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AB3TRACT

AN ANALYSIS OF THE DYNAMIC BEHAVIOR OF A
RESEARCH AND DEVELOPMENT ORGANIZATION

by
GILLETT WELLES,III

Submitted to the School of Industrial Management on May 14,
1963, in partial fulfillment of the requirements for the degree of
Master of Science.

A conceptual framework for representing the process of research
end development is formulateds The framework is oriented towards
allowing analysis of the dynamic behavior of a typical research and
development orgenization and its customer interfaces. It includes
interactions between the customer and the R and D firm in terms
of flows of information, and awarded and completed contracts.
Internally, interactions among technical manpower, techniceal effort,
technical effectiveness due to past work, and management decisions
are treated. Several basic features of the conceptual framework ere
1.) the division of the type of wark performed by the organization
inte advanced research, and design and development, 2.) the division
of the technical effort performed by the organization into volume
and quality effort, 3.) the concept of a market sector where the
customer makes his award decisions based on consideration of past
performance, present cost and delivery estimates, and the extent
and type of present marketing effort, 4.) the determination of
required msrketing effort by the capacity of the organization, and
5.) the existence of technical effectiveness as en importent factor
in all sectors of the system.

The conceptual framework is used as a basis for the construction
of an Industrial Dynamice model, Extensive computer simulations
of the dynamic behavior of the system are reported and anelyzed.
Basically, it is found that the characteristics of technical effec-
tiveness are the most important determinant of the dynemic behavior
exhibited by the system. This conclusion in conjunction with the
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vague definition of technical effectiveness and the lack of knowledge
of its-charscteristics is seen to indicate a need for extensive
further research in this area.

Growth is found to be en inherently ‘unstable process, and the
importance of managerial policies affecting growth is demonstrated.
A counter-cyclical marketing effort policy is shown to be most effec-
tive in controlling a high growth rate.

The validity of the conceptual framework 1ls demonstrated by the
reasonable dynamic behavior exhibited by the aystem. It is concluded
that this framework can be helpful in fields other than Industrial
Dynamics as an eid to understanding the process of research and
dovelopment, and as a gulde to further research.

Thesis Advisors Edward B. Roberts

Titles Assistant Professor of Industriel Management
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Chapter It Introduction

The iﬁportance of research and development to the maintenance of
the national defense capability, to the development of the national
economy, and to the growth of individual firms and industries is
widely recognized. The increasing size of both military and and
private R and D budgets is but one indication of this. The Mearch,

1963 issue of the IEEE Student Journal states that the United States

Government will spend $14.7 billion for R and D in fiscal 1963, This
figure represents an increase of $3.5 billion over the smuunt spent
for the seme purpose in 1962. Private R and D bu&getS'show much the
same kind of growth.

One reason for the increasing expenditures on R and D is the
increacing rete of technological advancement being experienced by
this country. New discoveries are becoming obsolete in an ever
decreasing amoun£~of time and consequently, more R and D is necessary
just to keep up with the times. The process sppears to be a cumula-
tive one, where a higher obsolescence rate results in more R and D
being performed, which in turn further speeds up the obsolescence
rate. We cen only gueas as to what heights this process will carry

us.



The increasing recognition of the importance of research and
development is also menifested by the inéreasing effort to develop
procedures for improving the quality of managerial decisions in
R and D. There is definitely a need to increase the quality of
R and D menagement. Project failure rates are high and many complex
systems are obsolete even before their development is finished. The
great majority of efforts to increase the quality of R and D menage-
ment decisions seem, however, to suffer from lack of understanding
of the problem. By and large, these attempts talke tools and
techniques developed in other aress and search for applications of
them in R and D, For example, the December, 1962 issue of the IRE

Transactions on Engineering Management (Vol. EM-9, No.4) included

articles on the application of linear programming to the allocation

of R and D efforts, the application of dynamic programming to R and

D budgeting, and cost control through the use of PERTs The typical
aporoach used by R and D résearchers seems to ignore one basic rule -
that the first step in any research project is to gain an understanding
of the area in which imppovements are to be made, and to use this
understanding to define the im@ortant problems. Admittedly, progress
has been made, but it is felt that the extent of this progress is

much less than would have been possible if the important problems .

had been defined and effort concentrated on them.

The apparent need, therefore, is for basic research to be



performed on the characteristics of research and develcpment.
Although a few authors have done notable work in this areat’z their
contribution is not nearly enough. If a better understanding of the
basic process of research and development can be obtained, it can
be used to identify the important problems for researciiers. Such

a channeling of effort cannot help but improve the efficiency and
quality of R and D.

Perhaps one reason for the present lack of understanding of
research and development is the intangible nature of many of the
basic phenomena to be observed, Researchers tend to gravitate towards
concrete problems involving variables that can be measured. This
may explain why important concepts like engineering effectiveness,
creativity, or accomplishment remein just ihat, impoftant concepts
which no one can really define or control. The presenli intangible

nature of such concepts merely further emphasizes the need for better

understanding of the basic process of research and development.

Purpose and Methodology

The main purpose of this study is to increase the understanding

of the R and D process through the development of a conceptual frameworlk

1 The Weapons Acguisition Processs An Economic Analysis, by M.J.

Peck and F.M.Scherer, Graduate School of Business Administration,
Hervard University, Boston, 1962.

2 The Dynamics of iesearch and Development,by Edward B. Roberts,

Harper and Row, New York, In Press.



for viewing the process and identification of the important deter-
minents of success for an R and D organization.

These are several possible ways to approach the above goale.
Research and development can be studied in either the context of
the individual research project, or in the context of the entire
research organization. Since Roberts of the MIT School of Industrial

5
Management has done an excellent job using the former approach ,
the latter one will be used here.

A basic fremework for viewing the behavior of R and D organi-
zations will be developed. Implicit in the development of such a
framework will be the concept that research and development is not
a random process, but that it is definitely en ordered process obeying
certain laws of cause and effect. The general procedure to be used
here is that developed in a new approach to the study of socio-economic
systems called Industrial Dynamice. Industrial Dynamics

treats the time-varying (dynamic) behavior of industrial
organizations.s....Industrial Dynamics is the study of

the information feedback characteristics of industrial
activity to show how organization structure, amplification
(in policies) and time delays (in decisions and actions)
jnteract to influence the success of an enterprise. It
treats the interactions between the flows of information,
money, orders, materials, personnel, and capital equip-
ment in a company, an industry, or a national economyeeese
It is a quantitative and experimental approach for re-

lating organizational struecture and ﬁorporate policy
to industrial growth and stability.

3 Ibid.
4 Jay W. Forrester, Industrial Dynamics (Odmbridges The MIT Press,

and New York:s John Wiley and Sons, Ince, 1961), p.13.



The Industrial Dynamics approach progresses through several
stages. The first is the identification of a key economic or
industrial problem which merits study. The importance of_the
problem selected was discussed earlier in this chapter.

The next step ie the development of a conceptual framework
through which study of the system can be accomplished. A verbal
description of this framework is first completed, and emphasis is
placed on isolating the important information feedback loops and
decision policies in the system. Chapters I1I-VI develop such a
conceptual framework for a typical research and development
organization.

The third step involves the construction of a mathematical model
of the research and development system. This model will include all
the concepts and relationships developed in the conceptual frameworks
The model finally developed for this study is described and explained
in Appendix A.

The fourth step is the simulation over time of the behavior of
the R and D system. Digital computer simulation techniques are used
and the results are compared with information about the real world.
These comparisons are used to meke revisions in the model until it
is deemed satisfactory for more intensive study of the gyatem.

The model described in Appendix A is the one that resulted from the



5
efforts of this stage of the study.

The next phase involves extensive similation with the goals
in mind of l.) determining the factors represented in the model which
seem most important in determining the success of an R and D organi-
zation and 2.) determining the smount and type of system redesign
(usually decision policies) necessary to actually improve the dynamic
behavior of the system. This phase of the study is reported in
Chapter VII.

Ideally, the final stage of an Industrial Dynamics study re-
quires the introduction of the redesigned decision policieé into the
actual system. However, the emphasis of this investigation was on
increasing the understanding of the R and D process, rather than the
explicit design of better decision policies. Also, the study was of
a general rather than specific nature. For policy changes to be
jmplemented into a specific organization, intensive study of that
organization would have to be undertaken first. The general conclusions
reached here would also have to be redefined in a more specific manner,
a task which would be impossible without a great deal of further

study along the lines indicated by this investigation.

5 For a report on how the concepts represented in the model actually
compared to those found in an actual R and D laboratory, see "A Model
Oriented Approach to Studying the Structure and Performance of &
Research and Development Organization*, by Leo P. Kane (unpublished

Master of Science thesis, MIT School of Industrial Management, 1963).



Major Conclusions

The conceptual framework presented in Chapters II-VI appeared
to produce valid dynamic behavior when the computer similations were
run. It is felt that this framework is valuable not only as the basis
for a mathematical model, but as an aid to understanding the process
of research and development and as a guide for further research.

The development of the conceptual framework and the results of
the model simulations indicated that the most important determinant
of an organization's relative success is the characteristic of tech-
nical effectiveness. Technical effectiveness is a measure of the
technical ability of am organization's engineers to perform technical
work, and it depends mainly on the amount and type of the past work
performed relative to the requirements of present work being performed
by the organization. As defined in this study, it is a relatively
vague concept., The discevery of ite importance points up & pressing
need for additional research to determine the'important characteristics
of technical effectiveness with more accuracye |

Another major conclusion resulting from the study was that growth
of an R and D organization is an inherently unsteble process, and
unless management ac%s to keep it under control, the organization
will bs hoavily penalized. Extensive growth hurts en organization
because it tends to dilute the effective knowledge held by the

organization and results in a lowering of technical effectiveness.



A management policy of counter-~cyclical marketing effort was found
to be effective in stabilizing growth. This policy increases mar-
keting effort when technical effectiveness is low, in an effort

to keep the organization busy, and decreases marketing effort when
effectiveness is high, in an effort to keep the growth rate within
that successfully attainable by the organization.

Although some conclusions may be drawn from this study as to
how R and D organizations can be better managed, the main contri-
butions are a better definition of the process of research and
development through the preéentation of a conceptual framework and
an indication of the areas of research and development towards which

future research should be aimede.




Chapter II. Technical Effort

A General System Description

The next five chapters will be concerned with developing a
conceptual fremework for describing the typical résearch and
development organization., This frsmework will be oriented towards
1.) simplification of future study of R and D, 2.) contribution to
present knowledge and understanding of R and D, end 3,) generation
of a dynamic model suitable for simulation.

The general structure of the conceptual frumevork to be

presented is shown in Figure II-1. The system can be described as

Technica {
Manpower
Market

Finis kcol

| tract
Ave:lable ‘R «D ﬁgm“ e
Confﬂtf‘ Labora‘l‘or-] Cusfo mer
1
/ & P

{ . 7’

. cus fomer _ . information

Se Aw"d e _____ o{ - b\-’ ‘F,OW
Deciston .

Figure II-ls General Flow Disgram for R.and D Laboratory

follows. Oontracte for R and D work are awarded to the organization.
These contracts are essentially requirements for technical effort

and the R and D organization's primery function is to supply this
effort. Due to changing conditions, such as increasing or decreasing
contract awards, the organization is sometimes forced to adjust its

technical lebor supply, thus leading te an inflow or outflow of
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personnel as shown. When effort equal to the requirements of a
contract has been supplied, the finished contract is delivered to

the customer in the form of study or feasibility reports, operetional
systems, operational components, etco The process does not stop
with delivery, however, It is evident that it is possible to do a
good, bad, or indifferent job on an R and D contract, just as it

is on anything else. The customer will take the performance of fho
laboratory on past end present contracts into account when he
considers making more contract awards to the organization. Thus,

if the orgsnization does a poor job, future award rate will be de-
creaseds If the customer is thought of as being an aggregate cus-
tomer representing all the individual customers, performence on any
jeb will affect all future awardse This is & realistic representation
since performance generates a reputation, be it good or bad, which
will affect ell individual customers' dealings with the orgenization.
It now becomes evident that the typicel R and D laboratory is part
of a system in which information about the output feeds back to affect
the input. With the right combination of system deleys and policy
amplification, it is possible that this system will exhibit unstable
dynamic behavior. This conclusion is further reinforced by obser-
vation of the drastic ups and downs apperent in many existing R and

D organizations.

Technical Efforts Iypes of Work

The conceptual framework to be presented in the next five
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chapters has been ocutlined above in the form of a general system
description. A more detailed presentation of the technical effort
function of the typical R and D laboratory will now be given.

The primary function of the research and development organi-
zation is to exert technical effort towards the requirements of
awerded contracts and to deliver the desired results to the customer
within a reasonsble period of time. OContract requirements have =a
very diverse character, however, and the kinds of effort necessary
to complete two different contracts may be very different. This
appears at first to be a significant barrier to developing a meaning-
ful, but simple, representation for technical effort. This barrier
can be overcome, though, by dividing technical effort into two kinds
of works advanced research;and design and development. These two
kinds of work are different in the amount and type of effort required
to meet requirements, in the kinds of thing deemed important in the
final result by both the customer and the R and D orgenization, and
in the actual contract requirements. These differences can be clari-
fied by describing the kinds of work involved. Design and develop-
ment can be thought of as work wﬁich results in an operational
system, component, or concept. No significant advances of the state
of the art are necessary to complete the usual design and development
contract. Typically, existing techniques, concepts, and even
hardware are used as is, without significant change being involved.
Advanced research, on the other hand, can be thought of as work
which results in feasibility reports or advanced concepts for systems

or components. Typically, advanced research does advance the state



12

of the arte It is effort -amed at solviug unsolved problems or
doing new things with new techniques rather than doing new things
with old techniques.

These two categories constitute a somewhat arbitrary
distinction which would perhaps be of little help in describing the
great variety of contracts seen in the real world, especially if one
attempts to fit an entire contract into one category or the other.
However, if each contract can be divided into small work packages
or requirements, end if the packages are made small enough, these
work packages can be made to have the characteristics of either ad-
venced research or design and development. Very seldom could an
entire contract be placed in one sategory or the other, tut each
of the many small work requirements can be classified in one of the
two above categories.

In keeping with the present discussion, the flow of contract
awards into the laboratory will not be represented by discontinuous
avards of blocks of funds for discrete programs. Although this is
the way many may view R and D awards, the flow is really much more
continuous in time and character. Work requirements, and the funding
for them, become known and available in a gradual manner. The
award of a large program tc a laboratory seems to be a sudden
discrete affair. Actually such awards are often vague, with the
terms and gsotual work to be done remaining to be worked out. Ore

factor contributimgto the gradual flow of work requirements
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is that often the extent and type of work scheduled for later in

a program cannot be defined until the earlier work is completed.

For the same reason, funds ére only made available gradually. Also,
the customer will often curtail or increase funding upon learning
sbout the content of past work on the contract. Usually, the
customer is constantly reviewing progress and only makes funds avail-
able when neededs Thiis contract awerds (ie., funds esnd work require-
ments) can be represented by a continuous flow of small work units

or amounts of money rather than discrete awards for large programs
extending far into the future. This manner of representation also
simplifies the problem of the cancelled contract due to poor per-
formance. It allows us to treat the cancelled part as never having
been awarded in the first place, since the customer is seen as making

a contimious decision about future awards.

Volume and Quality Effort

The R and D organization has available for exerting technical
effort a pool of trained technical manpower. The effort of these
pecople is applied towards contractual requirements and results in
work being finished and delivered to the customer. The ability of
technical manpower to perform technical work is not a constant, how-
ever, nor is the amount of effort aimed at getting the job done as
scon as possible, or as well as possible. These three factors
combine to produce variastions in the rats at which contracts are

finished and in the quality of finished contracts.
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The ability of technical menpower to perform techinical work
is felt to depend mainly on past experience in the field. The concept
of technicel effectiveness was developed to represent this effect,
Technical effectiveness will be fully explained in Chapter IV, but
very briefly, it is a measure of the technical capaﬁilities, with
respect to the job at hand, of the average engineer in the organi-
zation. It depends on the smount and type of past work perférmed
by people in the organization and on the requirements of present
work. Past advanced research will contribute more in magnitude of
jmpact to technical effectiveness than past design and development
work and will thus result in a greater contribution by each engineer
to present work in the seame general area. If an organization is
growing fast, however, there will be a high number of inexperienced
people, end the technical effectiveness will be low.

For any technical effectiveness, an engineer has a certain
capability for exerting technical effort. This does not mean that
contracts will be finished at a certain rate, however. The organi-
zation or the individual engineer influences the allocation of the
engineer's time to completing work as quickly as possible, or to
going somewhat slower and doing a better jobe Given a certain tech-
nical effectiveness, then, the more valid technical effort that is
spent on a job, the better that job will be done and vice versa.
This phenomenon can be cast into a conceptual framework by dividing

technical effort into two categories, volume effort and quality
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efforte Volume effort can be described as effort which results in

a contract unit being finished in as short a time as possible. The
minimum emount of work necessary to meet work requirements is performed
and the design is frozen at the earliest possible stage. Quality
effort is work aimed at improving the quality of the end result
delivered to the customer. Quality effort hes no effect in moving

a contract closer to completion, btut it instead increases performance
or reliability by redesigning cifcuitry, providing back-up circuits,
testing extensively, etc. An example of quality effort would be
designing a better circuit to replace onethat worked sufficiently
satisfactorily to meet contract specifications.

This division of technical effort into two kinds:of work may
seem as arbitrary as the advanced research-design and development
split. It dces, however, proviée a gaod picture of the real world
upon further inspection. Since the fraction allocations of time to
volume or quality are completely variable, this framework allows
representation for infinite combinations of contract quality and
coﬁpletion time. A simple example might help in establishing the
validity of this concept. Suppose a contract requires two man years
of technical effort in order to meet just the minimal requirements
and further suppose that the organization in question has two engineers
available to work on this contract. If the engineers try to do the
job as fast as possible (ie., their time is entirely ailocated to
volume effort), then the job will take just one year., But let us

suppose the orgenization involved has a commitment to high quality
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work and half the engineers' time is spent improving and developing

the performance of the end result beyond the minimum contract

requirements., Doing a better job than required will take more time,
in this case utilizing two years to finish the contract. Graphically,
this example can be portrayed as in Figure II-2., The time to finish
the contract is plotted against the percentage allocation of'the

two engineers'! time to improving the end result beyond minimum

contract requirements.
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Figure 1I-2s Contract Completion Time versus Allocation to Quality Effort.

Th§ rate and quality of technical effort can be seen to depend
on the technical competence of trained technical manpower and the
relative allocations of time to volume and quality effort. The
obvious question to consider at this point is how the relative
allocetion of time to volume end quality effort is determined,
However, it is first necessary to describe in greater detail the

contraet flow through the laboratory.

Contract Flow
As described above, contracts are awarded to the R and D

organization, technical effort is performed upon them, and ﬁhe results
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are delivered to the cugstomer. The actual flow, howéver, is not as
smooth as might be inferred from this description. Typically, full
scale effort will not be started on a contract immediately upon the
awvarde The usual R and D organizetion is wary of commitiing people
and facilities to a program until it has been awarded without a doubt.
Two possible delays can result. First, on sny program of greate¥
than trivial scope, extensive planning must be done in order to
determine the order and amount of technigal effort to be applied.
This planning requires the time of relatively few people, and consti-
tutes only an insignificant portion of the total effort needed for
finishing the contract. Secondly, delays can result if the organi-
zation must expand its manpower level. It takes time to hire and
then train new personnel. Alternatively, a delay may result from
management waiting for a prasenﬁ program to phase out and thus fgee
the necessary manpowser. Thus, the internal contract flow can be
represented by a framework in which contracts awarded enter a
planning phase, during which no significant effort is expendede
Depending on the ability of the organization to exert technical
effort, the contracts will then enter an in-process phase during
which active'progress towards completion takes place. It is also
prudent to expect that personnel msy be shifted from one in process
prggraﬁ to work on another more urgent progrem. Thus, partially
completed work may be allowed to lie dorment for a while before
being finished. This description of contract flow is illustrated

in Figure 1l-3.
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Figure II-33 Internal Contract Flow.

Management Control

The total value of contracts within the orgenization (ie.,
contracts awarded, but not completed) can be described as the level
of funding of the laboratory. This is an important concept for
managemsente Many decisions are directly affected by the amount of
work, in terms of time to completion, that the organization has,.
When the organization's ability to perform technical effort (a func-
tion of technical comfetence and the level of technical manpower)
appears to be much more or much leas than that corresponding to the
level of funding, management will take definite corrective action.
Two kinds of corrective action are immediately obvious. Management
can either attempt to adjust the level of funding through changing
the award rate or they can attempt to change the contruct finishing
rates A possible method of affecting the award rate is through an
adjustment of marketing effort. This decision will be discussed
further in Chapter VI. Maragement can make several decisions which
affect the contract éomplotion rate, however. The two most obvious

are 1l.) its decision on the number of technical personnel for the
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orgenization to employ, and 2.) its decision on the relative allocation

of time to volume or quality effort.

Implicit in these decisicns is the concept of a comparison of
a desired level of funding to the organization's actual level. The
desired level of funding can be viewed as depending primarily on the
contract award rate. It might also be argued that the desired level
of funding should depend on the number of people employed, or
alternatively on the finishing rate. However, in a steady state
situation vhere the organizetion is neither growing nor declining,
the award rate will equal the finishing rate. In a transient
situation, the organization will be attempting to change the finishing
rate so it is equal to the award rate. Thus the desired lsvellof
funding will,in the long run, depend on the pereceived award rate.
Often, the desired level of funding is stated in terms of contract
dollars aswarded, hut it may also be expressed as a certain number
of yearsvof worke In other words, management might state that their
desire is to have in the organization enough work to keep the present
people busy for three years. Assuming again that in the long run
management will try to adjust the finishing rate to equal the award
rate, the desired level of funding can be expressed as the number
of years of work desired times the contract award rate. |

It is obvious that the number of years of work desired by the
organization is not necessarily a constant. This may grow shorter

as the orgenization 'becomes over-staffed, for example. Such an




adjustment serves as a quick stop-gap method for easing organizational
stresses. The long run response to a condition of over-staffing
would be to either allow attrition to reduce the gize of the
organization, to firé people, or to exert more marketing effort.
The changé in the desired number of years of work would Operate'to
reduce pressures on management until a permanent solution can be
found and implemented. Thus, the desired level of funding will mslso
depend on how over or under-staffed the laboratory is.

Two factors which affect management's decisions for controlling
the contract completion rate have been introduced. Management will
attempt to l.) adjust the effort rate of the organization to equal

the award rate, and 2.) ailow the effort rate to vary from the award

rate just enough to correct the actual level of funding to that desired .
Now, we shall return to the explicit managerial decisions on
manpower level and time allocation. The question of how many technical

personnel the organization should employ will be discussed in detail

in Chapter III. In brief, however, management looks at the contract
award rate and the difference betweem the desired and actusal level

of funding, and from this information decides on a desired fﬁture
effort rates This desired effort rate along with the perceived tech~
nical competence is used to determine the desired level of msnpowers
Finally, hiring or firing policies result from a comparison of actual

and desired manpowers

Allocation of Technical Manpowep Time

The process of time allocation can be represented most easily
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by thinking in terms of the fraction of engineering time allocated

to quality effort and the fraction of time allocated to volume efforte
The level of technical manpower available and their technical effec-
tiveness will be treated as givem for the purpcses of this discussion.
The time allocation process is not directly affected by either ;f
these, but instead depends on several other factors which management
can perceive.

The concept of allocating time between two activities (ie.,
volume and quality) implies a compromise situation where one gains
performance in one aspect of a situation only by giving it up some-
where else, In any organization there will be people desiring to
perform a job better in one area and people against making the necessary

sacrificess Such a situation can be described by saying that there
is pressure for an activity requiring limited resources in one area
due to certain factors, and pressure for another activity requiring
the same limited resources in enother area due to other factors,
Actual allocation of the limited resources will be determined by
resolution of the two pressures, In our case, the limited resource
is engineering time,

There remains to be discussed the factors affecting the generation
of pressures for volume .+ guality effort. The pressure for volume
effort will inecrease when the organization finds itself falling
behind in finishing contracts. A good measure of how well an

organization is doing in finishing contracts in accordance with their
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schedule is a comparison of the actual level of funding to that desired.
If the actual level is bigger then that desired, then the organization
is taking longer than was initially plamned to finish its contracts,
However, as the actual level of funding gets much bigger compared

to that desired, the organization will come to accept to some extent
its poor situation and will not increase the pressure for volume

as drastieally. This is shown in Figure II-4 by the way the pressure

curve saturates as the ratio of the actual to the desired level of
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Figure II-4: Pressure for Volume Effort

funding increases. Somewhat the same kind of phenomenon occurs as

the actual level falls below that desired. Pressure never falls to

zero since there is always a feeling that something must be accomplished.
Quality effort results in higher performence, reliability, etec,

of the end product. The quality of work produced by a laboratory

is perceived, though perhaps incorrectly, by both the laboratory and

the customers The perceived quality is invariably judged by some

standard of expected quality. If actual quality is higher than -
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expected, the customer will be happy, providing cost and delivery
delay were within reason, and the laboratory will certainly be happye
If, on the other hand, quality is lower than expected, the customer
will be unhappy and will probably complain. This feedback combined
with the organization's own disaprointment in itself will result’

in efforts to improve in the future. Thus, we can expect that low
quality work will result in pressures to improve, while attainment
of a higher quality will result in the easing of these pressures.

4 possible representntion for the generation of pressure for
quality effort would be as follows. Pressure for sllocation of time
to quality work depends on the difference between the quality of the
orgenization's current work, as perceived by the organization, and
the traditional level of quality previously maintained by the or-
genizations Two important concepts are involved here. The organi-
zation's perception of the quality of its work depends on l.) a delayed
perception of its actual quality and 2.) on feedback from the customer
regarding its perception of the organization's work quality. There
is not immediate perception of the quality of expended effort.

The other important concept is that of a traditional quality
which tends to represent a quality goal. This is not, as might be
imagined, a constant level but varies over time depending on the
actual quality performance of the organization. Ons should not be
misled into thinking that because traditional quality is a godl

of the organization, it camnot change. Suppose, for examnle, that
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an orgenization has a certain quality goal. If over the next

several years, this organization is unable to attain the desired
quality performence, the difference between traditional and actual
quality will result in stress in the orgsnization which the organi-
zation will try to reduce by raising their actual quality. Failure
to do this, however, results in a gradual forgetting of the old
traditions and gradual adoption of a newer, less ambitious, quality
goel. It is a characteristic of both humen beings and orgenizations
of humean beings that a discorepancy between the actuasl perceived self
and the desired or ideal self will not be allowed to persist. The
discrepancy is usually reduced by changing the desired selfe. Thus,
‘the orgenization, when frustrated in its attempts to attain an
impoasible goal, will merely change the goal. This same principle
also holds true for discrepancies of the opposite kinde For example,
if an organization consistently performs better than it has intended,
it will soon raise its goals to conform with its abilities.

Thus, traditional quality, or the standard to which perceived
quality is compared, will vary over time as the organization's ability
to produce quality output changes. There will be a significant delay,
perhaps on the order of ten ysars, for traditional quality to reflect
completely a permanent change in actual quality.

As was mentioned previously, pressure for allocation of time
to quality effort depends on the relation of perceived quality to

traditional quality. As the ratio of perceived to actual quality
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decreases, there will be a significant increase in pressure for more
quality-oriented effort. As the ratio increases, however, there

will not be too much of a decrease in pressure, since an organization
that is doing well typically likes to continue to do so. Figure

II-5 illuetrates & possible variation of pressure for quality effort.
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Figure II-5s: Pressure for Quality Effort.

Differences Betwecn Advanced Research and Design and Development

The general discussion above which has ocutlined an approach for
conceptual representation of the technical effort sector of a research
and development organization is applicable for the most part to both
advanced research and design and development effort. Most differences
between the two are minor and would involve, for example, different
parameter values,

There is, however, one basic difference which requires a
somewhat more complex representation for deaign and development
technical effort. The nature of design and development work is that

it results in actual hardware (ie., operational systems or components)
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or designs which are to be used either directly by the customer or
produced in quantity by a production contractor for customer use.
Therefors the job is not finished once the design is completed and
several operational prototypes are delivered. The R and D
organization still has the job of user education and/or production
contraptor education, even when the production activity is part of
the same compeny as the R and D organization. This job requires
liaison activity in which technical personnel transfer information
about the designs involved and therefore are unawailable for new
technical effort within the organization. The design and development
contract flow is shown schematically in Figure II-6 which illustrates
that after delivery, contracts require liaison effort. Typically,
finished and delivered contrécts require liaison effort for up to

two years after delivery. Liaison effort 1s heariest a short time

after delivery and tapers off thereafter. A typical liaison activity

curve is shown is Figure II-7. Dormant
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Figure I1-6: Design and Development Contract Flow
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The addition of liaison activity to the technical effort sector
requires a more complex set of concepts for representation of thg
allocation of technical manpower time. The generation of pressures
for volume and quality effort remains the same as discussed previously,
but now the pressure for liaison activity must also be considereds
This pressure varies as a function of the quality of delivered work
as perceived by the customer. Pressure for liaison effort is usually
dependent on the customer's perception of quality since an R and D
organization rarely initiates production liaison activity on its
own. The pressure on the R and D organization for production support
is rather determined by the customer or production contracting
organization's need for such support. The R and D organization
has no interest in liaison activity from the technical point of view
because the work contributes relatively little to organization
Iknowledge. The organization's main interest in liaison activity is
derived from its interest in the customer's perception of the
orgﬁnization's ability with respect to future contract awards.

Also, however, the typical R and D laboratory takes great pride in

its work and it wishes to receive its due credit. Since the proof

of a design is in its oporation, there is often motivation to indulge
in liaison activity in order to insure that the production contractor
does not foul up and by implication cast a stigma upon the laboratory's
reputation. Another factor contributing to pressure for liaison

activity is an organization's pride in doing a complete job.
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However, the most important factor sffecting pressure for liaison
activity is still the fact that liaison work is inherently unprofitable
to the organization in terms of generating future technical competence.
Thus, the R and D organization will typically perform the smallest
amount cf production lieison activity that is consistent with its
goalsg.

Liaison activity is undertaken in an effort to raise the customer's
perception of the effectiveness of the final product or result.
However, the ability to undo past errors through liaisom activity
iz limited,s The emount of lisison effort necessary to establish a
normal quality for the final product will vary with the quality of
the originel job done by the R and D organization. Due to the high
technical complexity of present-day R and D, some liaison effort will
always be needed, regardless of the quality of the original jobe
The production contracting organization can easily claim that the
design is unproducible and then proceed to prove it if the R and D
organization does not keep close watch and exert sufficient educational
pressure through liaison. On the other end of the scale, a very
poorly done design and development job will be perceived as poor,
no matter how much liaison effort is expended. Thus, the curve repre-
senting the amount of liaison effort necessary to achieve normal
quality will vary with the quality of the laboratory's output, as

shown in Figure II-8,
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Figure 11.83 Required Liaison for Normal Quality

With the sbove concept describing the necessary liaison effort
for normal quality, it is easy to see that the actual quality of
werk in liaison will depend on the amount of actual liaison effort
compared to that necessary. The perception of final quality by the
customer tends to feed back to the laboratory and thus helps to
determine the pressure for production liaison ef'fort as well as
internal quality effort, thus completing one of the many feedback

loops present in the research and development system.
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Ohapter IIIs Technical Manpower

In this chapter, the processes by which the R and D organization
hires, trains, and fires psople will be discussed, as well as the
factors which determine the effective number of personnel available

at any one time.

Personnel Flow
We shall first concern ourselves with the actual phyaicql flow

of technical personnel. A general representation for both advanced
research and design and development personnel will be developed
firat, end then the differences and interaction between the two types
will be discussed.

When technical people are hired, they do not become immediately
effesctive. They must first undergo a period of relatively low
effectiveness while they learn what the job is all about. Thua,
there is a learning or training delay before newly hired people
become fully effective members of the organization. We can visuaslize
the physical flow of personnel by first thinking in terms of a pool
of truined technical personnsl, which is experiencing simultaneous
inflows and outflews of people. The inflow would consist of peoplae
leaving the training or learning period, and the outflow would consist

of personnel leaving the laboratory of their own volition (attrition)



51

and personnel leaving involuntarily. Figure III-l illustrates this

physical flow.
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Figure I1I=1s Physical Personnel Flow

Learning Period, or Training Delay

It is important to emphasize that when one is talking about
a learning period, this is not the same thing as the period spent
in a formal training program. The product of a formal training
program still lknows relatively liitle about company orgﬁnization
or his work requirements. Typically, the newly hired engineer enters
the orgenization, sits around for a few weeks doing nothing until
he receives a security clearance (at least this is the case for
defense contractors), then finally begins to learn something once
he obtains access to classified reporis. The usual procedure is
not to have a formal training program, but to start the new engineer
off on a job that he can handle, ie., one fairly congruent with his
background. Then, by working on jobs of increasing complexity, the
new engineervgradually learns about the organization, about the

requirements of his job, about the new skills he must pick up, and
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about the short cuts that the orgesnization will allow him to take.

The new engineer gradually grows in effectiveness and it is usually
estimated that he reaches the average effectiveness of the organization
in from three or six months to one end a half or two years. His

progress might be as depicted by the learning curve shown in
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Figure I1I-23 Technical Personnel Learning Curve

Whenever this idea of a learning curve is presented, someone
will object on the grounds that the curve depends on the individual
hireds In other words, the experienced engineer will have a much
shorter learning period than the engineer fresh out of college.

This is, of course, a valid objection, and can only be countered

in this case by restating the goals of the study. 8ince the goal

ia to examine the behavior of the R and D organization from the over-
all or aggregate point of view, it is necessary to think in terms

of the average engineer and the average learning curve. To ettempt
to distinguish between individual people and individual contracts
would lead to a representation of such complexity that it would have

no advantage over the actual real world fremeworke. It can be further
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argued that the over-all organizational tehavior is not affected
any differently by myriad individual learning curves tﬁan it is by
the aggregate curve which represents the average of all the individual
learning curves.

Note that the implication of the learning curve in Figure III-2
is that the new engineer gradua’ly reaches average effectiveness
over a period of time. He does not enter the organization and
then after a period of time suddenly rise from zero to average
effectiveness, This concept can be represented by having him gradually
leave the training or learning delay. A possible scheme is to meke
the outflow of the delay a third order exponentially delayed version
of the inflow. The outflow, given a one man impulse and a third
order delayed output, would look like the curve in Figure III-3,
Such an outflow would result in the level of trained personnel in-

creasing in the manner of the curve shown in Figure III-2,
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Figure II1I-3; Response of Third Order Delay to a Unit Impulse

1 For an explanation of third order delays, seecs Forrester,

Industrial Dynamies, MIT Press, 1961, Chapter 9 and Appendix H.
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Effective Trained Personnel

People leaving the training delay enter the pool of trained
technical manpower. It is people in this pool or category who perform
the technical effort of the organization. However, the entire pool
of trained technical manpower is not evailable for pure technical
efforts Various administrative activities are required to help the
R and D organization function. Certainly many different activities
which prevent technical effort could be suggested, but we are interested
only in the ones which are important to dynemic system behavior.

Thus, activities such as report writing and traveling will be ignored.
The activities to be included in a representation of the organization
are those which vary with important dynamic variables. Three such
activities are 1). hiring, 2). training, and 3). marketing effort.

Hiring and training ectivities are included because they act
to reduce the effective number of people precisely a£ the point
when the organization neede people the most. (ie., during
expension in size.) Hiring activities on the part of the engineer
do not take.up a major part of his time since administrative and
staff personnel will do most of the work. However, when hiring for
technical jobs, it is necessary to check on the technical competence
of the applicant, and this is sest done through interviews with en-
gineers in the relevant fields of work. Such interviews then require
time spent on evaluation of the interview and then on communication

with the members of management involveds It can also bs expected
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that as the expansion rate of the orgenization increases, the time

spent by technical personnel on hiring activities will increase more

than linearly, due to strains on administrative personnel. A curve
illustrating the percent of technical menpower time spent on hiring
activities versus the percent expansion per year is shown in Figure III-4.
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Training activities can be expected to be much more demsnding
of technical meanpower time than hiring since with or without a formal
training program, the new engineer essentially learns the ropes by
asking questions. Such a process of what one might call accidental
indoctrination works fairly well if the number of new personnel is
small compared to the size of the organization. However, as the
percentage of trainees rises, the efficiency of experiemced personnel
begins to drop off more than linearly due to foul-ups caused by the
lack of knowledge of the new people. Also, lessons learned by the
new personnel are not retained as well because there is less exposure
to experienced people acting in a way which can be seen as utilizing

the new information. Thus, when new people enter the organization,
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there is a drop in the mmber of effective people due to 1). training
activities and 2). a decrease in organizational efficiency. Figure
I11-5 illustrates this phenomenon by plotiing percent efficiency

of trained personnel versus the percent of untrained personnel in

the organization.
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Figure III-53 Effect of Untrained Personnel on Efficiency of Trained
Personnel

Thus far we have discussed the reduction in efficiency of the
average engineer due to hiring and training activities, It is
obvious that an equivalent way of describing this situation in the
aggregate is to regard it as reducing the number of effective tech-

nical personnel available to the organization.

Marketing Effort

Marketing effort is another activity which Vtends to reduce the
effectiveness of technical personnel with respect to technical effort.
The decision regarding the amount of marketing effort to be spent
and the effect of such effort on the customer will bs discussed in

Chapters VI and V, respectively. Assuming then, that the decision
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to expend marketing effort has been made, what effect does this
have on the engineer? Marketing effort consists in part of time
spent by top .ananagement and/or sales personnel in visiting potential
customers and either searching out promising situations for R and D
work or presenting general proposals for work. However, an R and D
organization is selling its techmical competence, and administrative
personnel are not able to completely convsy a reslistic picture.
This is why in many situations where possible work has been discovered,
the R and D organization is requested to submit a proposal, so that
the prospective customer cen better evaluate the organization's
capabilities. Froposals are usually based upon past work, whether
it was a'dsvelopment contract or a study contract, and for clarity
and efficiency must be written by someone ;lose to the previous
jobe This is usually someone with technical responsibilities who
would otherwise be doing creative technical work. Thus, marketing
effort requires technical personnel to spend unproductive time
essentially recapitulating past work by writing proposals. Also,
time may be spent talking to management or even the prospective
customer. An organization expending effort towards seeking new
contracts can be expected, then, to be reducing the effective number
of technical personnel available for technical effort.

This discussion of various ectivities which act to lessen the

number of effective technicel personnel in an organization essentiully



completes the discussion of the flow of people through the organization.
(Except for a flow resulting from the difference between advanced
research and design and development to be discussed later.) Next,

& frameworlk for representing the hiring and firing decision will

be presented.

The Manpcwer Level Decision

One of the most important decisions made by an R and D organi-
zation i8 the decision concerning future technical wanpower neceds,
The importance of this decision is a result mainly of the large
expenditure of time and effort necessary to develop: a competent,

experienced engineer. The R and D organization is not usually able

to increase its capacity while maintaining its teechnical competence
merely by hiring new people. As discussed above, new people require
training and actually reduce the efficiency of experienced people
when they enter the organizations Thus it is important for the
organization to be able to judge future manpower requirements far
enough ahead so that people can be hired and trained. It is, however,
a well known fact that this is not the way most organizations operate.
They doc not commit themselves to an expansion program until the
expected work has actuslly been awarded, and thus lose a significant
amount of timé while new people are hired and trained. BecQuse of
the large investment necessary to acquire and develop additional

technical personnel, the R and D organization is usually unwilling
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to make a move until the need is definite.

In the opposite situation, the typicel R and D organization
is motivated to keep on experienced personnel, even when there is
no work for them. It is obviously cheaper up to a certain point to
carry experienced nnoccupied personnel on the payroll until work
can be cbtained rather than to fire them and have to invest time
and experditures in training new people when new work is obtained.
Here again, the forecast of future work is of utmost importance in
determining which course of action would be best. Usually, however,
no one is laid off even if very little additional work is visible
in the future, because the organization feels thst the new job is
probably just around the corner.

From strictly a cost point of view, it might appear that top
management should have the most control over change of manpower
decisions. Althcough such a policy might be stated or implied, it
usually is not the case, however. Groups or projects determine their
future ménpower needs, often utllizing relatively little information,
and on this basis hire if necessary. On the other hand, if forecasts
indicate that fewer people will be needed, a well known principle
comes into effect. The present work expands to the point where it
requires all of the present personnel for its completion. This
phenomenon is, of course, a result of the group leader's hoarding

instinct. He is able to rationalize such e decision on the basis



of his need to outperform other groups as well as his need to perform
well on possible future work. The important result of having project
groups primarily responsible for hiring and firing policy is that a
much larger amount of hoarding is possible since many people are

each contributing a little. Much less hoarding would be tolerated

if top management were more active in the personnel decision, but

the nature of a large R and D orgenization results in a situation
where top management lacks the knowledge of technical requirements
and the time necessary to make the actual decision. About all they
can do is to attempt to control the situaticn, but this is usually
pretty ineffective since group leaders can easily create needs for
existing personnel by coming up with new research ideas or by claim-

ing that they are needed on present programs.,

A Conceptual Framework for the Manpower Decision

The fact that the decision to change the level of techknical
manpower in an R and D organization is usually the resultant of many
small internal decisions does not limit our ability to develop a
framework for the aggregate decision, however. The small decisions
are all being made in the same manner and thus can be represented
by a single aggregated decision. Essentially, the manpower decision
is made by examining the forecast for future vwork and from this de-
termining the desired level of technical manpower. The desired level

of technical manpower is then compared (at least implicitly) to
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the actual level, and if a difference exists, this difference is
corrected over a period of time by either hiring, firing, or just
allowing attrition to take its tolls It might be argued that no
one ever'goes through such an organized process of making this de-
cision., However, merely estimating whether present peraonnel can
handle future expected work implies such a process, although all
the steps may not be explicitly thought out.

As mentioned above, the typical B and D manager is reluctant
to let people go even when they are not needed. This means that
the response to an observed surplus of manpower will be much less
than the response to an equal deficit of manpower. This effect can
be illustrated by the hypothetical curwe in Figure III-6 which plots
a poasible organizational policy for expanding or decreasing the
size of the organization versus the ratio of desired to actual

manpower. o,
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Figure 111-63s Percent Chenge in Organizaticnal Size/fear versus
Nesired to Actual Technical Persomnel Ratio

It is important to remomber that people leaving the organization

because they have been fired are not the only ones leaving. Regardless
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of the policy for increasing or decreasing the size of the organi-
zation, some personnel will be leaving due to personal reasons,
retirement, or death. Exclusive of people fired, it is poasible tc
find the average employment period for technical personnel. If,

for example, an average employment period of ten years were found,
this would mean that one tenth of the technical people employed left
each year, exclusive of organizational hirings or firings. Hirings
or firings merely increase or decrease the effective rate at which
technical personnel enter or leave the organization. It is because
;f this factor that manpower hoarding is not always as expensive

as it might seem. Also, this fact allows many orgenizations to adopt
a no-firing policy, since they are able to decrease the size of the
organization when necessary merely by allowing attrition to take

its toll.

There is another important idea with respect to firing policy
that should be considered. Many crganizations will deny that they
ever fire anyone except for gross negligence. Yet, it is quite
obvious that the rate of people leaving, or the average employment
period, varies to a large extent over the years. This can be
explained by the fact that the technical personnel themselves can
sense whether the organization is going up or down. An engineer
who is “sitting on his hands® is quite likely to begin looking for
a more satisfying job. And Although the organization does not fire

anyone, in periods of slack they de not go to any pains to keep
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people from leaving, either. Thus, in a highly technical field
where professional achievement is often just as important to & man
as salary, it is often unnecessary to ever fire a man, gince he
will have left long before that task becomes necessarye.

The actual mechanismsby which an orgamization corrects for dif-
ferences between desired and actual levels of technical manpower
have been discussed above. Now, it is time to turn to the actual
determination of the desired level of manpower. This process can
best be represented by using some of the same concepts developed
in Chapter II for determination of the allocation of time to volume
effort. The volume effert decision was made by comparing the deaired
backlog or level of funding to the actual backlog, and on the basis
of this comparison generating a pressure for volume effort whicﬁ
was resolved with a corresponding pressure for quality effort. The
level of desired manpower, on the other hand, is derived by first
deciding on the amount of work to be done in a certain time. This
is equivalent to deciding on a desired rate for the R and D organi-
zation to finish work. This desired rate is made up of two components,
one equal to- the incoming rate of contract awards, and the second
equal to & rate designed to correct the level of funding to that

desired. The Pfirst component is self-explanatory. The organization

within a ressonable period of time. The second component, however,

i s bit more complicated. Suppose work is being performed at a



rate equal to that of incoming awards, but that the level of funding
or years of work in the organization is lower than that desired.

Then the organizatiom will, among other things, slow down a bit in

an effort to build up the ievel of fundings Obviously other responses
aiming towards increasing awards are also possible, The phenomenon
of changing the effort rate in order to correct the backlog towards
that desired can, of course, work in both directions, and the

desired rate of performing work may be greater or less than the

eward rate, depending on the funding situation.

Once a desired rate of effort has been determined, it is
compared by menagement to the perceived productivity of technical
manpower, and the desired level of manpower is determined. At this
point, an objection against the ability of menagement to know the
productivity of an engineer will undoubtedly arise. It is true that
if one asks an engineering maneger what the productivity of his
average enginser is, he will probably laugh &t you. But in the
next minute, he will with a straight face tell you that it will
probably take three engineers six months to finish the X contract.
Such a statement involves an implicif judgment of the productivity
of his engineers.s 1. must not be forgotten then, that in many cases,
the conceptual freamework being presented includes explicit
representations of implicit decisions or opinions. Whether e

decizion is made explicitly or implicitly, it must be included in
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the framework being discussed if a valid result is hoped for.

A recapitu;ation of the manpcower decision would be as follows:
Mansgement (group leaders) decides on a rate at which work is to be
done. This rate is set so as to handle the present award rate and
to correct the level of funding to that desired over a period of
time. The desired rate of effort is then compared with the
perceived productivity of the average engineer in order to get the
desgired level of technical manpower. The desired manpower level
is finally compared with the actual manpower level to determine the

hiring or firing policye




Chapter IV: Technical Effsctiveness

Technical effectiveness is a characteristic of research and
development organizations which describes their capability to
perform technical work. More specifically, it describes the
capability of the average engineer in the organization te perform
technical work and depends mainly on the amount and type of the past
vork experience of present personnel with respect to present work
requirements. Technical effectiveness should, however, be dig-
tinguished from that cepability resulting from having a certein amount
of trained technical manpower ready to be called upon for technical
efforte It is instead a measure of the technieal ability of the
members of the R and D organization.

Technical effectiveness is an important variable in so many
parts of the system under study that it can be identified as one
of the major determinants of the dynemic behavior of the R and D
systems First, it affects the organization's ability to perform
volume and quality effort, as was described in Chaepter II. Second,
it is perceived by the customer who takes it into account in making
his contract award decision. A name the customer might more often
use tuam technical effectiveness would be technical reaputation.
Third, technical effectiveneas has an important effect on several
managerial decisions. It affects perceived productivity which is

important in determining the desired level of technical manpover,
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It alsc has an important effect on the amount of mrrketing effort
exerted by the organization. As will be explained in Chapter VI,
management has several alternatives as to how it allows technical
effectiveness to influence marketing effort. Management can either
try to take advantage of increasing technical effectiveness by
increasing marketing effort when technical effectiveness rises, or
it may try to further improve the tachnical reputation of the labor-
atory by decreasing marketing effort and waiting for the better con-
tracts. The results of these two policies will be compared in

Chapter VII,

Effective Technical Knowledge

The above discussion has presented the general characteristics
and major effects of technical effectiveness. To gain fwther
understanding, however, it will bs necessary to develop a more precise
conceptual framework, Wcrk done by the R.and D organization generates
knowledge and experience, which, after a delay, become useful to
the orgenization for performing new worke The knowledge becoming
available to the R and D organization because of past experience
can be visualized as flowing into a pool of effective inowledge.

This pool of knowledge is & messure of the amount of kuowledge held
by the organization that is effective at any one time., It must be
remembered that the size of the pool of effective knowledge is not

the only determinant of technical effectiveness. Present work




requirements and the size of the crganization will also have an
important effect. Discussion of the mctual d«te-mination of tech-ical
effectiveness will be deferred, howeiver, until after the factors
contributing to the size of the pool of af'fective nowledge have

been examined.

The main factors effecting the size of the pool of effective
knowledge can be divided into inflows and outflows of knowledge.
The inflows consist of knowledge becoming effective because of past
work and of knowledge being brought in by new pzople entering the
organization. Outflows consist of knowledge becoming obsolete, and
knowledge leaving with people who are leaving the organization.
Figure IV-1l is a simple diagram depicting the major determinants

of technical effectiveness.
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Figure IV-~l3 Generation of Technical Effectiveness

Generation of technical knowledge will depend on the smount and

type of past work. Work in advanced research will generate the most

i

knowledge mince this kind of work usually borders on the state of
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the art. Successful work in this area gives an organization knowledge
its competitors do not have, and is very effective in producing
capability to handle future work. Design and development work will
not contribute as much to technical knowledge since it involves using
existing principles and techniques to develop operational hardware.
This kind of work usually does not advance the state of the art to
any great extent, but rather develops capabilities to handle present
work requirements. Too much concentration in this type of work by
en organization will result in definite drop ln technical effectiveness
over time as new concepts and techniques result in the obsolescence:
of the ones in which the firm is experienced. Liaison effort
contributes very little to technical effectiveness since it is merely
effort to pass on information about finished work to the customer
or a production contractor. Very seldom are new ideas developed in
this kind of work.

There is another concept that is important in the generation
of technical effort. Work performed in advanced research, for exsmple,
does not become immediately effective towards present work requirements.
There 1s a definite delay which occurs for several reasons. One is
that a new concept or technique is never immediately accepted by an
organization, even if criginated by its own scientists. The
management and even the rank and file engineers must be shown the
validity and applicability of the new idea, and this takes tinme,

A second reason is that the customer will also treat new concepts
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and techniques with some wariness, and thus will not fund further
work until he is convinced of the worth of the research. Thus,

new ideas take time to be accepted, which time is in addition to
that time necessary to develop a new theory into an applicable tech-
‘nique. There will also be a delay, albeit a shorter one, before
design and development work results in knowledge becoming useful

to the organization. This delay might be better described as being
due to the time lag necessary for experience on a design and
development job to result in improved techniques that will eliminate
some of the previously experignced problems. The timem lag connected
with liaison effort is, however, very short, since the feedback about
design performance is met very quickly by corrective action. The
reasons for the delay in technical effort producing effective
knowledge are thus many fold, but it is obvious that they exist.

The two concepts presented above, that of different relative
amouﬁts of technical knowledge being produced by different kinds of
technical effort, and that of different delays for effort to result
in effective knowledge, are presented pictorially in Figure IV.2.
Assuming # unit impulse of technical effort for each of the three
kinds of effort discussed, the resulting inflows of technical knowledge
into the pool of effective knowledge are plotted versus time. The
relative peaks of the different curves indicate the relative

contributions of different kinds of technical effort, while the time




to each peek is indicative of the average time for effort to become
effectives Note that the delay for knowledge to become effective

is not a discrete one, but a distributed one. The inflow of
effective knowledge arising from past effort will occur over a period
of time, thus signifyinz that new ideas gradually become useful,

instead of becoming useful all at once.

R4 Umt Impulse
Knowledge €rom
of, Effort ﬂ.,(yancea’f Researc

Generation of

E ffective Knowledye
dye to Technical
Ecfort. In Manyears

of Etfective an/edge

Know ’ulqe.
€rom Liaison

4

Time 1n Years

Figure IV-23 Gencration of Effective Knowledge through Technical
Effort

Knowledge newly contributed to the organization will not remain
effective forever. Due to the constantly high rate of technological
advancement in the whole economy, knowledge will have a certain
period of effective applicability to ecurrent problems, after which
it becomes obsolete. Thus, one of the important outflows of the
pool of effective knowledge is due to obsolescence of knowledge.
Knowledge is probably effective for an average period of about ten
years, although this period is rapidly growing shorter as the rate
of technological advancement in the economy increases. It is quite

possible that in R and D work, the period of effectiveness is already



52

significantly less than ten years.

The pool of effective knowledge is also affected by the rates
at which technical personnel enter and leave the organizeation.
Personnel lesving the organization carry away their own personal
experience with past work, thus lowering the pool of effective
knowledge. Personnel entering the organization bring in new knowledge,
but this knowledge is rnot ususlly as high on the average as what
might have been gained through direct experience with the previous
work of the firm. Thus personnel entering the organization will
bring in less knowledge than personnel leaving will take away. I4
is evident from this point of view above that it is to an R and D

organization's advantage to limit turnover as much as possibla.

Technical Effesctiveness

It was mentioned earlier that the pool of effective knowledge is
not the sole determinant of the technical effectiveness of an orgsni-
zation. The size of the organization and the requirements of present
work also are importent. The effect of the size of the organization will
be discussed firat. The pool of effective knowledge represents a finite
amount of experience and ideas generated through past work. This exper-
ience is, however, held in the minds of the technical personnel of the

organization, each of whom can be visumlized as having the average
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emount of experience that would result if the total pool of knowledge '
vere distributed evenly throughout the organization. Of course, this
is not true in the real world since some people will have more
experience and technical capabilities then others, lLut the
capability of an organization must be judged by the average capability
of each of its members,

The other important determinant of technical effectiveness is
the requirements of present work. In a rapidly advancing technology,
the work requirements may change so much in a short time that the
past experience of the R and D organization will not be adequate
or particularly relevant. There aré two types of phenomena that
might operate here. First, the technical demands of present work
might be increasing at a faster rate than the organization can generate
technical kmowledge. The result of such a situation is a decline
in the effectiveneas of the organization which can eventually lead
to collapse and bankruptcy. The other phenomenon might result from
an attempted change in the kind of work the R and D organization
wants to do. For example, an R gnd D laboratory experiencing dif-
ficulties might attempt to enter a new field in an effort to improve
its fortunes. This is usually unsuccessful, however, since if the
new field is at all different from the laboratory's old one, much
of its stored-up experience and knowledge will be useless. The

knowledge and experience of the R and D organization must be



applicable to the kind of work at hand in order for the organization
to be technically competent enough to be competitive. |
Therefore, technical effectiveness of an organization will depend
on a comparison of the knowledge and experience of the average
engineer with the complexity and type of technical requirements

presented by present work.



Chapter V. The R and D Markst

Contract awards are the life blood of the research and
development laboratory. Unless funded work is supplied to the
laboratory, it cannot long exist. Thus, the market sector of the
system uander atudy is of utmost importance., In the market sector,
the customer evaluates laboratory performance and proposals, and
estimates future capabilities with the purpose of determining future
ewardse The basic structure of the market interaction between the

R and D laboratory and the customer is shown in Figure V-1,
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Figure V-13 The R and D Market

As indicated by Figure V-1, the customer takes many different
kinds of information into account when meking his award decision.
He is interested in the quality of work he can expect, in how much
the job will cost and how long it will take,in the technical reputation
and market share of the laboratory, and in the quality of the proposal
presented by the laboratory. Knowledge sbout these many different
factora is brought together, and the customer makes his award decision

based on the sum total of this informetion. All the factore important




0 the customer award decision are continuously interacting, thus
making it hard to pick out at any one time the factors having the
most significant effect on awards. In this chapter, however, a
conceptual framework has been used that allows examination of each
single factor seperate fram its fellows. Each factor, such as perceived
quality of past work, is examined under the assumption that all other
factors importesnt to awards remain constant. The effect of variations
of the factor under study on awards can be preeented in terms of the
fraction or percent of an optimal flow of awards that the orgunization
is receiving. For example, a high perceived quality of past work
will result in a high percent of the optimal award rate being received,
while & low perceived quality will result in a low percent being
receivede The effect of variations in perceived quality can be pre-
sented as a curve of the percent optimal award rate versus perceived
quality. (See Figure V-2.) The actual award rate for any given
set of conditions can be found by multiplying the various percent
" optimal award rates and the optimal award raete. Thus, the different
factors can be separated for analysis, and later combined to give
the cumulative effeet on awards.

One of the most important factors affecting contract awards is
the expectation by the customer of the quality of work the organization
is eapable of turning out. Thére Are essentially three things which
determine this expectation, the customer's perception of the quality

of past work, the technical reputation of the laboratory, and the
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quality of the technical proposal submitted by the laboratory.
Although these three concepts are somewhat interrelated, they can be
separated in the following manner. Direct experience with work of
a laboraiory will result in an estimate of the quality to be expected
in future worke This, however, can bs modified by the technical
reputation held by the organization throughout the industry. The
technical reputation will depend on the history of the leboratory
with respect to advancing the state of the art. A high technical
reputation implies the ability to perform a high quality job on present
requirements because of knowlcdge of the state of the art. However,
the capability to perform & good job dees not necessarily lead to
good performance. The organization might possibly spread its tech-
nical manpower too thinly, and censequently do a poor job. Thus,
both perceived quality of past work amd perceived technical effectiveness
will determine the customer's expectation of the quality of future
worke The quality of the technical proposal will depend on the allo-
cation of marketing effort, a concept to be discussed later.

A ﬁore explicit tepresentation for the two conecepts presented
above will now be given. The customer's perception of the quality
of work being produced by the organization depends primarily on the
quality of the work previously delivered to the customer. Chapter
II stated that design and development contracts require liaison
activity and that the actual quality of the work may differ foom

the perceived quality if liaison effort is more or less than necessary.




A laboratory may do a good design Job, but lose future contracts
because insufficient liaison activity leads to customer perception
that the job is worse than it actually is. The fact that the customer
perceives a certain quality of work being performed by the organi-
zation implies that he has a certain inclination towards awarding
new contracts which depends on this perception. If this is approached
from the R and D laboratory's point of view, the laboratory can be
visualized as receiving a certain share of an optimal number of contracts,
the share depending on the perceived quality of.present work. Fig-
ure V-2 illustrates this concept. The percent of the possible con-
tract award rate is plotted versus a ratio of perceived quality to
a standard quality. The standard quality may be visualized as the
standard or average of the industry. Since it is always possible
to do better than average, the fraction of awards will increase as
quality gets higher, but the curve eventually saturates since at
some point, quality will be so high that it will no longer act as
a limitation on awards, although other factors will presumably still
be limiting. On the other end of the scéie, the percentage drops
to zero at a finite quality, since below some quality performance the
resulting work will be so poor that no one will want it.
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As suggested above, perceived technical effectiveness is a good
measure of the long range technical reputation of a laboratory,
especially since‘technioal effectiveness depends primarily on past
work performed by the laboratory. Variations of perceived technical
effectiveness will affect the award rate as shown in Figure V-3,

e/
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Figure V-3: Percent Contract Awards due to Technical Effectiveness

A technical effectiveness of one is defined us representing the
technical capability necessary to do a satisfactory job on present
work requirements. A technical effectiveness of greater than one
represents the ability to do a better than satiafactory job, and
vice versa for less than one. This curve saturates at both ends for
the same reasons that the fraction awards due to quality surve
saturated.

Two other important factors which the customer takes into account
when making his award decision are cost and time to deliver. There
are two dimeneions to both of these considerations. The customer |

at any one time will have an expected figure for fuiure costs or



60

delivery timee This expected figure is the basis of two comparisons,
one with the cost or delivery performance promised by the R and D
organization, and one with the average or standard industry performance.
Forgetting for the moment how the customer arrives at his estimate

for project costs or delivery times, let us investigamte these two
comparisons. The logic of a comparison of an expected cost or delivery
time to an industry average or standard is readily apparent., If

there is someone who can do the job faster or cheaper, all other

things being equal, they will get the job. Thus, cs the delivery

delay or cost performance of an R and D organization becomes worse

than average, awards will decrease, and vice versa. This concept

is illustrated in Figures V-4 and V.5. Note that some awards can
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be gained by doing better than the rest of the industry, but that

poor deiivery or cost performance have much more potential for
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decreasing awards than good performance has for increasing them.

The other comparison made by the ocustomer with respect to costs
and delays is that of the expected figurs with the figure.promised
by the laboratory. If the cost and delivery time pramised by the
R and D organization differs markedly from that expected by the
customer, contract swarda will be affected. This effect is one
quite apart from that caused by comparisons to average industry
figures. A pussible curve for representing this phenomenon is shown
in Figure V-6, This curve describes the fraction of possible
contracts awarded due to the customer's compariaon of promised to
eipected costs The delivery time curve would be quite similar.

Note that maximum contracts are awarded with approximately a 20%
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Figure V-6: Variation in Contract Awards due to Comparison of Promised
To Expected Costs.

understatement of costs. This reflects the fact that a certain

amount of cost overrun is expected, and that a firm can be penalized

for being truthful since other firms will underbid it. The fact
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that firms with low bids do pot expect to meet costs, and that the
customer does not expect them to meet costs either, does not seem
to matter. Note, however, that if bids get too far out of line on
the low side (ie., promised costs become much less than expected
costs), awards drop off sharply. This is because beyond a certain
point, 1t becomes obvious to the customer that the bidding firm is
being unrealistic and that the quality of the work will probably
suffer. As bids become pessimistic, awards drop off, but not a
great deal. Limitations on awards here will result mainly from a
comparigon of expected costs to the industry average, rather than
from a comparison of promised to actual costs,

As a clarification of the above point, it is necessary to
desecribe how the customer determines the figures he expects for costs
and delays. The expected figure is determined mainly by two things,
1.) the experience ef the customer with respect to past cost and
delivery performance of the organization and 2.) the figures promised
or bide The relative weighting of these two factors will depend
on past experience with the integrity of the organization and on
the type of work involved. It is now possible to see that as bids
become pessimistic, the expected costs or delays will increase and
the primary limitation on awards will result from a comparison of
expected figures to industry standards. On the other hand, with
very optimistic bids, the primary limitation arises from a comparison

of promised to expected figures.
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How the R and D organization arrives at the decision to submit
8 pessimistic or optimistic bid will be explained in Chapter VI.
Briefly, however, any organization possesses a characteristic called
integrity which determines how the organization makes its bids in
response to internal stiresses. For example, if there is not emough
work to keep everyone employed by the organization busy, there will
be a tendency to lower bids in an attempt to get work. The extent
to which an organization succumbs to this temptation is determined
by the amount of work needed and the integrity of the organization.

The R and D organization has another way of adjusting to
internal pressures for more or less work. This is by changing the
amount of marketing effort exerted. Marketing effort includes all
effort expended towards gaining new contracts. Trips to seek out
new areas for the organization to work in and proposal preparation
and presentation are examples. An increase of marketing sffort will
increase contract awards up to a certain point. Of course, if work
quality is bad, increased marketing effort will not help awards to
any great extent, but all other things being equal, increasing it
will inerease awards and decreasing it will decrease awards. Market
effort cannot rank as one of the most important factors affecting
contract awards since the customer is primarily interested in result
but it ecertainly hss a significant effect. It must also be remember
that a change in marketing effort will not lead to an immediate
change in awards since there is a delay before such effort has any

effect.
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Another factor affecting the contracts awarded to an R and D
organization is the merket share held by the orgenization. At the
present time, the government is the biggest single customer of R and
D organizations, and the government definitely has a policy of spreading
work around in an attempt to stimulate all areas of the economy.

As an R and D organization performs better and better, its market
share will tend to increase. As the share increases, however, there
is an inhibiting effect on contract awards due to the government's
poliey of trying to spread the work around. This factor has limited
effect since it is obvious £hat the vastly superior firm will get
most of the work even over industry protesta (for examplo; the
Instrumentation Laboratory at MIT dominates the inertial guidence
field due mainly to ability to perform an excsllent job). Howcver,
given two firms of equal sbility, the customer will tend to award

& job to the one with the lower market share. Thus, in the middle

range, the effect of market share is significant.

Avard Factors Dependent on the Type of Work

There are several differences in the factors which affect awards
of advanced research and design and development contracts. Advanced
research contracts usually involve work that borders on the state
of the art. Typically, there has been little or no previous
experience with this kind of work end as a result the customer is not

able to compare expected costs and delivery times with an industry
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standard or average. He is still able to form an expectation of cost
or delivery time from previous experience with the firm in other

kinds of work that may be related and from the performance

promised, however. This allows the comparison between promised and
expected values to be made, but essentially because of the lack of
knowledge associated with new work, this comparison is only an in-
dication of the integrity of the firms Thus, the customer in consider-
ing cost and time estimates for advanced research programs, is
essentially forced to take into account primerily the integrity of

the firm with which he is dealing.

With design and development contracts, the customer has many
more factora to consider. Since design and development usually
involves application of existing state of the art techniques, there
exiets a reservoir of experience with the kind of work at hand to
draw upon. The prospective design and development customer can help
his decision by judging the previous experience of the firm under
consideration in the type of work to be awarded. It is generally
true that the best design and development work is dome by the same
organization which performed the original advanced research on the
concepts and technigues involved. Experience in advancing the state
of the art is perhaps the most effective gemerator of technical
effectiveness in a field. Therefore, the customer considering the
award of a design and development contfact will certainly teke into

account the smount of successful advanced research work performed
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in the field by the organization under consideration.

In summary, the market sector of the R and D laboratory - customer
system under study describes the interaétion between the laboratory
and the customer. It is here that the customer tskes into account
the factors important to determining his award decision, and then
makes the contract awards. The factors important to the decision
will vary with the type of work involved, and the actual factors
which limit aewards to a certain laboratory will vary with the

performance of the laboratory.
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Ohapter VIt Management Decision Sector

S8everal decisions made by the higher levels cf management in
the typical R and D laboratory have significant effect on the
dynamic behavior of the system and therefore should be included in
the conceptual fremework being presented., Three major decisions
should be considered, l.) the decision on the desired level of
technical manpower (which determines hiring or firing policies),
2.) the decision on the amount of marketing effort to be exerted,
and 3.) the decision as to the amount of bias due 4o organizational
requirements for more or less work to be allowed to affect bids,
proposals, and the desired level of fundinge.

The decision on the desired level of technical manpower has
already been described in Chapter III. S8ince this decision is
essentially made by each project group in response to the needs of

each individual group, and top management only tries to keep the

laboratory policy within broad limits, it was felt that this decision

should not be included in the top management decision sector. It
was therefore described in the section on technical menpower as
depending on the level of manpower necessary to support the level
of funding in the laboratory.

Marketing effort is exerted in order to maintain the desired



68

flow of awards into the organization. It would include such
activities as proposal and bid preparation, trips to Washington to
see influential people, and even laboratory funded study programs.
Management takes several things into account when making its decision
as to the amount of marketing effort that the organization should
exert. Basically, however, marketing effort is determined by the
mumber of people imn the organization. Management, from its knowledge
of the level of technical manpower in the organization and of their
average technical capability, determines a desired flow of contract
awards that will keep all ithe people presently in the organization
busy. Management then tries to exert the proper amount of marketing
effort°to bring the desired flow of work into the organization.
Several other factors are important, thecugh. If, for example,
the level of funding in the laboratory is different from that desired,
menagemont will want the award flow to be either above or below that
desired merely to keep people busy, in order to correct the actual
level of funding to that desired. This is attempted by changing
marketing effort to adjust the award flows This concept is illustrated
in Figure VI-1 where a Normal Marketing Effort Multiplier is plotted
versus the ratio of the actual level of funding to that desired.
Note that in the area where the level of funding clesely approaches
that desired,the adjustment to marketing effort is smally but that

for large deviatiors, especially for too little funding, large changes
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are made as the organization recognizes the impending danger of

collapse,

Noirmal
Marksting
Esrort
Multiplier

~ Aotvsl Level of Fynedling
2 Desired Level of Funding

Figure VI-l3 Marketing Effort Muliiplier due to Level of Funding

!
!
1

Another factor which affects marketing effort is the technical
effectiveness of the organization. Two basic policies are possible
here. As the organization gets more effective technically, it can
curtail its marketing effort and wait for the best jobs. This kind
of pdlicy tends to increase technical effectiveness even further, and
in the long run to greatly help chances for a successful R and D
organization. The other posaible policy increases marketing effort
as technical effectiveness increases, in an effort to cash in on the
orgenization's new found capability. Unfortunately, this policy
tends to lead to .evexexpansion of the organization, to dilution
of the new found technical effectiveness, and to a general down-
grading of the quality of worke

A final factor affecting marketing effort is determined by the
philosophy of the particular R and D organization. This factor can

be called the growth orientation of the organization. Different
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organizations will have different viewpoints towards expansion,
The two main opposites that come to mind are the nonprofit R and D
laboratory affilimted with en educational institution and the commer.-
cial R and D laboratory rising very fast in the industry. The first
will have relatively little desire to grow and the amount of mar-
keting effort will roflect thise The commercial laboratory will,
on the other hend, heve definite expansionist plans and will exert
relatively more marketing efforte The growth factor will also depend
on the relative success experienced in the past few years by the
firme A firm that is growing will have more plans and desires for
future growth than one thet is poing downhill. The R and D.
laboratory whose business is decrcasing will be more concerned with
stopping the downhill trend than with starting back up again. This
tendency to want to go higher while going up and to merely try and
stop while going down undoubtedly is a major caumse of the viclent
ups and downs experienced in R and Do Any policy which attempts
to increase the peaks of normal cycles while doing nothing to decrease
the valleys 1s bound to meke things worse. |
The reader should notice that a major feedback loop in the
system under study has now been closede The desired level of
technical manpower, which determines the actual level, depends
primarily on the amount of work or level of funding in t! s organization.

The amount of work in the organization is controlled to a large extent
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by the marketing effort'exerted. The marketing effort exerted
dopends primarily on the capacity of the organization to handle
work which in turn depends primarily on the level of technical
maenpower. This internal feedback loop in the decisicn making struec-
ture may be yet another cause of the undesireable dynamiec bshavior
so often exhibited by R and D organizations. The loop is depieted

schematicelly in Figure VI=2,

Desired Actwal
Lch o'F LCVCI 0{
Techmical ¢ 1 Technical

\ Manpower Manpower,

Laboratory
& Capacriy

Figure Vis2: Major Feedback Loop in Management Decision Making
Structure

The organization growth factor is now more readily seen to be
important. The feedback loop described above will exhibit
degenerative behavior under normal circumstances. That is, if a
decrease in any of the quantities in the loop.resulta from an
external cause, the decrease will be propagated around the loop and
actually cause a further decrease in the size of the organization.
This tendency for degererative behavior is best combated by having
a growth factor of greater then one, or in other words, by having the

ocrganization exhibit a desire to grow regardless of the circumstances.
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The last management decision to be presented is that concerning
the amount- of bias, due to organizationsl requirements for more work,
to be allowed to affect propoeals, bids, end the desired level of
funding., Under organizational stress due to requirements for more
work, bids and propossls will understate cost and delivery time
estimates in an effort to get the needed additional work. The ex-
tent to which cost and delivery time estinates are understated de—
pends on the relative need for work and a characteristic which we
shall call the integritylof the organization. Different laboratories
will have different integrity characteristics. For example, one
firm might feel a responsibility to accurately state estimated
costs and delivery times, no matter how bad their situstion, while
anotber would not be above cutting internal estimates in half in an
effort to escape & poor situation.

As was argued above, a good measure for an organization's need
for work is the ratio of the uwctual level of funding to that desired.
When this ratio is less than one, the organization is in neced of
rore work to build up its level of funding, and when the ratio is
greatar then one, the organizetion has more work than needed and is
presumubly incurring penslties because of too long a delivery time.
Az a description of the integrity of a firm, the decision bias
affecting bids and proposals.can be plotted versus the ratio of actual

to desired level of funding. This is done in Figure VI=3 for
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several different integrity characteristics. The perfectly tmthml'

I) [’crfig‘é/’ Trvtht [ Firm

Lo =

2) Trothdu! Firm Except
Cost and Pelivery Under Stress
Estimate Mult’
dve to the o5+

Need for Work 3) api‘/mlsﬁc Firm

. Actval Level of Funding
2 3 Desiredd Level aFFunng

| P IR A

Figure VI-3s Integrity Characteristics of Typical R and D Firms

firm will always present what it believes the actual costs and times
will be. (Curve #1) About the best that can be expected, however,
is the firm which does not start understating eastimates until it is
in fairly bad trouble. (Curve #2) A common integrity characteristic
that is to be found understates estimates even when actual work is
equal to that desired.(Curve #3) Note the dotted contimuation of
Curve #2, Thie represents the occasional firm, usually possessing
a high technioal effectiveness, that prefers to overstate estimates.
The motivation behind such behavior is to make sure that the labora-
tory only gets customers who Are primarily interested ;n the quality
of the work, rather than the cost or delivery time. ’.;..l;his is, of

course, the position meny R and D firms strive to attain, that of
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being independent of cost and time considerations and concerned only
with advancing the state of the art and turning out high quality
worke

The typical R and D orgenization does not only misrepresent
ccet and time estimates to its customers, however. It usually lies
to itself, also. Chapter II on Technical Effort described the level
of funding desired by the organization as slso dependent on the de-
cision bias due to the need for worke. The organization will resct
to needs for more work by reducing its desired level of funding so
.that things do not really look so bad after all. As a result of
this policy, by the time affairs appear to be in a bad state, they.
are really in peor shape, and the organization is already past the
point where the situation could have been corrected relatively
easily.

There is one last determinant of this decision bias that must
be discussed. As in marketing effort, the perceived technical
effectiveness of the firm will have an effect and again as in mar-
keting effort, two basically different policles may be employed.
First, the R and D orgenization may try and wait for the best contracts
vwhen faced by a situation of rising technical effectiveness. In
order to do.this, the organization will reduce any decision bias
that may have existed due to a need for work and will try to represent

ite capabilities more truthfully. This will result in the awarded
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‘soxitracts having more realistic cost and time requirements, and will
allow the R and D organization to do a better job thus further raising
jts technical effectiveneas. On the other hand, the organizetion

may try to capitalize on ite increased technical effectiveness by
expanding and taking all the contracts it can get. In order to do
this, management will increase the understatement of cost and delivery
time estimates. As & result, new contracts will flow in at a greater
rate but they will have more stringent cost and time requirements.

The required expsnsion of the organization will dilute the high
technical effectiveness, and the time and cost requirements will
severely limit the organization's ability to do & good job, thus

after a time further lowering technical effectiveness.

It eppears that the integrity characteristic of the R and D
organization end the way it reacts to increaeing technical effective-
ness are major determinants of the dynsmic behavior exhibited by the
gystems In fact, all of the decision functions described above
appear to bave significant effect. In the simulation of the above
system, different ways for making the above deciaions were tried,

and the results will be discussed in Chapter VII.



Chapter VII: Simulation of the System

The preceding five chapters have developed a verbalized con-
ceptual framework within which it is possible to study and under-
stand the dynamic behavior of a research and development organizations
Descriptions of the cause and effect interactions, informetion feede
back loops, and decision policies existing in the system were given.
The next step is the study of the actual dynsmic behavior of the
system through simulation. To accomplish this, a mathematical model
was built from the verbal description given previously. The model
equations, flow diagrams, and a brief explanation of some of the more
complex model representations are given in Appendix A. The model
was simulated on the IBM 7090 computer using the DYNAMO compiler and
simulator program.1

There are two basic cbjectives to simulating a dynamic system.
The first, and most important, is to use the results of the simulation
to gein a better understanding of the system. It is well worth the
effort of a study such as this just to identify the basic charac-
teristics of a system which are the major causes of the dynemic be-

havior. Once in possession of the knowledge of what is important

1 See DYNAMO User's Manual, The MIT Press, 1961, by Alexander L.

Pugh, III,
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in a system and what is not, the solution of seemingly hopeless

- problems becomes much easier, while other problems are seen not to
exist at all.

The second objective, which necessarily follows the first, is
to use the tool of simulation as an aid in bettering the design of
the system. New decision policies can be designed and tested relatively
cheaply through computer simulation. It must be emphasized, how-
ever, that even if this objective is not directly attained, success-
ful completion of the first oﬁjective cannot help but improve future
decigions since, in the very least, the important determinants of
system behavior will have been identified. Thus, the msnager can
evoid spending time im trying to improve unimportant operations or
decisions, but instead can focus on the real trouble spots in the
organization.

This chapter will analyze the results of the system simulation
in the following manners First, two simiulations will be examined
with the goal in mind of trying to increase the reader's understanding
of the dynamic behavior of R and D organizations. Then, the emphasis
will shift to the determination of the important causes of the charac-
tersic system bshavior, And finally, the simulation of several

different decision policies will be discussede

Dynamic Behavior of an R and D Organization
Since the boundaries of this study were set to ineclude onmly
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the R and D organization and its customer interfaces, it is necessary
to supply an exogenous input to the model for each simmlation.
Basically, there are two types of exogenous inputs. One attempts

to resemble reality as much as possible and usually is quite com-
plicated mathematically. This type is, however, valuable for checking
whether the model truly represents reality and for gaining an initiel
understanding of the systeme Such an input will be used for the
first simulation discusseds The second type is of a pure mathemat-
ical form such as a step function or a ramp. This type is valuable
for further research into the dynamic interactions within the system
because its pure mathematical form allows the causes of variations

in model variables to be traced much more easily. This type will

be used in the majority of the simulations analyzed‘here.

The exogenous input to the model consists of the sdvanced re-
search, and design and development contract award rates available.
This input muet be distinguished from the total amount of business in
a research and development area. It rather represents the maximum
possible business in a field given thut all the firms in the field
are operatipng in en optimal manner. A certain area.of technology
can support a characteristic amount of R & D business that will

vary over time as the surrounding technology advances. The actual



19

amount of business generated will depend on the ability of the
firms in the field and on the past work performed which was effective
in advancing the state of the art. Thus the maximum possible award
rate available does not necessarily, or usually, equal the actual
total award rate in the industry.

It is typical of an area of technology that early in its life,
advanced research contracte will be more numerous, while later on,
as the state of the art is advanced, design and development work
outstrips advenced research. This concept is illustrated in Figure
VII.1l where the advanced research and design and development award

rates available for an area of technology are plotted versus time.

50 1 Design and
ard ot Desciopment

ward Kate
Available in

Million Da//ar;/kar

o 5o

7ime 1h Years

Figure VII-1s Available Award Rates versus Time

This is the type of input supplied to the model for the first
similation that will be discussed, The behavior of the two contract
avard rates and the level of total teehnical panpover versus time
is in the computer oﬁtput plot depicted in Figure VII.2, Study of

this one plot reveals some quite inferesting behavior.in terms of
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technical manpower, the organization seems to go through relatively
short periods of rapid growth followed by relatively longer periods
of declins. The reason for this can be partially discovered through
study of the relative phasing of award rate variations with respect
to manpower variations. The level of technical manpovwer is seen to
turn up only after awards have turned up. This can be explained
by the fact that the desired level of manpower in the organization
depends in part on the amount of work the organization has to do.
Thus, as awards increase above the rate at which the organization
can handle work, the backlog will begin to build and this in turn
will result in an increased level of manpower. It is also seen.that
the manpower level turns down after the award rate has turned down
for the same kind of reason. What causes the peak in the award rate?
It would appear that rapid expansion, such as between years fifteen
and twenty-two, has a detrimental effect on the organization which
results in decreased contract awards. This slump in business seems
to hold back more expansion for a period of sbout nine or ten years.
Expansion and contraction patterne of this type are not uncommon in
. the research and development industry.

A look at Figure VII-3 will demonstrate that the major cause of
the variations in Figure VII-2 is variations in the technical effec-
tiveness of the organization. Technical effectiveness is an impor-

tant determinant of many of the model variables, and it has an
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especially important effect on the customer's award decision, both
directly and indirectly. A look at Figure VII=3 shows that technical
effectiveness usually increases when the organization is static, or
decreasing in size. This is due to the fact that each person in the
organization is becoming more experienced and the average technical
effectiveness per engineer is rising. When the orgenization is
expanding rapidly, however, the average technical effectiveness per
engineer falls because of the influx of new people. This fall in
technical effeciiveness cuts quality and productivity, among

other things, and through many delayed mechanisme causes the

award rate to fall. The cycle starting at year fifteen can be
reéreated as followss over the previous eight years, from year

seven, the organization has decreased in size by about 40%. The
previous expansion had left the organization with a technical effec-
tiveness of about 0.45 at seven and a half years. Throughout the
period from seven and a half to fifteen years, technical effectiveness
increased slowly at first and then faster later on as experience
built up. Rising technical effectiveness resulted in higher quality
and higher productivity with associated lower costs, and as a result
contract awards began to turn up elightly at twelve years. Throughout
the period from year twelve to fifteen, the manpower level continued
to decrease even though awards increésed, because rising technical
effectiveness caused pioductivity to increase the capacity of existing
people at a faster rate than awards were increasing. At about fifteen
years, however, increasing technical effectiveness, through its direct

and indirect effects on the market place, resulted in award rates
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inereasing business at a faster rate than the existing level of
personnel could handle. Thus, another cycle of expansion started
as the orgarization attempted to hire the necessary people. Once
eXpansion is startéd, its rate and extent are compuunded by several
things. Once-productive personnel are required to epehd their time
hiring and training, and the decrease in technical effegtiveneas
due to expansion requires even further expansion to meet the demand
for more productive capacity. Technical effectiveness began to
decrease at about seventeen years or just after the expansion started
in earnest. The rate of decrease can be seen to have increased as
more and more expansion was needed to reach the desired capacity
due to decreasing productivity. By year twenty, however, the de-
creasing technical effectiveness began to have an effect on the award
rates also, and a distinet peak is apparents By year twenty-two,
the decreasing award rates coupled with increasing manpower finally
caused the organization to reach the position where no more people
wvere required and the expansion finally turned down also. Over the
next nine years, the slowly decreasing size of the organization
allowed technical effectiveness to agein rise, thus setting things
up for the next radical expansion beginning at year thirty-three.
The extreme importance of an organization's ability to generate

technical effectiveness is seen quite well in the above description.
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Apparently, the model represents an organization that takes quite

a long time to gemerate technical effectiveness. This character-
istic 1imits this orgenization's ability to grow, and indeed, even
results in the orgenization's having its largest award rates at the
end of fifty years when possibilities have declined significantly.
This particular organization is just not able to}grow fast enough,
vhile still maintaining a relatively high technical effectiveness,
to take sdventage of the peak possibilities occurring at aboﬁt the
thirty year pointe Trying to toke advantage of a situation of inw
creasing possibilities seems to cause it quite some trcuble while,
in a situation of decreasing possibilities, the organization maintains
a fairly stable manpower level and keeps them busy by increasing its
technical sffectiveness,

The behavior of several internal wvariables throughout this
simulation is also quite interesting, Figure VIiI-3 shows some of
these variables for the advanced research sector. Th» dependence
of the quality of the output on technical effectiveness is quite
evident. Variations in quality essentially follow variations in
technical effectiveness, but laggiﬁg by about a ysar and a half,
This lag is primarily due to the delay necessary for performing
technical effort on contracts. It should be noted, however, that
due to the effects of a varying allocation of technical manpower

time, the quality variations do not follow the technical effectivensss
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variations exactly. There is an important interaction between the
fraction allocation to volume and quality performance, Decreesaing
quality, as in the period from eighteen to twenty-five years, results
in inereasing pressure for quality worke It also operates through
the market sector to decrease the award rate. This results in an
accompanying decrease in the pressure for volume effort and the
fraction allocation to volume decreases from year twenty-one through
year twenty-sixe The up-turn in volume allocation lags the up-turn
in quality primerily because the delay for the customer to realize
the laboratory is doing better also delays his increasing the award
rate. The interdependence of all these variables is most easily
demonstrated by noting that the decreasing oscillations of technical
effectiveness from year thirty to year fifty also result in deoreasing
oscillations in quality performance, frection allocation to volume
effort, and the manpower level.

Note that in the above analysis, we have looked only at variables
in the advanced research sector. Behavior of the corresponding vari..
ables in design and development is essentially the same, due to the
predominance of technical déffectiveness as the determining factor,
eand it is therefore unnecessary to discuss them also. Figures VII-4
and VII-5 have been insluded, however, to show the dynamic behavior
of important variebles in the design and development sectore

It has been stated above that technical effectiveneas, operating
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directly and through quality comparisons, ias the major determinant
of fluetuations in contract awards. There are several other weys
by which technical effectiveness also affects contract awards. Effect
on the tost performance of the laboratory is one. Since the cost
measure is essentially equal to the level of technical manpower divided
by the effort rate, it is very dependent on productivity which in
turn depends primarily on technical effectiveness. Cost performance
will also depend on the growth rate, since a high growth rate will
tend to decrease the percentage of effective‘people in the organi-
zation, Figure VII-6 plots the cost index versus time, and it is
apparent thet for the most part, costs rise when technical effective~
ness falls, and vice versa.

Delivery delay is another important variable in the market
place which depends indirectly on technical effectiveness. The preacnce
of the delivery deley comparison tends to worsen the previously
discussed award rate fluctuations which were primarily caused by
variations in technical effectiveneas. Falling technical effectiveness,
as in year seventeen through twenty-four, results in falling pro-
ductivity. As a result, the organization's backlog rises,not with-
standing hiring efforts. The rising backlog causes the delivery
delay to increase, which in turn elso operates to decrease the cus-
tomer's award rate. Figure VII-6 shows that delivery delay does

indeed tend to rise with falling technical effectiveness.
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A word of caution is neéded about interpreting the delivery
delay as formulated here. At about the fourth year, the delay has
risen to a value of about twelve years for advanced research. This
is, of course, highly unrealistic. But, the delay, as formulated
here, represents the time necessary to perform work presently in the
backlog, given the present level of personnel and the present
technical effectiveness, Obviously, the organization reacts to such
& situation by hiring more people and it does not actually take
tvelve years to finish the work in house at year four.

Veriations in marketing effort will be the last discussed in
relation to this first simulat;ion. The goal of marketing effort is
to provide work to keep the existing capacity of the organization
occupied. Therefore, it is determined mainly by the perceived
productivity, which depends on technical effectiveness, and the
level of technical manpower within the orgenization. By referring
to Figures VII-3 and VII-8, this relationship can be confirmed for
advanced research marketing effort. The period between year ten and
year seventeen is characterized by rising technical effectiveness
which in turn causes an expansion in advanced research personnel
between years twenty and twenty-four. Through years fifteen to
twenty, however, the level of advanced research personnel is steady,
and the variation in marketing effort follows thai of technical
effectiveness, although lagging by a few Years because of the

perception delay., Thus, bescause of decreasing technical effectiveness,
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marketing effort decreases from year eighteen through tweﬁtyaqpe.
At this point, however, increasing capacity due to the result of
increasing manpower begins to overcome decreasing productivity, and
marketing effort swings up again, following the increasing level of
technical manpower. From this analysis, it is clear that marketing
effort depends on both technical effectiveness and technical
manpower, and whichever one is varying the most is at that moment
the important determining factor.
The second simulation to be discussed uses a ramp for the
exogenous input. This is a particularly valuable input with which
to test this system, because it is a good representation of an actual
growth situation, and yet is relatively pure mathematically. All
following simulations will use this ramp input and will be discussed
with respect to the differences between them and this base run.
Figure VII-7 shows the behavior of the organization over a fifty
year period. The same cycles of rapid growth alternating with slow
decline that were evident in the previous min are seen here. Ref-
erence to Figure VII-8 shows that variations in technical effectivensss
are again the most important determinant of the system's dynamic
behaviore It should be noted that since the pbssible contract awerd
rates do not level off and decrease as in the previous run, the
oscillations in technical effectiveness and other important variables

do not die outs This is because the organization continues to try
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to grow instead of reaching a static position where growth stops and

technical effectiveness is able to increase. Perhaps the most impor-
tant lesson to be learned from these simulations is that growth has

a téndcncy to be an unstable process, and thet management must pay
very close attention to maintaining control over a growth orgeni-
zation. During the first ten jears of the simulation, technical
effectiveness is fluctuating about a fairly higg level (1 to 1.2).
The ramp input starts incressing possible awards at year ten and it
is shortly after this that the organization begins to grow in earnest.
The beginning of substantial growth (about year twelve) can be seen
to coincide with the start of a drastic decrease in technical effective-
ness to a level of 0.5. Following this decrease, technical effec
tiveness can be seen to settle down to steady fluctuations about a
much lower level than was true in the first ten years. This behavior
can be explained by the fact that starting at year ten, the organi-
zation makes a transition from a somewhat steady situation into a
growth situation. The lower average level of technical effectiveness
during growth is due to the continuous influx of new personnel which
results in a dilution of effective knowledge. 8ince there is a
significant delay before new personnel become productive and befb{e'
their effort becomes effective, technical effectiveness will always
average lower during growth. The stabilization of technical effec-

tiveness into a steady pattern of fluctuation indicates that the



organization has aettled into some sort of steady growth pattern,
of which these fluctuations are characteristic.

Figure VII-9 shows the dynamic behavior of some of the advanced
research market variables for this run. Note that the marketing effort
ourve gradually increases over time as the capacity of the organi-
zation increases. This bohavior is due to the fact that on the
aﬁerage, a certain amount of marketing effort must be performed for
each contract awarded. The variance of the actual marketing effort
per contract available to the laboratory about the usual effort per
contract available will cause variations in the actual award rate.
Marketing effort can thus be used to adjust the award rate to the
capacity of‘the organization. In usual circumstances, however, the
amount of marketing effort will follow variations in orgunizational
capacity fairly closely.

Since the behavior of this simulation eassentially is the same
as for the previous one, the other factors\plotted will not be dis-
cussed in detail, but the computer outpuis have been presented as
a basis for later comparisons.

It eppears from the preceeding analysis that the characteristics
of tecinical effectiveness are the major determinant of the type of
dynamic behavior exhibited by an R and D organization. In order

partially to test this conclusion, a run was made in which the knowledge

effectiveness period was shortened from fifteen to ten years. This
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means that knowledge generated through past work becomes obsolete
significantly sooner, and unless the rate of generation of effective
knowledge is increased, the technical effectiveness of the organi-
zation will fall. It was hypothesized that because of the important
effect of technical effectiveness throughout the R and D system,

there would be a signific;nt decrease in the amount of growth exhibited
by the organization over fifty years. That this was indeed true cen
be seen by comparing Figure VII-10 with Figures VII-8 and VIIa9. |
Although the same type of dynamic behavior is obviously taking place,
growth in terms of personnel is only 64.4 percent as much, and
contract awards have suffered in a like manner. This would be ex-
pected since decreasing the knowledge effectiveness period does not
change the basic system characteristics of the technical effectiveness
sector, but only lowers the steady state level of technical effec-
tiveness. Actually, the extreme sensitivity of this aystem to changes
in technical effectiveness can be seen by comparing the average
technical effectiveness over the last ten years of the base run and
this run. In this run, the average technical effectiveness dropped
to about 0.75 from an average of about 0,82 in the base run. That
such a small drop results in a thirty-six percent drop in growth is
strong evidence of the importance of the technical effectiveness

sector to this modelled system.
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Policy Simulations

The basic model makes various assumptions about the quality of
various management decisions made within the typical R and D labora-
tory. In most cases the assumption was that the decisions were made
in a fairly reasonable manner, even though this is often not true
in the real world. The first part of this section, therefore, will
deal with simulations which will attempt to show the effects of

several different examples of poor decision making policy.

Manpower Change Not Taking Account of Attrition

The hiring decision in the basic model was formulated so as to
take into account the fact that the organization is experiencing
continuous attrition. In other words, management realizes that
fhere is a basic level of turnover, no matter how gocd are the
conditions at the laboratory. In making the manpower change
'decision, management recognizes and accounts for this basic level
of turnover. Such recognition does not eliminate the problems of
turnover, as the new people muut still be trained. But it does
appear to nhelp to some extent. A manpowsr change policy ignoring
turnover and only recognizing it after the fact was simulated. The
results are shown in Figure VII.ll, The behavior of the organization
i$ more unstable than in the base run. Growth cycles appear to be
delayed by about five years from the base situation, but peaks in

both total technical manpower and the award rates are higher. While
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this may seem at first to be more desireable, in that the organization

is bigger at the end of the run than before, it is not really better
because of the increased 1nstabiiity. Unstable growth behavior

is quite unhealthy for a company in that the bad periods may become
worse until at some point the organization is unable to recover.

This model appears to lack such catastrophic response, but the
possibility should be added to the model in any major future extensions
of this work.

The relatively greater instability of this policy can be
explained in the following manner. 8ince management does not anti-
cipate turnover, it takes longer for the organization to react to
a need for additional technicel manpower. Ae a result, the growth
porticns of the organizational cycles are apt to be delayed in be-
ginning and as a result are much steeper and peak higher. Such
behavior caw.ses technical effectiveness to fall even further during
expansion and even results in growing oscillations in technical
effectiveness. (See Figure VII-12.) Thus, the growing instability

feeds on itself and the organization never even begins to settle

down to a steady growth rate.

Decrease of Delay in Changing Manpower

From the results of the previous run, one might be tempted to
think that if management were to more quickly adjust the level of

manpower to that desired, more growth would be possible. This policy
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was simulated by decreasing the delay in changing the manpower level

from one to half a year. The results, however, do not indicate that
this is a better policy. Instéad, it is definitely a worse one.

By comparing Figure VII-13 with Figure VII-7, this fact becomes
obvious. While manpcwer peaks are almost as high as in the base

run, the behavior is more unstable and the valleys are significantly
lover. The most drastic effect is visible in the significantly
lower contract award rates. The cause of the poorer performsnce

is readily apparent. Note that the peaks of variations occur about
three or four years earlier than in the base run. This ina.cates
that the organization is trying to grow faster, as we know. However,
the growth ability of this system is inherently limited by the time
necessary to establish technical effsctiveness. Thus, by trying to
grow faster, the organization does in fact expand too quickly and
technical effectiveness is lowered sooner than was the case with the
original policy. As was explained earlier, this reflects throughout
the system, cutting quality, productivity, and awards. At this |
point eipansion stops, contraction starts, and technical effectiveness
begins to build back up. But because of the new policy, as soon as
the ability to grow further is gained back, the organization again

takes off too fast, and again limits its final achievements,

The Effect of Integrity

In Chapters II and VI, the effect ¢f the integrity characteristic
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of the R and D organization was discussed. It was explained that
this characteristic determined how the organization reacted to

pressures for more work in its cosi, delivery, and desired level of

funding estimates. The cost and delivery estimates directly effect
the customer's award decision thr.ugh his comparison of them with
the cost and delivery he expects from experience. The desired level
of funding estimete acts to decrease internal pressures by actually
decreasing the desired level of funding when there is p.casure for
additional worke In other words, management will tell itself that
there really is enough work in the organization and will act as if
this were true.

All the previous runs were made with an integrity characteristic
that resulted in true estimates when the level of funding was equal
to or more than that desired. (Curve 2 of Figure VI-3) However,
many firms today make underestimates in the ordinary course of business
even vhen additional work is not badly needed. To simulate this,
an integrity characteristic resulting in a {ifteen percent under-
estimate under ordinary circumstances (Curve 3 of Figure VI-3) was
used in the model. The results are shown in Figure VII-1l4., Although
the dynamic behavior is of the same type that we have come to expect
from this system, total growth is about eighty-eight percent of that
found in the base run, and variations in awards and manpower are less

in amplitude. There are two possible reasons for this behavior.
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One is that the cost and delivery underestimates had an undesireable
effect on the customer so that awards were decreased. The other is

that the decrease in the desired level of funding led to a decreased

desire to expand during periods of growth when businsss was needed.

In order to find out if one or the other or both were responsible,

a second simulation was run with the underestimating integrity

funetion used for cost and delivery estimates, and the normal in-
tegrity function used for the desired level of funding estimates.

The results were almost the seme as the base run, indicating that |
this particular underestimating integrity cheracteristic has relatively
little effect on the customer, but that the internal widerestimates
made to decrease internal pressures have the effect of significantly
affecting the growth of the organization. The decrease in‘growth
during each expansion period comes about because of a decrease in
marketing effort. One of the determinants of merketing effort is

.the difference between the desired and actual level of funding. If

the desired level of funding is greater than the actual level, then
relatively more marketing effort is exerted in an effort to inerease
the actual level. If, however, the desired level of funding is de.
creased in an effort to decrease internal pressures for more work,

then it follows that the difference betiween the desired and actual
level of funding will be less and marketing effort will be decreased.

Among other things, then, thies run demonstrates the relative importance
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of the managerial policy for generation of marketing effort.

Counter-cyclical Marketing Effort Policy

There are meny msnagerial policies that can be followed in
hopes of improving the performance of an organization. In a growth
situation such as we are investigating hsre, perhaps the most impor-
tant decision to make is when to increase marketing effort in an
effort to get more worke. It has been amply demonstreted that major
system fluctuations are caused by variations in technical effective-
ness. Therefore, a policy which tries to control varlations in
technical effectiveness might be effective. Since the laboratory
can éontrol the amount of work it receives, to some extent at least,
through the amount of marketing effert it exerts, this seemed a
promising area to investigate. It was hypothesized that a policy
thaet varied marketing effort inversely in relation to technical
effectiveness would have the desired effects. When technical
effectiveness was lower than normal, such a policy would increase
the marketing-generated pressure on the customer to make swards and
would thus prevent the slack periods from being quite as bade Also,
vith more work in slack periods, teshmicml effectiveness would recover
more quickly. On the other hand, when technical effectiveness rose
above normal, marketing effort would be cute Awards would increase

significantly in eny camedue to the increased quality of performance,
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and decreased marketing effort would have the beneficial effect of
slowing the rate of growth so that expension would not cause as rapid
end as drastic a reduction in technical effectiveness as we have
seen previously. This policy is equivalent to slowing the natural
rate of growth during growth periods in an effort to maintain high
technical effectivenessy and to decreasing the natural rate of decline
during poor periods. It is essentially a counter-cyclical policye

For purposes of testing this policy, the relation between
fechnical effectiveness and the marketing effort multiplier was

chosen as shown in Figure VII-15. The results of the simulation

2-

Marhetmny Eftort

Multiplrer dve
fo Technica |

Ef€ectiveness

|
|
I
'
1

2 Technical Ew ecl‘lvenenJ Perceweo

Figure VII-15: Marketing Effort Multiplier versus Perceived Technical

Effectiveness

are shown in Figures VII-16 and VII-17. The improved behavior of the
system is immediately evident. Variations in manpower and awards
are significently less than for the base run. The most notable

improvement, however, can be seen in the relation between the level °
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of techﬁical menpover and contract awards. In terms of manpower,

the organization experiences relatively smooth growth to a level of
140 technical personnel at fifty years, 90% of the peak growth
exhibited in the base run. Peaks in ewards are sbout the same height
as for the base run, but because variations are much reduced, the
averaée levél of awards is significantly better. The beneficial
effect of this policy on the system can be better seen in Figure VII-17.
Variations in technical effectiveness decrease throughout the simu-
lation reaching a relatively low level at the end. Thus, t&e
counter~cyclical marketing effort policy was successful in attaining
its goal. Some derivative benefits can be seen in the decreasing
oscillations in advanmced research cost and delivery delay. Equivalent
behavior was apparent in the design and development sector.

To further test the validity of the counter-cyclical marketing
effort policy, a simulation was made that varied markeling effort
directly with technical effectiveness. This would be equivalent
to the firm vhich tries to capitalize on increasing ability by ex-
panding as much as possible. As might bs expected, the system
exhibited dynamic instability with ever increasing oscillations
occuring in all major variables. Growth in terms of manpover was
about equal to the base run, but the award rates were not nearly as
good due to the larger oscillations of technical effectiveness in-

duced by this policye.
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Thus, a counter—cyclical marketing effort policy appears to be
quite effective in improving the performance of an R arnd D organi-
zations In view of the desires for growth,regardless of the situ-
ation, exhibited by many msjor R and D firms today, this conclusion

is of some importancee.

Varieble Growth Attitude Factor

Ano£her possible menagement policy is to attempt to increase
the size of the organization only when the organization is perceived
to be ready for expansion. One way of expressing this policy is in
terms of a growth attitude factor which will express the desire of
management to continue to increase the size of the organization when
it is growing. Typically, management of an organizgtion thet is
decreasing in size will not attempt to increase size, but will just
attempt to maintain the existing conditions, unless things get really
‘bad, when it will frantically attempt %o grow. Such a policy will
result in increased marketing effort during periods of growth and
normal marketing effort during periods of moderate decline. IL was
hypothesized that such a policy would increase the growth of the
organization, but that it would also increase the instability and
worsen the periods of declining awards. This phenomenon was
anticipated because the increased growth rate during growth periods
was believed to further increase variations in technical effectiveness.

The above policy was represented in the model by a variable
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growth attitude factor which acted as a multiplier on normal
2
marketing effort,s The relationship between the growth attitude

factor and apparent growth is shown in Figure VII-18.

o

§o
desired

Grow th
in Percent 251

1 2 Apparent Growth

Figure VII-183 Desired Growth versus Apparent Growth

2 The growth attitude factor was determined by the following equations.
Basically, the present size of the organization is compared to a
smoothed average of the past size, and this ratio is used with a table
function to give the growth attitude factor.
GRF.K = TABHL(GRFT,APGR.K,0,2,0.5) A
APGR.K = TTM.K/TTMS.K A
TTMS K = TTMS.J + (DT) ( 1/DTTM) (TTMeJ=TTMS .J) L
GRF - GRowth attitude Factor
GRFT - GRF Table (See Figure VII-18)
APGR - APparent GRowth
TIM ~ Total Technical Manpower
TTMS - Total Technical Manpower, Smoothed

DI'TM - Delay in smoothing TTM



116

The results of the computer simulation are shown in Figure V1I-19.
By comparing it to the base run (Figure VII-8) it can be seen that
the hypothesis is substantiated. Peaks of growth are much more pro-
nounced, but so are the valleys, so that the value of this policy
is somewhét questionable.

From the forgoing simulations, one important fact seems to
emerge. Technical capability or effectiveness is the most important

asset .an orgenization hase
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Chapter VIIIs Conclusions

Throughout the preceding chapters, in the formulation of the
conceptual framework and in the discussion of the computer simulations,
it was evident that technical effectiveness was the most important
variable in the system. Upon reflection, it appears reasonable to
say that technical effectiveness, or the technical ability to perform
technical work, is the most important determinani of the success of
a research and development laboratory. This is perhaps obvious, but
it is the most important conclusion discovered by this thesis.

Although many people will agree that technical effectiveness
is important, it would probably be quite hard to get them to agree
on many of its properties. To one it is creativity and to another
it is experience. The formulation of the concept of technical
effectiveness for this study was vague itself. To say that technical
effectiveness depends on the amount and type of past effort and that
it affects productivity and output quality leaves a large amount
undefined. From this then, derives the importance of the above con-
clusion. A concept, vaguely defined, but hopefully realistically
represented was proven to be very important. The next logical step
following such a conclusion is to investigate the properties of this
concept. Extensive research should be conducted with the object of

discovering more exactly the properties of technical effactiveness,
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how 1t is created, how it is destroyed, and how it should be used.
There is an unfortunate tendency in research to attack small problems
about which a fair amount is known. An example would be research
into the time allocation habits of engineers. The results of this
investigation seem to indicate that there are far greater returns to
be gained from attacking this very large and relatively undefined
problem. Increased knowledge which would allow definite control
of technical effectiveness would be invaiuable in improving this
country's performance in research and development.

There are several possibilities for research into this areea.
One obvious approach would be a direct attack on the problem through
interviewing people in research and development organizations.
Previous research done on creativity might be very valuable here.
A second possible approach could be along the lines of the one used
in this thesis. Knowledge of the importance of technical effectiveness
obtained from this thesis could be used to build a relatively simple
Industrial Dynamies model. This model could dispense with much of
the detail included in the present model and could probably be cone
str@cted of less than fifty equations. A rough flow diagram for
* such a model is shown in Figure VIII-l. Note that the contract award
rate depends only on technicel effectiveness and the delivery delay,
and that the contract finishing rate depends only‘on technical effec~

tiveness and the level of technical manpower. All of the other
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factors included in the present model could probably be eliminated
because of their relatively small importance with respest to technical
effectiveness. The moat important part of this proposed model is,

of course, the technical effectiveness sector. The model would
provide a valuable research tool for testing different formulations
of technical effectiveness, several of which were tested during the
development of this thesis.

A second conclusion somewhat related to the one Jjust presented
is that growth in an R and D organization is an inherently unstable
process and that good management is a prerequisite if succeasful
growth is to be attained. It was noted earlier that with the technical
effectiveness formulation used, a considerable amount of time was
needed to build technical effectiveness back up after a low period.
Also, rapid growth had the effeect of diluting the knowledge held by
the organization and resulted in drastic lowering of technical
effectivenesse Thus, too rapid a growth rate had the effect of
causing a decline which persisted for a periad of seven to eight

: jears during which the organization was unable to take advantage of
any new opportunities. While the time periods may be different, this
conclusion appears to be quite applicable to the real world. Too
rapid an expansion is known to subject the organization experiencing

it to a severe strain.
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The importance of technical effectiveness and the inherent
instability of the growth process points to a definite need for better
management control of R and Ds Lacking more specific knowledge of
the characteristics of technical effectiveness, management should
pay close attention to the fact that too rapld an expansion will re-
sult in a dilution of effective knowledge which results in a lower
technical effectiveness and eventually a drastic curteilment of the
contract awards to the.orgnnization. The results of this study in-
dicate that a good method of management control of the organization's
growth rate is through variation of the organization's policy for
seeking and accepting contract awards. The model simulated lecked
a specific mechanism for actually rejecting contract awards, but the
effect of marketing effort on awards was increased somewhat to account
for this.

The most successful management policy simulated was the
counter-cyclical marketing effort policy. This policy increased
marketing effort when technical effectivensss was low in an effort
to keep the organization busy. When technical effectiveness increased,
however, marketing effort was curtailed in an effort to lessen the
growth rate so that a high technical effectiveness could be main-
taineds This policy is not the same as sitting baclk and waiting for
the best contracts to come along, but would even counsel refusing the

"plum* if it would require too mich growth. The beneficial effect
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of this policy in smoothing out fluctuations and allowing a
relatively smooth controlled growth rate was demonstrated in the
simulation. A modern day example is given by the Instrumentation
Leboratory at the Massachusetts Institute of Technology. Institute
policy has placed a strong restraint on Instrumentation Laboratory
growth, and the Laboratory has primarily grown only when it has been
impossible to turn down a project for reamsons of national interest.
As a result, the Instrumentation Laboratory possesses a history of
being very effective technically and has never suffered from a sig-
nificant lack of funded work in its twenty-five year hiatory.l
Thus, one of the most important policies an R and D organization
can have is to resist the impulse to expand at a faster rate than
the organization cen really succeséfully support.

The conceptual framework developed in Chapters'II-VI appeared

to produce valid dynamic behavior when the computer simulations were

rune It is felt, however, that the value of this conceptual framework

1 The worst decline experienced by the Instrumentation Laboratory
occurred in 1950-51 when the level of funding dropped by 20% from

$4 million to §3.2 million. For additional details, see "A Model
Oriented,Approﬁch to Studying the Strﬁcture and Performance of a
Research and Development Organization', by Leo P. Kane, (Unpublished
Master of Science Thesis, MIT School of Industrial Management, 1963).
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is not limited to providing a basis for a mathematical model. If
it can be accepted as a reasonable representation for a research
and.deve10pment organization, it also supplies a valuable framework
for organization of future study of the research and development
process. By contributing to an immediate understanding of the process,
the fremework will help the researcher to concentrate his efforts
on the more critical aspects of R and D with a resultant increase
in the contributions made %o knowledge'of the process.

Several basic features of the conceptual framework seem to

stand out in importence. They are 1.) the division of the type of

work performed by the organization into advanced research, and design
and development, 2.) the division of the technical effort performed
by the orgenization into volume and quality effort, 3.) the concept
of a market sector where the customer makes his award decisions based
on consideration of past performance, present cost and delivery
estimates, and, the extent and type of present marketing effort,

4.) the determination of required marketing effort by the capacity

of the organization, and 5.) the existence of technical effectiveness
as an important factor in all sectors of the system.

It is sincerely hoped that the conceptual framework developed

in this thesis can and will be used outside the field of Industrial
Dynamics to help foater further understanding of the research and

development process and to help direct further rezearch in this area.




Appendix A: The Mathematical Model

The general system deseription given in Chapters II through
VI was used as a basis for the construction of a mathematical model
with which to simulate the behavior over time of a typical R and D
laboratory. The resulte of these simvlations and the conclusions
reached were discussed in Chapters VII.and VIII. A complete
understanding ofAthe details of the mathematical model is not
necessary for an understanding of the general system charaetersitics
and the conclusions of the study, but it is felt that such an
understanding might be helpful to anyone attempting further research
in this area. Therefore, this appendix will discuss the mathematical
representations for some of the more complex concepts included in
the model. The model consists of a series of linear and nonlinear,
a1gebraic, and difference equations. For each sector in the model,
a list of equations and a flow diagram depicting the interrelationships
between the equations will be presented. The reader will alse be
referred to the chapter presenting the general non-mathemstical
discussion on the sector at hands For each sector, the more complex
relationships will then be explained. In this explanation, a
knowledge of Industrial Dynsmics conventions for flow diagramming and

1
equation writing will be assumed. The equations will be presented

1 See Chapters 7 and 8 of Forrester's Industrial Dynamiecs for a

general discussion of equations and flow diagrams.
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in a form required by the DYNAMO compiler and simulator progrem for
2‘.
the IBM 709 snd 7090 computers.

Technical Effort Sector, Advanced Research (Chapter II)

The flow diagram for this sub-sector is shown in Figures A-l
and A-2 and the equations are listed 6n the next page. In keeping
with the above stated policy of explaininé in detail only the more
complicated mathematical representations, it will be left to the
reader to gain a general understanding bf each sector through study
of the flow diagrams and equations. This should be done before
proceeding with the discussion.
There are three important concepts in this sector tﬁat will
be discussede They are 1). the volume effort rate, 2). actual quality
produced, and 3). allocation of technical manpower time between these
two activities.
The volume effort rate is basically a function of the average
productivity of each engineer, the number of effective engineers,
and the fraction allocation of enginedrs to volume effort. Note,
however, that the equation below generates ean effort rate to be tried.
AERT K = (APRD.K) (EFAT.K) (FAAV.K) OO6RL,A
AERT = Advanced Research Effort Rate to be Tried -
dollars/year

APRD - A R PRoDustivity - dollars/year/man

.2 See DYNAMO User's Manual, the MIT.Press, 1961, by Alexander L.

Pugh, III, for complete details, or Appendix A of Industrial Dynemics,

by Jay W. Forreaster, for a gensral discussion.



ACAS DhT 315 RL)

ACA , 451 RL AR Conf:rnc Dcsu AR THP

AR Con tract Aw ands, Smeoth TEF, 20/ RL

Award Rate /.~ AMSR, 437 RL . Techmical
-, 023 RL AR Akt Shire - Etlec tiveness

.- 4 Ratie , /
PACA ,/ EFAT,309RL
Ve / Efectmwe AR
. w:iPs / Tramedd Manpower,
APS Neq ate ,

AR Contracts
In P/anmng \
oo/ RL )

/' FAAQ ,01¢ Rl
Fracfgn AR TMP
Allocated to Qualit

FAAV
V| Frictiem AR THP
Allocated to
Volvme

AR Effort
Rate

003 RL

»(ﬂenﬁ #1g RL

AER Perc'd

\ AAPY, 312 AL
Apparent AR Fud)

AP
AR Contracts

(n Process |

I
TAD, #11RL ! l
Total AR \ |
Delay AN ,

FARY

Anns 6EO0¥RL
HVFOOARL AR Mty Effort pesived
D 6 |'oogae {2)Hac Pult. cve to Backlog )\ {ﬁm ,025RL
009RL AR Presssre
Sfor Quality

ABLS

fﬁqu‘ AR Backloa, l’(-"
~=-N Smoothed ~~

\

\
o2l RL| , \
\

o/
ACOP, 602 AL
AR Contract -7

Awcls Desireel

/

ABLD, 3:1¢ RL €. -
AK alg D:R’ercnc
o be Corrected

BAAD, 624 RL
~—PBasic AR Awards
Desired

DBITG, 621 RL
“®Decision Bios dve
- to Integrity

YDAB Y\,
Yes, Desired
AR Backla)

oaq RL

e
YDABC

Fiqure A-1: Advanced Research Sector, Volume E Ffort




F/MV; ors RL

Frac tion AR
- Allocation to

Volvme

FH:Q
Fraction -~
Allocation ‘i"
to Quility 72_
ol6 RL T~ 4 TEF Aol RL
=~ AAQ "1 rechnical
Actual Effectiveness
AR Quality
007 RL
’
/
/
/
/
!
¥
ARO
6 |oro rL (R)HACP
b ouju}x )
VAN
7’ \ - o
- ” \ = -~ —
P \ \\\
PA@L L7 - \ PAQC o
\ \
"’i I’ ' -—’?" \\ TAGRC
y Yy v y '
AaL | Aac TAGQ x
AR Quality AR Quality Trachtonal
Perc'd by Lab. Perceived bythe iy
Customer AR Quilty
ol12RL 013RL . o RL
~N \

o 7
!
)
'
|

b ﬂam,wm) ,
A@c Ratro //

FAY), 017 RL
Frac. AR Allec
te Volume

Figure A-2: Advanced Research Sec‘l‘or; QU.;/,z‘aJ EFffort




etaiee EREE-TSRSE SNt A DR I A B DTS N O RS o G N0 I G570 S F0210 B I G0 J FATs I a0 B=3-i e v 02 TZ2T
TiczEe Acnﬂgziu;uﬁj STUE HY T T T e G e ROy s Ay TSy LY e ndY Yo e : _ o
ASNTDAET-OS3G S A - - T - —e=IEVIA o D
= 2T ST SS T SER CrS T Tt S A I aA vZT
G USNT ETTTDERd N2 e o T e - Z=yovd I A
MLCZT CERLITTIIS sy s Ly uﬁ;;ﬂ)QWWU%l%ﬁQﬁUﬁq;muwﬂ\AVﬁﬂﬁéh)éhiu§l4¢viu<ml?idmieifil!i:iﬁ!siié
Tz TTTTTIIEYTES ST - SN et B O AT AN N R P I SUATAS) 72T
‘ TTY 4T DYEd NI 130 T T e e g e G =T e d D
=il B ] s S e e it ROV B Gt b aorc v/ e e G 4 R TR Rt S 7 SWEE DS
RISIVESY TTIVE 9TZE g7 u«~lq:\\'/~_mn‘az_fq VT
‘ A AT A R R e T s C/T=wLAGY T D —
’ awsTs TN ETdTEENSS Y T O T IS Y Y LAY TG IEY T AEY ¥8T
L=EYVY( J o S
mwerd RIS s T ’ S AYY IS TUAY ) (YA TTETY AL 4&5i;wﬁm : T
THLICT T T aIETSIOAYY S T T e (e R AR O A T TS A NIV=3*anYs vey
TIOTE AL NG e I N5 OO a1 S YAV VI-T=T VvV S 7
CTC T TN TV ALY Y Y T ; O ALY (I + T " AY Y IS A Y ST , .
O DT TR - e OTEYDYL -
IeTC VI gv Gvel ﬁ_.cqplxﬁ.ueqwﬁu@<F\_v,hc,+u.aq+|; oVI T
DUV TAETOEId THNT TAY .ﬁa T TErT=EIOVd T

o U

TLCTS TTLIOD O RTTATEIIT I vy B S aRdeIek-Eobtl ol d st it M o) a\d%ﬁHlﬁHﬁﬂlqmwiﬁJdd 1 N
OV JdT08dd NTOAVTId §*C=70Vd -

l_:lw._-.m

Nile b

NTIC

YT AT OIEIE ALY
tSHTm‘F:QHUZ,zHHJfTJ N

s <<‘

Trem e

YYCIOVAZ Ty CLaY R o Y= TeY
- mx.!llm Uéﬂs.lvnv%_i ,\{m»«}‘ v nylrJ\U’\._ |.yl._ /\M &QGT&

- deE -

e

ot C

RR RIS ERR I NI ) gV
L AT ETY Y EVHE

AT ERTN

UgOVH*2Ir™d Jﬁtvﬂ>i_u0|_:-le<

SR

T=d0VvH

2

TwECQ S ANTETINGIMTTAON Yy T T gDy FHENT YIYYCAYIIA="TN gAY — —H6€E

HElT JIVE ITTdITe TR dy _ CAOVHET *daAv T AT T I ~any g€

QLo CALITYNAD YYDy o o T ey O eI e e =Y e DY Y e T
: AuUell CZIML PO L TEvy EEATuY o T A Y RO Y AT O Ard v S Ly Y e T

P S

CI=AEaY

J

4‘:‘ e I ;;:;:;:y:intiris-!::!:e:anu s -5 .
RS ST ALTATIIONATYY oy T AT LY TAgEY V¥ O d Y EY T OEdY T YT T
TS I TsSar—oIn 73 Savy=y"sSdvN V32 B
lyece - o CTUELIYY hm%;ulf,:‘ T ;;iz=|i;J4¢¢H¢Jt.4.Wmd2qzqﬂnJ¥imu< ...... TEHHG _ e
T2 T COSSIDTYE NI Ry T T T Y gAY =Y CoUIVY LY Fr2*gdIv=y a1y T T T T T T
=TT B R I N T L R gﬂ ,xﬁ‘ .4|4ﬁ-«a4 Ah:~+~¢u «uv.umq T . ,
T T T - T T z.;;.|=,:,,,.:;q,¢sei;;;fﬂwHNW7w.;1;..|a.;::,;:.iueuf AR
- T e I:z;Fia:huuw;wmnuuwiﬁuwwé10m<m AN A A e




v

e e ‘ SR ‘ T e e VoY aSy) YN g T
T T e e e e L .- N - - - - . - . — . - e e e PR - »il— qulu\w qul e e d(«.@"l.| S —— .
. STUEAVVE WNY

e oYV =gV NG T o -

'

o DYYEIOY N9 =
OYVETUY 9 , T
S P . - . . . . - - - - . - e mbee s m . e cmem i kr w e o o eeen :,“YD‘HI".G<P.”\ [ ?sn @vvlln —— t:.l(a"ll'.‘,v'll. ..”, \l'hoh.llr“l.:llul.|
. . B BT - . . N R - e e e e e . B - .- ) . e 4.’\’11.4 uﬂv‘wlmm Jﬂ\lr [lll')ilﬂn‘n@ )

CY T T TdOvHT S =dTV Nt L

T TEOVEDRVARY YOV =5dyY T NG T -
1228 CTTUOTINDYE uy I - b - o R e e
e e - CTIOVITOISH OTY ‘ =HIUV 2 - ;
™LZC CTTAYY VN LY R e T ok -0 9 WA P pur gL S BN DVUTYeR T T T
. T CLN LTI /2L /GG T/ I/ CET TS CoT/Z=x1tgy — O I




130

EFAT - EFfective A R Téchnical manpower - men
FAAV Fraction A R Technical manpower Allocation to Volume
In order to insure that the level of contracts in the planning stage
cannot go negative, the following additional equations were required.
AER.KL = MIN(NAPS.K, AERT.X) OO3RL,R
NAPS.K = APS.K/DT O04RIL:, 4
AER - A R Effort Rate - dollars/year
NAPS = Negative APS 1imit - dollars/year
AP8 - A R contracts in Planning Stage - dollars
The productivity of the average engineer depends on the tech-
nical eflectiveness of the organization.
APRD.X = APRC + (APRV) ( TEF.K) OO5RL,A
APRD - A R PRoDuctivity - dollars/year/man
APRC = A R PRoductivity Constant - dollars/year/man
APRV - A R PRoductivity Variable ~ dollars/year/man
TEF - Technical EFfsectiveness - dimensionless
The quality produced will depend on the fraction of effective
technical manpower allocated to quality effort and on technical
effectiveress,
AAQ.K = (FAAQ.K) (TEF.K) (&) CO7RL,A
AAQ - Actual A R Quality -~ dimenzionless
FAAQ - Fraction A R technical manpower Allecation to

Quality - dimensionless
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The most important concept in this sector is the allocation
of time between volume and quality efforte This is accomplished
through resolution of the pressures for volume and quality effort.
The fraction allocation to volume desired is first calculated as the
ratio of the pressure for volume effort to total preasure. Then the
desired allocation is compared to the actual allocation, and the
difference is corrected over a pericd of time. The fraction

allocation to quality is merely one minus the fraction allocation

to volume,
FAVD.K = APV .KAAPV .K + APQ.K) O17RL, A
FATV.KL = (1/DAAA) (FAVD.K~FAAV.K) 018RL,R
FAAV.K = FAAV,J. + (DT) (FATV.JK) 015RL, L
FAAQ.K = 1-FAAV.K 016RL, A

FAVD ~ Fraction A R Allocation to Volume Desired -
dimensionless

APV -~ A R Pressure for Volume effort - dimensionless

APQ ~ A R Pra2ssure for Quality effort - dimensionless

FATV - Fraction Allocation To Volume flow - dimepsionless

DAAA - Delay in Adjusting A R Allocation of time - years

FAAV « Fraction Allocation of A R technical manpover to
Volume -~ dimensionless

FAAQ - Fraction Allocation of A R technical manpowar to

Quality - dimensionless
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The pressure for volume effort will depend on the ratio of the
perceived backlog to the desired backloge The relationship of the
pressure to this ratio is given by a table function. (Figure II-4)
Pressure for quality effort is likewise given by a table function
with the entering variable being the ratio of perceived quality to
traditional quality.

APV.K = TABHL (APVT, ABLR.K,0,2,0.2) O19RL,A

ABLR.K = ABLS.K/DABL.K O20RL,A

APV - A R Pressure for Volume effort - dimensionless
APVT ~ APV Table - dimensionless

ABLR - A R BackLog Ratio ~ dimensionless

ABLS -~ A R Backlog, Smoothed -~ dollars

DABL - Desired A R Backlog ~ dollars

Technical Effort Sector, Design and Development (Chapter II)

This sector essentially parallels the previous one and similar
concepts will not be presented again. However, there is one major
difference that requires explanation. The design and development
technical effort sector includes liaison activity with the customer
and production contractors. This liaison activity requires an al-
location of technical manpower and results in a quality of contracts
in liaison, two concepts not present in the advanced research tech- .
nical effort sector,

The determination of the quality of contracts in liaison ias
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fairly complex. Contracts entering liaison have a basic quality
resulting from the quality of the R and D laboratory's worke This
basic quality can be raised or lowered by the relative amount of

liaison expended by the laboratory.

QLA.K = (LQDO.K) (RLQM.K) 113RL, A
RLQM.K= TABHL(RLQMT,LER.K,0,2,0,5) 114RL,A
LER.K = LE K /NLE.K 136RL, A

QLA -~ Quality in LiAison - dimensionless
1QD0 - Lisison Quality due to D & D quality Output -
dimensionless
RLOM - Relative Liaison Quality Multiplier - dimensionless
RLQOMT - RLQM Taeble - dimensionless
LER =« Liaison Effort Ratio - dimensionless
LE - Liaison Effort - men
NLE - Necessary Liaison Effort - men
The relative liaison quality multiplier (RLQM) determines how
much liaison quality can be increased or decreased from the normal
value by exerting more or less liaison effort than that necessary
for normal quality. The necessary liaison effort for normal quality
(NLE) is not constant, however. It depends on the number of contracts
in liaison and on the basic quality of the laboratory's work.
NLE.K = (TLCC) (LOIP.K) (LEMQ.K) 138RL,A
LEMQ.K = TABHL(LEMQT,LDQR.K,0,2,0.2) 139RL, A
LDQR.K = LQDO.K/STDQ 140RL, A
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NLE - Necessary Liaison Effort « men
TLOC - Technical manpower/Liaison Contract Constant -
. men/dollars

LCIP &« Liaison Contracts In Process - dollars

LEMQ - Lisison Effort Multiplier due to bagie Quality -
dimensionless

LEMQT - LEMQ Table (Figure II1-8) - dimensionless

LDQR - Liaison D & D Quality Ratio - dimensionless

LQDO - Liaison Quality due to D & D quality Output -
dimensionless

STIR - Standard D &.D Quality -~ dimensionless

The basic quality of the organization's work is compared to the
industry standard and this ratio determines & multiplier for the
hecessary liaison effort per contract, (See Figure II-8) The
multiplier times a constant and the number of contracts gives the
necessary effort s normel quality,

Since technical manpower time must be allocated to an additional
sctivity in this sector, the time allocation mechanism is necessarily
somewhat more complex, A mathematical representation for straight
time allocation among the three activities, volume effort, quality
effort, and liaison effort, was felt to be too complicateds There=
~ fore, a somevhat simpler scheme was chosen. Since allocation of

time to two activities, as was done in the advanced research part
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of the technical effort sector, is quite simple, it was decided to
stick to two-way allocations, Technical manpower time is first
divided between liaison effort and internal effort by the same type
of pressure mschenism as previously, end then the total alloecation
to internal effort is divided between volume and quality effort,
again by the same type of mechanisme It should not be nscessary to
repeat the equations for the allocation at this point since the
above description should ensble the reader to understand the concept

by studying the listing of equations for this sector.

Tochnical Effectiveness Sector (Chapter IV)

The mathematical representation for technical effectiveness is
quite etraight forwarde Technical effectivensss is generated by
a table function dependent on the ratio of effective knowledge per
man to necessary knowledge per man.
TEF.K = TABHL( TEFT,TEFR.K,0,2,0.2,), 201RL, A
TEFR.K = EFKM.K/NEKM.K 214RL, A
TEF - Tschnlcal EFfectiveness - dimensionless
TEFT - TEF: Table - dimsnsionless
TEFR: = TEF Ratio - dimensionless
EFKM. « EFfective Knowledge pervMan ~ dimensionless
NEKM - NEcessary Knowledge per Man -~ dimensionlesas
The generation of the level of effective knowledge is a bit
more complex, however., The major inflow into the level consists of

knowledge resulting from effective technical effort. Technical
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effort will result in effective knowledge only after a delay, and
some kinds of work are more valuable than others in producing
knowledgs. This is represented mathematically by using different
forms of lagged relationships and weighting factors for each kind
of worke The number of effective technical personnel in each kind
of work at any one time is used as a measure of ths teechnical effort
being generated.
EFTE.KL = (EAEM) (EAE.JK) + (EDEM) (EIE.JK) + (ELEM) (ELE.K) 207RL, R

EAE.KL= CELAYS(EFAT.K ,DAE) 202RL, 203RL,.Ri
EDE.KL = DELAY3( DTFL.K, DDE) 204RL, R
ELE.X = ELE.J + (D) (1/LBE) (LE . J«ELE . J) 206RL, L

EFTE - EFfective Technical Effort - men/year

EAEM - Effeoctive A R Effort Multiplier -~ dimensionless
EAE - Effective A R Effort - men/year

EIEM - Effective D & D Effort Multiplier - dimensionless
EIE - Effective D & D Effort - men/ysar

ELEM - Effective Liaison Effort Multiplier - dimensionless
ELE - Effective Liaison Effort .. men/year

EFAT - EFfective A R Technical manpower - men

DAE - Delay in A R Effort becoming effective - years
DIFL - D & D Technical manpower For Laboratory - men

DIE -~ Delay in D & D Effort becoming effective - years
LBE - delay in Lisison effort Becoming Effective - yeara.

LE -~ Liaison Effort - men
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The other flows affecting effective knowledge are the knowledge
obsolescence rate, the inflow oi' knowledge accompanying new people,
and the outflow of knowledge accompanying people leaving. These

¢
flows are quite straight forward and will not be discussed further.

Technical Menpower Sector (Ghapter III)

The technical manpower sector involves two major concepts that
will be discussed here. They are 1). the determination of the lael
of effective technical manpower, and 2). the determination of the
rates at which technical personnel enter and 1-ave the organization.
Since the advanced research and design and development parts of this
seeter essgntially parallel each other, the explenation will be
presented only for advanced research,

The entire number of trained technical personnel in an organi-
zation is not effective in producing technical effort. Various
subsidiary activities such as hiring and training of new personnel,
and marketing also require the efforts of trained personnel, thus
roducing the number fully~effective technically. This concept is
represented in the model in the following manners +the amount of
training activity necessary depends on the percentage of new people
in the organization. A multiplier due to training requirements is
generated and depends on the ratioc of personnel in training te
trained personnel, Likowise, the amount of hiring activity required

will depend on the extent of hiring. The multiplier due to hiring
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requirements depends on the ratio of the hiring rate to trained
technical maenpower. The mumber of trained technical personnel is
multiplied by these two multipliers to give a tentative effective
manpower level, and finally the psople required for marketing effort

are subiracted to give the actual lsvel of effective technical

manpovwers,
ZFAT.K = (ATM.K) (AITM,K) (AHRM.K) -AME . K 306RL,309RL, A
AITM.K = TABHL(AITNT,AITR.K,0,.5,0.1) Z07RL, A
AITR.K = AIT.K/ATM.K 308RL, A
AHRM.K = TABHL( AHRMT , AHRR.K,0,1,0. 2) 310RL, A
AHRR.K = AHR.JK/ATM.K 311RL, A

EFAT ~ EFfective A R Technical manpower - men

ATM - A R Trained technical Manpower - men

AITM -~ A R technical manpower In Training Multiplier -
dimensionless

AHRM ~ A R technical manpower Hiring Rate Multiplier -
dimensionless

AME ~ A R Marketing Effort - men

AITMT - AITM Table - dimensionless

AITR « A R technical manpower In Training Ratio -

dimensionless
AIT - A R technical manpawer In Training - men
AHRET ~ AHRM Table - dimengionless
AHRR ~ A R Hiring Rete Ratio - dimensionless

AHR - A R'Hiring Rate - men/year
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The representation for the manpower change decision is fairly
complexs Basically, a desired level of technical manpower based on
the organization's backlog is compared to the actual level of man
power, and the appropriate action (hiring or increasing pressure
for personnel to leave) is talren, The situstion is somewhat compli-
cated'by the fact that there are always some people leaving of their
own accorde The desired level of technical manpower is found by
dividing the desired rate at which work is to be started by the
perceived productivity of the average engineer. The desired rate
at which work is to be started is the sum of the perceived contract
award rate and the backlog difference to be correctsd. The backlog
difference to be corrected represents the orgmnization's attempt
to adjust the actual backlog to the level desired over a period of

time in order to meet achedules while ensuring stability.

DAT.K = (1/AAPDS.K) (ACAS.K+ ABLD.K) 515RL, A
ABLD.K = (1/DABD) (ABLS +K=DABL.K) 214RL, A
AAPD.K = AER.JK/ATM.K 312RL, A

AAPDS.K = AAPIB,J + (DT)(1/DAPDS ) (AAPD.JwAAPDS.J) . 313RL, L.
DAT - Desired A R Technical manpower - men
AAPDS -~ Apparent A R Productivity, Smcothed -
dollars/year/man
ACAS - A R Contract Award rate, Smoothed - dollars/year
ABLD - A R BackLog Difference to be corrected

dollars/year -
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DABD ~ Delay in correcting A R Backlog Difference -
years

ABLS - A R BacklLog, Smoothed -~ dollars

DABL ~ Desired A R Backlog -~ dollars

AAPD - Apparent A R ProDuctivity - dollars/year/man

AER -~ A R Effort Rate -~ dollars/year

ATM - A R Technical Manpower - men

DAPDS -~ Delay in perception of AAPD - years

The des}red level of technical manpower is then compared to

the actual level and the percemt change in the size of the organization
to be attempted over a certain period of time is given by a table
functions This percent change multiplied by the existing level of
manpower and divided by the delay im carrying out the change gives the
desired change rate in men per year. At this point, the picture is
somewhat complicated by the phenomenon of attrition. People will
alvays leave, no matter how good business is. This is represented
by having an outflow of people equal to the level of people in the
organization divided by the average employment periods In the
manpower change policy, it is possible for management to either
overlook attrition, or to take it into accounts In the deck listing,
it is teken inte account, but it will be ignored here for simplicity. -
Under this assumption, if an increase in technical manpower is in-
dicated, the inflow of people will equal the hiring rate and the

outflow will equal attrition. If a decrease is indicated, there



152

will be no hiring and the outflow will consist of natural sttrition

and people leaving due to pressure,

PCAT.K = TABHL(PCATT ,RDAAM.X,0,2,0.2) 317RL, A
RDAAM.K = DAT.K/ATM.K 316RL, A
CAT.K = (PCAT.K) (ATM.K) /DAMC 318RL, A
AHR.KL= MAX(CAT.K,Q) 319RL, R
ALP.K = MAX(=CAT.K,0O) 320RL, A
ATRA.K = ATM.K/AAEP : 322RL, A

PCAT - Percent Change in A R Technical manpower -
dimensionless
PCATT - PCAT Table (Figure III-6) - dimensionless
RDAAM - Ratio Desired to Actual A R Manpower -
dimensionless
CAT - Change in A R Technical manpower rate - men/year
DAMC - Delay in Adjusting A R Manpower Oonstant‘- years
AHR - A R Hiring Rate - men/year |
ALP - A R Leaving rate due to Pressure - men/year
ATRA - A R TurnoveR from Attrition - men/year
AAEP - Average A R Employment Period - years
Quite often, if there is pressure to reduce the size of the
advanced research portion of an organization, while there is aliso
need for perasonnel in design and deﬁelopment, then some of the people

leaving advanced research will transfer into design and development.,
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This happens usually as a certain concept moves from A R to D & D,
and certain pecople stay with it the whole way throughs This is
accomplished in the model by having a fraction of the people leaving
A R due to pressure go to design and development. The fraction of
personnel following this route will of course depend on the need
for people in design and development. A possible relationship is

illustrated in Figure A-8,

ATT KL= (FALD.K) (ALP.K) 321RL, R
FALD.K = TABHL(FALDT ,RDDAM.K,0.5,2,045) 350RL, A
RDDAM.K = DDT.K/DTM.K 3L4RL, A
ATR.KL = ATRP.K + ATRA.K 324RL,R

ATRP.K = (ALP.K)(1~FALD.K) 323RL, A

ATT - A R Technical manpower Transfer rate - men/year

FALD -~ Fraction A R personnel Leaving from pressure to
D& D - dimensionless

FALDT - FALD Table (see Figure A~8) - dimensionless

RDDAM - Ratio Dasi.r'eD to Actual D & D technioal Manpower-
dimensionless |

DDT - Desired D & D Technical manpower - men

DT - D & D Technical Manpower - men

ATR - A R Turnover Rate - men/yeer

ATRP -~ A R Turnover Rate dus to Pressure - men/ysar
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Figure A-8: Percent A R Personnel Leaving to D & D versus Ratio of
Desired to Actual D & D Technical Manpower

Market Sector - Advanced Rzsearch (Chapter V)

In the market sector, the customer makes his contract award
decision based on his evaluation of various factors. The mode}
represents this decision in a multiplicative feshion. The ecvaluation
of each factor by the customer results in a multiplier which represeuts
the effect of performance in a certain area on the award rate. Each
multiplier can be visualized as the fraction of the award rate due
to all the other factors affecting the award rate,that is actually
awarded to the laboratorye The value of each multiplier obviously
depends on the relative performance of the laboratory in the respec.
tive area. The final award rate is found by multiplying all the
miltipliers due to different factors and the possible award rate
(an exogenous input) together. The following equations perform this
function for the advanced research sector. Note that the actual

award rate is delayed due to time neceasary for negotiations, etc.
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ACAL.K = (ACAL.K) (FAPC.K) (FAPD.K) (FAME .K) 450RL, 449RL, A
ACAL.X :(ACAVaK) (FLQ.K) (FTEF.K) (FAS oK) MsRL’WRL, A
ACA.KL = DELAY3(ACAI.K,ACAWD) 451RL, R

ACAI -~ A R Contract awards Impending - dollars/year
ACAL - A R COontract Awards due to Lab performance -

dollars/year

FAPC - Fraction A R awards due to Promised Cost - dimension -
less
FAPD ~ Fraction A R awards due to Promised Delivery -
dimensionless
FAME - Fraction A R ewards due to Marketing Effort -
dimensionless
ACAV - A h Contract Awards aVailable - dollars/year
FAQ - Fraction A R awards due to Quality - dimensionleas
FTEF - Fraction A R awards due to Technical EFfectiveness -
dimensionless
FAS - Fraction A R awards due to market SBheare - -imension-
less
ACA - A R Contract Award rate - dollars/year
ACAWD - A R Contract AWard Delay - years
Each fraction of poseible awards (multiplier) is generated tirrough
the use of a table function entered by a ratio of the actual value
of the factor being considered to a standard or desired value.

S8ince all the factors use somewhat the same technique, just one will
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be desoribed. The fraction advanced research awards due to quality
is given by a table function entered by the ratio of the quality
perceived by the customer to a standard quality. As perceived quality
increases relative to standard quality, the fraction of possible
awards increases. The relationship is shown in Figure V-2 in Chapter
Ve ‘
FAQ.K = TABHL(FAQT,AQR.K,0,2,0,2) 414RL, A
AQR.K = AQC.K/STAQ 416RL, A
FAQ - Fraction A K contracts due to Quelity - dimensionless
FAQT -~ FAQ Table - dimensionless
AQR ~ A R Quality Ratio - dimensionless
AQC ~ A R Quality perceived by Customer - dimensionless
STAQ ~ STandard A R Quality - dimensionless
Two other concepts included in the market sector need to be
considered. They are the ganeration of the total delivery delay
and the cost performance index, both of which are important to con-
tract awards, The delivery delay perceived is equal to the backlog
(total funding in the laboratory) divided by the perceived effort
rate.
TAD.X = ABL.K/AERP.K 419RL, A
TAD -~ Total A R Delay ~ years
ABL - A R BackLog -~ dollars

AERP - A R Effort Rate, Perceived - dollars/year
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The cost performance index is equal to the level of personnel
in the orgunizsation, including trainees, divided by the perceived
effort rate times & normalization factor. Thus, as the number of
people increases with respecst to the effort rate, the cost index
will rise and vice versa.

ACPI.K = AAT.K /{ AERP.K) (ACPNF)) 421RL, A

ACPI -~ A R Cost Performance Index - man years/dollar
AAT - Actual A R Technical manpower - men

AERP - A R Effort Rate, Perceived - dollars/yeer
ACPNF - A R Cost Performance Normalization Factor -

dimensionless

Market Sector - Design and Development (Chapter V)

The design and development sector of the market sector uses
exactly the same concepts and techniques as the advanced research
section with the exception that a few more factors are considered
iﬁ the award decisions All but one need not be mentioned, however,
since they parallel what has been seid before. The one factor to be
discussed here is the fraction possible design and development con-
tracts due to the relative amount of advanced research effort. Cutting
back on advanced research work will penalize an orgarization by
eventually reducing its technical effectiveness, but it will also
penalize the organization through reducing the number of follow-~on
contracts awarded. 4An organization is usually more capeble in de-

sign and development work if it has performed the advanced research
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in the area concerned. Quite often, design and development contracts
are awarded as a follow-on to advanced researr' effort, Thus, as
the percentage of advanced research performed by an organization
decreases, the number of followon design and development contracts
also decreases, Thus, this multiplier acts to decrease the design
and development award rate when the percentage of effective advanced
research effort decreases.
FDAP.K =TABHL(FDAPT,ARDR.K,O,1,0.2) 518RL, A
ARDR.K = EAE.JK/EDE.JK 520RL, A
FDAP - Fraction D & D Contracts due to A R Performance -
dimensionless
FDAPT - FDAP Table - dimensionless
ARDR - A R to D& D effort Ratio - dimensionless
EAE - Effective A R Effort - men/year

EIE - Effective D & D Effort - men/year

Top Management Decision Sector - Marketing Effort (Chapter VI)

Marketing effort is generated mainly on the basis of the perceived
capacity of the organizetion to handle work. The award rate necessary
to keep present personnel busy, at the present perceived level of
productivity,is first determined and then a component calculated

to correct the backlog situation over # period of time is added or
subtracted to give the desired award rate. The normel level of

marketing effort is then found by multiplying the normal marketing
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effort per contract times the desired award ratec Note that prov-
ision for agrowthattitude factor is also included in the generation
of the basic awards desired. This growth attitude factor may be a

variable, or a constant, depending on the policy being simulated.

BAAD.K = (ATM.K) (AAPDS.K) (AGAF) 624RL, A
ACAD.K = BAAD.K +(1/ABAD) ( DABL.K~ABLS.K): 602RL, A
NARM.K = (NAMC) (ACAD.K) 603RL, A

BAAD -~ Bmsic A R Awards Desired - dollars/year

ATM - A R Technical Manpower - men

AAPDIS -~ Apparent A R Productivity, Smoothed - dollars/
year/man

AGAF - A R Growth Attitude Factor - dimensionleas

ACAD ~ A R Contract Awards, Desired -~ dollars/year

ABAD - A R Backlog Adjusting Delay - years

DABL - Desired A R BackLog -~ dollars
ABLS - A R BackLog, Smoothed - dollars
NARM - Normal A R Marketing effort - men

NAMC - Normal A R Marketing effort Constant - men/dollars/
year
There are two other factors which may cause management to change
marketing effort from the level derived by the above equetions.
Cne is thé amount of backlog imbalance., If the actual backlog is
significantly different from that desired, management, in an effort

to return to equilibrium es quickly as possible, will make more
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drastic changes in marketing effort than would be done by the above
mechanism, This is represented by using a multiplicative table
function in the manner shown below.

Another multiplier is also included. There are many possible
management policies with respect to technical effort. For example,
one organization might attempt to teke adventage of increasing tech-
nical effectiveness and try to get more business, while another
might want to limit its growth in an effort to increase technical
effectiveness even further. These policies cen be simulated by using
different tables for the marketing effort multiplier due to tech~
nical effectiveness. These two multipliers essentially result in
e nonlinear relationship between marketing effort and the factors

which determine it,

AME.K = (NARM.K) (AMMB.K) (MEMT.K) 606RL, A
AMMB.K = TABHL(AMMBT,ABLR.K,0,2,0.2) 604RL, A
ABLR.K = ABLS.K/DABL.K 020RL, A
MEMT.K =TABHL(MEMTT,PTEF.X,0,2,0.5) 605RL, A

AME - A R Marketing Effort - men

AMMB - A R Marketing effort Multiplier due to Backlog -
dimensionless

MEMT - Marketing Effort Multiplier due to Technicel
effectiveness - dimensionless

AMMBT- AMMB Table (Figure VI~1l) -~ dimensionless
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ABLR ~ A R BackLog Ratio - dimensionless

MEMIT ~ MEMT Table - dimensionless

PIEF - Perceived Technical EFfectiveness - dimensionleas
Design and development marketing effort is determined in exactly

the seme manner as above,

Zop Management Decision Sector, Decision Bias due to Integrity (Chepter VI)

Various estimates made by management, such as proposed costs
and delivery times, and the desired level of funding, will reflect
the organization's need and desire for more business. Some organi-~
zations will resist these pressures and remain relatively truthful,
while others will give in and understate costs and deliveries to a
significant degree. This concept is represented by the equations
generating the decision bias due to integritys. The decision bias
is given by a table function. The table itself will differ for
organizations ﬁith different integrity cheracteristics. (8ee Chapter
VI, Figure VI-3.,) The entering variable which represents the
organizational pressures for more or less work depends on ‘the two
multipliers affecting marketing effort. Since they represent the
amount by which management wants to vary marketing from that con-
sidered normal, they are a good measure ;f pressures for more or
leas works. The two multipliers for each kind of work are multiplied

together, weighted by the relative number of contracts desired in

each kind of work, and added to give the variable determining the
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decision biase
DBITN.K = TABHL( INTEG,RDNM.K,.€,3,0.4)
RINM.K = RDAM.K +RDDM.K
RDAM.K = (AMMB.K) (MEMT.K) (ACAD.K) /( TCAD.K)
RDDM.K = ( DMMB.K) (MEMT .K) ( DCAD.K) /( TCAD.K)

TCAD.K = ACAD.X + DCAD.K

616RL,
620RL,
617RL,
618RL,
619RL,
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>

> > >

A

IBITN -~ Depision Bias due to InTegrity, iNdicated -

dimensionless

INTEG - INTEGrity table - dimensionless

RINM -~ Ratio Desired to Normal Marketing effort -

dimensionless

RDAM ~ Ratio Desired to normal A R Marketing effort,

weighted - dimemsionleas

RDIM ~ Ratio Desired to normal D & D Marketing effort,

weighted ~ dimensionless

TCAD - Total Contract Awards Desired - dollars/year

General Model Information:

The interrelationships between the various model sectors dis-

cussed in this appendix are shown in Figure A-14.

The actual model

consists of 242 variable equations, 49 initiae)l condition equations,

and 117 constants.

The direction cards which were used to make the simulation runs

discussed in Chapter VII are listed on the second page following.



"

/2P Ciozeso9e7 @ puc Y ‘wesberg Moy S 23E6

1y /47 - 12107 533
) Q.ﬂ-uuh
zaopp3 Jeauy3Y

mnusko\u;% pue ubssaq

—_— -~ P —_——
|

2466y p/-f 240614

?thN \nu.twomh
y242259y prouespy

B Al
-1y05s s87 RN / I
, yasE p / 2, > hN 3
3 403325 / .7 \ I NN ~ 78581 105 5%3
e2Muy23/ | / Vs | N .
- wamodully | Y22, L"H_ - ;- S - \__\ = %Dyl usgoss p3¥IEW
ﬂ:utmo\u.oa pue ubisag Sl I _ _ﬂ R dojoasq put ubisag
»‘ 7 —-
. Il, ||le - _ - [ \ \\
\\ ! >~ o \\ \\ -~ —— ] 7
. - i ~ 7 - s
1S _ T~ L7 Y yo
Y P IR LA 2 109 583 |, 7
wor-1y 10t 47\, o -> /
403295 ./ 403235 &
ssowanr32933 T -7 ¢ do NS
—-— A}
jednuyaL ///\\/\ ¥ puawabeut | 2 ) _ //
/ - - \ ~ i N
\\ _ - \ - | N
S \ - 2sa- 19104 583
o _ /I~ - -
wyosg-1Yoos 8F | _ — _ - /L ] / 40z238 F3Y4eV |4 -
pee = = 7 T 7 - - —_— — e L — == - -
403225 ~ 4 ~ T hyaeassy paduespy
e spmod Ut/ jeatuy2aL v~ . ! ) - L
\ ~ _— A~ /
\ ~ -~ i !
yusIsay padurApy ’ \ /Jw.\\\ M .
- RN - — -7 Y820 - W00 '$63 !
~ —_ ~ —— -
- - - -7 > 40228




4“ .

(¥ 0= .._E RASHUL mzdxw,]dﬁnJm

U%\ﬁ*.cvmnm2<m\ﬂﬁccvw SOLTETS 4= mmw\n* cum Jm<\a* CVLIAS<\A*a

Mre\nwocgm mmk.> ><amoH H<Qu 4l<~GmG @OQ\A*v

VHHEHHwCHHCQ.EHﬂ

a* CVH EFH\A* e

a!i-idaﬂd«ﬁﬁjﬂdo?ﬁ.ﬁ‘m;j+39+qﬁ%.wzaﬂdj

!si{!lililtﬁi%ﬂiﬁ%ﬂ%dJﬁMéMHdﬁMﬂdﬁHOd&HHC

.10LHC.¢&QQX:WQLCQ.Q?Cbamocxu &CCQ&CChnc\uE<& QUE
hcuuoihcﬂd\&k<ikh< MI<

te/ ‘m_da\_.?mﬁwaﬂ%dluluwﬂam.iﬂddé&aqa mfma,.nJ ga:

B S .ﬁ_d&ei I wnﬁ!qdz«i%w




176

With a solution interval (DT) of 0.05 years and using the direction
cards listed, the simulation of a fifty year laboratory history

requires 0,9 minutes on the IBM 709C computer,
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