Avoid bottlenecks
Best production schedule

Comprehensive look at the work ahead

By Ferdinand K. Levy,
Gerald 1.. Thompson,
and Jerome D. Wiest

Recently added to the growing assortment of
quantitative tools for business decision making
is the Critical Path Method — a powerful
but basically simple technique for analyzing,
planning, and scheduling large, complex proj-
ects. In essence, the tool provides a means of
determining (1) which jobs or activitics, of the
many that comprise a project, arc “critical” in
their effect on total project time, and (2} how
best to schedule all jobs in the project in order
to meet a target date at minimum cost. Wide-
ly diverse kinds of projects lend themselves to
analysis by CPM, as is suggested in the follow-
ing list of applications:

e The construction of a building {or a highwayv).

® Planning and launching a new product.

AuThors ~oTE: The preparation of this article was
supported by the Office of Naval Research and the Burcau
of Ships through grants to the Graduate School of Indus-
trial Administration, Carnegie Institute of Technology.
A different version of this material appears as Chapter
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o A turnaround in an eil refinery (or other main-
fenance projects).

* Installing and debugging a computer system.
e Rescarch and engincering design projects.
* Scheduling ship construction and repairs.

¢ The manufacture and asserbly of a larae
agenerator (or other job-lot opcrations).

e Missile countdown procedures.

Each of these projects has several character-
istics that are essential for analysis by CPM:

(1) The projcct consists of a well-defined collec-
tion of jobs (or activities) which, when completed,
mark the end of the project.

(2) The jobs may be started and stopped inde-
pendently of cach other, within a given sequcnce.
(This requircment climinates continuous-flow proc-
ess activitics, such as oil refining, wherc “jobs” or
operations necessarily follow one after another with
essentially no slack.)

20 in Industrial Scheduling, odited by 7. F. Muth and
G. L. Thompson {Englewood Cliffs, New Jorsey, Prentice-
Hall, Inc., 1963). The job list and project graph for
the house-building example were developed by Peter R.
Winters.




{3) The jobs are ordered -— that is, thev must
be performed in technological sequence. (For ex-
ample, the foundation of a house must be con-
structed before the walls are erccted.)

What Is the Method?

The concept of CPM s quite simple and may
best be illustrated in terms of a project graph.
The graph is not an essential part of CPAI:
computer programs have been written which
permit necessary caleulations to be made with-
out reference to g eraph.  Nevertheless, the
project graph is vatluable as a means of depict-
ing. visually and clearly. the complex of jobs in
a project and their interrclations

First of all. cach job necessary for the comple-
tion of a project is listed with a unigue identilving
symbol (such as a letter or pumbery, the time re-
quired to complete the job, and its immediate pre-
requisite jobs. For convenience in graphing, and
as a cheek on certain kinds of data errors, the jobs
may be arranged in “technological order,” which
mcans that no job appears on the list until all of its
predecessors have been listed. Technological order-
ing is impossible if a evele ereor exists in the job
data (c.g.. job a precedes b, b precedes ¢, and ¢
precedes a).

Then each job is drawn on the graph as a cirele,
with its identifving svmbol and time appearing
within the circle. Sequence relationships are indi-
cated by arrows connecting cach circle (job) with
its immediate successors, with the arrows pointing
to the latter. For convenience, all circles with no
predecessors are connected 1o a cirele marked
“Start”™: likewise, all cireles with no successors are
connected to a cirele marked “Finish.” (The “Start”
and “Finish” circles may be considered pseudo jobs
of zero time length)

Typically, the graph then depicts & number of
different “arrow paths” from Start to Finish. The
time required to traverse cach path is the sum of
the times associated with all jobs on the path. The
critical path (or paths) is the Tongest path (in time)
trom Start to Finish; it indicates the minimum time
necessary to complete the entire project,

This method of depicting a project graph differs
in some respects from that used by James F. Kelley,
Ir., and Morgan R. Walker, who, perhaps more
than amvonc clse, were responsible for the initial
development of CPM. (For an interesting account
of its carly historv see their paper, “Critical-Path
Planning and Scheduling.” 'Y Tn the widely used
Kellev-Walker form, 4 project graph s just the
oppusite of that deseribed above: jobs are shown as
arrows, and the arrows are connected by mcans of
circles (or dots) that indicate sequence relation-
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ships. Thus all immediate predecessors of a given
job connect to a cirele at the tail of the job arrow,
and all immediate successor jobs emanate from the
circle at the head of the job arrow. In essence,
then, a circle marks an event — the completion of
all jobs leading into the circle. Since these jobs are
the immediate precequisites for all jobs leading out
of the circle, thev must all be completed before
any ot the sueceeding jobs can begin.

b order to accurately portray all predecessor
retationships, “dummy jobs” must often be added
to the project graph in the Kellev-\Valker form.
The method described in this arficle avoids the
necessity and complexity of dummy jobs, is casicr
to program for a computer, and also scems more
straightforward in cxplanation and application.

In essence, the critical path is the bottlencck
route. Only by finding ways to shorten jobs
along the critical path can the over-all project
time be reduced; the time required to perform
noncritical jobs is irrelevant from the viewpoint
ol total project time. The Frequent (and costly)
practice of “crashing” all jobs in a project in
order to reduce total project time is thus un-
necessary. Typically, only about 10% of the
jobs in large projects are critical. (This ficure
will naturally vary from project to project.) Of
course, if some way is found to shorten one or
more of the critical jobs, then not only will the
whole project time be shortened but the critical
path itsell’ may shift and some previcusly non-
critical jobs may hecome critical.

Example: Building a House

A simple and familiar example should help
to clarify the noticn ol critical path scheduling
and the process of constructing a graph. The
project of building a housc is readily analyzed
by the CPM technigue and is tvpical of a large
class of similar applications. While a contractor
might want 4 more detailed analvsis, we will be
satisticd here with the list of major jobs (to-
gether with the estimated time and the imme-
diate predecessors for cach job) shown in Ex-
HIBIT I.

In that exhibit, the column “immediate prede-
cessors” determines the sequence relationships
of the jobs and enables us to draw the project
graph, Fxumsrr i, Here, in cach circle the Tetter

' Proceedings of the Fastern Joint Computer Confer-
crce, Boston, Decembey -3, 1959; sce also James E.
Kelley, Jr., “Critical-I*ath Planning and Scheduling:

Mathematical  Basis,” Operations  Reseaich, Mav—June
1961, pp. 206~ 420,
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_I*TXHIB]'[' I. SEQL ENCE AND UTML RF.QL']RI{M ENTS OF
JOBRS
iMMED{ATE
GESCRIFTION PREDECESSORS

START '

- EXCAVATE AND POUR FOOTERS a
POUR CONCRETE FOUNDATION )
ERECT WOODEN FRAME ¢ -
INCLUDING ROUGH ROOE
LAY BRICKWORK d =
INSTALL BASEMENT DRAINS ¢
AND PLUMBING
POUR BASEMENT FLOOR ;1B
INSTALL ROUGH PLUMBING / R
INSTALL ROUGH WIRING < B
INSTALL HEATING AND VENTILATING dg
FASTEN PLASTER BOARD AND PLASTER | /, A
(NCLUDING DRYINGY |
LAY FINISH FLOORING k
INSTALL KITCHEN FIXTURES !
INSTALL FIQISWI;(”PLUMBING ---- N !
FINISH CARPENTRY {
FINISH ROCFING AND FLASHING e
FASTEN GUTTERS AND DOWNSPQUTS D

- LAY STORM DRAINS FOR RAIN WATER ¢
SAND AND VARNISH FLodg{Né ] o0,t
PANT S mn
FINISH ELE&%H&;AL WORK___. Y,

FINISH GRADING

POUR WALKS AND COMPLETE v
LANDSCAPING

FINISH

before the comma identifies the job and the
number after the comma indicates the job time.

Following the rule that a “legal” path must
always move in the direction of the arrows, we
could enumerate 22 unique paths [rom Start to
Finish, with associate times ranging from =«
minimum of 14 days (path a-b-c-r-v--x) to a
maximum of 34 davs (path a-h-c-d-j-kel-n-t-5-X).
The latter is the critical path; it determines the
over-a! project time and tells us which jobs are
critical in their effect on this time. It the con-
tractor wishes to complete the house in less than
34 days, it would he useless to shorten jobs not
on the critical path. [t may scem to him, for

example, that the brickwork (¢) delays progress,
since work on a whole series of jobs (p-g-w)
st svait until it is completed. But it would be
fruitless to rush the completion ol the brick-
work, since it is not on the critical path and so
is irrclevant in determining total project time.

Shortening the CP

It the contractor were to use GPM tech-
nigues, he would examine the critical path for
possible improvements. Perhaps he could assign
more carpenters to job d, reducing it from four
to two days. ‘Then the eritical path would
chanue slightly, passing through jobs f and ¢
instead of . Netice that wtal project time
would be reduced only one day, cven though
two davs had been shaved oft job . Thus the
contractor must watch for possible shilting of
the eritical path as he affects changes in critical
jobs.

Shortening the critical path requires a con-
sideration of both cngincering problems and
cconomic questions. Js it physically possible to
shorten the time required by critical jobs (by
assigning more men to the job, working over-
time, using different equipment, and so on)?
If so. would the costs of speedup be fess than
the savings resulting from the reduction in over-
all project time? CPM is a uselul tool because it
quickly focuses attention on those jobs that arc
critical to the project time, it provides an casy
way to determine the effects ot shortening vari-
ous jobs in the project, and it enables the user
to cvaluate the costs of a “crash” program.

Two important applications of thesc features
come to mind:

« Du Pont, a pioncer in the application of CPM
to construction and maintenance projects, was con-
corned with the amount of downtime for mainte-
nance at its Louisville works, which produces an
intermediate  product in the neoprene  process.
Analyzing the maintenance schedule by CPM, Du
Pont cngincers were able to cut downtime  for
maintenance from 125 to 93 hours. CPM pointed
to Further refinements that were expected to reduce
total time to 78 hours. As a result, performance
of the plant improved by about one million pounds
in 1959. and the intermediate was no longer a
bottleneck in the neoprene process.

¢ PURT {i.c., Program Fvaluation Beview Tech-
nique), a technique closely related to the critical
path mcthod, is widely credited with helping to
shorten by two years the time originally estimated
for completion of the engineering and development
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program for the Navy’s Polaris missile. By pin-
pointing the longest paths through the vast maze of
jobs necessary for completion of the missile design,
PERT cnabled the program managers to concen-
trate their efforts on those activities that vitally
affected total project time.”

Even with our small house-building project,
however, the process of cnumerating and meas-
uring the length of every path through the maze
ol jobs is tedious. A simple method of finding
the critical path and, at the same time, devel-
oping uscful information about cach job is de-
scribed next.

Critical Path Algorithm

It the start time or date for the project is given
(we denote it by $), then there exists for cach
job an carliest starting time (ES), which is the
carliest possible time that a job can begin, it all
its predecessors are also started at their ES. And
if the time to complete the job is ¢, we can define,
analogously, its carliest finish time (FFY to he
ES +t.

There is a simple way of computing IS and
EF times using the project sraph. 1t proceeds as
follows:

(1) Mark the value of S to the left and to the
right of Start.

(2) Consider any new unmarked job all of
whose predecessors have heen marked, and mark
to the left of the new job the largest number
marked to the right of any of its immeediate prede-
cessors. This number is its carly start time.

(3} Add to this number the job time and mark
the result (CF time) to the right of the job.

(4) Continue until Finish has been reached,
then stop,

Thus. at the conclusion of this calculation the
IS time for cach job will appear to the left of
the circle which identifies it, and the BV time
will appear to the right of the circle. The num-
ber which appears to the right of the last job,
Finish, is the carly finish time (F) for the entire
project.

To illustrate these caleulations let us consider
the following simple production process:

An assembly is to be made from two parts, A
and B. Both parts must be turned on the Tathe, and
B must be polished while A need not be. The list
of jobs to be performed, together with the predeces-

¢ Gee Robert W. Miller, “Tow to Plan and Control
With PERT.” HBR March-April 1962, p. 93.

sors of cach job and the time in minutes to perform
cach job, is given in bxpisrr 1

Fxuinrr 1. 1JATA FOR PRODUCTION PROCESS

IMMERIATE M
PREDECESSORS : 38

DESCRIPTION
START l
GET MATERIALS FOR A ‘ a
GET MATERIALS FOR B |
TURN A ON LATHE l b,¢
TURN B ON LATHE | b¢
POLISH B | e
ASSEMBLE A AND B ] d.f
FINISH | '3

The project graph is shown in Exnieir 1v. As
previously, the letter identifying cach job appears
before the comma and its job time after the comma.
Also shown on the graph are the ES and LI times
for cach job, assuming that the start itime, S, is
ero. The IS time appears to the left of the circle
representing a job, and the FF time appears to the
right of the circle. Note that T o= 1oo. The
reader mav wish to duplicate the diagram without
these times and carry out the caleulations for him-
colf as a cheek on his understanding of the com-
putation process described above.

Latest Start & Tinish Times

Suppose now that we have a target time (T)
for completing the project. T may have been
originally expressed as o calendar date, c.g.,
October 1 or February 15. When is the latest
time that the project can be started and finished?

In order to he Teasible it is clear that T must
he greater (Jater) than or cqual to I, the carly
tinish time for the project. Assuming this is so.
we can define the concept of late finish (LF), or
the latest time that a job can be finished, with-
out delaving the total project heyond its target
time (T). Similarly, late start (LS) is defined to
be LT — ¢, where ¢ is the job time.

These numbers are determined for cach job
in a manner similar to the previous calculations
except that we work from the end of the project
to its beginning. We proceed as follows:

(1) Mark the valuc of T to the right and left of
Yinish.

{23 Consider any new unmarked job all of
whose successors have been marked, and mark to



Exmipre iv. CArcurarTion orF FARLY START AND EARLY FINISH
TIMES FOR EACH JOU

Critical Path Method 103

the entire project can be started
and still tinish at the target time T.

In Exninit v we carry out
these caleulations for the exam-
ple of Exwisrr . Here T =
F = 100, and we scparate carly
start and hnish and late start and
finish times by semicolons so that
ES; LS appears to the lelt of
the job and EF: LF to the rivht.
Again the reader may wish to
check these calculations for him-
sell.

Concept of Slack

Examination of Exounir - re-
veals that some jobs have their
carly start equal to late «
while others do not. The ¢
ence hetween a job's carly cart
and its late start (or besween
carly finish and late finish) is
called total slack (TS). Total
slack represents the maximum
amount of time a job mav he
deiayed beyond its carly start
without necessarily delaying the
project completion time.

We carlier defined eritical jobs
as those on the longest path
through the project.  That is,
critical jobs directly affect the
total project time. We can now
relate the critical path to the

the right of the new job the smallest 1S tine
marked to the left of anyv of its immediate sue-
cessors.

The logic of this is hard to explain in a few
words, although appuarent cnough by inspection.
[t helps to remember that the smallest LS time of
the successors of a given job, if translated into
calendar times, would be the latest finish time of
that job,

(3) Subtract from this number the job time and
mark the result to the left of the job.

(4) Continue until Start has been reached, then
stop.

At the conclusion of this calculation the LF
time for a job will appear to the right of the circle
which identifies it, and the 1S time for the job will
appear to the left of the circle. The number ap-
pearing to the vight of Start is the latest time that

concept of slack.

Finding the Critical Path

It the target date (T) equals the carly {inish
date for the whole praject (F), then all critical
jobs will have zero total slack. There will be at
least one path woing from Start to Finish that
includes critical jobs only, i.c., the critical path.

I1'T is greater (later) than T, then the critical
jobs will have total slack equal to T minus T..
This is a minimum value; since the eritical path
includes only critical jobs, it includes those with
the smallest TS, All noncritical jobs will have
greater total slack.

[n Exwinrr v, the critical path is shown by
darkening the arrows connecting critical jobs.
In this case there is just one critical path, and
all critical jobs lie on it; however, in other cases
there may be more than one critical path. Note
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Fxmnre v, CALCULATION OF LATE START

TINIES FOLL EACIE JOu

START

AND AT

AN liest of the ES times of all its im-
medinte successors, Thus, in Ex-
ke v, job b has I'S of 10, and
job o has IS of 30. All other jobs
have zero iree slack.

Significance ol Slack

When at job has vero total
slack, its scheduled start time
is automatically fixed (that s,
IS - 1Sy and to delay the cal
culated start time is to delay the
whole project. Jobs with posi-
tive total slack. however, allow
the scheduler some discretion in
setting their staet times. This
flexibility can usetully he ap-
plicd to smoothing work sched-
wles. Peak loads that develop in
2 particular shop {or on a4 ma-
chine, or within an engineering
desien group. to cite other ex-
amples i may be relieved by shife

AP R

JOB IDENTIFICATION

ing jobs on the peak davs to their
Jate starts. Slack allows this Kind
ol jugeling without affecting
project time.”

Uree slack can be used effec-

CRITICAL PATH

JOB TIME tivelv at the operating level. Lor

REQUIREMENT example, il a job has lree slack,

. START FINISH the Toreman may be given somce
@. flexibility in deciding when to

FINISH l e e | st the job. Tiven it he defays

EARLY EARLY the start l)y an amount equu[ Lo

for less thand the free stack, the

that T — T°; thus the eritical jobs have zero total
slack. Job b has TS = 10, and job  has TS -
30; cither or both of these jobs could be delaved
by these amounts of time without delaying the
project.

Another kind of slack is worth mentioning.
Free slack (1S} is the amount a job can be de-
layed without delaying the carly start obf any
other job. A job with positive total slack may or
may not also have free slack, but the latter never
exceeds the Former. For purposes of computa-
tion. the free slack of a job is defined as the dit-
ference between the job's EF time and the ear-

# For a method for smoothing operations in a job shop,
based on CPM and the vse of slack, see ¥, K. Levy, G. L.
Thompsen, and J. D. Wiest, “Multi-ship, Multi-Shop

Production Smoothing Algorithm,” Naval Logistics Be-
search Quarterly, March 9, 1962,

delav will not alfeet the start
times or slack of succeeding jobs
(which is not true of jobs that have no Free
slack), Vor an illustration of these notions, we
return to our house-huilding example.

Back to the Contractor

In Fxinere v, we reproduce the diagram of
housc-building jobs, marking the FS and LS to
the left, and the BEF and LF to the right of
cach job (for example, “0;37 and “4:77 on
cither side of the b,y circle).  We assume
that construction begins on day zero and must be
completed by day 37. Total slack for cach job is
not marked, since it is evident as the ditference
between the pairs of numbers ES and LS or EF
and LF. However, jobs that have positive frec
slack are so marked. ‘There is one critical path,
which is shown darkened in the diagram. All
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EXimmm v PROJFCT GRAVID WITH SEART AND VINISH TIMES

- ‘:STA’;R? o mmm—--’{:gmgm_ F‘A‘FH

| ] ———J08 meummmu'
| START

f—dﬁﬁ TIME REQU!REREN?T

"‘/ FINISH.
| | eagey  Lare

CEARLY ATE
F§*FREE SLACK

@ =0
Fsiz.
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critical jobs on this path have total slack of three
davs.

Several observations can be drawn immedi-
ately from the dingram:

(1) The contractor could postpence starting the
house three davs and stifl complete it on schedule,
barring unforeseen difficulties tsee the difference
hetween earlv and late times at the Finish). 'This
would reduce the totab slack of afl jobs by three
davs, and hence reduce TS for eritical jobs to zervo.

(21 Several jobs have free slack. Thus the
contractor could delav the completion of i (rough
wiring) by twao davs, ¢ tthe basement floor by one
day, fr (rough plumbing) by four davs, # {the storm
dreains) by orz davs, and so on — without affecting
succeeding jobs,

{3) The series of jobs ¢ (hrickwork), p (vool-
ing), ¢ (outters), v (grading), and o (landscaping)
have a comtbortable amount of total slack tninc
davs). The contractor can use these and other slack
jobs as “fill in™ jobs for workers who become avail-
able when their skills are not necded [or currently
critical jobs, This is a simple application of work-
load smoothing: juggling the jobs with slack in
order to reduce peak demands for certain skilled
workers or machines.

[ the contractor were to effect changes in one
or more of the eritical jobs, by contrast, the cal-
culations would have to be perlormed again.
This he can casily do; but in large projects with
complex sequence relationships, hand caleula-
tions are considerably more difficult and liable
to error. Computer programs have been devel-
oped. however, lor caleulating ES, LS T LL,
TS, and FS for cach job in a project, given the
set of immediate prerequisites and the job times
lor cach job."

Handling Data Lrrors

Information concerning job times and pre-
decessor relationships is gathered, tvpically, by
shop foremen, scheduling clerks, or others closely
associated with o project. It is coneeivable that
several kinds of errors may oceur in such job
data:

1. ‘The estimated job times mayv be in crror.

2. The predecessor relationship may contain
cveles: e.g., job @ is a predecessor for b, b is a
predecessor for ¢, and ¢ is a predecessor for a.

" An algorithm on which once such computer program
is based is discussed by F. K. Levy, G L. Thompson, and
1. 1. Wiest, in chapter 22, *“Mathematical Basis of the

Critical Path AMethod,” Induostrial Scheduling {(see Au-
thors’ Note, p. 98,

3. Lhe List of prerequisites Tor o job may in-
clude more than the immediare precequisites: e
job « is a predecessor of I, I is a predecessor ol o
and @ and b both are predecessors of ¢

4. Some predecessor relationships may be over-
loaked.

5. Some predecessor relationships may be listed
that are spurious.

How can management deal with these prob-
lems? We shall examine cach briefly in turn.

lob Tines. An accurate estimate of total proj-
cct time depends, ol course, on accurate job-
time data. CPN climinates the necessity (andd
expense) ol caretul time studies for all jobs.
Instead the Tollowing procedure can be used:

* Given rough time estimates, construct a CPN
uriph of the project,

* Then those jobs that are on the eritical path
rtogcther with jobs that have very small total slack,
indicating that they are nearly eriticaly can be maore
closely checked, their times re-estimated, and an-
other CPM graph constructed with the refined data.

* I the critical path has changed to include jobs
still having rough time estimates, then the process
is repeated.

In many projects studicd, it has been found
that onlv a small fraction of jubs are critical; so
itis likely that refined time studies will be needed
lor relatively Yew jobs in a project in order to
arrive at o reasonably accurate estimate ol the
total project time. CPN thus can be used to re-
duce the problem of Tvpe 1 errors at a small
total cost.

Prevequisites. A computer algorithm has been
developed to check for errors of Types 2 and 3
above. The algorithm (mentioned in footnote
4+ systematically examines the set ol prerequi-
sites tor cach job and cancels from the set all but
immediate predecessor jobs. \When an crror of
Type 2 is present in the job data, the algorithm
will signal o “cvele ervor” and print out the
cvele in question.

Wrong or Missing Fucts. Lrrors ol Types 4
and 5 cannot he discovered by computer rou-
tines. Instead, manual checking (perhaps by a
committee ) is necessary to see that prerequisites
are accurately reported.

Cost Calculations

The cost of carpving out a project cuan be
readily caleulated from the job data it the cost



ot doing cach job is included in

Exmisir v
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Fyricar cosa PATTERN

the data, TF jubs are done by
crews, and the speed with which
the job is done depends on the
crew size, then it is possible to
shorten or lengthen the project
time by adding or removing men
from crews. Other means lor
compressing job times micht al-
so be found; but any speedup is
likely to carry o price tag. Sup-
pose that we assign to cach job
a “normal time” and 4 “crash
thme” and also caleulate the asso-
ciated costs necessary to carry the
job in cach time, 1 we want to
shorten the project. we can as-
stgn some ol the critical jobs to
their crash time, and compute
the corresponding direct cost. In
this way it is possible to calenlate
the cost of completing the proi-
cet in various total times, with
the direet costs increasing as the

PROJECT (OQSTS

over-all time decreases.

Added to direet costs are cer-
tain overhead expenses which are
usually allocated on the hasis of total project
time. Fixed costs per project thus decrease as
project time dis shortened. In ordinary circum-
stances a combination of fixed and direct costs as
a function of total project time would probably
lall into the pattern shown in Exurmsre vir.
The minimum total cost (point A) would likely
fall to the Teft of the minimum point on the di-
rect cost curve (point B} indicating that the
optimum project time is somewhat shorter than
an analysis of dircet costs onlv would indicate.

Other cconomic factors, of course, can be in-
cluded in the analvsis. Tor example, pricing
might be brought in:

A large chemical company starts to build a Hant
tor producing a new chemical. After the construe-
tion schedule and caompletion date are established,
an- importiant potential customer indicates a will-
ingness to pav a prentium price for the new chemi-
cal i it can be made available carlier than sched-
uled. "Fhe chemical producer applies techniques of
CPM 1o its construction schedule and calculates
the additional costs associated with “crash” comple-
tion of jobs on the critical path. With plot of
costs correlated with total project time, the pro-
ducer is able to seleer a new completion date such
that the increased costs are met by the additional
revenue offered by the customer,

TOTAL PROJECT TIME —— = B, ——

New Developments

Because of their great potential for applica-
tions. both CPN and PERT have received in-
tensive development in the past lew years. This
cffort is sparked, in part, because of the Air
Force (and other governmental ageney) require-
ments that contractors use these methods in
planning and monitoring their work. Flere are
some llustrations ol progress made:

€ One of the present authors (\Wiest) has de-
veloped extensions of the work-load smoothing
algorithm. These extensions are the so-called SPAR
{for Scheduling Program for Allocating Resources)
programs for scheduling projects having limited
FeSOUrCes.

€ A contemporancous development by C-I-T-R,
Inc., has produced RAMPS (for Resource Alloca-
tion and Multi-Project Scheduling), which is simi-
lar but not identical.

€ The most recent version of PERT, called
PERT/COST, was developed by the armed services
and various businesses for use on weapon-systems
development  projects contracted by the govern-
ment. Essentially, PERT/COST adds the con-
sideration of resource costs to the schedule pro-
duced by the PERT procedure. Indications of how
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smoothing can be accomplished ave also made.
Other recent versions are ealled PERT I PERI

HE PEP, PEPCO, and Super PERT.

Conclusion

For the manager ol large projects, CPN s o
powerlul and exible tool, indeed. Tor decision
making:

® §( is usclul at various stages of project manage-
wment. trom iitial planning or analvzing of alter-
native programs, to scheduling and controlling the
jobs (activities) that comprise @ project.

* It can be applicd tw a great variety of proj-

cct tvpes — from our house-building example to
the vastlv more complicated design project for the
Polaris — and at various levels of planning —

from scheduling jobs in a single shop, or shops in
a plant, to scheduling plants sithin a corporation.

* In o simple and direct wav it displavs the in-
terrefations in the complex ol jobs that comprise a
large project.

* 1t is casily explainable to the lavman by means
of the project eraph. Data calealations for large
projects, while tedious, are not difficalt, and can
readily be handled by a computer.

* [t pinpoints attention to the small subset of
jobs that are critical to project complction time,

“See A, Charnes and W W, Cooper, "\ Network Tnter-
pretation and a Dirceted Sub-Nual Algorithm for Critical

thus contributing to more accurate planiing and
maore precise control.

* 1t enables the manager to guickly stady the
effects of “erash™ programs and to anticipate poten-
tial hettlenceks that might resule from shortening
certain critieal jobs.

® 1t feads 1o reasonable estimates of total project
cosls tor various completion dates, which enable
the manacer to scleet an optimum schedule.

Because of the above characteristics ol CPA
w— and especially its intuitive logic and graphic
appeat — it is a decision-making tool which can
find wide appreciation at all levels of manage-
ment.” The project araph helps the Toreman to
understand the sequencing ol jobs and the ne-
cessity: ol pushing those that ace critical. For
the manacer concerned with dav-to-day opera
tions in all departments, CPAL enables him to
measure proeress for lack of ity against plans and
1o take appropriate action quickly when needed.
And the underlving simplicite of CPN and its
abilitv to fovus attention on crucial problem
arcas of Jarge projects make it an ideal tool for
the top manager. On his shoulders Falls the
ultimate responsibilite for over-all planning and
covrdination ol such projects in the teht oi
company-wide objectives,

Patly Scheduling,” Jorrnal  of  Iudustrial Tugineering,

Julv- Angust 19620 pp. 213-210.

0. comniings

PITY THIS BUSY MONSTER, MANUNKIND

pity this busy monstermanunkind,

not. Progress is a comfortable discase:
vour victim{death and life safely bevond}

plavs with the bigness of his lirtlencess
_ cleetrons deify one razorblade
into a momtainrange;lenses extend

amwish through cuming wherewhen gl unwish

returns on its unself.

A world of made

is not a world of born-—pity poor flesh

and trees,poor stars and stones,hut never this
fine specimen of hypermagical

ultraomnipotence. We doctors know

a hopeless case if——listen:there's a hell
of a good universe next door;let’s go

@ 1944 bv v cummings

Reprinted fram his voluome, Poems: 1923 1954, Ly por-
mission of Harcourt, Brace & World, Inc.
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