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PREFACE.

This report is a professional paper presented in the symposium entitled, "Human
Resources and Engineering Design critena," which was chaired by Dr Harry L. Snyder,
Chairman for Divisioni 21, The Society of Engineering Psychologists, of the American
Psychological Associadion The svruposium was conducted dunng the 83rd Annual
Convention. Chicago, Illinois, 30 August 3 September 1975, Preparation of the paper
was supported by the Advanced Systems Division, Air Force Human Resources
Laboratory , V, right-Patterson AFB. Ohio This support was provided under Project 1 124,
Human Resources in Aerospace Development and Operations
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Ill IA\ R1,SOU S AS locGINLER1NG DESIGN,C121TEklA

,..
7-

.

The development ol the human skills required to utilize the machines produced by man has been a
problem throughout the history of technislo`o. A's log as technology was changing slowly. trie problem

\vas not se nous With the shift from craft exp,nen,ce to science as the,basis for technology, the problem of

matching skills req uired with :kills aNailatele became significant (Singer. ilolruyard, Hall. & Williams, 1958)
.

Reaction, Prediction, and Control,

The importance of this pn)blem has'been reconized by the military' services Eckstrand, Askcen. and

Snyder t 1967) traced the history of planning for human resources,with respect to military weapon systems

Originally, skilled- manpower_tor military systems were pruvi after the hardware was delivered to the

military' unit Personnel selection and training was acconplished as >rm of reaction to the demands of c

the equipmqnt ,Currently ( 1967, and still true in 1975 ) human resour planning is charactenzed by

amilyses which pi-( Jot manpower needs early dunng system dewlopment Th any prediction allow s the

selection of personnel, and the planning for training to begin bctore the hardw is delivered to the

operational unit
c .

E c!.strand et al (1967), then postulated that the next- phase of human resources ?tannin 'ill he a

e , ,Itr, Ilitw or a fic SW// intent( nun -phase, in w hi ch_d at d on pe rsolifiel-and_winin 2 factors will become n

,ritena, and inn fence the charatvistic of the hardware of new systems. This rye
Li.

will follow, partly

hecauss: contra tends n+ follow prediction in science, arid-partly- he f the need to res n- reduce

11 lie rapidl!: in cffeasing dollar costs of the human side of military syst entis

Purpose of t s Paper .
. .

Pus piper sumntiri/es the results (kt a number , studies. h the au

j. INTRODI,CTION

e

been an attempt to deelop a technorlogy AlliC11 co Id iniplement the design in
res,,rce's plarraiig I iglit studies are briefly desLnhed. The results !reintegrated to-provide the beginningof,

a net hodoio,..7' for using haandri resources data as criteria in e.11.ZIIlcZIng design

This work t 4 ,f a larger et tort by the Air l'orce4o_de....4.144). methods, models, and data for using

iesources and personnel cost facto PS in the deselopment cy cle of mew s,, stems I xathples of other

,:ti,,rts iii fl,. 12enerol area include Itiitlie-s by lint'', 1,0, Hopper, uad Pot empa ( 197'3), and Maher and

l`c4 t. ren and I mu/ t. I 07-",),-;t1.iy.,teinpa. nt/, and 1 uckem, (1q7C) also touch on thejhroader

II lilt I (di I Sit 1)I1S

( onceptualitanon of the design intematon bc,4anin IQ6 he' obieItites and the first eft orh

11hrurh: the element. ot the problem were reported in 't Lktrand et at ( fife first CX Min:WA study
was pertormed shortly thereafter Moister. Sullian, ,V;kien, lo10;

1 irst SIUds
I .

The purpose of the first ,tikb. \k.4.11 to determine the el ro,f on sN stem design of using imin pow, Cr data

as desnm ontraints secondary obittc five was to detetrOne under what Lunditions and in what form'
these 1.1.1-ia should he used to have mo ximo in et heel on desagn Lquipment data, mant)ow et quantity and skill

levet data and task ntormation data which were produced dump, doelopment of a ballistic missile

suhs stem seee prem-Hted to ..w. experienced .design enneers 1,11ey were instructed to "design" the
subs stem Ile etwaneers were requited to create schematics, equipment descriptions and drawings, control

panel IA our., ilperatiori preocedures;and hills of material

---..-----



It was found that manpower quantity and personnel skill level constraint data impact the equipment
configuration. The engineers were responsive pnmarily to the inputs that wore framed as design
requirements The results also indicate that if manpower and taskdati-are to be incorporated into design, it
is necessary to supply these inputs to the engineer as design requirements in lus initial statement of work.

Second Study 4
e

The second study (Meister, Sullivan, 'Finley, & Askren, 1969a) was a fuyther test of the effect on
design of using manpower quantity and skilllevel data as design constraints. Thesttidy investigated whether
the amount of data given to the engineer, and'the tinning of the data influenced design. Equipment and. ,
human resources data relevant to 'the development of the maintenance -equipment of an air -to- ground ,'1
missile were presented to eight experienced, design engineers. The subjects were required to develop a
conceptual design of the equipment. The experiment contrasted the simultaneous presentation of all human
resources data inputs at the start of design with the same inputs presented incrementally throughout design.
The investigation also contrasted manpower quantity constraints with skill level constraints., .

, .

It was found that tht amount and timing of human resources data inputs do exercise some influence
orrthe'engineers', design The type of requirement imposed' (skill level versus quantity constraints) made a

7difference to the engineers. Although the inputs are responded to by engineers prinianly when those inputs
are phrased as design requirements, informational data (task, and, time-hneAnalyses) created an attitude of,,-,
awareness in the engineers of personnel requirements. The engineers developed, their deiigns .quickly, and
resisted attempts to modify their designs. The results indicatsi, again, that if hunian resources data are to
be incorporated esign, the data mus't be supplied at the start of design, and they must be phrased as.......design constraints. ---....,, ..

Third Study . . $. -..,..,...

The thud study (Meister, Sullivan, Finley, & Askren, 1969b.) wag'da ducted to investigate.the design,,,
engineer's concept of. the relationship between system characteristics an rsonnel skill. This was
undertaken because the earlier studies had shown that personnel skill was a potentially powerful design
constrairk. yet-engineers had little knowledge of the nature of 4(111, or how it ; should be translated into ,

rdw"ore ciraracteristics. Fouiteen, paper and pencil tests, specifically developed' to examine the
relationships between skill anti design, were administered to eight experienced'design engineers.

It was found that certain design charaetensties are, significantly related to skill leve4. These are. test
points, internal compOnents, checkout and troubleshooting procedures, type of_test 'equipment required,
and goTino go displays Individual design concepts such as component repair are related to the amount' of
traininirequirecr It was also 'found that engine rs conceptualize maintenance skill in terms of knowledge,
troubleshooting ability, and flexibility. A common denominator of the skill parameters appears to be
troubleshooting ability Shill level appears not to he related, in the engineer's mind, tayears of experience.

. I
A

.0 , 5, fTransition , . . ,
4

At this point it seemed as though enough research data were available to Justify the recommendation
that personnel. quantity and skill level requirements be imposed on the engineer as a design goal. However,
further analysts revealed a number pf reasons why this approach would probably not be used. A. major
reason was the resistance by engipeerrand managers to the concept of manpower as a design goal.
Maiipower as a tiebreaker when all engineering factors are equal, yes, but manpower as a dominant,desigr
goal. no Another reason was technical. It was found that in order to impose this type of design constrain
it would he necessary to predict the nature of the military work force which would be available at a da
sonic 5 to 10 years in the future. No capability existed to make sail predictions. Therefore, consideni
these kinds of reasons it had to be concluded that it,was not feasible to impose personnel factors as desq,

t4contr ts

A new, tntry point to enguieering design was required. Further investigations of the design process
- estfialished that trade off studies were a significant part-of ,design. The appealing- par( of trade off studies
seemed to be that they could accept personnel and training data which compatedalie relative effect of
several design alternatives, as opplised to requiring absolute statements about manpower design goals for a
single design Design trade off studies appeared to be a good entry point for human resources data.,

- 3



Pourth Study ---------...._

The fourth st tidyttaritti--Askren,_ & or. . Thgarecithe enguieenn design trade study-...._
process to determine' the feasibility ofanclurhniharnan ., ...4.:,,-, . Wirt -trade studies. This 'res:earch also---....-....,
attempted to learn something about how engineers perform' design tra c, -ty,one completed trade
studies from actual aeronautical, missile, and command and control systems ' termine the

i

charactenstics of system desrgri-trade studies. Four simulated air ft trail,,
.

littering-
and human resources data, were cons for expenmental . ed design
engineers performed the simulated trade studies.

It was found that engineers can and do use human resources design t ..e studies,
Personnel costs and ,manpower.quantines were assigned more weight in the tra stik than ska..types, ...

skill levels, and availability of personnel. A detail presentation of human resources data 'yen More
weight than a condensed presentation. Human resoufce-rala should be presented to he engi nN. ,..

quantitative units familiar to the engineer to be Most uSe,fil. The'f'our major sources of variability in trade
study results were fund to be choice of evaluation pararne T, value weights fqr the parameters, methods -
of normalizing the parametnedata and methods of combining pa ametnc data and weighting factors. - 4

c.. ,
_ .

Foimal Trade, Study Limitation,

While conducting the fourth study it was learned that only,a small portion of design trade offs are
made public, via .formal, docuniented trade studies. The high percentage df trade offs are informal
comparisons of alternatives, andtare not documented, except possibly.' in notes by the engineer for his own
use. Consequently, the engineering psychologist is.n ot likely tb be aware of many of the design trade offs

. that are performed. Realizing the pUtential value (3f the design trade off as an input point for human
resources data, an at tempt,Was made to, develop a method to identify, in advance, the numerous trade offs
that would be mode dunngt design of a product. Socha method would enable the engineering psychologist
to anticipate design trade offs, and to arrange for inclusion of human data in the,more critical ones.

Fifth Study

The 11 fth.st udy (Askren & Korkan, 1971 , Askren & Korkan, 1974) whs performed in resppnse to this
need. The result was development ofthe 'design option decision trot (DODT) method. The DODT is a
graphic means of depicting the sequence of engmeenng decisions required for resolution Of a design
problem: The DORT also descnbes the design options available ,at each decision point'

In this study, the DODT concept was tested on aircraft propulsion and flight control subsystems.`The
iesulting DODTs Were' evaluated by eight engineers egpenenixd in designing these specialized areas of
aerospace systems. It was found that the DODT is a feasible and valid method for anticipating and
descnbing system design trade offs.

'Sixth Study

.The sixth study (Askren, Korkan & Watts, 1973) was conducted to explore the feasibility of
developing design option decision trees to a level of detail which shows hardware involved in maintenance
operations, and to measure the'serlsitivny of different types of human resources data to different design
trade off- problems depicted- in these trees. This study also tested the feasibility of using psychometric
scahng methods as a means-of generatin; the data, which descnbe the impact of trade off alternatives on
the human resource factors. t

The approach included expanding a portion f the DODT develdped for the aircraft jet engine in the
fifth study, selecting trade off problems from the expanded tree for sensitivity analysis, and collecting,
psychometric data from experienced jet engine mechanics regarding this ,sensitivity. It was found that
DODTs','can be developed to the maintenance lely1 of detail. It was also found that the factors of training
and expenerree- amount of maintenance time, lid ease of maintenance were most effected by choice of
design options in the trade off problems. Complexity of tools, crew -size, and job specialty were effected"
less. It was also found to be feasible to use expenenced maintenlano'e technicyns as raters to make
evaluations of the impact of design alternatives 09 the human- resOiirces factors.

9 e
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, -..
Seventh Study ,,

-.
d .

. The seventh study (Ask 1-11. I97-3) was funducted to determine the capability of engineering
psyaailogists to respond in 4, ninety 'mariner and with realistic data to 'an actual design trade off problem
This study also explored t Luther the use of, psy chortle tric sc'aling teainiques as a means for generating the
data which me asure ,the effect I design alternatives on human resource's. _

1

The trade htf-problem concerned the selection
p.
of an 'electrical unit fur a new infer-At undergoing"'

development Three design alternatives we're evaluated as to impact on the number and kind of
mainteriana; personnel required to inspect and repair the e,lectrical unit, type and amountof traintrig for
these personnel, the nine required'to perform ate inairrtenanL work, at the clt4lar West to provide.these
personnel for tht life of the system The data descnbing the impact of tile three design 'alternatives upon
the human resources tartars were collected from t xpe' nenced aircraft maintenance technicians using.

psychometric scaling techniques. : ,

It was found that these type> 4 ljunran resources daia could be generated Tor the three design
altekliatrves timely fashion for engineenng use It was-also found, again, that it is feasible to use
experienced inamfenance personnel as raters to make lodgments about the impact of design Otemanyes on
human resourLe tact us In addition. further doelopments were made in the psychometric procedures
needed to ,:ollect the data

\
Eighth Study'

The eighth st udy (Whalen ,& Askren, 1q7.1) was undertaken to accomplish two obtee'fives. The first
obtectiVe was to identify and classify the charactenstics of comxptual design trade studies that have high
potential impact on human resource requireinents of Air Fixce weapon systems Tice approach, used was a
case history review and analysis of 1 20 aircraft design trade studies The analysis indicated that the avionics
systet has the greatest potential impact km human resources It 4 as also found that trade studies dealing
with design 'alternative, that ert LAU-FIN% widely different technologies have substantial impact on human)
resources. the t d human re,ources data GIRD) MI,/ t influenced by alternative design, options were
mainten,tne task tunes andlk,rsonnel Lost s Tire Neco'nd steudy obieCtIVe was to determine the accuracy of
using NOM:dive estittlates as a t&initqUe for dernuu_ the I ftD impact of trade study Options. Using only
engineering rn tourian,in for six wninics Suhsv,tem s. front the conceptual design phase, Atr Force

intendm: technician, made ,,utiiective estimates of impact of the designs on selected IIRD items. It
i as mun that teJumaan, can make 7c,otniably accurate estimate, of the amount of time, the Air Force

upati.)nal spe.lait, level ,d technic,d kill Ind the number of personnel needed to perform field
manner! .11.1

III IN II (.1(111(Y\ 01 RI St I IS AND( ON( Lt SR/NS

ibe Inrdirr.. trim) the tesear, IP, reputed how are organired around six topics feasibility and
practical] Is of thing litunall resit iurtes S:hti as criteria in engineering design methods tor using the data in
design studies: etlek. t A tire N} `./.4C111 of 11,Nin LI lift' data as design criteria, types of human resources data most
Tele yam to he is .lesyn ,ritena nctirotls for piellelatIng human resources data for use in design studies, and
nature of the lice integrated results are given in the 'following sections

1

of Human Resources Data as Design (, diem

rho ,-,,,eindir.^ all of the research has been the feasibility and practicality of using'
human resources dat ,rueria iti enguteenne' design- studic-s Quantifu anon Of the data is possible,

ito..ept the drt- inpipt Nat, the design processt%ire available And the quality of the human
data Mt (11 as go, as OW I/1 the engineering data, especially in early coneeptual design studies

)

Met hods for Using Human Resotirs'es Data'in Design Studies

litutittn resiittrois tilt,' \i incorporated /n Hie 10qgn process by at least twit means as deign
Liinstranit anti as IICCI`NII )11 par-auto e r, ni de,i0 tradel/fh The trade It uSe of hUttlatir resources data has



the:greatest probability f successful application at this time:* In the future, given better technqiues for
predicting the nature of anpov.er force' to be available, the design cOnstraint, methodcould be a powerful
means ofinflueneing the araCtenstics of equipment.

Effect on the SyStern of Human Resources as Design Criteria
*

Based on the studies reported above, it is anticipated that the effect of human resotirces design
critena on the system wotild range from moderate for a large per cent of design studies in whiCh the data
are nsed, to great effect in ,a small per cent of design stuaie. As found in the fourth study, it is probable
that human resource cntena data will have their greatest effect when.aMng in combination with other
engmeenng and operational requirements data, rather than as a single controlling factor. , ..

i. ..

Types of Human Resources Data Relevant to Design Studies ,..,

A wide variety.itif human resources data Were found to:be useful as cnte.ria in design studies. This
inch r fb'ctors as nianpov.erquant it y,. tec.htuciari skill level, technician job specialty, personnel dollar
oast, type noun . ", -tasic...perfomianCe time`,"job difficulty, and personnel 'turnover rate,The
sixth siudy fuuijd t a .---..4.... f data releu-anqo a particular design problem is a furiction of the nature of
the design pry le M. 311Thurnall la, `' daIrci.6 not apply to all design studies. It is entical to provide the
engineer with dafa that is most releitatit.- --------...._

',Methods for Generating Human Resources Criteria Data

_Three. methods for 'generating human resources data or use as criteria in design studies were
examined dunng the course of the research. -These methods were. (a) mathematical and computer
simulation models which predict the effect. of design on human resources, (b) histoncal, documented data
which show relations between design. charactenstics and human resources, and (c) the use of psychometric
scaling technique- and subject matter experts to give ratings of the impact of designs on the human resource
factors wren consideration was given to the use of data dunng-.early, conceptual design studies, generation
of the data on a timely basis, anti low costi'h developing the data, the psychometric scaling technique was
selected for more intensive investigation. This was fQund.to be a viable method. Three studies attest to its
feasibility, and validity. It was found that the judges respond to the rating task in a senous manner, that
they are able to make judgments for a wide spectrum of 'rowan resource factors, and the validity of their
ratings appears adequate for use in design studies.

Nature of the Engineering Design Process

Two views of the design prossihave emerged from tins research. One view descnbes design as an
artistic rendenng, in which the engineer receives a design problem, acknowledges constraints, and then,
drawing on lus own personal expenences, works very ,quickly to develop a concept. The other view
descnlies,design as a human decisiOn process in which the engineer methodically makes a senes of design
choices fie follows i path frorri'design problem to design product. Along the path he makes judgments
about the 'characteristics of the product he is designing. Many times he will face choice points with options
to choose between.

Which process will a giveti-engineer follow for a given design problem' The answer seems dependent
un a number of factors such as the training of the engineer, his personal stylei-the- nature bf the design
problem, time available to complete the design task, ar32312u4a.any--aratina--Ca'-getnent design philosophy. It is
hoped to Iddress'this question in future research.

Conclusions

It is feasible to include' human resources data as cn na in engineering design, ancl it is-expected that
the data -will' affect the design product, Human resources da may be incorporated in the design process-as
constraints, or as decision parameters in'trade offs. The trade of ethod is preferred at this time, The trade,
offs to he performed during the design of a new system can be ant ated, using the design o ion decision
tree method, and the more critical trade offs identified. A variety o human resources data are useful in

'design studies, with the nature of the design, problem dictatinj the p icular data. Valid data caribe
generated in a timely manner using psychometric scaling techniques an udgments of subject .matter
experts. The engineering design process itself is amenable to study, with benefit I results to both improved
use of human data and greater knowledge of the nature of design.

9

11

ti



What next fur this area of research') The need is for an effort which puts all the findings together into
a single teelmologk,a1 padsage, followed by a demonstration of their practicality, acceptability and value in
an ongoing enganeenng design program. It is hoped to perform such a test in the near future.
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