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TRADE STUDIES, AN IMPORTANT COMPONENT OF SYSTEMS ENGINEERING °
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The thoughts reported below were initiated as a step toward
reaching a better understanding’ of the design process, §he factors

affecting engineering design, and how the ﬁngineering design proceoss ~ |
. E Y v Pl

might be beneficially influenced. It ap
- education is one of the stxonger factors detemiining how an'en'g,;'meer
goes at his work. The educational process appeared to be a logical

,.area to look into. The starting point for this effort was a consid- -

b

eration of: -

1. The recent historical development of Systems

v

" - Engineering.
2. The uniqueneds of Systems Engineering.

o

L

Recent Historical Development : —

The word "recent" was inserted purposefully. Examples can be
fdmd where the systerils approach ;:o erigineering problems has been used
in the more distant past, but the recognition anci i’dentifiéation Gf
Systems Eﬁgineering as a separate discipline has been a fairly recent
development. During this development, there’ vere many who insisted
‘that Systems Engineering was merely “good engineering," not something

different or wunique.

pr%l':ablc that‘engineering |
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~ One of the characteristics ;)f ihe apprbach to engineering which
came to be known as Systems Engineering was the consideration of the
problem in its entu'ety, clearly defining the objectives, restraints,
and mteractlons. In "good engineeting," this was always the intent,.
often done by the project éngineer, :;nd often in an mformal or
inthitive way. The process included a high degree of common sense and -
experiential judgment. The availability of computers allowed this; Q |

procedure to be carried out more rigorously and formally.

A second characteristic noted in the 'recent historical develop-

-ment of Systems Engmeermg is the conscmus and large scale ap’phcatxon .

of "trade-offs" (or trade studies)» Trade studies are clamﬁd by many .
~to be synonemous vith engineering. Trade-offs are made conscmusly or -
.subconsciotslﬁ‘r at all levéls_of: engineering, from material selecting
and component design to the decisions on the basic methods to be used
to reach an objective. : i |
In.t"he not-too-distant past, the engineer was limited in his use
of trade studiesiby his ability to calculate and anzily'se the trades
involved and by the time constraint. Tc;o frequent and extended trade
stuches were sometimes looked upon (and sometimes became) means of |
delaymg or avoiding the makmg of critical decisions. Again, the
' gvailabq.-hty of computers made extensive trade studies feasible, and
'legitim‘atized this approach. At one pomtm its development-, the
formal application of trade studics was looked upon as a key feature

of Systems éngineering. .




-3

- An example of trade studies being 1dent1f1ed mth%ystem
Engineering is contained in AFSOM 375-5 (10 March 1966) it 1,
Procedures for Systens\Engmeermg Management. This do nt, now \

superseded, details. the procedures through four project phases
(Conceptual , Definition, Acqms:.tmn, and Operational) by means of a
flow chart containing 106 blocks. Seven of these bloj.';ks Spec1ffca11y
call for trade-stud:.es, e.g., 4 @
Block 8. Identify and Perform Trade-Off Studies
Block-16. Perfo Selected Trade- Off Studies
...+ . " andIden 1fy Definition Trade- Off
" Block 4. Perforn Trads-0ff Studies (0perat10ns i
Design vs Mamtenance Des:.gn) /

"In the 1nstruct1ons descnbmg each block in the orocedure, there are

' many other references to performmg of trade studies, reporting of
trade stud1es using trade studies to support decisions, etc. Trade
studles appear to be a key element in Systems Engmc.ermg by the Air
Force. » ' . A ' ¢

¢ - Educational progranis in Systems Engineering developed along
several directions.- Three of the d1rect10ns initial efférts took are |

: Systens Theory, Systems Dynamics, and Systems Engineering developed
along interdisciplinary project 11_ne5. This last approach is broader,
more -comprehensive than the most others. It is exenphf:.ed b)' the work

of Bollay at MIT and Stanford.* In his reporting on this project

| *Phlllam Bollay "University Projects in Systems Engmeermg"’ Em;meermg

Education, Vol. 60, No. 8, pp.. 803 -5 (April 1970).

-~ A 5
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approach, Bollay emphasues the need for :umovatmn and fdr;&ﬁre@

evaluauqn of alternatwe approaches. the iterative nature of the

‘ desxgn process, the need to account for“interactions between elements

in the design of. each element, and the mterdlsglplmaxy nature of
Systems Engineering design. While not mentioned specifically, trade-
offs was an essential ingredient fog!\is design nrocess.

Thus, in the early and mid 1960's, trade stueies emerged as an
identifying’feature of Systems Engineering. Recently trade studies K
have recewed—less emphasis as Systems, Engineers have devoted their time
to more sophisticet;ed topics such as input-output analysis and systems

identification. However, when it comes down to getting something

‘designed, built, and operating, trade studies can still be a key and"

useful procedure. .~

Uniqueness of Systems Engineering

There are many definitions and many descriptions of Systems

o

" Engineering. The definition (if it is such) being developed here is ot

~ claimed as being 1nc1u51ve, def1n1t1ve, and/oT final; it is developed

to provide 1n51ght into the nature of the engmeenng process and how 1t

might be influenced. - - \ | '
Many claims are made of Systems Bngmeenng. Some are apphcable

to many fields of engmeenng, e.g., descnbmg it as an 1nput-output i

problemn mvolvmg the def1n1t1on and de51gn of a system to sat1sfy the

requirements is not umque this approach can be’ applied to a control

pmblem, an mdustﬁal engineering p,mblem, etc.

/:”.‘-‘“ e s
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A wnique characteristic of Systems Engineering is that it
‘developed from a methodology (or a number of methodologies). Bei'ng‘
based on methodology, it differs from other fields which are based

* ~ on particular fields of science (Electrical Engineering, Mechamcal
I-anmeenng) » On industrial activities (Sanxtary Engineering,
Petroleum Engineering), on materials (Ceramic Engineering), or on
devices (Automotive Engineering) . ' o | ’ _ /r

The methodologies of Systems Engineering. incorporate a number
of concepts, some of which are closely or pnmanly identified wlth
~Systems Engineering. . These are: ‘ '

1. Unltary Concept. Solving the problem asa
~ whole. - o L

2. Trade Studies. Consciously and extens ively used.
3. Portable ‘Coricepts. Use of Ianaiogies;, édhmonality
and generalities in science; ci'oss_-discipline_
methods. . o
'l'o these mght be adde.l concepts mportant to Systems Engmeermg which
are not necessanly uruque to this f1e1d 1

4. Wide use of * o _ - -

‘ a)'clnput-output:"analysis
b) Pgédback'
¢) Modeling .
d) Simulation N | ) VR

e) Use of computers
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These char::xcterisucs have been diagramed in Figure 1. Here,
"'l‘he Des1gn Process" appears as a large blank. The next step is to
fill in this blank.

TheDes'lfgancess P o

The wnitary concept in Systems Engmeenng depends on everything
_ that goes on within eng_meenng. It is an identifying characteristic
but not an operational one; its application depends on application of -_
' J the other factors. o \ | |
The portable concepts provide add1t10na1 tools _which makes cross-
dlsuplme approaches feasible. This area is well covered in texts and
in engineering courses. - T o
. Trade studies rerﬁam as h1stor1ca11y a key concept in Systems
] Engmeer1n§, and in the present as a pmcedure uruque to Systems , ‘
. Engineering in the degree to which they are used. However, the method
” does not appear to receive theuattentmn it may deserve in the engineer-
~ ing education process. Examining the indexesu of design texts 'and Systems |
' Bnginéeﬁx’xg_ texts will reveal very few references to trade-offs or trade
studies. Like "engineering ‘design," or ''the engineering rtethod," trade |
studies appear to be }takeri for granted, something everyorie assumes

A

_ everyone knows. | 5

Trade Studies
- 'l'rade studies. nught be- bro“k“en down into three elements or

o

steps. | ., - -
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, ke Generation of altematives. _
2. Ass1gnmg of values to -the characife;7s;ics ' L=
of the alternatives. ’ o

PR MMakmg a ,deC1s1on; choosing the "best"A"or
| the optimum.

These three steps ha\{e« been' filled into the Design Process box of Figure

1, to produce Figure 2. .

Figure 3, an elaboration of Figure 2, shows how the components

‘of Figure 2 relate to the engineering profession and the engineering

process.
Figure 4 is a fu;‘thex: elaboration of Figure 2.. While Figure 2
shows the'development, evaluation, and choice of altematives to be the

mthm each des1gn there are subsystems which can be subJected to the

same pmcess, further, in each subsystem there is the design of com-

ponents which can also be subJected to the trade study approach. Note
that each component and each subassembly may interact with each of the

- other components or subassemblies.. Each may be affected by or may

affect the others. It is at this pomt that engineering experience and

judgment, the result of practice, is important in deC1d1ng how many

altematives to’ evaluate and what interactions are slgmflcant.

The three steps of the trade study requlres certam skills and

capsbilities. Some of these are:

-
o

E

«

?
ﬁ% .
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- Step
‘ - L <
1. Generation of alternatives 1.
2. Value assignment; criteria 2.
. selection and weighting —
3. Choosing the ''best" or 3.

v

optimum

‘ - skill

>

Creativity; innovation; enginéex"in.g?

capability (tools, methods, 'pxacti.ce)"

Value systems; value clarification_;/
objective formulation |
Optimization techniques; de;iéion.

theory

Among the sk1115 requ:.red the engineering capablhty can be

presuned. This is the area’m wh1ch engineering SChools place most of

their effort. - “
To Verify the results of our personal observations and’ expe/‘e‘ia'cé

regarding the other skills, a small survey was made by checkmg the

- catalogs of 20 universities. The results, shown in Table 1, confn'm our

original impressions. The programs surveyed covered largely the.

traditional dxsuplmes. . Only 3 of the 70 prograns were Systems

Engineering. .

CTABLE 1

Engineering Curriculun Requirements
(A Mini-Survey) -

70 Prograns in Engineering at 20 Universities

f Creativity

Value*

Decision Theory and Optimizatibn

'Elective Courses  Required Courses

1 1
0 S 0
21 B - v

*Does not include Libeml,Afts and Humanities, required or elective.

10

(See discussion in text.).




Decision Theory and Optimization‘are taught quite widely, b'eing
required in 11% of the programs and 5vailable in an additional 307..' :
Recogmzmg that it is impossible to put: all desu'able topics into a

single four-year curriculum, we might conclude that these subJects are

available to many who mght benef:.t from them.

Creatnnty, as a separate subject, appeared in only 3% (2 cases,
one requu'ed and one elective, out of 70 total) of the programs. While
| Creativity appears as a chapter in several dlfferent engmeermg texts,

: ‘ and sometimes appears as a lecture or a week's study in engmeermg
..courses,”-we mght well ask whether students would not beneflt from a ’
greater exposure. Certainly being creatlve or innovative is an important
capab111ty for engineers to possess. / | '

No program showed a course that could be interpreted as dealmg
_ d1rect1y with values. While humamues and cultural type courses prmn.de :
| . a background against which values may develop, they rarely relate the
need for values and the apphcatmn of values to the professmnal work
| of the engmeer.
Valugs cover a broad spectrum. Qx;é categoi'ization might be:
1. Sociological. Cultural, social, political, . :
economic, religious. '
a e 2, Human Factors. Operablhty, rehablhty,

e

mintamablhty, repairability (the - 111t1es)

3. Technical Factors. Perfomance, welght, cost,

etc;; common basis for comparisons; life cycle

~ .costs.

11
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Some of these topics come under Value Engmeenng, a specialized-field. ~ , . |

courses are not generally available to most engineering: students. Many

of the top1cs are covercd, or mentloned in various engmeenng course *%

but the coverage does not match the importance’in engmeenng work.
The topics‘listed under "'sociological'" are taught in separate
courses or several separate courses in Liberal Arts Colleges. . These
“topics are rarely taught as fattors contnbutmg to the' formulation of
value systems an/d still more rarely are they taught in relation to ‘
engmeermg design. - - - "
~ There have been a few courses developed to mvol\[e engmeermg
and non-eng eenng students These are usually courses in Technology L j
V.and Souety, courses in enmronmental problems, etc. Their purposes . y_\ | E

are often to lead the student to dlSCOVEI‘ how 1nd1V1duals from \'anous

chsuplmes can contrlbute to his problems, and how engmeenng \\\
methodologies may be applied to problems of mterest to society. Whlle
values may be a part of the course, the gcneratlon and evaluatxon of

values is generally not a pnmaryﬁob;ectlve.

" - v o ) o f“.h.“"k.,,_:,

| #%1975 ASEE Annual Conference, Colorado State Unnrersxtv, Event 3550,
,“lbp:{'t on Engmeering Design Lducatlon Project Survey," Janl\owsh,
etf L]
o @ :

. /
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Engineering Design *

" Design is a primary function of engfneering. Wh‘i\ié the substance
of this report evolved from a consideration of the design proccss in
Systems Engmeermg, most of the results are applicable to nll f1e1ds"
of engmeermg. In the Flgures- (all1) if block 3 representmg the idea
of Portable Concepts and the dash line which creates block 1 (leavmg
the'contents of block 1) %mmoved the remainder of each Flgure 1s a

reasonable represental:lon o the engmeenng design process. j w111
’ %

LN

"apply to any field of engmeermg., , ? Yl
The conclusions ;egardmg trade studies, then; ‘elements, and the
teaching of the required skills are also apphcable to enémeenng deS1gn
in all fields.

A\

{ .
‘Summary and Conclusions

o

'l‘rade-offs (or trade studies) are consciously or 1ntu1t1ve1y used
- at all levels and in all f1e1ds of engineering. Thelr wxde spread formal

use was an mportant charactensnc of Systems Engmeenng in its

i

formative stages. T

4

The umqueness of Systems Engmeermg is that it rs based on’

mthodology rather than science, industrial need or - devices. Concepts
inportant to the methodology include the witary approach use of trade
. : stuches, and the so-called portable concgpts. of these, trade studles :

N p\ .

rece1ves the least emphasxs in. engmeermg education.

o~

*

Y
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Trade studies require generation of alternatives, assignment of
values, and a process for making a decision. Skills required in adchtlon -
" to the technical capability for engineering mclude creativity, generatmn
of value systems and value weg;_ghtmg, and knowledge of optimization
techniques and decis'ibn théory. In engineering education; creativity |
receives some attention, value systems almost none. Thesé are areas
- . where engineering students might be given better prgpémtion.
| The discussion and results mgafding trade studies are also
applicable ’to/r engineering design in other fields.

!

This work was partially supported by the Air Force Office of
" h Scientxﬁc Research. - - | -
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NON-CREDIT COURSE PROPOSAL -
to .,
ENGINEERING and SCIENCE INSTITUTE of DAYTON =~

- The Compleat Engineering Manager
or |

The Trade-Stud)}'Approach to Engineering Design

\{ 7 - e | v
A course for enggpneers newly pmmoted to management engineers contemplatmg

entering management and design engineers,

Engmeenng design requires deusmns wluch mvolve many factors other than
technical.. This, course will introduce several topics wluth engineers often treat
lightly: the process of creativity and innovation; value systems including so<_:1a1,
“economic, the ilities (operability, maintainability, reliability), human resources,

and technical factors; 'optiﬁizatim and the ‘decision making process.

"

The objective is to develop a capablhty for domg more "conplete" designs

~

to meet ‘the. needs and the competition in today's envu'omnent.

Dr. -Jankowski w,il]) be the course coordinator gnd one of the lecturers. Others

will present materials on Creativity, vaiues, decision making and other topics.-
. . . i . 4 .

v




entative course outline.

10 weeks, one Z—hour class per week //////{ . f/ .

P

2
<

<1

Introduction. Phases of design' nature and place of trade—studies ‘
B. Basic engineering principles. donservation and continutiy laws; -

node-loop approaches. ' : .

. % . . " -
II. Basic engineering principles: ~across/through variables; dyngmic
: analysis; modeling. : '

.j/////f// o
Iv. . Cneativity - environmental factors: organization and physical factors; f
"technical gate-keepers''; pinnacles of excellence.

III. . Creativiéféﬂ individual: potential; technidues.
. v /

V. Value systems: cultural, social, political.emu:

VI. m‘. Value systems: humanefactors, reliability, maintainabili\y, operability
PR 33 . .

VII. Value systems: teghnical factors; common‘bﬁ§E§%?§? comperisbns; life

cycle cost.

T . N . N . o -

VIII. Optimization techniques: 1linear and dyniamic programming; search tech-
miques, .\\ ] : ' B

IX. ~ Decision“theory '

X. - Summary and application
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