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.1
PREFACE

The Center for information Systems Research (CZSR) is a
research center of the M.I.T. Sloan School of Management.
It consists of a group of management information systems
specialists , including facul ty members , full— time research
staff , and student research assistants. The Center ’s general
research thrust is to devise better means for designing ,
implement ing, and maintaining application sof tware ,
information systems , and decision support systems.

Within the context of the research effort sponsored by
the Naval Elec tronics Systems Command under contract
N00039—78—G—0160 , CISR has proposed to conduct basic
research on a systematic approach to the early phases of
complex systems design. The main goal of this work is the
~development of a well-defined methodology to fill the gap
between system requirements specification and detailed
system design. -

The research being performed under this contract builds
directly upon results stemming from previous research
carried out under contract N00039—77 C 0255. The main
results of that work include a basic scheme for modelling a
set of  design problem requirements, technique s for
decomposing the requirements set to form a design structure ,
and guidelines for using the methodology developed from
experience gained in testing it on a specific , realistic
design problem.

The present study aims to extend and enhance the
previous work , pr imarily through efforts in the-following
areas: .

1) additional testing of both the basic methodology,
and proposed extensions , throug h appl ication to other
realistic design problems;

2) investigation of alternative methods for effectively
coupling this methodology together with the preceding
and following activities in the systems analysis and
design cycle;

3) extensions of the earlier representational scheme to
allow modelling of additional design—relevant
information ;

4) development of appr opriate graph decomposition
techniques and software support tools for testing out
the proposed extensions.

L1 . ~1 
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In this report, a cost—benefit analysis of the new techniques
proposed in the SDM is carried out. Three models are developed
which attempt to capture, in functional form, the important
quantifiable effects that ought to occur as a result of developing
a system based on an optimal partitioning of requirements. Some
numerical examples are carried out to illustrate the kind of
results predicted by the models in a realistic design scenario.
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- EXECUTIVE SUMMARY

Complex design problems are characterized by a multiple
of competing requirements. System designers frequently find
the scope of the problem beyond their conceputal abilities ,
and attempt to cope with this difficulty by decomposing the
original design problem into smaller , more manageable sub-
problems. Functional requirements form a key interface between

• the users of a system and its designers. In this research
effor t, a sys tematic approach has been proposed for the
decomposition of the overall set of functional requirementE~into sub—problems to form a design structure that will exhibit
the key characteristics of good design: strong coupling within
sub—problems, and weal coupling between them.

Recent work in the Systematic Desigo Methodology project
has led to certain extensions to the basic representational
model used therein. This report presents a model-oriented
normative cost—benefit of the Systematic Design Methodology.
A set of three sub-models, pertaining to specification impact,
procedural design impact, and maintenance/modification impact,
are derived. These models attempt to capture, in functional
form, the important quantifiable effects - both positive and
negative - that ought to occur as a result of developing ~system based on an optimal partitioning of requirements.

A numerical example is also discussed to better illustrate
the kinds of results predicted by the models , in a realistic
design scenario.
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I. In troduction.

The Systematic I.esign Methodolog y (SDM) is a decision

suppor t—oriented methodology for aiding a software designer

In determ ining a good design architecture , or p r e l i m i n a r y

st ructur ing , of the func t ional re quiremen t s for the sys t em

under design. Various aspects of the methodolog y itself

have been describe d elsewhere ((And reu 78) , (Huff and

Madnick 78a.b) , (Huff 79)).

In this repor t , an a n a l y s i s  of t he economic im pac t of

SDM is presented . This analysis is embod i ed in a normative~

concept ual cost/benefit model (actually, a se t of three

“sub—models ”). The model attempts to represent , i n

func t ional form , the impor t an t quan t i f iable resul t s — both

posi t ive and negat ive  - tha t woul d be ex tec ted to occu~ as a

resul t of adopt i ng and using SDM in software design
I-

projects.

Three major ca tegories of beneficial impac t are

examined :

a) system improvements resulting from more accurate and
appropria te requiremen t s defini t ion ;

b) reduced t ime and cos t for de tailed design and
Impl emen tation (“procedural desi gn”) r esul t ing from
lower communica tion and control overhead achievable
throug h an impro~’ed system partition i ng ;

C) reduced cos t for making later mod i f ica t ions to the
final system , resul ting from reduced inter—module
“ripple effec t. ”

~~~
___________ _________ 
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The major category of detremental impact addressed here

is that of costs (essentially staff time) related to the

carrying out of the 5DM activities that would not otherwise

have to be carried out .

While there are potentially mi~~y other categories of

costs and benefits that might be attributable to the use of

a design methodology such as SDM, i t is believed that those

Identified above effectively capture the first—order impact.

Other potential impacts are either so intangible as to be

unmodellable quantitatively (e.g., the psychological impact

of the methodology upon the system designers) , or are of a

marginal magnitude relative to the above categories (e.g.,

the impact of SDM on the code debugging process).

Calculations for a hypothetical but realistic example •

are carried out to illustrate the nature of the model

further .

1.1 Background and Related Work. -

A number of authors have stressed the shifting nature

of the economics of computer—based systems (e.g., Dolotta ,

et. al. 76). While the cost of computer hardware, notably

logic and memory, continues to fall at a rate exceeding 20%

per year , costs of software development are moving in the

opposite direc t ion, nearly as fas t (Wasserman , et. al. 78).

The dramatic decrease In hardware costs is related to the

steep learning curve for micro—circuit fabrication 

~— -~~~~~~
, - — •~~
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tec h n i q u e s , and to the economics of mass pr oduction. The

very first Intel 8080 microprocessor “cost” about $400

m i l l i o n , but the second and subsequent copies only cost

about $0.27~

In contrast, pruductivity improvem ents in the systems

design and programming fields have come much mote slowly. 
• 

-

The central objective of the ten—year-old software

engineering field is to develop new ways of “manufacturing ”

computer software systems that will make possible

pr oductivity gains comparable to those being achieved in the

hardware side of the industry. Nonetheless , Boehm ’s

analysis of software production for the Air Force (Boehm 73)

indi c at es t ha t typ i cal sof tw are cos t s for major sys t ems may

approach 90% of the total system (hardware plus software)

cost i n  t he near  fu t u r e , as shown in Figure 1.1.

Whi le prog ress in so ft war e engineer ing has been

considerably less d rama ti c t han in the har dware area , some

impnrtant advances have occurred . There is also a

substantial body of reserach presentl y under way. An

t Important outgrowth of these facts , not yet w idely

recognised , is th e need for sof tware “r e s e a r c h  on r e s e a r c h” :

for the development of method ologies , models , t e c h n i q u e s ,

etc. for evaluati ng the successfulness of the various new

approaches to software design and development. It is this

need that the present study addresses.

The li terature pertaining directly to evaluation of

software desi gn/development is almost nonexistant. However ,
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some studies have been r eported in related areas. Probably

the mos t f re quen t t ar get of atte nt ion has been produc t ivi t y

levels within the programm i ng and system development

activ ities. Key studies include those of Aron (Aron 7’)),

Wolver ton (Wolver ton 74) , Putnam (Putnam 78) , and Waiston

and Felix (Waiston and Felix 77). These studies have

ba s i c a l l y  add r essed two m a i n  conce rns :

a) what is programmer (developer) pr.oductiv ity , and how
ought it be measured?

b) wha t fac tors  i n f l u e n c e  pro duc t i v i ty,  an d how?

Wa ls ton an d Fe l i x , for  example , have identified and ranked

29 different influencing factors , u s i n g as a pro duc t i v i t y

Index the ratio delivered source lines of code to total

effor t in man—months.

Ano ther se t of s t ud ies have add resse d the sys tem

development cycl e. Many of these s t udie s presen t norma t ive

framewor ks , extracted from the authors ’ experience; for

exampl e , (Cooper 78) , and (Cave and Salisbury 78) . Others

have deve loped model s of the sys tem developmen t proc ess , and

use them to t ry to be tt er unders t and the ef fec t s of var ious

parame ters on the proc ess , and to serve as the basis for

- process plannin g and control methodologies (e.g.,

Putnam 78 ) .

A few other studies address specific stages of the

system developmen t cycle — for example, sof t ware t es ti ng

(Bate and Lig ler 78) , or system maintenan ce (Lientz , 

~~•— -
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et. al. 77). Most of these studies also attempt to identify

the Impo rtant independent and dependent variables of the

assoclated process, to develop models relating the sets of

var i ables , and to analyze the models so as t o gain fur t her

insight Into the nature of the process.

1.2 Evaluating Design Methodologies.

As stated earlier , there is a conspictuous void in this

li tera ture , namely, studies of the economic and other

Impac ts that system design procedures have on the

developmen t cycle , as well as upon the containing

1; organIzation. A number of new Ideas about how to design

software effectively, includ i ng development of new

conceptual frameworks , methodologies , and tools for design ,

have recently appeared . Examples of these include:

— Structured Design (Stevens et. al. 74)

— HIPO (Stay 76)

— SREM (Davis & Vick 77)

- PSL/PSA (Telchroew & Bastarache 75)

— SADT (Ross & Schomann 77).

Most of these schemes are quite new , however , and there has

been almost no effectiveness , or cost/benefit , evaluat i on

studies repor ted for them . Reasons for this Include :

— the newness of the methodologies themselves - there
simpl y hasn ’t been time yet to undertake serious
evaluation ;
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- the problem of what to evaluate - i.e., measuremen t
of so f tware  design

— the question of how to evaluate — whe t her v ia  models ,
• emp irical testing , user attitude surveys , or o t her

means.

Particular questions depena upon the scheme being

evalua ted . However , spe ak i n g  g e n e r a l l y ,  th e r e  ar e  two m a i n

approaches that may be taken to design methodolog y

evaluation : normative , and descriptive. The normati ve

approach may be described as fol l ows. In theory, a design

methodolog y X should result in certain kinds of design and

related impr ovements , and incur certain costs. The

norma tive evaluation task involves developing theoretical

models of the benefi t and cos t impac ts of the me thodology,

then to explore the methodology ’s poten t i ai impac t on the

system life cycle economics using the models.

The descr ipt ive approach , in con t ras t , is concerne d

with observing and stud i ng the actual use of methodology X.

In other wor ds , a real (or poss ib ly expe r imen tal ) sys tem

• design group using the methodolog y would be monitored by the

evalua tor , with the obiective of isolating practical

benefi ts and costs. Much of the gathered data would

presumably be subjective , based on opin i ons and judgmen t s of

ei ther the designers , the evaluator , or both. Evaluation

analysis would also be subjective (“it St - med to be

easier ...“) , bu t might also Involve standard statistical

testlno techniques .

.- - - .
~~~~~~

.-
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A major difficulty with descriptive evaluation would be

the fact that such studies should be longitudinal over the

entire system life cycle (typically, ten years or more) , as

an Important pote rtlal benefit of most design methodologies

should be easier or better maintenance /modification

activities. This effect would not be observable during the

main development phase . Consequently the time to conduct a

complete study would be rather extensive , and the costs

quite high. This , of course , is yet another reason for the

absence of such studies.

One other difficult Issue regarding eval uation regards

the appropriate base case. For instance , ought design

methodology X be evaluated against the use of no formal

methodology, or against the use of some other methodology Y.

In the best possibl e world , multiple pairwise comparisons

would be carried out , between X and each other appr opriate

“competitor ” methodology. This approach is , clearly, far

too expensive and resource-consum ing for all but the

- wealthiest of organizations (e.g., the U. S. Department of

Defense) to pursue.

1.3 Approach to be Taken .

The present study, being exploratory, takes the

normative approach , and addresses the “null” base case.

That Is, the objective of this repor t Is to identify and

model the key benefit and cost issues that ought to arise as

a resul t of using the Systematic Design Methodology.
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Evaluations are made against the “no methodology ” case as a

base.

The key arguments and results of thi s analysis are

presen ted In the next three s~ctions. Earh section

addresses a d i f ferent aspec t of sys t em design and

development that the Systematic Derign Methodology Impacts.

In each case, verbal arguments describing the nature of, and

resources underly ing , the impact category are given . Then

the key effects in each case are represented in a functional

model . This gives rise to three different sub—models.

Section 5 is devoted to “pulling together ” the sub—models ,

and addresses the ways in which they interr elate. Also , a

brief hypothetic al exampl e illustrating an application of

the models is given there. Section 6 contains conclud ing

comments.

~~~~~~~~~~~~~~~~~~~~ ~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2. A Sy!tem S~ecificat ion Impact Model.

A common refrain from sy’3tem developers , when asked why

their systems are late , over budget , or even complete

failures , has been that they were ..*able to secure adequate

user participation in the development pr ocess. In fact , a

survey of over 100 impl ementation success factor studies by

Ginsberg found “user participation ” to be the single

univer sal factor (Ginsberg 74).

While there are many reasons why user participation is [
Importan t in system development , perhaps the most important

reason concerns system requirements correctness and

completeness. The manifold difficulty of eliciting a user ’s

complete Set of requirements for a target system has been

commented upon and stud ied by a number of researchers (e.g.,

Bell and Thayer 76). Others , such as Boehm , have argued

strongly that not enough time is spent dur ing the initial

requirements .dicitation and verification phase of the

development process. Boehm calculates that there might be

as much as a threefol d return to extra effor t expended

dur ing the early requirement s analysis activities

(Boehm 74).

One of the Important impacts of SDM concerns

requirements definitio n . SDM Is “driven ” by the set of

system functional requirements; they play an even more

central and crucial role In the SDM than in the usual system

— - -_ — _ _ — - ____tj ..4 -..4&t.S.,... - ~~_~~_ - - t __ S _ ~•4 .ii_ _ t
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• developmen t process. This comes about for three different

reasons:

a) the need to develop requirements in statement form ,
which meet the SDM criteria (un ifunctiona lity,
Implemen tation independence , common level of
abstraction; see (Huff and Madnick 78a));

b) per fo rmance  of in t er dependency a n a l y s i s ;

C) in ter pre t a ti on of a par t i t i o n i n g  of r e q u i r e m e n t s as
a syst em a r ch i tec tu r e (Andreu  78)

Each of these are key activities w ithin the Systematic

Design Methodology. In c a r r y i n g ou t each a c t i v i t y ,  the

attention of the user and system developer are jointly

focussed , in a relatively rigorous , structured way, upon the

user—level (non—procedural) functional specifications of the • 1:
target system . It is throug h this “forced ,” structureâ

focussing of attention brought about by the need to carry

out the steps of the methodology that missing requirements

are identified , r e q u i r e m e n t  inconsistencies spotted and

resolved , and requirement statement errors discovered and

corrected .

There is nothing magical about why this should occur .

In essence, ~~~ approach that necessitates a careful , step—

by—step analysis of requirements in such a structured

fashion ought to achieve many of these same results. Within

the SDM specifically, however , the interdependency analysis

phase, and the partitioning interpretation phase , both

direct extra light upon the kinds of problems that are 

— ——~-—--- -~~~~~ —- ~ —~--~~~~ —:--
~~~ . 
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frequently observed to occur in this work. Interdependency

analysis r equires the designer (and user , to a lesser

extent) to examine requirement reinforcements and tradeoffs

on a pairwise basis , thereby ~izing i ng to )ight requirement

inconsistencies and errors that might be overlooked if

attention were not directed to such a specific deta il level .

Architectural design generation involves a general

“reasonableness ” assessment of the various groupings of

requirements produced by the SDM graph decomposition , and

experience has shown that it also helps to highlight missing L

requirements and requirement errors (Andreu 78).

Prior to present i ng the impact model for requiremen ts

specification , certain underlying assumpt i ons should be

discussed .
U

Assumption 1. The requirements analysis and assessment

activity transpires in a series of identifiable “passes.”

This assumption Is borne out empiri cally, and also throug h a

consideration of the SDM operational mechanisms. For

I: example, a typical SDM—oriented development effort might

follow the passes shown in Table 2.1.

Assumption 2. The various “passes” tend to be roughly

equal in terms of expented effor t , because of the tendancy

of people to set a series of fairl y easily reachable short—

term goals for their work. From this it fol lows that each

pass would require roughly the same amount of elapsed time .

Time Is a more appropriate metric than effor t (e.g., man—

days), as the requIrement assessment tasks tend to be

____ _ _ _  _ _  J
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PASS ACTIVITY

I Initial problem discussion .

2 Formal e x p r e s i s o n  of i n i t i a l  r e q u i r e m e n t s .

3 Assessment of initial requirements , and
genera tion of revised requirements.

4 I n i t i a l  i n t e r d e p e n d e n c y  a na l y s i s  — i d e n t i f i c a t i o n
of additional errors and inconsistencies .

5 Discussion and generation of revised requirements.

6 Interdependency analysis , decomposition , and
d e t e r m i n a t i o n  of i n i t i a l  a r c h i t e c t u r e  — d i s c o v e r y
of more errors , missing requirements , etc.

7 Final revision to requirements.

Table 2.1 
•

L •~~•~~~~~~~~~-~ -- - - -
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somewhat insens itive to effor t level . The key reason for

this Is that preliminary design is almost always the product

of a small number of individuals , frequently a single

designer. To the extent that most design-related decisions

must “funnel” throug h a very small cadre , ad d ing add i t ional

help doesn ’t speed thing s up very much.

Assumption 3. Conceptually at least , there exists from

the outset a “perfect” requirements specification — one that

specifies all those requirements desired by the system ’s

eventual users , contains no errors , is completely

consistent , etc. At any point in time , this perfect set of

requirements may be factored into three subsets: a set of

recognised requirements , a set of urirecog riised by “knowable ”

requirements , and a set of unrecognised and “unknowable ”

requirements. The first set includes those requirements

that have been correctly elicited . The second set includes

requiremen ts waiting to be elicited (if the designers or

users could only think of them , they would recognise  them as

necessary) , as well as requirements corrections to

previously elicited but incorrect requirements. The third

set Incl udes those requirements and corrections that at this

time would not be recognised as such even if they were

br ought to light .

• Assumption 4. Dur ing requirements analysis step i (see

Table 2.]), some proportion 
~e. 

of the remaining knowable

requirements “errors ” is detected . Here , “errors ” should be

interpreted broadly, to include incorrect statements ,

~~~~~ — ~~-•~~~~~~~~~ -- 
_ - -
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inconsistencies , missing requirements , etc.

The ar g umen t for  propor ti on al (as opposed to , say ,

linear) error discovery rate follows from empirical

observation: Bell and Thayer ’s experimen fs indicate that ,

essentially no matter how l ong and hard requirements are

contemplated , there will always be some remaining errors.

Error decline seems to be inher ently an asymptotically

decreasin g function of time (i.e., of num ber of “ passes”).

Also , the “satisficing ” phenomenon first explored by Cyert

and March (Cyert and March 64) supports this argument. They

pointed out and suppor ted the fact that people ge n e r a l l y  do

not strive for the “very best” in what they do , bu t r a ther

generally wor k hard enoug h at a given task to obtain

“satisfactory ” results , then rest awhile. In the present

context , for instance, a system designer would probably not

(dur i ng a given pass) seek to determine every last

specification error , but rather , having unearthed a certain

quantity of such errors , would relax the intensity of his

analysis. A “satisfactory ” result dur ing each succeed ing

pass would include a smaller number of specification errors

detected than dur i ng the preceding pass, which is consistent

wi th the assumpt i on of some proportion of errors detected

each pass.

It will be assumed for simpli city that the proportion 
~e

• for pass i is more or less constant from one pass to

another. We will then take 
~~ 

as the common proportion of

remaining errors turned up dur i ng each pass. The natu re of

_ _  

--- - — —
~~~~~~~

- - - -_ --
~~~ 

-
~~ 

_ _
•• - _ _
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this parameter could be stud i ed empirically in parti cular

design situations.

We may now construct a model of r equirements error

reduction based on the for egoing assumptions. We let

4o the i n i t ial  level of knowa ble

specification errors , and

~ the proportion of error s detected

each pass,

then at the end of pass i an additional PeEkO errors will

have been determined . Remaining errors are now EkO (iP e).

Similarly, at the end of pass 2, r e m a i n i n g  e r r o r s  wi l l  be

In general , at then end of pass i , there will

be 
~~~~~~~~~ 

knowabl e errors remaining . •

Now if we take the unit of time to be days , and assume

• each pass takes about dr days , then we may write

• 
Ek ( t )  = EkO (l_p e)

drt

where Ek ( t )  the number of knowable errors

¶ In the requirements specification at

time t.

To complete the error reduction model , a few additional 

—~ -~~~~~~~~~~
- -

~~~~~~~~~

— - — -———-
~~~~~~~~~~~

-

~~~~
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definiti ons are required . Let

— the (constant) number of unknowable

r e q u i r e m e n t s  e r r o r s ;

= the ave r ag e s t a f f i n g  level  ( b o t h  u s e r s

and s y s t e m  a n a l y s t s )  i n c u r r e d  dur i ng

the  r e q u i r e m e n t s  a n a l y s i s  and

pre liminary design phase ;

c = the average daily cost per s t a f f  member

employed in  t h i s  a c t i v i t y  ( i n  d o l l a r s

per m a n — d a y )

Ce 
= the average cost per error still

remaining in the requirements set.

The f i n al i t em , ce~ 
would probably be difficult to determine

.~~:ec t I~ in p. actice , althoug h reasonable surrogates are

avail able. Boehm , for  i n s t ance , has indi cated that the cost -
•

of f i x i n g er r o r s  a f t er a sys t em has been bu i l t to r u n  as

high as $4000 per line of code. Rough estimates of ce coul d
be obtained empirically by asking users what they would pay

for var ious functions determined to be necessary after the

fact.

Usin g the fo re go i ng t erm i no log y , three equations may be

written.
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(1) Cos t of r e m a i n i n g  e r r o r s  a t t ime t :

CE (t) c (E + EkO ( I - p  ) dr t 
I ...(2.l)

(2)  A c c u mu l a t e d  cost of s t a f f  devo ted  to  SDM

analysis at time t:

Cs (t) crsrt ...(2.2)

( 3)  Total  cost (cos t  of r e m a i n i n g  s pe c i f i c a t i o n

e r r o r s  p lus  cost of s t a f f  t i m e )

C~~( t )  CE ( t )  + Cs ( t )  . . .( 2 .3 )

A sketch of these curves is given in Figure 2.1.

Fr om th i s  i t is poss ib le to de f i n e  the  o p t i m a l  amount

of time , t~~, that ought to be devoted to requirements

analysis:

Total cost CT (t) = C
E

( t )  + Cs (t)

— Ce
( E.u + ~~ O (1_p

e~~~~
t
1 + S

rCr
t

Applying calculus ,

dC (t) d t
dt 

= CeFkO (l
~Pe

) r dr lfl (l-P ) + S C  = 0

~

_ • - _

~

• - - _ • -- _ - _ • - - - • • • •  •• _ - • - •• - _ - _ • - •- -- --• •• - -• • •_ ---•- ~~ _ _ - - - • _ - _ -~~~~~ • - — -  - --rn~~~~~~ 
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Solve for  t

-s C

= 

in d c E ko 1 1
~~ e~

dr ln(l 
-

The locat i ,n of t~ is al so shown in Figure 2.].

A reasonable question at this point would be , why we

choose to in c lude  on l y  t h e fore go i ng spec i f i c at ion e r r o r

reduction cost factor in the optimization calculation. The

answe r is  that i t is t he o n l y  payof f fa ct or of t he three

sub—models be i ng considered here that is significantly time—

dependent . Put diffe rently, assuming SDM is used at all ,

the payorfs to be discussed in Sections 3 and 4 will , i n

t h e o r y ,  occur . Only the payoff due t-~ s p e c i f i c at ion q u a l i ty

Improvemen t depends , to an impor tant extent , on how much

time is spent on the requirements analysis activity.

The error reduction sub-model may be used to show how

SDM would impr ove the requirements analysis phase. In

general , the pro b lem wi th r e q u i r e m e n t s a n a l y s i s has been
• that , due to its unstructured nature and due to a lack of

user par ticip ation , far too little time is usually spent on

It In the course of a typical systems devel opment project.

In such cases , the model ’ s operating point would lie well to

the  lef t of t he op t imal po i n t t~ for  CT(t) . As shown in

FIgure 2.1 SDM , by st r u c t u r i n g t he requ i remen t s a n a l y s i s

activi ty and necessit ating additional user input , would tend

to move the operating point rig htward. The value CT(t*)

- -~,--~~~~~~~
- 

~~~~
-.•
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specifies a lower bound on the associated cost reduction

for thcoming throug h better preliminary system specifi cation .

The e f f e c t i ve  dol l ar be n e f i t f r o m  the r equ i r e m e n t s

a n a l y s i s  mode l may be expr es sed as

BT(t) = ‘~~ o (~ — (l pe)
drt ) ...(2.~~)

This is just the refle ction and shift of the cost—of-

knowable—errors curve from Figure 2.1. The earlier analysis

may be confirme d by noting that the optimal operating point

t~ mu st occur a t t he po in t wh ere  mar gi n al cos t equa l s

mar ginal benefit. From before , the mar g i n a l  cos t is  jus t

SrCr~ 
Also , t he mar g i n a l  be n e f i t , from (2.4), is

dB (t)

dt — _C
eEkO (I_p e?r

t 
dr 1~~

(1P e~~

E q u a t i n g  these two func t ions leads t o the same resu l t for  t~

obtained earlier.

The va lue  of ne t bene f i t pr o v i ded by SDM depends on t he

actual pre— and post—SDM operating points as well as values

of the other parameters. In general , at opera ti ng poin t t ,

the net benefit will be

NB(t) RT(t) — Cs(t)

d t
— CeEkO (l  - 

~~~~~ 
r ) — Cr Sr t

• • • • • --• • • • • • - • • • • •- -• - • - • • • - • • •~~•- • •- • • -• • • - •• -- — ~~--- • - • - •- - - •-— - - —-—--•——•—•-•--~ —-- —-—--———•~ •• -— — • --• • -•---- -• • -
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Finally, if we assume that SDM application moves the

operating point from t ’ to t , the net improvement in cost

will be:

I(t’ ,t) — NB(t) — NB(t ’ 
)

Ce~~0
( (P e~~~

t 
- ( Pe)~~

t

+ C rS r ( t  — t) .

These rela tionships are sketched in Figure 2.2a,b.
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Costs

.
• 

$

— a — — — — a
CeEkO

• -
• I Effect ive

• ±3enefitCE ( t )  
BT ( t )

I

a Cost, C5(t

I

Time
(marginal cost =
marginal benefi t)

Figure 2.2(a)

Net
Benefit

$ 
- 

•

.. -~V • Time

net benefit to additional analysis time

Figure 2.2(b) 
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3. A System Procedural Development Impact Model.

The second major area of 5DM impact concerns the time

required to carry out the procedural development (detailed

design , prog ramm ing , and testing ) ;hase of the system life

cycle. As a number of authors (e.g., Brooks 75 , Sco tt and

Simmons 75) have pointed out , a major  impedimen t to these

a c t i v i t ies is the need for subs tan t ial  coor d ina t ion and

communication among the various individuals and groups of

people involved . Indeed , Brooks has ci ted this need as the

reason why “men and mon ths are no t in t erchan gable ” in sys t em

procedural development activities. r
There are two primary costs that arise as the need for

coordination and communica tion grows :

a) the cost of additional time that the development
staff must spend in these activities , which  det rac ts
from pr oductive development;

b) the cos t of ad d i t ional  layer (s) of pro jec t
management overhead needed to organ i ze and manage
the inter—group coordination and flows of
communication.

An exampl e of (a) would be the time spent in intra-group

meeting s devoted to ironing out issues and misunderstand ings

that arise from interdependencies between the various tasks.

An example of (b) would be the resources consumed in that

portion of the formal project management process devoted to

manag ing Intra—group issues (e.g., designing a properly
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sequenced module testing plan )

• In order to see how the Systematic Design Methodolog y

affects the communication and coordination Costs of system

procedura l  developmen t , we br i e f l y  r e v i e w  some cen t ra~
operational aspects of SDM .

3.1 SDM Operational Aspects.

In its graph partitioning procedure , 5DM groups

together system functional requirements i n  such a way as to

produce weakly connected system modules. The partitioning

objective function , M , consis t s of a d i f f e r e n c e  between two

terms: -

M S — C ,

where S is the sum of the parti tioned subg r aphs ’ internal

st reng ths , and C is the sum of the coupl i ng between

subgraphs. More specifically,

n

S = S.1
1=1

= 

n

i=1 3 1+1

S. Is the strength of module i , and C~~ is the coupl i ng

between modules i and j .  These t e r m s  a r e , in t urn , def i ned

out of the requirements graph , and basically involve the

• normalized richness and strength of the r equirement links

within a module , and between modules , respectivel y (see

(Huff 79) for mor e details) . While seeking to maximize M is

-- ~~~~~~~~~~ ----- •-- •  ~~~~ —•--~-~~~~~~~~ .- —-.-- - --- 
• -- • i~~~~~~~~~~~ --~ —___-;~~~

-
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not exactly the same as minimizing inter—module coupl ing ,

the effects are closely related . Identifying modules of

high strength tend s to arrange requirements that are richly

and strongly interconnec ted together in the same moduie. In

a sense, this is the dual” objective to minimizin g

coupl ing , i.e., to arrange modules so as to minimize

interconnec tedness between them . Maximizing S and

minimizing C thus both drive toward reducing inter—module

complexity, in one case by “lumping ” complexity inside

module bounda r i e s , in the other case by drawing module

boundaries so as to keep at a minimum the extent of

complexity that is “generated ” as a resul t of thà module

creat ion process itself.

3.2 Model Formula tion . H

Now, we can generalize the notion of a good

requirements par ’:~~~ion in order to develop a model of the

c o m m u n i c a t i o n/ c o o r d i n a t i o n  cost impact .  We d e f i n e  a

var iable D as the density of module interconnectedness. A

practical measure of D could be the val ue of system

coupl ing , C, as discussed above. Clearly, the impact of D

upon the two factors identified is direct : that is , as D

increases, each of these factors will increase also. The

graph in Figur e 3.1 shows a hypothetical set of curves that

depict these relationships.

The first function , relat ing interconnection density to

additional “non—pr oductive ” staff time , is illustrated as a

• 
- • • • -

.
~~~~

—, -. 
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nonlinear func tion that “blows up” a t a cer t a i n  h i g h  level

of densi ty. As interconnection density D increases , a

l a rge r  an d l a rge r  p r o p o r t i o n  of st a f f  t im e mus t be devo ted

to tne coor dination and commui~ica ti on fun ct i ons ,  t h e r e b y

s h r i n k i n g  the  t ime a v a i l a ble for pro duc t ive development

(given some initial timetable) tow:~d zero. Conceptually at

least , there exists some (high) level of problem complexity,

embodie d as a l a r g e  D va lue , such tha t the coord ina t ion and

communica t ion needs among syst em developmen t st a f f  use up

essentially all available time .

Evidence for this phenomenon is cited by Haney

(Haney 76) in  the contex t of developmen t an d m a i n t enance of

a Honeywell opera t in g syst em , and by Bela dy and Lehman , in

the con tex t of the iBM OS/360 opera t ing sys t em (Belady an d

Lehman 76) .

There is an in teres t ing pa ra l l e l  be tween the

asympt ot i c a l l y  growi ng need for coor d ina t ion and

communica tion discussed above , an d the  phenomenon of

“thrashing ” in a demand—page d virtual memory system . In the

lat ter case , a “hi gh D value ” woul d correspond to a l ower

level of reference locali ty for a given set of active

processes. A process wi th a low level of reference locality

is essentially one in which the various sub—parts are

“tigh tly interconnected ” (in terms of execution references

over time ), much like a tightly interconnected set of

modules in a system architecture that exhibits high D. As

locality decreases (D increases) , the system overhead costs

_ _ _ _ _
_ _ _  J
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rise in a distinc tly nonlinear , accelerating fashion ,

similar to that suggested by Figure 3.1.

In contrast to the first function , the relationship

between extra development management overhead and D is

hypothesized to be one of linear growth. The evidence for

this comes indirec tly, from researchers such as Wolver ton

(Wolver ton  78) , who sugges t that such overhead grows

linearly wi th projec t size. While D does not necessarily

purpor t to measure  s i ze  d i r e c t l y ,  i t is reasonable  to argue

at a first approximation that a doubl ing of

Interconnectedness complexity should demand more or less

propor tionally equivalent management response to that

demanded from the size doubl ing . For exampl e, it requires

some , but not a di spropor t iona te amoun t , of addi ti onal

project management time to convene a meeting for four team

heads as between two , or to send design change documentation

to four teams as compared to two.

A simple functional form that may be used to describe

the first rela tionship is
p.

S~ (D) = F~ / ( D * - D)

where D* — the density value at which

useful staff work becomes impossible ,

K1, — a situat i onally dependent parameter , 
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S1,(D) = total st a f f  t ime requ i re d for

n o n p r o d u c t i v e  w o r k  r e s u l t i n g  f r o m  a level

D of l og i ca l  depen dence amon g desi gn

sub—pr oblems (mea su r ed  in  m a n — d a y s )

Si m i l a r l y ,  t he func t ional  fo rm for addi ti onal pro jec t

management  overhead  may be expressed as

M~ (D) = L~ D

wher e L.~ = a si t ua t i o n a l l y  depen den t p a r a m e t er ,

and Mp(D) = extra project management time in

procedural development necessitated by

a level D of log ical  depen dence amon g

design sub—problems (man-days)

I t is no t sugges ted tha t these func t ions S~~(D) and

M~ (D) are fully representative for all values of D. In

particular , D values o u t s i d e  the r a n ge (0 ,D] a re  c l e a r l y

inapplicabl e in this model . But even within this range ,

there exists a smaller “relevant range ” within which the

func t ions — especially the first — ar e real ly hypothesized

to hold. This restric ted relevant range is typified in

Figure 3.1 wi th dashed lines .

The first—order impac t of SDM on sys t em procedura l

development time may then be expressed in terms of these

IL • •
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£taff time
to Coord./ Developmen tConunun . Sta f f  OverheadOverhead S (D)
(man-days)

I relevantr range 4

Total,

• 

I S~~(D)+M (D) I 
- 

•

Proj ect
management
overhead, M (D)I p

D* Module
- coupling

density , D

Figure 3.1 
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f u n c t i o n s .  B a s i c a l l y ,  t h e  e f f e c t  of SDM is  t o  r e d u c e  D for

a g i v e n  p r o j e c t , r e l a t i v e  t o  w h a t  it would  be if SDM w e r e

not used . Suppose the “without-SDM ” densit y value if

and the “with—SDM” value is < D~ . Then the redu~:tion

in additional staff time would be

t~S = K - 
1

P D~ -D 0 D * _ D
SDM

— 

K ( D 0 
- DSDM

)
— 

(D * — D 0 ) (D * — DSDM)

and the reducti on in additional project management time

would be

~~~ K~ (D0 DSDM

Then , if ~~~ is the averaqe staff cost per unit of time , and

is average project ’management cost per unit of t i m e , t h e

dollar impact of SDM on development may be expressed as

Ip (Do~~t~ DM ) = C~~ A S~ +

A slightly different approach to me as u r i n g I~ would  be

to es t ima t e t he p erc en t age re duc t ion in  D t ha t m~gh t occu r

as a resul t of using SDM. If experiments were to indicate ,

• • • • - •  -~~~~~~~~~~~ -
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say , 1OOk ~ percent impact on D, then the impact on costs of

u s i n g  SDM could  be w r i t t e n  as

C K D (1 -k
I ( D O I D

SDM
) = 

(D * _ D
o ) (D* _ D

SDM
) + C\~pL~D0

(1_k
p
)

F i n a l l y ,  it may be appropria te to rewrite th is

expression based on DSDM rather than D0. If we let 100k be

the percentage amount by which D would increase were SDM not

used (assuming , in fact , that it was used), then

D 0 = (1 + k ) D SDM

• and the cost impact expression becomes

• C
= 

Sp p p SDM 
+ C L (1+k’)DD (D* _ ( l + k ~~) o ~ DM

) (D* _ D
SDM

) Mp p p SDM

An exercise applying the procedural development impact

model is given in Section 5.

• — ---~-,--~
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4.  A ~~~~ ern M a i n t enan ce/Mod i f i ca t ion j~~ act Model.

The third major potenti0 l area of impact for the

Systematic Design Methodolog y concerns the cost of

m a i n t a i n i n g — an d , especially, modifying — large software V
systems. The rapidly inflating costs of system

maintenance /modification have been commented upon by

numerous authors (e.g., (Boehm 75) , (Yau 78)). The need to

devise ways of designing and constructing systems so as to

reduce th e m a i n tenance loa d an d ease t he cos ts of la ter

mod i f i c a t ion has been w ide ly recogn i s ed . One st udy , for

exampl e, has estimated the production cost of a software

product to be about $75 per line of code (LOC) , whi l e the

m a i n t ’~nance  cost per LOC of the same system was estimated at

$4000 (Boehm 75). A variety of studies have indicated that

anywhere  f ro m  4 0 to 80 percen t of t he o r i g i nal sys tem

development  cost a r e  e v e n t u a l l y  spent on “ s imple ”

main tenance for the system ; when all post—implementation

wor k (includ ing non—trivial modifi cations) is t a k e n  i n t o

account the figure rises to 200 to 400 percent (Thayer 77;

Goetz 78). At any rate , w h i l e of t en exh ib i t in g ra ther  wi de

v a r i a n c e s , these st ud ies unam b i guously indicate that

sof tware  m a i n t e n a n c e  an d mod i f i c a t ion func t ions a re  a s sumin g

4 - incr-’asingly high profiles , and that good system design

practice must take this fact fully into account .

I t  is comm on pr ac t ice to di ffe r e n t ia te be tween 

—-—-~_ _ _ _  ~~•--•-~~~~~—•~~~~ • ,—
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“main t enance ” and “mod i f i c a t ion ” of software systems. The

former  t erm r e f e r s  to the f a i r l y  l a r ge number of r e l a t iv ely

minor  changes , bug f i x e s  an d improvem en t s  tha t may be ma de

to a software pr oduct following i ts init ial release.

Exampl es in c lu ~ie patches to fix mino r errors , or the
addit ion of an extra report to a batch—oriented DP system .

In con t ras t , sof tware  m o d i f i c a t ion ge n e r a l l y  r e f e r s  to

mor e si gn i f i c a n t changes made to the sys t em — chan ges tha t

usua l l y  en t a i l  some amoun t of r ede si gn , an d th at impact  mos t

or all  of the sys tem ’s users. Major changes are usually

under taken to add s i g n i f i c a n t new func t ions to the sys t em ,

or to improve the operation of a major portion of the

system . A prime exampl e is a new release of a vendor ’s

operating system (e.g., IBM ’ s OS/360).

For the purpose of assessing SDM ’ s impac t , we w i l l

focus primar ily on the modi fication function. More

precisely, we w i l l  be concerne d wi t h those chan ges to the

user—visi ble functions provided by a particular system —

changes which  a re  of s i g n i f i c a n t enou gh scope tha t impac ts

on mul t ipl e syst em modules , or ma jor components , are likely.

• While argumen ts could be made that SDM would impact both

main tenance an d mod i f i c a t ion cos t s , the l a t ter impac t is

almost certainly the more significan t.

The primary cause of system modific ation is the

recogni tion on the part of the user clientele for changes to

the functions provided by the system , including such things

as add i t ion of comple tely new func t ions , ma jor enhancemen t s 

~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~
•

• 

~~~~
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to present functions , importa ’it improvemen ts in effici ency

(response time , turnaround time , etc.), availability,

reliability, etc., and changes to fix major system problems.

One primary mechanism through which system modifi cations

exert their apparently disproportionately high economic

impact is the ripp i i n9 effe ct that such changes have on the

system . Changes to one system component very often result

in the need to make subsidiary changes to other modules.

The propagation of these indirect changes resu lts in

telescoping of the effect of the origin al change: a single

change can cause other changes , which can in turn cause

still other changes , etc. When viewed in this way, the

p o s s i b i l i t y  of an i n s t a b i l i t y  phenomenon - a s i n g l e  c h a n ~~’

generating a never—end i ng sequence of subsidiary changes -

presents itself. In fact , evidence exists that such an

unstabe situation could occur , and may have been closely

approached in certain real-world systems (Haney 76; Belad y

and Lehman 76)

Since the changes to be implemented are not known a

p r i o r i , it is not possible to model the change propagation

e f f e c t  d~~t c r m i n i s t i c a l l y .  However , some s i m p l e

probabilistic arguments provide considerable insight .

Consider two system modules , M . and M ,. Using the SDM

f r amewor k , these modules are “linked” to the extent that the

r e q u i r e m e n ts r ep re sen t ed wi t h i n  one mo du l e  ar e

interdependent with the requirements represented within the

other . The greater the number of such interdependency links

• • • -

~

-- --

~ 
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relative to the size of the module , the g r e a t e r  the
liklihood that a change to one or more of the requirements

in the first module will impact (cause a change in) the

other .

We define:

— the  number of r eq u i r emen ts r epresen ted in
tha t  l i n k  to r e q u i r e m e n ts in

= the average weight on the requirement links

between modules M1 and

= a scale parameter , discussed fu r ther below;

n~ = the number of requirements in M~ ;

pj~ 
= the probability that a change to M~

necessi tates a change in M~ .

Then we propose that , to a first appr oximation ,

= ~~~~~~~~~~~ . ...(4.l)

This re la t ionship  presumes tha t mos t changes to a module  are
directed toward a single functional requirement within that

module , rarely toward multiple requirements . it also

assumes that changes impact each contained requirement in an 



-

equally likely manner . Of course , nei t her  assump t ion can be

st r i c t l y true . For instance , cer t a i n  re qu i r e m e n t s may be

more “cen t r a l ”  t han other s , an d thereby st an d a r e l a t i vely

grea ter chance of be in g im pacted. None theless , the

• represen tation above is a reasonabl e first appr oximation to

the system maintenance error propagation phenomenon.

The expression for includes a scaling factor ct~~ .

This  fac t or m a i n l y  serves to q u a n t i f y  t he ef f e c t that  no t

all changes to a function wi thin a given .m odule  c a r r y  over
• to other modules , even t houg h i t s assoc ia t ed r e q u i r e m e n t s

may have in terdependencies to the other module. While

es t ima t ing  each ~~~ in dividually would be difficult , i t is

qui te feas i ble to es t ima te an aver age v a l u e , say ~~~, base d on h
t he  m a i n t enance h i s tory for  a g iven design group. Such an •

approach is followed in the example of Section 5.

Accor ding to the above formulation , 
~ 

p
~~ 

in

general. This is intui tively correct also: for example, i f

n~ > n., we would expec t there  to be a smal le r  l i kl ihood of

a change in  M~ impac ti ng M~ than vice verse .

Fr om the above argumen ts, we can d e r i v e  the “change

propagation 2iklihood matrix ” , P:

P = (p
h
] .

The (i ,j)th en t ry  in P is the pr o b a b i l i ty tha t a change to

module i necessi t a tes a fu r ther (new) chan ge to module  j .

The change propagation liklihood mat lix can now be used to

_ _ _ _ _ _  _ _  ~~~~
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study the cost impact of system modifications. Suppose at

some point in time a set of changes to the system is being

considered . Let

a1 the number of changes to

module i being considered .

The t erm a may be thoug h t of as the  number of known “bugs”

In module i at a point in time (where “bug ” is to be b road ly

interpreted — e.g., an incompl etely impl emen ted func t ion

demanded by system users would be an exampl e of a “bug”).

Also le t

A = [at ,  a~~, ... , a~ )

A is the vec tor of planned module changes ; A w i l l  be termed

a “rev is ion ” to the system .

Now, the originally planned changes a~ , a2
, ... , a

give rise to additional changes. If, for ins tance , there

are a. planned modif ications to module j, this will generate

expected number of changes to module I, ~~~~~ changes

to module 2 , and so for th. The overall expected impact of

the planned changes — the average number of “second—level ”

changes — is simpl y the matrix pr oduct AP. The first

element of the row vector AP is the expected number of

second—level changes to module 1 , etc.

The second—level changes themselves give rise to yet
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add i t ional  chan ges , in a correspondin g manner. The expected

• number of third —level changes to each mod ule  can be

ca lcu la t ed as

(AP)? = AP2.

Concept ual ly,  th i s  te lescoping of mod u le  changes

c o n t i n u e s  ad i n f i n i t u m . Ma t hema t i c a l l y ,  the total expected

num ber of chang es to each module  may be c a l c u l a ted by

summin g t he resu l t ing  i n f i n i te s e r i e s ,

T A # A P  4A P 2 + A P 3 + ...
= AU + P + P2 + ...) ...(4.2) - r

If all  the ei genvalues  of th e ma t r i x  P are  real  and l i e  in

the range (—1 ,1), then a basic result in matrix algebra

(St r an g 77 ) says t ha t th i s  ma t r i x  ser i es conver ges , to the

‘~~ä~~~ue

T = A(I — P)~~~~~ . ...(4.3)

Essen t i a l l y ,  expression (4.3) summarizes the rippl e effects

that occur as a result of modifications to modules of a

large system .

This basic model of module connectivity can be now used

to model the impac t of SDM on system maintenance. First of

all , the essential effect of SDM decomposition analysis is
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• to determine an optimal , or nearly optimal , decomposition of

the system requirements with respect to the decomposition

objective function , M . As discussed in Secti on 3, this

leads to requirements partit ionings with min imal inter- .

par tition coupling . - •

We w i l l  assume t ha t , as a f i r ~~t—order result , the

coupling between requirements r epresented within modules i

and j is reduced by a percentage IOOtS
~~~

% as a resu l t of

using SDM. Alternatively, the inter—module liklihood of

change propagation , p .. , is changed to a new value

= . Thus the new change propagation liklihood

ma t r i x  is then

~~11
pll ~1n~ln1

1,SDM J I
If we fur ther assume for a moment the special case wherein

all are equal to a common value t5 , then we have

~ DM 
= 6p .

Now , if the series

~~ ~~ + + ... ...(4.4

converges , then so does the series
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1 +  
~SDM 

+ 

~~DM 
+ 

~~• •

The proof of this follows .

Proof. Since we assume that the f:r s t s e r i e s  conver ges , the

eigenvalues of P must all be real and lie in the range

(—1 ,1). Now , the ei genvalu es of P are t he values of A t ha t

solve th e equa ti on

— xi i = 0 .

On the other hand , t he ei ge n v a l ue s  ‘~~~ ~SDM 
ar e solu t ions

to the equati on

1~ SDM 
- XSDM II = 0 , or

— A SDM II 
= 0 . 

-

This is equivalen t to

6 (P — 

A SDM
1 

= 0 , or

I P — 

~‘I = 0 ,

where U = A
SDM/ 6 . But equation (4.7) is identi cal to

(4.6) above. Consequently, A = A sDM /~5 ‘ or ASDM = A6

L. - 
• •

~~~~~~~~~~
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Since 161 < 1 and lxi < I , i t  f o l l o w s  t h a t  IA SDM I I . But

this is just the necessary and sufficie :~t condition that

series (4.4) above converges.

Therefore i t is clear that t h~ effec t of reducin g all

the module change propagation liklihood values can only

serve to reduce the rippl e effect and make the modification

process converge faster.

Now we define the average cost of making a change to

modul e 1 as c. . The vector of such costs i s
3.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The total cost of all first—order changes may then be

expressed as

C = AC = a c  + a c  + ... + a c  •1 1 1 1  2 2  n n

The val ue C1 may be viewed as the “opt imis t ic ” cost — i.e.,

the cost of carrying out a revision (set of changes) to a

software system under the (naive) assumpt i on that P = 0.

Alternately, if the ripple effect is taken into

account , the total cost C
T 

of the revision is expressed as
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CT = C l + C 2 4 C
3 + ...

= AC + APC + AP2 C + ...

= A ( I + P  + P 2 + ... )C —

= A (I — P)
1C . . . . ( ~~.8)

This view of the cost of the revision A migh t be termed thc

“realistic ” cost , as opposed to the foregoing “optimistic ”

cost , in that it takes into account the ripple effect.

Finally, the “r e a l i st ic ” cost of the revision A under

the assumption that SDM was employed would be

C
T
(SDM) = A ( T  - P

SDM
)’C , 

-

I-

• where 
~SDM 

= (
~~ ‘~~) = ( 61~ P1~~) as defined earlier.

Hence the cost reduction for the revision A that could

be attributed to SDM would be:

- C
T

(SDM)

= A(I - P1’C - A ( i  - P
SDMY

’C

= A 
~~ 

— P )~~~
1 

— ( I  — 

~ SDM~~~~ ~
= ABC . . . ( 4. 9 )

where we def i ne B = (I — P)~~~~~ 
— (~ 

— 

~ SDM~~~~~~

1

Some i n s i g h t can be ga i n e d in to t he na t u r e  of th i s

4 function by consideri ng some special cases. Suppose the

change propa ga t ion  li kl ih o o d v a l u e  p
~ 

was
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( p  i f i = j , and
~~~~1

p . .  =

13
0 o t h e r wi s e .

Then a single modification made to any one module results in

a total number of expected changes to that module of

I i- p. + p2 
+ ... 1/U — p .)

1 1 3.

For instance, if there is a 10% chance of a change in

module i resulting in another change in the same module ,

then p. = 0 . 1 0 ,  and t h e  expected number of changes resulting

from a single change to module i would be 1.1111 ... •

Now assume t ha t th e re  ar e n modu le s , and p. = p for
1.)

all i , j  . Tha t is , the liklihood of change propagation

be t ween ~~~ pair of modules if lOOp%. Then a single

original change to one module generates np expected second—

order changes , each of which generates another np expected

third—order changes , etc. The total number of changes is

then

I + np + (np) 2 + (np)3 + ... = 1/(1 — np)

This express i on r eflec t s the im pact of both change

propagation liklihood p and system size , in terms of number

of modules , n.

There is an asymptotic limit at the point np = I ,  or 

- - •
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p = 1/n , as shown in  F i g u r e  4.1. This limit represents the

point at which the system is large enough and interconnected

enough that a single change will ripple forever throughout

the system — the number of generated changes “blows up.”

This blow—up phenomenon is closely related to the point

D = D * discussed in the Procedural Development Model of

Section 3.

The foregoing analysis indicates the large payoff to

reducing the degree of intercon nection of a system ’s desi gn ,

even by a small amount . Haney (Haney 75) points out that

informal experiments with the Xerox Un i versal Timesharing

System showed each change to be causing approximately 10

additional changes. This system had about 22 major modules ,

so that

l/(1 — np) = 1/(l — 22p) = 10 + 1 11 . r

Hence p = 0.04 . If the interconnection propagation

l i k l i h o o d coul d have been r ed uced by 25% , to p = 0 . 0 3 ,  the

num ber of add i tio na l chan ges f o l l o w i ng a s in gle chang e woul d

have dropped from 11 to 3! This would obviously lead to

substantial savings in maintenance costs.

Additional illustration and siscussion of this and the

e a r l i e r  models i s g i ven in the fol l owing section .

L. 
. .• • .
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Total Changes

1/n
Change
propagation
liklihood

p

~4gure ~ •I

—
. 

~~~~~~~~~~~~~~~~ ~~~~~ •~~ ‘—
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5. An Illustr a tion.

5.1 Recapitulation.

In the previou s th ice sections , three different models ,

one for each of the major impact areas of the Systematic

Design Met~.odology, were described . To recap briefly, the

three areas are:

a) system specification — correctly ident i fy ing and
stating as many of the “knowable ” functional
requi rements as possible , with i n  the constraints of
time and manpower available ;

b) system procedural development — carrying out the
detailed design , cod i ng , and testing of the system ,
together with the accompanying load of coordination

• and communication ovet head among members of the
developme nt team(s) ;

c) system maintenance/modifica ti on - making necessary
or reque~;ted alterations to the functions provided
by the system — correcting errors , adding new

:1 functions , etc. — while simultaneousl y making sure
that all secondary, tertiary, etc. changes to other
system modules are also identified and carried out .

The three models developed in the previo us sections are

different from each other in certain ways . For one thing ,

the first two are deterministi c , w h l ~- the third contains

probabilistic elements. Also , in  the first model , time is

the key independent variable , whereas in the second the

focus is on the densit y of module interconnect e’inoss , and in

the thi r d. the number of changes to be made to different

• system modules together with the prob abilities of change

propagation. All three models attempt to capture the

effects of ~he modelled independent va! iab len and parameters

- -—— -.
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on cost - i .e . ,  v a r i o u s  c o m p o n e n t s  of cost a r e  t h e  dependen t

variables in the differe nt models.

5.2 Example Calculation.

In order to further illustrate the functioning of the

SDM impact models , a sample calculation for a hypothetical

system is presented in thi s section .

Conk. der a system design problem with the following

character ist ics:

a) There are 200 f u n c t i o n a l  r e q u i r e m e n t s  m a k i n g  up the
system ’s user—level functional specifications ;

b) The preliminary desi gn has factored the requirements
into 10 partitions , each containing an average of 20
requirem ents.

C) In the base case (pre—SDM) partitioning , on the
average , any given functional requirement i s
i n t e r d e p e n d e n t  w i t h  10 o t h e r  r e q u i r e m e n t s .  The
average interdependency strength factor is 0.60.

We will consider each of the three impact models in

turn.

5.2.1 Specification impact (Model 1).

To carry out computations using this model , we need

numer i cal values for th e t erms ~jc~’ E
~~
, 
~e’ 

dr, 5r’ cr, and

c~~. The fol lowing values will be taken as reasonable

estimates for present—day technolog y and salary scales:

- .- . - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - ~~~~~~~~~~
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PARAMETER VALUE UNITS

E
kO 50 knowab le errors (in it ial lev el )

Eu 20 unknowable errors

0.2 (unitless - pr oportion of

errors detected per pass)

dr 3 ‘-‘ays/pass

Sr 20 man—days/day (average staff

level )

C 100 dollars/man-day

c 1000 d o l l a r s/ e r r o re
With these values , the equations for model I are

Cs ( t )  = Sr Cr t = 2000t • . . ( 5 . l )

~~~( t )  = C 1 ~~ ~~ ~~0 U 
-

= l000[20 4 50(1 - 02 )3t
]

C
T

( t )  = C~ ( t )  + C~~( t )  . . . ( 5 . 3 )

These t h r e e  e q u a t i o n s  a r e  sketched in Figure 5.1

Fur t he r ca l c u l a ti ons show t h e opt imal  t ime  spen t i n  SDM

anal ysis is —s c

= 

m l  d C E kO 1n( 1-p )~
d

= 5.2 days . ...(5.4)

~

- -~~ - - -- -— --. - •  ~~~-- -  - . -  - --~~~~~ - --- . --- -- 
-~
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Thus , approxima t ely two SDM passes are suggested as best for

m i n i m i z i n g  t o t a l  cost ( r e q u i r e m e n t s  e r r o r s  p lus  s t a f f  time) .

The o p t i m a l  t v a l u e  is  also i n d i c a t e d  on t h e  ske t ch  i n

F i g u r e  5.1

The resu l t in g cos t of a n a l y s i s  pl us r e m a i n i n g

requiremen ts errors is calcu lat ed as approxima tely $26 ,700

at t = t~~. The net improvement  at t = t~ as compare d wi th

t = 0 (no SDM a n a l y s i s  done)  is

i ( 0,t~) = c E KO [ 1  — (1_p
e)

drt 1 + C S t

= 50000(.969) + 10400 = 58860

5.2.2 Procedural Development Impact (Model 2)

If we now turn to examine the second model for this

problem , we see t h at we need es t ima tes for  the fol l owing

terms: D*, ~~ ~~~ DSDM, D0, C~~,, and CMp. Consider first

the D terms. In Section 3 we did not constrain the units of

D s p e c i f i c a l l y ,  bu t  m e r e l y  d e f i n e d  D to  be a measu re  of

module interconnectedness. For the present purposes we will

take D to be the per—module sum of the interdependency

weights on all the external (inter—module) requirement

i n t e r d e p e n d e nc i e s .  T h i s  is  an i n t u i t i v e l y  easy v a l u e  to

wor k wi t h , and demands no fur t her assumpt ions regar d ing the

structure of the requiremen ts graph (e.g., module coupl i ng

estimates ) . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Now , using the data given earlier , each of the ten

modules contains (an average of) 20 requirements. Each

requirement links to ten other extra—module requirements ,

with an average link weight ~f 0.60. Therefore ,

D0 = (20 requiremen .ts/module)x(lO links/requireme:it)x

(0.60 strength units/link)

= 120 (strength units/module) .

For illus tra t ive purposes , we will now assume tha t SDM

analysis produces a superior partitioning of the

r e q u i r e m e n t s , and r e s u l t s  in  each r e q u i r e m e n t  l i n k i n g  to six

other extra—module requirements , with an average link weight

of 0.40. Therefore . 
-

D = (20 req./module)x(6 links/req.)x

(0.4 strength units/link)

= 48 strength units/module.

Next , we need an est ima te of D *. A possible approach

to estimating the complexity limit D* would be to consi der

the worst possibl e case - i.e., the case in which every

requirement linked to every other extra-module requirement

with a maximum weight . This would give rise to a D* value

of (20)x(9x20)x(l) 3600. However , such an extreme case is

clearly not represent ative of realistic settings. At i ssue

regarding D* is the question of how complex , in terms of

•



module  i n t e r r e l a t i o n s h i p s , a r ea l  d e s i g n  s c e n a r i o  needs to

be before essentially all useful effor t ceases — i . e . ,

b e f o r e  “ t h r a s h i n g ” f u l l y  se t s  i n .  To d r a w  on t he v i r t ua l

memo~y analogy again , thrashiig can completel y bctt le up a

virtual storage computer system long before the theor etical

wors t case (a page faul t , or mul ti r ie page faults , on e v e r y

new i n s t r u c t i o n  - see (Madnick and Donovan 76 , page 4 9 8 ) )

occurs .  T h e r e f o r e , fo r  p r e sen t  purposes  l e t  us assume t h a t
• 

“ • *the thrash ing level of D is  D = 200 .  In o t h e r  words , we

will assume her e t hat , if inter—module complexity were

roughly twice as h i g h  as i n  the base desi gn case , almost all

designer time would be spent i n  c o o r d i n a t i o n  and

communica ti on , with little or no project headway possible.

To c a l c u l a t e t1~e parame t er , we would need to

e s t i m a t e  t h e  p e r — m a n  p r o j e c t  overhead  under  D = 0. This

cor responds to each modu le  des ign  b e i n g in depen den t of a l l

o t h e r s .  Under  such c o n d i t i o n s , t h e r e  would  s t i l l  be some

basic level of ge n e r a l  coor d in ati on an d pl a n n i n g  overhea d to

be i n c u r r e d . For a r g u m e n t ’ s sake we t ake  t h i s  to  be 50 days

per man over t h e  d u r a t i o n  of t h e  p r o j e c t .

Under this assumption , at D = 0, we have

*S (0) = Iç~/D = 50 days/man , so
p F

= 5 0 ( 2 0 0 )  = 10 ,000 .

The uni ts of are (staff days/man)x(weight units/module) .

Finally we will estimate L~ by assum i ng t ha t un der the

• 
. _ _ _ _ _  ~~T~~- - ~-~
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base case design about 100 project management m3n—days would

be requir ed . Therefore ,

L 100/ 120 = 0 .83  .p

The u n i t s  ~f L are (management days/man)x (moduies/weight

unit).

We t ake  t h e  p e r — d i e m  s t a f f  and pr o j e c t  m a n a g e m e n t  costs
as b e f o r e  to  be

C~~~ iOO d o l l a r s/ m a n - d a y ,  and

C
M 150 dollars /man—day .

W i t h  t h e  fo r e g o i n g  d a t a , t h e  model ’ s e q u a t i o n s  a r e :

S (D) K / ( D * — D) = 10000/(200 — D)p p

...(5.4)

M~~(D ) = L~ D = 0.83D . . . ( 5 . 5 )

The cost impact  cu rves  for  Model 2 are given in

FIgur e 5 . 2 .  The p o i n t s  D
0 and D

SDM 
a r e  in di cat e d , as are

the  a s soc ia t ed  cost i m p a c t s .

The cost savings unde r  the foregoing assumptions and

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . • .
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Man-days

~~~~~~~~~~~~~~~~~~~~~~~~~~~
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e s t i m a t e s  t u r n  out to  be:

= ~~~ S~ + CMP M~ = + 15 0 ( . 8 3 ) ( 12 0 — 4 8 )

= 5921 + 8964 = $14 ,885

Therefore , use of the design me thodology reduces im pact of

development  overhead  under  t h e  g i v e n  a s sumpt ions  by about

15 ,000 d o l l a r s.  j

5 . 2 . 3  M o d i f i c a t i o n / m a i n t e n a n c e  Impact  (Model 3 ) .

• Now we t u r n  to  t h e  t h i r d  model , impact  on

modification /maintenance. This  model , be i ng p r o b a b i l i s t ic

and matrix—oriente d , is compu t a t i on a l l y  somewha t mor e

complex .

In the presen t case , if we consi der a typical module

pair , using the informa t ion provi ded earlier , we f i n d  th at

equa t ion  ( 4 . 1 )  becomes

p.. cx. .IO(.6)/2O = (O.3)c~~3 
,i~ j .

Now we will estimate the scale factor at 0.25, for  a l l

1 ,j. Consequently we take each

(0.3)(0.25)cx = 0.075 (i 
~

Also , we will estimate the on—d i agonal probabil ity to

~

,—-

~

--- .-~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~
---
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be tw ice t his value , 0.150. Thus the matrix P has the form:

.15 .075 .075 075

p = .075 .15 .075 075

.075 .075 .075 15

Of cour se , in a more realistic situati on the P matrix would

be sparser ; there would be a number of module pairs with no

i n t e r d e p e n d e n c i e s .  The above c a l c u l a t i o n  i s  q u i t e

r e a s o n a b l e  for  i l l u s t r a t i v e  p u r p o s e s .

To con t i n u e  th e ex am pl e , we will also estimate the

6— factors as

6 = 0 . 6 7  .

That  is , we assume t h a t  p a r t i t i o n i n g  t h e  r e q u i r e m e n t s  v i a

SDM reduces the inter—module change propagation

p r o b a b i l i t ie s  by 1/3. Thus t h e  new P m a t r i x  becomes:

~SDM 
= 0 . 6 7 ( P )

~~SDM = :~ ::: :::: :::]
.05 .05 .05 .... .10

—---_.- ..--- -- - --- • -

~ 
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A check shows t h a t  both  P and 
~ SDM 

do have a l l  t h e i r

eigenva]ues in the (—1 ,1) r a n g e , so t h e i r  s e r i e s  do

conver ge. The values of these matrices are given in

Table 5.1.

To comple te the exam ple using Model 3, le t us assume

tha t each mod ule  wi l l  r e q u i r e  two si gn i f i c a n t mod i f ica t ions

over the  l i f e t i m e  of t h e  sys t em . T h e r e f o r e  we let

A = [a
1
, a

2
, ... a ]  = 12, 2 , 2 , ... , 2]

Also , we will assume that the average cost for modifying a

module  is  1000 d o l l a r s , i . e . ,

C = Ic1, c2 , ... , c )  = [1000 , 1000 , . . . ,  1000)

Un der th ese assum pt ions , the “opt i m i s t ic ” modification

cost is

C
1 

= AC = $40 ,000

The “ r e a l i s t i c” cost for  the  g i v e n  r e v i s i o n  is ,

however ,

C
T 

A(I - P )~~~C

= $109,841

Hence the SDM modifica t ion cost reduc t ion for this revision
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I + p
0 + + P~ 4 ... = ( I — P

0
)

1

[1.544 .463 .463  .463

— 

. 4 6 3  1 .544 .463 .463

.463 .463 .463 1.544

(a)

~ + 

~SDM 
+ 

~SDM 
+ 

~SDM 
+ ... = (I - 

~SDM~

= 

L:~~~~~~ 

~t: :

Table 5.1
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woul d be

ABC

= 2()030)i B

where  B = (I — P ) 1 - (I — P )
“1

0 SDM
and i = [1 1 1 . . .  I ] (10 elements)

Ca l c u l a ti ons show tha t

ABC = 2(1000) 1 B

= 2000 (1 1 ... 1] .375 .346 .346 ... .346=

.346 .375 .346 ... .346

.346 .346 .346 • . . .375

= 69841

By t h i s  e s t i m a t e , SDM p a r t i t i o n i n g  would  lead to  an

e s t i m a t e d  cost s a v i n g s  over the modification life of the

system of n e a r l y  $ 7 0 , 0 0 0 .

5.3 Summary  of I l l u s t c a t i o n .

The result s of th e calc ula t ions in the foregoin g

exampl e are summariz ed in  t h e  t a b l e  below .
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ITEM RESUL~l’

Optimal SDM Analysis Time 5 . 2  days

Cost of Analysis (at t = t~~) $10 ,400

Specificatio n Er r or RedHi- tion

Benefit (at t = t~~ , as

Lompared to t = 0)  $58 , 860

Base Case M o d u l e  I n t e r c o n n e c t e d —

ness (D0) 120

SDM Module Inter connectedness (DSDM ) 48

Development Benefit $14 ,885

Modific ation “Ripple Effect ”

Benefit $69,841

Total SDM Benefit $143 ,586

To t a l  SDM Cost $10 ,400

Net SDM Benefit (this example) $133 ,186

Table 5.2 
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6. C o n c l u s i o n s .

The models presented and discussed hrre are in many

ways crude and of limited scope . But , as we pointed out

e a r l i e r , there is no other published wor k on modelling the

i m p a c t s  of d e s i g n  m e t h o d o l o g i e s  at all. This preliminary

e f f o r t a t  least illustrates the feasibility for impr oving

understanding of the economic potential of improved

functional design part itionings and other related aspects of

systems desi gn.

A number of issues were raised but not completely

answered in •this report. Some of the most importa nt are:

— how to  a c c u r a t e l y  d e t e r m i n e  t h e  v a r i o u s  p a r a m e t e r s  of
• such mode l s ;

— how to  b e t t e r  v e r i f y  t h e  c o r r e c t n e s s  of t h e  models ’
functional forms;

— how to  make effective use of such models  — e . g . ,  what
can be learned from s e n s i t i v i t y  a n a l y s i s  or
parametric variation?

— how to  impr ove the models — e.g., perhaps  we oug ht  t o
be looking at different aspects; perhaps some of the
“ second-order ” e f f e c t s  a r e  r e a l l y  more important than
they were assumed to be here.

These and other questions will be stud i ed in future

investigations.
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