladle crane structure, parametric variant design
technology was introduced and the ladle crane parametric collaborative design
system for multi-user was exploited. Finally, a trolley frame was taken as an
example to be validated.

Keywords Ladle crane � Integrated designing platform � Parametric design �
Trolley frame

22.1 Introduction

To compete in the increasingly fierce market development of mechanical products
tend to be faster, better, updated design pattern. Currently promoted by rapid
development technologies of 3D modeling information, network and database,
traditional waterfall serial development mode of large-sized complex products
transform to direction of parallel, digital, intelligent. Combined with inter-organi-
zation synergy, distributed collaborative team and design resources range charac-
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teristics of the modern enterprise organization, the research of large-sized and
complex product has become a product across time, space, the research focus in the
field of multidisciplinary design. Introduce parametric design technology into high-
degree structure-type curing and much similar products makes the design more
feasible.

At present, domestic and foreign scholars have do many researches on the
networked collaborative design and parametric design and made a lot of
achievements.

Literature [1, 2] proposes a service-oriented, open cooperative design platform
for solving the complex product design process information, resources sharing, and
integration problems; literature [3, 4] puts forward a collaborative design system
based on SORCER for complex products, and the structure of the system and
engineering software tools package and integration for service method was given;
literature [5] communicates design information based on product information
model; literature [6] realizes the remote collaborative design based on parametric
layout model based on parametric layout model; literature [7] describes structure
model, process model, and integrated model of foreign heterogeneous distributed
collaborative design structure model; literature [8] achieves multi-user real-time
condition more collaborative design combining with parametric design technology
through the user interaction forms; literature [9] studies product modeling and
parameter transfer structure supporting variant design method; literature [10] real-
izes joint driving of the product three-dimensional parametric model based on
hierarchical data table, combining hierarchical data table technology. However, on
the whole, the study on networked collaborative design process research is not deep
enough, problems are as follows:

1. Low-level design process information sharing, slow transfer speed, and many
are static information;

2. Various network collaborative design platform and collaborative interaction
types, hard to provide a general method to construct;

3. More single mode of operation and concentrated solution, less distributed and
parallel driving solving-related research;

4. Network collaborative design and parametric design are not combined
organically.

According to the deficiency, based on the developed ladle crane digital design
platform oriented to multi-user, working mode “client /server /workstation” (multi-
client single server multi-workstation, referred to as MCSSMW) was put forward,
the real-time communication tools to assist the development of the Message
information module was put forward, parametric collaborative design model based
on distributed parallel drive solving method was constructed. Ladle crane trolley
frames design process as an example, decompose it on the layer, divide the
parameter class, submitted real-time design parameters, complete automated inte-
grated design of parametric model driven, parametric finite element analysis, and
product drawing generation.
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22.2 Parametric Collaborative Design Process

Distributed modular design The different areas of expertise knowledge, which
was related to different aspects of a complex product design problem, were not able
to be mastered by a single designer. Therefore, it could be solved by people or
institutions with the core competitiveness in different subjects. To definite a com-
plex product design, according to the principle of Quality Function Deployment
(QFD), product function could be decomposed into a series of modular subproblem
under the driving of customers demand. For instance, metal structure, which was in
different models, levels, weight, and in different span, has higher similarity, while
each component of it has an independent function. According to the independence
principle of the function and structure and “products—components—sub-compo-
nents” model, it could be decomposed into bridge, accessory structure, small frame,
and some other subproblems as shown in Fig. 22.1.

According to the principle that each module has similarity, module interface
(interface sketch, interface size) of every subset problems was designed and was
coded in accordance with the established encoding rules. Each module represented
a part of the design problem; the common problem was solved through public
programs, and the particular problem was solved by compiling a special program.
The operation and the management to the internal data were conducted in an
interactive method. Each design module was shared by a shared product informa-
tion model, communication, and interaction of product information that were
realized.

Parametric design Parametric design took the geometric relationship constraint,
dimension constraint, structural feature constraint as technology foundation,
including the 3D model that came from the updating of the series of three-
dimensional model had similar, whose active size was modified directly, as well as
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the other driven dimension being modified indirectly, and the finite element anal-
ysis checking that had the same parameter with three-dimensional model, such as
view scale, position, size, number, BOM notes, tables, and other related information
of the engineering drawings updating automatically and optimized adjustment, was
related to three-dimensional parametric model and process information statistics.
Following step-by-step modeling, symmetrical modeling, template maximization
principle, by using top-down and bottom-up combined layout sketch assembly
method, established the holographic parametric template; all the geometric and non-
geometric information were characterization dynamically by parameter. Based on
decomposing layer-by-layer principle and classified driving principle, as shown in
Fig. 22.2, namely according to product decomposition levels, with “part—sub-
components—components—products” order, product-level parametric variant
design was achieved.

Net-based Collaborative design platform Net-based collaborative design refers
to that design personnel distributed in different place, in wide area network envi-
ronment, based on the computer in virtual collaborative environment, orbiting a
same product design task, assumed corresponding design tasks, completed the
design task in a paralleled, interactive, collaborative method. The platform con-
structing was related to parallel working process of user, user access control, and
conflict resolution solution, its topological structure as shown in Fig. 22.3. The
paralleled and interactive work of multiple users was supported which relied on the
platform; new products could be designed by user independently, parts parameter
could be submitted, and the design tasks could be completed directly through the
platform. The server stored the data, product documentation, kept real-time
reception and data maintaining, and data could be updated synchronously, and well-
arranged work everything in good order. Parametric model driven, finite element
analysis, and optimization adjustment of engineering drawing checking process
took longer, and had a large amount of calculation, was the bottleneck of the design
process. In order to eliminate the bottleneck point, platform set multiple worksta-
tions to carrying the parallel calculation work based on the same database and the
same electronic warehouse, to project as the unit, allocated the task to requesting
workstation free. Then the workstation acquired the task in real time according to its
operational capacity, once the task execution was completed, idle workstations

Parts

Sub-components

components

Product

Decomposition 
layer by layer

Classification 
drive

Fig. 22.2 Drive principle
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might appear, then, reallocating the incomplete task automatically, multiple
workstations real-time request and parallel driving working condition was realized.
Finally, the product documentation was checked into the electronic warehouse.

22.3 Composition of the Distributed Parallel Driving
Environment

The architecture of the operation environment Based on the client /server
(Client/Server, C/S) architecture applications, with strong transaction processing
and data processing capability, data consistency, integrity, and confidentiality is
higher, but with the different hardware and the constant change of project members,
the C/S network structure’s adaptability is poor, which cannot satisfy the require-
ment of this kind of change; the client is greatly simplified to a certain extent based
on Browser /server (Browser/Server, B/S) network architecture; a Web browser can
act as client’s role, but it has great difficulties in the completion of the project
management, permission assignment, role enactment, task division, and other
complex tasks. A three-layer system structure with hybrid network model is put
forward as shown in Fig. 22.4 in combination with the respective advantages of B/S
and C/S, which concludes a support layer, a functional layer, and user layer in turn.

Fig. 22.3 Network collaborative design platform topology
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1. Supporting layer

Combin C/S and B/S two kinds of network architecture, base on PDM system,
follow the TCP/IP, HTTP protocol, open SQL Server’s server port 1433 and PDM
communication data interchange port 80,20000,30000,40000. Building integrated
design platform bottom database, which including product data parameters data-
base, parametric models library (model templates and the engineering drawing
templates), standard parts and common parts library, modular configuration design
library (similarity matching), the enterprise manufacturing resource library ,and the
design standard and experience knowledge engineering library.

2. The functional layer

The functional layer is constituted by application service layer and application
system layer. Taking platform service layer as foundation, distributed collaborative
control mechanism is responsible for the customer communication and information
interaction transmission, role rights management module assign roles and task to
users, product information model sharing guarantee information synchronization
for different users in the design process, data concurrency control mechanism
confirm the consistency and effectiveness of parameter table data, and parameter
fault-tolerant mechanism activate the rationality of the parameters submitted under

Fig. 22.4 The architecture of the operation environment
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real-time monitoring. Taking the application service layer as the core, converting
the parameters that customer needed to product model structural ones, confirming
the product structure model reasonably, writing design and calculate program
according to the existing codes, and standards to ensure the reliability of the
parameters source, submitting the parameters to the data server by program. Taking
application system layer as output terminal, interacting directly with user layer as
its display form, design calculation and parameter setting module form the
man–machine interactive platform, model driven and configuration design complete
the update of new products model, finite element analysis module verify and
evaluate the effectiveness of output results, drawing optimization and adjustment
module complete the post-process of engineering drawing to ensure its standardi-
zation and practicality, parametric document management module take project as
unit to manage document information based on PDM thought.

3. The user layer

User layer is the ultimate form of integrated design platform. User can submit
design parameter to data server by man–machine interactive interface, which has
good user information tips and can realize semi-automatic operation. Parametric
design documents can be checked in data vault by Checkin module, which has
established version scheme and total life cycle solution. User can review the doc-
ument through the PDM client or PDM access device.

Information interaction based on the Message module Through the secondary
development of Message information module, information sharing and mutual
communication is realize, work instructions is delivered smoothly, instructions or
information flow is shown in Fig. 22.5. Specific communication mechanism is as
follows:

Fig. 22.5 Information communication mechanism based on Message module
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Collaborative team members complete their components’ parameter setting,
design calculation, and finite element analysis setting in client working group
through parameter setting program and submit design parameters to the database
server; database server receives real-time data and updates the components refer-
ence table status value. Work group in workstation iterate through the change of
project status table’s characteristic value, activate program running according to the
established condition to carry parametric model driven, parametric finite element
analysis, engineering drawing adjustment and optimization, process information
statistics, and other tasks such as generating product data files (3D model, engi-
neering drawing, BOM, process information table, analysis report, etc.), which are
checked in data vault of file server by Checkin module. Parameter table’s infor-
mation field values of the corresponding parts have changed at this time, and
product data files have been generated and uploaded to the file server. Designer
consult or checkout product data files which they have authority by PDMWW
client, modify and update the files. Client working groups are responsible for the
product data submission and document revision and review; the server is mainly in
charge of product data storage and maintenance, product document management
and transfer information and work instruction; workstations take charge of the
parametric model driven, parametric finite element analysis and engineering
drawing optimization and adjustment, generate required models and engineering
drawings and check them in file server.

22.4 Parametric Collaborative Design Process Frame
Model

Based on the above design ideas, to a certain type of four of the crane beam four rail
casting metal structure for preliminary basis module, by use of object-oriented
development tools Visual Basic 6.0, SolidWorks 2011 as three-dimensional design
platform, MS Access2007, SQL Server 2000 as the database management software,
three-layer architecture with a hybrid network model as a framework, built “mul-
tiple clients /single server /multi-workstation” (MCSSMW) into a working model of
multi-user-oriented ladle crane parametric collaborative design model. Mainly it
includes four functional modules: Role permissions distribution, structure design,
parametric design, and database management, as shown in Fig. 22.6. Each of its
introductions is as follows:

Role permission distribution module It supports multiple users of networked
collaborative design platform and provides for the operation of the unit to project
file access control—reading and writing; subprojects can obtain the appropriate
permissions from the parent group, and users of the system have only one or some
of the items as readable, writable, or read–write permissions; at the same time, they
can have the same access to design the collaborative team with one-time operation
privileges; all authorized operation is limited to a database administrator
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Fig. 22.6 Model framework of the ladle crane parameter collaborative design for multi-user
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pdmwadmin. On this basis, the development of client-oriented group ladle crane
design platform for users will be divided into general users, chief designer, system
administrators, super users, and different user types with different permissions.
According to the product, components are further subdivided collaborative team
members design authority; according to the different icons to distinguish, the design
engineer has the authority to operate. The different roles of users with different
types of operating authority, director of the new project, with designers design
personnel as the design task allocation of the starting point.

Three-dimensional structure design module Customer demand-driven basis,
according to the industry’s existing design standards and design experience,
combined with the demand of enterprises, make detailed analysis of the product
function modules. Functional modules to the product structure of the mapping
based on the principle of quality function deployment (QFD); methods and prin-
ciples in accordance with the module partition, ladle crane metal structure is divided
into multi-level module, defined interfaces between modules; based on the template
to the principle of maximizing, using the layout sketch assembly and dynamic
holographic model to establish the parameters of the model templates and drawing
template; preparation of key components designs calculation program (strength,
stiffness calculation). In the Visual Basic 6.0, compiler environment establishes the
calculating object man–machine interface, making the background design calcu-
lation procedure, the various calculation constants, formula, and some experience
are the parameters characterizing and written to the design and calculation module.
Collaborative team members according to the graphical interface to dynamically
update the design parameters table (component parameters table, system data sheet,
etc.), to issue commands to the workstation.

Parametric design module Based on the template drawings, rational division of
parts of the parameter level (primary parameter, secondary parameters) as well as the
master–slave relationship and determine the reasonable range of parameter variations
and structural changes in space. Constraint relations between the whole and the parts
associated with the size and dimensions of transmission direction; add a holographic
model of the geometrical information and non-geometry information, and associated
with drawings; customized parameter settings interface (man–machine interface) and
add the two-dimensional, three-dimensional dynamic preview function, used to
dynamically submit the design parameters; develop parametric program, parame-
terized finite element analysis program (command stream documentation, product
data import, export the results of the analysis, generate calculations, etc.) and
drawings optimal adjustment program (view position adjustment, view scale
adjustment, dimensional position adjustment, part reference adjustment, annotation
class adjustment, vacant content deletion, etc.) generate a new model and its finite
element analysis check of the same parameters, check results to determine whether to
proceed with the optimization and adjustment of engineering drawings, reasonable
tuning plot, otherwise re-submit or modify the design parameters; product data
documentation by Checkin module checks into the electronic warehouse, conduct
version control, and lifecycle management.
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Database management module With MS SQL Server 2000 and MS Access 2007
for database management software, all product data parameters, standard parts
parameter table, process information statistics table, finite element analysis
parameter table, and design knowledge are stored in the same server database
HRCraneDB_2011 and are related to the functional modules of data connection
such as create data tables, database backup and recovery, data concurrent pro-
cessing, data fault tolerance, and disaster recovery. In order to avoid misunder-
standing, misuse written, incomplete and inconsistent data, to take the transaction,
and the lock mechanism to control, the user read and write access to the database.

22.5 Application of Engineering

Taking a certain type of four beams and four-railed ladle crane trolley frame design
process as an example, briefly describe multi-user-oriented ladle crane parametric
collaborative design system in mechanical product development application. The
trolley frame runs on main beam rail of the bridge through the trolley or wheel
frame. According to the weight coefficient organization project of task, distribution
the team work, configure working environment, and hardware facilities, members
communicate from each other through Message information module. Creating
different projects and products in different basic parameters for boundaries, make
project as unit organization design task, design task subdivide to the part assigns to
team members through the role permission settings module, take an example, A is
responsible for parameters of the trolley frame assembly, B is responsible for the
design the end beam of trolley frame, C responsible for design the fixed pulley
group beam, D for the drum group, E for the electrical beam, F for the operation
mechanism bracket, a wheel frame, a lifting reducer base, G is responsible for
vetting, H for the sign, and so on.

Dynamically, setting trolley frame’s assembly size and each component’s
position size through the client group, each sub component reads the superior size
according to the main parameter list and set their detailed size, then submits
parameters to their respective lists, such as tb_Main_T, whose parameter setting
interface is shown in Fig. 22.7. At the same time, define related parameters
(material, unit type, mesh pattern, etc.) for the finite element analysis and store them
in the corresponding lists. Traverse project status table and component parameter
table real time give instructions to the idle workstations, assign tasks to each
workstation reasonably, complete drive operation tasks concurrently including the
generation of new 3D model, which is shown in Fig. 22.8, and conduct the finite
element analysis, decide if it is necessary to optimize the engineering drawing and
check product documentation in PDM data vault.
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Fig. 22.7 Trolley frame
assembly parameter setting
interface

Fig. 22.8 Trolley frame
assembly after driven
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22.6 Conclusions

In this paper, distributed modular design and parametric design were combined with
Net-based collaborative design methods; organically, it presented MCSSMW
architecture, which is a hybrid network model. Based on Message information
module, parametric collaborative design process model was built, which oriented
multiple users and distributed parallel driving. According to the characteristics of
the ladle crane structure having a higher solidifying degree is the development of
the multiple user-oriented ladle crane parametric collaborative design system.
Relying on the system, the “parameter—calculation and design—submitted model
driven—finite element analysis check—drawings optimization adjustment” inte-
grated design can be achieved. The application of this method can improve the
crane product design efficiency more than three times significantly.
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Chapter 23
Mechanical Performance of Crane’s Main
Girders with Corrugated Webs

Guo-qian Wei, Hai-tao Dong, Yue Li and Qin Fan

Abstract Girder with corrugated webs is a new form of structure with better
performance and of high potential in crane’s metal structure. Firstly, the mechanical
performance of this kind of structure was investigated qualitatively by the con-
ventional bending beam theory. It showed that the strength and stiffness of girders
with corrugated webs is lower than those with flat webs which are of similar sizes.
Due to the great advantage in the shear performance, the height of the girder with
corrugated webs can be increased properly to make up the decrease of its strength
and stiffness, and thus, the design requirements can be met. Then, FEA method was
utilized to simulate the mechanical properties of both middle-rail and bias-rail box
girder with corrugated webs, and the above conclusion was validated. The result of
FEA also indicated that the flange’s bending behavior of the box girder with
corrugated webs was much more complicated. Hence, not only the overall bending
stress but also the transverse bending stress should be considered in the design.

Keywords Corrugated web � Main girder � Crane � Mechanical performance

23.1 Introduction

Girder with corrugated webs is a new form of structure. Since its corrugated webs
can only bear little bending moment and axial force, it seldom meets the instability
problem under the pressure and the bending. This kind of structure can easily break
the conventional limitation about the webs’ wideness–thickness ratio to obtain
components with better bending resistance, larger webs’ height, and smaller webs’
thickness [1]. From this point of view, it is feasible to employ this kind of structure
in crane’s main girders.

G. Wei (&) � H. Dong � Y. Li � Q. Fan
Mechanical & Electronic Engineering Institute, WUST, Wuhan 430081, China
e-mail: weiguoqian@wust.edu.cn

© Springer-Verlag Berlin Heidelberg 2015
Logistics Engineering Institution, CMES (ed.),
Proceedings of China Modern Logistics Engineering,
Lecture Notes in Electrical Engineering 286, DOI 10.1007/978-3-662-44674-4_23

243



In fact, this kind of component had been ever adopted as the crane’s metal
structure in our country in a small range in the last century. And in the early 1980,
the former First Machinery Industry Department conducted a series of experiments
on cranes with corrugated web structure [2]. The experiment object was a 2-t crane
with corrugated web jib. The thickness of the corrugated webs was 3 mm instead of
6 mm which is the commonly used thickness in the flat webs structure. All the
stiffened ribs to prevent webs losing their stability were canceled. Static loading
test, dynamic loading test, and fatigue failure test were all included in the experi-
ment. The result showed that the practical capacity of corrugated web girders was
larger than the theoretical calculating value. The stability of the girder was also
greatly improved. However, due to the limitations of manufacturing processing and
its devices, corrugated web girders have not been recognized and utilized widely in
crane’s metal structure in China since then.

In the new century, manufacturing and processing technology of metal structure
develops rapidly. There are some developed technologies and equipments such as
mold pressing and rolling pressing which can be used to produce corrugated webs.
Therefore, corrugated web girders have obtained attentions from the crane industry
again. In 2005, Chi [3] utilized FEM to simulate the mechanical behavior of the
main girder with corrugated webs under typical crane loads. The results showed that
the box girder with one corrugated web and one flat web was a better form for
crane’s main girders. It was proposed in this literature that the Von Mises stress in
the main girders with corrugated webs can be reduced 50 % to the structure with
double flat webs under the same conditions. But the detailed mechanical perfor-
mances of the corrugated webs and up- and low-cover plates did not mentioned in
it. In order to promote the employment of the corrugated web structure in the
crane’s metal structure, mechanical performances of the main girders with corru-
gated webs for the overhead bridge crane were systematically investigated in this
paper.

23.2 Comparison of the Basic Mechanical Performance

23.2.1 Mechanical Model of the Overhead Bridge Crane’s
Main Girder

Figure 23.1 shows the typical loads and the boundary conditions of the overhead
bridge crane’s main girders, where S is the span of overhead bridge crane, P is a
movable concentrated force which describes the load-lifting capacity and the weight
of the trolley, q is a distributed load which describes the weight of the main girder,
GS is a fixed concentrated force which describes the weight of the driver’s cab, and
other loads also can be simplified to these three types.
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23.2.2 Basic Calculating Method

As a supporting structure, the crane’s main girder mainly bears the bending moment
and the shear force. Generally, it needs to satisfy the requirements of 3S (Strength,
stiffness, and stability) in its design. Among them, the maximum bending normal
stress is the main evaluation index of the strength. And the static stiffness, which is
the vertical deflection of the mid-span section under the load-lifting capacity and the
weight of the trolley, is the key parameter to describe the rigidity performance of
the crane’s main girders. Stability can be guaranteed by controlling the dimensions
constraints and setting the internal stiffened plates, so it does not need special
calculating.

According to the conventional bending beam theory, when P is located in the
mid of the span, the bending moment at the middle cross section reaches the
maximum, and the maximum bending normal stress appears on the outside surface
of the cover plate. It can be expressed as,

rmax ¼ Mmax � h
I

ð23:1Þ

where Mmax is the maximum bending moment, h is the distance from the neutral
plane to the outside surface of the cover plate, and I is the inertia moment of the
cross section.

Vertical static stiffness can be calculated by the following formula:

fv ¼ P � S3
48EI

þ 5q � S4
384EI

þ P � S
4G0Aw

þ q � S2
8G0Aw

ð23:2Þ

Herein, G′ is the shear modulus considered the influences of the corrugated
webs, which is only about 10 % of the steel plate’s shear modulus G.

S

L1 GS

P

q

Fig. 23.1 Typical loads and boundary conditions of the overhead bridge crane’s main girders
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23.2.3 3S Performance Analysis of the Girders
with Corrugated Webs

As for the corrugated web girders, its corrugated web bears little bending moment,
so the inertia moment of the webs can be neglected in formula (23.1). Thus, the
inertia moment of the cross section of the corrugated web girder will be decreased,
which will lead to the increase of the maximum bending normal stress. In formula
(23.2), the first two parts are bending-induced deflection, while the other two parts
are shear-induced deflection. Because it is thin webs that are commonly used as the
corrugated webs, theirs shear deformation can not be neglected and their values will
be more. So the corrugated web girders will have more vertical deflections than
those of flat web girders under the same conditions. Based on this, the strength and
stiffness performances of the corrugated web girders will actually be reduced under
the same conditions.

However, present investigations show that the corrugated web girder has out-
standing vertical stability, which will keep satisfying the girder’s stability
requirement while increasing its height. The inertia moment of the cross section will
be increased with the increase of the height of girder. Then, the strength and
stiffness performances of the girder will consequently be improved. From this point
of view, corrugated web girders still have some degree of potentials in the design of
the cranes’ main girders.

23.3 Finite Element Method Analysis

23.3.1 Basic Parameters of Finite Element Model

According to the typical box main girder of a certain 32t � 22:5m overhead bridge
crane, three kinds of structure were designed. Some main parameters were chosen
as followed: the height of the girder H = 1,600 mm, the thickness of the web
t ¼ 6mm, the thickness of the upper and lower cover plate d ¼ 14mm, and the
width of the upper and lower cover plate B ¼ 600mm. The detailed dimension
parameters of the web’s corrugated profile are referred to the No. 3 recommended
profile in Technical Specification for Corrugated Web Steel Structure, as shown in
Fig. 23.2. Three kinds of webs’ configurations were listed in Table 23.1.

Quad elements were used to model the structure. The material is Q235, whose
elasticity modulus E ¼ 2:06� 105 MPa and Poisson’s ratio l ¼ 0:3. The boundary
constraint was applied as the simply supported beam.A concentrated forceP ¼ 20 kN
was applied in the middle of the span, which was under middle-rail form and bias-rail
form, respectively. Figure 23.3 shows the typical finite element mesh of the three
types.
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23.3.2 The Bending Normal Stress Result and Its Analysis

23.3.2.1 Under Middle-Rail Form

Figure 23.4 describes the distribution curves of the bending normal stress along
three longitudinal lines on the lower cover plate under middle-rail form.

According to Fig. 23.4, when there are two flat webs in the main girder (G_FF
Structure), the maximum bending normal stress about 60 MPa appears in the mid-
span. The bending normal stress is uniform along the transverse direction, so three
curves are essentially coincident. Whether using internal stiffened plates or not has
a little influence on the value and distribution of the longitudinal bending normal
stress on G_FF structure. Stress concentration phenomenon only happens in the
small areas where stiffened plates set. In the middle of the span, bending normal
stress reaches its maximum about 66 MPa.

When there are one flat web and one corrugated web in the main girder (G_FC
Structure), the bending normal stress along the transverse direction varies obviously
with the transverse location. On the side of the corrugated web, the bending normal
stress increases greatly and appears obvious corrugated distribution form. Its
maximum reaches 108 MPa. Bending normal stress also increases on the center line
and its maximum reaches 74 MPa. On the side of the flat web, bending normal
stress is approximately same as that of G_FF structure. The maximum is about
59 MPa with a larger affected area.

The above phenomena result from the property of corrugated webs barely
bearing bending moment. So cover plate has to bear more bending moment on this
side, which leads to bending normal stress increases obviously on this side.

Fig. 23.2 Details of the corrugated profile

Table 23.1 Webs’ configurations

Name Description Memo

G_FF flat web + Flat web Without internal stiffened plates

G_FFR flat web + Flat web With internal stiffened plates

G_FC flat web + corrugated web Without internal stiffened plates
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Fig. 23.3 Typical finite
element mesh a G_FF,
b G_FFR, c G_FC
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Fig. 23.4 Bending stress curves of the middle-rail box main girder along the lower cover plate’s
edge a G_FF, b G_FFR, c G_FC
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23.3.2.2 Under Bias-Rail Form

Figure 23.5 describes the distribution curves of the bending normal stress along
three longitudinal lines on the lower cover plate under bias-rail form. It is notable
that the corrugated web in G_FC structure is the main web which bears the con-
centrated force.

From this figure, three bending normal stress curves along the longitudinal
direction in G_FF structure are totally different. The maximum and minimum both
appear on the side of the main web. The maximum reaches 94 MPa in the mid-span,
while the minimum reaches −25 MPa at the end of the girder. Bending normal
stress on the side of the auxiliary web varies a little gently and ranges from 22 to
30 MPa. On the center line, the bending normal stress has similar distribution to that
under middle-rail form. And its value can be approximately looked as the mean
value of that on both side curves. It means that the distribution of the bending
normal stress along the transverse direction is linear and is mainly caused by the
torsion of the girder.

In G_FFR structure, the bending normal stress distribution curve of the lower
cover plate is similar to that under middle-rail form. It illustrates that internal stiffed
plates have better effect on resisting the torsion. And box girders with internal
stiffed plates can be suitable for both middle-rail form and bias-rail form.

In G_FC structure, three bending normal stress curves are also different, and its
overall variation trend is similar to the G_FFR structure. The distribution curve on
the center line is nearly same as that in the G_FFR structure. Bending normal stress
on the side of the corrugated web is more than those in the other two lines and is
also of corrugated distribution form. The maximum reaches 128 MPa. On the side
of flat web, the bending normal stress decreases a little and is about 50 MPa in the
middle of the span. The result shows that the corrugated web in G_FC structure can
improve the torsion-resisting performance to some extent. However, it will lead to
the decline of the bending-resisting performance.

23.3.3 Buckling Result and Its Analysis

The major advantage of corrugated webs lies in its higher compression-resisting
performance. Web’s stability can be guaranteed with increasing the girder’s height.
This paper employed eigenvalue method to verify this property. The buckling
factors and their buckling modes were obtained. The buckling factors of the lowest
order are shown in Table 23.2.

From Table 23.3, no matter middle-rail form or bias-rail form, the buckling
factor of G_FF is the minimum, which means this kind of structure’s stability is the
worst. G_FFR structure has the best stability. It illustrates that the internal stiffed
plates can greatly improve the stability of the box girder. The buckling factor of
G_FC structure is between those of G_FF structure and G_FFR structure. It is
worth noting that the buckling factors of G_FC structure are very close to those of
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Fig. 23.5 Bending stress curves of the bias-rail box main girder along the lower cover plate’s
edge
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G_FFR structure under bias-rail form. It shows that they have very similar stability.
In another word, the corrugated web can play a significant role in reinforcing the
structures.

However, G_FC structure also has some other advantages. It can get rid of lots
of internal stiffed plates and reduce some complicated welding process. The inner
space of the girder can be enlarged so as to contain more components such as
electrical cabinets. In addition, lots of internal stiffed plates in box girders are
arranged crosswise. The stress concentration level of the attachment weld on these
areas is rather higher. Getting rid of or decreasing these stiffed plates can change the
weld joint detail and improve the corresponding stress concentration situation level.
Then, the fatigue properties of the main girder will be effectively enhanced. From
this point of view, main girders of corrugated webs have higher value.

23.4 Transverse Bending of the Cover Plate

The above FEA computation shows that corrugated webs can lead to obvious
corrugated form for the bending normal stress along longitudinal direction of the
box main girder’s cover plate. The corrugated stress distribution will result in larger
increment to the stress value. So, it cannot be ignored and has to be considered in
the design.

Abbas proposed that this kind of stress increment was caused by cover plate’s
transverse bending. He took the I-shaped girder with corrugated web under in-plane
load as the research object, carried on a systematic investigation on the flange’s
transverse bending problem [4, 5]. The results showed that the corrugated change
of the web will lead to a local twist of the girder’s cross section even if under the
in-plane loads. This local twist makes flanges produce obvious transverse dis-
placement, which will cause the flanges produce transverse bending moment and
extra longitudinal normal stress. Based on this, Abbas put forward the following
formula to calculate the bending strength for the corrugated structures.

rmax ¼ Mmax

W
þMt

Wt
ð23:3Þ

Table 23.2 Buckling factor Name Middle-rail Bias-rail

G_FF 1.2556 0.6895

G_FC 1.7148 1.8689

G_FFR 2.1863 1.9893
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The first part in formula (23.3) is the girder’s overall bending stress which can be
solved by the conventional bending beam theory. The second part is the transverse
bending normal stress which is caused by flange’s transverse bending. It was dis-
cussed in detail in literature [4–6].

23.5 Conclusion

Based on above discussion, some conclusion can be drawn as follows:

1. According to the static strength and the static stiffness, corrugated web girders
are no better than the traditional box girders with flat webs. Simply replacing flat
web of the existing box girders to corrugated webs will only reduce their
mechanical performance.

2. Box girder with one flat web and one corrugated web has advantages in its
mechanical performance under the bias-rail form. However, the transverse
bending of the cover plate should be considered in its design.

3. Box girder with corrugated webs has larger advantage in its material using
efficiency, weld processing, and the fatigue behavior. These features are worth
focusing on and deep research.
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Chapter 24
The Electric Control Scheme of 2500t Ring
Crane

Xiaolei Xiong, Jiong Zhao, Qicai Zhou and Li Zeng

Abstract This paper is based on the design of 2500t ring crane. Because of the
high-reliability requirement of this crane, a design scheme of distributed control
system based on CAN bus in huge crane is proposed. The author mainly introduces
the composition and realization of the system, the design of data communications,
and the design of monitoring and controlling function of host computer. This
system can achieve coordinated distributed control in the actions of hosting, luffing,
slewing, machine leveling, and tower head leveling of the crane. It can also collect
and monitor the status information of the crane in real time.

Keywords Ring � Crane � Distributed control � CAN bus

24.1 Introduction

With the development of hoisting industry, the performance of crane, the efficiency
of work, and transition and the benefits are required higher and higher. The ring
crane is a new type of crane. Compared with traditional crawler cranes, the hoisting
weight can be designed greatly large, the transition is convenient with containers,
the cost can be controlled low, and the price is affordable. At present, some foreign
hoisting companies have produced a series of such products, which have been used
in engineering (Fig. 24.1).

The ring crane electric control system is composed by host computer and seven
control subsystem constituting fieldbus network.
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24.2 System Composition

The ring crane is huge in scale, and the number of control mode is large. So, if the
type of control system is centralization, the network will be too large, thereby
reducing the real time and reliability of the control system. Distributed control
network using CAN bus let subsystem perform their duties and produce its own
control task, so that he host computer only needs to give the subsystem the com-
mand of handle and receive the status information from subsystem for the operator
to know the crane working state.

CAN bus is short for control area network, which is a serial data communication
protocol developed by Bosch corporation. CAN bus has the characteristics of low
cost, far-distance transmission (up to 10 km), and high communication rate (up to
1 Mbps), which is widely used in the vehicle control system [1]. With CAN bus
using in ring crane control system, the network can constitute a distributed control
system and enhance the flexibility and reliability of the system.

As shown in Fig. 24.2, the host computer and seven subsystems constitute
distributed CAN fieldbus network. The type of controllers is TTC60, which has two
CAN2.0B interfaces [2] in which one is connected in the fieldbus and the other one
is used as digital sensors and program downloading interface.

For ultra-large crane, the primary consideration of the lifting process must be
safety and reliability, so the three major movements (hoisting, luffing, slewing) of
the crane are designed interlocking. Interlocking information is sent to the fieldbus
in the form of process data object (PDO). For example, when the hoisting system is
lifting goods, the controller will send PDO, which includes interlock information to
reset the luffing and slewing system so that the host computer cannot handle the
luffing and slewing system.

Fig. 24.1 Ring rail cranes diagram
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24.3 System Realization

Presently, take the main boom leveling system as an example of system realization
process.

When the crane is working, the main boom needs to stand level to ensure the
safety of the hoisting construction smooth, so the levelness needs to be adjusted in
real time. Main boom leveling system is composed of eight hydraulic cylinder,
hydraulic system, and control system, which are located at two walk sliders under
the main boom. In each slider, one set of hydraulic pump station drives four
hydraulic cylinders, supporting the main boom, and one controller drives four
proportional directional valves, realizing the controlling of four hydraulic cylinders.
In the two controllers, one is specified as the main controller. The host computer
sends a leveling start data to the main controller, and then the function of leveling is
completed by the cooperation between the two controllers of the main boom lev-
eling system. When the crane produces certain tilt due to the uneven of foundation,
the angle sensor on the intermediate balance beam and the walk sliders sends the
angle values to controllers. Two controllers separately calculate their four hydraulic
cylinders’ height difference, and the main controller calculates the relative height
difference of the two sliders. Then, the main controller judges the state of crane and
selects the reference of leveling plane and reference cylinder. The proportional
directional valve opening quantity is calculated through PI arithmetic and sent to
the sub-controller through network by the main controller. Two controllers,
respectively, output current to control proportional directional valve open, make
leveling benchmark cylinder action, and other cylinders following until the crane
returns even status. The process is completely finished by cooperation between the
two controllers, and the host computer just sends start command and receives state
messages from the bus (Fig. 24.3).
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Fig. 24.2 Ring crane network frame
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24.4 Communication Protocol Design

24.4.1 Standard Frame and Extended Frame Selection

CAN2.0B has two different frame formats: standard frame and the expansion frame,
the former for 11 bits of identifier and the latter for 29 bits. Considering that overall
control functions of the crane are not too much but as the real-time requirement is
the higher, select standard frame in ring crane electric control system. The com-
munication rate is relatively higher, which has less bytes so that it can better meet
the requirement of real-time system [3] (Table 24.1).

Fig. 24.3 Main boom leveling system schematic diagram

Table 24.1 CAN 2.0B standard frame format

7 6 5 4 3 2 1 0

Byte 1 FF RTR × × DLC (data length)

Byte 2 (Identifier) ID.28-ID.21

Byte 3 ID.20-ID.18 × × × × ×

Byte 4 Data 1

Byte 5 Data 2

Byte 6 Data 3

Byte 7 Data 4

Byte 8 Data 5

Byte 9 Data 6

Byte 10 Data 7

Byte 11 Data 8
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24.4.2 Identifier Assignment

The CAN2.0B standard frame specification only defines the frame structure, but
undefined the meaning of the 11 bits of identifier, so users can define the 11 bits by
themselves according to the real system. According to the definition of ID identifier
definition rule in CANopen, the 11 bits of identifier in the ring crane control system
can be defined in the way of 7 low bits for source node ID and 4 high bits for
message function code. The message defined rules are shown in Table 24.2. The
function code allocation is shown in Table 24.3.

24.4.3 Communication Table Establishment

To make the data on the bus identified by control nodes, a communication list that
covers the meaning of each byte in the frame must be created. As shown in
Table 24.4 for part communication list of slewing node, when host computer sends
the message of ID 281H, each node will be testing the ID of message. If the ID is
the same with setting ID, the node will accept the message so that realizing the
communication among nodes.

24.4.4 CAN Communication Program

As shown in the code, firstly declare the variable can_ret to receive the return value
of can_read () function. Secondly, define aRxCANFrames_0 as the type of
T_can_frame that is a kind of data structure in the library. Hr_00 is the handle of

Table 24.2 Message defined rules

node ID 1 node ID 2 node ID 3 … node ID 15

PDO 1(tx) 0 × 181 0 × 182 0 × 183 … 0 × 18E

PDO 2(tx) 0 × 281 0 × 282 0 × 283 … 0 × 28E

PDO 3(tx) 0 × 381 0 × 383 0 × 383 … 0 × 38E

PDO 4(tx) 0 × 481 0 × 482 0 × 483 … 0 × 48E

Table 24.3 Function code allocation

Function code Frame type 4 high bits of ID

1 Failure warning 0001

2 Action command 0010

3 Parameter setting message 0011

4 Status message 0100
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CAN receiving frame. The PDO-ID is configured in software and downloaded into
controller as Fig. 24.4 shows (Tables 24.5, 24.6).

24.5 Monitoring and Controlling Function Design

The host computer is located in the driver cab, which is 100 m far from the hoisting
construction site. A PCAN-USB converter connects the host computer and the
CAN network. The working process is: firstly opening the communication port,

Table 24.4 Slewing node PDO-ID: 281

Byte Data Meaning Unit Comments

BYTE0 automatic/manual Automatic/Manual NC 0/1

BYTE1 steer Slewing direction NC 0/1

BYTE2 angle_rotate Slewing angle low byte °

BYTE3 angle_rotate Slewing angle high byte °

BYTE4 speed_rotate Slewing rate m/h

Fig. 24.4 Configuration of receiving message

Table 24.5 PDO receiving

VAR Variable declaration: receiving data
structurescan_ret:WORD;

aRxCANFrames_0:t_can_frame;

frames_received_0:BYTE;

END_VAR

can_ret:=can_read(hr_00,ADR(aRxCAN-
Frames_0),1,ADR(frames_received_0));

Program part: resolve the slewing rate
from data structure

speed_rotate:=BYTE_TO_UINT(aRxCANFrames_0.
data[4]);
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secondly, setting communication parameters, thirdly sending data to the network,
and receiving data from the network. The monitor interface as shown in Fig. 24.5
shows, its realization features include:

1. System parameter setting, which can set the maximum working pressure of the
hydraulic oil cylinders, the maximum working temperature of hydraulic system,
and the working environment limitations.

2. Control parameter setting, which can set the operation speed, lifting height,
slewing rate, etc.

Table 24.6 PDO sending

VAR
can_ret: WORD;
init_can_0_tx: BOOL;
aTxCANFrames_0: t_can_frame;
END_VAR

Variable declaration:

IF init_can_0_tx THEN
aTxCANFrames_0.id_format :=0;
aTxCANFrames_0.id:=16#483;
aTxCANFrames_0.length:=8;
init_can_0_tx:=FALSE;
END_IF

aTxCANFrames_0.data[0]:=hz_cylinder_pre_1_in;
aTxCANFrames_0.data[1]:=hz_cylinder_pre_1_out;
aTxCANFrames_0.data[2]:=hz_cylinder_pre_2_in;
aTxCANFrames_0.data[3]:=hz_cylinder_pre_2_out;
can_ret:= can_write(ht_01,ADR(aTxCANFrames_0), 
1);

Program part:
Standard frame definition
Define the ID as 483h
Define the data length

hz_cylinder_pre_1_in as the first byte
hz_cylinder_pre_1_out as the second byte 
hz_cylinder_pre_2_in as the third byte
hz_cylinder_pre_2_out as the fourth byte
PDO sending function calling

Fig. 24.5 Monitoring and controlling interface
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3. Operation, which can control the action of the crane, such as promotion, drop,
clockwise slewing, counterclockwise slewing, etc.

4. Status monitoring, which can display the status information in real time.
5. Alarm, which can warn the driver when the state data of crane is abnormal.
6. Database storage, which can store the data from sensors to SQL database in

every two seconds and generate reports.

24.6 Conclusion

This paper introduces a design scheme of distributed control system based on CAN
bus in huge crane, expounds the composition and realization of the system, and
designs the communication protocol and the function of monitoring and controlling
interface. As a kind of high performance and high reliability of fieldbus, CAN is
very suitable for distributed control system in ring crane. As a scheme study, this
paper has a certain reference significance to the design of distributed control system
in ring crane.

References

1. Yong-ming BIAN, Ying-ming DAI, Xiao-lin JIN (2008) CAN-bus-based distributed control
system for 900-ton pneumatic beam gantry cranes. Chin J Constr Mach 6(1):38–43

2. Shanghai Pal-Fin Auto Control Company. Electrical Products Catalog
3. Rao Y, Zou J (2003) CAN Fieldbus Principles and Applications of Technology. Beihang

University Press, Beijing

262 X. Xiong et al.



Part III
Logistics Warehousing and Distribution

Technology Management (LWDT)



Chapter 25
Research on Picking Route Optimization
for One Stacker in Multiple Aisles
Automated Storage and Retrieval System

Ailan Feng, Zhanzhen Di and Wenying Ding

Abstract The paper analyzed the characteristic of the stacker about working mode
and proposed a method to optimize the order picking path of one stacker in multiple
aisles AS/RS. As developed transformation rules correspond to picking operations,
the order picker routing problem was transferred into a TSP. Based on the return
strategy picking model, a mathematical model was built with packing capacity
constraints and improved ant colony algorithm is presented to solve the order picker
routing problem. Experimental results show that the improved algorithm has better
overall search ability and astringency, and it is an effective solution to the order
picking problem.

Keywords Stacker � Ant colony algorithm � The optimization of picking route

25.1 Introduction

Automatic storage and retrieval system plays an important role in industrial pro-
duction as a new storage pattern in the field of modern logistics technique. In
certain range of inbound–outbound frequency, it has practical significance that the
AS/RS under the control of one stacker not only saves company’s cost, but also has
a high picking efficiency. Therefore, this system is used in the warehouse that has
low storage frequency such as emergency supplies warehouse, spare parts ware-
house, and so on. The crucial link to improve order picking process efficiency is the
optimization the stackers’ picking route [1]. As a result, a study on it is extremely
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significant in both theoretical research and practical applications. MOB picking
(man-on-board AS/RS) is one of the most popular modes of picking operation [2,
3]. The picking tasks are sent to the stacker through communication networks by
management controlling system and showed on the touchable operation screen in
cab before the operator starts picking. After finishing a picking, the operator needs
to press a button to inform the system to show the next task, and then, the stacker
will be moved to the position of new task. When all tasks are finished or the picking
container is full, the controllable stacker will return to the I/O ports.

25.2 Stacker’s Picking Optimization Model

25.2.1 Descriptions

The optimization model of one stacker in multiple aisles automated storage and
retrieval system is proposed bases on a lot of analyses about stacker’s picking
processes and operating features.

The aisles that the stacker accesses goods in are between two adjacent racks, and
an I/O platform is on the left side of the storage area. One stacker is responsible to
picking goods from multiple aisles in this area. It starts from the I/O carrying a tote,
passes several objective units, picks relevant goods, changes a new empty tote and
picks again after the old one is full, stops operating till all picking tasks are finished.
At the end, the tote is sent to conveyor system by stacker. The storage area plan
view is shown in Fig. 25.1.

Fig. 25.1 Storage area plan
view
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25.2.2 Basic Assumptions

The basic assumptions about this research are listed as follows:

1. The storage unit’s location could be shown as the coordinates (X, Y, Z), and the
aisle number is as {k1, k2 ∈ (1, 2,…, J)}. The coordinates of I/O platform are (0,
0, 0), and it is also the additional unit in the whole operation. The spacing
between each rack is expressed as d. The length, width, and height of each unit
are a, b, and h, which are all constants. The lists are numbered as {1, 2, …, n},
to minimize the travel time used for finishing a picking list, finding the best
sequence items on the picking list.

2. The types of goods on racks are given, and the storage state (empty or full) of
the rack is certain. The speed of stacker is constant, not changed by the number
of goods. The timings of start, stop, and shunt are also constant.

3. The stacker can move along the direction of x and z axes or of y and z axes while
picking goods, but the direction of x and y axes is not available.

4. The stacker’s pick time is not changed by different picking sequence. When we
calculate travel time, the pick time could be ignored.

25.2.3 Mathematical Model

The stacker starts from I/O ports. The travel time of accessing goods is:

Tik1jk2 ¼

max
Yi�Yjj j
Vy

�
;

Zi�Zjj j
VZ

�
þ B; k1 ¼ k2

max
Xi�Xjj j
Vx

�
þ YiþYjj j

Vy
;

Zi�Zjj j
VZ

�
þ Bþ 2C; k1 6¼ k2; Yi þ Yj

�� ��� Y

max
Xi�Xjj j
Vx

�
þ Y�Yi�Yjj j

Vy
;

Zi�Zjj j
VZ

�
þ Bþ 2C; k1 6¼ k2; Yi þ Yj

�� ��[ Y

8
>>>>>><
>>>>>>:

ð25:1Þ

Xi, Yi, Zi are the coordinates of unit i. Xj, Yj, Zj are the coordinates of unit j. Vx, Vy,
Vz are the stacker’s average speeds of x, y, and z axes. B is stacker’s start or stop
time, C is the shunt time between x and y axes, and Y is the length of y axis. B, C,
and Y are all constants.

The volume limits must be satisfied during one picking tour:

XJ

k1; k2¼1

Xn

i; j¼1

qik1jk2 �Q
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n is the number of picking units in one picking tour, qik1jk2 is the size of goods to be
retrieved in pick unit (i, j), and Q is the volume of a tote.

According to the analyses above, the optimization algorithm of this picking
scheduling is described as follows:

On the premise that the amounts of picked goods every time are less than the
tote’s volume, how to arrange the picking order sequence to reduce stacker’s travel
time, meanwhile decrease operating times, and improve system’s efficiency.

Introducing a decision variable xlik1jk2 , the range of this variable allowed is

xlik1jk2 2 0; 1f g; ik1; jk2 ¼ 1; 2; . . . n; ik1 6¼ jk2

l is the operating times, l = 1, 2, …, m

xlik1jk2 ¼
0; the l time that the stacker does not choose this path
1; the l time that the stacker is going to aisle k2 accessing unit j after aisle k1

�

The constructed mathematical model is as follows:

min
XJ

k1; k2¼1

Xn

i; j¼1

Xm

l¼1

Tik1jk2x
l
ik1jk2 ð25:2Þ

min m ð25:3Þ

The constraint conditions are:

XJ

k1; k2¼1

Xn

i; j¼1

Xm

l¼1

xlik1jk2 ¼
1; jk2 ¼ 1; 2; . . .; n
m; jk2 ¼ 0

�
ð25:4Þ

XJ

k1; k2¼1

Xn

i;j¼1

qik1jk2 �Q ð25:5Þ

Objective (2) indicates that the stacker’s picking travel time is the shortest.
Objective (3) minimizes the times of picking tour. Constraint (4) ensures that each
unit is just accessed once and constraint (5) requires the amounts of picked goods
every time are not more than the max volume of a tote.
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25.2.4 Improved Ant Colony Algorithm Design for Picking
Route

25.2.4.1 Symbol Description

From the view of artificial intelligence, the ant among ant colony algorithm is called
as artificial ant. In this situation, each ant is an agent choosing the direction ran-
domly based on the pheromone strength on each picking road. Each ant is set as
Ak = (Fk, Ek, V′k). Fk is the objective function value of this case according to
Formula (25.2) after the ant finishes an iteration and is also the picking travel time.
Ek is the quantity of pheromone that the ant leaves on a road, and Ek = QL/Fk, QL is
constant. v0k is the set of vertices that the ant passed road.

In the research of picking route, set all unit position in picking list composing a
directed graph expressed by graph G = (V, R). Besides, V ¼ fviji ¼ 0; 1; . . .; ng is
the set of vertices, v0 is the I/O ports, others vertices are goods locations in the
picking list, R ¼ rij i 2 0; n½ �; j 2 0; n½ �j� �

is the set of all roads among all vertices,
t is the number of circulation, and Nmax is the biggest iteration times.

Assuming as there are M ants moving in the graph, the transition probability for
the kth ant moving from vi to vj at time t is

Pk
ijðtÞ ¼

saijðtÞ�gbijðtÞP
s2allowedk

saisðtÞ�gbisðtÞ
; j 2 allowedk

0; otherwise

8
><
>:

allowedk ¼ V � V 0
k

ð25:6Þ

From the above formula, you could know allowedk ¼ V � V 0
k means the next

chosen vertex for the kth ant, and the allowedk needs to be modified because the
volume restriction of tote is added.

allowedk ¼ V � V 0
k � j

Xn

i¼V 0
k

qi þ qj [Q; j 62 V 0
k

������

8
<
:

9
=
;

8
<
:

9
=
;

α and β are the relative influence of the pheromone trails and the visibility values,
sijðtÞ means the pheromone density on road (vi, vj) in circulation t. After n periods,
when ant finishes a circulation, the pheromone on each road could be modified
referring the formula sijðt þ nÞ ¼ qsijðtÞ þ ð1� qÞDsijðtÞ, q is the speed of pher-
omone volatilization, DsijðtÞ is the pheromone increment on road (vi, vj) in this

circulation. gbijðtÞis the heuristic function:
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Dsij tð Þ ¼
Xm

k¼1

Dskij tð Þ ð25:6Þ

Dskij tð Þ ¼
Ek; ant k passing road in circulation t
0; if not

�
ð25:7Þ

From the above, we could know DskijðtÞ is the pheromone increment on road (vi,
vj) from the k-Thant.

25.2.4.2 Algorithm Improvement

1. Dynamically Inserting Point
The moving track of ants is a logic track, and it will become the real track after
the inserting point, which is the real solution of this problem. For example, the
moving track of an ant is (v0, v1, v3, v5, v4, v2), and after the operation of
inserting point, if the result becomes (v0, v1, v3, v0, v5, v4, v2, v0), it means this
picking operation is partitioned into two times. The first route is (v0, v1, v3, v0),
and the second one is (v0, v5, v4, v2, v0).
The choosing of inserting point needs to consider the volume constraint of a
tote, which means the stacker’s max volume Q cannot be exceeded while one
picking tour.

2. Inserting Point Calculation
From the second point on moving track, set i′ = 1, accumulate each picking

volume on unit, when
Pk

i¼i0
qi �Q and

Pkþ1

i¼i0
qi [Q insert the point v0 between k and

k + 1, then make i0 ¼ k þ 1 from the point k + 1.
3. Description of Improved Algorithm

Step 1. Initialize parameters that t = 0, n = 0, sijð0Þ ¼ s0, V 0
k ¼ / (Tabu table is

empty) and set the value of ρ0, ρmin, α, β, Q.
Step 2. Put M ants at the starting position of I/O ports and then the start to

searching route circularly. According to Formula (25.6), calculate the
probability pkij of the kth ant, choose the next picking unit vj, record it,
and put in V 0

k.

Step 3. Estimate whether it satisfies
Pk

i¼i0 qi �Q and
Pkþ1

i¼i0 qi [Q, if yes, go
ahead; if not, turn to Step 2.

Step 4. Calculate the inserting point, insert v0 into V′k, calculate Gk and Ek, and
revise Vk and clear V′k.

Step 5. Calculate pheromone volatilization speed parameter.
Step 6. Choose the best route of this iteration and record A*.
Step 7. Update the pheromone density sijðt þ nÞ on the road.
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Step 8. Estimate the routes that all ants passed by are same or not, if not, insert
v0 into V′k, turn to Step 2. Otherwise, end the procedure.

25.3 Algorithm Experimental Comparison

The parameters of racks and stackers are a = 1 m, b = 1 m, h = 1 m, the racks have
10 rows, 20 columns, and 10 layers, the speed of stacker is Vx = 1 m/s, Vy = 1 m/s,
Vz = 0.3 m/s, B = 2 s, C = 10 s. The numbers of picking lists are 30, 50, and 100,
results are shown in Table 25.1.

Among the experiments of three different order picking numbers, the travel time
and picking operation times after ant colony algorithm optimization are much better
than before, and this algorithm has a better global optimum capability and fast
convergence. In particular, after taking closed loop policy, the storage area has been
used sufficiently, the circuity has been avoided, and the stacker’s travel time has
been reduced significantly. As the chosen goods get more on a picking list, the
optimization effect becomes more obvious. It means the optimization algorithm in
this article is effective.

25.4 Conclusions

The picking route optimization for one stacker in multiple aisles automated storage
and retrieval system is stated in this article. First of all, building a mathematical
model of picking operation of one stacker in multiple aisles automated storage and
retrieval system transforms the question of stacker’s picking operation scheduling
into the common TSP issue. Based on real situation, the tote constraint is added,

Table 25.1 Before-and-after optimization performance indicators’ comparison of picking
operation

n = 30 n = 50 n = 100

Before After Before After Before After

Picking times 5 4 6 5 15 10

Travel time (s) 1,035.283 332.9274 1,285.379 344.3628 2,684.438 355.9362

Optimization
rate of picking
times (%)

20 16.67 33.33

Optimization
rate of travel
time (%)

66.97 73.21 86.74
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and the ant colony algorithm with a selection operator and inserting point operation
is proposed. Experiments show that this algorithm has a better global optimum
capability, fast convergence and is an effective algorithm of solving picking route
optimization.

References

1. Yang H, Li X, Zhong M (2005) Optimal order picking operation allocation for AS/RS. Hoisting
Conveying Mach 3:23–26

2. Wang G, Li M-J, Chen X-B (2008) Research on path planning problem for single aisle fixed
storage rack. Comput Eng Appl 44(16):111–115

3. H-J Zhang (2008) Research on task scheduling in automated storage and retrieval system based
on ant colony algorithm. Tianjin University of Technology

272 A. Feng et al.



Chapter 26
A Cellular Ant Algorithm-Based Method
for Solving Stereo Warehouse Slotting
Optimization Problem

Meng Jin, Xihui Mu, Fengpo Du and Lei Luo

Abstract A new model for the ant colony optimization (ACO) method which is
optimized by combining the cellular automata (CA) is proposed in this paper. The
mathematic model of slotting optimization for stereo warehouse, together with the
proposed ACO-based searching process is developed. Through the evolutionary
mechanism of cellular and the redistribution of pheromones, the proposed ACO
method is able to improve the searching effectiveness of solution space, and the
case of getting into local optimums is avoided. Compared to the traditional ACO
algorithm, the proposed ACO method can find the global optimal solution easily.
The efficiency of the proposed method is demonstrated in the case study.

Keywords Slotting optimization � Cellular automata � Ant colony optimization

26.1 Introduction

Slotting optimization problem is to find a proper assignment of storage locations to
cargos with the objective of minimizing the expected operational loss. How to
maximize the operational effectiveness of warehouse system with limited resource
and model the decision-making process of storage location assignment, become the
important program of the modern logistics research. Slotting optimization problem
is a NP-complete problem. The time to solve slotting optimization problem shows
exponential growth as the dimensions growing. Ant colony optimization (ACO)
algorithm is a heuristic algorithm to solve NP-complete problem. Comparing with
other algorithms (i.e., simulated annealing, neural network, and genetic algorithm),
it has the excellence of distributed, positive feedback, robustness and to combine
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with other algorithms easily [1, 2]. It also has some shortcoming such as low
convergence rate and to fall into local optimization easily. Cellular automata (CA)
[3, 4], which was presented by J.von Neumann, is a math model which is time and
spatial spreading. Combining ACO with CA, try to build the cellular ant model and
solve the shortcoming of low convergence rate and to fall into local optimization
easily used as slotting optimization problem [5].

26.2 The Slotting Optimization Problem

The slotting optimization problem for fixed rack and partition random accessing
could be supposed as the following scenario. There are K picking areas and
T cargos to store, the associated coefficient of cargo j to area k is pkj. There are nk
cargos related to the area k, and the coefficient of access difficulty of the area is wk.
There are W slots in all areas to be filled, and there are mk slots of the area k. The
filling probability of slot i to cargo j is γij, which decided by the cargo’s properties
such as mass bulk and slot’s properties such as the distance from the entrance—the
slotting optimization problem could be modeled as the following.

min
XK

k¼1

wk

Ynk

j¼1

½pij
YW

i¼1

ð1� cijxijÞ�: ð26:1Þ

s:t:
XK

k¼1

nij ¼ T : ð26:2Þ

XT

i¼1

xij ¼ 1; i ¼ 1; 2; � � � ;W : ð26:3Þ

xij 2 f0; 1g; i ¼ 1; 2; . . .;W ; j ¼ 1; 2; . . .; T: ð26:4Þ

where xij is a Boolean value indicating whether the ith cslot is assigned to the jth
cargo. xij = 1 indicates that the ith slot is assigned to the jth cargo. The constraint
(26.3) implies each slot can be assigned to only one cargo. The model is a simple
and basic, and many slotting optimization problems could be extended from it.

26.3 Slotting Optimization Model Based on CAA

26.3.1 The Principle of ACO Algorithm

Scientists found that ant individual communicates with others through something
called ectohormone, in searching of how the blind animals such as ants look for the
best route from nest to food source. When an alone ant moves randomly, it can feel
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the information element released by other ants, and move along the route, then
release information elements itself, so the information elements on the route is
enhanced [7, 8]. These form a positive feedback. The strength of information
element on the best route becomes stronger, and the ones on other routes become
weaker. Finally, the ant colony will find out the best route. The ant colony also can
acclimatize oneself to the changing environment, so it can find the best route again
rapidly when a roadblock is put on the route.

With TSP problem, the basic idea and principle of ACO is described below. The
variables and constants in use are:
m count of ants in the ant colony;
ηij visibility of edge (i, j), value of 1/dij;
τij route strength of edge (i, j);
Δτij

k amount of information element which is left by the kth ant on edge (i, j) per
unit length;

Dskij ¼
Zk=dij;
0;

� if edge ði; jÞ is on the best route;

Zk is value of aim function
other:

Pij
k transfer probability of the kth ant which is proportional to τij

α∙ηij
β, j is node

which has not accessed; the function of route strength is: τij
new = ρ∙τij

old + ∑Δτij
k .

The meanings of parameters are:
α the relative importance of route (α ≥ 0);
β the relative importance of visibility (β ≥ 0);
ρ the lasting degree of information on route (0 ≤ ρ < 1), and 1 - ρ is attenuation

degree;
Q a constant that can present the amount of information element left by ants.

So, the main steps of ACO are described:

Step 1: nc ← 0 (nc is the number of iterative of search step); Initialize τij and Δτij;
Put the ant to the node;

Step 2: Put the start node of ants to the current solution set; Move the kth ant to
next node by probability of Pij

k; Put the node j to current solution set;
Step 3: Compute the value of aim function of every ant; Record the current best

solution;
Step 4: Modify the route strength with update function;
Step 5: For every edge (i,j), Δτij ← 0; nc ← nc + 1;
Step 6: If nc < count of iterative steps, and no degradation appears, go to Step 2;
Step 7: Print the current best solution.
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26.3.2 The Principle of Cellular Automata

CA is a math model, which is time and spatial spreading. As far as set theory is
concerned, the CA has an exacting mathematical description and definition. In the
entire sequel, e denotes dimension of space. k stands for its cellular condition and
achieves its parameters in limited collection T. Throughout this paper, δ stands for
the neighborhood size parameter of the cellular. Z denotes an integer set. t stands for
time. For simplicity, we let e = 1, and only consider the CA on one-dimensional
space. So, we call the distribution of all cellular space, denoted by TZ, i.e., the
distribution of the condition set T on integer sets Z. The dynamic evolutionary of
the CA is a variation of the state combination:

F : TZ
t ! TZ

tþ1

It should be noted that the dynamic evolutionary is in control of each cellular’s
locally evolutionary regulation f. This locally function is usually called locally
regulation. For one-dimensional space, the cellular and its neighbor can be marked
by T2δ+1. Then, the locally function is denoted as follows:

f : T2dþ1
t ! Ttþ1

For locally regulation f, the input sets and output sets of the function are all finite
sets. As a matter of fact, it is a finite table of reference. We implement above locally
function for the cellular of cellular space. Then, it yields the global CA evolutionary
model:

Fðd j
tþ1Þ ¼ f ðdj�d

t ; � � � ; d j
t ; � � � ; djþd

t Þ

Here, dt
j is a cellular, and its locality is in j.

The most basic structures of the CA include the cellular, cellular space, neigh-
bor, and regulation. The normal CA is made up of four elements, and its mathe-
matical symbols description is as follows:

S ¼ ðLe; T;V ; f Þ

where S is the CA system; L denotes the automata space; e is a positive integer and
denotes the dimension of space in the CA system; T is a finite and discrete condition
set of the cellular; V denotes a cellular’s combination in all neighborhoods and
includes the center cellular; f: TV → T is a locally translation function. Each cellular
locates on e-dimensional space, and its location can be determined by an e-
dimensional integer matrix Ze.
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26.3.3 The Slotting Optimization Algorithm Based on CAA

The key of solving slotting optimization problem with cellular ant algorithm is to
convert slotting optimization to ants net. Here, convert the process of slotting
optimization problem to the one below: the slot Wi is a city Ci; the cargo Tj is a
route lij from city Ci to city Ci+1; the process of slotWi filled by cargo Tj is a process
of choosing route from city Ci to city Ci+1; so form a ants net as Fig. 26.1a. The
result of slotting optimization problem corresponds to a route from city C1 to city
Cm+1 as Fig. 26.1b.

With the conversion above, the slotting optimization problem is converted to
ants net, and it can be solved with cellular ant algorithm. Firstly, there are some
definitions of cellular ant algorithm (see details in 2.1 for meanings of the
parameters).

W1

T1

T2

Tn

Wm

T1

T2

Tn

W2

T1

T2

Tn

Wm+1

C1 CmC2 Cm+1

l1j lmjl2j

C1

l11

l12

l1n

Cm

lm1

lm2

lmn

C2

l21

l22

l2n

Cm+1

… …

…

…
………

(a)

(b)

Fig. 26.1 Ants net figure of slotting optimization problem. a Convert slotting optimization to
choosing route problem, b One route from city C1 to city Cm+1
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Definition 1 There is a set of city element C = {c1, c2, …, cm+1}. The ants access
the cities by the order of 1, 2,…,m + 1. There are n routes to choose from city Ci to
city Ci+1, and the length of the route is marked as lij(i = 1, 2, …, m; j = 1, 2, …, n).
When the ant move from city Ci to city Ci+1, if it chooses the jth route, the ant can
choose the jth route any more in the later city. So the route set from city C1 to city
Cm+1 is the cellular space, presented by L = {cellX = (l1j, l2j, …, lmj)|
j2 1; 2; 3; � � � ; nf g}, where j2 1; 2; 3; � � � ; nf g means the element lij and lmn in each
cellX are satisfied with: when i ≠ m, j ≠ n.

Definition 2 The cellular neighbor adopts Moore-type neighbor as follows
(Fig. 26.2):

Nmoore ¼ cellY jdiffðcellY � cellXÞ� 1; cellX; cellY 2 Lf g

Definition 3 The transfer probability of ant:

Pk
ij ¼

saij � gbijP
k s

a
ik � gbik

; gij ¼ 1�ð1� lijÞ

Definition 4 The equation of aim function:

Zk ¼
Xn

j¼1

Ym

i¼1

ð1� lijxijÞ; lij 2 cellX

Definition 5 The equation of updating strength of information element:

snewij ¼ q � soldij þ
X

k

Dskij

Dskij ¼
Zk=ð1� lijÞ;
0;

�
edge (i; jÞ is on the best route,

other:

Fig. 26.2 Moore-type
neighbor model
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Definition 6 The rule of the cellular evolutionary is defined as follows: Compute
the aim functions of cellular neighbor based on the definition of cellular neighbor;
then compare the cellular and its neighbor, and choose the best solution.

The implement steps of solving slotting optimization problem with cellular ant
algorithm as follow:

Step 1: nc ← 0 (nc is the number of iterative of search step); initialize τij and Δτij;
fix on the size of the zone by the number of ants and cellular space; put the
ant to the city C1;

Step 2: Search the route for each ant; move the kth ant to next node by probability
of Pij

k; put the city Cj+1 to current solution set;
Step 3: Compute the value Zk of aim function of every ant; record the current best

solution;
Step 4: Evolve in area of neighbor base on the definition of cellular neighbor;

record the current best solution;
Step 5: Modify the route strength with update function;
Step 6: For every edge (i,j), Δτij ← 0; nc ← nc + 1;
Step 7: If nc < count of iterative steps, and no degradation appears, go to step 2;
Step 8: Print the current best solution.

Because the computing complexity of the CAA is related to the partition of
cellular space, the model partitions the space equably [6]. To do this above can
reduce the computing time. Every zone is formed by cellular and its neighbor. The
center of the zone is cellular. Others are cellular’s neighbor. The zone’s life is
decided by the states of cellular and its neighbor. In the zone search, the cellular
randomly and computing the best solution. To avoid local optimization solution, we
can enlarge the size of the zone. It is beneficial for global optimization.

26.4 Simulation Result

There are six cargos, T1, T2, T3, T4, T5 and T6, and the slots are distributed on six
areas, W1, W2, W3, W4, W5, and W6. The associated coefficient of area Wi-related
cargo Tj is Pij(i = 1, 2, 3, 4, 5, 6; j = 1, 2, 3, 4, 5, 6) as in Table 26.1.

Adopting ACO and CAA, respectively, execute the simulation 100 times (α = 1,
β = 5, ρ = 0.7, Q = 100). The two plans both retrieve the best solution: Slot 1 filled
by cargo 4, slot 2 filled by cargo 5, slot 3 filled by cargo 1, slot 4 filled by cargo 2,
slot 5 filled by cargo 3, slot 6 filled by cargo 6, as in Table 26.2.

Table 26.3 gives the best solution, average solution, maximum iterative degree,
minimum iterative degree, and average iterative degree. From the data, it is obvious
that the average solution of CAA is better than ACO’s one, and CAA’s iterative
degree is less, and its convergence speed is faster.

Figure 26.3 gives the compare the convergence of ACO and CAA, when each
algorithm executes once. Both the two algorithms retrieve the best solution. But
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from the figure, we can see that CAA’s convergence speed is faster. This illuminates
adequately that it is effective that using CA to improve the convergence speed of
ACO.

Table 26.1 Probability table

Slots Cargos

T1 T2 T3 T4 T5 T6
W1 0.88 0.77 0.86 0.65 0.45 0.58

W2 0.79 0.76 0.75 0.67 0.65 0.60

W3 0.81 0.78 0.74 0.60 0.40 0.52

W4 0.73 0.72 0.69 0.60 0.45 0.40

W5 0.88 0.77 0.86 0.65 0.45 0.58

W6 0.79 0.65 0.80 0.74 0.62 0.65

Table 26.2 The best solution of WTA

Cargo T1 T2 T3 T4 T5 T6
Slot ID 3 4 5 1 2 6

Table 26.3 Simulation result comparison

Algorithm Results

Best
solution

Average
solution

Max iterative
degree

Min iterative
degree

Average itera-
tive degree

ACO 1.66 1.72 90 28 46.1

CAA 1.66 1.69 75 20 39.7

Fig. 26.3 Compare the
convergence of ACO and
CAA
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Figure 26.4 gives the variety of ACO’s and CAA’s solution. The x-axis denotes
the iterative degree, and the y-axis denotes the local optimization solution. From the
figure, it is clear that the fluctuation of ASC’s solution is less than CAA’s solution,
so using CAA, we can retrieve more various local optimization solution. This
shows that CAA has good variety, and it can improve ACO, so the solution cannot
fall into local optimization, and then retrieve better global optimization solution.

26.5 Conclusions

Cellular ant algorithm simulates the behavior for seeking food of ant colony in
nature. Combining the principle of CA, the basic idea is simple, and the program is
easy to implement. The algorithm which has good convergence can solve most
nonlinear optimizing problem. Solving slotting optimization problem with CAA,
the result shows that usability of CAA in solving slotting optimization problem, and
there is a good foreground for using CAA in related to engineering optimizing
problem. It can solve similar nonlinear integral optimizing problem.

Slotting optimization problem is a very complicated problem. When the
dimension of the system grows fast using CAA to solve slotting optimization
problem is truly available. The situation discussed in this article is simple, and there
are many details which need to research, i.e., dynamic slotting optimization.

Fig. 26.4 Variety of ACO’s and CAA’s solution
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Chapter 27
Research on Process Optimization
of Automated Warehouse

Wei Yang, Dan Li, Chen Yan and Yuxiao Du

Abstract Automated warehouse, which is a new type in the field of modern
logistics technology, is playing an increasingly important role in the industrial
production. And the increasingly requirements of the logistics operation efficiency
means that the requirements of operation efficiency in the warehouse system are
increasingly high, while the optimization is an efficient way to improve the operation
process efficiency. To improve the efficiency of automated warehouse, we introduce
the integrated modeling ideas, which are based on the unified modeling language
(UML) and polychromatic sets theory (PST), into the optimization study of ware-
house process. This paper established the automated warehouse process model
according to the research framework of manufacturing enterprise workflow process
and an integrated workflow modeling method. By the analysis and optimization of
the operation process model, it studies the instance migration technology that sup-
porting the dynamic changes, to improve the automated warehouse operating effi-
ciency, and increase the flexibility. This paper discusses the feasibility of application
in automatic warehouse operations process optimization through the example.

Keywords Automated warehouse � The unified modeling language � Polychro-
matic sets � Operation process � Dynamic change

27.1 Introduction

Automated warehouse is also called automated storage or retrieval system [1]. And
the increasing requirements of the logistics operation efficiency means that the
requirements of operation efficiency in the warehouse system are increasingly high,
while the optimization is an efficient way to improve the operation process efficiency.

W. Yang (&) � D. Li � C. Yan � Y. Du
Mechanical and Electrical Engineering College, Shaanxi University of Science and
Technology, Xi’an 710021, China
e-mail: yangwei613@126.com; 704344035@qq.com

© Springer-Verlag Berlin Heidelberg 2015
Logistics Engineering Institution, CMES (ed.),
Proceedings of China Modern Logistics Engineering,
Lecture Notes in Electrical Engineering 286, DOI 10.1007/978-3-662-44674-4_27

283



For the optimization of automated warehouse process, there have been lots of
researches focused on the loading and unloading scheduling problem, such as
expert system [2], genetic algorithm (GA), and simulated annealing (SA). The
integrated modeling method based on the unified modeling language (UML) and
the polychromatic sets (PS) is widely used in the analysis and integration of
optimizing enterprise workflow process. But, there is little literature involved it in
application about the research on process optimization of automated warehouse.
According to the integrated modeling method of UML and PS, this article chose the
common automated warehouse to analyze and optimize the process, and to study
the instance migration technology that supporting the dynamic changes, then the
paper discussed the feasibilities of the application by the examples.

27.2 The Integrated Modeling Theory of the Unified
Modeling Language and the Polychromatic Sets [3]

The integrated modeling framework of UML and PS includes two levels, one is the
graphical modeling based on UML and the other is formalizing of UML model
based on PS. Its basic modeling elements (node and connection relationship)
constitute the four basic model structures and it is shown in Table 27.1. That is the
sequence structure, parallel structure, selection structure, and iteration structure.
And the corresponding four simplified rules are as follows: The sequence simplified
rules, parallel simplified rules; selection simplified rules, and iteration simplified
rules.

Table 27.1 The basic model structure
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27.3 Modeling of Automated Warehouse Operation Process
and the Research on Optimization

This paper chose the automatedwarehousewith same side of loading and unloading as
the research object, it includes five parts: Fixed shelf and stacker system, rotary shelf
systems, transportation system, sorting system, and computer control system [4].

27.3.1 Modeling of Automated Warehouse Process
and Structure Analysis

1. According to the automated warehouse structure and the process [4], we can
build the UML activity diagram model of the automated warehouse as shown in
Fig. 27.1.

2. Then according to the mapping rules of UML + PS-integrated modeling method,
the models of PS relationship rules mapped from the UML activity diagram
model is shown in Table 27.2a.

3. In order to find the possible structure conflicts in UML model, we should also
simplify the model by the rules of simplifying basic model structure. In this
paper, the origin and destination of this model can connect directly through a
virtual node, which means that there is no structure conflict in the UML activity
diagram model of the warehouse operation process.

27.3.2 The Dynamic Changes of Automated Warehouse
Process Model

1. In order to make the AS/RS have higher flexibility to match the high efficiency
of system, firstly, according to Fig. 27.1 and actual processing condition, we can
set up a new UML activity diagram model by adding nodes and changing node
structures. The specific detail of the changes is shown in Fig. 27.2 and the
corresponding matrix of PS is also shown in Table 27.2b.

2. Secondly, when the dynamic change happened, we still need to decide to use
what kind of instance migration strategy for the operation instances. So, we
should use the recognition algorithms of workflow area to simplify the new
process model from the inside to outside, analyze the relationship between
various nodes and workflow region, and measure the inference relations
between various nodes and workflow region to determine the instance
migration.
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Fig. 27.1 The UML activity diagram model of warehouse (before the changes)
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Table 27.2 Matrix of PS

F1 F2 F3 F4 F5 F1 F2 F3 F4 F5

(a1, a2) ∙ (a1, a2) ∙

(a2, a3) ∙ (a2, a3) ∙

(a2, a16) ∙ (a2, a16) ∙

(a17, a18) ∙ (a17, a18) ∙

(a18, a19) ∙ (a18, a59) ∙

(a44, a45) ∙ (a44, a45) ∙

(a46, a47) ∙ (a45, a47) ∙

(a10, a56) ∙ (a10, a56) ∙

(a56, a11) ∙ (a10, a60) ∙

(a23, a24) ∙ (a60, a37) ∙

(a18, a27) ∙ (a36, a37) ∙

(a12, a36) ∙ (a12, a36) ∙

(a28, a29) ∙ (a28, a29) ∙

(a40, a41) ∙ (a40, a41) ∙

(a40, a42) ∙ (a40, a42) ∙

(a42, a43) ∙ (a42, a43) ∙

(a50, a51) ∙ (a50, a51) ∙

(a52, a54) ∙ (a52, a54) ∙

(2-a. Before the changes) (2-b. After the changes)

Fig. 27.2 The specific detail of the changes
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27.4 The Result of Research on Warehouse Operations
Process Optimization

27.4.1 The Specific Dynamic Change and the Instance
Migration

1. For the research object in this paper, we make dynamic changes in three parts,
and the specific results about dynamic changes were as follows: First, for the
node a18 “distribute goods automatically,” considering the possible failure of
management machine, we can add node a58 “inputting cargo space manually”
[5] to form selection structure with node a18, and add a empty node a59 to ensure
that the structure is correct and smooth. Second, In order to shorten the time and
improve the operation efficiency, we can change the node a45 and node a46 to
parallel structure. Last, add the node a60 “other stackers which has the same
goods” to form the parallel structure with ða56; ðða11; a12Þ � ða13; a14; a15ÞÞ; a36Þ
that increased the information sharing between the stackers in different lane-
ways, which means that if one stacker broke down, the system will dispatch
other stackers to finish the task. So, it can ensure the accomplishment of
warehouse operation.

2. AS/RS workflow instance migration that supporting dynamic changes
Here, we only choose parts of the path as the examples:

(a) For the running instance with the execution path P1 ¼ fa1; a2; a16; a17g
before changes, we can see the currently running node a17 � V20

� V31 � V32 � V34, and the positional order relationship between the
nodes and changes is V20 �V21;V20 � a59;V10 � V19;V18 � V19; V32 ¼
ðV19 � V31Þ; a17 6¼6¼ a45; a17 6¼6¼ a46; a17 6¼6¼ a60; so, we can migrate
running instances directly, and the actual execution path is
P2 ¼ fa1; a2; a16; a17g:

(b) For the instance with the execution path P1 ¼ fa1; a2; a3; a10;
ðða56; ðða11; a12Þ � ða13; a14; a15ÞÞ; a36Þ � a60Þ; a37g; the inference relation
is as follows: a37 � V9 � V10 � V19 � V32 � V34; a37 6¼6¼ a58; a37 6¼6¼
a59;V4 � a37;V9 �V35; we can see that it must return back first and the
back path is P2 ¼ fa37; ðða56; ðða11; a12Þ � ða13; a14; a15ÞÞ; a36Þ � a60Þ0;
a010g; the actual execution path is P3 ¼ fa1; a2; a3; a10; ðða56; ðða11; a12Þ �
ða13; a14; a15ÞÞ; a36Þ � a60Þ; a37; a37ðða56; ðða11; a12Þ � ða13; a14; a15ÞÞ; a36Þ
�a60Þ; a37g;
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27.4.2 The Result Analysis of Automated Warehouse
Process Optimization

1. For the node a18, adding the node a58 can ensure that the warehouse will not be
influenced by possible failures of management machine.

2. For the node a45 and a46 that changing to parallel structure, we can assume that
the time of node a45 is T1, the time of node a46 is T2, then the time between
node a45 and node a46 is T1 + T2 before changes, but after the changes the time
between node a45 and node a46 is T1(when T1 ≥ T2) or T2(when T2 ≥ T1),
while max{T1, T2} ≤ T1 + T2, so the time becomes shorter.

27.5 Summary

This paper established the automated warehouse workflow model according to the
research framework of manufacturing enterprise workflow process and an inte-
grated workflow modeling method. And it is based on the research of the UML and
the PS theory. By the analysis and optimization of the workflow process model, it
studies the instance migration technology that supporting the dynamic changes, to
improve the automated warehouse operating efficiency. It provides new ideas and
methods for the optimization study of warehouse process.
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Chapter 28
Research and Implementation
of Condition-Based Maintenance System
for Stack Crane in Automatic Storage
and Retrieval System

Sixia Fan, Qicai Zhou, Jiong Zhao and Xiaolei Xiong

Abstract Aiming at solving the problem of excess or lack of maintenance which
exists in traditional maintenance of stack crane in automatic storage and retrieval
system, the stack-crane monitor and diagnostic system (SCMDS) based on the
component module has been proposed, using the SCMDS as a research object, and
utilizing the open-system architecture for condition-based maintenance (OSA-
CBM) model and component technology theory for reference. First, this paper
details the internal structure, functional modules, and interactive interface of the
generic component module with the reconfigurable and scalable features in
SCMDS. Second, it puts forward the six layers whole project of SCMDS which
constituted by single and nested components. Finally, using the fault tree analysis
model which established on the physical characteristics of the stack crane as an
example, it describes the specific implementation of a single component and also
provides the theoretical basis for application.

Keywords Stack crane � Condition-based maintenance � Component � Monitor
and diagnostic

28.1 Introduction

Automated storage and retrieval system (AS/RS), as the core hub of production and
storage in modern logistics design, is an integrated comprehensive system, con-
sisting of high shelves, handling equipment, electrical control, programming, and
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management [1]. For stack crane is the sign of AS/RS’s features, it is the major
machine for goods stockpiling in high-rise warehouse, and its performance status is
directly related to the warehouse operations. With the AS/RS becoming more and
more large scale, flexible, intelligent, and goods in and out per unit time more
frequently, if the equipment have faults or shut down for repairing, it could affect
the normal operation and security task, in warehouse, and also bring a huge loss to
storage users. Therefore, condition monitor online, fault diagnosis, health prog-
nosis, and maintenance decision optimization could be the important contents of
equipment maintenance and supporting in AS/RS.

Currently, preventive maintenance and corrective maintenance are the two main
modes in the warehouse, and the traditional maintenance brings some disadvantages
such as excess or lack of maintenance. Condition-based maintenance (CBM) is a
new way for supporting the equipment, and it programs the equipment maintenance
according to the measured parameter values comprehensive assessment, through
monitoring the system operating conditions online or off-line. This paper proposes
the stack-crane monitor and diagnostic system (SCMDS), using the CBM as
architecture, with condition detection, health assessment (HA), fault diagnosis,
prognosis maintenance, and other functions. Reducing the complexity of SCMDS
development, and increasing its reusability, according to open-system architecture
for condition-based maintenance (OSA-CBM), the architecture of SCMDS based
on the component has been proposed. This system could meet the requirements of
standard, integration, generality, distribution, flexibility, and other specialty, and it
provides the theoretical guidance and methods for practical application in SCMDS.

28.2 System Architecture

28.2.1 OSA-CBM Architecture

CBM is a new way of equipment maintenance. With artificial intelligence and other
advanced computational methods, diagnostic and prognostic about the remaining
useful life (RUL) could be made out timely, and the equipment maintenance
scheduling time would be arranged reasonably, by the real-time monitoring of the
state of equipment and the working environment [2].The objective of CBM is to
enable the equipment maintenance effectively and timely, to reduce the life cycle
costs, to enhance devices reliably, and to avoid the risks and losses which due to the
sudden failure of equipment.

OSA-CBM, funded by the US Navy, is formulated by a joint team of experts
coming from some well-known companies such Boeing, Caterpillar, Rockwell
Automation, Rockwell Science Center, Newport News Shipbuilding, and Oceana
Sensor Technologies, issued and managed by Machinery Information Management
Open Standards Alliance (MIMOSA). This standardization develops an open-
system architecture for CBM, and it is the guidance to achieve the standard
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framework of CBM system. OSA-CBM system is used to monitor the operation of
complex mechanical systems and provide accurate assessment of the system’s
current health status to the operators. The goal is that the standardization would
drive the CBM supplier to produce interchangeable and interoperable hardware and
software components for enhancing system-integration capability.

OSA-CBM consists of 7-layer distributed modules as the Fig. 28.1 showed
below. They are data acquisition (DA), data manipulation (DM), state detection
(SD), health assessment (HS), prognostics assessment (PS), advisory generation
(AG), and presentation (P). OSA-CBM focuses on the description of information
and interface specification of each functional layer [3], and provides a reference
standard for the formation of SCMDS system architecture. For it lacked of the
definition of modules implementation in different layers, thus the SCMDS design
based on components has been proposed, referring to the compatible and recon-
figurable concepts in OSA-CBM, with adaptability and scalability characteristics.

28.2.2 Component Module System

The Components package specifies a set of constructs that can be used to define
software systems of arbitrary size and complexity [4], and they are the modular
system which can be released and are replaceable. Component encapsulates the
implementation section and provides a set of interfaces, one or more classes of them
determining the uses. The most basic goal of component is to develop the system
collaborative, and the function is to be the adhesive between multiple modules.
System development based on component technology has a high degree of inte-
gration, user transparency, openness, reusability, and ease of scalability.

With enough flexible, numbers of different functions of subsystems composed of
a distributed monitoring and diagnosis system, through collaboration between the
sub-monitoring system, and it can adapt to different devices and various monitoring
requirements for giving a comprehensive diagnostic. It is benefit to achieve the

Fig. 28.1 OSA-CBM general framework
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function of plug and play, using the component module method to build the system.
With dynamic configuration and flexible adjustment based on the detection of the
AS/RS equipment, SCMDS can form a loose coupling decentralized structure
between functional layers, by invoking the various functional components, during
the system operation.

Each component has the functional module of DA, data processing (DP), data
storage, self-learning, inferential decision, communication, and transmission in
SCMDS. Meanwhile, the system exists collaboration and information exchange
between the components which could act as a server-side or a client-side. The
internal of component could be divided into 3 tier as shown in Fig. 28.2. (1) Client
tier, this tier consists of DA and DP modules and supplies the external interfaces
(COM EI) for invoking by the other components as the server-side. DA module is
responsible for collecting the real-time data uploaded by the data collectors and other
modules. DP module is responsible for dealing with the huge amounts of data, in
data-level fusion, ensuring the reliability of data. (2) Transaction-processing tier,
knowledge database, inferential decision, self-learning, data storage, and other
modules compose this tier. Information, uploaded by the client tier, will be processed
in feature-level fusion, after data-level fusion processing. Applying the appropriate
reasoning mechanism, the target results requested by clients can be figured out, on
the basis of rules and methods setting in knowledge database. Data after two levels
fusion will be stored in database, meanwhile, improve and expand the knowledge
base through self-learning module. (3) Server tier, this tier provides the external
interfaces of the component for communication and transmission module (C&S),
and its ability is to transmit the data after processing by transaction-processing tier to
client-side, or to act as the communication interfaces of client-side to be invoked by
the other components. According to the actual situation, component modules can
enable all or parts of the functions owned by the internal structure, or insert the
relevant functional module based on the actual application requirements. All these
make contribution to increasing the reconfigurability and scalability of components.

Client and server (C/S) mode will be used to communicate and transmit between
components. Each component can act as a server-side or client-side, calling
and transferring target information by invoking the external interfaces. As a

Fig. 28.2 The structure of component module
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service-side, component provides services to client-side through the EntryPoint
interface [5]. Figure 28.3 showed the specific methods. It includes request data
connection, request status information, request data sets, request configuration,
request explanation, and other methods. EntryPoint interface can be implemented in
client tier of component module. As a client-side, EntryPointSink interface of the
component would be the data interface for receiving information from the server-
side. As the figure displayed below, it contains notify connection, notify status,
notify the data sets, notify configuration, and other methods.

Communication between the various components uses simple object access
protocol (SOAP) access mode and utilizes Web service for receiving different types
of requests. SOAP, relied on Extensible Markup Language(XML), is a protocol
specification for exchanging structured information in the implementation of Web
services in computer networks [6]. SOAP, based on TCP/IP, is compatible with
existing network communication protocol maximally in application layer. Refer-
ence to OSA-CBM, communication between the components could use four modes,
such as synchronous, asynchronous, service, and subscription, according to the
actual situation.

28.3 Design and Implementation of SCMDS

28.3.1 Architecture of SCMDS Based on Components

By using the stack-crane condition information which collected by the DA installed
in AS/RS, SCMDS makes prognostic about condition trend and RUL of the system
and components, and provides alarm information to the users timely, after data
fusion, feature vector extraction, threshold comparison, and other processes.
Depending on the HA results and decision support module, reasonable maintenance
would be made out, and monitoring and diagnostic function based on condition of
stack crane could also be implemented.

Fig. 28.3 The specific method of EntryPoint and EntryPointSink interfaces representing based on
UML
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Reference to the functional requirements of OSA-CBM system, SCMDS, based
on condition, is constituted by data acquisition com (component), data manipulation
com, state detection com, HA and prognostic com, remote diagnostic and main-
tenance recommendation com, global data storage com, equipment maintenance
and management com, and user interaction com. Figure 28.4 showed the structure
of SCMDS.

Each monitoring point component is contained in data acquisition com. Con-
dition data, collected from a variety of sensors, can be transferred to data manip-
ulation com, via Intranet, Zigbee, or other network transmission. Data acquisition
com consists of time domain, frequency domain, Wavelet, and multiple of DP
functional components. In accordance with the signal category collected by each
sensor, first, selects the corresponding processing component; second, processes the
information in global data-level fusion; and third, extracts the feature vectors. In
state detection com, equipment state classification component can process the data
uploaded from below in feature-level fusion, compare with the relevant threshold,
and alarm the over-limit data timely, with the mutual cooperation between state
identification component and explanation component.

HA and prognostic component is a multi-component-nested module. Firstly, the
monitoring information will be classified into 3 classes: normal, alarm, and danger.
Secondly, equipment and components’ performance will be assessed by different

Fig. 28.4 The overall structure of SCMDS. Note DRAM COM: diagnostic resource allocation and
management components, EPRA COM: equipment performance decline assessment component
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processing model, judging whether the system or sub-system is under the perfor-
mance decline phase. Thirdly, by using many diagnostic model components (DM
COM), the health of system will be assessed. Finally, with analyzing the faults that
may occur or has occurred, the RUL and operation trend will be prognosed. Fault
tree analysis (FTA) method is the usual diagnostic model; choosing this model
could not only locate the equipment exception quickly, but also expand the
equipment fault knowledge base timely with self-learning function. At meanwhile,
it can provide theoretical guidance for the production pre-design and post-main-
tenance. The following will detail the implementation of diagnostic component in
SCMDS, using FTA as an example.

When the local HA and prognostic component cannot meet the diagnostic
capabilities of the system, the remote diagnostic and maintenance recommendation
component would be invoked via the Internet, diagnosing the system and com-
ponents of stack crane in detail, with the multi-expert systems provided by pro-
fessional organizations. In equipment maintenance and management component,
combining the diagnostic information supplied by HA and prognostic component
and remote maintenance recommendation, the maintenance can be made out
according to the optimized plan that system provided, after processing the data in
decision-level fusion. Equipment maintenance task will be arranged depending on
the inventory of maintenance resource, and the final plan will be submitted to the
user interaction component for displaying. User interaction component is used to
display all the information of the other six-layer modules in the SCMDS. Operators
can invoke any layer module in accordance with the interfaces that components
provided, and choose the optimal project from a variety of maintenance programs to
be implied, through the way of human–computer interaction. User interaction
component includes user authority component and equipment ledger component.
The former provides the corresponding monitoring information to the different
managers, and the latter establishes the management log and gives the reference to
the decision-maker for managing and procuring the devices, during the life cycle.
As the center data storage for the entire system, global data storage component
updates the system database timely and improves knowledge database, using the
target results, history records, and maintenance logs, in order to enhance reliability
and practicality of SCMDS. Because of favorable to increase the compatibility and
normalization for DP and invoking, all messages storage format will be regulated in
XML format in global data storage component.

28.3.2 Implementation of SCMDS Based on Components

28.3.2.1 Implementation of Diagnostic Model Component

Health diagnostic module is the core component of SCMDS, the stability, security,
and economic maintenance of operational stack crane will be impacted directly by
the timeliness and accuracy of health diagnostic. Choosing diagnostic model is a
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complex job in HA and prognostic component. By selecting single or combining
different diagnostic models, the work of ascertaining and identifying the hidden
danger and initial abnormality, locating fault rootstock and prognosing RUL of
stack crane can be accomplished, as providing a theoretical basis for the formu-
lation of maintenance. FTA model component, as a single instance of the diagnostic
model component in HA and prognostic component of SCMDS, would be intro-
duced in detail.

FTA model component used the general component of SCMDS. With the
connection and invocation with other components, information of diagnostic or
provided by management component can be processed, fused, and transferred to the
transaction-processing tier, in client tier. In transaction-processing tier, through
analyzing the operational control principle of stack crane, stack-crane faults figure
could be constructed by using FTA method [7], with combination of equipment
common faults [8]. After putting up the knowledge database in this tier, the min-
imum cutsets of stack-crane’s faults can be found out and be used as a basis to
diagnose equipment.

The system is divided into two parts according to the working and control
principle of stack crane, and these are mechanical system and electrical control
system. Mechanical system consists of rack, traveling mechanism, lifting mecha-
nism, telescoping fork mechanism, object stage, and accessing cargo mechanism.
Electrical control system is composed by main circuit, electric traction, control
detection, security protection, and other mechanism. As Fig. 28.5 showed, a fault
tree with ‘stacker-crane fault’ as the top event first branched into ‘mechanical
system fault’ and ‘electrical control system fault.’ Then, the node ‘mechanical
system fault’ further split into three branches: ‘traveling mechanism fault,’ ‘lifting
mechanism fault,’ and ‘fork mechanism fault.’ Meanwhile, the mother node
‘electrical control system fault’ forked into two branches: ‘main circuit fault’ and
‘control mechanism fault.’ Finally, the fault tree continued to develop to the bottom
events from the five branches.

In the fault tree of stack crane, E represents composite parts, and X represents
minimum cutsets. Minimum cutsets are all possible unique combinations of com-
ponent failures that cause a system failure (top event).The minimum cutsets of stack
crane are {X1}, {X2}, … {X39}.

Using FTA knowledge database to diagnose the hidden danger and abnormality
of stack crane in transaction-processing tier, then submit diagnostic result to server
tier, meanwhile, stores them in database. When FTA model in knowledge could not
diagnose the faults, it should invoke other diagnostic model components or remote
diagnostic component to completing diagnostic function, and update knowledge
database by self-learning function in transaction-processing tier for expanding fault
tree of stack crane and consummating FTA diagnostic model component.
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28.4 Conclusions

CBM is a new way for equipment maintenance, making up, and solving the
problem of excess or lack of maintenance. Based on the framework of OSA-CBM,
using stack crane in AS/RS as an example, this paper has introduced the structure
and implementation of SCMDS based on components. Utilizing OSA-CBM stan-
dardization, it is benefit to improving the system’s generality and standards. The
distribution of system with collaboration functions will be realized by adopting the
component technology, and it makes contribute to accommodating to the hetero-
geneity and loose coupling environment in SCMDS, therefore increasing self-
adaptive ability of the system. The implementation of single component module has

Fig. 28.5 Stack-crane fault tree diagram. Note E1 driving system of traveling mechanism fault; E2
mechanical system of traveling mechanism fault; E3 loading shelf fault; E4 speed changer
mechanism of lifting mechanism fault; E5 lifting mechanism fault; E6 driving system of fork
mechanism fault; E7 fork failed to stretch; E8 open phase; E9 no voltage at both ends of the motor;
E10 software fault; E11 hardware fault; E12 Fork-stretched overrun; E13 skew traveling of crane’s
running gears; E14 stacker-crane running unstable; E15 loading shelf running unstable; E16
loading shelf falling; E17 transmission fault; E18 obstruction in the movement of fork; E19 electric
transmission line fault; E20 unable to locate accurately; E21 frequency conversion fault; E22 fork
is out of control; E23 reduction gear fault; E24 speed changer box fault; E25 error positioning; E26
positioning in the wrong location; E27 no variable speed control signal; E28 location failed to store
cargo; E29 fork failed to moving; E30 motor fault; E31 reel destruction; E32 traveling mechanism
only forward and backward; E33 gearbox failure; X1 motor bearings fault; X2 tilt wheel; X3
excessive load; X4 wire rope breaking; X5 cycloid fault; X6 clutch fault; X7 capacitor failure; X8
power failure; X9 frequency converter fault; X10 human error in operation; X11 faulty data
communication; X12 motor running normally; X13 track installation error; X14 traveling wheel
deviation; X15 track under poor maintenance; X16 track existing a certain slope; X17 brake fault;
X18 columns deformation; X19 track supporting wheels wearing down; X20 fall-proof machine
fault; X21 fork failed to stretch; X22 pinion and rack fault; X23 chain and sprockets fault; X24
cable fault; X25 sliding contact device fault; X26 coupling fault; X27 address identification device
fault; X28 identification bar loosen or migrated; X29 other failures; X30 arithmetic unit of control
system fault; X31 counter fault; X32 sensor faults; X33 fork stretching out overtime; X34 fork
buffer spring loose; X35 high-level photoelectric switch loose or damaged; X36 forward
photoelectric switch loose or damaged; X37 decelerating bearing fault; X38 limit switches loose
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been detailed by using FTA diagnostic model component as an instance. The
uniform interfaces provided by the system for achieving plug-and-play function-
ality, with integrating the core part of each component into transaction-processing
tier, through consummating component knowledge database by self-learning
module, would enhance the reconstruction and scalability of components and
system. The proposed SCMDS based on components has provided the theoretical
guidance for the practical application of the system in development and imple-
mentation stage.
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Chapter 29
The Research of Integrated Supply Chain
Model Rested on Joint Ordering

Wenxue Ran and Yang Yu

Abstract The integrated supply chain is to integrate positive sources and distribute
them in order to maximize the benefits of supply chain and utilize these advantages.
The essay is based on the actual optimization cost on warehouse inventory of joint
ordering model and the test of cases that will resolve the practical issues, so as to
optimize inventory, reduce costs, and improve the efficiency.

Keywords Combined purchase � Supply chain integration � Model

29.1 Introduction

Supply chain management (SCM) is one of management theories, which was raised
in the early 1980s. At first, the theory referred to the coordination and management
among internal market, sales, planning, purchasing, and manufacturing within a
firm. Then, it evolved toward the supply and demand management between
enterprises and their suppliers, and the chain management from resource suppliers,
manufacturers, and retailers to clients. Modern SCM emphasizes on a network-type
management, which is a functional network management model including planning,
coordinating, and controlling from resources supplying, through producing process
to selling network, then to combine the suppliers, manufacturers, distributors and
retailers, and finally to the customers, which can make sure to transfer the right
products to right clients in right time and places [1, 2].

Integrated supply chain is designed based on supply chain operations reference
model (SCOR) developed by International Supply Chain Council [3, 4] in which
integrated supply chain is a network structure, which consists of members of
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suppliers, manufacturers, distributors, retailers, and customers. Members supply
resources, components, products, and services mutually; via redesigning, planning,
and controlling of the distributions, information flows and fund flows, it can
guarantee to transfer right products or services in right amount or standard to right
places in appropriate time, thereby, to improve the customers’ satisfaction level and
lessen the total cost of supply chain [5].

Integrated supply chain can achieve the optimal allocation of resources firstly. It
uses the resources efficiently by allocating employers, funds, information, and
materials. When resources are limited, the rational and optimal utilization of
resources among enterprises will be achieved. Secondly, it can improve the service
level. The existence and development of supply chain focus on meeting customer
needs, and the integrated supply chain is to pursue more efficient service and take
advantages to raise customer satisfaction and loyalty. Thirdly, it can maximize the
core competitiveness of related enterprises. In SCM theory, all the enterprises
should collect energy and resources to improve the core competitiveness. As a
result, this will not only improve the core competitiveness of cooperative enter-
prises but also achieve integration of the whole supply chain and improvement of
competitive capacity.

Many domestic scholars conducted a number of in-depth researches and
exploration of supply chain, which are based on the combined purchase. Xu Xin
proved that the joint order of a variety of products has certain effect on SCM and
coordination; Qin Junxue have studied the financial constraints on the optimization
model, which includes multi-commodity order in order to minimize inventory cost
[6]; Liu Bin, studied a class of short-life cycle products in terms of the order- and
price-united deciding system in stochastic demands price-dependent circumstances;
the research showed that “the system performance is mainly from sales of the first
stage, the operator should focus more on making profits on this stage” [7].

The essay will rest on the joint ordering model in order to research the inte-
gration of supply chain. It will get the solution of integrated model and will be
verified with examples to improve the market competitiveness of the enterprise.

29.2 The Integrated Supply Chain Model of the Joint
Ordering

In order to ensure continuous production in the producing process, it must set a
certain amount of inventory, of which the essential stocks can be optimized by the
joint ordering. For solving problems by the joint ordering more conveniently,
assume that:

1. The demand of each product is fixed;
2. The replenishment quantity of products may appear the decimal;
3. Shortages will not be allowed;
4. Instant delivery of ordered goods, the lead time is zero.
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Letters are defined as follows:

1. K—the subscription fee for ordering products only related to order number, not
species;

2. fi—additional costs, which the I product need to pay;
3. Qi—market demand rate of the I product;
4. di—unit cost of the i product;
5. n—the number of product categories;
6. h—the percentage of inventory holding cost per unit in purchasing cost per unit.

29.2.1 The Model of Ordering All Products at the Same Time

There is a need to prepare goods and materials for projects of the company, which
enjoys the same order cycle time. When ordered, each product needs to be ordered
once. It can be assumed that the order cycle time of products is T, and there are
N kinds of products prepared to order; therefore, the average inventory level for the
I product is:

Ii ¼ Di

2
¼ QiT

2
ð29:1Þ

The average total cost per unit time is:

C ¼ K þPn
i¼1 fi

T
þ
Xn
i¼1

QiThdi
2

 !
ð29:2Þ

To make cost C of the average cost per unit time minimum, it is required to
determine the optimal order cycle time T 0.

Let oC
oT ¼ 0, then the optimal order cycle time is:

oC
oT

¼ K þPn
i¼1 fi

T
þ
Xn
i¼1

QiThdi
2

 !
¼ 0

And it can be obtained the equation:

K þPn
i¼1 fi

T2 ¼
Xn

i¼1

QiThdi
2

ð29:3Þ

If set T2 ¼ R, so
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R ¼ K þPn
i¼1 fiPn

i¼1 Qidi
� 2
h

ð29:4Þ

and it can be obtained T 0:

T 0 ¼ K þPn
i¼1 fiPn

i¼1 Qidi
� 2
h

� �1
2

ð29:5Þ

Putting Formula (29.5) into Formula (29.2), the minimum cost per unit can be
worked out C0:

C0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K þPn

i¼1 fi
� �2�h�Pn

i¼1 Qidi
2 K þPn

i¼1 fi
� �

vuut þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 K þPn

i¼1 fi
� �� h2 � Pn

i¼1 Qidi
� �2

4� h
Pn

i¼1 Qidi

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 K þ

Xn
i¼1

fi

 !
h
Xn
i¼1

Qidi

vuut ð29:6Þ

The optimal order batch of the i product is:

Di ¼ Qi � T 0 ð29:7Þ

And the optimal average inventory level of the I product is:

�Ii ¼ Di

2
¼ QiT 0

2
ð29:8Þ

29.2.2 The Model of Some Products Joint Ordering

As the frequency of ordering various products is different, when the prepared goods
are out of stock, it will be more favorable to use joint ordering method for a part of
goods. Assume mi to mean the order cycle time of the various products is mi times
of the basic order cycle time. So, the average inventory level of the I product is
�Ii ¼ Di

2 ¼ QimiT
2 . Thus, when n kinds of products joint ordering, the average total cost

per unit time is:

C� ¼ K þPn
i¼1

fi
mi

T
þ
Xn
i¼1

QimiThdi
2

ð29:9Þ

Set oCoT ¼ 0, then the optimal order cycle time is: (with the same derivation step of
all products ordered)
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T 0 ¼ K þPn
i¼1

fi
miPn

i¼1 Qidi
� 2
h

 !1
2

ð29:10Þ

Putting Formula (29.10) into Formula (29.9), the result is:

C0 ¼
ffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K þ

Xn
i¼1

fi
mi

 !
h
Xn
i¼1

Qidi

vuut ð29:11Þ

29.2.3 The Optimal Strategy of Joint Ordering

To work out the lowest average total cost C� of the system, it has to make optimal
order multiplier mi best. To make the C�minimum, it should work out the
Fðm1; . . .;mnÞ ¼ ðK þPn

i¼1
fi
mi
ÞhPn

i¼1 miQidi
Make Fðm1; . . .;mnÞ on the partial derivative mi to zero, the derivation process:
First assume n = 2, then

F m1;m2ð Þ ¼ K þ f1
m1

þ f2
m2

� �
h m1Q1d1 þ m2Q2d2ð Þ ð29:12Þ

Find the partial derivatives:

� f1
m2

1

� �
hm1Q1d1 þ hm2Q2d2ð Þ þ K þ f1

m1
þ f2
m2

� �
hQ1d1 ¼ 0

then:

�f1 m1Q1d1 þ m2Q2d2ð Þ þ m2
1Q1d1 K þ f1

m1
þ f2
m2

� �
¼ 0

Solution obtained:

m2
1 ¼

f1
P2

i¼1 miQidi

Q1d1 K þP2
i¼1

fi
mi

� � ð29:13Þ

Similarly,

m2
2 ¼

f2
P2

i¼1 miQidi

Q2d2 K þP2
i¼1

fi
mi

� � ð29:14Þ
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Generally, the derivative of the variable is mi, from

F m1; . . .;mnð Þ ¼ K þ
Xn
i¼1

fi
mi

 !
h
Xn
i¼1

miQidi ¼ K
Xn
i¼1

miQidi þ
Xn
i¼1

fi
mi

Xn
i¼1

miQidi:

ð29:15Þ

Make the derivation of the formula above equal to zero, then can find

m2
i ¼

fi
Pn

i¼1 miQidi
Qidi K þPn

i¼1
fi
mi

� � ð29:16Þ

By comparison with n = I and n = 2, the results
Pn

i¼1 miQidi and
Pn

i¼1
fi
mi

are
unchanged. But the fi

Qidi
part changes with the change of n. Therefore, the following

re-introduction of a variable j changes the Formula (29.16) to:

m2
j ¼

fj
Pn

i¼1 miQidi
Qjdj K þPn

i¼1
fi
mi

� � ; j ¼ 1; 2; . . .n: ð29:17Þ

To minimize value of the fj
Qjdj

, then m1 ¼ 1 when the corresponding product is
the first product, then by Formula (29.17):

mj ¼
ffiffiffiffiffiffiffiffiffi
fj

Qjdj

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 miQidi

K þPn
i¼1

fi
mi

�
s

make

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 miQidi
K þPn

i¼1
fi
mi

�
s

ð29:18Þ

Then,

mj ¼ U�
ffiffiffiffiffiffiffiffiffi
fj

Qjdj

s
; j ¼ 1; 2; . . .n ð29:19Þ

The result:

Xn
i¼1

miQidi ¼ m1Q1d1 þ m2Q2d2 þ � � � þ mnQndn ¼ Q1d1

þ
Xn
i¼2

U

ffiffiffiffiffiffiffiffiffi
fi

Qidi

s
� Qidi ¼ Q1d1 þ U

Xn
i¼2

ffiffiffiffiffiffiffiffiffiffiffi
fiQidi

p ð29:20Þ
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It can be concluded:

Xn
i¼1

fi
mi

¼ f1 þ 1
U

Xn
i¼2

ffiffiffiffiffiffiffiffiffiffiffi
fiQidi

p
ð29:21Þ

Putting Formula (29.20) and Formula (29.21) into Formula (29.18), we get:

Q1d1 þ U
Pn

i¼2

ffiffiffiffiffiffiffiffiffiffiffi
fiQidi

p
K þ f1 þ 1

U

Pn
i¼2

ffiffiffiffiffiffiffiffiffiffiffi
fiQidi

p ¼ U2 ð29:22Þ

be simplified:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Q1d1
K þ f1

s
: ð29:23Þ

Putting Formula (29.13) into Formula (29.10), we get

mj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q1d1
K þ f1

fj
Qjdj

s
; j ¼ 1; 2; . . .; n ð29:24Þ

Therefore, we get the following optimal algorithm of the joint ordering strategy:

1. Make the product whose fi
Qidi

value is minimum as the first product, note m1 ¼ 1;

2. To calculate mi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q1d1
Kþf1

fi
Qidi

q
; and make mi close to integer;

3. Use Formula (29.10) to calculate T 0;
4. Calculate the optimal order quantity Di ¼ miQiT 0; i ¼ 1; 2; . . .; n:

29.3 Case Analysis

Assume that a company needs to order 5 kinds of goods, the fixed cost of each
ordering is K = 60 Yuan, the annual year inventory carrying cost per unit account
for the purchase cost h = 20 %. The ordering cost of components and parts is fi, the
cost of product per unit is di, and the annual demand rate is Qi (see Table 29.1).

1. If under the previousmethod of one-time procurement of all goods, the total cost is:

C0
1 ¼ K þ

X5
i¼1

fi þ
X5
i¼1

Qihdi ¼ 60þ 10� 5þ ð25� 20 %� 300þ 40� 20 %� 200

þ 100� 20 %� 50þ 200� 20 %� 10þ 30� 20 %� 150Þ ¼ 5,510 Yuan
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2. If you use “the model of ordering all products at the same time,” known by
Formula (29.2), the optimal order cycle T 0 ¼ 0:202 year � 11 weeks; putting T 0

into Formula (29.3), we can calculate the optimal average cost as follows:

C0 ¼ ffiffiffi
2

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK þPn

i¼1
fi
mi
ÞhPn

i¼1 Qidi
q

¼ 1,089:95 Yuan

The total cost is: C0
2 ¼ C0 � 365=7=T 0 ¼ 1,089:95� 365=7=11 ¼ 5,166:67

Yuan
The order batch of each kind of material is: D1 ¼ Q1 � T ¼ 25� 0:128 � 3
units and can be calculated in the same way that D2 � 5 units, D3 � 13 units,
D4 � 26 units, and D5 � 4 units.

3. If you use “the model of some products joint ordering,” m1 ¼ 1; and use For-
mula (29.14) to calculate:

m2 ¼ U

ffiffiffiffiffiffiffiffiffi
fi

Qidi

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q1d1
K þ a1

r
�

ffiffiffiffiffiffiffiffiffiffi
f2

Q2d2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25� 300

70
� 10
200� 40

r
¼ 0:37 ! 1

m3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25� 300

70
� 10
100� 50

r
¼ 0:46 ! 1

m4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25� 300

70
� 10
200� 10

r
¼ 0:732 ! 1

m5 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25� 300

70
� 10
150� 30

r
¼ 0:488 ! 1

The basic order cycle is:

T 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K þPn

i¼1
fi
miPn

i¼1 miQidi
� 2
h

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� 60þ 10
1 þ 10

1 þ 10
1 þ 10

1 þ 10
1

� �
0:2� 1� 300� 25þ 200� 40þ 50� 100þ 10� 200þ 150� 30ð Þ

s

¼ 0:202 year � 11 weeks

Table 29.1 The related parameter values of five materials

Product i 1 2 3 4 5

fi 10 10 10 10 10

di 300 200 50 10 150

Qi 25 40 100 200 30
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The order batch of each kind of product is:

D1 ¼ 1� 300� 0:143 � 50; D2 ¼ 1� 200� 0:143 � 29;

D3 ¼ 1� 50� 0:143 � 7; D4 ¼ 1� 10� 0:143 � 1;

D5 ¼ 1� 150� 0:143 � 21

Putting the above results into Formula (29.5), one can get the optimal average
total cost as:

C0 ¼
ffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K þ

Xn

i¼1

fi
mi

� �
h
Xn

i¼1
miQidi

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð60þ 10

1
� 5Þ � 0:2� ð300� 25þ 200� 40þ 50� 100þ 10� 200þ 150� 30Þ

r
�

ffiffiffi
2

p

¼ 1089:95 Yuan

The total cost is:

C0
3 ¼ C0 � 365=7=T 0 ¼ 1; 089:95� 365=7=11 ¼ 5,166:67 Yuan

According to the calculation results of the specific circumstances of the case
above in three different ways, the cost of one-time purchase of several products is
much higher than the joint ordering model cost. And from reasonable storage, the
use of joint ordering model can significantly reduce the maximum inventory levels,
which will achieve storage rationalization (Table 29.2).

29.3.1 Closing

In this paper, the joint ordering model is utilized in the integrated supply chain to
solve the optimization of inventory and supply chain costs, and applied to practical
business to resolve practical problems.

Joint ordering model analyzes the materials needed, tested by two different
models and to compare the costs of three different methods. The model shows the
advantages and the cost saving, and also reflects the conception of optimization of
reducing inventories. After the case analysis, we can see the advantages of the joint
ordering model and the effectiveness in the applying process.

The method in the essay—joint ordering model—is based on the corresponding
assumptions. But, the assumption will not affect the non-specific industry. There-
fore, it has a universal adaptability.

Table 29.2 The total cost of
the three ordering methods
comparison chart

Method 1 Method 2 Method 3

Total cost (Yuan) 5,510.00 5,166.67 5,166.67
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Chapter 30
The Necessity of Construction of the Three
Gorges Emergency Logistics Base
and Its Measures

Juan Wang, Weijun He and Yasan Fu

Abstract The passage investigated natural hazard, which occurred in the Three
Gorges and periphery area. The major hazards include drought, heavy rain, and
floods; in addition, there are geological hazards, which include landslide, rock fall,
debris flow, earthquake, and so on. What is more, the passage has collected a lot of
related data about natural hazards that took place in Yichang City of Hubei
Province, the city of Chongqing, and the Hubei Province as a whole from 2004 to
2010. This passage analyzed the data. The natural hazard that occurred in Hubei
Province and the city of Chongqing has become extremely serious. The number of
such hazard events is on a rising trend from 2009. As the natural hazard that
occurred in the Three Gorges is uncertain and unexpected, it is important to build an
emergency logistics base in the Three Gorges. Such base can provide vigorous rear
rescue activity quickly to avoid the natural hazard. Based on the investigation on
the variety of natural hazards in this area, the time of such hazards, and frequency,
this passage provided several measures.

Keywords Three Gorges area � Natural hazard � Emergency logistics base

30.1 Introduction

The three gorges region stretches across two provinces; they are Hubei and
Chongqing. From east to west, there are: Xiling Gorge, Wu Gorge, and Qutang
Gorge. The three gorges dam, which is located in the middle of Xiling Gorge of
Yichang City in Hubei Province, is the world’s largest hydropower project in the
world. Due to its complex geological structure, natural disasters of the three gorges
region include drought and heavy rains flooding, along with geological disasters,
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such as landslides, avalanches, landslides, ground subsidence, which are triggered
by heavy rain floods.1 In recent years, with the risen water level of the three gorges
reservoir, a large number of low-lying mountains are being flooded, causing the
reservoir bank to be collapsed and the occurence of landslides; this has caused the
natural disaster occurred increasingly frequent. In particular, in 2009, since the three
gorges project conducted 3 times 175 m of pilot water, the losses of two provinces
of Hubei and Chongqing have made natural disasters grow exponentially.

Facing with the frequency of such disaster occurred in three gorges area, gov-
ernment departments have taken some measures, such as monitoring, early warning,
relocation, and construction management; there is still a lack of awareness of the
necessity to construct the three gorges emergency logistics base. However, the
government departments still did not realize the importance of constructing the
three gorges base. At least, the following three aspects are to be noted.

30.2 The Necessity of Construction of the Three Gorges
Emergency Logistics Base

30.2.1 The Natural Disasters of the Three Gorges Occur
with High Frequency

The three gorges region stretches across two provinces, Hubei and Chongqing. And
the three gorges dam sited in Zigui county of Yichang City. Due to the natural
conditions and geological condition are complex in the Three Gorges, there are
more and more rainstorm, the flood, and geologic hazard. In recent years, with the
engineering construction of the three gorges continue advancing, the natural
disasters of the three gorges area occurred more and more frequent. This article
collected data of natural disaster in Yichang City, Hubei Province, and Chongqing
City in order to make a full analysis.

30.2.1.1 The natural disasters of Yichang City, Hubei Province

(1) The natural disasters of Hubei Province

Hubei Province is located in China’s south-central, which is a part of the three
gorges region. Due to complex geological condition, abundant amount of rainfall,
and human engineering activities, there is a high frequency of occurrence of geo-
logical disasters in this region. As can be seen from Fig. 30.1, in the period
2002–2010, the natural disaster losses of Hubei remain at 1,000,000 ha; however, it

1 See Ref. [1].
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rises substantially in 2010, reached to 19,989,000 ha and rose nearly 20 times.2 The
reason for this phenomenon lies in the fact that there are three water storage
experiments that caused the water level rising up to 175 m in the three gorges dam
in 2009; another reason is that the number of geological disasters occurrence is still
increasing. From Figs. 30.1 and 30.2, we can see that the natural disaster types of
Hubei Province are drought, flood, and waterlogging followed by geological
disasters, such as landslides, avalanches, landslides, ground subsidence. Landslide
is the most serious.

According to the article ≪Geological disaster prevention and control planning in
Hubei Province during 2003 to 2015≫, there are more than 5,657 geological
disasters in Hubei Province, among which there are 267 major geological disaster
points. These disasters mainly occurred in three gorges area and western area of
Hubei Province from Badong to Xintan.3 Natural disasters in three gorges area take
mainly place of the disaster of Hubei Province (Fig. 30.3).
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Fig. 30.2 2003–2010 Hubei Province, the main geological disasters

2 See Ref. [2].
3 See Ref. [3].
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(2) The natural disaster in Yichang city

Yichang City, located in southwest of Hubei province, builds its connection with
upper and middle Yangtze River and is the site of three gorges dam. Due to its
complex geological condition and high-frequency rainstorm, Yichang City is one of
the heaviest natural disaster areas in China. These disasters mainly located in three
gorges area, Qingjiang River, and phosphate rock and along the roads area.
According to the article <Geological disaster prevention and control planning in
Yichang City during 2010–2020>, there are more than 284 significant levels of
geological disaster in Yichang, among which there are 106 super level. After China
was established in 1949, the geological disaster has so far caused 446 people death
in Yichang.4 If we look at Table 30.1, the geological disaster in Yichang is mainly
landslide, which located in three gorges area and Qingjiang area act.

Fig. 30.3 Hubei Province natural disaster-prone areas topographic maps

Table 30.1 Geological disaster type and frequency

Geological Landslide Collapse Earth’s surface
sinking

Debris
flow

Ground
fissureDisaster

type

Frequency 1,709 523 94 19 17

4 See Ref. [4].
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30.2.1.2 The Natural Disaster in Chongqing Province

Chongqing Province, the economic center of the upper Yangtze River, is located in
the west-south of China as a part of three gorges area. Due to its complex geological
condition and high-frequency rainstorm, Chongqing City is one of the heaviest
natural disaster areas in China. If we look at Fig. 30.4, the major type of its natural
disasters are drought and flood; followed by that we can see the geological disasters
such as landslides, avalanches, landslides, ground subsidence landslide, which is
the most serious. The disaster loss fluctuates around 100 million from 2004 to 2009
while the loss reaches 320.5 million in 2010, which is a 3 times growth compared to
2004. The reasons for these damages are the same as Hubei Province.

According to <Geological disaster prevention and control planning of
Chongqing City in 2004–2015>, there are more than 8,301 geological disaster risks
hidden in Chongqing by the end of 2003, within 2,480 natural disaster in the three
gorges reservoir area and 5,821 outside of it. Its geological disaster types are as
follows (Table 30.2).5

Judging from the geological disaster occurring in these two areas, we can make
the following conclusion:

(1) In three gorges area, Yichang Province and Chongqing Province are world
famous for three gorges dam. Due to its complex geological features, three
gorges area’s natural disasters are mainly drought and flood; the following are
geological disasters that include landslide, collapse, debris flow, ground
subsidence act.

(2) From Figs. 30.1, 30.2, and 30.3, the natural disasters that occurred at three
gorges area have low frequencies from 2004 to 2009. However, with water
storage achieves 175 m in three gorges dam, events of geological disaster have
also risen sharply, especially the most serious disaster—landslide. Water
storage not only resulted in some old landslide and collapse recurrence but
also led to new landslide, collapse, and bank collapse. In future, geological
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5 See Ref. [5].
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disasters in Yichang City are estimated to be along the mining area, the three
gorges reservoir area, railway sections, and human activities frequent zone.6

(3) The common characteristics that these geological disasters share are their
types, wide range, the degree of deterioration; most of these occurred in the
rainy season when the three gorges reservoir volume changes.

In conclusion, there is a high rate of natural disaster in the three gorges area. The
government should not only make monitoring and warning of the geological haz-
ards and the project management of prevention and control measures, they should
also be prepared to emergency rescue and preparation, and timely, they should deal
with the possibility of natural disasters that occurred to this area and try their best to
reduce personal injury and economic loss. Therefore, we are in urgent need of an
emergency logistics base that can provide timely, effective rear rescue activities.

30.2.2 National Emergency Materials Reserve Point Cannot
Meet the Demand of the Three Gorges Area
Emergencies Now

There is a proverb: An army marches on its stomach. It means when faced with
emergency events, it is important to make good preparation for good materials and
equipment. The ministry of finance issued ≪The Central Disaster Relief Manage-
ment Approach≫,7 clearly suggesting about setting-up Tianjin, Wuhan, Changsha,
Chengdu, and Xi’an and about 10 central disaster relief materials store and reserve
points (as shown Fig. 30.5).

From Fig. 30.5, the central disaster relief materials store and reserve point in
China mainly located in eastern and central regions while there are relatively few in
western region. There is only one central disaster relief material store and reserve
point in Wuhan, which is far and it cannot meet the needs of three gorges area.
What is more, there is long distance from other reserve points to three gorges area.
Once the relief supplies cannot reach the site in time, it can lead to more serious
personal injuries and economic loss. Considering the current central reserve points
and three gorges region, which cannot meet the needs of natural disaster, it is urgent

Table 30.2 Geological disaster type and frequency

Geological Landslide Collapse Earth’s surface
sinking

Debris
flow

Ground
fissureDisaster

type

Frequency 6,954 1,073 120 110 44

6 See Ref. [4].
7 See Ref. [6].
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to setup 1–2 local materials reserve center in three gorges area to reduce loss and
save life.

30.3 Measures of the Construction of Three Gorges
Emergency Logistic Base

The construction of three gorges emergency base should be considered from two
aspects, micro and macro, based on the consideration of the speciality of three
gorges region. From the macro-aspect, what should be considered is its policy,
economy, construction, etc. From micro-aspect, the variety, location, season, and
level of disasters are needed to think about so as to make sure what is needed for the
construction of the base, such as the kinds of goods and materials, the inner
structure of the base itself, the location and layout of the base, the design of
emergency command center, and staff training.

30.3.1 The Macro-aspect

30.3.1.1 Gain Government Support in Policy Making

In these years, the center government has paid much attention on the development
of logistic service and successively made out many laws and policies that are
relevant to logistic emergency. For instance, the state council issued ‘The logistics

Fig. 30.5 10 central disaster relief materials store and reserve point
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industry adjustment and revitalization,’ which clearly put forward the building of
emergency production, circulation, transportation, and logistical company infor-
mation system in case of the occurence of emergency events. But there are three
shortages in the laws: (1) most of the policies are temporary regulation, and its
enforcement cannot reach what the real word requires. (2) The existing legal pro-
visions are too rough and have loopholes; especially when the emergency events
happened, problems cannot get settled as soon as possible. (3) The issued laws not
really be implemented as it was supposed to be. The situation requires governments
of all levels to increase their support to emergency logistic; the efforts must be
majorly put into the following three aspects: firstly, issuing available laws. Orga-
nizing professional team to collect and systemize the basic information about the
natural disasters in the three gorges region, then inviting experts to discuss the
existing problems. Secondly, forming the general public supervision mechanism. In
the process of carrying out the emergency policies, if the complementation cannot
be carried out, the general public can supervise, complain, or report by email,
phone, and test message, etc., in order to make sure every policy has been com-
plemented effectively and appropriately. Thirdly, forming the information feedback
mechanism. Organizing special information feedback team. After the measures
have been carried out, the team will pay a return visit and inquire whether or not the
policies have been well complemented and the team will draw on theses experience
and lessons from these visits, and then adjust the polices to better serve people.

30.3.1.2 Increase Emergency Funds

Every year, the governments of all levers will fund the people who have suffered
from the disaster so that every county level can afford the relief goods and material.
But, there exists two problems: firstly, the insufficient emergency capital. Taking
Yichang, for example: In 2010, central natural disasters subsidies have reached
15.28 million yuan; in 2011, central natural disasters subsidies are only 5.19 million
yuan. But in 2010 and 2011, the direct economic losses of the flood disaster singly
are 1.39 billion yuan and 639 million yuan, respectively. Therefore, there is a big
gap between aid fund and direct economic loss, which totally cannot make the end
meet. The purchase of the emergency materials is comparatively dispersed. Taking
Yichang City as an example, every year its government will allocate emergency
funds directly into each county, city, and district, and these authorities will purchase
from material and goods, respectively, which will lead to dispersion of material
purchasing; furthermore, this will lead to comparatively higher purchasing price,
resulting in waste of money. Therefore, the government should not only increase
the emergency fund input, but also should take centralized bidding procurement,
and other ways to save money. In addition, basic infrastructure construction is very
important to emergency logistics base; the fund of building highway, railway and
service facilities construction should be increased, which will be prepared for the
prevention of the emergency events.
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30.3.1.3 Putting More Efforts into the Construction
of the Emergency Logistic Base

The Contingency Plan for the Natural Disasters of Yichang, 2011, said that we need
to integrate the existed emergency supplies and repository plans and manage them
in classified way. At the same time, the municipal government should establish 3–5
repositories, and counties should establish several small repositories or depots. All
of the repositories should be equipped with emergency supplies.

However, since the repositories construction belong to the commonwealth
construction, not involved in commercial activities, so they are poor in profitability
and weak in the goods circulation; their social and economic benefits cannot be
measured by the commercial profit model. That is why no emergency logistic base
has ever been established in the three gorges area.

Therefore, the government should adopt the mode of combining the government
and enterprise, to attract enterprises with policies such as budget expenditure,
subsidies, subsidized loan, or tax exemptions. The government can sign agreement
with enterprises, under the condition that the enterprise ensured the production,
processing, storage, handling, loading, and unloading of the emergency supplies
smoothly; in this way, they can manage the emergency repositories reasonable. For
example, they can recruit scattered small-and-medium-sized suppliers charging
them at cheaper rent fees. So that emergency repositories will not be wasted, they
can be utilized reasonable and effectively.

30.3.2 Micro-aspects

30.3.2.1 The Location and Layout of the Three Gorges Emergency
Logistics Base

The three gorges area includes Yichang in Hubei Province and most areas of
Chongqing Province; the purpose of the construction of the three gorges emergency
logistic base is to prevent and resolve the emergency problems of the three gorges
area. Historical data show that the highest losses of natural disasters in Hubei
covered an area of 19.989 million hectares; however, the highest losses of natural
disasters in Chongqing province are up to 3.205 million ha, and we can conclude
that the highest losses of natural disasters in Hubei Province are about six times that
of Chongqing Province.

According to the Hubei Province Geological Disaster Prevention Plan, the main
geological disaster areas in Hubei Province are distributed in the three gorges
reservoir area and the mountainous area of EnShi, especially the districts ranging
from the Badong of three gorges reservoir to the XinTan landslides area and the
west YangZhouQiao Town landslides area in ZiGui. Badong is near Yichang, and
ZiGui belongs to Yichang; furthermore, the three gorges dam is located in ZiGui
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Town of Yichang.8 Therefore, we can locate the three gorges emergency logistics
base in Yichang, Hubei Province, in order to make close investigation and design
the layout.

30.3.2.2 The Procurement Strategies for the Three Gorges Emergency
Supplies

We can determine the types and cardinal numbers of emergency supplies in the
construction of the three gorges emergency logistics base based on its types, places,
times, and degrees of natural disasters occurred in previous years. (1) To determine
the type of emergency supplies according to the types of natural disasters. The main
natural disasters in the three gorges area are droughts and floods, followed by
geological disasters, which include landslides, avalanches, landslides, and ground
subsidence. Therefore, the main supplies needed should be living materials (such as
food, tents, camping vehicles, mobile homes, cotton-padded clothes, quilts) and
emergency supplies (such as mobile pump truck, excavator, aggregate, standby
generators, shovels, cable, wire, etc.). (2) To determine the procurement number of
supplies according to the time of natural disasters. Taking Yichang, for example,
the flood disaster usually happened in August; so at that time, we should integrate
and fully use the existing emergency information from all the industries and
departments. For example, organizing rescuing formulation and relief plans from
every department and, making summary of the last year’s disaster relief work,
centralizing experts to analyze the data of natural disasters in the region, forecasting
the coming year’s natural disasters preliminarily according to the professional
information, including meteorological and climate information, making analysis on
last year’s relief supplies, to check whether those supplies are lacking or sufficient.
Taking relief and rescue plans, supplies and the required standards of all the
industries and departments are taken into account, to formulate the disaster and
relief plans, supplies required and deployment plan for the next year and, finally,
purchasing emergency supplies through ways of project tender or government
procurement.

Taking the flood control and drought relief work of Yichang, for example,
according to the summery of the flood control and drought relief work in Yichang,
2008–2011, we can sum up relevant supplies and recorded numbers, we can select
three kinds of supplies to compare, and they are woven cloth, sack bags, and
aggregates (Table 30.3). From the table, we can see that there was a big gap
between the procurement number in 2009 compared with 2008, 2010, and 2011,
which dues to the information collected were not comprehensively. However, the
number of procurement in 2008, 2010, and 2011 was generally kept in a horizontal
line; we can calculate the required procurement number in the coming year
according to the empirical method and the projection method.

8 See Ref. [4].
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30.3.2.3 The Setting-up of the Three Gorges Emergency Command
Center

We can also take into account the case of Yichang; Yichang has the Emergency
Management Office and the Emergency Response Headquarters Office, which are
located in the Municipal Civil Affairs Bureau; it is responsible for directing the
daily work. However, due to the little communication among the department,
various functional departments, and enterprises, the emergency supplies cannot be
allocated at the first time. Therefore, we can set up the Emergency Response
Headquarters Office in the emergency logistics base, to build an emergency
logistics leadership and command team that government led, and the relevant
departments (such as Municipal Development and Reform Commission, Municipal
Civil Affairs Bureau, the Municipal Bureau of Commerce, City Land Resources
Bureau, the Municipal Environmental Protection Bureau, the city lived Construc-
tion Committee, Municipal Transportation Bureau) and enterprises (manufacturers,
logistics companies, transport enterprises) should also be involved in. At the same
time, we have to train the members of the leading group regularly, so as to provide
appropriate organizational and technical security for emergency.

30.3.2.4 Strengthen the Professional Training for Relief Workers

The famous economist Adam Smith believed that nationals’ useful capacity should
be seen as a part of the capital; people should clear up the value of human capital.
Therefore, relief workers played an important role in the process of disaster-
relieving process. Taking the flood control and drought relief work of Yichang, for
example, according to the summery of the flood control and drought relief work in
Yichang between 2008 and 2011, the relief workers from 2008 to 2011 can be
generally divided into the following four stages: The first-line persons involved in
flood control and rescue were 28,000–29,000 persons; the second-line persons
involved in rescue were 72,800–75,000 persons; the third-line persons involved in
rescue were 154,300–160,000 persons; the rescue commandos of the city were
74,855–100,000 persons (Table 30.4).

From the table, we recognized that Yichang was not lacking of relief workers,
but the city is lacking the professional training and practical exercises for them.
Therefore, we can take the structure of the production–learning–researching, open a

Table 30.3 The table for the number of the related supplies in Yichang, 2008–2011

Year (years) 2008 2009 2010 2011

Relief supplies

Woven cloth (square meters) 89,000 151,500 89,000 127,900

Sack bags (Article) 1,170,000 1,606,400 1,170,000 1,710,000

Aggregate (cubic meters) 71,800 93,400 71,800 83,900

Source the summery of the flood control and drought relief work in Yichang
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public safety professional course in the Three Gorges University of Yichang, and
give them theoretical training regularly. Certainly, we should not forget to hold
practical drills in the emergency logistics base, combing the theory and practice,
thus making better preparations for the rescue work.

30.4 Conclusion

The three gorges region is prone to have drought, floods, and geological disasters,
and geological disasters include landslides, avalanches, landslides, earthquakes, etc.
In particular, the landslide has the highest frequency. In 2009, with the gradual
increase of the storage capacity of the three gorges dam, the incidence of the three
gorges region natural disasters also rise. In the face of sudden natural disasters in
the three gorges region, there is an urgent need in the construction of the three
gorges region into individual emergency logistics base, and quick and agile for the
occurrence of natural disasters to provide a strong rear rescue activities. According
to the types of the three gorges region, natural disasters’ time and frequency are the
reason for the proposed construction of the three gorges emergency logistics base in
Yichang City, Hubei Province.
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Chapter 31
Resistance Analysis for Bulk Materials
in the Vertical Section of Pipe Scraper
Conveyor

Yanping Yao, Wenjun Meng, Ziming Kou and Zhicheng Liao

Abstract The conveying mechanism of the pipe scraper conveyor’s vertical sec-
tion is researched in detail by using the theory of granular media mechanics. It
mainly analyses the packing and moving state, stress condition of the bulk materials
in the vertical pipe, and deduces the relationship among the parameters of pressure
distribution, running resistance of the bulk materials and structure, space and area of
the scraper, deduces the calculation formula of running resistance in the vertical
section of pipe scraper conveyor, then illustrates the effect of each parameter on the
running resistance of bulk materials with living examples, whose purpose is to
provide an effective reference for the design of such a pipe scraper conveyor.

Keywords Pipe scraper conveyor � Bulk materials � Pressure � Running resistance

31.1 Introduction

In 1920s, the British flour supplier REDLER invented Buried Scraper Conveyor, on
this basis, The FLOVEYORCable Pipe Scraper Conveyor was invented in the year of
1960. The Pipe Scraper Conveyor was used as an economical peanuts transmit device
originally, and now has been popularized and applied in over 30 countries, involving
food processing, medicine, chemical, and other industries, mainly suitable for the
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transmission of powdery and bulkmaterials [1, 2].With an increasing number of users
and expansion of usable rang, a higher demand of its structure and technical char-
acteristic was put forward. The key factor to accelerate the advancement of our
country’s scraper conveyor technical level is to study its structure and technical
performance and master the new foreign develop trend timely. So far, the analysis of
principle aspects pipeline scraper conveyor in materials handling principle aspects is
still in the blank, a continuous study and complement is still needed: For instance, the
influencing factors to convey bulk materials include the inner pressure of bulk
materials, compaction factors, the factor of friction, bays section, traction components
dimension, and other factors outside such as the scraper area and adjacent scraper
spacing.

The pipeline scraper conveyor is composed by chains, scrapers which were fixed
in the chain and closed pipe, bulk materials can be conveyed continuously by
chains, and scrapers within the pipeline. Due to chains’ flexibleness, the trans-
mission lines can be more flexible, both in horizontal and vertical directions.

31.2 Some Assumptions

1. The pipeline scraper conveyor is fed in the horizontal segment, and the com-
paction factors was never took into account in the horizontal feeding segment,
furthermore, assume that the effective volume between the scraper is completely
filled with bulk materials;

2. The dynamic compaction factors among bulk materials is only considered in
vertical conveying section, and assume that internal friction factor is invariable
within bulk materials;

3. The friction factor between bulk materials and the trough is invariable when
bulk materials is compacted;

4. In the vertical lifting, assume the per unit area pressure that scraper act on bulk
materials is uniformly distributed in the scraper surface;

5. Bulk material’s movement without considering the impact of air power.

31.3 The Analysis of Convey Mechanism When Materials
in the Vertical Section

31.3.1 Compaction Factor

The packing density of bulk materials [3] is related to the composition character-
istics of granular materials in a large extent. Bulk density of bulk materials will both
increase when the static and dynamic load compact on granular materials. When
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granular media is under the static loading and the particles generate the plastic
deformation, the particles move little distance, so the compacted bulk density of
bulk materials change a little; but when under the vibration pressure, the directions
of friction in granular media change severely and with complex features, which
results in regrouping the granular media and compacting very densely, so that the
density of the bulk materials increase.

Compaction factor of bulk material is calculated as follows:

ky ¼ Gy

G

Ky compacting factor;
Gy the quality when the same volume of bulk materials after compaction, kg;
G the quality when the same volume of bulk materials before compaction, kg;

Similarly: cy ¼ kyc ð31:1Þ

vy ¼ v
ky

ð31:2Þ

γy packing density of compacted bulk materials, N/m3;
γ packing density of bulk materials, N/m3;
vy the occupied volume that the same quality of bulk materials after compaction,

m3;
v the occupied volume that the same quality of bulk materials before

compaction, m3.

31.3.2 Lateral Pressure Calculation

Ignoring the materials column in the gap around the scraper and bays, the vertical
section materials will suffer:

The downward friction of the groove wall, the materials self weight, the upward
shored force of scraper.

Taking the materials between adjacent scraper A and B as a monomer, the
force’s regularity of distribution is consistent of each pair of adjacent scraper in the
vertical section.

Using two infinitely thin horizontal levels to intercept a materials layer whose
thickness is dhy (Fig. 31.1) and analyze the force of the layer and write differential
equations of various vertical forces in the selected unit body. Meanwhile, write the
vertical force’s differential equations that impact on the unit cell been taken [4]:
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x � rþ G ¼ ðrþ drÞx� rcf1Ldhy

That is:

x � rþ ry � xdhy ¼ rxþ dr � x� rcf1Ldhy
ryxdhy ¼ x � dr� rcf1Ldhy

* n ¼ rc
r

) r ¼ rc
n

Substituting it to the above formula and arrange:

dhy ¼ dðry � nþ arcÞ
aðrynþ arcÞ

After integral:

hy ¼ 1
a

Zrc
0

dðrynþ arcÞ
rynþ arc

¼ 1
a
� ln rynþ arc

ryn

rc ¼ ryn
a

eahy � 1
� � ð31:3Þ

where

a ¼ f1L � n
x

ð31:4Þ

ω cross-sectional area of trough, m2;
L the circumference of trough cross section, m;
σ the average vertical pressure on an area of ω, N/m2;
G the gravity of bulk materials, N;

Fig. 31.1 Calculation model
for vertical conveying
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f1 the friction factor between bulk materials and trough;
σc lateral pressure of bulk materials, N/m2;
n lateral pressure factor.

With Formula (31.3), we can get that the pressure distribution on groove walls fit
the regular pattern of exponential distribution (Fig. 31.2), with the height increases
of stock column, the lateral pressure increases sharply, and the running resistance in
materials increases too.

31.3.3 Running Resistance Calculation

When the materials is hoisted to the height H(m), the frictional resistance between
materials and trough is as follows:

W ¼
Zhy
0

rc � dhy

2
64

3
75 � H

h
� Lf1

¼ H
h
Lf1

Zhy
0

ryn
a

ðeahy � 1Þdhy

¼ H
h
L � f1 � ryna ðe

ahy

a
� hyÞ

ð31:5Þ

Substituting Formulas (31.1) (31.2) into (31.5) gives:

Fig. 31.2 The lateral pressure distribution curve
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W ¼ H
h
L � f1 � kyrna

eah=ky

a
� h
ky

 !
ð31:6Þ

* a ¼ f1L � n
x

x ¼ pD2

4
L ¼ pD

) a ¼ 4f1n
D , substituting to the Formula (31.6) and we can get a common type:

W ¼ H
h
L � f1 � kyrna

eah=ky

a
� h
ky

 !

¼ H
h
kyr � pD

2

4
e
4f1nh
Dky

4f1n
D

� h
ky

" #
¼ qM � H

h
� ky � D

4f1n
� e

4f1nh
Dky � 4f1nh

Dky

� � ð31:7Þ

qM Bulk materials per unit length of line load, N/m make k ¼ h
D

k The scraper pitch factor

Then Formula (31.7) transforms into:

W ¼ qM � H � ky
4f1nk

� e4f1nk=ky � 4f1nk
ky

� �
¼ qM � H kye

4f1nk=ky

4f1nk
� 1

 !
ð31:8Þ

f1 the friction factor between bulk materials and trough;
f the friction factor within the materials;

Make frictional resistance W minimum, the W’s derivative value is zero. After
derivation to W can obtain:

W
0 ¼ qM � H kye

4f1nk=ky

4f1nk
� 1

 !" #0
¼ qM � H � ky

4f1n
� e4f1nk=ky 4f1n

k � ky �
1
k2

� �

ð31:9Þ

Make W
0 ¼ 0, that is: 4f1n

k�ky � 1
k2 ¼ 0

Obtained k ¼ ky
4f1n

That is:

k ¼ 1þ 2f 2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2f 2

p
ðf þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2 � f 21

p
Þ

4f1
� ky ð31:10Þ
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So, when the K number is calculated by the Formula (31.10), frictional resistance
W is minimum.

In the vertical segment, the total dynamic resistance caused by traction com-
ponents and materials has been conveyed as:

Wz ¼ g ðq0 þ qMÞ þ qM
kye

4f1nk=ky

4f1nk
� 1

 !" #
� H ð31:11Þ

where
q0 The unit length quality of traction components (kg/m)

31.3.4 Case Study

Take buckwheat for example, assume f1 ¼ 0:5; f ¼ 0:7; ky ¼ 1:15;
So the lateral pressure factor:

n ¼ 1

1þ 2f 2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ f 2

p
ðf þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2 � f 21

p
Þ

¼ 1

1þ 2� 0:72 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:72

p ð0:7þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:72 � 0:52

p
Þ

¼ 0:29

W ¼ qM � H � 1:15e0:504k

0:58k
� 1

� �

When

k ¼ h
D
¼ 0:8; W ¼ 2:71qMH

k ¼ 1; W ¼ 2:28qMH

k ¼ 1:5; W ¼ 1:82qMH

k ¼ 2; W ¼ 1:72qMH

k ¼ 2:5; W ¼ 1:80qMH

Thus, it is clear that the running resistance W reduces in pace with the k number
increasing, but not a linear relationship, when the k number increases to a certain
value, the W number increases on the contrary.

About buckwheat, when k ¼ 1:97, the running resistance W is minimum, and
now W ¼ 1:71qMH.
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For different kinds of bulk materials, and trough with different materials quality,
the k can take different numbers, the common bulk materials is listed in Table 31.1.

31.4 Conclusion

1. Using the mechanics of granular media, make a force analysis of the bulk
materials in vertical segment of the pipeline scraper conveyor to deduce the
exponential distribution situation of lateral compression when bulk materials are
running in vertical tube;

2. Considering the impact of the bulk materials compaction factor, deduce the
resistance computational formula when the bulk materials are running in the
vertical segment of the pipeline scraper conveyor;

3. In order to make the running resistance minimum, we have deduced the rela-
tionship between the scraper spacing and area parameters, and combined with an
example to explain description scraper pitch factor’s affection to running
resistance of bulk materials, and this conclusion breaking the traditional selec-
tion of scraper pitch factor. Thus, it can provide the basis theory for the design
of pipeline scraper conveyor.

Table 31.1 The scraper pitch factor numbers when the running resistance is minimum for
different bulk materials

Materials Factor of
internal
friction f

Factor of
external
friction f1

Dynamic
compaction
factor ky

Scraper pitch
factor k′ when
the compaction
factor is out of
consideration

The
scraper
pitch
factor k

Millet 0.41 0.31 1.08 1.67 1.8

Buckwheat 0.7 0.5 1.15 1.72 1.97

Sunflower 0.8 0.49 1.1 2.01 2.3

Rye 0.6 0.5 1.05 1.4 1.47

Power stone 0.75 0.5 0.75 1.88 1.41

Sawdust 1.0 0.7 1.30 1.94 2.52

Agglomerate 1.0 0.6 1.07 2.31 2.47

Powdered
phosphate
rock
materials

0.60 0.58 1.2 1.12 1.34
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Chapter 32
Material Uninterrupted Feeding
Technology and Feeding Speed Control
Research of Large Electroslag Remelting
Furnace

C.Z. Wang and J.C. Song

Abstract Electroslag remelting is one of the most important special metallurgy
technologies. To obtain electroslag remelting steel with characters of high purity,
dense organization, and good mechanical properties, the temperature field and
remelting speed of the electroslag molten bath must be constant, which means
material’s uninterrupted feeding and feeding speed must be controlled. In this
paper, based on soft-detection technique, electrohydraulic proportional control
technique, modern detecting technique, and intelligence control technique, the
material uninterrupted feeding system of the electroslag remelting furnace was
designed; the system’s three-dimensional model was established; the mathematical
model of the surplus-ingot length soft-sensing detecting system was established; the
S-style position control curve of the ingot was designed. The research results were
applied to an experimental electroslag remelting furnace, and dissection research of
the experimental product was made, and system control curves and the experi-
mental production dissection results were obtained. It was found that the material
uninterrupted feeding system and the feeding speed control system introduced in
this paper meet the production process and technique requirements of large elec-
troslag remelting furnace and provide references for design and application of new-
style electroslag remelting furnaces.

Keywords Electroslag remelting � Material uninterrupted feeding � Feeding speed
control � Experiment research
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32.1 Introduction

Electroslag remelting (ESR) is one of the most important special metallurgy
technologies of purifying metal and obtaining electroslag ingot with characters of
high purity, dense organization, and good mechanical properties. Material (elec-
trode) uninterrupted feeding control is of most importance in the electroslag
remelting process. In the production process, space between the electrode and the
molten metal determines electric resistance and input power of the slag bath. To
keep the space and then to keep the remelting speed, it is necessary to control the
electrode’s position according to its melting speed. On the other hand, large ESR
furnaces, 120t level, for example, usually need scores of electrodes to product one
electroslag ingot, and the electrodes should be replaced continually. If the process
of electrode replacement and feeding is not continuous, the balance of the power
short-net system and the interior temperature uniformity of the crystallizer will be
destroyed, and then, the production quality will be defective. To solve the problems
discussed above, scientific researches on the material uninterrupted feeding and
feeding speed control technique of large ESR furnace were studied in this paper.

32.2 Electroslag Remelting Principle

The basic principle of electroslag remelting is as shown in Fig. 32.1 [1]. In the
beginning of remelting process, molten slag is poured into a coppery water-cooling
crystallizer, and then, the electrode being carried by an electric-conducting cross-arm
is inserted into the slag bath. When large current goes through the conducting loop
made up of electrode, slag, bottom water box, transformer, and short-net system,
great voltage drop will be caused, which will then generate a mass of heat and then

2

4

7

1 

5 

6 

8 

Fig. 32.1 Electroslag remelting principle draft. 1 false electrode; 2 electrode; 3 transformer; 4 slag
bath; 5 molten metal bath; 6 electroslag ingot; 7 crystallizer; 8 bottom water box
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melt the inserted electrode gradually. The molten metal will form a molten bath
below the slag bath. The molten metal bath, being cooled by the water-cooling
crystallizer, transforms into electroslag ingot gradually. The molten metal bath’s
cooling and solidification process is from bottom to top, and a slag shell will be
generated between the ingot and the crystallizer wall in the solidification process.
The slag shell is good for the ingot’s sequence crystallization and makes the ingot to
be compact and without ingot pipes. In the whole process, to replenish the vacant
volume of the solidification metal bath, the electrode should be fed into the slag bath
at certain speed according to its melting speed. A series of physical chemical reaction
will happen to the molten metal and slag in the process of metal drop’s forming and
dropping; then, the nonmetal impurities and pernicious can be detached.

32.3 Material Uninterrupted Feeding System

The material feeding system mainly consists of rotating pillar, electro-conducting
cross-arm, and lifting equipment, which is traditionally made up of variable fre-
quency motor and ball screw. The limiting factors of the traditional cross-arm lifting
equipments are as follows [2, 3]:

(1) Stringent manufacture specifications of the ball screw make the ball screw
production mainly depend on import;

(2) High cost of manufacture, assemble, and maintaining;
(3) The transformation of rotation motion to linear motion usually causes

mechanical wear and efficiency droop, and then leads control accuracy to be
lower and lower.

Innovation design of ESR material feeding system was made [4]. 3D solid model
and the hydraulic system principle of the innovated system are, respectively, shown
in Figs. 32.2 and 32.3.

Large-scale hydraulic cylinder and magnetic scale are applied to the improved
cross-arm lifting equipment. The cylinder’s motion is controlled by an electro-
hydraulic proportional speed control valve and detected by a magnetic scale, and
then, the closed loop control of the cross-arm and the electrode can be obtained.
This kind of driving and control type avoided motion mode transmission and owns
the characters of large stiffness and high frequency response. Agility control and
accurate control of the electrode position control system can then be obtained.

32.4 Soft Detection of Electrode Surplus-Ingot Length

In the ESR process, the space between the electrode and the molten steel determines
electric resistance and input power of the slag bath. With the electrode’s continuous
melting, its length keeps shortening, and the liquid steel level keeps rising. To
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Fig. 32.2 3D solid model of
the material feeding system. 1
support bay; 2 rotating pillar;
3 cross-arm; 4 cylinder with
magnetic scale; 5 electrode

Fig. 32.3 Hydraulic principle
draft of the cross-arm lifting
equipment. 1 electro-
hydraulic direction valve; 2, 3
check throttle valve; 4 pilot
operated check valve; 5
electro-hydraulic proportional
speed control valve; 6
direction valve; 7 hydraulic
cylinder; 8 accumulator
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maintain the space between the electrode and the liquid steel and then maintain the
melting current, real-time detection and control of the electrode position are needed.
While considering the high melting temperature and vast exhaust gas, direct length
detection of the electrode is difficult. In this paper, a method of soft detection is
proposed and applied to acquire length detection of the melting electrode. As the
soft-detection method, the electrode’s position is detected by a magnetic scale, and
the electrode’s weight is detected by a weighing sensor; and finally, the electrode’s
surplus-ingot length can be obtained by data fusion technique using the detection
results. Position relationships of the electrode, slag bath, and electroslag ingot are
shown in Fig. 32.4.

According to melting-crystallization theory and Fig. 32.4, the electrode surplus-
ingot length can be obtained:

lri ¼ l0 i � li
i ¼ 1; 2; 3

HiðtÞ ¼ Hið0Þ � li þ f ðl1; l2; l3Þ þ gðvÞ

8
<

:

where, lri is electrode’s surplus length; l0iis electrode’s initial length; li is electrode’s
consumed length; HiðtÞ is electrode’s effective melting position; Hið0Þis electrode’s
initial steady arcing position, which should be renewed every time; DH ¼
f l1; l2; l3ð Þ is ingot’s melting-crystallization model; gðvÞ is slag-replenishing model.

In reality, since the electrode’s density, the crystallizer’s conical degree, and the
electroslag’s replenishing volume are all of uncertainties, the cross-correlation
between the electrode melting-crystallization model and the slag-replenishing
model would cause detection errors.

To improve the detection accuracy, the following control methods were applied:
(1) To combine the data of all sensors, merge together Gaussian probability density
functions of all soft-detection sensors to generate a new Gaussian probability
density function; and (2) to get each model’s combined weighting coefficient, apply
the single decision-making output of fuzzy logical construction model and make the
batch output variable and error of each model to be the decision-making variable of
fuzzy logical control strategy.

Fig. 32.4 Position
relationship draft of the
electrode, slag bath, and
electroslag ingot
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32.5 Material Uninterrupted Feeding Speed Control

Remelting speed is the key parameter of electroslag remelting process control
system, and it is an important standard of production quality, energy consumption,
and throughput [5]. Since for large ESR furnaces, the crystallizer measurement is
usually bigger and the remelting time is longer, along with the remelting process,
the ingot’s cooling intensity becomes lower and lower. So to keep the molten bath’s
shape, it is necessary to control the remelting speed at every remelting phase
according to the steel types. Constant current control and constant voltage control
usually lead to temperature field change and then cause the ingot structure change.
While, constant remelting control, which means control the remelting power
according to actual remelting speed feedback, can guarantee the ingot’s crystalli-
zation quality to be unanimous and, thus, guarantee the production quality.

Material uninterrupted feeding speed control is the core technique of constant
remelting speed control. And according to Figs. 32.2 and 32.3, the material unin-
terrupted feeding system is, in practice, an electro-hydraulic proportional control
system, and its control principle can be illustrated as in Fig. 32.5.

32.6 Electrode Auto-Replace System

For large electroslag remelting furnace, 120t level, for example, usually scores of
electrodes are needed to get one electroslag ingot, and the electrodes should be
replaced continually. If the process of electrode replacement and feeding is not
continuous, the balance of the short-net system and the interior temperature uni-
formity of the crystallizer will be destroyed, and then, the production quality will be
defective. In this paper, the electrode auto-replace system was designed, and its
mechanism is as shown in Fig. 32.2.

Working principle of the electrode auto-replace system: The system uses
hydraulic cylinders as the cross-arm’s lifting and clamping device, and also as the
rotating pillar’s driving device; uses magnetic scale as the cross-arm’s and the
crystallizer’s position detection device; uses an encoder as the rotating pillar’s angle
detection device; and uses electrode surplus-ingot length soft-detection method and
self-optimizing fuzzy control method to realize electrode auto-replace control. The
system’s working process is shown in Fig. 32.6.

Command
Signal

Amplifier
Proportional Speed 

Control Valve
Hydraulic
Cylinder

Cross
Arm

Magnetic Sensor

+

-

e x(t)

Fig. 32.5 Control block diagram of the material uninterrupted feeding system
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To realize fast and accurate auto-replace, reduce vibration and impact, and
extend the equipment’s service life, the speed control strategies were researched;
and the S-style speed control curve, as shown in Fig. 32.7, was designed to achieve
the electrode’s acceleration and deceleration control [6–8].

32.7 Experiment Research

Experiment researches were carried out with a 120t-level ESR furnace in a heavy
machinery work. And it was found that the control accuracy and stability of the
material feeding system meet the technical demands very well; and the electrode
feeding speed, remelting current, and voltage is relatively stable, as shown in

Electroslag
Remelting

Lifting
Cross Arm

Rotating
Pillar Out 

Loosening
Cross Arm

Replacing
Electrode

Clamping
Cross Arm

Rotating
Pillar Back

Descending
Cross Arm

Soft
Detection

Fig. 32.6 Flow chart of the electrode auto-replace system
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Fig. 32.7 S-style speed control curve
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Fig. 32.8 Material feeding speed, remelting current and voltage experimental curves

Fig. 32.9 Experimental ingot
dissection structure
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Fig. 32.8; the electrode replacement time is commendably shortened to nearly
3 min; the dissection results, as shown in Figs. 32.9 and 32.10, show that the
production has the metallographic structure characters of high purity and dense
organization.

32.8 Conclusions

In this paper, the material uninterrupted feeding system for large ESR furnace was
studied based on research strategies of principle analysis, modeling, control curve
design, simulation, and experiment. It was found that the material uninterrupted
feeding system and speed control strategy studied in this paper meet the craft and
technical requirements very well. And the following conclusions can be drawn:

(1) The material uninterrupted feeding system and the matched detection system
were designed; the electrode auto-replace requirement was fulfilled, and the
replacement time was shortened to nearly 3 min; the balance of the short-net
system and the interior temperature uniformity of the crystallizer were per-
fectly guaranteed.

(2) The electrode surplus-ingot length soft-detection system and the S-style
electrode speed control curve were designed, and commendable control effect
was acquired.

(3) Experiment researches were carried out; the production dissection result shows
that the system control effect and production quality meet the ESR craft and
technical requirements very well.
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Fig. 32.10 Microscopic
metallographic structure
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Chapter 33
Structure Weight Reduction of Ship
Unloader Based on the Orthogonal
Experiment Method

Suiran Yu, Jingxing Qian and Jianguo Zhang

Abstract As a bulk cargo handling equipment, ship unloader plays a very important
role in port bulk material handling. As the international bulk cargo ship is becoming
increasingly larger, the ship unloader is becoming larger as well. This paper builds
the finite element model of the ship unloader, proposes a structure optimization
method based on the orthogonal experimental method and a parametric modeling
method, and develops software based on the two methods introduced above. The
research includes the following: a new method to ship unloader’s structure opti-
mization based on the orthogonal experimental method; the finite element model and
the parametric modeling method of the ship unloader; and the parametric modeling
and structure optimization software of the ship unloader. The software provides two
functions: One is the parametric modeling function, and people can realize the ship
unloader’s modeling by input parameters on the interface. The other is the structure
optimization function, which can realize the weight reduction target of ship unloader
by the structure optimization method based on the orthogonal experimental method.

Keywords Weight reduction � Orthogonal experiment � Structure optimization �
Parametric modeling � Ship unloader

33.1 Introduction

As the most common bulk cargo handling equipment in China’s port, grab ship
unloaders (hereinafter referred to as the ship unloader) are widely used, mainly for
handling coal, ore, grain, fertilizer, and other bulk cargo handling [1]. Larger scale

S. Yu (&) � J. Qian
School of Mechanical and Power Engineering, Shanghai Jiao Tong University,
800 Dongchuan Road, Shanghai 200240, People’s Republic of China
e-mail: sryu<sryu@sjtu.edu.cn>

J. Zhang
Shanghai Zhenhua Heavy Industry Co., Ltd. (ZPMC), 3261 Dong Fang-Lu,
Shanghai 200125, People’s Republic of China

© Springer-Verlag Berlin Heidelberg 2015
Logistics Engineering Institution, CMES (ed.),
Proceedings of China Modern Logistics Engineering,
Lecture Notes in Electrical Engineering 286, DOI 10.1007/978-3-662-44674-4_33

347



of the ship unloader means heavier weight of the structure; therefore, for ship
unloader, weight reduction design has become a major issue for ship unloader
manufacturers.

Weight reduction is a common trend of domestic and foreign ship unloader
design. Weight reduction includes the steel structure, equipment, and walking
module. There are three reasons for weight reduction of the ship unloader:

1. Cost: A large ship unloader costs tens of millions, and the whole weight is
always thousands of tons. The ship unloader’s structure and the devices are
mainly made of steel. But the high price of the steel leads to the high cost of ship
unloaders. Reducing the use of steel can greatly reduce the manufacturing costs
of the ship unloader, which is very important for the manufacturers.

2. Wheel pressure: The ship unloader is working on its track, so the wheels on the
track have to withstand the total weight. Weight reduction can reduce the wheel
pressure and lower the design standard of the wheel and the track.

3. Traction energy consumption: Ship unloader’s intermittent motions on the cart
track require energy. The heavier the ship unloader is, the higher the energy
consumption it causes. Therefore, weight reduction can lower traction energy
consumption.

At present time, the design of ship unloader is still mainly based on the tradi-
tional design experience. The traditional way is to design the structure with
experience and then use the finite element method to check the strength, the stiff-
ness, and the modes of the structure. Even there is weight reduction in the design, it
is a few modifications of some parameters based on experience and then uses finite
element method to confirm the security of the design [2]. However, it is difficult to
get the optimized results just with the experience. For this reason, a reasonable and
effective to optimize the structure of ship structure is greatly needed.

The weight of the structure can be reduced by using lighter material or making a
better structural design. This paper will focus on the discussion of the later one,
because those new and lighter materials usually mean higher price [3], and opti-
mized structural design can more effectively reduce the cost.

33.2 Methods

33.2.1 Purpose and Object

The purpose of the ship unloader’s structural optimization is weight reduction, so
the target function for the optimization of the structure can be expressed as follows:

W ¼
Xn
i¼1

qiLiAi ð33:1Þ
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W is the total weight of the structure; qi, Li, and Ai (i = 1, …, n), respectively,
refer to the density, length, and cross-sectional area of the ith beam.

During the optimization, the length and position of each beam are defined as
parameters. The parameters of each beam’s cross-sectional are regarded as variables
in the optimization.

According to the simplification of the cross-sectional area in Fig. 33.1b, a single
cross-sectional area can be expressed as follows:

Ai ¼ 2Biti1 þ 2Hiti2 � 4ti1t
i
2 ð33:2Þ

Then, the target function turns into

W ¼
Xn
i¼1

qiLiAi ¼
Xn
i¼1

qiLi 2B
iti1 þ 2Hiti2 � 4ti1t

i
2

� � ð33:3Þ

In the structural optimization of the ship unloader, the constraints such as
strength and stiffness need to be considered. Each variable has its own range; for
example, the plate thickness, which cannot be arbitrarily selected, can only take the
standardized values. Therefore, the mathematical model of the ship unloader’s
optimization problem can be summarized as follows:

min W ¼
Xn
i¼1

qiLiAi ¼
Xn
i¼1

qiLi 2B
iti1 þ 2Hiti2 � 4ti1t

i
2

� �
s:t rj j � r½ �

uj j � u½ �
X � l; i ¼ 1; 2; . . .; nð Þ
X �m; i ¼ 1; 2; . . .; nð Þ

8>>>>>>>>><
>>>>>>>>>:

ð33:4Þ

Fig. 33.1 Section parameter of the beam and column. a Original section parameter. b Simplify
section parameter
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Bi, Hi, ti1, and ti2, respectively, refer to width, height, wing plate’s thickness, and
web thickness of the ith beam; σ and [σ] refer to maximum stress and allowable
stress of the ship unloader’s structure, respectively; u and [u] refer to maximum
displacement and allowable displacement, respectively; li and mi are upper and
lower limits, respectively, for each beam.

33.2.2 Parametric Finite Element Modeling

In the process of ship unloader’s entire finite element analysis [4], modeling costs a
large percentage of time. Therefore shortening the time of modeling plays an
important role in improving the efficiency in the optimization.

Parametric modeling method [5] contains two aspects. On the one hand, the
finite element model parameterization of the ship unloader makes it possible to
change the finite element model when the values of these parameters are updated. It
is needed for structural optimization, because the process of structural optimization
is to constantly change design parameters and then get through the different
combinations of parameter calculation to determine the pros and cons of the pro-
gram and finally achieve the optimization of the design. On the other hand, in the
parametric modeling, it is needed to give the most basic locating dimensions, since
other related locating dimensions can be calculated in the background of the
software, according to the relation among these parameters; for example, the
software only needs to get one point’s Z coordinate on front and back main beams
to calculate all the key points of the Z coordinate on front and back main beams.
Therefore, parametric modeling method reduces the amount of modeling’s input
data, improving the efficiency of the modeling.

Parametric modeling needs to input four kinds of parameters, namely modeling
parameters, the cross-sectional parameters, the allocation of linear property, and
load parameters. Modeling parameters are these critical dimensions of the structure
of the ship unloader, as shown in Fig. 33.2. Cross-sectional parameters are pre-
defined property parameters of cross sections. The allocation of linear property
defines the element type, material type, cross section’s type, and direction. The load
parameters are the values of loads on load positions.

Parametric modeling’s task [6] is the establishment of the finite element model
for the ship unloader based on these input parameters. So these input parameters are
used to form the ANSYS software command file [7], which automatically estab-
lishes the finite element model of the ship unloader.

In finite element modeling [8], except locating dimensions, the loads and con-
straints in the structure in the different working conditions should be considered.

According to the working conditions of the ship unloader, most of the load
changes in the life cycle of the ship unloader are caused by the following factors:
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(a) Gravity load of the car at different locations,
(b) Wind or no wind load,
(c) Normal wind or extreme wind loads,
(d) Impact load of the car buffer.

Moving loads (car) at the four positions in the finite element model are mainly
considered:

(a) The main car at the maximal front distance (Case 1),
(b) The main car at the position between the front tension rod pin and pin linking

front and back main beams (Case 2),
(c) The main car at hopper unloading section (Case 3),
(d) The main car at the maximal front distance (Case 4).

According to different combinations of these factors, we can get the load
combinations of work status and non-working status of the ship unloader and then
analyze the working status of the ship unloader under different conditions. The
finite element model and ship unloader’s stress and deformation calculation results
in Case 1 condition before optimization are as shown in Fig. 33.3.

Fig. 33.2 Key dimension parameters of ship unloader’s structure

33 Structure Weight Reduction of Ship Unloader … 351



Fig. 33.3 Stress and deformation graph under Case 1. a Stress graph. b Deformation graph
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33.2.3 Optimization Algorithm

After the establishment of mathematical model for structural optimization,
orthogonal experiment method is used in optimization for cross-sectional area. The
process is as follows (Fig. 33.4).

Step 1: Define the design variables, the level and convergence factor k (0 < k < 1),
and the number of iteration times N(N ≥ 1);

Step 2: Build a suitable three-level orthogonal experiment design Table [9],
according to the selected design variables and the level number;

Step 3: Start the nth iteration. When n = 1, the factor values are initial values.
When n > 1, the factor values are determined by the optimal combination
in the last orthogonal experiment and the convergence factor k (suppose
there are two experimental factors A and B in three-level orthogonal
experimental design). In the nth iteration, the levels are An

1, A
n
2, A

n
3, B

n
1, B

n
3.

If the optimal combination is An
2B

n
1, in the next iteration, let

Anþ1
1 ¼ An

1 � ðAn
1 � An

2Þ � k, Anþ1
2 ¼ An

2; A
nþ1
3 ¼ An

3 � ðAn
3 � An

2Þ � k;
Step 4: Do orthogonal experiment, and calculate the whole weight under different

combinations of experimental factors;
Step 5: Use ANSYS to calculate the maximum stress and deformation of the

structure under each experimental scheme;
Step 6: Select the combinations of experimental factors, which satisfy the required

constraints, and choose the one that has the minimum weight to be the
optimal solution in this iteration [10];

Step 7: Output the optimal solution in Step 6, and judge whether n equals N. If
n = N, turn to Step 8; if not, then let n = n + 1, and go back to Step 3;

Step 8: Output the final solution and end the process.

33.3 Results and Discussions

33.3.1 Case Analysis

In this study, the original program structure, a 2,500-t/h bridge-type grab ship
unloader [11], is optimized for the weight reduction design, using the optimization
software. Before the optimization design, the values of the parameters in the ori-
ginal program are given. This original program is a relatively reasonable design, so
an original value can be set as a basic point, and a range extended to both sides of
the basic point is the domain of each variable in the optimization process.

According to the level’s changing interval, we can set the value of convergence
factor and the iteration times. Take parameter No. 1 for example. The change
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interval is 800 mm, but the interval to less than 50 mm is finally wanted. So the
convergence factor and the iteration times should be able to let the interval con-
verge from 800 to 50 mm. Let the convergence factor be k = 0.15 and the iteration
times N = 20. In this optimization, the allowable stress is 160 MPa, and the
maximum allowable deformation is 200 mm. Input the original parameters into the
software to initialize the database, and then follow the optimization process.

Through 20 times of iterations, as the number of iterations grows, the number of
results satisfying the constraints increases and the weight of the structure in the
optimal combination declines, as shown in Fig. 33.5.

Fig. 33.4 Flowchart of structure optimization

Fig. 33.5 Distribution
feasible solution
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According to Fig. 33.5, after the first iteration, only four combinations of factors
satisfy the constraints, ranging from 350 to 750 mm; after the 6th iteration, the
feasible interval turns to [300, 500]; what is more, after the 14th and 20th iterations,
almost all the combinations satisfy the constraints and the feasible interval becomes
even smaller.

33.3.2 Evaluation of Optimal Results

Evaluation comes from two aspects. Firstly, compare the weight of the optimized
design with the original one to see how much weight it can decline. Secondly,
compare optimization method based on the orthogonal experiment with genetic
algorithm optimization, figuring out the pros and cons.

Values of the parameter of each cross section can be obtained from the optimized
results of the software. The comparison of the beam width, flange thickness, height,
and web thickness of these four parameters between before optimization and after
optimization of the structure is shown in Table 33.1 (optimized results have been
rounded), and structural weight comparison of before optimization and after opti-
mization is shown in Table 33.2.

From Table 33.2, it can be seen that the final result of the orthogonal experiment
method makes reduction of 53.66 tons, 2.8 % of the original weight, which is
1,900 tons.

33.3.3 Calculation Time Comparison

The biggest advantage of the structural optimization method based on the orthog-
onal experiment is the efficiency of the finite element calculation times and makes it
possible to optimize the structure of the ship unloader in an acceptable time. The
comparison of proposed method in this paper with other methods shows that the
proposed one is less time-consuming.

In the optimization process, each iteration has to calculate for four different
working conditions. Each condition has to calculate 81 times, and each calculation
needs the analysis in ANSYS. So for 20 times of iterations, it needs to do
8 × 14 × 20 = 6,480 times of calculations in ANSYS in total. Each calculation in
ANSYS needs about 4 s. Then, it takes approximately 7.2 h on a computer with
2.13 GHz dual-core CPU.

If the traditional genetic algorithm is taken in this case, 18.5 days is needed on
the same computer (The initial number of individuals in a population is 100, and the
number of iteration times is 1,000, hypothetically).
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Thus, the optimization method based on orthogonal experiment can not only get
optimal result, satisfying the constraints, but also greatly save the calculation time,
which makes it convenient to call analysis in ANSYS.

Table 33.1 Parameter comparison before and after optimization (mm)

No. 1 2 3 4 5 6 7 8

Before 1,800 14 2,500 12 1,800 14 2,500 12

After 1,760 9 2,760 12 1,570 10 2,440 11

Parameter B t1 H t2 B t1 H t2
Component Front main beam Back main beam

No. 9 10 11 12 13 14 15 16

Before 1,850 12 1,300 14 1,300 18 2,500 14

After 1,700 12 1,450 13 1,420 13 2,670 12

Parameter B t1 H t2 B t1 H t2
Component Land–sea side column Land–sea upper crossbeam

No. 17 18 19 20 21 22 23 24

Before 1,000 16 2,000 10 1,000 16 1,600 14

After 850 10 2,170 17 1,150 13 1,700 12

Parameter B t1 H t2 B t1 H t2
Component Hopper back beam Ladder top crossbeam

No. 25 26 27 28 29 30 31 32

Before 1,000 10 1,400 10 1,300 12 1,450 10

After 1,080 12 1,350 12 1,450 14 1,250 14

Parameter B t1 H t2 B t1 H t2
Component Engine room classis beam Hopper front beam

No. 33 34 35 36 37 38 39 40

Before 1,850 10 1,400 10 1,000 10 1,400 10

After 1,800 12 1,230 7 660 10 1,650 14

Parameter B t1 H t2 B t1 H t2
Component Land–sea contact beam (middle) Land–sea contact beam (down)
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33.4 Conclusion and Future Work

For the study in ship unloader’s weight reduction, this paper presents an optimi-
zation method based on orthogonal test structure. The entire process of the opti-
mization design is as follows: Define the structure of the ship unloader’s
optimization objective function and design variables; build parametric finite ele-
ment model, which can be changed by modifying the parameters, for calculating
stress and deformation of the structure in each iteration with various factor com-
binations, avoiding wasting time in re-establishing different models; develop ship
unloader’s beam cross section optimization process with the orthogonal experiment
method; finally, use advanced language and finite element analysis software to
develop the software for optimization. Compared with the traditional genetic
algorithm, the optimization method based on the orthogonal experiment improves
the efficiency of the ship unloader’s structural optimization for weight reduction.
The final optimized results satisfy the constraints and reduce the weight of the
structure and the cost for manufacturing. Meanwhile, for the structural optimization
method and the software, there are still some aspects to be improved. The future
work is to generate orthogonal table automatically, find a better way to deal with the
structural constraints in optimization, and improve the design of the ship unloader’s
parametric modeling software’s interface and the way to input data for improving
the efficiency.

Acknowledgments This research is financially supported by Natural Science Foundation of
China (Project Nos. 51075275 and 51135004).

Table 33.2 Weight comparison before and after optimization

No. Component Before
(t)

After
(t)

Reduction
(t)

Reduction
(%)

1 Front main beam 100.62 81.81 18.81 18.7

2 Back main beam 102.94 75.83 27.1 26.33

3 Land–sea side column 51.63 49.15 2.48 4.8

4 Land–sea upper crossbeam 35.44 29.07 6.36 17.96

5 Hopper back beam 11.78 10.12 1.66 14.08

6 Ladder top crossbeam 6.41 5.83 0.58 9.1

7 Engine room classis beam 21.31 25.85 −4.54 −21.31

8 Hopper front beam 8.52 10.57 −2.05 −24.03

9 Land–sea contact beam
(middle)

30.43 25.61 4.81 15.81

10 Land–sea contact beam
(down)

22.42 23.98 −1.56 −6.97

Total 391.5 337.84 53.66 13.7
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Chapter 34
Given Target Position Path Planning
of Concrete Pump Vehicle

Xin Wang, Hui Jin, Xuyang Cao, Shunde Gao and Shujun Ming

Abstract In order to solve the problem of given target position path planning of
concrete pump vehicle (GTPPPCPV problem), first of all, this paper sets up the
mathematic model, which includes defining the problem for concrete pump vehi-
cle’s path planning, describing the concrete pump vehicle’s state, and the path
length in configuration space. Then put forward an improved rapidly exploring
random tree (RRT) algorithm, Muti-RRTs base on target restriction, by the manner
of bi-directional and multi-step to extend the RRTs, (GoalRestMutiConConRRT),
to solve the GTPPPCPV problem, and then a path optimization method is given to
optimize the path. Finally, the GoalRestMutiConConRRT algorithm and the opti-
mization method are applied to two cases, pouring in the window of high building
and changing the pouring windows. The result verified the feasibility and validity to
solve the problem of GTPPPCPV using GoalRestMutiConConRRT algorithm.

Keywords Concrete pump vehicle � Path planning � RRT � Given target position

34.1 Introduction

It is a very common task of the concrete pump vehicle that makes the end hose
reach the pouring location from current state. The control of the concrete pump
vehicle mainly relies on the control handle in cab or the remote in venues, to adjust
the angle of each boom and the slewing table, so that the end hose can reach the
specified location. It is a complicated work for the operator to get a collision free
and lowest cost path [1–3]. So, this study aims to provide a motion plan to guide the
concrete pump operator to make the corresponding operation, so that the efficiency
and the safety can be improved. In addition, the foundation for the fully automatic
concrete pump vehicle operation in the future is laid in this paper.
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Rapidly exploring random tree (RRT) [4–9] is a very popular algorithm which is
based on random sampling. Because of outstanding performance in high-dimen-
sional space, RRT has been widely used in many path planning problems. Concrete
pump vehicle path planning is considered as a typical high-dimensional path
planning problem, so RRT is very applicable to solve concrete pump vehicle path
planning problem.

In order to solve the problem of concrete pump vehicle path planning, first we
attempt to use an advanced RRT algorithm, Muti-RRTs based on target restriction,
by the manner of bi-directional and multi-step to extend the RRTs (Goal-
RestMutiConConRRT) in this paper, and then the path optimization method will
optimize the path which has been found before. Finally, through experiments, this
method is verified a good way to solve GTPPPCPV problem.

34.2 Set up the Mathematic Model

34.2.1 The Definition of the Problem of Concrete Pump
Vehicle’s Path Planning

The problem of concrete pump vehicle’s path planning is to search a motion
sequence from current state and make the end hose reach the pouring location in
C space. In this sequence, concrete pump vehicle with environment and itself
collision free, the motion of each boom and slewing table in limited scope is
required.

34.2.2 The Description of Concrete Pump Vehicle State

Concrete pump vehicle can be seen as a single arm robot with chassis, slewing
table, and k sections boom (With the end hose not considered). This is a kind of
typical open chain structure and we can describe its state by a C space which is
composed of k + 1 DOFs. Here, we use X = (a, b1, …, bi, biþ1, …, bk) to describe
the state of concrete pump vehicle at any time, as shown in Fig. 34.1.

Here,
α Rotating angle of the slewing table relative to chassis;
β1 Rotating angle of the first section boom relative to horizontal plane;
βi Rotating angle of the ith section boom relative to (i − 1)th section boom

(i ∈ [2, …, k])

Using this state space which is composed of k + 1 DOFs, we can transform
GTPPPCPV problem of concrete pump vehicle path planning to the problem for
finding a security motion sequence in C space.
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34.2.3 Denote of Path Length

According to the motion feature of concrete pump vehicle, the revolving of slewing
table will make the entire boom rotate together, and the angle change of the ith
section boom will cause the boom from (i + 1)th to kth section change their
corresponding angles. It can be seen that the motion cost of each part increasing
from top to bottom. So, this study describes concrete pump vehicle’s path length
with the sum of the slewing table and each boom’s angles, and each angle should
consider its corresponding cost.

If Xj ¼ ða j; b j
1; . . .; b

j
i ; b

j
iþ1; . . .; b

j
kÞ and Xjþ1 ¼ ðajþ1; bjþ1

1 ; . . .; bjþ1
i ; bjþ1

iþ1;

. . .; bjþ1
k Þ are the any two states of concrete pump vehicle, then:

d Xj;Xjiþ1
� � ¼ ðr1 � ðajþ1 � a jÞ�� ��þ ðr2 � ðbjþ1

1 � b j
1Þ

��� ���þ � � � þ ðrm � ðbjþ1
i � b j

i Þ
��� ���

þ ðrmþ1 � ðbjþ1
iþ1 � b j

iþ1Þ
��� ���þ � � � þ ðrkþ1 � ðbjþ1

k � b j
kÞ

��� ��� ð30:1Þ

Here,
dðXj; Xjþ1Þ The distance from state Xj to state Xjþ1;
r1 The motion cost of the slewing table, r1 = 1;
rm The motion cost of the ith section boom rm ¼ 0:5þ 0:5

kþ1�
ðk � iÞ ðm 2 2; 3; . . .; k þ 1½ �;m ¼ iþ 1Þ;

So, the entire length of the path L can be expressed as L ¼ Pn�1
i¼0 dðXj;Xjþ1Þ, n is

the number of the state nodes in the path.

Fig. 34.1 The state of
concrete pump vehicle
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34.3 GoalRestMutiConConRRT Algorithm and Path
Optimized Method

34.3.1 GoalRestMutiConConRRT Algorithm

In order to solve GTPPPCPV problem, this paper proposes Goal-
RestMutiConConRRT algorithm. As shown in Fig. 34.2, this algorithm first builds
an initial tree, the root of which is at initial state and the tree extends in forward
direction. Then a target tree set is built, states of these tree roots all are mapped with
the target position of the end-effector, and the target trees extend in reverse direction
(In Fig. 34.2, the line denotes the target position, the points on the line are the states
which mapped with the target position, and other points are the states in C space.
GoalRestMutiConConRRT algorithm will take into account both the tree’s exten-
sion and new tree’s creation.

34.3.1.1 GoalRestMutiConConRRT Algorithm Main Function

As shown in Fig. 34.3, Xinit is the initial state of the concrete pump vehicle, Gp
denotes the target position of the end-effector, Tnum is the ceiling of target tree
number, listGTRoot is used to save state points which are mapped with Gp. Firstly,
the main function builds an initial tree, the root of which is at initial state, uses
inverse kinematics function, GetInvKinState(), to get a target states Xgoal mapped
with Gp, then adds Xgoal into listGTRoot and uses Xgoal as root to build a target tree.
Secondly, the main function enters into the big circle phase, the terminal condition
of the function is the number of sample points reaching limit K or the initial tree and
one of the target trees meeting with each other. If the number of target trees does
not reach Tmax, the main function executes ExtendTree() function to extend existing
trees in p probability, or uses BuildTargetTree() function to build a new target tree
in 1-p probability. On the other hand, it only uses ExtendTree() function to extend
existing trees.

Xinit

Gp(xg,yg,zg)

Xg3

Xg2

Xg1

Fig. 34.2 Extend manner of
GoalRestMutiConConRRT
trees
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34.3.1.2 Extend Tree

Function ExtendTree() is used to extend existing trees. This function executes the
first 6 rows to let the initial tree extend by a step and get a new configuration Xinew
in p probability, rows 2 to 6 are used to get a tree from target trees, the root
configuration of which is nearest to Xinew, or executes rows 7 and 8 to select a target
tree randomly in 1-p probability. Finally, this function uses RRTConCon algorithm
which is mentioned in [10] and [11] to extend initial tree and the selected target tree
bidirectionally, as shown in Fig. 34.4.

Fig. 34.3 GoalRestMutiConConRRT algorithm main function

Fig. 34.4 Extend tree
function
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34.3.1.3 Build New Target Tree

As shown in Fig. 34.5, BuildTargetTree() is used to build a new target tree. This
function enters into the big circle phase in m probability. In this circle, the function
uses GetInvKinState() to get a target configuration Xtemp which is mapped with Gp
firstly. Rows 3 to 7 are used to let the distance between Xtemp and the configuration
in listGTRoot which has the smallest distance from Xtemp, greater than threshold
d. A target configuration Xgoal will be got through rows 8 and 9, and the distance
between Xgoal and the new configuration of initial tree is smallest . And then 11–14
rows make sure that the distance between Xtemp and the configuration in listGTRoot
which is nearest from Xtemp, greater than threshold d. Rows 15 and 16 are used to
build a new target tree with the root Xgoal, which is added into listGTRoot. Finally,
the count of tree number Tnumadds one.

Fig. 34.5 BuildTargetTree
function
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34.3.2 Path Optimized Method

Using GoalRestMutiConConRRT algorithm can rapidly find a path in C space, but
the quality of the path is not high, so a method to optimize this path is introduced in
this paper. The method is described as follows:

1. Set the iteration number N. This paper takes N = 2000;
2. Select two state nodes in the path randomly and then connect this two state

nodes using RRT-connect method;
3. If the new path is better than the saved one, then replace it with the new path.

Otherwise end this iterate;
4. Repeat steps (2) and (3) until the number of iterations is equal to N.

34.4 Cases Study

34.4.1 Parameter Setting

• The construction parameter of the concrete pump vehicle

In this experiment, the concrete pump vehicle with four sections booms whose
folded form is winding was selected as the object of study. The main parameter can
be seen in Table 34.1.

• The rotation scope of each part

According to the limitation of the construction and folded form, the rotation
scope of slewing table and each boom can be seen in Table 34.2.

34.4.2 Two Typical Cases

The first case shown in Fig. 34.6 requires concrete pump vehicle’s boom to enter
the window to pour. The location of the window that is colored with yellow, with
the world coordinate (−6.6, 32, 8) can be seen in picture. Concrete pump vehicle
will change the state from Xinitl(1.57, 1.0, −0.5, −0.3, −0.8) as shown in Fig. 34.6
over high voltage to get the pouring position. During the whole motion process, the
concrete pump vehicle cannot collide with itself or environment, and the threat of
high voltage should be considered.

The second case in Fig. 34.7 is a usual case. In order to pour each room in turn,
when a window has been poured, the end-effector changes its position to pour into
another window. This case uses the first case’s target state as its initial state. Then
change end-effector’s position to pour another window which is painted with yel-
low in Fig. 34.7 and its world coordinate is (−7.3, 27.0, 22.5). It is required as same
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Fig. 34.6 Pouring inside the
window of the tall building

Fig. 34.7 Changing pouring
window

Table 34.2 The rotating scope of each part

Rotating scope
of the slewing
table (rad)

Rotating scope
of the first
boom (rad)

Rotating scope
of the second
boom (rad)

Rotating scope
of the third
boom (rad)

Rotating scope
of the fourth
boom (rad)

[−3.14, 3.14] [0, 1.60] [−3.14, 0] [−3.14, 0] [−3.14, 1.39]

Note The angle between slewing table and chassis turning counterclockwise is positive; the angle
of first boom in lifting direction is positive; the angle of other booms relative to the last boom
lifting direction is positive
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as the first case that the concrete pump vehicle cannot collide with itself neither
with environment, and the threat of high voltage should be considered.

34.4.3 Planning Result

• Planning effect of pouring inside the window of the tall building
• Planning effect of changing pouring window

The correlative data of two cases which are executed 100 times, respectively, can
be seen in Table 34.3. From Figs. 34.8, 34.9 and Table 34.3, we can see that using
the method mentioned in this paper, a good path can be found in short time.

Fig. 34.8 Planning effect of pouring inside the window of the tall building: a front view b top
view

Table 34.3 The performance of the method in the two cases

working
conditions

Success
number

Avg. find
path time
(s)

Avg. path length
before optimizing
(rad)

Avg. opti-
mized
time (s)

Avg. path length
after optimizing
(rad)

Case 1 100 1.26 10.62 3.54 4.88

Case 2 100 0.79 10.30 1.37 3.04
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34.5 Conclusions

In this paper, an improved RRT algorithm (GoalRestMutiConConRRT) and a path
optimization method is used to solve GTPPPCPV problem. By using this method in
two cases, this paper verified that using this method can rapidly find a safe and
available path in complicated environment. The method presented in this paper can
provide a motion plan to direct the operator do the corresponding actions. If this
motion plan is adopted, the efficiency and safety of the operation can be greatly
improved and the requirement of the operator’s experience can be reduced.
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Chapter 35
A New Hybrid Topology Optimization
Method Coupling ESO and SIMP Method

Hongyu Jiao, Qicai Zhou, Sixia Fan and Ying Li

Abstract In this paper, a new hybrid topology optimization named ESO–SIMP
which couples evolutionary structural optimization (ESO) and SIMP is proposed. In
ESO–SIMP method, the relative densities of elements are taken as the design
variables, and the mean compliance is selected as the objective function. The
mathematical model of topology optimization is built, and the iterative formula
based on optimization criteria is obtained. A filtering function using strain energy as
sensitivity number is introduced to prevent checkerboards and to eliminate mesh
independency. In the process of each iteration, elements whose relative densities are
less than or equal to rejection ratio are removed from the design domain and all
remained elements are entered into the next iteration. The ESO method and the
SIMP method are merged together perfectly in this paper. It is found that the new
ESO–SIMP method has many advantages over the ESO method and the SIMP
method in terms of efficiency and robustness.

Keywords Topology optimization � SIMP � ESO � ESO–SIMP

35.1 Introduction

Topology optimization of structures has been extensively researched in the past two
decades, and many optimization methods have been developed such as evolutionary
structural optimization (ESO) [1, 2], variable density method [3, 4], level set
method [5, 6], and so on.
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The ESO method, developed by Xie and Steven, gradually removed underuti-
lized material to achieve an optimal design. The amount of removed material is
controlled by two parameters: rejection ratio (RR) and evolutionary rate (ER) [7].
These two parameters must be small. If the rejection ratio and evolutionary rate are
too large, it will lead to deletion of too many elements in the process of iterations.
Consequently, it results in numerical instabilities and the optimization result’s
differences.

The SIMP method originally introduced by Bendsoe and Sigmund is extensively
used on the topology optimization of continuum structures as a kind of variable
density method due to its advantages of fewer design variables and higher effi-
ciency. However, one of SIMP’s mayor drawbacks is that resulting topologies do
not converge to fully black-and-white designs, exhibiting areas of intermediate
densities that do not have physical meaning.

This paper presents a new hybrid topology optimization which couples ESO and
SIMP under given boundary and loading conditions. Firstly, the SIMP method and
the ESO method are described briefly. Secondly, the proposed algorithm named
ESO–SIMP is introduced in more detail. Finally, an example is presented and
analyzed.

35.2 ESO–SIMP Algorithm

35.2.1 The SIMP Method

The SIMP method has been widely accepted and applied. It considers material
density as the design variable. An optimal structural topology is gotten by redis-
tributing material within a reference domain, based on an optimality criteria or a
mathematical programming method.

In SIMP method, the design domain X is discretized with finite elements. The
material properties are constant in each of these elements and depend on the relative
density xi. The relative density should be either 1 or 0 in the design domain X after
the optimization. To avoid the intermediate relative density, the penalization factor
p is used to punish the intermediate density.

The relationship between elastic modulus and the relative density is written as

EðxiÞ ¼ Emin þ ðxiÞpðE0 � EminÞ ð35:1Þ

where E0 is the elastic modulus of material. Emin is taken as E0/1000 for the
numerical stability. xi is the relative density of the ith element. p is the penalization
factor.
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The relative densities of elements are taken as the design variables, and the mean
compliance is selected as the objective function. Then, the topology optimization
problem for minimum compliance can be written as

Find:X ¼ x1f ; x2; x3; . . .; xigT ; i ¼ 1; 2; . . .; n ð35:2Þ

Minimize: CðXÞ ¼ FTU ¼ UTKU ¼
Xn

i¼1

uTi kiui ¼
Xn

i¼1

ðxiÞpuTi k0ui

Subject to: KU ¼ F; V ¼ f0 � V0 ¼
Xn

i¼1

xivi

0\xmin � xi � xmax � 1

where the objective function C is defined as the mean compliance. X is the vector of
design variables; xmin and xmax are the minimum and maximum relative density of
elements, respectively. The purpose of introducing xmin is it must be nonzero to
avoid singularity. F is the global load vector, and U is the displacement vector. K is
the global stiffness matrix. ki and ui are the stiffness matrix and the nodal dis-
placement vector of elements. V is the material volume, and V0 is the initial volume
of the design domain. f0 is the prescribed volume ratio.

35.2.2 The ESO Method

The ESO process begins with a full design domain and gradually removes under-
utilized elements. The amount of removed elements is controlled by

RRkþ1 ¼ RRk þ ER ð35:3Þ

where RR is rejection ratio and ER is evolutionary rate. k is the current iteration
number.

35.2.3 A New Hybrid Method Coupling ESO and SIMP
Method

A new hybrid topology optimization method in this paper, named ESO–SIMP, aims
at coupling ESO and SIMP. By doing so, it is possible to obtain a clear profile of
topology with no “gray” area. In ESO–SIMP method, the relative densities of
elements are taken as the design variables, and the mean compliance is selected as
the objective function. Then, the optimization problem for minimum mean com-
pliance based on ESO–SIMP algorithm can be written as
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Find:X ¼ x1f ; x2; x3; . . .; xigT ; i ¼ 1; 2; . . .; n ð35:4Þ

Minimize: CðXÞ ¼ UTKU ¼
Xn

i¼1

uTi kiui ¼
Xn

i¼1

ðxiÞpuTi k0ui

Subject to: KU ¼ F; V ¼
Xm

i¼1

xivi � f0 � V0

0\xmin � xi � xmax � 1

The difference between ESO–SIMP and SIMP methods is volume constraint. In
process of optimization, elements whose relative densities are less than or equal to
rejection ratio are removed from the design domain. The total volume of all
remained elements V should satisfy

V ¼
Xm

i¼1

xivi � f0 � V0 ð35:5Þ

where m is the number of all remained elements.
However, V is not the real total volume of remained elements V′ which is

expressed as

V 0 ¼
Xm

i¼1

vi ð35:6Þ

When volume constraint is satisfied, the real total volume of all remained ele-
ments V′ is greater than V because of intermediate relative density. It is not bene-
ficial to topology optimization for volume constraint. So during the process of
optimization, the real total volume of all remained elements V′ must be monitored.

35.2.4 Numerical Instabilities and Filtering

Topology optimization can often exhibit an instability for which the resulting
topology contains a checkerboard pattern of active and removed elements. A
popular heuristic treatment for preventing checkerboards is filtering or local
smoothing of sensitivities similar to low-pass filtering in signal and image pro-
cessing. This filtering technique works by smoothing local sensitivities after anal-
ysis, and these smooth sensitivities are used to modify and optimize the design.

First, the strain energy of elements, which are defined by averaging the sensi-
tivity numbers of connected elements, is calculated as
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si ¼ 1
2
uTi kiui ð35:7Þ

The defined filter functions are based on a length scale rmin. The primary role of
the scale parameter rmin in the filter scheme is to identify the elements that influence
the sensitivity of ith element. This can be visualized by drawing a circle of radius
rmin centered at the center of the ith element, thus generating the circular subdomain
Ωi. Elements located inside Ωi contribute to the computation of the improved
sensitivity number of ith element as

s0i ¼
PM

i¼1 dijsi
PM

i¼1 dij
ð35:8Þ

where s0i denotes the sensitivity number after filtering, M is the total number of
elements in the subdomain Ωi, and dij is the linear weight factor defined by where rij
is the distance between the center of the ith element and the element jth.

dij ¼ r
min

� rij ð35:9Þ

35.2.5 Optimization Criteria and Iterative Formula

The optimization criteria can be derived by Lagrange function that consists of
objective function and constraint conditions. The optimization criteria can be
written as

Bk
i ¼

pðxiÞpuTi k0ui
k1vi

¼ 2p
k1v1xi

� 1
2
uTi kiu ¼ 2psi

k1vixi
ð35:10Þ

The Eq. 35.8 is substituted to Eq. 35.10, and then, the optimization criteria after
filtering can be written as

Bk
i ¼

2ps0i
k1vixi

ð35:11Þ

The iterative formula based on optimization criteria can be written as

xkþ1
i ¼ ðBk

i Þgxki if xmin\ðBk
i Þgxki\xmax

xkþ1
i ¼ xmin if ðBk

i Þgxki � xmin

xkþ1
i ¼ xmax if ðBk

i Þgxki � xmax

ð35:12Þ
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Elements are removed from the design domain if they satisfy

xkþ1
i �RR ð35:13Þ

35.3 Topology Optimization Procedure Based on ESO–SIMP
Method

To explain better how ESO–SIMP can be implemented into a computer program, a
step-by-step algorithm is given as follows:

Step 1: The maximum design domain is discretized with a densely finite element
mesh.

Step 2: Define all boundary constraints and apply load.
Step 3: Assign design variables the initial values (xi

1 = 1).
Step 4: Form the relationship between elastic modulus and design variables as

Eq. 35.1.
Step 5: Carry out a linear finite element analysis of the structure.
Step 6: Calculate the strain energy for all existed elements as Eq. 35.7.
Step 7: Calculate the sensitivity number for all existed element as Eq. 35.8.
Step 8: Calculate optimization criteria as Eq. 35.11 and update the design

variables as Eq. 35.12.
Step 9: Elements are removed if they satisfy Eq. 35.13.

Step 10: If the total volume of all remained elements V satisfies volume constraint
as Eq. 35.5, an optimum is reached. Otherwise, go to Step 4.

Flowchart depicting logical steps of ESO–SIMP is shown in Fig. 35.1.

35.4 Example and Discussion

An example [8] considers the stiffness optimization design of a cantilever beam
under a concentrated loading as shown in Fig. 35.2. The design domain has length
80 mm, height 50 mm, and thickness 1 mm. The force is applied downward at the
center of the free end with the magnitude of 100 N. The material has elastic
modulus of 100 GPa and Poisson’s ratio of 0.3. ESO–SIMP starts from the full
design which is subdivided using a regular mesh of size 1 × 1, tolling 4,000 four-
node quadrilateral elements. The ESO–SIMP parameters are RR = 0.1, r

min
¼ 2mm,

f0 = 0.3.
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Fig. 35.1 Flowchart depicting logical steps of ESO–SIMP

Fig. 35.2 Dimensions of the
design domain and boundary
and loading conditions
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Figure 35.3 shows the evolution histories of mean compliance C, volume ratio f,
and volume fraction Vf which is real total volume of remained elements to the initial
volume. The mean compliance increases as the material is gradually removed from
the design domain. After the total volume of remained elements reaches the
objective volume, mean compliance reaches 6.589 N mm which is higher than that
of the BESO method. This difference may be attributed to the overestimated strain
energy of the intermediate-density elements.

The ESO–SIMP method reached 30 % of the initial volume (f0 = 0.3) in 38th
iteration, and volume fraction Vf is 0.3995. When Vf is equal to 0.5, the ESO–SIMP
method only needs 27 iterations which is less than the BESO method which
requires about 80 iterations [1, 8].

Figure 35.4 shows the history of topology where the final topology is shown in
Fig. 35.4f. All remained elements are displayed on each topological graph. Each
topological graph has a clear outline which is superior to the SIMP method.
Simultaneously, the relative densities of all remained elements for final topology
can be displayed as shown in Fig. 35.5.

Fig. 35.3 The evolution histories of mean compliance C, volume ratio f, and volume fraction Vf
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Fig. 35.4 The history of topology. a Iteration = 10. b Iteration = 15. c Iteration = 20.
d Iteration = 25. e Iteration = 30. f Final topology
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Fig. 35.4 (continued)
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35.5 Conclusions

This paper presents a new hybrid topology optimization which couples ESO and
SIMP under given boundary and loading conditions. In ESO–SIMP method, the
relative densities of elements are taken as the design variables, and the mean
compliance is selected as the objective function. The mathematical model of
topology optimization for minimum compliance based on the ESO–SIMP is built.
A filtering function using strain energy as sensitivity numbers is introduced to
prevent checkerboards and to eliminate mesh independency. The iterative formula
based on optimization criteria can be obtained. In the process of each iteration,
elements whose relative densities are less than or equal to rejection ratio can be
removed from the design domain and all remained elements enter the next iteration.
The ESO–SIMP method has higher computational efficiency and is more robust
over the SIMP method and the ESO method.
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Chapter 36
An Integrated Conceptual Design
Calculation Method for Logistics
Machinery Based on Working Condition
and Load Combination

Zhiyi Pan, Shunde Gao, Xin Wang and Xuyang Cao

Abstract Aiming at changeful market demands, it is difficult to obtain a reasonable
and optimized design project efficiently and intelligently by theoretic calculation,
which needs to be solved emergently. The character of calculation in logistics
machinery product conceptual design includes lots of working condition (WC) and
load combination (LC). An integrated strategy is applied to the logistics machinery
product conceptual design, and an integrated conceptual design calculation method
for logistics machinery based on WC and LC is presented in the paper. By solving
the worst work condition and LC, resolving and clustering coupling in product
parameters, and synchronization evolution of calculation model and geometry
model, uniform and standardized calculation model for the logistics machinery
product conceptual design is established, and clustering of project design and loose
coupling between calculations is realized. Therefore, software framework is easy to
accomplish. Conceptual design calculation software for straight-arm self-propelled
high-altitude working platform is developed and applied in the GTBZ serial
products. The software can improve the efficiency of conceptual design greatly and
used in parameters optimization.

Keywords Conceptual design � Working condition � Load combination � Logis-
tics machinery

With the complicated product design process, lots of uncertain factors and inevi-
table repeated modification, the design cycle is long and design quality is poor.
However, with the fierce market competition, the requirement for enterprise to
respond to customers demands quickly and to develop once to succeed is
increasingly urgent. The important position and function of the conceptual design
during the development process of the product full life cycle is widely taken
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seriously and has become one of the research hotspot in the design field. Though
the actual input expenses of design phase only account for 5 % of the total cost of
the product, it has determined about 70 % cost of product [1].

The logistics machinery product conceptual design is a cyclic iteration process of
calculation, cut and try, and validation, etc. While the type of design knowledge is
complicated, requirements change frequently, design cycle is short, and workload is
heavy. Aiming at changeful market demands, it is difficult to obtain a reasonable and
optimized design conceptual efficiently and intelligently by theoretic calculation,
which needs to be solved emergently. With lots of uncertain factors during the con-
ceptual design phase, frequent transfer of the input–output and other relevant
parameters of the calculation model, and lots of complicated items of the conceptual
design calculation, every designer usually takes charge of different calculation items in
order to accomplish the design assignment in time, which brings the follow problems:

1. Usually, it is not accurate and easy to make mistakes to choose some of the
working condition (WC) and load combination (LC) of logistics machinery,
which is in a large number by experience.

2. Every index needs to be recalculated when the design is changed, which leads to
the heavy workload and a long conceptual calculation period.

3. The calculation item is accomplished by multiple people, which leads to the
coordination problem and the calculation mistake that is made by data
inconsistency.

4. The management of the design process, the record of the calculation’s gradual
progress, and the writing and repeated modification of the calculation descrip-
tion are difficult.

5. Many important design indexes are difficult to be obtained. And the indexes are
difficult to be optimized quickly through modifying the related parameters in
general terms. Therefore, the resulting project is usually possible, but not
optimized.

Therefore, the character of calculation in logistics machinery product conceptual
design is lots of WC and LC. An integrated strategy is applied to the logistics
machinery product conceptual design, and an integrated conceptual design calcu-
lation method for logistics machinery based on WC and LC is presented and
adopted to develop the conceptual design calculation software for straight-arm self-
propelled high-altitude working platform in the paper.

36.1 The Working Condition and Load Combination
of Logistics Machinery Product

WC is the abbreviation of the working condition. LC is the combination of various
types of force and torque loaded in the logistics machinery operating mechanism,
which can be expressed by the letters LC. The important calculation basis for
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logistics machinery conceptual design consists of WC and LC. The diversity of the
logistics machinery operation in the form and the complexity of the mechanism lead
to a large number of WC. It is difficult to choose the most dangerous WC and LC
for an index from the large number of WC and LC. With the complexity of logistics
machinery product WC and LC, it is not accurate to obtain the most dangerous WC
by traditional theoretical analysis and experience, which is easy to make mistakes
due to miscalculation and omission.

36.1.1 Working Condition and Working Conditional
Parameters

Geometric parameters of the product WC are called WC parameters, which usually
correspond to the motive mechanism of logistics machinery product. Taking the
straight-arm self-propelled high-altitude working platform, for example, WC
parameters include telescopic cylinder stroke, telescopic boom luffing angle, rota-
tion angle, leveling angle, swing angle, and fly jib luffing angle. A WC set of WC,
which consists of finite or infinite WCi is established. Therefore, the WCi can be
synthetically characterized by a group of its WC parameters Pij

C.

WC ¼ WC1; WC2; � � � ;WCi; � � �gf ð36:1Þ

WCi ¼ PC
i1;P

C
i2; � � � ;PC

ij ; � � �
on

ð36:2Þ

Every index in different WC can be calculated by WC parameters, which are the
important parameters of theoretical calculation during the conceptual design pro-
cess. For the finite WC, the WC parameters of pair-wise interaction coverage are
placed into formula to calculate one by one to obtain the index in different WC by
exhaustive combinatory method. For the infinite WC, discrete combinatory method
is adopted. By this way, the finite value set is formed by each continuous WC
parameter that is dispersed according to a certain size; then, the index in different
WC is calculated based on exhaustive combinatory method, the calculation accu-
racy depends on the discrete size.

36.1.2 Load Combination and Load Combination Parameters

There are many types of loads that need to be considered during the calculation
process of logistic machinery product design, such as self-weight, operating load,
wind load, and special load.

1. Self-weight is the gravity of the various components of the product, which
includes the gravity of metal structures, machinery, and electrical equipments.
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At the beginning of the design calculation, the self-weight is unknown and
needs to be estimated based on the similar products.

2. Operating load, which is an important performance index, is the external load
during the logistics machinery product operating. It includes the lifting weight
of crane, the weight of people, and tools on the high-altitude working platform.

3. Wind load is the maximum calculation wind power in WC and not-WC. The
wind load can be expressed as the product of the wind factor, the calculation
pressure, and frontal area.

4. Special load is temperature load, test load, slope load, etc.

PL, PK
L, and AK are defined as the set of load parameters, the Kth load parameter,

nonzero value; then:

PL ¼ PL
1 ;P

L
2 ; � � � ;PL

k ; � � � =PL
k ¼ 0;Ak

�� ð36:3Þ

These loads constitute the load parameters. Every load parameter of nonzero
value consists of load size ν, coefficient, and direction d, then:

Ak ¼ vk;uk; dkð Þ ð36:4Þ

The load parameters are “nonzero” and “zero” two options. Then, the LC
consists of parts of the load parameters’ two options. LC set of the LC is defined,
then:

LC 2 PL
1 � PL

1 � � � � � PL
k � � � ���

2 A1

0

� �
� A2

0

� �
� � � � � Ak

0

� �
� � � �

��
¼ LC1;LC2; � � � ;LCj; � � �

�� ð36:5Þ

The sign � is combination operator, and LC is the parts of LCs that are selected
from the combination set based on the design requirements. Usually, an extreme LC
should be determined as the basis for the calculation. Due to the complexity of the
index calculation, it is difficult to determine the extreme LC accurately. Therefore,
the whole indexes that are determined by LC need to be calculated to be compared
and selected.

36.1.3 The Solving of the Most Dangerous Working
Condition and Load Combination

The traditional solving of the most dangerous WC and LC is to solve several
dangerous conditions that are selected with experience, which makes it easy to
make design troubles on the relatively complicated products. The most dangerous
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WC and LC is solved by the method of going through the whole WC and LC. The
input parameters of index calculation consist of WC and LC, and the WC � LC set
is formed by the collocation of WC and LC, then:

WC� LC ¼ WC1; WC2; � � � ;WCj; � � �
�� � LC1;LC2; � � �;f LCj; � � �

�
¼ WCi;LCj

��
i ¼ 1; 2; � � � ;m; j ¼ 1; 2; � � � ; nð Þ ð36:6Þ

By the method of computer programming, the parameters of the WC � LC set is
placed to the index calculation formula to obtain a group of index solutions, and the
most dangerous WC and LC is obtained by comparison and selection of the group
of the index solutions.

36.2 The Calculation Model of Logistics Machinery
Product Conceptual Design

Logistics machinery product conceptual design includes the determination of pro-
ject and technology parameters, the determination of the key pivot point’s position,
stability analysis of the whole machine, the determination of the whole machine
operating performance and the force calculation of the component, and preliminary
design of the typical component. And the theoretical calculation is the key and
important basis of the conceptual design. After the determination of the mechanism
form, whether the project can meet the requirement of the product function and
performance, the mechanism and structure are reasonable, and every index and
parameter is optimized or not is estimated by theoretical calculation.

36.2.1 Resolving and Clustering Coupling in Product
Parameters

The input parameters of the conceptual design calculation include WC parameters
and structure parameters. The structure parameters PM set that includes the whole
machine size, the quality of counter weight, the length of lifting arm, and the
position of key pivot point is a group of main parameters of the product structures
and the basis of establishing the product design model. It is usually obtained from
function parameters, design standards and handbook, and other related experience.
WC parameters are the parameters of the position relation of the structures that
correspond to the motion mechanisms. Therefore, the WC parameters and the
structure parameters are uncoupled. In order to realize the integration of the
conceptual design calculation, a parameter set is formed by resolving and cluster-
ing coupling the structure parameters that the index calculation required. The
datum that all of index calculations required is obtained from the parameter set.
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Reference of the representation method of information that is applied to the design
structure matrix and the method of resolving the structure parameters are as follows:

1. Pi
M is defined as ith design index parameter, and the middle set PM* is obtained

by combining all the index parameters and removing the repeated parameters.

PM� ¼ U
i
PM
i ð36:7Þ

2. The coupling relation of the parameters in the middle set PM* is represented by
the design structure matrix. The two parameters are regarded as coupling if one
depends on the other one to be obtained. A matrix is formed from all the
parameters in the set PM* with the lateral and vertical arrangements. The
parameter Pij is 1 if there is the coupling relation between Pi

M and Pj
M; otherwise,

it is 0. Therefore, the coupling relation can be represented as an upper triangular
matrix, as shown in Fig. 36.1.

3. The design structure matrix A ¼ Pij
� 	

n�n is established; then, one of Pi
M and Pj

M

is removed or replaced with other parameter. The second step is repeated until
the upper triangular matrix of DSM is a zero matrix, namely A ¼ 0½ �n�n. If it is
difficult to obtain zero DSM in special condition, the treatment of the parameters
is realized by interactive operation. The coupling resolving operator is repre-
sented as Г; then:

PM� C
DSM

! PM ð36:8Þ

The parameters are encapsulated in different type in order to convenient for the
later object-oriented programming, which is called the coupling in the structure
parameters of logistics machinery product. The structure parameters of logistics

Fig. 36.1 The coupling
relation of the parameters in
the middle set
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machinery product can be divided to the solid element, the key point, the hydraulic
cylinder, the coefficient, and the others.

Due to the large number of WC of logistics machinery product, the key pivot
point and mass abundance centric coordinates, etc., in structure parameters change
with the conditions, which need to be paid attention to. In order to be convenient for
software programming, a standard WC being used as the input for the structure
parameters is provided. Taking the high-altitude working platform, for example, the
condition that the telescopic boom is level and in the shortest condition, the turn-
table turns 90°, and fly jib is level is selected as the standard condition.

36.2.2 The Content of Conceptual Design Calculation

The logistics machinery product design index is an important basis for estimating
whether the conceptual design can meet the requirement of the function and per-
formance and ordering all kinds of the corollary parts. The purpose of the con-
ceptual design calculation is to obtain every index to estimate the feasibility and
optimal extent. The content of logistics machinery product conceptual design can
be divided to 5 types. They are operating performance check, mental structure
check, the whole machine stability check, dynamic, and driving calculation. Each of
which includes several indexes.

36.2.3 The Synchronization Evolution of Calculation Model
and Geometry Model

Actually, the logistics machinery product conceptual design is the process of the
synchronization evolution of calculation model and geometry model. That is to feed
back the design parameters and index that are obtained from the calculation model
and geometry model, respectively, to verify in the conceptual design model until the
proper solution is obtained. The geometry model that can be used to all the con-
ceptual calculation instead of the detailed one is formed from assembling the
simplified structure of each subsystem by simplifying and abstracting the real and
complete model and getting rid of the tiny structure during the process of design.
The logistics machinery product conceptual geometry model can be represented by
logic component [2]. The logic component that is the abstract of the real product
structure only emphasizes the information that is related to the design phase and
ignores the others [2]. It has the ability of representing the requirement of special
function formally during composing the product and includes a certain semantic of
design function. It is also highly abstractive. To abstract the logistics machinery
product by using logic component is to extract the key information that is related to
product conceptual design to establish the abstract model and ignore the concrete
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component information of product. The logic component can be established by the
parametric and modular sketch function of 3D-CAD system [3]. The logic com-
ponent of typical product is synthetically represented by the components of its main
function elements, as the logic component of straight-arm self-propelled high-
altitude working platform can be represented by the logic component of main arm,
turntable, base structure, platform, etc.

36.3 The Integrated Calculation and Software Frame
of Conceptual Design for Logistics Machinery

On the basis of the process and method of conceptual design being arranged by
summarizing logistics machinery product WC and LC, an integrated conceptual
design calculation method for logistics machinery based on WC and LC is put
forward. That is to combine the integrated concept with conceptual design calcu-
lation, by solving the worst WC and LC, and resolving and clustering coupling in
product parameters, extract the input parameters that conceptual design calculation
requires, input to every type of calculation model uniformly to solve each index
synchronously [4]. At the same time, the calculation model and geometry model
evolve synchronously to realize the fast iteration of conceptual design calculation
by modifying design parameters and resolving. The design calculation method that
has certain universality is encapsulated by conceptual design software [5]. The
software can show the performance curve of each index in task intervals quickly,
record the calculation process automatically, and form the calculation description
automatically, which increase the reliability of calculation, reduce workload, and
create condition for design optimization. Due to the difficult problems like WC and
LC, parameters coupling, etc., are treated efficiently; the frame of the software is
simple and easy to be realized, as shown in Fig. 36.2.

The indexes of the content of logistics machinery product conceptual design
calculation are different in different WC and LC. Actually, only the extreme index

Fig. 36.2 The software frame of conceptual design calculation
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that is in the most dangerous WC and LC is meaningful for evaluating the project,
such as the ultimate strength of telescopic boom, the maximum wheel pressure,
minimum stability coefficient, etc. Therefore, WC and LC set WC� LC and
structure parameters PM are placed to index calculation formula for cyclic solving
after they are combined. And the extreme value is the index one that is required. Si
is defined as the ith index, EXTREME, which is the maximum value, or the
minimum value based on the actual requirements is defined as the function that is to
solve the extreme value, and f xð Þ is defined as the calculation method. Then:

Si ¼ EXTREME f WC� LCð Þ [ PM

 � ð36:9Þ

The implementing steps of the integrated calculation and software development
of conceptual design for logistics machinery are as follows:

1. The design standard is the basis of product design. Therefore, to begin with the
design standard, find out the difference of WC and LC, the difference of safety
coefficient, and the difference of the calculation method. Allocate different
calculation method and coefficient parameter based on different standard;

2. Aiming at the content of conceptual design calculation, sort out the uniform and
reasonable method based on the related design standard;

3. Analyze the structure form of each system of product and establish the mapping
relation between calculation method and structure form;

4. Depurate and optimize the conceptual design process, analyze the mutual
restriction and the important degree of each calculation step, fully excavate and
cure the parameters that restrict the efficiency of product design, and the later
software design depends on this process [4];

5. Establish the conceptual geometry model that can evolve synchronously with
calculation model;

6. Develop the conceptual design calculation software. The environment of VC++
and the object-oriented frame are applied to software, which is open and can be
allocated and extended dynamically. The software with the generality and real
time of calculation can complete the input and calculation that is repeated and
tedious instead of people.

7. Verify the application of software. The software prototype system is verified to
test the correctness and reliability by being applied to the conceptual design of
straight-arm self-propelled and mixed arm high-altitude working platform.

By the method that is put forward, conceptual design calculation software for
straight-arm self-propelled high-altitude working platform is developed and applied
in the GTBZ serial products. The software can improve the efficiency of conceptual
design greatly and used in parameters optimization.
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36.4 Conclusion

The characteristics of the integrated conceptual design calculation method for
logistics machinery based on WC and LC are as follows: ① The reasonable solving
method of the most dangerous WC and LC in logistics machinery product is put
forward, which makes the solution more accurate and reduces the workload greatly;
② The knowledge elements of conceptual design calculation is clustered, and the
loose coupling type is applied to establish the connection between each calculation
step, which makes the product design process oriented and simple; ③ The con-
ceptual geometry model and calculation model are integrated; the method of syn-
chronization evolution of calculation model and geometry model is applied, and the
conceptual geometry model is represented as logic component.
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Chapter 37
Improved Heuristic Procedure
for Mixed-Model U-line Balancing
Problem with Fuzzy Times

Zeqiang Zhang and Wenming Cheng

Abstract Facing the increasingly competitive market environment, variety of
customer needs, and rapidly changing market, more and more assembly lines are
switching to U-line and mixed model produced due to the use of just-in-time
production principles. Considering that some uncertainties are existing in practical
problem, this paper focuses on the mixed-model U-line balancing problem
(MMULBP) with processing time and cycle time as fuzzy numbers. An improved
heuristic procedure is proposed to solve the problem. The procedures are based on
the traditional ranked positional weight method, and some improvements are made
on fuzzy number operation and two-direction search for U-line layout, in order to
solve the complex practical problem. The results of an experimental study indicate
that the proposed procedure is effective.

Keywords Mixed-model U-line balancing problem � Position weight method �
Heuristic � Fuzzy

37.1 Introduction

Facing the increasingly competitive market environment, variety of customer needs,
and rapidly changing market, the traditional straight assembly line cannot meet the
demands of the modern society. More and more assembly lines are switching to
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U-line and mixed model produced due to the use of just-in-time production prin-
ciples [1, 2].

For the importance of the simple assembly line balancing problem (ALBP), there
are numerous researches on ALBP [3–5], but only few literatures focus on mixed-
model U-line balancing problem (MMULBP). Sparling and Miltenburg [6] first
presented MMULBP and the formulation for the problem, and an approximate
solution algorithm for the MMULBP is also proposed. And then, some researches
about exact algorithms are also conducted [7, 8], such as goal programming [9],
mixed integer linear programming [10], and branch-and-bound algorithms [11].
The simple ALBP falls into the NP hard class of combinatorial optimization
problems, and MMULBP is more complex for with larger search space. So, heu-
ristics is an effective way to solve the problem [12].

There are numerous literatures for ALBP, and most of them assume constant and
deterministic operation times, but only few studies are reported for solving the
fuzzy line balancing problem. Nguyen Van [13] developed a heuristic solution for
fuzzy mixed-model line balancing problem. Fonseca et al. [14] proposed modified
COMSOAL and ranked positional weighting technique to solve the straight line
balancing problem with a fuzzy representation of the time variables. Zhang et al.
[15] proposed an effective heuristic for solving type 1 of the fuzzy ULBP. Tsu-
jimura et al. [16] presented a genetic algorithm to solve the traditional straight
ALBP with fuzzy operation time. Zacharia and Nearchou [17] presented a new
multi-objective genetic algorithm for solving the fuzzy extension of the simple
ALBP of type 2.

This paper presents a heuristic for the type 1 mixed-model U-shaped line bal-
ancing problem with fuzzy processing times. The rest of the paper is as follows. In
Sect. 37.2, the fuzzy MMULBP-1 is discussed and mathematical model is pre-
sented. Next, Sect. 37.3 will develop the heuristic solution for fuzzy MMULBP-1.
Then, an example problem is solved using the proposed method in Sect. 37.4.
Finally, some conclusions are presented in Sect. 37.5.

37.2 Problem Statement and Formulation

37.2.1 Problem Statement

In order to reduce the production cost and provide customers with a variety of
products in a timely manner, different products or models should be produced on
the same line. Mixed-model assembly line balancing problem (MMALBP) can be
described as follows: Given P models, the set of tasks associated with each model,
the processing time of each task, and the set of precedence relations of tasks for
each model, the problem is to assign the tasks to an ordered sequence of stations
such that some constraints are satisfied and some performance measures are
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optimized. The mixed-model U-shaped line balancing problem is an extension of
MMALBP with respect to U-shaped line instead of straight line. Three versions of
the problem can be divided as follows:

(I) MMULBP-1 consists of assigning tasks to work stations such that the
number of stations is minimized for a given cycle time.

(II) MMULBP-2 is to minimize the cycle time for a given number of stations.
(III) MMULBP-E is obtained by maximizing the line efficiency for varying

production rates and numbers of stations.

37.2.2 Assumptions

1. Task processing time of each model is given and is a fuzzy number.
2. Precedence diagrams for each model are given and can be accumulated into a

single combined precedence diagram.
3. WIP inventory buffer is not allowed between workstation.
4. Parallel workstation is not allowed.
5. Common tasks exist between models that must be assigned to the same

workstation.

37.2.3 Combined Precedence Diagram

Different models in mixed-model assembly line usually exists some similar tasks;
precedence relations of same tasks in different models are usually similar.
According to this character, transform different models into an equivalent single
model by taking the union of the nodes and the precedence relations of the diagrams
of all the models.

Let Gp be the precedence diagram of model p. Gp has a set of nodes N(p) and of
arcs L(p) where

N pð Þ ¼ n pð Þ1; n pð Þ2; . . .
� � ð37:1Þ

L pð Þ ¼ l pð Þ1; l pð Þ2; . . .
� � ð37:2Þ

The nodes and arcs represent tasks and precedence relations, respectively. If an
arc l(p)h has initial node n(p)i and terminal node n(p)j, then the task represented by n
(p)i must be completed before the task n(p)j.
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Precedence relations for a set of models P̂ ¼ 1; 2; . . .;Pf g are represented by
directed graphs G1, G2, …, GP . Then, we can define a single graph GP̂ with nodes
NðP̂Þ and arcs LðP̂Þ where

NðP̂Þ ¼ N 1ð Þ [ N 2ð Þ [ � � � [ N Pð Þf g ð37:3Þ

LðP̂Þ ¼ L 1ð Þ [ L 2ð Þ [ � � � [ L Pð Þf g ð37:4Þ

For different models, a task may be included in some models and not included in
others, so define δip as follows:

dip ¼ 1 if task n pð Þi is part of model p
0 otherwise

�
ð37:5Þ

Then, the weighted average processing time of task i (~ti) in the planning horizon
(~T) is computed as follows:

~ti ¼
PP

p¼1 Qpdip~tipPP
p¼1 Qp

ð37:6Þ

where~tip denotes the fuzzy processing time of task i for model p, i = 1,…, N, p = 1,
…, P, where N and P are the total number of tasks and models in the problem,
respectively. Qp is the production quantity of model p in the planning horizon.

The cycle time is calculated as follows:

~C ¼
~TPP

p¼1 Qp
ð37:7Þ

So if we use ~ti as the processing of task i in combined precedence diagram, then
we can use the method of single-model assembly line balancing to solve the
problem.

37.2.4 Constraints

1. All tasks must be assigned to one workstation.
2. Each task is assigned only once, i.e., a task cannot be split among two or more

stations.
3. The work content in any workstation for any model cannot exceed the cycle

time of that model.
4. The precedence constraints are not violated on the U-line.
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37.2.5 Problem Formulation

Based on the above assumptions, the MMULBP with fuzzy times of type 1
(MMULBP-1) is formulated as follows:

min
XP
p¼1

XK
k¼1

~Cp �
XN
i¼1

vipk~tip

 !
ð37:8Þ

subject to

[K
k¼1

Sk ¼ E ð37:9Þ

Si \ Sj ¼ / i; j ¼ 1; . . .;K i 6¼ j ð37:10Þ

XN
i¼1

vipk~tip � ~Cp p ¼ 1; 2; . . .; P k ¼ 1; 2; . . .;K ð37:11Þ

8x 2 Si; y 2 Sj; if pxy ¼ 1; then i� j; or

8y 2 Sj; z 2 Sk; if pyz ¼ 1; then k� j:
ð37:12Þ

where
E the set of tasks in the line, E = {1,2, …, N}.
K the number of workstations.
Sk the set of tasks assigned to workstation k, Sk = {i|task i is assigned to

workstation k}.
~Cp cycle time of model p.

vipk ¼ 1 if task i of model p is assigned to station k
0 otherwise

�
ð37:13Þ

pij ¼ 1 if task i is performed before task j
0 otherwise

�
ð37:14Þ

37.2.6 The Character of U-Shaped Layout

U-shaped layouts with the straight line are mainly distinct in that the entrance and
exit are located in the same direction. So we can add or remove workers in
assembly line according to the demands. Taking the following problem as example
[8], the problem has seven tasks and the precedence diagram is given in Fig. 37.1a.
The numbers within and above the nodes represent tasks and the associated task
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times, respectively. The directed arrow connecting the nodes specifies the prece-
dence relations. When assuming a cycle time of 10, it can be seen that all tasks are
performed at five workstations (shown in Fig. 37.1b, the idle time is 13 and the
efficiency is 74 %) in traditional assembly line, whereas all tasks are performed at
four workstations (shown in Fig. 37.1c, the idle time is 3 and the efficiency is
92.5 %) in U-shaped assembly line. We can see that U-shaped layout can eliminate
excess idle time and achieve more balancing situation in this example. Taking tasks
1 and 7 in Fig. 37.1c as example, although tasks 1 and 7 are located at the beginning
and end of the line, respectively, they have been processed by the same workstation
(workstation 1). This means that the U-shaped layout has great assignment flexi-
bility and balancing efficiency.

According to the character of U-shaped assembly line, the main difference in
assigning the tasks compared to the traditional line is as follows: Straight line only
allows assigning tasks according to the arcs direction in the precedence diagram.
However, U-shaped line permits assigning tasks according to the arcs direction, or
reverse direction, or both arcs direction and reverse direction. So, the U-shaped line
balancing problem is much more complicated than the traditional line balancing
problem due to the increased search space.

37.3 The Heuristic Procedure for MMULBP

For the content about arithmetics and ranking fuzzy numbers, the readers can refer
to the paper [18].

37.3.1 Nomenclature

Notation for fuzzy RPWT procedure is given below:
~t ið Þ fuzzy processing time of task i(i = 1, …, n), defined as a triplet (a1, a2, a3)
~Wi fuzzy ranked positional weight of task i

5

6
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3

3

1

2

5

6

7

3

4
(a)

5 6 5 783 3

1 5 6 73 42
Entrance Exit

Station 1 Station 3Station 2 Station 4 Station 5

(b)

(c)

Fig. 37.1 Precedence diagram (a), traditional (b) and U-shaped (c) line balancing results
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et Skð Þ fuzzy time required to complete all tasks assigned to workstation Sk (k = 1,
…, m)

~c fuzzy cycle time after assignments
~Ik fuzzy idle time for workstation Sk, (k = 1, …, m)etsum total processing time in all workstations
~Cmax permitted fuzzy cycle time
~g fuzzy balance efficiency

According to the characters of the problem, we can have the following result:

~c ¼ max et Skð Þ� �
: ð37:15Þ

et Skð Þ ¼
X
j2Sk
et jð Þ; k ¼ 1; . . .;m: ð37:16Þ

~Ik ¼ ~Cmax �et Skð Þ: ð37:17Þ

etsum ¼
Xm
k¼1

~t Skð Þ; k ¼ 1; . . .;m: ð37:18Þ

~g ¼ etsum
m� ~c

: ð37:19Þ

37.3.2 Fuzzification of RPWT for MMULBP

The proposed procedure for fuzzy MMULBP-1 is based on the RPWT method, and
some modifications should be made. We should translate the MMULBP-1 to
ULBP-1 based on the methods given in Sect. 37.2.3. Then, we can use the methods
for single model to solve the problem. And the fuzzy positional weight for each
task, ~Wi, can be calculated by summing the processing time of the current task with
the processing times of all its successors or predecessors.

~Wi ¼ max ~t kð Þ þ
X

i2Us kð Þ
~t ið Þ;~t kð Þ þ

X
j2Up kð Þ

~t jð Þ
8<
:

9=
;: ð37:20Þ

where Up(k) [or Us(k)] be the set of tasks which must precede (or succeed) task k,
respectively.

37 Improved Heuristic Procedure … 401



The fuzzy operator will be utilized in this calculation for the processing times is
fuzzy numbers. And the mean comparison method is used for the comparison [19].

The ranking of tasks based on their positional weights is also very important for
the RPWT method in which the tasks are ranked in a decreasing order. And the
average height method [18] is used for ranking of triangular fuzzy numbers.
Compute the valve H for tasks ~A and ~B where Hð~AÞ ¼ ða1 þ a2 þ a3Þ=3 and
Hð~BÞ ¼ ðb1 þ b2 þ b3Þ=3; if Hð~AÞ[Hð~BÞ, then ~A[ ~B.

Whenever a new task is added to a workstation, fuzzy processing times are
accumulated using the fuzzy addition operator. And the mean comparison method
is used to check whether the station time violates the permitted cycle time or not. Ifet Skð Þ þ~t ið Þ� ~Cmax, then task i can be added to the current workstation. If et Skð Þ þ
~t ið Þ[ ~Cmax and task i cannot be assigned to the current workstation and a new
workstation must be opened to accommodate the task.

37.3.3 Steps involved in the Procedure

The procedure of the proposed heuristic for MMULBP-1 is presented as follows.

Step 1: Convert the mixed-model U-line balancing problem into the single-
model U-line balancing problem (including the processing time, cycle
time, and precedence diagrams) according to Sect. 37.2.3;

Step 2: Based on the combined precedence diagram, establish each task’s pro-
cessing time given the cycle time as TFNs;

Step 3: Establish combined precedence relationships for the problem;
Step 4: Aggregate fuzzy cycle time and processing time;
Step 5: Compute the positional weight for each task in the new combined pre-

cedence diagram according to Eq. (37.20);
Step 6: Rank positional weight into List A, and an initial task assignment

sequence is obtained. We use the average height method to rank the
tasks in a descending order;

Step 7: Assign aggregated tasks in List A to workstation 1 based on the pre-
cedence relations and their positional weight rank, and the fuzzy process
times will be accumulated;

Step 8: Continue to assign the next succeeding ranked task to the workstation, as
long as the task fits the precedence relationships and the station times do
not exceed the cycle time;

Step 9: If the station times exceed cycle time with the addition of new task i,
then create a new workstation;

Step 10: Repeat steps 8–9 until all tasks are assigned;
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Step 11: Determine the number of workstations and calculate idle time for each
station after final assignment according to Eq. (37.17); compute fuzzy
balance efficiency according to Eq. (37.19).

37.4 Numerical Example and Experiment

A numerical example is used to illustrate the proposed heuristic procedure. Three
models, A, B, and C, with demand of Q1 = 400, Q2 = 200, and Q3 = 200,
respectively, each day, are simultaneously assembled in a line. For one day, the
production time is fuzzy number ~T = (480 493 507) min. There are 20 tasks in the
production, and the precedence diagram for each model is given in Fig. 37.2. The
task processing times for the three models are shown in Table 37.1.

According to Sect. 1.3, we can obtain the combined precedence diagram as
shown in Fig. 37.3. By using Eq. (37.6), the weighted average processing time for
each task i can be calculated; refer to the column t̂i in Table 37.2. And we also can
calculate the fuzzy cycle time, ~Cmax ¼ 36; 37; 38ð Þ, according to the Eq. (37.7).

The fuzzy positional weight for the problem can be calculated by Eq. (37.20).
The average height of the triangular fuzzy number also can be obtained according to
the average height method, and the results are shown in Table 37.2.

Based on the above data, the solution can be found by using the algorithm
proposed in Sect. 37.3.3, and the best solution is obtained for 6 workstations. The
proposed procedure has the advantages of quick search by using positional weight
ranking. For the detailed results, we can refer the readers to Table 37.3. After
calculations, the practical fuzzy cycle is ~c ¼ 33; 36; 39ð Þ, the total processing time
in all workstations is etsum ¼ 184:25; 199; 213:75ð Þ by Eq. (37.18), and the line
efficiency is (0.787, 0.921, 1) by Eq. (37.19). And we can see that this assembly line
with high production rate can meet the demands of the production.

6

4

1 5

9

11

18

8

13

17

12

7

10

2

19

14

15

20
6

4

1 5

9

11

16 18

3

8

13

12

7

10

2

19

14

15

20
6

4

1

9

11

16 18

3

8

13

17

12

7

10

2

19

14

15

20

(a) (b) (c)

Fig. 37.2 Precedence diagram for models A (a), B (b), and C (c)

37 Improved Heuristic Procedure … 403



T
ab

le
37

.1
Fu

zz
y
pr
oc
es
si
ng

tim
e
of

ev
er
y
ta
sk

in
ea
ch

m
od

el

T
as
k
no

.
Pr
oc
es
si
ng

tim
e
(s
)

T
as
k
no

.
Pr
oc
es
si
ng

tim
e
(s
)

~ t i
1

~ t i
2

~ t i
3

~ t i
~ t i1

~ t i2
~ t i3

~ t i
1

(1
5
16

17
)

(1
5
16

17
)

(1
5
16

17
)

(1
5
16

17
)

11
(1
5
16

17
)

(1
5
16

17
)

(1
5
16

17
)

(1
5
16

17
)

2
(6
.5

7
7.
5)

(6
.5

7
7.
5)

(6
.5

7
7.
5)

(6
.5

7
7.
5)

12
(8
.5

9
9.
5)

(8
.5

9
9.
5)

(8
.5

9
9.
5)

(8
.5

9
9.
5)

3
(0

0
0)

(1
1
12

13
)

(1
1
12

13
)

(5
.5

6
6.
5)

13
(1
2
13

14
)

(1
2
13

14
)

(1
2
13

14
)

(1
2
13

14
)

4
(8
.5

9
9.
5)

(8
.5

9
9.
5)

(8
.5

9
9.
5)

(8
.5

9
9.
5)

14
(1
1
12

13
)

(1
1
12

13
)

(1
1
12

13
)

(1
1
12

13
)

5
(1
1
12

13
)

(1
1
12

13
)

(0
0
0)

(8
.2
5
9
9.
75

)
15

(1
4
15

16
)

(1
4
15

16
)

(1
4
15

16
)

(1
4
15

16
)

6
(1
4
15

16
)

(1
4
15

16
)

(1
4
15

16
)

(1
4
15

16
)

16
(0

0
0)

(9
10

11
)

(9
10

11
)

(4
.5

5
5.
5)

7
(5
.5

6
6.
5)

(5
.5

6
6.
5)

(5
.5

6
6.
5)

(5
.5

6
6.
5)

17
(8
.5

9
9.
5)

(0
0
0)

(9
10

11
)

(6
.5

7
7.
5)

8
(1
3
14

15
)

(1
3
14

15
)

(1
3
14

15
)

(1
3
14

15
)

18
(1
0
11

12
)

(1
0
11

12
)

(1
0
11

12
)

(1
0
11

12
)

9
(5
.5

6
6.
5)

(5
.5

6
6.
5)

(5
.5

6
6.
5)

(5
.5

6
6.
5)

19
(3
.5

4
4.
5)

(3
.5

4
4.
5)

(3
.5

4
4.
5)

(3
.5

4
4.
5)

10
(4
.5

5
5.
5)

(4
.5

5
5.
5)

(4
.5

5
5.
5)

(4
.5

5
5.
5)

20
(1
3
14

15
)

(1
3
14

15
)

(1
3
14

15
)

(1
3
14

15
)

404 Z. Zhang and W. Cheng



37.5 Conclusion

In this paper, an improved heuristic for MMULBP with fuzzy times is constructed.
Computational experiments demonstrated the validity of the proposed procedure. In
future studies, we hope to apply the improved heuristic method to extensions of the

Table 37.2 Positional weight for the problem

Task no. ~Wi H ~Wi
� �

Task no. ~Wi H ~Wi
� �

1 (112.25 121 129.75) 121 11 (41.5 45 48.5) 45

2 (74.5 81 87.5) 81 12 (35 38 41) 38

3 (73.5 80 86.5) 80 13 (49.25 53 56.75) 53

4 (58.5 63 67.5) 63 14 (44 48 52) 48

5 (51.25 56 60.75) 56 15 (40.5 44 47.5) 44

6 (57 62 67) 62 16 (66.75 72 77.25) 72

7 (48.5 53 57.5) 53 17 (48 52 56) 52

8 (50.5 55 59.5) 55 18 (167.75 181 194.25) 181

9 (63.5 69 74.5) 69 19 (171.25 185 198.75) 185

10 (45 49 53) 49 20 (184.25 199 213.75) 199

Table 37.3 Results for the problem

Station no. Assigned tasks et Skð Þ ~Ik
1 20, 19, 18, 2 (33 36 39) (0 1 5)

2 1, 3, 16, 9 (30.5 33 35.5) (0.5 4 7.5)

3 6, 5, 4 (30.75 33 35.25) (0.75 4 7.25)

4 8, 7, 13 (30.5 33 35.5) (0.5 4 7.5)

5 17, 10, 14, 12 (30.5 33 35.5) (0.5 4 7.5)

6 11, 15 (29 31 33) (3 6 9)

Line efficiency = (0.787, 0.921, 1)
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MMULBP, such as fuzzy MMULBP with multiple objectives. The integration of
intelligent methods, for example, heuristic method and ACO algorithms, to
MMULBP is also an interesting topic in the future.
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Chapter 38
Research and Building of Database Model
of Logistics Business Platform

Li Li, Gaoyuan Meng, Xiaoping Liao and Wengui Su

Abstract This paper aims to provide guidance toward the design of the logistics
business platform (LBP) database. In this paper, the structure of the database model
of LBP was analyzed and a method of building database model based on the UML
was put forward. Building the database model of LBP, four steps must be included,
which demanded the characteristics such as complexity of the service object,
diversification of the deal mode, standardization of the business process, normali-
zation of the transaction data, and diversity of the data format. First, business
trading model was achieved in the stage of requirements collection and analysis
toward the application entity. Second, use case diagram and activity diagram which
reflects the relationships of the use cases were acquired according to the business
trading model. Thirdly, the static structure model was achieved with the obtention
of class model via the analysis of entity classes and their relationships. Finally, the
database model of LBP was completed on the basis of the mapping rules which can
convert the class model to the database model.

Keywords Logistics business platform � UML method � Planning � Database
model

38.1 Introduction

The unified modeling language (UML) is being used as the de facto standard in the
software industry [1]. UML owns abundant modeling symbols which are used to
create all sorts of models for the software system and can be applied to the
requirements, analysis, and design in the whole process of a software project [2].
With the adoption of UML, the business rules can be described easily and the
mapping of a database can be realized clearly. Then, the dynamic behavior model
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and the static structure model can be achieved [3]. All the benefits will promote the
maintainability, maneuverability, and scalability of a system [4]. So in this paper,
we put forward a method of building database model based on the UML and
analyze the structure of the database model of LBP.

38.2 Business Modeling

Business modeling is the foundation work. In the LBP, the characteristics such as
complexity of the service object, diversification of the deal mode, standardization of
the business process, normalization of the transaction data, and diversity of the data
format are demanded, and the core activities including the handling of inquiry list,
the management of negotiation forms, contracts, orders, and accounts payable are
analyzed. By the business modeling, the functional requirements and data needs of
both sides in the business transaction will be acquired [5].

In the LBP, the users can select the needed logistics supply information in two
ways: One is that they can search the information satisfied themselves manually in the
trading center. In the other way, they will discover the logistics supply information in
their management backgrounds which display all the information matched with the
published logistics demand information. Then they can order directly or negotiate
with the logistics supplier on the Internet toward the matching scheme decided. Based
on the functional requirements represented above, the business trading model is
achieved. The transaction flow diagram of LBP is depicted in Fig. 38.1.

38.3 Demand Modeling

Through the analysis of the transaction flow diagram of LBP, the functional
requirements are finished, the participants such as starting role and support role are
isolated, and a variety of activities and functions are abstracted. The demand
modeling will be built [6].

The actors can be divided into two kinds such as the main actors and the actors
who support the operation of the system [2]. On the basis of the business modeling
of LBP, the main actors include logistics supplier, logistics demander, and intel-
ligent matching system of the platform. The China UnionPay system, through
which the logistics demanders can pay for the suppliers with the credit cards, is
auxiliary actor for the platform.

Use cases are also obtained through the analysis of the business flow chart,
including searching the logistics supply information, ordering directly, generating
contract orders, and handling the bills. The use case diagram of LBP is depicted in
Fig. 38.2.
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Activity diagram is used to express the complex relationships among use cases
by the method of integrating use cases and use case narratives and can reflect the
business function requirements of LBP. At the beginning, logistics demanders
search the requisite supply information manually or select the scheme with the help
of intelligent matching system. And then, they make an order directly on the
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Fig. 38.1 Transaction flow diagram
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Internet or inquiry to logistics supplier. After a series of business process, an online
order or order from a contract which will be performed by the supplier is formed,
with the checkout executed, the whole business flow reaches the end. The activity
diagram of the platform is shown in Fig. 38.3.
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<<uses >>

Pay in 
cash

Pay with credit card

Unionpay 
system

Matching system

Match the information

Perform an order

Fig. 38.2 Use case diagram of LBP
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38.4 Static Structure Modeling

The objects of LBP are achieved after extracting use cases and actors from the
business flow chart of LBP. And then, every object in the system should be
modeled toward their static structures. For example, class diagram, object diagram,
and package diagram are applied to construct the static structure in accordance with
the particular analysis of use case diagram.

Class diagram is particularly important, by which the class model and their
internal structures in the system can be defined and all kinds of contacts among
them can be described [7].
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Fig. 38.3 Activity diagram of the platform
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The definition of every object class is listed as follows.
Supplier: Publishing the logistics supply information and performing the work

of checkout. Attributes (SupplierID, UserName, Password, CompanyName).
Methods (GetSupplierInfoBySupplierID, GetSupplierID). Each supplier can pub-
lish many supply information.

SupplyInfo: Providing logistics supply information to the demanders and dis-
played in the page of logistics business center. Attributes (ServeInfoID, Publish-
Time, VehicleType, Price). Methods (AddSupplyInfoDetails,
GetSupplyInfoBySupplyInfoID, SearchSupplyInfo). Each supply information can
be used to create many inquiry sheets and online orders.

Demander: Publishing the logistics demand information and making orders
related to supply information. Attributes (DemanderID, UserName, Password,
CompanyName). Methods (GetDemanderInfoByDemanderID, GetDemanderID).
Each demander can publish many demand information and input the data of
products.

DemandInfo: Providing logistics demand information to the suppliers and
showed in the page of logistics business center. Attributes (DemandInfoID, Pub-
lishTime, GoodsName, Price, DemandVehicle). Methods (AddDemandInfoDetails,
GetDemandInfoByDemandInfoID, GetDemandInfoID). Demand information is
used to be matched with supply information by intelligent matching system. Each
demand information can be matched with many supply information and vice versa.

Product: Used to reveal the data of products to the supplier. Attributes (Pro-
ductID, GoodsName, GoodsNum, GoodsWeight, GoodsVol). Methods (Generate-
ProductID, AddProductDetails, GetProductInfoByProductID, GetProductID). One
product can be filled in one or more inquiry sheets or online orders.

OnlineOrder: An order placed by demander without negotiation with supplier.
Attributes (OnlineOrderID, OrderTime, Remark, Status). Methods (GenerteOnli-
neOrderID, AddOnlineOrderDetails, GetOnlineOrderInfoByOnlineOrderID, Get-
OnlineOderID, ChangeOnlineOrderStatus).

Query: A document produced by demander to inquiry to suppliers. Attributes
(QueryID, QueryTime, Status). Methods (GenerateQueryID, AddQuery, Get-
QueryInfoByQueryID, GetQueryID, ChangeQueryStatus). Each inquiry sheet can
produce many negotiation forms.

Negotiation: A file generated by an inquiry sheet if demander is satisfied with
the offer from supplier. Attributes (NegotiationID, Status). Methods (GenerateNe-
gotiationID, AddNegotiationDetails, GetNegotiationByNegotiationID, GetNego-
tiationID, ChangeNegotiationStatus).

Contract: An agreement reached by both sides in the business. Attributes
(ContractID, Status, ContractTime). Methods (GenetateContractID, Add-
ContractDetails, GetContractDetailsByContractID, GetContractID, ChangeCon-
tractStatus). The association between Negotiation and Contract is one to one.

ContractOrder: An order from a contract accepted by both sides. Attributes
(ContractOrderID, Status). Methods (GenerateContractOrderID, AddContractOr-
derDetails, GetContractOrderInfo, GetContractOrderID, ChangeContract
OrderStatus).
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BillDetais: Providing the bill of an order for the demander. Attributes (BillID,
OrderID, Price). Methods (GenerateBillID, AddBillDetails, GetBillInfoByBillID,
GetBillID).

After the deep analysis of the relationships (association, generalization, inheri-
tance) between entity classes, the entity classes are extracted from use case diagram
and the multiplicity of every two associate classes is confirmed based on the def-
inition of each class [8]. The class model of LBP is depicted in Fig. 38.4.

38.5 Database Modeling

Database model is completed on the basis of the mapping rules which can convert
the class model to the database model [9].

38.5.1 The Implementation Rules for Classes

A class is mapped to a table, and the attributes of the class are converted to the
fields of the table. The primary key should be confirmed based on the table
structure. According to this rules and the class model, 11 tables are created and the
primary key of each table is defined in the LBP, including Supplier, SupplyInfo,
Demander, DemandInfo, OnlineOrder, Products, QuerySheets, NegotiationSheets,
ContractSheets, ConrtractOrder, and Bills. The primary keys corresponding to
every table listed above are SupplierID, SupplyInfoID, DemanderID, DemandInf-
oID, OnlineOrderID, ProductID, QueryID, NegotiationID, ContractID, Contrac-
tOrderID, and BillID.

38.5.2 The Implementation Rules for Associations

The rules depend on the multiplicity. For many-to-many associations, the asso-
ciation is implemented with a table and its primary key is the combination of the
classes’ primary key. If the association has attributes, they become additional
columns. In the LBP, each supply information can be matched with many demand
information by intelligent matching system and vice versa. So the association is
many to many. MatchLists is generated as a single table whose primary key consists
of SupplyInfoID and DemandInfoID on the basis of the implementation rules.

For one-to-many associations, each one becomes a foreign key buried in the
table for the “many” class. For the platform, each logistics supplier can publish one
or more supply information; therefore, the association exited between Supplier and
SupplyInfo is one to many, and the primary key of Supplier becomes a foreign key
appended to the table of SupplyInfo.
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+GetSupplierInfoBySupplierID()
+GetSupplierID()

Supplier
-SupplierID : int
-UserName : string
-Password : string
-CompanyName : string

+GetDemanderInfoByDemanderID()
+GetDemanderID()

Demander
-DemanderID : int
-UserName : string
-Password : string
-CompanyName : string

+AddSupplyInfoDetails()
+GetSupplyInfoByServeInfoID()
+GetSupplyInfoID()
+SearchSupplyInfo()

SupplyInfo
-ServeInfoID : int
-PublishTime : string
-VehicleTye : string
-Price : decimal

+AddDemandInfoDetails()
+GetDemandInfoByDemandInfoID()
+GetDemandInfoID()

DemandInfo
-DemandInfoID : int
-PublishTime : string
-GoodsName : string
-Price : decimal
-DemandVehicle : string

+GenerateProductID()
+AddProductsDetails()
+GetProductInfoByProductID()
+GetProductID()

Product
-ProductID : char
-GoodsName : string
-GoodsNum : int
-GoodsWeight : float
-GoodsVol : float

+GenerateOnlineOrderID()
+AddOnlineOrderDetails()
+GetOnlineOrderInfoByOnlineOrderID()
+GetOnlineOrderID()
+ChangeOnlineOrderStatus()

OnlineOrder
-OnlineOrderID : char
-OrderTime : string
-Remark : string
-Status : string

+GenerateQueryID()
+AddQuery()
+GetQueryInfoByQueryID()
+GetQueryID()
+ChangeQueryStatus()

Query
-QueryID : char
-OfferPrice : decimal
-QueryTime
-Status : string

+GenerateNegotiationID()
+AddNegotiationDetails()
+GetNegotiationByNegotiationID()
+GetNegotiationID()
+ChangeNegotiationStatus()

Negotiation
-NegotiationID : char
-Status : string

+GenerateContractID()
+AddContractDetails()
+GetContractDetailsByContractID()
+GetContractID()
+ChangeContractStatus()

Contract
-ContractID : char
-Status : string

+GenerateContractID()
+AddContractDetails()
+GetContractOrderByContractOrderID()
+GetContractOrderID()
+ChangeContractOrderStatus()

ContractOrder
-ContractOrderID : char
-Status : string

+GenerateBillID()
+AddBillInfo()
+GetBillInfoByBillID()
+GetBillInfoByOrderID()

BillDetails
-BillID : char
-OrderID : char
-Price : decimal

1 *

1

*
1*

1

*

1

*

1

*

1
0..1

1

1

1

1

1

*

1

*

1

*

1

*

1

1

*

*

Fig. 38.4 Class model of LBP
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For one-to-one associations, it can be handled by burying a foreign key in either
class table. Required by the LBP, each contract can just result in the only contract
order, so the primary key of Contract can become the foreign key of ContractOrder,
or ContractOrderID may as well be added to Contract as a foreign key. Similarly,
the bill for a contract order is also sole.

Supplier

PK SupplierID

 UserName
 Password
 CompanyName
 ...

Demander

PK DemanderID

 UserName
 Password
 CompanyName
 ...

SupplyInfo

PK SupplyInfoID

FK1 SupplierID
 PublishTime
 VehicleType
 Price
 ...

DemandInfo

PK DemandInfoID

FK1 DemanderID
 PublishTime
 Price
 DemandVehicle
 ...

Products

PK ProductID

FK1 DemanderID
 GoodsName
 GoodsNum
 GoodsVol
 GoodsWeight
 ...

OnlineOrder

PK OnlineOrderID

FK1 DemanderID
FK2 ServeInfoID
FK4 ProductID
 Status
 Remark
 ...

QuerySheets

PK QueryID

FK1 ServeInfoID
FK2 DemanderID
FK3 ProductID
 OfferPrice
 status
 ...

NegotiationSheets

PK NegotiationID

FK1 QueryID
 Status
 Remark
 ...

ContractSheets

PK ContractID

FK1 NegotiationID
 Remark
 Status
 ...

ContractOrder

PK ContractOrderID

FK1 ContractID
 Status

Bills

PK BillID

FK1 ContractOrderID
 Price
 BillMaker
 ...
FK2 OnlineOrderID

MatchLists

PK SupplyInfoID
PK DemandInfoID

 ...

Fig. 38.5 Database model of LBP
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The database model is achieved finally based on the implementation rules
described above. The database model of LBP is depicted in Fig. 38.5.

38.6 Conclusion

The construction of LBP will promote the efficiency of logistics transactions and
make the information flow run more fluently among all the nodes of the whole
logistics supply chain. The design of the database plays a great role in the whole
process of building the platform. As the data management background, the quality of
the database influences the performance of the system directly. The paper introduces
a method of database modeling based on UML. With the adoption of it, the trans-
action flow diagram, use case diagram, activity diagram which integrates use cases
and use case narratives, class model, and database model are achieved, respectively,
in different phases of designing a database. It can be seen that UML can describe the
business rules without ambiguity during the procedure of modeling, promoting the
maintainability, maneuverability, and scalability of a system [10].
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Chapter 39
Research on Multi-service Demand Path
Planning Based on Continuous Hopfield
Neural Network

Yitong Zhang and Gang Zhao

Abstract In this paper, we focus on multi-vehicle and multiple types of dynamic
vehicle routing problems. The introduction of dynamic traveling salesman problem
(TSP) is to consider user’s needs in many aspects. This paper uses the Hopfield
neural network for solving the vehicle routing problem of “advanced request” to
shorten the delivery path length and reduce the logistics cost. For “immediate
request,” we build the analytic hierarchy process model to analyze the final delivery
order under a number of factors; use multi-type corresponds to multi-vehicles mixed
queuing system model to obtain service indicators of the system, so as to improve
the system efficiency compared with the single-delivery vehicle system. The
combination of AHP and the Hopfield neural network algorithm is superior to the
application of BP neural network classification and the Hopfield neural network.

Keywords Neural network � Analytical hierarchy process � Priority � Optimiza-
tion � Queuing theory

39.1 Introduction

Multi-demand type of service routing problem is characterized by the division of
service priority level. For immediate requests and advanced requests, there are two
types of vehicles to service to ensure the principle of high delivery speed. Advanced
service’s goal is to shorten the access path length and get the order.

There is a wide range of application of the traveling salesman problem, such as
the laying of gas pipelines, car navigation path planning, warehouse picking zoning,
pharmaceutical distribution, and the robot moving path planning.

BP neural network can be applied to solve classification problems. The type of
service is divided into many types, but the BP neural network has a slow rate of

Y. Zhang (&) � G. Zhao
Beijing Information Science and Technology University, Beijing 100192, China
e-mail: zhangyitonggood@126.com

© Springer-Verlag Berlin Heidelberg 2015
Logistics Engineering Institution, CMES (ed.),
Proceedings of China Modern Logistics Engineering,
Lecture Notes in Electrical Engineering 286, DOI 10.1007/978-3-662-44674-4_39

417



convergence. It is easy to fall into the shortcomings of local minimum, and con-
sidering the immediate requests is not comprehensive enough.

The use of minimum flow Dijkstra algorithm in operation research to obtain the
shortest path for the logistics and transport is a simple calculation. In the weight
matrix, mark the value of the element and its position in the final matrix. You can
get the source to the other points of the shortest circuit length [1]. However, this
method cannot guarantee that all the delivery sites in the network have been visited.

Genetic algorithms are global optimization algorithm. It has strong global search
performance. In general, it has following steps: encoded, evaluation, selection,
cross, re-evaluation and selecting the number of iterations [2]. In practical appli-
cation, the selection of the evaluation function has a certain degree of difficulty and
prone to the problem of premature convergence.

39.2 Mathematical Model Establishment and Optimization

39.2.1 TSP Description

The traveling salesman problem can be described as follows: There is a system of
supply and demand relationship. There are several cars, a number of distribution
centers and customers, requiring reasonable arrangements for the vehicle routing,
which send the customer demand for the goods under the given constraints to the
customer and the objective function to obtain the optimization [3].

N delivery locations finds a through to get the shortest distance. Without regard
to direction and periodic, in the conditions of a given N, there may be a closed path
for 1

2(N − 1)! [4]. When N is big, the workload of enumeration method of calcu-
lation is huge. Fast and comprehensively access of the order of all delivery locations
is very important. In order to avoid the time delay, human and material resources
waste in the goods delivery process, and consider expedited shipping needs, a better
optimize the path selection is particularly important.

39.2.2 Multiple Types of Service Demand

We have to serve two types of requests in the application of dynamic vehicle
routing vehicles: advanced request and immediate request. The former is the
demand that static clients on the path of the process having before the start of the
customer’s requirements. The latter demand is obtained from the dynamic cus-
tomers and arrives in real time in the day of operation. Putting immediate request
into the planned route is usually a complex task. It may lead to partial or full
replanning of routes. Complexity of the path directly affects the insertion of
dynamic client. For example, the time window usually increases the difficulty of
insertion. This may lead to the immediate request to be a denial of service.
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Therefore, in this paper, we have two types of cars to serve immediate request and
advanced request.

39.2.3 Poisson’s Distribution

Set N (t) as the number of customers to reach the system between [0, t], if the
following three conditions are met:

1. Smooth: The probability of customers arriving between t; t þ Dt½ � is kt þ o Dtð Þ.
2. Independence: Any two disjoint independent customers arrive in the interval;
3. Generality: The probability of more than one customer arrives between

t; t þ Dt½ � is o Dtð Þ, called N tð Þ; t� 0gf is Poisson’s distribution [5].

39.2.4 Path Planning Problem Solution Architecture

Continuous Hopfield neural network has an optimization feature. The energy
function corresponds to the objective function of the TSP. The delivery location
order corresponds to the state of neurons. Known by the stability theory of con-
tinuous Hopfield neural network, when the network energy function tends to the
minimum, the state of neurons reaches equilibrium point. At the moment, the
corresponding delivery order is the best route.

Two important factors affecting the queuing theory are system service rate and
arrival rate per unit time. Factors affecting arrival rate per unit time are as follows:
weekends, business promotion, and traffic. Factors affecting the service rate per unit
time: the level of business familiar, the number of spare vehicles, and the degree of
information.

Using MATLAB, randomly generated priority coefficient in turn corresponds to
the delivery location. According to the paper, there are three “immediate request”
delivery locations, and they are No. 5, No. 6, and No. 11 locations, respectively. In
the weekend, business promotion, traffic, business familiar level, the number of
vehicles, vehicle spare, and the degree of information all have different advantages
and disadvantages to choose from. We need to take several indicators into consider
in order to get a comprehensive evaluation of the sort.

In order to consider the choice of priority of delivery sites, the impact factor is
divided into three layers: The first layer is the target layer, which determines the
priority of delivery; the second layer is criteria layer, including weather and traffic;
and the third layer is program layer. From top to bottom, it will directly affect the
relationship between various factors. Arranged the factors at different levels, it
constitutes the following hierarchy diagram (Fig. 39.1).

The type of service in this paper is divided into two categories, and we use multi-
vehicle hybrid delivery vehicles queuing system model.
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Customers waiting for service cannot wait indefinitely, so let us assume that the
system capacity is limited and the number of customers waiting for serving is no
more than three. Hence, there is customer loss rate. The calculation of the
parameters in the queuing system is significantly better than the single-delivery
vehicle system.

39.3 Continuous Hopfield Neural Network Solves TSP

39.3.1 Hopfield Neural Network

J. J. Hopfield took use of analog circuit to achieve a description of the neurons on
the network. Assume that neuron j (j = 1, 2, …, n) internal membrane potential is
U. Membrane input capacitance is C. The cell membrane transfer resistance is
R. The output voltage is V. The external input current is I. which, R and C in
parallel to simulate the time constant of the biological neurons. x simulates the
synaptic characteristic of neurons. I is equivalent to the threshold [6].

39.3.2 Network Stability Analysis

J. J. Hopfield defined the energy function to reflect the network’s stability. The
more flatten of the image of the energy function indicated, the more close we can
achieve the optimal outcome of the visit.

Energy function E (t) is defined as follows:

E tð Þ ¼ � 1
2

Xn
j¼1

Xn
i¼1

xijViðtÞVjðtÞ �
Xn
j¼1

VjðtÞIj þ
Xn
j¼1

1
Rj

Z VjðiÞ

0
g�1ðVÞdV ð39:1Þ

where g�1ðVÞ is the inverse function of Vj(t) = gj(Uj(t)).

Priority of delivery location
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Weekend

The degree of 
Information 

The number 
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vehicles
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Fig. 39.1 Analytic hierarchy process model establishment
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Take derivatives of energy function with time dE (t)/dt

dEðtÞ
dt

¼ �
Xn
j¼1

dVjðtÞ
dt

� Cj

d g�1
j ðVjðtÞÞ

h i
dt

¼ �
Xn
j¼1

dVjðtÞ
dt

� Cj

d g�1
j ðVjðtÞÞ

h i
dVjðtÞ � dVjðtÞ

dt

¼ �
Xn
j¼1

dVjðtÞ
dt

� �2
�Cj � g�1

j ðVjðtÞÞ
h i0

ð39:2Þ

Transfer function g (u) is monotonically increasing continuous bounded func-
tion, and then, its inverse function is monotonically increasing function. Therefore,
we can see that its derivative is greater than 0, that is, ½g�1ðVjðtÞÞ�0 [ 0. At the same

time, we know that Cj [ 0; dVjðtÞ
dt � 0; therefore, dEðtÞ

dt � 0, and only if
dVjðtÞ
dt ¼ 0; dEðtÞdt ¼ 0

It can be seen from the above proof process. If and only if the output of the
neuron no longer changes with time, energy of the network will remain unchanged.
In formula (39.1), the first two parts are constraints of the problem, and the third
part is the goal to be optimized.

The dynamic equations of the network are as follows:

dUxi

dt
¼ � oE

oVxi
¼ �A

XN
i¼1

Vxi � 1

 !
� A

XN
y¼1

Vyi � 1

 !
� D

XN
y¼1

dxyVy;iþ1 ð39:3Þ

Transformed energy function expression is as follows:

E ¼ A
2

XN
x¼1

XN
i¼1

Vxi � 1

 !2

þA
2

XN
i¼1

XN
x¼1

Vxi � 1

 !2

þD
2

XN
x¼1

XN
y¼1

XN
i¼1

VxidxyVy;iþ1

ð39:4Þ

according to the experience, where A = 200, D = 100 [7].
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39.4 Quantitative Analysis of the Priority of Delivery Sites

39.4.1 Analytical Hierarchy Process

Analytical hierarchy process is a new system analysis method in the late 1970s [10].
This method is suitable to apply to the complicated structure and difficult to
quantify problem.

If noted Bk as the weight vector in the layer of the matrix by column of all factors
in the kth level relative to the relevant factors, the kth level’s combination of the
weight coefficient vector Wk to meet is

Wk ¼ Bk � Bk�1. . .B2 � B1

where B1 ¼ 1ð Þ.

39.4.2 BP Areas of the Network Classifier Contrast

BP neural network model is a typical type of neural network. It has a good self-
learning, adaptive, associative memory, parallel processing, and the ability of
nonlinear conversion. It is currently the most widely used neural network model.

A three-layer BP network classifier contains the n-dimensional inputs, p hidden
layer nodes, and m categories. Its structure is shown in Fig. 39.2. Among them, the
activation function of hidden layer nodes is tansig. Output layer node’s activation
function is logsig. The output of the output layer adds a threshold function which
will constitute a classifier. Using the advantage of BP neural network in the clas-
sification, we distributed the distribution center within the scope of the distribution
site for division.

In a regional breakdown of the distribution points using the BP neural network,
the number of nodes in the hidden layer and training times have an essential impact

X1

X2

Xn

wij

Y1

Ym

wjk

Input layer Hidden layer Output layer

...

...

Fig. 39.2 BP neural network
structure
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on the result of division. This article simply distributed the shipping area into two
parts, and we can use two cars to serve.

As shown in Fig. 39.3, in reference [8], the path planning after dividing the
delivery area may have contributed to the phenomenon of the optimized one. The
using of AHP and the combination with Hopfield network can effectively avoid this
kind of circumstance. The introduction of analytic hierarchy process can make us
consider the problem from a more comprehensive view of various factors.

Reference [8] does not consider the important parameters that impact the
queuing theory: the arrival rate and service rate per unit time. They are the key
affective factor of various indicators. This paper establishes analytical hierarchy
process to focus on them to judge the delivery order. So this paper considers more
fully and avoids the disadvantage of premature convergence of the BP network.

39.5 Application of Queuing Theory in Path Planning

Queuing is a frequently encountered phenomenon. That is waiting in line in order to
obtain certain services, such problems are called overcrowding. Tangible queue is
that the server is people, such as go to the hospital. Invisible queue is that the server
is an object, such as the call telephone switch received. This paper is an invisible
queue.

length of path 36.7632:Fig. 39.3 Optimized figure
using BP neural network
classifier
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39.5.1 Multi-delivery Vehicle Hybrid System

In the multi-delivery vehicle hybrid system, M/M/s/K refers to the following:
Customers were arriving in time to depend on the parameter k for the negative
exponential distribution (i.e., the customer arrival process is Poisson’s stream). The
number of delivery vehicles is s. The service time V depends on the parameter l for
the negative exponential distribution. The space of the system is K.

39.5.2 Steady-State and Waiting Service Mechanism

In steady state, inflow rate is equal to the outflow rate [9]. Thus, the steady-state
equation is

Cn ¼ kn�1kn�2. . .k0
lnln�1. . .l1

; n ¼ 1; 2; . . .; C0 ¼ 1

q ¼ k
l

ρ is service intensity
pn the probability of state n

Average queuing length L: the number of customers in system (the number of
customers waiting in line and the number of customers being serviced).

Average waiting length Lq: the number of customers waiting for service in
system.

First, get the distribution of queue length in the steady state pn = P {N = n}, n = 0,
1, 2, … Queuing system can only accommodate a maximum of K customers, so

kn ¼
k;

0;

(
n ¼ 0; 1; 2; . . .;K � 1

n�K

ln ¼
nl;

sl;

(
0� n\s

s� n�K

P0 ¼
Xs�1

n¼0

qn

n!
þ qs 1� qK�sþ1ð Þ

s! 1� qsð Þ

 !�1

; qs 6¼ 1

As stationary distribution pn, n = 0, 1, 2,…, K, we can get the average queue
length:
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Lq ¼
XK
n¼0

ðn� sÞpn ¼ q0q
sqs

s! 1� qsð Þ2 1� qK�sþ1
s � 1� qsð Þ K � sþ 1ð ÞqK�s

s

� �
; qs 6

¼ 1

Therefore, pn ¼ qnp0; n ¼ 1; 2; . . .; K

p0 ¼
Xs�1

n¼0

qn

n!

�1

þ qs 1þ qK�sþ1ð Þ
s!ð1� qsÞ

 !�1

; qs 6¼ 1:

Due to the limited capacity of the queuing system, when the system space is
filled, the customer’s demand will be a denial of service. Suppose the customer
arrival rate (the average number of customers came to the system in unit time) is λ.
When the system is in state of K, the customer can not enter the system, so the
probability of customers entering the system is 1−pK. Therefore, the actually
average number of customers entering the system in unit time is

ke ¼ kð1� pKÞ; where qK ¼ qK

S!Sk�s
q0

ke is called the effective arrival rate. pK is also called customer loss rate, which
indicates that the proportion of customers cannot enter the system.

Average queue length: L ¼ Lq þ sþ p0
Ps�1

n¼0

n�sð Þqn
n!

Average waiting length: Lq ¼
PK
n¼0

ðn� 1Þpn ¼ L� Ps�1

n¼0
n� sð Þqn � s

According to Little formula, we can see
Average length of stay: W ¼ L

ke
¼ L

kð1�pK Þ;
Average waiting time:

Wq ¼ Lq
ke

W � 1
l

The average number of occupied delivery vehicles:

S ¼
Xs�1

n¼0

npn þ s
XK
n¼s

qn ¼ q 1� qKð Þ

39.6 Simulation

Input the coordinates of each delivery location in the Hopfield neural network, as
shown in Table 39.1.
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Using Matlab randomly generates priority: 0.7425, 0.7579, 0.3891, 0.4293,
0.9563, 0.5730, 0.8497, 0.2763, 0.6223, 0.5884, 0.9635, 0.0859, 0.5005, 0.5216,
0.0902, 0.9047, 0.8844, 0.4390, 0.5124, 0.2345, 0.7443, 0.2453, 0.5366. Assign
these 23 values to the corresponding delivery sites. It is shown that delivery point
No. 5, No. 11 and No. 16 is the highest three priority of all the delivery locations.
The remaining 20 delivery sites can apply the Hopfield network for route planning
(Fig. 39.4).

From Fig. 39.5, we can learn that the optimized delivery order is as follows: 17,
6, 18, 4, 11, 9, 10, 12, 13, 8, 7, 1, 20, 19, 16, 2, 15, 3, 5. Before optimization, the
length of the path is 9.8236. The optimized path length is 3.8719. The optimization
effect is very obvious.

Six factors that affect the delivery location of priority are the weekend, business
promotion, traffic, business familiar level, the number of spare vehicles, and the
degree of information, respectively. These six factors are pairwise-compared, and
we can get judgment matrix A as follows:

Table 39.1 The coordinates
of each delivery sites

The order of delivery sites Abscissa Ordinate

1 0.1 0.6

2 0.2 0.3

3 0.4 0.1

4 0.5 0.5

5 0.7 0.2

6 0.8 0.4

7 0.2 0.8

8 0.5 0.9

9 0.7 0.6

10 0.9 0.8

11 0.65 0.56

12 0.85 0.95

13 0.77 0.89

14 0.56 0.45

15 0.34 0.23

16 0.15 0.29

17 0.94 0.27

18 0.48 0.37

19 0.36 0.42

20 0.39 0.55
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A ¼

Weekend
Business Promotion
Traffic
Business Familiar Level
Number of Spare Vehicles
Degree of Information

1 1 1 4 1 1=2
1 1 2 4 1 1=2
1 1=2 1 5 3 1=2
1=4 1=4 1=5 1 1=3 1=3
1 1 1=3 3 1 1
2 2 2 3 1 1

2
6666664

3
7777775

Fig. 39.4 Random access
road map

Fig. 39.5 Optimized road
map
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The largest eigenvalue of A is 6.35. The corresponding eigenvector is
B2 = (0.16, 0.19, 0.19, 0.05, 0.12, 0.30)T

Use eigenvector method to get the six factors for each of the weight coefficients.
It has the largest eigenvalues and corresponding eigenvectors of each attribute,
according to the column matrix B3.

B3 ¼
A
B
C

0:14 0:10 0:32 0:28 0:47 0:77
0:68 0:33 0:22 0:65 0:47 0:17
0:24 0:57 0:46 0:07 0:07 0:05

2
4

3
5

Thus, W3 = B3 B2 = (0.40,0.34,0.26)T

The final order of immediate service request is 5, 11, 6.
The maximum of waiting customers is 3. Averagely, it takes one minute to reach

an object. Service time depends on negative exponential distribution. Averagely,
1.25 min can service a delivery location. We can calculate relevant indicators of the
system.

The system can be seen as a M/M/2/3 queuing system, which

k ¼ 1; l ¼ 1
1:25

¼ 0:8; q ¼ k
l
¼ 1

0:8
¼ 1:25; K ¼ 3; s ¼ 2

By the formula, we have

p0 ¼
Xs�1

n¼0

qn

n!

�1

þ qsð1þ qK�sþ1Þ
s!ð1� qsÞ

 !�1

¼ 0:2841

Lq ¼ p0psqs
s! 1� qsð Þ2 1� qK�sþ1

s � 1� qsð Þ K � sþ 1ð ÞqK�s
s

� � ¼ 0:4816

Customer loss rate: PK ¼ 0:0677
Effective arrival rate: λe = λ(1 − p3) = μ(1 − p0) = 1×(1 − 0.1387) = 0.8613

Average queue length: L ¼ Lq þ sþ p0 ¼
Ps�1

n¼0

n�sð Þqn
n! ¼ 1:5582

Expected value of sojourn time: W ¼ L
ke
¼ 1:8091

Expected value of waiting time: Wq ¼ W � 1
l ¼ 0:5591

The average occupancy number of delivery vehicles:

s ¼ Ps�1

n¼0
npn þ s

PK
n¼s

qn ¼ q 1� qKð Þ ¼ 1:0766

The index contrast in hybrid vehicles queuing system with single delivery under
the same conditions is shown as follows:
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Index λe L W Wq

Delivery vehicles

Single 0.6613 1.7751 2.6843 2.1474

Multiple 0.8613 1.5582 1.8091 0.5591

Therefore, multi-delivery vehicles can significantly improve the effective arrival
rate of customers, but delivery of the average vehicle occupancy rate is only 1.0766.
Thus, when an extremely urgent service is in need, multiple delivery of the vehicle
system is relatively good. Or, it may cause waste of resources.

39.7 Conclusion

This paper uses continuous Hopfield neural network to optimize random access
path. When the energy function changes very small, the neurons of the network
reach equilibrium. At the moment, the corresponding order is the optimal path. The
order is as follows: 17, 6, 18, 4, 11, 9, 10, 12, 13, 8, 7, 1, 20, 19, 16, 2, 15, 3, 5. This
model made the length of path become significantly short.

On this basis, we introduce a new method of multi-level requirements of the
delivery destination. We use the analytic hierarchy process from the weekend,
business promotion, traffic, business familiar level, the number of spare vehicles,
and the degree of information. Six factors evaluate the priority of sorting on the all
indicators for each delivery location dominated by different factors, and you can
have a quantitative selection basis.

Customers waiting for service in the system cannot be infinitely. When the
capacity exceeds a certain level, they will lose customers. Take use of hybrid
queuing model in the queuing theory. Set multiple vehicles for the two types of
services. Each index is obviously better than single-delivery vehicle system. But at
the same condition, delivery vehicles’ utilization rate is not very high. When the
system space is K, we can get average queue length, expected value of sojourn time,
and other indicators.

This paper uses the Hopfield neural network to overcome the shortcoming that
the random access of the delivery destination path is too long. Take into consid-
eration the priority of delivery sites from the terms of arrival rate and service rate
per unit time. In this paper, the model considers more comprehensively to overcome
the drawback of the combination of BP neural network classifier and Hopfield
network. Because the use of BP neural network may cause the path is not the best,
two service vehicles serve for immediate request and advanced request, respec-
tively. It is able to shorten the waiting time and reduce the rate of customer loss.
The method is simple and practical. It can be used for real-time logistics path
planning.
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Chapter 40
A Graded Optimization-Based Approach
to Remanufacturing Production Decision

Yiwei Mo, Zhili Huang and Wei Huang

Abstract As a new kind of manufacturing method by recycling valuable part of
used products, remanufacturing reduces production cost and environment pollution,
so has received more and more attentions. The key problem in remanufacturing is
making production decision. At present, such a problem is usually solved by
converting it into an optimization problem, most of which use static models or
simple dynamical models. Since both demand rate of new products and recycle rate
of used products are dynamic, static models or even most simple dynamic models
may not adequately describe such dynamic issues in remanufacturing production
decision. For this case, in this paper, a complex dynamic optimization model is
presented to describe the dynamic remanufacturing production decision problem.
To solve this model, a new constraint-preferred graded optimization strategy-based
genetic algorithm (CGGA) is given. Experiment example analysis demonstrates the
proposed approach’s feasibility.

Keywords Remanufacturing � Production decision � Graded optimization �
Dynamical optimization

40.1 Introduction

As reduction of natural resources and the increasing of pollution, living environ-
ment of human suffers greater and greater stress. As a result, traditional way of
manufacturing cannot meet the requirement of the social development. More and
more attention is paid to recycling and reusing used production. As a new kind of
manufacturing method by recycling valuable part of used products, remanufactur-
ing plays more and more important role in products manufacture [1]. Unlike
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traditional manufacturing methods, remanufacturing process includes not only
manufacturing part but also remanufacturing part, so how to coordinate the both of
them becomes a key problem in remanufacturing. Deng and Yao study pricing joint
decision and production decision problems for single-product manufacturers who
are price-sensitive and capacity constrained [2]. Li et al. [3] optimize remanufac-
turing production plan and control strategy by combining hybrid cell genetic
algorithm and DES model. Shi et al. [4] present a way to decide the best quantities
of manufacturing and remanufacturing products, as well as price strategy, to obtain
the best benefit when demand and recycling rates are both uncertain. Necati et al.
[5] establish a new frame for comparing manufacturing primary strategy and
remanufacturing primary strategy. They point out that remanufacturing primary
strategy is more economic when recycle rate is up to certain level.

At present, most researches prefer to building static or simple dynamical models
for remanufacturing problems [6, 7]. These models are relatively easy to analyze
and many good results are obtained. However, since recycling rate and market
demand are usually dynamically changing over time, static or simple dynamical
models might not describe such dynamical process well, especially when dynamical
production plans are required. For this problem, in this paper, a new approach for
remanufacturing production decision is presented based on dynamical optimization.
A complex dynamic optimization model is established, in which differential
equations are employed to describe the dynamic relations among products, recov-
erable inventory, and demanding and recycling rates that perform as constraints.

General algorithms such as genetic algorithm (GA) are able to solve dynamical
constraint optimization models theoretically using penalty functions. However,
when dealing with complex models, the choice of penalty factors plays critical role:
Too small penalty factors cannot meet the constraints and too large ones may lead
to ill-pose problem that is difficult to converge. As a result, it is difficult to solve
complex dynamical model by general optimization algorithms in practice, so we
employ a new graded optimization-based GA, which considers the constraints and
the cost function, respectively, in two different grades. Based on this algorithm,
numerical examples show that this graded strategy is efficient, by which the optimal
production decision for corresponding dynamical demanding and recycling rates is
obtained, including the optimal quantities of manufacturing, remanufacturing, and
disposing products.

40.2 Model Formulation

The general remanufacturing process is shown in Fig. 40.1. Firstly, used products
have to be bought back from product holders. By preliminary cleaning and
screening, recoverable ones of these used products are sent to the recoverable
inventory and stocked there. The used products stored in the recoverable inventory
are sent to remanufacturing process when needed, and then, they are disassembled
and inspected there. Components in good condition are reused directly, while the
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other are repaired or replaced to achieve using standard before reused. All these
components are then remanufactured into new products and stored in the service-
able inventory. As a result, the products satisfying demands are actually produced
in two ways, manufacture and remanufacture.

To describe the above remanufacturing production decision problem, we firstly
present some general assumptions for remanufacturing:

A1. Manufacturing and remanufacturing products have no difference to
consumers.
A2. At the end of production period, the serviceable inventory and recoverable
inventory should be zero.
A3. The demands of products can be described by a determined function d(t).
A4. The quantity of recycling used products can be described by recycling rate.

u tð Þ ¼ kd t � bð Þ

where k 2 0; 1½ � when b > 0 is time delay.
All these assumptions are general assumptions when studying remanufacturing

decision problem, based on which we present the following remanufacturing pro-
duction cost model:

min cos T ¼
ZT
0

cp
�

p tð Þ þ ccr tð Þ þ cuu tð Þ þ cww tð Þ þ hsys tð Þ
�
dt ð40:1Þ

s:t ys tð Þ ¼ p tð Þ þ r tð Þ � d tð Þ ð40:2Þ

yu tð Þ ¼ u tð Þ � r tð Þ � w tð Þ ð40:3Þ

Consumers

Remanufacturing DisposingRecoverable 
inventory yu

Manufacturing Serviceable
inventory ys

w t

( ) ( )

( )

( )

( )

p t d t

r t

u t

Fig. 40.1 The flow diagram of remanufacturing production
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ys tð Þ� 0; ys 0ð Þ ¼ 0 ð40:4Þ

yu tð Þ� 0; yu 0ð Þ ¼ 0 ð40:5Þ

p tð Þ� 0; r tð Þ� 0;w tð Þ� 0 ð40:6Þ

In this optimization model, the objective function is the cost function of pro-
duction, where p(t), r(t), and w(t) are control variables which are manufacturing
production rate, remanufacturing production rate, and disposing rate, respectively.
cp and cr are unit manufacturing and remanufacturing production costs, respec-
tively. cu and cw are unit recycling and disposing costs, respectively. hs and hu are
unit serviceable and recoverable inventory costs.

Two differential Eqs. (40.2) and (40.3) are employed in the constraints of model
(40.1)–(40.6), to describe the dynamical relations among the serviceable inventory
ys, the recoverable inventory yu, the manufacturing rate p(t), remanufacturing rate r
(t), the demands rate d(t), and disposing rate w(t). Comparing with traditional
model, such items can describe the impacts on inventories by the changes of
demand rate, recycle rates, and production strategy. Constraints (40.2)–(40.6) are
natural constraints.

Model (40.1)–(40.6) considers all production costs over a period as a whole. By
solving it, the best production strategy that minimizes the cost function can be
obtained, including the production strategy at every time point during the pro-
duction period, which cannot be done by traditional static models.

40.3 Algorithm and Numeric Example

Model (40.1)–(40.6) is a kind of complex dynamical optimization model with
constraints, which is more difficult to solve than traditional ones. A general way for
solving it is using variation approach with penalty functions, where the selection of
penalty factors is critical for performance. However, since the different orders
between objective function and constraints, the selection of penalty factors is dif-
ficult that depends on experience and may lead to ill-pose problem [8].

Since proposed model is a complex dynamical optimization model, classic GA
cannot solve it effectively. For this problem, we employ constraint-preferred graded
optimization strategy-based genetic algorithm (CGGA).

In CGGA, we consider two parts. The first part is for constraints (40.2)–(40.6):

min
ZT
0

y�s tð Þ þ y�u tð Þ� �
dt ð40:7Þ

s:t ys tð Þ ¼ p tð Þ þ r tð Þ � d tð Þ ð40:8Þ
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y tð Þ ¼ u tð Þ � r tð Þ � w tð Þ ð40:9Þ

ys 0ð Þ ¼ 0 ð40:10Þ

yu 0ð Þ ¼ 0 ð40:11Þ

p tð Þ� 0; r tð Þ� 0;w tð Þ� 0 ð40:12Þ

where

y�s ¼ �min ys tð Þ; 0gf ð40:13Þ

y�u ¼ �min yu tð Þ; 0gf ð40:14Þ

The objective function (40.7) is established for constraints (40.4)–(40.5), which
indicates that the serviceable inventory and recoverable inventory are nonnegative.
It is easy to see that the above optimization problem is theoretically solvable. In [8],
the authors use gradient method in this step. But our problem is difficult to define
gradient of objective function and has much more complex constraints, so we use
the classic genetic algorithm to find a group of feasible solutions {(pf(t),rf(t),wf(t))}
instead.

The second part is the objective function of model (40.1)–(40.6):

COST ¼
ZT
0

Cpp tð Þ þ cr tð Þ þ cuu tð Þ þ cww tð Þ þ hsys tð Þ þ huyu tð Þ��
dt ð40:15Þ

which is used to compute the fitness of {(pf(t),rf(t),wf(t))}.
Based on the two parts, the diagram of CGGA is given as follows (Fig. 40.2).
CGGA simplifies the complex optimization problem (40.1)–(40.6) by converting

it into two relatively simple parts, so it has better computing performance classic
GA and avoids parameter selection problems as well. To specify the feasibility of
our model and solving algorithm, we give an example as follows.

Example Assume that the demand rate is

d tð Þ ¼ 1þ 0:5 sin t=pð Þ

and the recycling rate is

u tð Þ ¼ 0:7d t þ 0:5p2
� �

Case 1 We suppose that production cost and inventory cost are on the same order
of magnitude and let cp = 10, cr = 5, cu = 2, cw = 0.5, hs = 2.5, and hu = 1.5.

40 A Graded Optimization-Based Approach … 435



Then, the remanufacturing production decision by coordinating manufacturing,
remanufacturing, and disposing quantities is illustrated in Fig. 40.3.

Using CGGA, the best production strategy p(t), r(t), and w(t) is obtained. At the
beginning, when d(t) > u(t), remanufacturing production rate r(t) is almost equal to
u(t), while manufacturing production rate p(t) is the difference between demand rate
d(t) and remanufacturing production rate r(t). It implicates that all available are used
to remanufacture and manufacturing process is started to meet the needs, when
remanufacturing products is not enough to supply the demands. When d(t) < u(t),
remanufacturing production rate r(t) is around u(t) while manufacturing production
rate p(t) decreases to about zero and disposing rate w(t) increases. It is coincident
with theoretical result, showing that our model is feasible, and CGGA is efficient in
solving these problems.

N 

N 

Y

Y

Generate certain initial population {(p(t),r(t),w(t))} 
stochastically. Let i = 0and > 0

Find the solutions {(pf(t),rf(t),wf(t))} of (7)– (14) by 
GA with initial population {(p(t),r(t),w(t))}

Compute the value of the objective function of 
(15) for all {(pf(t),rf(t),wf(t))}. Let i = i+1. Find the 
smallest value COSTi and its corresponding 
variables (pi(t),ri(t),wi(t))

|COST i-COSTi-1|<

i >1

CGGA converges. Let (p*(t),r*(t),w*(t)) = (pi(t),ri(t),wi(t))

Execute cross and mutation operations to 
{(pf(t),rf(t),wf(t))} based on their fitness and 
obtain a new population {(p(t),r(t),w(t))}

Fig. 40.2 CGGA diagram
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Case 2 When production cost is much larger than inventory cost, we get some
different results in production strategy. By increasing manufacturing and remanu-
facturing production costs to cp = 1,000, cr = 500, and cu = 200, while other
parameters keep the same, we obtain the result shown in Fig. 40.4.

As shown in Fig. 40.4, d(t) > u(t) before t = 10, the p(t), r(t), and w(t) are similar
with Fig. 40.3. When d(t) < u(t) after t = 10, the disposing rate w(t) increases. It
indicates that some recycled used products are disposed. After t = 17, d(t) is larger
than u(t) again. The remanufacturing production rate r(t) increases even beyond u
(t), and it indicates that some recycled used products in inventory are used to
remanufacturing process.

Comparing Figs. 40.3 and 40.4, it is easy to see an interesting result that dif-
ference of manufacturing and remanufacturing production costs respect to inventory
costs may lead to different production strategies: When they are not too larger than
inventory costs, there are few advantages to reserve recycled used products in
inventory; and when they are much larger than inventory costs, reserving recycled
used products in inventory is much more meaningful. This result is obviously
coincident with general understandings.
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Fig. 40.3 Production decision
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40.4 Conclusion

This paper investigates the remanufacturing production decision problem by
coordinating manufacturing, remanufacturing, and disposing quantities. A new
model for production decision is presented, which is a kind of complex dynamical
optimization model that is more precisely and directly describes the impact that
introduced by demands and recycles on production decision.

Since the proposed model is very complex, general computing algorithms,
including classic GA, cannot solve it efficiently. As a result, a new CGGA is
employed. CGGA reduces the complexity of the proposed model by converting it
into two relatively simple parts and avoids the ill-pose problem introduced by
penalty terms as well, showing good performance. Experiment example analysis
demonstrates the proposed approach’s feasibility, and some interesting results are
obtained.

A significant advantage of our approach is that time-dependent feasible pro-
duction plans can be obtained. It is practically significant for actual production
planning, since most of other investigations on remanufacturing production deci-
sion problem only present qualitative principles but not specific production plans.

Acknowledgments This study was supported by the National Key Technology R&D Program of
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Chapter 41
Research About Slider Nonlinear Contact
Analysis of the Telescopic Boom
with Cylinder Supporting

Shilin Shen, Zhongpeng Zhang and Bin Gu

Abstract How to simulate the actual contact situation between the telescopic boom
and slider has been the problem urgently to be solved for crane industry because of
the complicated nonlinear contact. Took the new large tonnage railway crane as the
research object, with the help of the international advanced nonlinear finite element
analysis software ABAQUS, cylinder model was established, hinged relationship
between the cylinder and telescopic boom was built by defining coupling con-
straints and connectors, sliding friction was took into account, and the contact
mechanics model was successfully acquired convergence after 103 times iterative
calculation eventually. Contact stress response of the contact region was ascertained
during the process of sliding contact with cylinder supporting which has filled the
blank of the slider nonlinear contact analysis.

Keywords Nonlinear contact � Slider � ABAQUS � Telescopic boom � Cylinder

41.1 Introduction

Contact problems are inherently nonlinear since the contact area is a priori
unknown, and the associated hybrid force/displacement boundary conditions are
part of the solution [1]. The contact area and pressure distribution between the
telescopic boom and sliders where the presence of sliding friction exists simulta-
neously always change during the contact process that makes the slider contact
situation extremely complex. Some scholars have done related researches using the
MPC multi-point constraints method to simulate the contact behavior [2]. But in the
process of lifting goods, there has the tendency toward sliding existing between the
telescopic boom and slider, so the freedom of the nodes belong to contact surfaces
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should be released [3, 4]. Apparently, it will generate a big difference between the
results of the slider contact simulation acquired on the basis of the coupling method
and its actual contact behavior. On the other hand, the axial force is mainly shared
by the cylinders while the telescopic boom is primarily subjected to the bending
moment. The cylinders are usually replaced through applying an equivalent force in
the hinged place currently, however, that will ignore the cylinders’ weight as well
as their boundary constraint function of the finite element model [5]. How to
simulate the real role the cylinders play in reality when the crane is working is also
the subject of one of the important contents of the study.

41.2 Nonlinear Problem-Solving Methods

The nonlinear models generally involve from a few to thousands of variables which
need a lot of iteration to solve it that makes it more complex, higher costs, and more
unpredictability than the linear problems. Newton–Raphson iterative method is
widely used in which the tangential stiffness is calculated [6]. In terms of its
variables, the equilibrium equations obtained by discretizing the virtual work
equation can be written symbolically as:

FN uM
� � ¼ 0 ð41:1Þ

where FN is the force component conjugate to the Nth variable in the problem and
uM is the value of the Mth variable.

Take Newton’s method as a numerical technique for solving the nonlinear
equilibrium equations, after iteration i, an approximation uMi to the solution has
been obtained and let cMiþ1be the difference between this solution and the exact
solution to the discrete equilibrium equation (41.1) what means that:

FN uMi þ cMiþ1

� � ¼ 0 ð41:2Þ

Expanding the left-hand side of Eq. (41.2) in a Taylor series about the
approximate solution uMi , then gives:

FN uMi
� �þ oFN

ou
uMi
� �

cMiþ1 þ
o2FN

ou2
uMi
� �

cM2
iþ1 þ � � � ¼ 0 ð41:3Þ

If uMi is a close approximation to the solution, the magnitude of each cMiþ1 will be
small, and so all but the first two terms above can be neglected giving a linear
system of equations:
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KN
i c

M
iþ1 ¼ �FN

i ð41:4Þ

where KN
i ¼ oFN

ou uMi
� �

is the Jacobian matrix and FN
i ¼ FN uMi

� �
.

Convergence criteria of Newton’s method are best measured by ensuring that all
entries in FN

i and all entries in cMiþ1 are sufficiently small, or the iteration continues
and the next approximation to the solution is then:

uMiþ1 ¼ uMi þ cMiþ1 ð41:5Þ

41.3 Finite Element Model

Taking the new telescopic boom of 160 t large tonnage and double-revolving
railway crane as the research object, analyze the worst working condition the sliders
bear of when the telescopic boom stretch out totally, as shown in Fig. 41.1. With the
help of the powerful nonlinear finite element analysis software ABAQUS, take
advantage of its seamless interfaces of the functional modules to accomplish the
slider nonlinear contact analysis of the telescopic boom where the analysis process
is presented in Fig. 41.2 [7].

Fig. 41.1 Schematic diagram of telescopic boom in amplitude plane
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41.3.1 Geometric Model and Material Selection

The cross section of the telescopic boom is a new similar oval shape as shown in
Fig. 41.3, and the top frange plate is an orthodrome trough slab, while the bottom
frange plate is a semicircle trough slab that has the advantages of resistance to
torsion as well as the special stability against elastic buckling. Effects of the force
among the crane booms when the crane is working are transferred by means of the
contact effect between the sliders and telescopic booms. Therefore, reasonable
arrangement of the slider plays an important role in stress the telescopic booms bore
[8]. On the lips of the basic boom and the second boom, there are 6 sliders which
are eudipleural, and at the tail of the second boom and the third boom, there are four
sliders which are also eudipleural. There are 20 sliders and 40 contact surfaces in
the aggregate shown in Fig. 41.2.

Make use of the Sketch module and Part module in ABAQUS to build the three
telescopic booms, two cylinders, and the twenty sliders as well as independent parts
assembly with the help of the Assembly module. Cutaway view of the assembly is
shown in Fig. 41.4.

Define materials property in the Property module. As the arm of the crane, the
telescopic boom’s bearing capacity is the key factor determines the overall hoisting
capacity. The material of the telescopic boom mainly adopts the high-strength
structural steel plate WELDOX 1100 made in Swiss which is a general structural
steel with a minimum yield strength of 1,100 MPa except the sliders and cylinders.
The metal welds and some subsidiary parts are ignored in the geometric model, so
in order to guarantee the reliability of contact analysis, suitable enlargement of
density is taken into consideration.

At present, the materials of crane sliders mainly adopt MC nylon or bronze. The
maximum lifting torque of the railway crane achieves 1,700 t*m, and the crane
demands its telescopic boom which can stretch out and draw back with relevant
load; although nylon sliders have the advantages of better capacities with self-
lubricating, impact resistance, fatigue resistance, and so on, its carrying capacity is

Part & Sketch

Mesh
Interaction

Property

Step

Load

Job Analysis

Visualization

Assembly

Fig. 41.2 Nonlinear contact
analysis process of telescopic
boom

444 S. Shen et al.



worse, because they are likely to fail more easily in heavy case due to continuous
friction heat which can probably cause immeasurable loss, while the bronze sliders
have good elastoplasticity so that there does not exist crushing problems. All in all,
bronze is still the first selection of the sliders’ material.

41.3.2 Load Step and Contact Interaction

Telescopic boom withstands the loads on a variety of directions when the crane is
working that complicates the load condition, in order to apply specific load and
boundary conditions in different periods of time so as to improve the stability of the
convergence, divided the loading history into several analysis steps in Step module.

Define the contact interaction and kinematic constraints between the various
components in the Interaction module. The contact surfaces between the basic
boom and the sliders on its lip, the second boom and the sliders on its lip and tail
end, and the third boom and the sliders on its tail end are connected through tie

Fig. 41.3 Arrangement representation of sliders on telescopic boom

Fig. 41.4 Part cutaway view of telescopic boom assembly
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constraints to simulate actual contact behaviors. The contact surfaces between the
sliders on the lip of basic boom and the second boom, the sliders on the tail end of
the second boom and the basic boom, the sliders on the lip of second boom and the
third boom, and the sliders on the tail end of the third boom and the second boom
are defined by the surface-to-surface contact method with the augmented Lagrange
method to strengthen the contact constraints while the friction between the tele-
scopic boom and slider is defined by the penalty function method [9]. Assign the
contact surfaces of the telescopic boom whose stiffness is larger than sliders as the
master surfaces when setting the contact surface of the slider as the slave surfaces.
As a result, it can ensure the nodes of the slave surfaces are always in coverage of
the master surfaces during the contact analysis, namely that successfully avoid the
difficult convergence that can appear when the nodes of the slave surface “drop” out
of the coverage of the master surfaces [10].

The premise of how to simulate the function of the cylinder to sustain the motion
of telescopic boom veritably is creating a correct hinged relationship between the
cylinders and telescopic boom appropriately. Establish four rigid regions between
the control points in the axes of hinge pins which belong to the No.1 Cylinder and
No.2 Cylinder and the corresponding reference points through kinematic coupling
method severally. Pinholes of the telescopic boom are dealt similarly as above.
Then, build the four hinged relationships between the eight rigid regions from I to
IV as shown in Fig. 41.4 with the help of the connector, constraint all translational
degrees of freedom U1 & U2 & U3 and two rotational degrees of freedom UR2 &
UR3, and release the degree of freedom UR1 the telescopic boom turn around the
hinge pin which is used to connect the telescopic boom and derricking cylinder [8].

41.3.3 Mesh and Load and Boundary Conditions Applying

Mesh generation of contact area in the Mesh module is an important part of
determining the accuracy of analysis. Partitioning contact surfaces of the telescopic
boom and the cell of the sliders through geometric partition in order to refine the
mesh of the master surfaces and slave surfaces as to make sure the nodes of the
contact surfaces exactly one-to-one corresponding as shown in Fig. 41.5, other
regions have noncontact and relatively lesser stresses are divided into rough mesh,
and by doing so, it can acquire higher analysis precision and make contact analysis
of the convergence more easier [8]. The sliders are given the 8-node solid element
“C3D8R”, and telescopic booms which are the typical “thin-shell” are given the
4-node shell element “S4R”, and the rest parts are given default element of the
ABAQUS system.

Define the boundary conditions and apply the load in the Load module. In the
hinged place where the basic boom and revolving platform are connected, con-
straint all of the three translational degrees of freedom U1 & U2 & U3 and two
rotational degrees of freedom UR2 & UR3, so as the same where derricking cyl-
inder and the telescopic boom are connected. For the purpose of establishing the
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contact relationships steady, only apply the gravity G of the finite element analysis
model in the first step and then gradually apply the lifting load and rope pull S in
the amplitude plane homogeneously from step 2 to step 6, and lateral load P is
applied in the final step, as shown in Table 41.1 [11].

41.3.4 Calculation of Nonlinear Contact

Execute an integral nonlinear contact calculation of the telescopic boom FEM
model in the Job Analysis module. Accordingly, the general solution algorithm of a
contact problem is depicted in Fig. 41.6 where P represents the contact pressure on
slave surface nodes and h represents the distance measuring how much the slave
surface nodes sinking into the master surface [12].

In the iterative procedure, firstly, the contact statuses of the candidate contact
pairs are assumed, and the contact stiffness matrix is modified according to the
assumed contact status. Secondly, the equilibrium equations are solved to determine
the new contact forces and displacements. Thirdly, the assumed contact status is
checked based on the computed contact forces and displacements. Once the
assumption is found to be correct, the iterative procedure is terminated, otherwise
proceed with a new iteration [13]. On the other hand, according to the iteration
convergence, the system divides every analysis step into a series of small increment
and adjusts the magnitude of the load increment during the iterative procedure
which can help to solve the convergence difficulties of the highly nonlinear contact
problems. Submit the task and get a convergence successfully appeared after 103
times’ iteration.

Fig. 41.5 Local mesh of sliders on lip of basic boom and tail end of second boom

Table 41.1 Load step applying history

Step 1 2 3 4 5 6 7

Load G (S + Q)/5 (S + Q)/5 (S + Q)/5 (S + Q)/5 (S + Q)/5 P
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41.4 Numerical Results and Discussion

Check the strength and stiffness according to the design rules for cranes national
standards of People’s Republic of China GB/T3811–2008. For high-strength
structural steel, calculate the allowable stress according to Eq. (41.6) and calculate
the allowable stiffness in the amplitude and rotation plane according to Eqs. (41.7)
and (41.8).

r½ � ¼ 0:35rb þ 0:5rsð Þ=n ¼ 597Mpa ð41:6Þ

fL½ � ¼ 0:1 Lc=100ð Þ2¼ 6; 760mm ð41:7Þ

ZL½ � ¼ 0:07 Lc=100ð Þ2¼ 4; 730mm ð41:8Þ

where [σ] is the allowable stress 597 MPa; σb is the yield strength, 830 MPa; σs is
the tensile strength, 1,100 MPa; n is the safety factor, 1.34; [fL] is the allowable
static stiffness in the amplitude plane, 6,760 mm; [ZL] is the allowable static
stiffness t in the rotation plane, 4,730 mm; and Lc is the length of the static
displacement of the telescopic boom, 26 m.

Extract the Von Mises stress cloud figure in the Visualization module, as shown
in Fig. 41.7. The largest stress appeared on the second boom which is in accordance
with reality [14] and located on the junction boundary where the second boom and
sliders on the lip of the basic boom contact with each other. The maximum dis-
placement in the amplitude plane is 680.65 mm, and the maximum displacement in

Yes

P<0 h>0

ContactDivorce

End

Verify contact status

IterationRemove Constraints Apply Constraints

Nodes divorce: serious 
discontinuous iteration

Nodes contact: serious 
discontinuous iteration

Start increment

Contact status 
changes

Convergent?
No

No

?

Fig. 41.6 Logical iterative procedure of the contact solution algorithm implemented in the
ABAQUS/standard
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the rotation plane is 352.46 mm. Obviously, both the strength and stiffness of the
analysis model can meet the requirements of GB/T3811–2008 [8].

In the situation of the local coordinate system is coincident with the global
coordinate system, with the increase of the analysis step, extract the relative rotation
“CUR1” of the connector element revolving the X axis and the counterforce
“CRF3” along the Z axial direction of the four hinge joints I to IV (as shown in
Fig. 41.4) of the No.1 Cylinder and No.2 Cylinder. The changing curves are shown
in Figs. 41.8 and 41.9.

According to Fig. 41.8, the rotation value increases with load addition in the
previous six steps. In last step 7, only lateral force is loaded; as a result, the rotation
value revolving X axis just has a small change. For the NO.1 Cylinder, the direc-
tions of rotation of the hinge joint I and II are opposite, and rotation value of the
joint II is larger. Both I and II share the same changing trend. For the NO.2
Cylinder, its tendency is as same as the NO.1 Cylinder. Besides, the reactive
rotation revolving Y axis CUR2 and Z axis CUR3 are both zero. Therefore, the
simulation of the function of the cylinder is successful.

Fig. 41.7 Von Mises stress nephogram of the telescopic boom model
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Fig. 41.8 Connector element reactive rotation revolving X axis CUR1 of the cylinder under the
local coordinate system
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As can be seen from the Fig. 41.9, the cylinder burdens a symmetrical loading on
the front and back joint. In the previous six steps, the axial force grows large with the
load increasing; the NO.1 Cylinder is pressed in axis direction Z as well as the NO.2
Cylinder. In the 7th step, the force of the NO.1 Cylinder keeps growing, while the
force of the NO.2 Cylinder appears undergoing decrease. It is because of the lateral
force function which leads to a quite large torsion turn around local Z axis, and the
influence of force superposition decreases the reaction force at joint III at the end of
the NO.2 Cylinder; both joint II and joint III are located at the end of the second
boom to resist torsion deformation that makes the axial reaction force in joint II keep
increasing. The maximum axial force reaches 1.5 × 106 N. The telescopic cylinder
endured most of the total axial force of the mechanical model [15].

Extract the local stress nephogram of the sliders on the basic boom lip from
analysis step 2–7, as shown in Fig. 41.10. The mesh of the local_① (shown in
Fig. 41.10) in step 2 and local_② (shown in Fig. 41.10) in step 6 are magnified as
shown in Figs. 41.11 and 41.12.

It can be obviously seen how the contact stress changes with the load increasing
as shown in Fig. 41.10. Forces are only applied in the amplitude plane from step 1
to 6, so the contact stress distributions are symmetrical after convergence. In the last
step, lateral force is applied, so the contact stress distributions asymmetrical on the
left and right contact pairs. In the process of load applying, the front ends of the
sliders touch the second boom earliest and have the larger contact stress. There is
seriously stress concentration in the sharp corner of the sliders which can be
avoided through replacing the sharp edges by smooth fillet in the actual manu-
facturing process. According to the stress nephogram of the last step 7, it can be
concluded that parts of sliders near the lips of the basic boom bear heavier stress. As
a result, selecting proper length of the sliders can give full play to the mechanical
behavior of sliders [2].

Take the front edge of the slider shown in the Figs. 41.11 and 41.12 as the
reference line. In the process of slider nonlinear contact analysis, there is an obvious
sliding between the second boom and the sliders. From step 2 to step 6, the
displacement of the relative slippage between the second boom and the sliders
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Fig. 41.9 Connector element reaction force CRF1 of the cylinder in axial direction Z under the
local coordinate system
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achieves about 10 mm in the axial direction which has exceeded the typical element
size 8 mm. Therefore, adopting the finite sliding formula to slider nonlinear contact
analysis is more reasonable. It states clearly that there exists the friction sliding
between the sliders and telescopic booms meanwhile. Releasing the node degrees of
the freedom on the contact pairs is more consistent with the actual working
condition.

The average stress of all the 20 sliders is 200 MPa < [σ] = 254 MPa, and the
strength requirement is satisfied where the [σ] is the allowable stress of the sliders.
Because of the existence of the lateral force, the most right sliders on the lips of

Step 2            Step 3 Step 4 

Step 5         Step 6             Step 7

Fig. 41.10 Local stress nephogram of the sliders on basic boom

Fig. 41.11 Magnified mesh
of the local_(1) in step 2
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basic boom and the second boom have the largest stresses in the negative direction
along Z axis as well as the most left sliders on the end of the second boom and the
third boom, and the stresses on the homologous contact pairs of the telescopic boom
are also large that fits the actual situations.

41.5 Concluding Remarks

The research about slider nonlinear contact analysis of the telescopic boom with
cylinder supporting has studied with the help of the powerful nonlinear finite ele-
ment analysis software. The study reveals the following:

1. The system needs to form a new contact stiffness matrix and solve the equi-
librium equations when it experiences a new iteration in the process of nonlinear
contact analysis. Therefore, a large amount of iterations are needed in dealing
with the nonlinear contact problem of the telescopic boom slider, and the cost is
much higher than that of linear analysis.

2. The similar oval section possesses strong structural stability and fortissimo
capacity to against elastic buckling. It will be developed as a popular and new
type telescopic boom in the future.

3. The telescopic boom sustains various loads in multi-direction during the
working time. It is advantageous to improve the stability of the calculation
convergence by multi-step analysis. Refine the mesh in the contact zone and
roughening the mesh in the zone which has non-contact and low stress can also
reduce the difficulties of convergence and improve the analysis accuracy and
efficiency. This method has provided the reference in dealing with the contact
analysis of the complex model.

Fig. 41.12 Magnified mesh
of the local_(2) in step 6
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4. The cylinder sustains the most axial load and possesses an important role in the
resistance to mechanical deformation and the special function of boundary
constraint of the telescopic boom. The result indicates that the found of the
model about slider nonlinear contact analysis of the telescopic boom with cyl-
inder supporting is successful and most important of all it had laid a foundation
for deeper researches for the large tonnage crane boom.
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Chapter 42
Research on Automatic Layout Planning
and Performance Analysis System
of Production Line Based on Simulation

Lv Chao, Liu Shuang, Shiming Wang and bei Cai

Abstract The automatic layout planning and performance analysis of production
system is important and key technology to manufacturing enterprise to response
market demand. The factors of system configuration, production mode, WIP, and
buffer configuration are considered in this paper to solve the lack of the automatic
layout planning and performance analysis system with operation factors of pro-
duction line. Based on the performance analysis of existing configuration, the
layout configuration is stated in detail, the suffer allocation principle is studied by
simulation, the dynamic mathematical model of system configuration and WIP is
presented. The design integration frame of multi-product and variable batch product
line automatic layout and performance is presented based on these proposed models
and key technologies. The software system is developed and the effectiveness is
verified; this platform has high practical reference and application value to the
automatic layout planning and performance analysis of enterprise production line.

Keywords Production line � Automatic layout planning � Dynamic performance
analysis � Simulation

42.1 Introduction

Along with the competition in the market, manufacturers need a modern production
system to respond to market demand for customized, the required of production
lines and systems for modern manufacturing are becoming increasingly reflect the
adjust of intelligent dynamic, the superior of system configuration, adapt to the
varieties to variable volume and the agile response characteristics, so the research
on production line layout planning cannot be divorced from the goal of the factors
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of production, it should be research on multi-factor index, such as integrated pro-
duction mode, the system configuration, buffer configuration, dynamically adjust-
able and the amount of product and so on. Analysis of existing domestic and
foreign literatures, Solimanpur and other scholars study the impact of different
layout on manufacturing system [1, 2]. Renzhong Jiang proposed hybrid array
structure and Holon structure, the establishment of a mathematical programing
model based on matroids [3, 4]. Zhong and other scholars studied the impact
principle of a different layout structure and performance of manufacturing system
and provided the thinking framework for performance analysis method.

Design of normal layout of manufacturing systems often used the corresponding
algorithm to solve the optimal or suboptimal solutions of the model under con-
straints of the portfolio objectives; goals used in the layout design include the cost
targets, the utilization target, logistics objectives, the convenience target, and so on;
in this area, domestic and foreign scholars conducted in-depth study, the optimi-
zation method summed up in operations research methods, nonlinear programing
methods, genetic algorithms, simulated annealing algorithm, and particle swarm
and have achieved good results within a certain range [5, 6]. Wang, Hui, Suo using
the method based on the classification of the device and manufacturing systems
function to research the layout of the production line [7–9]. Above for the research
of layout design of the production line is based on the conditions of the specific
constraints and objectives, use corresponding algorithm analysis and solving a
layout problem, and made some achievements. But, the literature is mostly focused
on sorting, and comparison of the algorithm leads to the results of the practical
application that has a big gap to practical application. Lack of configuration based
on the production line with production mode, buffer configuration, WIP, and many
other factors of production, this paper study the problem of dynamic layout of the
production line.

42.2 Configuration and Performance of Production Line
System

Research on layout planning of production line should be based on production line
configuration; production line configuration has a direct impact on system perfor-
mance indicators, different configurations lead to different production line perfor-
mance, general production line system configurations, including three forms which
are series, parallel and hybrid, series, and parallel are basic configuration, the hybrid
structure is then evolution of the basic configuration. Commonly used production
line system configurations that include the following as shown in Fig. 42.1a, b are
the basic configuration in figure, c, d, and e are evolved from the basic configu-
ration, c1 and d1 are conversion from c and d. The most widely used system
configurations in manufacturing now is mixed structure which comes from basic
string and parallel structure.
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The production line performance is depended on its reliability, productivity,
quality, cost, and scalability. Following the production line configuration topology,
the reliability of the formula is given below:

Ra ¼
Yn

i¼1

Ri ða Conformation);

Rb ¼ 1�
Yn

i¼1

ð1� RiÞ ðb ConformationÞ;

Rc ¼ 1� ½1�
Yn

i¼1

Ri�m ðc ConformationÞ;

Rd ¼
Yn

i¼1

½1� ð1� RiÞm� ðd ConformationÞ;

where Ri is the reliability of the equipment or components of the system, n rep-
resentative of series, m representative of the number of devices in each level. The
reliability of different configuration can be calculated according to these formulas.

Based on the reliability of system equipment and set up equipment normal and
failure state, to study the relationship between the different configurations and
productivity, the system productivity can take advantage of the statistical formulas:

Ps ¼
X

i¼1...n

CaiRi � Rh � � � �Rn;

where Ri � Rh � � �Rn is value of possible states of system running, Cai means pro-
duction capacity of the system is in this state, and productivity is the product of all
possible states. It can be seen in this formula, not only the higher of reliability the
higher productivity, but also the increase productivity of hybrid form of the
structure which accompany with parallel extension also increased, d configuration
is better than c.

a

b

c d

c1 d1

121

1

12

Fig. 42.1 Normal system configuration of production line
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It is a better way to the use of variable flow theory to analytical processing based
on the configuration structure in quality and performance analysis of the production
line system. The quality error accumulation of hybrid configuration relative to other
structure is larger; this is the reason why hybrid configuration of system should add
the corresponding fault diagnosis equipment [10]. For the cost, scalability, and
interrelated of the production line system configurations, based on incremental
principles method can know that d configuration of the hybrid structure is better
than c conformation.

For the above analysis, to meet the market demand which varieties variable
volume, fast customized d configuration of the hybrid structure of the system
configuration of the production line is the system structure and is chosen in this
article.

42.3 Buffer Configuration Principle of Production Line

Buffer configuration of the production system is an effective measure to improve the
production system balance and to improve production and profits, the buffer con-
figuration principle of the existing studies have focused on optimizing the algo-
rithm, but ignored the product of the actual processing time. Based on different
processing time, the simulation method is used with the same number of machines.
The result of simulation is shown in Fig. 42.2. The principle can be presented by
simulation:

Fig. 42.2 The simulation result of buffer principle
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(1) According to processing time to find the bottleneck process, add a new con-
figuration or equipment to deal with bottleneck processes;

(2) System does not need to add buffer if the maxi processing time (MPT) is in
first place of this system, or buffer should be added;

(3) Thereafter without considering buffer, if need to add, judge before MPT;
(4) Each of the local rows is checked to find the MPT value, if WIP is greater than

10, consider adding or delineated buffer reserve area.
(5) If WIP is less than zero and the absolute value is greater than 10, consider

adding or delineated buffer reserve area.

42.4 The System Dynamic Machine Layout Spacing Model

As per the actual production process, except the system configuration, modes of
production, and buffer configuration, the system WIP is also an important factor to
affect the performance of production lines. The buffer configuration is related to the
WIP. And the WIP impacts on the dynamic distance between the individual
equipments of the system layout. For the production line system of many varieties
and various batch mode, the production line layout has dynamic scalability. The
dynamics of the system layout can improve system responsiveness and is an
effective measure to meet the multi-species, variable volume. and customized
market demand. In the actual process, because of the size and weight of the
equipment, the device spacing is difficult to achieve through constantly adjusting
the physical device. Based on the principles of production management and
organization, rely on the adjustment of the production planning and scheduling and
the logistics transmission and transmission time between the equipment, through
the implementation of the system, it can be achieved.

Based on the researched system configurations, in order to reflect the dynamic
nature of the system layout, in a given space constraints, assuming that each
equipment line is in a parallel state and the devices are shaped in accordance with a
rectangular, each working ground is indicated as a rectangular and has the necessary
ideal function. The dynamic machine spacing model of the system layout can be
established:

WT ¼ Pr o� oðtj � ti
titj

Þ;

Md1 ¼ WT � Gp; 0\WT\a;

Md2 ¼ ðWT � mÞ � Gp; a�WT � b;

0;3 <<×= TTpd WWbGKM ;

where
WT is the number of WIP between the adjacent processes and operation places,

Gp refers to the standard length of the part geometry value for the products of the
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same family, Pr o refers to production capacity of bulk value, o refers to the
influence coefficient of the work area (empirical reference value), and the ti is the
processing time of the No i places. a; b is the number of WIP based on different
processing time and different work piece. m;K is the characteristic parameter of
work piece. Based on the optimized configuration of the system and the above
model, combined with the existing production system layout principles, system
which includes variable mass production mode, the buffer configuration, and
dynamic layout planning for the production line in WIP can be established.

42.5 The System Integration Design

Based on the above analysis of principle, establish computer-aided automatic
production line layout planning and performance analysis system, the spatial extent
of the system layout can realize parametric design and enter the adjustments. Each
module of the system based on a unified database platform (SQL Server 2000), the
data sheet as the media to achieve seamless integration between the various mod-
ules. In each module, resource management module is responsible for the man-
agement of basic information of the production tasks, process, and manufacturing
resource. Iin support of basic information, mode of production, distribution plan-
ning, and performance analysis and simulation optimization module, coordinate
with each other and generate different results the program reports. These programs
are stored in a unified database.

The main features of computer-aided automatic production line layout planning
and performance analysis system is agility, timely and accurate access to required
information is the premise to ensure the dynamic layout of the production line
quickly analyze and design. At present, most companies are using product data
management (PDM) and enterprise resource planning systems, such as ERP for
manufacturing integrated platform, through the establishment of interfaces with
other systems, information can be shared enterprise-wide. In the specific imple-
mentation process, the public database integrates with other systems, namely
establish an independent shared data tables and data area. The shared data area
stores the share data between different systems in a consistent data model.

42.6 Examples

In this paper, based on the integrated design thinking above, a computer-aided
automatic production line layout planning and analysis system is developed. Using
the secondary language SimTALK provided by the simulation software Plant
Simulation, the SQL Server 2000 and VC ++ 6.0 software environment combined
with the modular modeling idea, and the development is completed. There is an
example of 14 machines, the integration system is shown. System interface shown
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in Fig. 42.3. Resource management module (Fig. 42.3a) connects with the database
to provide the basic information needed. Layout model bases on multiple factors of
production generated by the layout planning module (Fig. 42.3b) layout program
and can control the scheduling policy of interrelated input and output. The layout
configuration coordinates information (Fig. 42.3c) according to the generated lay-
out program that analyzes system layout, performance, planning and scheduling,
equipment failure, scheduling plans, and other information associated. Reporting
module (Fig. 42.3d), according to the planning results, production information,
simulation and optimization results, formulates appropriate performance analysis
reports, which can be referred and shared in LAN.

42.7 Conclusion

The work of this paper is supported by Shanghai Ocean University initial funding
(No. 860610000113) and Shanghai Ocean University curriculum reform funding
(No.2400110205). In this paper, a computer-aided automatic production line layout
planning and performance analysis system is presented, and including of basic
information, layout planning, and performance analysis and simulation optimiza-
tion. And use the appropriate software environment to make the system develop-
ment. The current layout configuration of production line system is studied. Based

(a) (b) (b1)

(c) (d)

Fig. 42.3 The layout planning and performance integration simulation system
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on multi-processing time and simulation methods, the principles of the buffer
configuration, the ways and means to achieve dynamic layout of the production
line, production mode, the buffer configuration, and amount of the WIP are given.
The system integration is stated. The system completes the layout planning and
performance analysis and provides help and reference for the corporate workshop
management solutions, planning strategy, and scheduling formulation. The system
uses simulation modeling techniques to develop the program more scientific and
reasonable and builds the connecting bridge of the planning department and the
production workshop. Currently, the system has been applied to layout planning of
a car seat production line. It can provide solutions and support tools for the layout
planning of multi-species variable mass and mixed production in enterprises.
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Chapter 43
Optimization Study Based on Lean
Logistics in Manufacturing Enterprises

Xiaoyan Wang

Abstract When manufacturing is the main economic activities in an industry,
changes in production patterns pose a challenge to the logistics system, forcing
manufacturers to optimize the logistics system. Based on the manufacturing status
and problems of logistics management analysis, this article constructs a three-level
logistic model using a lean manufacturing logistics optimization system, then from
logistics system planning and design, logistics process, logistics organization,
logistics operation, logistics standardization and logistics management technology,
logistics professionals, logistics cost management, and logistics performance
evaluation system proposes specific strategies for optimizing manufacturing
logistics system.

Keywords Lean logistics � Manufacturing enterprise � Enterprise logistics �
Three-level optimization model

43.1 Introduction

Since the founding of New China, China’s manufacturing industry has made great
achievements, laying a solid foundation for nationwide industrialization and
modernization. Today, China’s manufacturing industry has developed a large-scale
and highly technical industrial system with a wide range of production categories.
With the rapid development of China’s manufacturing industry, the manufacturing
sector continues its rapid logistical growth and becomes the largest portion of total
social logistics. In 2010, industrial logistics amounted to 113.1 trillion Chinese
yuan (an annual increase of 14.6 %), accounting for 90.2 % of the total social
logistics that year. Manufacturing is the main industry in China’s economy, and
manufacturing logistics is the foundation and a strong driving force of industry [1].
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In response to globalization and China’s own rapid development, China’s
manufacturing enterprises have been restructuring to a make-to-order (MTO) pro-
duction system to increase their competitiveness and to better meet customer
demand [2]. These changes in production patterns pose a challenge to the logistics
system, forcing optimization.

Lean logistics originated in lean manufacturing, which applies lean thinking to
manage logistics activities. Lean thinking is the core of “the elimination of all
waste, at the right time, right place, providing the right amount of product.” Lean
logistics, a recent management approach, emphasizes customers first; timely,
accurate, overall optimization; continuous improvement; and innovative ideas—it is
consistent with the developing trend of manufacturing logistics [3]. In this paper,
the author studies existing problems in current manufacturing logistics operations,
applies lean logistics management thinking to optimize the logistics system, and
proposes a three-level optimization model and strategic plans.

43.2 Analysis of Current Logistics Management in China

In recent years, the market-oriented economy has been increasingly important to
China’s overall economy. The email industrial structure has been upgrading
gradually, with manufacturing logistics standards also improving. But because of
old thinking that “the flow of commerce is more important than the logistics,” there
is an inadequate understanding of logistics in manufacturing industries. The anal-
ysis of logistics operations is as follows:

The proportion of logistics subcontracting in manufacturing logistics increased
annually. It reached 57.64 % in 2008, an increase of 7.24 % from 2007. Manu-
facturing companies have come to understand that logistics subcontracting can
reduce costs, allowing enterprises to focus on core businesses. The enterprises also
pay more attention to speed rather than lower logistics costs [4]. More and more
manufacturing companies are taking a timely, flexible strategy as the speed of
logistics services has become increasingly critical.

The proportion of logistics system design and logistics information management
has increased, indicating that the manufacturers require more professional, inte-
grated, informative, and systematic logistic services.

The average utilization rate of manufacturing continues to increase. The seg-
ments of 30 % or less, 30–50 %, and 50–70 % have significantly decreased. The
remaining segments all show increased utilization, which indicates that inventory
management level has been improving [5].

Sophisticated and professional logistics management trends began to appear.
Research shows that manufacturing logistics management is becoming more pre-
cise. The professional management trend is clearly accelerating, and the develop-
ment of the logistics industry is becoming more and more obvious.

Applying enterprises’ logistics facility to general social services is not widely
observed, primarily because of resistance from inside enterprises.
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Modern logistics technologies and products have begun to be applied in logistics
operations.

Although some manufacturers are at the forefront in design, renovation, and
application of modern logistics management, most Chinese manufacturers cannot
establish an efficient and competitive logistics supply chain because of many
problems in their operation and management of logistics, including

Lack of awareness of modern logistics;
Inefficient logistics operations;
Lagging in logistics standardization;
Low use of internal logistics facilities;
Lack of professional logistics personnel.

In general, logistics management is still fragmented and at the very preliminary
phase of development. All of the problems can damage a company’s core com-
petitiveness. They constrain the enterprise’s just-in-time production and rapid
response to customer needs, and they create high management costs and logistical
costs. Therefore, initiating change in the integration and optimization in an enter-
prise’s logistics system is essential for success.

43.3 Building Manufacturing Enterprise Logistics System
Optimization Model

In lean logistics systems, customer demand is the starting point of the value stream,
which drives production. To apply lean logistics, enterprises should first take full
advantage of modern information technology to integrate logistics information into
all aspects of their manufacturing systems. They should also work closely with
upstream and downstream enterprises to enable quick responses to market changes.
Under the guidance of an overall logistics development strategy paired with cus-
tomer demand, enterprises should apply lean thinking throughout the entire process
of production, management, procurement, and marketing. In addition, they should
fully employ waste logistics and recycling logistics management. Figure 43.1
shows the three-level optimization model based on lean logistics for manufacture
enterprises.

As shown in the optimization model, optimization of manufacturing logistics
system consists of three levels (operations, control, and support) and nine sublevels.
The operations’ level includes four optimization sublevels: logistics system plan-
ning and design, logistics process, logistics organization, and operation. At the
control level, the two optimization sublevels are logistics cost management and the
logistics performance evaluation system. At the support level, the three optimiza-
tion sublevels are logistics professionals, logistics standardization, and logistics
management technology.
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43.4 Manufacturing Enterprise Logistics System
Optimization Strategies

43.4.1 Logistics System Planning and Design Optimization
Strategies

Although many manufacturing logistics problems seem external, they develop from
inherent problems embedded at the very beginning of the system, so it is essential
for enterprises to begin improving their logistics systems with optimizing planning
and designing. Manufacturing logistics for equipment and facilities layout requires
a large, long-term, and focused investment of money and energy, as well as a long-
term, strategic perspective. The first step is data collection and analysis, which is the
basis for planning the logistics system. Valid and accurate data are critical for
rational planning; without solid data, an enterprise cannot develop a highly efficient,
lean logistics system. The second step is concept planning, including scenario
analysis, matching investment analysis, and operating cost analysis. To make the
best decision most suitable to the enterprise, the last step is technical designing,
which converts concept planning into specific operating plans and details.

Lean logistics system planning and design can be divided into two submodules:
material flow and information flow, as shown in Fig. 43.2.

Value stream mapping (VSM) is a powerful tool that can model the entire value
stream flow by generating a visual status map and highlighting the value flow
problems, which allows more effective elimination of waste. Planning at every step
includes developing a parts database. The parts market is the final storage of
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Fig. 43.1 Manufacturing logistics optimization model based on lean logistics
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preproduction parts, equivalent to parts distribution centers. The pull system pre-
cisely controls quantity, time, and location during parts delivery; it can be balanced
to meet customer needs effectively and to optimize the entire value stream from all
aspects: inventory, investment, human resources, and product delivery. One of the
essences of lean thinking is to never stop the “improvement.” As a dynamic
management theory, lean logistics requires continuous improvement of logistics
activities supported by an atmosphere of innovation. Using this approach, the
enterprises can leap forward in its development.

43.4.2 Logistics Process Optimization Strategies

Process optimization reconstructs the business processes based on lean thinking.
The enterprise must focus on customer demand, analyzing the customer value
stream to eliminate all non-value-added logistics activities, thereby establishing
systematic work standards and process specifications. Based on the principal of
“simply and streamline,” the logistics management process workflow diagrams can
be used to build a parallel, flat organization process, simultaneously breaking
regional barriers and emphasizing team spirit. Value stream mapping can also be
useful in logistics operation process analysis. Through business process reengi-
neering, the material flow can be separated from the business flow. Enterprises can
cancel, simplify, and rearrange to minimize unnecessary, non-value-added business
areas, enhancing the value-added services. High-tech communication helps elimi-
nate barriers between departments/organizations, connecting them to improve
logistics system in terms of speed, quality, cost, and customer service.

Pull System Balance
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Value stream mapping is used to analyze the material 

flow and information flow across the enterprise
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Pull System Design

Fig. 43.2 Lean logistics
system planning and design
framework of manufacturing
enterprise

43 Optimization Study … 467



43.4.3 Logistics Organization Structure Optimization
Strategies

Manufacturing enterprises in China are falling behind in logistics organizational
innovation. Most manufacturers still use the “functional,” “decentralized” logistics
organization, which is inefficient, costly, and has poor sensitivity. This obsolete
organizational approach severely weakens the competitiveness of enterprises, which
must establish a customer-centric, process-oriented, flat logistics organization [6].
Within the enterprise, reintegration means merging numerous logistics-related
departments such as order processing, customer service, inventory, procurement,
delivery, storage, and distribution. This integrated logistics system unifies the entire
management system process, promoting coordination among logistics department,
production department, and sales department, which in turn improves overall ser-
vice levels by enhancing their competitiveness and profitability. Outside the
enterprise, the integrated organization links the upstream and downstream enter-
prises in the supply chain, synchronizes the supply chain logistics operations, and
enhances supply and demand coordination.

43.4.4 Logistics Operation Optimization Strategies

Production logistics is the core of the enterprise’s logistics; therefore, we pay close
attention to optimization strategy. Applying lean logistics to the production logistics
system involves stringent requirements: The production logistics must have flexi-
bility, environmental adaptability, agility, high reliability, rapid response to the
market, reduced inventory costs, and ability to achieve on-time delivery. Therefore,
the manufacturers need to change traditional “push” logistics operations into a lean
“pull” production logistics business model, as shown in Fig. 43.3. The lean pull
production logistics business model is a customer demand-driven model. The data
flow from demand to production and logistics. In the production process, each
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Fig. 43.3 Lean pull production operation model
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process treats the next process as customers, where the production and order sup-
plies are determined by the demand for the next process. The pull logistics model
must follow the JIT principle, which is manufacturing according to customer
demanded location, quantity, quality, and price, and must achieve zero inventory,
zero defects, and zero failure.

43.4.5 Standardization and Logistics Management
Optimization Strategies

Logistics standardization is the basis for promoting lean logistics. It is also a strong
foundation for the globalization of China’s logistics industry. Enterprises should
actively cooperate with the development of standards and conscientiously imple-
ment the national standards. Enterprises should accelerate the development and
implementation of standardization of shipping and handling, storage containers, a
documentation system for logistics, a product information coding system and cost
accounting system, a logistics infrastructure, and logistics safety management
systems. Not only the sizes but also operating procedures and methods should be
standardized as much as possible, and logistics performance evaluation system
should also be standardized. An effective information system is very important to
support the logistics system and is also a prerequisite for the implementation of lean
logistics. To develop a user-friendly and efficient logistics information system, we
must first optimize and standardize logistics process and then introduce an
advanced software system. Manufacturing enterprises should vigorously use the
high-tech logistics facilities and equipment based on their own needs. They should
speed up the implementation of approaches such as automated warehouses, inte-
grated logistics centers, dedicated vehicles, advanced handling, storage equipment,
and use of EDI, GPS, RFID, and other information technologies.

43.4.6 Logistics Professional Personnel’s Optimization
Strategies

The human factor plays a vital role in the implementation of the lean logistics
process. Advanced logistics facilities depend on professionals to complete their
logistics systems. Differences in various logistics systems coupled with individual
customer’s requirements result in increasingly high reliance on logistics
professionals.
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43.4.7 Logistics Cost Management Optimization Strategies

From the lean logistics perspective, optimization cost management strategies
include developing solid logistics operation management and information man-
agement, as well as strengthening the implementation of logistics cost accounting
management. To accurately calculate the cost of logistics, the first step is base data
collection, followed by the definition of the composition of logistics cost. After that,
one must analyze logistics costs, manufacturing costs, and other expenses, as well
as the relationships within the logistics system. Effective control over logistics
systems requires clear understanding of resource allocation and establishment of a
logistics costs database.

43.4.8 Logistics Performance Evolution Optimization
Strategies

Logistics performance evaluation plays an important role in reducing logistics
costs. Therefore, enterprises should focus on strengthening the enterprise culture so
that all employees have a comprehensive understanding of the importance of
logistics performance management and apply this understanding to practical work.
The logistics performance evaluation results should be reflected in employee
incentive. In addition, enterprises should use the “system theory” in logistics for
both global control and local control to strengthen logistics cost management and
risk management.

Optimization of logistics systems is a continuous process; excellence comes
from continuously working to improve.

43.5 Conclusion

For modern manufacturing enterprises, logistics is a core process. This paper
emphasizes lean logistics thinking: customers first; timely, accurate, overall opti-
mization; continuous improvement; and innovative thinking. The paper also con-
structs a three-level optimization model based on lean logistics. Finally, the paper
proposes specific logistics system optimization strategies to reduce logistics costs
and enhance competitiveness.

Effective implementation of lean logistics will help change our current extensive
management concepts in manufacturing enterprises and will help improve core
competitiveness of enterprises, which will have a profound impact on the devel-
opment of China’s manufacturing industry and the national economy.
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Chapter 44
Power Assembly and Monitoring
Management System of Lithium Ion
Battery in Mine

Zhihao Yu, Chuanyu Sun, Jiancheng Fang and Linjing Xiao

Abstract According to “Power security technology manual of the mining explode-
proof (or Essence safety) type lithium ion battery”, the paper puts forward a kind
solution of the power assembly and monitoring management system used in coal
mine lithium ion (Li+) battery. Based on CAN bus communication, the paper adopts
layer modular structure design, comes out with the hardware circuit and the soft-
ware flow chart based on the finite state machine, achieves the comprehensive
detection of Li+ battery temperature, voltage, and current, solves the problem of Li+

battery equilibrium management during grouping process, improves the perfor-
mance and lifetime of Li+ battery, establishes the Li+ battery state observation
matrix, through the nonlinear curve fitting, estimates the Li+ battery state of charge
(SOC), and improves the accuracy and reliability of calculating the battery capacity.
The system can be used as momentum power supply, start power supply, and
reserved power supply to coal mine equipment and has good development prospect
and broad application market.

Keywords Lithium ion battery � Power supply assembly � Battery equilibrium
management � State observation matrix

The pollution of lead–acid battery has attracted people’s great concern. Ministry of
Environmental Protection issued a notice on strengthening the pollution prevention
and control work of the lead–acid batteries and the regeneration of the aluminum
industry, and ministry of Industry and Information Technology issued the com-
prehensive prevention programs of the heavy metal pollution of the battery industry
in order to rectify the lead–acid battery industry and eliminate backward production
capacity. Before 2013, the lead–acid battery whose cadmium content is greater than
0.002 % and lead–acid battery manufacturers whose scale is under 200,000 KVA/
year should be obsoleted. Lead–acid battery production project whose scale is
under 500,000 KVA/year (excluding advanced new lead–acid batteries) should be

Z. Yu (&) � C. Sun � J. Fang � L. Xiao
College of Mechanical and Electronic Engineering, Shandong University of Science and
Technology, Qingdao 266590, Shandong, People’s Republic of China
e-mail: azhihaoa@163.com

© Springer-Verlag Berlin Heidelberg 2015
Logistics Engineering Institution, CMES (ed.),
Proceedings of China Modern Logistics Engineering,
Lecture Notes in Electrical Engineering 286, DOI 10.1007/978-3-662-44674-4_44

473



limited [1, 2]. Jingzhong Wang, the vice chairman of China battery industry
association said “It means that the lead-acid battery companies whose annual output
value is less than 100 million will have to be discontinued after 2 or 3 years, then
the number of country’s lead-acid battery companies will be reduced from two
thousand to sever hundred, which means the vast majority of enterprises will be
obsoleted” [3]. Lead–acid battery industry is shrinking, while the Li+ battery is a
new efficient and environmentally friendly battery which meets the requirements of
the times. This paper practices the Li+ battery in underground coal mine and studies
the assembly structure and monitoring management system.

44.1 The Power Assembly Used in Coal Mine Li+ Battery

According to Power security technology manual of the mining explode-proof (or
Essence safety) type lithium ion battery, the power assembly used in coal mine Li+

battery includes two parts: explosion-proof battery box and explosion-proof
assembly control box, as shown in Fig. 44.1.

The explosion-proof battery box is divided into three explosion-proof cavities:
the battery cavity, the control cavity, and the wiring cavity. The battery cavity stores
Li+ battery module, including Li+ batteries, fuses, temperature sensor, wire, and
nothing else; the control cavity stores Li+ battery module management system;
wiring cavity stores the external connection wires. Explosion-proof assembly
control box is divided into two explosion-proof cavities: control cavity and wiring
cavity. The control cavity stores the assembly control management system only;
wiring cavity stores the external connection wires only.
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The interfaces between the explosion-proof battery box and explosion-proof
assembly control box including the D-type control line and the C-type power line
have explosion protection requirements. Each explosion-proof battery box can be
connected to any group of C-type interfaces and D-type interfaces; these interfaces
cannot be connected to each other inside, and its states are controlled by the assembly
controller. Through D-type interface, assembly control and management system can
obtain the running information of any monomer Li+ battery module, detect the state
of each Li+ battery module, and achieve the function of state display and data storage.
It can alarm and cut off the connection between the module and the bus line at the
same time. The interface between the Li+ battery module and the Li+ battery module
management system, including A-type monomers voltage detection signal line, B-
type monomer temperature detection signal line, and C-type power line, is located in
the explosion-proof battery box, and the connection interfaces have no explosion
protection requirements, while E-type between the explosion-proof assembly control
box and the charging device and F-type interface between the explosion-proof
assembly control box and electricity load both require explosion protection.

44.2 Monitoring and Management System of Mining Li+

Battery

44.2.1 Circuit Design of Modular Control System

44.2.1.1 Circuit Design of Li+ Battery Monomer Control

Li+ battery monomer control circuit belongs to Li+ battery module management
system. The nominal voltage value controlled by Li+ batteries monomer is 3.2 V,
and monomer capacity is not more than 100 Ah. Moreover, each explosion-proof
cavity allows only in series but not in parallel. The control mode, each Li+ battery is
collocated with one MCU, is adopted, in order to solve the problems during the
detecting process, including the high total voltage, many selector switches, and big
differential-mode interference. As shown in Fig. 44.2, the Li+ battery is not only the
supply power to the circuit board but also the object which is measured. If N bat-
teries are in series, the number of monomer voltage detection line is N + 1.
Temperature detection adopts digital temperature sensor with 3 buses, and the
number of output power bus is 2. The CAN bus sends the detected data to the Li+

battery module management system and in the meanwhile receives the instruction
sent from Li+ battery module management system. Li+ battery monomer control
circuit, working as an actuator, completes the voltage detection of monomer battery,
management of monomer battery equilibrium, temperature detection of monomer
battery, and various functions of fault protection.

In photoelectric isolation CAN communication circuit [4, 5], PCA82C250 chip,
the interface of MCU and CAN physical bus, is adopted to provide the differential
receiving and sending functions to the bus, and photoelectric isolation is achieved
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by 6N137 to improve the reliability and robustness of the communication circuit, as
shown in Fig. 44.3. The eighth pin of PCA82C250 is very special, which is used to
choose its own working mode: It works in high-speed communication mode when it
is connected directly to ground; it is used to control rise and fall slope of data pulse
to reduce radio frequency interference when it is connected to the ground through
resistance; the circuit enters the standby state when it is connected to high level. A
120 Ω absorption resistance should be added to the bus when the PCA82C250 is in
the CAN network terminal. The 6N137 is a high-speed opto-isolator within a
AlGaAs LED whose wavelength is 850 nm and an integrated light-sensitive
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detector, which can complete the compensation function of temperature, current,
and voltage, and its transmission speed can be up to 10 M Bit/S. LED D11 is used
as receiving data indicator lights, and LED D12 is used as sending data indicator
lights. And when there is data communication, they will effulge.

44.2.1.2 Design of Li+ Battery Module Control Circuit

Each Li+ battery module is consisted of a group of series batteries, whose module
control circuit is also a part of the Li+ battery module management system. It uses
high-performance RISC CPU STM32F107 whose structure is optimized by 32-bit
ARM Cortex-M3 as a core controller [6, 7], whose standard peripherals include ten
timers; two 12-bit 1 M sample/s AD converter; two 12-bit DA converter; two I2C
interfaces; five USART interfaces; three SPI ports and high-quality digital audio
interface IIS; full-speed USB (OTG) interface; CAN2.0 interface; 10/100 M
ethernet interface; and so on. As shown in Fig. 44.4, 1-wire sensor DS18B20 is
adopted to detect temperature; Hall current sensor CS3B401B4C is adopted to
detect the output current of the module; 2-way CAN bus signal is adopted, one of
which is connected to the Li+ battery monomer control circuit, and the other is
connected to Li+ battery assembly control circuit. USART interface is connected to
the computer serial port to transfer the data to the Li+ battery management software
for display on human–computer interface. The system is also equipped with two
settings button and one LED digital tube display in explosion-proof battery box.
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This circuit can complete the charging and discharging current detection and
temperature detection of the Li+ battery module and provide the function of circular
current blocking during module output in parallel. As a connection institution, it
does not have the function of decision making, which means that the working status
of the Li+ battery module management system is directly determined by the
assembly control management system, but if the situation such as overvoltage,
undervoltage, overcurrent, and overtemperature occurs, it can directly protect Li+

battery module without the decision made by assembly control management
system.

44.2.1.3 Design of Li+ Battery Assembly Control Circuit

The capacity of Li+ battery module cannot be more than 100 Ah because of the
monomer capacity of Li+ battery in mine, but the voltage of the module is
unlimited, in order to meet the power requirements of load in mine; some explo-
sion-proof battery boxes should be used in parallel and managed uniformly by Li+

battery assembly control circuit. Li+ battery assembly control circuit is mainly
composed of the assembly controller; drive isolation circuit; communication
interfaces; fault alarm; and status display unit, which is a part of the assembly
control management system. As decision-making institution, it is the leader of the
whole system. And the core control circuit is shown in Fig. 44.5.
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Failure alarm and status display unit adopt LCD display ILI9481 which is 3.5
“480 × 320 dot matrix. It is placed in assembly control box and displays the status
and information of the Li+ battery through the tempered glass. ILI9481 LCD
controller completes communication with Li+ battery assembly controller through
the control bus and data bus, in which the control bus is used to transfer, read, and
write signals of RAM, chip select signals, and command and data conversion signal
inside the LCD display, and the data bus is used to transmit display data. In order to
improve the operating efficiency of the CPU, ILI9481 controller, as peripheral, is
mapped to the static memory controller (FSMC) of Li+ battery assembly controller.
It adopts 16 bites display mode, which means that the distribution form of the RGB
color mode is 5:6:5 [8]. FSMC is configured for NOR flash memory access, and the
NE [1] signal, the NOE signal, NWE signal, and the A16 signal are adopted as chip
select signal, the read strobe, write strobe, and command and data conversion signal
of ILI9481 controller. The data signal D[15:0] corresponds with low 16 bits of
ILI9481 controller, and the command word and data are mapped to the address of
0X60000000 and 0X60020000 of the Li+ battery assembly controller. Display
circuit interface is shown in Fig. 44.6.
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44.2.2 Control Flow Switch Based on State Machine

Sequence process is the control structure of most traditional application, which
follows the logic set in advanced. Process executes from the start to the end, while
interrupt can break the current execution and allow interrupt nesting, but it must
return to the state before the interrupt after the completion of interrupt. Based on
different control program of state machine’s switching, it adopts event-driven way
and uses directed graph to show their work status. It is constituted with state, event,
transformation, and activities. Each state has action of enter and exit. Each trans-
formation has one source state, one target state, and one event associated [9].
During the source state, if an event occurs and guard condition of the conversion
triggered is true, it will execute the following action in order: the exit action of
source state; transition actions; and the entry action of target state.

Li+ battery module management system state machine is shown in Fig. 44.7. The
module will be in the default discharge state [only discharge no charge] after a
reduction with a delay of 10 s, and each module has a discharge flow event and
discharge undervoltage event. The module neither discharge nor charge after
entering overcurrent protection state or undervoltage protection state, and assembly
controller will send commands to it make it enter the default state in 10 s. If
assembly controller or communication circuit breaks down, it will be automatically
switched to the default state by the module controller after 10-s countdown. Module
can also manage the performance of the Li+ battery in charging state [both charge
and discharge], can program and debug the Li+ battery monomer controller in a
state of charging protection [only discharge no charge.], and can number and debug
the DS18B20 in waiting state [neither discharge nor charge].
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Assembly discharge status is the output of each Li+ battery module in parallel,
and assembly charge state is also the input of Li+ battery module in parallel. The
running state machine is shown in Fig. 44.8. If assembly controller detects the
charging marker ineffective, it will send instructions to each module management
system in order to make each module in discharging state [only discharge no
charge], namely default state. If assembly controller detects the charging mark
effective, each charging module M1, M2, etc., will be controlled together, so
module without running fault will be set in charging state [both charge and dis-
charge], and the broken module will be cut off [neither charge nor discharge]. When
the voltage of module is full or charging is ineffective, assembly controller issues
instruction to module management system to order modules in discharging state. If
any module is charging overvoltage, it enters charging protection state [only dis-
charge no charge], and assembly controller enters default discharge state after
recording the events.

44.2.3 Multivariate Nonlinear Regression SOC Algorithm

State of charger (SOC) is a physical quantity that describes the remaining battery
capacity, which is a significant parameter in studying the change of battery per-
formance. Detecting changes in the SOC accurately and effectively is the premise of
completing the management of high-performance Li+ battery. There are several
methods to estimate battery SOC: ① Internal resistance method is a method to
estimate the battery capacity through determining the internal resistance. The
smaller internal resistance is, the bigger battery capacity is, and the bigger internal
resistance is, the smaller battery capacity is. It can be used in determining whether
the battery is good or bad; ② ampere-hour metering method is to estimate the
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battery capacity through the integral of the charge and discharge current, which can
be used to calculate the SOC under all situations but may be affected by temper-
ature, resistance, current, and so on;③ Kalman filter method is to acquire each state
parameters based on minimum variance, which is an optimal estimation method
with a high requirement of controller and be complex to achieve; ④ open circuit
voltage method is to estimate the SOC of the Li+ battery by measuring the open
circuit voltage, which is the easiest way but has a poor linearity [10]; therefore,
multivariate nonlinear regression algorithm is popularly adopted to improve accu-
racy of estimating the SOC.

Suppose variable x represents the open circuit voltage of Li+ battery, variable
y represents the capacity of the Li+ battery, and ŷ represents the estimated value
(including the data error) of the capacity of the Li+ battery. An element nonlinear
regression mathematical model is established as follows:

y_ ¼ b0 þ b1xþ b2x
2 þ � � � þ bpx

p ð44:1Þ

Ordering x1 ¼ x; x2 ¼ x2; . . .; xp ¼ xp, the mathematical model of multivariate
nonlinear regression is obtained:

y_ ¼ b0 þ b1x1 þ b2x2 þ � � � þ bpx ð44:2Þ

One Li+ battery multifunctional parameter measuring instrument is used to
measure groups of data points (xn, yn), and the quantity of measurement points is no
less than that of unknown quantities, namely n> p, at the same time, calculates the
value of x1x2 � � � xp measured each time. The state observer matrix can be written
based on these

Y ¼
y1
y2
..
.

yn

0
BBB@

1
CCCA X ¼

1 x11 x12 � � � x1p
1 x21 x22 � � � x2p
..
.

1 xn1 xn2 � � � xnp

0
BBB@

1
CCCA ð44:3Þ

In the formula, Xij stands for the jth calculated value of X from the ith
measurement.

According to the normal system of equation [11] based on least squares method,
the coefficient matrix B which is the unitary nonlinear regression mathematical
model is obtained:

B ¼

b0
b1

..

.

bp

0
BBBBB@

1
CCCCCA

¼ XTX
� ��1

XTY ð44:4Þ
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Each section of the Li+ battery is tested and analyzed through Li battery mul-
tifunctional parameter measuring instrument. The data show that the experimental
values of the SOC are close to the theoretical values when the quantity of mea-
surement points n ≥ 13 and the order of regression curve P ≥ 3, in which the
maximum error is 5.79 % [12]. In order to further reduce the error, the system
samples 30 points and takes 6 steps in the fitting curves during the SOC off-line
modeling.

44.3 Application Analysis of the Power Supply Assembly
and the Monitoring Management System

44.3.1 Used in the Coal Mine Electric Locomotive as Power
Supply

In order to improve energy utilization, the drive mode adopts a DC motor + IGBT
chopper, instead of the AC motor + inverter. Power-driven system with twin motor
and dual power is shown in Fig. 44.9. There are two sets of Li+ explosion-proof
power supply (with explosion-proof assembly control box) and two DC series
motors, motor M1 drives the two front wheels of mine electric locomotive and is
controlled by IGBT1, motor M2 drive the two rear wheels of mine electric loco-
motive and it controlled by IGBT2. Motor M1 and motor M2 can work separately
or simultaneously. Contact switches K1, K12, and K2 are mainly used to select
battery that drives motor. Normally, Li+ power 1 is used as a dedicated power
supply of motor M1, and Li power 2 is used as a dedicated power supply of motor
M2 when contactor K12 is disconnection. Li+ power 1 is used as a standby power
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 Li + explosion-proof power 
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M
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Fig. 44.9 Power drive systems with twin motor and dual power
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supply of motor M2, and Li power 2 is used as a standby power supply of motor
M1 under the situation of failure or maintenance. Compared with the same speci-
fication old-fashioned lead–acid battery locomotive, the service life of Li+ battery
electrical locomotive can be increased 2–4 times; cruising ability of it can be
increased 1–3 times, and charging time of it can be reduced ¼–1/2.

44.3.2 Used in the Coal Mine Refuge Chamber as a Backup
Power

Refuge chamber can resist high temperature and flue gas, can cut off the toxic and
harmful gases, can provide oxygen, food, and water to the trapped miners, and can
create conditions and gain time for the emergency rescue. As shown in the
Fig. 44.10, mining Li+ battery is used as backup power supply and applied to the
coal mine refuge chamber, to provide a continuous 96-h power supply to the
various environmental monitoring sensors underground, communication base sta-
tions, oxygen control valve, lights, and so on. The safe and reliable operation of the
refuge chamber can be ensured by long Li+ battery life, good battery performance,
comprehensive and reliable monitoring and management system, intelligent battery
maintenance, and friendly display interface.

44.4 Conclusions

Li+ battery power supply assembly and monitoring management system with a
design of layer modular structure achieve the comprehensive monitoring and
management of the status of Li+ battery. Reliable hardware circuit and flexible state
machine procedures improves the performance and lifespan of Li+ batteries. The
nonlinear curve fitting based on state observation matrix improves the accuracy of
the battery SOC calculation. The fact shows that this system has a broad market

Fig. 44.10 Backup power supply of refuge chamber (without explosion-proof)
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prospect. It can be used as both dynamical power and start power supply in mine
electric locomotive, monorail, and trackless tyred vehicle. It can also be applied to
refuge chamber or control-based station.
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