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Tradilionally, process plorning and shop foor schediling are wiewed o5
separate ond discrele monufocturing activities. Contlict arises between these
twa activities, as pocess planning is o technique-based, cost or quality-driven
aciivity and schediling is a moethematical due-date diven activity. This paper
describis an approach in which process planning and shop Oeae scheduling are
integrated in order to achieve o unified menafocludng atn. The infegration
of pracess planning and scheduling makes wiry for the effective use of prodiction
rescarces and creation of sealistic process plans that can be readily execuled
with less modifications in o compader irfegrated manpfaciuing system. I this
paper the probiems behind planning and scheduling in complex process
envimpments are gnalyeed and proposed o enhance the treditional schedulers
by planning capabililies o solve these problems.

—

Introduction

Manulacharing process plans are usually defined by the sequence ol operations 4 jok
has o go through to translorm raw materials to s finished prisiuct. Restricting provess
plans ate a sequence of aperations that olten over ronstrain the process plan beyond
what the proressing technalogy would require. It the strict erdering lormat inwhich
ageerations are prescribed in conventional process plans are melaxed, then it ran resull
in substantial reduction of lead time in manufacturing, Machine scheduling can take
advantage of this fact by optimzing the job schedule and the order of operations o
earh job simultanecusly, Although there is a strang relation between process planming
and scheduling, conventionally the two functions have been studicd independently
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In the most carrent Advanced Planning and Scheduling (APS) systems, the planning
and scheduling components are implemented separately in different modules,
The planning module is responsibbe tor preparing plans, Le., the sequences of activities
to satisfy orders. The scheduling module schedules these activities, i.e., it assigns the
activities to the resources and it determines the exact start and end fmes of the activities
as well as pther paramaters of the activities. [f the scheduler finds that it is not possible
to schedule all the activities, then it backtracks to the planner to find another plan.
Thus, the process plan and schedule are prepared for & static production environment
with readily available manufacturing resources. This is an oversimplification, as
manufacturing s dynamic n nature. Once a part is loaded to the manufacturing
environment, it is inevitably subjected to unexpected production disturbances such as
machine breakdowns, rash order afrivals and order cancellations. A process plan may
become inefficient or infeasible due te changes (Wong ef al., 2006). To cope with the
unexpected disturbances, it is necessary to revise the process plan and schedule
dynamically.

The process of generating a new feasible schedule in response fo unexpected
disturbances is usually Enown as reactive scheduling or rescheduling (Aytug ef al,,
2005). Rescheduling solutions are usually solved in real time to provide comective
measures to the manufecturing systems (Bruccoled ef ai., 2003}, The rescheduling
solutions generally take the form of either generating an entirely new feasible scheduls
that is used until the next disruption cocwrs or medifies the existing schedule for the
affocted operations [Li et al., 1983]

Many manufacturers now try 1o optimize the total system to cope with a global
manafach TiEg Thils is called supply cham. This oplimizes nutmﬂ}"lhepl&nlup"mtiqlns.
but also all the activities Irom supplier 10 customer. As a result, manufacturing
compantes powadays are migraling from separated planning process to more
coordinated and inleqrated planning processes, to provide high qualiby products at
lowear costs [Chivng and Yoonha, 204051

L this paper. the authors proposs to combing both the planning and schedubing
el primarily periorms a scheduling

cotmpanents into a single conceptual model. Thy

Lask and also has some planning capatilines.

Need for Integration of Process Planning and Scheduling

g 15 4 IUncnon witiin a manulacturing facility thal seleds the

vmsad to Cconvert a part of its initial form
smeering drawing (Chang, 1990].
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scheduling. Therefore, the process planning becomes an unavoidable constraint for
scheduling. Figure 1 shows a traditional view of planning and scheduling in Industry
with separate modules.

Pigure 1: A Tradiiomal View of Planning and Scheduling in Industry
with Separate Modales

~ HE—

The essential advantage of this integration is to eliminate the problems that arise
&5, process planning and scheduling are performed separately in the manufacturing
system. These problemns are:

* Process planners assume an ldeal factory with unlimited resources on the shop
flooc They plan for the most recommended altermative process, Thus, various
process planners select desitable machines repeatedly, As scheduling loliows
the process planning, actual process plans when carmed out reswlt in gueaes at
various workstations and thus these optimal process plans become infeasible.

* The throughput target of orders in & workshop often suffers from disruptions
cauzad by bottleneck machines. non-availability of teols and personnel, o
bireakdown of machines and equipment. A readily generated schedule becomes
invalid and has ta be reqenarated

* Thetime delay between the planning and the execution phase may caise trouble,
Due to the dynamic natuee of & production envirenment, it is very Likely that
when a design is ready to be manufactured, the constraints that weare used in
generating the plan have already changed greatly, thus, rendering the plan
suboptmal or tatally invalid,

* Dften process planming and scheduling have conflicting ohjectives. Process
planning emphasizes the technalogical requirements of & task, while schaduting
involves the timing aspects of it (Mandsh and Sunil, 2003,

*  Without feadbiack from the shog, it is difficult to measure the quality of a process
lan.

Without the lntegration of process planning and scheduling, a true Computer
Integrated Manufactuning (CIME svstem, which strives to integrate the varsous phasas
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of manufacturing in 4 single comprehensive system will not cHectively materialize
[Torri el @f., 1983; and Houw and Wang, 1891).

Many melhods have been reparted for the integration of process planning and
scheduling. Larsen and Alting (1990} bave identified three approaches of nbegration.
The first, nonlinear process planning, generates and mnks all possible alternative
plans for the part, prior to production independent of shop floor status. Then, at the
time of prodaction, the scheduler works his way through the alternatives, until one is
found which meels the current constraints of production, FLEXPLAN is one example
of such a system (Tonshoff ef al., 1989), The second approach, cheed lop process
planning, generates a plan for a job in the real time at the time of preduction based on
the feedback from the shop foor about the status of resources in the shop.
Example system includes Real-Time Computer-Alded Process Planning (RTCAFP)
(Khoshnevis, 1990) and Distributed Process Planning (DPP) (Tonshoff el al., 1989).
The problem with the two aforementioned methads is that a satislactory schedule may
nat be achieved, o.g., boltlensck machine may be resulbed, since the machine utilization
i nod considerad. The last approach, distributed process planning imvolves performing
planning and scheduling activities in parallel. Infegrated Process Planning and
Manufacturing (IFPM) (Zhang ef of., 1999 and later Imtegrated Process Planning
and Scheduling (IPPS] (Huang ef al., 1995) are examples of such systems. Howewer,
s the problem complexity increases, this method may become a computational expense

In this paper, the authors have made an attempt to address the integration issues
of process planning and scheduling for a multi product manularturing industry.
The Heavy Machine Shog (HMS| of Bharath Heavy Electrical Limited (BHEL),
Hyderabed, lndia is considered for the study and the scheduling module has been
successfully developed. The fellowing sections present the details of the issues
concerned 1o the present problem,

Problem Definition

In a customized manufacturing environment. most jobs have a different sequence of
operation steps and may have a set of alternate process plans. Fiqure 2 shows an
e}:ampl@ of the general structons of the network lor costemised ma nolacturing.

Fiqure 2: Structure of Supply Chain Network for Manufachuring
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This kind al structure is common in heavy industries, e.g., turbine manufacturing and
generator manufacturing, The production cycle in this chain, consists of three main
units: with the supplier the raw materials are transformed into specified work peeces;
with the manufscturers, machining processes-drilling, milling, boring and grinding
are execubid b remove pieces of the work picoes; and with the assembler, final products
are praduced. Among the units of supply chain in the above Figure, the manufactures
plays & vital rode because it is a bottleneck unit. Therefore, the mamatacturer wnil &=
Mmmammmm.mpun:mmmm.mﬂﬂ
have different functions, processing time and capabilities. Henoe, an actual optimizaton
should be done considering the dynamic status of multiple plants chain (Chivng and
Yoomhi, 2005).

The Preduction Planning and Control (FPC) depantment of the user industry has bo
prepare scheduling of jobs on the high costienitical equipment availabie on the shag
flgor under various constralnts. From the time a customer places an arder for a particular
product, the order is uniquety identified and all the parts regarding the product are
also identified. The shop floars and machines are also uniquely dentified. The user
industry manulsctures several types of products like sleam lerbines, gas trbines,
rompressors and generators etc. Each custenser order is identified by a unique mimber
ralied Work Order Mumbrer [WONO). Each work order [i.e., product] consists of several
subassemblies and they are identified by a unique number knowno as Product Group
Main Assembly (PGMAJ Further, each product group consists of individual parts
sdbenitified by PART MO andd Oee aperation sequence of each part is identified by Operation
Mumber (CFNOIL The number of operations that ans perdormed for each major component
may tange from 25 to 125, For example, the number of operations to ba performed
on an outer casing of a turbine is around 125 amd for valve chest it is about 25.
1f there are 20 work orders to he schedoled in the next & months and
each work order consists of aboul 600 to 800 parts and if a part recirculates
[Pinada, 1995} a mackine more than once for an operation, then it is very difficult to
prepare the process plans for all of them and to schedule them on finite resoarces.
The industry may have more than one workplace (machine| in a work center
greoup of machines| possessing simikar processing capabilities. In general, work cemters
are idendified by a numbsr as WONO and workplaces are identified as WPHO.

The size of the probiem of scheduling is mathematically equivakent to N, jobs to b
seheduled an _\1__ machines, whene,

N=3 S FuorN
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Wi, = " work arder

P, =" PGMA in ™ work crder

N = F* part in f* PGMA of #* work arder
ﬁ{_:iizml WP, M,

bul el Eml
i=1, 2, .. m [No. of work centers)

j- | Y2 LA i, M niwm}q}hms}
k=11, ... m, [No of machines of type jj
W, = i work order

WP = I PGMA in F* work order

M, = §* purl in 7 PGMA of i™ work order

Process Planning Module

Frocess planning is the process of determining the sequence of individual
manutacturing operations weeded to produce a part, defermining the machining
parameters, tools and feoures. The separation of planning and scheduling is natural;
fhe plenner generates (he activities and the scheduler allocates these activities to
dvallable resources. However, there are alss disadvantages of such decomposition
and these drawbacks become sven more evident in seme problem areas like
COmplen-Process SVITGEents.

First, backiracking from the scheduler to the planner is required if the clash in the
plan ds found during scheduling or if the plan does not ulilize the msonrces fully,
Surh backtracking e not desirable because it complicates the communication between
musinles (e scheduler should inform the planner aboul the reason of backtracking)
and 1t decreases te overall efliciency of the systens, To nestrict the number of backeracks,
we noad a more informed planner, which means the planner that uses similar
information about the resourees like the scheduler

The user Ipdustry eonsidered produces various types of turbines; the precessing
sequences of mapar parts of these turbines are mosily the same. The user industry
Misiinitalns the history of process planning of all the work orders that were processed
on the shog floor Hence, whenever 4 mew work order enters into the sypstem, the
process plan of it i= developed by metrieving the information from an eguivalent work

e froan the datsbase, [fa particular workplace required lae te new work order s

by ie processing the extsting work orders within the time horizon considered, thes
posst alternatives (1e., & workplace with similar capabilities] must be identified
iar e eTaiing te process plan ber the new work erder, This reduces the namber of
Laskos v hie resolved while schoduling, Thus, it minimizes the backtracking between
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Table 1: Typiral Struclure of the Process Plan

Operatlon | Setap Tital

WONG | PGMA (Parl Mo OPNO | WPNO | WCNO | Time Time | Time
(mim) | (min) | [min.]

WONO1 [ 3p101 | 1001 2 H463 | a2 ann 40 340
WONOT | 30101 | 1001 | D412 | 3006 4B0 i5 525
WIONOL [ 30101 | 1004 1 4828 | 3,116 2,100 1] 2,160
WOND | 30101 | 100 5 oot | 3006 | 1050 an 1140
WONDT | 30101 | 10M & 4,828 | 3116 1,600 ] 1,660
WOMO | 3am01 | 10M1 7 58491 | 3116 B0 T 830
WORCH l olal | 1 B 3471 | 3116 200 0 220

the planner and the scheduler at the later stage. A typécal structure of the process plan
maintained in the databiss is as shown in the Table 1,

It is proposed to develop software system, which can address the integration of
process planning and scheduling fo represent a realistic manufscturing environment,
The input can be accessed directly from the aracle database and the process plan for
the new work order can be generated by the concept of equivalent work order.
Tha sedection of the process planning method has been done based on the nature of
the problem. Hare, we have chosen a retrleval method as the duwmber of work orders
are less and parts ineach work order are more

Scheduling Module
As the scheduli ng pmhl.em is ol a larger size and the number of constraints imvedved is
large, the schedule gensration program fllows & Heuristic procedurs, Though some
of the clashes were resobved while generating the pracess plan, still the clashes may
enist while scheduling different wark orders. This may be due o non-availahility of
the idle machines within the time horizon, The Heuriste procedune wses priosity ole
whenever thers is i contentlon fer the same machine by dillerent pars of the same
product oradifferent product. The authors have developed a multl-prod ect sched wling
system for the user industty earlier which mainly concentrates on the scheduling
aspect of various jobs an hand and on erder (Mahesh et al, 2002). The scheduling
program fakes care of the following constraints while generating activity schedule for
a given number of work orders:
. The sedquence af operatons for manofacturing a product 1= feed
The parn or job may visil the same machine several times
- An aperation may net begin until its predecessors are completed
. The prionity of a work order Is not fixed.
The efficiencees of tha workpliaces may vany with time and thera 5.8 possibaliz
of a breakdown,
a. The enflluence of lahar 13 1gr|n|:e{i.

e B pE e

n
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7. The industry works for bwo shifts in a day.

8. Change in materal svailability dates.

The scheduling system is developed as per the requirements sperified by the nser
industry. 1t is & priority based dynamic scheduling with resource optimization and
miniguization of mean fiow time and makespan. Any oumber of work orders can be
considered for scheduling. The clash between the work orders waiting b be processad
an thie same workplace is resalved based on the priorities of the work arders. There s a
provision for changing the priority assigned 1o work onder at avy stogpe of ProCessing.
The workplace efficiencies are also taken inlo consideration, S0 a3 o make the system
wrk with real time machine data. The material availability dates can be modified as per
thie recpuisenent and rescheduling done, & per the mexdifiest material availability date
considering the priontes and lasiies, The workplace efficiency can be changed keepiog
i view the working conditions of the machine prevailing o that date. This helps for the
maximEcation of the utilization of the available work centerstwaorkplaces, hence the
makespan obtained will be optimal. This system facilitates the wser to el the near optimal
delivery date of any new work order which is experted fo arrive in the near frture.
Companen wise schedules with the starting and ending dates are provided,

nwiniugmtedpmcqmpummgmathmﬂmgwmmummadﬂsﬂwmm
management tosl; Shortest Prooessing Time [SPT), Longest Processing Time (LPT)
and priofity heuristics as schadule generation tools and visual basic for Graphical
User Interace (G s) and overall management of the software, Tt is observed that the:
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application of 5T and LPT rules along with work order priorities is ahways leading to
reduction in mean Bew time and makespan.

The various integrated modules shown in Figure 3 shall take came of the oversall
manmpement of the software.

Interiace Module

This modube acts as an inbegrator of process planning and scheduling. It facilitates the
inteqration by providing feedback to the process planning module in the form of
constraints that the process plans have io fallow, The constraints ane developed hased
on the schedule of performance measures. The schedule performance measures
rﬂdmﬂﬁhﬂmwﬁmﬂmm.ﬂﬂmmwmﬁm
madule suggests the process planning modub: o regenerate the process plans for the
parts based on the schedule perfomance criteria.

For example, the utilization of each machine in the shop & deduced from the
generaled schedule, The machines that are overutilized and under-utilized are
identified. From Use group of over-utilized machines, the most over-utilized machine
ix Laken and the jobs on this machine are Hsted, The time taken for processing of each
job om the machine 15 found out, The job, which is processed on the machine for the
maximm tme is idenfified. This job is chosen for modification and a specilic constraint
is fired, e.g., an altemate machine showld be lound lor performing the operation of the
jos in plare of a0 already selected machine. Thus, a suggestion is given to the process
p]mnimnmmeummmﬁpnufﬂmmumbeperﬁmmdmmmm
il alternatives with similar capabilities are availabbe. Process planning module takes
these constraints into consideration and regenerates the process plan for the affected
jribs, Thess modified process plans are input o the scheduling medule and the
reschiedube 15 carmied oat.

The schedule pedormance measures for the newly generated scheduls are
cvalunted. 1 they ane found bo be satistactory acoording to the set objertives, the schedule
= accepted and dispatched to the shop Aoor for production. [f thee periormance of the
srhedule nesds further improvement, then the interface module gererates new sot of
comsiraints b be ted to the process planning module.

The algorithm wsed for scheduling with processing altenatives consists of (e
following sequence of steps:

Stop 10 The details of the new work rder, its priority, start date, and equivalent work
arder ane given as inpul

Sten 2 Proress planning module retreves the cxistang process plan of the equivalent
witk order from the master database and add the entire data of new wotk

et o the current database.
Step 4 3ta parteouiar workplace regquied bor the new work order is busy within the B
iz corsidered, thon possible alternative tie., o workplace with similar
= indemtified befune genetating the process plan Tor the new work onder,

Sten 4 1 1he 3 remmative workptace 15 not available, then work onders, which are in
far the same workplace, are ydantilied,

~sirea AbvaBartives: An Appnsch o Mimimine a0
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Step 3

Stlap 6

Step T

Step 8-

The clash between the work orders waiting te be processed in the same
workplace {5 resolved initially based on the pricrities of work orders.

The schedules generated are further improved by applying hearistics like SFT
and LPT 10 the existing schedules generated based on dynamic prionties, i e.,
if parts with same priority arm contending for the same workplace, then they are
Toaded on to the workplaces based on SPT/LFT.

The schedule perfermance measures like machine utilization and makespan
are evaliated. [ the performanoe is not satisfactory, the over-utilized workplace
and a jab which is taking marimum processing time on it are identified.

A constraint is fired by the inberface module, suggesting the process planning
module to change the process plan of the job by identifying alternative
workpluees. These modified procress plans are input to the scheduling modube
and the reschadile is carried mat followed by Step 7, The constraints am fred
till the results cannot he improved further. The scheduling results obitained by
the three priasity fules belore and after integration of process planning and
seheduling modules are presented in Tables 2 and 3, and Figures 4 and 5

respictively.

Table 2 Comparative Resulls of Three Priority Rules Beiore Integration

Work Order | Rel m|_ Makespan [in Days)
Mumber |Days) Priamily Pricrily and SFT | Pricrily and LFT |
WONO1 L 196 184
woNoz | 20 i 182 184 175 {
wowos | a5 [ - 1se 164 | 200 I
WM 102 | 761 256 | 254 |
Wonos | a6 T 200 =k !
WONOH A3 230 220 - =
TTwaner |z 201 | 277
woNOE | B 761 251 =t

Figure & Graphical Comparison of Makespan
with Three Friority Rules Before Integration
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Table ¥: Comparative Resulis of Three Prierty Rules Afler Inteqration
Work Cider Makespan (in Days|
Mumbay | Releass Dale
Prinrity Priority and SFT | Priority amd LFT
WOkNOH o 150 183 | 178
| WONO2 20 185 174 | 170
WM a5 185 168 196
WONDY 102 258 254 240
WONDS5 58 147 182 201
WONDE 63 233 200 218
WOMOT 123 240 il 250
WORNOH 96 252 245 244
Flgure 5: Graphical Comparison of Makespan |
with Three Priority Rules After Tndegration I
|
|
350 4 |
3400 4
2504 [
|

Proeity

Framity « ST
|

Makespan Days
o
[=3

| 50 Frincity+LPT
| v Blmase Die

i - WG WG W WO

I Work Omnder Number

i ﬁ soheris Danie (@ Prisnne+LPT B Proeiog+ 53T W ooy |

Analysis of Results

With the affect of constralnts imposed by the interface maodule, the process plans of
varioes parts are: modified and it is obserned thai the applicaton of SFT amd LPT rules
along with work crder prierities is always leading to further reduction in mean flow
lime and makespan. Also it e obsarved that the utiization rate of moest of the workplaces
has been improved dus to the inlegration of process planning with schedeling
The utiliza
generated schedule. For example, the Biqure & shows the utilization ratoe of diffenent

o of all the l.w.-r_kpl.;.._m,. in varous work centars ks evaluated from the
workpdaoes in work o r 1116, which is heavy machine shop of the user indostry.
The inte

under-utilized workplace. The interface module foeds back a constrasnt that (f an

dule now identifies, 9863 as over-utilized workplace and 8,420 as

Albgamatives: An Apprsich W binimize
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alternative warkplaoe is available for aceomplishing the operations of the job, which is
taking maximum time on 9,863, then the alternative must be used. It also gives a
sufgestion that if workplace 9,421 (least ufilized workplace in the shog is one of the
alternatives for SR, then 9,421 could be used instead of 5,663,

From Figure 6, it is fourd that after feedback, the utilization of workplace 9963 is
redibced, whersas the under ufilized workplace 8421 is better ofilized. Similarly, the
utilization of ather workplaces may aiso be normalized so as toachieve the parformance

MEAsLINes
Figure 8 Workplace Utllization Before and After Integration |
| Gispad |
Integration |
| After
E (B Intesgratbon:
g
=
o}
i
&
0,863 2411 9,421 9,064
Warkplace
Conclusion

In the conventional approach where the scheduling funetion is isolated from process
plenning, the setection of process is an important dectsion making problem owing to the
presence of multiple alternative plans. In this paper, a new approach tor the inteqration
of process planning and scheduling s proposed by making use of the scheduling
partormance measures and the fexibility of the in-house deveboped process plannng
maduie, [ the proposed system, process planning and scheduling maintain their own
ichemitity but af the same tme interact dynamically with each ofher for obtaining beser
results. By implementing the proposed methedology in the industry, the resourees can
b better utilized, the battleneck problems of the shop floor can be reduced and

epmsegquently the throughpat of the pars signilicanthy increases, 4
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