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Summary

An empirically~derived job-shop simulation model
is the heart of the study. This provides the oppor-
tunity to explore some techniques not normally applic-
able in hypothetical job-shop simulation models.
First, the model is designed to include the essential
characteristics of an actual sequencing environment.
Second, intermal consistency and representativeness
are checked by comparing simulated with actual perfor-
mance. Third, a "protocol" of a manager's decision
process is used in the development of a general prior-
ity function in contrast to "piece-meal" rules.
Fourth, sequencing rules are screened initially for
practicability as defined by a shop manager. Fifth,

a total relevant cost function is developed based upon
actual shop costs. Finally, computer simulation re-—
sults are reported concerning the nature of practic-
able rules and "best" rules.

Introduction

Research on sequencing has taken three primary
thrusts. First, a great bulk of the reported work has
concerned attempts to apply analytical and enumeration
techniques to very limited versions of the sequencing
problem. Most of this work has dealt with simultan—
eous-arrival, declining-load situatiomns. For these
cases, a fixed number of orders is released to an emp-
ty shop at time zero. No more arrivals are allowed,
and the shop is run until all orders are released from
the system. Conceptually, many versions of this simp-
lified sequencing problem have been solved, although
computational infeasibility is found in most situat-—
ions of interesting size and complexity. Conway, Max-
well, and Millerbhave an excellent expository book on
analytical approaches to this type of problem and Day
and Hottenstein? have just recently reviewed achieve-
ments in this area. .

The second major thrust of research has involved
the use of computer simulation techniques to explore
more realistic and general versions of the sequencing
problem. Most simulation models concern the intermit-—
tent-arrival, continuing-load case. Orders arrive
randomly throughout time, and the shop is loaded to
some varying fraction of capacity continuously and in-
definitely. However, most of the research has been
with hypothetical models with many simplifying assump-
tions.

The third major thrust has been in the applica-
tion of simulation techniques in actual scheduling
situations. Most of the reports concerning such app-
lications praise improved performance achieved with
the installation of a set of computerized procedures.
The primary problems with such application reports
have been (1) a lack of determination of what actually
caused the change; (2) a realization that usually only
successes are reported; and (3) the fact that research
techniques are generally not coupled with the real
situations.

An Empirically-based Research Model
Motivation for an Empirically-derived Model

This study is an application of simulation resea-
rch methodology based upon an actual job shop, and
thus is an attempt to integrate the three separate re-
search thrusts concerning sequencing. Building an em~
pirically-derived simulation model provides some unique
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opportunities not available for hypothetical models.
For hypothetical models, verification has been practi-
cably ignored. An empirically-based model provides
the opportunity to test the representativeness of the
model. The relevant characteristics of a jobbing-to-
order shop may be identified and checked. Properties
such as machine and labor limitation of capacity,
changes in capacity and load, and sequence-dependent
service times must be explicitly considered. 1In addi-
tion, an actual situation allows one to identify rele-
vant cost factors and values.

The Firm and Problem Definition

An actual firm with its records of orders and or—
der movements has been used as the basis for this study.
The firm is a commercial printing firm that uses offset
lithography. The production system may be classified
as jobbing-to-order with a flow-shop type movement of
orders. Queues of orders develop at the work stations.
The sequencing problem is thus a major decision-making
problem. Many firms were considered, but this one was
selected because of (1) completeness of available rec~
ords; (2) the relative simplicity of the scheduling
problem (flow-shop orientation); and thus (3) an oppor-
tunity to abstract the essence of a major type of sch-
eduling problem.

For the printing shop, production is entirely to
order with comparatively low volume per order. Each
order has unique specifications, and therefore no stock
of standard items can be held as finished inventory. As
occurs in most jobbing-to-order shops, order charact-
eristics are highly varied. Total processing time for
orders may range from six minutes to two hundred and
fifty hours, the number of separate operations from
one to thirty, and the order value from zero to five
thousand dollars.

The operations required on an order might be art
layout, composition, proofreading, finished art, camera
shots, stripping, brownprinting, platemaking, press
setup and run, paper cutting, handwork, folding, stit-
ching, and/or packing. The shop is both labor-limited
and machine-~limited. Furthermore, there is limited
flexibility in the labor force.

The primary short-run decisions of importance are
those concerning sequencing. Meeting of due dates,
value of work-in-process inventory, and even idle time
are determined largely by the sequencing decisions made.
The shop is a fast-growing shop and thus the load on
the shop is maintained at near capacity. Sequencing
decisions are essentially the day~to-day control dec-
isions for the shop.

The Computer Simulation Model

The model is a simulation model based upon numer-
ical manipulation to achieve order flow through the
shop. Because of the magnitude of the problem, the
simulation model has been developed for use on a high-
speed computer. A CDC 3400-3600 computer system has
been used. The program for the model has been written
in FORTIRAN because of this researcher's knowledge of
the language and the flexibility of the language. Al-
though these were the primary reasons for selecting
FORTRAN, this author did not find the computer program
to be so extremely complex and difficult to modify as



is suggested By most authors* who compare it te speci=
al languages such as SIMSCRIPT. The computer program
is in modular form to enhance flexibility, ability to
change the model detection of errors, and clarity of
the program. The program is thus composed of a main
program and several subroutines. Variables and arrays
are held in common to maintain efficiency of the pro-
gram,
sixty to ninety seconds of computer run time and about
30K of storage.

’ The model has been written to represent the act-—
ual phy51ca1 flow of orders through the shop. It has
not only been deyeloped to represent the actual shop,
but actual order data have been used to generate arr-
ivals, due dates, progcessing times, routings, andrso
forth, The,model incorporates the factors described
in the previous section.

The model is a fixed—time-increment model. The
basic clock time is kept in shop, time units. Ope time
unit represents, six minutes. This unit of time is
used,by the actual shop to record processing times.
Another clock is incremented by days. The day clock
controls delays, arrivals, and daily shop statistics.
Run length is given in terms of days. Processing time,
order flow, idle time accumulation, ordex dismissals,
and, so forth are controlled by the time unit clock

Run conditions specify (1) whether the priority
rule is time dependent or independent, (2) the length
of the run in days, (3) the number of orders in,the
start load (4) the prioxity rule being used, (5) the
order set being‘useda and, (6) the specific start load
being used4 A priority rule is, conSidered time depen—
dent if the priority value for an order may change
while the order is in any one waiting 1ine. Run len-
gth is specified in number of working days. There are
five.working days. per week '

Order characteristics that are required by. the
model, include. @y customer class, (2) arrival day,
(3) due day, (4) order value, (5) paper cost, (6), ink
cost, (7)plate cost, (8) negative cost, (9, number of
and (12) proceSSing or service times. Additional data
maintained after an, oxdex, arrives are (1) order posit—
ion along itsmrouting, (2) work—in—process value for.
the order (matexial and, labor costs. are included), (3)
operations remaining for the order, (4) processing
time remaining for the order, and (5) prioxity value
for the order. These data are used to, maiptain proper.
order flow, to accumulate shop and order statistics,
and_to determine priority values.

Orders have been drawn, from an empirical distri-
butien of oxdexs. Using joh cards, daily time sheets,
and inteIViews with the plant. manager, information was
gathered fox orders that arxived over sixty—one actual
work days. Two hundred and thirty-four orders have
been included in this set, The plant manager, identif—
ied this set of orders as representative of all order
arrivals. The plant manager also determined paper
costs for each ordex and clasSified gustomexrs as pri-.
mary, secondary, or. common accoxrding to, the importance
of each

Start loads and other oxder sets have been gener-
ated by. draWing randomly from this baSic set ‘of oxders
to determine themcharacteristics of a new order. The
plant manager specified a representative starting con-—
dition based upon actual shop loads. Given the number
of orders im each waiting line, ‘the specific orders
may bhe generated randomly to produce the imitial star-
ting conditions. Orders in the starting load have been
assumed to be on time relative to meeting due dates. )
Arrival dates have been made to, agree with ‘this assum~
ption. Thus alstarting load is representative,lbut it
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For example, see a comparison be,O'LearyL4 in the
Proceedings of the Fourth Conference.

A run of one hundred and twenty work days takes _

is also neutral in terms of meeting the due dates for
the orders. Starting a shiop in the empty and idle
condition is the standard approach taken; however, this
technique introduces a serious startup problem which
must be reduced by discarding performance results over
a fairly lengthy period of time. The approach that
has heen taken here cannot be considered a panacea for
solving.the startip problem, but it is an attractive
approach when the model is empirically derived.

' To generate order sets for a period of time, an
empirical distribution of the numbex of arrivals per
day has been used. One of the sixty-one days has been
chosen randomly and uniformly, The number of order
arrivals for that day has been used to determine the
number of arrivals for the new order set for a partic-
ular day. The specific. orders to arrive have been
chosen, randomly from the base set.

The priority rule or queue discipline may be var-
ied by changing the priority subroutine. The priority
subroutine has available all relevant order informat-
ion, and, in general, the condition of the shop. The
priority value is calculated for each order whenever
it enters a mew queue. The orders at éach queue are
kept in an ordered file. Higher positive priority val-
ues place orders at the first of the queue. For the
time-dependent rules, the priority values and ranking
are revised when an order is to be loaded for process-—
ing.

" The model uses fixed processing times. The ser-—
vice times are the actual service times taken from job
recoxrds. Actual processing times are used as predic-
ted service times by the priority rules that use pro-
cessing time in deriving priority values. In actual
pragtice, such complete information would seldom be
available before the operation has been completed.
Conway, Maxwell, and MillerS (pp. 228-229) reported
tests of the effect of errors in processing time esti-
mates. Errors uniformly distributed from plus to
minus ten percent showed no degradation in performance
from hawing perfect knowledge. Errors uniformly dis~
tributed from plus to minus one hundred percent yield-
ed very little change in perforxmance of the rule. For
the printing shop and the plant manager in question,
estimates of service times within plus or minus ten
percent are very reasonable.

To avoid having more operating capacity than is
actually available, one must allow for worker absenc-
es. For planned vacation time plus unplanned absenc~
es due to sickness, workers are absent five percent of
able time. TFor this shop, most vacation time is taken
in one-or two-day blocks somewhat randomly throughout
the year. Therefore, absences for the model have been
assumed to be completely random. The probability of
a worker being absent for any one day is five one-
hundredths.

" The model is thus a representation of actual order
flows and processing in a commerical printing shop.
The model is empirically-derived, and data used in
running the model are empirically-based. It is a fix-
ed~timé-increment.model that relies on a high-speed
computer to perform the numerical manipulations that
represent shop performance. The computer program for
the model is written in FORTRAN and in modylar fashion.
Order. flows are generated by a conjoining of the assum—
ptions and definitions of the model and a given queue
discipline.

Model.Validation

Does performance generated by the programmed model
flow logically from the assumptions? That is, is there
agreement between performance and the assumptions and
definitions? 1If agreement does exist, do the generat-
ed results and order flows represent performance in the
actual shop. from which the model has been developed?
These are. the difficult questions of internal consis—




tency and representativeness.

TInternal Consistency

The procedure used to check the internal consis-—
tency of the model hag been to examine both detailed
and. aggregate performance under a variety of conditi—
ons. Most importantly, the flow and assignment of
orders and the availability and assignment of workers:
has been examined in detail. Hand-calculated statdis~
tics have been compared with computer-generated totals
for accuracy of data gathered.

Daily shop status may be printed. The shop sta—
tus. report includes a listing of the orders presently
being processed, service times remaining, and the:
codes for the operations. A listing of the orders in
waiting lines is also made. This. includes queue Ien—
gths, order numbers, priority values, and operatiom
codes.. The queues. are: given: in ranked oxder. The
orders delayed before bindery work are listed.. Both
the orders: and days remaindng for the delay are list—
ed foxr brownprint. approval delays. The results sect—
fon, includes a listing of all aceumullated values. Much
of this data is reported by customer class.

For the initial check, three small orders: were
¥oaded: at time zero. The shop was: rum: for one hund-
red time units using a random seguencing rule. Prin—
ted computer performance was. matched to hand caleula—
tion of order flow, cumulative values, and prioxity
rankings. Two similar checks. were made with thirteen
and twenty-five orders.. The next major check was a
complete checking of order flow, statistiics gathered,
and priority rankings for efghty-three oxrders for a
one—-day period. Some general checks. were made by
running eighty~three order start loads until all ord-
ers were completed. WNext, seweral runs were made us-
ing a start load and intermittent arrivals over time..
General and specific checks 'were made:w

A final analysis of detailed order flow and tot—
als was made using a shortest-processing-time rule..
A starting load composed of eighty-three orders was
run for two days. Accumulated values. and order £laws
were also determined through hand calculations. Sev-—
eral diffferent rules, including both time-dependent
and time—independent rules, were tested to explere
the model's ability to handle any situation encount—
ered.

It has been suggested by Conway, Maxwell, and
Miller 6 (pp. 15-19) that mean flow-time for any job-—
bing~to-order shop in steady state should equal the
ratio of the mean number of orders im the shop. to: the:
mean: arrival vate.. This was proven foxr a few simple
cases and then generalized to all cases. The pexr-
formance. of this. model has approximately agreed with
this assertion.. For any rule tested under a one
hundred and twenty day run, the actual flow-time ach~
ieved has been within ten percent of the flow~time
calculated from the above ratio.

Representativeness

Given that the internal consistency of the abst—
racted model has been accepted as satisfactory, one
must question the realism of the abstracted model.
Building a model from an actual shop- should tend to
yield a more representative model. It also provides
an opportunity to make moxe direct evaluatiams of
model realism.

Does the model realistically abstract and present:
the sequencing decision problem? Ideally, one: could
implement actual decisions withfn the model. and com—
pare simulated with actual performance. This has pro—
ven to be infeasible for the current study. Records
were not available in the proper form.. However,. it
has still been possible to make several checks of
model representativeness,. albeit somewhat subjective..

These have been made in additfom to comparisens of ind-
iyidual assumptions with the actual shop. Given the
handlfng of the details of the model, ome should deter—
mine #f the resultant model is representative of the
actual shop In total. The technique has beem to compare
several known characteristics of the actual shop with
measures generated from the model. But most important-
Ly, the plant manager's opiniom of the model has beem
used to evaluate the realism of the abstracted model.

To gain familfarfty with the model, the manager
made: decfistons. within the constraints: of the model.
The: manager made priority value decisions, the shop
was run for a peried of time, shop status was printed,
and. the manager evaluated the status of the shop.This
process was: repeated several times.

After an inftial period of explanatdion, the mamag-—
er expressed comfort with making sequencing deecisions
by assigning prierity values. After this dnitial fam—
iliarization, four decision-making sessieons of approx—
imately one: hour each were recorded om tape. A "proto-
cof" was. obtained. A "protoecol™ Is a record of the ver-
balization of the thought processes while making decis-—
fons. This particuliar protocol has been useful for
determining factors: consddered and procedures used by
the manager when he: makes sequencing decisions. Also,
the protoeol provided am opportunity to obtadn the man-—
ager's opinion: of model represemtativeness.

Overall, the shop manager seemed wery satdsfled
with the performance and rvealism of the model. He
felt that the conditions he encountered im making dec-
isfons. for the model were very similar to situgtions
actually found in the shop. For Instance, he noted
that a heavy lioad that was encountered fn the ant
department was typical of shop counditions. The: plant
manager seemed comfortable with the constraimts on the
sequencing decisions. Most of the suggestions that he
made: may be handled through the priority function.

The manager appears to base sequencing decisions
primarily on due date and customer class. Some consid—
eration is alsa giwven to keeping the: entire shop Ioaded.
Using a sequencing rule based upon: these factors,
feasible performance* was obtained for a fifty-seven
day run. The: shop. was also run for this rule using one
hundred and twenty day arder set. Simulated performan-—
ce results were compared to actual values: for the shop.
The manager estimated the mean flow time to be approx—
imately fifteem: days.. He estimated the average number
of orders in the shop to be approximately seventy, with
considerabler variat¥on, and average inventory value to
be about thirty thousand dollars. Using a rule of the
form dilscussed above,, the following values were obtad-
medz (1) a mean flow time of 16..Z days, (2) an aver—
age of 66.4 orders in the shop with a standard deviat—
fon of 12.1, and (3)- an average imventory value of $29,
285. Performance results with other similar rules clo-
sely approximated the manager's estimated values.

Queue Disciplines

After bHuilding and validating the model, one may
Incorporate a decision rule into the model and generate
the resultant shop: performance.. Researchers have gen-—
erally reported the approach of determining new rules
based upon insight gained from exploration with a model.
The procedures followed in this sitwudy have beens (1)
to use standard rules reported by other researchers,
(2) tor develop other rules through insight gained or
random curiosity, (3) to dewvelop rules that incorporate
relevant factors not previously considered, and finally
(4) to idemtify possible- relevant: factors and incorpor—
ate them in a general priority functiom.

* Feasible. performance refers to the number and
type of extremely late orders allowable in the shop.



Standard-type Rules

A number of rules were taken from the literature
and others were generated from insight gained through
experimentation. Rather than a list of all 34 rules
tested under this category, a general discussion of -
the types and sources of rules follows. Random seq-
uencing and first-in, first-out sequencing were used
to provide base points for comparison.

The shortest-processing-time rule and job-slack
rule that Conway*’ - and most other researchers have
found to yield "good" performance have been used, The
job-slack rule includes an adjustment for processing
time remaining. The shortest-processing~time rule has
also been tyuncated as suggested by Conway, Maxwell,
and Miller.® The "COVERT" rule developed by Carrolllt
and the modified "COVERT" rule reported by Montagnel
have been considered in developing rules relevant to
the present model.

The use of job value in making sequencing decis-
ions was suggested by Colley.zs Interviews with
managers of six different firms also resulted in the
identification of customer value as a major factor.
Hottenstein—" examined the effects of superimposing
expediting techniques. Truncation of simple rules has
been developed to expedite late orders or other orders
that may have special characteristics. Expediting has
been based on an order: (1) being tardy, (2) having
negative slack, (3) being in the shop over a certain
length of time, and (4) having many operations and/or
much processing time.

Look—~ahead heuristics as suggested by Carrolll
and Gere” have also been superimposed on a number of
"simple" rules. An idle time look-ahead involves giv-
ing high priority to any order which goes to an empty
queue next. If more than one order under consideration
may be given high priority, then the order with the
shortest imminent processing time is loaded next. A
sequence dependency heuristic involves giving high pri-
ority to those orders that would reduce setup or
washup time. These heuristics have been superimposed
upon a number of rules to test their general effects.

A few other rules were tested because of the re-
searcher's curiosity or because of implications from
the other rules. For instance, one such rule is a mul-
tiplicative combination of the basic shortest-process~
ing-time and job-slack rules. There is, of course, no
limit to the number of rules that might be developed
and tested. Hopefully some of the basic and most imp-
ortant rules have been included.

A Manager's Procedures

A protocol of the manager's decision-making pro-
cesses was obtained. From this the factors considered
by the manager and the procedures used for making sequ-
encing decisions were identified. The primary factor
that was always considered was the order due date.
Secondly, customer class was the reason for the seque-
nce chosen when due dates were nearly the same. Orders
from the more important customers were given higher
priority. On the shop level, idle time on the presses
is very costly. The manager expedited orders in the
camera department if they were to be routed to a press
that was not very busy. The above three factors app-
eared to determine most of the manager's decisions and
were thus combined into a rule.

Other factors were considered by the manager for
making some of the decisions. ¥For instance, one order
was given high priority because it has a short imminent
processing time and a considerable amount of work in
the press and bindery departments. The purpose of this
decision was to move the order out into the shop and
keep total shop load balanced. -Some orders were given
low values because their total processing time was low,
and other orders were given high priority for the same
reason. This contradiction in decisions seemed to

arise because of nearness of the due date, If orders
had similar due dates and were the same class, then
processing time was considered. Order value was con-
sidered a few times in terms of identifying a large
order. Although other information was also available,
the above factors were the only ones verbally identif-
ied by the manager.

A Priority Function

An analysis of the manager's protocol and the
researcher's experience with the actual shop led to
the conclusion that an inclusive priority function
was needed. In making sequencing decisions, the
manager considered many factors. Much information
about order characteristics is readily available for
the model as well as the actual shop, such as process-
ing times, order value, operations yet to. be performed
for the order, total processing time, due date, and
so forth. A critical review of sequencing rules re-
cently developed by researchers also led to the con-
clusion that many of these new rules involved consid-
eration of relevant factors previously ignored. This
revealed that the determination of what variables
affect the sequencing process has been partially
ignored. This led to the question: Why should not
all relevant factors be considered when making sequen-
cing decisions? It would be illogical not to consider
all available information that may be relevant.

Using the order information available and shop
factors identified as relevant for this model, the
additive priority function given in Figure 1 has
been developed. For this function the relevant fact-
ors have been combined in a linear additive function.
An additive function was selected because of the
simplicity of this combination of factors.

One may search for a "best" combination of factors
by varying the coefficients in the equation. The con-
stants have been applied to each factor so that they
will be of equal magnitude for this model. Thus the
coefficients considered may be of similar magnitude.
Factors may be eliminated from consideration by giving
them a zero coefficient, Variations of the function
were generated by changing some of the coefficients.
Fourteen rules in addition to the standard-type rules
were examined.

FIGURE 1:  ADDITIVE PRIORITY FUNCTION

If waiting line for this queue is greater than
35, priority value = Inverse of imminent processing
time; otherwise,

Priority value = Inverse of customer class x A
(current day + time remaining/65) - due day) x B
(0.05 x (current day - due day + 1)) x C

(order value/5000) x D

(order work-in-process value/6000) x E

(0.025 x (current day - order arrival day)) x F
(operations remaining / 25) x G

(processing time remaining / 2200) x H

(total number of operatioms / 25) x I

(total processing time / 2200) x J

(1 x K) if sequence dependency factor relevant
(1 x L) if idle time factor relevant

(Inverse of imminent processing time) x M.

+
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Performance Evaluation Methods

Standard Measures

Mean flow time, job tardiness or lateness, and
work-in-process inventory value are the statistics
used most often in evaluating performance in an inter-
mittent-arrival, continuing-load situation.’ For this
model, the following measures may be gathered for each
sequencing rule tested: (1) mean and variance of




flow time, (2) mean and variance of work-in-process
inventory value, (3) number of tardy orders, (4) num-
ber of tardy days, (5) total of the squared values of
tardy days, (6) mean and variance of number of orders
in the shop, (7) mean and variance of total workload
in the shop, (8) mean and variance of total processing
time remaining in the shop, (9) mean and variance of
work completed in the shop, (10) number of orders com-
pleted on time, (11) number of orders completed early,
(12) number of early days, and (13) number of arrivals
per day. Additionally, the measures may be gathered
by customer class where such a breakdown is meaning-
ful.

Practicality of Rules

Using a model based upon an actual firm provides
the opportunity to test the practicality of the sequ-
encing rules. Does the sequencing rule yield order
flows and shop conditions that are reasonable in the
actual shop? Factors specified by the manager incl-
ude: (1) length of waiting lines, (2) length of stay
in the shop for any order, and (3) number and types of
orders in the shop for an "extremely long" period of
time. Information about practicality was gathered
through an interview with the shop manager.

For any jobbing-to-order shop there is a limit to
the length of waiting lines that can be allowed to
form. The manager has indicated that queues longer
than thirty~five orders are unreasonably long for this
shop but not improbable. They should not occur often
however, and they should be reduced to a lower level
quickly. Queue lengths greater than fifty are unwork-
able. If such queue lengths occur, the rule may be
considered impractical.

Without considering some special cases that are
not incorporated in the shop model, the manager con-
siders it impractical for an order to be in the shop
over sixty days. A longer stay in the shop would
cause either cancellation of the order or extremely
high ill will. Either result is prohibitive. Even
a stay of over thirty~five days in the shop 1is rare
and very costly. Only large orders with many operat—
ions and a high total processing time requirement are
allowed to stay in the shop over thirty-five days.
The manager feels that long stays for small orders
would irreparably damage the shop's desired image.

Even though it is practicable to have large ord-
ers stay in the shop over thirty-five days, the mana-
ger has stated that the number of gyders that have
been in the shop for such a long stay should not exc-
eed five orders and may not exceed eight orders. If
the number is between five and eight, then the indiv-
idual orders must be carefully scrutinized concerning
size, length of stay to date, and amount of work re-
maining.

The fifty sequencing rules that were developed
have been evaluated for practicability. Eighteen of
the rules yielded practicable performance.

Total Cost Criterion

The pitfalls of judging the efficacy of sequenc—
ing rules considering only ome kind of performance
statistic are many. The only satisfactory technique
for evaluating performance of sequencing rules is to
develop an overall performance measure. All relevant
performance factors must be included in such a criter-
ion. Given the availability of cost information from
the actual firm, a total cost function has been deri-
ved for this model.

The following factors may affect costs and may
be considered: (1) idle time, (2} work-in-process
inventory value, (3) total value of tardy orders, (4)
number of tardy orders, (5) total sum of tardy days
squared, (6) sequence-dependent press cleanup time,
(7) sequence-dependg¢nt bindery setup time, (8) number

of early orders, and (9) number of early days. For
the actual shop, early orders do not incur any addit-
ional cost. Therefore, one may assign number of early
orders and number of early days cost coefficients of
zero in the cost function and ignore them. The remain-
ing factors have been combined into a total relevant
cost criterion as shown in Figure 2. Tardiness cost
is divided into three components. A tardy order cost
and-a cost per tardy day have genmerally been identif-
ied in other studies. The manager for the printing
firm specified tardiness cost as a function of order
value. Thus it was decided to include all three fact~
ors. Discussions with the manager also led to the
conclusion that the cost for tardy days should be a
function of the squared values of tardy days.

FIGURE 2: TOTAL RELEVANT COST FORMULATION
18
TRC = )  IDT(i) x C(i) (Idle time cost)

i=1

3
+ Z KSUT(i) x CS(i) (Bindery setup cost)
i=1

3
+ X KUP(i) x CP(d) (Press cleanup cost)

i=1
+ ATWIPV x CIP(I) (Work-in-process inventory
3 cost)
+ Z TVOL(i) x VLC(i,J) (Tardy order value cost)
i=1
3
+ Z NOL(i) x FLC(i,K) (Tardy order cost)
i=1
3
+ )  ITLDS(i) x DLC(i,L) (Tardy day cost)
=1..
where TRC = total relevant cost
IDT(i) = idle time accumulated by worker group
C(i) = cost of idle time at each worker group
(idle, setup, and cleanup times are char-
ged at the rate normally incurred by the
worker group)
KSUT(1) = bindery setup time accumulated by machine
CS(1i) = cost of setup for each machine
KUP(i) = press cleanup time accumulated for each
worker group
CP(i) = charge for cleanup for each worker group
ATWIPV = average daily work-in-process value
CIP(I) = charge for carrylng inventory value (may
be varied)
TVOL (1) = total value of orders tardy by customer
class
VLC(1,J) = charge for value of tardy orders by cus-
tomer class (may be varied)
NOL (i) numbers of tardy orders by customer class

FLC(i,K) = charge for a tardy order by customer
class (may be varied)

ITIDS(i) = total square of tardy days by customer

class

charge for tardy days squared by customer

class (may be varied)

DLC(i,L)

In

Where indicated, charges may be varied to perform
a sensitivity analysis.

Idle time charges, setup charges, and washup ch-
arges are held constant in this study. These charges
depend on labor rates and machinery costs which are
common throughout the commerical printing industry.
Tardiness costs and inventory charges may vary consid-
erably among firms within the trade, however. Deter-
mination of these costs must be much more subjective
and may depend on each firm's special policies. There~
fore, ranges of values have been explored.

Thirty-six different combinations of cost coeff-
icients have been generated. The cost coefficients
identified by the manager for the actual shop were used



as the hasis for determining other values to test. A
representative sampling of situations with major diff-
erences between them was sought, Only those combinat-
ions of the values that would have meaning for am ac-
tual shop were tested.

The eighteen practical rules have been run for a
period of time, and statistics have been gathered.
Standard performance measures have been gathered and
calculated. In addition, total relevant costs have
been calculated for each rule using combinations of
cost coefficients. |

Respleafand:Findiaas

For fifty sequencing rules developed, an evaluat-
ion of the practicability of each rule was made. Aft=—
er discarding the rules that were ffound to. be impract-
ical, the remaining rules were con101ned.with the mod-
el to simulate six months of shop performance. Resul-
ts from these runs have been evaluated by examining
shop statistics gathered and by comparlson of cost pe-
rformance.

Furthermore, an examination of the factors incl-
uded in practical versus impracticél rules has been
made to determine if any identifiable patterns exist.
The detailed performance data gathered for the pract-
ical rules have been examined in total, and by customer
class to establish any major factors common to either
"so0d" or "poor" performance rules. A sensitivity
analysis of the total relevant cost function was made
by varying inventory and tardiness costs.

Finally the rules have been divided into groups
acecording to performance across all cost combinations
explored. An attempt has been made to order the
groups based on cost performance qnder the cost coeff-
ietents. identified for the actualfshopm
i
Determination of Practicability

Each rule was used to generafe fifty-seven days®
of shop performance based upon thé same starting load
and order set. The order set used was comprised of
the actual arrival pattern.of,che‘qrders for which
information was gathered. This oxder set provides a
good basis for judging practlcality‘ A practical
order should handle apy 51tuation encountered, includ-
ing an actual one._ The shop status after the fifty-
seven, day run was examlned for each rule. Rules were
classified as impractical if the ﬁinal shop status
violated the conditions for length of stay in the
shop, number of extremely tardy omdens, and mix of
extremely tardy oxrdexs.

Since the determlnatlon of pxacticallty was based
gegeral;zatlon of the xesults to other condltions was
queshionable. Angther starting load and two addit~
ional order sets were generated ﬁandpmly. This pro-
duces five additional possible combinations of start-
ing load: and orxder set. Several rules were tegted un-—
der. the. additional, sets of condlﬁlons and were found
to yield congistent resulits over each additional sit-
uation.,

Judging the practicality of sequencing rules as
defined by the shop managey proved to be a selective:
criteriom,, Thirty-twe of fifty rules were eliminated
from consideration., Reasonablieness of detailed per—
formance has been largely ignored by previous nesear—
chers.. Such: a practice allows many extremely tardy
orders to remain in the shop. incompleted and forces
some. onders: to- remain i the shop indefinitely. This:
would be impyactical, foxr actual shops. Many of the

% Fifty-geven days was. chosen somewhat arbitranily.
It represents ovexr two hundred order- arwivals and
was. adequate fox- détermining practicality..

-~
hel

standard rules, such as shortest-processing-time, job-
slack, and first-in, first-out, were thus found to be
impractical and would require some modification to
obtain practicality. The conclusion reached from app-
lying the practicality criterion was that a rule must
consider due date and be time-dependent before it is
likely to be practical.

Standard Measure Results

Each rule that was found to be practical was then
used to generate six months or ome hundred and twenty
days of shop performance. Data were gathered concern-
ing performance using the same start load and a newly
generated one hundred and twenty day order set. Alth-
ough this represents: six months of shop. performance
with a randomly generated order set, one may still
question the general implications of any results. Dur-
ing this time period approximately five hundred orders:
may be completed. This represents more than twice as
many orders as the manager has specified to be repre-
sentative. It also represents g turnover of about,
eight shop loads. '

Evaluating detailed performance results for the
eighteen rules found to be practical yielded some int-
eresting results. For instance, mean total workload
in the shop and mean total processing time remaining
in the shop were found to be relatively independent
of the sequencing method. Mean work completed and
remaining in the shop was found to be strictly a func-
tion of shop capacity. It was also found that; the
various sequencing rules have different effects on each
particular customer class.

The inconsistency of rule rankings based upon st—
andard measures such as mean flow-time and tardy orders
was. noted. That is, a xrule would be ranked near the
top for one measure and near the bottom on another mea-
sure. To cope with this problem, an overall perfor-
mance measure was developed. Again, the fact that the
model was empirically-derived prov1ded the opportunity
for the development of a total relevant cost function.,
One would not consider evaluating an inventory policy
unless a total relevant cost fupction could be specif—
ied, mox should one evaluate sequencing rules without
a total cost function.

Totald Cost Performance

Rule orderings were found to be fairly insensitive
to changes in cost coeffiicients when a sensitivity
analysis was conducted. This was even more true across
groupings of the rules. Significant differences. among
rules would be very difficult to find without taking
several samples under many varying conditions. However,
finding "the optimal" rule is probably not important for
most situations. By grouping rules and finding signif-
icant diffierences among groups, one may be able to f£ind
those rules that yield "satisfactory" performance. But
more importantly, there may be certain common features
of the "best" group of rules.

The eighteen practical rules. were grouped into;
three groups of six based upon consistence of ordering
across all cost combinations- explored. The means: of
total cost performance for the groups wene comparned
using- Tukey's methodl5‘of:ﬁost hoc analysis to contrast
the means of the three. groups. Means: for each group
are calculated using the actual cost situation.. TuKey's:
method is designed for studying simple differences bet-
ween means. All groups must have the same number of
observations and all comparisons. must be contrasts.

The method relies on the assumption of independently
normally distributed populations with constant vaxiance.
Tests are based on the Studentized Range distribution..
Results of tests are shown in Table 1. Null Hypotheses
are used. Since this method has a low degree of power,
any- differences found may be: considered highly signifi—
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cant.

The overall test of significance shows that some
contrast may be significant beyond the 0.01 level.
The other two tests show that the null hypotheses may
be rejected. It may be concluded that the mean of
group A is less than the mean of group B and that the
combined mean of groups A and B is less than the mean
of Group C. The rules in group A may thus be consid-
ered "superior' rules as a group. It should be noted
that the findings are for the groupings and not the
individual rules.

The six rules in the best group included two
truncated shortest—processing-time rules and four add-
itive-priority-function rules. Truncation of rules
involved expediting some orders based on tardiness,
stay in the shop, total operations, and/or total
processing time. The latter four rules used a high

TABLE 1

COMPARISON OF GROUP MEANS

X, = $41,217 Xy = $42,750 X = $44,350 based on 6

. months of

Overall: test of significance simulated
results

t'(3,15) = 11.68
Significant beyond the.0l level

Ho: Wg-uwa=0

Comparison of Means
Ho(l): Hg = Uy =0 t'(3,15) = 5.72
Significant beyond the .0l level

H (2): 2, - Mg -y =0 t'(3,15) = 8,82
° Significant beyond the .0l level

value for the weighting of shortest imminent process-
ing time. Thus it appears that shortest processing
time should be heavily weighted to obtain "good" cost
performance., However, this factor alone produces an
impractical rule. Other shop and order factors must
be considered, particularly due date, idle time, and
customexr class.

Results are summarized in Figure 3.

FIGURE 3: SUMMARY OF RESULTS

50 [Rules including staﬁdard rules, géneral,
'rules, and priority function rules '

Screened for practicality

/
18 Rules that consider due date.
- and: that are time-dependent

™ =

Grouped | i

Screened for cost
performance

N
- Rules in "best" group

6 |that all heavily weight
- the. inverse of :
processing time ’

(cost savings of 7 - 10% over current methods)

1

Generalization of Model

The results and conclusions presented were based
on the abstracted model. They may be generalized to
the actual shop, other commercial printing firms,
other models of jobbing-to-order shops, and general
jobbing-to-order environments to the extent that the
model represents these other situations. Definitive
statements may be made only for the empirically-deriv-
ed model and order environment; however, implications
to the .other situatiohs should be possible, since the
model abstracts many characteristics common to all
jobbing-to-order shops.

Uniformity of commercial printing shops allows
one to generalize to the job printing industry, even
i1f one questions further generalization. There are
approximately 20,000 job printing shops with over
300,000 employees in the United States. Annual dollar
volume for the trade exceeds thirteen billion¥ Thus
the utility of such a model in the commercial printing
trade alone could be great.

For the simulated shop, production is entirely to
order with comparatively low volume per order. Each
order has unique specifications and therefore no stock
of standard items may be held as finished inventory.
Layout is of the flow-ghop type, but similar sequencing
problems arise with either flow-shop or job-shop lay-
out. The commercial printing shop also possesses other
characteristic properties of jobbing~to-order shops.
To the extent that the primary jobbing~to—order factors
exist in the model, results may be meaningful for the
entire sequencing area.

The following directions are suggested for future
research in the sequencing area:

1. Research should be more closely associated

with actual situations- to facilitate ident-—
ification of relevant costs.

2, There should be more concern for the question
of validation, Experience with actual shops
enhances the possibilities.

3. Evaluation of rules sheuld include consider-
ation of practicality. This includes a real
questioning of assumptions made and factors
considered for hypothetical models. Have
the proper characteristics of a jobbing-to-~
order shop been abstracted? )

4, Information requirements and costs should be
identified and considered. For the firm fxrom
which the model was built, all information
requirements added no marginal costs. The
information was currently availsble to the
mgnager because of normal shop records and
the small size of the shop.

5. More directed search for an "optimal'" rule
should be used. The use of am, qverall 13«1:%:01:-w
ity -function should gudde efiforts. Emery"™
reported some preliminary work with screening
(a psuedo-expediting to maintain, practicahil-
ity) and "simple sectioning seaxch!” at the
third conference.

6. Performance should be evaluated in terms of
..... This will
require more research. into.what cqsts age
relevant and what their relative magnitudes:
may- be.

* See any recent copy of Printing and Production,
which is published by the U. S. Depastment
of Commerce.,
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