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This study is directed to the problem of the quantitative

determination of the number of additional personnel required

in an organization for servicing unscheduled priority tasks

without delaying the completion of scheduled tasks. The

manager of an organization which has been enlarged in order

to respond adequately to the random arrival of priority

requests may face criticism if the organization appears to

be "overstaffed" during periods when only "routine" service

requirements must be met. An audit team oriented toward

accounting-type data may be reluctant to accept a manager's

justification of his organization's size if the justifica-

tion is based primarily on nonquantitative arguments.

The objective -set for this study has been achieved by

developing an analytical procedure which may be used by a

manager to provide quantitative justification for maintain-

ing an organization staffed with more personnel than those

required to service scheduled tasks only. Conversely, the



procedure may be used to determine the number of personnel

who could be removed from the organization if the require-

ment that the organization service priority tasks were

eliminated. The procedure combines a queueing simulation

model developed for this study with mathematical analysis of

sample data. The result is a quantitative technique which

can be used in personnel planning and forecasting. The pro-

cedure has been demonstrated by analyzing an engineering

organization which is functioning in the aerospace industry.

The procedure consists of five steps:

1. A sample survey of the organization is conducted

to determine the average percentage of the organi-

zation's total time which is expended servicing

unexpected priority tasks.

2. A sample survey of the organization is conducted

to determine (1) the distribution of the service

times required to accomplish unexpected priority

tasks and (2) the shape of the distribution of the

time interval between the arrival of unexpected

priority tasks.

3. The data developed during steps one and two is

incorporated into the queueing simulation model.



The simulation model is then used to compute the

average interval between the arrival of unexpected

priority tasks.

4. The average interval between the arrival of unex-

pected priority tasks determined during step three

is incorporated into the computer simulation model,

and the organization's total utilization level is

then computed in terms of servicing both routine

and unexpected priority tasks as a function of the

theoretical utilization level for the organization

during the servicing of routine tasks only.

5. The data generated in step four and the simulation

model are used to calculate the number of personnel

who could be removed from the organization, without

changing the overall utilization level for the orga-

nization, if the requirement that the organization

service unexpected priority tasks were removed.

The simulation program developed for this study is

coded in FORTRAN IV and consists of a main routine and seven

subroutines. The simulation model is discussed through the

presentation of flow diagrams. The computer program is

listed in an appendix.



The sampling processes necessary to define parameters

required for the simulation program are described, together

with the analysis of the sample data. Tables and illus-

trations are utilized to present data.

The final data are presented in graphic form to illus-

trate the relationship between the number of personnel uti-

lized to service unscheduled priority tasks as a function

of total system utilization. Presentation of the data in

this form does not necessitate determination or disclosure

of the organization's actual utilization or "efficiency"

level.
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CHAPTER I

INTRODUCTION

An organization is formed to perform existing tasks or

to prepare to perform tasks expected in the future. The

type and characteristics of a particular organization are

determined on the basis of the type and characteristics of

the tasks to be performed by that organization. A funda-

mental characteristic of an organization is the number of

personnel necessary to accomplish the services which the

organization is required to perform.

Major corporations within the aerospace industry have

developed specialized engineering organizations which provide

scientific and technical services for associate organizations

within the corporations and for the corporation's customers.

These specialized organizations are usually subjected to two

types of service requests. One type consists of the so-called

routine assignments of the organization. These assignments

are usually predictable tasks, scheduled in advance, to be

performed in a routine fashion in a sequence dictated by the

overall task to be accomplished. In addition to the routine

tasks, these engineering organizations may also be subject to

1
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urgent, high priority tasks from one or more outside orga-

nizations. The random occurrence of these urgent tasks

necessitates immediate and rapid response and a temporary

cessation of service on routine tasks unless the organization

is staffed with more personnel than those required for ser-

vicing routine tasks. Whenever priority tasks preempt the

performance of routine tasks, an unpredictable delay in the

completion of the routine tasks results.

The environment within which aerospace engineering

organizations function has changed during recent years. The

magnitude of the change and the impact of the change upon

the numbers of personnel employed in aerospace engineering

have been the subject of articles in such authoritative

publications as Aviation Week. Reduced governmental appro-

priations for defense procurement have forced aerospace

engineering organizations to decrease the number of personnel

employed.2  Consequently, the necessity for adequate and

accurate determination of the personnel necessary to perform

engineering functions is very important.

1Editorial Staff, "State of Flux Marks U.S. Defense
Posture," Aviation Week and Space Technology, XCIV (March 8,
1971), 21-26.

2Ibid., p. 23.
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The middle manager responsible for providing expertise

in a technical field must adequately staff his organization

to accomplish both priority and routine tasks in a timely

manner. Underestimation or overestimation of the impact

which priority tasks may have on the scheduled completion

of routine tasks can result in improper staffing of an

organization. An experienced manager is aware that addi-

tional personnel will be required if his organization is to

provide "priority" service without adversely affecting the

completion of routine tasks. The determination or estima-

tion of the actual number of additional personnel needed

because of these priority service requirements may be neces-

sary to justify the size of an existing or proposed organi-

zation to internal or external control groups. The members

of control groups may be reluctant to accept increases in

organizational size unless the justification is based on

quantitative analysis rather than qualitative estimates.

This dissertation is directed to the description of a

project for developing an analytical technique which may be

used to determine the number of personnel required to service

unexpected priority tasks. In part, the technique will be

based on an analytical simulation model which will be
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developed during this study. The technique will be tested

by utilizing the model and the procedures to determine the

number of personnel necessary to provide the priority ser-

vice requested from an engineering organization within the

aerospace industry.

Statement of the Problem

The requirement for an organization to perform unsche-

duled tasks which take priority over routine tasks will

probably result in a delay in completion of the routine

tasks unless the number of personnel assigned to the orga-

nization is increased above the number required to service

routine tasks only. The requirement to service unscheduled

priority tasks without appreciably delaying the completion

of scheduled tasks presents a problem to the manager of the

organization receiving the priority requirements. The prob-

lem is to determine and justify the number of additional

personnel required to meet both the scheduled and the unsche-

duled task requirements.

Objective of the Study

The objective of this study is to develop a procedure

which may be used to determine the number of additional
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personnel who are required to be assigned to an engineering

organization in the aerospace industry which is subject to

the receipt of unscheduled, priority work requirements. The

organization services routine tasks, which may be scheduled.

The routine tasks comprise the highest percentage of the

total work assignments of the organization. The priority

tasks which must be serviced arrive stochastically and pre-

empt routine tasks in service if reserve personnel are not

available to perform the priority tasks. Intuitively, we

expect that additional personnel must be assigned to an

organization to minimize the increase in total time which

must be scheduled for routine tasks preempted by the priority

tasks. The procedure is intended to be sufficiently flexible

to be applicable to other similar organizations. Achievement

of this objective will involve the development of a computer

simulation model in which queueing theory is used.

Additional objectives of the study are the determina-

tion of specific organizational parameters which must be

known in order to accomplish the primary objective of this

study. These additional objectives are determination of the

following:
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1. The percentage of the organization's total time

which is utilized for servicing priority tasks.

2. The probability distribution of priority task ser-

vice time.

3. The probability distribution of priority task

arrival interval.

Review of the Literature

The problem of adequately estimating and justifying

the size of aerospace engineering organizations has become

increasingly important as a result of a change in the aero-

space environment. The environmental change affects the

budgets which are available to support aerospace engineer-

ing and research organizations. This change became appar-

ent during the years 1969 and 1970 and can be described as

a general reduction in the magnitude of Federal spending

for procurement of aerospace products and services. Two

articles on this subject were written by the editorial staff

of Aviation Week magazine. In the first article the period-

ical's Washington staff reported that

Unfavorable economic indicators and increasing
public chagrin over alleged Pentagon waste provide
the chief impetus behind a massive congressional
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effort now boiling up among hawks and doves to make
major cuts in the proposed Fiscal 1970 defense bud-
get.3

The theme of the first article was repeated two weeks

later when Robert Hotz wrote in an editorial that

In the midst of unprecedented fiscal prosperity
and technical achievement, the aerospace industry
suddenly finds itself under attack from a wide vari-
ety of sources.4

In late February, 1969, the Defense Department announced

that a reduction of nearly two billion dollars had been made

in the United States Air Force Fiscal 1971 budget before the

budget request was submitted to Congress.5 This reduction

has proven to be the beginning of a steady decrease in aero-

space procurement which has resulted in severe reduction in

the size and number of aerospace engineering organizations.

The period of severe reductions in aerospace employment

which began during 1969 had been preceded by a number of

years of unprecedented expansion and prosperity in the aero-

space industry. During the decade which preceded 1969, the

3Washington Editorial Staff, "Washington Roundup,"
Aviation Week and Space Technology, XC (February 3, 1969),
15.

4 Robert Hotz, "Trouble in the Marketplace," Aviation
Week and Space Technology, XC (February 17, 1969), 11.

5 Editorial Staff, "Industry Observer," Aviation Week
and Space Technology, XCIII (May 4, 1970), 13.
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idea of significant "layoffs" of aerospace engineers was

treated as a very remote and unlikely possibility. In 1957

the aerospace industry began a rapid expansion as a result

of the missile and arms race. During these prosperous

years, the literature which pertained to engineering employ-

ment seemed to dwell upon ways to increase the number of

graduate engineers in order to reduce the so called "engi-

neering shortage". However, some authors recognized that

the then urgent need for engineers was relatively new and

might not continue indefinitely. Keezer and Chartener com-

mented in 1957 on the possibility that an engineering prob-

lem might arise as a result of an oversupply of engineers.

They called attention to the fact that, as a result of

"either a recession which would cut engineering employment

by 10 percent" or an "outbreak of world peace which would

cut by half the employment of engineers for military pur-

poses, . . . we would have engineers running out our ears . "6

Their comments began to come true approximately twelve years

later (1969).

6 Dexter M. Keezer and William H. Chartener, "The Short-
age of Engineers - An Opportunity as Well as a Problem,"
Problems and Practices in Engineering Management, edited by
Elizabeth Marting (New York, 1957), p. 23.
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The 1969 budget reductions in the aerospace industry

resulted in articles on the necessity for increasing effi-

ciency in the use of engineering and scientific manpower.

Richard F. Moore discussed two environmental forces in 1969:

A broad front of environmental change is pressing
in upon modern industrial research and development -
an innovative trend which demands that the perceptive
director or manager devote major effort to evaluate
the level of impact of these forces within his own
organization. 7

Moore goes on to write that

The environmental factors we face are many, but
two major forces are having the most dramatic effect -
the concentrated effort of corporate management to
assess the effectiveness of the R & D dollar and the
advent of systems or program management structures.8

The systems to which Moore refers are the decision

sciences systems techniques which have been under develop-

ment, primarily since the introduction of the computer into

the fields of management planning and control. The useful-

ness of these systems analysis techniques in assisting

management in the assessment of the effectiveness of R & D

organizations, including engineering, is recognized. Moore

7Richard F. Moore, "Ways to Meet the Increasing Pressure
on R & D Organizations," Research Management, XII (January,
1969), 25.

8lbid p. 25.
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also pointed out that the line supervisor must be able to

supply "specialists" in response to calls from outside orga-

nizations. The problem to be investigated and analyzed

during this study is a problem of this type.

The requirement that the line supervisor respond to

calls for service from outside organizations becomes a

"problem" if the available manpower is limited or already

committed to another task. The problem is magnified if the

manager or line supervisor is also requested to reduce the

total numbers employed in his organization as well as to

continue to provide on-call service to outside organizations.

Beginning in 1969, many of the aerospace managers were in

fact called upon to reduce the size of their engineering

organizations. This required reduction was the subject of

numerous articles in aerospace journals. Ronald Smelt has

stated:

Following the magnificent achievements of the
space program, NASA has suffered a major budget cut.
Coinciding with reduced defense procurement, this has
seriously depressed activity and employment throughout
the aerospace industry. Because our aerospace tech-
nology is so broadly based, these budgetary changes
impact many communities, companies and laboratories,
and cause layoffs of significant numbers of aerospace
engineers across the country, from Seattle to Cape
Kennedy.9

9 Ronald Smelt, "Aerospace Cutbacks," Astronautics and
Aeronautics,, VIII (June., 1970), 29.
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By the middle of 1970 the full impact of the environ-

mental changes in the aerospace industry, as these changes

related to employment, were being recognized, and the topic

of aerospace employment continued to be discussed by authors

in aerospace industry journals. Robert P. Hudock reported:

While the figures vary slightly depending upon
one's definitions and the particular sources of infor-
mation, the results show general agreement. Aerospace
employment peaked in 1968 at a total of 1,431,000 in
March of that year. By December 1969, employment num-
bered 1,311,000 and was declining. Now one early
industry estimate of 1,285,000 employees by December
1970 is being revised downward.10

Hudock analyzes the reduction in aerospace employment by

categories and states that

Translating these percentage figures into numbers
gives roughly 220,000 engineers and scientists in aero-
space holding jobs in March 1969. A year later, their
ranks had declined to below 200,000. About fifty major
aerospace firms together plan on releasing at least
16,000 more professionals before the end of the year
(1970).11

The persistency of forced layoffs caused by the con-

tinuing reduction in the total aerospace budget resulted in

recognition that "The critical problem is that a fundamental

and permanent change is taking place in the military market,

1 0Robert P. Hudock, "Aerospace Employment: The Fly-
wheel Slows," Astronautics and Aeronautics, VII (June, 1970),
8.

11,p. 8.
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which for years has formed the underlying base for the

industry."12 This statement was written by Dan Cordtz who

also pointed out that

The need to maintain large engineering staffs
to compete for contracts and to persuade the govern-
ment of the companies ability to carry out successfully
any work that they win has saddled the companies with
outsized general and administrative expenses. The
ratio of nonproductive workers to productive workers
is unusually high in the aerospace industry, a fact
that makes its productivity level appear low.13

The attitude of the United States Air Force, the pri-

mary customer of the aerospace industry, to the changes in

the defense environment was expressed by General John D.

Ryan:

The severe constraints on defense spending that
apply today are causing the Air Force to give more
and more attention to another military fact of life.
From now on, as we move toward lower force levels,
the key index to effectiveness . . . will be quality.
On this score, I refer in part to quality in the sense
of highly trained people with superior skill and abil-
ity, an asset that is now also the subject of intensive
study at the top levels of defense management.1 4

12Dan Cordtz, "The Withering Aircraft Industry,"
Fortune, LXXXII (September, 1970), 115.

1 3 Ibid., p. 201.

14General John D. Ryan, USAF, "Quality is the Key to
Force Effectiveness," Air Force and Space Digest, LIII
(May, 1970), 42.
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One obvious technique which will immediately improve

the "quality" of an organization is to eliminate marginal

employees. This technique was quickly adopted by aerospace

organizations caught in the budget squeeze. Donald H. Sweet

reported:

During years of rapid growth many companies do
not devote a great deal of time and effort to manpower
planning. As a result, employees hired to handle a
special problem, for example, may remain long after
they are needed. At the beginning of the 70's, many
organizations found themselves caught in an economic
squeeze, and one of the simplest ways for them to cut
costs was to cut the payroll.15

The necessity for a reduction in engineering employment

resulting from reduced aerospace procurement by the Federal

government has forced new emphasis to be placed upon engi-

neering manpower planning and forecasting. This new emphasis

was discussed by James Walker in an article published during

1970:

It is becoming widely recognized that manpower
planning is a critical function in management, assur-
ing that human resources are effectively utilized in
an organization.16

15Donald H. Sweet, "Something New in Personnel: Out-
Placement," Management Review, LX (October, 1971), 48.

16 James Walker, "Manpower Planning: An Integrative
Approach," Management of Personnel Quarterly, IX (Spring,
1970), 38.
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Walker also discussed the desirability of budgets and plans

being prepared by engineering management and utilized to

forecast needs for manpower.

Manpower planning and the problems of manpower planning

associated with the evaluation of engineering organizations

evolves around the effective forecasting of the tasks which

an engineering organization will be called upon to carry out

during a forecast period. "Manpower planning is the process

of determining manpower requirements and the means for meet-

ing those requirements in order to carry out the integrative

plans of the organization. "17 Manpower planning in the face

of reduced aerospace engineering budgets required an increas-

ingly "hard evaluation" of proposed engineering organization

size by management. Aerospace management and auditing groups

began critically to evaluate proposed engineering organiza-

tions and began to evaluate the organization by following

techniques such as those recommended by Lloyd and Gray.18

These authors recommended that the evaluation be based on the

answers to three questions:

1 7 Bruce P. Colemans, "An Integrated System for Manpower
Planning," Business Horizons, XIII (October, 1970), 90.

1 8John T. Lloyd and Robert D. Gray, Supervision of Scien-
tific and Engineering Personnel, Bulletin No. 46 of the
California Institute of Technology (Pasadena, 1956), p. 3.
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1. How important is the technical team to the company?

2. What will it cost the company to build a good

technical team?

3. What will it cost the company not to build a good

technical team?

The aerospace engineering manager who is required to

justify the size of his organization or wishes to resist a

reduction in the size of the organization is faced with a

very difficult evaluation task, especially if a significant

percentage of his organization's time is devoted to respond-

ing to unscheduled requests for service from organizations

inside and outside the company. Albert Kelley has discussed

the problems facing the engineering manager:

As a result of attitudes which have developed,
the aerospace manager often feels he must "prove"
his decision with mathematics. From experience he
has seen poor "mathematically-proven" decisions
accepted in place of good intuitive judgment.19

During the "boom" years, the engineering manager had been

required to maintain an engineering organization which was

"technically flexible" and able "to incorporate changes into

19 Albert Kelley, "Aerospace Management, Can It Move OurSocial Problems?," Astronautics and Aeronautics, VIII
(August, 1970), 50.
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a going program expeditiously."2 0  The manager also realizes

that stability of an organization is desirable from a morale

standpoint and that "layoffs may affect the morale of those

who are kept" and also that "it takes time and effort to

recruit and indoctrinate qualified scientists and engineers."2

Mathematical justification of the size of an engineering

organization has also become increasingly important as a

result of the emphasis on cost control which has resulted in

an increased need to furnish quantitative data to accounting

groups. The manager whose organization is required to service

unscheduled tasks faces a difficult problem of justification

of labor cost to internal audit teams and external government

auditing agencies. J. A. McFadden, Jr., discussed the prob-

lem of satisfactorily "justifying" manpower estimates to

accounting teams in an article in which he discussed the

problems of cost accounting in research laboratories which,

by necessity, employ large numbers of engineers and scien-

tists. McFadden wrote:

20R. C. Sebold, "Engineering Organization at Convair,"
Problems and Practices in Engineering Management, edited by
Elizabeth Marting, Special Report No. 211 by the American
Management Association (New York, 1957), p. 68.

2 1 Raymond Villers, Research and Development: Planning
and Control (New York, 1964), p. 25.
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Perhaps it is the view that is taken toward
accounting for the "labor" element of research costs
which causes the most contention and results in the
veritable "eye-brow raising" on the part of purely
theoretical cost accountants sometimes found in the
accounting profession and the cost inspection services
of the Federal Government.22

The prime "cost inspection" function for the Federal

Government is carried out by the General Accounting Office.

The General Accounting Office acts "as the legislative watch

dog of government spending, with authority to review manage-

ment performance and audit government accounts. Most of the

Government Accounting Office professional staff received their

training in accounting.i"23

The necessity to justify manpower requests to accounting

organizations has encouraged the use of certain procedures

and control plans in which analytical techniques are used.

Raymond Villers discussed the use of quantitative scheduling

techniques, such as PERT-COST and Gantt charts, in research

and engineering organizations. In these discussions and the

procedure utilized, it is assumed that the managers have

knowledge of the tasks in advance so that the tasks may be

J. A. McFadden, Jr., "Cost Accounting for the Research
Laboratories," N.A.C.A. Bulletin, XXXII (March, 1951), 825.

23 Robert P. Hudock, "GAO: High Impact Agency," Astro-
nautics and Aeronautics, VIII (March, 1970), 10.
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scheduled.24 Advance knowledge for scheduling and planning

tasks is not always available to the engineering manager

whose organization must service unscheduled priority requests.

Estimating the impact of unscheduled priority tasks requires

judgment decisions on the part of the managers making the

forecast. Roman writes concerning forecasting:

Fact and judgment are two essential ingredients
of any activity forecast, regardless of the opera-
tion involved. Most modern-day techniques are
designed either to curtail the areas in which judg-
ment is exercised or to improve the quality of
judgment by reinforcing it with facts.25

Accurate forecasts of the manpower requirements for the

type of aerospace engineering organization to be studied

during this study is difficult because of the requirement

that the organization service unexpected priority tasks.

This characteristic causes the forecasting and justification

of manpower requirements to be difficult. In the foreword

to his book on engineering management, Cronstedt writes,

"Of the many problems in industrial organization and manage-

ment the most elusive and difficult is the management of

2 4Villers, 2p. cit. , p. 147.

2 5 Daniel D. Roman, Research and Development: Management
(New York, 1968), p. 332.
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engineering and design activities." 26 In discussing budget

estimates, Cronstedt also states, "The engineer should be

capable of estimating the number of people and the amount of

time he will need to complete a certain task." 2 7 However,

the accuracies of these estimates does not have a reasonably

accurate estimate of the man-hours which will probably be

required to service unexpected priority tasks. Don Fuller

recommends that a contingency account be set up as part of

the process for developing a manpower curve for the engineer-

ing organization. In explaining a proposed manpower planning

procedure, this author recommends that "if there is a possi-

bility or likelihood of something happening to delay the

program, provision is made for this and time is deposited

in a contingency account. "28 The problem is to determine

the appropriate size of the contingency account and then to

justify the contingency account to the internal and external

audit agencies.

26Val Cronstedt , Engineering Management and Administra-
tion (New York, 1961), p. vii.

27 Ibid., p. 194.

28 Don Fuller, Organizing, Planning and Scheduling for
Engineering Operations (Boston, 1963), pp. 8-22, 8-23.
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In a recent article, Bassett discusses the use of the

computer in manpower forecasting and planning. The problems

associated with the implementation of decision sciences

techniques are examined, and the author states, "The art of

manpower planning and forecasting is still in the early

development state" and that computers offer a potential for

improvement if they are properly used.29  The use of the

computer for organizational simulation is also suggested in

an article by Hinricks. Hinricks notes that in the past the

computer has primarily been used to store data and that the

computer is a "costly filing system" and would be better used

to implement "simulation and modeling." Hinricks concludes:

Research with organizational simulators is
relatively in its infancy, but a few examples are
beginning to appear and there would seem to be
considerable potential here.30

One relatively simple simulation program based on probability

distributions of personnel terminations and hiring has been

described by Gayle and Beam.31 In this program, the computer

29Glen A. Bassett, "Manpower Forecasting and Planning:
Problems and Solutions," Personnel, XLVII (September-October,
1970), 8-16.

30John R. Hinricks, "The Computer in Manpower Research,"
Personnel Administration, XXXIII (March-April, 1970), 37-40.

3 1 John B. Gayle and Maurice E. Beam, "Use of Overstrength
Spaces in Personnel Management," Management Services, VII
(May-June, 1970), 29-36.
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is used to generate random numbers which are compared to

probability distributions based on historical data. Gayle

and Beam illustrate the operation of the simulation model

and conclude

Mathematical models and simulation techniques
do not appear to have been extensively applied to
personnel management. . . . The results of this
study have demonstrated the value of both techniques.
The simulation technique in particular should be use-
ful for evaluation of the effects of changes in the
labor market or control requirements as well as the
effects of proposed new policies or procedures on
personnel actions in general.32

In this study a queueing simulation model will be com-

bined with mathematical analysis of sample data in order to

develop a quantitative technique which will be useful in

personnel planning and forecasting. The model will be uti-

lized to determine the equivalent number of personnel who

are required to service unexpected priority tasks in an

aerospace engineering organization. Successful completion

of this study will result in an analytical technique which

may be utilized to justify or support engineering manpower

estimates. The literature recognizes the need for analytical

techniques to justify the size of aerospace engineering

32 Ibid., p. 36.
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organizations and recommends computer simulation as a proce-

dure which offers great promise.

Significance of the Study

The reduction in the Federal Government's budget alloca-

tions for defense spending has necessitated that defense

contractors be increasingly cost conscious. The reductions

in the defense budget have placed defense contractors in the

position of seeking ways to keep their organizations opera-

tional while they are also reducing their overall cost of

operation.

Aerospace companies have developed engineering organi-

zations which utilize the latest scientific technology. Com-

petence in the latest scientific technology pertaining to

their area of business is necessary if aerospace contractors

wish to maintain the capability necessary to enter into

competition for new government aerospace contracts. During

a period of reduced government defense spending, the aero-

space contractors find that a reduction in the number and

size of engineering and technical organizations is desirable

from a cost-reduction viewpoint. The reduction in the cost

of operation by the aerospace contractors has generally
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necessitated both a reduction in the number of personnel

employed and an increased efficiency in operational proce-

dures. However, a certain minimum number of personnel is

necessary in order to maintain competence in a scientific

or technical area.

The manager of an organization can usually estimate the

number of personnel needed in order to accomplish tasks which

can be scheduled. Aerospace engineering organizations which

possess unique capabilities in a scientific or technical area

may be called upon to perform important tasks that cannot be

scheduled in advance. Consequently, the total number of

personnel necessary to accomplish both the routine, or sched-

uled, tasks and the unexpected priority tasks may be diffi-

cult to estimate for this type of organization.

As an example, unexpected priority tasks can result from

the government's announcement of competition for a new aero-

space contract. Those contractors desiring to enter the

competition must immediately assemble a team of qualified

personnel to prepare a proposal to the Government. The

individuals participating in preparation of a proposal must

give priority to this new, unexpected task which in effect

has "preempted" scheduled tasks in progress. Another example
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of priority task generation occurs after award of a contract.

The Federal Government maintains specialized agencies, such

as the Systems Command of the United States Air Force, which

perform the function of technical monitoring of aerospace

contractors after a contract has been awarded. These cus-

tomer agencies often request additional technical information

which is needed to facilitate the evaluation of a contrac-

tor's performance. The organization receiving these requests

from the customer usually assigns a priority rating to the

requests, and these requests become unexpected priority tasks

to be performed by the specialized engineering and technical

organizations within the company.

The manager of an engineering organization must be able

to "justify" the size of the organizations under his author-

ity during periodic audits by upper management teams. The

problem of justification is especially difficult if the

organizations under review are staffed with specialists who

are only utilized periodically at unpredictable intervals.

If an organization has been enlarged in order to adequately

respond to the random arrival of priority requests, then the

same organization may appear to be "overstaffed" during

period in which only "routine" service requirements must
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be met. Audit teams are often composed of individuals who

do not have a scientific or engineering background. The

middle manager may be subjected to criticism by the audit

teams if the audit team members do not understand or are not

aware of the effect which the priority tasks have on the

organizations being audited. An audit team oriented toward

accounting-type data may be reluctant to accept a manager's

justification of his organization's size if the justification

is based primarily on nonquantitative arguments. Utilization

of analytical techniques to determine or justify appropriate

organizational size allows the middle manager to improve his

justification for the necessity of maintaining an organiza-

tional size which is larger than the size necessary to per-

form "routine" tasks only.

Auditing of aerospace contractors is also performed by

Federal Government agencies. The Federal Government has been

gradually increasing its efforts to obtain more depth of

visibility into the operations of aerospace contractors.33

Departments of the Federal Government are evolving specialized

3 3 Gary Lowell Richardson, "The Impact of the Cost Sched-
ule Control Systems Criteria on Electronics and Aerospace
Contractors," unpublished doctoral dissertation, College ofBusiness Administration, North Texas State University,
Denton, Texas, 1967, pp. 1-4.
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auditing and control procedures for the purpose of closer

cost and performance evaluation of aerospace contractors.

These procedures require increasing detail in the justifica-

tion of expenditures claimed by aerospace contractors during

the performance of a contract. One such procedure is called

"Cost/Schedule Planning and Control System, AFSCM 70-5," and

has been initiated by the Department of the Air Force.34

One aspect of this procedure is an intention to have an

overall task broken down into finer detail. Each detailed

task, as well as the overall task, is monitored in terms of

cost and schedule. Such items as unscheduled priority tasks

cannot be identified directly. However, if the man-hours

expended in accomplishing priority tasks can be determined

or accurately estimated, time for their completion can be

included in the overall budget for an organization. A quan-

titative determination of the man-hours required to accomplish

the unexpected priority tasks would enable a manager to bet-

ter understand and, consequently, better control his organi-

zation's activities. Knowing priority costs would enable

justification and inclusion of a separate item covering these

34 Air Force Systems Command, Procurement, Work Statement
Preparation, Air Force Systems Command Manual No. 70-5
(Washington, 1968).
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costs in proposals made in response to new business opportu-

nities. The problem in the past has been an inability to

accurately determine these costs in a quantitative manner.

Individual managers may have an estimate of the time required

to accomplish unexpected priority tasks, but these estimates

vary and are based more on judgment and experience than on

quantitative data.

The development of decision science techniques has

increased the number of mathematical tools available to

management. Utilization of mathematical techniques, where

applicable, enables management to reduce the effect of human

bias and reduce management's dependence on heuristic, or

rule of thumb, decision procedures.

Accomplishment of the objectives of this study and the

development of the proposed procedure and simulation model

will provide an analytical technique which may be utilized

to quantitatively determine the impact that unexpected prior-

ity tasks have on the appropriate size of an engineering

organization. The procedure to be developed during this

study will give the middle manager a means for analytically

justifying a request for (1) reducing the priority service

his organizations must provide or (2) maintaining an
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organizational size greater than that required to accomplish

routine service tasks only. The output from the simulation

model will be a set of curves which show the equivalent num-

ber of men that are being utilized for priority tasks when

the organization is operating at various utilization levels.

The development of the procedure and model at this time will

be especially timely since the aerospace industry is faced

with continued reduction in aerospace funding by the Federal

Government. The justification of organizational size and

the determination of the realistic capability level of orga-

nizations whose sizes are being reduced are very real prob-

lems within the aerospace industry today.

The usefulness of the simulation model and the analyti-

cal technique to be developed will be illustrated by analyzing

the impact which unexpected priority tasks have on the manpower

requirements of an engineering organization. The organization

used in this study is composed of one hundred and twelve sci-

entists, engineers, and technicians and is part of an aerospace

company which, over the past three years, has faced a continual

need to reduce the number of engineering personnel in order to

stay within budget limits. The organization is charged with

the responsibility of maintaining expertise in the latest
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electronic and navigation techniques and is responsible for

scheduled tasks associated with existing contracts, supplying

participants in new business proposal efforts, and supplying

technical assistance to customers and potential customers

upon request.

HYPOTHESES

Four hypotheses are to be evaluated during this study;

the first is considered to be the primary hypothesis, and the

other three secondary:

1. A procedure incorporating a queueing simulation

model can be developed and utilized to determine the

equivalent number of an organization's personnel who

are being utilized to service priority tasks which

arrive stochastically.

2. The service times required to complete priority

tasks fall into a clearly definable distribution.

3. Requests for priority service occur randomly, but

their arrival intervals fall into a clearly definable

distribution.

4. Sampling techniques can be utilized to determine the

distribution of service times and arrival intervals

of priority tasks.
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METHODOLOGY

Complex mathematical equations have been developed for

a few restricted priority queueing situations.35 The com-

plexity and restrictions of these equations are such that

their practical application to realistic business operations

is difficult. The introduction of the high-speed digital

computer has facilitated the development of simulation tech-

niques. To quote Richmond, "In many situations, especially

those involving complex phenomena, it is easier to solve by

simulation than by the use of a formal mathematical model."36

In this study, computer simulation techniques will be uti-

lized in order to determine the probable number of additional

personnel which are required by the organization under study

as a function of the organization's being subject to the

arrival of unscheduled priority tasks.

Combined queueing simulation and sampling techniques

will be used in this study to determine certain parameters

pertaining to an engineering organization within the aero-

space industry. The first phase of the study will be devoted

to gathering data. Sampling techniques will be utilized to

35N. K. Jaiswal, Priority Queues (New York, 1968).

3 6 Samuel B. Richmond, Operations Research for Management
Decisions (New York, 1968), p. 433.
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determine parameters associated with the organization under

study. Phase two of the study will be directed to the devel-

opment of a queueing simulation model which will then be

utilized to develop the data necessary for completion of the

study. In phase three of the study, the simulation model

developed in phase two will be used in conjunction with the

parameters determined during phase one to achieve the objec-

tives of the study.

The data gathered during phase one of the study will be

discussed in Chapter II. The parameters which must be deter-

mined by sampling and the questionnaires distributed to

obtain the data samples will also be discussed. The data

will be tabulated, and the distributions of the sample data

will be presented in the form of illustrations. Mathematical

expressions (negative exponential) will be fitted to the data

pertaining to arrival intervals and service times required

for the "unexpected priority" tasks. Nonparametric tests

will be utilized to determine the "goodness-of-fit" of the

mathematical expressions and the sample data distributions.

Precautions will be taken to minimize bias which could be

introduced into the sample data if the participants "inflate"

the total time which they report as having been devoted to

unexpected priority tasks.
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The development of the simulation model utilized in this

study will be presented in Chapter III, together with flow

diagrams of the processes which are simulated. A listing of

the computer program is to be included as an appendix to the

dissertation. Validation of the program will be accomplished

by applying statistical tests of inference to determine the

validity of the results obtained from the simulation model.

The data developed by utilizing the computer program and

the data calculated during the computer runs will be tabulated

and discussed in Chapter IV. These data will be utilized to

achieve the objectives of this study and to define the charac-

teristics of the organization under study.

Chapter V will contain a summary of the results of this

study and the conclusions pertaining to the acceptance or

rejection of the primary and secondary hypotheses. A discus-

sion of the applicability of the procedure developed during

this study for determining other organizational parameters

will also be presented.

Appendices will be included to present pertinent data

which was not incorporated into the body of the report.
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Scope and Limitations

The scope of the investigation undertaken to evaluate

the primary and secondary hypotheses will be limited to

evaluation of the operation of an engineering organization

functioning in the aerospace industry. The specific orga-

nization selected is composed of one hundred and twelve

scientists, engineers and technicians. The organization is

one of several similar organizations within the same aero-

space company. The organization is considered typical and

techniques developed during this study will be applicable to

other similar organizations.

Limitations, or assumptions, associated with the study

are

1. The organization is operating under a forty-hour

work week. All time expended is reported. Overtime

is added to regular time and the equivalent number

of expended man-weeks is adjusted and compared on a

regular time basis only.

2. The organization is operating under "steady-state"

conditions. The average rate of arrival of routine

tasks equals the average rate of completion of rou-

tine tasks. Consequently, the average utilization
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factor of the organization in completing regular,

or scheduled, tasks is the same as the "index of

utilization,"/0, which in queueing theory is the

ratio between the mean arrival rate (A) and the

mean service rate (14) for routine tasks. 3 7 This

limitation necessitates that no significant changes

occur during the sampling period which would effect

utilization levels.

3. Priority tasks preempt nonpriority, or routine,

tasks if no "unoccupied service channel" is avail-

able to begin immediate service on the priority task.

4. Nonpriority tasks which are preempted by priority

tasks are held in a queue and returned to the same

channel from which they were preempted.

3 7 Arnold Kaufmann, Methods and Models of Operations
Research (Englewood Cliffs, 1963), p. 92.
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THE ORGANIZATION UNDER STUDY

The organization under study is a part of an aerospace

engineering and manufacturing firm which designs and manu-

factures aerospace defense systems for the United States

Air Force. The organization consists of one hundred twelve

scientists and engineers. The educational level of the

organization is high. It contains eleven PhD's, thirty-six

Masters, sixty-one Bachelors, and four specialists without

degrees.

Summary of Organizational Characteristics

The organization is divided into three functional sub-

divisions. Each subdivision is further organized into groups

for the purpose of performing specific specialties or for

undertaking specific projects. The three functional subdivi-

sions are labeled A, B, and C in the organizational chart

shown in Figure 1. Subdivision A is responsible for the

organization's work which is related to aircraft navigation

and computer systems. Forty-four individuals are assigned

to subdivision A. Subdivision B is comprised of forty-six

35
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Subdivision A

Manager

Navigation
Systems

Computer
Systems

Sys tems
Mechan-
ization

Subdivision B

-- Manager

Radar
Systems

Radar
Systems

Fire
Control
Systems

Fig. i--Organization chart

Subdivision C

Design
Specialists

Radar
Research

Electro Mag-
netic Inter-

ference

individuals who are responsible for tasks related to advanced

radar systems.

Subdivision C consists of three specialized groups. One

group performs analysis and research in radar systems and

radar scattering phenomena. A second group consists of spe-

cialists in electromagnetic interference phenomenon. A third

group is comprised of design specialists who are responsible

for providing specialized assistance in their individual

DEPARTMENT

MANAGER

I
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specialty areas and for the evaluation of potential new

business activities. These design specialists may be tem-

porarily attached to other individual groups in subdivisions

A and B which require their assistance. These specialists

are utilized extensively to service priority tasks.

Interviews were conducted with supervisors and senior

personnel in each subdivision. The purpose of the interviews

was to determine the procedures utilized in the organization

to record the man-hours which are expended by individuals and

groups in the performance of specific tasks. The man-hour

accounting procedures utilized in the organization have been

established and followed for several years. In the use of

these procedures, there is no separate accounting for the

routine tasks accomplished by individual members of the orga-

nization. Each man in the organization represents one chan-

nel, and any "slack time" in a channel is not separately

identifiable. Each man charges all his work time to budgets

that have been set up in advance for each authorized task.

The actual utilization level of each channel will vary from

day to day; however, the man-hour records will not reflect

this fluctuation. Consequently, the determination of the

specific distributions of arrival times and service times
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for routine tasks is not feasible. However, when the orga-

nization is operating under steady state conditions, the

average utilization for servicing routine tasks will reach

an average level. In this study the average level of orga-

nizational utilization for nonpriority, or routine, tasks

has been treated as a variable. The results of this study

are presented as a function of this variable.

The interviews also revealed that the priority tasks

are approximately evenly divided between the three functional

subdivisions and that the number of personnel assigned to

each priority task varies as a function of the scope and mag-

nitude of individual tasks. The priority work load within

each group varies with time, but the diversity of projects

within the aggregate organization is such that a relatively

constant priority work level is maintained within the orga-

nization. Consequently, the analysis of the effects of the

arrival of priority tasks into the organization was made at

the aggregate organizational level.

Parameters Determined by Sampling

The percentage of total time which the organization

spends on priority tasks was the first parameter determined

by sampling. A large sample was taken in order to define
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this parameter because of the variations in participation in

the priority tasks among the individuals and groups within

the aggregate organization. Permission was obtained to con-

tact one hundred percent of the individuals in the organiza-

tion. Each individual was asked to report the time he devoted

to priority tasks and his total work time for each week during

the sampling period. The sample data was taken each week for

nine consecutive weeks.

The second and third parameters determined by sampling

were the distribution of service times required for priority

tasks and the shape of the distribution of the interval

between arrivals of priority tasks. Interviews with members

of the organization revealed that priority tasks may enter

the organization at different levels. Typically, the priority

tasks are related to projects in work. They normally enter

the organization at the group level. A few priority tasks

enter at an individual level, and very important priority

tasks pertaining to new business or critical programs may

enter at the managerlevel. The group leaders are made aware

of the priority tasks immediately, and these leaders have the

responsibility for coordinating and accomplishing the priority

tasks. Each priority task is assigned to individuals as
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necessary. A priority task may be divided among individuals

in several groups. The probability of counting a task more

than once exists if each member of the aggregate organization

is requested to record data relative to arrival intervals

between individual priority tasks.

Conducting the sample survey to define the second and

third parameters required care in selecting the sample size

so as to minimize the possibility of introducing bias into

the data that would result if more than one individual

recorded the arrival of the same priority task. Further

interviews with group leaders and senior specialists revealed

that each group has certain individuals who coordinate the

priority tasks within the group. Conducting the survey at

the level of these specialists provided the opportunity to

control the data collection process to prevent the counting

of the arrival of one priority task more than once.

Group leaders were asked to specify the individuals in

each group who could record the arrivals of discrete priority

tasks into the group and who would be willing to cooperate in

determining the second and third parameters to be determined

by sampling. Eleven specialists agreed to furnish data

related to the arrival intervals between priority tasks and
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to the total time required to complete each priority task.

The cooperation of these individuals and the care which they

exercised in recording data greatly enhanced the accuracy of

the data. Each of the eleven individuals recorded the date

and time of arrival of priority tasks and the total hours

required to complete each priority task. These records were

kept by these individuals for a period of seven weeks. Sum-

mary sheets listing the recorded data were submitted each

week.

Sampling Procedures

The percentage of total time which the organization spent

on priority tasks was determined by collecting data from each

participating individual in the organization over a consecu-

tive nine-week period during August, September and October,

1971. A sample data form was prepared, and one form was dis-

tributed for each of the nine weeks of the survey period.

Each individual was requested to record the total hours

worked during the week and the total priority hours worked

during the week.

The eleven individuals who agreed to supply detailed

data were given forms which were divided into three columns.
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They were requested to indicate the arrival of a priority

task and to assign a number to the task in column one. The

date and time of arrival of each task was recorded in column

two. The total time required to service the priority task

was recorded in column three. The forms were collected each

week and any task which was incomplete was carried forward

until completed.

Results of Sampling and Analysis of Sample Data

The sample data obtained by surveying the entire orga-

nization was utilized to determine the average percentage of

the organization's total time which was utilized to service

priority tasks. Table I is a list of the data obtained from

this survey. The data listed in this table was gathered

over a nine-week period. Column one contains a list of the

individual weeks of the survey period. The number of indi-

viduals who returned forms each week is listed in column two.

Column three is a list of the number of hours expended during

each week to service priority tasks. The total number of

hours worked during the week by the individuals reporting

data is listed in column four. The totals of columns three

and four were utilized to calculate the average percentage

of the reporting individual's total work time expended in
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TABLE I

WEEKLY DATA OF TOTAL HOURS EXPENDED ON PRIORITY TASKS

Week Number Total Hours Total Hours
of Men Expended on Worked
Reporting Priority Tasks During Week

(1) (2) (3) (4)

1 102 693.5 3998.0
2 99 452.75 3356.
3 98 464.25 3937.
4 94 400.5 3755.
5 84 386.0 3597.
6 84 680.0 3619.
7 82 456.0 3532.
8 80 391.0 3657.
9 69 185.0 3104.0

Total -4109.0 32555.0

priority task service during the nine-week sample period.

The average time expended was 12.62 percent and was calculated

as follows:

12.62% = (4109.0/32555.0) x 100%.

This average is a "mean of sample means." The central

limit theorem may be used as a basis to state that this mean

of the sample means is equal to the population mean with an

associated "standard error of the mean" which may be calcu-

lated.1  Table II contains a list of the parameters utilized

1Taro Yamane, Statistics, An Introductory Analysis (New
York, 1964), p. 146.
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TABLE II

DATA UTILIZED TO CALCULATE THE STANDARD ERROR OF THE MEAN
FOR THE ORGANIZATION'S MEAN PRIORITY UTILIZATION

Week Percent Deviation Square Of The
Weekly From The Deviation From
Priority Mean The Mean
Utilization

(1) (2) (3) (4)

1 17.35 4.73 22.37
2 13.49 0.87 0.76
3 11.79 0.83 0.69
4 10.67 -1.95 3.80
5 10.73 -1.89 3.57
6 18.79 6.17 38.07
7 12.91 0.29 0.08
8 10.69 -1.93 3.72
9 5.96 -6.66 44.36

Total 117.42

to calculate the standard error of the mean for these data

over the nine-week sample period.

The individual weeks in the survey period are listed in

column one of Table II. Column two contains a list of per-

cent of the total weekly time expended in servicing priority

tasks. Each weekly priority utilization was calculated by

dividing the hours listed in column three, Table I, by the

hours listed in column four of Table I and multiplying the

quotient by one hundred percent. Column three in Table II
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contains a list of the "deviation from the mean" of each of

the weekly sample means. The "squares of the deviations" are

listed in column four. The "sum of the squares of the devia-

tions" is shown as the total of column four.

The formula for calculating the standard error of the

mean given by Yamane was utilized to calculate the standard

error of the mean of the sample means for the data in Table

II. 2 The standard error of the mean is 3.61 and was calcu-

lated as follows:

3.61 = 11/9 x 117.42'.

The analysis of the data indicates that the percentage

of total time expended by the organization under study in

servicing priority tasks averages 12.62 percent, with an

associated "standard error of the mean" of plus or minus

3.61.

The data collected from the eleven specialists partici-

pating in the seven-week sample survey was utilized to develop

a frequency histogram and a probability distribution of time

required to service priority tasks.

Table III contains a list of the frequency of occurrence

of individual priority tasks in which the required service

2Ibid., p. 144.
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TABLE III

FREQUENCY OF OCCURRENCE OF PRIORITY TASKS WHICH
REQUIRE SERVICE TIME WITHIN SPECIFIED RANGES

Hours of Frequency of
Service Occurrence

0-1 . . . . . . . . . . . . . . . . . . . 45
1-2 . . . . . . . . . . . . . . . . . . . 29
2-3 . . . . . . . . . . . . . . . . . . . 14

3-4 . . . . . . . . . . . . . . . . 5
4-5 . . ............... .1

5-6 . . ............... .1
6-7 . . . . . . . . . . . . . . . . . . . 1
9-10 . . . . . . . . . . . . . . . . . . 3

11-12 . . . . . . . . . . . . . . . . . . . 1

15-16 . . . . . . . . . . . . . . . . . . . 2

19-20 . . . . . . . . . . . . . . . . . . . 2

23-24 . . . . . . . . . . . . . . . . . . . 1

34-35 . . . . . . . . . . . . . . . . . . . 2
39-4o .o .o .o .. o . . . o . 0.a.a.0. . *. 0. 0. 0. 2

Total . . . . . . . . . . . . . . . . . . . 109

times fall within the specific ranges listed in Table III.

These data are used to determine cumulative probabilities of

a task for which service time is required in excess of a

specified amount. Only those intervals during which an event

occurred are listed in Table III since intervals with zero

occurrences do not enter into the cumulative probability

analysis which follows.

The frequency histogram of the data in Table III is

shown in Figure 2. It may be seen from the figure that, in

the majority of priority tasks, less than five hours was
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Fig. 2--Hours of service time required

required for their completion although as many as forty hours

were required to complete some tasks during the survey period.

The data pertaining to the service time required for

priority tasks are more useful for the purposes of this study

if they are presented as a negative exponential distribution

of the probability of occurrence versus service time. The

sample data pertaining to service times were separated into

data pertaining to one-half hour intervals and were then
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utilized to develop the desired distribution. These data are

listed in Table IV together with data calculated to verify

that negative exponential mathematical functions which

describe the distribution represent the actual data to an

acceptable degree.

Column one of Table IV contains a list of the ranges of

service times required for priority tasks. Column two is a

list of the number of occurrences of priority tasks requiring

service time within the interval listed in column one. Col-

umn three is a list of the upper limit of each range of service

time required. Column four is a list of the number of reported

priority tasks for which the required service times were

greater than the limit listed in column three. Column five

is a list of the data in column four in the form of the proba-

bility that a priority task will require service time in

excess of the time limit listed in column three. The proba-

bilities listed in column five were calculated as follows:

probability = n/109.

Figure 3 is a presentation of the priority service time

data in a form which is more useful for this study. The dots

in Figure 3 represent the data in column five of Table IV.

The ordinate of Figure 3 is the probability that a priority
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Fig. 3--Probability of service time exceeding t

task will require a service time greater than the time, t.

The abscissa of Figure 3 is the time, t, which corresponds to

the times listed in column three of Table IV.

The curve shown as a dashed line in Figure 3 represents

two negative exponential mathematical functions that have
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been fitted to the data points which are shown as solid dots

in Figure 3. The mathematical equation for the probability

that service time will exceed time, t, between the limits of

t equal to zero and t equal to four, is

probability = e-0.5t.

A break point in the distribution of the data in Figure 3

occurs at t equal to four. The mathematical equation for the

probability that service time will exceed time, t, between the

values of t equal to four and t equal to forty, is

probability = e-0.006t - 0.841.

The validation of the "goodness-of-fit" of these negative

exponential functions to the sample data was accomplished by

applying the Kolmogorov-Smirnov nonparametric test of signi-

ficance.3  Columns six and seven of Table IV are lists of the

probabilities calculated by utilizing the negative exponential

mathematical functions for each time value listed in column

three. The absolute magnitude of the differences between the

sample probabilities in column five and the calculated proba-

bilities in columns six and seven are listed in column eight

for each time value listed in column three. The critical

3 Charles T. Clark and Lawrence L. Schkade, Statistical
Methods for Business Decisions (Cincinnati, 1969), p. 436.
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value for applying the Kolmogorov-Smirnov test for this

sample, to a 0.05 level of significance, is 0.130 and was

calculated as follows:

0.130 = 1.36/V1094 A
The values in column eight of Table IV are all less than

0.130; therefore, the mathematical functions may be said to

fit the sample data, between the time limits given for each

function, to a 0.05 level of significance. These two nega-

tive exponential functions are utilized in the simulation

program developed in Chapter III.

The eleven specialists who participated in the survey

also supplied data which was utilized to determine the shape

of the probability distribution of the arrival intervals

between the priority tasks reported. Determining the shape

of the distribution of arrival intervals by sampling was

essential in order to utilize the queueing simulation model

and simulation program, described in Chapter III, to derive

an equivalent mathematical function which would describe the

actual distribution of arrivals for the organization under

study.

The arrival interval data gathered during the sample

period are listed in Table V. Column one is a list of ranges

4 Ibid., p. 437.
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of hours between the arrival of priority tasks. Column two

is a list of the incidence of occurrences of the intervals

between arrivals. Column three is a list of the upper limit

of the interval in column one. Column four is a list of the

number of events which occurred after an interval greater

than the interval limit listed in column three. Column five

is a list of the data in column four expressed as a probabil-

ity that the interval between arrival will exceed the number

of hours listed in column three. The probabilities that are

listed in column five were calculated as follows:

probability = n/94.

The probabilities that are listed in column six of

Table V were calculated by utilizing the negative exponential

function:

probability = e-0.08t

This mathematical function represents the data in column

five to a 0.05 level of significance. The validation of the

"goodness-of-fit" between the probabilities listed in columns

five and six was accomplished by applying the Kolmogorov-

Smirnov nonparametric test of significance.5 Column seven

is a list of the absolute values of the differences between

5 Ibid., p. 437.
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the probabilities listed in columns five and six for each of

the values of t listed in column three. The critical value

for the test applied at the 0.05 confidence level is 0.140

and was calculated as follows:

0.140 = 1.36/,9945.6

None of the values in column seven of Table V exceed this

value.

The data in columns five and six of Table V are shown

in Figure 4 in the negative exponential form. This form is

more useful for the purposes of this study. In Figure 4 the

probability that a specified number of hours interval between

the arrivals of priority tasks will be exceeded is shown in

graphic form. The solid dots are plots of the data listed

in column five of Table V. The line is the negative expo-

nential function which was fitted to the sample data. The

mathematical function is

probability = e-0.08t.

The form of the probability function shown in Figure 4

is assumed to be the same as that of the mathematical func-

tion which describes the probability that the interval

between arrivals will exceed a specified time for the entire

6Ibid., p. 437.
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Fig. 4--Probability of time between arrivals exceeding
time t.

organization under study. Consequently, negative exponential

functions were utilized with the simulation model and simula-

tion program, described in Chapter III, to determine the

arrival interval probability function for the entire organi-

zation under study.
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Summary

The following parameters were determined by analysis of

the sample data:

1. The average percent of the total time expended by

the organization which is utilized on priority tasks

is 12.62 percent. The standard error associated

with this parameter is 3.61.

2. Two negative exponential mathematical functions

describe the probability that a priority task will

require hours of service time in excess of a speci-

fied amount. The functions are

probability = e- 0 -5t, when 0 t.4.O,

and

probability = eO 0 0 6t - 0.841,

when t 4.0.

3. A negative exponential function may be utilized to

describe the probability that the interval between

the arrivals of priority tasks will exceed a speci-

fied number of hours.



CHAPTER III

THE SIMULATION MODEL

The sampling procedures outlined in Chapter II were used

to determine the shape of the organization's distribution of

arrival intervals for priority tasks but did not directly

determine the average arrival interval between priority tasks.

A queueing simulation model of a multichannel organization

was developed to compute parameterE which were not determined

by sampling.

The development of the simulation model and the computer

program which implements the model followed the general con-

cepts and procedures concerning queueing simulation and

process generation given by McMillen and Gonzalez. The

simulation program may be utilized to determine desired sys-

tem parameters and to develop data for a family of curves

which show the number of personnel required to service pri-

ority tasks as a function of the organization's average

utilization level for routine tasks. 2

1Claude McMillan and Richard . Gonzalez, Systems Anay-
sis, rev. ed. (Homewood, 1968), pp. 249-282.

2 Appendix A contains a listing of the computer program.

60
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Description of the Simulation Model

The model may be used to simulate a single-channel or

a multichannel organization. The model incorporates Monte

Carlo procedures and is configured to hold a routine task

that has been preempted by a priority task in a queue until

the priority task is complete. The preempted task is

returned to the same channel from which it was preempted.

The details of the model will be presented by discussing the

steps shown in flow charts which describe the computer simu-

lation program.

The main program is named DRIVER, and the flow chart for

DRIVER is shown in Figure 5. The process shown in Figure 5

begins with the reading of COMMON statements. The COMMON

statements identify the variable names which are utilized in

the program. The CALL PROB statement identifies the beginning

of each new problem. The number of individual problems to be

run is controlled by the use of problem cards in the computer

input data. Each problem card lists the values for ten vari-

ables and one control word. The ten variables which are

initialized are JPROB, JCHECK, JTOTCH, MAXJOB, PLIMIT, PENLTY,

ARRATE, DPRATE, PARATE and PDRATE. The control word, KEND,
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is a characteristic of the computer facility utilized and

has no effect on the problem computation.3

After primary variable initialization, a computer-

library-supplied subroutine named RINT is initialized.

RINT is a random number subroutine which generates a pseudo-

random floating point number, rectangularly distributed,

whose value is equal to or greater than zero but less than

one.4 The subroutine is used to generate a series of approx-

imately 224 unique numbers. Individual random numbers are

obtained by utilizing the statement CALL RAND (U). Each

time the statement CALL RAND (U) is read by the computer,

a new random number, U, will be generated.

The initial values of the remaining variables in the

program are specified in subroutine INITAL which is called

after initialization of RINT. After initialization of the

variables, the program enters the primary DO loop. The

decision processes in the primary DO loop determine whether

an arrival or departure will be the next event to occur.

3An alphabetical list of variable names and their defi-
nitions is included as the last section in this chapter.

M. V. McMaster, "CF 608, Random Number Subroutine,"
unpublished working paper, General Dynamics Corporation,
Fort Worth, Texas, 1966.
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If the next event is a routine arrival, subroutine ARRIVE is

called. If the next event is a priority arrival, subroutine

PARVL is called. Subroutine DEPART is called whenever the

next event is a departure.

In the case of a multichannel system, the departure

times for the several tasks in service must be evaluated in

order to determine which of the tasks will depart the system

first. Subroutine ARNGDP performs the task of examining the

individual departure times of each task and determining

which task will depart first. A discussion of subroutine

ARNGDP will be presented later in this chapter.

The processes of the primary DO loop are performed until

the number of simulated task completions, JOBDN, equals

MAXJOB. The maximum number of completed tasks to be simu-

lated is determined by the value of MAXJOB which is read into

the program from the problem cards.

Subroutine SUMARY is called after completion of the

specified number of tasks. The output data are computed in

subroutine SUMARY. These data include the average number in

the queue, average number in the system, average time in the

queue, average time in the system, the percent total system

utilization, and the probability that any integer number of
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tasks is in the system. In addition, other data, such as the

total system priority time, total channel utilization time,

total time in the queue, and the probabilities that any inte-

ger number of tasks is in the queue, are computed.

Program Subroutines

The logic of the program listed in Appendix A can be

described by referring to Figure 5 and to the flow charts

for each subroutine. The logic may be followed by examining

the steps which occur as the successive events take place.

Subroutine ARRIVE

Subroutine ARRIVE is called whenever the next event to

occur is the arrival of a routine task. A flow chart of sub-

routine ARRIVE is shown in Figure 6. The initial step per-

formed in the subroutine is the increase of the cumulative

number of all task arrivals, JARV, by one. Next, the cumula-

tive variables and TIME are updated. The number of tasks in

the queue is then examined to determine if the new task should

be routed to the queue. Provided there are no routine tasks

in the queue, the status of each channel is examined to deter-

mine if a channel is vacant. If a channel is vacant, the new

task is immediately placed into service and the time of its
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departure, TODPR(N), is determined. If all channels are full,

the new task is routed to the queue. Subroutine ARNGDP is

then called to determine the time of next departure. Finally,

the time of the next routine task arrival is determined and

control is returned to the main program.

Subroutine PARVL

The subroutine PARVL is called whenever the next event

is a priority task arrival. A priority task goes directly

into service, preempting a routine task providing that there

is no vacant channel. Figure 7 is a flow chart of subroutine

PARVL. The first steps to be performed in PARVL are the

updating of the cumulative variables and TIME. Two DO loops

are utilized to examine the STATS of each channel. The first

DO loop determines if an empty channel is available for the

priority job. If all the channels are full, the second DO

loop assigns the priority task to a channel with a routine

task in work. The time remaining to complete the preempted

task, RPTIME(N), is computed and the preempted task is then

assigned to the queue. The variables QUE and Q are updated.

QUE is a record of the total tasks in the queue and Q is a

record of the number of preempted tasks in the queue. Sub-

routine SUBP1 is called and the time of departure of the new
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priority task is determined. The time of next departure and

the time of the next priority task arrival are determined by

calling subroutines ARNGDP and SUBP2, respectively. Control

is then returned to the main program.

Subroutine DEPART

Subroutine DEPART is called whenever the next event is

a departure. The flow diagram of subroutine DEPART is shown

in Figure 8. The first step performed in DEPART is the updat-

ing of the cumulative variables and then the setting of TIME

equal to TNDPR. The status of the channel from which the

next departure will occur, STATS(NDF), is then examined. If

the departing task is a priority task, the STATS of channel

NDF is set to 1.0, and the variable RPTIME(NDF) is examined.

If a value indicative of the remaining time of a preempted

task has been stored for RPTIME(NDF), the preempted task

reenters service. If the departing priority task had not

preempted a routine task, the queue is examined and any rou-

tine task found in the queue is placed in service. If there

is no routine task in the queue, the STATS of the channel

NDF is set to zero, and the time of the next task departure

is determined by calling subroutine ARNGDP. Control is then

returned to the main program.
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Subroutine ARNGDP

A flow diagram of subroutine ARNGDP is shown in Figure 9.

Subroutine ARNGDP utilizes a DO loop to determine the time of

next departure, TNDPR, and the channel, NDF, from which the

next departure will be effected. The initial step performed

in the subroutine is to set TNDPR equal to the departure time

of the task in channel one. Next the departure time of each

of the remaining channel tasks is compared to TNDPR. TNDPR

is set equal to the earliest departure time, and the channel

from which the next departure will occur is determined. Con-

trol is returned to the subprogram which is called ARNGDP.

Subroutines SUBP1 and SUBP2

The data which was determined by sampling, previously

discussed in Chapter II, are utilized in subroutines SUBP2

and SUBPl to determine, respectively, the times of arrival

and the times of departure of priority tasks.

Subroutine SUBP2 is utilized to determine the intervals

between priority task arrivals, TPA, and TNARV, which is the

time of each priority task arrival. The first step performed

in SUBP2 is the evaluation of the problem input parameter,

JCHECK. The value of JCHECK is included on the problem card

for each problem to be run. Whenever JCHECK is equal to
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TNDPR =

TODPR(1)
NDF = 1

JTOTCH
.LT.2

yes

! no

Begin DO

I = 2,

JTOTCH

Fig. 9Flow dia rI) subouieAND

.LT.TNDPR

yes

TNDPR (I)=

TODPR (I)

NDF =I

End no

of DO

yes

Return

Fig. 9--Flow diagram of subroutine ARNGDP

one, subroutine SUBP2 will specify a priority arrival.

JCHECK is set equal to two for problems in which no priority



73

tasks will be processed. The flow chart of SUBP2 is shown

in Figure 10.

When JCHECK equals two, the arrival of priority tasks

is prevented by setting the time until the arrival of the

next priority task, TPA, to a value which exceeds the maximum

possible problem time. Whenever JCHECK is equal to one, sub-

routine SUBP2 will specify a priority arrival. In order to

specify a priority arrival, a random probability number, U,

is generated by the subroutine RAND(U). A test is then made

to determine that the random probability lies between the

limits of 0.001 and 0.999. If the random probability lies

outside these limits, a new random probability is generated.

The results of the sampling procedure discussed in

Chapter II justified the use of a negative exponential func-

tion to describe the shape of the arrival interval probabil-

ity curve. The exponent associated with the negative expo-

nential arrival function is an input variable, PARATE, that

may be varied in order to run a series of simulation problems.

The interval until the next priority arrival is determined by

solving the equation:

TPA = (-1.0/PARATE) * ALOG(U).5

5McMillan and Gonzalez, 2_ .cit., p. 259.
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jJCHBCK 
no
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Call TPA

RAND(U) 99.9EO4
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.001.OR.U

y es .GT.O.99

IIno

TPA=

-1.0/PARATE

*ALOG(U)

Compute
TNARV

Return

Fig. 10--Flow diagram of subroutine SUBP2

The time of next priority arrival, TNPARV, is determined

by adding the interval between priority arrivals, TPA, to the

present problem time, TIME.

Subroutine SUBP1 is utilized to determine the service

time and the time of departure for priority tasks. Figure 11

is the flow chart of subroutine SUBP1. The first step in
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Compute

TNDPR

Return

Fig. 11--Flow diagram of subroutine SUBP1

subroutine SUBPI is the evaluation of the input parameter

JCHECK. If JCHECK does not equal two, a random probability

number, U, is generated by subroutine RAND(U). A test is

made to determine that the random probability lies between
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the limits of 0.001 and 0.999. If the random probability

lies outside these limits, a new random probability is

generated.

After a random probability has been generated and found

to be between the specified limits, it is tested to determine

which of two negative exponential functions should be utilized

in determining the service time, TPD, for the priority task.6

The two functions and the rationale for their use have been

discussed in Chapter II. These functions are

Probability = e-0.5t

and

Probability = e-0.006t - 0.841.

The random probability, U, is considered to be the prob-

ability associated with a specific service time, t. Whenever

the probability is less than 0.135, the service time for the

priority task is determined by solving the equation:

TPD = (-1.0/.006) * ALOG(U+.841).

Whenever the probability is equal to or greater than

0.135, the service time for the priority task is determined

by solving the equation:

TPD = (-1.0/.5) * ALOG(U).

6 Development of the equations utilized in subroutine
SUBP1 was discussed in Chapter II.
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The final step in subroutine SUBP1 is the determination

of the time at which the priority task will depart, TNPDPR.

This step is accomplished by adding the service time for the

priority task, TPD, to present problem time, TIME.

Subroutine SUMARY

The data which have been calculated during the simulation

program are transformed into final form and printed out by

calling subroutine SUMARY. The flow diagram for subroutine

SUMARY is shown in Figures 12 and 13.

The first executable statement in subroutine SUMARY is

CALL HEDBL. HEDBL is a subroutine which controls the format

of the headings used in printing the output data. In the

first DO loop, the STATS of each channel is examined, and the

time remaining to complete each task in service is computed.

The time remaining to complete the task is called SVR(N),

where N specifies the specific channel. The values of SVR(N)

are used to adjust cumulative utilization times for each

channel to reflect cessation of the problem before comple-

tion of the tasks in service. This adjustment is accomplished

in the second DO loop. The probabilities that a specified

number of routine and priority tasks will be in service are

also calculated in the second DO loop. The next step is the
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Fig. 12--Flow diagram of subroutine SUMARY
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Fig. 13--Flow diagram of subroutine SUMARY
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calculation of the percentage of total system utilization, C,

and the total time spent in the queue, TIMNQ. Then the aver-

age time a task is in the system, AVTIS, the average time in

service, G, and the average time in the queue, F, are calcu-

lated. A DO loop is utilized to calculate PCMQUE(M), the

probabilities that the queue will be of a specified length,

PROBNQ, the average number in the queue, and SUMQUE, the sum

of the queue length probabilities. Finally, the probabilities

that a specified number is in the system, PCMSYS(M), and the

average number in the system, PROBNS, are computed.

The last series of executable statements in subroutine

SUMARY cause the data which has been computed to be printed

out. At the end of each problem the following data is

printed out:

TIME, the number of time units required for the simulation

JTOTCH, the number of channels simulated

MAXJOB, the total number of jobs completed

JPARV, the total number of priority jobs

PROBNQ, the average number in the queue

PROBNC, the average number in service

PROBNS, the average number in the system

PCUMTM, the total system priority time
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TOTUTL, total channel utilization

B, maximum possible system utilization

C, percent system utilization

BCP, percent regular utilization

DCA, percent priority utilization

AVTIS, average time in the system

TIMNQ, total time in the queue

F, the average time in the queue

G, the average time in service.

The statement RETURN returns control to the main program,

DRIVER. The next problem is then called, or the program is

terminated.

Validation of the Simulation Model

Simulation models are usually constructed in order to

study a complex process. Validation of the simulation model

is necessary in order to assure that the simulation model

generates results which are consistent with the results

obtained by application of the actual process. Van Horn

describes validation as "the act of increasing to an accept-

able level the confidence that an inference about a simulated

process is correct for the actual process."7

7 Richard L. Van Horn, "Validation of Simulation Results,"
Management Science, XVII (January, 1971), 247.
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Maintenance of statistical independence in simulation

programs is necessary during validation testing. Fishman

and Kiviat point out that statistical tests of significance

are based upon statistical independence of the samples

tested. 8 In simulation programs autocorrelation between data

generated will be present if the same random number sequence

is utilized for each problem. Sorensen and Gilheany recom-

mend utilization of independent sequences of random numbers

in order to maintain statistical independence between the

output data generated by a simulation program.9 The random

number subroutine utilized in the simulation program listed

in Appendix A generates approximately 16,000,000 independent

random numbers. A different random number sequence was util-

ized for each problem run in the validation process in order

to assure statistically independent results.

Validation Step One

The first step in the validation process verified that

the simulation program validly generates system parameters

8George S. Fishman and Philip J. Kiviat, "The Analysis
of Simulation-Generated Time Series," Management Science,
XIII (March, 1967), 525-526.

9 Erich E. Sorensen and James F. Gilheany, "A Simulation
Model for Harvest Operations Under Stochastic Conditions,"
Management Science, XVI (April, 1970), B561.
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for a one-priority queueing system. The validation was

accomplished, at the 0.05 level, for both the single-channel

and the multichannel systems. These systems are character-

ized by poisson arrival rates, negative exponential service

times, single-priority service and first-come, first-served

queue discipline. The parameters analyzed in the validation

process were

Pn = the probability of n tasks in the system

L = the mean number in the system

Lq = the mean number in the queue

W = the mean time in the system

Wq = the mean time in the queue.

The reference program listed in Appendix B was utilized

to calculate the expected values of system parameters for

each of five problems. Mathematical equations were imple-

mented in the reference program to facilitate the calculation

of the expected values of the queueing system parameters

under stated conditions.1 0 The following equations were

utilized to calculate the expected values for a single-channel

system:

1 0Arnold Kaufmann, Methods and Models of Operations
Research (Englewood Cliffs, 1963), pp. 74-101.
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Pn = (1 A//)(//)n

Lq =A/fM(fA- )

L = A/(/A- A)= Lq +A/

Wq=A/t'(f-A) = Lq/A

W = 1/A= Wq + 1//A = L/A.

An "index of utilization" (P) for the service facility may

be computed by taking the ratio between the mean arrival

rate (A) and the mean service rate (P) as follows:

0 = A/.

The following equations were used to calculate reference

values for multiple-channel systems:

Pn = Po(p)n/M!Mn-M, for nOM

Pn = Po(G)n/n!, for OS n"M
M-1

PO =(Z (n/n! +PM/M!(l -P/M) )_l
n=0

Lq = PooO)M+1/(((M-1)!)(M-A)2)

L = Lq+P

Wq = Po(R)M+/(A((M-1)!)((M-P)2))

W = Wq + 1/A= L/A

where

PO = the probability of zero units in the system

and

M = the number of parallel service channels .
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A recurrence formula may be utilized to calculate the

individual probabilities (Pn) of a certain number of tasks

being in a queueing system. The recurrence formula for a

single channel system is:

Pn =/OP(n-1) - 11

The recurrence formulas for a multichannel system are:

Pn = P(n-d)/n, if ln M

and

Pn = (n-l)/M, if n>M .12

The simulation program listed in Appendix A and the

reference program listed in Appendix B were utilized to cal-

culate observed and expected values for each of five problems

in step one. The number of channels, mean arrival rate, mean

service rate, and theoretical system utilization for each of

the five problems are listed in Table VI.

The Kolmogorov-Smirnov nonparametric test of significance

was applied at the 0.05 level to determine that the simulation

program validly calculates the probability of a specified

number of tasks being in the system. The reference number

of tasks in the system for each probability is listed in

llIbid, p. 88. 12Ibid., p. 95.



86

TABLE VI

SYSTEM CHARACTERISTICS

Problem Number Mean Mean Utilization
Number of Arrival Service Factor

Channels Rate Rate
(1) (2) (3) (4) (5)

1 1 0.7 1.0 0.7
2 1 0.8 1.0 0.8
3 10 0.8 0.2 0.4
4 10 1.2 0.2 0.6
5 10 1.4 0.2 0.7

column two of Table VII. The expected and observed probabil-

ities that the number of tasks in the system will exceed the

number in column two are listed in columns three and four.

The differences between the observed and expected probabili-

ties are listed in column five. None of the difference

values exceed the critical value of 0.391 for a test with a

sample size of eleven applied at the 0.05 level.13 The t

distribution was utilized in a two-tail test of significance

to validate the ability of the simulation program to calcu-

late observed values for each of the parameters listed in

column two of Table VIII. The expected and observed values

for each parameter are listed in columns three and four,

13 Charles T. Clark and Lawrence L. Schkade, Statistical
Methods for Business Decisions (Cincinnati, 1969), p. 437.
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TABLE VII

VALIDATION DATA

Problem Number of Probabilities of Validation
Number Tasks in the More Than n Tasks Value

System (n) in the System
Expected Observed

(1) (2) (3) (4) (5)

1 0 0.7000 0.6990 0.0010
1 .4900 .4864 .0036
2 .3430 .3369 .0061
3 .2401 .2306 .0095
4 .1681 .1586 .0095
5 .1177 .1083 .0094
6 .0824 .0743 .0081
7 .0577 .0522 .0055
8 .0404 .0359 .0045
9 .0283 .0252 .0031
10 .0198 .0173 .0025

2 0 .8000 .8032 .0032
1 .6400 .6431 .0031
2 .5120 .5118 .0002
3 .4096 .4063 .0063
4 .3277 .3221 .0056
5 .2622 .2587 .0065
6 .2098 .2088 .0018
7 .1679 .1698 .0081
8 .1343 .1366 .0081
9 .1075 .1097 .0023

10 .0860 .0890 .0030
3 0 .9817 .9845 .0028

1 .9085 .9154 .0031
2 .7621 .7653 .0032
3 .5669 .5686 .0017
4 .3717 .3722 .0005
5 .2155 .2143 .0008
6 .1114 .1090 .0024
7 .0519 .0494 .0025
8 .0222 .0211 .0011
9 .0090 .0087 .0003

10 0.0037 0.0036 0.0001
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TABLE VII--Continued

VALIDATION DATA

Problem Number of Probabilities of Validation
Number Tasks in the More Than n Tasks Value

System (n) in the System
Expected Observed

(1) (2) (3) (4) (5)
4 0 0.9976 0.9984 0.0008

1 .9830 .9866 .0036
2 .9392 .9470 .0078
3 .8517 .8601 .0084
4 .7204 .7268 .0064
5 .5628 .5691 .0063
6 .4052 .4108 .0044
7 .2701 .2731 .0030
8 .1688 .1696 .0008
9 .1013 .1018 .0005
10 .0608 .0605 .0003

5 0 .9991 .9996 .0005
1 .9931 .9953 .0022
2 .9722 .9780 .0058
3 .9233 .9314 .0081
4 .8378 .8490 .0112
5 .7181 .7297 .0116
6 .5785 .5864 .0079
7 .4389 .4429 .0040
8 .3167 .3183 .0016
9 .2217 .2226 .0009

10 0.1552 0.1567 0.0015

respectively. Ten sample values were averaged to calculate

the observed means listed in column four. The standard devi-

ation of the ten sample values for each sample mean is listed

in column five. The t values listed in column six were
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TABLE VIII

VALIDATION DATA

Problem Parameter Expected Observed Sample t
Number Value Value Deviation Value

(1) (2) (3) (4) (5) (6)

1 W 3.333 3.204 0.175 -2.217
Wq 2.333 2.212 .167 -2.175
L 2.333 2.259 .135 -1.649
Lq 1.633 1.560 .126 -1.744

2 W 5.000 4.964 .472 -0.228
Wq 4.000 3.970 .464 -0.198
L 4.000 4.080 .356 0.672
Lq 3.200 3.206 .373 0.046

3 W 5.007 4.969 .064 -1.812
Wq 0.007 0.007 .004 -0.408
L 4.006 4.012 .074 0.233
Lq 0.006 0.005 .003 -0.481

4 W 5.127 5.098 .085 -1.002
Wq 0.127 0.122 .035 -0.429
L 6.152 6.187 .130 0.818
Lq 0.152 0.148 .042 -0.308

5 W 5.370 5.345 .144 -0.510
Wq 0.370 0.366 .092 -0.102
L 7.571 7.574 .284 0.595
L9 0.517 0.520 0.136 0.064

calculated by dividing the difference between each observed

and expected parameter value by the standard deviation and

then multiplying the quotient by the square root of nine.

The maximum allowable t value is 2.262 for the two-tail test

applied at the 0.05 level.14  None of the values listed in

column six exceed this value.

14 Ibid., pp. 398-402.
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Validation Step Two

The second step in the validation process verified the

ability of the simulation program to simulate a multichannel,

two-priority, preemptive-resume queueing process with poisson

arrivals and departures and first-come, first-served queue

discipline.

Cohen points out that "the superposition of two poisson

processes is again a poisson process."15 The preemptive-

repeat queue discipline does not alter the independence of

two poisson processes in a two-priority system.16 The proba-

bility that any specified number of tasks is in the system is

the sum of the joint probabilities which would result in the

specified number of tasks in the system at a specified time.

A double subscript notation may be used to illustrate the

manner in which the expected probabilities are calculated.

The first subscript represents the number of nonpriority

tasks in the system. The second subscript represents the

number of priority tasks in the system. The probability that

there are zero routine and zero priority tasks in the system

15J. W. Cohen, The Single Server Queue (Amsterdam, 1969),
p. 437.

16 Fredrick F. Stephan, "Two Queues Under Preemptive
Priority with Poisson Arrivals and Service Rates," Operations
Research, VI (June, 1958), 400.
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is represented by P0,0. The joint probability that one

routine task and zero priority tasks are in the system

would be represented by Pl, 0 , etc.

The joint probabilities used in the validation process

were calculated by utilizing the individual probabilities

generated by use of the reference program listed in Appen-

dix B. The reference program generates probabilities that a

specified number of tasks from a single poisson arrival pro-

cess will be in the system. When two independent arrival

processes are involved, the joint probabilities may be cal-

culated by use of the following relationships:

P0,0 = P0,- x P-, 0

Pl,O = Pl,- X P-,0

P 0,1 = PO,- x P-,)l

P22,0= P2 ,- X P-, 0

PO, 2 = PO,- X P-, 2

Pl,1 = P1 ,- X P.,)1 , etc.

The probabilities that a specified number is in the two-

priority systems are as follows:

P0 = P0 ,0

=1 =P 1,0 + PO, 1
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2= P1,1 + P2 , 0 + PO, 2

3 ~ "1,2 + P2,1 + P3 ,0 + PO, 3 , etc.

Five independent queueing systems were simulated during

the final validation process. Each system simulated became

one problem for the simulation program. The number of chan-

nels, the mean arrival rates, and the mean service rates for

each problem are listed in Table IX.

TABLE IX

SYSTEM CHARACTERISTICS

Routine Task Priority Task

Problem
Number Mean Mean Mean Mean

Arrival Service Arrival Service
Rate Rate Rate Rate

(1) (2) (3) (4) (5)

1 0.6 1.0 0.10 1.0
2 .6 1.0 .15 1.0
3 .7 1.0 .10 1.0
4 .7 1.0 .15 1.0
5 0.8 1.0 0.10 1.0

Each simulation problem was run ten times, and the mean

of the values calculated for each system probability was com-

pared to the expected values determined mathematically. The

Kolmogrov-Smirnov nonparametric test of significance was
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utilized to determine that the simulation program validly

generated the probabilities listed in column four of

Table X. The expected probabilities that the number of

tasks in the system will exceed a specified number are

listed in column three. The differences between the

observed and the expected probabilities are listed in col-

umn five. None of the difference values exceed the critical

value of 0.375 for the test applied at the 0.05 level.17

The execution of the validation process results in the

conclusion that the computer simulation model is capable of

generating data describing the queueing system under study

to a ninety-five percent confidence level.

I Definition of Terms

ALOG(U) is a computer library supplied subroutine which

computes the logarithm of U.

ARNGDP is the name of a computer program subroutine

which determines the time of the next departure and the chan-

nel from which the departure will occur.

ARRATE is the arrival rate for routine tasks.

ARRIVE is the name of a computer program subroutine

which determines the time of the next routine task arrival.

1 7Clark and Schkade, 9_. cS ., p. 437.
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TABLE X

PRIORITY VALIDATION DATA

Number of Probabilities of
Problem Tasks (n) More Than n Tasks Validation
Number in the in the System Value

System Expected jObserved
(1) (2) (3) (4) (5)

1

2

3

0
1
2
3
4
5
6
7
8
9

10
0
1
2
3
4
5
6
7
8
9
10
11
0
1
2
3
4
5
6
7
8
9

10
11

0.9991
.9928
.9709
.9198
.8303
.7050
.5588
.4127
.2843
.1846
.1151
.9995
.9951
.9798
.9416
.8701
.7627
.6285
.4849
.3501
.2378
.1536
.0959
.9997
.9972
.9871
.9603
.9066
.8213
.7073
.5762
.4455
.3291
.2340

0.1894

0.9972
.9890
.9694
.9290
.8595
.7483
.6322
.4973
.3724
.2682
.1876
.9980
.9930
.9808
.9561
.9140
.8495
.7645
.6624
.5488
.4404
.3427
.2600
.9979
.9921
.9811
.9571
.9144
.8520
.7731
.6844
.5898
.5006
.4194

0.3479

0.0019
.0038
.0015
.0092
.0298
.0433
.0266
.0846
.0881
.0836
.0752
.0015
.0021
.0010
.0145
.0439
.0868
.1360
.1775
.1987
.2026
.1891
.1641
.0018
.0051
.0060
.0032
.0078
.0317
.0658
.1082
.1443
.1715
.1854

0.1558
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TABLE X--Continued

PRIORITY VALIDATION DATA

Number of Probabilities of
Problem Tasks (n) More Than n Tasks Validation
Number in the in the System Value

System Expected Observed
(1) (2) (3) (4) (5)

4 0 0.9998 0.9987 0.0011
1 .9984 .9960 .0024
2 .9915 .9888 .0027
3 .9720 .9750 .0030
4 .9305 .9505 .0200
5 .8600 .9113 .0513
6 .7601 .8558 .0957
7 .6390 .7850 .1460
8 .5102 .7050 .1948
9 .3886 .6186 .2300

10 .2852 .5347 .2495
11 .2287 .4573 .2286

5 0 .9999 .9986 .0013
1 .9990 .9956 .0034
2 .9949 .9897 .0052
3 .9825 .9783 .0042
4 .9547 .9595 .0048
5 .9047 .9295 .0248
6 .8297 .8867 .0570
7 .7331 .8384 .1050
8 .6246 .7734 .1488
9 .5133 .7056 .1923

10 .4130 .6361 .2231
11 0.3479 0.5669 0.2127

ARV(N) is the variable whose value equals the time of

arrival of task N.

AVTIS is the variable whose value equals the average

time a task is in the simulated system.
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B is the variable whose value equals the maximum possi-

ble time the simulated system could be utilized.

BCP is the variable whose value equals the percentage

of total time utilized to service routine tasks.

C is the variable whose value equals the percentage of

the total time the system was utilized.

CALL PROB is the computer program statement which identi-

fies the beginning of each new problem.

COMMON statements are computer program statements which

identify variable names utilized in the simulation program.

CUMQUE(M) is the variable whose value equals the total

time the queue has been of length M-1.

CUMUTL(N) is the variable whose value equals the total

time channel N has been occupied by a task.

CUMSYS(1) is the variable whose value equals the total

time M tasks have been in the simulated system.

DCA is the variable whose value equals the percentage

of total time utilized to service priority tasks.

DEPART is the name of a computer program subroutine

which determines the time at which the next task completion

will occur.

DPRATE is the departure rate for routine tasks.
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DPR(N) is the variable whose value equals the time at

which the task in channel N will be completed.

DRIVER is the name of the main computer simulation

program.

F is a variable whose value equals the average time a

task is in the queue.

G is the variable whose value equals the average time

a task is in service.

HEDBL is a subroutine which controls the format of the

headings used in printing the output data.

INITIAL is the name of a computer program subroutine

which initializes the variables at the start of each problem.

JARV is the variable whose value equals the number of

task arrivals into the system.

JCHECK is a control variable used in subroutines SUBP1

and SUBP2. The value of the variable controls the entry of

priority tasks into the simulated organization.

JDPART is the variable whose value equals the number of

tasks completed during the simulation.

JOBDN is the variable whose value equals the total num-

ber of task completions.

JPARV is the variable whose value equals the number of

priority tasks which have entered the simulated system.
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JPROB is the variable whose value corresponds to the

problem number.

JTOTCH is the name of the variable which specifies the

number of channels in the simulated organization.

KEND is the name of a control word peculiar to the com-

puter facility utilized during this study.

L is the number of tasks in the system.

LIMIT is the variable whose value specifies the maximum

number of penalty hours which may be added to the time

required to complete a preempted task.

M is the number of tasks in the queue.

MAXJOB is the name of the variable whose value specifies

the maximum number of tasks to be processed.

MAXSYS is the variable whose value equals the maximum

number of tasks which were simultaneously in the simulated

system.

NDF is the variable whose value indicates the channel

from which the next departure will occur.

NPDF is the variable whose value indicates the channel

from which the next priority task will depart.

PAR(N) is the variable which records the time priority

task N arrived into the simulated system.
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PARATE is the arrival rate for priority tasks.

PARVL is the name of a computer program subroutine which

determines the time of the next priority task arrival.

PCMQUE(M) is the variable whose value equals the proba-

bility of M tasks being in the queue.

PCMSYS(M) is the variable whose value equals the proba-

bility of M tasks being in the system.

PCUMTM is the variable whose value equals the total time

used to service priority tasks during the simulation period.

PCUTIL(N) is the variable whose value equals the per-

centage of the total time during which channel N was utilized.

PDRATE is the departure rate for priority tasks.

PENLTY is the percentage of the remaining completion

time for a preempted task which is assessed as a penalty due

to interruption of service.

PLIMIT is the variable whose value specifies the maximum

number of penalty hours to be added to the completion time

required for a preempted task.

PPRUTL(N) is the variable whose value equals the per-

centage of the total time during which channel N was utilized

to service priority tasks.

PROBNC is the variable whose value equals the average

number of tasks which are in service.
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PROBNQ is the variable whose value equals the average

number of tasks which are in the queue.

PROBNS is the variable whose value equals the average

number of tasks which are in the system.

PRUTL(N) is the variable whose value equals the total

time channel N was utilized to service priority task.

PUTL(N) is the variable whose value equals the total

time channel N was utilized to service routine tasks.

Q is a variable whose value equals the maximum size

reached by the queue during the simulation period.

QUE is the variable whose value indicates the number of

tasks which are in the queue.

RAND(U) is the statement which is called so that a ran-

dom number will be generated by subroutine RINT.

RINT is the name of a random number subroutine.

RPTIME(N) is the variable whose value is the time

required to complete a task preempted from channel N.

STATPQ is the variable whose value indicates the num-

ber of preempted tasks waiting to reenter service.

STATS(N) is the variable whose value indicates whether

channel N is vacant, processing a routine task, or processing

a priority task.
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SUMARY is the name of a computer program subroutine.

SUMPQ is the number of preempted tasks in the queue.

SUNQUE is the variable whose value equals the sum of the

individual queue length probabilities.

SVR(N) is the variable whose value equals the time which

would be required to complete the task in channel N at the

end of the simulation period.

TIME is the variable whose value equals the time which

has elapsed in the simulated program period.

TINNQ is the variable whose value equals the total time

routine tasks were in the queue.

TNDPR is the variable whose value is the time of next

task departure.

TNARV is the variable whose value is the time of the

next routine task arrival.

TNPARV is the variable whose value equals the time of

the next priority task arrival.

TNPDPR is the variable whose value equals the time at

which the next priority task completion will occur.

TODPR(N) is the time of departure of the task in chan-

nel N.
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TOPDPR(N) is the variable whose value equals the time a

priority task will depart from channel N.

TOTCHA is the variable whose value equals the total num-

ber of service channels in the simulated system.

TOTUTL is the variable whose value equals the total time

during which the service channels were utilized.

TPA is the variable whose value indicates the time of

the next priority task arrival.

TPD, is the variable whose value equals the time of the

next priority task departure.



CHAPTER IV

ANALYTICAL ANALYSIS

The primary objective set for this study is the develop-

ment of a procedure that may be used to determine the number

of personnel required to service priority tasks in an aero-

space engineering organization. In order to achieve this

objective, the characteristics of the distribution of arrival

rates and of service rates for priority tasks must be known.

The analysis of the sample data discussed in Chapter II was

used to determine the characteristics of the distribution of

service rates for priority tasks serviced by the organization.

That analysis also resulted in the determination of the

average percentage of the organization's time expended in

servicing priority tasks and the fact that the shape of the

probability distribution of priority arrival intervals may

be accurately represented by a negative exponential function.

However, the analysis of the sample data did not reveal the

average arrival interval between priority tasks which must

be known in order to specify an equivalent mathematical func-

tion of the priority task arrival distribution for a specific

organization.

103
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Interval Between Priority Arrivals

The parameters determined by the analysis in Chapter II

may be incorporated into the computer simulation program

described in Chapter III. The simulation program may then be

utilized to perform an analysis for determining the specific

probability distribution of priority task arrival intervals

for the organization under study.

Computation of Lambda

The specific priority arrival function for the organiza-

tion may be represented by an equation of the following form:

F(A) = e-At .1

The symbol Lambda,A , represents the mean arrival rate of the

priority tasks which are assigned to the organization for

service. If the value of Lambda is known for the organiza-

tion, the value can be utilized in the computer simulation

model to determine the percentage of the organization's total

time spent in servicing priority tasks. Conversely, the

simulation model may be utilized to compute Lambda if the

percentage of the organization's total time expended in ser-

vicing priority tasks is known.

'This statement is justified by the analysis presented
in Chapter II.
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The analysis described in Chapter II resulted in deter-

mining that the percentage of the organization's total time

devoted to servicing priority tasks was 12.62 percent. This

value was incorporated into the computer simulation model,

and the model was utilized to determine Lambda. The deter-

mination of Lambda was accomplished by running a series of

simulation problems on the digital computer while all para-

meters for the simulated system were held constant except

the value of the variable PARATE. PARATE is the average

arrival interval between priority tasks and is the reciprocal

of Lambda. First, the value of the parameter PARATE was

varied while the simulated organization's average utilization

level for routine tasks was held constant. This procedure

was then repeated for three additional values of the average

utilization level for routine tasks. The value of PARATE

which results in the average utilization for priority tasks

being equal to 12.62 percent is the value of the average

priority task arrival interval for the organization under

study. This value of PARATE is independent of the average

routine task utilization level and should not vary as the

average system utilization for routine tasks is varied.
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The data listed in Table XI was computed by the simula-

tion program and used to determine the value of the average

arrival rate of priority tasks for the organization. The

data was computed by running ten problems for each of four

values of the organization's utilization level for routine

tasks. The value of the average interval between the arrival

of priority tasks, PARATE, was varied for each problem. A

total of forty problems was run. The problem numbers are

listed in column one of Table XI. The average utilization

level for routine tasks is listed in column two. The values

of PARATE used for each problem are listed in column three.

The computed percent total system utilization and the com-

puted percent priority utilization for each problem are listed

in columns four and five, respectively.

The individual values of computed system priority util-

ization were analyzed mathematically in order to compute the

average priority task arrival rate for the organization under

study. The data used in this computation are listed in

Table XII.

The values of PARATE for each problem are listed in

column one of Table XII. Columns two through five contain

a list of the computed system priority utilization for each
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TABLE XI

DATA GENERATED TO DETERMINE LAMBDA

Problem Routine Value of Percent Percent
Number Task PARATE Total Priority

Utilization (hours) System Utilization
Level Utilization

(1) (2) (3) (4) (5)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0.5
.5
.5
.5
.5
.5
.5
.5
.5
.5
.6
.6
.6
.6
.6
.6
.6
.6
.6
.6
.7
.7
.7
.7
.7
.7
.7
.7
.7

0.7

2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.25
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00

57.16
57.18
58.15
60.98
61.64
58.74
62.43
62.59
65.43
64.31
68.16
69.30
70.33
70.37
69.88
70.75
70.87
72.59
71.56
76.79
77.71
78.88
77.50
79.34
80.81
79.25
80.84
82.73
81.56
84.98

8.40
9.14
9.09
9.97

11.44
11.68
12.77
13.21
14.68
15.30
9.20
9.83
10.57
11.18
11.86
12.20
13.40
13.49
14.30
15.47
8.29
8.92
9.31

10.01
11.18
12.17
12.68
13.83
15.27
15.32
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TABLE XI--Continued

DATA GENERATED TO DETERMINE LAMBDA

Problem Routine Value of Percent Percent
Number Task PARATE Total Priority

Utilization (hours) System Utilization
Level Utilization

(1) (2) (3) (4) (5)

31 0.8 2.75 88.61 8.04
32 .8 3.00 86.80 9.16
33 .8 3.25 86.49 9.31
34 .8 3.50 87.93 10.19
35 .8 3.75 92.59 11.03
36 .8 4.00 91.97 11.04
37 .8 4.25 90.95 12.67
38 .8 4.50 91.55 13.30
39 .8 4.75 92.07 14.62
40 0.8 5.00 92.68 15.35

value of PARATE and for each of the four levels of system

utilization for routine tasks. The average of the values in

columns two through five is listed in column six.

The values listed in columns one and six of Table XII

were used to calculate the line of estimated regression of

priority utilization on PARATE.2 The equation for the

regression line is

Priority Utilization (%) = (3.03 x PARATE) - 0.25

2 Charles T. Clark and Lawrence L. Schkade, Statistical
Methods for Business Decisions (Cincinnati, 1969), p. 543.
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TABLE XII

SYSTEM PRIORITY UTILIZATION DATA

Routine Task Utilization Level ( Average
Value Percent
of 0.5 0.6 0.7 0.8 Priority

PARATE Utilization
System Percent Priority Utilization

(1) (2) (3) (4) (5) (6)

2.75 8.40 8.29 8.04 8.24
3.00 9.14 9.20 8.92 9.16 9.10
3.25 9.09 9.83 9.31 9.13 9.34
3.50 9.97 10.57 10.01 10.19 10.18
3.75 11.44 11.18 11.18 11.03 11.21
4.00 11.68 11.86 12.17 11.04 11.69
4.25 12.77 12.20 12.68 12.67 12.58
4.50 13.21 13.40 13.83 13.30 13.43
4.75 14.68 13.49 15.27 14.62 14.51
5.00 15.30 14.30 15.32 15.35 15.07
5.25 15.47 15.47

The regression line and the average values of priority util-

ization are shown graphically in Figure 14.

The equation of the regression line may be solved to

determine the average interval between the arrival of prior-

ity tasks for the organization being studied. As a result

of previous analysis of the sample data, the organization's

average utilization level for priority tasks was determined

to be 12.62 percent. When this value is substituted into
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Fig. 14--Estimated regression of priority utilization
on PARATE.

the regression formula, solving the formula yields the desired

value of PARATE. The computation is accomplished by starting

with the regression equation:

12.62 = (3.03 x PARATE) - 0.25.

Rearranging the equation gives the formula for determining

PARATE:

PARATE = (12.62 + 0.25)/3.03.
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Solving the equation yields a value for PARATE of 4.25

hours for the organization under study. The value of Lambda

is the reciprocal of PARATE and is 0.235 arrival per hour.

Determination of Lambda and its reciprocal, PARATE,

enables the computer simulation model to be utilized to com-

pute the equivalent number of personnel required to service

priority tasks in the organization under study.

Impact of Priority Service

The overall utilization level is a result of the sum of

the service requirements for two separate groups of tasks

which flow into the organization. One group consists of the

unscheduled priority tasks and the second group consists of

routine tasks. The final procedures to be presented are used

to determine the number of personnel who could be removed

from the organization, without changing the overall utiliza-

tion level of the organization, if the requirement that the

organization service priority tasks was removed. The specific

distributions of arrival intervals and service rates for

routine tasks are not known. Consequently, the final data

pertaining to the effect which servicing priority tasks has

on the organization's personnel requirements must be presented

as a function of the average utilization level for routine

tasks.
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Method of Analysis

The first step in the final analysis utilizes the com-

puter model to simulate the organization in order to compute

the total utilization level as a function of the average

utilization level for routine tasks. This computation is

accomplished by first incorporating the value of PARATE

determined in the preceding step of the procedure and the

distribution of priority service rates for the organization

into the computer simulation model. The model is then util-

ized to simulate the 112-channel organization under study

for different values of the average system utilization level

required for routine tasks.

The four distributions of routine arrival rates and

service rates utilized in the computer simulation model in

order to compute the total utilization levels for the 112-

channel system will be retained during all subsequent compu-

tations. The values of the average interval between routine

task arrivals and the average interval between routine task

departures which are utilized in the computer program control

the generation of routine task distributions A, B, C, and D.

These values are listed in Table XIII together with the

results of the computations to determine the reference total

utilization levels for the 112-channel system.
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TABLE XIII

SYSTEM UTILIZATION REFERENCE LEVELS

C o C o-O

-r-O Li e L 4 Jo a ,-

A4 24 0.0 50 2.4

CB0 2 .o rCO 0.74 0 C 0 C U) C C 0 -4H 0~~~
jH W HQ0) U P -H4-1 4J -H 4J

C3. . 4r 74 0 0CO84J
(1) W r-4 (3Q) :j 4-) Q) O Q) (1 N Q

V WCCU )r4 > C (3) -A S44 -H -H 4 L-H P4
J4 4 -- -- 4 4J CO 0 4J r-4 () C r_4 Q)0 Co ()U4 : 4- 4Li (U4j ;$ (U W ;J4 ~~W)-H 0

0 -H > UQ) 4 a>)Q0(1) , 04J 0 PO 4)

()(2) (3) (4) (5)

A 2.24 0.04 50 62.43
B 2.69 .04 60 70.75
C 3.14 .04 70 80.84
D 3.58 0.04 80 90.95

The next step in the final analysis results in the deter-

mination of the number of personnel required to keep the

organization operating at the same total utilization level

as that listed in column five of Table XIII when the organi-

zation is servicing routine tasks only. In this step, the

arrival of priority tasks into the system is eliminated, and

the simulation program is run for each of the four distribu-

tions listed in Table XIII while the number of channels,

which represent men, are reduced. Eight problems were run

for each of the four distributions. The resulting total sys-

tem utilization level and the number of channels in the system

for each problem are listed in Table XIV.
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TABLE XIV

SYSTEM UTILIZATION AS A FUNCTION OF MANPOWER

Routine Task Number of Percent Total
Utilization Level Channels System Utilization

(1) (2) (3)

0.5
.5
.5
.5
.5
.5
.5
.5
.6
.6
.6
.6
.6
.6
.6
.6
.7
.7
.7
.7
.7
.7
.7
.7
.8
.8
.8
.8
.8
.8
.8

0.8

100
98
96
94
92
90
88
86

100
98
96
94
92
90
88
86

108
106
104
102
100
98
96
94

108
106
104
102
100
98
96
94

& I.

54.70
56.62
57.94
58.79
58.95
61.64
63.24
64.22
67.02
68.26
68.86
67.93
69.81
71.23
76.89
77.75
72.13
72.62
71.55
73.33
74.35
80.24
79.89
80.80
79.89
85.00
85.60
87.69
89.40
89.57
91.14
93.20
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The data listed in Table XIV was utilized to calculate

estimated regressions of the number of channels in the system

on the percent total system utilization. The equations for

these estimated regression lines for the four utilization

levels listed in column one of Table XIV are, respectively:

Percent Utilization = -0.66M + 121.0%

Percent Utilization = -0.754M + 141.0%

Percent Utilization = -0.778M + 154.4%

Percent Utilization = -0.818M + 170.3%

where M is the number of channels in the system.

The data in column three of Table XIV and the estimated

lines of regression for the four reference utilization levels

are plotted in Figure 15 as a function of the number of chan-

nels in the simulated system.

The equations for the estimated lines of regression were

solved to determine the number of men which would result in

the calculated total utilization level for the organization

being equal to the levels listed in column five of Table XIII.

The calculated number of men, rounded to the nearest whole

number, is shown in Figure 15 as circles on the lines of

regression. The calculated number of men and the reference

total utilization levels for each reference distribution are

also listed in Table XV.
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TABLE XV

EQUIVALENT NUMBER OF MEN

REQUIRED TO

SERVICE PRIORITY TASKS

Routine Task Reference Total Computed Equivalent Men
Reference Utilization Number of Servicing
Distribution (percent) Channels Priority Tasks

(1) (2) (3) (4)

A 62.43 89 23
B 70.75 93 19
C 80.84 95 17
D 90.95 97 15

The computed number of men who could be removed from

the organization without changing the organization's total

utilization level, if the requirement that the organization

service unexpected priority tasks were eliminated, is listed

in column four of Table XV for the four reference routine

task distributions. This analysis completes the presentation

of the computations which illustrate the procedure developed

to achieve the objectives of this study.



CHAPTER V

SUMMARY AND CONCLUSIONS

An environmental change has occurred within the aerospace

industry. A review of the literature reveals that this change

began to occur during the year 1968. The change became appar-

ent during 1969, and the impact and permanence of the change

were widely discussed in articles written during 1970. The

change resulted from the general reduction in the federal

defense budget. The reduced defense budget necessitated an

extensive reduction in the level of aerospace procurement.

The reduced procurement level has subsequently resulted in an

overall reduction in the size and number of engineering and

scientific organizations within the aerospace industry.

Summary

The decade prior to 1969 had been a period of unsurpassed

prosperity and growth within the aerospace industry as a

result of the contracts generated in response to the missile

race, the space program, and growth in the commercial airlines

industry. During this growth period, major corporations

within the aerospace industry developed specialized engineering

118
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organizations which provided scientific and technical services

to associate organizations within the corporation and to the

corporation's customers. These specialized organizations are

often subjected to two types of service requests. One type

consists of the so-called routine assignments of the organiza-

tion. The second type of service request results from the

random arrival of unexpected priority tasks which will preempt

routine tasks in service unless the organization is staffed

with additional personnel above the number required to service

routine tasks only. An unpredictable delay in the completion

of the routine tasks will occur whenever unexpected priority

tasks preempt routine tasks.

The manager of an organization must adequately staff his

organization to accomplish both routine and priority tasks in

a timely manner. Inaccurate estimation of the impact which

priority tasks have on the completion of routine tasks may

result in improper staffing of an organization. A manager

intuitively knows that additional personnel will be required

if his organization is to provide "priority" service without

adversely affecting the completion of routine tasks. Deter-

mining or estimating the actual number of additional personnel

needed because of these priority service requirements may be
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necessary in order to justify the size of an existing or pro-

posed organization to internal or external control groups.

The members of control groups may be reluctant to accept

increases in organizational size unless the justification is

based on quantitative analysis rather than qualitative esti-

mates.

The problem studied during this dissertation project is

the determination and justification of the number of personnel

required to be added to an organization so that the organiza-

tion will be able to meet both the scheduled and the unsched-

uled task requirements.

The objective of this study has been to develop a proce-

dure which may be used to determine the number of additional

personnel who are required to be assigned to an engineering

organization that is functioning in the aerospace industry

and is subject to the receipt of unscheduled, priority work

requirements. The highest percentage of the total work assign-

ments of the organization are routine tasks which may be sched-

uled. The priority tasks arrive stochastically and preempt

routine tasks in service if personnel are not held in reserve.

The procedure developed for predicting necessary reserves is

believed to be sufficiently flexible to be applicable to other

similar organizations.
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Additional objectives of the study were the determina-

tion of three specific organizational parameters needed to

achieve the primary objective of this study. These parameters

are (1) the percentage of the organization's total time util-

ized for servicing priority tasks, (2) the probability distri-

bution of priority task service times, and (3) the probability

distribution of priority task arrival intervals.

The objectives of this study became the basis for the

hypotheses evaluated during the study; the first is considered

to be the primary hypothesis, and the other three secondary:

1. A procedure incorporating a queueing simulation

model can be developed and utilized to determine

the equivalent number of an organization's personnel

who are being utilized to service priority tasks

which arrive stochastically.

2. The service times required to complete priority

tasks fall into a clearly definable distribution.

3. Requests for priority service occur randomly, but

their arrival intervals fall into a clearly defin-

able distribution.

4. Sampling techniques can be utilized to determine

the distribution of service times and arrival inter-

vals of priority tasks.
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Achievement of the objectives of this dissertation is

presently significant since changes in the aerospace environ-

ment have resulted in reduced aerospace budgets and a renewed

emphasis on the justification of organization size. Budget

reductions have forced aerospace contractors to seek ways of

keeping their organization operational while they are simul-

taneously reducing their overall cost of operation. One

method of cost reduction has been to reduce the number of

personnel in engineering organizations. However, a certain

minimum number of personnel is necessary to maintain compe-

tence in the relevant scientific or technical areas. Compe-

tence in the latest technology pertaining to their area of

business is necessary if aerospace contractors wish to maintain

the capability required to compete for new government aerospace

contracts. The manager of an organization can usually estimate

the number of personnel needed to accomplish scheduled tasks.

However, engineering organizations which possess unique capa-

bilities in a scientific or technical area may be called upon

to perform important tasks which cannot be scheduled in

advance. Consequently, the total number of personnel neces-

sary to accomplish both the routine, scheduled tasks and

unexpected, priority tasks may be difficult to estimate for

this type of organization.
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The manager of an engineering organization must be able

to "justify" the size of the organization under his authority

during periodic audits by upper management teams and by Gov-

ernment audit agencies. The problem of justification is

especially difficult if the organization under review is

staffed with specialists who are only utilized periodically

at unpredictable intervals. If an organization has been

enlarged to respond adequately to the random arrival of pri-

ority requests, then the same organization may appear to be

"overstaffed" (luring periods in which only "routine" service

requirements are present. Audit teams are often composed of

individuals who do not have a scientific or engineering back-

ground. The organization may be subjected to criticism by

the audit teams if the audit team members do not understand

or are not aware of the effect which the priority tasks have

on the organization being audited. An audit team oriented

toward accounting type data may be reluctant to accept a

manager's justification of his organization's size if the

justification is based primarily on nonquantitative arguments.

Utilization of analytical techniques to determine or justify

appropriate organizational size allows the middle manager to

better justify the necessity of maintaining an organizational
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size larger than that necessary to perform "routine" tasks

only.

Development of decision science techniques has increased

the number of mathematical tools available to management.

Utilization of mathematical techniques, where applicable,

enables management to reduce the effect of human bias and to

reduce management's dependence on heuristic or rule-of-thumb

decision procedures. This study has resulted in development

of a procedure and a simulation model which provide an analy-

tical technique that may be utilized to quantitatively deter-

mine the impact of unexpected priority tasks on the appropri-

ate size of an engineering organization. The procedure gives

the middle manager a means of providing an analytical justi-

fication for (1) requesting a reduction in the priority

service his organizations must provide or (2) providing a

justification for maintaining an organizational size greater

than that required to accomplish routine service tasks only.

The methodology utilized to develop the procedure is

discussed in Chapter I and essentially consisted of develop-

ing the techniques required to accomplish each step of the

procedure. The scope of this study was limited to evaluation

of the operation of an engineering organization functioning
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in the aerospace industry. Certain limiting assumptions

were applied in the study:

1. The organization is operating under a forty-hour

work week. All time expended is reported. Overtime

is added to regular time and the equivalent number

of man-weeks expended is adjusted and compared on a

regular time basis only.

2. The organization is operating under "steady-state"

conditions. The average rate of arrival of routine

tasks equals the average rate of completion of rou-

tine tasks. Consequently, the average utilization

factor of the organization in completing routine,

scheduled tasks is the same as the "index of utili-

zation" for the routine tasks; this index is defined

in queueing theory as the ratio between the mean

arrival rate and the mean service rate.

3. Priority tasks preempt nonpriority, or routine,

tasks if no "unoccupied service channel" is avail-

able to begin immediate service on the priority task.

4. Nonpriority tasks which are preempted by priority

tasks are held in a queue and returned to the same

channel from which they were preempted.
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Presentation of the Procedure

The steps of the procedure developed during this study

are:

1. Conduct a sample survey of the organization under

study to determine the average percentage of the

organization's total time which is expended servic-

ing unexpected priority tasks.

2. Conduct a sample survey of the organization under

study to determine (1) the distribution of the ser-

vice times required to accomplish unexpected priority

tasks and (2) the shape of the distribution of the

time interval between the arrival of unexpected pri-

ority tasks.

3. Incorporate the data developed during steps one and

two into the queueing simulation model. Utilize the

simulation model to compute the average interval

between the arrival of unexpected priority tasks.

4. Incorporate the average interval between the arrival

of unexpected priority tasks determined during step

three into the computer simulation model and compute

the organization's total utilization level when ser-

vicing both routine and unexpected priority tasks as
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a function of the theoretical utilization level for

the organization during the servicing of routine

tasks only.

5. Utilize the data generated in step four and the

simulation model to calculate the number of person-

nel who could be removed from the organization,

without changing the overall utilization level for

the organization, if the requirement that the orga-

nization service unexpected priority tasks was

removed.

Analysis of the Procedure

Analysis of the procedure will by necessity include a

summarization of the procedure; the analysis and the results

are presented in detail in Chapters II, III and IV.

Details of step one.--The average percentage of the

organization's total time expended in servicing priority

tasks has been determined by conducting a sample survey of

the organization under study. Each member of the organiza-

tion was given a sample data form to be completed for each of

nine consecutive weeks. Each individual was given an expla-

nation sheet which contained a statement of the purpose of



128

the data, a definition of the term "unexpected priority task,"

and a list of examples of unexpected priority tasks. A copy

of the explanation sheet and a copy of the survey form util-

ized in step one are included in Appendix C.

The sample data obtained by surveying the entire orga-

nization was utilized to determine the average percentage of

the organization's total time used in servicing unexpected

priority tasks. The data obtained from this survey are listed

in Table I. Analysis of the data revealed that, during the

survey period, 12.62 percent of the organization's total time

was utilized in servicing unexpected priority tasks.

Details of step two.--Conducting the sample survey neces-

sary in step two involved care in selection of the sample size

in order to minimize the possibility of introducing bias into

the data which would result if more than one individual

recorded the arrival of the same priority task. Each group

had certain individuals who coordinated the priority tasks

within the group. Conducting the survey at the level of

these specialists provided the opportunity to control the

data collection process to prevent counting the arrival of

one priority task more than once.
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Eleven specialists agreed to furnish data related to

the arrival intervals between priority tasks and to the total

time required to complete each task. The cooperation of

these individuals and the care which they exercised in record-

ing data greatly enhanced the accuracy of the data. Each of

the eleven individuals recorded the date and time of arrival

of priority tasks and the total hours required to complete

each priority task. These records were kept for a period of

seven weeks and summary sheets of the recorded data were sub-

mitted each week. A copy of the summary sheet is included in

Appendix C.

The frequencies of occurrence of unexpected priority

tasks which required service time within specified ranges are

listed in Table III. These data were utilized to construct

Figure 2 which is a histogram showing the incidence of ser-

vice time requirements as a function of hours of service time

required for a priority task.

The detailed analysis of the priority service time data

was presented in Chapter II. The analysis resulted in mathe-

matical expressions for the probability that the service time

would exceed a specified duration. Table IV contains a list

of the data used in this analysis. The data points, together
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with lines representing the mathematical expressions fitted

to the data, are shown in Figure 3. The negative exponential

form was utilized for the equivalent mathematical expressions

in order to facilitate implementation of the queueing simula-

tion model described in Chapter III. The equivalent expres-

sions for the probability that the service time required for

an unexpected priority task will exceed a specified duration

are

probability = e-0.5t, when 05t <4.0

and

probability = e-0.006 t - 0.841, when ti4.0.

The eleven specialists who participated in the survey

also supplied data which was utilized to determine the shape

of the probability distribution of the arrival intervals

between unexpected priority tasks. Determining the shape of

the distribution of arrival intervals by sampling was essen-

tial in order to utilize the queueing simulation model and

the simulation program to derive an equivalent mathematical

function for the organization under study. The arrival

interval data gathered during the sample period are listed

in Table V. The data was analyzed and the analysis justi-

fied using a negative exponential expression to describe
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the probability that the time between the arrivals of

unexpected priority tasks would exceed a specified time, t.

The equivalent mathematical expression of the data is

probability = e-. 8 t

The data utilized to determine the expression are shown in

Figure 4.

The unique negative exponential function which describes

the probability that the time between the arrivals of priority

tasks will exceed a specific value, for the organization under

study, was determined by the analysis performed during step

three.

Details of step three.--In this step the parameters

determined by the analysis in step two are incorporated into

a computer simulation program. The simulation program is

then utilized for analysis to determine the specific proba-

bility distribution of unexpected priority task arrival

intervals for the organization under study.

The simulation program is a computer implementation of

a queueing simulation model of a multichannel organization.

The model has the capability of holding routine tasks that

are preempted by priority tasks in a queue until the priority

task is complete. The preempted tasks are returned to the
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same channel from which they were preempted as soon as the

preempting priority task is complete. The specific organiza-

tion under study should be analyzed to determine if any pecu-

liar characteristics are present which should be incorporated

into the model to enable the model to more accurately simulate

the organization. The details of the computer simulation

model and its development are presented in Chapter III. A

listing of the computer program is presented in Appendix A.

Results of the analysis performed in step two determined

that the shape of the probability distribution of priority

arrival intervals can be accurately represented by a negative

exponential function. However, analysis of the sample data

did not reveal the average arrival interval between unexpected

priority tasks. This parameter must also be known in order

to specify an equivalent mathematical function of the priority

arrival distribution for a specific organization. The average

interval between the arrival of unexpected priority tasks was

determined by running a series of simulation problems on the

digital computer while all organizational parameters were held

constant except the average interval between the arrival of

priority tasks. Application of this procedure resulted in a

series of computed values of the organization's total time
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utilized in servicing the priority tasks. The interval

between the arrival of priority tasks which results in the

organization utilizing 12.62 percent of its total time for

servicing priority tasks is the average interval between the

arrival of priority tasks for the organization under study.

Details of the analysis are discussed in Chapter IV. Results

of the analysis indicate that the average interval between

the arrival of priority tasks is 4.25 hours. This value was

incorporated into the computer simulation model and retained

for all succeeding steps of this procedure.

Details of step four.--The computer simulation model was

utilized in step four to compute the organization's total

utilization level as a function of the average utilization

level for routine tasks. This computation was accomplished

by incorporating the value of the average interval between

the arrival of priority tasks determined in step three and

the distribution of priority service rates determined in step

two into the computer simulation model. The model was then

utilized to simulate the 112-channel organization under

study. Four different values of the average system utiliza-

tion level for routine tasks were used. The four distribu-

tions of routine arrival rates and service rates utilized in
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this step were retained during all subsequent computations.

The reference total utilization levels computed and the para-

meters of the four routine task distributions used are listed

in Table XIII. Additional details of step four are given in

Chapter IV. The four reference total utilization levels are

required in order to accomplish step five.

Details of step five.--Step five is used to determine

the number of personnel who could be removed from the orga-

nization if the requirement that the organization service

unexpected priority tasks was removed. In this step, the

arrival of priority tasks into the system is eliminated, and

the simulation program is run for each of the four routine

task reference distributions while the number of channels,

which represent men, is reduced. The resulting total system

utilization levels computed as a function of the number of

channels in the system were then utilized to calculate esti-

mated regressions of the number of channels in the system on

the percent total system utilization. The equations for these

estimated regression lines were solved to determine the number

of channels, or men, that cause the calculated percent util-

ization to equal the reference utilization levels computed in

step four.



135

The difference between the actual number of men in the

organization under study (112) and the calculated number of

men, for each reference utilization level, is the computed

number of men who could be removed without changing the orga-

nization's total utilization level, if the requirement that

the organization service unexpected priority tasks were

eliminated.

Additional details of this analysis are presented in

Chapter IV, together with the estimated regression equations

for the organization under study; these equations are also

plotted in Figure 15. The equivalent number of men servic-

ing priority tasks are listed in Table XV and range from

fifteen to twenty-three as a function of the utilization

level for routine tasks only.

Completion of step five concluded the analysis and

resulted in satisfying the purpose set for the procedure,

i.e., the determination of the equivalent number of person-

nel who could be removed from the organization without

changing the overall utilization level, if the requirement

that the organization service unexpected priority tasks were

removed.
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Conclusions

The primary and secondary hypotheses have been validated

by this study. The study has resulted in the creation of a

procedure which may be utilized to quantatively determine the

number of personnel necessary to service unexpected priority

tasks. The results are significant during this present

period of declining aerospace budgets.

Validation of the Primary Hypothesis

The following is the primary hypothesis evaluated during

this study:

A procedure incorporating a queueing simulation

model can be developed and utilized to deter-

mine the equivalent number of an organization's

personnel who are being utilized to service

priority tasks which arrive stochastically.

The procedure which was developed has been outlined and

discussed in the summary section of this chapter. It has been

utilized to evaluate an engineering organization which is

functioning within the aerospace industry. The organization

is composed of 112 scientists and engineers and has a staff

which includes specialists who are required to service

unexpected priority tasks. The equivalent number of personnel
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who are utilized by the organization to service unexpected

priority tasks has been determined as a function of the orga-

nization's total utilization level. A specific utilization

level for the organization could not be determined because

the man-hour accounting procedures utilized by the organiza-

tion did not enable this type of analysis. Consequently, the

equivalent number of personnel who are utilized to service

unexpected priority tasks is shown in Figure 16 as a function

of the organization's total utilization level. The manager

of the organization may utilize the data in Figure 16 by

first estimating the organization's total utilization level.

As an example, if the total utilization level is estimated to

be ninety percent and the requirement to service unexpected

priority tasks were removed, then fifteen personnel could be

removed from the organization without changing the organiza-

tion's utilization level. If the utilization level were

estimated to be seventy percent, nineteen personnel could be

removed, etc.

Presentation of the data as a function of utilization

level eliminates the necessity for the manager to determine

or disclose the actual utilization level of his organization.

Also, even though the actual utilization level may vary with
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Fig. 16--Equivalent number of personnel utilized to
service priority tasks as a function of total system
utilization.

time, the data presented in Figure 16 remains valid since the

simulation model was configured so that all "slack time"

occurs in channels which are servicing routine tasks.

The first hypothesis is accepted with the reservation

that the equivalent number of an organization's personnel
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utilized to service unexpected priority tasks is determined

as a function of the organization's total utilization level.

Validation of the Secondary Hypotheses

The acceptability of the secondary hypotheses resulted

from the analysis accomplished in order to evaluate the pri-

mary hypothesis.

Second hypothesis.--The service times required to

complete priority tasks fall into a clearly

definable distribution.

This hypothesis is accepted on the basis of the results

obtained from the analysis of data pertaining to the distri-

bution of service times presented in Chapter II. The analy-

sis of the data revealed that two mathematical functions

accurately represented the distribution service times to a

0.05 level of significance. When the two equations were

solved, the results yielded the probability that the service

time for an unexpected priority task will exceed a specified

time, t. The equations are

probability = e-0.5t, when 0 2 t -4.0

and

probability = e-0.006t - 0.841, when t 4.0.

The equations are shown graphically in Figure 3.
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Third hypothesis.--Requests for priority service

occur randomly, but their arrival intervals

fall into a clearly definable distribution.

The analysis of the sampling presented in Chapter II revealed

that a negative exponential function accurately represents,

to a 0.05 significance level, the probability that the inter-

val between priority tasks will exceed a specified time.

Completion of step three of the procedure resulted in deter-

mining that the average interval between the arrival of pri-

ority tasks was 4.25 hours. Combining the average interval

between priority arrivals and the known shape of the proba-

bility that the interval between the arrivals of priority

tasks will exceed a specified time result in the following

equation for the organization under study:

probability = e-0.235t

The third hypothesis is accepted on the basis of these compu-

tations.

Fourth hypothesis.--Sampling techniques can be utilized

to determine the distribution of service times and

arrival intervals of priority tasks.

The results of the sampling conducted during this study and

the sampling methods used are discussed in detail in Chapter
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II. Sampling techniques alone were utilized to determine the

distribution of service times for priority tasks. The sampl-

ing data and the results of the analysis of the data are pre-

sented in Table IV and Figure 3. Sampling techniques, together

with the simulation program developed during this study, were

required to determine the distribution of arrival intervals

between priority tasks. The sampling data are presented in

Table V.

The fourth hypothesis is acceptable after being restated

to reflect the necessity to utilize the queueing simulation

program to determine the average interval between the arrivals

of priority tasks.

The revised hypothesis is restated as follows:

Sampling techniques can be utilized to determine

the distribution of service times of priority

tasks. Sampling techniques and the queueing

simulation model developed during this study

can be utilized to determine the distribution

of arrival intervals of priority tasks.

The completion of this study has resulted in the devel-

opment of a five-step procedure and a computer simulation

model which may be used to determine quantitatively the impact
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that the requirement for an organization's service of

unexpected priority tasks has on the necessary number of

personnel in the organization. Quantative determination

of personnel requirements should add credibility to the

manager's justification of the size of his organization.

Conversely, the procedure should allow the manager to deter-

mine the number of personnel who could be removed from the

organization if the requirement for the organization's ser-

vice of priority tasks were eliminated.

Implications for Further Research

The procedure which has been developed is general enough

to be applied to the analysis of specific tasks other than

the task analyzed in this study. The only requirement for

applying the procedure to analyze a task is that the task

must be adequately definable to allow implementation of the

sampling which is necessary to accomplish the first three

steps of the procedure.

Further research into quantative determination of orga-

nizational size could be attempted by applying the procedure,

in a serial sequence, to the analysis of as many individual

tasks as could be adequately defined for a single organiza-

tion. The purpose of this research would be to determine a
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breakdown of the number of personnel required to service the

individually definable tasks. If the sample data recorded

for each separate task reflected only the actual service time

devoted to each task, then the research could be structured

to determine the actual utilization level of an organization.

A quantative method to determine the number of personnel

required to service definable tasks and the actual utiliza-

tion level for an organization would be a valuable analytical

tool for management.



APPENDIX A

CONPUTER SIMULATION PROGRAM

C
C DRIVER PROGRAM
C

COMMON A, B, C, D , E , F, G, I,J, K, L , N ,OP,QS , ,VW, XY
COMMOM ARV(9000), SVR(150) , PRUTL(150), ALIMIT
COMMON JPROB, PUTL(150), JSIZE(150), PPRUTL(150)
COMMON MAXSYS, CUMSYS(990), PCMSYS(990), SUmSYS
COMMOM MOVER, STATS(150), QUE , R, CUMUTL(150)
COMMON TIME, JOBDN, T, TODPR(600), CUMQUE(990)
COMMON JARV, JPRNTA, JPARV, JPRNTP
COMMON JCHECK, PCUMTM, TNPDPR, TOTCH
COMMON JTOTCH, MAXJOB, TMAXJB, PLIMIT
COMMON KPRE, COST, LIMIT, RPTIME(600)
COMMON NDF, AVTIS, PCMQUE(600), SUMQUE, M
COMMON PAR(9500), JDPART, JPRNTD, DPR(9500), H, U
COMMON PENLTY, STATPQ, TODERR(55) , TOPDPR(6000), NPDF
COMMON PROBNC, PROBNQ, PROBNS, KK(990)
COMMON SUMPQ, TNARV, TNPARV, IS(12)
COMMON TIMNR, TNDPR, ARRATE, DPRATE, K
COMMON TPA, TPD, PARATE, PDRATE
COMMON TPCUTL, TOTUTL, TIMNQ, PCUTIL(600)
COMMON PRO (150 , 150)

C
CALL GSTART (3HTR0,MOVER)

C
20 CALL PROB
C
C READ INPUT DATA
C

READ (5,30) JPROBJCHECK,JTOTCH,MAXJOBPLIMIT ,
1 PENLTYARRATE,DPRATEPARATEPDRATE ,KEND

30 FORMAT (415,6F5.2,A4)
C
C RINT IS A RANDOM NUMBER SUBROUTINE
C

144
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CALL RINT(10,JPROB)
C

IF (JCHECK.EQ.1) MAXJOB = 7000
C
C CALL INITIALIZATION SUBROUTINE
C

CALL INITAL
C
40 IF (TNARV.LE.TNDPR) GO TO 50

GO TO 60
50 IF (TNPARV.LE.TNARV) GO TO 80

GO TO 70
60 IF (TNPARV.LE.TNDPR) TO TO 80

GO TO 90
70 CALL ARRIVE

GO TO 40
80 CALL PARVL

GO TO 40
90 CALL DEPART
C
C TERMINATE SIMULATION IF MAXJOB JOBS DONE
C

IF (JOBDN - MAXJOB) 40,100,100
100 CALL SUMARY

GO TO 20
END

SUBROUTINE INITAL
C
C INSERT COMMON CARDS HERE
C

WRITE (6,20) JPROB
20 FORMAT (lHO,9X,'SUBROUTINE INITAL CALLED FOR PROBLEM',

1 14)
C
C INITIALIZE VARIABLES
C

ALIMIT = 0.0
AVTIS = 0.0
COST = 0.0
JARV = JTOTCH
JDPART = 0
JOBDN = 0
JPARV = 0
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JPRNTA = 1
JPRNTD = 1
JPRNTP = 1
KPRE = 0
L = JTOTCH + 1
LIMIT = 0
MAXSYS = JTOTCH + 1
NDF = 0
NPDF = 0
PCUMTM = 0.0
PROBNC = 0.0
PROBNQ = 0.0
PROBNS = 0.0
Q = 0.0
QUE = 0.0
STATPQ = 0.0
SUMPQ = 0.0
SUMQUE = 0.0
SUMSYS = 0.0
TIME = 0.0
TIMNQ = 0.0
TIMNR = 0.0
TMAXJB = 0.0
TNDPR = 10.0
TOTCH = JTOTCH
TOTUTL = 0.0
TPCUTL = 0.0

C
DO 70 M = 1,150
ARV(M) = 0.0
CUMQUE(M) = 0.0
CUMSYS(M) = 0.0
DPR(M) = 0.0
PAR(M) = 0.0
PCMQUE(M) = 0.0
PCMSYS(M) = 0.0
PRO(M,JPROB) = 0.0

70 CONTINUE
C

JJ = ARRATE/(DPRATE*JTOTCH)
C

DO 80 N = 1,JTOTCH
JSIZE(N) = 0
PCUTIL(N) = 0.0
PPRUTL(N) = 0.0
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PRUTL(N) = 0.0
PUTL(N) = 0.0
RPTIME(N) = 0.0
STATS(N) = 1.0
STATS(N) = 0.0
SVR(N) = 0.0
TODPR(N) = 0.0
IF (N.GT.JJ) GO TO 75

13 CALL RAND(U)
IF (U.LT.0.001.OR.U.GT.0.999) GO TO 13
T = -1.0/DPRATE*ALOG(U)
TODPR(N) = TIME + T

75 CONTINUE
CUMUTL(N) = TODPR(N)

80 CONTINUE
C
113 CALL RAND(U)

IF (U.LT.0.001.OR.U.GT.0.999) GO TO 113
C

TNARV = -1.0/ARRATE*ALOG(U)
C
C DETERMINE TNPARV
C

CALL SUBP2
C

CALL ARNGDP
C

RETURN
END

SUBROUTINE ARRIVE
C
C INSERT COMMOM CARDS HERE
C
C UPDATE CUMQUE, RESET TIME
C

IF (JARV - 5450) 30,30,20
20 JOBDN = (MAXJOB - 1)
30 CONTINUE
C

JARV = JARV + ]L
M = QUE
CUMQUE(M + 1) = CUMQUE(M+1) + TNARV - TIME
CUMSYS(L) = CUMSYS(L) + TNARV - TIME
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L = L + 1
IF (MAXSYS - L) 40,50,50

40 MAXSYS = L
50 CONTINUE

TIME = TNARV
ARV(JARV) = TIME
JPRNTA = 2

C
C CHECK QUE LENGTH AND STATE OF CHANNELS
C

IF (QUE - SUMPQ) 60,60,80
C
60 DO 70 N = 1,JTOTCH

IF (STATS(N) - 0.9) 100,100,70
70 CONTINUE
C
C INCREASE QUEUE: LENGTH
C
80 QUE = QUE + 1.0

IF (QUE.LE.Q) GO TO 90
Q = QUE

90 CONTINUE
GO TO 113

C
100 STATS(N) = 1.0
C
C ESTABLISH TIME IN SERVICE FACILITY AND TODPR
C
13 CALL RAND(U)

IF (U.LT.0.001.OR.U.GT.o.999) GO TO 13
C

T = -1.0/DPRATE*ALOG(U)
TODPR(N) = TIME + T

C
C UPDATE CUMUTL
C

CUMUTL(N) = CUMUTL(N) + T
C
C ESTABLISH TNARV
C

CALL ARNGDP
C
113 CALL RAND(U)

IF (U.LT.0.001.OR.U.GT.O.999) GO TO 113
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C
TNARV = (-1.0/ARRATE*ALOG(U)) + TIME

C
JPRNTA = 1

C
JBC = JTOTCH + 1

C
RETURN
END

SUBROUTINE PARVL
C
C INSERT COMMON CARDS HERE
C
C UPDATE CUMQUE, RESET TIME
C

M = QUE
JPARV = JPARV + 1
JPRNTP = 2
CUMQUE(M+1) = CUMQUE(M+1) + TNPARV - TIME
CUMSYS(L) = CUMSYS(L) + TNPARV - TIME
L = L + 1
IF (MAXSYS - L) 20,30,30

20 MAXSYS = L
30 CONTINUE

TIME = TNPARV
PAR(JPARV) = TIME

C
C DETERMINE CHANNEL FOR PRIORITY JOB
C

DO 40 N = 1,JTOTCH
IF (STATS(N) - 0.9) 60,60,40

40 CONTINUE
C

DO 50 N = 1,JTOTCH
IF (STATS(N) - 1.9) 70,70,50

50 CONTINUE
C

GO TO 100
C
60 STATS(N) = 2.0

RPTIME(N) = 0.0
GO TO 90

C
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C DETERMINE REMAINING TIME FOR PREEMPTED JOB
C
70 STATS(N) = 2.0

RPTIME(N) = TODPR(N) - TIME
IF (RPTIME(N).LT.0.1) GO TO 60
SUMPQ = SUMPQ + 1.0
QUE = QUE + 1.0
IF (QUE.LE.Q) GO TO 80
Q = QUE

80 CONTINUE
90 CONTINUE
C
C SUBP1 DETERMINES PRIORITY JOB DEPARTURE
C

CALL SUBP1
C

CUMUTL(N) = CUMUTL(N) + TPD - RPTIME(N)
PRUTL(N) = PRUTL(N) + TPD
TOPDPR(N) = TNPDPR
TODPR(N) = TOPDPR(N)

C
CALL ARNGDP

C
C SUBP2 DETERMINES TIME OF PRIORITY ARRIVAL
C
100 CALL SUBP2
C

JPRNTP = 1
C

RETURN
END

SUBROUTINE DEPART
C
C INSERT COMMON CARDS HERE
C
C UPDATE CUMQUE, RESET TIME
C

M = QUE
JPRNTP = 2
JDPART = JDPART + 1
CUMQUE(M+1) = CUMQUE(M+1) + TNDPR - TIME
CUMSYS(L) = CUMSYS(L) + TNDPR - TIME
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IF (L.EQ.1) GO TO 20
L = L - 1

20 CONTINUE
TIME = TNDPR
DPR(JDPART) = TIME

C
C CHECK LENGTH OF QUEUE
C

IF (STATS(NDF) - 1.9) 30,30,50
30 IF (QUE - SUMPQ) 40,40,100
C
40 STATS(NDF) = 0.0

TODPR(NDF) = 9999. + TIME
C

GO TO 110
C
50 STATS(NDF) = 1.0

IF (RPTIME(NDF).GT.0.05) GO TO 60
RPTIME(NDF) = 0.0
GO TO 30

C
60 COST = PENLTY*RPTIME(NDF)

SUMPQ = SUMPQ -- 1.0
QUE = QUE - 1.0
IF (COST - PLIMIT) 70,70,80

C
70 TODPR(NDF) = RPTIME(NDF) + COST + TIME
C

GO TO 90
C
80 TODPR(NDF) = RPTIME(NDF) + PLIMIT + TIME
C
90 CONTINUE

CUMUTL(NDF) = CUMUTL(NDF) + TODPR(NDF) - TIME
RPTIME(NDF) = 0.0

C
GO TO 110

C
C DECREASE QUEUE LENGTH
C
100 QUE = QUE - 1.0
C
C VACATED CHANNEL FILLED FROM QUEUE
C ESTABLISH TIME IN SERVICE AND TODPR
C
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13 CALL RAND(U)
IF (U.LT.0.001.OR.U.GT.o.999) GO TO 13

C
T = -1.0/DPRATE*ALOG(U)
TODPR(NDF) = TIME + T
CUMUTL(NDF) = CUMUTL(NDF) + T

C
110 CALL ARNGDP
C
C UPDATE CUMUTL AND JOBDN
C

JOBDN = JOBDN + 1
C

JPRNTP = 1
C

RETURN
END

SUBROUTINE SUBP1
C
C INSERT COMMON CARDS HERE
C

IF (JCHECK - 2) 20,30,30
20 CONTINUE
C
31 CALL RAND(U)

IF (U.LT.0.001.OR.U.GT.o.999) GO TO 31
IF (U.LT.0.135) GO TO 33
TPD = (-1.0/0.5)*ALOG(U)
GO TO 40

33 TPD = (-1.0/0.006)*ALOG(U)
TPD = (-1.0/0.006)*ALOG(U+0.841)
GO TO 40

C
30 CONTINUE

TPD = 99.9E04
C
40 CONTINUE

TNPDPR = TIME + TPD
C

RETURN
END



153

SUBROUTINE SUBP2
C
C INSERT COMMON CARDS HERE
C

IF (JCHECK - 2) 20,30,30
20 CONTINUE
31 CALL RAND(U)

IF (U.LT.0.001.OR.U.GT.O.999) GO TO 31
TPA = -1.0/PARATE*ALOG(U)

GO TO 40
C
30 CONTINUE

TPA = 99.9E04
C
40 CONTINUE

TNPARV = TIME + TPA
C

RETURN
END

SUBROUTINE ARNGDP
C
C INSERE COMMON CARDS HERE
C
C THIS SUBROUTINE DETERMINES WHICH JOB WILL
C DEPART FIRST
C

TNDPR = TODPR(1)
NDF = 1

C
IF (JTOTCH.LT.2) GO TO 40

C
DO 30 I = 2,JTOTCH
IF (TODPR(I).LT.TNDPR) GO TO 20
GO TO 30

20 TNDPR = TODPR(I)
NDF = I

30 CONTINUE
40 CONTINUE
C

RETURN
END
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SUBROUTINE SUMARY
C
C INSERT COMMON CARDS HERE
C

CALL HEDBL
C

JQ = Q + 1.0
C
C DETERMINE PERCENT UTILIZATION OF CHANNELS
C

DO 50 N = 1,JTOTCH
IF (STATS(N) - 0.9) 30,30,40

30 SVR(N) = 0.0
GO TO 50

40 CONTINUE
IF (TODPR(N).LE.TIME) GO TO 30
SVR(N) = TODPR(N) - TIME

50 CONTINUE
C

DO 120 N = 1,JTOTCH
TOTUTL = TOTUTL + CUMUTL(N) - SVR(N)
IF (STATS(N) - 1.9) 60,60,70

60 PCUMTM = PCUMTM + PRUTL(N)
GO TO 80

70 PCUMTM = PCUMTM + PRUTL(N) - SVR(N)
80 CONTINUE

PCUTIL(N) = ((CUMUTL(N) - SVR(N))/TIME)*100.0
PROBNC = PROBNC + PCUTIL(N)/100.0
IF (STATS(N) - 1.9) 90,90,100

90 PPRUTL(N) = (PRUTL(N)/TIME)*100.0
GO TO 110

100 PPRUTL(N) = ((PRUTL(N) - SVR(N))/TIME)*100.0
110 CONTINUE

PUTL(N) = PCUTIL(N) - PPRUTL(N)
120 CONTINUE
C

A = JTOTCH
B = A*TIME
C = (TOTUTL/B)*100.0

C
C DETERMINE TOTAL TIME SPENT IN QUEUE
C

DO 130 M = 1,99
H = M
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T IMNQ = T IMNQ + (H*CUMQUE (M+1))
130 CONTINUE
C
C DETERMINE AVERAGE TIME IN SYSTEM
C

TMAXJB = MAXJOB
AVTIS = (TIMNQ + TOTUTL)/TMAXJB
F = TIMNQ/TMAXJB
G = TOTUTL/TMAXJB

C
C CONVERT CONTENTS OF CUMQUE TO PROBABILITIES
C

DO 140 M = 1,99
H = M - 1
PCMQUE(M) = CUMQUE(M)/TIME
PROBNQ = PROBNQ + (H*PCMQUE(M))
SUMQUE = PCMQUE(M) + SUMQUE

C JSIZE(M) = M - L

JSIZE(M) = M - 1
140 CONTINUE
C

MBA = MAXSYS
IF (MAXSYS.GT.150) MBA = 150
DO 150 M = 1,MBA
H = M - 1
PCMSYS(M) = CUMSYS(M)/TIME
SUMSYS = SUMSYS + PCMSYS(M)
PROBNS = PROBNS + H*PCMSYS(M)

150 CONTINUE
C

WRITE (6,20) TIME
20 FORMAT (lH0,9X,'SIMULATION FINISHED AFTER',

1 F11.2, ' TIME UNITS' )
C

WRITE (6,160) JTOTCH
160 FORMAT (lHO,9X,'NUMBER OF SERVICE CHANNELS =',14)
C

WRITE (6,170) MAXJOB, JPARV
170 FORMAT (lHo,9X,'TOTAL JOBS COMPLETED =',15,

1 //1OX,'TOTAL PRIORITY JOBS =',15)
C

WRITE (6,180) PROBNQ, PROBNC, PROBNS
180 FORMAT (lHO,9X,'AVERAGE NUMBER IN QUEUE ='.,F7.2,//lOx,



156

1 'AVERAGE NUMBER IN SERVICE =',F7.2,//10X,
2 'AVERAGE NUMBER IN SYSTEM =',F7.2)

C
WRITE (6,190) PCUMTM

190 FORMAT (lHO,9X,'TOTAL SYSTEM PRIORITY TIME =',F1O.2)
C

WRITE (6,200) TOTUTL, B, C
200 FORMAT (lHO,9X,'TOTAL CHANNEL UTILIZATION =',F1O.2,

1 //1OX,'MAXIMUM POSSIBLE SYSTEM UTILIZATION =',F10.2,
2 //lOX, 'PERCENT SYSTEM UTILIZATION =' ,F7. 2)

C
BCD = ((TOTUTL - PCUMTM)/B)*100.0
DCA = C - BCD
WRITE (6,1234) BCD, DCA

1234 FORMAT (1HO,9X,'PERCENT REGULAR UTILIZATION =',F7.2,
1 //1OX,'PERCENT PRIORITY UTILIZATION ='.,F7.2)

C
WRITE (6,210) AVTIS

210 FORMAT (lH0,9X,'AVERAGE TIME IN SYSTEM =',F1O.2)
C

WRITE (6,220) TIMNQ, F, G
220 FORMAT (lHO,9X,'TOTAL TIME IN QUEUE =',FI0.2//10X,

1 'AVERAGE TIME IN QUEUE =',F10.2//10X,
2 'AVERAGE TIME IN SERVICE =',F1O.2)

C
WRITE (6,230) (N,PUTL(N),PPRUTL(N),PCUTIL(N),
1 N = 1,JTOTCH)

230 FORMAT (lHO//20X,'PERCENTAGE UTILIZATION OF EACH',
1 ' CHANNEL', //5X, 'CHANNEL ROUTINE PRIORITY TOTAL ',
2 ' CHANNEL ROUTINE PRIORITY TOTAL'/15X,'TIME',6X,
3 'TIME',21X,'TIME',6X,'TIME'/(1H ,19,F10.2,F10.2,
4 F8.2,I7,2F10.2,F8.2))

C
WRITE (6,240) SUMQUE

240 FORMAT (lHO,9X, 'SUM OF PROBABILITIES =',F8.4)
C

WRITE (6,250) (JSIZE(M) ,CUMQUE(M) ,PCMQUE(M) ,M = 1,JQ)
250 FORMAT (lH1,////////18X,'QUEUE STATISTICS',//5X,

I 'QUEUE TOTAL LENGTH QUEUE TOTAL LENGTH' /
2 5X, 'LENGTH HOURS PROB. LENGTH HOURS
3 'PROB.',/(1H ,2(I8,F11.2,F9.4)))

C
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DO 260 J = 1,250
KK(J) = J - 1

260 CONTINUE
C

L = MAXSYS + 1
C

WRITE (6,270) (KK(M),PCMSYS(M),CUMSYS(M),M = 1,L)
270 FORMAT (lHO,25X,'SYSTEM STATISTICS',//22X,'PROB.

1 'TOTAL',7X,'PROB. TOTAL'/17X,'NO. HOURS',
2 ' NO. OF NO. HOURS',/(lH ,16X,I3,F8.4,F8.2,I5,
3 F8.4,F8.2))

C
WRITE (6,280) (CUMUTL(K), K = 1,JTOTCH )

280 FORMAT (1H1,10X,' VALUES OF CUMUTL(N)'//(lH ,(5F10.2)))
C

WRITE (6,290) (STATS(N), N = 1,JTOTCH)
290 FORMAT (lHO,10X,'STATS(N)'//(lH ,(5F10.2)))
C

WRITE (6,300) (TODPR(N), N = 1,JTOTCH)
300 FORMAT (lHO,10X,'VALUES OF TODPR',//(lH ,(5F10.2)))
C

WRITE (6,310) (SVR(J), J = 1,JTOTCH)
310 FORMAT (1H0,1OX,' VALUES OF SVR(N)',//(1H ,(5F10.2)))
C

PRO (1,JPROB) = ARRATE
PRO (2,JPROB) = DPRATE
PRO (3,JPROB) = A
PRO (7,JPROB) = PROBNQ
PRO (8,JPROB) = PROBNS
PRO (9,JPROB) = F
PRO (10,JPROB) = AVTIS

C
DO 320 N = 1,16
IK = N + 19
PRO (IKJPROB) = PCMSYS(N)

320 CONTINUE
C
410 CONTINUE
C
C RETUTN = ONE

RETURN
END



APPENDIX B

REFERENCE COMPUTER PROGRAM

THIS ROUTINE CALCULATES QUEUEING PROBABILITIES
USING MATHEMATICAL EQUATIONS

DOUBLE PRECISION FAC(30), RHO(30), PROO(50,50), OMISE
DOUBLE PRECISION PRO(50,50), ALM(50), AMU(50), P(30)
DOUBLE PRECISION CHI2(50 , 50), SUM

CALL GSTART (3HTROMOVER)

GO TO (20,70), MOVER

FAC(L) ARE VALUES OF L FACTORAL

CALL LIB

READ (5,30) (FAC(L),
30 FORMAT (4D15.2)

READ (5,30) (FAC(L),
READ (5,40) (FAC(L),

40 FORMAT (4D15.4)
READ (5,50) (FAC(L),

50 FORMAT (3D15.6)
C

60
C
70

C

80
C
C
C
C

L = 1,4)

L = 5,8)
L = 9,12)

L = 13,15)

WRITE (6,60) (FAC(L), L = 1,15)
FORMAT (1HO,3X,4D14.6)

CALL PROB
CALL HEDBL

READ (5,80) ALL, AMM, JPROB, MM, NN
FORMAT (2F6.3,3I3)

AMM IS SYSTEM MU, MM IS NUMBER OF CHANNELS
NN SETS LIMIT OF P(N) CALCULATION
ALL IS SYSTEM LAMBDA
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C



159

A = 1.0
AM = MM
ALM(JPROB) = ALL
AMU(JPROB) = AMM
AN = NN
KK = NN + 20
MNM = MM + 1
U = ALM(JPROB) / AMU(JPROB)
PRO(1,JPROB) = ALM(JPROB)
PRO(2,JPROB) = AMU(JPROB)
PRO(3,JPROB) = AM
PRO(4,JPROB) = U

C
C SINGLE CHANNEL SYSTEM USES SIMPLER EQUATIONS
C

IF(MM.EQ.1) GO TO 130
C

K = MM- I
C

DO 90 N = 1,K
A = A + (U**N) / FAC(N)

90 CONTINUE
C

PRO(5,JPROB) = A
C

B = (U**MM) / (FAC(MM)*(1.0-(U/MM)))
C

PRO(6,JPROB) B
C

PO = 1/(A+B)
P(1) = PO*U

C
PRO(20,JPROB) = PO
PR0921,JPROB) = PO*U

C
DO 120 N = 2,NN
CN = N
KK = N + 20
NMO = N-1
IF (N.GT.MM) GO TO 100
P(N) = P(NMO)*(U/CN)
GO TO 110

100 P(N) = P(NMO)*(U/AM)
110 PRO(KKJPROB) = P(N)
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CONTINUE

PRO(7,JPROB) PO*(U**MMM/(FAC(K)*((AM-U)**2)))
PRO(8,JPROB) PRO(7,JPROB) + U
PRO(9,JPROB) PRO(7,JPROB)/ALM(JPROB)
PRO(10,JPROB) = PRO(8,JPROB)/ALM(JPROB)

GO TO 150

CONTINUE

Po = 1.0 - U
PRO(20,JPROB) = PO

DO 140 N = 1,NN
KK = N + 20
P (N) = (U**N)* (1.0 -
PRO(KK,JPROB) = P(N)
CONTINUE

U)

C
130
C

C

140
C

C
150
C

WRITE (6,240)
240 FORMAT (1H1////////16X,'PROB. Po

1' P3 P4 P5 P6 P7' / )
WRITE (6,320) (I,(PRO (N, I) ,N=20 ,27),

320 FORMAT (1H , 14X,14,8F7 .4)
WRITE (6,250)

250 FORMAT (iHO, / 16X, 'PROB P8 P9
1 ' P12 P13 P14 P15'/ )
WRITE (6,320) (I, (PRO(N,I),N=28,35),
WRITE (6,260)

260 FORMAT (lH1////////16X,'PROB. LQ
1 ' W LAMBDA MU M'/ )

P1 P2

I=1, JPROB)

Plo I

I=lJPROB )

L ' ,7X, 'WQ

120
C

C

ABC = AMM - ALL
PRO(7,JPROB) = (ALL**2) /(AMM*ABC)
PRO(8,JPROB) PRO(7,JPROB) + U
PRO(9,JPROB) PRO(7,JPROB)/ALM(JPROB)
PRO(10,JPROB) = PRO(8,JPROB)/ALM(JPROB)

CONTINUE

IF(JPROB.LT.6) GO TO 70

PRINT OUT DATA
C
C
C

Pill ,

)

'
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WRITE (6,270) (I,(PRO(N,I),N=7,10),(PRO(K,I),K=1,3),
1 I=1,JPROB)

270 FORMAT (iH ,15X,I4,6F8.4,2XF5.2)
WRITE (6,280)

280 FORMAT (lH1,15X,'PROB. LAMBDA MU CHANNELS A',
1 9X,'B' / )
WRITE (6,290) (IPRO(1,I),PRO(2,I),PRO(3,I),
1 PRO(5,I),PRO(6,I), I=1,JPROB)

290 FORMAT (1H ,15X,I4,F8.3,2F7.3,1X,2F12.4)
C

K = 00
DO 310 I = 1,10
K=K+01
WRITE (7,300) ((PRO(NI),N=20,24),I,K)
K = K+01
WRITE (7,300) ((PRO(N,I),N=25,29,I,K)
K= K+01
WRITE (7,300) ((PRO(NI),N=30,34),I,K)

300 FORMAT (5F10.4,Il0,6X,'004837L0100',I2)
310 CONTINUE
C

DO 1320 I = 1,10
K= K+1
WRITE(7,315) ((PRO(NI),N=7,10),I,K)

315 FORMAT (4F10.4,I20,6X,'004837L010',I3)
1320 CONTINUE
C

GO TO 70
C

END



APPENDIX C

EXPLANATION SHEET DISTRIBUTED TO EACH INDIVIDUAL

IN THE ORGANIZATION UNDER STUDY

You are requested to assist in the gathering of data for
a doctoral dissertation. The purpose of the dissertation is
to study the impact which the arrival of unexpected (or
unscheduled) priority tasks may have on the total manhours
required to complete a contract.

"Unexpected priority tasks" are defined to be those
tasks of relatively short duration which arrive randomly and
have a relatively short allowable completion time. These
tasks cannot be scheduled in advance and take priority over
routine tasks in progress.

The person who prepared the bid estimate for the overall
job may have anticipated the arrival of unexpected priority
tasks and may have included hours in the estimate to compen-
sate for their completion. Hopefully, the completion of this
study will result in a method to quantitatively justify the
hours which should be added to a job estimate for completion
of unexpected priority tasks.

Examples of unexpected priority tasks include:

1. A request to prepare or update charts or
diagrams.

2. The necessity to take an unexpected trip.

3. An unexpected requirement to brief superiors
or customer representatives.

4. The necessity to assist in another task (bid
estimate, proposal effort, chart presentation,
consultation, etc.).
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5. Unexpected equipment problems which necessi-
tate time being expended by individuals who
would not normally be involved.

To repeat, these tasks have two primary characteristics:
They arrive unexpectedly (therefore cannot be scheduled) and
take priority over other tasks in progress.

Your participation in this study has been cleared with
your supervisor. A simple form has been prepared (copies are
attached) which will take only a few minutes to fill out and
forward. Please fill out a form at the same time you fill
out your time card each week. Give the form to your group
secretary. The forms will be collected and processed by
W. G. Chandler (Ext. 5395). It is essential that continuity
in data be maintained by processing a form for each indivi-
dual each week.

Thank you for your cooperation.

THE SURVEY FORM UTILIZED IN STEP ONE

(PRIORITY TASK DATA)

NAME:____________

For Week Ending Sunday

TOTAL HOURS WORKED

PRIORITY HOURS WORKED

Fill out weekly and forward with your time card to your
secretary. Call W. G. Chandler, Ext. 5394, if questions
arise.
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THE SURVEY FORM UTILIZED TO COLLECT DETAILED DATA PERTAINING

TO ARRIVAL RATES AND SERVICE RATES FOR PRIORITY TASKS.

(PRIORITY TASK DATA)

NAME:

For Week Ending Sunday

TOTAL HOURS WORKED

PRIORITY HOURS WORKED

INDIVIDUAL PRIORITY DATA

PRIORITY DAY AND TIME TOTAL TIME
JOB NO. OF ARRIVAL SPENT ON JOB

If priority job is incomplete at end of week:
(a) Enter "incomplete" in total time column
(b) Reenter job on report sheet for following week.
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