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Job Shop Scheduling Focusing on Role of Buffer*

Rei HINO**, Tetsuya KUSUMI*™*, Jae-Kyu YOO™* and Yoshiaki SHIMIZU***

A scheduling problem is formulated in order to consistently manage each manufacturing
resource, including machine tools, assembly robots, AGV, storehouses, material shelves, and
so on. The manufacturing resources are classified into three types: producer, location, and
mover. This paper focuses especially on the role of the buffer, and the differences among
these types are analyzed. A unified scheduling formulation is derived from the analytical
results based on the resource’s roles. Scheduling procedures based on dispatching rules are
also proposed in order to numerically evaluate job shop-type production having finite buffer
capacity. The influences of the capacity of bottle-necked production devices and the buffer

on productivity are discussed.
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1. Introduction

Semi-finished products must be temporarily stored
due to differences of processing time and order in multi-
step manufacturing processes. A shelf is a typical of man-
ufacturing resource for storing semi-finished products, but
an area marked by painted lines is often used for this pur-
pose in certain factories. In this paper, a buffer is defined
as a manufacturing resource for reserving material, semi-
finished products, and products, and a job-shop schedul-
ing problem involving a buffer having finite capacities is
studied.

Previous investigations have focused on scheduling
problems involving finite buffer capacities. For exam-
ple, a scheduling problem with a dedicated buffer for each
product has been examined by Tamaki et al.(>@ Fu et al.
also studied a case involving a commonly used buffer® @,
However, these conditions are special from an actual man-
ufacturing point of view.

In the present paper, a new type of scheduling prob-
lem is formulated based on the buffers used in gen-
eral manufacturing activities. The formulation is de-
rived from the roles of three types of manufacturing re-
sources, namely, production devices, conveyance devices,
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and buffers. A new dispatching procedure is also proposed
in order to create an appropriate schedule in light of this
new scheduling problem.

2. Scheduling Focusing on Storage Time

2.1 Nomenclature

In this paper, a job (which is regarded as a primitive
unit in the scheduling problem) is called a “process” in
order to emphasize the content for the product’s manufac-
ture. It is also called an “operation” in order to empha-
size the content handled by the machine. The word “job”
is used for the buffer’s storing of materials, semi-finished
products, and products.

The following symbols are used for representations of
the information processing method proposed here. Sub-
scripts are used for representing information regarding
both product and production resource, but certain sub-
scripts are omitted if no information gives. Further details
of the representation nomenclature will be described as the
need arises.

Jgf : v th operation processed by machine ¢

and i th process for product 7.

],ff : reservation of ng"
s, f,p . start, finish and duration time
for processing of j
5,f,p : start, finish and duration time
for reservation of j

P. Gullander et al. categorized manufacturing re-
sources into the following three types to create a model
of the manufacturing system®.

A Producer makes necessary physical or logical
changes to product properties.
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A Location only reserves products and cannot change
any properties of the products.

A Mover transports the products between producers
and locators.

In this study, the scheduling problem is analyzed in
terms of these three categories, and we try to clarify the
role of individual manufacturing resources in a manufac-
turing. According to P. Gullander’s categories, a “pro-
ducer” includes production devices such as machine tools
and robots, and “location” means a buffer, which is the
subject of this paper. “Mover” includes automated guided
vehicles (AGVs) and conveyer belts. A container is de-
fined as a unit resource that can reserve just one job. One
buffer consists of multiple containers; therefore, the ca-
pacity of the buffer equals the number of containers. The
“manufacturing resource” is the general term for these de-
vices. Put another way, every manufacturing resource can
be categorized into one of three different types.

2.2 Basic structure of the production system

Figure 1 shows a schematic illustration of a produc-
tion system in which every production device has both an
input buffer and an output buffer which reserve row mate-
rials, semi-finished materials, and products. The produc-
tion devices take the materials from the buffer and also
receives them directly from conveyance devices. In the
same way, they place the semi-finished products onto a
buffer and also leave them on conveyance devices. In addi-
tion to the exchange of the semi-finished product between
production devices, the conveyance device, and the buffer,
we take account the exchange between production devices
and conveyance devices in order to formulate the schedul-
ing problem without any buffers. Fu et al. focuses on a
common buffer illustrated in Fig. 1 as a storehouse in a
production system without conveyance devices®»®.

2.3 Influence of preceding operation

In a conventional scheduling problem, in addition to
the condition that one manufacturing resource can only
handle one job at a time, the following two presumptions
are important®.
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a) resource sequences for production are given.
b) processing time for each process is given.

Under these two presumptions, a scheduling prob-
lem is defined for a manufacturing system composed of
only production devices. When conveyance devices are
adopted in addition to the production devices, the schedul-
ing procedure must be modified in order to take account
of the influence of the preceding operation. When the re-
source sequences including conveyance (condition a) and
the transportation time (condition b) are given, the sched-
ule can be planned as a conventional procedure. However,
the conveyance device must move to receive toward the
resource that finishes the process. The moving time is the
same duration as the transportation time, and in order to
create a correct schedule the moving time cannot be disre-
garded. The moving time depends on the position of the
conveyance device, or it is influenced by the preceding op-
eration of the conveyance device. Therefore, the moving
time is determined during the scheduling procedure!”.

After the introduction of the modification, a time cor-
responding to the moving time of the conveyance device
is identified regarding the production device. In a conven-
tional scheduling problem, in general the time might be
ignored due to its brevity, or it can be included in process-
ing time because its value is constant.

In contrast, the influence of the processing order of
the production device cannot be disregarded; the same
modified procedure must be adopted to create the sched-
ule in a system composed of only production devices. A
painting process is a typical example of the influence of
the preceding operation. The painting machine can imme-
diately begin a new operation if it is to paint the same color
as the preceding one; however, it must wash its nozzle if it
is to apply a different color.

2.4 Influence of succeeding process

The role of the buffer (location) is to temporarily re-
serve row materials, semi-finished products during pro-
duction, and finished products after production. The reser-
vation time is defined as the duration from the time the
semi-finished product processed is received by the produc-
tion device to [the time it leaves] with another production
device assigned to the succeeding process. Obviously, the
reservation time cannot be determined before the schedule
is planned.

Figure 2 (a) shows an illustration of a manufacturing
system composed of three essential production resources.
A container ¢ reserves the semi-finished product after
a production device machine & processes it, and a con-
veyance device AGV ¢ then receives it for transportation.
As shown in the Fig. 2 (b), the reservation of the job j_;f I
by container y begins immediately after finishing reserv-
ing the preceding operation and the container must main-
tain its status until leaving the reserved product with AGV
{. Limited buffer capacity causes the same constraint to
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Fig. 3 Scheduling time decided among three resources

the production device. For example, the machine £ must
wait to operate the job j&*! until the container ¥ begins

to reserve of the job ja'[’tﬁl, Which is represented as the

successor process of the job ] . Obviously, the job J
remains on the machine & untﬂ the startmg time of the
reservation of J"’ W+l The status of the j ? corresponds to
the reservation by the container . This s1tuat10n has to do
with the conveyance device.

In the previous section, we discussed the roles of the
production device and conveyance device in the schedul-
ing procedure. For the reasons mentioned above, the
buffer is also identified as a manufacturing resource. That
is to say, the reservation status must be taken into account
when regarding the production device and conveyance de-
vice. Return to the discussion about the buffer, the buffer
can be handled as the manufacturing resource processing
nothing, or the processing time is zero in scheduling pro-
cedure.

2.5 Formulation of preparation and reservation

Stating time, reserve time, and finishing time are for-
mulated according to the influence of both preceding oper-
ations and succeeding processes. The formulation here is
based on the relationship between the three manufacturing
resources shown in Fig. 3.

First of all, a later time is calculated from the finishing
time of the preceding job j¥*~! operated by resource y
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and the preceding job ji
£. The stating time of the job j, v

a time defined by both the JOb Ja,
Jz//v 1

1 processed by another resource
'." is determined by using
7 and the preceding job

5‘/'. —max(f'z’L 1 fgl 1)+F(]’“_ ,jwv), 0

where max() indicates the function for calculating the later
time within brackets. The function F() is defined by each
manufacturing resource. For an example, the following
function F() can be defined concerning the conveyance
device?,

FGH o) =/ vg, 2
where, the job j¥*~! represents one conveyance from a
resource v to another resource. The job ](“ also represents
a conveyance for a resource u to another resource. The
symbol [, indicates the distance from the resource v and
1, and vy, is the velocity of the conveyance device .

The job’s finishing time is defined by ‘the following
equation using the value given by presumption.

fol=syi+ply . 3

The starting time of the reservation equals the finish-
ing time of the job.

sU =l @)

The finishing time of the reservation equals the start-

ing time of the successor process ](Y ;.1 assigned to the re-

source {
Fov_ ¢
Joi =Saiet - )
The reserving time is given as follows:
—':l’” fa'/’l“ -"fl” : (6)

2.6 Unfeamble schedule

There exists some unfeasible schedules because the
starting time of the jobs cannot be determined due to the
inadequate processing order of the operations. Fu dis-
cusses deadlock status under the condition without a buffer
and that with limited buffer capacities® . In this paper,
we argue reservation by the production device and con-
veyance device in addition to the buffer; therefore, other
unfeasible schedules are discussed.

Figure 4 (a) shows an unfeasible schedule for two
products processed by two manufacturing resources in the
same sequences. Under this schedule, a single resource
cannot change the processing order. For example, re-
source ¥ cannot process the job j/‘f, G AW th, and the job

S,
]a,i+]

can begin to process the job jB’;”

at w+1 th as shown in Fig.4 (a). The resource &
after the resource ¥ re-
ceives the preceding job ]f‘;f processed by the resource &.
Therefore, the resource ¥ cannot process the job ];’ 41 DE

fore the job j w1+ This constraint is subjected to not only
the buffer but also to the production device and the con-
veyance device.
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Fig. 4 Examples of procedure that causes unfeasible schedule

Figure 4 (b) shows another unfeasible schedule in
which two resources exchange jobs with each other. For
an example, a conveyance device transfers a new task to a
production device and receives a finished task processed
by the production device simultaneously. Although Fu
prohibits this schedule in his scheduling procedure, we ac-
cept this exchange between two resources. However, an-
other new job j;’f;( cannot be inserted between the job jZ ’]f“

and ]a +1 . This is for the same reason as the case shown

in Fig. 4 (a).
3. Dispatching Rule for Schedule with Reservation

In order to confirm the feasibility of the planned
schedule involving reservation by the manufacturing re-
sources, we propose a new criterion for dispatching jobs
to the respective resources.

As a basic rule, no new job can be assigned immedi-
ately after the job whose duration of reservation is not de-
termined. However, one job can be temporarily assigned
to a resource when no resource can accept a new job be-
cause the time of the job assigned last is not determined,
although only one job is given a temporary assignment.
As an exception to this rule, when two jobs are exchanged
between two resources, these jobs are assignable even if
there reservation times are not determined. The proposed
scheduling procedure consists of two routines, or choosing
jobs assuring the feasibility of the schedule and dispatch-
ing one job to one resource.

3.1 Choice of jobs assuring schedule feasibility

initialization Three sets A, B and C are defined.
Set A includes either the first process or a job whose previ-
ous process is assigned to a resource for every product. Set
B consists of jobs assuring the feasibility of the schedule
after assigning the job to the resource; at the initial step,
B =¢. Set C, in contrast, consists of the job causing the
unfeasible schedule by assigning the job to the resource;
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initially C = ¢.
Step 1 Choose a job sz form set A, where * indi-

cates the order of the job is undecided regarding the re-
source . A ]g; is the last job assigned to the resource &

at this point. If the time )if]” which is the conclusion of
the reservation of the job ]gj” is determined, the job J(‘ff
is moved from set A to B. This operation is accomplished
regarding all the jobs included in set A.

Step 2 According to the next routine described as a
scheduling procedure in Step 8, one of the jobs in set B is
assigned to a resource, if there exists at least one job. On
the other hand, no assignable job might be found because
none of the finishing times of the reservation of any of last
jobs assigned to the resource have yet been determined.
A job assuring the feasibility of the schedule is extracted
by the procedure described as Step 3. That is to say, if
the set B is not empty, then the first half of the procedure
is completed, otherwise move the procedure described in
Step 3.

Step 3 Extract the job ]jl* from set A, record the
job as J, and move to Step 4.

Step 4 If the job jﬁ:]”. processed by the resource £ is

included in set B, the schedule is unfeasible, or if jﬂ”; €B
then move to Step 5, otherwise move to Step 6.

Step 5 Return both set A and B to the status after
the procedure is completed at Step 1. The job J is taken
from set A and placed into C Return to Step 3.

Step 6 Add the job ; ; ¥ into set B as v+ 1th job op-

erated by resource £. If the next process of job ]ﬁ"j, which
means vth job operated by the resource &, is included in
set B, the schedule is feasible. Therefore, if ]/3 +1 ¢ B then
move to Step 7, otherwise move to Step 8.

Step 7 Assign job ]g to the resource ¢ as the v+
1th operation, and temporarlly calculate the starting time
sEot! , finishing f " St , and starting time of the reservation

(l'l

Si :+1 For this calculatlon assume that the finishing time

of the reservation fﬁ of JOb j ,Whlch means the last job
operated by the resource ¢ at thlb point equals the starting

_&
time S5

If the next process of job jg’?ﬂ, which is described as

exists, add it to set A.

ey
]ar i+1°

Focus on the _]Ob Jg It ", which is the previous operation

of the job Jf::] +! ass1gned to the resource &, and then take

the next process ]ﬂ -, of the job as job J(ff back to the
procedure described in Step 4.

The second routine is for the assignment of the job in
set B, which assures the feasibility of the schedule taking
into account the reservation. Any conventional dispatch-
ing rules are available for application here.

3.2 Scheduling procedure
Step 8 Select only one job ]§ from set B according
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Table 1 Job sequence
product 1: resource 1 (10) — resource 3 (10)
product 2: resource 2 (15) — resource 3 (20)
product 3: resource 3 (20) — resource 2 (10)

number in () shows processing time

to a dispatching rule.

Step 9 Determine the starting time s
time jf’ , and starting time of the reservatlon 5, or
the job ] ; ¥ according to Eqgs. (1), (3) and (4). If the job

w w

Jaic1 Wthh represents the previous process of the JOb J

ﬁmshmg
{-‘ v+l f

a,i’
ex1sts, then fix the finishing time of reservation f:": | by
Eq. (5).

Step 10  Finish the scheduling procedure if all jobs
are assigned to resources, otherwise return to Step 1 and
renew set B.

An example of the proposed scheduling procedure is
explained. Table 1 shows a simple problem involving
three products processed by three resources. Every prod-
uct is produced by two of three resources. Numbers in ( )
shown in the table indicate the processing time occupying
the resource.

First processes for every product are selected for set
A initially, or A= {]1 1 ,12 | ,j3 | }. At this point, set B=A,
because no job is assigned to a resource. As an example
of the dispatching rule, a job jll,f , which can be finished
at the earliest time, is selected. Consequently, a job j13 7
which is the next process of the job jl [, is added into set
A,orset A= {11,2,]271 ,j3,1 }, when set B is modified.

Figure 5 (a) shows a schedule after three processes are
assigned to the resources according to Step 1 and Step 2.
The finishing time of the reservation of every process is
not determined regarding each resource, and set B = ¢.
Therefore, set B is formed according to the procedure fol-
lowing Step 3.

First, ]13; is selected as one candidate, and the job
is Added to set B as j = 1132* The schedule after the as-
signment of ;'3 is shown in Fig.5 (b). Second, at Step 7
consequent to Step 4 and Step 6, 1322* , which is the next

process of the job j3311 assigned to resource 3, is selected
and assigned to resource 2. The job ji  is also selected in
the same way.

At this point, job lezz is the last operation processed
by resource 3, which processes the job 13; , and the job is
included in set B. Therefore these jobs lead to an unfeasi-

ble schedule according to the determination in Step 4, and
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resource 1 ll j A_{le’ J2js J32

B={0}
C={¢}

resource 2

resource 3

time
(a) Gantt chart assigned first process of every job

resource 1 11111 : A= {Jzz’Jsz
_____ B=
resource 2 2.1 C—z);’z

resource 3

time
(b) Selection of assignable jobs

— A=
resource 1 Ijll”lll 1111l : B= {{j)} 2%
""" 1,2
. 2,1 - .22

122’132
3 et

resource 2

| .33
resource 3 5 Jss
time
(c) Detection of infeasible combination
resource 1 j11'11 A= {1223132
= B={¢}
resource 2 . 3%
C={/1>
resource 3
time
(d) Re-selection of assignable jobs
rl =21 —
resource 1 jll’l1 /]2,1 A {¢}
] . B= {J 2 2 > J 1 2
resource 2 2 _
, C‘{J 1,2
resource 3| ;3 J ;3.2
time

(e) Detection of feaible combination

Fig. 5 Example of procedure according to proposed algorithm

the job j = ]132* is moved to set C at Step 5. The schedule
and the sets are shown in Fig. 5 (d).

Figure 5 (c) shows an unfeasible schedule after the j =
j 132* is assigned to resource 3. The schedule corresponds to
the prohibition as shown in Fig. 5 (d), or a job is inserted
between two jobs exchanged by two resources each other.

Figure 5 (e) shows the schedule obtained after the job
1322* is selected as the job J, and assigned to resource 2. The
set B contains the jobs assuring the feasibility schedule.

The job is also assigned to resource 3 and the sched-
ule procedure is completed.

4. Computational Simulations

Computational simulations are examined in order to
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Fig. 6 An example of production system

verify the proposed scheduling problem involving reserva-
tion by the manufacturing resources. For simplification of
the scheduling problem, the conveyance is not taken into
account. Furthermore, in order to avoid continuous reser-
vation from the output buffer of the resource to the input
buffers of another resource, the output buffers are not pre-
pared. Figure 6 shows a schematic illustration of the sys-
tem, and every production device has its own input buffer.
Therefore, the semi-finished product processed by the re-
source is given to another resource directly or reserved in
the input buffer of another resource. The buffer consists
of multiple containers and each container can reserve one
job at a time. Each buffer consists of different numbers of
containers, or the capacity of the buffer equals the number
of containers. The products which have completed all pro-
cesses are reserved in a storehouse which is one of buffers,
and the capacity of the storehouse is more than the number
of products as per the assumption.

In scheduling, either one resource or its input buffer
is selected as a manufacturing resource after another re-
sources finishes the operation. In this study, a more prof-
itable resource is selected according to the evaluation to
both the resource and its buffer. If the buffer consists of
multiple containers, every container is evaluated for selec-
tion. A dispatching rule, called the earliest stating time of
the job, is adopted for the scheduling in this study.

Job-shop scheduling problems are examined for man-
ufacturing by ten production devices for one hundred
products. Every product is processed by every resource at
one time and the scheduling problems are generated using
numbers generated randomly by a computer. We evalu-
ate the average value of one thousand scheduling results.
It is assumed that one production device has low perfor-
mance in comparison with the others, or that the device
takes twice the average processing time.

The capacity of the buffer, or the number of the con-
tainers, is changed in scheduling in order to clarify the
role of the buffer. At the beginning of the computational
simulations, no production device has a buffer as an initial
state. Consequently, the reservation time for each job is
evaluated in terms of the planned schedule. As discussed
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Fig. 7 Examples of simulation results

in section 2, the reservation status is determined when an-
other resource cannot receive any other jobs. Therefore,
increasing the number of containers comprising the input
buffer of the next production device is effective in reduc-
ing the job’s reservation time.

Figure 7 shows the computational results. As seen
in Fig. 7 (a), the reservation times of the jobs in terms of
the production devices tends to decrease corresponding to
the increment of the buffer capacities. Total production
time, i.e., the sum of the time until every finished product
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is delivered to the storehouse, increases once and main-
tains a constant value after the reservation time become
zero. Figure 7 (b) shows the number of the semi-finished
products, or WIP (works in process), on every production
device and buffer from the beginning of the operation. As
the buffer capacity increases, the time necessary for com-
pleting the processes of all products decreases. Further-
more, the number of WIP increases according to incre-
ment of buffer capacities. A production device can reserve
the semi-finished product to begin the operation of a new
job because it contains sufficient buffer capacity. Further-
more, it can choose the appropriate job to shorten total
production time. This means that the waiting times of
some products become longer. Total production time at
a maximum buffer capacity of 100 also supports our argu-
ment as shown in Fig. 7 (a).

Figure 7 (c) shows the relationship between number
of WIP reserved in the buffer during production time and
buffer capacity regarding non-bottle-necked and bottle-
necked production devices, respectively. A larger number
of semi-finished products stays in the buffer of the bottle-
necked production devices than in the non-bottle-necked
one. However, the number of semi-finished products re-
mains constant in both of them when the buffer capacity is
small. On the other hand, corresponding to the increment
of buffer capacity, the number of WIP reached a peak im-
mediately after the start of production by the non-bottle-
necked production device, while the bottle[-]necked pro-
duction device reached its peak later. That is to say, even if
the production device has high productivity it cannot be-
gin on a new job until the succeeding production device
receives its product, because of low buffer capacity.

It is not altogether true that the increment of buffer
capacity contributes to the reduction of total production
time. The buffer capacity should rather be limited than in-
creased in order to maintain the amount of WIP, because
production devices cannot begin a new operation until the
succeeding production devices or buffers receive the semi-
finished products. This corresponding to the style of pro-
duction in TOYOTA systems in which a new operation
proceeds according to the succeeding processes.

In this paper, it is clear that both production devices
and buffers can be categorized as the same manufactur-
ing resource from a scheduling point of view. As shown
by the results of computational simulations, the amount of
buffer capacity is related closely to the reservation time by
the production device in the preceding operation. Since
the production device is used after the reservation by the
buffers, the performance of production devices must be
improved in order to reduce the amount of reservation in
the buffers. This is also supported by the Theory of Con-
straints (TOC)®.

5. Conclusions

In this paper, production devices, conveyance de-
vices, and buffers are identified as a same manufacturing
resource from a scheduling view point. The results of this
paper can be summarized as follows.

1) Anew scheduling problem commonly adopted for
production devices, conveyance devices, and buffers is
formulated focusing on reservation time and preparation
time.

2) A scheduling procedure is proposed for planning
a feasible schedule including buffer capacity.

3) The role of a buffer in manufacturing activities is
investigated using computational simulations. As proof
of the validity of the proposed scheduling technique, it
is shown that the production is able to be so executed as
to keep amount work in process constant by controlling
buffer capacities.
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