Usage of a Digital Eco-factory for a Printed
Circuit Assembly Line
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Abstract A concept called digital eco-factory (a collection of software agents that
virtually represent the hardware and software facilities involved in a manufacturing
system) has been developed to examine the environmental performance, produc-
tivity, and manufacturability, simultaneously, of a manufacturing system. This
study reports three applications of the digital eco-factory in evaluating a printed
circuit assembly (PCA) line. The first application deals with the determination of
environmental performance and productivity of a PCA line for various production
plans without changing the configuration of the line. The second application deals
with the evaluation of the adequacy of the production plans for various PCA lines.
The last application deals with the effects of an accident (e.g., machine failures)
while running a PCA line. The successful implementation of the proposed digital
eco-factory in the above three cases helps identify the general configuration of the
digital eco-factory that can be used for other production lines.

Keywords Digital factory « Computer-aided planning « Environmental assessment

1 Introduction

A digital factory has been used to examine a production scenario by simulating the
manufacturing operation, production process, and manufacturing system configu-
ration at the design and planning stage. A digital factory provides various data for
consideration of productivity and manufacturability, and for the determination of a
process plan [1, 2]. Multiagent technology is applied to construct a digital factory
[3, 4]. All factory elements such as machine tools, assembly machines, robots,
AGVs, and workers are configured as software agents.
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On the other hand, manufacturing industries have to consider not only produc-
tivity but also the sustainability of the global environment and the whole life cycle
of a product. For example, the ISO 20140 series are concerned with evaluation of
energy efficiency of the production system. This is provided as methodologies for
environmental sustainability [5]. Therefore, a digital factory is required to simulate
environmental performance in addition to productivity and manufacturability
[6]. As a solution for the requirements, a digital eco-factory has been proposed
[7-9]. A digital eco-factory is a virtual factory on which production line configu-
ration and the production scenario are examined from an environmental viewpoint.

To proceed with the practical usage of the digital eco-factory, a multiagent-based
construction of the digital eco-factory is applied and a trial digital eco-factory has been
implemented for a PCA (printed circuit assembly) line [10]. This trial shows how to
construct the digital eco-factory with high accuracy and usability and, especially, how
to make software agents of components such as machines on the PCA production line
and manufactured PCA (printed circuit assembly). In this paper, a more practical
implementation is enacted and the system is used experimentally for various use cases.
Experimental usages show the availability and utility of the digital eco-factory.

2 Application of a Digital Eco-factory to a PCA
Production Line

2.1 Proposed Digital Eco-factory

A digital eco-factory has been proposed for a simultaneous examination of environ-
ment assessment, productivity, and manufacturability [7-9]. When the proposed digital
eco-factory is used, the environmental performance of the planned production scenario
is examined in addition to productivity and manufacturability at the same time with
various granularities such as machine level, product level, and factory level. The digital
eco-factory is constructed on the virtual production line modeling an actual production
line and its components. Multiagent technologies can be applied to modeling them.
The conceptual structure of the proposed digital eco-factory is shown in Fig. 1.
The virtual production line mirrors the structure of the shop floor in the actual
factory. In these lines, all components such as machine tools, assembly machines,
robots, and workers are configured as software agents. These agents are called
“machine agents.” Manufactured products such as machined workpieces and
assembled parts are also configured as software agents. These agents are called
“product agents.” Product agents lead and control execution of virtual production to
finish themselves as a completed product. In the digital eco-factory, there are two
panels. One is the plant panel and the other is the product panel. The operator of the
digital factory can input configuration of the production line and production
scenarios including control policy for the production line, an energy saving policy,
granularity of environmental indexes, etc. through panels. The operator can also



Usage of a Digital Eco-factory for a Printed Circuit Assembly Line 419

| gta Eco-Factory

o
s & %‘9{00/ Machine Tool
s c ° Agent Agent
C o [} Agent
50 & AGV Agent AGV Agent
o® o .
L= =i> = Virtual .
g ._g S Machining Line rkpiece
o g B _ Agent
“E’ 3 2 o Machine Too Machine Tool
45 | & Agent  Machine Tobl Agent
9o Assembly Agent Assembly
= Machine Agent Machine Agent
@
= %)
ME o (5D
& ) Assembly Line Part Agent
=
c ©
o ¢ o Assembly AGV Agent
5 = Machine Agent Assembly
S é__B Machine Agent
% - Viirtual Factory -

Fig. 1 Concept of the proposed digital eco-factory

observe progress and results of the virtual production through panels. The product
panel monitors the condition of virtual production progress from the product view.
The plant panel also monitors the status of virtual production progress from the
equipment/device view and the line view. Environmental performance indexes such
as carbon dioxide emissions and energy consumption are monitored through panels.

2.2 Construction of Digital Eco-factory for PCA Line

The concept of a digital eco-factory applies to the PCA production line [10]. APCA
line consists of a solder paste printer, several electronic part mounters, a reflow
soldering oven, and a visual inspection machine. These machines are connected in
sequence from the printer to the inspection machine. When a blank printed circuit
board (PCB) is input to a solder paste printing machine, the production process is
started. The second process is to mount parts on the PCB. The number of electronic
part mounters is changed depending on the capacity of the line. In the part-
mounting process, a number of mounters and processing speeds used differ,
depending on the board type such as board size or a number of mounted parts.
The third process is to solder. A reflow soldering oven consumes the most energy in
a PCA line. A reflow soldering oven is placed, one per PCA line. At the final
process, the completed PCA is inspected by the visual inspection machine.
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Fig. 2 Construction of digital eco-factory for PCA

These machines in the PCA production line are modeled as individual machine
agents and connected in sequence as shown in Fig. 2. Usually, there are several
PCA lines in the factory. A PCA line agent monitors the progress of virtual
production on the line. A PCB is input to the production line and a PCA is output
from the line. A PCB is also modeled as a part agent which is one of the product
agents.

2.3 Usage of Digital Eco-factory for PCA Line

Three use scenarios of a digital eco-factory for a PCA line are assumed as shown in
Table 1. In use scenario 1, the configuration of the PCA line is determined through
repeating the simulation by changing component machines, and the performances
of newly introduced machines are examined by virtual execution according to the
testing scenario from the energy efficiency view and productivity view. This
procedure starts the step of selecting templates of machine models in the machine
catalogue e-library, fulfilling the templates, and describing the connecting relation-
ship between machines, control policy, etc. In use scenario 2, after process plan-
ning, which is supported by the product design tool such as a CAD/CAM system,
the assembly plan for the product is evaluated by virtual production at a virtual PCA
line. This evaluation is repeated by changing parameters and plans until satisfactory
environmental efficiency and productivity data are obtained. In use scenario 3, ref-
erence data such as prediction data of the PCA line status for machine trouble are
obtained by simulation to assist PCA line operation. Monitored data from the actual
production line is compared with reference data.
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Table 1
Use case name Contents
Use scenario 1 PCA line Preliminary reviews in PCA line design for the energy con-
configuration sumption minimization
Prior assessment of energy consumption and productivity in
PCA line design for new products
Preliminary evaluation of the increase or decrease of energy
consumption by installing new machine
Use scenario 2 Assembly Evaluation of energy consumption of PCA line in consideration
plan determination of the standby of equipment
Evaluation of energy consumption for optimal PCA line selec-
tion by production items and production quantity
Forecast of energy consumption and productivity for optimiz-
ing operation plan
Use scenario 3 PCA line Prediction of PCA line status during machine trouble
operation assist The discovery of abnormal state by comparison of the predicted
and measured values of energy consumption
Progress prediction of production plan

3 Implementation Details of the Virtual PCA
Production Line

3.1 System Structure

The digital eco-factory for a PCA is implemented as a trial. The virtual PCA
production line is constructed on the commercially available multiagent simulator
“Artisoc” [11]. The implemented system structure is shown in Fig. 3. Machine
agents which construct a virtual PCA line are set by filling up agent forms which are
a schema of agents according to the configuration data of PCA line. A PCA line
agent is also set. PCB agents for each PCA product are generated according to the
PCA production plan. When the PCB agent is generated, virtual production is
started. Conditions of virtual production such as productivity and power consump-
tion are monitored.

3.2 Configuration of the PCA Line

A virtual PCA production line agent is configured as a multiagent system. The PCA
line and each machine on the PCA line are modeled as a software agent according to
the provided configuration data. By modeling as a software agent, not only the static
characters of the machine but also the dynamic behavior of the machine can be
modeled.
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Fig. 3 Implementation of digital eco-factory for PCA

3.2.1 Configuration Data

Configuration data of PCA production lines such as the composition of a production
line and specifications of component machines are provided to the system to
construct a virtual production line in the digital eco-factory. Table 2 shows the
detail of a line configuration for PCA production. A factory usually has several
PCA lines. A PCA line consists of a solder paste printer, several electronic part
mounters, a reflow soldering oven, and a visual inspection machine. Specification
data for each of the machines are also provided. Contents of specification data
differ, depending on the machine type. Each machine agent is generated according
to these configuration data and specification data. Once a target PCB is put into the
assigned line, the PCB goes in sequence in the same PCA line. Configuration data is
provided through an MS-Excel file in the implemented system.

3.2.2 Machine Agents

There are four types of machine agents on the PCA line. They are an agent for a
solder paste printer, agents for several electronic part mounters, an agent for a
reflow soldering oven, and an agent for a visual inspection machine. A solder paste
printer is a screen printing machine used for painting solder paste on PCBs, using
metal masks. A solder paste printer takes the first position on the PCA production
line. To set up a solder paste printer agent, needed parameters such as standby
power consumption, printing power consumption, metal mask size, and printing
time are provided with the configuration data. The behavior of a solder paste printer
agent is shown in Fig. 4 using a UML activity diagram. After power on, a printer is
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Table 2 Contents of configuration data for PCA line

Items Data contents

Visual

Machine Solder paste Electronic part Reflow soldering | inspection

type printer mounter oven machine

Machine ID

Connection | Mounter ID Reflow oven Inspection

to ID/mounter ID/buffer | machine ID

1D

Belonging

line ID

Machine Power con- Power consumption Power consump- | Power con-

data sumption [kwh] | [kwh] <standby> tion [kwh] sumption [kwh]
<standby> <standby> <standby>
Power con- Power consumption Power consump- | Power con-
sumption [kwh] | [kwh] <part setting> | tion [kwh] <start- | sumption [kwh]
<metal mask up> <checking>
change>
Power con- Power consumption Power consump- | Power con-
sumption [kwh] | [kwh] <board set> tion [kwh] sumption [kwh]
<paste <shutdown> <paste
replenishment> replenishment>
Power con- Power consumption Power consump- | Power con-
sumption [kwh] | [kwh] <board recog- | tion [kwh] sumption [kwh]
<board set> nition position <temperature <board set>

correction> profile change>

Power con- Power consumption Power consump- | Power con-

sumption [kwh]
<metal mask
set>

[kwh] <nozzle
selection>

tion [kwh]
<board set>

sumption [kwh]
<board
output>

Power con- Power consumption Power consump- | Checking time
sumption [kwh] | [kwh] <part picking> | tion [kwh] [sec]
<printing> <residual

heating >
Power con- Power consumption Power consump- | Changeover
sumption [kwh] | [kwh] <part tion [kwh] time [min]
<metal mask mounting> <heating>
release>
Power con- Power consumption Power consump-
sumption [kwh] | [kwh] <board tion [kwh]
<board output> | output> <cooling>

Printing time
[min]

Part set time [min]
<large>

Power consump-
tion [kwh]
<board output>

Metal mask size
[mm]

Part set time [min]
<medium>

Operation time
[min]

Air compres-
sion [MPa]

Part set time [min]
<small>

N2 flow [L/min]

Airflow [L/min]

Number of part type

(continued)
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Table 2 (continued)
Items Data contents
Visual
Machine Solder paste Electronic part Reflow soldering | inspection
type printer mounter oven machine
Changeover time
[min] <low —>
high>
Changeover Air compression Changeover time
time [min] [MPa] [min] <high —>
Airflow [L/min] low>
Changeover time
[min]

in the standby state. In the standby state, the printer consumes standby electric
power. When a PCB with produced PCA data is input to the printer, the printer
agent starts the simulation of the operation sequences and calculations of printing
power consumption and production time. As a preparation before printing, a metal
mask is changed if needed. The first operation is setting up the PCB. The second is
setting of the mask metal. The third is stage moving. The fourth is printing. The fifth
is releasing the metal mask. The sixth and last is the output of the PCB. Then the
printer reverts back to the standby state [8].

An electronic part mounter is used for picking and placing surface-mount
electronic components such as capacitors, resistors, and integrated circuits onto
the PCBs. An electronic part mounter takes the second position on the PCA
production line. Usually, several part mounters are in the production line. Some
of the part mounters are not used depending on the types and number of mounted
parts. An electronic part mounter is also modeled as a software agent.

A reflow soldering oven is used for reflow soldering of surface-mount electronic
components to PCBs. A reflow soldering oven is modeled as a software agent. A
visual inspection machine is also modeled as a software agent.

3.2.3 PCA Line Agent

The PCA line agent is set corresponding to each PCA production line. A PCA line
agent monitors the condition of machines on the PCA line and reports results of the
virtual PCA production. Figure 5 is an activity diagram for a PCA line agent. In the
implemented system, when a PCA line agent accepts the job reports from machine
agents, a PCA line agent displays the whole line conditions. A PCA agent commu-
nicates with other agents when some trouble happens on the line for
troubleshooting.



Usage of a Digital Eco-factory for a Printed Circuit Assembly Line 425

3 § <<power consumption>>

o o ]
3 <<product data>>

> board input H PCA id check }% PCAid, board data,

! schedule, etc.
i ' h

; stopped state ‘ ; [no change]

Y\ J [change]

é metal mask change

\

board set

metal mask set

stage moving and

printing

metal mask release

board output
| (job result report)

<<power consumption>>
used power, time

<<production record>>
PCAId, time&date,
power consumption

Fig. 4 Activity diagram for agent of a solder paste printer

<<machine job report>> X |
machine ID, PCA id line 1D, machine D,
power consumption, power consumption

time&date, etc. PCA |D, time, etc.

l

display line status

<<line condition data>>

troubleshooting

[repaired] [in error]

Fig. 5 Activity diagram for agent of a PCA line

3.3 Simulated Production Scenario and PCB Agent

An examined production scenario is provided as a production plan. A PCB agent for
each PCA product is generated according to the production plan and input to the
assigned PCA line in assigned order. PCB agents carry out production procedures in
the virtual PCA production line and provide monitoring data from the product view.
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Table 3 Example of PCA Production order 1
production plan data Product ID PCA#00101
Production line Line #02
Input time [epoch sec] 1430739000
Number of mounted parts 1900
Board size W [mm] 450
Board size D [mm] 500
Board size H [mm] 5
Temperature profile High
Assembly drawing file PCB_0001.brd
Deadline [epoch sec] 1430813000
Production order 2
Product ID PCA#00101
Production line Line #02

3.3.1 Production Plan Data

A production plan for PCAs consists of produced PCA data and production
management data. Assigned production line and input order to the line are provided
for each PCA. An example of a production plan data is shown in Table 3. The board
size, types and amount of mounted parts, kind of soldering paste, type of temper-
ature profile, etc. have an effect on the operations of the PCA line, reflecting this in
the energy consumption of machines as a result. Production plan data is provided
through an MS-Excel file in the implemented system.

3.3.2 PCB Agents

The behavior of the PCB agent is shown in Fig. 6 using a UML activity diagram.
When a production is ordered according to the production plan, a PCB agent is
generated. Parameters such as board size, types and amount of mounted parts, kind
of soldering paste, and type of temperature profile are set, based on the production
plan data when the agent is generated. The PCB agent asks the solder paste printer
agent in the assigned production line whether it is vacant. When the printer is
occupied, the PCB agent waits until the machine becomes vacant. When the printer
is vacant, the PCB agent asks the job and receives the report about process
condition such as power consumption, processed time, and result. After finishing
the process, the PCB agent asks the machine for the next process, whether it is
vacant, and repeats the same procedure until the final process of the production line
is reached. A PCB agent can access the whole production condition data about
itself [10].
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Fig. 6 Activity diagram for agent of a PCB

4 Experimental Use of Virtual PCA Production Line

4.1 Opverview of Experimental Usages

The virtual PCA production line is used experimentally. Experimental use cases are
set corresponding to the three use scenarios in Table 1.

Figure 7 is a screenshot of monitoring windows for the execution example. In
Fig. 7, the agents’ behaviors are visually displayed in the window in area A in real
time. Area B displays time-series data of power consumptions of each of the
machines on a virtual PCA line. The horizontal axis represents the “step.” In this
experimentation, one step corresponds to 6 s of temporal granularity. Area C shows
production volume and progress on each PCA line. Area D displays accumulated
data of power consumption for each of the machines.

4.2 Experimental Example for Use Scenario 1

The first use case is experimentation for a PCA line configuration. This use case
assumes the situation for selecting machines when a new PCA line is constructed.
The production plan used has 12 PCA products, then 6 PCB agents are put into each
production line. All PCA products are divided into three types depending on the
size of the PCB and the temperature of the solder. Two cases were examined. Two
PCA production lines are constructed on the virtual factory floor. Case (a) uses
machines that have the general efficiencies assumed in the real factory. Another
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Fig. 7 Monitoring windows of virtual PCA production lines using “Artisoc”

case (b) uses machines providing with slightly higher efficiency but with higher
power consumption. The production plan used is completely the same in both cases.

Figure 8 shows the simulation results. The time to complete all productions for
case (a) is longer than for case (b). The peak of power consumption on the factory
floor for case (b) is higher than for case (a). However, the total power consumption
in both cases is very close to each other. In designing a new PCA production line, if
a machine’s catalogue and e-library is obtainable, users can construct virtual PCA
production lines. By comparing the performance of machines, users determine the
line configuration and the floor layout at the design stage of the manufacturing
system.

4.3 Experimental Example for Use Scenario 2

The second use case is an experimentation for the assembly plan determination. If
the same production line configurations are used, the production efficiency differs
for each production plan. This means that the virtual PCA production line can be
used to refine a production plan. Input products are the same as in example 4.2, but
the input timing and order are different.

Figure 9 shows simulation results. In case (a), peak power consumption is higher
than in case (b). The major cause of this is the synchronous working of reflow
soldering oven machines in case (a). In the PCA line, a reflow soldering oven is
using the highest electric energy. In case (b), reflow soldering ovens are working
alternately in PCA line 01 and 02. It enables to cut the peak of power consumption
by controlling the input timing of products. However, the time to complete all
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productions in case (b) is longer than in case (a). And the used total power
consumption is also higher than in case (a). For effective utilization of the existing
production line, the tuning of the production plan is important.

Figure 10 shows simulation results from using different numbers of PCA lines.
In case (b), there are three PCA lines on the floor. The production plan has 12 PCA
products of the same type. Four PCB agents are put into each production line. As a
corollary, quick completion of products is confirmed in case (b). But the totally
used power consumption and peak point are higher than in case (a). These simula-
tions are assuming production planning PCA line(s) “go to sleep,” for example.
Especially, a reflow soldering oven needs start-up heating time and energy. There-
fore, decreasing energy consumption is a complex problem.
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4.4 Experimental Example for Use Scenario 3

The third use case is an experimentation for assisting the PCA line operation. This
use case includes minimizing unexpected losses. More specifically, to find the
effects caused by introducing intentional machine troubles in the real
production plan.

Figure 11 shows simulation results with and without machine troubles. The input
product plans are completely the same, but in case (b) an emergency machine stop
has occurred. The red circle on line 01 shows that the reflow soldering oven stopped
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for 12 min. The red circle on line 02 shows that electric parts mounter three stopped
for 20 min. In case (a), PCB agents are working on the schedule; reflow soldering
ovens are working alternately in PCA lines 01 and 02. However, in case (b),
proceeding of production plan was delayed, and the reflow soldering oven is
working synchronously. As a result, the peak of power consumption is increased.
These simulations show that the rescheduling for a peak power cut is needed. Thus
users are able to prepare robust production plans.

S Summary

A collection of software agents called “the digital eco-factory” that virtually
represent the hardware and software facilities involved in PCA lines has been
developed to examine its (PCA line) environmental performance, productivity,
and manufacturability in a concurrent manner. The digital eco-factory has been
used in various real-life situations, and performance evaluation results have been
obtained for PCA lines under various production plans and unexpected situations
(accidents). As demonstrated in this study, when a digital eco-factory is available, it
is possible to know the implications of the production plans beforehand. This way,
the digital eco-factory helps identify the most appropriate production plan and helps
maintain a balance between the environmental performance and productivity/
manufacturability.
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