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Abstract

The understanding of what constitutes a **good”’ production schedule 15 centra! to the development and evaluation of

automated scheduling systems and their implementation 1n real-world factones In this paper, we provide a definttion of 2
schedule and discuss potential uses for a schedule within the orgamizaion We then descnbe a number of different

considerations that must be taken 1nto account when assessing the quality of a schedule, and discuss thewr implications for
the design and 1mplementation of scheduling systems © 2000 Elsevier Science B 'V All nights reserved
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1. Introduction

Although there has been a vast body of work on
production scheduling 1n both the technical hiterature
and industnial practice [36,50,58], the problem of
assessing the quality of a given production schedule
does not seem to have been studied extensively to
date However, a clear understanding of how the

quality of a schedule 1s assessed (1e, what consti-
tutes a *‘good’” schedule) 1s cnitical to the successful
implementation of scheduling systems 1n real-world
manufacturing environments Unless we can com-
pare the schedules generated by a given system,
erther automated or manual, to those generated by
alternative systems in some objective and quanufi-
able way, we will lack a systemauc framework for
evaluating the performance of scheduling systems

* Corresponding author

and their impact on the performance of the manufac-
turing system as a whole Our goal 1n this paper s to
describe some of the 1ssues involved 1n assessing the
quality of production schedules 1 order to bring
them, and therr implications for the development and
mmplementation of scheduling systems, to the atten-
tion of the scheduling community and encourage

research towards therr effective resolution While ™ e

many of these issues appear obvious when stated,
many of them have not been considered 1n much of

'the scheduling work done to date Thus, there ap-

pears to be considerable benefit in presenting them
within a coherent framework

. We begin by discussing the nature of a production *
schedule — what 1t 15, some basic charactenstics of
schedules and how schedules are used 1n a manufac-
turing facility We then examine the problem of
assessing schedule quality from several different per-
specives We conclude the paper with a discussion
o{f the implications of the 1ssues raised in the paper
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for the development of automated scheduling sys-
tems and their implementation 1n practice

2 What is a schedule?

The most general defimtion of the scheduling
problem 1s that of assigning scarce resources to
competing aclivities over a given tme horizon to
obtain the best possible system performance In thrs
paper, we will focus on the problem of factory
scheduling, where the resources are machines and
the competing activities are jobs that require process-
ing on the machimes Thus, we shall refer to a
workpiece or batch of workpieces requirtng process-
mg at several different workcenters as a job The
processing performed on a job at a particular ma-
chine will be referred to as an operation Hence, each
Job requires a number of operations, whose order 1s
often specified by the technology 1n use or the part
geometry A number of different machines may be
capable of performing a given operation on a particu-
lar job While i a manufacturing environment, there
may be many different resources such as operators
and toolmg to be considered, in this paper, we shall
restrict ourselves to machines as the main resource to
be scheduled

Over the last several years, an 1ncreasing number
of authors have advocated taking a broader view of
the scheduling problem There 1s increasing agree-
ment that m addition to the classical scheduling
decision of what operation to process on what ma-
chine when, decisions such as the timing and quan-
tity of order release {53], due date quotation [10] and
lot sizing {52] are closely related to the factory
scheduling problem There 1s no doubt that 1n many
envtronments the degree to which an effective solu-
tion to the scheduling problem 1s possible, or analo-
gously, the degree to which the performance of the
factory or company 1s affected by the quality of the
solution to the scheduling problem, 1s sigmificantly
affected by these and other related decisions such as
master production scheduling and multi-plant coordi-
nation Wern [64] and Wein and Chevalier [65] 1llus-
trate clearly the interrelation between planning deci-
sions such as work release and due date setng and
the effectiveness of scheduling policies This body of
work raises the question of where to draw the bound-

ary between the planning and scheduling problems
In thus paper, we shall assume, following Conway et
al [12], that planning decisions specify what is to be
made and when 1t 15 to be made by, specifying the
mix of jobs that will be introduced mto the shop and
the times at which the jobs must be completed
Conway et al [12] refer to these problems as **prob-
lems of pure sequence’

Given this definiion of the scheduling problem,
we shall consider a schedule 1o consist of a set of
start tmes and machine assignments for each opera-
tion of each job to be scheduled In a manufacturing
factlity, the input to a scheduling system 1s generally
denved from the current location of jobs in the
system, the process plans describing the sequence of
operations each job needs to undergo, due dates for
the jobs and the state of the machines to process
them (e g, up or down, current setup status), to-
gether with some estimates of uncertain events that
may occur over the ume penod in the future covered
by the scheduling decisions to be made The output
from the system will be the set of job/machine /time
assignments for a given tme horizon

A schedule may be used on the shop floor in
several different ways Generally, a schedule s n-
tended to produce certam patterns of behavior in the
manufacturing facility for which 1t was generated
That 15, the schedule 15 designed to induce the occur-
rence of a planned set of events on the shop floor
We shall refer to a schedule as a predictive schedule
when tt1s released to the shop floor at a certamn point
m time with the ntention of guiding system behavior
over a gaven time honzon The penod of time 1nto
the future covered by the decisions 1n the current
predictive schedule will be referred to as the sched-
ule honzon

How stnctly a predictive schedule 1s adhered to
will vary from one manufactuning environment to
another, based on factors such as manufactuning
technology and organizational structure In a strict
hierarchical organization, management may insist on
a predicuve schedule betng followed to the letter,
whereas in a more distnbuted, team-based organiza-
tion, a schedule can be viewed as advice to the
personnel on the manufacturing floor, who are en-
couraged lo take advantage of opportunities for 1m-
proving it that may antse In an mtegrated automated
environment, a schedule may carry operational se-
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mantics, which directly dove the manufacturing
hardware

However, whatever the environment, there may
be substantial deviations from the predictive sched-
ule over the course of 1ts execution due to unfore-
seen disruptions such as machine breakdowns or
shop-floor personnel overnding the predictive sched-
ule The process of modifying the predictive sched-
ule n the face of executional disruptions 1s generally
referred to as reactwe scheduling or rescheduling
The nature of the schedules developed n reaction to
disruptions depends on the nature of the realized
disruptions and the capabilities of the execution agent
reacting to them The reaction generally takes the
form of either modifying the existing predictive
schedule, or generating a completely new schedule,
which 15 followed until the next disruption occurs
The 1ssue of reactive scheduling will be discussed
later in the paper

The existence of executional disruptions and the
necessity to react to them brings the necessity to
distinguish between a predictive schedule, which 1s a
planned schedule pnior to execution, and the sched-
ule actually executed on the shop floor An actual set
of job/machine /ttme assignments realized on the
shop floor will be referred to as a ustorical sched-
ule We can think of the predictive schedule as the
schedule as designed, and the historical schedule as
the schedule as executed Clearly, both schedules are
of interest from the point of view of schedule quality
assessment

Another potentral use for a schedule 1s as a yard-
sick by which to measure the performance of
shop-floor personnel In this stiuation, a predictive
schedule 15 used to set goals, which the shop-floor
personnel should achieve The performance of shop-
floor personnel 1s evaluated at the end of one or
more planning penods using the dewiations of the
historical schedule from the predicive This use of
schedules 1s important m that it affects the way
shop-floor personnel will react to unforeseen disrup-
tions, mfluencing the evolution of the historical
schedule as distinct from the predictive Najmi and
Lozinski [46] give an example of this use of predic-
tive schedules

There are a number of cther potential uses for a
production schedule It may serve as a means of
determining system capacity for a high-level produe-

tion planning system, where a schedule 1s generated
to determine whether 1n fact the producton plan
suggested by more aggregate planning methods is
feasible. Dauzere-Peres and Lasserre [15] give an
example of this approach It may be used by sales
departments to determine whether or not to accept an
order with a given lead ume It may also form the
mput to other decisions such as the scheduling of
shop-floor personnel (particularly overime), preven-
tive maintenance, and purchasing of raw or mterme-
diate materials Wau et al [66] and Mchta and Uzsoy
[42,43] discuss scheduling models addressing this
1ssue

The number of different potential uses for a pro-
duction schedule underscores the need for a satisfac-
tory execution of the scheduling task On the other
hand, the diversity of the groups affected by the
schedule also makes the task of measuring schedule
quality more difficult, since the schedule 1s used for
different purposes by different groups, which are
often trying to achieve different goals We shall
return to this point later in the paper

3. Feasible and acceptable schedules

Whether we are dealing wih a predictive or a
historical schedule, the question ““What makes a
good schedule good”” 1s valid The first condition
that any schedule must sausfy 1s feasibtlity — n
should not wiolate any of the constramts present in
the manufacturning system 1n which 1t 1s to be exe-
cuted In other words, 1ts execution over the speci-
fied scheduling horizon must be physically possible
It must put jobs through operations in the order
specified by the process plans It must assign opera-
trons to machines capable of perfornung them At
this point, we do not consider other types of con-
straints such as those that specify minimum accept-
able levels of system performance (“*WIP must not
exceed X units at any time'’), or those ansing from
management-induced operating policies (**Machine
X must be kept busy at all umes™) f
|‘ A second condition impesed on a schedule 1s
acceptability An acceptable schedule i1s one that
cannot be mmproved by trivial changes and that 1s not
dommnated ir all aspects of mnterest by another read-
ily available schedule For example, 1t may be feasi-
ble to run Operatton A on Machine 1 or Machine 2,
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but 1t may be preferable to use Machine 1 when
possible due to 1ts being able to meet bghter toler-
ances A schedule that runs Operation A on Machine
2 while Machine 1 sits 1die can clearly be improved
by using Machine 1 The precise nature of what
constitutes a “‘trivial change™ will clearly vary from
system to system, depending on the complexity of
the scheduling problem in question In this paper, we
shall assume a trivial change to be one that could be
made by a knowledgeable person examiming the
schedule manually

In the rest of this paper, we shall assume that a
schedule that 1s not both feastble and acceptable can
be dismissed at once

4. Issues 1n schedule quality assessment

Once a feasible, acceptable schedule 1s available,
the problem of assessing schedule quality can begin
to be addressed This question can be approached
from a number of different perspectives including
individual schedules vs a group of schedules, abso-
lute measurement vs relative companison, tradeoffs
between multple metrics, static vs dynamic mea-
surements and schedule wvs state measurements
These 1deas are discussed briefly before addressing
metrics at a more concrete level While many of
these 1ssues have been discussed 1n other contexts
than scheduling, a discussion of schedule evaluation
and comparnison would not be complete without them

41 Measuring indindual schedules vs groups of
schedules

An important aspect of the schedule measurement
1ssue 18 whether we are measuring an 1ndividual
schedule or a group of schedules An obvious reason
to measure an individual schedule 1s to gauge s
individual performance For a predictive schedule,
the result may determine whether or not it will be
implemented

Probably, the most common reason for measuring
groups of schedules 1s to evaluate the strategy or
algorithm bemng used to develep them A strategy
might be applied to a set of beginming states
(scenanos), which cover the range of operating con-

diwons found 1n practice to produce a group of
schedules and ending states Measurement of the
group of schedules can be used to draw conclusions
about the strategies producing them In this situation,
we are examining a number of different schedules
and trymng to measure the strategy producitng them
Hence, we need to combine the metrics for the
individual schedules 1in some way to form meaning-
ful metrics for the strategy A commonly used metric
1s the average over all schedules of the relevant
schedule metrics However, 1t 1s also umportant to
have measures of the senstivity of the strategy to
different parameters and beginning states A strategy
with excellent average performance, which produces
a disastrously bad schedule once every six months
may not be preferable to a strategy with shghtly
worse but much more consistent performance Some
measures of this type are the maximum and muni-
mum values of the metrics obtained Barr et al [4])
and Hooker [29,30] address a number of issues re-
lated to evaluating the performance of different
scheduling algonthms using computational or simu-
lation expeniments These discussions focus on the
design of effective computational expeniments that
allow algorithm performance to be Iinked to problem
charactenstics, as well as how to ensure farr compar-
1sons are made between different algonthms In addi-
tion, a vanety of stanstical techniques exist for the
analysis of the results of these expenments How-
ever, most of this work assumes that there 1s one
performance measure of interest, with the mam
tradeoff being between this performance measure
and the computation times of the different algo-
nthms It relies on calculating aggregate statistics
such as means and vanances across a set of sched-
ules This aggregate nature of these statistics often
obscures the detailed behavior of schedules in spe-
crfic circumstances at the local level, which 1s often
the key to understanding and improving the algo-
rnthms In addition, these very local dyramics are
often linked to metnics of schedule usabibty For
example, 1t may not be desirable to run too many
different kinds of jobs on a machine since frequently
changing machine operating conditions will lead to
quality problems Finally, when there are muluple
metrics of interest these techniques begin to be diffi-
cult o apply, although other approaches such as data
envelopment analysis [9] seem to hold promise for
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this area The 1ssue of aggregation in evaluatng
schedules will be discussed further later 1n the paper

42 Absolute measurement vs relative comparison

An absolute measurement of schedule quality
consists of taking a particular schedule on i1ts own
and deciding how good 1t 1s This requires some set
of cniteria or benchmarks agamnst which to measure
— some abstract defimtion of schedule quality This
1s difficult even if we are optimizing with respect to
a single metric Ideally, we would like to compare
the result of the schedule to the optimum, but since
most factory scheduling problems are NP-hard [22],
this 1s computationally impractical An alternative 1s
to use upper and lower bounds on the metrics of
mterest For example, 1t may be possible to compute
how far a job could have gotten through the shop
under perfect circumstances over the time horizon
and to compare this to the performance of the job in
the schedule in question However, 1t 1s often diffi-
cult to compute bounds that are tight enough to
provide meaningful information Ancther approach 1s
the development of statistical point and interval esti-
mators of the optimal values of large combinatonal
opuimization problems [14,23] In the event that there
are multiple metrics of nterest, the problem becomes
more complex as discussed n the next section

Relanve comparison assumes that two or more
schedules for the same mitial factory state are avail-
able, and the task 1s to decide which i1s better While
this may appear to be a more tractable problem given
that all the candidates are available for detailed
mspection, two difficulties remain The first of these
1s the presence of multiple metrics of interest dis-
cussed below In a manufactuning environment, 1t 1s
likely that any given schedule will do better than
another on some metrics and worse on others, mak-
mg 1t difficult to pick a clear winner without address-
ing the 1ssue of how to trade the different metnics off
against each other Another 1ssue 1s the possibility
that all the schedules under consideration may be
poor by absolute standards, which may go unde-
tected duning the relative comparisons

If the scheduling system under consideration 1s
being evaluated 1 the context of an operating manu-
facturing facihity, historical information can be used
in both the absolute and relative cases For absolute

measurement, the historical average or best-case per-
formance of the factory can be used, perhaps as a
lower bound n conjunction with the upper bounds
mentioned earlter In the case of relative measure-
ment, average histoncal performance can be used as
a benchmark for companson Another possibility 1s
to measure the performance of a schedule against
trends of historical data This would allow the effects
of continual improvement 1n the scheduling system
to be observed over a period of ime However, care
must be taken to update histoncal data frequently
since most manufacturing systems change continu-
ously Similar care must be taken when interpreting
the results, as 1t 1s often unclear whether particular
changes in the performance of the manufactunng
system are due to changes in scheduling practices or
to other changes, such as shifts 1n process technology
and product mix, that occurred over the same time
horizon

43 Tradeoffs between multiple metrics

In most real-world scheduling applications, more
than one performance measure 1s of interest The
problem of scheduling m the face of multiple, con-
flicung objectives has been examined only for very
sumple systems mn the optimization literature There
have been three major approaches used 1n this litera-
ture, which we will briefly describe below

One body of research has addressed scheduhng
problems with primary and secondary critena In this
approach, the problem 1s to mummuze the primary
metnic while keeping the other within some prede-
fined range Ths 1s accomplished by constramning the
secondary objective to be within the desired range,
thus converting the secondary metnc mto a con-
straint Thus, the tradeoff between the two cntena s
expheitly specified by the defimtion of pnmary and
secondary metrics and the range for the secondary
metric The work of Smith [61] on minimizing total
completton time subject to no tardy jobs 15 the
carliest work in this area This approach has been
apphed to a number of different problems
[3.7.8,16,51,56] This research, however, has re-
mained limited to two criterta, one pnimary and one
secondary In addition, no system more complex
than a single machine with all jobs avmlable simulta-
neously has been addressed to date A survey of
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research on bieriterion scheduling problems can be
found 1n Dhleepan and Sen {16]

The second approach uses the ideas of dominated
and efficient solutions Given a number of metrics of
mterest f,, 1= 1,. .,n to be mintmuzed, let f, de-
note the value of metric ¢ obtained from schedule
A schedule j 15 said to dominate another schedule &
if f;<fy forall =1, ,n A schedule that is not
dominated by any other solution 1s called a non-
domunated or efficient schedule Given a scheduling
problem with multiple conflicting objectives, the en-
tire set of efficient schedules 15 generated The deci-
ston as to how different metrics are to be traded off
against each other 1s left to the human decision-
maker This approach has been followed by van
Wassenhove and Gelders [63] and Nelson et at [47]
among others

A third approach 1s to combine different metrics
by using a weighted sum of the oniginal metrics as a
sutrogate metric The wetghts capture the tradeoffs
between the different metrics Sen et al [57] have
followed this approach to mimimize linear combina-
tions of flow ume and range of lateness on a single
machine However, since the weights determine the
tradeoffs between the different metrics, the determu-
nation of the weights 1s a non-tnvial problem, de-
pending on the decision makers invelved, thewr at-
tudes to sk and so on Other examples of this
approach are the development of dispatching rules
where the prionty index of each job 1s calculated as
the weighted sum of a number of different attnbutes
relating to different metrics [6]

A number of researchers have advocated using
costs as a mechanism for combining different met-
ncs Conway et al [12] point out that the main cost
implications of scheduling decisions he 1n the areas
of capacity utilization (getting more work through
the shop n less time), customer satisfaction (getting
the jobs done on ume) and 1n 1nventory (getting the
same volume of work done with less inventory) In
this approach, the costs associated with scheduling
decisions are assessed for the schedule, which 15 then
evaluated based on the sum of these costs, whtch
may be discounted to reflect the ime value of money
Jones [31] provides a framework to evaluate sched-
ules from a cost perspective, while Morton et al [45]
and Scudder et al [55] give dispatching rules using
cost information and evaluate thewr effectiveness

However, the parameters required by these methods,
such as tardiness costs, are often difficult to deter-
mne 1n practice In addition, the real costs of a
scheduling decision are often the opportunity cost of
making the wrong decision, which even with perfect
hindsight can be difficult to evaluate

Efforts 1n the field of aruficial intelligence (AI)
have, in general, followed similar approaches to
those 1n the optimization literature Fox and Smuth
[20] approach the problem of multiple objectives in
Job shop scheduling by setting aspiration levels for
each metric of interest, thus effectively turning each
metni¢ 1nto a constraint One then attempts to find a
solution that 1s feasible with regard to all constraints
If this 1s not possible, the constraint corresponding to
a given metnnic will be relaxed unul a feasible solu-
ton 15 finally found The difficulty here 1s 1n deter-
mining in what order the constramnts should be re-
laxed, and by how much This problem 1s equivalent
to that of determinmg the tradeoffs between metrics
Other researchers, like Elleby et al [18], have ad-
dressed this problem by having the user interactively
specify the relaxation of the constramts Kempf et al
[34] and Smuth [58] discuss a number of the issues
involved in Al approaches 1o scheduling problems
Hence, AI approaches do not seem to have brought a
fundamental solution to this problem erther

All 1 all, the problem of scheduling in the face of
multple conflicing metrics has been addressed n a
vanety of ways, all of which reduce to different
representations of the tradeoffs between the different
metrics of interest Thus, the problem of assessing
schedule quality in a real-world environment be-
comes complex, especially when it 1s a group of
people with different perceptions as to the relauve
importance of the different metnics, rather than a
single decision maker, that are involved in the sched-
ule evaluation process This 1s particularly the case
when different scheduling metnes address different
aspects of company performance, such as on-ime
delivery, which customers to sausfy before others
and efficient use of the firm’s manufactuning capac-
ity It seems reasonable to ask whether this type of
tradeoff should be addressed in the context of a
shop-floor scheduling system for a given plant or
department, instead of at a higher level 1 the plan-
ning hierarchy We shall return to this question
throughout the paper
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44 Static measurement vs dynamic measurement

Under this heading, we need to distinguish be-
tween predictive and histonical schedules, since 1n a
historical schedule, at least in theory, the entire
history of the system over the scheduling honzon 1s
available for us to examine However, 1n a predictive
schedule, we are making a set of decisions based on
estimates of future events, without knowing the ac-
tual realizations of these events until they actually
occur Thus, we shall define stahc and dynamic
measurements of schedules 1n terms of predictive
schedules alone

Static measurement of a predictive scheduie in-
volves measuring a schedule independently of the
execution environment to determine how good the
result would be 1f the schedule was executed exactly
as specified Dynamic measurement of a predictive
schedule 1s more difficult In addition to the static
quality of the schedule, we now consider how robust
the schedule 15 to disruptions such as machine break-
downs that occur during execution An attempt to
quantify this aspect of a schedule would require a
descnption of the different types of disruptions that
mught occur as well as the likelihood of their occur-
rence and a specification of the capabilities and goals
of the execution agent (shop-floor personnel or auto-
mated system) that will react to these events With-
out knowing how disruptions will be reacted to, their
true 1mpact cannot be measured

A number of approaches to scheduling 1n the face
of unpredictable disruptions have been taken mm the
Iiterature to date The two most prevalent are the
prediction—reaction paradigm and stochastic ap-
proaches based on minmmization of long-term
steady-state measures In the prediction-reaction
paradigm, a predictive schedule 15 generated at a
given pomnt in tme and then revised, either by
generation of a completely new schedule or by local
adjustments, as the unforeseen disruptions occur
Examples of this approach are the maichup schedul-
ing approach of Barr et al [4), the schedule repair
approach of Smith [58] and Smuth et al [60}, and the
eveat-driven rescheduling approach of Church and
Uzsoy {11] In most stochastic approaches, one as-
sumes that the frequency and duration of the disrup-
tions are described 1n the form of probability distn-
butions, and develops policies to minimize long-term

steady-state measures of performance Examples of
thus approach are the control-theoretic approaches of
Bai et al {2] and Gong and Matsuo [25], as well as
the extensive lterature on stochastic scheduling
models [50]

However, in recent years, a number of other
approaches have begun to emerge, based on different
dynamic metnics of schedule performance The ro-
bust scheduling approach suggested by Daniels and
Kouvelis [13] and Wu et al [66] aims at developing
schedules that are capable of absorbing disruptions
50 as to minimize their effect on a primary perfor-
mance measure The imphcit dynamic metric here 1s
the difference in performance measure value be-
tween the predictive and the realized schedules An-
other group of authors has developed metrics based
on the difference between the predicive and histor:-
cal schedules, with the 1dea that drastic revision of
the predictive schedule during execution may have
detnmental effects on shop performance Wu et al
[66] address the problem of rescheduling in the face
of disruptions, where there are costs associated with
altering the predictive schedule Mehta and Uzsoy
[42,43] use a similar metnic to develop predictive
schedules, which can absorb disruptions without ma-
Jor changes 1n job completion imes Results from
both these papers indicate that 1t 1s possible to
achieve sigmficant improvement 1n the dynamic met-
nc at the cost of very minor detertoration 1 the
static metric  Although more work 1s necessary in
this area, these results indicate that under at least
some crrcumstances, meaningful metncs can be de-
vised and used constructively

In practice, the main approach seems to be the use
of dispatching rules, which by therr myopic nature
are completely reactive to changes in the system
state, and a prediction—reaction approach where a
predictive schedule 1s developed by an expert sched-
uler who, 1deally, has some knowledge of the possi-
ble disruptions that may occur and hedges agamst
them while constructing the schedule When the
disruptions actually matenalize, the scheduler modi-
fies the predictive schedule based on his or.her prior
experience to muligate thewr effects and realize as
many of the goals of the original schedule as possi-
ble In this latter case, a great deal depends on the
goals of the system as perceived by the scheduler,
and on the metrics by which the scheduler 15 evalu-
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ated The nisk here 1s that the scheduler will respond
to short-term pressures and incentives mstead of
keeping the performance of the overall shop in view
McKay et al {40] discuss vanous aspects of expert
human schedulers, focusing on their knowledge of
uncertainty

In recent years, a number of authors have begun
to explore the benefits of incorporating information
about executional uncertainties 1nto scheduling algo-
nthms McKay et al [41] examme the effects of
mcluding knowledge of the behavior of machines
after major repair in scheduling decisions In therr
work on developing predictive schedules that can
absorb disruptions, Mehta and Uzsoy [42,43] use
statistical information on the nature and frequency of
disruptions tn building predictive schedules These
approaches show that there can be substantial advan-
tages to constderg information about uncertammties
m developing the predictive schedule, and that this
can be done 1n a relatrvely straightforward manner
by modifying existing deterrmmstic scheduling mod-
els

For a histonical schedule, we wish to determine
how good the outcome of the execution of that
schedule was This mnvolves a number of 1ssues —
how close to the ongmal predictive schedule moti-
vating 1t the historical schedule was able to reman,
what were the events that caused 1t to be modified,
what were the capabilies of the agents making the
modifications and so on One begins to see the
nottion of definmg the quabty of a given schedule
relative to the **perfect possible’”, the best that could
have been attained 1n the given set of circumstances,
beginning to emerge Note that this requires hind-
sight — that the historical schedule and the history
of the system affecting 1ts execution be available for
analysis, and that the analysis can be done m a
reasonable period of time The 1ssue of how to
measure deviation from the predictive schedule 1s
also an open one, which can be addressed 1n many
different ways 1n addition to those outlined above

45 Schedule measurements vs state measurements

In measuring the quality of a given schedule, we
are often interested in the activities that took place
over the schedule honzon Typically, these questions
concern the amount of work completed by a given

machine or the progress towards completion made
by a job over the schedule hortzon These measure-
ments related to the scheduled activities we shall
refer (o as schedule measurements Typical schedule
measurements are the number of jobs of a particular
type or the maximum tardiness of all jobs processed
over the schedule honizon

However, schedule measurements alone are often
insufficient to evaluate the quality of a schedule For
example, a schedule for a given workcenter may
perform very well for that workcenter over that
schedule horizon, but may leave a downstream work-
center n an impossible position at the end of the
horizon A common example of this in practice 1s the
so-called *“*hockey-stick effect”, where a workcenter
measured on WIP level will produce at a tremendous
rate for the last few days of the fiscal period 1n
which 1t 1s to be measured, suddenly inundating the
downstream workcenters with a vast amount of work
that 1s not needed and cannot be processed In this
type of situation, i1t 1s desirable to evaluate the end
effects of the schedule at the end of the schedule
honzon, 1€, the state the schedule leaves the factory
i One set of such measurements 1s that relating to
the location of Work-In-Progress (WIP} inventory
relative to available capacity One would expect
these measurements to be more position based, rather
than activity-based, and to descrnibe the distribution
of work over ume or across the different work areas
in the manufacturing system being scheduled These
latter types of measurements we shall refer to as
state measurements An example of a state measure-
ment might be the vanance of workload represented
by the WIP in front of each workcenter Ideally, in a
perfectly balanced semiconductor manufacturing
plant, one would like to have roughly the same
amount of WIP (in terms of workload) at each
station A schedule that results 1n high variance will
probably result in major bottlenecks developing m
the next scheduling horizon

b

5 Selection of metrics to apply

- The 1ssue of what metrics to use 1n assessing the
quality of a schedule 1s far from tnivial Answering
this question 1s equivalent to describing the kind of
behavior we want the scheduling system to irduce in
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the manufacturing system, which 1n turn 1s equiva-
lent to deciding what the goals of factory manage-
ment should be At an abstract level, this 15 easy
enough the factory should be run 1n such a way as
to maxmmuze the value to the orgamization This
involves decisions such as whether the company will
compete on quality or rapid delivery, which cus-
lomers are more important than others, what is the
prionty of engineening work relative to production
work, and what 1s an acceptable level of perfor-
mance 1n each of these areas These decisions are
closely related to the firm's manufactuning strategy,
particularly to how 1t chooses to use its manufactur-
ing capabiliies as a competitive weapon [28] In
many firms, particularly large, multi-division compa-
nies with multiple geographic locations, this involves
a broadened definttion of the scheduling problem to
mclude consideration of due date setting, order ac-
ceptance, capacity allocation between competing
product lines, blurring the distinction between pro-
duction planning and shop-floor scheduling Hence,
1t 1s immed:ately apparent that the choice of schedul-
mg metrics will, and should, vary from one organiza-
tion to another Given that scheduling decisions are
constrained by many cther decisions, such as what to
make, what orders to accept, which customers are
mmportant and how due dates are quoted, 1t also begs
the question of whether these 1ssues should be ad-
dressed at the Ievel of the factory scheduling prob-
lem We shall have more to say on ths 1ssue 1n the
following section

Given our defiution of schedules as sets of
Job/machine /tume assignments, 1t seems natural to
restrict our attention to metnics that can be calculated
based on the schedule iself, starting from these
assignments However, there are a number of factors
that make choosing a meaningful set of metrics from
among the wide range of mathematically and intu-
1vely plausible ones difficult

51 Orgamzational goals

A major problem 1s that different orgamzational
units affected by the schedule have different, often
conflicting goals and, thus, have substantially differ-
ent expectations from a schedule A sales department
will often look at a schedule from the point of view
of orders being delivered to the customer A manu-

facturing department, on the other hand, may be
under pressure to reduce costs Thus, the sales de-
partment will lock for a schedule that has good due
date performance, while the manufactuning depart-
ment will prefer a schedule with high machine uti-
Iization, few setups, and long production runs An
mteresung discussion of this type of problem 1s
given by Hamison et al [27]

One can argue that this problem can be alleviated
by assigming the different organizational units goals,
which are coherent and directed towards the overall
good of the company as a whole However, this
problem of setting compatible performance measures
seems to be a long way from being solved As one
moves up the corporate hierarchy, goals tend to be
expressed more and more 1n aggregate and financial
terms, culminating in the very bnef corporate mis-
sion statement To comphcate the issue further, the
ume honzons over which decistons are made differ
vastly over different levels — from years and months
at the corporate level to weeks and days at the plant
level and hours and munutes on the shop floor The
short-term metrics used to evaluate the performance
of shop and plant managers (such as headcount and
quarterly profits) further confuse the 1ssue It s very
difficult to reconcile a goal like “‘maximize profit
for thus quarter”” with the decisions made while
scheduling an 8-h shift on the shop floor (Whether
maximizing profit this quarter n a parucular way
contnibutes to the firm’s long-term mussion 15 often
also a valid question) The problem of developing
coherent sets of performance measures for all levels
of the corporate hierarchy to ensure that all levels are
working towards the same set of corporate objectives
and not adversely affecting each other seems to be
an open one at present [19] However, 1t would seem
to suggest that some of the issues regarding the
choice of scheduling metrics need to be discussed
and resolved at a corporate level, rather than at the
level of an individual shop or plant, which 1s where
decisions on specific scheduling systems are often
made

The discussion, so far, has assumed that the
schedules developed based on the metrics decided
upon can be executed exactly as planned However,
the knowledge that unexpected disruptions will occur
often leads to a set of grassroots metrics developing
on the shop floor with the goal of mimimizing the
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impact of these disruptions, such as trying to build
ahead of schedule to hedge agamst an expected
breakdown The existence of such informal systems
of metrics often adds considerably to the complexity
of the metnc selection problem

5 2 Relationships between metnes

The existence of many plausible metnics for eval-
uating schedule quality raises the question of rela-
tonships between the metnics Some metrics are
complementary, an improvement in one bringing an
improvement 1n the other An example mught be
mimmizing cycle time vanance and rmproving on-
ume delivery performance However, many metrics
that are potentially conflicting are also of interest in
scheduhing Maximizing machme utihzation and min-
mzing WIP serve as an example Maximizing the
utilization of machines can be achieved by ensunng
that work 1s always available at each machine, while
mimnuzing the WIP mught nsk machines being
starved at some pomnt tn time Such mleractions
between metnes further confound the process of
measuring schedules In order to develop a good set
of metnics for a schedule, 1t 1s tmportant to under-
stand the nature of these relattonships as far as
possible, which 15 a difficult task since the relations
are often nonhnear in character For example, a
change mn a given metric may drastically affect the
significance of another This 1s the case when a shop
whose primary concern 1s on-ime dehvery has
somehow shipped into the situation where the magor-
ity of jobs are tardy In this case, it often makes
sense for management to emphasize throughput and
ignore due dates to try to get the shop back on an
even keel Thus, a change for the worse in the
tardiness metric has resulted 1n a drastic tncrease n
the importance of the throughput metnc

This example also illustrates the possibility that
the relative importance of metrics may change over
time depending on management goals and the state
of the shop Another 1ssue 1s how altering the metrics
over ime affects the progress of the shop as a whole
While 1t seems obvious that as the world about the
shop and management goals change, the metrics m
the shop should be altered to reflect thus, the cost of
altering metnics too frequently 1s not clear Based on
the previous discussion of state and schedule metrics,

1t would seem that some system states are more
advantagecus for some metrics than for others
Hence, when metnics are changed, the system may
well be 1n a bad state as far as the new metric goes
The strategy driven by the new metric will then try
to return the system to a good state as 1t perceives it,
which may 1n turn leave the system 1n a bad state for
the succeeding metric It 1s concervable that switch-
ing metrics too often will result in the system becom-
ing unpredictable and unstable, with ramfications
for higher-level planming systems that use aggregate
iformation on the shop-floor performance such as
lead trmes Kempf and Beaumanage [33] have shown
that relatively simple manufacturing systems can ex-
hibit chactic behavior n the sense that minor changes
to the system can result 1n major disruptions in the
operation of the system Another interesting aspect
here 1s that 1f the metncs of 1nterest are changed too
frequently, 1t becomes 1mpossible for shop-floor per-
sonnel to learn good strategtes for the different met-
ncs, since by the time they have accumulated some
experience running the shop under the new condi-
tions, the metric has changed

53 Aggreganion and segmentation of metncs

When assessing the quality of a given production
schedule, the raw data used to calculate any set of
metries 15 that which can be calculated directly from
the set of job/machine /time assignments that con-
stitute the schedule itself Examples of these metncs,
which we shall refer to as atoruc metnics, are the
time spent m process by a particular lot at a particu-
lar machme, or the proportion of the ttme honzon
that a certain machine was busy or down These
atomic metnics are based on the observation that a
grven scheduling object, 1€, a job or a machine, can
enter one of several different states over the course
of the execution of a schedule The atomic metrics
then record how much time each scheduling object
spends n each possible state over the schedule hon-
zon For example, a machine may be in one of five
states busy, 1n sctup, 1n maintenance, 1dle and down
Hence, the atomic metrics for this machine would
record how long 1t remained 1n each state before a
transttion 1o & new one In the case of a job, one
might define the possible states as in process,
transport, on hold or 1dle, and calculate the amount
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of time each job spent in each state over the course
of the schedule

It 1s apparent that we can use these atomic metrics
in a number of different ways to calculate metncs
relating to the overall schedule being evaluated We
shall disingwish between two different operations,
segmentation and aggregation, that are performed on
the atomic metrics

The operation of segmentanion consists of speci-
fying a class of scheduling objects (jobs or ma-
chmes) that form a meammgful unit i terms of
schedule evaluation To illustrate this 1dea, consider
the set of all jobs in the schedule The atomic metrics
available are time spent waiting and In process at
each operation Possible segmentations of these
atomic metnics are by jobs of the same product, or by
Jobs of the same prionty class (urgent/late /on ume,
for example) A segmentation commonly encoun-
tered in practice 15 by adminstrative area — for
example, the fabncation and assembly arcas of a
manufacturing plant might be viewed as segments of
the scheduling problem The underlying idea 1s that
the performance of a given schedule will be evalu-
ated 1n terms of 1ts 1npact on the set of scheduling
objects specified 1n the segmentation

An example of a job-based segmentation com-
monly encountered in semiconductor manufacturing
1s by the type of order Engineering jobs related to
product development have the highest priornity Jobs
whose goal 1s to replenish inventories generally have
low prionity, while orders from specific customers
may cover a wide range of prionittes An example of
a machine-based segmentation 1s separating ma-
chines nto bottleneck and non-bottleneck resources
as advocated by Goldratt’s Theory of Constraints
[24]

Developing a segmentation of a scheduling prob-
lem, which 1s meaningful in terms of the overall
orgamzational objectives, 1s not a tnvial task Any
scheduling decision assigning a machune to process a
Job at a certain pomnt in tme may well impact the
metrics of two or more different segments, poten-
ually 1n conflicting ways The relationships between
different segments also becomes mmportant, in the
sense that perforning well 1n one segment may
entail performing badly in another For example,
consider a segmentation of the jobs into lgh- and
low-prionity classes and of the machines into bottle-

neck and non-bottleneck machimes Suppose the goal
15 to maximize utihzation on the bottleneck ma-
chines, and mimmize the ttme in system of the
high-prionity jobs A situation may anse where a
high-pnonity job 1s approachung the bottleneck ma-
chine, but will not arnve there for a while yet. The
scheduler may choose to keep the bottleneck ma-
chine 1dle and wait for the high-priority job, thus,
sacrificing the machine utilization in favor of the
Job’s flow time The alternative 1s to keep the ma-
chine busy with whatever work 1s at hand, sacnficing
the flow time of the high-pnionty job to the machine
vthization Another example already referred to 1s
segmentation by admimistrative area, where 1n order
to make wtself look good one department may pursue
a strategy that leaves another 1n a hopeless position

An nteresting application of the 1dea of segmen-
tatton 1s that of viewing each segment as an indepen-
dent, imtelligent agent trying to optimize its own
objective function, which may differ from those of
other agents A number of researchers [17,38] have
advocated scheduling systems of this nature, where a
bidding mechanism 1s used to resolve conflicts be-
tween different agents While the analogy to free-
market economics 1s interesting, this approach sull
requires that the objectives of the individual agents
be set it a manner that will ensure good overall
system performance, which 15 not clear how to do In
addition, most of these approaches have been tested
in the context of flexible manufacturing systems with
relatively few machines

Once the segmentation of the set of scheduling
objects, and thus of the associated set of atormic
metrics, has been specified the atomic metrics for
each segment can be aggregated i a number of
different ways The most common method of aggre-
gation 1s averaging Thus, one might aggregale a set
of atomic metrics by taking thewr average over a
given set of jobs or machines specified 1n the seg-
mentation, one mught take the average of a set of
atomic metrics associated with a grven object over
the fength of the time honzon, or one might do both
There seem to be two main dimensions, along which,
one can aggregate atomic metrics the set of schedul-
ing objects specified as a meaningful umit for sched-
ule evaluation in the segmentation, and some speci-
fied time honzon Each of these dimensions in turn
may 1mply a hierarchy of aggregation For example,
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if we segment the atomic metrics by functional
departments on the shop floor, such as dnlling,
milhing and welding, we will aggregate the atomic
metrics for each department into an aggregate metnc
for that entire department However, the aggregate
departmental metrics can, in turn, be aggregated into
plant-wide metrics, which can then be aggregated
into company-wide ones If we are aggregating over
time, the atomic metrics may be aggregated over a
tme horizon such as an 8-h shift These metrics may
then be aggregated into dmly, weekly, monthly and
yearly metrics

The segmentation and aggregation of metrics 13
crucial to good schedule quality evaluation It will
also affect the behavior of the manufactuning system,
since the way the metrics are structured will deter-
mine the criteria by which the performance of shop-
floor management will be evaluated, which 1n turn
will affect the decisions made by shop-floor manage-
ment The segmentation must be over classes of
objects that are meaningful not just in terms of
orgamzational structure, but 1n terms of the manufac-
turing system being scheduled If we segment the
problem based on functional departments, as 1s often
the case n industry, we run the risk of each depart-
ment optimizing its own performance independently
The way in which metrics are aggregated 15 closely
linked to the problem of estabhshing meaningful
metrics for different levels of the corporate hierarchy
discussed above Ideally, the aggregation of metrics
should be accomplished 1 a way that will ensure the
coordination and coherence, n terms of overall cor-
porate goals, of the actions taken in the schedule
The degree of aggregation 1s an important variable
here If we aggregate too httle, we face a mass of
atomic data from which it 1s difficult to draw any
conclusion about the schedule as a whole If we
aggregate too much, we obtain metrics that are diffi-
cult to relate to actual events on the shop-floor or
schedule charactenstics These highly aggregate met-
ncs can often be misleading when used 1ndiscnimi-
nately A good example 15 looking at a plant-wide
average of machme utilization Trying to maximize
this metric will lead to attempts to reach 100%
utihzation on all machines in the plant, resulting 1n a
dramatic increase in WIP levels and shop-floor con-
gesuon Looking at average utilization on bottleneck
machines, for mnstance, makes a lot more sense since

we are maximzing utihzation where 1t matters, n-
stead of indiscimunately across the whole plant. The
challenge 1s to select a segmentation and an aggrega-
tron that provide the most meaningful information to
the dectsion maker who 1s trying to evaluate the
schedule Gary et al {21] illustrate a possible set of
segmentations and aggregations of scheduling met-
nics for a semiconductor manufacturing facility

6. Implications for design and implementation of
scheduling systems

The above discussion should highlight the fact
that the problem of assessing the quality of a sched-
uvle 1s actually a complicated question that can be
addressed from a number of different perspectives
The first charactenstic of the schedule measurement
problem 15 1ts multiobjective, multiattnibute nature
Even when a single individual s involved in the
evaluation process, the question of how to address
the tradeoffs between the different metrics of interest
1s hard to address without keeping the human n-
volved Another important point 1s that schedules
mean different things to different people and are
used by different organizational groups n different
ways This has several implications for designing
scheduling systems In this section, we shall discuss
some of the implications of these difficulties for the
development and implementation of scheduling sys-
tems

The difficulty of selectng a meaningful set of
metnics for schedule measurement, both static and
dynamic, the often conflicting nature of the metrics
selected, the multiple groups involved 1n using and
evaluating schedules and the presence of subjective
factors such as attitude to risk and different tradeoffs
between objectives makes a crisp defimtion of what
a scheduling system 1s supposed to achieve i an
orgamzation very hard to obtain Thts, 1n turn, makes
1t difficult to evaluate the performance of a schedul-
ing system When there 1s no clear 1dea shared by all
users of the system on what the system 1s supposed
to achieve, 1t 1s very difficult for the system to be
deemed successful This 1s consistent with our (ad-
miuttedly hmited and anecdota!) experience that a
manifest enisis 1n shop performance 1s often required
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for management to unite behind a scheduling system
for a sigmficant length of tme Kempf [32] and Kerr
and Ebsary [35] give interesting descriptions of at-
tempts to 1implement scheduling systems, which were
negatively affected by difficulties in evaluanng the
resulting schedules The difficulty in relating
scheduling decisions to the “bottom lme", the
short-term financial performance of the plant or de-
partment, 1nsisted on by many managers, 1s the most
conspicuous manifestation of this problem We would
conjecture that these difficulues n evaluating the
effectiveness of production schedules, and, therefore,
of scheduling systems, are one reason for the
relatively small proportion of scheduling research
transferred into 1ndustnal practice Hence, the devel-
opment of effective means of schedule quality as-
sessment, especially nsight into the economic 1m-
pact of scheduling systems on the performance of the
company as a whole, 1s enitical if scheduling research
1s to have a major impact on industnal practice
While the cumrent trend towards ‘‘balanced score-
card”’ approaches to evaluating performance that
take into account non-financial, operational measures
15 encouraging, this i1ssue will probably remain im-
portant for the foreseeable future

Given the existence of computerized inventory
tracking systems, 1t seems reasonable to assume that
atomic metrics and historical schedules will be avail-
able for examination, providing the basic data neces-
sary for assessing schedule quality However, exactly
how these data should be used for schedule evalua-
tion 1s difficult to prescribe Given a good under-
standing of the environment 1n which the scheduling
decisions are being made, 1t should be possible to
develop at least reasonable segmentations of the
problem, and aggregations of the different metries If
the segmentation of the problem is not effectively
addressed, the different segments will be driven to
optimize their own set of metrics at the expense of
subopimizing the performance of the overall system
If the aggregation of metrics 1s not carried out 1n a
meanmgful way, the relationship between long-term
corporate goals and scheduling decisions will be-
come blurred or lost completely due to the interposi-
tion of several layers of surrogate metrics whose
effects on each other and on longer-term corporate
goals 1s at best unclear This problem 1s further
compheated by the fact that the metrics of interest

may change over ume, implying the possibility of
changes 1 the aggregation and segmentaton used
Resolution of these 1ssues will probably require ne-
gotiatton between the different groups using the
schedules, and a close study of the mteractions be-
tween the different segments of the problem and the
different metrics of interest It 1s nteresting to note
that there have been relatively few in-depth studies
of the interactions between different scheduling met-
nics Much of the current folklore on this subject 15
based on somewhat contnived textbook examples
which show that under certain circumstances opti-
nuzing one metric will lead to very poor perfor-
mance 1n others However, 1t 1s not obvious at all
how hkely these conditions are to arise in practrcal
environments, where different job parameters such as
processing times, setup requirements and due dates
may be highly correlated Ovacik and Uzsoy [49]
have shown 1n an extensive computational study of
Job shop scheduling algorithms that schedules that
perform well with respect to maximum lateness also
perform well with respect to makespan, total comple-
tion time and average tardiness This mdicates that
for all practical purposes, focusing on maximum
lateness as a metnic may be sufficient to yield satis-
factory shop performance with respect to several
measures, eliminating the problem of tradeoffs be-
tween metnics Further work in this area 15 needed,
although results are likely to be somewhat situanon-
specific, depending on the structure and particular
charactenistics of the shops being considered

As discussed in Section 1, a considerable body of
research over the last decade has demonstrated the
close intertelation between scheduling performance
and planning decisions such as due date setting,
order release and lot sizing A number of these
authors have gone so far as to suggest that if the
plannung 1s done nght, the scheduling becomes al-
most a non-1ssue (e g, Ref [65]) In some manufac-
turing systems, this 1s probably a valid point of view
If a manufacturing system produces a relatively sim-
ple product where different stages of the production
process are loosely coupled, relatively simple
scheduling policies can give good results and shop
performance will be driven by the planning opera-
tron However, in more complex environments such
as semiconductor manufacturing 1t has been shown
that this 1s not the case The scheduling problem 1s
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essentrally the problem of how to allocate shop
capacity 1n the short term Poor scheduling decisions
can lead to significant loss of productive capacity,
invalidating the results of even the most careful
planning process

However, the relationship between planming and
scheduling may well hold the key to a significant
simplification of the schedule measurement issue
Our definiion of scheduling 1n this paper has fo-
cused on the execution of activities on the shop floor
m the short term, with a typical ume horizon of a
day or a shift Planning, on the other hand, involves
decisions of how to allocate the firm's productive
capacity among different products and customers
over the longer term Its typical output 15 @ master
production schedule specifying how much of each
product to make 1n weekly or monthly time buckets
In particular, the planning system must consider the
firm’s different departments and geographical loca-
tions 1n an integrated way for the resulting plans to
be effective Clearly, then, the scheduling decisions
1 a given department or plant are tightly constrained
by the planning decisions leading up to them

Given this srtuation, we would suggest that the
scheduling function be viewed as one of very narrow
scope — that of executing the production plan as
closely as possible This simplifies greatly the 1ssue
of evaluating schedule performance, brninging 1t to
essentially one simple question — did we meet the
goals (both iming and quantity) set by the produc-
tion plan or not? This 1s clearly a much more tractable
problem than that of linking shop-floor scheduling
decisions to the firm’s long-term goals and strate-
gres It stll leaves open a considerable area, 1n that
there may be several schedules capable of achieving
a given plan that differ significantly 1n how they do
1t, particularly in how efficiently resources are used
Many of the 1ssues raised n this paper are still valid
within this more hmited scope However, if we
accept this viewpomt, the scheduling system’s top
prionty becomes that of achieving the production
plan, with local efficiency considerations remaining
secondary to this The major advantage of this ap-
proach 1s that the question of what the plant should
be doing to add value to the firm — what products
to push 1n the market, which customers o give
priority over others, how to quote due dates and
handle unexpected rush orders — are addressed

within the production planning process with a firm-
wide view of goals and resources The need to
discuss these issues, which are almost part of corpo-
rate strategy, 15 removed from the individual plant or
shop The issues to be resolved withun the production
planning process are clearly complex, and many of
the complexities discussed 1n this paper in the
scheduling context remain here also However, these
i1ssues are now being discussed by the peaple with
the information and the responsibility to make them,
nstead of having them made by default in response
to local, short-term pressures

From this perspective, it 1s interesting to note that
many scheduling systems developed 1n industry, such
as that developed at Intel by Kempf [32] and the
ReDS system of Hadavi et al [26] developed at
Siemens, as well as several commercial products,
actually contain a large planning component, ad-
dressing 1ssues of due date quotation, matenal man-
agement and order release It 1s also interesting to
note the parallel between shop-floor scheduling and
master production scheduling, both of which mvolve
decisions as to how to allocate the firm’s productive
capacity over tume, although in different ume frames
It 1s indicative of the difficulty of making the trade-
offs involved that nesther shop-floor scheduling nor
master production scheduling has been extensively
automated to date in the majonty of the discrete-part
industnes, although the mtervenmg function of re-
quirements planning has been automated in many
compantes using Material Requirements Planning
(MRP) systems for the last 20 years

Even if we treat scheduling as a problem of
short-term execution of plans made at a higher level
in the firm, the 1ssue of dynamic schedule measure-
ment remains The 1ssue of how to develop schedules
that perform well in the face of unexpected disrup-
tions s closely linked to the ability to define what
such good performance 1s, creating a strong need for
dynamic metrics that capture management concerns
While the study of such metrics us still in 1ts infancy,
the empincal work of McKay et al {40] suggests that
they form an important tool for human schedulers
Modelling efforts taking mto account uncertainties 1n
developing predictive schedules have merged over
the last 5 years, indicating that if the set of possible
disruptions can be descnibed, as well as the actions
that can be taken to remedy them, effective dynamic
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metrics can be developed and used to improve shop
performance There remains a strong need to charac-
tenze the disruptions that can occur 1n the shop in a
systematic way While there may well be some
totally unexpected disruptions that can occur, it s
unreasonable to expect a schedule to operate under
every concervable circumstance If the uncertainties
in the system are so prevalent that no characteriza-
tion can be captured in a scheduling model, or at
least some recurning types of disruptions cannot be
isolated, then we would submat that the shop
question probably has bigger problems than schedul-
ing and should focus on reducing the uncertainty to
oblain a more manageable system

In optimization terminology, the difficulty of
specifying the goals a scheduling system 1s expected
to achieve imphes that defining the objective func-
tion unambiguously 1s difficult This leads one to
speculate whether 1n their general form discussed
this paper some industrial scheduling problems are
mathematically ill-defined Certainly, when a num-
ber of restrictions such as a single objective function
are placed on the problem, well-defined mathemati-
cal formulations as control, optimization or heurnstic
search problems are available, though not always
practically solvable to optimality In recent years,
considerable progress has been made in solving these
problems to near-optimality, or at least developing
solution procedures that improve on commonly used
myopic strategies such as dispatching rules
[1,2,48,54] Thus, one 1s led to conjecture that under
different sets of restrictions, where ensp matheman-
cal formulations of different types are available,
scheduling problems can be solved, at least 1n terms
of developing viable computational procedures that
develop usable, acceptable solutions However, 1t 15
not always clear what these restnctions should be,
and 1t 1s difficult to see the problem in all its
generahty described 1 this paper admitting of a crisp
mathematical formulation At this pont, there 1s no
substitute for in-depth knowledge of the shop being
scheduled to allow the modeler to determine what to
consider explcitly and what to omit However, 1t
may well be beneficial for management to flesh out a
coherent objective function for the scheduling prob-
lem to ensure that 1ssues are addressed with a view
of the entire firm, not just the local umt trying to
develop a locahzed scheduhing solution

One concern raised by this discussion 1s the na-
ture of reasonable restrictions to place on a schedul-
ing problem to make a mathemaucal formulation
possible In other words, how much of the realism of
the model should be sacnficed to gam at least some
mathematical resolution and tractability? The answer
to this question will probably depend heavily on the
environment 1n which the scheduling decisions are
bemng made and used An understanding of this 1ssue,
however, would also allow us to determine how the
environment should be designed (or maybe re-
designed) to make the scheduling problem more
rational This may include setting mutually compati-
ble goals for the different crgamzational groups us-
ing the schedules, msttuting operational protocols to
simphfy the scheduling task, reorganizing the shop
iself to simphfy the flow of work, or reducing the
uncertainty 1n the system to reach a more predictable
environment For example, simplified scheduling 1s
often cited as a benefit of cellular manufactuning
systems

The 1dea of redesigning the manufactuning envi-
ronment to facilitate the scheduling task raises the
question of whether the successful execution of the
scheduling function 1s 1mportant enough to the orga-
nmizatton to mernt all this trouble Once again, we
would conjecture that the answer to this question
depends on the environment The difficulty of evalu-
ating the performance of a schedule n itself, dis-
cussed n this paper, would seem to hint that the
evaluation of the effectiveness of a scheduling sys-
tem within the orgamizateon 1s much more difficult
This 1ssue 15 of critical mmportance to the actual
implementation of scheduling systems in practice
The economuc impact of scheduling on the organiza-
tion 15 generally not well understood or quantified,
and considerable research on this more general as-
pect of schedule measurement is required

Another 1ssue raised by the 1ll-defined nature of
scheduling problems 1s how to use the models and
solution techniques that have been developed over
the last three decades It seems clear that it 1s not
cost-effective, feasible or even desirable to include
all constraints and considerations pertaining to the
industrial scheduling problem into a model [58] On
the other hand, taking a mathematical model based
on an abstraction of the problem at hand, implement-
ing 1t directly 1n the factory and expecung 1t to work
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15 unrealistic Perhaps, rather than interpret the mod-
els and techmiques developed as being directed to-
wards actual implementation on the shop floor, we
should try to interpret them as providing msights into
the structure of solutions to the industnal problem
through rigorous analysis {theoretical or experimen-
tal) of tractable special cases and simphfied models
These msights can then be combined 1nto effective
heuristic procedures for the real problem An alterna-
tive interpretation 1s that the function of the schedul-
ing model 15 to get the user into the neighborhood of
a good solution for the real problem, rather than to
provide the final solutton This mmtial solution ob-
tarned via the model can then be modified by the
user, perhaps via some Interactive decision aid, to
incorporate constraints and other aspects of the prob-
lem not easily captured by the model The develop-
ment of such decision aids poses an 1nteresting direc-
tion for future research

Finally, the 1ssues described 1n this paper indicate
a strong need for more empirical field work 1n the
area of scheduling This would fill a strong need to
know how scheduling problems are perceived by
different functional groups in different indusiries,
how far insights from one type of environment can
be generalized to another, and what are the really
pressing scheduling problems that need to be solved
The majority of the scheduling problems studied
the literature are based on formulations developed in
the 1960s Organizational structures, the business
environment and the available set of computer and
mathematical tools have changed considerably since
then A study of industrial practice and perceptions
would lead to interesting insights into how pracu-
tioners are addressing these problems, how existing
theory can be deployed to assist them, and what new
theory and tools need to be developed The work of
McKay et al [39,40] 1s an important step 1n this
directton, which needs to be pursued further
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