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Abstract In the traditional order completion time (OCT)
prediction methods, some mutable and ideal production data
(e.g., the arrival time of work in process (WIP), the planned
processing time of all operations, and the expected waiting
time per operation) are often used. Thus, the prediction time
always deviates from the actual completion time dramati-
cally even though the dynamicity of the production capacity
and the real-time load conditions of job shop are considered
in the OCT prediction method. On account of this, a new
prediction method of OCT using the composition of order
and real-time job shop RFID data is proposed in this article.
It applies accurate RFID data to depict the real-time load
conditions of job shop, and attempts to mine the mapping
relationship between RFID data and OCT from historical
data. Firstly, RFID devices capture the types and waiting
list information of all WIPs which are in the in-stocks and
out-stocks of machining workstations, and the real-time pro-
cessing progress of all WIPs which are under machining at
machining workstations. Secondly, a description model of
real-time job shop load conditions is put forward by using the
RFID data. Next, the mapping model based on the composi-
tion of order and real-time RFID data is established. Finally,
deep belief network, which is one of the major technologies
of deep neural networks, is applied to mine the mapping rela-
tionship. To illustrate the advantages of the proposedmethod,
a numerical experiment compared with back-propagation
(BP) network based prediction method, multi-hidden-layers
BP network based prediction method and the principal com-
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ponents analysis and BP network based prediction method is
conducted at last.

Keywords Order completion time prediction · Deep neural
networks · DBN · RFID

Introduction

The evolution of the competitive context in recent decades
has led firms to face a more dynamic and uncertain envi-
ronment where the main feature is the necessity of offering
a higher and higher level of customization (Corti et al.
2006). Greater product variety forces the firms to shift from
make-to-stock (MTS) to make-to-order (MTO) production.
In MTO firms, before an order is released to the job shop
for processing, its due-date needs to be assigned (Vinod and
Sridharan 2011). Thus, due-date assignment is becoming
more andmore complex and significant. Providing customers
with exact due-date is much better than a competitive price,
because the deviations of actual due date (delay or early deliv-
ery) would result in increasing the product cost, decreasing
the firm competitiveness (Gordon et al. 2002). The actual
due date of order primarily depends on the order comple-
tion time (OCT) in the job shop. Thus, OCT prediction is the
first important task in job shop control, and it is also a diffi-
cult decision. More importantly, accurate OCT prediction is
also needed for better management of the job shop control
activities, such as order review, contracts negotiation, prod-
uct quote etc. (Liang et al. 2013).

A vast amount of literature exists on scheduling to meet
due dates, but little work considers how to predict the OCT
before setting these due dates (Moses et al. 2004). In practice,
many traditional firms address this problem by establishing
fixed lead times based on experience (Ziarnetzky andMönch
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2016). And they do not consider the dynamicity of job shop
load. However, manufacturing system operates in a dynamic
environment where the unpredictable disturbances affecting
the production schedule emerge at any time. Thus, the relia-
bility of the assigned due date is relatively low. In theory, the
prediction techniques of OCT can be distinguished by the
methodology proposed: analytical and heuristic (Sun et al.
2013). The analytical approaches are usually based on the
queue theory. They create an optimal schedule, and then set
the order due dates equal to their scheduled completion dates
(Moses et al. 2004; Hopp and Melanie 2001). However, the
optimal completion time clearly cannot be computed in a
large-scale systems context, because it is a NP-hard problem.
The heuristic approaches, e.g., expert system, data mining,
and neural networks, typically try to find an optimal value
by heuristic procedures. They need not establish the analyt-
ical model of job shop. However, their performance is often
dependent on a large number of training data.

Referring to the existing literature, the OCT prediction
can be classified into three conceptual categories (Zorzini
et al. 2008): (1) no job shop load analysis. The completion
time prediction of order is based on average completion time,
derived from similar products already realized in the past. (2)
Aggregate job shop load based analysis. According to the
hierarchical approach, aggregate information (from both the
time and resource point of view) is used for the OCT predic-
tion. They mostly consider the medium–long term and to the
bottleneck resource. (3) Detailed shop load based analysis.
The information about real-time job shop load conditions is
used for OCT prediction. Although more and more works
concentrate on detailed job shop load based analysis, they
still use some mutable and ideal production data (e.g., the
arrival time of work in process (WIP), the processing time
of all operations, the waiting time per operation) to represent
the detailed job shop load (Sabuncuoglu and Comlekci 2002;
Vinod and Sridharan 2011). They view the job shop load con-
ditions as static contexts, and predict the OCT based on the
assumption that each production disturbance has a known
stochastic distribution.

However, the production capacity of job shop is dynami-
cally changed. Actually, there are too many uncertainties in
a job shop (Wang and Jiang 2016). It is difficult to present
an explicit analytic expression for the impact of those uncer-
tainties to the completion time of order. However, the impact
is implied in a large amount of historical information of job
shop conditions. Thus, based on the historical information
of the job shop load conditions, using intelligent approach
to establish the prediction method of OCT is much more
feasible. Previous studies clearly indicate that neural net-
works (NN) method is good at the OCT prediction. Using
NN to predict the OCT has following merits (Hsu and Sha
2007): (1) NN can obtain a probable result even if the input
data are incomplete or noisy. (2) A well-trained NN model

can provide a real-time forecasting result. (3) Creating a NN
does not necessitate understanding the complex relationship
among the input variables. AlthoughNNhas been introduced
into the OCT prediction, it is not well applied in large-scale
systems due to its shallow architecture which makes it have
admittedly less capability with respect to inference mech-
anisms (Lopes and Ribeiro 2015). This architecture would
lead to a large hidden layer and make the learning time scale
poorly as the number of parameters increases in large-scale
systems (Hinton et al. 2006).

The information of job shop load conditions is not usually
available in traditional job shop. The advent of RFID technol-
ogy has made obtaining the real-time information easy, but
the real-time information captured by RFID is quite huge.
Thus, in RFID-driven job shop, a new intelligent approach
should be found to replace the NN in the OCT prediction.
Theoretical and empirical evidence indicates that deep neu-
ral networks (DNN) aremore efficient thanNN in large-scale
and/or high-dimensional systems (Bengio et al. 2007). Thus,
it is very necessary to discuss the OCT prediction usingDNN
for RFID-driven job shop.

In this article, an RFID based descriptive model of real-
time job shop load conditions is proposed. It depicts the
real-time load conditions through the type and waiting list
information of all WIPs which are in the in-stocks and
out-stocks of machining workstations, and the real-time pro-
cessing progress of all WIPs which are under machining at
machiningworkstations. TheRFID system can not only track
the manufacturing progress of every order, but also provide
a large number of historical production data. Furthermore,
DNN is employed to learn the mapping relationship between
the real-time job shop load conditions and OCT from the
historical production data.

This article proposes an intelligent method for OCT pre-
diction in RFID-driven job shop. It attempts to provide a
credible OCT for firm managers when they negotiate the
contracts with customers or assign the due-date of order. The
method does not require an accurate analytical model of the
manufacturing system, nor does it require the system to be
operating in static state. This article combines the efforts of
the following three aspects: (1) the real-time job shop load
conditions are depicted by RFID data; (2) the OCT is pre-
dicted according to the information of WIPs such as type,
waiting sequence, and real-time processing progress; and (3)
DNN is introduced into OCT prediction to solve the defi-
ciency of NN when is applied in large-scale systems.

The remainder of this article is organized as follows:
“Background andmotivation” section indicates three aspects
of the background and motivation of our research. “The
OCT prediction method of RFID-driven job shop” section
describes the real-time job shop load conditions descrip-
tive model of RFID-driven job shop. The DNN calculation
method is depicted in “DBN based order completion time
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prediction” section. In “Numerical experiment” section, a
numerical experiment is taken as an example to illustrate the
utility of the proposed method. “Conclusions” section sum-
marizes the principal conclusions of this work and suggests
areas of future research.

Background and motivation

Due dates assignment and OCT prediction

Due dates can be assigned either externally by the customer
or internally by the firm. The methods of due date assign-
ment for the firm include two ways: the scheduling approach
and the completion time prediction approach. The schedul-
ing approach is to create an optimal schedule and then set
order due dates equal to their scheduled completion dates
(Weng 1996; Hopp and Melanie 2001; Gordon and Struse-
vich 1999). Since due dates often need to be computed in
a few seconds or less, full schedule optimization cannot be
performed for an industrial-sized system (Moses et al. 2004).
The completion time prediction approach sets the due date
for the arriving/upcoming order to its completion date. Since
Enns (1995) assigned due dates to orders based on the pre-
dicted completion time of orders, a number of articles have
addressed the due dates problem from a completion time per-
spective. Vinod and Sridharan (2011) proposed a simulation
modeling to predict the completion time of orders for a typ-
ical dynamic job shop production system. Hu et al. (2012)
developed a prediction model of the order completion date
based on the assumption that each production disturbance
has a known stochastic distribution. Brahimi et al. (2014)
took into account the load of job shop in the completion time
prediction. Then they proposed amodelwhich integrates pro-
duction planning decisions together with order acceptance
decisions. Lawrence (1995) approached the estimation of
flow times as a forecasting problem, and used the empiri-
cal distribution of forecast errors to set the order due dates.
Although some papers considered the load of job shop in
the completion time prediction, they predicted the time only
based on historical/empirical data, and neglected the current
job shop load conditions. There has been little consideration
of the order and the current shop load conditions as a whole
in the completion time prediction method.

RFID and real-time information in OCT prediction

The OCT prediction heavily relies on the real-time statuses
of various manufacturing resources. Moses et al. (2004)
analyzed the difficulties of the real-time completion time pre-
diction. They considered dynamic time-phased availability
of resources required for each operation of the order when
computing the completion time. Based on the platform of

ExSpect, a high-level Petri net simulation model for produc-
tion process, Zhu et al. (2009) used the real-time state of
workshop to predict the OCT. Sabuncuoglu and Comlekci
(2002) utilized the detailed job shop and route information
for operations of WIPs as well as the machine imbalance
information to estimate the completion time by virtue of
computer-integrated manufacturing systems (CIMS). From
the above mentioned literatures, it can be seen that the
real-time information of manufacturing resources is hardly
captured. Capturing real-time information of manufacturing
resources mainly depends on CIMS or simulation in the past.
With the advent of the RFID, this information is now avail-
able. There is, however, a lack of systematic study of the
OCT prediction for RFID-driven Job shop. The rigorous rel-
evant researches have appeared as follows. Li et al. (2015)
observed the real-time status of a one-of-a-kind production
process accurately with the help of RFID. They studied due
date assignment when the processing time is uncertain and
normally distributed. Zhong et al. (2013) proposed a data
mining approach to analysis the completion time prediction
from the historical data of a RFID-enabled real-time job shop
environment. They quantitatively examined the impact fac-
tors such as processing routine, batching strategy, scheduling
rules and critical parameters of specification. Although these
literatures discussed the OCT prediction in RFID-driven
manufacturing environments, they did not point out the infor-
mation acquisition method of job shop load conditions.

NN and DNN in completion time prediction

NN, as a heuristic approach, have been applied in the OCT
prediction since it doesn’t need the accurate analytical model
of job shop. Hsu and Sha (2007) presented an artificial neural
networks (ANN)-based due date assignmentmodel. From the
simulation and statistical results, the model performed bet-
ter in due date prediction. Chen (2007, 2008) proposed a
hybrid fuzzy c-means and back propagation network (BP)
approach to enhance the effectiveness/accuracy of OCT pre-
diction in a semiconductor fabrication factory. According to
experimental results, the prediction accuracy of the proposed
approach was significantly better than those of some exist-
ing approaches. Asadzadeh et al. (2011) presented a flexible
algorithm for estimation and forecasting lead time based on
ANN. The algorithm was used to estimate the weekly lead
times of an actual assembly shop. The experiment showed
that ANN is superior to other algorithm. Although there have
been some literatures to predict the OCT based on NN, some
problems in the application of NN are still not well solved:
(1) the accuracy of the completion time prediction using NN
loses when the load of job shop or the composition of orders
changes. This results from that the input parameters do not
reflect the real-time job shop conditions (Okubo et al. 2000);
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(2) as mentioned previously, it is not well applied in large-
scale systems due to their inherent drawback.

DNN can be used to deal with large data (Hinton and
Salakhutdinov 2006). It has been successfully applied in full-
sized, high-dimensional images inference, automatic speech
recognition, human pose estimation, (Mohamed et al. 2012;
Toshev and Christian 2014; Lee et al. 2009). In manufac-
turing domain, there have been some researches that use
DNN. Tamilselvan andWang (2013) presented a novelmulti-
sensor health diagnosis method using DNN for operation
andmaintenance of complex engineered systems. DNNwere
employed using vibration signal obtained from end milling
to build feature space for cutting states monitoring (Fu et al.
2015). Keshmiri et al. (2015) presented a deep learning
approach to estimation of the bead parameters in welding
tasks. At present, although DNN has been introduced into
manufacturing domain, there are few reports in RFID-driven
job shop production information processing.

The OCT prediction method of RFID-driven job
shop

The OCT prediction

The OCT prediction is always done at contracts negotiation
stage without changing any of the existing production plan-
ning. Meanwhile, the production of the job shop has four
principles: (1) machine tools select WIPs to process in a first
come and first served (FCFS) manner; (2) eachWIP requires
a specific set of operations that need to be performed in a
specified sequence (routing) on the machines; (3) each WIP
type is allowed to have unique routing through the manufac-
turing system; (4) set-up times and transportation times are
included in the processing times. Principles 1, 2 and 3 are sat-
isfied in many, if not most, practical applications. Principle
4 is in line with production schedule. It’s important to note
that the dominant disturbances which occur after the OCT
prediction (e.g., machine tools breakdown, arrival of urgent
job) are not considered in the article.

For explanatory purposes, the OCT is defined as follows:

Definition 1 OCT is the last WIP completion time of the
order in the job shop. It is affected by two qualitative factors,
namely, the real-time load conditions of the job shop, and the
composition of the order.

To realize the OCT, the two qualitative factors should be
quantified. Here, OI is used to represent the quantified com-
position of the order, JS is used to represent the quantified
real-time load conditions of the job shop. Therefore, based
on OI and JS, the OCT can be formulated as follows:

ptv = f (OI, JS) (1)

where ptv is the prediction value of OCT, f stands for the
mapping function from OI and JS to ptv.

The quantization approaches of OI and JS are discussed
as following sections.

The order composition quantization

To formulize a job shop, assuming the job shop consists of
M machine tools and can produce N types of parts, any
machine tool i can process an operation for n types of parts
(n ≤ N ). The prediction method should consider individual
order requirements and characteristics on a detailed level so
that the accurate completion time can be calculated. Because
the only difference between two orders is the number that
the order demands for different part types, the composition
of an order can be described as follows:

OI = {NK1,NK2, . . . ,NKn, . . . ,NKN } (2)

where NKn represents the order’s demands for the nth type
part number.

It should be noted that if the order does not demand for
some part types, the corresponding numbers can be marked
as zero.

The job shop real-time load conditions quantization

The real-time load conditions of job shop include machine
tools and WIPs related information. This information can
be captured by RFID devices which are deployed in the job
shop.

The routing of a WIP in discrete systems has multiple
operations. Each WIP should be processed on machine tools
in FCFS manner. When an operation completed, the WIP
would continually be conveyed to the next machine tool for
processing until the last designated operation finished and it
is qualified.

As a general rule, amachine toolwould be configuredwith
an operator, in-stock, out-stock and other tools (e.g., measur-
ing devices, fixtures) in job shop. Thus, themachine tool with
its auxiliaries can form a machining workstation (MW). For
explanatory purposes, the MW is defined as follow:

Definition 2 MW is amanufacturing unit which can process
a complete operation independently. It consists of an in-stock
(IB), an out-stock (OB), and a machine tool (MT). Based on
the set theory, themth machining workstation can be written
as MWm = {IBm,MTm,OBm}.

Note that the impact of machine operators to OCT is not
considered in this article.

A WIP in a MW would go through three steps: (1) enter-
ing the in-stock waiting for processing; (2) being machined
on the machine tool; and (3) entering the out-stock waiting
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Fig. 1 The configuration of RFID devices in job shop

for transportation. Since a large portion of process time can
be attributed to queuing for machining. Thus, the detailed
information about each in-stock and out-stock such as WIPs
types, WIPs numbers and the waiting list is very important
for the OCT prediction (Yang et al. 2013). Although RFID
can easily capture the identification code of WIPs, the RFID
devices should be reasonably deployed in the job shop in
order to get the location information of WIPs.

Based on the above analysis, the deployment of RFID
devices in a MW can be described as Fig. 1. All WIPs should
be labeled with RFID tags. A MW is configured with one
RFID reader which has three RFID antennas. The RFID
antenna 1 monitors whether the WIPs are in in-stock. The
RFID antenna 2 is responsible for capturing the machining
start time of the WIP. The RFID antenna 3 monitors whether
the WIPs are in out-stock.

Since the time that aWIPwaiting for processing is heavily
affected by the waiting list in-stock, the prediction method
should consider the detailed real-time condition of in-stock.
Suppose there are pWIPs in the in-stock at current time t , the
real-time condition of in-stock can be formulated as follows:

IBt
m =

{
PItm,1,PI

t
m,2, . . . ,PI

t
m,p

}
(3)

where PItm,p represents the pth WIP in in-stock at the mth
MW at current time t .

When a WIP is in machining, it means that the machine
tool has started to process the current operation of the WIP.
Thus, the real-time condition of the machine tool can be
described as follows:

MTt
m = {

PMt
m,RPt

m

}
(4)

where PMt
m represents theWIP inmachining at themthMW

at current time t , RPt
m stands for the real-time processing

progress of the current operation. Because RFID can cap-
ture the start time of current operation STm , the RPt

m can be
calculated as follows:

RPt
m = t − STm (5)

Now that the actual wait time of PItm,p can be formulated
as follows:

WTt
m,p =

p−1∑
a=1

PTm,a +
p−1∑
a=1

(
AT t

m,a − PTm,a
)

+ (
MPTm − RPt

m

)
(6)

whereWTt
m,p is the actual wait time of PItm,p, PTm,a repre-

sents the planned processing time of WIP a at the mth MW.
AT t

m,a stands for the actual processing time of WIP a at the
mth MW, MPTm represents the planned processing time of
the WIP in machining at the mth MW.

If the type of WIP a is the nth part type, its routing is
described as follows

MRa
n =

{
PT 1

n,1, PT
2
n,2, . . . , PT

y
n,x

}
(7)

whereMRa
n is the routing of WIP a which belongs to the nth

type part, PT y
n,x represents the planned processing time of

the x th operation of the nth type part at MWy, y ∈ [1, M].
From Eqs. (6) and (7), it can be found that the planned

processing time of a WIP at a MW is decided by the WIP
type. Thus, Eq. (6) can be modified as follows

WTt
m,p =

p−1∑
a=1

N∑
n=1

∏
y=m

(
MRa

n

)
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+
p−1∑
a=1

N∑
n=1

(
AT t

m,a −
∏
y=m

(
MRa

n

)
)

+
( ∏
y=m

(
MR

PMt
m

n

)
− RPt

m

)
. (8)

Because AT t
m,a cannot be obtained at themoment of theOCT

prediction,WTt
m,p cannot be calculated accurately.Addition-

ally, according to the principles mentioned above, there is a
one-to-one correspondence between routings andWIP types.
Thus, the wait time of WTt

m,p can be estimated according
to the types of WIPs before it and the real-time processing
progress of PMt

m as follows

WTt ′
m,p

= f1
(
PITm,1,PITm,2, . . . ,PITm,p−1, PMTm,RPt

m

)

(9)

whereWTt ′
m,p is the estimate ofWTt

m,p. PITm,p−1 stands for
the type of PItm,p−1. PMTm represents the type of PMt

m . f1
is the estimation function.

From Eq. (9), it can be seen that the wait time of a WIP is
decided by the types of WIPs in in-stock, in machining, and
the real-time processing progress of the current operation.
Thus, the real-time condition of in-stock can be described by
the types of WIPs and waiting list in in-stock, Eq. (3) can be
transferred as follow

IBt
m = {

PITm,1,PITm,2, . . . ,PITm,p
}
. (10)

Similarly, Eq. (4) can be transferred as follow

MTt
m = {

PMTm,RPt
m

}
. (11)

Since the types and waiting list of WIPs in out-stock would
also affect the wait time of their next operation, similarly, the
real-time condition of out-stock can be described as follow

OBt
m = {

POTm,1,POTm,2, . . . ,POTm,q
}

(12)

where POTm,q represents the type of the qth WIP in out-
stock at the mth MW.

Since a WIP can be in only one MW at any time, it is
either in in-stock or in machining or in out-stock. And the
real-time conditions of allMWsactually represent the current
load conditions of job shop. Thus, the real-time conditions
of the job shop at current time t can be quantified as follow

J St = {
MWt

1,MWt
2, . . . ,MWt

m, . . . ,MWt
M

}

= {{{
PIT1,1,PIT1,2, . . . ,PIT1,p1

}
,
{
PMT1,RP

t
1

}
,{

POT1,1,POT1,2, . . . ,POT1,q1
}}

,

· · · ,{{
PITm,1,PITm,2, . . . ,PITm,pm

}
,
{
PMTm,RPt

m

}
,{

POTm,1,POTm,2, . . . ,POTm,qm
}}

,

· · · ,{{
PITM,1,PITM,2, . . . ,PITM,pM

}
,
{
PMTM ,RPt

M

}
,{

POTM,1,POTM,2, . . . ,POTM,qM
}}}

. (13)

Based on the discussion above, some information can be
found from Eqs. (1), (2) and (13). (1) OCT can be predicted
using the types and waiting list information of all WIPs in
the job shop with the composition of the order. (2) Because
the function f is unknown, NN or DNN can be used to estab-
lish the mapping function. (3) But Eq. (13) actually includes
all WIPs in the job shop. The job shop real-time load con-
ditions quantization JS, coupled with the order composition
quantization OI , inevitably leads to high-dimensional input
data of the mapping function. According to previous analysis
about NN and DNN, DNN is more suitable for establishing
the function.

DBN based order completion time prediction

Assuming that a job shop has accumulated awealth of histori-
cal productiondata throughRFIDdevices,which includes the
information of orders, the corresponding job shop load con-
ditions, HI = {hi1,hi2, . . . ,hir }, and the actual completion
time of the orders, AT = {at1, at2, . . . , atr }. According to
the previous discussion, the historical production data should
include the following details

hir = {{
NKr

1,NK
r
2, . . . ,NK

r
n, . . . ,NK

r
N

}
,{{

PITr
1,1,PIT

r
1,2, . . . ,PIT

r
1,p1

}
,

{
PMTr

1,RP
r
1

}
,
{
POTr

1,1,POT
r
1,2, . . . ,POT

r
1,q1

}}

· · · ,{{
PITr

m,1,PIT
r
m,2, . . . ,PIT

r
m,pm

}
,

{
PMTr

m,RPr
m

}
,{

POTr
m,1, POT yrm,2, . . . ,POT

r
m,qm

}}

· · · ,{{
PITr

M,1,PIT
r
M,2, . . . ,PIT

r
M,pM

}
,

{
PMTr

M ,RPr
M

}
,{

POTr
M,1, POT yrM,2, . . . ,POT

r
M,qM

}}}
(14)

where hir is the r th historical production data.
Deep belief network (DBN) is one of the major technolo-

gies of DNN. Since proposed by Hinton et al. (2006), DBN
has excelled in visual recognition and AI areas with notable
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h1 h2 hj hJ

v1 v2 vi vIvisible units 

hidden units

weights

Fig. 2 Schematic representation of an RBM

success. A DBN is a feedforward neural network with a deep
architecture, i.e., with many hidden layers. It consists of an
input layer, a number of hidden layers and finally an output
layer. The input layer accepts the input data and transfers
the data to the hidden layers in order to complete the learn-
ing process (Tamilselvan andWang 2013). The hidden layers
are created by several layers of restrictedBoltzmannmachine
(RBM) that are stacked on top of each other, thus forming a
network that is able to capture the underlying regularities and
invariances directly from the input data (Lopes and Ribeiro
2015).

To establish the function of OCT prediction, the historical
production information HI can be used as the input data to
train DBN.

Restricted Boltzmann machines

An RBM is a two-layer undirected bipartite graphical model
where the first layer corresponds to inputs variables (visible
units v = {v1, v2, . . . , vi , . . . , vI }, vi ∈ {0, 1}), and the sec-
ond layer corresponds to the latent variables (hidden units
h = {

h1, h2, . . . , h j , . . . , hJ
}
, h j ∈ {0, 1}). The visible and

hidden layers are fully inter-connected via connections with
symmetric undirected weights, but there are no intra-layer
connections within either the visible or the hidden layer. A
typical RBM model topology is shown in Fig. 2.

An RBM is an energy-based generative model. The
weights and biases of the RBM determine the energy of a
joint configuration of the hidden and visible units E (v,h)

(Lopes and Ribeiro 2015; Sarikaya et al. 2011; Bengio et al.
2007),

E (v,h) = −cvT − bhT − hwvT

= −
I∑

i=1

civi

−
J∑

j=1

b j h j −
J∑

j=1

I∑
i=1

w j ivi h j (15)

wherew ∈ IRJ×I is amatrix containing theRBMconnection
weights, c = {c1, c2, . . . , ci , . . . , cI } ∈ IRI is the bias of the
visible units and b = {

b1, b2, . . . , b j , . . . , bJ
} ∈ IRJ the

bias of the hidden units.
The RBM assigns a probability to every possible visible-

hidden vector pair via the energy function as follow:

p (v,h) = 1

Z
e−E(v,h) (16)

where Z is a normalization constant called partition function
by analogy with physical systems, which is obtained by sum-
ming over all possible pairs of visible and hidden vectors:

Z =
∑
v,h

e−E(v,h) (17)

Since there are no connections between any two units within
the same layer, given a particular random input configuration
v, all the hidden units are independent of each other and the
probability of h given v becomes:

⎧⎪⎪⎨
⎪⎪⎩

p (h|v) = ∏
j
p

(
h j = 1|v)

p
(
h j = 1|v) = σ

(
b j +

I∑
i=1

viw j i

) (18)

where σ is the activation function, σ = 1/1 + e−x .
Similarly given a specific hidden state h, the probability

of v given h is obtained as follows:

⎧⎪⎪⎨
⎪⎪⎩

p (v|h) = ∏
i
p (vi = 1|h)

p (vi = 1|h) = σ

(
ci +

J∑
j=1

h jw j i

)
(19)

RBMs are usually trained by using the contrastive diver-
gence (CD) learning procedure,which is described byHinton
(2002).

DBN architecture

DBN is produced by stacking RBMs. An example of DBN
architecture is shown in Fig. 3, which consists of three
stacked RBMs, as input layer and hidden layer 1 forms the
first RBM, hidden layer 1 and hidden layer 2 forms the sec-
ond RBM, and hidden layer 2 and hidden layer 3 forms the
third RBM.

The training process of DBN is in a greedy manner (Hin-
ton et al. 2006). Firstly, the first RBM that receives the DBN
inputs is trained. Secondly, the second RBM that receives
the first RBM outputs is trained. Thirdly, the third RBM that
receives the secondRBMoutputs is trained, and so on (Lopes
and Ribeiro 2015). Figure 4 demonstrates a DBN training
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Fig. 3 Deep belief network
architecture

input layer

hidden layer 1

hidden layer 2

hidden layer 3

output layer

RBM 1

RBM 2

RBM 3

fine tune

fine tune

fine tune

fine tune

process for OCT prediction based on the DBN architecture
in Fig. 3. Considering the training process for the RBM 1
unit as shown in Fig. 4a, the input data HI is first given
to the visible layer of this RBM unit. The next step is to
transform the input data from the RBM visible layer to the
hidden layer using visible layer parameters. While the train-
ing epoch reaches its maximum number and the training of
the RBM 1 is accomplished, the hidden layer of this RBM
unit becomes the visible layer of the RBM 2. The training
process is continued for the second and the third RBM units
as shown in Fig. 4b, c respectively. The training of the DBN
is accomplished through the successive training of each indi-
vidual RBMunit, as shown in Fig. 4d. This training approach
represents an efficient way of learning by combining multi-
ple and simpler RBM models, learned sequentially (Lopes
and Ribeiro 2015). From the training process, also called
pre-training, it can be seen that the layer-by-layer learning
algorithm is unsupervised (Hinton et al. 2006).

After training the DBN, the trained weights of the RBM
layers can be used to initialize the weights of a multi-layer
feedforward neural network. However, learning the weight
matrices one layer at a time is efficient but not optimal (Hin-
ton et al. 2006).

Back-propagation learning

To improve the prediction accuracy of the DBN model,
the back-propagation (BP) training algorithm is used to
train the DBN after the pre-training. BP is the supervised
learning process as Fig. 3 dotted arrow shows, which fine-
tunes the weights initialized by pre-training (Tamilselvan
and Wang 2013). In pre-training process, the corresponding
actual completion time AT of the historical information HI

are useless. However, theywould be used during the succeed-
ing supervised learning process. Unlike pre-training process
that considers one RBM at a time, BP considers all DBN
layers simultaneously. BP uses the actual completion time
AT for the training of the DBN model. The training error
is calculated using DBN model outputs PTV and the actual
completion timeAT . Note thatPTV is a set ofOCTprediction
values, i.e., PTV = {

ptv1, ptv2, . . . , ptvr
}
.

The weights of the DBN model are updated in order to
minimize the training error (Bengio et al. 2007). The super-
vised learning process is continued until the network output
reaches the maximum number of epochs.

Numerical experiment

The introduction of experiment environment and
sample data

In order to show the applicability and superiority of the OCT
prediction method, an RFID-driven job shop of a famous
equipment manufacturing enterprise in China is chosen as
an example. There are 12 MWs in the job shop. The config-
uration of each MW is listed in Table 1. The number under
the length of IBm (OBm) in Table 1 represents the maximum
number ofWIPs in the in-stock (out-stock), which is decided
by the production experience.

This job shop mainly produces 10 different kinds of parts.
The information of the parts can be found in Table 2, where
part number is the index of part type and the number under
machine model represents the planned processing time of the
part.
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input datainput datainput data input data

(a) (b) (c) (d)

Fig. 4 Training process of a DBN

Table 1 The configuration information of each machining workstation in the job shop

MW1 MW2 MW3

Length (IB1) CNC lathe Length (OB1) Length (IB2) CNC lathe Length (OB2) Length (IB3) CNC lathe Length (OB3)

70 CKA6163L 10 70 CKA6163L 10 70 CKA6163L 10

MW4 MW5 MW6

Length (IB4) Boring Length (OB4) Length (IB5) Boring Length (OB5) Length (IB6) CNC milling Length (OB6)

10 TPX6113 10 10 TPX6113 10 10 XD-40A 20

MW7 MW8 MW9

Length (IB7) CNC milling Length (OB7) Length (IB8) Processing center Length (OB8) Length (IB9) Processing center Length (OB9)

10 XD-40A 20 10 DGMA1320 30 10 DGMA1320 30

MW10 MW11 MW12

Length (IB10) Machining center Length (OB10) Length (IB11) NC boring and milling Length (OB11) Length (IB12) CNC milling Length (OB12)

15 VDWA50 10 15 TK6516 10 15 XW2416 10

Table 2 The planned processing time of each kind of parts

Part number Part type Planned processing time (h)

CKA 6163L TPX 6113 XD-40A DGMA 1320 VDWA 50 TK 6516 XW 2416

1 Cylinder block 5.5 6.5 0 4 5.2 2.5 3

2 Cylinder head 3 0 2 1.5 0 4 5.1

3 Shell 6.1 3.5 5.2 4.1 0 2.5 1.5

4 Crankcase 4 5.5 2 0 3.5 0 1.5

5 Crankshaft 2 0 1 3 3.1 0 0

6 Piston 3 0 1.5 0 4 1 2

7 Flange disk 4 1 3 7 1 0 0

8 Shaft 7.5 3 0 0 6.1 2 5

9 Cylinder liner 5 0 0 4.2 1 0 1

10 Bearing ring 4.5 0 0 0 1.5 2 0
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According to Tables 1 and 2; Eq. (14) can be detailed in
this job shop as M = 12, N = 10, p1 = 70, q1 = 10,
p2 = 70, q2 = 10, p3 = 70, q3 = 10, p4 = 10, q4 = 10,
p5 = 10, q5 = 10, p6 = 10, q6 = 20, p7 = 10, q7 = 20,
p8 = 10, q8 = 30, p9 = 10, q9 = 30, p10 = 15, q10 =
10, p11 = 15, q11 = 10, p12 = 15, q12 = 10. Thus, the
dimensionality of hir is 529.

Based on the historical data of the job shop captured by
RFID devices, the production information of 2000 orders
is chosen as sample data, as listed in Table 3. Eighteen
hundred data points are used as training samples and two
hundred data points as test samples, i.e., the training samples:
HI = {hi1,hi2, . . . ,hi1800}, AT = {at1, at2, . . . , at1800}
and test samples: HI′ = {

hi′1,hi′2, . . . ,hi′200
}
, AT ′ ={

at ′1, at ′2, . . . , at ′200
}
.

The experiment of DBN based OCT prediction

The appropriate number of hidden layers and units of each
layer need to be determined before using DBN. Considering

Fig. 5 The optimization process of the unit number for three hidden
layers

genetic algorithm (GA) has been well studied, and its out-
standing performance in parameter optimization has been
proved by large amounts of practices, here, GA is used to
find the appropriate parameters of DBN. According to the
previous work and experience, the range of hidden layers
number is set to [2, 4], and the range of the units number
for each layer is set to [0, 200]. The sum of the squared
errors (SSE) between the model outputs PTV and the actual
completion time AT is used to as the GA fitness criteria. A
simulation implementation is constructed based on GA tool-
box in MATLAB R2013a. The simulation parameters are
stochastic uniform selection, scattered crossover, constraint
dependent mutation, a population size of 20. The stopping
criteria are that the generations are 100 or the function toler-
ance is equal to 1×10−6. The optimization process is shown
in Fig. 5. From the optimization process, it can be found that
the parameters of DBN reach the best after 52 iterations. The
number of hidden layers is 3. And the corresponding unit
number of three hidden layers is 106, 80, and 88, respec-
tively.

According to the results of GA, the DBN model of the
OCT prediction is designed as 529 → 106 → 80 → 88 →
1. The training samples HI = {hi1,hi2, . . . ,hi1800} are
divided into 100 mini-batches to train the DBN. They are
given as an input to the DBN for pre-training. Then, HI =
{hi1,hi2, . . . ,hi1800} and AT = {at1, at2, . . . , at1800} are
used for BP learning. In the RBM learning process and back-
propagation learning process, the number of training epochs
is set to 1 in this experiment.

When the DBNmodel finishes the learning process, it can
be used to predict the OCT according to the real-time job
shop load conditions and the order information. Here, the
test samplesHI′ = {

hi′1,hi′2, . . . ,hi′200
}
are used to demon-

strate the performance of the DBN model. The prediction
results of the DBN model for the test samples are depicted
in Fig. 6 using black markers. It can be seen from the results
that the prediction values of OCT is very close to the actual

Fig. 6 The prediction results of the DBN model for the test samples
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Fig. 7 The prediction results of three comparison methods. a The prediction results of the BP method for the test samples. b The prediction results
of the MBP method for the test samples. c The prediction results of the PCABP method for the test samples
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Table 4 The statistical analysis
of different prediction results

Prediction method DBN (Fig. 6) BP (Fig. 7a) MBP (Fig. 7b) PCABP (Fig. 7c)

RMSE 38.611 229.658 195.762 279.344

MV (%) 4.39 22.47 19.47 31.48

SSE 2.982 × 105 1.054 × 107 7.665 × 106 1.561 × 107

completion time of the orders which is marked in red color,
and the change direction and amplitude of black line is nearly
the same as red line.

Comparison with other different methods

To illustrate the advantages of the proposedmethod, an exper-
iment comparedwith othermethods is conducted. According
to the previous discussion, NN is the most widely accept-
able method in the OCT prediction. Here, a BP networks
with only one hidden layer is used as the first comparison
method. The unit number of hidden layer is also optimized
by GA, and the range is set to [0, 300] according to expe-
rience. And the number is finally set to 126 based on the
optimization result. In order to compare the NN with DBN
which is based on multi hidden layers, a BP networks with
same network architecture as DBN, namely MBP, is used as
the second comparison method. Hence, the network archi-
tecture of the BP and MBP can be given as 529 → 126 → 1
and 529 → 106 → 80 → 88 → 1 respectively.

Since the historical production information of the job
shop is high-dimensional data, one possible method is to
reduce its dimensionality first, and then use NN to pre-
dict the OCT. The principal components analysis (PCA),
which is more popular in dimensionality reduction, is com-
bined with BP to be used as the third comparison method,
namely PCABP. Firstly, PCABP reduces the dimension-
ality of the training samples HI = {hi1,hi2, . . . ,hi1800}
and test samples HI′ = {

hi′1,hi′2, . . . ,hi′200
}
together into

lower dimensionality. Then, the low-dimensional data of the
training samples and the corresponding actual completion
time AT = {at1, at2, . . . , at1800} are used for BP learning.
Finally, the low-dimensional data of the test samples is used
by BP to predict the OCT.

All the methods proposed above have been implemented
in MATLAB R2013a and run on Intel(R) Xeon(R) CPU E5-
2630 v2 @2.60GHz, 192GB RAM, on Windows Server
2008 R2 datacenter. The training parameter of the BP
accepted in three comparison methods is set as the goal 0.01,
the epochs 500 and learning rate 0.01. The unit number of BP
hidden layer in PCABP is changed into 50 according to the
dimensionality reduction results of PCA and experiments.
The prediction results of three comparison methods can be
found in Fig. 7a–c, respectively.

The error between the prediction time and the actual com-
pletion time is the key factor, and it determines whether the
prediction method of OCT can succeed. Here, the root mean
square error (RMSE) of the prediction results is used to reflect
the accuracy. The mean value (MV) of the relative errors and
SSE are to represent their precision. The statistical analysis
of different prediction results (see Figs. 6, 7) is shown in
Table 4.

To minimize the variation of the results, ten replications
are conducted for each prediction method. The experiment
results are shown in Fig. 8.

Comparisons of ten experiment results are given in
Table 5. The statistical analysis of ten experiments results
(see Fig. 8), such as average RMSE, average MV, and aver-
age standard deviation (SD) of the relative errors, are used to
judge the performance of different predictionmethods. Addi-
tionally, the average training time and average decision time
are used to reflect the responsiveness of different prediction
methods.

A few conclusions can be seen from the experiment
results:

1. DBN based prediction method reaches the highest accu-
racy and precision in all prediction methods. Besides, its
training time and decision time is the shortest one. This
means that the DBN based OCT prediction method can
respond quickly to the change of a job shop load condi-
tions.

2. Facing a huge amount of real-time production data, the
training time of BP based prediction method is very long,
and the accuracy and precision of prediction results are
very low. Although the MBP based prediction method
can improve the performance by adding hidden layers,
the prediction results are still not good enough.

3. Using PCA to reduce the dimensionality of real-time
production data can effectively shorten the training time
and decision time of the BP based prediction method.
However, the accuracy and precision of prediction results
become lower since some useful information may be lost
during the dimensionality reduction.

4. There exists the overfitting problem in BP based predic-
tion method and PCABP based prediction method, as
Fig. 8 shows. While DBN based prediction method can
solve this problem successfully.
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Fig. 8 The results of all prediction methods in 10 experiments. a The
RMSE of the prediction results in 10 experiments. b The MV of the
relative errors in 10 experiments. c The SD of the relative errors in 10
experiments

Table 5 The performance of different prediction methods in 10 exper-
iments

Prediction
method

DBN BP MBP PCABP

Average
training
time
CPU
time (s)

0.7312 35.0129 23.5476 2.7153

Average
decision
time
CPU
time (s)

0.0183 17.3725 21.627 0.0704

Average
RMSE

37.103 225.804 178.922 285.071

Average
MV (%)

4.19 22.16 18.0 29.69

Average
SD

0.025 0.178 0.153 0.247

Conclusions

This article focuses on the OCT prediction using real-time
RFID data of job shop load conditions. A DBN based pre-
diction method of OCT is proposed. Firstly, RFID devices
capture the types and waiting list of all WIPs which are in in-
stocks and out-stocks and the real-time processing progress
of all WIPs which are in machining at all MWs, and the real-
time job shop load conditions is presented by those RFID
data. Next, the prediction model is established by using the
composition of orders and the real-time RFID data. Finally,
based on historical production data of the job shop, a DBN
based prediction method is trained to predict the OCT.

A numerical experiment based on real production data of
an RFID-driven job shop is used to verify the performance of
the DBN based prediction method. Additionally, the advan-
tages of the proposed method are fully demonstrated by
comparing with BP based prediction method, MBP based
prediction method, and PCABP based prediction method.

From the experiments conducted, the following important
managerial implications have been drawn.

1. This study provides a credible prediction value of OCT
by using real-timeRFID data of job shop load conditions.
It can help firm managers to choose suitable order based
on time and/or cost of production.

2. From the experiment results, it can be observed that DNN
can be successfully applied into the OCT prediction.
DNN can not only solve the problems that NN applied
in large-scale job shop would arise, but also decrease
the information loss that PCA would result in during the
dimensionality reduction.
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3. Historical production data is very important and criti-
cal to improve management and decision-making in job
shop. The decision-making which depends on the firm
managers’ experience and knowledge can also be real-
ized through historical production data analysis.

However, the method is in an early stage of implementa-
tion and has limitations for some applications:

1. The prediction value of OCT in this article is a reference
for firmmanagerswhen theynegotiatewith the customers
about business. The actual due date of the order should
be greater than the prediction value in order to cope with
unforeseen problems in production.

2. RFID in this article is only used to realize the automatic
acquisition of the job shop real-time load conditions.
For other acquisition methods, such as barcode, smart
sensors, the model of OCT need to be modified corre-
spondently.

3. The proposed method can do well in a stable manufac-
turing system. And frequent disturbances would debase
its effect.

Future work in this area includes three aspects: (1) the
impact of different operators to OCT should be taken into
account; (2) the production disturbances captured by RFID
can be used to improve the robustness of the proposed
method; (3) the experience of the firm managers can be used
in the prediction of OCT.
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