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A SYSTEM IFOR MANAGING JOB-SHOP PRODUCTION

STANLEY REITER*

I. INTRODUCTION
Tms paper describes a system for

planning, scheduling, and control-

ling production and related activi-
ties in a job-shop manufacturing facility
producing to customers’ orders. This sys-
tem has been in use for some time in a
large job shop producing gears. The basic
objective and achievement of the system
is to obtain in a complex job shop a de-
gree of efficiency, coherence, and control
of operations and business decisions com-
parable to what is possible in a well-
managed line-production facility !

The management system presented
here differs in several fundamental ways
from the current practice of job-shop
management. The most important dif-
ferences derive from the fact that this
system computes opcrational shop sched-
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ules which prescribe the time (to the
minute if desired) of starting and finish-
ing every opcration to be performed in
the shop, taking full account of the avail-
ability of equipment and of all the work
to be done. I know of no operating job-
shop scheduling system that attempts
this task; almost all systems currently in
operation are based on machine- or shop-
loading methods. Such methods do not
produce fecasible operational shop sched-
ules. Therefore, the shop schedule is in
practice determined by the decisions of
various production supervisors or fore-
men, or in some cases by the workers
themselves. These decisions are made
more or less independently of one an-
other on the basis of the information
available to each foreman and in view
of his own skills and objectives. The re-
sulting shop schedules are not necessarily
those that the management would prefer.

A sccond difference derives from the
fact that this system calculates dates of
delivery in such a way as to reflect the
effect in time units of the amount of con-
gestion or interference in the shop due
to the presence of other orders and to
the work-force allocation decisions affect-
ing the capacities of work centers. These
things are discussed in more dctail below.

II. THE JOB SHOP’S PROBLEMS AND
THE CURRENT APPLICATION

The main problems of managing a job
shop derive naturally enough from the
nature of job-shop production. A job
shop can be thought of as a collection of
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specific skills and equipment which stands
ready to scll its services to customers on
order. These skills and equipment are
applied to a variety of different products.
If the volume of production of a particu-
lar item should become large enough and
persist for a long enough time to warrant
creating a production facility to produce
only that item, it would cease to be pro-
duced in a job shop. Variety both of
items and orders is therefore an essential
element of job-shop production. How-
ever, the extent to which a given busi-
ness must deal with variety can be in-
fluenced by the strategic posture taken
by the business. Thus, the firm might
seek to reduce dependence on one cus-
tomer or on one industry, with the result
that the number and variety of its orders
is larger; on the other hand, it might seek
to reduce variety by concentrating on
fewer items or customers. These strategic
decisions are related to the configuration
of the shop itself and apply to a relatively
long time span, one measured in years
rather than in weeks or months. Here the
problem is, given the market for prod-
ucts and inputs and the present shop
facilities, to find (approximately) the
best mix of products; further, given the
possibilities for changing the shop facili-
ties, for example by purchase of machin-
ery, to adapt the shop to the market so
that the resulting changes in the best mix
constitute good or perhaps ‘“best” long-
term improvement in the position of the
business.

Given these strategic decisions, the
actual flow of orders in time at best can
only approximate the desired ‘“‘ideal”
mix. While the management can exercise
some control over the mix being produced
at each time, there is a fundamental vari-
ation which is uncontrollable and to
which the management must adapt. The
shop facilities therefore must be of such
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a nature that it is possible to cope with
this variation in product mix. These
adaptations may involve the use of mul-
tipurpose machines; they usually also in-
volve the ability to shift capacity from
one part of the shop to another, mainly
by changing the disposition of the work
force. This may be done by adding to or
decreasing the number of shifts worked
in a certain part of the shop or by vary-
ing overtime work. But these changes
generally cannot be made with high fre-
quency. They usually are made for sev-
eral weeks or even months at a time
rather than for a day or a week. Thus, a
sccond problem of managing a job shop
is, given the basic strategic posture of
the shop, to adapt to medium-term vari-
ations in the variety and timing of orders
by changing the allocation of the work
force in the shop.

A job shop sells to its customers not
only an item made to desired specifica-
tions and standards but also an item de-
livered at a specified time. Two aspects
of this delivery time are important: first,
the length of time between the placing of
an order and its delivery, often called
“lead time,” and second, the reliability of
delivery at the requested or agreed time,
often called “meeting due dates.” Short
lead time is valuable to customers he-
cause it postpones the day of commit-
ment to decisions; reliability of delivery
at the promised time is of value to cus-
tomers because it enables them to plan
and to carry out plans based on those
delivery dates. Again, the strategic pos-
ture taken by the job-shop management
can emphasize or diminish the impor-
tance of these considerations, but in each
case they are a more or less important
dimension of what the job-shop firm
sells.

The time it takes to produce an order
depends on the configuration of the shop
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and its work force at the time the order
is being produced, on the collection of
other orders being processed during the
time this order is in the shop, and on
the myriad of detailed decisions to do the
things required to process all these orders
with one particular timing rather than
another equally possible one. The par-
ticular timing of every operation carried
out in the shop constitutes the shop
schedule. The shop schedule not only
determines the lead time of every order
in the shop but, since it also determines

the sequence of operations on each ma-.

chine, it also determines setup costs.
Moreover, by controlling the timing of
production at each stage of processing,
the shop schedule also determines in-
process inventory costs. Here it is clear
that the time scale appropriate to shop
schedules is one of hours or minutes.
The shop schedule also influences the
time at which each order is completed
and ready to be delivercd. Therefore, to
achieve reliable delivery at the agreed
date of delivery it is desirable that the
shop schedule take effective account of
the promises that have been made to
customers. It is also desirable that these
promises be made on the basis of infor-
mation available about what the shop is
likely to do as scheduled at the time the
order in question will be produced.
Thus, a job shop stands ready to pro-
duce a fluctuating variety of items spec-
ified technically, in quantity and in time
of delivery. Its fundamental problem is
to plan, schedule, and control the use of
its resources to perform that task effi-
ciently. But the work to be scheduled
and the success in carrying out the work
as planned and scheduled are strongly
related to basic strategic decisions affect-
ing the number, variety, and type of
customers and suppliers, and the mix of
products desired; to medium-term dcci-
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sions adapting the shop to the flow of
orders anticipated in the next few wecks
or months; and to the detailed decisions
governing the hour-by-hour activities in
the shop. ,

These problems may be stated more
compactly in outline form as follows:

i) To dctermine the long-term strategic pos--
ture of the shop in relation to the market;
in particular, to determine the targct prod-
uct mix and the corresponding configura-
tion of shop capacities;

ii) To plan and control the timing of produc-
tion in detail in the shop so as to achicve
efficient production, in particular so as to
result in short lead times and low setup and
in-process inventory costs; :

iii) To negotiate the timing of dcliveries with
customers on a realistic basis reflecting the
presence of other orders, the capabilities of
the shop, and the “costs’” of achieving a
certain timing, as well as the value of the
timing to the customer;

iv) To plan the configuration of the shop, in
particular the allocation of man power
within the shop, so as to perform the re-
(uired work efficiently;

v) To negotiate deliveries from suppliers on
the basis of a consistent production plan
taking account of all the orders to be pro-
duced and of shop capabilitics;

vi) To schedule and control other pre-produc-
tion activities, such as engineering work; to
co-ordinate these activities so as to carry
out production as planned;

vii) To perform these scheduling and planning
operations on the basis of information com-
ing to the firm irregularly through time,
allowing for the uncertainty about the
future and for the occurrence of uncon-
trolled and unpredictable disturbances in
the shop, on the part of suppliers and cus-
tomers, and indeed in the scheduling system
itself.

At this point, it may be helpful to give
a brief description of the main features
of the shop in which a version of this
system is currently being used.

The firm using this system manufac-
tures high-quality gears in a shop com-
prising ahout one thousand raachines.
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The company produces gears ranging in
size from small gears with diameters of
less than ! inch to large gears about 4
feet in diamcter. Some gears are on
shafts, some are internal rings, some ex-
ternal, etc. Virtually every type of gear
and tooth geometry is made, and close
specifications may apply to metallurgical
characteristics as well as geometrical
characteristics of the gears. Most gears
are made from forgings purchased from
outside suppliers or provided by the cus-
tomers. A relatively small fraction is
made from bar stock.

Gear making may involve from seven
to fifty operations, done on many differ-
ent machines. Roughly, these operations
clean, size and shape, and heat-treat the
forging or blank from which the gear
will be made; they cut and smooth the
teeth of the gear; and they heat-treat the
finished gear to give it the desired metal-
lurgical characteristics.

Orders vary from one piece to five

thousand, with many orders in the range

of fifty to three hundred pieces. The
company has a relatively large number
of customers and also has a shifting mix
of orders, even in periods when the total
volume of work remains fairly constaut.

This company produces items of rela-
tively high value for customers to whom
technical quality and reliable and early
delivery are important. These facts, to-
gether with the strategic decisions deter-
mining the company’s posture vis-a-vis
its customers, have influenced certain
features of the scheduling algorithm used.
 These particular features may not be
useful in cases where the strategic basis
of the business is quite different.

III. SUMMARY OF THE SYSTEM
AND ITS PERFORMANCE

The system described in this paper is
designed to perform the functions de-
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scribed in the preceding section. The var-
ious parts of the system may be rclated
to the problems outlined by listing them
with a corresponding numbering. De-
tailed discussion is reserved for the next
section of the paper; not every program
or report in the system appears in the
following outline.

i) The problem of long-run product .
mix is largely a matter of management
strategy calling for decisions only at long
time intervals when basic market condi-
tions change significantly. While these
choices involve important considerations
not dealt with in the computer programs
of this system, the system does contrib-
ute two pieces of information. First, the
record of load and delay reports forms
part of the basis for decisions to expand
or reduce shop capacity in certain direc-
tions. Second, a linear-programming for-
mulation of the product-mix problem can
be solved to provide rough but useful in-
formation for some of these decisions.
This formulation is a variant of the
standard linear-programming product-
mix preblem and so is not given explicitly
in this paper.

ii) The system produces operational
shop schedules showing the start and
finish time of every operation to be per-
formed in the shop during the following
two schedule periods. These schedules
embody line-mode scheduling and lot-
streaming (concepts discussed in detail
below, pp. 389 and 383, respectively) in
a way that reflects comparison of the
value of time in relation to other costs.
In cases where it is worthwhile to do so,
operations are sequenced so as to reduce
setup costs. By means of. a dynamic
priority scheme based on relative slack,
shop operations are co-ordinated with
cominitments to customers in the light
of the totality of work to be done and
resources available. A job-progress report
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alerts management to jobs that for any
reason are not likely to meet their prom-
ised delivery schedules. The systematic
report of operations completed and re-
lated reports and procedures form part
of the production-control system.

iii) The planning and promise-date
system routinely calculates promised
dates of delivery for each job based on
the routing and processing times for the
operations constituting the job, the con-
gestion caused by other jobs in relation
to resources in the work centers through
which this job will pass at the times it is
expected to pass there, and the delivery
schedules requested by customers and
promised by suppliers of materials and
tools. It is also possible in the case of a
prospective order to give a tentative de-
livery date within minutes, even if the
order is for a part on which the detailed
engineering work has not yet been done.
The sales department at any time can
tell an inquiring customer about the
status of his order by consulting the
order-status file for an order not yet in
the shop or the summary file in the case
of an order being worked on in the shop.

iv) Management decisions allocating
the work force in the shop are based on
reports of delays expected in each work
center in each week for the following
year. These delays are calculated {rom
regularly revised forecasts of the work
to be done in each work center in each
week. The forecasts are made for each
work center on the basis of the latest
available information about orders and
attempts to rely on the stability of tech-
nology and the control system rather
than on any assumed constancy of the
volume or mix of orders. Estimated de-
lays are periodically revised to show the
" effect of management decisions as to the
number of shifts to be worked in each
work center, the amount of overtime
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work planned for each work center, and
the amount and kinds of labor assigned
to each work center.

v) Pre-shop operations, such as cngi-
neering work and purchasing of mate-
rials, are not formally scheduled. How-
ever, the system signals these operations
to begin and accepts information about
their completion. It also produces two
reports relevant to pre-shop operations.
The first report is issued only to the
purchasing department. It shows a list,
for each supplier, of all materials that
have been ordered from that supplier and
identifies the jobs for which the material
will be used. It also shows the adjusted
delivery date of those materials by jobs.
This report enables the purchasing de-

- partment to communicate with each sup-

plier with information in hand about all
orders placed with that supplier and

.about the desired timing of delivery for

each of those orders.

vi) The second is a report of adjusted
completion dates for pre-shop operations
for each job. This report shows each de-
partment the desired completion date
for its work on cvery job on order but
not yet issued to the shop. The adjusted
completion date is based on the delivery
schedule requested by the customer, the
likely dates of delivery of materials from
suppliers, and the estimated completion
dates of all pre-shop operations carried
out by other departments.

vii) From the moment a shop schedule
is calculated, unforeseen incidents, such
as machine breakdowns, set in motion a
drift which carries the actual practice in
the shop off schedule. In this system the
reporting of shop operations allows a new
schedule to be calculated on the basis of
the actual state of the shop at the time
of scheduling. This procedure mikes it
very easy for management to intervene
in the shop at any time when, for cxan-
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ple, a sudden change is made by a cus-
tomer on work already in the shop. In
the system now in operation, a shop
schedule is calculated every three days
for the following six days. If the com-
puter should fail to work during the time
a schedule should be computed, the shop
can proceed for another three days on
the second half of the existing schedule.

The system routinely produces a
number of reports not mentioned in this
paper. These are mainly -aggregated
summaries of the condition of various
files. Such reports are familiar and useful
to management, but I do not feel that
their description is essential to an under-
standing of the system. They would, in
any case, vary from one company to an-
other.

Management scientists have abstract-
ed a “job-shop-scheduling problem” from

the larger and more complex problem of -

managing a job shop. Anyone comparing
my approach with that of most of the
current scientific literature in job-shop-
scheduling will see that I have chosen
to enlarge the set of available actions in
the model and to look for feasible sclied-
ules of the enriched kind. This may be
contrasted with the effort to find a better
approximation to a more narrowly con-
ceived optimal schedule. I believe that
the systematic use of line-mode schedul-
ing and lot-streaming results in a greater
contribution to payoff than could be ex-
pected from improved approximation to
an ‘“optimal” schedule that is restricted
to batch processing. Experience so far in-
dicates that the system can perform very
well indeed. :
The several parts of the system have
been operating in the company for about
a year now, the longest experience being
with the shop-scheduler. A careful evalu-
ation of the performance of the system
would require either controlled experi-
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mental conditions or a relatively long ex-
perience in which the uncontrolled pa-
rameters affecting the performance of the
system could be observed to take a suffi-
cient variety of different values to permit
identification of effects. Was the ob-
served experience due to the schedule.
or to some change in an uncontrolled
factor? While we cannot yet have firm
scientific evidence, experience with the
system so far shows such a sharp break
with the past that the effects of the sys-
tem seem quite clear. What we have ob-
served so far is (¢) a reduction in the
number of orders not meeting due dates
to a value regarded by the management
as very near the irreducible minimum;
(5) a remarkable reduction in lead time
per order, which is equivalent to a very
large increase in shop throughput, with
no substantial change in the number of
machines or of men; (¢) greatly increased
control of shop operations and signifi-
cantly smoother day-to-day operations; -
(@) a considerable reduction in overtime
work; and (¢) the emergence of routinely
available information as a basis for plan-
ning such things as outside subcontract-
ing of certain operations, something not
ordinarily done by this company.

In general, the problem areas have
shifted from the shop to procurement
and other pre-shop paper work. The
problem used to be to get the product
out on time; it is now to get the material
and the blue prints and tooling in on
time. It is difficult to be more precise
without revealing proprietary informa-
tion.

IV. MAJOR SUBSYSTEMS AND THEIR
INTERRELATIONSHIPS

In this section I shall first describe the
system in outline by dividing it into
major subsystems and describing the re-
lationships of these subsystems to one
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another. The whole system is also shown
in flow-chart form in Figure 1. The
reader may find it helpful to have that
chart before him as he reads on. The four
major subsystems are: (1) the order-
status system; (2) the planning and
promise-date system; (3) the shop-sched-
uling system; including (¢) the priority
system and () the shop-scheduler; and
(4) the production- and schedule-control
system. Each of these will be described
in detail in subsequent sections. Follow-
ing this I shall describe how the entire
system works together in time. This is
done in the section called “Dynamics.”
There is then a brief description of the
" computer requirements of the system
and the experience so far accumulated in
computing. I'inally, there is a concluding
remark on the impact made by the sys-
tem on the size of the enterprise.
Order-status system.—When an order
is received, it is identified with a number
and entered into the order-status file.
Before the item can be manufactured,
the company must decide how to make
it. That is, a routing must be determined
for it and blueprints made for it; tool:
must be ordered, made, or verified to b
on hand; and materials must be obtaine.
Each department or group involved in
these pre-shop operations receives noti-
fication of the order and is required to
make two responses. First, possibly after
communicating with outside suppliers, it
responds with an estimate of the date
by which it expects its work to be com-
pleted or delivered. These estimated
dates are recorded in the order-status
file. Second, it responds when the work
is actually completed, for example, when
the material on order has been received.
This information is also recorded in the
order-status file. When all necessary pre-
shop operations have been completed,
the order is ready to be issued to the
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shop. An order remains on the order-
status file until it has been issued to
the shop, at which time it enters the
summary file, which contains all orders
issued to the shop.

Planning and promise-date system
(PPDS).—An order on the order-status
file enters the PPDS as soon as it has a
routing (and alternative routings, if any),
estimates of the completion times of all
pre-shop operations, and a schedule of
rclease dates requested by the customer.
The PPDS does the following:

1. It decides or provides information
and presents alternatives for a manage-
ment decision on how many sublots the
order shall be divided into.

2. It chooses the routing to be used

3. It decides whether a production lot
shall be “streamed” in the shop, which:
includes deciding at which operations
streaming is to occur and into how many
sublots.?

4. (a) It calculates a promised delivery
date called “promise date” for each pro-
duction lot. (b) It calculates by how
many days the estimated completion
time of each pre-shop operation is early
or late in relation to the release dates
(dates at which the customer desires or
permits delivery) requested by the cus-
tomer. Two reports are prepared. One
report presents the information by order
number, the second by the vendor, that
is, for each outside source of supply for
materials, tools, etc., the report shows
the number of days each order from that
supplier can be delayed without endan-
gering meeting the promise date or should
be advanced in order to meet that date.
This report is made the basis of com-
munication with suppliers, thus avoiding
piecemeal alterations in suppliers’ deliv-
ery schedules which may advance de-

2Sce p. 383 for a detailed discussion of “lot
streaming.”
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livery of one order at the expense of in-
advertently delaying delivery of another
and perhaps more urgent one. This
report also can be combined with inven-
tory information in the case of materials

that can be used for several different

itemns or orders.

S. It calculates each production lot’s
contribution to the load in each work
center in the weeks during which the job
‘will appear in the work center. This con-
tribution is measured both in units of
number of jobs and in hours of processing
required.

6. It uses the information available
about future work loads to bring up to
date a forecast of loads in each work
center in each week for 52 weeks in the
future. Based on these forecasts and on
certain decisions about the allocation of
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enter the shop for processing. It then -
leaves the order-status file and enters
the shop-scheduling system for the first
time via the summary file and remains
there until completed and shipped.

The first step in this system consists
of making a revised routing decision .
based on the current estimate of the
current state of the shop. This uses the -
vector of delays currently in force. Sec-
ond, if the look-ahead feature (see p. 387)
is used, the relevant quantities are cal-
culated and attached to the operations.
Those lot-streaming decisions not al-
ready made are made now. Finally, the
priority indicators are calculated. There
is a choice of priority functions to be
made here among several possibilities.
The system now in operation . uses rela-
tive slack S as a priority indicator.

Promise Date — Adjusted Processing Time Remaining

S=

labor among ‘work centers, it calculates
the expected waiting time or “delay” of
orders in each work center in each future
week. These delays are a representatioi

of the state of the entire shop. The state -

of the shop is thus given by a matrix of
delays, the dimension of which is the
number of weeks by the number of work
centers—in our case, 52 X 230.:

-7. It produces periodic reports showing
the anticipated state of the shop for
several periods in the future. These re-
ports are a basis for: (¢) planning the
allocation of labor among work centers
and (b) evaluating prospective orders,
given the anticipated state of the shop.
This evaluation can be used to direct
sales effort and in connection with pric-
ing in some circumstances.

Priority subsystem or slack system.—
When all pre-shop operations on an
order are reported to have been com-
pleted, the order is actually ready to

Promise Date — Current Date

All operations to be scheduled are
then listed by jobs in order of decreasing
priority in the condensed schedule input
file. The condensed schedule input file is
the basic input to the shop-scheduler.

Shop-scheduler—The shop-scheduler
produces a schedule for each work center
showing the start and finish times, to
the nearest hour, of each operation to be
processed in that work center. It also
shows the scheduled finish time of the
preceding operation and the work center
in which that operation is carried out, and

the scheduled start time of the next

operation and the work center in which
that operation is to be carried out.

A typical page from a shop schedule
used in operation is shown in Figure 2.
The first column identifies the work
center for which this is the schedule. The
second column lists the part number,
identifying the item.? The third column

3 The part numbers shown in Fig. 2 have hsen
changed.
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gives the shop order number identifying
~ the production lot. The fourth column

gives the operation sequence number, for-

example, the thirteenth operation in the
routing for this job. The next column
gives an operation code that identifies
for the foreman or operator the operation
to be performed, for example, drill and
tap holes. The next information given is
the number of pieces in this production
lot or sublot. The next two items identify
special information connected with pric-
ing. Then follows the start time of this
operation, its finish time, the number of
the work center from which this lot is
coming, and the scheduled finish time of
the last piece in that work center; next
comes the number of the work center to
which this lot goes next and its scheduled
start time there. Comparison of the vari-
ous start and finish times tells the fore-
man of this work center whether he is
part of a line with either the preceding
or the following work center or both.

Then follows the quantity ordered, which

may differ from the lot size, and a code
identifying the customer. Some part
numbers have been changed to preserve
proprietary information.

The shop-scheduler uses line-mode
processing whenever that is advanta-
geous; it schedules the sublots to be
streamed as called for by earlier decision,
or by a built-in decision criterion, ‘'and
schedules desirable sequences of setups
in those work centers in which such
scheduling is desired. In work centers
where significant setup advantages are
relatively rare it provides for foremen to
take advantage of such opportunities for
significant setup savings when they arise
without incurring the costs of scheduling
them.

Along with the shop-scheduling system
goes the production- and schedule-con-
trol system. There is first of all a report-
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ing system by means of which all opera-
tions completed or partially completed
are reported at certain specified times.
Second, although the shop-scheduler em-
ploys a dynamic priority system, that is,
one in which the priority attached to a
production lot may change from time to
time, some jobs may fall too far behind
to allow even the highest priority to get
them through in time to meet the prom-
ise date. To meet this possibility the
system produces a job-progress report -
that identifies those jobs in danger of not
meeting their promised dates of comple-
tion, even allowing for dynamic adjust-
ment of priorities. Finally, the schedule-
monitor subsystem samples work-center
performance to compare actual opera-
tions with scheduled operations and re-
ports large departures from the schedule.*
These are then investigated in detail and,
if necessary, reported to management.

We turn now to a detailed description
of each subsystem.

Planning and promise-date system.—
The planning and promise-date system
iz based on a statistical view of the shop
as scheduled by the shop-scheduler. Such
a view rather than one that leads to de-
tailed scheduling is appropriate here, be-
cause this system deals with relatively
far future times, about which the best
available information is inherently un-
certain.

In order to know when a job will be
finished it is desirable to know how long
it will take to perform all the work to
be done on it. This in turn involves
knowing how long it will spend waiting
to be worked on. We use a ‘“‘delay,” the
expected waiting time generated by a
statistical model of the work center as
an estimate of waiting time.

¢Sce p. 391 for a detailed description of the
schedule-monitor system.
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In order to plan the disposition of the
work force, it is desirable to know the
‘amount of work there will be at each
work center. However, the number of
setups and the amount of processing
is the same no matter how many men
are used to perform that work. There-
fore, the effect of varying the amount of
labor devoted to a work center is to
change the time required to perform the
work, thereby affecting waiting time of
jobs passing through that work center
during the period of time in question.
Thus, decisions to allocate more or less
labor to a work center during a certain
period of time, or to operate fewer or
more shifts, turn on the effect of such
decisions on lead time and in-process in-
ventory cost. This effect can be meas-
ured by the “delay.” It is perhaps worth
pointing out that work load measured in

processing hours to be performed or in

jobs is the usual basis for these decisions.
Neither processing hours nor jobs, how-
ever, is a very good measure of work load
because the relationship between labor
input and waiting time is highly non-
linear. The burden of estimating the
effect of varying the amount of labor is
left to the intuition of the manager when
his decision is based on load measured in
processing hours or similar units. This
may or may not lead to wise decisions,
but it is in any case-difficult and may
require several iterations of trial-and-
error decisions to arrive at a suitable
result.

Certain other decisions, for example,
the choice of a routing among alterna-
tives, likewise depend on comparison of
time costs and values with other costs,
and so information about waiting times
can be quite useful in making them.

At this point the system has on file
for each work center: (a) a table of ex-
pected delays for each of the next 52
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weeks; (b) an estimate of the fraction of
operations in that work center which are
scheduled in line with the next operation
scheduled; alternatively, this estimate
may be expressed as a fraction of proc-
essing time in the work center in ques-
tion; (c) a control value of the total
processing time; this value triggers a ™
lot-streaming decision starting at the
next work center. I'or most work centers
this control value is infinite, that is, only
at a few work centers is this decision
ever made. These items of information
are used to make several types of deci-
sions. .
Lot-size decision.>—Certain orders may
require or permit partial delivery at sev-
eral dates. If an order for three thousand
pieces is to be delivered in sublots of one |
thousand pieces each at March 1, June 1,
and September 1, there is an opportunity
for splitting the total order into sublots
and therefore of shifting production in
time to some extent. To make this deci-
sion, a program first generates certain
possible combinations of lots that permit
meeting required release dates; for exam-
ple, we can produce: Pattern I, one lot
of three thousand pieces by March 1;
Pattern II, one lot of one thousand
pieces by March 1 and one lot of two
thousand pieces by June 1; Pattern III,
one lot of one thousand by March 1, one
of one thousand by June 1, and one of
one thousand by September 1. (Still fur-
ther subdivision is possible, but a limit,
depending on proximity in time and set-
up costs, is certainly reached. We con-
sider only these three possibilities here.)
Calculate:
1. Incremental interest costs on work in proc-

ess; for example, Pattern I requires holding
one thousand units for 3 months and one

§ When production for inventory is involved, this
decision is more complicated, and the approach
taken here must be modified.
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thousand units for 6 months as compared to
Pattern II, which requires holding one thou-
sand units for an extra 3 months, and Pattern
IIT, which incurs no extra holding costs.

2. Additional setup costs; for example, Pattern
I requires no additional setup; Pattern II,
one additional setup per operation; Pat-
tern 111, two additional setups per operation,
with appropriate adjustments for streamed
sublots.

3. TFinally, we need a measure of the contribu-
tion to the delay of other orders made by
cach pattern of production, This can be
given by: (a) the sum of delays in each work
center in the weeks in question for each pat-
tern and (D) the incremental change in delays
due to that pattern. Both (a) and (b) are
needed because the effect of load on delays
is strongly non-linear,

There are two types of decision pro-
cedures for lot size:

a) Delays may be evaluated and converted into
time costs by means of evaluation coeffi-
cients applying those delays to all contem-
porary orders. ‘

b) Control limits can be set on delays for certain
work centers and certain preferred patterns
used unless some control limit is exceeded.
Management attention is then called to situ-
ations in which a non-routine decision is
called for.

Chotce of routing—The routings for
each order are arranged in decreasing
~ order of .preference. Using the estimated

start time, the promise-date program

yields: (1) a total elapsed time for each
routing, (2) delays in work centers on
the routing. One of the following criteria
may be used: (¢) minimum elapsed time;

(5) control limits on delays in work cen-.

ters; that is, the next preferred alternate
routing is chosen if it avoids work centers
where the delay is larger than its control
limit; (c) some combination of (¢) and
(). Choice of routing may be revised at
any shop-schedule cutoff time, if desired,
on the basis of current delays. Control
limits on delays may be used to indicate

335

cases in which subcontracting of opera-
tions can be advantageous.

Lot-streaming —Certain operations may
have extremely long total processing
times and be followed by operations with
short processing times. In such cases line
scheduling will not occur; yet it may be
advantageous to shorten the time-to-
completion by processing the job in sub-
lots accumulated as the long-running
operation completes pieces. This we call
“streaming the lot ahead” or “lot-stream-
ing.” The time advantage in time-to-
completion is offset, of course, by the
additional setup costs incurred. Alter-
natively, if tooling is available, two or
more machines may be used simultane-
ously in the long-running operation in-
stead of lot-streaming. ,

Lot-streaming is/ built into the plan-
ning and promise-date system as follows.
Each work center is given a critical total
processing time. If the total processing
time (TPT) on an operation exceeds its
critical value %, the lot is split into
TPT/k + 1 sublots® each of which is
scheduled sepayately in succeeding oper-
ations. The start time in the next opera-
tion of a sublot is the finish time of the
last piece in that sublot in the current op-
eration. Sublots may be further streamed
at subsequent operations.

Promise dates.—Having decided the
number and size of each production lot
and its routing, and having built in the
decision criteria for streaming at each
work center, a promise date for each lot
is calculated as follows.

The estimated start time of the order
is given. This becomes the finish time
of the zeroth operation. An adjustcd lot
size is computed by means of a function
giving the fraction of operations that is
likely to be scheduled in line mode.

¢ The symbol [4] denotes the largest integer less
than 4.
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Where an assembly is involved, estimat-
ed start time for the assembly is the
latest completion time of the items to be
assembled.

The completion time in any work cen-
ter is the finish time in the preceding
work center plus transport time, plus a
delay, plus setup time, plus total process-
ing time calculated using the adjusted
lot size.

Where the customer’s release date is
later than the promise date calculated,
notice is given that the start date could
be advanced by the amount of the differ-
ence, and the effect on the timing of
delivery of the necessary materials, tool-
ing, and blueprints is calculated and re-
ported. '

As each job is scheduled by the prom-
ise-date program, the calculated arrival
of that job at each work center is record-
ed in the appropriate week, and the total
processing hours are also recorded in
the appropriate weeks. Thus, scheduled

loads, measured both in number of jobs:

and in hours, accumulate by weeks by
work center. Sometimes estimated start
dates or desired delivery dates of jobs
change, leading to the necessity to cal-
culate a new promise date. If available
computer storage permits these compo-
nents to be identified with a job number,
rescheduling of jobs can be done “with
unloading”; that is, the contribution of
that job, as originally scheduled to load
in each work center, is canceled when the
job is rescheduled. If not, then resched-

uling is done “without unloading,” rely-

ing on the statistical stability of the
system to avoid gross errors. The prom-
ise date is firm in any case once a com-
mitment has been made to the customer.

Delays—Delays are calculated for
each work center for each week for some
number of weeks, say 52, into the future.
These delays are calculated using a sta-
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tistical queuing model of the work center.
In the system in operation we use a
single-phase multichannel queuing model
with Poisson arrival distribution, expo-
nential holding time, and first-come,
first-served queue discipline. Work cen-
ters are treated as statistically independ-
ent. In certain cases this model is capable
of introducing systematic distortions in.
the distribution of waiting times.” The
main error is that the variance may be
understated. But this is not excessively
troublesome to the system and is com-
pensated for by the simplicity of the
model. Compensating adjustments in .
parameter values can easily be made to
reduce the error to a level acceptable for
the purpose at hand.

The queuing model requires three in-
puts for each week and work center, an
arrival rate, a clearing rate, and the
number of servers.

The arrival rate is based on the num-
ber of jobs scheduled to arrive in that
work center in that week. The clearing
rate is based on the number of hours of
processing together with the number of
processing hours produced per clock hour
by the work center. (This is called “work
center efficiency.”) The clearing rate .
also depends on the number of shifts op-
erated. The number of servers is the
number of machines.

These parameters are estimated from
forecast loads as scheduled by the prom-
ise-date program. This is described on
p. 385 under “Load-Forecasting.”

Delay and load reports—The delay for
a given work center is a function of two
time variables. There is a delay corre-
sponding to the time point at which the

7See Roy D. Harris, “An Empirical Investiga-
tion and Model Proposal of a Jobshop-like Queuing
System” (Working Paper No. 84 [Los Angeles:
Western Management Science Institute, University

of California}). Also of interest is the work of J. R.
Jackson referred to there.
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delay is calculated and the week to which
the delay refers. Thus,

3.(r, 1)

is the delay for work center w in week ¢,
estimated at time 7.

For each w, the program can at time
7 report 8.(7,f) for several valucs of &.
It also can be made to report at 7 for a
given ¢, 8.(7',t), for several values of
7 <L

The program also can be made to call
attention only to those work centers
where (a) 8.(7,f) falls outside specified
limits; (b) 8,(r,t) exhibits certain trends
either in ¢ or in 7 for fixed £.

When decisions are made to allocate
labor to a group of work centers or a
department rather than to a single work
center, the report can be made to show
the maximum and minimum delay for
work centers in that group or depart-
ment. It is also possible for management
to receive reports of the effect on delays
of any of several decisions. These include
(a) decisions to change the labor force
in a given work center, expressed as a
change in “efficiency,” and (b) decisions
to change the number of shifts operated.
These reports involve cvaluating one
formula, namely, the algebraic expres-

sion for expected delay. This may be

done convenicntly by calculating these
delays on the computer. Alternatively, a
table or perhaps even a crude graphical
display of these effects might be more
useful in some circumstances. The man-
ager may also rcceive load reports direct-
ly, that is, hours and number of jobs by
work center, by wecks. These are more
familiar but may be expected to be less
directly useful because of the strongly
non-lincar cffect of load on delay.

Delay reports also can be used in
evaluating the effects of prospective or-
ders on the plant, particularly whether
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the prospective order brings the mix
closer to the mix best suited to the shop’s
projected configuration. These reports
provide a sound basis from which to
negotiate delivery dates of prospective
orders in cases where time does not per-
mit calculating them routinely.

Delay rcports give the anticipated
state of the shop in future weeks and
thus arc useful when management is
considering whether to make price con-
cessions based on quantity or timing or
other considerations.

Load-forecasting.—The model used to
estimate work-center delays requires
forecasts of two quantities: (1) the num-
ber of jobs that will arrive in the work
center during cach weck for the next 52
wecks; (2) the number of hours of proc-
essing required in order to clear those
jobs. These quantities are forecast from
data accumulated in the load files of the
promisc-date program. Recall that these
files contain for each work center and
cach future weck the number of jobs
scheduled to arrive in that work center
during that week. This file also contains
the number of hours of processing con-
tributed by those jobs to the work-center
load during the wceks they are scheduled
to be processed. I shall describe in detail
the method of forecasting the load in
jobs; a strictly analogous procedure is
used to forccast the load in hours.

Let N¥ denote the number of jobs
actually arriving in work center £ during
week 7, and let N{P, ¢ < j denote the
number of jobs accumulated prior to
week 7 and scheduled to arrive in work
center k during wecek 7.

Now, N is an estimate of N{”, bascd
on the planning and promise-date sched-
ule, and it is in a certain scnse the best
cstimate the system produces on the
basis of information routinely gencrated.
However, we nced cstimates of N at
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earlier times than 7. Hence, we consider
the problem of estimating from N{P.
That is, we use the load scheduled prior
to week ¢ for work center & in week 7 as
a basis for our estimate of the load N
which will be scheduled at week j for
week 7 and indirectly as an estimate of
the actual load V¥ in week 7.

Define

I assume that

iz,
which is to say that the fraction of all
jobs ultimately scheduled to arrive in
work center %k in weck j which have
already been scheduled by week 7 de-
pends only on the lag, 7 — i.

These functions 7, considered as
functions of ¢ for fixed 7 or under the
assumption made as functions of the lag
a = j — 1, have the following properties:
1. a < B implies 7{* = ¥,

2. lim =¥ = 0.
a—roo

3. There is a number a = 0 such that 7{¥’ = 1;
in particular, #{¥ = 1,
If the function 7% is known, the ob-
vious estimate N} of N¥ from N is:
) 1 (
N*(k - N .k)

i =om Ny
T8,

for 4 and 7 such that #{®; = 0,

This estimate is self-correcting in the
sense that, as 1 —j, NP > N¥ and
7P, — 1, so that N}® — NP, That is,
as we get closer to the week 7 our esti-
mate of the load scheduled for week j
converges to the load scheduled at all
times prior to week 7 for week 7.

Estimates 7*® of the functions =
are obtained by using the promisc-date
scheduling program with suitable dclays,

(k)
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together with a suitably chosen arrival
process for jobs, to simulate the sched-
uled work-center arrivals N%.

In the system now in operation we
used a Poisson arrival process for orders.
We have observed the time pattern of
lags =¥ to be stable. ,

The sources of error in these forecasts
derive from the effect of variations in the
volume and mix of orders on work-center
delays and on the distribution of routings
of jobs arriving in a given work center.
Changes in the volume and mix of orders
have a direct effect on the scheduled *
arrivals N and hence on the forecast.
The effect on delays is mitigated by the
fact that management acts so as to keep
delays close to desired values and there-
fore, to the extent that the system is in
stable control, to keep the variation of
delays within small bounds. The effect
of variation in the mix of orders, apart
from its action via delays, depends to
some extent on the type of work center
considered. Broadly speaking, we can
describe the degree of specialization of a
work center by the subsct of routings
that pass through that work center. A
work center associated with a small set
of parts, for example, spiral-gear cutters,
will not be affected by variations in mix
that do not involve spiral gears. At the
other extreme, a work center associated
with a large set of parts, for example,
miscellancous grinding, will be only little
affected by changes in the mix, since the’
mix of routings involved may be expected
to approximate random samples from
the population of all routings. In any
case, a change in the mix must appear at
some point in the form of orders. When
those orders are scheduled by the prom-
ise-date program and so appear among
the N9, the forecast automatically re-
flects the mix as it actually exists at that
time; that is, the forecast reflect: changes



MANAGING JOB-SHOP PRODUCTION 387

in the mix at the carliest time they are
actually observable in the system.
Priorities.—All jobs issued or ready

to be issued to the shop, and therefore -

listed in the summary file, are given pri-
orities. The operations not yet completed
are listed; those operations in process at
cutoff time are identified; and the num-
ber of pieces completed is given.
Priorities are assigned as follows. The
relative slack S is computed for each job:

tive slack alone. The rest of this discus-
sion assumes that priority is determined
in this particular way. A control limit on
the value of relative slack is used to
select those jobs whose slack is too low.
These jobs are listed in the job-progress
report as jobs unlikely to meet their-
promise dates in the ordinary course of
events.

Shop-scheduler—For each order of job
whose production is to be scheduled, a

_ Promise Date — Adjusted Processing Time Remaining

S =

Promise Date — Current Date

Total processing time remaining is cal-
culated from an adjusted lot size; it takes
. account of lot-streaming and line-mode
scheduling, so that a non-linear function
of lot size may be introduced here. The
system now operating uses a function de-

pending on the square root of the lot size. .

Each uncompleted job is assigned a
relative-slack value. Total - remaining
delay (the sum of delays in all work cen-
ters through which the remaining opera-
tions of the job pass) is then attached to
the first unperformed operation of each
job.

The total delay applicable to any un-
scheduled operation can be calculated by
subtracting work-center delays for sched-

uled operations from the job’s total delay

as operations are scheduled.

Scheduling priority then can be any
well-defined function (including lexico-
graphic-ordering principles) of job se-
~quence (reflecting relative-slack priority)
“and total remaining delay (reflecting
congestion to be found down the line in
the routing). Use of total remaining delay
to determine priorities involves “looking
ahead” in the routing. We call this pos-

" sibility the ‘“look-ahead feature.”
In the system actually in operation,
scheduling priority is determined by rela-

unique routing is chosen. This routing
lists operations to be performed in speci-
fied work centers (a work center is a
group of similar machines) in a pre-
scribed order. Thus, a particular opera-
tion cannot be performed until all pre-
ceding operations have been performed.
We note three types of precedence rela-
tions. i

First is the “normal” case in which the
first operation of a job precedes the sec-
ond and so on to the end of the job.

Second, there is a ‘“mating-part” prec-
dence. This case arises in gear manufac-
turing when two parts must be made to
fit one another to close tolerances, for
example, a gear and pinion that must
run together or ‘“‘mate.” Here care is
taken to cut the teeth of the pinion to
fit the teeth of the gear. This means that
before the teeth of the pinion can be cut
we must have one sample gear whose
teeth have been cut and subjected to the
distortions of heat-treating.

The third case is called “assembly”
precedence. In an assembly operation
two or more parts produced as different
jobs must come together in a single oper-
ation. Hence, preceding operations from
two or more jobs must be finished before
the assembly operation can be carried
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out. It is also possible for a single opera-
tion to immediately precede several
different operations.

Precedence relations are represented
as follows. Operations to be scheduled
are numbered in sequence, starting with
the first operation of the first job to be
scheduled and ending with the last oper-
ation of the last job to be scheduled.
(The order in which jobs are arranged is
discussed below.) We associate with each
operation an integer, giving the number
of operations immediately preceding.
Thus, in the normal case, this number
will be 1, except for the first operation
of a job, in which case it will be 0. In the
case of an assembly of 7 parts, the num-
ber will be ». Mating-part preccedence is
indicated by a tag. Where the number
of preceding operations is greater than 1,
the opcration scquence number of each
exceptional preceding operation also is

given. Similarly, the number and iden-

tity of all succeeding operations are
given.

Whenever an operation is scheduled,
its precedence variable and that of
every immediatcly succeeding operatisn
are reduced by one. At any stage cf
scheduling, all operations whose prece-
dence indicator is zero—and only such
.operations—are ready to be scheduled:
“ready to go.”’® .

The summary file, containing all oper-
ations of each job issued or rcady to be
issued to the shop, together with its
relative slack, is first stripped of all com-
pleted operations and then sorted by
relative slack, those with high priority
coming first. If a lot is streamed, all sub-
lots appear in sequence with the same
relative slack as the original lot. These

3 This procedure is based directly on that of T
Heller and G. Logemann, “An Algorithm for Con-

struction and Evaluation of Feasible Schedules,”
Management Science, Vol. VIIT, No. 2 (1962).
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remaining operations are numbered se-
quentially from the first uncompleted
operation of the first job to the last
operation of the last job and are listed,
omitting information irrelevant to sched-
uling, on the condensed schedule input
file. .

The initial refcrence time for the
schedule is the final time at which we
receive reports of operations completed
or running in the shop, called “cut time.”

Tor partially completed operations the
report shows the number of pieces com-
pleted at cut time. These operations are
identified, and the number of pieces re-
maining to be processed is recorded. All
partially completed operations are sched-
uled first with due allowance for the .
number of pieces already processed at
cut time using the calculations explained
below.

All operations whose precedence index
is zero are collected in a so-called ready-
to-go vector. Each such operation has an
earliest possible start time e calculated as
follows. Ior simplicity of exposition I use
the case of a normal operation, 7, having
only cne immediately preceding opera-
tion, 7 — 1.

Suppose the lot to be processed in
operation 1 has N(3) pieces and that
NGE—-1)=N@E) =N.

The following dictionary of symbols is
useful.

i = Qpcration sequence number
£,(¢) = Finish time of first piece in op-
eration ¢
T(i) = Finish time of last piece in op-
cration (7)
N(#) = Number of pieces in lot (i)
t(w) = Earliest time at which machine
w is available
W ()] = Min 71(w) = earlicst time at
which a machine wel (i) is avail-
able in the work center IV (7) speci-

fied for operation 2
€(i) = Farliest potential sturt time of
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operation ¢, defined for operations
that are ready to go
£2(&) = Processing time per picce in op-
cration ¢
a{ki) = Sctup time required for opera-
tion 1 to follow operation % on the
same machine
5(i) == Scheduled start time of opera-
tion 1
T(d) = §(i) = Scheduled completion time of
operation £
w(4) = Precedence index associuted
with operation 1
L{j) = Slack associated with (every op-
eration of) job j

Assume for simplicity that all setup
and transport times are zero, and let
%(Z) be the smallest non-negative number
such that

2@+ G- 1) —-TE—1)
+ pHW —-1)2=0.
Note that (1) can be rewritten as
2(2) + p(O)W — 1) > p(i — 1} ~ 1).
Then
€(i) = max{u(i — 1) + x(3), (WD)}, (2)

Among all ready-to-go operations we
select the jirsé operation whose earliest
possible start time is a minimum. (See
comments on the lock-zhead feature in
priorities for possible variants of this
rule.) Because of sequencing jobs in
order of increasing relative slack, this in
effect gives priority to those operations
belonging to jobs with the smallest rela-
tive slack. But we do not keep a machine
idle to wait for a higher priority job not
yet ready to go if another job can start
earlier. Then

s(3) = (1) (3
and

T() = s() + pONE {4)

(ignoring, as we said, setup and trans-
port times).
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The smallest numbered machine in
work center W (1), say w, now has 7(w) =
T(z). And the precedence index of Z and
of every operation of which 4 is an imme-
diate predecessor is decreased by onec.
Finally, the earliest possible start time
of each operation now in the ready-to-go-
vector is revised to take account of the
finish times 4(:) and T'() of the newly
scheduled operation z. _

In the case in which setup time is a
function only of the operation +—that is,
o(k,3) = (i) or, more specifically, a con-
stant for the work center in which opera-
tion ¢ is performed—the setup and trans-
port times contribute additive terms as
follows: Let the transport time be R(3)
and the setup time o(i); then expression
(1) becomes

2(@) + 4 — 1) + R() + o{i)
+ PN - 1)~ T(E—-1) 20,
and
(1) = max{L(i —~ 1) + R(z)
+ 2@+ o(i), (WG] + o(G)} .

tHere we require that both the machine
and one piece from the lot must be avail-
able in order to carry out the setup. An
alternative requiring only that the ma-
chine be available to be set up, possibly
in advance of the receipt of the first
piece for operation 7, would result in
2b}

e(@) max{tn(z — 1)
+ RG) + 26, AWED] + oD} .

Sequencing of setups.—Where it is de-
sirable to take account of sequencing of
setups, the following medified procedure
15 used.

Suppose the machines of work center
W (i) can be in one of a finite number of
states ¢ = 1, . .., C. These states corre-
spond to sctup conditions. Thus, if oper-

(1a)

(2a)
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ation % is scheduled to be carried out in
machine w(k), it determines both the
earliest availability of that machine,
namely, T'(k), and the state of that ma-
chine at that time, namely, ¢(k). We
also write ¢, to indicate the state of
machine w.

But operation ¢ requires the machine
to be in state ¢(7) and, hence, determines
a time o(k,7) needed to convert the ma-
chine from c(k) to ¢(¢). Now

7(w) = min{7(w) + olca, o(?)]}weW (),

and we proceed as before, taking due
account of ofc,,c(i)] as our setup time.

Non-machine operations.—Certain op-
erations occur in job-shop manufacturing
that are not ordinary machine opera-
tions. An ordinary machine operation is
one in which each piece or group of
picces being processed occupies the ca-
pacity of the machine from the time
processing starts on them until it is over.
Certain operations do not have this
property. A typical example is heat
treating in a continuous furnace. Sup-
- pose we have a furnace fed by a con-
veyor belt with ten trays or positions.
Consider an item that must spend !0
hours in the furnace. Thus, the conveyor
advances at the rate of one position pecr
hour. If the first trayload enters the fur-
nace at time 0, remaining there until
time 10, the “machine” is nof occupied
until time 10 but, rather, the second
trayload can enter at time 1. The time
accounting needed to provide for this is
an obvious modification of what is done
in the case of machines.

Certain other features of scheduling
both machine and non-machine opera-
tions may be illustrated by the continu-
ous heat-treating furnace.

Suppose each furnace consists of two
conveyor belts, each consisting of twelve
positions and traveling through three
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zones. Temperature is constant in the
first two zones but can be varied in the
third. Finally, there is a quenching bath
in the furnace, which some, but not all,
items use. Certain large items require
quenching in a special press located near
the furnace exit. There is just one press
for each furnace, so that only one con-
veyor of the furnace can be occupied by
items requiring press quenching. Further,
an untreated (so-called green) piece is
needed to set up the quenching press.

The case depth required, the metal-
lurgical characteristics of the pieces being
processed, and their size determine how
long they must remain in the furnace and
also determine the temperature setting
in the third zone. Since both conveyors
pass through this zone, only jobs re-
quiring the same temperature can be in
that zone of the furnace at the same
time. Given these complexities, the es-
sence of the scheduling problem is as
follows.

If two items require the same time in
the furnace, they can follow one another
on the same conveyor without loss of
time. If, however, the time in the furnace
of the second job is different from that
of the first, the conveyor speed must be
changed. In order to do this without
damaging the first job, the conveyor
must be partially or completely cleared.
For example, if each piece of job 1 must
spend 12 hours in the furnace and job 2,
6 hours, then twelve trays of the con-
veyor belt must move empty through
the furnace. The conveyor will move at
the rate of one position per hour until
the first job clears the furnace and then
at the rate of two positions per hour.
Thus, 6 hours of furnace time will be
wasted. These 6 hours are in the nature
of a setup time required to go from job
1 to job 2.

We handle this type of problem in ex-
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actly the same way as the scheduling of
setups described above.

LEach convceyor or track of the furnace
is in a certain state, namely, its speed or
rate of advance expressed in positions
per hour. Each job requires a track in a
certain state. The transition time from
the existing state to the required state
can be calculated and added to the
earliest possible start time of the job, as
described above for setups, and schedul-
ing proceeds in the same way. This re-
sults in schedules with low idle-furnace
time. The other complexities of time
accounting and the various restrictions
on temperature and quenching are easily
handled in the obvious way and do not
warrant detailed description here. In-
deed, several furnaces of different sizes
can be scheduled as a single group, allow-
ing for the possibility that some jobs
must go into one specified furnace while
others may go into one of two or more
furnaces. For example, suppose there are
three furnaces and that the dimensions
of the door of one of the furnaces is too
small to admit a certain job. Then it
must be scheduled in either of the other
two, but not the first.

Production control—schedule control.—
It is desirable for management to get in-
formation about the progress of jobs
through the shop. While the scheduling
algorithm gives effect to changes in pri-
ority resulting from the passage of time
and from the performance of work, it
may happen that some jobs fall behind
or, indeed, start out too far behind. It
also may happen that schedules are not
followed closely enough in work centers.
We consider two types of control reports
serving two different purposes.

1. Schedule monitor—Random sam-
ples are taken from reports of work per-
formed and are compared with scheduled
operations. They may be taken either by
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a production controller who examines a

work center during a short period of time
ot, if the shop reporting system is suffi-
ciently precise to include timing or se-
guencing, by using the written shop re-
ports themselves.

2. Job-progress repori—an exception
report—Consider the distribution of
slack in a particular work center or group
of work centers. By relating shipping
dates to promise dates and to slack ‘asso-
ciated with a job at the time it was in
this work center, it is possible to estab-
lish critical values for slack rather like
statistical control limits. Then any job

whose slack falls outside the critical

limits has a high likelihood of failing to
meet its promise date, despite the prior-
ity arrangements in scheduling. All such
jobs are listed and reported as excep-
tions.

V. DYNAMICS

In this section I shall describe the way
the whole system works in time.
At a given time the system has:

1. An oniler-status file containing orders re-
ceived but not yet ready to be issued to the
shop. Some of these orders have promise dates,
some do not because they Jack either a routing
ar an estimated date of completion of one or
more pre-shop operations. '

2. A summary file containing all jobs issued
or ready to be issued to the shop, including
completed operations, together with the cur-
rent relative slack for each job.

3. A matrix of delays, one for each work
center in each week for, say, the next 52 weeks,

4. A matrix whose cntries are the number of
jobs for which promise dates have been calcu-
lated according to the promise-date program
estimated to arrive in each work center in each
of the next 52 weeks. :

5. A matrix whose entries are the number
of processing hours by work center by weck
required by the jobs for which promise dates
have been calculated.

6. Jobs corresponding to those listed in the
summary file at various stages of processing in
the shop.
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7. Newly arrived orders.
Fach day:

1. Newly arrived orders are entered in the
order-status file, and inquiry cards are sent to
the various departments engaged in pre-shop
operations.

2, Inquiry cards returned from pre-shop op-
erations are used to update the order-status file.

3. The promise-date program is used to calcu-
late promise dates for all orders not already
having promise dates and for which the requi-
site information is available. The delays cur-
rently in force are used. The jobs arc added to
the jobs and hours totals in the appropriate
weeks in the respective matrices.

4. Promise dates are entered in the order-
status file.

5. Reports are issucd to various departments
performing pre-shop operations showing allow-
able variation in dates of completion of those
operations. ,

6. Reports of operations completed in the
shop are entered in the summary file,

7. If the day is one on which a new shop
schedule is calculated, the number of pieces
completed on operations in process at cut time
is reported from the shop.

Every third day:

1. Relative slack is recalculated for every
job in the summary filc. Management decisions
to give some jobs extraordinarily high priority
are given effect by entering a fictitious promise
date for the job in question.

2. The summary file is sorted accordinz to

the newly calculated relative slack, and a new
condensed schedule input file is prepared, which
also contains the operations in process at cut
time,

3. The job-progress report is issued.

4. A shop schedule is prepared for the next
six days, starting with completion of the sched-
uled operations in process at cut time, If there
should be a brecakdown in the computer, the
shop thus could continue to operate for one
more schedule period using the old schedule.

Every 2 weeks:

1. Accumulated loads in jobs and hours are
used to forecast anticipated loads in cach work
center in each of the next 52 weeks. These
forecast loads, together with the current deci-
sions regarding work-force allocation and the
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number of shifts operated, are used to calculate
revised delay for each work center in each of
the next 52 weeks. *

2. All information referring to past weeks is
dropped from the load files but may be retained
for a time in another form Lo provide a historical
record,

3. The current estimates of future delays are
entered as the delay parameters in the promise-
date program, For the next two weeks all prom-
ise dates will be calculated on the basis of the
revised delays.

4. Delay reports are issued to management
to be used to help guide work-force allocations
and other longer-term operations decisions in
the future. Some changes in work-force alloca-
tion are likely to be planned more than 2 weeks
in advance,

We may note that this system adjusts
to the inevitable deviations from the
shop schedule by picking up the actual
state of the shop at cut time and creating
a new schedule starting from the existing
condition rather than from the scheduled
terminal conditions. Thus the shop can-
not get “further off schedule” than can
happen in 3 days. In practice, in this shop
the drift off schedule has not been much.
In other shops a longer or shorter period
between schecdules might prove to be de- .
sirable.

VI. COMPUTING

A version of the system described here
has been programmed for an 1IBM 1440
system with two 1311 disk drives. The
various files used in the system are main-
tained on disk packs. At the present time
the programs are maintained on punched
cards. The reporting system from the
shop is essentially a hand system re-
quiring key punching of the necessary
information. Various devices have been
used to achicve the degree of accuracy
necessary to operate the systein properly.
It would be possible to use a more high-
ly automated data-collection system
for reporting, but the cost of such a
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system is not warranted at present in
this particular application.

The shop-scheduler typically works
with a condensed schedule input file con-
taining about fifteen thousand operations
to be considered for scheduling. This is
very close to the storage capacity (one

" hundred thousand locations) of the pres-
ent computer system. From 14 to 18
hours are required to generate a single
shop schedule making use of eleven
different program phases. The critical
elements of the computer system are
disk storage capacity, which determines
the number of operations that can be
considered, and disk access speed, which
determines running time of the program.
If a disk system with high speed should
be available, or in the case of a small
shop in which the available internal core
storage would be adequate, the running
time would be bound by the internal
speed at which core can be searched.
Tape systems are impractically slow for
this program.

At present the system is being repro-
grammed for an IBM 360/30 systern.
Other than the shop-scheduler, the pro-
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grams of the system do not tax the ca-
pacities of existing computers in any un-
usual way. '

VII. CONCLUDING REMARKS

The obvious benefits afforded by this
system are to increase the efficiency of
utilization of the shop, to reduce lead
time, to plan well for and meet the flow
of work to be done, and to make realistic
delivery promises to customers and keep
them. However, there is one effect of the
system which may be less obvious but

not less important. For each type of ™

shop and type of business there is a size
beyond which the shop becomes unman-
ageable using the usual methods. When
job shops exceed that size, they have
chronic problems symptomatic of the
difficulty. With an effective computer-
ized management system like this one,
the size of shop that a given management
can control is significantly larger than
its former limiting size. This enables the
technical skills and special knowledge
available to the enterprise to be used
effectively and profitably on a larger
scale than hitherto has been possible in
job-shop production.



