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TO : John J. O ’Ha re , Ph.D., Assistant Director
Eng i nee ri ng Psychology Programs Code 1e55
Off ice of Nava l Research ,
Department of the Navy
Arlington , Vi rg inia 22217

FROM : Lance A. Mill e r , Ph.D., Ma nage r
Behav ioral Sciences Group
Compu ter Sciences Department
I.B .M. Thomas J. Watson Research Center
Yo r k town Hei ghts , New York 10598

SUBJECT : Fina l Report , 1’Behav iora l Aspects of Computer
Programmin g”

I . This constitutes a final report of work comp leted
under support of Contract N000l4-72-C-0419, Work Unit
NR197-020, between I .B.M . and Eng i neer i ng Psychology
Programs , Code 455, Off ice of Naval Research. The
princ i p a l  i nves ti gator was Dr. L. A. Miller.

I I .  The objective of the contract was to conduct research
directed at obtaining a basic u~nder stand ing of the
cognitive processes and prob l ems of programm ing, and
thereby to afford the basis for development of tools
and methodolog ies for improvin g program quality and
programmer productivity.

I I I .  The contract work y ielded 21 reports (cf. Section 8).
Seventeen persons were partially supported at var ious
t i m e s , and in various positions , under the contract
(cf . Section 9).

IV . The research work is summarized under Six major headings ,
which correspond roughl y to successive research foci:

(1). Computer usage statistics.
(2). Performance with programm i ng contro l structures.
(3). Natural language programming and comm unication
(4). I nvesti gati on of program des i gn behavio r.
(5). Investi gation of program modification behavior .
(6). General behavioral issues with interactiv e systems .

V. The discussion of each area covers: (1) the research
motivation , (2) detailed summary of the research work ,
findin gs , and theo ry , and (3) our recomendations for
spec i f i c tools , practices , and further research. The
relevant references in Section 8 are indicated in the
text by numbers in parentheses.

I.
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I . G E N E R A I .  O V E R V I E W

In our original contract proposal we suggested ‘ a very general stage model of the
s t a r t - t o - f i n I s h  as pects of a programming task , as related to more or less established
psychological areas of investi gation .” The stages were: (I) loose initial statement of the
prohkni. (2) precise problem lormulation . (3) design of a general soluti on algorithm , usua lly in
na tur a l  language , (4) translation of this solution into a computer program , and (5 )  debugging.
testing, and verification of the program lo these f ive stages we here add a sixth , which
occurs af ter  the f ir s t f ive steps have been comp leted and the program has been accepted by the
original requestor . i.e , (6) program maintenance and modification.

t our of our areas of research under the contract are closel y re lated to the stage s of this
mode l, wi t h two ,ireas Iocuss iiig on broader considerations of the programming environment

l h c  sis arc,i~ ‘f resea rc h ,irc pr c ’.cnted here roughl y in the same order t hat w e performed the
work lhiis , in Seet ion 2 we describe the prefacing of our control led experimental studIe s with
quaii ti t .I t IV e ohse rs at ional analy ses of user performance on inte’ ra et is e system s . In Sect ion .1

ss c plese nt our initial Following of the stage-model . first concentrating on the stage-4 prile(’ss

~~ t he actual t ranslatIon of a high-level design into programming code . hut extending OUt

insesti gati on slig htl y into the stage- S .icti s t ies of debugging and test ing As .i result of our

fin dings concerning ~t age -4 programming diffi culti es , we fl&~5i concent r , ite d on the initial st . IgL ’s

1 prii gramnlin g pri o r to ,ictual coding In Section 4 we detail our wo rk which focussed on thc
c ha raete ris t IL tif nat oral language as a medium f ( I r  exp ress i ng  and communicating procedura l
I cq u i r eme n t s . t hi’ corresponding to one form of s i.ige-3 designing In Section 5 we pR’si’nt

‘ui stu ds of design as a problem-so lving process . in which w e inse st i gate d the stage I to 2
process of pro blem-formulatIon and pr ob lem-re f in emen t , .intl the sI.Ige 2 to 3 process of
creatin g high—l eve l designs fr o m f u n e t j onal spec ificatio iis Section 6 describes our resea rch iitto
t he prohkm’, of modifying programs Priigram-modif ic.ition corresponds to the stagc - i~ process
o F altering the program at a later time. Sect ion 7 deals once again wi th  the broader
programming environment , t his time focussing on those aspects of ctim putct s~ stems w hich
inf luence the effectiveness of user performance.

We base attempted throughout the report to provide original theoretic a l interpret al ions of
t he heh.Is or ins cst i gate d. Much of this theory is presented here for the first time and has still
to he tested Nevertheless , in slew of the dearth of psychological theor~ for a lmost all tiE the
,irc ,Is insest igated , we felt it would he useful to provide at least a starting point for more
adequate theory development. (The most extensive presentations iif ness theory .irc found in
Sect ion ft . f o r  program modif ica tion, and in Section 7, for routine ta cks and for problem coliing

~~~~ c)

In this report se se ral conventions of referencing are obsers ed References to the
tec hnical reports describing the original work arc given i15 .1 numhei in parentheses throug hout .
and .ilw ays at the end of major sect ions. These reports arc listed in Section S Personnel
ins olved n the contract work are listed in Section ~) , t h e reader can identify the cont rihuto,
of thc research from the author information gis en there In all cast ’s t he f i r s t  author of the
reports bore t he major responsihiIit~ for the resea rch work For sinip licits , ss c ’ . ‘‘ our ’’ . ,,ntl
‘us ’ ire used throughout. Where this is used in refe rence to the expel menta l det .iils and
findings , t he original .iuthors should he credited; indeed . so nic of th is tn.itcri .il m.i~ be .i close
parap hrase of the original report. Additional integr atis i’ material supplied in this fin al report
c . researc h mot is alion , new t heory, summ.’ry in te rp r eta t i ons , rec ommend at ions is the
responsi hilits of the present author , w ho , hopeIull~ . re f lects  t he LoI isct l%Us of opinion of thy
s ix te e n ot her contributors Refer ences to published rcst ’ .,rc h l ite rature other than our cont r a c t

re ports are not given in the discussion hut may he obtained by reference to the original repo r t s

~

-

~

- -

~

-— -— . - — -— ‘——-----—~~~~~~~~~~~~ . - ~
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2. sr.4TIsTIcs CONCERNING USAGE OF INTERACTIVE COMPUTERS

2.1 MOTI VATION:

The quantitative description of the use of existing interactive computer systems was
believed to be a starting point for determining which features of computer systems should he
retained , deleted , or improved.

2 2 S U M M A R Y  OF W O R K .’

The source for the data analyses was a 21-day record of user-system interactions of the
I BM  Watson Research Center TSS/36 () interactive system , with a total user population of 375
persons and a total recorded user-session length of 3712 terminal hours. The results are
grouped into u s c  major categories of observations: terminal usage pat terns , language
processors , command usage , user response time , and debugging.

Anal yses of terminal usage patterns revealed that only 2)) percent of the users were hi gh
frequency users --s igning on to the system daily and accounting for about 6)) percent of the
tota l connect time’, w ith very long individual terminal sessions. The majority of the users
signe d on infrequently, for very short terminal sessions ( I ) .

three language p rot ex t o r t  were supported by the TS.S system. Pt. I. IORTRAN . and
Ass em bler Only 34 percent of t he user population used one or more of these langu age
processors (P t  I and FORTRAN we’re used equally often and about twice as fre q u ent l~ as

Assem bler) Detected syntact ic errors in programs submitted to these language processo rs
ranged from 12 to 15 percent . suggesting a very hi gh level of syntactic correctness (I).

I he mu st sign ificant finding from the command usage analyses was  that tex t - ed i t ing
commands accounted for more than three-quarters of all the commands issued to 155 ( I ) .

( ‘ c, ’r re cp ono ’ time was defined as the elapsed open-keyboard time before the user
responded , with the overall mean being 32 seconds (eliminating response times over  10
minutes). the median being about I) seconds , the mode 4 seconds (I).

Ana lyses of debugging behavior were based on usage of spceialiii’d l’SS debugging
commands (the Program Control System , or “PCS”, st a te ments) and quest ionnaire response’ s

from users who employed the debugging commands. It appeared that these conitnands were
not used with any frequency, and , when they were used it was more to contro l the processing
characteristics of the program than for debugging (3 ) .

2.3 R E C O M M E N D A TIONS:

2 3, 1 Terminal ( ‘sage Patter n.c and ‘cer Respon.ce T’inu ’: I)iiferen t groups of computer
users have extensively different profiles of computer usage . eharacteriied primaril y in ternis of
a sophisticated /frequent vs. unsophisticated/infre quent dichotomy. ‘the two poles may also

~

.-.-.- . .---. ‘“ ~~~~~~ “ . “~~~~~~~~~~~~~~~~~~~~~ ‘ ~~~~ —--~~~~~ -~~~~~~~~ .-—~~~~~~~~- -.------ ..~~~. ,...
‘
~~~~~~~ 

. .
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dif fe r w i t h  respect to  their needs and expectations , with the sop histicated user probably
requiring much more function . performance . and f lexibility than the unsophisticated group.
Ibis latter group, (in t he other hand , may he’ expected to require nmre assistance , more
direction , and greater ‘‘ error-tolerance ” tha n the former

In s uew of these expect a tions , we recommend testing of a facility which tailors the
per form ance , funct ion, and user-assistance levels of an interactive system ro thc usc-profile of
t he user Lo aehiese not only greater individualized user support hut also more efficient overall
computer system per formance.

2 2 L4j ng uag e t’roce.s.cor c and De bugg ing l~~ u / itie.c: th e ver y low level of occurrence of
s ’~ i t .uc t ic errors in programs suggest that the development of more powerful syntax  checking
,i c i li t i es would not he justifiab le . I lowever , fac i l i t i es should he developed to assi st  in the

detect ion of conceptual errorc . errors w hich, t hough sy ntactical l y correct , produce unintended
process ing effects.

\~ c re’commerud t hat “sem antic c hecking ” fac ilities he developed for use with in language
processors to aid in the detection of these conceptual errors , parallelling the’ fac ilities for
detecting syn tac t i c  errors We believe that x c r \  substantia l aid would he provided by s c r y
low - lese l . eas y ..II) j nlplc rfl cnt sema nt i c  cons is te nc y check ing  which would check for
opera tor-operan d con s is tency .  compatihilit~ With such a facility program s ariables would he
declared in terms of a v e ry  rich ~t’i of data t~ pc’s corres ponding to the semantic aspects of the
prxtgIan i - - e g . , in a p.is roll application , var ia bles would he cha racteri ,e’d as to ‘‘ sa lary ’’ ,

elate ” , “contr ibution” , et c.  [he programmer would further include information concerning
ulluiwab le — —  “mean ingful ’ - -  transformations on such typed variables , suc h as ‘ salary

t.~s-eo nsta nt = tax-deduction ”. etc The comp iler would he extended to perform .i data - ’ype
ana ly s is  (if the results of each process ing step, matc hing the result against the set of those
allowable , re porting to the programmer occurrences (if disallowed combinat ions. Our
e xperience from this as well as either aspect s  of our contract work indicates that such
co ns istenc y c hecks could lead to the detection of a substantial number of , often hard to detect ,
conceptua l errors

2 1 3 Command t’sage : l’he temporal and frequency anal yses of user-issued commands
within terminal sessions provided a ver y rich and informative body of data concerning usage of
interact i se systems. The disadvantage of the techniques we  used was that we had no
information to permit us to segregate sequences of users ’ commands into groups related to

particu lar tasks , nor did we base direct knowledge of what  ta sks (users might he engaged in.

We therefor e recommend that it would he use’fu l to develop and utili,e software facilities
w hich could he invoked during any individual user te’rminal session to record and an.ily ie the
comman ds issued by the user for particular tasks (the beginning and end of which the user
wou ld indicate). Comparisons of results across users f o r  the same tasks could res i’;il muc h
finer details of usage related to specif ic t ,isks and permit identification of problem are’ ,cs and
potential aids.

W e has c developed an cxe mp l.ir~ sof tw. i re  pac kage appropriate (or I hI~ t 370 ( ‘MN
s y  s ter ns which classif y .1 uisc r ’s commands into se’ s er;il (‘MS command c .iteg or ues , wit h
additional subcategories pros’ ide’d for coinniands us s i i c ’ cl wit hin the supported te ’xt  . program
editors . fre’quene’y and ti m e s ta t is t i cs  ,,rt’ then provided f u r  the indisidual commands , for the
comman ds grouped into classes and into pair and triple seupie ’il ee’s of commands (19)
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3. PERFORMANCE WITH PR OGRAMMiNG CONTROL STR UCTL R ES

3.1 MOTI VATION:

One of the most important characteristics of computer programs -- or any sequential
procedure -- is the means for controlling the sequence of execution of program commands, the
so-called “transfer-o f-control structure. ” In view of the attention control structures were
beginning to receive in the Computer Sciences literature , we believed it important in our first
controlled experiments t ) obtain some assessment of the difficulty experienced by
progra mmers . part icularly novice ones , in the specification of such structures.

3 2 SL ’MMAR )  OF WORK:

We conducted three experiments in this area , t he first exploratory, t he second a
cor rrparat ivc evaluation of existing control structures , and the third an initial evaluation of a
new control structure designed to improve performance.

3.2 . 1  in i t ia l  exper iment --  In our first study we created a simple laboratory programming
language for card-sorting ta sk s which permitted partici pants to create programs on an
intera ctise system merely by selecting the desired command from a short list of fixed
comman ds , adding only t ransfer-of-control  information. The control structure of this language
was that of “branch-to-label ”. The six card-sorting problems for which participants had to
prepare programs differed in log ical complexity and involved four type s of ac tivities

init ialiiation of data structures , data-accessing, updating counters , and specif y ing
branc h-destinations for test outcomes E)esp ite this opportunity for a diversity of errors .
almost all of them occurred with the specification of the control information (with disjuncti on
and negation providing more difficulty than conjunction and aff irmative t e s t s ) .  l’hus . it
appeare d that transfer-of-control specifications were the primary hocus of programming
d if f iculty. In addition , the debugging of incorrect control-flow programs --  for , usually, one or
tw o  s tatements  errors --required half as much time again as for preparing the initial program ,
wi t h over three times as many editing modifications (2) .

3 2 .2  Evaluation of control ctructure.c —— Having determined control speci f icat ion as a
high-probability dif f iculty factor , in the next study we evaluated several methods for
represent ing transfer-of-control , looking for the best candidate’ for , in particular , novi ce’
programmers. In addition to the “branch-to-label ” (BRANCH) structure used in the first
experiment we selected for testing two other structures: the “fl-then-else ” (IF) hierarchical
structure , and the graphical flow-diagramming technique (FLOW). l’hese three type’s of
control structures -- BRAN(’H. IF. and FLOW -- account for the tilajority of types of control
structures used in programming languages.

Although BRANCH and Ft.OW techniques appear radicall y different . they are logically
equivalent with the differences being in svnta.s : (a) whereas BRANCH programs arc
one- dimensional lists , F LOW programs are two- dimensional; and (h) w hereas

transfer-of-c ontrol is specified in BRANCI’I programs .c mholicallv by means of a command
number or label, Fl OW programs involve a graphical specification - - i.e.. with a connecting
line. Performance differences between Fl OW and BRANCH could therefore he attributed to
one or both of these syntactic differences. Performance differences between either of these
techniques and IF . however. must involve Ihe underly ing conceptual differences between them
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lu p u s  dc for a s a r  iet ~ i f  c~ u ui ~ ,i~isu ’ii co ndit i on s the thre ’e methods we’ re each te s ted
under f’t ur l.ur igu .ig e conditions in which the capahilit~ to emp loy d i r ec t l y  the logica l operators
of ‘‘ aiuel ’ ’  anti or as (Inc factor and ‘

~ iui ’’ .us a second factor were separatel y manipul ated

I’ar ,illel rrui iiat un’ lailguagu ’s and Ii .iiniiw programs were prepared for each method followed by
set of si experiment a l  piohlt’tiis w i t  Ii,, cac 11 et u it d i t i u rn for each sub ject

Re .s ul t u and I) u s u ’u ~ x i o n  — —  In , u iu t r a s i  to the “logica l’’ arguments be ing mac ic’ ri
conuput er ~c i e rue e s  l i terature in faso r  of the II’ s! ruct u re , w e found t hat this w . s the most
di f f ic ul t  tec hnique to le,irn arid to use e ’ , r r c c t l y ’  \ lso suprus i uug l~ , t here’ w i . re no d i f fer e ’ uiee ’s .
eit her in learning or in pe’ r luu rn raruu e . heiw re’ rt BR .\~~ ( ‘II arid H OW , both being superior to

I I  . hut still ins’o l’, rug control errors in the ’ problenus I uuia lly , the ’ t~ pe of language’ condition
had no e f f e c t  I hc ’’.e’ resu lts , uu r iguri , i l l ~ obta ined I u r  n,,is e’ college ’ participants , were ’ rep l icated
for I,’ ~ N ,ix en l is t e d personnel ( I

3 3 f ’ ,
~ ‘ , ,‘ , l ( u r ( ’ iahle ‘sperunu’rut - f r i our third s tud y 1 contro l st ructure ’ p e r fo rmance  we

deselu ’ pe d .i new t r a n s f e r  of c. it t r ~ l spc e ’ I f i L  ,r t ru r i l  s t r u c t u r e  w h ich we ’ terme d a ‘‘ pru~ d une
t ,il’ l~ 

‘ ‘  r , cont r as t  ic , the ’ unstructured format of iy pical prog rams . t he PRO( ‘I I)t ‘RI I .-\ llI I
pr ‘s tied cot rside’ rahle st ructure fo r the location of information (s ee example below). l’rog rarr r
nf ’rniaiion xx as e ntere d into a table which c uuurta ined columns for specifying the ’ set of

ci ‘ rohu t ru ’ i rs  which had ii be’ satisfi ed and for the set of actions subsequentl y to he ta ken ‘s~ lien
the’ ‘ nu l i t iu ns in a ari eul,ir line’ 1 the’ table xxe ’ re nut met , contro l w a s  p:iss ’ ul it i irnediately to
t he nex t  line ri the table . etc I xx additio n. il cu um rr s were provided in the tab le ’ for
cu ninra mu d labels and ‘ g u i — l o s ’’ suc h that . in ih ix re spec t , t he table wa s most sur r o l i r  ii ihe’
BR .‘s \(  ‘ II structure. ‘l’he si rueture is sot iiewhai similar I’  a (90-degree rotated ) decisio n t ,,ble
inch did , in fact , resu lt from pilot studies of perform a nce us ing decision ta bles In this pilot

w o r k we found that the structure ’ of most programming problems we considere d invoked air
‘‘ or dering ’’ — —  on priority. cu Si , e’ tc .  ~ — of cone l itu ns tin suih pruuhle nus and are more convenient ly
so leed using a programming language which can directl y and easil y reflect the’se orderi ners . we

further found that partici pants exper ienced diff ,cu liy in using decision table s , bot h in the unuti . il
abstract ion of the’ separate seis of tests and actions that should he entered arid also , espe’c ia ll~
in spe ’ c’ i f ~ ing su fficient test  pat terns to comp lete ly cover all possihilitie~. Since we were
intere ste d in develop ing .i technique which part icipants found easy to use , we did not further
test  decis ion-table performance in formal studies Rather , we sy nt hesized the PRO(’I OtIRI
[‘A lIt I from our observations of participants ’ problems.

The PRO( ’I I)tJRI’ ‘I’ABL.F is illustrated below for a simp le-minded “heating ’’ problem
and solution.

LABELI C O N D I T I O N ( S )  I _ A C T I O N ( S )  I GOTO I

I Al I TEMP TOO LOW? PUSH “HEATER ON” I
I I I AND W A I T  1 MINUTE I Al

I I I PUSH “HEATER OFF ” I
I I 

— — 
I AND W A I T  2 MINUTESI  A l  I

Parallel language and training materials were developed for this table tec ,inique . which
xx is t hen evaluated under the same experimental design , w ith the same problems arid suh 1i ’ci
populations ‘is for the prior e S aluation Performance xx is found to  be’ si gnif icantly superior to
t hat with the’ other types (if control st ructure ’s . w’ ith perfect pe’r for iit,iilee ’ found in a lmost all
cond ii i irns o t s e r  all problems (again . ni d i f ferences were ’ foun d it ii ihuuta hie ’ I, t he larigu.ige 

-‘ ‘
...~~~~~~~~~~~ ‘ ~~~~
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co ndi t io ns)  Apparen t ly ,  the provis ion of thi’ . tabular s t ructure was of key imp ortance in
assist ir ig perf r rrn anc e (7 )

I’he procedure tables were  als(i used in subse quent pilot work with the two iuu, pu la tiu n s
esplor rin g pcrlirrm ance for much moire difficult problems than used in the contro l  s t ructure
es ,i lu,,tions ‘ e g . proig ramtn ing .0 ‘‘ bubble-sort ’’ sorting routine , tic - t a c - t u e . a pni ig ram to
dr,iw d i f f e r e n t  s r / C  hoxe’s on a disp lay , e tc  I’hese problems turned out to he much t r io
dif f icult  f o r  these proig ramming-naise population s , w i t h very few corre ct  on exe ’ n ne, u r-c orrc ct
programs lnf~ rm.ol ana lys is  of the ’ so lutions suggested that partici pants ’ dif f ic ui t i e ’s were not
rel,,te d ii’ use of the procedure tables what  small ,imuunt i f  detail part icipants did provide’ itt
t he tables w a s p re t t y  much co rrect . e’x en  fair ly complicated control information. Suh~j e ’ cts ’
difficu l t ies  seemed rather tied tn inraderquate formulations of the problem arid incomp lete or
faul t y designs I hese’ and similar observations from other work led us later to investi gate
moi re c losely the sure_ prog ramm ing phase of pro’~ram des ign (see sect ion 4 be low)

3 3 R E( ‘O,% l. tf  END.4 TlO.\.S~

Representing t ransf e r- , r f-contr ol  was def ini t e ’ ly a sau ce of d i f f icu lty in our e,.per a ‘.~f l ts
Howe’. er , the ’ e f fect (if provid ing s t ru ctu r e  for organiz ing program information wa ’ .  dram.uuic ,
bot h in the improvement in perf urmantee and ,i lsut in the case of learning and the pai ’iei punts ’
s er y  posit ive at t i tu des t uuw ,o rds the technique ’. In s tew  of the power of present-day conu~piIers
t i  produce s e r v  e ff rci e’nt prurg rarns from iriefiieient code , we reconimen d that a s t ruct ur e d
tec hnique l ike the Procedure I able he’ used for program coding under the ’ fo llowing four
conditions

a ) t he’ prog ram is for ‘‘ s tan d-alone ” use , not ir rs ’ ou lving comp licated interrelationships with
ot he’r programs , as in systems programming or ot her real—time proce ssi n g appl ic at ions with
rt iterru pts and comp licated call ing structures ,

h) the ’ app lication for which the progra m is wr i t ten us w e ’l l - under s tood  arid highly
stan dardized , t here being a stable socahular y of terms , descript ions , t e s t s , e tC .

Ic )  t he’ dat ,i structure s required by t he pre)hlems are fixed and are re lat ive l y  s u ir up lc - -  c e ..
pus h-down stacks , arrays , etc. - - and they also do not require co mplex dy namic
manipu lation (pointer ariables and d~ namically modified linked lists thus should not he
requ ired);

C d )  the problems to he solved by t he programs are relat ively easy ii’ comprehend . ilot
requi r ing c r e a t i o n  of some complex or highl~ innosative algorithm.

We es t imate  t hat a large proportion (if the programming tasks iii businesse s , gus ernme nita l
services , and the armed forces , wou ld meet these ’ four conditions .

,i’ .en t he above w e woulel expect that personnel w i t h  l i t t le programmin g instruction could
produce correct  programs quickl y and  easi lv for ~u wide var ie t y  oil special ized .ipp hicat i urn
prob lems without requiring the assistance of experienced programmers

Productivity could further he enhanced by pros iding a ‘‘ menu ’’ of conditions arid ,ictions
from whic h to select for e’nlry o r  pie-established forms (either paper u n  conrputer-d ixplay) ,
Suc h a pre—defined and Iimite’d socahulary would faci l i tate ’  implem entation of the ‘‘ data -  ty pe ’’

character izat ion re ’co mmc nded in Section 2.3 .2.  With such faci l i t ies progran ’ ‘tie rs could he’

— .~~~,ii’.O ..i ,i 3,,,, ~~~~~~~~~~~ ~~~~~~~~~~~~~~ i~ “~ “~~~~~ ‘~‘ ~~~~~~~~~~~~ ~~~~~~~~~ ~~ _ _,_,
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informed not only of the use of unrecognized words, but also of low-level “conceptual” errorsviolating pre-defined semantic relations, We estimate that the development of software tosupport interactively such features , including translation of the input structure into someformal programming language, is only a moderately difficult task, far easier than most
compiler-writing activities,

I

I

L. .. .
~~
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4. NATURAL LANGUAGE PROGRAMMING AND COMMUNICA TION

4.1 MOTI VA TION:

Subjects in our programming experiments often complained that programming languages
we’re difficult to use and were “unnatural ”; it would be much easier to give solutions “in
English”, t hey said. Given the ubiquitousness of natural language procedures , and their
apparent success ful communication of information , we decided to assess the extent to which
natural procedures did differ from formal programs -- in style , precision , and principle of
communication.

4.2 SUMMARY OF WORK:

Our research in this area followed three different lines of inquiry. The’ first and major
inv est i gat ion, Section 4 .2 , 1 , concerned how process information was conveyed in natural
language procedures. l’he second aspect of this work , Section 4.2 .2 , involved an investigation
into natura l language queries as a non-procedural alternative to programs (natural language’ or
(it herwise’) . The third aspect , Section 4.2.3 . provides a broader perspective on the processes
underly ing natural language communication. Each of these is discussed separate ’ly in the
su bsections below.

4.2. I Natura l Language Procedures:

Two experimenta l topics are discussed in this sect ion : ( I )  Collection of initial procedural
data , and (2)  Professional natural language programming.

4 . 2 1 . 1  ( ‘olleet ion of in i t ia l  procedural data -- Our initial experiment was d esigned to
prov ide data for contrasting computer programs to natural language procedures writ ten for
sim ilar purpose’s. College’ students were asked to type detailed specifications of proce dures in
natural Fnglish is solutions for a set of s ix f i fe—m ani pulation problems. These problenni’ . varied
in comp lexity and involved the scenario of retrieving employee inforniation f rom pe r s o n n e l
fi le’ s of a hypot hetical company. The resulting wri t ten language productions were e’s,iiii ined
frotti the’ points of view of solution correctness (e.g.. generally correct ),  preferences of
e xpression (e.g., muc h more’ concerne d with data manipulations than with control fae t r r r s ,
pre’ference for aggregate data operations rather than ite rative --  e’.g.. ‘‘ Find all those xx ho . .  

‘ ‘

e n intextu a l referencing (e.g., 42 percent of all data references required prior context  for
reso lution of the refe rrant),  arid w(ird usage (e.g., relativel y sniiall co m monly-shared
voca bulary), A table from the report (5 , Table h) is adapted and shown below to provide a
summar y of the detailed contrasts of natural vs . programming specifications ,



Page 13

Characteristics of Typical Programing Languages vs .
Nat ural Language Expressions of Procedures

FEATURES PROGRAMM I NG LANGUAGE NATURAL LANGUAGE

DA TA ASPECTS
References Exp li c i t , well-defi ned Implicit , contextual
Manipulation Element by el ement On aggregate basis

I ndex i ng Frequent , by var iable Rare , then relative l y ,
or integer value e.g., “next , las t”

Types Many , pre-defined No distinctions

TRANSFER OF CONTROL ASPECTS
Exte nt Major program aspect Seldom specified
IF- THEN - ELSE Comon feature Rare
Branching Very convuon Never occurred
Exception- I mportant aspect of Never occurred

handlin g most programs
Program flow All varieties Basicall y l i nea r f l o w

LEXICON/S YNTAX
Lex i con Restricted words and About 800 words , reducible

va riable names often to 100-200 with elimina-
in range of 100-200. ation of synonyms .

Sentence Form Primaril y i mpera ti ve W i de var i ety of forms bu t
imperative predominant.

At a more general level , the most dramatic finding concerned the sty le of the natural
language vs, programming procedures. Programming languages embed the processing action
deep within control structures that test for a variety of successive conditions, Thus, given the
problem of writing a procedure to describe the packing of 200 boxes of a certain color and
shaped Christmas tree decoration, unbroken, into boxes, with a dozen in each box, during
working hours, a (somewhat exaggerated) programming-style solution might be as follows:

UNTIL TIME = 5:00 PM
IF  RED THEN

I F  LARGE THEN
IF UNBROKEN THEN

DO ENDI J=1 ,200
OPEN BOX ( J )

DO END2 1= 1 ,12 
> PACK DECORAT I ON(l ) IN BOX(J)

END2;
CLOSE sox(J)
END 1;

ELSE RETURN;
ELSE RETURN;

ELSE RETURN;  

—~~~~~
. . .-  --
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Notice that the primary act,(In oil packing, as indicated by t he arrow , is at t he deepest k’scl
wit hin the’ pseudo. prograni I’his st %‘ Ic may he called ,‘i,ndationala.e.l action in iexx of he
sun r,iiind,iig oil the act ioII ( sI by sets of conditions

In co ,ntrast . na t ura l  language procedures emphasiie the action rather than the condit iotis
gove rning t he action l’hese la lte ’r are expressed as verbal qualifications , either on t he oIu~cct ol
t he l e t  ion iii on the .met,on itself . l’hus, the’ above procedure could he express ed natur a ll y is

PACK I AK ( 1 R E D  lfl ’ (’URA l IONS l’Wl :l Vt 10 A lt ()X
MAKE LIP A R)l ’A l (II” 2(X) BOXE S
S LOP A I S 00 PM IF N( H’ I:INISIIFD
Bl~ SL I R I  1 0 PACk ONI y lI lt ’  (INBROKI N ONI S

lIe’re’ . the p ac ki n g ,ic’tion , .lgaiil indicated by an arrow , is the s c ’i f irst ,te ’m n’l info ,n mnmat , o , m n Iii
genera l. in natura l styl e ’  proe’t’diires , t he actions art’ stated I ‘si , wit h what xx .is the ‘o’ntliti i’ii,il
information now ex pres se d .is quali f icat ions l ’he ’so ’ qualif ications occur w i th i i i  the i io ’Uii

phrase ’s Ic ’ g . ‘‘
. large i c !  (I,’ e o r a t , o i n s  ‘ ‘ ) , on as nrodm t it ’ is  tot  the ’ se t h phr.ist Ic ’ g

i, o h,ns ‘‘, whic h (luialif ic ’ s the .i,’t iotl  ‘ n f  p,ickiirg l It is because of thus  , 1o ,n l i l ,e . i i i ,o r t .o ~
.is lie’ c t  that the ii at oral st Ic ’ is cii at act er i /d’(l IS 1, ((~‘fI qua/ I h o  alum

Flit ’ natural and p no igm aiiiuiing st s It ’s di f f t ’ u ni,’I ioiil’. iii t he oI rau  , ict c i  i s t i ,  ,,s irig t n l i o l n i n ’ o
.ihoi~ e’ hut a lso in ., irumber of oi th e ’n xx i s ” — —  ‘ g , t he’ ~otIe ’n i i mg of t he pa ntr o u i l , i m ,mt l , ’ r  mn i , , i , , ’ nu
the’ i ires uimile ’tl d0 ’) .nn i li ,ic’ t io t t ’., s %mi ta c ’lie’.iI e’(illstr ,iilits , t ’,pe m i d  .irr,ingenit’nm o t t  opcm ,inol’.
J’ hus . t he differe nce ’s are i b m  ju St stili(’ t f i ( ’i.iI . hut p roo t i~um roi t

4 2 I ,~ / ‘ r , ’ t, ’ o o u i i p t i /  \ ; : u r , o l  I ,uou i.’u,io ’ F ’ , , o , , lH uo l , t o ( ‘i iv t ’ nr t I,c pin .mk ’ i nn o ’ m u d
u i mu ( Icrs t , , rbol , ih i ln ts oil nat i ir  il l.ingu.mge ~1r ‘ ‘ o n ’ ( li m o ’ s c ~‘ . ,msseiii t~ls i i i s t r uo  l i ,’ i t~ n o  p u n  iim.mmit i . i ls ,
k i re ’he’ti re c r p n ’ ’., k m iu i m i n io ’ instr ( ic ’ t mo ’ t m s . t i c  ,uid gise mi t lit’ o t i l t r eu i lt i cs e’s Iocn r( ’ m re (’(l iii i isi i u~’

t t rog rammii ri ing l,u i i o . ui ,un ’ o ’ s ss n.’ o lt ’c ideo l to ’  I umm t ht ’i pi u ms ui t ’ ‘‘ Iii u i i s e ’s t i ga t i o i i i  i O t o ’  miatu i . i I  I , i r r n ’ t i , ’
pr ’ce ’ ( Iui ne ’s ( )Ui tib lec t ise ’ ss ,ms to ’  o l t ’ t c r n immi ie the o ’ s t c n i t  to w hic h r r ,,tu t r. , l pioo ’t’n lu i i if
c’o i immimim t n i c . , t r o n l  could plo ’ s  ide .,mi ,,lte ’ m r m , , t i s t ’ im ioo le ’ l tom de’ si gnmrmug t he’ .uImn ’ u i , n ’ u O t m c t  0,
hc lxx , ’ c ’ i t  c’oom i i put ( ’ r s  ,m r td t he e’ e i t c n  il t~oit i iiI. ii iot ii \‘% n ’ so ug h t  I,’ idt ’ n i i f s  t he u , nmoIr ’ i l s  i i no ,

nmie ~’ h , u r misnmrs p r o ’ n  C S s c ’ S e, ’nisci t t io n is g m o %  ci nimig tiit ’ , o ’ m , mmi i i mn ) i c , m t i on i  o i l p rm oo ’eo lui nI u ,n I ’ r n m i , i t I n ’ n i

) n , ’ r r r  .m w ’r ,tt t ’ i i t e S t  to ’  ,m liun,,iir i( ’ ,t(lt ’i

\ l ’ t t ’ n .in,i l s s rs  oi l .i nmunitot ’ r no t  pron ’ e’ol imt. i l  t e s t s , nbc  It,i~ t’ mii,,de ’ snm y.ii,li, ,ii nt pn ,’~~ n’ s~ nit
t in ’s  ~‘h ’ puiuu: .m rr ( ‘ S e n  ill mode l ,nf soin re prmi i ia t % f e a tu res  of t ia t u ra l  I.~ngii.ii ’ o proS cd i i i  il
c , ’ immrn u nuo5 , i tu ,n nu It .n ~~~oc. ui s I h i t  mhc , i i t pe m .itis t’ e’ n hs ,nI um , ,t ui ,il l , u ir eu i ,uce 

~ ,‘~ o ’ ohu i n  c s  a n t ’ u ’ ‘
umm d e rsi o ’ o ’ d n(’i is p m mnin i m i%c .is’ t i o tn s hut .is ,, ~iml, g r .i i imiituml g like ‘ t’ .mll~ ’’ In’  so ’ nnu i  i im ioh ’ r I’. m i t ’
j O n  , ,!uorn ’, I t icsc ’ ninderl s mug i in oo ’ e d u m c ’ s .ire’ ust ’ tu i Il~ coi lc ’d’litua li/t’(l is h i s  l o r e
o ’ n r t t l ~

,’ n t c l n i s  t i )  . o s o t  o n )  ~nr t ’ non i mc lmti ,i ns to he s , , t i s f i o ~ I he lo n ro ’ e’xe ’c l i t mo m b ,‘I m ine ‘ i ’ , o , h n i i ,  i t ’ i
pt ’g m. imib o f  ( i t o ,  . n nnn I i , ns m ( ,n ~iu, i l)5 n io n ro ’ I t n o n m m r n n . )  , m , m , , n r r s  seo.1uie ’ n i mu ,i f ln n ’u~,’.utmr. ’c ’ol i ,n  & ‘ . i ( ’ l o i r o  tI,0

sso ’ i i , ’ o ’ ’  o t l the’ p a r tm o ’ul.m r i~r~ c ’~~ mc . ~ 
) I se t  of c’ ,iiist’t l(ient n’o ’ n i o l i t r ’ ’ui’ m t ’ s u i l m u n n n ’ I non

i S , .  t i t n ’ ’ ’ i  ,o t t In e p r o ’s n ’ , I u ro ’ , ,iniul , ( dl . ,i st’ t o i l  nipt’i.,n(ls t o n  ‘‘ argut ut ’n i ms ’’ , h . i r  ,io t t ’ i u / i i lt ’ the
5 , 0 0  O h s  l , isses or ( se i im .mmmi ,o  I O O u 0 n’ l u m t l o n n m , u t i o o i r  mlt, i t  o ’ou ld on min i usu Inc s i i t ’ , o l n c o f  n o n t h
proe’e’dn ir c ~iroi grani th is  latt t ’n comn ponle ’nt nm r ,is h~’ ,illt ’o I ,i ,‘ .isn ’ Ii o u r ,  ‘ ,,nit l us o ’ m i t m o  il I~’ li m o ’
i ) n~r m n ~pl i , i t e ’ se ’ ib n , in i t ie m mi m e ’ rprt ’ma t i ,o n oil ilit ’ s imm I u.c t e S t  i ,blt °n mm m .ih , ’ i i

~is c i i  m f ins m o del, the’ iinde ’m stain ln r i g  ‘ it  muat U, il l.,uigu.igc pm n o n L ’ oh ium it i u i b i ts  ( i v  pio .ill~
m m r ( le ’pc’nde’nt cla use ’’.) i’ t hus pmu ’sm iiiit ’d to mm i sni l ’, o’ lxx , ’ ks im d ’. n o b  t’, i nintt i mi, i lo ’oI t l r . m ;’(’ I i b ’ t ’c r so n t ’iu

mlii ’ ‘o i i i f , n i  o Imnig uistr o mnl , i mm i m ,ot iu n .m r mni  Su mmi t ’ int er m m , ,l ‘ ‘ u i ni o lci  s t ,onnoh i i o ’ ’’ no j ’ n n I . O . u  1 i nst . .o
rnr . i pt ini i~’ is est. ihl islreol he ts s ecm t the stitlao ’e sn ’ i h ,iniol t h ’  .ipp n n n p i  m n , ’ in i nobo ’i I’, nin e ‘‘ j ’ n  ‘n o ’  l i i i  c’ ’ ,

which p ro c e s s  l i m O s  w e’ l l  he L’ i i i o lo ’ ol fi~ ,m imIu mii h n ’~ ‘b oth u’i I i n i o ’ n v mmic l i i dn ino ’ pm ‘ ‘ n l , n m 1 n u n s n  u ,
t’onite xt , the’ pru’senm t ‘‘ s t u n ’ ott th e wu, Id ’’ , .omiol the , o t i m t ’ n Imimgm i ,st mo ’ m m i i  i mm. m ti , ’ n i  ~ , n o ’~~o iii I ire iii

—.—- —~~~~~~~~~~~~ - ‘~~~~~~~~~~ ~ —‘— ~~~~~~~~~~~ ‘— . _______________________
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th e same sentence Second, segments of the ’ surface ’ text are mapped into the various ease ’
c , m t e ’gorme ’s made’ asailable when the first m apping returns the associated case’ frame Again , a
miumber of f ,ue t , o r s  influence this process (7 , I )

Prel ii i imnars e nniv ideratioim of a wide var me ’t~ (it different types oil natural laimguage
o nn n c e ’d u mrc s suggests t hat not only doe’s this model seem useful  for the v a r i ’my of app lic ation

ef n o ma nni s hui a lso ’ there us considerable eommomialin’n in t he sp e ci f ic  c as e—typ e’s across domains .
1 imr t ht ’ r . t his c’,ini m nmnn na l i tv prcso ’ n t l s  see ’ nmms i~ ’ c’ mend u’s cii inn mue’lr moore’ detaile’d nic’c h.m nms ni ms ,
such .is I he’ subtle ou s t ’ n o t the po.c,timoi m of .1 p.1st particip le relatis c to the ’ noun it miun idi f ic s i m i

i nm di o ,ut c so lien ,u particul ar action shotulel he’ or ‘.hnmuld h,us’e been .uccoonip lms he’cI l oir e’xamp le’ in
n I n e ’ p o o p u m l.mi oInini.~ m m o t t  oo no o kmn g, t he pre’noniinal po’sm t ioni nif ‘‘ hutte’red ’’ in ‘‘ 5cr se  t he’ bu t te re d
t o  t .is t ‘ m i  phi o s  m ii mt t ime ’ butte ri nig was ,mc t o  mnipi is lie’ d sonic’ t inne he’ lore’ th is i~oi lit . lmniwe ~e r t he’
p~~t - n~ nii iir. m l po t s , tm u m m iii ‘ St ’ r se ’ t he’ m , n , m s t bu t te red ’’ m nm p lne’ s that  buttering ts t o n  nie’e’un ln m’ .m prior

the sc rv ing ( I  1) “%s ,i sidelight , it shotu le l be’ noted t hat the’ pra,o,’nn aluc nature ni l our an.mI se ’s

m n s e ’ s t t e ’ , n t n t l g  goia l—o rienR’d e ’ff c’ c’ti ven ess— n im ,ncle d a c t i v i t i e s  — - h,ms g isen us .0 kind nil
‘ ‘ le ’ s e ’ r . m ge ’ ’ ’  t o n .u de’e’pcr .un alvsis nil s otmi e’ trad itiona l linguistic ’ pioi blc’nins . suc h ,us e’nmnnnuIi im ~ te

c ,n nr ju nc ’tion ( I I)

Iii n o t  her re l a ted  e xpl n i r ,ut n o r s cxper im e nmns , computer—naive ’ p..rtne’mpants w ere’ .iske’d t o n  wr i t e
,mn d ~‘ , mrr s no u t natura l l.mrigu.ugc procedures . n.m t u r a i  l .mnmgu .mge de’sc ’ n i l t t m n t t i s , and i m i s i m  ue’tio nis
cx  pr c’ssed in .ini art i ficial rest n ic tec l—s y n it  ,u ~, .unguage’ \~ rmt nn m g iier lornilanc’ e’ ‘ spe’t’tl .mnd
.ic eu i r ,m o . were’ .m hniui the same’ Inir all  three ’ ,up pnn i.mch e ’s , although t h e ’ lingursm it cha r ,m c ’te ’ r ist ic s
,b m l ie’ rt ’oI gre’ ,it l’, lruim approach to .ilnpr,n .lc h. While pa r mu c ’mp ,u i its were to le’rant of aimit t ig umit~
hot h m m so rn ing amid in e’arry nng out instruc t ions , t hey of le’n vo lunitarily e’mimp lnn~ e d
i c ’ s m t m c t c ’ol s~ ntax ibnot ut inins in the ’ir w r i t ing afte ’r hei~ig expose’tI t n t  the notation ( 10) .  Flits l.u sm
lindmng. ioge tht’r wi th  the previou s finding suggesting that part nc t pa nts could comfortah l~
spee’nf~ procedures with a drasticall y reduced vocabulary (5) ,  implies that a language interlace
base d on natural butt cniii’ .iderahI~ restr icted sy ntax and lexicon (with suitable data ’tvpe
sem.untnc c heck,ng. ,is discussed e’lse’w here) might wel l  he an acce’ptahle’ and pre’fe’n n ed
,m l ternat ,ve to the present prograninting-like interfaces ,

4.2 2 Natura l laj ngu ag e Queries:

W hile the ,mhove—desc rihed work constituted ou r  major effort in in ivc sti gatnng natur .ml
language communication , we also e(inducteel sonic exp lorator y stuelies c’one’e’rning oilier re’ lated
iss u es , .is eleseriheel in (his and the next section.

Fhe’ present sect ion relates to programming applications whose’ objec t i v e  is siiiipl’o t o ’

retr ieve se lecte’d information from some’ data base. m s en a fo rm at ted  data base i pnnmgi .um n
can i a lw ,iys he wr i t ten to produce .ini output nil ififoirniatnon based on an~ e’(im hmnr ,,l until oh
se lected nnfor matin~i attr ibute ’s I lowesen . there .ire’ ses en ai kinds of son called q u me ’ n% s y s t e n m rs
whic h permit entry of the in formation request iii much inure nat ural ‘like t e ’ t ins w it hotul the
req l i t re ’ nm e’ n t of w r i t  i rig .m program to ic ’e’nimpl ish the’ info in in ,ut n ,t m i ret nit ’ s m l I or e’ sam pk’ , .u use ’ ,

might enter ‘‘who ite ’ the managers ’’ ‘‘r . e’quiv.mle ’n~ l~ , ‘‘ l ist ,ml l t he’ m mm a nn .mge ’rs ’’ . .u n moh t ime
umiide ’ rivinig query s s ’ ,te ’m would ,mut ,o n i.mmic ’ mII ~ trans l o t t ’ thus nn lurni , i t ’ u n m ni t o  ,, progr.mnm so lmi c ’h
so’ ot u kl in t u rim met ’ c’ ss the’ el at a base’ a iid re t u r n  the’ n nit nor mat ion S t ic ’ Ii quit’ re ’ .  a re’ prt’sum iim a hi
nmut ’h e’ , m s ie ’ r for use rs t nt fnirni uil ,ite ’ than program s . .ind t h u s  the ’ , rep ie ’scnl m .m nnin p no tt ’c’dumr.ul
,,l t e ’ rni , n n , s e ’ to ’  progr.untmnt inmg Ii is this l.ms m ~‘f i . i m , mo ’ te ’r isiit ’ whic’h tn ,)t u’o . mtco l uinlr itit u’rc’st in que’ n n m ’ s
ntl query sy stems under the c’ont r.ic t

I’hreu’ is p o c ’ t .. oil q lie’ r v sit  oat io ins o’ ,Otl be ide’ nit fme ’d (.i) s h, u ;i/~ ‘rota:, t im pro n !’I,’,,r xx h.o u
In irnm ,, I no m m  is req ui red .m no.1 wh y. I h ) the ,,,/o ‘r ~mj I w n  io~II~ ,, ’ tIlt’ s t n  m m, ’ mu ,  o’ ., tnt c’ on n i t e ’ ib i s  oil I lit’

d.m t m  hi so ’ ( l i re ’s ant ably) c o m i t a iim u ng in foir fiat i in re It’s .I ni to tIre ’ pi oi lile’ lii , .0 nmd ( e I the i m m / n ‘rnnal in ‘ pm
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language - -  the nature of the communication language(s) in which the user expresses a query
and in which the computer system supplies information to the user.

l’he three experimental top ics discussed in this section are: ( I) Behavioral performance
with data structure ’s , (2 ) Use of a query language, and ( 3) Quantification in queries,

4 2 2 I Reha, ’wra/ per J~ rmance i.’u,h data Structures -- In our first study we were concerned
with the second of the above aspects, the information source. In particular , we were concerned
about (he congruity or coimupatihility between the user ’s “view ” of how da ta should he
organiiie’d ‘.uncl the actual dat.u structures within the computer system. l)iscrepancie’s could lead
tot various kind s oil difficulties in satisf y ing the information problem,

Our e xperimental approach was to ask partici pants to organite lists of words into various
kind s nil structures under the following conditiomms (a) the word lists always had sonic
prc ’ .de’f mned inherent emrg’ammiia tm u mn a l structure which w ,ms more appropriate than any other; (hI
the organii.muonal structures used were hierarchies , networ ks , lists , and tables (with certain
iilnldm l meet ftirniis of these inn .udditn mn), (ci spec’ia l ‘‘ s keletal structure ’s ’’ giv ing the’ forni iii which
the wor ds should he organmie’eI were somet im es provided , and (d) partici pants we ’re’ sn ’ ni metmme ’s
,us ked t o  organize words into speemfie structures as opposed tti choosing any structure they fel l
best

Res mnlis and () i no u.n .sm o in - —  One primary fino.Itng of the experiments was that . over a varic’ y
of conditions , Isart icipants ctineeptualiied data m ost easil y in terms of l ists and with m msl
elilincults in term s of ne tworks  I5er foo rmancc with tables was moderately good ev en though the ’
word groups with pre’-dt’f iuit ’d tabular structur e were not so organized as t(i eunstra nmi oitht ’r
to rms oh orgamiilat ion. A second important finding w.us that participants were able to discos e n
t he se mantic’ re lations .Inuommg the wo o rds anicl select an appropriate organiia(ionial structure for
best representing these ’ relations In additioni . the ’ providing of skeletal outlines for structuring
the words d id  facilitate performance’ as expected , aiid participants had difficulty in fore’iiig d a t a
into inappropriate uirganiiational structures.

Ihese ’ oesu lts h,uve several implications for the nature of data structure ’s in information
retr ie s al syste m s First , it seems very likely t hat performanice will he affect t ’eI by t he manner
in which the’ data organization is represented to the users; this factor must he taken into
coon’.ide’ration. Se’cnt nd. the’ conceptual structure ’ of the’ data base should cninloorni to the
se’mmi a mit ie’ re lationships aimining the data elements. l’hird . the language tiseet for inte’rrubgat%ng t he’
data base shniultl have te’rnis and relations mi it appropriate to the structural vie ’w of thc’ data
gm v cni t he users Finally, in the entry of data into existing structures , providing users ske’ letal
structures to guide the entry forma should facilitate pe’rfurnianee (4) .

4.2. 2 . 2 ( o n  o o /  a Qmieru ’ I .an~ ua m,’t’ - -  A second , exploratory, experiment eoncernme ’d t ime’ t hird
.uspect oi l query situations given in 4 2 2 above , t he information language, in which W e ’ st u mcl me t l
t he problems of translating from sonic infornim ati ntn reqomirement into a speed nc query format
We’ exannuneel separately the formulation , pl.mnning . atid coding oil querie s by college’ ‘.tutlc’nts
and older, less educated , f i le  c lerk s, using a qumery language soome’what similar to IBM’s lOt
query language hut containing more function.

Re.nult .n and D t.ccu.o omon — -  ‘l’he form oil the information problem given t o o part icipants .
well-expressed or dif fuse l y expressed. se’enied in affect pruNt’nn fu rnm mmlat ion lime’ hut h,id ii’’
ef lec’t on pro hlenmi planning or problem coding times . Of the I 0)5 qu me’ric’s written , I 27 we’re’
ineorrec’t. A primary sourc’e of error was the incorrect specification of the va lue of the’
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attribute , particularly for ordinal relationships, such as “age over 50”, which had to ~e
translated as “51 or more ” in the query language. Another large source of errors was omission
of various values , operators , headings, etc. A third source of error was inappropriate use of
the cemtm imands for counting and averaging, and the commands for indicating conjunctive or
disjunctive ’ relations among parts of the query. We found that the college population
performed better in several respects than the file clerk group, both in training and in test
performance. Overall , this experiment impressed us with the critical importance of providing
features in the query language that were not only sufficient for expression of the queries but
were also compatible with “natural” tendencies (6).

4 .2.2.3 Quantification in Queries -- Our experience with the above and a previous query
syst em indicated that , among ot her problems , participants often had diCiculty in the use of
universal quantification in queries -- e.g., the use of the terms “all”, “eac h”, “no ”, as in “Find
t he’ salaries of all managers over 50 years of age” . The data were collected in a variety of
procedures using nonprogramming participants. These non-programmers variously translated
English quest ions into a query language , translated Venn diagrams into English or vice versa .
gase judgments about the consistency of two English statements , or m a n u a lly looked up
answers to questions.

Results and Discussion -- Subjects showed considerable difficulty with the logician’s
notations of set relations (except disjunction) on all tasks. The interpretations given quantified
sentence’s varied between participants on a given task and even within a participant between
tasks. Generally speaking, participants gave interpretations consistent with quantified natural
language questions or Venn diagrams, but not equivalent to them. They rarely used explicit set
specifications in spontaneous English.

Su m m a r y  interpretation of the findings provide for the following tentative
recommendations: (a) if a query system forces a user to employ the logician’s quantifiers a
high proportion of errors should be expected; (b) whenever practical , the system should
communicate to the user in terms of set identities and set disjunctions; (c) it is better to let
users choose among system-produced quantified descriptions to satisfy their needs than to have
users genera te their descriptions in free-form; (d) a qiery system should generally not attempt
to answer exactly and only the users ’ precise questions when those questions involve
quantifications; rather , the system should expect large differences among users in the use of
language and provide more information than requested (S)’

4.2,3 Natural Language Dialogues.’

The previous two sections have been concerned with natural language programming in a
non- interactive one-way sense. That is, t he natural language message is given to some recipient
who then attempts to understand it , without further interaction. Of course , n a t u r a l
communication also occurs most frequently in an interactive or dialogue mode , in which two or
more parties participate interactively in communicating and understanding the message’. One
can imagine, as an alternative to programming, a dialogue with an interactive system in which
the user is prompted for information concerning his task , input information , clarifications ,
reso lution of inconsistencies , etc. The structure of the information flow in such an exchange
can be anticipated to be considerably different from the imperative passing of a completed
instructional message , and we were interested in determining what some of Ihe characteristic s

L 

of dialogue situations might he. In addition , w e we ’re interested in developing a better
theoretical communication model of information transfer in dialogues. 

-.-~~~~ -- ,- .~~~~~~~ —~~~~~~~.— ——‘~~~~~-~~~~~ ~~. . .
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4 .2.3. 1 Dialogue Methodology -- From our intial exploration into dialogues we developed
an exper imental technique for studying app lication-specific dialogues, in which a user interacts
Via typed messages with a second person who is simulating a computerized natural language
interface. Although our efforts were largely exploratory, we do feel some useful tentative
gener alizations can he made. First , in natural language dialogue situations an important aspect
of the interaction is not task-specific but concerns the communication process itself , as when
partici pants com ment on the communication channel , on the clarity of the information, etc.
Second . t he’ way in which various expressions (e.g., conditionals) are used depends heavily on
the pragmatics of the dialogue -- the communicant ’s task objectives -- not just the isolated
semantics of the words. Third, users with different backgrounds will interact quite differently
with a natural language interface , being more or less able to realize the constraints and
limitations of such an interface (9).

4 .2.3.2 An .4 lternaiire Theory of Dialogue Communication -- Most views of
human-computer interfaces , and, indeed, of human-human communication , include the imlicit
belief that communication from system A to system B essentiall y involves the following: Some
internal state ’ in system A is coded into an external statement for transmission to sYstem B;
system B decodes this message and changes its internal state accordingly; communication is
considered “good” to the extent that there is an isomorphism between the internal states of
the two systems after the message has been sent.

Empirical results as well as theoretical grounds provide a basis for arguing that this view is
inadequate both for an understanding of communication between two persons and as a
theoretical foundation for any kind of human-computer interaction. Instead , an alternative
model is proposed which stresses the game-theoretic aspects of communication, the importance
of viewing message-building as a construct i ve rather than a translational process , the
importance of “metacomments ”, and the multiplicity of channels involved in natural language
communication. In addition, this view argues that , under certain conditions, the “vagueness ”,
“fuzziness ” , and ambiguity of natural language can be assets not liabilities (15).

4.3 RECOMMENDATIONS :

We come away from our research in natural language programming with the very strong
impression that when the communication is for some definite purpose natural language can be
remarkably precise, u nambiguous, and comfortingly redundant and supportive. (However , the
mechanisms by which all this is accomplished are very complex and have yet to be unraveled).
We also have the strong conviction that the underlying mechanisms of natural language
communication will provide the best models for designing optimal language interfaces between
computers and people-at-large. This conviction is based on the beliefs that user-computer
com munication modelled on natural language communication: (a) would be the easiest to learn
and to teach; (b) would provide for the greatest “richness ” or density of information per unit
interaction; (c) would provide the widest range and most flexible of mechanisms for improving
communication efficiency -- including mechanisms for preserving the context of discussion ,
permitting “shorthand” abbreviations and omissions , for extending or modifying
com munication concepts or modes, and for considering widely differing topics and data-forms
in the same discussion; and (d) would provide the most sophisticated and power ful techniques
for recovery under communication “noise ” or error.

In order to develop the necessary models of natural language communication much basic
behavioral and psycho-linguistic research is needed. Our recommendations for the area of
natural language programming and communication focus on four such areas: l.exicon anti 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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syntax , te xt cohesion, practical knowledge structures , and descriptions (the previous see’tmoins in
4 . 2 describing woor k accomplished already provide some topic-specific recommendatieins).

We believe that most of the information required for determining the underlying
cnimniunicat ion mechanisms of natural language could be obtained by studying purposive
proce dural c’omniunication (e.g. , operat ing instructions , assembly direction.~, etc .) in the form
nil written teit ot interactive dialogue.

4 3 I 1.eswon and .S’vnta.x -~ there are many practical difficulties in the way of natural
language user-computer communication , even restr icting the dialogue to specific task s A
numbe r of these could he reduced or eliminated if the interaction could he further constrained
ifl sa r itous W~~~5 Two of the most powerful types of potent ial constraints concern (a) the size
of the recognized lexicon nor dietitinary, and (h) the’ se’t of recognized gra mmatical
co ns truc ’ tnn ’ ns .  We recommend that empirical studies he conducted to determine ’ the
regu larities that characterize purposive procedural natural-language’ communicatmon. 1 hese
dam .m woiukl then serve as a basis for suggesting (and subsequently evaluating) possible
constraints.

Moire specifically, with respect to lexicon sm / c ’ , the vocabulary of texts and dialogues
shn’ulel hc characterized as Cii part of speech. with suhse’que:mt ana lyses focussing on such things
as ahhrcs mat ions and short—fornm s (e.g . ‘‘ Ms ’ for ‘‘ manuscr ipt ’’ . ‘‘ auto ” for ‘‘ automohile” 1,
synoon yms (e.g.. “hook , paperback , nove l” ), or moorp he’mc-stem var iations (such as endings for
number -- e.g. . “hook , hooks” --  or stem suff ixes producing additional words within the same
nor different classes - -  e.g.. as the words “care , carefu l . carefull y, car ing” nnvolve t he’ same
nme’rp hological s tem ) .  These categorical analyses coould prov ide a hasns for determining
nm mn imum vocabulary classes and efficient lexicon-construction practices.

With respect to syntactic structure ’s. prtmce dural tex t s  (and dialogues) should be analyzed
for syntact ic surface structure cha racte ristmc s as well as for usage of linguistic device ’s which
lead too cohesion of the text ,  The structural analysis should have particular sem os it iv i t ’s to
sar iatinons in noun phrase constreictions . .os our e xperience indicate’s that natural language
proce dures “package ” an e xtensive amount of process information within the wide diversity oil
these structures

4. 3 ,2 Text Cohesion - -  Procedural texts  and diatoogues should a ls no he’ examined fnir the
linguistic mechanisms by w hich separate segments are connected nor math’ cohes ive. ‘I’hi.v
ana lysis should include descriptions of at least the following three’ aspects ‘l’hc first . (a), is
anup hora . t he resolution oil noun phrase re’ference ’ .s eit her to prior text entities or to entities
outs id e ’  of the text, inlerrahle’ from the procedural goa ls . etc.;  in addition too the tise’ of
pronouns , t he use of articles (e.g. . “a. the ” ) anti verbal quant ifiers (e.g.. “none , eac h” ) mn
anaphoira should also he investigated. ‘Iwni atltli t io’nal cohesive technique’s , w hose’ usage’ should
he d escribed are (h) ellmp .ct. c. t he to missmt ,n of certain tex tual  information which, nevert heless. ,

t he reci pient of the text  can recov er by var ious means , and (c ) .euh.ct,tutmo n . the rep lacement ol
wo ,r ds , not h~ pronouns nor demonstrative adjectives leg . ,  ‘‘ t his, t hat ’’ ), but h~’ s’s nm o o ns i nns
i:nnpirmcal descri pt ions of these’ ‘ te ’x t ’ hindinmg ’’ prmoee .sse ’s wou ld pro’s ide niinportanit mnilo rn iia tmon
for the’ detern i io iatn nnn of the’ lev el of comp lexity of Iingutstic- proicessing nne’ch ,nnnisrns re q um oi e ’el in
a n msd r ‘computer inmte r lac ’c t oo  support the ’ c n oln e ’s ion or ‘‘ contex -foo rs s art ling ’’ of e x t enmded
discourse or dialogue.

4 3 3 Practica l A’nt’~ ’lo ’d,~n ’ Stru ctur es - Once .o computer lanngom.mge-in terf ace departs froimi
fi~ t’t i set  oi l pre ’defincd cnininm,mnds w ith pre-se t operand fnorni .mts . t here ’ must niee ’e’ ss. m nm iy he’ .0 mm
intcr~su’t ly e prmoe ’ess of ,ussigning ‘‘ nimcani ing ’’ to t he’ sy mnhoil st m ing inpu t hv the’ use r . .mn o l th is is

re’qu ireul whether the language’ us a natural laniguage oor some mn’rt’ lle’o.ihle’ prnograniming
language While’ a parsing proces s using a se’ t of gramni.ir rules .mno.I at lc’ast .1 p.urt - no f_ s pe’cc t
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lexicon is certainl y requmre d, this is insufficient for the assignment of “meaning ” to the ’ input
I his latter process requires the discovery of the conceptual relationships among the var i o us

eumuponents of the given input string, as well us the relationships to prior mnput mate ria l or to )
t he user ’ s tas k , t he state o , f  the “wor ld’’ , etc. Information concerning various possihle’
conceptua l re’ latioonvhips must also he available t o m the processing syste m s for determination of
the ’ speci fic concepts conveyed by any particular input ‘the repository oil such information can
h’ cal led .m “knowled ge structure” , and many questions regarding the’ nature’ nil human
“knowled ge structures ” can he’ raised.

o n e  nil the moist important t)f these questions for computational linguistics is whether
t here are relatnve ’ ly independent and separate knowledge structure ’s as sno c iam e’d wi th d if f et cm it
tas k donnains . nor w hether all knowI~’dge from all dnomains is inextr iea hl y innte ’ r lw inee l ‘t he ’
latter pnossi bil ity nn 1~ u~ s t hat every meaning—interpretation activity within snmme particular task
dn o nm amn may, and poss ib~v must , requ ire access nil hrooad knowledge outs mde of the s pec i f ic
, m c t iv i ty  dom ain Such a iew would he discouraging fn ir projects whose goal it is to suppn m rt
natura l language co)mmunmcat uon process within sonic limited pract ical dnoni.nnn Wh at nee’ds no
he’ e’x perimenm t ’.m llv determine d 5 the e x t e n t  to which hunian me ’ a nmn g -nnt c rpr c l a u innn is w ithi mi
suc h doo mamns can he accomp lished with limited knowledge s truc t ume ’s Cn l m l tam f l h i l g  on ly the
practica l and highly releva nt hotly of conceptual nn ifo rmatim oni related to the particular dunmaimi
Is it Possible , for e xaumm p ic , for humamn pa rt ici pants to suppl y a re’ lai is el y small amid
we ll—e ie ltn eated set nil conce’pt u:m l relationships f o r  soonie lm n im te ’e t domain which would coo n st i tute ’
‘‘ all nine needs too knn mw ’’ to acc mnip lish the ’ nimaj o ritv o mf normal a c t i v i t i es  wmt hin that deonnain
(e.g , w hat is the re to ‘‘ know ” shout sending .m telegram , signalling a ship, c hi’ckmng inve ’ ntmi ry ,
e t c . )  l urthe’r, w hat is the structural  charact e r ist ic  oil such information-- e g , how are
assuciacm nnns accomp lished , w hat is the ’ corn ple’x i tv  of t he ’  relationships. how i.s infn,rmalii,n
searc h mediated , etc. (‘ ert . m m n ly. as in terest ing as t hese problems , are oit he’r quest ionis
concern ing the dynamic charact e r is t ics (ml knowled ge str u ctures , suc h as the building nil inte’rnal
“wor ld-model ” repre ’se ’ ntat io ns re flecting the changes produced by successi ve ’ sequential
ac t ion—events .  We believe it is possible tom ohtain such information in the behavioral
laboratory, and we further antici pate t hat relatively independent knowled ge structures can he
inferred ,ms mediating the practical domain meaning-interpretations , t hus opening the wa y for
intensive modelling of these processes as a guide for ultimate’ computer implenie’ntations.

4.3 4 De.ceription.c - -  The final research area we recommend as instrumental for achieving
eventua l natural langu;mge processing by computer concerns the seemingly more narrow area of
natura l language descriptions. We propose that research he conducted too deterniine the
coo nvent ions and considerations governing descriptions within the context of proce dural tasks
We believe that such information not tinly would he enormously use ful in developing powe rf um i
natura l language systems , hut also this knowledge could he employed im i a var ie ty  of other
co mpumter- supported areas to s ignificantly improve the power and “natura lness ” of t he
application interface ’,

We distmngui s h two ) forms oil natural language’ descriptions: naming and u ’har nin ’tt ’r i: ai,n ’n.
In naming, some set of symbols is assigned to denote some particular com iste llationi of acti oo ns .
rel attn ) ns , ent ities , or events among w hich there is , at least to tho se who name , some’
perceptible form of assoc iation which permits and, per haps . gnoverns , t heir act of iden itificatin on
thus , naming invo lves a ‘‘ stan ds—fnmr ’’ or ‘‘ invn m kes ’’ or ‘‘ ca l ls-to—mind ’’ re ia tin mn m betwee n time
sym hool name and the referent constellation.

rhe motivations underlying nam ing must certainl y include the fomllowing purp~nscs of: (a)
olnscrnminati on of one conste llatioo n of items from others (as when a particular puppy in a pc m
store is referred to as ‘‘ t he cute white ’ one with the henit ears ” ). (h) faci l i tat ion ‘1 subsequent
commu nication (as in legal documents where such terms as ‘‘ t he first party ’’ , ‘‘ thc ’ de’fe’nd;mnt ’ ,
etc. rep lace specific ‘‘ rea l’’ names), (c) summarization of feat umre s for the ’ coininmun icatin ini 
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purposes tol the momonnent (as a consers ’at ive politician’s warlike bias might be captured in a
re’f erencc such .us ‘ l’his unremitting hawk .. “ ) , and, particularl y in procedu ra l commimunic atmo in ,

Id) the’ t leliherate compaction , for the sake perhaps oil brevi ty,  of a variety of dcsc’riptivc and
prnice ’ss information intoi a sing le s ’s ’ nmt act ic unit , e g , noumo phrase (as in a kitchen recipe the
requisite pre-proe e’s s ui m g eo f an ingredietut is c onveye d  by the phrase “tone-half chopped green
pepper , se’ e’ t lv and membrane removed “ )

l ime cvpe’rinnet ita l revelation of what nmust he the extremely comple’s . multi— purpose . and

nm u ult i  level nature (of ii.mnoing would he’ highly significant even if used only fnor t he purpoose’ of
pro os clung ‘.uf f mcuen t h powerful amid flex ible facilities in cnon iputer sy s te ’ms to suppoort natural
l.ungu.mge’ imanlmng habits In aelditioon , oof course , .0 dete ’rnnmnat ion of t he underlying process of
ina nm u ng w’oou lel als,i he most rev e’a ling oil the tither pnoce’ss of complex natural language’
c n u m n mi nu m i m mc a t i o n  ‘ c g , dynam ic ‘‘  w n o r ld-modelling ’’ , miature oil stat ic knowled ge s t r um cture ’s ,
‘‘ me’.unmmi g ’’ den s at ions, etc.

the tither I mee t of natural language descriptions . n ’har ao ’ter ::a t tm on , re fers to the purpeos ive
se ’ l e ’e tmn , im tot .m subset oil fe’.mtur es from a nanneable’ eoo nste ’ lt .utioin of entit~ act ion-eve -m o ms , suc h
t hat this suhse’t , typ icall~ , fulfills ann infoi rnoatino n retluest - ‘  present or anticipated - -  about the
pa rtm e ’u l.ur constellation under cnonsideration I’hus , a ge’oo logist runs through a serie s oil
c lictmiic.nI t , .’ sts on .m moon-roc k (nnanne’d . e g ,‘‘ S.ommn p le’ 24 oh 7 ’’ ) too obtain a st’ t oof nne .usumre’me’nts
v vhm ch l)erm imit infe’re’nces coonce rn ing the nmo lecu la r-ance s trv of the roock ; in coontra s t . a J. IR)
be lies er heolels s.umple 24to1 7 up too the’ light sea rching leor sonic sm g nn oof mion-natura l prooct ’ss nn mg
ii i iiiprm nt

We conjectu re that the dominant information requirement motivatIng charnu ’in ’ru: n nu n ’, m is

t h.ut t if predicting one particular subset of feature ’s nil a e’tinste llatioon freo nin another subset.
thus , stu dents ’ acat lemie’ potent ials are pred icted via 10 mue ’ .ms omr e’ s . t he quality of a umse et car is
indexed h~’ t he’ result tof a tire-kick , etc Much closer to o the .urc.o of co mputer applications is
t he charac’te rii.mtuon nil a document j im terms of ‘‘ keywords ” suc h that a subsequent m nfoorma t me o n
request cnou lel lead lii retrieval oil the’ document on the ’ basis oil .0 sm mm lar nty in the’ mn feorn nat non
sniughi and the way the document wa.s characterize d .

We believe that an inve’sligat imo n of the processes oil natural language char acter i z atmon o
wou ld benefit all aspects of ceimputatioon al linguistics .mnd , iii addition, could he usefully applied
to o imn i proving computer capabilities in a vario’I% nof are’as For examp le , for the ahoove-mentioned
area oil informatioon retrieval the proovi s ioo n o of sophisticated natural characterization facilities
co,ultl greatly facilitate the scientists ’ problems oil appro)prlatel y describing documents feor filing
.ms we ll as for subsequently loocating these .rnel other relevant materials at a later tunic. t his is
hecomming a particularly acute problem given the hurgenonung incre’ase of information .us well as
t he true cost of failing to obtain the nee’tled data. 

. ..- —‘.----- - -.— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — --i.,-- —---. .- —- --- -, - - .
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S IN~’ESTIG4 TION OF PROGRAM DESiGN BEHA VIOR

5.1 MOTi VA TION:

Our experience wit h the problems of programming performance (see Section 3) indicates
t hat ~)OOi~ quality software can often arise from problems in the design of the system rather
than in the coding (of the design into a proogramming language. Certainly, quantitative figures
indicate that software design accounts for a major portion of (he costs oil overall software
development , and much of the problems in software delivered to customers can be traced hack
to inadequate design (see 17). Having previo .ous ly investigated some of the problems in
translating high-level designs into programming code, we now turned to the more complex
problem oof achieving the initial designs themselves

We view design as being om ne of the’ nnoost complex types of probleni-solving task (see
Secti con 7 .2 ,3 ,2 ) . And, like most complex real-world problem-solving, t here are almost noo
behaviora l studies of design -- and very little theory. While there were a number of
ceompet ing software design methodologies known too us, purporting to result ultimately in
superior programs (e.g.. “to p-down structured ” design , “modular ” design), t here was very little
case-stu dy infoirmatieo n ton which too evaluate their likliheood of success . Further , all of th e s e ’
met hodoilogies depended on a complex interrelationship of a number of different factoor s , suc h
t hat it wtou ld be’ extremel y difficult to evaluate separatel y any of their compone’nts. In
addition, t his coomp lexity led to ) the requirement e)f weeks or months of training, lust to achieve
initial ceo nipetence’ in the method. Finally. niost eif these methodologies we ’re intended foor
large programming projects involving many software professionals diver many months . or ev en
years.

All of these factors niade’ it inadvisable for us to begin our investi gation of elesigning by
undertaking comparative evaluation of the various design methodoltogies in the experimental
laboratory. We believed that fundamental investigations of the design process itself would best
provide the empirical base of knowledge for subsequent identificat iton e f  useful desi gn
met hodologies. Accordingly, we used our knowledge of the software development process to
identify important component processes , and we then studied these processes in a variety of
ways in laboratory experiments.

5.2 SUMMARY OF WORk’:

In section 5.2.! t,elow we present a 4-stage expository model of designing. We then present .
in subsections 5.2.2 - 5 . 2 . 4, our research work in terms of the model, that relating to the
initial, early, and later stages of design, respectively.

5.2.1 Design-model and Overview:

Our research is organized within a four-stage model oil the design process , beginning when
a client first nootifies a designer (they may he the same person) of an initial proiblem and
cnintinuing up to the point just prior to the actual coinstruction of a prototy pe product (e.g.. a
woorking program). This model accurately describes the phases oil seiftw a re’ desi gn . hut it is
.i15() intended too be able to apply equally well to all other kinds oil design a c t ivities as well
(e.g., the ’ design of buildings, mac hines. organizations).

L. .~~~~~~ 
.
~~~~~

— . 
~~~~~~~~~~~~~~~~~~~~~~~~~~

. .~~~~~~~~~~~~~~~~~~~ - .
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The foou r stages oaf the model are

I Problem L ’ nderstanduig --  arriving at a general agreement as to what are: (a) the goal
objectives , (b) the systems or environments involved, (c) the constraints (on
performance, delivery, cost, etc.), and (d) the resources available to assist in design
development (e.g., test-Sites , expert advisors , historical data). Both the designer and the
client may iterate through several revisions in determining what the problem “really is

2 Functional Requirements Specification -- determining precisely what the final product
must be like , including: (a) every important aspect of its internal performance, (b) the
characteristics of its intended operator and user population, (c) its relationship to other
syste ms and environments , and (d) the development constraints (delivery schedule ,
coosts , nature of acceptance tests . etc.).

3 Overall hig h-level des ig n --  translating the functional requirements into a
ctomprehen~ive design which specifies the major components of the tto-be-develeope d
product , and, for each, describes: (a) the goals to be achieved by that component , (h)
the characteristics of ail factors to which the component is to he sensitive (e.g.,
“input ”), (c) the characteristics of effects the component must achieve (e.g.. “output ”).
( d) the internal structures of the component (e .g., the internal “data structures ” ), and
(e) the general principles of any operation sequences within the ceomponent (e g.. the
information processing procedures).

4. Detailed design su itable for prototype development - - providing sufficient elaboration of
each of the major product components to permit the construction of actual (working)
prototypes directly from these detailed descriptions.

We describe our research work below in terms of these stages or in the transitions
hemwe’cn them. While the specification of the sequential operations in procedures is a prirnar)
component of software design, the design of structur es is also of critical importance; indeed.
some of the design methodologies emphasize the criticality of designing first the data structures
amid then developing the procedures to manipulate the information within them . Accordingly,
some of our work investigated the design of structure ’s as well as the differences in design
performance for structural vs. procedural types of problems.

5.2.2 Problem Understa nding in the Intl ial Stage of Design:

~1uc h anecdotal evidence exists to document the frequency oil the following kind oof de’s ign
erro r t he client describes the design requirements tn o the’ designe’r w ho, after extensive ’
dese loiime’nt elfoort . produces so met hing that the’ client doesn’t want at all. While ii is noot
cle,mr ~ hic h P.m rty shtiuld hear the niajor blame , it is certain that design solut ions prooeiuce d for
i l l— f oo rn m iu lat ecl nor incorrectly-communicated prohle’nns will like’Iy be’ unaccept,mhle to mhe cl ient

t he primary practical method for insumring ctorre ’c m underst .mndinig 0 o f the desi gn l’ m n’ t ’ lem mn
invo l~ es e’ S t e  ns nv e discuss ions bet wec ’n the cl i e nt ,mni J des igne’r t o ’  c l.iruf~ the reqoi irenic ’nts Our
inquirie’ s .mne l nobse ’ rs .utioflv suggest t ima t oonc useful m c ’c hnuquc’ e’ m m m plto ~ ed by ele ’ ”n gnne ’rs is to ’  check
heir um nit ie rvt ,und in g of .u e’lie’ nt ’s I ~‘ mi n t b~ s nuggest ing .1 Sl~ ’t’ u f ic comic ’ re’ Ic ’ pie’ c t ’ oil etpm i pole’ mit oot

pro ‘ ceo  I ure w hit’ ii might he an a ppm ‘S iOn ml ,  no i i t o o  .ini icc ’ o’p m a Ne s~o Ioit ion . v e’ rs fre ’ei Ut’ mm t iy ibm’
e’l ic’ nmt re’Jc ’c ts .0 nom nm i he’r n’f t he’sn ’ suugg e’s u i oo n ms bout n~~ ’ei il in ’s th~’ o ’ elu iucu luc ’ out o!o ’’.n ’t l( ’ t io iui  .IItn,’t
o u c h it .ipl ’ .u ms h i t  the’ ,u p r i un .omv resoi l t  tof m i mu s  intc’ i~’h.o ingo ’ is i’ .uT lit, c lnc ~~ts . u rj i \  ( m it , ,s’,i

uimde ’ rst a i ic i inig ‘1 wh im t he i r  pruihlenm us (s e e S 1 he’ln ’W 

— _ _  .~~~. ~~~. .



Suc h a pre-t lefuned and limited soocahu lary wtou td faci l i tate implementation eof the “data t ’,pc ”
c ha racter i ,atmn n recommended in Sc’ ctm on 2 .3 .2 .  With such faci l i t ies proogran ‘ic’rs could he

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~—‘..
‘ 

‘~ . ‘

Page 24

l’he research reported in this section focusses on the nature of problem-formulation and
pos ’.ible aids for this prooeess If clients were able to present better formulations of their
p ro hlems to desi gners , not only couid the problems o)f unacceptable designs be reduced but
a lsoo the design process ceould he speeded.

rhe three experimental topics discussed in this section are ( I)  Structured problem aid,
( 2) Llnstructured problem aid , and (3 )  Understanding the ’ problem context

S 2 2 I Structured Proble m Aid - -  A review of the l i terature re le v a n t  t o

problem-formulation (e.g., psychological problem-solv ing, c rea t i v i t y )  revealed quite ’ a fess
highly toutet l mn:hodolo giec for facilitating initial pro hlem— lomtnulat ioon ideatino m’ , hut v cry l i tt le
emp i rmo ~~l eval uati t on cml the methods. As our f irst experiment ~~t’ the re fno re s~ nthesuied from
w hat seemed to us to he the best approaches and e re a t c ’d  a structured aid iou I ,ucu l i ta t e  . n ) r r ee t
prn hlern-formulation.

the aid given part ic ipants forced them to focus their attention success ive l ) upon t he’
o’h je ’ c ts  and attri butes oof the information given wi th  the problem amid aisno upo)n the actions
pn nss u hie within pro)blem-sool ution. Specificall y, we as ked part icipants to answer four questions
foot eac h nof the femur problems given them. These questions were:

I. list all of the objects that are involved
in this problem.

2 What can you do to these objects . or w hat can these
objects do to each other ’~ (like ‘ moove ” , “transform ”,
“substitute ”, or “eliminate ” )

3. Wr ite down a precise statement of how things are when
t he problem begins.

4 . Wr ite down for every object the characteristics of that
object (either by itself or in a relation to other
objects) you think might be important in solving the
problem.

We ch ose 5 “puzzle” or “brain-teaser ” type problems for testing with two experimental
gruoups , one’ rece iving the aid, and the other giv en a comparable amount of tinie to “think ”
about t he problem. These problems were well-constrained and did not require special
tec hnical expertise ; their solution depended, rat her . on ac hieving the correct abstra ct,omn ‘f the’
pmnm hlem elements -- the top ics addressed by the ’ questitonnaire

Reculr.s and Discussion - - W e’ ft und that the structured aid not tonl y did not facilitj te ’
performance, hut that performance was better without it. Fxaminai ion of the’ ncs(R ’ nse s to ) (lie
que’st im inna ires indicated that participants had not responded with the lev e ls  of abstract ion th.ut
vv e’ had hoped time aid would induce’. Rathe r , their responses were extre ’me’l~ co nc mcte .oan t
limited . fn ocu us s ing on phr. c in ’al at tr ibutes ’ ’.~nel op e ’ r .nt io nis rather than sv mhn ’l io ones T.uke , for
example , the ‘‘ four -c . i rd ’’ pm no hlern : 4 cards known to has c a  le t te r  on none side anti a digit oni
t he other ,mre placed such that the svnm hno ls “ ‘\ D 4 7 ” are in v iew , one’ on e,mc h of the four
ca rds , the as s ert  ion is made that ‘‘ if a camel has ,i vowe’! on one’ side , t hen it h i s  an e’vc ’n
noum her on the other smile ”; t he prohle’mn is to determine the’ cards ‘‘

~~ ‘ui wusuild has e to turn
ov er  tni fi gure (out w hether the rule is TRt.I~ for t hese four cards.. ’’ In mesp onIse to the f i rst

( Lu cst nnon as king about problem objects , some part icipants , w hile mentioning that t h e r e  we’re 2(~
le t te rs  ,mno l some number oil digits , did not es’en mention the c lassifi n. .mr ion of oohj e’c’ts int,o 
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vowe ls vs .  cuim.sonants and even-numbered vs. odd-numbered digits; similarly, for the second
quest ion, few partici pants mentioned any kind of perceptual testing as an operation -- e.g.,
determining if the item was a number or let ter , whether odd or vowel , etc. -- and no
participant considered the propositions of the problem as objects. This problem has previously
been used to demons tra te limi ta tions on people ’s use of (the Piagetian notion of) formal
operations . However , our interpretation of the present data is that it may not be the case that
peop le’ are un~ hle to perform formal operations , rather , their representation of the elements of
the problem may be so concrete that it does not induce them to apply these operations.

iii genera l, we conclude that many of the difficulties experienced by participants in solving
our problems derive from fundamental misunderstandings concerning the goals , the initial
c o n ditions , and the properties of objects. Our specific aid, although intended to do so, failed
to provoke sufficiently abstract examination of the conceptual structure of the problem. It may
he that the questionnaire instructions lacked the sufficient cues to lead participants to think
about the problem in more general and abstract ways; indeed, they may have been cued
inadvertently to focus on more concrete aspects by the word-choices in the aid, suc h as
“object ” , “act ion”, etc.; this could account for the depressed performance with the aid.
Whatever the explanation, we were sufficiently impressed by the inadequacy of
problem-solving, both with and without the aid, to retain our assessment of
problem-formulation as being a critical and error-prone stage warranting further investigation
(14).

5.2,2.2 Unsiruciured Problem Aid -- The structured aid in the first experiment derived
from the hypothesis that focussing participants’ attention on the important aspects of the
problem, in a structured manner , might facilitate performance. In our second experiment
investigating aids for problem-formulation we took a different approach. Perhaps the
difficulties of correct problem-formulation derive from viewing the problem aspects too
narrowly or emphasizing the irrelevant features -- the problem-solver simply views the problem
from the wrong perspective. An appropriate aid, then, would facilitate the solver ’s breaking of
these unproductive modes of thinking by stimulating other avenues of consideration, However,
not knowing how the solver was viewing the problem, but knowing that there would probably
he wide diversity in approaches, it was unlikely that we could develop a general structured aid
which could assist each person to detect each of their varying conceptual “blocks.”

One possible solution to this dilemma is to provide a rich variety of cues some of which
might stimulate people to identify new and more productive formulations of the problem
;mspects . Our specific , rat her unorthodox , notion was to have people begin thinking about the
pro blem and then have them simply read thrn)ugh a more or less random set of words and
phrases taken from a wide number of separate domains of human knowledge. We reasoned
that  each such item might bring to mind various different semantic concepts and relations , and
some of these might prove useful for better formulating the specific problem at hand.

A second set of problems was employed in this experiment with the unxirw’mred word-list
aid: two “insi ght ” problems similar in structure to th ose of the first experiment , and two
“design ”problems (for a structure and a proce’dure)

Re.culi.c and Discussion -- While ’ again numerous problem-solving diff icuhtie ’ s were found
fu,, both the co on t rnm l and the aid ed—grooup v , t he unistruct ured aid did appear tni f ac i l i t , mt e
h,e’ rfoor manc c for the design problenos. Participants ’ re ports of their n mem ntal exper ience w h i le ’
v iew ing  t he uns tr i mct o mred word—list aid were consist e nt wi th tht ’ inlte rpre’t ut io on th at c e rtain of
t he’ stimu li provoked productive lines of thoug hi enoncer ning the proo blenu ( 14 ) .  

..~~~~~~~. .  A
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I he findings oil these iwo , admittedly exp loratory, experiments holds promise for the
dc’ velo o pme nt tof moore effective aids based on both the structured and the unstructured
.mp lo rooac he’s , hut with greater direct ,o n foor appropriate abstraction in the forme r and more
proob lem-related st’ lec ’t ioons of word stimuli in the latter.

S 2 2 1 1 ‘ ndernian ding the problem contes t - -  Our third experiment concerning
p mn nhle ’ mmm .foo r n m u la tmoon w a s tied much more cluosel y too t he actual problems expern e need by
s o o t t w . m e  des igner s in determining the client ’s proo blem Since most design problems are
emhe’do led in comp les er iviro ,nment.s having many constraints which must he observed , we

he’ lu~ ed t hat tone ’ pote’nitm.. m t source iii difficulty in correctly identifying the problem to he
,neld resscd w a s  the ’ e’nmrree t une lerst urmding - -  by bot h the designer and the client ~ - of the’ nature ’
oo f t his cn >ns t ram ned enviroonn ient

) m m c oo f the cononion design situat ioons req cm irmng precise understanding o1 the’ app h m ca tm n on
ensi ro rm me’nm us the fo llowing: sn,nme pnoceelure’ which is presently accoo r mmp lishe’ el ‘‘ 1w hand ’’ is t o ’

he .out nom iiat ccl . l o t  e Xanm lOl e . mniany hus nn icss prnoce clure ’s can he cn ’ n nv er tet l  f m n on m ,t m ;mnual in,
‘c ra nimncd processing - - c g . hilling, m n s eni tn o ry—co o ntrn o l. aceo)unts p.u~ ahlc . et~ If .m suof tw .m rm .’

s~ stein we re to he des ekipe’d ‘‘ from sn.’r ,mtc h ’’ to automate sonic souc hm prnoccdur n’ mu a husnne’ss .
(tie ’ c l esm e mie t s w oou let f irst have to m gain a thomroug h knnowledge nil homw the pro o ces su n mg ,‘ceurre ’nl
mm n ’ r nmna il~ . I hi’ presen)t e’\pt’rinielit ins esti gat n’oi this learning prnocess by asking part icip ants in)

leam nn .u ver y  real ist ic 114 oop e ratioon hu.s n u ,ess prooce dure for the proce ssing (if corder invoices
I .ea rm m inig vs .us t e s t e d  by asking partici pants t o o comp letely fill out m n n s no n e ’n ’s for lest data

We ’ cno me awa y fr ito this experiment wi th great apprec ’matio n n of t he ;nm e’ ho’ lo ol nmgit ’ . m l
dill uco i lt ies in evaluati n g the understanding of complex sys tems First , ‘‘  tu no t 1ers nanmelm n i~ ’’
c mnc n)nu lo asses a wide s a rme ’ t y  nm f persp e ct ives . - e.g , how the’ pr ocessin g is clone’, s5’h,it the
input— ooutput mapping is . w h.mt the coverall ~~~~~~ 

,of t he system is , t he various ino ie s plavet i  h~
hunoaiis in the systenm . etc Sc evo nt i, assessme nt of soonme oon e ’s “unelerstantling” tiepe nud s
criticall y eon t he nme’t htod used -- e.g., reca ll methoods may underestimate’ understanding w hile ant
“noperating ” t .ms k (having participants oiperate the system in snome way )  nnay nov em -c s t m ni a t c

n oonet ’ptua / understanding. We feel that the ’ latter situati oon may have been true’ nfl the ~,msc nof
thm s exploorattory study ool understanding.

Re.cults and Discussion -- Given the above caveats , t he primary finding oof inti’res fronm i the’
po int ni l mew of design is that most of the detected erroors were classified as conmp k’ie’
oo m uss ions oil parts of the preicess. Errors of this type ‘are especially crucial. If someone’
renmien i hers that an operation is necessary, hut cannot remember how it) perfoorni it . t here us at
le ,nst a chance that knoown constraints and common sense can help reconstruct t he c’oorre t ’t
pm nocedur c . nor , the persoon may kn ow t in seek ooutside help. hloowev er , if ,n loersoon coonnplete ’ l~
loorge’ts ~- or is otherwise ignorant of — - an ooperation , this difficulty is nor sno likel y to he’
elctecte ’t I. i’hus. inco)mplete understanding of the design problem -- oon the part of either the
de’.signe’r or t he client could lead to the produc t io on of inadequately d es igned systems m m  which
the nornitted proicesses may foot he so easy to detect hut may rather cause coornple’x initeraetis e’
e’ ffcct .s (1(o) .

5.2.3 ( ‘ve lie Iterations in the Farm ’ Stages of ’ Design

In the previoous woork the processes and cycles ol lirnobleni f o r nn oj l .otm nn m n antI design wer e’
internal s ta tes oo l the participants , inlerrable oonl y froom their hehavioor as tested in ex permnme’ntal
task s , the present stud y was intended too nobjectif y anol exte rnahi ,n ’ t hese’ cooniplex ae t i s  it ies in’
permit us a better uniderstanding of the initial phases oil de ’s m g nm Rathe r than o requirinog
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participants to comment on their own internal mental states (with uncertain validity), we chose
to create a highly-realistic design session involving a client and a designer , whose
coommunications , hopefully, would reveal the nature and structure of these initial processes.
W~ also conjectured (and later investigated; see Section 5.2.4.2) that the interactions occurring
between client and designer in these early design stages might parallel the mental activities to!
a designer working alone. If so, the objective two-person interaction might provide clues as to
the nature of , and means of assisting, the single-person proceu.

Two staff members volunteered to assist us, permitting our video-taping of their
unrehearsed interaction. ‘l’he “client ” was a head librarian who had a real problem of
modify ing some computer terminal and output equipment used for information retrieval
purposes by booth the library staff and scientific researchers . The “designer ” had extensive
experience as a systems engineer in configuring computer software and hardware systems to

satisf y suc h types of customer requirements.

‘l’he’ interaction occurred and was videoo-tape d naturally. w ithoout special instructions, in a
large’ experimental room with the participants seated at a table facing each other and having
available large scratchpads for notes and sket ches. Although no t ime limit was set , the design
unite naction was c ompleted in 35 minutes . The audio soundtrac k from the video-recording was
m anually transcr ibed, anti these transcripts proovided the basis for the analyses (the’ nooimver hal
visual information -- e.g.. sketches , gestures , posture , facial expressions , etc. -- was foot useful
for the “decoding” of t he design interactions; only elapsed-time measurements of the dialogue
in terchanges -- also obtaina~~c from the audio> record -- would be necessary to supplement the’
transcripts to provide a near-complete picture of the exchange).

The most simplistic idealized conception tof client-designer interaction is that the former
possesses oon ly design goals and the latter only so lution components , with two types ol
inter ae t ionn s . ( I )  successful communication of the goals from client to designer , and (2)
commun ication of successive solution proposals frtom designer to o client until the latter is
satisfied. Given the complexity of the problem to he solved, our concern was t hat this model
of interaction ~

- or indeed any more comp licated model -- would be “swampe d” by the
comp lexities oof verbal conomomn icatiun and the inherent limitations of the observational method
‘\s it turned tout , we were fortunate in recording a session which not only was extremely
informative hut ~mi so o illustrated almost all of the subtleties oof real—world problem—stolving.

Rn ’ cult s and Discussion -- Perhaps the most inopressive finding was the sudden
tra ns foorma t ioon , late in the dialogue . to f the design proohlt’imn from one formulation too an entirel y
different tone. The participants had been discussing, serially anti in detail, a list of the client ’s
Io rnnh icrn m requirenmenls , during which time’ the designer pro ffered totitl ines no ! possible’ solutioons
fn or  each. The discussioon was focussing oon a very specific d eta il of phys ical equipment laynout
vs hen , ,o lni(ost exp loosively. the client p icked up con a prinor noot ioo n oil eliminating a pme’ce nof
e’ d lu mi lo ni en mt anti rap idly deve looped a broad gene’ra l i iatioon oil t he coo neept (see Cycle’ 7. p 14 ,
A ptoenot l ix I, in reference 2 1) .  The client evse ’ rmt ia llv understood hoow the’ nelwnork no f o ’ x ms tmn g
en nm n pimtd ’r te’rmm i inals mof the ’ use’ r poopu latinon cnoulel n c’p i.~t o ’ t he loocal library c’quipnoe’nt . w hnose ’
arr .t nge’ mc’ nit ;o nt t select m o n  w a’. t he begin iii ng en ’ nice rio oof (lie ~l m ,o looguu m.’ In the nim ui h mim nort ’ rapid
intert ’ lm.onge which ro o ll n’vs ’e ol . t his cu o nd’ept w as de ’v e’ loo peoi and lomno veet too s ’ l~ c Hoot noi i ly a !I the’
iirno hlt’nims the’ client had begun the’ elisce mss i on w i th , tooi t als o ’ proovide d nice’ si o lm it ioo ns too o on m es riot
event cmons ieiered.

Ibis dr.mm i n. mt ie ’ turna hoout illu s t ra tes  the’ sh ifting i mnt n ic ’ ,m c ’v of tloe j on io h len mi l oor n m mo m ia tnnomm
,ms l ’e ’c ts nof desi gn , it , m ls mo highlights the e x t  raoor el i n ma ry nnnpo rtan ce nof ~oe’rm,tti ng suffie’ men n t
des e loopme’nt nof the desi g nn requirm.’men nt s bel ie’ umnde ’ rt .nk unig cn o, m str ue ’t m o n  mo f .i de ta iled ote sngni
s ,o lti t in ,tm t (a o t the ’ c lient been re’stniei o ’ t t nne ’re ’Iy t o ,  en m unm m o ’ n ; u t ing the’ l o s t  n o f  s loe ’n’nf ie’ eqlui pnoo’nI
pro lole nnn s . w i t h  time ’ o lo’signo’ r ro ’ st i io ’t en l to verif y ing uneie rsm~i mi ding of t h e s e ’ , t ime ult inuate ’ re ’ sm m tt

——
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would undoouhted l y have been a proposal for a new coonfigur atioon (11 local equipment - .

satisf ying in the shoort - run perhaps, but ultimately not t he elegant solution which occurred.

Further detailed analyses of the dialogue revealed that it consisted of a series oof “cycles ” ,
each cycle com isisting ool a regular succession of “states ”-- a dialogue portion oriented towards
a single purpose ihe six states identified (with client and designer indicated by C and D,
respectively) were:

( I )  goal .ctutement - -  statement by C 0)1 none’ or more design gooals

(2 ) goa l elatw’ratmon - -  pnoviding more detail , especially of the context , usually by C, hut
often by I) nor in response too D’s questioons

( 3 )  (su b) solution outline --  D’s (and sometimes C’s)  brief suggestion of a .suh-solulioim ,
usually in outline at an abstract level

( 4 )  (sub) solution elaboration -- D’s deve loopment nil the ’ details nof the ’ suggested
su t ’o -s nol utmoon , examining its properties and consequence’s (often C j~oins in)

(5 )  (.nu h) solut ion e.vp l icat wrm — — extending coonsiderat ino io t oO other gtoals anti v o o lut mun n i s  mmmci
examining their interac tioon with the present seolu t ioon . by booth 1) and C’

((o ) agree’rnen z on (n ub)  solution — —  agreement by C to  a particular (sub) si ml ut  ion .
affirming that it is acceptable within the larger coonte x t oof design g oals

It should he noted that , in terms of the foour-stage’ nioodel tof design given in Sec t io o f l  5 .2 I, the
ahoox e’ six slates coover primarily t he two initial stages tof design --  prooblem Ioornuulation .mnel
functiona l requirements .spec ificatioo n; at moist state 6 extends only partially int o the third sn.ngc
nof overall desi gn. ‘Ihus . oour othservcd interactions st(opped far short of inv olving major efforts
eon t he part oil the designer.

Our ana lysis mof the diahogue (see pp 5-13 , reference 22 )  indicated that thie ve state ’ s
ooccurree l exactl y as or dered above , w ith st a te I marking the’ beginning oof a new c~ e’lc Ihe ’
coonnplete tli~m ttogue was cooniprised col seven cycles. Of these , t hree’ ter mi ,oatc ’d at state ’ 4 , oonc
term inated at state 5 . and the remaining three went throough ~ ompletion of st a te to Onl~ toni c’
no l the nordered states - —  the state 2 gooal elahoratüon — — was ever oomitted within .m cyc le ’, in f o o n mr
of the cycles , hut this did not predict the terminal state oof the cyc’le

‘t he most conoplex aspect mo f the design cycles was the transiti oon Irnoni the e ’ m m t l nil n’mic c’,cle
t o o  the beginning nil a new o~ne. Whereas the covert tiialoogue provided clues ,is too t he nit ’ni t ,mI
rc ;m sonmn g underlying transitions wi th in a cycle , say froom go o a l -st a tenmien ot ( sn .mte ’ - I ) t o ’
gnoal -e i~mhno ratieon (s ta t e -2 ) ,  t he transitions ts’tween cycles were abrupt , wi t h lmttlo ’ oo %ert xe ’ m to n)
niateri a l 1(0 indicate the bases loor the transitio in. Yet this transiti oni vsoo uld sce’ni (no  ho’ nine’ ~‘f
t he nil nos t coomp lex , since t he annoounce’ment nof a new gooal must su rel y he’ bas ed non the’
fno lloowin g kinds cof judgments: ( I)  evaluation of the “va lue ’’ of the nmat e’ ri a I dt’’ .o’ tn ’ ~’n’oJ t o o  Ih. im
point . ( 2) review of the sta te of suspended nor pend ing suh-gooals , ( 3) e’.a luatioo ro n of  the nn’ .c r .mlI
‘‘ success ’’ ,mc hieved sno far , (4) decisi on too terminate the current line oil devc ’loolonie’ n mt . (S
generat ion oil alternative coontiniuat inons . .mnel (to ) se le et io on o of the’ moist prn oi imi sum o g n m e ’x t  gn’ .ml
tnopic . Desp ite’ the apparent comp lexity nil cycle ’ trans itions , t here’ se’ o’niie’el uo he’ l i t t le
hesit atioon , an oohservat ion which suggests that the above kinds oof processes were ’ oe’ curr m n m~’
cno n m t inuoously -- hut unohservahiy - -  during all diakogue’ states.

A second extremel y complex and subtle aspect no l the dialogues W as the rook played h) th in ’
d es igner. In terms oil verbal output , t he client prnodueeel by far the greater aniniunt , a
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which might suggest that the designer was doing very little of the design work. It was certainly
evident that the client was an articulate and accomplished problem-solver. Nevertheless, an
analysis of the designer ’s contributions indicated that two critical leadership roles were played.
l’he first role was that of providing the client facts abou t the “real” world: what the properties
were to! existing equipment , what was technically possible, alternative possibilities, etc. This
con tribu tion had two important consequences: (I) providing the client information to permit
coin linuaticon of the ongoing line of thinking, and (2) permitting the client to ‘prune” obviously
unproductive possibilities under coonsideration., ‘Fhe manner in which such information was
give i m to the c l ie nt was often by way of simple agreement (e.g., “Right”, “uh-huh ”) to the
client ’ s assert ieo n about a characteristic of some device; in other instances extensive detail was
provided The second directive role of the designer was in the form of questions , seemingly
oo f te n nit clarification , but frequently having the effect on the client of identifying a new
proihiem nor achieving a better conceptualizatiton oil the present problem. While we have noo
oot her evidence than the present dialoogue , the flow of discussion was so smoxoth and productive
t hat we’ souspet ’t the designer had skillfully aecomodated too the style and capability of the client
so as to  achieve optimal efficiency. Presumably, had the client been less articulate nor
knowled gable , the designer would have assumed more of the responsibility for determining the
prooholem requirements and pr(oflerring detailed solution possibilities.

G iven all oof these complexities , it is remarkable that the dialogue was coo structured and
c~clic.u l iii nature. Certainly these regular characteristics were not evident from surface
e’xa nm i inat ioon not the transcript or actual witnessing of the interaction; indeed, t he dramatic
emergence and coalescence of the aH-cncompassing soolulion in the last cycle’ gave the stroong
mmp ressl oon to f anything hut a eohe’sive structure in the’ dialogue l’no the extent that othe’r
proo fess ioonal client-designer dialogues are’ similarl y structure d, t here is the pnoss ihi lmty nil
e t c xe looping at least a methodology for aiding the very inopoirtant earl y stages oil design
l)cvekopment not sufficiently hrooad ,mnti prec ise’ design requ irements ‘-  hefoire “hardening ” into ,
sioe’cm l ie desi gn.soo lutinon ,ipprnoaches - -  cnould greatl y redomce the rewoork and scrapping costs
which presentl y constitute .m major component oof the coverall design expense

While we have not ‘,et ver ified the structur et l nature’ tot nour clie nt-designer dialoigue’ with
ot her no hse rvat mno na l studies , we did at least find anoother dialogue which displave’oi t he same’
e’yt ’ Imc structure Af ter  failing to discover any “real” design dialogues , we did at le .mst el i scn ns n ’r
a f ’mnt mo n a l s ource cnontaining a client-designer diatom gue as we define’ it (in a popular .aoiv t ’f l ture ’
nm n ’v el , found (is the f irst authoor , 22 )  l’hms woork contains a cnonversat ioo ni between the
poota gmoni s t who needed .n rifle with special leaturo’s , and an expert gunsmith skilled in
lorm oduc ing soic h custoomized equi pment Our analysis shoowe’d the presn’ mnn e no t the came’ s i x

states as in mo ur dialogue , with the’ same character istics nil t iansition . shoowing an oove’ rall elesigim
phase mit f ive cycles (2 1 .22) .

~ 2 4 ( ‘hara n ’ te r i s t m m n o ’t the lut~r cta ,c’ n ’n o f de.cignn (frnonm fune’tn non .i l no ’ tlu ire’ments too
high le’’.e’h designs )

W h e r o ’ ,us t he ,mhove o iescrm ho’ ol work w a s  e’moi icn ’rne’d ~
u nma n ilv vs tin the e’an Iv s tages oi l

nk’ sm ~ ’ m m  the t o ’ s t  ,‘l ‘ inn mo ’ so ’j r t ’h into ’ t h e ’ de’sig nm Io ro oee ’ss tnot ’ ims se ’oi non t he’ I.nter s t .nge ’ ’. lii this
o s o nk ~ e’ n m i t m a m o ’ d  th o ’ ole’’omg n prooc ’ n’ss it tile’ s t ,ngo’ ~ l’’’ mn ~t of pn n mdlmn in m) ’  .n ) mm ) ’ h Ic’~ o’ t des ign ( se ’ o’
“ on ’ o.’ t I(O il S 2 I ) l’s ~o roosmd in ig t ho’nm , n m n , a lls w i th  ,n iii’ ‘ m e ’ on o ’ s s  ho ’ m , n i le ’o t son  nof  f u u r m o ’t ioo n.nl
rn’ojum nro’noe nt’. loot the’ oit’’iign

-- ‘~~~~~~~~~~~. ~~-- ‘—~~~~~~~~~~~~~ ‘ ~~~~~~~~~~ .~~~~~~— .— . 
- .. ~~ . - A



-. . . . -
~~~~~~~~~~~~~~~

-

Page 3()

l’he leour experimental toopics discussed heltow art’: (I I Structu ral design . (2) Internal
iteratise desig im cycles (3) Fffeets of isoomoorphic-presentat ion and representation variables , and
(4 )  Soo ltware design

5 2 4 I Struc tural olo ’smgn - - We began tour research non the latter stages to E design with an
inves t igat inon ool .xtruoiura l design too provide a basis foor determining whether this type of design
differs fr onm procedu ra l design, as in the ge ne ratm oon of coonmputer programs.

the problem given participants w.os to prnotluce detailed designs to or cnonmve r s m n m n i nil a fu m ie r
c hurch intoi a restaurant. The y were given extensive hack groiund data oinm the ex pected clientele ’,
t he C n ’ s t  and spatial requirements f nor interinor equipment . the’ f iooo r plan of ttme ’ e’hurcim .mnm t l s i t e ’

infnorniat moon . equipment .m nmt l remnode llinig cnm sts , and t s i m m c.m l e’ustno noer cn mnip la mnt s ,m hnm ojt s m i mi i l ,o i
rcs taur .m imts

Ini maims vs os s the desi gn s iocc ificatinon s paralleled the requ mre ’mc’ntv gus e l m fn o r so f tware
s v stenf l s  — . .m pnltp000ir ri nil e’X ist i f l g str nc t n mr , m l  coonstr a ints , c ’ n m s t s , pe rf no m nm a nc ’c’ e’x pe’ et .m t m o o m ms . e’te
In particula r , we’ were in tereste d in nihscrving t he’ ef fects  omn t he design s nol ut mno ns m ’ f  g r .mn l .o t mc ’ im s
ni t he e.mse vs (h which co ntext  ual constraints c o oooi t i  he’ nonoe lni ic’el In the pre’se ’nt pno hle’nmo t i mm ’ .

gr ,mt leel cn o nmstm aint  w ,ms iii the’ mim i nil the nonod ifiahi hits nd existing stromct oj re ’ s . . nmngim ig frn ,ni t ime ’
le’aSt miioot liliahic’ aspects nil s i t e ’ characteristics ,mmitl cx t e’rnnor wa lls nil the huileim nog to time ’ m n ite ’mnia ~
strue’tura l wa ils , too t he’ no inosea b le partitioons shoown m m  the cloomnL ’h tirawm nig.

I’he part icipants we’re instr u cted too proovie le a fmn al design indicating hoow the’ m n o t crm n o r sl’ , io ’ l
vs as to ) he re—cn o nfigur e ’d , taking i io tn m accoou uit all oil the requirement mn ifn i r r m i. mt c o i n  given the m
l u c y  w ere  free’. however , Inn e’xpress t heir desi gns in any represenit~it i oo ni . - sk e ’ mc hes . wr i t ten
tiescmiptuons . e’t c.

Resul t s and Dz~o’us.ninn,n - -  l’he primar ~ dif f icu lty cncnmuntere ’et nil ev a lo ia t m n mg time ’ design
soo loi t ioo ns is the same as that loor evaluating so of tware eles i gims the proo tinme t is essent i a lly
o n  ‘inn ‘epm’ual in nature — — deta i leol a rid eta ko orated , hut nnone I bmekss an abstract noOn , it e ’ .m mo no ’ t be
nlmm ect ly tested . nope rate el. execute d, nor not herwmse functioona lly ,ms sc ’s se ’ei l ime ne s vo,’n nmc ’i iioeis
used loor checking sof tware designs - -  e.g.. “peer coo de-checking ” . “str uctured wa l k- t h mnoug hs
- - rely non the hoope’ that detailed exp lanatio ons by the desi gner too an aue l iemm cc ’ t o E s m nmm ul.m r
prnofc ’sm no n~m Is will om ncnover inc ons istencies anti flaws in the design cnn ne’ept . 1 he’se’ r mmct hnitls
could have been used as well for the present structur a l design proohlcmi i . and. indeed , ml is noomr
oinderstanding froon o el iscuss ioon with sonic interioor and architect nm n .ml designie’rs t hat these
met hnods are ve’ry frequently emp loyed . Nevertheless , t hese are int o mit is  e subj eet i ’. e judgme imts .
ant I we sought te o develoop moore oohj ecti v e —— and general - - measures oif design snilutinon s .

One nieasure w hich we applied pmnovide’d a quant i tat i xc assessnoent oof the extent  too which
the’ desi giis sat isfied all nil the possible .suh—gooa ls nol the design prno hleni A th o o m nonig h , m n m , ml y sm s
oi l the gooals fnor the restaurant Iayoout was made on an a pr ior i  basis , and higher- level gno .u ls
were ’ broken doown o in ito o sone cessivel y more measura ble’ anti specific g oals; this resoilted mi a goal
hierarchy oif three majnor gooals - -sat isfy ing customers , e’mplniyees . and nowmie rs — —  e .mc h with two o
m or t hre’ e’ su hgnoals , finall y term inating in three tno f i f teen specific anoel moore measurable elctaile’d
i:c ’ .ils [nor each snmh gnia i. I ve’rs design was ex amine d fnor t ioe presence ’ nil t he’ spee’ if m c
g mo a l—t e ’ m t o i r e ’s . and a ratino nil go.mls ~ore ’ sent — in i—t lie— e1esn gn too toot a l  liossihie goals w a s  e’nonm m put e cl
t h i s  resulte d in aim coverall ,issn ’sv mm ic nt oil the extent too which the’ designs s o t  si ie ’ ti the’
functi onal requirements , a nnieasol re which we termed I’rao ’t um ’a litm ’ Since tour instruct nor m s elio t
not differential l y we ight these detailed goals , eac h coontrihutee l eq mm .m ll v t o o  the’ mm i e ’.ms mm n c
hl now e ’ser . gnoa l—w e ightin gs enou lol e’asil y he’ spec ilied in the’ initia l s t : mt e ’ n mi e ’ i m m ni l f mm n o ’ tn o on ma l
re’quiremenits to o prnivide a moore sc ’ nms i t ive measure nil the cx t e ’ m i t ( n o  vs hich the ’ ote’s igno fu lfilled it’.
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specifications. We believe this measure could be appt~ed equally as well to other kinds of
designing, including software design.

Without such a quantitative measure we would have had great difficulty in evaluating the
designs or making comparisons among them, as they varied in the extreme in clarity, detail,
type nil representation . etc. With the measure , however , we determined that the degree of
gooal-satisfaction ranged from .34 to ,7l , with a mean of .55 Thus, the designs failed to meet
a lmoost hall of the desirable goal objectives of the problem. Although we did not quantify the
ni ho,crvation , we noted that the participants dif fered in the extent to which they provided detail
ishoiut each of the specific goal objectives in their final design -- presumably reflecting
subjectively different weightings of importance of these goal specifics. Thus, participants
nohv ioous ly made tradeoffs by emphasizing certain goal aspects at the expense of other aspects.

lo provide a measure of the extent to which participants shared a common emphasis on
specmlic design characteristics -- independent of whether these satisfied goal objectives -- a
secn on d quant itative measure was derived (also having potential for general use). A feature
anal) vms was performed on all of the restaurant designs to generate a set of all the features
generated by our participants. The derived measure essentially characterized the amount of
leature- infoormat iorm present in each design relative to the total amount of featore-information.
The obtained information-scores for the designs had a very narrow range in contrast to the
goal-satisfaction measure , from .63 to ,77. While the expected value of this statistic is not
knoown these relatively high values indicate that the designs tended not to emphasize the same
set of features; rather , t he different designs appear to have focussed on different feature
su hscts . perhaps due to different interpretations of the requirements or even personal
preferences or competencies, There also was the suggestion of an inverse relationship between
t his measure , which can be interpreted to assess something like design “originality ’ and the
above goal-achievement or “practicality ” measure , such that several designs were found to be
high in originality but low in practicality, and vice versa.

The above two findings suggest that methods for structuring the design process could be
useful in (1) achieving completeness with respect to design goals, and (2) controlling the
emphasis placed on design features.

With respect to the effect on design of the graded modifiability of the initially-given
building structures (e.g.. site , walls, partitions). we found that participants’ designs accurately
reflected this factor, For example , only three participants changed the external wal ls , 12
changed the internal structural waIls , 16 changes the non-structural waIls , 18 changed the
moveable partitions, and all 27 participants changed the furniture or architectural detail, While
such an accomodation to the given difficulty of structural changes is understandable (and
perhaps justifiable on cost or other grounds), such pliant responses also pose a danger for the
ultimate quality of some kinds of design: in many cases the most successful designs are
characterized by a boldness in rejecting existing structures (even if extensive modification is
required) to achieve a more coherent and functioning integrity. The obvious structural
example is that of the current practice of modernizing an older structure by tearing down
whole walls , structural or not, punching windows into solid wall expanses . etc . But the same
can he true for software designs, such as when a new data-processing system may achieve
success partially by its complete reconstruction of all input and output data structures.

In addition to the above results we also) obtained information concerning participants ’
“styles ” in designing -- the decision strategy controlling their sequential development of the
design, Because of the graphical nature of this design problem it was not feasible to attempt
to record sequential activities of participants; rather , we solicited information concerning their
design strategy via post-design questionnaires. Two-thirds of the participants reported the
following style characteristics , They claimed to have: (1) used a top-down approach . 
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employ ing successive decomposilloon (of larger prooblems into) suh-prooh lems , (2) planned mo O t
their approach before beginning, and (3) worked on the hard parts first. It is oil interest tno
note that , with the possible exception of the third characteristic’, these participants ’ design
sty les in the design of a structure are in accordance with the coonsensus recoommt’ndation [nor
designing sooftware procedures.

In summary, the results oil this exper inoent produced a detailed picture oil the pmoocess eo f
s tructura l de.cm gn which seems remarkably in accord with what we believe is true of software
olesign (17)

5 2 .4. 2 Internal lto ’r almu ’o ’ d esign oi ’ o Ieo - -  Ini the’ tw no- persom n client-design er e’x per mnoent
(Se ’ ct m n i no 6 2 3) we detected .o high degree’ nof structo n re in t he dialogue, repre sente d liv regum l .or
csc les oh’ trans it ioons between proohle’ni states. lii the present stud y we soought too dete’ mr m imn e
vs het t me ’r s imilar such cycles oiccurred during the t lese loo pme ’nt nil a designi h s ’ a e s n ,u,’lt’ pc ’ r s o o mo
l’hie ‘‘ (‘lient ’’ mo le was simulated initially by prov iding partici pants w ith .un um no o n g . mn i i e ’ nl hut

dctai leei list cof re’quirenocnts foir a des i gn pmn o hlenoo ‘lhe’ reaf ter . nuf coour se ’ , t he to .urt ici p.mnit
rece ived nno further external ceomnounication.

In the ex pe’r imc’nit the’ part icipants we’re instrue’tee l too tlesign .ini no m gann / .m tm o u n at
hy io not hct ical  library. gis cmi a list eof 22 specific library procedures (e’ g , ‘‘ hnoniks lef t no ut in n the ’
re’ae iinm g r n 000 r r m ninust he reshc’is’ e’d ’’ ), and kim ’’’. mug tha I .m s lafi nof I t)  l ibr a m m ai m s were as a mIa ble ’
I hey were .osked to wri te elnown comments ahomut vs hat the y were d nmi n mg when , imnow t hey vs c m e

t tn o mn ig ml . antI why. liii’. mnfnirnractemu çmmnox ’ide’d tile’ h,ms ms for .m s ’ .cvs, n mg t ime ’ pre ’ vvmme e mu )  c ycle ’s mu
he de’s igim A 0,1) se S oil the final d esign s oo lo it  m iii pmnov dent mnfo rma t mon abou t the’ fli;mii n e ’ r .m mid

c’to im mmnona l i t s of the cI.us sifi eatioino oo mga nula tin o n mnip oos c ’d mon the’ t a s ks  l ’ hm s i n fo r mn m .mtmo i n i  .m i ’ o ’
t iemnil itteti coirroo hoor at inon of pmoo poseel design cs (‘It ’ s

Re ’nu j li.s and flo~ u,.ouo ,n - —  l’hc’ noaj oo r finding w .ov that there w.m s inmde ’ e’el a
st mo ong ly -s t i  uctured cycl ical nature’ t o o the design process Anti , like the t omes out s c l nent - e t e ’sugnen
tiia loogue , similar s ta t e s  e’ompoising the cycle ’s vs crc ’ foou nd , w it to sn noilar t rani°.it unons too a new
gno. m l - c~ dc m a d e’ he’f no rc cnonsple’t moo n to t tIme cycle tn o full sub-gooal acce’ptance’ . I he two sit im a tn o mms
diEicrcc l , hnowe’ver . mu t hat the present intr.m cy c le  s ta t e ’s w e r e ’ no isome simn lar tno the c l.m ssi c ,,I
proo hle’ nm — s n i lvtng sce’ nam noo oi l sucee’ssi ’ . e’ elec non ipnositioon of gno .mls m utt ’ suhgnoa ls , fno iioiwuiig
go u .ml — tim e’ march ) . In the die mit — elesi gne’r tlialnogue the me vs .m s na ud’h moore’ of .o co ‘in iou flio’oJt I is’ q ual i ts
ol c’s pnis it ioo mm .mnd elahoiratinon of the speaker ’s m m m e a n o inog Presumably, t his l,m rge ’ n
c’ c’mnin i iu liuca tio inl cnom pco ne’nt inn t he’ dialnugue’ w.Is dome too (lie’ csig enoc ’ mc ’s nil innt ’ r— pe ’ rso omia l non’aninn’
t r. mi m v fe r (see I 5), w hereas in the present e’x perin loent the ’ par t uc ’ip.onts vs’ooulti , oil coo oiu Sc’. hase’ m o o

sumc h pruihle’nms in coomn ounicating with Ihenose ls c’s

I he gooai—de c no nnpoosut inon nature nil the design pmoo vs repoirted in the pre’sc ’nt e’x pt’ri noenit
( .mnel ,mlsni in the experiment ion structural tiesugn , see Section 5. 2.4. I) was foot  liLt ’ t he ts’ pie’ ,ml
.m rtt t ic mal— int e ’llige’nce ( Al) system ’’. depth— lirst tiescent in(oo the goo.ol tree ’, wit h minmnial back up
too next - higher gooals in the’ c ase to E blocking. Rather , t he iores c ’nit toerf norm anot ’e w ,us elmlfer ~’nt nu n
t w o o  mes pee’ts [mono suc h algoor ith mmc Al prnocesst’ s First , nn moist A l si t o m , m t i n o i i s  t ime
g m o . mI — hno ’ra rc ’hv is relat iveis stable , base d uip000 t h e ’ nio itm , u l pi oi’ o l e ’mnm i n ’ rnm oni l .o t , n o un , v s m t io m mccv ~‘ 0 ’ .o is
.ut leie ’d primari ly ion ly as otecoon ipo is , t m n o  nm s nil ii ighe’ r go 0 ,1 is In the’ prese’ nit c’ .nse t ho’ o .m i t  m e n  ‘, m mm
rd ’ Iooo rt ‘. inio iic:mteol oI, ’nam,o ’ re’’.t u mict tiring uo f the’ gooal -hier.orchv — e’ .g . .o s o intnor seeuo o i if fj t ’o i lt it ’s

, mm o os c nor inadequate conceptualiiatininx we’re detectet l  Set ’ninol. w hile’ t u e  ox en nil me ’nitie nmc’ . ‘.S .ls

hat no t lioca 1 ole Pt h — first deco mini ~oo us u t un ito , t he rn’ were Ereo~ tot ’ nil mum st , m nit 0’’. n no vs hi c ii to~m ml it ’ i ~m .nTi t
abrupt Is terminated e’ ffoort t~ w arels soul x i  tog .o ( ‘‘ m o w  — ii’ ve’l ’ ’ ’) so hgooa I anoo l h~’ t:.m no vs ork (0 m m a no nit -li
diffe rent (and ‘‘higher ’’ ) goo.m l (in the inferred goo al — t nie ’n .u ic liv ) (20 , .u lsno 2 1 )  
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.
~ ssu ming that these pr o cesses  .olsoo characte’r i,e so oftware design , t hese observati tons hax e

an inopoortant i m p lication coonce’rning aids loom suppoort unog the pmoogranmmmng prooces s (‘oo ns ie ier
t he preo lflms itio,on t hat st iftware deve loopnoent .shoould fo o l loow a te ,p—do mwn succe ’ ssus e-dee’nrn mpo os itu o nm

ap~irooac h l’here us coonsiderable coonse ’nsus annong s no ltw are dev elopers no f l  this point , and soo niie
t o E tour experimenta l data suggests that t ht ’ .  nooay e’v eni he’ .m natura l, as we’ll as a dc’str.mtil e .
met hod nol desi gn. One s e t s  e f lectn x e ’  nicans oil c nol oirc m n ig such an ap~or oo ac h is too hav e
ele’si gioe r’ . evo ,Ive their program designs with in a ~ omputer envmro inn oe not which requm re o all
deve’Ioopnoent work too he either a decoo mp nosi t ioon n)i a larger unit c m l  an e’x t ens m nonm co f a unmt
l’here are , in fact , a few suc h systems of this ts pe’ in limited use’ at the pre’se’nt time Oom m
present  data suggest . hniwever , t hat these s y s te ’ ioos nmo , n y he’ muc h t0 000 in flexible too suppoort (lie’

dy n,mnoic shifting nil goa ls and gnoa l— s tructur e ’tI act i s nt ics which appear to o char.m ctem iie ’ the
ni.mtura l design proocess

5.2 4 3 F Ifee t e  noJ ’ I. nop n oorph mn and Represo ’n tut i om i n I ar mahl m ’’o - .  A key dist m net m non b e t w e e n
structura l elcsmgn . suc h as in architecture , and t he’ design nil prtocee iures us that the’ Imr ut mi~m m ~
relatioonship between design e lenoents is spat ial in the f irst t spe oof desngn anti to ’m pu o r J I ito time
se’coon d. Our intuitions , a’. we ll as varm 000 ms kinods nof suggestions in the l iterature , eel us too
h) poot hesi,e that ten ipoiral otesigning might he’ u000 re ’ eii f lo co m lt than spatial ek’smgr mmn g. he’e’auve’ of
greater e xperne ’ncc ’ and heurist ic—a vai la hi l i ts Inor the lat ter .  Ito (lie first nil tw oo exp cmu niic ’ntv
re’pno rtc d non in this sc’e’t mo on w e ’ ceomloareel the tw o o type’s oi l design m d  f ound t e ’mpooral de’s ignomnig
teo be mnore difficult. In the sd’cnond experi md ’not we pr~~x meted a structure d re ’ pm e ’ scntat moo n i lou
enco it ling the prn hlenm info rmati non and nibsers eel the dinmutnnsh noent oil this ef fect .

Eepermnmen i I. 7’empora l no Spatua l !)o’.sn,gnm,i,q. - -  In comparing the tw ni types nit de’s mg io it
was ne’cessar ) too maintain coonstant the conoceptu al dnlficult~ nil the prooblenis in the tvs no moutle’ s
This was  accoimp lished by se lecti on of a proobleni which had two o nseomorp hnc v ers ions , cim lfer ing
no n ly in the nature oil the key coontent woords . t hese’ being ‘‘ tenopoora l’’ in nature in none case ’ and
“spat ial ” in the’ either. The cov er  story loor the temporal isoom oorph mnv oi lx e ’d designing
manufacturing proocess loor ‘‘ w id gets ” coonstst ing nif seven stages Various types ol infnommat noin
a hoout the stages were supplied, suc h .os pmmo i r i tv . sequence . arid rc s n ouu e e- o i tm lmi . mt uoo n
re latioonships between stages. For examp le , t hree pieces oil info rmatno mn given nn the tem poo ra i
isoonooorph proohle’m were: ( I)  Stage I has .o higher pri oorit s ’ than Stage II, ( 2) Stage .\ shnould
foo l loow Stage (~, and ( 3) Stage G uses different resources than Stage F. Fach s age was too he
assigned to a factory work-shift such that stages using the same resoources shnould he .mssu gnce i
to the same shift , and the total number of sequentia l shifts should he niinimm,ed vs nih high
prioority woork accoomplished f irst.

t here were a toota l of 1°) different functional requirements specified loom the’ tenip no r,mi
problem , and each had an isoomoomphi c foorm loom the spatial pmoob lem l’he ‘‘ cover stnon ‘‘ loom the ’
spatial problem was the design oil a business noffice layoout which was too accooni iootla te s e %  c n n

employees (comrespoinding too the seven stages ) such that the (total nunoher oil co o rm ne lers required
w e ’re niinirni,ed. subject to) the interrelatioonship factors between enip ln o ve ’e’s l lmc ’se ’ t.o c ’ toom s
were  “coompatihi lity ” (or “inconipahitilihy ” (whether emp looyee.s get alooni g, coirmespoondinig t o o

us ing the same resooure’es or not , in the teniop uoral proohiem) . moore nor less “prestige ”
(correspon ding too prinority ) . and need foor pm noximity too onie nor anoot hem part oil a mann cno rr i door
(cnorre s poo n ding too sequencing). t hree example functinona l re’qunme nme nnt s loot the vpa t i. m h
isomoorp h, coorres poonding too the examp les giv e’mi above loom the tempo imal ve rsuno lo ant ’ ( 1 )  I°ersn o n
,; has rn000me presti ge t han persoon B; ( 2 )  A mee’ls pcoop le in the’ rt’eep roun n are ’,m ninoro’ t han tlooo ’s
C’. and (1) G is ineoompatihle with I’

l’ht’ IQ lunctioonal requirements were giv en too partnd’ipan t 5 oinelem v .11 mo o ims  15 100 ’ s o of  gr oo upu no g
re latinonships . hut this variable had very little ef fect  in either this nor the’ nest ex p e rmmmi t ’ umt  In

—~~—.. — -
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( tin s f i r s t  ca pe r m t tm e ’nit . ~~ tm e ’npants were as ked too I i rou v ide’ a b a n  n~ l ‘‘ eies ngno ’’ based o umo t he’
imn ne ’ t i o u rm . ml  req umre ’n mcrm t ’ . the) had rc ’ ec ’ m e ed up Ito t hat pomnmt , t hey w e ’re’ a lsoo asked tn t g ive a h u n ?

design base d non all the lunict uc onal reqummen oents an the end nol the ex loe ’rmmenl Nno s o m g ge st uc on o s

w c ’ rc ’ gus ci i  c’ ither en o ioce m n ing hnow t o o reprc ’se ’nt t he re’quure’m en tts m n l normatmmon our t o o  s t ruc ture ’
the m Io ,o r m i.ml .mnei fmn. m l  ‘‘ thc ’su gnis °‘ t he  vs nurtiung oil I hd’ requi mnienot s and the ’ no v e’ra ll coon cept ual
s t r ue t o m re  of t he de’’e m g n o bmno hlc’nios we ’ r e ’ equiv ate’nt four booth t~ pe’s ni l 1or ,obli ’nmos .nny loc r loo m nlunmc e

o i o t h c ’ n e ’ m m c ’ c’ o oin loh he’ .mttr ihutahle nmmi l to i  lire c’x luc ’ r m nme ’no ta l hamsc ’s fn o r nor against t h e  te ’ nm pmo ra l nor
t i le ’ s bo .o t m.n I  ne ’ l . m t m n ’ ns ,mndl no pe ’ r .nt oors Se ’s c’ mmn c ’c no p ,or tie ’ub n atm t s we’re’ use d m o m  e’ac ’io us ion ino rph group

A re’hi.i hle’ lie ’ mf no r t imat ie ’d’ ntuf le ’ re ’n ie ’e w as  Inoun ici he’ t v s e c m m  th e spatm .o l .mmie i ie’niipeiral gr000 m p s ,

vs rh the t e ’ mt n bon ~r.cl ms n Orm n or b o h snu l ’,ee i r000 0 rc ’ sm ote l~ arid It ’s’. o.mit ’e’t ’ ’ .s f mj l ls  I v , o : m n m u i . m t m o ’ i i  oi l t he
re ’pre ’s e ’ i o t . o t i n t n i s  p.irti c t par mts  OiSe ’O l io ’  l 000 rt r ; is  t he i r  oie’s ngro so o l u tuoonns  m e ’. n’ .n lc ’ei a remm ia rk ~mh lc

dn fl e ’ r ’ ’ nie ’e’ , mh h I loa mt id ’u pauo ts in the spatia l mso o t i mno m p h co ot id i t uno ni  use d .n gr.mp hnic ic ’ lo re ’ se ’ m mt . u t n nono
not  the hio ms i n i e ss o f f i c e ’ tn o po rtr . ns t heir design soo t n m im oonm ( ,n rc ’ e’ t an gom l ar tni (o~v m c ’vs t i r .m wm n mg )
I I , o ve e’ v e r , tini ly t w o ’  nil tile’ p .mrt ic ’ ip.mti ts m i  t h e ’ tenno h on on , o l isn iu im num p h used some - In :o rcpresm. ’tut ~ot moo n i
c’ s e ’ nu t i in ’ t mg ti ,n gr .mp tm is utle’a I for pno m tm .os’ no og booth types nih pm mhl e ’u m m s I hms L mt t e i  f u n m o l on i gs mti o l ihi e ’s

m to .m t  the ’ dn I I c ’ i c ’ c ie ’ e ’s in pert ’o rn ooa n ie ’e’ w ith t ho c ’ isno mnorp his nioug tm m be’ a t i mm bom t ah lo.’ too  the ’
as .iil,n t o i h m n v  i i )  re ’pre ’se’ i mta t in uu ms uninle ’r t h e ’ i°,’,o ,,‘no i in l i t in on is , .mtO t i u nit in  m m m o m c  I omtmei.nnm e ’nit,m l pm no hle’ i n m s
n ot  gre’ ,ite ’ u tim ) t Ic omi t s  cc ti m t e ’nii pnoral v s  s p. mt m . mI c’O nlc’l’lits pe’m se

1- c~”u ’r m p n , ’, t . ’ II L t , )  ,C ‘~ nia kint~ , jo ’ o , m I t / ’ l n ’ oi du ’ c mm ,’,i rc ’pr t ’.oo ’ n l n l t moo lm I iii’. e’x pe’ ri mcnot w as

mt le’ n m t , e ’ ,m l n o the ’ t m m s i . v s o t t m t h e ’ e’ xce ’ b o t i no nm that .m lt partie ’i I) .mu its vs’eme’ somp 1o l ied w i t h  hla nmk ~rap h
sc ’gni oe’ nits ( rn o u m g hhs ~ ~ ce ’lls in e x ten t )  wuth i um w h i c h  thc s we ’ re’ i t o  re’cnord their p o r t al a m mo
c’noniop lc ’ te ’ei e ie ’ s mn ~tis I we ’n mt ’ n — t w n o  s nm hic ’o’ ts s c m  s e e )  no e’ .oc ’h u s n o no o o mr i o h pme o hlu ,’nii e’ o i ic im t mn o n i

m esmm it nul io rn ov idunig iu .mrt i c ’ m h i, mnit s w i t h  t i le ’ go ,op hm fnur represenit it mg th o e ’ mr dc’su gni so lom tu ou ns
- p.o rt ie ’o m I~nr t iue’ t e ’uo o po o na l  iso on inor p im gm no n up ‘ —  the t l ift’e’mc nccs in perfnom noanc e’ hetwe ’c n i  t ic ’ I w o o

e’ n ’ n t i i i i n ’ m n s  vs e’ nc ’ d n , os i mc , n ilv n e ’du~’ee i l’hmms . it e looc ’s appe’ ,mr that , even th no o mg h h oe’ ~W no pr oo hle’ mi os
a rc ’ cn o n ie ’e l i to ua llv m s n o i i m o o r p ii me ’ . t ime’ e x p r e ’ s s n o o u m  no t  t h e  pmnoio k’rm m in te ’ r n nns (Of te ’nopnoi.il n’normn ’c ’~m t s

pro due’e’ci go e .mn er unas .iu la ho ul i l s n o t  e f f e c t i v e ’ nioean s not representiuig the’ re ’qunrenoe ’ nm i s m e t  eie ’si gnm
u nfoorni iat noon

I )e’ 5p m in ’ t lie’ I .me ’ t t h.m t pro ov idi ng .0 rc’ j o re se no t .m t no no a mci reel oiccel t he pe ml num b l imed’ el m It crc ’ nec ’ s~
the’re’ cec re ’ s t i l l s m g m o i f m e ’ . n im t dif f e rem oe ’i’s her vs’een o t h e ’ t vs no  msonm oo rph e’no n o d mt mo u ns in te ’ruiis not t ime
nnmmni he ’r ‘ o f  p. ur i mo ’ npants w’ h o  failed too cnompre ’hen mei the’ pmtohieni fn mmt io e ’r , t hins o iuffe ’ me ’n ie ’e’ inn
e’ n ou im p rc ’ iK ’nms ioo t i  vs ,os t he’ same’ mn booth exper ime’ not ’ . and w as ihere’lnu rc ’ un.olie ’c t c ’ei hos pt nov iskini
n o t  the’ g m. ip hm e ’ ,iid \ “ sm im u uog,  loo m el ms e o mssm on . a sm nimp le’ i’. v o o - s t .m g c ’ nicodel of Ionoble .nim sn olv mmi ~
vs ml t m ~‘ro oh It ’ ‘ii mcii,!, ’ r .o 1n~ ,i ,/ i , io ~ fool In o wed by pro o/o/o ’nn t o o Imc i l oo n , t ile’ hindu rigs no I the’ cc ‘ 0  e’ v ine ’ rm n u me ’ ro t s

d’, mm m he mnterpret eti us tnol l nos ’ . s ( I )  teni pnora l desi gno lom oob lenins a n d ’ moore ’ dnilie ’ult t hi.nni spati a l
de ’ s n g nm iom ooh le im ns in booth pro uhle ui m—undem stand innog and lorn oble ’ m m n sn o lo i tmoo n i , ( 2 )  pn oblcnmm .s ol o m t i oo n i
eh i l l i c ’ oilt m o m  te’ mm o pnor . m l t iesi gn problems m s p.o rtn.m lls i im n ie tu m c ’ e’ei hs time ’ o mn o. nv . m ml , m huh i l s  no t  e’ t t c n i o s e ’
in olo o m n i atm o ’ ni  ne~ire’.cf l t at in inis (1) making ava i l ab le ’ pno w e’r hu l  m n i t n o m n o a t m n o n  re’prese’nt a tunom o s  loon
t e mi pnora I dc’s igtm lo mnoh he nov inn pmou x cv the’ proob lc ’ nio — soil Ut m o o  no st .u gc’ . (4 ) borno b he nu Li neic’ r St .1 liet I log is
moor e ’ diff i cult tour tempooma l t han loor spatn.m l e iesn g io bomooblen is . and t tu ns .upparen it ls is n o not

re’oio mc nh he by re pme sentat io o mm ~itls. ( l it).

e’ hc’iiv’c these e’xpemi me nts iih ust r ,nte ’ th e iniliourtanee ’ no t ’ Iorn o v i d mum g s i ippoort t n o o o l s

u noc I uel i tog re prcse mit at loon .n mci s - — Inor t he tIe sign oil pmnogman os I ‘ io ns t ,os k .m ppe~o rs too he’ nine n n ’ nmt  Is
mno n i me ’ eli If it’ om it t h a ni not her Li nods nil tic vi gn m tasks , a niel t he’re inure sti ‘oi It) me’c’e’ iv e’ moore ’ ,uss m st .m iie’e’

6 2.4. 4 S’ o f twa rm ’ I) ’ ~ n ,e’n Our l, ms t n c’sc.m m e’h lom noje ’ct cnun oce m nming dc-s i gn m v  o i ls t’oi t hit’ actual
de’signo oil i s n of twame s y ste u im hs expe’ rnen mc e e l  Iimnogr a ui m nnne ’rs We .uskc ’d e i g h t  ~o moogr ,nniiunie’rs vs iii
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tnour too I 2 sea rs ~or nogr an om ing ex p~’m ience too take a set oo l lunctnnunal requirements four a
re lat ive ls lintuteei query sys teno and pm uduce a detailed design four (hi’ so ltware ’ require d. The’
des ign was to be expressed in natural aniguage , hut w ith sufficient prcc us m oon that ml coou le) he

mans late ’cI lain ) directl y intoo (Pt I I code.

I he spe’cifn cat nnons t o o r  the proihleno were  ve r y  c ,mre f umllx w ’oork ed tout  and pro ovmeied detai ls fnur
all .ms i ue ’ e t s  oil the’ quers sss t e ’ni too he pmnuducee i , mnic iudirog ( I )  in put s y n t a x , ( 2 )  ro.’quinenoenhv
loom it i te ’ rno. m l f i le manipulations , ,mnd (3 )  n n om tpu t  ss nIax Per lo irnoane ’e eff iciency (e’ g. , speed oil
ev ccut i n o n , .iunt000 nt onE coo m poi te ’m men 000 ry required) w a s  eie-emp hasnie’d . and ‘‘ usabil ity ’’ and
c lea r  ete ’sm gn strue’t (ire ’ we’re’ st me’sst ’d In te’rm .s n of the ’ oh’sn gni nom oo ie i gis en  ear lie’m I see Se’ c t mn o ro
S 2 . I I. this ex pe r mt ioe ’nt heg.mni at the end nil St. mge 2 . wi t h a very e’le’ar statement nil fo m nctt non a l
re qunrements - -  anid eono t m nmu c e i  thm nough Su ,mge ’ 4 - m oo the’ le vel nil a detai led design

R,’.sm4 !t .o ~i,in! l) .o t uo n m o or n  - .  the nm no s t str iki ng le .otum e ’ .n hoout time design so i l ut m nun i s w a s  the ir
ei ivers i is  I’hes var ied cnonis iele rahly mu t e ’ rn nis nil the ’ mr to mnodue ’t ionm charact e r is t ics , t he’mr fo o r rou
nor s’o’fl i ,m x ‘ anot i the ur cn o nte ro t Inn terms oil prnoe Iuct non , 3 tno ho huours were ’ required tni co nno p he te ’
thie tiesignis . ,ot od they varied iii length from 0)5  too 10)0) st ’ nntc n o ce ’s ( 70(o to 23 4 S woor t ts ) .  In
tnomnio , Ihe’~ ‘.ec’ mm i f rnon m a highls ,ihhre’v ia t e o i linguistic ‘,t y lc ’ cry rcnmi inisco ’nt no f pmoog maninloufl g,
using inidentatio tis .mnci 5ev e’ral tit her feature ’s o o f pmu ogla nmm no l ino g languages , too a yen y eiiscursm s e’
‘‘ loung vs m dcci ’’ noa mrat ix e sty le It was no e’ oinitcnt , ho ow ever . t hat the greatest eI ise ’msitv vs ,ns
no bsem s ee l With me spect t o o  the overal l  query s\ st e rn algnom ithm . t hree pro igmamnoer s c u d  n ioot
se mp p iv speem l te details while Ihe ren iam ro mn g f u s e ’ desemih ed f ive ei iffer e’nt s o lu ti t unm s too the
pmoob leno. Fach proogrammem tended In’ fo c mm s non a d i f fe ren t  part of the’ pmnohle’ m. pmo ov n dmnig
gre a t e s t  detail there  and co o r res~onind itog lv less d e ta i l elsewhere ;  loom examp le . snome p.cmt icmp .m nts
vs or m mc t t ahoout the user ’s input oil quer ies (hut again cnonc entrating non different d e ta i l s ) ,  white
not hers w e’re coo ncerned with internal file mani pu lations . ~:nd still tither counc entrato .’d o u no the
noutput features. ‘this rather extreme degree of dnversmt y is all the nonire surprisin g in view’ oil
t he fact that alt participants were gis-e n the sarrmc rns(ruc ef o(ms and the same’ set of on ’rv dt’ha mleoi
funct ional requirements. Furthemmeor e . t he pmnogramnoers were ver y  htinioogeneoiux wntt o respect
tno proogramm ing experience and tither pootentiat l y re leva n t variables , so t hese ind ivid ual
differences d o  not see’m too he a likely cause oil the d ive rs i t y .  We ceonjecture that nt was the’
pmoogrammers differential experience and competenc y with different aspects oil the problem
w hich contributed most to the diversi ty oof foocus and content. These ohserva (ions iniplie the
fundatm iental intrinsic difficulty of designing programs --  as evidenced by the present divers its
--an d coin firm such suggestions determined froom tour either studies.

l’he secoond major aspect ahout this stud y was t he presence nof twoo different “sty les ” oil
t le’sugning, which seeni too he related to the quality oil the design snoi ut ioo n.s. ‘t’he first ,
“programm ing”, style (PS) is characteri ied by a highly foormatted text , use tol pmoogranoni ing
count m oo l coononoands (e.g., “GOTO”), with terse , no b ject i v e , anti impers(inal writing. ‘rhe secnotid ,
“narrat ive ”, sty le (NS) has mini features characteristic nil proogramming, hut is siniiiar ralhe’r too
ex ten ded narrative writing --  with paragrap h structuring. use oil persoinmi l references , ant i
rep lete with extended descriptions and subjective evaluatiouns. Based non these ver y ge neral
c haracterist ic ’ ., we [mount) that an equal number oil proogramniers fell ino to o each gmooup. We t loen m
pem loor med mnore quantitative analyses ton the two groups , first in terms of sentences anti no’ . cral l
wnirels . and t hen in terms not’ the types nof woords used. With mespd’ c’r too the oover ail nnue ’. ms t mme ’v ,
a lthouug h PS required 30 percent moire tinoe than NS . the y  were muc h hmie’fem mi  t t oe ir
express ion nil d esi gn soilut mn um o s ; NS requumeei : 25 percen t moore sen tences . (ii percent nilnore
wor ds . iM percent larger voucahulary. anti 0)7 perd’efll niioime’ woo nt Is per sentence As lnom t he’
types nil woord s used in the two o grooups . we macic se’v e’ma l nm hse rvah ioins 0 m b  t h e  app .mren o t
pa mt - oo f -s peec h classes not the ISO mnost freq uent ls used words no t cac t i  grnoo l p Se ’s em ;m I
nt ilferences appeareni. PS niscd fewer adverbs , NS useei a noun.’h w ie icm v a r i e t y  oil xe ’rb foo m nos
h e ’ g. . present anmet past part iciple’s. n100rc frequent use oil nioodals luke ‘‘ x hooo i td ’’ ) . .mnid NS o us ed
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nuughly three tinoes as many verbal quantif iers (e.g., “eac h, all” ), demetics (e.g., “t his , t hat ” ),
and persoon ial prnonouns .

[he last nooa;oor no hscrv’at i ono from this experiment -- perhaps the moist p ro u vnuca tm se  hut also ,
t hoe least quantified --  is that the noaje ir characterist ics 0)1 design qua / t i n’  appear h i o  he
pretiictahle . too stume extent , from the (overt characteristics tof n i n e .  Moore ‘,pecifmca lls , we

oo h.serv cd that the PS design seo lutitons tended to he more complete , hate ’ f e w e r  nnh vm o nus errors ,
use moore inoef licient algor ithms , etc., t han the NS snol ut ioon s , It appears , them e foo re . t hat there
may he’ some hope in predicting design quality from novert sty le’ characterist ics wu tho out m ono
muc h further anal ys is not cnontent .

S .3 R L’( ‘O.~/ M E .V/) .4 1’IONS:

)omr iri s c s i mgat ioon s n ih ’ .mn o emsl ~ nun o l s just hegino too pmn v’ide’ m n i f o om mati e , nm ahoout the ’ ve ry
Cn om ii lnle\ u.ns k nil desn g mmin g M inch nouch more hehavio ral research is required hefoure the t , msk us
su f f i c i e n t l y vs e ll- k nmovs ’ n to permit e ie’ .clno pnnent of highly suitable and t ,omlo red Uinilv and support
ens imn o no noents , Sti l l , we elou have ’ a toum ber oil recoun omnoe ndati nuns which we feel are sufficientl y
snou nod .ns t o ’  te ,mrr ano t their inv est i gation at the present t ime. oil designing presented earlier.

Our mc c n mn oo mcn datm oo ns are theref e ure presented in two u secti ouns . tone d ea ling with the
.mc id it ooo n ia l is lies oil e’x perinoents we believe wtuulei he moost ino f o u m n ioatm v e , and the nother et i se ussl nog
speci fic ‘.olggest ioins loin desi gn toeo ls tom aid s,

6 .3, I Beh anmno r a / E.opo ’rmmo ’on ts

5 .3 1. I . t)o’.cm ,m n philo.vop hme.t — —  ‘the m ost pressing be havioural prohlcrno sec nums (~, Om S too he’
t hat nil obtaining soome enomparative quant i tat ive data non the re la t ive  character ist ic s eo l t h e
va rious design philoisophues One nun the either n m l these philnoveop hmes are heinmg aeinoptcet . ht’ ,/ : a t .
to) prnogr .mnmnoin ig norgan u/at ioons , with v e r y  little cv ideno e’e’ s uppoorting their ellectis en ness - -  either
th ,mn crude case-study reports tor anecdoota l  nohsem v at mn ’ io s.  Wh ule ml may he true that
per t nonnooa nc e gains can he ach ieved just by t ue sinople fact of .oll nuf the prnugrannmers usinig the
s onic tec hniques , st ill the coos ts oil ‘ .noftwarc desi gno - - and cr mn oms in theno - ‘  i i i ’ so high , t hat
sonic e’mpirical i” . est igations are amply j ustifiable.

We mecoonomend t hat a hehas itora l niethoodoo logy (e’.g. . t as k , sub j ect s , prnugr ;nuoov . and
p r o blems) he establishe d too permit comparative eva luatn o ons oil at least the fu illeuwing tech n mq om es
(t he person moist assnoc iate d wi th the techni que is given in pa ren ithie se ’s , a lnong w i th  thenm
.m lfi hiatinun): Fop—down structured pmo granimnm imn g (Mills , iBM). Moodomlam prnogramnmi unmg (Mve ’ ns .
IBM), Structomme d design ( Yoo ure loo ni nil Ynourdoon , m e. ), ano d Prn igm om mo m S hoc ’c m h eat numb I ang uuage ’
( ‘I’e ichmnuew . Univ Michigan ISDOS prooj ect ) .

5 . 3 . 1  . 2 .  1,ingui.o::t ’ .ct~Ie of ’ n ’s pr u ’’ o .cion - -  ‘ !‘he results oil nu o mr las t e’xper inme ’ nmt , stutis muog
so f tware design . s u ggests  t he intriguing pnoss ihih it y that significant gains in design qoma lm is  inlay
he ‘achieved , flout by loitloowing some cnonmple’x designo phileusop hy. hut mat hier h) a uminell snn om p lm.’r
adherence ’ too overt sty listic enon v ent ioons in ex pre ss ing the design. As ,iio im i terun ot ste’p iii
improoving software design. we therefnore reco ononoocnid that au e’xp em nno e’ not he’ e’ou neluicteel i t o  ass ess
w hether designs prooduced accoording too time Inu lloow ing types oil s is lnstic cn on is ent ioo ns resomlt in
proo duet iv ity non quality gains. Such cnon mv ’en m tm ,, nm s woo uldt inoclueie : ( I )  use oil no nolv m n i m pen , n tms c
sente nce s (a s oippoosed too declarative nines), ( 2 )  av noi t iaun ce ’  oil cnoheoieleei phim~ise’ s to m c lausc ’s , i 3)

~

r

~

TTT ‘~1I 1t” t~~ im’1~~i~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- . .-— .- ..-.---‘

I’ .ngm. 37

c’ mu m ph.osis t o n i  p100% meting highlv - f o o nnoa t ted  segmc g’.utmo in eol dille’nent cn on t e’nt s ta tements  (by  nic’a no s
o h  mni dcu itatn t in , use o uf  labels , e t c . ) .  and (4 )  nomnmtn nling the’ use oil qualifiers vs mthun sentence s ,
so m~h ,os ad~ee ’ tm v es nor .nclv erh’ ., tos tolea nos nof using a greater number of outhit idual sc ’ par , ite
s e n t e n c e s  too express t hese qual il icatmo ins

S m ~,‘ o f ce nma pniuo nlata ’ vJ’ e ’o . . I’hrnoughoout this mepoun t we’ have ’ suggested the’
l ino ss i tol e ’ uu m t i t v  o 7 testing the’ miot em n , i l  en o ums mste n ey oof hugh-level designs toy niiea umo. not
c’h .mrae ’te ’ m n iat uo in ’. iii terms ool da ta—n v pes .oneJ se mantic rest r me ’nm nrn s toe’ t w’t’e’n no peratnuns and
eh e ’ hmne c h o t a t a - t ypes  th is  .op iom o uac Io requi res the designer too cv nu lv e a set om f descr ip t ive ’
e t , i t  .m iv  roe’ ’. too  he .mss ignet l too e’ac h data .mriahle , xvi i m eac h oupemat i OiTi nil) ,oruah les too toe

~h. mrac tc ’ruied ito term s oi l vs ’hmeh data-types are pemnmiissahle inputs in ’  the nmperatour s and what
the resulting data-types ,nrc afte’r oop e ra tn o r app tme ~ntnuin ( s e e ’ Sc ’ e t n n o m m ’ . 2 3 2 . 3 3 . ano l 4 2 I 2 ) .
‘Ac  rccnonnimen d that this apprno .mc h he mnip lc ’niemitee l four test mn og under lah ooratnor y c omn o d ut mon s too
permit ev’a luatinon oil the poote notial ut ul m is nil th u s .tppr no ’ach

5. 3 2 .S’pt ’o u / mo ’ onf twar, ’ do ’s n gn a .dt

5.3 2. I. (.‘ht ’o ’~.J,st.v - -  J’here .nrc’ ,i number nil ste ps in the desmgn pm noe ess where the usc nof

t ore e’ .t .mto l isheel checkl i sts  nought he usef c ml in mrnprn ov iru g the cn m nip let c n mcss and the nmrga nt,atin una i
eno herency nof the eiesi gn sno lutinons , In the ver s  first step ito which the e’ hicnt c no n lm m tm n mca ue ’s t he’
pro blem requmnen ients to ’  the designer . t w m o types ul chec klist s couuid he gene’ratee i iou ass ist this
phase ( I )  .o checklist couu ld toe lornos idled the client I ’,’~, or , ’ the pmn oh lem n is presented too the
d es igner , too m uo s une ’ t hat the c lie’nt had cn iros idem ed l ahead no t time all out the nntpoor tan n aspe cts not
pmnn hleni spcc if ica t ioo n . including sta te ment  no l gooa ls , re latio nnoships too he e lfeete’oi be tween nother
s\ steno s dir s no f tw a ne . t inne’ nobouney man pnower resource cnonstrair its , ctc ; ( 2) a smrni lar checkl ist

~n otm lel he p rn ox elect leor the cl ient—desi gner interac t mo i n too insume that all aspects not t i roo tole m
ele’f m n mt i on t were sufficiently i’oiy’ e’reoj in their diseus.s,urn, In the stage fnor dcs e ’looping a high-level
t tcs mgn [room functinonal req e mmr e ’ n ime n mts , a s tructure d chec klist couuld ,n ls no he develooped too insure
t h at the designer load attended too and s ucee vcltml l v rc presen oted so ui ut io o nm s four all ouf the separate
ete’si gno mequ irements . Finall y, a checklist coould he proovided too insure that all the neces sa r)
detan l w .ms pneovided in anop iif y ing the high-level design into the v e ry detailed level nuf design
Iroono which too generate the actual proogram code (e.g.. spee il icatioon tot input and output
nu iter face s between adjacent proocedures , checking coinformity eof design aspects w ith
reqdmmmeno e nts f t um linear coontrool transfer , loom passing oil va m iahles into) or tout tot pr ucedo imes , loom
appmnopm iate toperatiouno sequencing --  these based ton the best “convent ional wisdo ono ” avai la b le ) .

We rccoommeno d that t h ese checklists he developed as aid s loom the desi gn process and then
suitably evaiuatee i in labooratoory perfoormance tests ,

5 3 2 . 2 .  ( ‘aia logue.c of ’ pr nn o ’e.s.n a Im~i irmt hm.n - —  We believ e ’ t hat the e’oomp lex u t v  tot  snof t w , mre ’
desi gn can he redemcce l v e r y  significantly tos’ permitting desi gners too ~‘Io ’n ’t app moopri a te
som to -pr noc esses rather than too generate theno in the design (se lcctieo n toeing we ll-kn oown Ito he a
s m mp lcr and less erroor—prn o ne hehas’ioo ral task than gener atinon ) . For e’xamp le , c’no m m s uo ter the
sutu a t i non o m m  which a designer is e’limhoorating how sno mnie large data file us to o he searched loom snomn ie ’
target data. In our last sooftwame d esi gn ex perinuient we oohse rved that seve ’ra l oil the’
proigrammers devo ite d a relativel y large pmooport m mii nil their toot a l nle’s mg n m cno n le’nt too s pe cm (vm nmg
f i le—search pr no eesses , w ith a great t ical euf t i iv ersmt in the mcthnoe) eiese ’ m u heel . ‘\s an a l ternat i v e ,
w e  recoumnoenei that  cata loogues of va mi 0000 s kinds not I°ro’ocesses he noaele’ a’. am l,ohle’ - -  eithe r no r m— nor
o i f l— hine - -  such that the designers coould s pec i f y  t he i r  requnren ments foom a pm no ce ’s’. ,nnet t hen
elet cm n ionn e w hat  tec h niques we re  a/ro’oid;’ nI, ’ so ,t~,n , ’nl and mir o :mlahlo ’ tn o  acco onn plmsln the’ ot c ’sireei
po mr pnlsc ’s I louis , loom specif y ing .u f i le—s ea meh pmoicess , t he eiesignier w nooil c i acce ss t he’ cat a lnogune’
vs it bo .m o le’s c rn p t m oo n out the’ i rou e ’c’ss soought — —  e.g .. oi f i le—search - .,m lnonug vs it tm the ’ P’art ieul.o r

- —,‘ ,, l i i  1mJt1 ’~~~ - ,
~~~~ 
[i~i$JM*at~~ an.~~~i .

~~
_ _ _ _



e’nonO s t t . i i n i t s  00 m1 tt ie’ 1 o n n o ~ ess  — e’ ~ 
, the’ no rg a rom / a tmo i n  oil the file (such as ‘‘ incie x e ’d .se’qun’ntu . i I ’ ’  

).

vs tmc ’thcr  the e t , m~ a soo u ght us a ‘ ‘  ke ’ s “ ( me ld in the ’ tile nor an embedded lucid . e tc  A
lore ’ ,,‘ s i . m to l i sb oo ,’et l o i o ’ , e ’’ .s ~‘ . ,n i t Ief t he rm  he’ mel eno t m hu e ’e I in the’ n.’at a lnog uc , 7.’ i s m n m c  t he’ nm .m nomc ’ ,l t he’
lom n,~e’ ss . t bo e ’ l um l out ,  nout lout ,.‘ l i , mi , io ,’ un ’ rust ie 2s , c’k h ue’ designer s t i o u l e t  thc ’ mu sun pls mne inn.’ate iii the ’
des i g n t hoat . m p n l oo r  nl e l mn ic ’ tt lo r n o c e ’s’. vs ,i’. too he’ m nnovked  at that  p00 mm , g iv ing i t s  na nooc anti

e t e m ’ , m ie n ’ n n tn om n nm ,u t mnono  ‘o~ e be l i e v e  that the d e tamleo l  , isp eet s oil s nul twar e . v s ter ims o o t i t ’ i m  require’
dise’ not  ,o l ,u re’e nuimn mmhe ’ r to E pm oe ’ ess c ’’. vs f inch could hi.’ sianda rc tu zeei ,ucr n’’ s .tp~o imc ’ai t on i ’ ,, w r i t ten )  for
ge ’ nu e rz t luie’ d disc’ , a nm d , i i .o ) , ’ g i in ’ ni loom re’la t mv e ’l~ c us s on ’/m ’oiuno p u hs niOe’ ,mtms nil ,n ‘ , . o t , t l o~~:,, t r n o ’ v a l
m iml ,o rm oi,i t in mmm sssie u im 1 5 c r  5 tunic a nle ’sugne ’r se le’cte ’c l such ,m s ta nc)ar elmt ed pm oee ’ss . m s no ln t u uosed t o o

w r i t i n g a sino mi lar  none ’ 
‘ ‘ l m n o u r m  ‘oe’ ra tc tm ’ . ma ims n , mn e le ’ss ‘as we ll as n.’n o n occp tua l  c’ r r o m r c  n’ ,o u lo i toe

‘, id ee l

‘A c’ t t m e u H o l e ’ rec oo m m ou mmen m ol  t tm .u i  the t u t o l i t s  I thus  im ppmn oa eh he tes te d  toy aeeon m plislumng the
l n m h l ’ s vm t m g  s t o p ’ . I I ) e’ j t e gno rm/ e’ s , o l t nv .uru , o l o l l io .’ , t i i o o m m s  h usp i ’ 5’ ,  as t o o im i , l x , mmi l / c  t Io~ umun ii hci n o !

c o om o on onu n mls  used ~o r ,oe ’n’5se ’ s .in ’ r o ’ ’ .s .ill no t it ie ’ .u p ( o l m e n i i o f l s  nil none is  pe ’ ( e .g  . uo ne’ is po .’ ‘I
;ntop li n ’ a u u o o n o  e’nuuiCc ’lli’ I ’ l ’ ’ f t ’ i , J ( ~ , ’, ;  , n s !, ’ i i i o , ~m u i o o t h c ’ m us real - j i m , ’ I r r i , ’rr u4[ ’t pro m t o  ‘ i i i ,  e t c
,i1op Ii~ , i t i o o i m u n y n o l s c s  ,u mi om uintoer i t  ror oc ’e’s ’ .e’ s coo u om u mmu m u ’i t o ,  e ’ ,tc h ty pe ’ , hut d i f f e r e n t  l o o t ’ s  i n  ii

t s p e ’ s ) . 12 )  ude’ nm tu l s  t lue lm m c h I i c ’ n j i i ~~M C ’ . o.ti.’i iinle’el ) i o n o . ’ e’ ’,”o.’’. m uu sno lsed  m o  ca n Ii ~mpp li~~i 1 n o u i  1) ‘c .
,mt iel s v u m t e  ge ’ n ien ’aliie’d prnog r~m mnms too ,i’,’ ’ , , o nmni d , m te a ll nil the s ,n r l , t t i ,o n s , ( 3 )  duv e l,’p
i,gl i ls ‘ m um ete ’ x o .’el e’ . i t .ml oo g u e nol ’ the pr c—es t a h lu shec t  j o r o o e ’ e’ sse ’S I i  ca c ti a pp lu cat i nom i  IS le sd io,’h i!u,ut

ete’ ’.iguue’rs cd i i  .nn,’o .e ’ ’,s the’ n mi f n o rn ma t in m n m su , i  a s , i r ie ’ ts  ‘ ‘ 1  s s n i o o i m s ’ r u i s  .ini descru lotnors . aunt (4 1  ii i,ik~
t hese ~,ii.m Io ‘goes ,ns .tm i, n hle four de’s igu me us e le ur m umg u heir act ual desmc  ii des e lo opn me iii ach y m i m e s .

5 3 2 / / i , ’ r , j r ,  In. ;/ [ ‘r u o ~r m ’ o : ’ ‘n /no r - -  ‘A t ’ be l ie v e t here ’ is  s e t )  t i n ’ ie ’ i mt  n’s d c i i’,,’ . I wino nutir
no hsn.’r’n , n h i , o ns  .j’, w e’ll us Ir no rm i ea s e - s tud ies . tno be l ie ’s e that the ‘‘  iu o ; u —i . t nowun ‘ ‘  on sun’e es s l ’ .
elc ’c n oml t ieo ’ o i t m n u i o a 1upr to .me’h is e’ enn m pat uhle ’ vs t Im t io c’ unmtrnn is i c hetias mound nature c ml sno t  isv .n o.’ otc ’ s ic i~

m e t . n l s o o  ‘I e r ’ .  s ign u l me’au ot ady nu no t , m g e ’s Inor m u mu pr e o x mui e’ the’ prn on .luc i is  i t s  oo t de’s mgr n e’rs .ti, . I i t mc ’
qu~o l i i s  n o t  the ir de’signus . ~e\ e’ t h e m ’ !  ior ~’ re cn onTo n ienld t the des e lno pnme ’nt oil ‘ .po ’eo ,u l i i cn,t
pr~o gm.mnm m d e s ign n,’t m nmp n mt e m ed utnor m o o  hnu cm l . nu ,u ie n l cs i g mm i n g  ,i.’e ’ oo r d i mmg  in ’  t hus  p t m i i o s o ’ p tms

l’hc e” ’ ni t r . nl  eou mc ept unoderlyi uog this uneihoo ct is ub o a t l o i no ~’~ s’.~’ s i re n or g.n ululedl IH, ’r ,,, i i,’ , i / t i ,

sv i tt i  time degree o o l  o t e t au l  co urm e’e’m nmng the’ pro ’ n.’esse ’s hc i’mg an i m in ’ m e ’ ,ns i i ie t ’ omno ct u n o mm i l  t he’ ‘ de pth
w i t h in time ’ hiem .nrchs’ . If niesi g nuers ,nre iou c rea te  s n o t t  t°. .ir e’ 55 ~ien 1ms toa scel non hu c u ,ireli ca l
n o r g . m n i i f i ( i n o m m . the y sh no&nld toe’ amde’d ni t l m i s  pi oo. e~ss  Nv 5 7 0cc .iliie’d n’ ou nro pmu t c ’r e’ n t m t n i r s  sv f uel

hi ,iin,’ all nil the’ hier arc h ical n iau i ipu la tme o nms t h at vs ill toe rcq umr cet — —  c g , searc hing for t .nrge’i
,t u s urinous t u i cr a rch mn’.ml eie’pths , insc’m tmu m g our d e l e t i ng  wi th i um hie ’ i , i r e ’hi’ ,’ ,i( s t . ig c ’s . c o o ps inm g nor
f r , n iostcr nmng parts o f the lmuer a rc h y f mno n m m none place too nm nn oi loem . ete ’. We k ‘ a o sv not noou c’ditn nr — —

o s c u m  ,n s a r e s e a r c h  pr nojee t — —  w hie’tm co mt m l ot  nuet equatelv sdip pnmrt such . ie t is  t ie ’s . p i n s  e l in i g  toll out
t ime ’ desur a tole tm uthu retet uinng features re’qu is ite’ too fu ll supp o r t  nof th is  appmno ac ’h i’ re’vc ’nt pro o ~ m iii

c’ e! i tn or s — —  even the most ,m e ls tmr uc ’e’el lul l—page ’ e’ot ito rs — —  pm’ niv ’ iele four oor g, i n i / a t inon i  tot int no rn uim t inuu r
at nun ly nine Icy eI.

Ac co ur dtng lv . we recoomn menoe l that .i hue ’ rcm m clm ica l e’ei i t n om he c ’. e lno pe’eI (and c’v , nlu m a te ’d I t oo
soipp o rt t his d esi gn phikoso uphv. W e’ misc ’ t Ime Ino ll nowin ig hvpnot hme’i ie’nnl examp le of arm u u o f ,o mmioai i o ’ r m
s vsnc ’rno be’ in mg de’v’ e’ huped hiercmre ’bo icimlls . in vs ’ hmcl u e’tme ’h rnunmmh ere ’tt s t tm i enn me’u ut us the nte ’s er ib o t i s
it teno tu f ie r  not a p o n o e ’es s cse ’ ntoma lly too he ela hnorated m ot to  pro o gm imn nm n mmi mng c’oo c fe ’; t he’ c’ ’ . tumii tole is

incoo n mp let e anei repres e nmt s .ini ea r l s  s t ag e ’ nil x pecnfv ing the ntc ’ s ie ’ rn . 5’. it h greater ele ttuil g ive n
soome ’ t o ‘.i’~

’ e l  s tim a no nut hems

1, O B T A I N  NEXT INFORMATION QUERY
1 , 1  CHECK WORDS IN THE QUERY A G A I N S T  D I C T I O N A R Y

1 . 1 . 1  TOKEN I Z E  WORDS IN QUERY
1 , 1 . 2  DO U N T I L  END OF F I L E  OR U N T I L  ‘‘ E R R O R ’’

1 . 1 , 2 . 1  GET NEXT WORD
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- - - > 1 . 1 . 2 .2  SEARCH D ICT IONARY FOR WORD
1 . 1 .2 . 3  RETURN u 1 ERROR In IF NOT FOUND

1.2 CHECK QUERY SYNTAX
1 .2 .1 SEGMENT QUERY INTO TPI~~LES OF

ATTRIBUTE - OPERATOR -VALUE
( E X :  “AGE NOT-GREATER -T HAN 30”)

2. SEARCH F I L E S  FOR DATA S A T I S F Y I N G  QUERY
3. OUTPUT RESULTS OF F I L E  SEARCH

3 . 1  DETERMINE IF ANY MATCH FOUND
3 , 1 . 1  IF NO MA TCH , ISSUE APPROPR IATE MESSAGE

3 .2  DETERMINE APPROPRIATE OUTPUT FORMAT
3 .2 . 1  CHECK USER ’ S PROFILE FOR FORMAT DETAILS
3 . 2 . 2  IF NO FORMAT G I V E N , ISSUE REQUEST

TO USER FOR FORMAT DESIRED
3 .3  PREPARE OUTPUT ACCORDING TO S P E C I F I C A T I ONS
3,11 WRITE OUTPUT ONTO DISPLAY DEVICE

We ’ now describe some of the functions which a hierarchical editor should perform for the
desi gner. For purposes of illustrating these functions , assume that the user has just completed
entering the line numbered I. I. 1.2 , as indicated by t he arrow in the above figure. Because we
believe that a hierarchical editor offer the greatest potential for facilitating the design process ,
w ithout awaiting further research efforts , we describe the functions in extensive detail , to

indicate the complexity required for adequate support .

I. Controlled display The user should be able to selective ly display various aspects of the
system under development, The parameters for controlling the display should include the
following: ( I) the reference points for the display, at least three such --(a) from the “top ” and
beginning of the design , (h) from the point of the last entry or modification (or search) in the
design, and (C) relative to any arbitrarily specified level; (2) the direction for the d isp lay ,  again
t hree such -- “up” to a higher hierarchical level, “down ” to a lower level . on “across ” to

entr ies at the same hierarchical level as the reference point (the latter has two further options
-- “forwards ” and “backwards ”); (3) the extent of the display --the number of levels to he
shown, specifiable as either I. “all ”, or some ar bitrary number , Assume that the syntax of the
display command is: “SHOW (RFF.POINT) (UP/DOWN) (EXTENT)
(ACROSS-EXTENT) ”, w ith omission of arguments defaulting to the last prior reference , for
REF,POINT, and to ALL, for EXTENT parameters. The command “SHOW UP 2” would
then result in display of all hierarchical levels from I I down to 1.1.2 .2 ; similarl y. SHOW TOP
would result in display of the whole hierarch y.

2. Addition of neus’ maternal - - The desi gnem should he permitted to enter new material
anywhere in the hierarchy with ouut having to m t ra x erse (up or down) that hierarchy. Thus , the
editor sho uld support a request to enter mew material w i t h  a parameter indicating the location
-- e.g.. “INPUT X ”. where X is the loicati un identifier. Assume the designer wishes to enter
the line “ERROR CHECK ”. Given the last entry at 1.1.2.2 , if this new line were simply
entered without a location specified , t he editor would assume that it was to he inserted at the
same hierarchical level as 1.1.2.2 and would assi” ‘ ‘h line number 1 .1.2.3, rc~iumhering an)’
lines following (thus the existing line 1.1,2 .3 ‘ timbered as 1 . 1.2 .41.

Location specifications woould he parti The partial Iocatnon entry “INPUT
.10 ERROR CJIF(’K ” would thus resum oR (‘HECK ” being inserted as the
lower-level line “ 1.1.2.2 .  It) ERROR CFII’ t. i~ . ~i .,uhsequent entry  om l “ 7 FOE ( ‘HECK ”
would result in an insertion of the line “ 1.1.2 .2 .10 ,7 FOE (‘HECK ” ( it flout being nece ss t mrv Ito

L 

repeat the INPUT token again , once the input mode is established). A o ’omp lete loo ’aimo p n entry
suc h t ms “3 ,1 FOl CHECK ” wou ld result in the entry 0)1 a new line “3.2 FOE CHI CK ”, with

-‘,*—

~
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renuno tocrmn g oil the line 3.3 to ) 3.4 , etc. Finally, desi gners s hnould toe permitted too .ude t t r w
nmater o : m l w hich us flout y e t  tot he integrated into the existing mauuu design hueraro,’ t m s ‘ - t o o  pcr nu mit
the’t oi to deve loop po r t i no m is  oil the pmoogr am when they are best able t o o  dnu Sn ’ w i t homut  h,m s rig t on
s p e c i fy  at t hat tOnic’ where’ t hese po urt i ton s are to fit in. I hus , a prefix indue’ato r suc h as ‘ ‘ t I
c nou let m n o e lmca tc that the new material was to ) he’ u,mt , ttan hed too the main desi gn tree , suc h that the
entry ‘ ti 2 I 2 l’( ) I• (‘IIE(’K ’’ weuoi ld result in the c uc at in ou nof a separate hu uerar c h met ml  to  cc wi t h
time ’ numerica l mdc ’ n t mfmc at m to no of ‘‘ t 1 ,2 ’ and tmn e’ntr )’ of ‘‘ I 2 11W (‘III ( ‘K ’’ if l tou thus bo ic ’ r a mn ’hv .
a sO m hsen 4Uenlt entry of ‘‘ 1,1 .2 I 2 ERROR (‘IlF(’K °’ would insert the lone “ 1 3 I’RROR
( ‘ lh i t ’K ” n ntoo the’ 1L 2 hocm to r e ’bo y , w ith apprnopriate renumbering .

I ‘o f oo nv ’,rio ’,mt i f  ,inai’o’ria/ - The hierarchical editor should also support fae’u hu ’ [ inn ’s c m e m m i o o ~
mate ’ rma l lmtn ni u none part t on annnt hc r . t here toeing tw n u h’o tn s ie mnon h i ’~ ( I )  o tcs i r ue t i ve  m oose ’
——noat e r i tu l us ni ono ’. co t too a rue w Inu ca tn oon and deleted Irooni the told , an d ( 2 )  nnono—destmu e ’t is e’ nuin ve

nn ,ntn ’ r mt m l us c’no pie ’n h Im no nni an oo ld  I toeatioon too a ne’w unme , w itb m n ,u t ol est ro j et inom i . 1 he ss [ mi t t S no t
se ie ’h a ‘nois e e n o n mn rno nom md nn mi ght he’ : ‘‘ MOVE ‘COP Y (Ot.l) 1.OCA II()N ) I NEW I ( )( ‘A’FION 1.
I b u s  ‘ ‘  M( )\ I. 2 t o o  I .2 .1 ’’ w’ no u ld result in the’ re lno c tut inun of the lines 3.2 , 3 2 I , and 3 2 2 t o o
he t he f i rst  l t ow c ’r k’s e’I m m n uole ’ r 1 .2 , t he e ’xist  m u g  line 1 . 2. 1 ( tuod its tum w e ’ r— lev e l  eom pnon ie ’nts I be irut
rci m n mni hcred w ith the lenuc ting oti g its I 2 . 2 , and the lines 3.2 , 3. 2 .1 , and 3 2.2 toeing remiurn he rcd
as 1 . 2.1 , 1 .2 I I . tnnd 1 . 2 . 1  2 res peet iv c l~ . Su hst ututi onm oul the word “COPY ’’ loom ‘‘ MOVI ‘‘ i um
th is exa m ple w n uld lease the 3.2 .X lines as they appeared and insert a copy ni t  them ,ns
ehcscru heel ‘a bt o s e.  Snuc h no fnmei l i t ~ guses t he’ designer tre mcrmdnous power nn ie ’st ructo i r ing time
elcsigim - -  ton nncti tun which uoce ’ urs v e r y  freq e menoi ls during software design.

I too , MOVI” ’C OPY cru nunomand wn uuld also ,  toe u sed tn u mouve (nor enop y I independent
hierarchies (such us the “1,1 2 °’ exa nop le) in to t boe primary boier a me hy. ‘‘ MOVE ( ‘ .2 2.1 3 4 ’’

wn o uld thus result in the destruct ive rc l oue a t mo on no t the partial hierarch y under t Ine uioo dc 2. 1 iii
bou ert orehy I.. .2 to) the lnueat io)n 3.4 in time primmo :nr v hiemare hv.

4. C ‘c o , i i roo ll, ’cI tofl!t’,si n or t h — —  t he dcsmgu ie ’r shno uld he able tnt setnmcto the hierarchical
design lo nr occ urrences (of ton y pmoce’durc our sarmah le ’  — —  on r any clas se s no t these -- s ubj ec u too
specmlnn i to le eoonel i tu oo ns oo f  ( I )  hoic marehie al lev e l  and (2 )  contex t .  l’he sV l i i : i x  of this highly
coonoplex lun e’ti oon might he: ‘‘ SFAR(’ I l  (FROM RI IPOIN’ I’ ) (DOWN FX 1’FNF) FOR
(N \ Mh ) t IN  (‘ON F I X  I “X °’ ) ” . Ihus , ‘ ‘

~~FAR(’EI F ROM 1 . 1  l)0\\’N I I OR ‘1)1) LJN ’I’ll . ’
w nuu leh result in line’ 1 . 1 . 2  toeing koctn t c e l . Addit konal pn)wer cou ld he proosided by pe mun oitt in g

t he e hesug no er too etefi nme n ato’gormn’o o)t nanoes . suc h nov wo o rets  indicating ran s fe r— of-e ’on rmol ( c g.
‘ II’ , PU, (‘Al .1 . ’’ , etc. , id ent if ied t inder nnan oe ‘ ‘ ( ‘A l  .(‘( )NTROI “ ) : then the coonon uma n ud
“St ARt ‘II . . .  IN (‘ON h EX  I (‘A’l’ .CON’rRol ‘‘ would result ito a search foo t the elesi gnoatee t
t ,mm ge t in t he c o on o t e x t  nil any woord defined as a tr a nsf e ’ m- nol —e nu nt mo u l  e nt i t y  (the e xa ct
spe’c if ieat oo no 0) 1 what is no ean ot by ‘‘ context ’’ cnuoi ld have se veral pamano meter s , bout this is flout
t reale d here’I.

5. I o ~o~ u4p[ n e , i t alno,n — —  Finall y, t he dcsngner shoould he Si’. en t he e ’apa to i t i t~ to o n ot t , n e ’h to
n n mn e ’ t y of e lnoeun uoe ntati oo n and tither inofnur matinun too tony n u d e  in the’ desi gim hie mtoreh y Floe

hie ’ rtor e hoeal s tmuctnir e represents c ss cu o t i t n l l y t he ‘° e’no ll i ng ’’ str u cture nnn m no n no s eptor nuu e ’ prnue ’cel mmr cs .
w here , on net vs n ork terms , the’ re’ ln o lituuu bet ween nnodes tit d’ s( oe e’ mnm lu. ’e’d I m is t n ’ —ou t - c o o n i t  i i
re lat n’ uos — —  e.g., t here is tin tome fmoom 5 .1 1’O 5. 1 . 1 labeled soon uet ho ing like’ ‘‘ ( ‘ \ h I t o o ’’ , w i th  a
resc ’rse tore lrn nii S I 1 t o ,  5.1 labeled ‘‘ (‘ALl 1:1) l”ROM ’’ , w ith time is’ . no ,oncs m eltn t mu n m,, S I .nn oo l
5 2 I,uhelcel ‘‘‘l’RANSI FR F()’ ’  and ‘ ‘‘t ’RANSI’FRRI’ I) FROM ’’ , \~~o suu gg o ’ s~ t lo .ot , ,nLj oit , o ’ i , n
c l a s s e s  nof ;ore—r e ’ I , n i i nou m s he de linmed too pe’ruuiii n nssnoe ’ i , nt ioun oil oothei k in mol s nob iu i l no rnmo,nii nouu w i t h
eac h ni no ole ’ . 1 bios , a ‘‘ F)oe’unoeni t ’’ ri’ l ;ot i nuno mt O’, toe defitoed whie’ bo as s noc ’ m , o i e ’s c ’ . lol ,nnm aiu or
immater ia l wi th no r i n o the ’ . s iniil :orlv, ‘‘ I 0’’ re latnoun s may he used to o describe the i u mp ut anoel oon m l l o nm i
e’ b i ; i r no e ’ te ’ ristics nol to nooe le. By noe t o uos nil these se pa rate ’ e’ l,isse’s nof mn’l a t i t o n ms ,uny un m nn uu ni t  n nntn l k i no d
,o f i nof norn ota t No n c non o toe’ eIi rectl~ . o s s o o e ’ i , n le ’ t I  w ith i the pmin m m .o m% pmo occ ’du mrn ’ . 1~ ’o, , 1  s t , i t c ’nouc ’ n i i ° ., ,urm o t ni le ’
c his~o lnuy en o n o nooa nel w n ,uil e t hav e an nod el t t i n ’ n mt o l Piornnnil’ter too shoow our in ’  sunppre ’ss t h is d,n i. o
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Page 4 1

We have described in extensive detail the possible characteristics of a hierarchical edittum
t om illustrate (1) how conop lex and sophisticated editors to support software design could he .
and (2) the “aiding” and “unhurdening” t hat can thereby result for the designer . We have in
fact developed a prototype of such an editor - - with the above leatures and many more -- and
very limited testing oil such an edittor confirms tour belief in its utility. However , we lacked the
progranoom ing resources too develop a high-performance version of the editor for more extensive
testing.
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ô. INI 1S1 ’IG,4 i ’I ON OF P R O GRAM  MOD1I ’l ( ’.4 TI ON 81,114 I ’IOR

h.1 .~1O ’I ’l l ’ .4

l’he resea rcto elescritoed it o the prey m o lts sect 000n s has heenm eoneernoed w u t to the too’havo um ,~h
pr oh hen o ms no ,ntt ’,nt ’moIto1 n,0~ conn uipute r proigmnonlos ‘ line eonmp letioono oil a well—d esog ne’el . vs t’ l l -e ’o o o he’nI ,
dcliii gge’ob a no d tested Iumoog rt t iou is n m oot , boo owe s e ’ r . the’ f un a I stage c ob the s not  iw tor e ’ - dc se ’ lopomo L’ iou
pr oc e ss I no ll oowi ng del ivery t ’ t  the snob ’ t wtor e’ lO .me ’k ,Ogc’ t o o  the ’ ‘‘ t’ustounot ’ r ’’ t here’ toe’ g oum s .n b o ng ninth
d’ t OS I Iv  ii o o e ’css oo f prtov’idin ig suppo o rt se iv ices for time ’ prnugr nonmm k n000 w ni .os proo ,o,’romfli ‘nnii , n to ’ p n ap n n

l’he’ utm , o iumucu u . n i m e ’c sn ’ u m c c ’s e’auu toe re ’ qooore ’t l l o o n  nman my vd ’.ni s —— .os lno n mg ,os t ime ’ pn n ogu ~nn m m us ti se’nt
.uu mt l lime’ d’u OS i us t ’ s i o m nm no i u ’ d os he’ m u ng not least tw oo —t h iu re l s  nof ti me o o s e ’ ial i tn o t a l  e’no s t n o t t h e ’ Ior no s ra u nu
prnod nict , ine ’Io it l in mg ebe ’si gnu non o t l e te ’ s t ’ lo o lon moe ’ im t I’ iOc’ se’ se ’ u v i c e ’s moie ’ leoe le ’ t ime’ t n o ll,,w tog ( I I

e’nor re c t i to g  to t m det e ’cte ’el sy nt .oc tm e d’ rroor s ‘‘ to oogs ’’  — ito the pmoogrtonmi . 1 2 )  e’ bm non m g m nmg 10 ,on is  n u t t ime ’
Ioroog r.onn , which . ni llhnoug hm vs m l h u o un t ‘‘ bugs ’’ . t b root e’n o nm bn o r n uo to time ’ oorngo uu . n l du.’s ngno spe’c u f o d ’ .n t i n o u i s

nib tIme ’ j omn og i . nuu u , 13 )  n iot l iivoom g ( lot ’ pmno gr no im n nm ntce ’o o ie b n o n o ce ’ s’. mi ii Pit ’oj ’ ele ’sigui rd ’o b nm , r o ’ uuu e ’ n uls
u, g , , too lim os ’ itle .otte Iu t ion tol Ion noc’ [ iou in e’ e’to II the last two )  v ers ue’e 5 ,orn oo ~ m l  p

~u iOu ‘nh I i t / i  On

Fo o m e’ v n ’ i %  ,os boo ’e’t no t t Ime pmu og r nn n Im u mm i nm g (o rn o d ’u’ss P~ °’~ 
Iou pmn ug rn 000 i n m o n o t h m t u n ’ , n i u n o m u  n t oe ’ u e ’ ant ’

, n n m t u us t o onols ,o nmd te’e’bm n mi e ic mes w hu ie ’ l o c’to ni he’ use d too b’ttc ’ n lu la t e ’ Ilonose pimnive’ s I iou’.. t hmt ’ ne ’ . 010

te ’c’ l mnmmt i o i e ’s four no ht nom o m uun g ‘ ‘ ss i’ll structured ’’ o hes i gn’. no rth e’o oo te ’tb lo,00 grt o n i ns , t h mo ’ te ’ ur n ’ ;n un umum m t o o ’i ‘ C
S l oe ’ d’ m t l b n l d ’t l ele’ho uggu ioe ’ m onths , inn ae le litioun u too tIme eletoo iggnnmg u t mb u ornu inotu to u i  su pplied h% Innnn gi i . i n ’ e ’
en ‘iou pile’ m s ( .0 nod u nt e’ rpre’ t e’ i 5 ) a noe l there ’ ii e ’ .0 linus 1 not slut’ en tol i it’tI tee to no ut~ Ut’ s to no e l pro ogn .0 nb s b o o m
e t e ’ m d ’ us o nmg ;o i m d f ic ’si nuiut t iot’ ot to t ; o —000. on ni iueol noti oon non ief coi rn (rn ui —f iouvs ’ c’tn ornoe ’Ie ’ris ine ’s’ n o t  thin ’ ‘,nuf lv,.u nn ’

In u .odtt i t i oo no . ti me’ ~o roo grt o nm unmo e us s’. ton o pc rfn o m nm i 0000 e ’ ms~oe ’ct oul t ime’ ~~~~~~ e’ nonm n O n os t  o o t t o ’ m u  c’ no i i s ou l t

v’.i t hu t i n oose ’ w boo o  pt’ i to i rn m o ti me ’ no th e ’ r  .Os bme ’d’ ts  to s t ime ’ Prnogm t u nn i te ’ s t o i ’ s c’ no t i ,n s k 100 110 t rnonom t I m e ’

~o t n o gI .i nm u ot o .’s ugui e ’u s  w i t i m  re’spcet too  t es to im g  e’ootmo p lne no tet h proogr no nno s . luntlt’ e’eI , t bio,’se’ s& ’~o n O m , m t n ’

~~~~~~ 
too iii ito g t u nod ’ t Ro n os ii e c ob Ic no pe n.h oom omoe th bo ~ t lie’ s t o umme ’ grtou p co t  pc’ mx n ‘ins , sOt dii ti n t nt ,n um \ Phi ,n Se ’

d’ .O i l to o.’ I ,on. ’ u lu t ,ot t ~d to~ ttoe ’ ur coo u msi de mnihle’ k n oo ow le ’eb gc no t t i me ’ lo urpom se’ o o t  the ’ I” tog ,unm no ioo l its
.il gnor ot  hnmmu c ~‘ Iu,iu’ nu~’ ie ’ r is t nd ’ s

l oom t lie’ pm~ g~ no tin nmodi ho e at iono limo oe ’ess , hou we ye  r , t lucre .0 re Pin ’ Spc’ o’ o to lii eel .m v s is i t t  mm cc ( non ‘Is
‘ I t o  m i mt o ke n om not te ’ rs w o r s e , the’ proog mnonm nmmer w h moo is too ummake t ime ’ nuo oodibi e ’,o i in o nm s typnct i l l~ hmt us ne’v e ’ u
s ten o lime pr oogr t in m u toe lnore nond therefomre htos 1100 ~~~~ o iom derstan odunog tot i ts pur b000sc ’ nor (s
t o n n o e ’ t un o nui n mg. l ime dlo)d’unic nm t no t ioonl nono t i m e ’ lirogranmo is ah nm mno st cer t t i inm too he unmnoete ’q no tote ’ .~nie h
00 (0 1 no t —tl no t e . no ntl I lie pmougra nmo to m ens vs loom non oce ’ u no d e  n si tonic) I he’ proogranom ‘a re’ omit os i like I Ino ni g gnu ne’
l’,ii,nl l’, . tIme tk’se’r ipt iouni no i’ t ime nm uouoh i lie ’n o t i n o nm t o m he nmnot le’ wi ll oo s u n o l lv  be’ ske’t o ’ lmv nonuo l n o l t & ’i um n o
e’loie’’, ,ns too hmo us ’o t ho ’ mn noooh ifie ’ni t inonm is to he’ nm ma oh e ’ t o u ch sv ’ime’re’ .

I)e ’spote ’ t h e se  eli l f ieu ltue ’s nitme l d esp ite tIme oohvn oiu s im poomt no n m e ’e t of time ’ u io n oehufu t ’a t mo ou o  l m nn oco ’s s
io no t hm ito Ie’m nms col the’ lno toor— c’nos i noi o d the’ po ot e nu tu n o l inoi ptoe ’t nun pm~ gr.0n1m pe’ n t o ° r u i o o u u o ’n’

.d’ nsd ’ ’st oitIIt’s a n m d research in mve s t i g t o t i oog this nospec t nof ~ur og mn onon m m inog be havior , on e ’ ,uln ~mous t
e’ tu tu rd lv m o e  k no g %Ve t lucre inure deendleeb too ctinucluebe n 000i  n note ’ no snv ’ t’ st m ot h v oil limo ’ v .0 n moo u s  plo .nsv ’s nob
,o ru og m ui mmu u min m g w i t t n  , o u u exp lno rat u rv n nun ni lv s m s not tunnel u u i s e ’st ig nu mu oouo n nm t n o time ’ un ino n h i l ’ ie ’ n i t l n o im  l u m o o ’ e ’ S S

hoe ’ itog particu larly e’oonce m noe’tI witho the’ itl enot if ie ’to ti non o not use foil in  to o ls

~ cl ‘ .~f .~f.4 R F (f l ’ I$’OR 1~;

Omit e~~ioIn rni Inoiv vs’ u> r k m o t to  pruog rnonm no nunh il ie ’ ’ aI io on os oo rg. on ouin ’o I inmiuo t I ne ’ luollo os v’ u ,mi’ su \
slil ’ itno l umn ’s .‘\nu oi ,‘ ruoori nioothe’ h out  pmo ngra nnn tmi ou oli f ie ’ ol io oio bt’ b n , i n i o ’ i  ( t o 2 I). ho c I m o ol hm o ’sus u o I n o uns )
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~b ci tm ~ . :it ~ i 00O css es (6 2 2 ) .  consideratioon’ . for tool development (6.2 3),  modilicatiton to o n o ls
le’s i c o t  n ’ 2 4 t . and t he heh,o x ioral findings (6 . 2 5 )

6 2 I 4 prmnur u ,nnnde l no/ program nwduj ’zo ’ut,on

Moot l itn ea tinun cot proograms is conceptually a much different task than either the desig um nor
mime eno dunig not prog ranums I’he prdmgranm meodifier typical l y is co inmce ’rne d only with an isolated
bo er b n , r n na nec ‘or tune’t m om n .o I aspect of the p rogranm , there is no) need In he couneo,’rned w ith the ’
n o v  c’ ra ll design not the prcmgranm , t ime general qua int)’ ouf coiding, nuvera ll per forma noee . oo r indeed
. m u i~ nother as pect n l  the’ prograni besides the’ ve r y  loocul n m ot di f o c no t m nmn m which us to n he made . The
so t . uno tu o on i  05 sc ’r~ nmue’h like’ that o h  .on c’ie’etr icua nm cot carpenter called in t o o nmodit soon m u,’ part no t
.ou m c x ust tng dwe llm t o g . their j eoto is not Lou rebuild fro o nom the gu nound up, o ur evell t o m  cr i t uque the
design , th eir nuhj ee ’ti~ e is too put nm place snnno e mc udi licnotio o n cml the structure which toc coo mp ho she ’s
the thesm rc’d goon ils wn th o o ul  otherwn ce detrae’ting f rcino the exnsl irmg quahilie’s of the ’ dwelling.

I t o  prov ide us .0 bet ter  initial undems itonoding tot the moodif ica t inon task we intno m nma l lv
o rnery mewed app licat o oo nm pmn og rtor tm rners . asking cheno o tohonu t the typ ical k i nmd out nmodifie ’at in o n t he y
uunno e le too programs. The type nul nmoudi lnc - notn c un nmost coonmm noo n iv mentiouned invnol v ed nmoodif y ing a
t rnj n.000 ’t:oii within the system . noakinog provision tour none of the too llouwin ug: (a) add itnton not no new
c lnnss nut inof oim nmat ioon too he input to and prouee ’ssed by the system , (to) additinon of a new class ,ot
infournmoat iou no to he output by the system , (e ) c hanging the nianner out internal processing oil a
part icular type oil infomnoatüon . or (d) changing the manner out selecting and lourmatting
part icular output information. In contrast Co these types of c’hanges , few prnugrarmmmers
noent ioned modificatitons to the’ overall program structure or to the documentation. The
prinnary motivali(m n cited for the changes was that oil functional enhancement as oippcosed to n
perfoormance-ef f iciency or readability improvements ,

We also asked proogrammers too describe the steps the)’ went through in making
niodifications to programs they did not know . tond on whic’h they had very little doocun mne ’ntat ünrm .
Based ton these observations , and the results oil tour oown introospectio )n in perftornniing such
program moidilications. we developed a tentative ci priori model of the conceptual proocesses
ano d steps involved in pmograno modificatitin. Our purpose in articulating such a model was to
determine which aspects oil the modification process might he moist difficult and errtir-pmone;
t hese aspects would most likely he the best candidates for providing support to uls nond
techniques (see t he folltuwing section , 6 ,2 .2) , This model consists of ~ stages and is described
below.

I .  Hig h-here! understanding of the modification -- A very sketch y idea of the nature
of the change to he made is obtained. The proigrammer ’s impression of the complexity
oil the change may well lead to the suggestion that no new proigram he written troinmo
scmno t c h. This stage , of necessity, often co-occurs with the second stage .

2 . Ilig h ’leo ’el under.otanding of the progra m -- A similarly sketchy understanding oil
t he purpouse oof the program , tus well nos soume idea oil the to ’ . emno ll logic , is a lso otottoine el
In addititon to reading the tloe’oo noen tat ioo n, t he proogr a umm will a lsc o most pmtihtobly he
examined toi provide the promgranmnoer a “feel ’’ nit the proogranm i ’s loog ic and counop lexi tv

3. Detailed u,nder.cian ding o,J ’ t he modij ’io ’a tmn on — —  ‘l’he prougranm mnner ’s oo no derst non md ing nil
the modification is elaborated , loeussong con two aspect s ( I )  the ’ nature no t the
dn t ta—tr a nos foornoatio o n operations to o he performed , and (2 )  time d no t n m structures ito’ . oulveel ito
the modification —— particularly the 1,/es that wi l l  have too he nonono ipnul nott ’ d l)urinog this 
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I loowe’ s ci . gcoa l—w eightin gs enould easil y he’ spee’ilned in the’ o nit i nol s tat e ’fl ie’nmt no l Ii tn oe tmon m,o h
rcqu irenmienots too proivtele a nooore s e n m s o t u v e  nme’asure oul the’ exte lot t o o  which t im e’ o lesigim tuliiiled its
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sta ge’ , possibl e ways  not toeh iev ’ itmg time inop l oe ’ eI oo pera ticmn m s .m nm el n m m an m ipulnotunon os are ’
cnonmsi d ere’d , based oquooim prior experience and the io .o t ure of the ~urou gmanm itseil

4. ( o r o o o  n ,000ippmng of ino duJno ’oii:oooi In? pmongmolm — ‘ lime ~o roo ~,r.o nm0 us e x nm um ouime d in
soonmiewimn o t grenoter de’t oi l too deter ,moine where the requireol o m b ueratn o o ns might Imo ossu b lv he’
lier loo rn m meel n sino ilarl y. time dat .u s t ructures iniplietl by the nmooditi e ’ atno or m st note ’ n m c nn t ,ore ’
so oc ig im I h non j im time ’ ~o moogman i ccoele ’ . t)i I lieu It icy io u de te m nom u iii tug time tom nipping re Ito tn t  o nm s l im lOS .0
(lo is p n oonm t nu m av well ito itia e .0 much eloo’.e’m exanminat ioon t o t  the bm rnngr no nm - -  e . g  , musi ng
e’nui mm iii Ito (non iii In, riminot inoom . e’ooumel ue Ii i15 .0 del no i le’oi trace ’ nol time prnogra um m no n~m e ti nuel ~h ,n t .1 t h u  ow

no r c v  e’ no exe o,’uti nmg the pmnog rtonl m

5 ( i o ’no ’r t i t iou iu  nuf niiiplo ’iiiu’ntoitm oo i i  oiJoproooln Ino ’ i ~~.ni m n o u t s  so t o y ’ .  n ot mnm lule ’ n m ic no lou n g ( toe ’
i mmn od ml ue’not it ‘ mm tore e’no um sme te re’e l , l’ imiv e’ou nms ue le ’ r a tn o o u m e’ xte imels t o o lnoe ’no t inns I b e ’  sboc’e’u t ie’ ‘to n ic
w iioe ’h imm ight t oe ’ nm m nodi l iee l cor tielele’ el t n o . t o no o l it nunis inmc ’lue le’ wr i t iu og n o t  i ru , nb rep lac ’e’ nune ’u it
eo o e he w h i c h  nom iglot toe’ on mse r t ee l. I ln o we ’se ’ r , t he prougra nm us noot , te t om no l l y  uoin ont u lne ’el inn ib m i s
step lime ’ t oo l l nu wu umg kind s nob eo u nmsit t erno to onus tore u ,nk e ’ n m uuo t o u  , n ce, n o i uo t , (I) u n i umu u n uuu/i im g tIme ’
n o ’. e ’ r . m ll .o n nn o ,u om t not mi t ’’.’. e n o n h e ’ Ino he’ vs r n u m e ’n m, 12 1  m mm i n m nn 000/ o u u g t ine ’ iuniuuihe’r oh nlle’c’ t c n h
nnm tle pe’om t ie ’ uu lomoo gi ’ .om cnonnm po o ne ’ nm t s ( t h e s e ’ enon o l000 nmcnts tore \ ,o r i t on i s i v c o l l ec t
‘‘ soih—r n o o i t j n m es ’’ , ‘‘ uomn od tolc ’ c ’’ . ‘‘ e’xte ’ m nmn o l l o r oon, ’ e’doIt ’ e s ’ ’ . noiud s mu n m ply pmt oe ’e’et~m u e ’s . t ime ’ I.ov i us
it 5d’tl lie’ me’ I, ( 3 1 mom minimum u lung, inn ge’ nie’r,o 1, m lit’ pt ,ss’nloilii co f m flirt duc’ntug ‘ s in It ’ —~ t i  ee l ‘ ‘  o%’)mie ’Jn
immno e h i f ~ tcon i c ’ t in ut i  nor loer lo ur t mma i ie ’d’ no l o uthm e ’r Par is  oul the’ ~ 1 0 0 g r t 0 u n 1 . ( 4 )  nm u.o x u nmmi / i mm s
pe mln orn m n t o uiee ’ e’ h h i o. nt ’n ie ’v , nn n utl ( 5 )  n lmnosun miil ing the ge imera Iui~ not mime ’ chn nge’ . ito ncn t i c ip n o ton o nm
toi  nuther s unn mu l tor nm mou d it in .’ .o i i n o i l s  nm time ico ture.

t o . .cc ’h’t ’,uoo ,u ‘ o f  aim no n o rth ! ini o nl m f ’uo ’aooon p/oun — - 1 ho’. acld itn oo uonoi stc’li us no p p m n o b or i  t i n ’

‘.o ime’un mIme ’ nmooo e hil ie ’at inon n my e ’ x i e ’ u i smv ’ e’ noumo l o n v n o l v e ’s c’ ti .ouige ’s in to nm c uummto e’m no t chit fe’ u e ’ mi ( li,n iu s

nob the ’ pmo o gr .onmm . l’he pmoogranunm me’ r nutt y wel l  dlecj de too e imn o nuge time ’ nove r ’ a  II e’oonm t roil
s t mu u,’ture m m  sno unue ’ w ,o y  too bet ter  toe’e’ouim mnu elnot e ’ ti me’ ninoe l i l ienoti cons v ’ . i th i uu 0 sepnon o le ’
p~ 

oceehure lime’ inmdi v ’ idunol bonorts not the uonoeli licnot m o m  nmi ght I hennm se lv es nm no t req u ire’ snie bm
coonm t r no i— l l ou w ne ’s t r ucto om nn og, tout pmoog mnonm e ’ lt i e ’ ienmey oumn oy thereb y toe m noere nos e o h — .0’. we l l  nos

decreasing t he ch non me ’es Inor unebesired s ide-ef fects .

7 Inip lc ’nio ’inion ion of ’ I / no ’ ,innodof ’oo at loo m c — — (‘ha noges’ to re’ imm tithe’ too time ’ to e t oo t n I born 05t,t mu

Co ode too i rim plenme’ nI t he e bun ose nm to me’ I hooch oil ninodif ica I m on.

S. .%fodo / m o ’oitmo o i n de/ou,t~,gon ,o5’ Ouch testing —— l’hese oo pera t unons are oe le ’ umtm t ’ ,o l too  t imuo s e ’
ito soi l  v’ e’eb in proog ranm m nun i nog .0 flu,’ so’ .0 1ophie’’a t in mm . e’ xe’e’ rot I lout the ’ loro ugrauum none ’ r bio o n e ’ toil I
hmn os twoi  ‘. e’ r s i o onm s not th e pmogranm nonel us in a sn o nom e ’w io not better pnusit io onm I no ole ’t e ’ r uiuinm c ’ t ime ’
ef fects i nm t rn o t looce d toy t ime mcoe lif oenotio o ns .

(o . 2 . 2 !l vpu ’tho ’.vo:eo / D o / / i o u / t v of f ’rnio u,ng I°ro ’o u ’o ’ ,o ’o

S i , t o ’ m s  1 , 3 , 7 , anti S u n i v o o lve ’ 1 0 u n o d ’ e’s s e ’s e l oo i te  s inniular tno umnor o m o , oh  ~u mntm ! i .u i m m nn mi n ng (it
nm n u e lt ’ n v i . onm t i oni g no t  lIne’ u mm oi e h i f ie ’, o t u no t m mum s i , ie ’c’ I us e’et un ote ’o l too  nu i m o l ems i , o o m e t m nmg t o t  mime ’ mu m o n m , n l  pmn gu. nu oi
ic ’o l u u n m e ’ m n ue ’ nm ts )  I bis kn ’~ ohu lfe’re’ nm e ’t’ boc ’ tw e ’e’ nm ini t ia l  lo rn ug n onuon mo i iu g ,ouu e h Ion ’ 1 , 0 m m ,  i om o ’ d i t  i. , u t i n o u i  is

iimc ’re’ I o ’ o e ’ bo , lic ’ce ’ ol t u o  be’ limo ’ b mruo g r . on uu0000 ’n  ‘s l,it ’k o ut oo n mcb o ’ r s l to n i o huu i g not (lit’ ~o i o g i , o n m m  li nus , s i ,o ~’ e ‘.
2 , om moi 1 t o ~o oc i lol  .o~mpe’no r t o o  toe’ n b c  n 000 0s i  o h ?  t i c  m o l t  sI nge’s not um m n oe b u l ue ’no l i o oum oI l  n c ’qo u io  OiO( ’ t im ,u u t Ime ’
or o u g r , ouu o tot’ cm n nt hc ’ m ’ . tuon oe b nm v , onu n , ou s 5 0 , 0 5 5 . Vt c’ h’oe’ l i ese ’ thus cinolu.’i st onno b ong u n n v n n l ’ .  Is  w o o  o l u t t e ’i e’ t mi

.o ’ . f me ’ d’ l s  ‘‘I ~inno gr .i nu,s t he’ ,/of,i t h ou , ’ ‘anti t ine ’ n o o ntrn,/ f/ , o o o hu m the tursl iv’ . , ,  b u i l l uo vo mis soi l ’  s t e  i ‘ ‘ ins
‘.o o.’ hi s  000l in, s o f e ’  oie ’ t ,ou ls nob l ime ’ o m 0 0 0 ’ t ’ ss i uug  o lu t i  me ’ullie’’, ‘s l~ ’0~ 0 ’~ I , ’ r  s ’ .n. ’ Ii not  ( h o t ’s 0 0 5 1 0 0 5  ‘I lo o t ..

l n m time ’ b u t t  sub S t e  i m n o u n  ‘.01’ n hm s o lO ss .0 i’,1’ t n o t  nh , n i , i  I l n ov  t t ,o e ’ uu i i ’ vo l o m o ’ im m i s t ’  oe ’ o,h m o m m e ’ ” ku io ’ vs  In ’ eh , ’~
n o )  l ion ’ ,o uo t mool I I o o ~ ’

___________ — - ‘ - -~~~~~~~~~ .- -~~ ‘~~‘~~ A



eoesngn strategy via posm- uestgn questionnaires. Two-thirds of the partici pants reported the
Following style characteristics, They claimed to have: (I) used a top-down approach ,

, _  _,_,_.,,,s_.5 ‘ ~~~~~~~~~ ~~~~~~~~~ . .
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to 2 2 I I ,moit ’r v ts i , io h i , un . daioi ’J ’!ooo - Ihi’. iy pe cml unde’rstand itog invoolves tracing tot the ’
u mo e.m n ms t o ’ .  w h ich moe datno —v ariah le g ive ’s i ts v .mlue ’ too sueeeed itm g variables. I nor examp le , m m  mime
se qoie uo c e ou t .ilg e h o ra m e eqooati c uns “ x = S + to , y = S + x , / It)  + “ each cml the vamua hhc s o.

is a res ult oil (ton t nt behi t m noni ) t rt o nmstno m n mmno t m ono nun Iwoo i nopoot v’amoah les . none co t which us a
cn on o s tt m n mt ,tn ieh t here ltnre has noon prit or et er is t ot io mn ial  pnoth. lIme’ outimem input v ’a rmato im.’, ho we ’..cn
der ives  Ir n oum o previoous t iperat io on mv , suc h that , ltor the vn o minohl e :, t his se’comn d input can toe trace d
hnoc kwn or eb s to o variable ’ o’ . t hence too s , and, ultimately, to f’

We imy~ ott ( ln e’s iie’ three’ type.’. oo f dnot tn— flow tracing w ithin program proocedures as heinmg
iui mpourtanmt m m  bmrno g rt c nm u mooo iilic’not m ono : ( I ) ,/ or woi r ds  m,m put tran ’ nng, ( 2 1 /onJn ’~. warol,c nniot pmht Iran iii t~ .

nmel (3 )  i, iic ’r,ual mOnO/ole frui t ing. A foum o rtim type’ not trnoe ’on g. between -pr on ’ c ’dure n’oirna h!o’ trac ing, us

clise ’ tm sse d se parn ote ly in sec t ico n to. 2 ,2 .1 In Iernms nub h u e  fnuur type ’ s not n m n oe b nt m c n ot m n o n us um u nosi
coonu mmoonl y cited (see’ time heg iii rm ing out see t moon (u 2 . I ). i w nould seeno that type’ I forwa rds tripmit
irnznung is nnmo nsi uo m npnurt a nm t four omnderstnonding imoow to o i nme ’ oorpnu m no o e’ a new nor nn mn udi fn co h tm an osnmc t n enm i
m im lout (nmn oe i i l i cat i t o um type nol ~ m m  ae ld it iouno this type out mr n me ’ u nmg w o u u ld he noo osl umpoortant to ur
,uc imie’. ing .mno in itial oov ’er all nmnderstandin g out the prougrnonm. Mnotl if ie ’nmt nnot is not the ’ ouutput ( type ’ to )
nor nimnoeti l ied no n ut imut lo ornmm to (t ~~pe’ ol) woo uld pr in m m nmr i l y — — our ni te’asl ii i u (unoll y — — require’ I)’ I)e 2
‘ O h . war t /v  Irao ’nng Sou m e e nuoust pmoog mnoms ts ’ p ie .m Ily involve ’ nminome ’ unmp o mt s t e o no v no rito hle ’ t hm non m

n ’ u i tp oo t s troon u m it , to ,mek w a rds t m no ci nog u.s ass ummoed to o he .0 00000 re counop lex prooce ’ss 11m m loo mw areh s
i m . o c ’ mum g , um nv ou tvo n mg — -  fco r the ’ sanmu e nno nmtoer cot steps — —  e unsieler ,ntito n oo f Inunore’ sto r onn l’nk’s and mnnore
flo ss paths. l’~ pe I o,nternal n’n i r i oj h /e  tran ’ing m nv’ o o lv e v t m noe in mg booth lorw’ nomo ls .mne l hncckwart l’
troon o m sonnme inute mnul v ni rmah be in the pro og m non nu ( m e’ . the’ snor iahie’ us uoe’ mt hem an unpoit rout non
o uc mtput  1; we pre’sunoe that this type of tracing us n000sl o.’lous ely tos sno ci noted w i t h  the nn ioodm loea t u n o n is
to t inute ’ r rm nni program prnocess ing ( type c) In internal tmno e’ing. the pm ou gra nmm nmer loueates tIne
t oce c u rrence’ ool a data variable which is oil initemest no nmeh lool bouws the data— lloow patho s unto ) o u ch nou t

0, 1 that variable four soo nme nunmher not step s . In noe l t h it ioo ni , hc uwe v e ’r , t his ty pe  oil t m noe ’ iumg us
cnot iop licated toy the tact that the particular variable of interest nmay toceur nit se ’vernnl dol ler eumi
pouont s in the picogram; thus , cou nmo p lete inule’mto a l trueing loom no particular vnomnnohle wo uld on’. nu lve .~

Ii umii te’d amo tmnt omi backward s and foorwar el s trueing at each pouint oil toccurrenee oil the ‘.‘arinohle
in time picogram. It then appears that intem mual tmaeing is n000 re coimp lex than forwards tracnno g
nnnd nom no y he nmourc cnonop lex thnon m hackw nomds tracing, depending on the length of the pnoth trac inug
tour each occurrence and the nmumher oil separate ooeeurrences extonuined.

An noe lditiounal coomp hieatioonm too d nt ta—f boo w tracing is seen when the coverall str ucture no t the’
proograno is tnoken i io tou account. I urger proogranms nolmoost always st ill toe’ c’ouniopr ised of no m mt m m nn he ’ r
oil se’pnurate nonmel indcpeiude’nt pr(oeeeluor’: ’., curgan iieol m o  varioius ways. These large prougr.mnus will
hav e ’ a nmain program. coons ist ing cii soonme amount oil internal e’noo le’ pIous inv imca t inunns co t the outhe ’r
prooee ol ures -— ‘‘ prouce dure calls ” ; e’nnch cml the enol leel pmo ’m cedm ores in m u m  nnay he lj k ew ’us c ’
c’ninslrue’teo i, Inloo m noati c un tohco ut the values oil non oy nmu t mmhe ’ m cut d t o m to variable ’ s nm noy toe’ tr a nmste ’ rre’eb
lm nonnm the e.olling proocedure to the cnolled prnoeedc mre ‘ l ’ iumm s , data— Ilouw paths wn li exist boot h
toot /n m,? prooe’ee bumes and between then mi . When .o clno tn i-t loow patio is cou nmp let e ’l inlc ’rno no l too no
p.mr ticu lam prooee’dom ie’, all nol the mn ulcom nmmati con is louca lly availnob le in the code loor the pmc m g rnonoon m ne ’r
i t o  I nol ln o w the patio . I loiw ever , w henu no path extends too oolher pm co eee lom re’s . the e ’ o o t te’ ‘to ill ‘ ‘ . om
moost — i nmeh ica te the n anm oe oil the ca lled pmcoe ’ed tire nonel the mm .o mmmc nil the v n o ri n o bo Ii’ I n ’  com m In nm ut
the true ing tIme prnigmamnoer flutist senm rcb n in the ov’e mnoll pmoogmno nmn loom the’ enoebe out tIm e pnm rt ie ’col n or
c.o lleth prooceelume ‘l’hus , traci n mg no t t lno t nt—pn o t hs on vool vin mg et oll e ’ob pmco ee dt ome s un m t r no o h ome ’c’s
disc’c onm t inm o ni ly  m Ini Ib is pmo iecss nono l is the re’tov pre’sm o n m oee l t o o  io mcre ’nose i t ’ . cninmp le’x i nv  l’hn’. ( v l o d ’ nob

tracinog reall y inmv ’omlv es trn o c’irmg no l too i tbm tini t nm —f lnu ’ .o ’ , o n m ol c’oo nt mc u l— fh moto . non me h it us &‘oo ios ielo ’m i ’ nb
separate ly foilic owing d iscoi ssicon ouf c o o nmtmouI —f loi w tracing toe bomw ,

h o  sumnmnor , we ’ hm tov e ’ suggeste d three t loe ’s oi l dnotno — lltow tmn oe ’ itm g wit b mi o m ~or omgt.nu mn pmooc ’ e’olcu rc s ,
n un to Iho’ hypooib me’.siie’oJ ooro lo ’ r oof c l if fi e’c i lty four pnogmno nmunmem s n-icing Fnorw ,ords < l~toc k’.o in dc ..,,

iii Ic’ run .m I Vt ’ e no Iso by pool henoi ied I html dat no— Floow tracing wit/n on pmn mgm no tom lii n oc e ’ clii nt ’ s 50 00 1 0  lot too,’
c ;os it ’r t han tmn o c nn g F5 ’iwc’o’,r proieeelure’s

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . .
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(u .2 .2 2 ( “ nc leroianding c on troL/ /ow -- Three levels oil ccontr ol -l lcow may he identified: ( I
trans fer not cnuntr c ui within the coun tmc o l structures cof the proogramming language . (2) tran sfe r cut
co) ntro ) I between ctontroi l structure ’s (nor 1cm cother types of statements) within the same prnoeee hure ’ ,
and ( 3 )  transfer oil con rtil between different procedures (the specnal problems m m  Irac inug
co m ntroo l f loow loom proigrams involving reeursioon or co-routines will not he discusseti ) Using
P1. / I  no’. an examp le , the first nype cit coo ntro l— l itow , intru-str uelure t ’oniro/- flo w occ urs wit h ftc
‘‘ DO”, ‘ II - ‘FI IF N—F l.Sh’° ’ . and ‘‘ I(I (iIN END’’ comman ds. Understanding nil e’oo n t roo l- l lnm w
w i t hin such e’ Ienuental eoo nt rnol structures is attained by the learning not the pmo granmn ning
language , and it tillers nou particular difficulties in understanding an untami liar pmnog ram toot

noco dmficnot m oon purpooses. hloow eve r , w hen such structures are nested within each other , no’. m m  ‘‘ II
X ‘THEN II” Y 1 lIEN IF 1 . ” . it is useful loom the programmer in, have nnv ’ai lahhe a Iisling no t
t he prno gmanmm which ind exes the depth oil nc’sl irmg tor tony partieu lnom sI’ate ul me’nt (t hese’ a re
noo ranm lhy supp lied a’. a comp iler ompti on) .

I lie sc cto nmdh type , mn i o ’r - t ’t ru nt ur e contro l- f/o w , refers too t ransfer nnmno nog coude se’ct inotms w ith i n
no sing le prooce dure ’ . i’he eto mplexity no t tracing hetweem i-structume coun l rnol-f louw depends t o o  ,o

ma jor e X te n t  n~nm t he use’ on the’ prougrno m of ‘ ‘ GO-l’O ’ ’ slatenmen ls (either c i urmdi h ioo na l ‘ o n
une to nu dutinonal ).  When thieve s lno te ’nuents are pre’sent , t he nommnia l linear f b oo w t m o o nmu oni e coonm m nonoru d
too t he next adjacent cone us interrupted; the proogrnomm er must then search the ’ pmo ig rnm nn u foor the
line number nor statement label indicated ito the GO-fl) tem tint) the co ontinuati o un oil
ctunm tr oi l— l l no w . In the present sooftware devcboo pnoent :ei tgeisz . ho we v en . so u—cn o lle’d ‘‘(i() i’( )—le’ss ’’
programming us advocated s e r y  stmo ngly within a enontex l nut a disci plined tech n ique ca lleeh
‘‘ st ructured proogranm iming ’’ ‘This technique e’noll s loom , amnung tither things. . ( I )  e l m n m o i n n o t i m m g
GO’! 0’. and restr ict ing the types tot oither control structures teu Ihree: II- - F Ih1N - I ’ t .S I ,
BEGIN—ENI) . un met 1)0 ( mnucl uding 1)0—WilIEr nond I)0— LJNI’ IL) . anm el (2 1  requiring that the
trans tcr cut co untrool toetwee no these structures he liniear . w ith only none input and nuutp uot pnolbo tn t

each. I his tech n ique us noiw v e r y  widely adopted , arid it appears likely that it will become Ihe’
standard fnor almost nol l new souftware development et f c or ts .

The implleaticon . for countrool—f bouw traci nmg . of this trend teuwards structured prtogramnmiinig is
t hat inter- t rut ’ture contro l—flow tracing for mnuditication purposes will he greatl y s inmip litied in
t hese new-sty le programs. Thus , w ith respeci to o tracing co untrol-thow within a pmnogr nono m
procedure . the majoor difficulty expected is for intro-struc ture Iracing within multipl y-neste d
structures . In particular , nest ing out IF-THEN-EL SE structures to a e)epth out several levels cam m
lead too diff iculty in determining the etude—location too return to foo lio uwing cornp letioon omf s n u nmme ’
internal path. Hoowever , even this difficulty may he’ remt,ved . in v iew oil the inereasing l~
stro ong advocacy not restricting levels o f  nesting too twom or three.

T homs , we ant ici p’ote t hat , unlike data—f l o ow tracing, difficulties in Ira e mnm g coonmt m n ol - t h oov o will
he inmited ho the third type ide’ntified, bets ’een-proeedure c ’ontr o/ -flos ’ tru ing ‘This ty pe’ nil
t mni co mm g w ill hecomme increasingly imptortant due too a limird aspect out the structured pm o ogmnnnm mmoin g
techni que which calls for a “to p-down ’’ appmtiach tour scof lwame e Ie ’v cbo opnment Wui bn lInk
noppr noae h the prnogm nomnmer is enjoineel too begin eleve loipment not (lie proogrn ono at no v e ’rv h i g h
level,  specif y ing a snnnoll nunmher o f  sequen lial stages ~il this levet , tmne l timer e lecnonm ipn us iuig e’nocbi
stt oge un loo a sequence of moore elet noiled stages . ultimnolel y a rriv inog nt lime tinno l pm nig mnoumn t le’ t , o m t s .
‘l’he nomechno nism toor tuccoomp lishing dec oornp c usitinun is too c ’xpme ’ss e,oc h hig iie’ r- le ’vcl st n mg c ,t s  ,o ca /f
in, no noot hmc r . b ower—leve l , proocee lure. 1 tne ’ in not  these ito tcm rnm coo n nt n o inis c ,o I ) s  i t o  pm no c ’e’el om r e ’s so toic lo
re fine the processing act iv i ty nit the prougrano , Typ ieno ll y, th e rat ioo cml pmo oc t ’eh u mme cnoll s ( no the’
to o n . m l ccode within nony one pmooceehure will decrease nos Ihe level nut ret in e ’ m nue nmm inc u e ’.os e ’s . 0 m m  il
ub hi m to te ly the ‘‘ lowest ’’ called proie’eolurc will euin.sist enti rt ’ Iy iii thit ’ btosic ty pe’ s out e’ ‘ on mumm . i no )
s t ruc tures  b oun d xv 0 bin the prougranirning language . 1:0mm ex t on m p le . ntt mime h i ghest - lese l , .0
prcogr ,onnm PROG might comnosist  oil only three stnolcm ent ’ . :  ‘ ‘ ( ‘ ‘\l I IN h °t ‘1 , (‘ \ l I
PRO(’I SSIN(I, ( ‘A l l .  OUTPUT , ” ‘I’he INPU T proucedume in turn nnm,ghl .o gn lnn en o nnsms ( not ouiiI~ 



l ime 10 1 tunctic mnal require ’nmclots oc ere gmve n lou par imd ’i lian s under ,ori oot i% us lot ’ s no b g rci upmtog
re l.m ( icon o’ .l mi lo ’ ., hut this s noriable ’ had ve ’rs l itt le effect ito e ithem liii ’. nor m I m e ’ ne’s.m e’v lue ’n mnme ’ nmI Ino

— .—~ ‘~~~~~ -- —‘—‘~~~~~ -~~~ ~~~~~~~~~~~~~~ 
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g , ‘ ‘
( ‘Al 1 RI .‘\I) IN I) .’\ 1 A, ( ‘Al I (‘IIE( ’K I)AI A S\ N l A X ,  ( ‘Al  I

( ‘Rh A Ii IN II’ R N.’\l I)A IA ’’ , nm n mob sno con.

Inn t rading time e’ n onmt r o o l - lbo iw toetwe c n m iorooee’dur cs t o o o  such si ruc une ’ et ~o moo grams , thre e’ I’. pc’ s
no t  mr . oco i m g may he iebc iot n l ue ’e b , sn nm m i l .ou too the’ t y pe’ s foir t m n me ’ n ng et ,n i a - f l omw [he f irst m o p e
Jo on , - r -  lo ’~ ’/ , ,  ‘pn ir , ‘I f / o t t o  tran ’ong. ret ci ’ . t o o  the tracing cot the’ pat hs tro uu mo h ig her’ leve l  prome e ’t t ui mc ’s

n o o b oss o r  - be ’s c i nones Within .oo uv pm oo gm n o nm m proocedure , oi nl~ th e nmcx t Icusoe r be ’s t i  os in mnmme ’d na IeI~
,t l u t m .n ue n m t  Iroo nm o the e’nmde cm l that prooe ’edoore ’ 1cm eoontnnue ’ tr .od ’ing ot us nmc ce ’ss .om s lou u nme t ~ built’ iii

m bne ’ n os e ’  rail prnigranm us l isted the ’ e’o oo le’ l oom thnm l ln uwc m— I e ’ve ’ l d’ .o lIedt pmnoe ’e’eture lime’ e’ , ms d ’ n o t
I m ndi nog t hus cciel e’ elcpeto ds coi l the mlman m nmem ito wi m m n ’h the cnode four t he’ uunn le’pc’ndent pruu eee lnor c ’’. us
l isted , o mud ode’ n m tmt  ne’ eb Ne v e r t h e l e s s , lo o vo e’ r- lesc ’I t n - t oe ing c’ tos i l~ uum .m kc’ s no s ti u ln ito lo ’ all no t  n u t ’
~~~~~~~~~~~ n I le - ct .oi t he n e x t  b ow e r leve l ;  e ’ c u t i tu ni do n o t nnoni oh lr nme ’u ng re’qciure’ s u o no l ~ sc’le’e’ t nn uum no t t he’
tbo.’si rcoh e’ ,oll e’ct prnuee ’t)ure’ anod t i m e r .ngn minm bunching nt s cc otb e

l lun ~’/n o ’r / e ’ o o ’l o ’o o f l t r n o l  11,0,4 , (r an ’nng, is e’x[uecle el tnu he n000 re d o t  t icu bt - e v e n  nn m norc chnf ( n e ’tml i
n bn .mn m tot oe’kvs .or e t s e i tot .c — tlc mw I mn oe m ni g ,  lou wi m m e ’ h u it ns snn n i m l.o m. Inn l i nus t ype ’ not tr , n c ’ iuig time ’
pro ’ go miii flue’ r dome ’s nout ha’. e as toil able’ noun mm nom eot male c- co note ’s i cot u ice ’ to n - n e  nme’ e to t  l ime ’ proo e ’ e’ e) ii re’ i n u

‘.nomr m e ’ to ug h e r—be ’s e l prcocedure’. 11 mm ’ . hoist e’ r- te ’s e ’l pm, oc ’ s’ nt u ure ’ w i l l  he lustee t se pnor.itel ~ m m ’ time

~m Io,g m t o nm ,mno) t ime’ pmoug mnonmnme ’r nimus l se’tn nm t he col l ier pro me ’e d o ime ’s t o ur its  t nme ’ni l icu n. S i n c e ’

inmt tc penmtfent prt mcet loo res .nre ’ no f te ’n w ro(Ce’n .os ce’f inm rnut e ’ fi le’s , time ’ prnogrnnnnnmo .’r &‘nn,unn,I e’.n’.th list ’

c’ conmmp cmter edito ims 1cm se .oreh no si nmg le t i l e ’ not ,nli out t he’ pm n mc ’et )uure l ist  ongs loom mIme ote ’s i re ’c i

pmnm cc ehi mrc . Wi thc uoml no u ns addititun m.ot e ln oeum en mtatico nm . the’ prcogmanmon ier us best  noel’. ise’d to o  Use’
t n m rw ’ nor ol trueing. toegnnnm ing w ilh the hiighe’si - he ve ’h procedure, nnnme ) sea rch t he’ tn o mw nm re l Io no ttm s four
Ihe target . nmenonw h i le’ keeping a recoome ) nil Iioese foirwart l pathos too coonstruet the’ hnuckw no rd none.

t he third t~pe’ nit he lwee ’n— pmoicedure countroi l— Iloiw t racnn mg , pr o on ’o ’nimi ro ’ -oon ’u ’urro ’ P u t o ’ tran n,n m~,
ins to lo  es hinmi leo h fno rwn ords (nm nd backwards) tracing not toll cot the noc i ’o mrrenees not nu honort i cu ltor
procedure. Ibis eno n iii’c nu lve non exhaust ive Ico rwnor el s Irnocing oil noll cof the prouceelure calls inn the
nnm , ounm prougr;oni and is t herefore comnsidered too he the nnoost difficult.

Ito som nmnm a ry , for tracing contrci l—f low . (w oo types of w ithin—pmo iee’e)urc tracing and t hre e
lypes cut he’tweenm-pr c ice dure tracing have been identified, Four Iracing mo’uhu,n no p.o r liculn o m
proce dure . t he relative difficulty of h oe  1500 0 types dc’penels con 15000 tae lc urs the level cot nesting
ninth t he’ programnming st y le. Fcor noon—n ested proo g raumms wr i l t enn ~meco or ding to o no t c m p—dn own m
s mruetum ed prcigramming phiioscophy. neither type is expee ’ted to he’ nml null e ) utf ie ’o m lt , tour nexicel
programs in this st y le , int ra-structum c Iracing nmay he marginally nucome difficult Ihnoni
inter-structure Imno c ing. Fcmr programs wit im G0’l’Os, inter structure tmaenn g ecmu lth heecome mildly
difficult (intra—s t ruc lure tracing is flout influenced by style I’:oc t cor s ) . ‘rmnmeing /oets ’een procedures
us expecte d 10 he relatively moire difficult Ihan Imnocing within the’nm , wit h the t lmmee t y pes
ordered in increasing complexity nos fo l lc iws: b owe r—beve l , higher-level . no u me l
prowedurn~-cmcc urrence tracing.

to 2 .2  1 Tracing da to,-/ l onc’ betis’o’o ’pn pro oo ’e duru ’o . Iwno  aspec ts  cul this type co t datno— Ibouw
tra cing nord’ c li scmnsst ’ob . ( I)  deternuining whn mt v-amiable ’. are nanmoed ni’. they tore pnns .‘el o ntnm nor tout
nof o ut hem pmooceel umes . .o n m d (2 )  dele’rm imuing whether the v norm .oh les hnove’ heeno ust ’eh our c’hnongee) tos
the calletl proice dure’ ‘these aspects .mre’ called ‘‘ no l i no s m nug ’’ non( i ‘‘ use elele’mm inun m tiounm ’’ ni nth tire
treat ed separate ly.

. 4/ m oiso ng — -  Ito the previous seetin in norm ouv’ersi m p hifiee l m l ln m s tn n i t 000n m ‘to ni’. gus e l m loor hne m nome ’hicnml
p r nog r .mn ms wri t ten noccc mrth ing too ,o top— down ‘‘ decon opcms ntton ’’ tech niqome’ Enou e ’x non mm ple’, nine not
time e leme’nts oil the example ’ s INI’U I prcmc ed ure wnos time lmrooc etl em me c .olleeI
CRI:ATF.IN’I’l:RNAI,.DAI’A , suggest ing the re-struetur i tog cml lhc ’ input et no tno into ’  n foumn i
sui lnoh” id’ toir inte rnm nml processing. him aetun ol practice , t Ime mnopu ls intl co ulp cm t s not ine)e’penmele not 

_ _ _ _ _  .. .



4 . 4  ‘i ‘I i  to ur , ’ I ?o ’v un ,’ui t, itir iasi i e’se ,o u e’ii Immoo J e ’eI cco i oee ’rnlii mg tme’s og nm ins oils eel  t Ime’ ac lunot I
design ~o b a soo ttvo’ nore ’ ‘.s s ie  mum hs e’xpe’rienmc cd t mr c m gram u m i u ne ’n s We ’ .os ke’el o ’ m g iot ‘i no g u , nmm m nmm e ’ rs south
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Page 4$

pmn o c ’etbn mres can o n mc it he nmoe ’ re l y suggestcoh tout um m ust he explicitl y spec if ied Liv ing 1i1 I vs mm mx ,
t his spt’e ’itie ’nil ioo im nmmg hl he’ given no’. t to lb no w s .

(ni b As e,ml l c ’ tt ( ‘A l l  (‘RI A l l ’  lNI’FRNAI..l)A l \ (1 1511 . 1 151 2 ) ,

(hI As e le l inmeeh = ( ‘RI . \ IF IN I IRN~~l 1 ) 0 0 1 .~ l’R(K ’ (lNl)l \ ,N.\Ml 1,

h o  b .i) the’ prno e ’e’elure ‘‘ (‘R i , .\ II IN I’I RNAI I) .’\ IA ’’ us ca l led lmnun m scun ie no t hc ’r pmnoe ’e’el i ine . .ond

i 5 0 o o  x,o rin o tole’s - 1 1 5 1 1  tonic ) I IS 12 — . .ird ’ s pc’c’ m lie’tI nv part o t t  t i m. ot call l o u s e  mm th.mt use ’ ’ ’
‘ ‘ giooto .ol ’ ’  vn o rm , m hle’s us .m v oo i e be ’dt , t t o e ’se’ t50 n u v , orm . m hle ’s w i l l  he ele’ lmum e o t ,o mn e t oon  m i sc ’ sI ‘.o i uoe ’so I n c u s  too

m iii’. c’.o i lu n oni  prcoc ’c’elune ’ . I iue’nr s;uc ’~’ i h i e ’n ot i tonu  mum P,ore ’ m mu boe ’v e ’s t n o l l n o w u i m t  tIme ’ ( \ l  I m m n t b i c . o u n ’- i bn.ot

time ’ e , O b I e ’dt t o r o o e ’e’c hu mre ’ im,o’. h,,’c’ui w n m t t e ’ nm to o s 1ue - e i  I so , ’  s , t r mno to i e’s mo o hoe ’ g o s e ’ nm ii I b o o  v e t  o o u ’ l ~
n to ~’~~:’~ iu~ , I lhe’’.e’ s .mri,o hle ’s us luxe ’e b ,ohe’ .oc b n o t  tu n n o t ’ , lime ’ ‘ian,, ’ no t  the ’ ‘ t o o  i,ihls is m unom l i x e e t  in

ni t  hO e’ m m m v  mo , oi n oc ’e t v R u m b l e ’ so bim e ’h im.os time ’ c’’ n t  n e - e l  c u t  mnue ’t l stru e ’ t t m r e ’ bum ( h o t  us s bmu o vo mm t ht ’
he’g uum nil i ig o ’ t  lime ’ e nue he’ sli t l m l : t m e o n m  tot t Ime ’ c’ ,oIlc ’t t iurno c e ’e iniri’ . .nnn t ihc’ i so , ’  v ,ori. o hle ’’. ii x~ue is n m , ’
ime’re ’ e’ .o IIe’e l I \ I i i  \ , omm t t  °o -i t t !  l ime ’ ‘t o g n . o i u u m n u l u u 1 ’ I , o m u e ’ nm . o t ’ e i’e o u m m p i b e ’ rs ,t :~ ’ so , l i e n :  to ’  ‘s ’ I t n m m o

t ’ u m c ’ i t o  n000e ’ ni , n i ’ ; ’ ,um,. ‘ ‘ I  the’ v . o u i , o hole ’s spe’ n,i l m c ’ nh hi’,’ m ime ’ e , n b luu m y  ~~~~~~~~ os mum I . n h .  i o n  ibm,’’ ., i” s ’ o 1

no mIne ’ s o o t he 00 1 t I m e e ’ .ible’eI p nn oe ’e’d t ni re ’ , nms mum ( b o b ,  s cm,, hi i ln n m t , h O ?  t hus d ’ .  0 , 0 1 1 0 1 ,  tm ‘ . . t I o ,I I’ is l°”.l)I \
e’ o o n u i ’s ho no ni dbs Ito I 1°o I I - .nnme b the’ v . t m i , n to le ’ ‘., ~~~~ d’o o n , e ’s~u noimo bs ou t  I t°’ ,l ‘ “oo n ii I . ’ r i ~ , is .u , mno i tu ,

pru oe ’ &’c) mJT ( ’ nil , t hud’ ui i,u ) o i o - ’. I 151 1 ,o u ie b I 15 1 4 iO n ,o~ ~ mmo , o I ’ I ’ e c i n o m m O u o  I NI )b \ m int \ \ 511

liv time ’ unue ’ ,onn’. ebe ’’.e’~ itoe’c b , mho uv e ’ mi is b000 ’ ,suhi l e’ ( t o  b m , o s c ’ ,u to .ni m ie ’u l ,m n ,n: i , o t ’ l e  ( t in t 1 mm ’ .
, n ss ,o e - i ,n m e ’d c h ,n i ,o slrmie ’Iuire’ t u s h S t I t u s )  i,ht ’ n m u o t m c c l  to’ . tu n ic ’ nm . , 11 m s mu m t itle ’ lo mn m e ’e’e l mmt e ’  ht ml t o ’ .  . t hs ,o  I’,’.
t i ther um ,ou ml c ’ s inn n oubme ’r j o m n o e c ’ ebtm u e ’ s \00’ ui im ! ss jOn. ’t’I in ’  , n mm ’ .  ‘ Ins ’ proo i- e’ t b i i u e ’ . t ile’ not / Ic r uu ,Oil it ’’. ‘i .0

P.m rt ic ’ni l.O r v .u r i ,oh lc mum t o the ’r pro oc ’e’ o lo mr c ’’. o u t ’ s , n l l e ’ct ‘ ,o lo .n s e ’. - hoi r  c’v . n n nn l o i c . th~’ buigbi e ’ u - lc ’xe ’ l ,u li.,’.c ’ s
nub l”si) i \ n o , ’ I 151 I , n mn t b I 151.1 II limo ’ j or o ’e ’ t ’ t int c mum v~inne ’h lNl)h \ iv nli ’ im no c ’ tt ms iii , inmn n un mm t ’ Imt
cno l ls no t h mc ’ r plnne ’e’ ,h i un e ’ v .o nu d p.t sse ’s l”.l)I \ u ’ o ibue ’ ’.e . itu e ’ ne ’ ,. , ‘ it it t he l o s o e l  l e ’ v c ’ l , i i m , o ’  . 5 no ’, so e’ll

0,00 0. belie’’. e’ m h u .u i  t i le’ Ir.oe ’unm g 0 0 1  tt ,nt .m — I lo ’s t  bue ’ n s o c ’e’ nm p rt ’e ’c’n bm u re ’’., v m n  t ime’ j o ,oe ’e’e t on re ’ c’.oh l

nm oc e’lmn m ns im n us , is ,o mo e e’ e’ ’.s.Oi ‘. b o i o o d ’ e’ ss t n o r nmnucIe ’rsi ,~u mn huiuu ,  p ro ogn. lu uo ”  .omm o t cbc ’le r mm nm umu mm g t In e ’ bes t (‘I’’’
nonm el b o u c a i m n o r u  not the ’ nnc ’ s’ d’ ss ,ir’t u mn no o ,h ut  i c , o t 000 im s  I S e ’ i O v’, o h m  i to1 ’ nnnovt ,iebs , m nu e ’e’et ccun u mp ml e ’ us , l mo oo ’ o e ’ v e ’ n
time ’ n obu n o s  u i u t ’ t o r n u i , u u m e ’ n m m uc ’ c’e ’ss ,t r s  fno s~ e’ bo t r o e ’u uu g us nm ,o u at  .mol , ob o k ’  ion onus  s ’ , o u m ’ oo , ’ u o me ’ u u (  t , ’ r in
l x i e ’ n m s m v e ’  se ’ , nr c ’hoiu ng is requireoi . vo bmie ’ bm ‘.e’ om ’ o ’ hinmg um u no si mime niche ’ cv . , o u m iuuo. o i o o ’ um cml lime v i i  i , oh ob o ,’
ele’i’ I. orno ( i no n m s is we l l  os ti me’ cod e’ Prc o boe ’r . ‘°o°o e’ Ihme ’ m e ’ ( o o re ’  b e l i e v e ’ t hm m ’ . us pe - no b un , o c ’ u un g u,o b’~ Itm me ’
nmno s t cn ou mmp he ’x n o t  ,oll tbu e ’ t s  pc ’s pres mn utu s k imm e ’ n o t ioon ie ’cb

1 o n ’ I) c ’io ’rnninnii io,i — —  Ii us 5 c r ’ .  h rt’ o.jn ne ’ uut ls t ime ’ c isc ’ m bm , n i  , 0 1 i , o t ’ i e  1°’’’’ ’~ t o ’  ., o 000ie ’ c ,o bl e ’nt
prn oe’e’ e bt mre .or e nob ’ . ,’  re’tuirii e’eI to~ ti i,oI proid’e’e hnmm d ’ , o t u e ’r it im.o’. o,’oom n mjo le ’ te ’eI i t s  ~u n o o e n ’ ssuuug  I 0 0 0 n i m  tm ,

po o nm l not v ic-st cot p mn o gm n m n u o nm oodi lie’nm lmn m no , so,,’ ho,’hiu ,’ se ’ ib m ,o i on us 5 0 , 5  iuio l o,o T n , t im t I o o i  t hu s ’ i ’ m  , ‘ i ’ u .nn i o u nm e ’r
too elete ’ mumim i m c ’ on /mu ’t f mt ’r ( until uuc ’ e e ’s s , tnm l~ /~, ,,, n Ine ’ , m ro . u hhe’’. soo bi .msst ’o l ,iiut b ms ’ t o monne ’eb 1 . 0 0 ’ i 1 I ~o , ,

tosed to’ . time ’ e’no bbee i p mo m c e ’ e ) n mr e’ nor , n000 re’ m m n u l o n o n i , o u t t l s  , u 2 )  be’e’ mm m mu ,, e t o b  l e s t  to’ . i t m , m O  pic o s ~t u i  l ore on

le’no’ .t ti ,i’n o, ’ hm n ocl the’ nuppcurt uio i(v too In .os e toe’e’ um um m ,oe hu i ie ’o I) ( ‘ suin g lime ’ b u n t -v i,iti ’ . n ’o , o m n n j u i n  . i t  I 1°. I
is l~~”5~’ eh in n l no .1 c’ .ul leel pmo m e’e’d tn mre is lNl )l \ , m nn c b snib os t ’q nmc ’ i om ls m c i  t o o  n ice1 t int ’ b u r s t  n ,o ,ne ’, 0 ’ ’: ,’ t

sim u,, o io o ’ui In nu b ols mi INDEX o oc ’c’o mr ’. ci nm b~ .0 ’ . ,m u,’oon ut n o o l  p. or ,onm o e ’ t c ’r no e’ o ’ u u i m o ’ t s m m n u e ’ t m m n c ’s is o ’ . l o t )  \
I III t K I I INI)h:X . ‘ ‘  1, o s t i m umm n ( e ’S nor b 000m n m m o ’i s ,iri.i tole ’ lo or  v , o o i nn n o i b mn ’ n 01 . 1 ,, s O i n ,  l i i , ,  i s ’ g

‘xl \ l’RI’x~tJ .lNI) l ) = I’S -SR I. no r tut u thu e ’ nig b m t i n . o u m d s o n I c  ,o t , i s s i ’ r o i u i , ’ iu i s u , 0 1 s ’ mm n e ’ u i i ’  in ’ e”
‘‘ 1 5 5 k = l\’ .”xR + INI)I ~~~

‘ ‘
) l ime ’ se ’ e , o uis t  ‘. u t o m , i t m o o n n , ‘o u , ’ ,t r s ,  ,,;i, 070 m i t t , ,’ , , n’ , ,  i nn ’  st lic un t h u

v , o r u , i hic ’ nt ppenirs 0 m m  t t ie’ I~’t i ./ i , i , i ~l s ide’ nu l , m ’ . ’ u e i immmo, ’umI s i , i te ’ uui e ’ uo ( s  It ’ s ’ . ’’ l”o l)I \ — I S SIt
INI’il \ “

l) eu e rnum ii m i nog so’ Incti oe ’ r ‘. ,or m noh leu. on e ’ mmse ’ol oo r mno to d i t  c o l  no bio ’ im j ’ , o s sc ,b  is  , sp, ’ ,l, ,l t o o  he

ehi t t ie ’ t i l t  t u o  oIe’~e’ mrom inoe ’ ho’ . e’oio le’—o t m ’cpe’c’ t o o ou i  nc ’ , h i m i o n 1 n u t ’~ I f to so i’ v c ’ n . kum ovo It ’ ,t, ’, ,o t oo Inc ’t hm e ’ i  j o ,mvs,

s tomiahie ’s tome ’ nmtoo bi l ie ’eh , v s  t u ms i u s e d , s ’ o , cn lc l u s e - l u l ls .ns s msl tIme ’ pr, o g r ,00 nm mi u ,n tb o lss ’r mom e’i m o tot’elo luum s’

‘— . . —.— — -—-,--s- ._, ‘— —a . . . . .. .~~~‘. - . . 
- 

‘“ ~~~~~~~



chill eremm e e ’s noppearee l : PS om.scel h e w e r  ,mt b ’ .e ’ rto s, NS useti to nouch w ider s , mri e( v oi l v e ’r h loi mni ms
Ic g ,  presenit to no d ptcst parhiciples . nicole frequent lose ’ of nocudals like ‘‘ should ” ) , m m d  NS emset i

I’.o ge’ 4’?

the ut i o o o t o t ic ,o (o n oi iv  iii o m e n s  no t  ccu de iou w hoc h Ihere us m ile nonodut ,c ’.oi ueo u i nul iu,tssed vt or un oh les . Ihus
,us oo td i ng uuoel o . ’ ’,ur.n hbe’ s id e ’ e l  l i e u  s l imi ts , ehni t no —fb ou w (mnic iu mg hct os ’ee ’nm prnuc ’e e tu re’s - cb ne c ’k uu m g t n o u

nuuno c l n h n ~’, mtm n ouu t o t  b osse d .oiitt re ’ t u rn me ’e h s . ir i ,o hle’ ’, - - us ex pe’c’m e ’et nicol orbs le o he’ v e r s  m nmup t or tn nn t  [ no r
go ’oot l p u o o t _ ’r ,nnmn u u mn on hi t oe ’al on n,m huh ah so o t he nmoust duffocul t  nuf all us pc’s ‘‘ 1 t r a c i n g

ho 2 2 4 ‘x i i , o m , 0 0 , t r i  0/  p o n otu la ic ’cl ron tng p r o~n o ’ v o o ’s e ’ l ivi in time ttn h le bet,” .’ . ib me ’ vn om mto a s
tu . m e ’uuiji P000 ce s se s elo s c ii’.se’e) inn Ihe pre y icuus see’ l i non is l’he prc occ ’sse’ . are’ given no re ’ t a t o s  e’ muc h ’
no t  e’xjocc te el du ll u c - cm bt s . /) , ho ,mse’e b noun ,o i~~ — p c o u n ~t ‘.e ,ik’ , w i him It) serv ing no’ . the’ re t i ’ u e ’ ne’c pco mn l nut
the ’ um u ,u s l —etu l tm c ’ nm lI mr. n e’on g I)rnuee’’.’. last e t ,s c ’ it s sc ’et (si - i’ N o  5 ito lno hhe ) .  I he trnoe ’ onm gs .nme ncls no
gos cn i  .0 ie’ u u — pno iu ml onde ’x not e xpected irmmpnurt ton mce ‘nor prt~gmno nm m notnct it ic ’noiot ’ n m ,is’ i i s  t i es , 1. c o i n i m no
s a l u t e ’ o h  I umunt oe nm u m ig  b e ’ , msu . ,onm e t It) m nmdicn o mn n i g uno nuS i c ’x pce ’t c ’e b m n i mpoomuno m u e ’e’ I hc’se ’ a ssugu m nnu t ’uu u s

ore ’ t u mg h ls sub jec t i ve ,  e’v t o o  I hciug im m ines so cmi ’ to nose ’eI nu n pm emg mnorn u ni u c ’rs ’ etc’sc’ru pt m ono ’ . not h bmcmm
nn o e o c ) mf o i ’,ot uc unm m e t  us m i te ’ s  I he prc ucbuet cut the ’  se t so no uuuntm e -c’s g us c’ s a m c, ns to natobc ’ w’ c’i ghtc ’eh nue ’n n ’ .om re’
nob  e’ spe ’e t ee f mnmp oor tane ’e .nnmei difficu lty. ~( 7

NO. TYPE OF T R A C I N G  PROCESS PROGRAM TYPE I D I I I WT

WITH IN -P ROCEDURE DATA -F LOW

1 Forwards i nput t r a c i n g  No G loba l  V a r s .  I 4 10 40 I
2.  Backwards output t r a c i n g  I No G loba l  V a r s ,  I 5 I 7 I 35
3. I i n t e r n a l  var ° b t e t r a c i ng I No Global  V a r s .  6 I 8 48

BETWEEN - PROCEDURE DATA- FLOW

4. I A l i a s  T r a c i n g  I Top-Down Prgrms I 9 I 9 I 81
5. I Use- De te rm ina t i on  Trac ing l Top-Down P r g r m s  10 I 6 I 60 I

WiTHIN -P ROCEDURE CONTROL - FLOW

6. I t n t r a - s t r u c t u r e  t r ac ing  I Sha l low Nest ing  I 2 2 I 4
7. I l n t ra - s t r u c t u r e  t r a c i n g  I Deep Nes t i ng  4 I 4 I 16
8. I l n t e r - s t u ’ u c t u r e  T r a c i n g  Structu red Prgms l 1 I 7 I 7 I

BETWEEN - PROCEDURE CONTROL -F LOW

9. I Lower - leve l  T rac ing  I Top-down Prgrms I 5 I 9 I 45 I
10 , I Hi gher—leve l Trac in g Top-down Prgrms 6 I 5 30 I
11 . I Procedure- occur rence  Top-down Prgrms I 7 7 I 49

‘these tracing pmn mc es s es , noneh their relative expected difficulties . pro’.’ided the lmmmulmn cr y h,os is
too r t he de”.elo’mpment no t the nic idif ie ’atmcon Ic uc ls , to’ . discussed heb cow.

to, 2. 3 ( ‘on.c,deratnon.c f no r m oo! olo’m ’e lopme,ri

I in the eIev’e’lcmpmenl oo f loomis four stihse’que’nl t e s t  mug, we ( noou k rIco e ’ oo nn s m t ie u .o m loon l ive
f,oc’u o ’ m s  ( l b  the’ roost he’ tmon ls so’eig hut eo) (chilf ic ull nonel inipnomtn lnt) I u .n e ’ i tog pn n ’ d’ d’ ’ .sL ’’ . (Ibis so ,os the
(tud or fliost o’mphasiie’oJ). 12)  the ehco ice of no specific pmnigm nunono mmo g Inmuogunoge , ( 3 )  t he’ is jo e ’ not



prnodem e’Iiv m my or qualil~ ga ins . Such e c umove t o t ico u ms we o utd include: ( I)  use’ oil no un by mnoper notos c
se’u m in. ’ i O e’es 1,0’ . tuppcuscd tom olee l-.oratmve ’ co nes), ( 2 )  tn s’niiel:onoe’e’ no t enihe’cldeth lolirases co t c I,t nusc ’s . 131
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prom grannu ’. too he nmmn oeh il icd , (4 )  t he irml nomr noa t ic o n ab nout prnogr nonos wh ich  sh nouteh he ruiaetc’ ,os,oi l , o hIe
ton m d (5)  the e’ imo oi e’c’ no t me’ pIe’ ye’ no n ,ot m o m  —l n o m umuat loom th is 0 um lnor mmm i m ono

lime ’ / rnJt ’,,un /,r,o, o n  t o o  so hut -t m so e’ he ’ lii’ vei l nm nu s u uue’ede’eI scm j op o mm i m ng h~ mum , oct u [ mc am to omu i uo n ob s arc’
ihn,sc’ inn the’ mnoble ’ ,oh no s s’ hm .ovuu m g the’ highest weight VVe ’ nno me’d thnoi f nour nof the’ l o s e  h ighest
so cog htc’eh bomtoc ’e’ ‘ . 5 e v  m um s nol ’. e’ t mnocm um g helwc’i’n prnoce ’dure s We’ h here ’ f n o m e’ c t e i e ’ m om m nne n .t tha I ,
vs hnolc’sc’ r else’ , nm i Llmi  he ehe ’euelc’cI , the ’ t nmn o d ul ie ’ a ( mtom n toonols shnoubd clearly s hm no w ihe ot a lno- f b t ow amid
‘,u n mt r tu ( - l l eo w re ’ b n o i o n o u u s  hc’lw c’c’ ui prtoc ’i’et umc’ s Secto i ie h ’o ru lv , so’ ,,’ ni noteet  uhno l w n s  t o t ’ the t h r e e ’

5’. ui Inun- ~o mn uce ’eIoom e e t not .o - I  Inost mr noeouig bo m no e ’ i’ ’.’.e’s w e r e ’  , u l s nn h ighly weig hted , a mu s h sot ’ sl e ’ ‘..he’el lhieo o
sh i nou i n .t a lso , he pnori r.n ’,e’ch j im t he’ toono bs

- t in’ , k’ s ’ not .0 s[oe’ s’u t o e ’  pr o oo ,’ r ,nn i, ou to n o,’ l u , ,  n,’ c,u t o ’ v, ,u s mmccc ’ s st or s  5i lice’ mlii’ spc’cu t o e  sI n. i ,, m ls , of t Im e ’
l,o uu gu u .o ut i’ ‘to , no nu lo.I uu n lbom c ’nc’e’ ot c’e’u ’ .un ,m is enouuL ’L’ mnuuu ~ O u t ’ re -I u i.on,mi mug I ,ni’m o or ’ .  I w e’ ibi d u moo l  bel ie ’’. e ’ u l unom
jo rn o g m .m u nu in s t i l  ,s ’ , t t u , o u n  c’n, ube b he’ nov e l ni bl~’ s tnme t m c ’ o I  using .oom to r t i t  s o . , !  b , o l ’ o o n r , o u n o m  s pr nng ma u m m mm utn ig
I ,n locoi . ,g e ’ I ~°. n ’ s t o n e ’ l~t I os t Ime ’ n .or ge ’ m bnn nn gto 5oge ’ he’e ’5o cm sc ’ o f  I I I its e .op .ohuu i io s  in ’  e t o i n m j ’ I ’ .
so im l n re ’ c(umi re ’nne’nn s to t m no j u —o h n oso’ oi simnmn. ’ l Um ce t p r oogrou mmu n ni um u,  p Imniuoss op ht ~ (l imit ’ . rc ’ n m mo ’ s iumg I 0 )R I I-I 5”..
, oum eb “si’ b tu o tm im prunnnno ry ec ’ uu ’ .ode ’ r .miio un ) , ( 2 )  ii’. u u o e ’ re’ as o mu g ls so i,he ’ ’ s j ou c ’ ,noi us ,Oe ’ e ’ foor oi l  ~ ‘~ 

t o t
.i l u (olic.nu ino u ms Ic o n . , moot j u ms m loom hnu s nu me ’ s’. app i i e n u t i n o u m s , t o ’ ?  so b uue ’hu ( ‘1) 1101 .nntt Rl’( tor i ’ nu mO c ’u m le ’n,b I,
, m u m ,t 1 1) ihe sno pbm iso t u n .’ . o i o n o u m  tou me l pnoss c’r ~nl ii’. e oouum l u o le ’rs

Vs e’ he’ luc ’ ’ .e ’o h i ln5o t m ime pr o ou,’roinino l ,o r c t eve ’ bnupi nng .nno h ne ’s m uu m g thmc ’ m n o n o l s  hu~ueI m o  lo os e ’  t h~’
I, ol l no n n m u g  e’t u.o r ,ie - ie ’r ivuue ’v ( b  I he large ’ e’ u uo o ooo ,’lu to o he’oie ’Iui br ,o un u line’ lot,,!’ . t o ’ , not Ie ’ . isu 1 St ) Io nic’ s
001 s’ o o o l e  1, ( 2 )  h ,ms e ’ se ’ se ’ m.ob b c ’ s o.’ ls ,ul depth ‘I p moo e - t’ c t n ume ’ e’ no li’, Ii’ s - am le’nm si h n o u m  le ’s els ,of
j oroo ce e ln ome ’s e’ , ot lm nm g lower lo mt oc ’c ’eh nul .‘.l, I~~l hi.tse ’ a re’ t n o t i ’ . e l v  l.mrgi ’ , ,umu m hc ’r n o t e t ,ni, m s , o r o , n l o i c v
I un uet um nt i nog u mup uu m n oni t ; uu ut  v ,nr i n tmli ’sI , e h o t i c r i o u c  W j n be ’k nm ihi’ur s mmno c i i mme ’ , ,t g ,0001  moo pro o s mel t ’ m oo
no p b000r t i u nimi\  nor mlii’ n ootobs mno benefit ii’ n~ - ( 0— 20 ,nmu .ohles so i t mon  pm noc e’et nmre ’’.. ill 2( 1 s,o r mnohle ’ s
b os se d he’t~ s n . ’ e’ii I o n toe e ’ demre ’s , mmmcl chtmt , n ‘ . t mn mc’t n mrc ’s m o  ouic lnicle ’ P1 I stru c’mure’ u . n orm asv , se ’e’ i o or s , m m d
sc’.nbtor s l ,  inc h ( 4 1  ho,’ ,‘l ii Ic’ .t v t  im m nueh, ,’mno t c ’ c’oonn ij u be ’ o u u m s  no ie ’m uum s not tIm e’ pmn,c’c’s s o u mg ,,iu ~,n um i hmmmms
so ut t o m u m p rto c’cet nmr cs Ic ’ so - e’nm hi’ehiled c , uumt mno b st m nm e - mn mr c s )  nv s oc - I l Co ’ . ihe l r ,o nn s te ’ o ‘ not ’  s’ o ’ i i t r, o I

bet so e’e’ n j ot, ‘e ’e’eI tore ’ .  I e’ g - cnn t i m mug t hc’ 5,0 nuuc’ pmnoe ’e’eh cure ’s it,, mu th u tIc’ me’ nit Ii ug h i’ m— be ’s ci pro o e’e’e( Uris  1
S l is ’ r ,.‘Ime ’n,’k o n ug 5, ’ ’ .  c’ r.n I h ii indme’d I’l I pr ugr o m s . we’ th ee o h ’ ,1 000i m i’ O l i n - m o  ,o ‘.5 0 011 kI bes t  hoc mm mc ’ i ho ’ .

so n imum m g to ur ,,ssou ~or nogm n mun m s We’ e’nu nm str ,o e ’ uc’ eh m u i r le ’ ,n l o s t l ,  0 1 0 O ’ m . n ? l ? s  so I um s ’ ho umue’i al l n o t  itoe ’ n u h o o s e ’
n ’ m mte ’ m mtn o u c h , inn . ic t ehit ino ui , ehillc’re’d in time ’ c’xi e ’nu i Inu ‘.o’ Iiie’hn m I ne ’ 5 c’,u nn i ,o ru mu e’ch u, o ( hoe si,o,m nj ,nmets ,o (

in ‘p’ eh o o so ml ‘.1 rue’ mu reel t ort og r5n nmm umi inmg .

In c’no no s oe te ’m u umg ‘.o’ h,mi t ,u t , ’ rn ioutuoo,u oj h,ouii p r n o n , ’ r u u o , n  sh mno u ld he’ m im ,u eb i ’ no s .ou lnohle ’ h~ t i me ’
n mu n , o I , i u c n muu,oo u  unonu l ’ ., soe’ ele’o,’u do,’o. b , On ~, Ouuis i  soo pp hs lou, ,n nus m m u l , o m ni a muoo uo so t m j c ’h ‘.5 ,0’. chi n s  noble’ t o n b s
I m ono .ini no no e b e rs o ,nom, Imu i c  uoi the ob o oc ’ ummmmeun i , o uun o un .  R.ti b m c ’r , sve’ bel ie ’s cc l t h e ’ mmm l non o mu no tu t om i  too l’ s
‘ .unpjo bie ’ el s t m t out b , h  he’ me’s i rj c le ’c I to o ihm,on ‘ .ohie’Im so ’nns kumn oss um ,nh no uui m Ime pm cogm5om n u hs ut uc ’ (‘ I I

‘ rn iç o o lc ’ rs him i b i s  vn iv  s te v , o ,t ibn b ‘c ’ ,ns suum e ’n I t l n ,nt i hu ns uiu ,oc b i iuc ’.ouuo o i i  mm l nu m iu i . m u mo o nm c’n ouu leb lie’
,ouun o o n m u n u u o e ’ .n t l ’ .  su u l u plue o h , pe ’m ho ,m p’. i- s e mi noun—tunic ’, so ’Ol hnoou t r e quuromm g ,n eh s ,orm c’5 s no itme ’ s i,u te’ — n , I ’ tbme ’ ’,i,i
n t  c’noi um pt l e ’r ete ’” io~ii

St  e m  ‘ . n’ m nue’ c- \ , ounmuuino ui no n nut e- num nn pn ler clmnou’ no c ’ie ’ mu s m i c ’ s , t oe ’ c’b m n use ’ ulue’ II) ’x I 1 ‘0 0  l’l I
‘ hie’s’knom. tt 0 ‘no nm mpm le’ r .05 the’ so000 r e ’ e’ fou r all nu o n oe hmfic ~o uun , nu m nt n uruuu , o o  0 ,0 mm ito he’ snupp lme et Sit luo o e mg hi

t hou ’ . s o o n n u i o o l e ’ r  cho uc ’s m oot lo re’’.c’ mou ls  ‘‘ ie’ll ’’ ,mI l m m ‘ ‘ kni ts ’.’’ ,o hnoiui ,o t ’b I pr oo gr .m m nu , i n s  uuuue ’ m m u ,o I
prnuc ’c’ss om l g  p r oo ’ .u ehc’s s um l fu c ’ue ’ m ni hnms n ’ s I n s o  c he’ ie’ mum u oio mmi g to ll o f  tIne ’ s’ l m ,ui ,ns ’ iei O v i n e ” nol  ohnil .o ( to ’ ’ . ’, 01 0t h
i’,o io i ro o l t l no s o  is’. e’ eli n ’ ’ .e’ t oo nn mno kc’ nos , m m b, nhole ’ l o i n  n , o r o ,0 0 u s  I,,, o u n , ots , s e e ’ hc- l n o ’ .o t Ilt b oll,,’.’. lung k o m is t s

n u n l , o u o i l , u i o , o l o  I I)  i r ,o uusl , ’ r—oot — c ’ oo nm im oo l me’l.nuunomn ’ . I n i ps he’iso c’ o’nu p ro o e ’ n’ c hmo r n ’ s , uuis ’bue bi t m g .do ,os , nm mn h
mu’ .,- o t n i n o r n m u . o t u o o m m . 2 0  t he sh o unme ’ m n ’ . j no ui  m u d  n t .n t , t  isp5 not oI l s.t i i . i t l e ’s , I II ihie’ s lt m le ’uiie ’nn t i u nm n o o he’ms ,
Ii ih ie ’ l i s t o n u , ’ n t  t ime p r o ogr ,nml u , no l i e n ’  e’ ,to ’h , om o , u t o l , ’ so nv olc’F i imi’ei us w e ll ,ms mus s el , .‘mun c h 4) mIme ’

‘ ‘ 0 ’ ) ’ n ’ o Il 0i ’ .o’ no t e t c h t o o  u ,o fo l e ’ ito te’ rnmns o o l  nine’ e’i , O s s e ’s I,~l’. mung 5 , n ! lO e ’ , ne ’ e’ e’ m s o i mg snu lnm e ’ , e ’ o o , o i m , o b
t u . om ,00 nm , ’ ue ’r in .i uo II su .mte ’me ’unt. enonnru il pmr . ooum e ’ts ’ r mum a 1)0.) s i , o te ’nnue ’n ui  t oo  o i ic hc ’ .  nol ,o un .o u r, n s

:~~:
‘
~:~~
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ke y  on a Pt I struc ture , an ,nrgu ,m m emu t oil pnm r ,nmeter in a pmo ucedure . non exte ru ma l umipul , and .nn
e’ xt o ,’rn.ob 0001t pul) ,

Si ea s u e4 u,o I in umj o e o r t mnc ’e’ t oo an~ not the ’ ,oho o se I mo, ’ t o o r ’ , us the e hmo ui ’e’ out t he
rc’pre ’.t ’n tnu t tno ro - J o r noa l  tour t he mo odi fm e’nnt toni i mmf o ornmm alm n on the l ou m n m nmi shn m uhd he e’a’ .~ lou

non me le n ’ . i nou meb and Use’ nmnd s ht o c mbd not noh se ’c o re the rchn o o mnrnshmps anmoon g the’ pmnmgram elements ; in
j u nort o culno m . wherm there are “pattern n’.’’ in the pm t ngmn n m enode , t hese ’ pat terns ~hmuul d l ike’ so sc he’
dete’ct~ hle’ ito the rnm nodific atin m um in ufn o r numat io um m lde’al l~ - h Oe’ fomnn,ot shoo ubd he’ no e b jus n .o hbe’ t o o  the’
j u m no gmnonm rmier ’ s parmi c utar needs not the tu be’ , by meanos c o t s nmppme s s ing i r relevant uom fnummat moi n:
hnosc e’’. em , sue-h to fn mrmn o t so- co uld require’ nm — h u e ’  nmump be’rne ’ nnnmto cun not the ’ m no e t m tu c nnni n un toocob s .  Since
w e ’ etiet noo t Ice’ i suf f ic ient ly  k n m o o so lee t g ,o h lc 0 nh t o not  w h,ni kinds nut unt o o m nma l ioun w o o u b d , in tact , he
useful , we ’ rest r icted otur t oo mm uutm l c tuooin. ’es tnu nm v. nm ie’ u% to t ’  to l l—line mJo e’ume’nts . I’he’se’ clnue ’ume’ nu ms

n mn ie’d primaril y in terms not the’ w ay s  in icurum oa inun was presented , and , secondari l y , in mhe
s im ,o ic~’ no t informat ion pre’scnled. 1 ooi n r h,o’ .mc type ’s ot t normatt in g we ’ re’ used : ( I )  relatis ely
ni um .m io n ioo t ,o ted  d i rec ted  graphs , p ,m m ( icub a rb s foom shoowin g elno u to — f i nuw meh uot inu nshups . ( 2 )  highly
no nm nno ta tc ’d f h now—d ia grarns . particularly tour showing t r amos fer— m u f— c on t m n ) l  heuween pmno eedures , 13 )
s~ inimetricul ar mn o y v , wi t h  data variables nos the mouw and colunm mn identifiers amid with ty pe-o ut — use ’
u n nt nor ma min unu as the cell enlry, and ( 4 )  me’ Iat inuna l table’ s , w i th  Ihe’ le i tn mcos t  ‘‘ key ’ ’  con lu nmm n
cnun tai ning data vnoriahle nanmes no um et the renmaining ctu ln imns containing vnm m inuus n~~pes not
on lcormt nti co n ,

to ,2.4 Mod:J’icatzon too/s tested

We ’ t ried out a rather large number of different ways cot choosing and representing
inf ommat ion for modificahion purpnose’s . Some 0)1 these were abandoned eve ’n hcot nore
experimen tal testing. For example , we ini tially thought that a directed graph might he a useful
wn oy of display ing data-flow relationshi ps. However , such a formal is loon ) cumbersoume 100

display (he necessary details of data-f low (or control-f low , for th at mailer), very rapidly
becoming unreadable for programs of even quilt’ modest size,

Af ter  severa l variations of the remaining three types of formats considered (ann utated
llnuw-diagrams . symmelr ical arrays , and relational tables), we developed two types e)t
int ormahicon formats for representing the modification information which we used subsequentl y
four exper imental testing. The first used two types of repmesen ahion . a flow-diagram for
between-procedure and a symmetrical array for within-procedure information. In the sec mrmd
eva luat ion we used a single relational (able for all infomnmation , These tw o u meth uds ol
represen h ing information are described in detail,

to , 2.4.  I Fort ’ , nnodific’a too n ’mnn for nnno ~i ion formw — — In t h is anti the tnullowing se ’c t io un w e  will
illustrate the lo mnnats using excerpts Imoom the mnudification infourmation n mem im atbv este ’el . We eiou
not present any cut the program code, nor do we discuss the program ilself in detail , such
pre ’sent nmt ic)n woou ld require to very lenglhy men mtment anti wnuulei enumtri hule liltIe to o Ihe present
discussicon not the 10001 foirmats , hicowever , no br ief iov erv iew not the’ pmoogrno uim may he’ omse tul four
mc t mdi ng Ihe’ fo imnmat info) rmat inon ‘l ime nm noonn progranim , called I IBRAR’m ’ , n m n oi um t n o iu o s  no mc ’e ’ nm rei
nuhoout hoouks h or mouwed fmc on i a library. As iole from updahinm g tIme files when hounuks tore’ hcor mou w’eei
nor re lo m mne d. t Ime pmc)grani pio us the ’s no d tm i lv printnout not novcrel ue hcm noks (v i to  Ihe pmo uc c ’ebo mre
li()OKSOIJ I )  and the amnononl the hnmrr cowem shtoul e l he ~hnmr ~ ct h four these ’ ( V i t o  e no n m pm i t nomi nui i  h~
t he procedure AM’FOW 1~D). Other pmoocce iures pmin n m nmtii l inm g nnmt ice ’ . too h orr nuwc’ rs w i th o
o o s er dt me hooc u ks . to istu l is tung Ihe ouverdue t ines (thu s , AM 10 ) W I l )  us called fr oo m o n se vera l
prnoce dures) . The ccomplele program has ,mhoimt I No lines tot c oo e b e , I 2 dil lement prooce’e humn e ’ s , tome)

~~, ‘— — ‘d~.a,gda.o ~~, ,t,e.,, — —
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mn u. m sm mmu n m u nu e’a l buumg -c te ’pt h to t  S (n e’ - tot Ie’nns i cone ’ pmoucedure — AM I ( ) V s l  I) . m’ . c’ni lle ’et lo~
,ou m , o t hue ’r prnoce ’dure’ , so huch mts e ’ l t  us ‘ to lled on turn, this e nont inu mr mg up ton ,. Inut a b see tun . ’ un e ’ s’ c o t  I noun
Iuog bm cr no r o te ’r calls) 11m m ’ . first m~.loe ’ n o t  re’ pre’sen a ni o orm m ns e o l v e ’ d  t s o n o  d i t lerent t s I O e ’s n o t  t o o i m u u j t i i um g
not m n t o o mn mm n m t ut m n , to m e loom he tw ee ’ r m- pmnocedure’ rn.’b .mn o c o uu shups , nm nd one’ l o o n  so ot h im m—p ro oee ’ dunc
re lal000n ns hmp s Iboese tore e bo ’ . cemss e’nt separately he boo so ’

to 2 4 I. I Bt’no’ee,u ’pr oooedur e oaJ ’orrnatle ’on J’he repmc ’se nIaLuon not  hebwe ’e n u- j o ro o e c d u re ’
m n ofoor n n n mhmco n in lhms f o m s i type out tnu m nm ma ( ins nuiv ’ eeb a t ype not annnou t nnted bo ow —et ia g ra n u , .os s hcoss n
heb nu w

~~1

( \ H ,

L

1 : , o _ ~~o

J L
--

I luc re - ,mre ’ fo mur nnnn)our e u o (u tm c ’ s lou t Ine din ogr . nmm o , os onm d ie ’a le’e t by t h e ’ et i f f e ’re ’ u nt f igure’ s ln,o ;o e’s lIme ’
l a r g e s t  I igure c o o nminmu n s ebe ’ i , m i b, ’ ,h c ou i tmo l— t Ino ’ . o  ,oniet e h n m t t m — f b n o w  i n tno m unmno l iouu m .oh non mt .0 b o n m r t o e ’ c l . t u
prouc ee ln mre antI is me ’ l not inon (to tuther pro uc ’ect nmre ’ .; it us i i he nmt if iah e’ his the’ bn o im g nonu e l um.o rin ’ so
s e - n i i n .’ ,oI ree’tnong bes tomb enm c ’h e nmeb , e’nm nm m nm iuo ing the i m m u n e  co t mi me ’ prcoe’e et n mme ’ (1t()Ok’s( Ii I . m m  thus
c t uv e ) l ime re’ct ,mngles ,oh ,os e’ nonch heboow u neh ic to me the pmn oi ’ce lnmrcs wi nuc i m n.’.o bb 1)00.0KM Oh , ‘ 1  ,oimel
so. hm ie ’ bn ore ’ c’.mb leet t oy II0( )K SO L I l  - -  0 0 5 1 Rl)t I nmum it \ 5 1 1 0  OW l  I), m e’’.IOe ’c u i v e ’ b ° o I to , ’
nocc u rrm,’ mn n.’e’ ( t m rmd booc ’ ,o u o n ’ n o  I n o t  d no lte ’th h one ’s unto ,  t hne’’.c’ ne ’c’o n m n ng Ie’ s iun, l ic ’,u uc ’ s t im. mt t h e se ’ Io ro , e e s t I f l e’ ’.
ire’ mum i n mrn ne ’eb cnn ble ’eb h~ ( ‘ o r c o I l )  o o t b o e ’ m pm n o ce’eh u u r e ’s . l’ uur i bot ’ u , 0 l imo ?  o , m o n o t , u !  !u ume so u m t n i m m  ,i nc’c’ t . m u m le’

i o o s l is ’ n o te ’ s  lIm i t  ,n s o o ’ c’ . t l b o ’ sb ‘ ‘ o n i le ’m n 5 o l ’’ I 0 1 0 0 n . e’ s l n t i e ’ i’. c’o o nt 5o inmc ’t i soi t l iu t i  time ’ mi n I m u m o o o o e e ’e tum n e ’ 1 ho um ’ . ,
() \n’t ’ t ’ ( l) t  1’ is s e e m m o  he ’ ann i o m t e ’ m im , m k ‘cl e ’ f inm e ’ e t  l r ooc ’e’t bn m me ’ , o t  t ine s’s i i ’ n ui .m h pn o ’ e e ’ e hm mre
°‘oOR I — Ii “o h  ( l ine ioo g ime’. mu onume s o o t l m i u m  no ue ’ n.’ u , o n u n ~l m - us ,o i’.o ,o ’ . ’, t I me’ t unic ’ oo f  ‘ic ’ c’ s i s ’ l n m , n !
l)r~~ i’ o t u t re ’ , sc u hsc’q n mc ’uo t nnmo nne ’s or e ’ inhe ’m ui. ‘ j o mnoe ’e ’ e bc m re s )  l ’ boe’ s ’ O i e ’ b O ’5 m umt hoe ’ .nte ’ e ’~~ t s ’’  no .0! u n j000 (
( I’S I R ( 0 ~

5
~°’u I non ot b 00000poU ( °‘

~~ “oh ’ R IN I 1 I u o ’ m n n  tIne’ b mi gbmhoo:b o t e ’el 10r,1 e’ e ’ ,t o o i , ’ I)(~t 0k ” o n 01, 1 5 s ommmu l ,o n
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s , tn  t ,nho le ’ I tIne ’ e ’ uom nme ’s nut ’ cbe’ bm n o e ’tb nou m t Ime ’ le’ b t  smt te’ ,o t  t ime ’ le ’ge’ um c t , , om lime’ h n ultnmnmo )~ (2 )  .m bb not t Ime ’
lohtmce ’’. m oo t Ine ’ ~~~~~~~~ so lue ’ n c ( lie’ v :mr mn mh b e ’s tore ’ uo u ’o/ ,n u e ’ unme bme ’nm lc’c b boy lime ‘ . tn ot e’n m me ’ nm t u i o mnmm he ’r’. coti
t I me ’ rmn~bo I o ’ l  Iiie’ I gmmre ’~ noi o e b ( 3 )  .o bl cml time ’ 1 01,0cc ’’. mum lIm o .’ Iom n o s mto nmm t’.’Iie’re’ f lue’ ‘ , nou’m t ob ie’s tire’ o/m ’o loire./

Ii e’ - tle ’ i i ime’c b )  , n ue ’ inoeli e ’ tol e’eb by t ine s l n o tum ne n mt um o onm ihers not lIme’ bottom no b’ the’ t ugom re’ (n mI ’ m no ve ’ ti ne’
lege ’n neb )

11 m m ’ . fi gure thus c’o o n n l . m o u n s  tol l  no b t ime ’ imo to o m m n m no b u o oto tv 1u ii ’ , mII ~ ,ns ,omlno h le ’ fmno no PP I c moumm ~oo be ’ ns  inn
m l,, ’ t ,or nm m o b ’ t ’ r n oss— r e ’ ie’ne ’n ie ’ e’ l i s t s  !OhliIu mo b ’ c001 irse ’ , nm o omi ’ im n000 r e ’ u n mf c o r nmo t ~t m c o n t m bno ul line ’
inot e ’rre’ Ino ti noim ’ ub mi ps nomo mo ng t Ime’ c b n ol no ‘. , nm n , m h le ’”, lIme tcort o m tot t in mg not time figure nov no s~’ u m m n m m e ’ Irie’no l

mm m m ’ ,  w i t h  time ’ stonm e v .mn m.mbol e ’’. ,os hc mti m rn’s ’ , no n mtb e’oo lunoto ime ’ nom,bers , pr mv ’ u e les ttor the’ tle’Iee’ to c mn m not

f.m umu i I it o r ‘‘ s u g no.01mm mc ’ .’’ no t pro ogmnm. m m e’moc he’ , Iii mis , I Ime’ h tml he ru m oil no e’col unim no no moth no m uss ’ cot ‘‘ I’’ ’. ms c e l l

e’ imtr ies , jominoinog ito the’ cmp pem le fI —bo t o nme l i’corn me r immd ncno les tm l’l I osl r o me’ t omme ’ (e’ g..
ltOOk RI: ’ORl)), ‘t in mi lnoml y, .0 shr iuig not °° R ’’ s mum no rcovo inchicno tes no me noe l — m m no ssmg umn m me ’n m l nu b

m Imic ’’. too .mn in o teru mn ol dnot,u st moocture (e.g , 1° -S IRONS). Sm nnn i lno r I~ , 0)110c m Iont t le ’ m n os c’n m n m he’
ue ’c’nog nm iie’cI us iu mch icn ml ee l e’er lto ium ty lo e ’s no t cood o ’, .0’ , i.e’v’ e’ r .m I ‘ ‘  l) ’’ s tom ‘‘ ( ‘ ‘ s will m ume h ie ’ note ’ mte ’ rno l ns e’
,m nmd ccun md it i nu n m— tes t i no g ioro ce elc mres . respect ively .

to 2 4 2 ,S’c ’ o ’ m o lmo/ Pnoo m/u / mo ’a (oopu m ,o f our nm n it mn o pt fnorn mni( — —  \Vimile I toe tnrsl to orn m to t c’n mnm lie’ cmse ’eI qo m ole ’
t o l l  c c i i’. c’ ’ ,  loom toor ’os ’norc ls to u ch hnte’kw ’torc ls eln o tno—f ln ow ’ I mnm c i nog vs it lo m no lmmt me ’et hlmre’s . it t lcoes nmn~ ehime ’ e’t Is
lo roos mo le’ loom e ms ’ , in mle ’ m n mt o l v’ no ritohle I r0oe ’ iumg w i t  lim o prnue’e’ehorev . A lsno . I imno l tcorn mm no l i imv’ n o b v e’d Iv O o m
eli iie’ u c ’ u mt ne ’ Io me ’se ’ n n l . m l m m m m o ’ . , c l ime ’ loom he’ Ivo ’ ee uo — no nm d conme ’ fcor wit himm n— p ro u e ’e dm m ue ’’. I cor u bm e ’se ’ re’ n ov o o nn s .
vs e ’ ole ’ y e ’ nope’ ei no no a lt e’ rio not is’e tcoruim no t w ii ie’ h e’Ootbi hi umed to ll ot liii ’ umo tc im nm m nol no onm u no too  onoc Ii go me - ‘ S um
e ’ s , m ui mp le’ oot (lois ty pe ’ not t cm rnm m no t (si umo p litied m m d  soo noe’vs-h,ol e’c onit rm ’ o ee l) is s b ,’’ .’ . mm fc ul l c iw o nm g :
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liii’. I n omtmm ~o I . e’nom re ’sptui ot luumg too  .0 re’ l , m t m o o n n nmb (.o hol e ’, li’.l tol l  t ime’ s a m  o, o hol e ’’. vo ’ j t i miuo  on m m 000el lml c ’ mom

t i ne ’ be’ t t n o m o m s l  c - m o l100muum , l ime’ I w o ’  i m m n l jnom ‘.e’c’ im n , n i s no b line’ t n o iole’ inmeb i~’ to t e ’ b oo ts ’ ,  lime ’ s. ou m. ob o b e ’ is o!o ’ t t p i , ’ ,I
,o ioe b 0150 0/  lIne three’ v ’,,o vs iii w bomc - b m no s t i r  i , iho le ’ recie ’s’ e’os va l ue ’ tire ’ , ( I)  m o  .0 nle’e’ l .m r .ot i n onm ( Ioe ’ o n
nuno ly (lot’ elno t ,o — i~ lot’ nonn e b e l m um me ’ n osm oo n m tome ’ g uv e ’ tm ) ,  ( 1) in non n ms sig nmu m m e ’ nom st .m te ’ n n me’o m i cm i ex te ’ r ni . i b mu n p io t
( t ime ’ ‘‘ ( ‘rb 1,5 “n .~,1 I ‘I I’ROM ’’ se ’gunm e ’ nmt ) ,  , nmmol I )) .ms lo~O ’ .se’t l troomm o no bii )Olm t ’ r—le ’ ve ’ b  l 0 0 0 0 e’c’e) om [e ( t Ine ’
‘‘ I’ \SSl I) 1 1(051 ’’ se’gnmm e’u o t ) .  lIme m m m i  so, n~ s m o m so lmich no sno r i t ohl e ’ o’ . om’ .e’el one ’ ( I )  .0’. p.mss e ’ni I t o
a lom ’ .v e m  - Ie’v ’ e’l pmtut ’e’eh nm re ’ ( h u e ’ ‘‘ 1,5551 I) I 0’’ ‘.e’o~iuie ’ n m t  ) , (2)  ms noun m o d e’s . ke’~ , nor oml t ne ’m Is I~ ’ o o l

.~~~~~~‘ 0 . 0  ti l t  t o t t t t t ~_~ (!!t~’ ‘‘ !~~~~°! N ~,! ‘) 5!  h ! ! ! !’, ‘ n ’ : : too ’ t O I  i, ! 0 ! . t , ,:., ::t : ,~!
s n o notmh le it o 0 1)0 nor Ii’ c commtm no I  slrue’t o m r e ’ ( t ime ‘‘ (‘ON i’RI ‘‘ se’gnnne ’n nm ) , .m mne l ( 4 )  m o  .0mm .m s ’ . u ) ! u omnmi ’ m m
s l to te ’ n OO e’lit ( t I me’ ‘‘ (H V h S  SA l  (IF 10 ’’ segn mme’ nnt )

l oom e’ sn o i u n lole ’ . t ine (noble unmt l me ’ nome ’’. t haI (lie’ t w o , cbmn om e n u ’ .m o um ,ml  n om u n m y M’S l’RX us Io ,os ’ .o’o b m O no
t Ime’ pro icee hture ’ 511 151’ f moono t h e ’ higbo em — level pmn ueet loire 1,1111 ( kt mn o wu m t b m e ’me ’ os 51 5 I’ ), 51 5 IRN
is omo n bexee l by lwou sto m u no hie ’s , X ,oom d ‘V (lIt s ( t mte ’ n mme nt 7), , mu ne l it give ’s s n mbom e ’ too lime ’ . nm o m b m mnncmi ~
sct mi, ir s nor i ~ohIo,’ INV. l io ns sno n unoh le INS’ m o  lurno is l0 isse ’tl hti ck too lime ’ c’no ll inmg ; o m mo c ’e’eb m m r e ’ I liii
wimeu’e it us to he ctol hee l KF\’ .

6 , 2 5 Bc ’/no,n ’ono r n, I I”ono!:~tg.o

o u r  e’ v’ nolu totno ui ms o o t the nm set oul um e ’ss out tIme p rc igm n m nnm mimc oelii it ’ n o lmn o un  toomo l s  c be ’se ’ni b o o ’ cb .ml~o o ’ . t’ ‘.‘.s’ i e ’
e m  o noel mm e ’ I e’d u iode’ r I lie foul lcuw i tog eouitl it i to  no ’ .

I I \ lo emme ’no d’e’oI h°I I nlp loli e ’n o t mo on i  I o r uo g n , i um00000 ’ m s se ’ m e’c I os ‘ . n o l u m n o t o ’e ’ n r o o m  lue ’o b i t o t i t s  ii
lime expc ’r imo e’mo ts .

2 51 mo d e’ Ito Ic’ Iv c o m b lobe ’S i’I I 10mm ogr no n on s so e’ in ’ nms e ’nb

3 l’ m n i u c ’o pn o nmt s  5 0 0 0 0  ke’c l .01 IllS) 1277 c hisp lno ’ . t e ’ m nm u iu o. o ls  n , ’ m m n m t ’ n t o ’cl ( m m  m o  llt’oI
170 I 6~ 5’S) m Ien m e t  i’, e s v s t e ’ n m m 
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i’age’ S7

4 Iii the ’ m~ nuJomr e’oono tmcu l e’co mo dm io nouu , t he bo a r lo c ’mP.muol ’ n sc u lv m,’eI pro o gm moum n i m n o e t u b o n  ,o t l o u i m
pmoo hie’ moms us i tog on Icom noa t io omo facilities fm cin o ex is t  i tog P1 I en  m not imm l e t ’ .  - tl~ns ouu1~u cml m ume ’ I~m cle ci

t ime smo uree listing. niltr uhute table , non d erco ss ’ re ie’rence list

S . Inn time noaj oor e’x pe m mn m o en tno l ee ot od ih iot o . t he pa r( mcm p n000ts s ,o l’ . eel pm m o g u  . mn m m
um mo ot lmticnot ic oi m prouh lenos usiuog the Io roo s m n ouou n000otl itic nm l i cono (coo ils ete ’ ’ .c’ mihe’d nh, ‘s  to - on S m onm u c

i’ n o se ’’. pn o r ( me m pno nm ts we ’re no isno supp lied vs mOm limo ’ nm hnmve ’ e’m on m mp i lc’ r om nt , o unno . o l mo omi  , mbm m~it

prcmgranos

to . Partoempamits given time nmcodittca ( iooo (coo ls were ’ trai ne’d ito t loeur use’ i o ’o n m oe , mu o ’ . cob no

~onoc knmge’ co t I mt om nmn g to nnot e r inmls g m ve ’oo to  them the’ ou g ht before the ’ e’ ~pe’rmmmme’mmt . nor mt le ’ ,msl 2

0 
hc ucm rs prior .

00% i oi °oe ’mj lw- mu t n i s k s  f~ o m c ’snm hu not m oog time ’ e ’ f t e ’e’ I ise ’ mut ’s ’ n mo l Ihe’ ommnoc h i b i c . on i o o n  i o o , o ls , no ’ . c le’’.c’mnhe ’ch
se’ pt om note tv he’Icovo’

1, 2 5 1  I”m r ox f l ’ot i,i ”.’ ! io ~, — — Ito coL or mu m i l in m i Inosk lcmr es aluto h unog the’ mm ico d ml m c n o t ico nm ( t o o o b ’ n , w e ’
no i s e ’ 14 ~o moo g r .ou m mn m m er s (7 Im no imO e ’eI so Ibm t h e ’  t o o n o l s  nmn m e l 7 g is e - n time e’ nmu mO lo i le ’ u i u n t c i n t m m n o t i u o u o ) .0

noo not l m f m e ’nmtm mo i o  lou tot’ nmnmele lou t ime ’ j oro gm nm uoi 0o n uol  n i ske ’cl lhe’ m m m lou t mcIi j nmll ~ m m ms c ’mI lint ’ o me ’e ’e’ssnor v c’mtc bo ’
no u mt b ehi ’ ioomg t bm e ’ om n n mco dmt oe ’eI pm o o gm. ounu I non e ’ S , ou um lob i ’ . m m t er mn ms not lIne’ lihu ii 5 •pmtog uno mou e ’ \ , Ontm i o lt’ (se t’
‘sc ’ c’ hmn oum lo 2 4. 1) ,  soc 0m ’ . ke ’ct timnc t lIne’ promgr .000 he’ i m no oehi t ue ’cl ‘ .omc ’ lu t hnom t  c use - mcb c me’ to nonu k l i m m e s doocoh lc ’ o 1

for c’s c r5’ e’ xt m no so e’e’k t he hcm ook s’.’nn’ . n u cot re lo m m n oe e l, .inot l w . mm u mm m mg be’ lte ’u ‘. w e ’re’ too he se ou l too  t Ime ’
ho ummnuv. em totter the secooime h week , pnmrt m em ptmnn ms sot ’ m e ’ too  noe’ to o no l l y  no coc hil I he’ prn o g rt m nmm cnot le ’ oo
.mc ’cmiui mp lms ) m the’se ’ mme ’vo’ pe’rlmo m n m n om me ’e’ .ms )o e ’ e ’ O s I he pe’rb ’nmm n mi,oume ’e’ u u ne , osmom c’s c ioco s em i too  m d v  ( toe ’
e’ t t i ’ e’ l i se ’ f l e’ ss not time lo o nols iom Ihos l,nsk were  o o s e ’ n . m l I  e c o r oe ’i’t ime ’ss ( d o m e ’s t ime ’ umunoo h i h ic ’ , o t o n , un
.oe’e’couoo lo l os h u the’ specu lmeel mequirl’ n nme um ( s ) , m m v ’ e’mno b l I mm u o c ’ t o o  c nO t OO l O l e ’ Ie ’ t ime n non o e h u fme ’ n o l uo on is . .m u uet u mo m u umhe ’u
o h sc’Iunimno(e’ n o n o dnt m c , m mmo o t m t~e’ lu su tu e ’ ’. re’t tu ireel ( n o  nie ’ c ’ tonm m p lis im the’ u no no t h u t u c - nm m mmonm - to g , the ’ n oi m um m b o e ’ m
nut e’t bo ton mg nor cut imer ccot im000.m u o cts oss ome el too tIme ’ c co u m mp c m t e m ss ’ . Ic’ i um lc i e mmt e ’r , e’iie’ck , ,o n m eb cle’ ho mg lIme ’
t mmm o d ili cnot icot is ,

lIme’ lo roohbe ’ u m o ~~mIh t h is t.osk w .ns that t im e’ det nnul ’ . cii n m sm no g tine ’ e’co n u lonmte ’r e’o.Iitc o rs o o hse ’ moi c o t  . mtb
no t im o,’r ,ms loe’c’ (s , pnor ( i cu p nnu m us  slme’nt si ie’nohle’ pou rt ioun oot  t i umo t ’ nm m .on m m ~oom Ino t i nog time ’ ~m rmo g u.ouoo it o t ime ’
t ’ n h i t o o r  no sv ,oy s t i nnol were b out une’ce’s ,sn orm ly re l n mt e ’eI too .oe’t ut mlly nonto k inog time ’ nm ncm dit ie’not io o u ns - e’ g
rt’ v m e ’winm g t he’ pmnog ranm ot t — line’ nmmste ’nod c t ms me ’qn me s te ’d m cm i ii t ime ’ pri tn t e ’d I m s m u n u o o ,  m isnun o . : t ime ’
e’t l mt n or ’ .’ se ’norc h tnoe’u lu ( me ’s too dci dn o ( no— lb ouv o ’ t mnocinm g, t mmn m kiung nmm o odit i e ’no ( iouuns too o o t lme’u .ns loi’e’u ’ .  cot lime ’
lm ros mn0010 1000 1 n mc ’c’e’ ’ . n o rm ls iu my’ cu lyed umo the (tosk (boil whici m n ms i o o ,’ c ’u tliel o mnot e’ c m nm lco m nm m it ’  tIme ’
lm .o rt uc 0 ptO nIt.’ se nose cot pmoope r pnmgrano mmii nog ) i s c m i  whe’ nm luno ml ic ipto t o t s  e’ .m me’ b ill lola ii nme ’tt time ’
mn o noeb m bo to t o t i n on m too he nonoele no tt —l iu oe ’  and mmsc ’e l tine ’ e’e h itcur oonm b y lou nmn .mk c the e’imtonge’ s . s u It t i m e ’re ’ wo o ’ .
coonis ut lemnoble edm luu og ‘‘ n m n ’ mse ’ ’ ’  w hich omo notl e ,00 u s u m ne ’ . o snmo c ’ to t  o’ s c’ r .m Il t u000 e ’ nor t mcmn mo ht ’i no t e’d i t immg
su b s  nco l goooot l inel mc ’ e’’. not t Ime m i m ooe lof i c . otm o ou o tnos k - ‘ , numc h ( lie’ e’ t te ’e’ t o s e ’ tme ’ss cob lboe ’ l omnol ’ .  I t o m

e’ x, mn o m ro le , lono ml me’ 0 ~t0 lit’. wco u let ton no I.. e’ tO Ii e mm or it t so’ ite ’ me t ine’ s’ m mmcm ei i h e’d t o m  j o u s t ’ i t ech tie’s; c o  ‘dIe ’ , .i 0 0 t h
no .0005  sli hse ’qo me ’ uml ee lutin ig s t e p s  vs’c ot m lel lboe’ nm he’ n me ’e’ele’ci too c’n omme ’e’t mimi ’ . e ’ m m oum ( p t o r tmc n m l .o m ls  , so lo e ’ it ii

‘,s ,ms e tmsc ’oo ’ , e ’ mc’ nI scou m me ’ lj nmne’ later t i t ter  e m o t r y ) , su n m m b . om ls  , s miuopl e ’ t v~o m u m g e ’ nrcur s nie’c’c ocuum t e ’eb loom u notoum s
s t e ’bO’ . .mmn c l n mm m moomlc ’s mot  c’oorr i ’c- t i c o u m Imn b me , lot oo me le’r ( c m mm m s l mre ’ ‘ .nou mo e’ le ’ ve ’b t o t  n i o i0 mb i ls  n o t  t ime ’ ; 0 000go .000ns .
o z( ’(m ’n n no not b m f uc ’ , n u o nou n ’ .  we ’re nomno de’, we ’ tos ked th.ol p .omt ie ’i pno n mts ‘ .mm hu nmut tbme ’iu b 0 0 0 0 g n . 0 0 0 0 s  t o o  t I m e ’
coon m i p u lem .inmel pe’m fortmn m m m v iie’c’ e’ s s n m r v  c le’ ho mggouo g too e ’ I un mum nmn ml e ’ mum ’ , u no stnm n oe ’ e’s not  .0 c I.ms’. n o t  o; io,m m
nome ’ c ’ no llc’d ‘‘ se ’ n u o o m n s  ermc o m s °’ ehi’ Iee’Iec l hs’ lime’ c no n mm pi le’u Qo m i i e ’ Ire’que’ um t l ’ ,  lo , m n l mc ’ o b o , m um ms d u d , ito I ,O n ’l ,
In ns e’ l IOe ’se ’ sd ’ o i , o n ms e’ mm nor ’ ., ni noc l suhse ’qome ’nmt cl e ’ io om gg unmg oo t le’ nm ne ’ qmm mre ’tI m00000 e ’ t ommi e ’ t lm ,mnn time ’ o u n m t o , m l
pl , on mi itn ig .o m md i bO ’ , e’ 0 i i nO n i  nut lime’ o,’ l n , onm g c ’s , Iloo m’ , , limos ~im t 0s e ’ 000 l t o i t ldic ’e’c b t uc hcb m t io m nm . o l  00 0 0 u s d ’ m u m l n o  t h e ’
o o o  e ntoil nu le ’ n ms om ne ’s m o b h mmm o e ’ or noe’licm m us too e’ooot uIOle ’ le ’ the ’ mmm oocl if ie ’ nml i oonm

liii’. nmme ’lhm ool not Ie ’ ’ . lo nmg lIme ’ t o onu l s c’nnt l t he’me ’to re’ hoc ’ se’e’n o (no he’ u mum n b e ’ sm m nm hle’ , nm ln ’ ,m ’ o I 1 , 0 0  IlOc ’
imoit i n ol e’x p l o om not o or y e’ s no lu.o m i ooums , mmc m l nono ls so no’ . .onm e’’ ,c’ o ’ ssm ’ ,  c’ .m nn i ou munn t  0 0 1 ’  0 ,0 o n c m l o ,m oom t unume - rt ’qt m i nn ’ nI
( m o n , o s o ’ n ,og o ’  oot . 1 S Imomour ’ , ) html lIme’ c l n ol. m us c’ t o nmtno tm nm cl e ’mj ho~ orrele ’v , omut  e’c l i lm no g , i c I O ’ , i l ue ’s , .0mm 1 lIme ’ 
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l’age’ 51~

Ie’vel o ob ecormeet loe ss (a ho oc m t 5(1 loe’rt’t’bm t so helimer (c ocols W e ld ’ used nor ncot ) 50 ,0 ’ .  1000 b m w , ouoe l mc n o l m bo g
I iono I I he’ t .m’.k so .o’. to 000  clot tic u It N ci su gim ml ne’ to mb I pe’ rbcom m noa flee’ club be relied’ ’. he’ t we’ e’ nn I lie’ I c oco l  .0 nu c b

n o m o - to mcii coo nelut iou nm s°.’.’t’ me tcou nd b oor .0 t O oil the rot’ m boor mm m l tte ’e’ note ’ .osc m me’ s

to 2 . 5 2 .50 ’ , ‘n.j lestm, uo~ I~,s /s — —  ‘St l e n  h o e ’ oi I’ono v e’ e’ x,o emie’nmc ’e So c c lcoeue becl too c io nom t ge’ lime’ (asIc
, mmto b t’ l o mm mo tm tote ’ t he’ e’oon tr ih u tmc o no ‘b e’no uto h imm t e ’ r t’c h m tm m mg too the ’ mm ue ’ nmsu mc ’s not n mu n o obmbuo ’,o looo n n

Ime ’ r boomnmm n oum c ’o’ lou the ‘ne e’ooumd b m.o ’ .k , w e to s keel b onom t o e ’ m i o .om ml s too .ou o swe ’r on ebet. o ml .0 s e t  mob  IS

dl cue ’ ‘.1 moo uos me’ ga rd u tog the’ Io rom gm to moms no nmt l I he pic m lOno se ’oj m o n  mcI i bm to . 0 1m m mnOs I to e ’ bm co t I lot ’ c~ 
cue ’ ‘.1 moo um s w e’ me ’

m o n l e ’umd e’tl t t o  , mole b me ’s’. so m n om e ’ e’c onom p ounoe ’ u ml to ’ .boe’t’t c ob ( he’ n o o e ’ r n o b l m n mm o thm tmc ,o lm oo uu t ,ms l ’, ‘ - e’ g
omnme le ’ rstnunmtl mu mg the’ n ove ’ r .mh l o’ I n , m n . o c ’ t e ’ mm ’ . tu o.’s mob tine ’ ~oucu gr ,oumo , ltoe ’ m muumg lime ’ t o o t le’ n’ o ’ o i i . n m m u m n i g ‘..oi unob o l e ’ ’ .
ut oe ’ um t m no uo e ’d mum Ihe’ nmon o o l m h ie ’ . i i uno im o be ’’.e’ i m l o tun un o , che ’Ie’n ’ o t u i u m o o m g lIme i’ .o I l imO i ,’ , m nmc l ,iho.m ’ . re ’ l m t m o o u m s b n i j o ’ .  l o o m

lmm ooc ’e’d io mme ’s (ci he’ ou m vc i loe ’ cl no lIme ’ utu oo ebolu o . ’ , m t mn o mm , e’Ic

/ ‘./ot ’ r tPPOm ’ PuIoJ/ / ) o ’ n s t ~o o I ,On ’b i su b j e c t  mm t ime ’ d b o n c ’ s lmmmnm mm.mmre ’ e’~.b m e ’ m ii m oe ’umls .o n m ’ .oo . t ’ rc ’dl i ’ , o no ‘.e’l’. n o t

e l l m e’ s m t o ni ’ . , 0000e ’ so Ibm .ono c l ,00 un ’ so i t h i t o c i l  lime ’ ~~~~~~~~ uuo mocboh nn ’.o t u , o m m I nomo ls , c m li se t  o o l  e b lme ’ ’ . t u m onms
u no soo lv ee l .0 e lufte ’re ’ u mt I°I I ~or oo gun o tmu . n mm. o in bm e ’el b o o  me l t ’s .o ut t c’ oui t u l o le ’ Ou iS  he ’ , i t u iu e ’s ( ‘ .cm c’in .0’. nui m 0 0 0 b o n ’o

cm l it i not hnol c ’’., c’ .o lb onug s trc me ’Iure ’, nmo muio he’ r oil ‘. .o r m nob le ’’., et c , I boil chi t Ie ’ r o n m g, lnoow e ’vt ’n , mom t Ime ’ 0 0 , 0 1 0 0 0  e ’

t o t  t ime ’ oo l oe ’ m n o t noo nt s loe ’ r bnoo umme ’ch to nmeb t Ine ’ c l.o t , m ‘ .lrkie’ tnm m e ’’. u’.e’e h (t Ime ’ ‘ . to ,,’ .ilic ’nl ‘‘ b i i o iooi v ’ ~o o t o g m . o o m o
m u m ’ , o o l v e’ cl e’ o o no ’ . ic le ’mt ~b ole ’ oo l’ne ’r n m t momom s 0 0 t 0  c ’ iu,ii , ic ’ ( e ’i ‘ . tmmu mgs - ‘  umm. o t o ’ bme ’oo , ‘.e’.orc ’ bm e’’.. e’Ic’ ‘ —  .o ut n b cm se ’ el
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‘.e~( ,o l 010.o t bm e ’ mo m , o l m c ’ .m l e’ .oh c ’c m l . i t m i og ~m n ooc ’e’o,lmir e ’’., i’ imm h obnos e ’ cb ,o im t i m nt oc ’ l o c ’ no; oe ’ n . o l i t o u n ’ .  , mum o b . 0 0 0 , 0 ’ ,

elt il ,o ‘ .10 mmc ’ t i m i e ’ s )  5 c’oo o iu n te ’ r — h t o l .omm e ’e’ c I ole’sm guu w o o s  005cc1 too  i u m ’ . o m u o ’ t ht.m t lbo e ’ n c ’ w e ’re ’ c’ d b nm .o b
oo e ’c’cu r re ’ m m c ’ c’s cml , e’ 

~
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e’ tc ’
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gus enm .iln m no g s o i l  bu time ’ i t tooc hu b ue - ,on moon  t uon o l ’ .  l ime ’ ‘ .00 e’ oo lle ’cl ‘ ‘  n o o o o l  —c ’n m n m c b o m o , 0 0 m  ‘ ‘  lii t lot ’ h i m  su
e’s loe ’ r oomoc ’ u ml , ho , l m l mn ’i lO .Otml ’ .  mum t ime ’ tumoo l  o ’ mo n oc lu l u oon n  u t ’ n’ o ’ is  o ’ nl I b m ’ nm o nocbm t  uo ’ , m t m , o u o  mnu ln o i  0 0 0 , o t o o 0 0 0  0 ’ .

o c 1 o u c ” c u O ( e o o  0 0 0  t o t  n o o n  o ’ , o t o , o i  o n e  ~~~~~~~~~~ 0 0 , 0 0 ,  , n 1 1 0 , 0 0 ’ ’ t o  . 0 0 , o ~~ , o t ’ , , ’  ‘o n , s , , s d  . 0 1 1 ,

c’n inm i o u l e’n umob co n immoi t m uont tom ’ , nun no tim e’ ‘‘ u m mo — tomoo l ‘‘ 
c’no om ebu t m omn n Iii time ’ se-~’ooncI .ouio h I lo on ~b onm ummu

c’’..pe’r mmmme ’ni l’. b o t or t ic o b o , mmm l’. mm tIme ’ t o ol e’no nm eiiliooit 0 e ’c L ’ O ’ .  c c i  t h e ’ ut o nueb u l Oi ’ , O t O o ’ ni u u t b o o m i o m . o t m n o m u  ,oc ’c’o o m n i o m u g
too  h o e ’ so ’, 0 0 0 1 o j  too u im i ,i t Isn ’n ’ ,So’n ’ to noui i o 2 4 2 ) , mum mbn ~’ ‘.t’c’oOiOt I c’s bo e ’ m n n oo e ’nu l lIme ’’. mI st ’ Iu , mt b t ime ’ n’ ooimu b oo l e ’ o
oumb t o o  muu , mt  m mii .os , o  o i , m bo le’ , .ms mum I b c ’ t r o t , lo ut , m m I b e ’  t bo mo ml  c’s s ue ’ r m mm c iii , mont h’. t in t ’ u u inoo lm lii nt
uno b n m rn mo .o lo n o m m ‘.‘,,o’. .o’. . mm l.oh be ’ umnol e’ s e ’u o lostunog ’ .  o ° t  time ’ pm o o g m .0000s S o c ’Id’ ‘.e’e’ut I o n ou u u i o o c m r t o o  s ‘ ‘ t o t
ho .or toe ’ u 

~~ 
um Is so c o n ’ om ’ .e ’ ct 00 to .me ’ ho e’ x ~oe ’ mm mmmc ’ in
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lc ’ rmmms ‘ ‘I ib tc ’sc ’ mmun ’ . o s o o m n ’s , lime ’ f uto c hmmumz s h o mo umo  m b , ’ t bm r c ’c’ t’spe ’t ui t t e ’ ou i s  s’n ‘ ‘ I c ’ n i no n o n  ~~~ o m n ’ . o ’ . i e ’ O u t

P c ’ m l o ° m n mm , mum t ’ e’ ‘,O , O ’ .  0 0 , ’’. c i  0 0 , 0 0 0 0 ’ nun Ilk’ o,’moo n o lo tuo mmm s ‘.0 hn c ’ ue ’ time ’ o t tnoobo h oc ’ . o tmoomm m o u l o o t  i t u , n i ,o ’ im so us e ’ O s n o O
-- e’ v c ’ n o vs t te ’ n m t hn .mt s o ,o ’ , time ’ o omu i’, m n m l n o u n o i , o t m o 0 0 0  1 m m c ’\ bo e’ m m n u t e ’ it l 1. o m s i m m o : th om ’ s o n  , o u u n l i m u b o o m  0 0 0 . 1 0 0 , ’ m o
b o o m t t m . o I  so lii ,‘ o o m n u b o l b e ’i onm h’ o o r u n o . m t m , o o u , l ine ’ lot ’ l o o m  0 0 0 , 0 0 0 n 0 ’ 50 ,0’. 0 0 0 , 0 0  o~u im.mh Is  5 L i ) O , I 0 , 0 0  ‘.5 tb  t ime ’
uu o u o o b u b i , ’ , i t o u o u o  t oo , , 1’. t t t . o o m  so i l b to on i l  I l~’ i t ’ )  I l o o m ’  soc ’ I o ,’ m oo s m g i o u b m c ’ , oo mm c l u l t c ’ i s ’ mO ,’ c ’ s i’s j s ’ . c ’ s ’ mt
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s b o m o i u i o l  bo o 5 5 0 0 i s n ’ t l o . m uo t i m. o t s o u t h  tIne ’ c ’ to i t i ;O i bd ’ u i m u t , o m  0 0 0 , o t 0 0 0 0 0 , l o o m  sc ’ ’ .e’ n ,mi I ,  .o’ . , o u i ’ .  u II 10 .10 mm n ’o bo ,m nt ms
i o , m ml ‘. 0 , 0 0 ’ .  0 0 1  0 5 1 0 0 0  c O u n t ’ no om ’ .uuig lI me ’ c ’ noo t o b o o l c ’ u o n n b o o m  0 0 0 , 0 0 m o o n m , ( 2 )  l Ion ’ s  t n, iol .01 000o ost  ,o l o ’ .~ b m o o m m u s  
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exper ienoc e in using the tciols: and (3) the tools were complex and not easy Ito learn. I hat
toertomnoance was never worse with the tools s t ron g ly suggests that the (ools were in fact highb’o
appm c mpmiate (cur supporting tmo c dilicaticon activit ie s (at least those tested by the quest loonaire).

Part mcip aiots prov ided a number of reeoonm mconda (ions ecineernung the ’ tco c ils , floe mnu oos t

e non 0000 con o suggest ion was too nonoke’ the tcoc) Is - -  whether in the firsl or second formioa l - - av no i lnmhle
con- line con a select ion basis (I e , let the programmer specify the variables cot mn le mest .
suppressing Ihe re’l mmno ining inbcomm at ion), In additmorm . hoowever , t hey recommended thnot the
nmomeb it icat ico n-into rmat icon he supp lied with all progmnono’. no’ . parl co t (he’ dcucunn entatucon

6.3 R E ( ’O,~I M E Nf l , 4  TIONS.’

Flit’ excess enusts of pmoogranm nmno imm t cnoano.’e jus t ily ininoedia e action toowamds prcov ie bo n mg tc oci ls
too facil i tate the nmoodifieaticun pmcuccss . Our first anmel strongest meccmn m noe ndto tio no us th. o t time’
n i t - l im i t ’ lo o o o bs deveimoped in our pilot research work he es’ .m lcma t e d on no bul’ sca le exper l momemot , w i t h
pmo o gra nm ms cu f eve o m greater si/c tlmnn n we used . In part ieulnor , we belies e’ t lmn ot the sc ’ccon me h
inf nmom uonmh ic m n Icorm at used noay he’ the moost ebt e ’ e t uve . even m b use’d c un m ly boor mo ’ii Im:~n -p ro oo ’m ’o Iuro ’
n to r nmm no 1 00 mm

Se’ccmnd ly. we reecon mmen d t loat the utility cob providing such tcuol’ , o i m— l inme ’, boor immte m no e ’ Im’ , e
nose , he evalunotee l, ‘t hese (cools shcould , at ommini ntum , prcos’n de toom Ihe step by sle’jo dm s lo l.oy o o l
tom my, ,or cbs com haekw .o me ls datni—f loss ’ tracing. lime shcou let n ml s cm suppcurt gene mnol que’ s t mno mn ’ . ,o hooul
dnot ~o anti coom ot rco l (Ito’.’. (mm c ml in nnmt ura l latogunoge . no t ecour oc . hut in sonme ap p mco p ro . mh e lv
ccoi mst mn min ed syntax). I~xnotmmp Ie no t such ques icmn is tore : “Could h o e  v’amnahle S’ARS cv c’r he
rclurtoe d in no mmmoclificd leorm by some procc’dume to which it was passed’? ” (exa m nm ple cot tort
.mnu ’ .wer : “Yes . VARS is passed too pmcocedure PCN’l’ in which it can m he noooditic’d and returned;
cko yo ,u n., ,.: ~., ..~c ~hc Jto~nt~i:. .;f th..~’~°’ ). nor ‘‘ Whn~t prto dur~’o , nor fu 000!in to re the 000 , 0mm
bmcquenUy called by other procedures? ” ; or “What procedures have no calls to othe’r
prciecdures?”.
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7 . 1  M O Tf l .4 TION.’

Pr ogramnming perfcmr manee is affected ncm l only by t he conceptual nature’ of the’ tas k and
t he f ormai aspects cot the prcogram ming language , hut alsnu by (he ecompl ex ccommmputing
ens irconmcnl on which time programnoong os enmhe’dded ‘J’hese tn octo o rs ine’Iude such ite ’umos os Oboe
nm m cu de nit prc ug ranmnoe ’r—enon oputer m ntem f ace (hatch vs i,mlcraetive) . the availabil i ty cot prcogrtom m m

0 dchuggunog and lestmng locu s , coompu lem system per tcum noanc e’ Ic g , me’spoortse ’ tin oe , ola tno aLe c ’s’.
( m o tes ) , c hnom toc er oshi cs cut edilcums four cren otinog antI noinodif y ing pm nig mnm tmms , etc., a ll oil t h e s e  cno u m
gme ’ no t l v  u iob lucimce’ houlh the quality oof pmo o grno mm os no mod pmoogramn mer pmc ot lue t i v i t y .

\e’c nu ic immigly , we’ have e mo:o tim m uoou sl y noo o m m m tc o ree b and kept ooom rse ’ ls c’s intoo m nomed not ‘, lUehies inn
t ime iounman— coo m mm mp uter li lcrahume which rem ote’ too be havio ural os s ue ’s moo p m to g n ’ nm u mmmn uo ung 5’. .0
eo o mo e lusioo n lou tour o uth c ’r , nm~ore o.’xper inmme om ta l . comntm ael woor k we he’hie ’v e d it tom he’ inm o lu n um ( n000l too
cconionmounm icnote this bmomader mnom mge cml nn foom noa tic u to in the’ toommtm nob .m review ’ (see se ct uooi i  7 .2 4 )

We o ml snu believed t h at ut wtuuld he usebul too coummunicale the bmoonoe lem cconocep lunol v I e w s
t hat we have ele’s’c lcuped durinog the eo untrno cl pemicue l coonce mning the ,m,’ u~nerm II hehnoviooma l o ss im e ’s im °
pmogmnmn mnming. prcugrnmn m clev’elcupmero t . anti ultimate pmc ugm nonm usability.

7.2 S( ‘M, %l . I R F OF WORK.’

7 .2.  I Oo ’er m ’m ’ew:

Our coon lrnoett ial woork , none l our re’vue’w oh the relevant l iterature’ under Ihe coo nlm noct , bo no s led
us (to t he’ belief that time hchavuomno l ms ’ .nmes in prlugrnonm—dcs cobco pmc’nI non mel user inlermaces tore he’sI
om mgn on iieei lrconm lhrt’e pemspe’ct ives . all mc’l not m no g t o O whno is kmonuw - n nohoout the nopp lic’not iomnm too be
prcugram med anti used.

I’hcre are a number cot genemno l hehnov i ,ort ob issumes w h ich ccut tm croo s s toll lypes cot topp l m c t m ( icon ts
and re late (no the hmooad characteristics not time conomp c mtimmg e’ nus io’ couime’mit , suc h tos lime pemfoo m nm m n t omce ’ ,
t , m c m l o ( i e s , antI user— interfaces oh cc m n mp cm t er sy s t e m s  l imo ’ .  us conic persboec l is e’ ( 12 ) .  I” ,’ ,no o o t bo c ’r
perspect i’. cs demos c’ fmoum a twc i—part  cn oi egn u i m/ t o0 co u m cot pmoo gm to mi mnmin mg .o l O p l i cn o t i 0 000 s  lilt’ t i 000 ’ . e’
w huch support r(outormo ’ (t I’,1, 0 to ’ . e’oo ntr ,mstet i w i th  ( h ous e wh mie ’bm scm lopnomn pr to/ ’lc ’nr o.uo/O ’ 1,uo~ u .m s k’.

Oum me’ , mew ’ ss .m’. lunmited too lhnit nob time ’ t im ’ l -nu t c ’mi ( ico rt ce l perspe’cbi o e’ , w hue’bo w n o o  Ic us
sc o moo n mar i,ed in 7 .2 . 4 .

7 2 . 2  Ro’utm ,nm ’’o’avln mipp lmo ’mr t run o n :

mv v’c pmeseunt he’re’ motor e’ o o t m e’e’ l o t (m n o lo / n i t u oon i  n it  ‘° o’mo mm bmou e ’ ’ ’  m u s ks iii he l ter  nbs b n od ’ b ooot b o tIn ,
poteno l ial nonoel lIme noethoiti too c le s e boo pi m mg ~m moogmtouoo n mnioog n op b mbm c ,m ( iou n ms l o o m  t bmc ’se ’ t . ns k s  11m m ’ . so o ,’.o
stme ’sse’s lime hc ’ bon m ’ , m nor , oI  u s som e ’’, u,m ’. co bo’ c’c l iii the’ 000m l ole ’t oOe’Ii Inl t IooOO ‘ o h  e’o0nmO ~O ii le ’n b°~~°(~0 .~0~t’. 

b o o m (b i n - sm
t tusks

7 2 .2 . 1  ( /0 , 1m b (o ’ r n n ( u ,  s , O t  ro 004(0000 ’ tao / n ’ ,  — ‘  e’ nbe ’ t u o u e ’ t ,o ’ .ks .0’. b’ n ’ o m u o ’ ‘ ‘ u n o o m h o n n e ’ ’’ so b o o m  b e ’ s
ptosse’’.’. nih mob lime’ f ool l ou som n og boo ui m c’h.imnim’ t c o Simm ’’. Roo o mt inmo ’ i .m s k s
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_
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I. arc triggered by a small number ot clearly-defined
external event patterns

2 prinmariiy involve the processing of external data .
which processing involves highly observable ,
structured , and predictable intermediate and
final output.

3. are governed by exp licit , highly available , highly
structure d, primarily linear , procedures , inmvolving
conl y low-level decision-making and littl e personal
excepticon -handling.

4 . ins cmlve a short trigger-to—conop hction cycle’
( in terms c f  either duration or discrete steps)

Of this set cot hunoan activit ies so-defined above , we xc iude trom cc nsm deratioon those
tas ks involving the’ hunoton as a ccontroller in ckosed . short “. feedback Icoops such :ms on
trac king, precise machine opemation . etc .  What remains . h. e .c ’m. nop pcams to he by tam the
noost etononmcun type to f act iv i ty  for the oargcst nunthem cot people (at least in mndustria hi,ee i
‘.nocictie s) , Included are almost all tasks involving prepared forms (e.g.. qu es tnc m nnamme s ,
nopp licnoti oo ns . mese mv n o t inuns . orders) as well as the maj eom nt\ c f  other husinmess and gcovcm nmen lnol
hcireaucmatie ae’ tmvn h ies,

7 ,2 .2.2 Stage model of ’ Routine Ta,nk .4t ’t ivii ies -- We ntow present a generic moode’) no b the
sequentia l activities involved in (neon—c on tmo ul ) mo uutumo c tn osk s to prooside the basis four a set nit
recont nocn dations intended too inmpmc)ve usability as well as nmomco e f fec t i ve
e’co t ou l o uter—onio eouucmoLo iicom u m0 f t1~~~ ~~~~~~~~~~~~~ ~~ r,ou ~~~~~ ~~non t~’! :r~’. (o!~ ’ L’O , ~~~~~~

with the pcossibility cot recursive invocation of the mcmdel in steps 3 and 4.

I. Pre-sc ’reen:ng For Potential Trigger Em ’epzi -- This ste’p invcolre ’s ascertain ing
w hether either ( I)  the data presenled or (2) the queried goals oil the agent ins om ls ’ e
features ot the acceptable trigger-patte rns. If not , t he’ data or agent are re’temmed
elsewhere,

2. Reo ’ogni t:o iu of Trigger Event - - h ere the situation is exanmine ’d carefully to
identify an appropriate event-trigger , t hese being a small number of classe s of solualions
four which the task in quc’sticon has procedure’s to gcovc m n further processing.

3 l°roo ’e dure- ,°oe lec ’tooii and F s o ’u ’p ü ooi o-fl et eo ’t ono n — — Ncmn’noo no llv in these ’ tas k’. it ns a
simp le matter to identity the prcocedure appmcupri ate too the irigge’m event  I howe ’s em ,
difficulties may arise whenever (1 )  time p .omte ’mn us nopprc o pmu nolc bv matched Ino u mmo mn e than
co ne’ (possibly ccunope ilmg) pmooceel ure . or ( 2) the pnol temn . cm poo nn ex. oniomnn oticoto , is ele t ieoe ’nit our
anoo nonm lcous in some requisite characterist ic Nouc in diff icuUie’s ccons t m t o ob e ’ o ’ o c o ’ptbo;n
n,op o dot m o o , no .ond require ,o eiee~s icon before pmcmeecel ing ,So me ’ Im dec os nc o ti ’ .  usu tml l\ invoo lve time’
cxeeut ioin not no im inf co mmati oo n-g noth c ri o mg prcoeedure either t iorecti s ’ cur um o t lo meci l s  by
rc fer cot me ’c’ boo no highe’r niuthoomit y ‘l Ime’ co utp t mt cut lime clecisiono is e’ut imer t em n m i nm no ti c omm not time ’
tornocee lure nor icie’m o t it ie.ot j oin oo l .onm apprcopmintte pa t t cm no - l m roo ce d o u re ’ mntteh lo u  I lie’ c’.tenmt
t hat the decisiono inf o ormimatic o no -gathering pmcoe ’edures im mvcokec b tore ’ I bm e ’mtm s e ’ l s e ’o mnm lu nmm c’ t .os k s ,

- “~~~~o O ,  c. ~~~~ , ~~~~~~~~~~ , ‘ ‘
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ex ce ptmc o m- handling involves a recursive invo cation of the mcodcl at this point ( It these
dccisucuno-making nor inbc om mat io mmm- gathering tasks are not rcoutinc tasks , t hen lhm s meodel is
ccons idered Ito he suspenckd amid no pro/o/em-sn~ol ring mode invoked; see’ ~ ‘lion 7 . 2 3 ) .

4. in iP ia l l on to /  Proc edure — -  l ime procedure appropriate boor the sit uuati eo n us ncow
identmlie”i i’ad begun. The procedure will typically involve a imumhcr of inote mnoediate
steps , primari ly co f data-input and data-combination forms, With a single exception each
scme h step mnoy he cooneeplualn,e’d no’. a re’cursiv’ e’ invocatioun of the nieoe leh . wi th t he eltottt
be ing pre-screened and mecogniied .os ito steps I and 2 . niapped too t he ctorrec l preocedur e
and t’xanounet l toor excep hicun e onei it icons no’ . in step 3 , unit) t he apprcoprino le ;orocedure hcgnmnm
m o  thus present step 4. l’he’ exc e p l ioo n m to o this reeur s ioon cycle us wloe mo the pmooceelure
idcr mtof ued imos ’ols ’ e’s cun l~’ a Irtm ns te’r co f ela lno , in(ae’( atm d w ith co ut mcoeh ific ’at icun , f m no ou i n 000 e ’
Ic oc nth000mo too anc mt her (eg. .  w m ot ing ekown no previc uus ly-check ce i oura l lv- g is c im piece ’ cu t
nmo fo mm nmati con , com py ing scimne inbc om nma tm c o n fm o un nn one Pa~I co t a fcom u nn too no ncothem ) , Ito such
e noses t he preucedural steps tome executed as given w ithc iul recursion ,

5.  ()uqna - -  .-~ ll dnm ta mequmme ’d by the prcocedure Ito he cm ut po o t  tore ’ apbo m n o b m ru,o tc l ~Ieumnoat lcd . stc or ee l, and tm nonsm ittc o ei leo t I me ’ appropr iate reci pients.

7 2.2 ,3 Be/ma, ’wro,l i n t u i t m,m Rno utm ,om’ Tool , — —  l’n t he extent  that the’ nohoov’e us no tm’,e’l’ul
c hnornoc t emi in mtio o n cot noctun o l routine tno s k exe co o t icun . a nuoii ht’m nut hehay iomra l j ss c i e ’s c nonm he
ne lenlufncd melnot m mo g htoth tcu the’ eie’vc lcmpn oc nl cob ccomoop o m ( er app licn o ticon ms (C u suppcur ( snoc ii m .ms k ’ . ms
we’ ll no’, too Ihe usahiboI~ cm i tho se nopplicamio uns . I’hese issues include:

I .  Evc’~ot - tr igger pr e-s n ’ro ’c’Po, n ,e a,o,l rt ’c ’toe ,omnn ;,o — —  I’to’ .k fae ’ i l i l noh iooi m c’ n mcilcl he ,oc i mi e ’v cc l
by mniknne novai lnohle four rcbe’mcne’e’ thoo st ’ fo ’ a t um m u ’s ui the 0 , .’ , ’ . ’ !°~ 

o hI o ’ nr u , ’~’,’rin’ ‘s  , ‘ o t i~~

whuch , w hemo present on the sutun oto n . tossure ( html the tuamticu lnm r rcoutine ’ m,m’ .k s homom lel he
execute d , cor , w hc’ n nohsent . un dm cn ole ’ lim n m( the task shcould nm O he execute d I’he’
ue lenotmtmcatu oo n of Ihe nopproopritote snmh —prco e ’eebure cooulei alsco he sinoil.o rlv ft ocili lto te’ tl by
proov ieling a means fc m r entering the leatume— v t mltu es cot h ot’ tmigge ’m event noott i coh tn ioo mi u ig Ilme
a pprtopmmn o e suh—p moo eeelur e tco he executed (e.g.. the’ melenmh if icnot i c u mm out the no p lo mco pmi no le ’
fcor m Ito fill tout).

2 Proc ’o’dure oi i ’a i la hj lo to ’  — —  In sitt o. o hicon s w ’hoeme the Inosk itmvo l’ . e s  nmn n omo v ei ifb e’re’nit
st u h—prc ueee iume’s . t inme anti crrcors iii husk cxec ul icun cnoult l he me’dtueee l by t moto kin mg nov noi l, o hlc
lou t he perscuoo pemfo m no ming the t nm s k the sIep—h ~ —ste p eletno i ls cml the Io mn ucet l nmme ’, h o nomti co m l nmm k
b c m  steps j ot w hieh er m oors cur foor gettu lnoes s cnoulei he cxpecteel .

3. Evo ’o’puoon -h anodlo,og — —  Moist exe ’e’ptiounm coont h it icun s inv c m lo e the sno lue cot s00000 e ’
pnmrt icu lnmr dn ol tun mm 00 0 01 he’ing ine’luele’eI imi a set (tom range ) tot tohlcow ’ tohtc ‘. tu nics i’ Ioe se ’
v nm luc — re ’s lm iel u nu o m ’ , no noy 1°c noulti plc nomoe l ccomp lex . nono d 11mev nntno v eas ily he’ bcu m gc u tl e u m n om e lse ’
re’meni he’mce i in c rmcor. Ac o toorna h ie e loeckimo g to t  e hn o tni— s’al ome ’s boon exce’pl iono coonmehu l no on ’ ,  t’o omul c l
spee d task cx e coml uo o n i .ms well .o’, reduce Loser e rmcor s ,

4 Pla,~ ’ ho ’t ’prr mt ,’ — Foor tasks inm s no l s in o g lime ’ pcos’ .iho i h i (y tot re’ e’ u o u s m s e ’ b v i u m s o o k m m o g
sc m hprcoced ures tossu s tnone ’t’ eco u lel he’ l°~°~” ole ’ ’ 1 bo~’ , o u tc oo t mno t ie ’ to Il’, ke’e’~u uim g l o . o c ’k c ot t i me’
hiem no rchi c ’t ol sIn u ous cot sc o’ .pcnm tle’tl . presc ott  , non o c tm re ’ n o m.o inmio o g t ,osks , mote l  nm nnokino g t h i s  ree ’nird

~~IiTr~i~*t~’- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~ ‘ ~~~~~ ~~~~ 
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ava ilable for reference . Further , proovisicuns ccwld be noade four automatic transfer cot
re levant data up cur dc wn the hierarchical prcmecdure-call struclurc to nm mnunm o ie redundanl
manua l data-input (and thus minimite errors).

5. Moni toring j ~mr error ’cont ro l and automation-potent ial -- I.coggong co t tom e-spent
.ono d errturs mnadc during execution of the steps of a task procedure’ , cover an extended
per ioud . ( hcmth by autcon mat ic and noanual means) ecuuld prcovide a basis for determining
emrcor-pmc 000 e anoe l time-consuming aspects of the task procedure. Many such as pects
necessi tate ’  hunoan partici pat ion in the task (e g.. no’. a speec h-understanding dev ice ,
d,ot no- lrans fer noo’e hnoo ’m isno , etc. ) ,  and specialized facilities could he provuded lou mtnmpr o ve
pem toorm nm nce. h loo wever . feom thcus e prouhleno aspects which doo flout require hunm nno mo
invoolse t mm cnt . pr inoc opportunities boor autonm a ing task compconents can thereby he
idenhif ied. In particular . s it uati000s involving coomp l icated ccmmpulations cor we l l - d ef ined
hut multi-conmpcone t m t excepticun-judgments are ideal candidates four au onoat ion

In sunmtm m nomy , we ’ hnos e proovieled in this ‘,ection ( I )  a basis for identifying activities nomod
pro ’~ mnonmno ing applicatioon s which are routine in nnolume , ( 2) an outli ne’ of a plausible nmoude’l no t
hunoan behavior in such asks . and (3) exaniples nut hehn mvi co mal issues involved in rooutine ’ -tas k
ex e ’e Ut lcon w hich can inmprcu vc the effect i veness cot progr .oomm develo pnoemit as well no’. the usah ilut~
cob ccunmputer-sup pcurtcd routine-tasks.

7 2.3 Prohlem ’ .s ’olo ’ing applications:

7.2 ,3 ,1 (‘haracteris tit ’s of Prohlc ’nt ’Solo ’i tig Task.n -- This is tour second perspect ive , and
these tasks differ trom rcoutine tasks in eac’h of the four types of criteria used feor defining
rco ut ine casks. In contrast to this former class of Iasks . which required all four criteria to he
present , the presence of ant’ tot the following is considered sufficient uu define’ no

problem-solving situation. Prohlenm-solving tasks --

I. can be triggered by a large number cof
poocurly-defined event patterns . hc th external
and mental.

2. noay include the processing cot both cxtem nno l and
noenta l events with u tIle , or ill-defined ,
intermediate oulpul. and with possibly
unpredictable final output.

3 tore governed by lypically idiosyncratic proced ures ,
which procedures , typically: are flout explicit . are
neither highly available nor structured , involve
e xhcnsive use of cornext . and require a high degree
cot ccomplex decision-making and personal at le’nticun
to except icon ccondihions.

4 inme iet c rmi mm notel y long tri gger-tc u—com plctin ono cycles .

In eoomm t ra st too rcu tm (j ne ’ tn osk s , which require’el all tcmur er i t e’r i.o lou he pre ’’.e’ nnt , Ihe’ lo me” .emmce ’ no t
on n oo f the nohcuve is ccons ielcreel st mft icie ’nt 1cm elefine ’ no prcohl e ’nm—’ .oo lvi nm g ‘ . i t u notncon o

‘ .----. - ~- ‘ - -~~~~~ . ---- - --‘,- —‘
. , --- -
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7 2 2 Ta ‘ .monoOit ’  of Problem Tt’pes — —  As a result not tout l . mo ger unterest ’ .  moo ceonip be’’.
cnogn i t us e behavior , w hich imocludes dour ccontmactu al work , we hav e be-e n dc ’se lou pung no Inoxn un eoomn ~
not to ’pn’ o no t proihle’oo i - so ’ l s mng.  Our g ual is too define a classuticatin un ‘ .mmuctur e which’ ( 1 )  womuld
Ie r000 it rc coogmoit i 0000 not an~ part icular s ituaticon no ’ , being an unstan ce Of cone pronoa rv prooh le’ m
ty pe , ami d (2 ) .  (once ‘,nn idemm t ificd , t he prouhhem t o 0 pe womu ld mot iply a set co t chnom aet t ’ r is mun’s uniq o oc

boo ihno t m ’ npe (e g . use’ful sumlutie m algcur ithnms . cop h inmal mntc o rmatic ) n-el isp lJv eham no e ’ ! e mo s t ics ,
dto ,o lm noio mn o moa g en oe ’ tmt la c t l u ( m e ’s , preoce ssi itg touch ’., e’ tc ’ I’ Four examp le , tour /) i,ie’ ,uncoc pmc ’ b . us . one’
em’ .el’uI l. ocoh m . i n o c ,o ( n , o t m  alg&orit htim us leo c mo ioduc t m e s m s which result un the e ho m u nat o ( un ~‘1 mnou g hlv

h.o lt to t  t ime ’ menmaining trouble peussih ih ities af ter each tes I . Since ste co o nsider that  mtoou~
t l i t le ’ re tm t  pm n mh te ’nm u~ pc’ s inu ,o~ he invo oked a’. s uhprco hle m nms w ’n th u n m e tch ty pe’ , we  ti . ‘  l10 0 lo c m o n

s l oc e mt ’ ,  the set - and immno hahlc sequeom c c --  cul preo hhem hypes huk e ’i~ too he nnv c o ke e h under c’ no , ’h

J m m i10 0 .o r y  t sp e’. .\g .mm n using t he e’ xti timple nob I) lag nousls no p murn m nm r v  u i u I , o n u u m , t t u n o m m  e bm s [ o I .o\

re ’cluure’iime’ o o ( Os ( to  pmt os ide  000 bou mn mmnot ic u n omn i hnmt’ . time e’n nt i tv  being c bm nog m uno ’ .e’ et .O IOoou4lni toppe.o r . v i t o ,

e g , ‘.cime’ um n , o ( i ’ s , design s pce i f i ca t i no tos , etc \~ e’ t urthn.’ m untenoe l [lie c l as ’ , u b icnot uo ’ om s’s slcfl i t on ,o iup l~
eq o on o l b v svell n o s  em ar iat icon s m m  the nature ,ui ( I )  the ’ no gcnt doming the prcthle’ni - s t u iv mng . noo mel ( 2 )

the pno o hie ’ mum en’s im o 00000 me ’oot.  j hn ms . mO mc’ elie’,i! e iunogn n us ns nut nonino nol d i s e a s e , c00000pu te’r ob i t ugn nn o s ms to t

‘s ’. o i t .o ’ .  e’ nr o ms iii pr oer , tmm o ’ , , nm oo,j cli nic.ml se ’ l t— amma l ys u ’ .  toil s t unoul d he’ e’h,tn’toe’Ie’ nu,e ’ ei .0” I ) i a g mm n o s i ’~
iomn uhlenn is vs um he on mm e’lno ’ . ’ . m f uc n mt i t on  dit t

At this poi nt St e ( u , u v e  f lcm ( ‘s e t  noel oi l  nit these rc’quirenmc’ m o ms boo m t ime t t ox o oO l n oOml y  l l n o s v e v e ’r ,
ste eb no lm.os e toll initemuno set of I 2 types co t pmnuh lenio ’ . w’hich 5’. e’ belies e too he’ .o tose lui h.ns us m o m

ebusn .’ uss ino m n ‘\s toll n o t ’ tboe se ’ pm noh lenm v pe s  arc e’nen ou im(e ’ red 0mm ~o m n o gm ammmn m ou oi g noon e l p m tu ~ mn immu

des e i nop o nien( . the ’s camo pm uv Idle ’ th e h,o’,is boor t le’v elou puo m g i000ni u.100—c ’ nu ul m looil e’r eimv o mo o n o n e ’ n mt ’ ,  t n oml u o r e ’d
too s uppoort specific’ p mn mg m n 0000 n m inmg ( , os k , mc t is i t le ’s We t uf te ’m the result’ . nub th is  c c o m mhi m 000o m g ‘~v no rk

here ’ ¶ ,  i l l ust m not c Ume’ k iu meb ” o o t  1urnuhle ’ om m—sc mls i ng  .u~’t i s  t v thnul c’euu ld he soi ppoor me’ d inn Ibmc n u p tnom nm icd
sCe ’OO t t o 000 we pmesenml not (he emot i cmi l imos se’c(iOIO ,

‘\ii\ non e nub sux e f l t i l ue’’. tii,.iy he’ mine ’ tno e ’ uus four t Ime pmom hien m- ’ .n.u l v u nog .mc t i ’ su t~ , h,tse d noon t im e
f no l l nm w i o mg c ont im nugnun m no l d i s t u im et ito n ’ , :  sing le’ e’leon o e ’ um v s . .o e’noI l e’e’hon u n not eie’nments e’n m n no po u ’ .uim g the ’
.‘ ou i imv  ,m n n ’ ,o n i,o ’c h v s  unmni mtu n u n m n , e ’el ele’ m nie’nt’. — —  h uldn nie’ nouml ’ s nor n,’omll e n,’ lu n m oi  - — n o nd ,oei use v s
innoel u s e ’ e lc nioe ’nm t ’ .. (In Ihesc te moims , no s ysten n mefe’rs to no cc ml le ’ c tm nm no not o r g n mu m n / e ’ eb 1, [o ’ o ’

c lenme’nK. w ’boc reas a ‘ s t ructure ’’ meter ’ .  too to c noi l ec t i cm um cut n rgton miee i u,ma, ’ tm to-  eleo m uen its b t ‘ no less
not he rss i’.c s ate ’el , t he’ prt uhlenm—type app l i es  m o o  ,ol b so ’ .  ty pe ’ .  nut n ’ n hn ( m e s

l’he proohieno types arc:

I fle.no ,gio — —  enea m ioig a represeimt .i inmn cot sconome enit i ty which us u l tuunn ,ime ’l~ too he’ o oo i lt ,

so hich rep mese ’nm lniticut i s .o( is ime’’. .m set cm l tuncticon mn ul mequire’men(s .0’. we ’l l  to ’ . r e s t r i c t  unou m ’ .
comnc c’mning tleve’lnopnmien ml i onic ’, to hl ouwnob le re s 000 m rces , unmnoccept nob le’ ioi mu ,’ m o om ee hm nu l c s t e p ’ .  nun

fi m m no l c i m ,o m .oc temis t ics , etc. ;  hcuw e ve ’r . nim .o t my tnoc ’lnor ’ . tome m I l—thetun ee l , ‘ . t te’h o s Ume ’ ) nor o m i  n ot  t loe ’
Ii nitol pmnoduet . the’ tie’s e l noputmen i l  Iechioio4 Ues . non e l mhc w’ c um kung ion nno ’o p le’

m o o n s  ,Iuu p,o ,io,m t ’t / i 4 0 0 ’ oO f t ’P i t ’O’  ( ‘ l o i s  f , np ’ , o o , j ( non to  — -  ur , o o i s l ’no r t mnuo u g t b ne ’ me’pre -se’no t o m o o mt n o f ,oui

e’ii t i t ’ o I 00000 mount ’ el oom nm no in n u m i n o  ,000 cul h e m , so lii~’ii t b o uooo no o o o s  mon o ’. hm . o ’ se  chi t  t e ’ m e ’ tu t  pm no l o e’ r mm e s .
o n n s t n . o u m i b ’ .  , amid cmo s  u m no o i oo m c t i t n o l  c hntr ,o e ’ te ’ n o s t u c ’ s , hut t Ime ’ toe ’s’ . o e j u r e ’se ’ u l m , o m u n u o u  I uhtu l i’ .

s lue ’ e’ utie ’tI j f l s . o n u , 0 0 u t  to mnc b snoo nm nor p imic re’ l , m c u n o u i s  n o b  s b r t t e ’ t t i r t’ to mO c i (0e’ ’ t o o r u o m O O l e ’(’ vs Oh rn ’spn ’ e ’ i  On ’
t b me m mr ug ionn u l , m u m pa mt me ’ i n l . oo he’ ‘ ‘  n ,n ,ou : , l l 00000 , i /  .ooo el u, mno ’r ,bo tnt ’e me ’ l , o u mo o o o s Ic’ntl t o o  to e’ pme’se- m s eel

l o nom om ton i c elo oun n nmin m i o n  the’ ooth e’r, I h oe ’ t m , u m u s tou m tnm n i ( 000 iO  n o p c r . t t u 0 0 0 m s  o n e - imo o l  m e ’ ,,’ n,’ ss,oo ’ m l~
spe’ e’ u )  med  mtn o r hootn mtdc ’tb; e . g.. C e ’ ‘.51 !u otg .0 ~0 r o o go , oo oo t r o on om 0 0000 ’ l . n o ng u m . uci n ’ mu m b o ’  .o mm ,o lbme ’m

~ .~ !oipplfl C - -  spe’e’iti e”. 0 00 ne ’ no t t i b e t ’  suuiip le ’ ,o ’ .su c’ ont t mc ’O ml ne ’ l .u t mou n m ’ .  iue’t ’ ,v e’ e ’ OO bss o o cbui tc ’ u e ’mm t
‘.e’t’. not e’bn ’uo me ’u o ts nmne’ —~~o—oo m me ’, o 0 0 0 c ’ n o - m m u .omo ~ - our o o n , 0 0 n v — t t o — o o u o e ’ I lo is us (hit ’ che ’ge’ noe ’ n . m t o ’ 1 ,0 m m
no l c’ r c o ss— elo on m n o i n i  e qoo iv  n mle ’n~’ s tm t ou m ’ . fno r uo m ,o tn oo im,  used p r moo n no r u l ~ b o o n  nu n o n o n g. mn m i/e ’ch ‘o n
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no uuo -om ote mactu ve ’ c’o hl e cno m ns cob elements; e.g., assignment ot social securihy nunmhcrs 1cm

pecop le

4. .‘isse ’mhlt ’ - - the app lication of sequ encing cur binding operations t o o the parts of an
e’ rtl it~ as guided by .scom e gouve ’rning procedure’ ‘ . 00  no s o ac hieve’ unification cob the entity
ito accordance with its prioum desi gn (ap plue’ . (0) entit ies which arci , or are (cm become ,
orgninoie d e’ol lectkmns of elements).

6 Op era t :o ,n/M anmpu lat oono — -  t ichie’, oom g c u ntm ul nuv er the en t i t y ’s movement in
accnrdn oncc with (I) Ihe purpose’ four which it w nos d esigned , our ( 2) thc’ inst muc h ioot ls not
,oni~ procedure.

to I ‘nder,ctun ding - -  detemnmio iing ( I )  the d esign pum poos cs fulfi l led by the ’ efl t it\ (it tony),

(2) the nature cut time input e’ven o ts too which (lie ent i ty  us mesp 000isive - -  no’. well to’.

indifferen t --(3) the’ moa ume oul the ’ c’s coil ’, which the e n t i m y  enlmm pmcoducc ’ .0’. no m.o tpu b , ( 4)  the’
nnoe hoel of constructicun . (5 )  he’ gene mnol princip les to t eoperation , and ((u ) the specif ic
unocanos h~ vs huch input nonod nuthem even ts  are counmhinet i or t m no m m sfco ntmm ed ton nmch ie ’vc (he
noulp uc . Utot ierstnonding nono y he’ par tia l m o  (he ‘od ’nose thn ot f l o ut all oil the nmhnov e ’ nine ’
e ieternm ined.

7 . Te.o t / L’o’a / ua twn - -  O h e ’’,e’ nmp e r n 0 0 0 0 0 0 0 s  tore pem inom noed by comnipn*ming ton en t i t y ’ ”
pen t nmrmn oncc , t om sl rucl umto l tom lom m nmmn o l e’imnm m n ic te ’ no ’ , t  i~’s . e’ i l l me m t o o  ‘.euflie’ se’t (Of den s ed
ex pectati 0000s (e.g . . st an dno mels ) nor e lse ’ (t o s nuoim c oo(liem e’nt ily ( o n  ete ’ t e ’roiiinme the ’ nnolume’ to o nd
d egree’ ci i coumrespo unden ice’ noim stu oOm e ’ ‘.umilnomil\ olmelnic (toni m unmpo nnu a nt  ex.o nmp le’ being that n t
tc -ommnm l equivalence).

I~ For mal .‘, t ’nn h (n l -noan ur o o l Ia ( uo m, n — —  rcplntcinng , ommn udjt ~ inig. ou r node l imm g too (he e le ’ moie nmt s cot to
eno lhect ic un out w’ell—bormed lcm g icnoh pno p o n s i ( o t o ml’ . l e g ,  foom n ou l gm.m000 mooar mule ’s . In u gucal
ca lculus e’xpressi ons) by means nob the’ app lie’noti non nut no pre—defined t o nic ) d ouse d set o t
a lloowah le trans lo urma ueuns; e ’ g .  p mo o v u o mg Itleno renos (appome ’ s tco cnoi ie ’ c t i c m n n’. nof o o tac t i v  e’
e Ic noe nts). -

0) RuIn ’ mno/ ue’iunun — —  den s nc itu om tot no gen e’ r .oh i/nohiouon co o nce m nimo g c lt o ’ ,ses out et ihi t ies w hich
s ta t e”., w i t h  an arhi rnomv pre ’cisioimn bete l , th e’ cohte’cticm n ol’ characteristics thn o t cnoro he’
expected to he pmcs eoot (nor loog icahly t rue )  given un mnothe r set nob chnoractemis hic’. ceonoccmn ioig
o b o e ‘.nome e’ntn ly classes : ntru c ’tural ineluctive mules specif y cunl y the feature ’ ’ ,  out the e’nhitics
w hich nmust he present;  procc ’.so ’ indue’Oi °.e ’ rto ie’s specif y t he process .sic’ps t hat nm nm is o he
app lied lou the e nt itoo ,’s to ) oo hl.oin the predicted cha mnuctemis hics .

It) . l) i a~ , u n n oo — —  beg ins with lime ’ de’teclocno, via test / ev a lual ioo n nupe ’ ma t immo ns , not iunop nurtant
d i screpant chn omno cte ’rosm ic s , usually duscmepn unmei es between non eu ot i ty ’s pmescn l stat e none l the
sltote ’ it ‘,lnnu ul d have’ been in noce ’omdinmg (no It s  tbe ’s igmm our prunom knnuw’n state; ic le nt i t ic not i nonm is
unma de, tnu a vnomitihle degree’ n ut res ou lo iticoi m , cot lhc elenments n or lime e le f lmef l l— iu n mc mt tc b ueu oos ,
which produce the discrepant ‘ .v nomptoon os ; e g.. pmo ug m no m tm dehuggiung. (l’he toc ’tlooi ou t rm ’p olo r
b ool hio wing successful eliagnnnsts is coonside’re’el to he’ a vnm n ino nt cot non Assembly tnosk I

I I . l,ofnornoci (onnno - s o u l ,  mno ,’ — —  the se ’nore’h fcor Pno ltic til nom chnom acte ’mm ’,tic t ‘,) nuf ton en mti s - nor d oss
not e’Ittit it”. whoe’h fulfi ll a slnole d rclnot icnms hi p to o eac h not her nun iou  .‘.mnime’ ob her ret e’ rc ’o m ce ’ se ’t

I 2. ( ‘boso m ’ flo’c’,.ooopn -mmi k onog - - se leclioo fl cut none no bt e mn nuh iv e broom .o se’( not pnus’,ihle none’’,
miii Ihe hnosi ’ , oof no mimIc (c)d’ e’is icofl f oo net icon)  which nmss ig o ns v a l ue’s ( ne ’ l ,uliu o nonol cur ,oh s nmhmitc)
Imo cncc h pcos ’ .m h i l i(y  nonmd e le ’ te ’m nmiume ’ . the n n l t ox i 000 u 000 — 0 0 0  n m ioo i 000to000 — s - n u loue o j  to l t e ’ rm o n o t i s e ’ .05

p me f e r me ci.
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7 2 0 3 () p ionmi : t ’ o I norro puter  oupport of I’roo°o lem - So l o i n g  - - In a truly ompt iniiieel
i01000 u.oni _ c ’noumm l u u oe ’r ~o nnuh l c ’i n t_ so ul ’ ,’u m o g ‘.Vste’OOm we weould e uro us0000 m the f oohlu u w ’ mng kind out “ t e n o n , I
I he user ~oncl s~ ‘ . t eu u m cnooic i uct a c lotolno gue too determine which ,o t  the nihn uve ’ r~e’~ no t  pruuble’ms
lie’ user une’e’d’, too ‘ . nol  y e  - ( 2 )  no ‘,ee’nomiel diaboigue ensues too de’’s’ebo ip a precise foum oiiu l.u m nnni n i  mime ’

prouhlo,’ni , e ’ s p c e n . o l l v  lime’ buom e’ t io nal  requirements; I .~ 
) the s~ 50cm then e’.(ahhm ’,he’. the oopm m n ot o l

sup h000 rm coo ’s iro unnoemo t m o n  the pmnoh lenm (e .g., sehect kmn out (he’ tu nmctu n omos , dam ,i stm t oe ’tun cs . and
du spi.o~ Parameters nuptonma l tour the’ pnort i eu lam prob lem- type:  ( 4 )  ‘. no iosc r - me’q ue,l , e on

~5 ste ’im u - mee ’nu gn moti o uo n ot thd’ neo,’d , no s uh—p m nohbeo ’nm is inn s ooked , ir mv - o ulv ir n g ,o recursive ’ e’ x e ’ cu tmomn n o b

this se’e’tm , on uno , tomod the ‘.‘s s t e r O m  pembn u mnni’ . lime r uece ’ ’ .s ,ory me eoord io ig no t all pertinent nt e uro r mato ton  ton
this Ic’, cI n000dl the r m he’giros tmto no s e’(o ( 1 1 ,  (5 )  lime’ sv ‘.od’ rum ke’e’ps t r ac k nui all suh-pr mot ule ’nois ,
hue’rm mmio ’ . c’ .us ’s t mto o ms iem not m nt e ormn ma tooon freu m one sub—prooblem mu , t o o mo umh e m , nmnd permits the ’ 115c m ( 00

me ’ — onos n oke tony pmicor env ’imonrnen o t no ’ . well ,os nc one’w cone,

7 2 4 .4 11 t i f Op iut ’ t l t Oo f lV .

e’ hn ot e’ c’noris ie i e’med he’havm oora l m ss ioe s in pnoo gntonn nou in g tru om nu s o n  m e n  -o po. ~~
’ t  ‘n i ’ . base d loo m thn, -

t ’o p e ’ n o t  t ask — —  mnu u(imic ’ (tusk’. nou nc l pr e o h l e n m n - s n o i s i o m g  tasks  Our h oun d J oe ~Pe ’e m 0 ’ . e eomIe ’ e’ m I o ~
he’ hno o . un o m no l is si ue ’s m o m pm nu gm n0011 nmmn g non m e l pmn ug mnoinm eieve’ Ic up om io _’nm w hich cut nin,’n oo ss  all nu pp lo e ’ nomo noi m s ,
vs he ’ t bo e ’ m mo u ulm nme ’ or pmnohle’n i—’ .ool v ung ( )nu r ‘ , uhst ,umo t ‘ s c  enm ntmuhu t  o o m m  he re  us the ’ t n n J o o , ’ ,o~
nom gnoumo/n o l u t uum of he’ h ni ’ s ino m no l  issue’. .os they re h nom e ’ ( no ,n’ .lue ’ c u s  ouf c’oonnop ut e ’ m ‘ .v s t c’ mmi ”  t im mo ,i no me ’’, ic -s o n o ~
the w m rk p m n us id im og c t totno e om thenory mini i d e ’ n t i f i e ’ to t im u oo  nomie t me v oo l u tun o n onf  he’ lt t m o. m m m i )  pm o o hhe ’muns ( 12 )

7 2 4 I ( ‘no nte p o t no t  t ime R o n  lo on ’ ’ -  Puhlu’ .he’ei me ’ ,e ’am c’h st tO s n e ’s - les t  cit ,oec ’ n o m e ( u IC to m the
fn u b l nuw oo m g  oo mgnon u/t l tmnu f l  not  topics (12) .

- ~ ‘, e n s  ic ,, out he hm to v u n urn o b- iss ue ’  j mer s pe ’ e ’ t  use ’ s
. 5’s-slcoom (‘hnor ,ue’tcru ’ .muc s

2 1  I°ert um oom to tmc e (e . g  - me’’ .pnoomse’ tonic , , ov no i l n o h o l o t v )
2 2 Fnoe ’ili tm e ’s (e.g., e’oomn man d languages . editn ms . file ’

nmnoomupulat icoom . e i.ot no i iot o ni ipemla t iom nm , inter—user
e’oun m nmuni e. otinuum , ree’us e ’ n~ phi lnusnu p hn I

3, lntem °’noe ’e (‘harac lemusmi e ’ s
3 . 1  Dialougue sty le ’
3 2 Key i’omoards
3 .0 Ahp ha—n unmenic ob osp l no y s
.0 4 Speec h inpum nuutpul
3.5 Graphics

7 2.4 2 mkn’i flc’hti t’unu ra/ /so to ’ ’ — —  Out n o t  .oll the ’ u ss u ue ’’, totltbmes’.e’eb in n he’ ne ’ , mess . see oe le ’oit u )
Ihre’e’ sv bnu e’im se’e’nm : 00  t O ’ . O noo st ,os i t o ’ . m rmg the gne’,u Oe ’vt poo lentuno l l o o n  t n ocm io tni om n g ge’uoe ’m ,ul he’htos i cumn o l

t os . o ge’ nt n,’ oon nm luti tem ’ . l ’ eb i ( o ons , I In, ’ \ I n 000i l ’ocolnmh i numl , ,one h Iumfn o m o mm nomi n o no— Pno r t i ( i ou o m et l  h Ous i ’ l . o ’ ,  ~-
mebe ’ n tuI~ hclnow’ lIme ’ c’rm h u c no l hehno v u oom ,u b eiet oe ’ue’Oueoe ’s m om c’ no e ’hi nom e , o , no umgomme ’n o t imng the dise’t i ,o ’ . ieo to
pmom v ie le ’e l in lime me ’s ocvt

‘7 2 - I 2 I ~~~~~~ l Ine’ O n n 0 0 0 0 i n , ’ ,onme l ,o ’ s n oi l t ob i hj os  cot debiting l , te ’ i l u t i c ’s I., to ’s 1 , 0 1  t Ine moust 0000 p n o r t ,00m(
ore-no N oot o o o u l ~ o’ . editin g l Im o ’ 000 no ’ .l c loo nm inno t mt nue - t u s  us iii c 00000 po m le ’r mo sno nt ’ — —  momc ’ bt m ~I i oog  pnoo gr .oun t

ehe’v e’lnop ott c’nI — —  h n mt it o l s o o  pro m ’ . unit ’s the eone ’,io e ’’.u n o pp oomiumioil ~ m o o  ino ipm oo s n’ iomn ’ilt’. ‘.5 h mm e’h c oi l

e ’ n c , o t l~ fn o e’i l i i , mun ’ w o rk  pm oot bt oc ’ t o v ’ u t v  unm e t  c i t o tol it y i ’fie ’e ’ti ong tim e’sc’ i un t lomoo ’sc’ omnn ’ m l s  mt’t I oiIo - e’” oomul s

fou m t h c’n he’ t i , o s  m o n o  m l , ou o , o l ~’ ’.e’ s no ntl umco i no ui ~ te ’ c’ i o o o s o l n ugoc .ol ,oc h’s n000c ’e’’., t b u.o t is , b lue ’ o om i lo u o ’ ,  n ’ i io ~’ mu t ~. n,’,O O i
he’ onmp le noc notee l bu~ ~m ooo ’ s  i e b mi m g e’ um hn i ooe ’ec l e’eh iti ng—t om nct ic o m o ‘ .n ut n s s o l e ’ , I,’’. n ’mm Ii’, n’ s u e ’ o o s n n o n o  nob  lure ’se ’i m u
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editoors with edit macros written in the language of the computer system (e.g.. IBM’s CMS
IXEC language).

‘I’to er e tore tw o problems which underlie what we see as the key editing diffocu lties ( I )
w- hnol the lose r w ishes to dou immaps omn l y awkwardly onto the’ available editing functions (e.g.,
e ditors are’ limic-cori e ’nted str ing processcurs whereas users eoneepthalize the editing material in
word or phrase units , often as a single countinuous st ream , rather than no’ , a sequence of arbitrary
l ine’s) ;  (2 )  the display of sen orched—fom . modified , or formatted editing material is flout consonant
w ith the requirenme’nts of the user ’s editing task (e.g., multip le occurrences of a souught-for item
tome not disp layed ‘.inmultaneously but sequent ially, modified material is not displayable as
dist inct  from new’ or pninur unmodified nnatcrial , anmc l the user typ ically us forced too achieve
fourmatting of the n atem ia l by cont moul instructions within one disp lnoy mode and thco i invcuke

non mn o ( he’r envir(unnmenl to pc) rtm a~ t he fnormatted results ).

7 .2. 4 2 2  File Manipulation.’ Users shnuu ld be able to pentorm the fol louwing file’ oupemat u n uns in a
mmto tu ra l w noy . ( I )  naming. (2 )  describing, ( 3 )  storing. (4) copying, (5)  distributing. ((m )

no monoo t at ing , and (7) retrieving. Com mipare’d too the noo mmal peom p le-n upemated facilit ies and
pmac (ie’e” . loo m tile’ mo mani pulatinon in industry and Gnovem nment . cono putem Systems support t h ese ’
aet iouns at best awkwardly  and at worst no at all:

( I ), . Voino ing is usuall y severe ly res(m icte~i by limiting the name to ) none ’ or two woo rds ,
w ith each word limited in its number tot characters Further , nno prov isions are nmade fo ur
,nat ura l language naming practice” ., such tos the use of prenominal qualif ication in w ’hoeh a
variable nunmher of descri pt ions are inserted to o the left of the head noun -- e.g., “Douglas
vs. Perry Decision ’’ , “Irkutsk Re’connaisstomoce Repn)mt ’’ , ‘ Contractor ’s Final Repcor °’ , etc.

( 2). F ac il i t ies fcom Describing tile content , top ic , source , purpcose’ , etc., arc ti iomic st never
made available too permit the’ user t o  establish any kind of reference cala kug. Given the’
severe naming restr ictio )ns . and the tiling restmicti onms discussed below , t he user may have
to resort to some laborious process of examining the contents of a series of tile ’s too
locate the desired file.

( 3) ’  Support for Storing files is limited to a one—level structure , in contrast In. nno(umal

hierarchical sto umag e cot files by main category, su b-category. etc. Only by e leven anti
countor ed file-naming can a user achieve a modicum of aggregate clustering of sun i iln cm

files. In ccontrast . a meascona hle storing system would not (only proovide f(ur cate ’goomo ied
sl c um ing. hut wcuu ld also ) permit the insertio un not the file-name in other places in (he
hierarchy when the file is pertinent to mo)re than one sco bject. Further , rd-snorting cu t tiles
intoo exi s t iomg categoric’ . and re-definition of category structures wnould n ol soo he suppourted.

(4 ) .  ( ‘opying a file in its entirety usually suffers only froono awkw nord e’n mnmand s y oml nu x .
hcowevem . the eeupy ing cot limited portions or t Ime extraction of excepr ts o’e ’qumre ’s t he user
too invcoke a lengthy series 0)1 editing e’n mmands.

( 5 ) . flis r i hu tm ’ng files again eosua lly sutbem s uniy tronm umonn otu mnol ‘ . yomtn o x  so long 0 1 %  (lie

Lose- n is pr ivy to the e’oompu her sys tem ’s omnm mi ng sehcui me’ four the ’ iimtenelcd rec ip ients tumid
t heir wheme ’tohouls . I Ioow cve ’ r . it is frequently the case ’ thno t Joo io n m Stou t I’ ”. n nmop ute ’r nmnon me
‘n something enmtime ly different , nuo me l his kocnotinn n — — to ’ , to °° n mno de ” con no cnonmp ute ’r netsv no r k - -

eo o uld he anything; antI C c or nm lo t o er sys tems and secur i ty  ec nt mno ls uutt e ’ o m nnno ke il very
diff icult too de termine ’  these ’ . I:urt he’r . the’ systetom is ruthlessl y i n tnu h e ’ m n on mt nu b onco m nom to i

perso mo i plae’e re’ femc’ncc’s , a lhowi rmg no synoflyon i’ ., noo nmhh me’s itol iono.s, noo moo u ’ .s pel l in og ’ ., to o t h
not even soonme loorm not pcu l mte nossost -ance dialog

- -.
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( O n  I I he’ highly ecofl urno in practice o) b .4nnolating tiles cur dcoeumen ils is c n ounmp le’t c l ’ s
unsupporte d by ce unmputem sys tems , where ccirnments can he added to o a dn o e ’ iooui e’ n o t
withcuut nndlually utmooditying it in an e’ditimog sense ’ . While e lese ’bop ing the s o o l t s o a r e ’  t o o

toceco nip losi m this mmoi ght uoc ot he tr ivial , it is s t ra i g ht—fc o mward conceptuall y. invoo lvon g sci nte
tae ’ i i i t~ fe m r n m ’ s cm l n o y ing cnom o mmeimts (e ’ g., he’ Iweeio the doocunment ’ ’. doiuhic-’npaeecb h o mes)  and
mnto km u u g it pooss ih le ’ to se parate the’ e ’oo mo m ie ’nts bm nonm time dcoeo j nme’nm t he g . us o nm g elu f tc re i m t iah
display hrightnesses four the co nonm oents vs. lime dcme ’ unoemo nond pmnuv id ing t o n  t he’
suio mU llamoe ’oo us oover lay display nof wnu different fi les )

(7 )  I’imo t t l ly ,  c’nmflm pu(e’i’ s ys t enm is  Iyp ienoll~ pmo o smd c ’ om o m nothe’ r mm oe e’ Imam m i sno I ’ m  / ~, ‘ I ’ :  0 1 0 1 1 ’ file’s
noti me m th n om o by  f i le—nanoc ’. Wim ile the user mum n o ~ tu , i vc  no e ’ c’ e’ ss too .0 mm 000 t n n r u 7 o , t u . no ret r i eva l
sys t e i O m w h me ’li e’t omu senome io a eb nocumoment e i , o tno — hnos e loom, at l uu no ’ d  - k e y  n’. n u , l  s t m n n l o : s  t h e s e ’

s~ s te ms d c i  m oot pemm 000 l  the Loser too search t oo ’ .  t ow n  b i le ’s , c u i l m e  m us ,o in i t uc ’ ito de’d 0 0 0  . 0mm

e’ xel us ise ’  s e n . Mo n’ ,i se ’nun ,nos e ’ o nmu o p ute’r no’.c’rs — —  pto r toe ’ um l . ou i o  J ou i ’ I , tu m lnue ’ s . St i l l  h,jvi ’

l)e’ rs non i ncl f i le’s nu m no he ’ rin mg imm time ’ bo umodmeds no noel iom t o ’o, t um l ine ’ m he’ J O n n0e ’ On ( i .0 Il~ 0 0 0 l e ’ me ’sme ’ ei on
mmu n iu i ~ m o nte’s mImi ’ . n u.iu nuhe’n not oo lhe’r pe’nup le ’ ’’. bo lc’ s , nor s ’ , s t c ’ O mO b i le ’ ’. ( o n ’ c ’ o m  t h e ’ m onoommuon g,
cle’sc ro hiumg, timid b i lniog rest rico noom u s n t o se ’ to ss e ’ e t  to b no ’s e’. men rue ’s m o o pe’ r tm ne not ho le ’ .  e m  n be’
000 nojoor uncle’ rlnokiiig. ( 0 n00 e ’ su spect lhn~( t h e r e ’ us a grc ,n t cle ’nm l o f  r s c m  1 1 0 m g  0 1  ‘ i o  o g r . t m u l ’ . 0 0 0

oo t l oe ’r k imu ds nil file’. j o ust boe ’ c to t i se - it enoom he’ snu d i bf icuit no t u m i d  t ime ’ ‘ o n  : g i uu ,o I  ‘ one ’s 0

7 2.4 2 3 l , u t nn r , nost i o , i .P ts r tu too, nenl f lucp l~i vm l w - o n te ’cim no ulco gienol Irem m et s lea d no’ . t o o  e’ Oo o l uh .o ’ .O/c’ limos
thnrd ,om eno .os inmpomha nl . ( I )  time shift  trnun m ro pew - mi ter  ao md O e l e ’ t b e  le’r m m o m n .o l s  t o o  b i ug om
im mtn om n o i no t mnoou— dcn so ty  e l is j u l n o ’ o s c reens . ton ie l ( 2 )  lime inmcreas iiog . t v . ou b ,ohmh o m ~ not  .onmc l re’qut [e ’nn m e ’ on u t o n
d ust r ih iotceb me 00000 ( e ’  — ( e m no inn ol  ume t wnork ’ . .

Ihe’ ele’ ’s e’ loupnoe ’ oit n ob l :o r~’e’—s e ’ne’e’n clis pl ,t v s , ion p tor t ie ’ uu l to r , b 0000 ’ su de’s no nounno her ,ot o o J n j 0 0 0 m 0 0 0 0 i u t i e ’s t n o ~
000eme ’ n ms m l og the l mmnne l t o c h i s u t y  o ut  e ’ ou nmp tu ten users I’moub .o hlv time ’ least  0000 l m n om tn oun t  nd’ . .ol i t ,mge ’ n o t

l ,o nge ’ - sc’me ’e- um s is (lie n’ nt j u .ohi l i tv (no ehi sp l n mv no gmct ote ’ r no ro m nuomm i t o o l  uoo f o o ronn n o m inoon  n o t  (ho ’ ‘n.onli e’ kun n l — -
e . g.. un 000 re ’ h oumes oo f no pmn og rto no our t e x t  \ l ou ~’ b m Fomn mme ’ u n in e ’me ’ s tnm o g is the’ ~onos so b o iu0 y  no t  ( l us b u l ,o \  l ie
l i t  f m ’rm ’, Ot kiiiel’ . nil i o nbto nn mnn o lmo oo i  s toOm t i t l too1e ’ n 0 t is i~ - l o o m e ’ x n n nmm p l c’ , J u o n n e m  liii cle’ Io im~’~: n u m g t uu o mi t e ’ ’ . (o io g

e t o t old he’ e’ m ibot on e’cd hv facil it ies wlmm c ’bm oome ’re ’nuie’ umtno hi~- e’X e’ c’ Luie ’cJ t he’ pm n ’ L’ I .ooim . I °~~
‘ hs limit ’,

s l o n m s vm um g the’ po’ ou gnnomn i segnneui s o mmmn u e o o mdi i ng t ime ’ (hi ghhi ghm e’cI I e x e c u t e d  h ome ’ mu m none’ l’oo u mt i o on m on i  Oboe ’
sc ’me ’e’n] while niisp lno y iong the’ re ’ ’ .uo l t s  nol t h e  e ’ xe ’ c u t ioo o o mm no n m cu hlo en p oo m l ino im S i im mi i no r by,  is’ .,’ ‘ se’ ns io nnm ’.
cm i no prnog mno mon ~ ,i no he’ si im~ ti lt noncom us I cli’. m ini ye’ei In or en or no ronori soon In ge roe’ m o  I. Ito mge’ — se ne’e’ no o le sp l no
o mit ok e ’ it I000SSib IL ’ ( mu s l m o os o , ‘0001000 ’ koti t l s nob i mn f n o rn o n o lonooo  nb the ’ ‘ .J f l o t’ ( oomo e ’ . Siinc ’e’ it is t bun ’ o m n o i t o r n ’ nt

mu n uoi ~ (t o sk ’ .  ( lon o t se ’ s c ’ nn oh  thib ic’t e’oi ( um o l uu m nmn ohu muno  s 0 0 0 0 0 e ’e’s 000 nn y he’ suo nm ul I t oomn ’oo t o ’ , b~ m c li’s mmm i
inbomr n mm t ih i nu o m - J m t o m l i t i oonue ’el e lm s J ) l .uys cnooi he’tte’ r to omtl n 0000 m e ’ d i r e c t l y  SU ppoort  t bm e ’se ’ I no sks  lo u . t e t , h u n n n m ~
b mt um nnno oi s  tore nol s u o nm n olouni000 s o o mt i l t u—t to sk  pmmo e ’e’ ssoum s, e- n mg. og 000g on s c s i - n i l ,oc ’u us  t o e ’s n ot  t l t t ? t ’ me ’ O mi
kind ’. toll not lime’ s :omnln, ’ h ino me — —  e’ g., om i000 mi 000 r inmg .0 p m n o g n 0 0 0 m ’s e’x e ’c’ tu t i c m n os t ime ’ prin nono mo, t usk so limbo ’

‘.uim m o o l t . o o i e ’ no ios l ~ . m t t c o m t b i ng to m w - n i t b e ’n m nn m.ml emi n o l , uuuss o - e’ m onm g ques o i 000 ms , n,’ I - , n , k i i i~’ t ime ’ tUnic’ o n !

no p J m00000 tn u mcnml  e’ .o le ’ u m ei n on , o on tok i u og  n mme ’ s . e t C .  ~ I . , om v cob (hese ’ se’e’tmn mel , om ~ O c t 1 5  i t  o n ,’’. e’ou cml e b Io n
soo ppnom (e - cI ~Iii~ - e ’ t Ie c o m m — l i m e ’ to~ Jo nu m( i0000 mmouo g  the’ sc’mc’e’m m o m o t n o  ‘.e’ J u n i m o t O .’ b u e ’ ) n bs  — ,te t u ns ’ .n ,’’ n u o .’ ob i uo u .0

c u t  le ’re’n t In o sk — —  non m,l gis’ ioi g the user sep tomn ome n oumo b e’ t O ’ .S  enumot m o i l coven e’,oc’ii lie el

I i~’ ‘.i’ n,’n o o m o t  inoc ’ ( oo r , (lo o t  nof dus lmuhute ci  te ’ m nm oi o m n o bs , inop lues t b mnon  misc u s  o n u s  hit ’ j o I n’ ,  - m o t h ’ ,
e m m u n o m e ’  I ro onm i e’ .ocim o oo he ’r , e’nooooo t n oooo i c n o t m nn g  ‘, i t  the’ e’oounm po u te ’r fle’ m ssn o o  k Sumomp le ’ mom e ’’.s .o ge ’’. mmm ci

t m n mm n ’ . n mm u ’ . s ooo un  nut mot her onmtoo m n m mno t in unm he’ O ’ sv e ’ e’ n m iuse ’rs is e’ u m meoob ) v  s t u b u l umom te ’ol on e 1 b m r cse m m t s m m ’
he’t m no ’ sum o r t o b l 0100h l e ’ uOOs  (o ol i ie ’ r t hi noi m t ino ise ’ ebove ’ti’ .se’n,i no hoov e ’ iou se ’ e t i o ’ o o  7 7 1 . 2 7 ) .  i I o O S t e’ 5 e ’ u , it is
umo il ) o n ’ S S ut’O be .it F~re ’se’ nOl l o o m reomonole ui’ ,e’rS lo u s vo or k ‘ .unmmoml Inmoocouom s l~ 00m m t Im e ’ ‘ lo on ’ O, is k s o u t h n  t om ’ ,
nbe ’gme ’e’ n o t  eile’e’ t i s c ’ o oe ’s’. ( ‘ noonsun ber hint’ sot  Oo . n t n n o o m  in w’hie’lm t ’ . o o n  0 05c m s so sb t om °‘ elis con ’ .s ’’ 0 hue ‘ .. uomi u,’

u m , n u e ’i m o b  - — e g . no pm nogr ; om o m. ~V e’me mime ’y nmt t he’ sno nle iub oy s i t u  buoc ’ n m t io oo o o im t o i  o m ,ml to r ,o I  o t o n oole ’ n o b
,lu’ ,e’ t m ssouoo n  ss mo ooh t i  hO e ’ lc o lol t Oi ’e time ’ p nnog m n o ntu no ‘e c’ s’, not hnoth , s ’ , i tb i  o ’ ,un , In u , n k u u o n ’ Ominous  h u n o o m u n i m u ’ too
the’ 000 n o i e ’ o nh .ooneb o tt .o ko no g ‘ sno r i ootmo , t t nn uout to hooo im s ‘so bo ie’to o mmu g iom nc ’ omo noion non e lse’ f oe ’ e ’ o n i sc ’ e f I
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dialc igcue cof elise ’ussonon. Suc h a “discussioim ” is uooc conc euva hle’ between remote users not the
pre sciol timooc , sm ouce no e’ononiunie’alion faoe’ il itics exist (cuuts ide cit sitonoll cxp lcorauo ry research
ebbc ~rts )  t oo suppcort this kind of interacti on, Nevertheless . large’ -scmee ’n disp lays ccould he
nipiurcopriate ly part itic iumed . non d suitable scu(twame dc’veloopcd. t oo pt’mntIit such me’loocote ;cuint-wc irk
intc racticon imo to noanner v er y  siiooilar too natural situations.

7.3 RE ( ’O MM E N D A T I O N S :

7 3 I Rm uosim , me nj, mJ l’nno o°o /e ,nm -soo lm ’ i ,m ~~~ - — l’he sec t ic moiS coot these tw mo e’lassCs cot t,osk’.

ge roe’ ito Ii y p roitoosed I htm l .o t’ie ni r u mock’ r ,sI no ndi ng cub I lie’ appi oct o t nco no too he ~mmcogmno no mmme ’d cou Id
prcovit lc t ime h,osi’ . boor nouch mouore e’bfeet i’s’e’ d es ign. prcog mn o uoo eies’e lcopnoe ’ntt , p roogm n o u 000000 ng. toot !
ou l lu o n mate ’ om ’ .nohil i ty

\~ e ( e e l  liunol liii’. proo pomsal ionos sc utbici cu ot nic’rit to o w t om m noi mh i ts ev ,ol u .chi c m n t .05 .0 ge’ nme ’ r no l
omit ’ I ioom t bc lougv loom i omop roov’ m ng I he pmoic i Ue’t iv it y no iot i qu no lot y nut no ~op I oe ’no t 00000 ~omoogm:o m m m m mi mug b,osk s

s boe ’e’ m t m e ’ .ihl% re’e’o onmono u e ’uo c l tiinol time ’ mioelhoeb he’ te’stetl , 000 i no cc m uo t r cu lleel e’xpe’l unome ’ n m ( t o I bo .o s us , tm~
e t u n n n o s o o m g  .0 t ’ s  ~ e’ not r c o tu tnm o e ’ — t , o s k nolulolid ’to t icon i  m o t  pno rti e ’u lto r t’oumOde ’ m n n t o o t Ime’ Nto vs .onoc l um m c on ou l o oron i g

~oo oo gr. m un o ele ’s -e lnopimme mot w i t h  nocot i s’, 00 lmoout t i m us int’l boo o e lno lcog y lIme’ ( c oLor e u  i tt ’ 00,0  e t O lO hue’ e’ 0mm lol covt ’ eI

t o o  j de’ioli tv moo ut i oo e ’— t to s ks , nono d time oooomde l cn 000 pmom ’s id le ’ the h o no s us ton i  bL irt l ido e lete ’ r u i mmmmu u og t ime

s bo t ’e’u f m e ’ hom n i ot o n o c t 0 5  it C e ’s m um ’ sn o lve ’ e b  in ( hoe ’ t to sk , w liie’im tte ’ Ii’s’ i l ie’s noie ’ lou he’ soip b 000ile ’th bo~ t ime ’
pmoo gm to 0mm 000ee l nopp luenot ic o no .

lb time ’ floe’ I b oot 1 toppe no rs teas i ble , vs e’ ito ml lie’ r redo moot 000 e ’ mmcl o im not u t ’ se .0 mc ’ im he’ pt’ m l non o m m e ’tI too
I .ohom m not e’ time momut inc — tnosk momcut le’ I no nue b no boom in  o he’g i mm furl tnt’ m’ d c ’ toni it uoon m 0mb no l°°~ 

ohic ’ iou - soil ’s o oog

Ivpco lcogy boor ev en mlto no l Lusc 0mm the sno utoc manner

7 .t 7 Eo/oto ,nn~ — — We he’hie’’s e’ t hnot the t levelnmj muio e ’ mot nob imig io—l ev’e l t ;osk non e uu t e ’t l e’e lm t iimg
I ,o e - u lilies Wc O LiltI he’ nob em 000m n000 us ‘s .olo oe j im im ocr eas000g Ihe’ effect uv’ e ome ’ss cii pm o o g m n 001 m 000m nng , .mntt t he
he’ ioebits e’cou ld he renoli,ec l imoi inoedi tote lv . It we’ We’re’ noskeel lou umonoke ’ no tol y .0 mmno ~lm’

re’e’o ont o none ’ ome ltil in moo bcum better prco gm nm000no i nog lo ito Is . ml Wc iti It1 he’ too pin o s oeh o ’ (o mco grt o It O loom mmg .0 nd O n ’’,

e’o b o t n o o  ‘. whic h ccorre ’e the elef ie’ ie’ioc ies sot ’ have io~ot e ’el no hcov’c , ion niur re’v’it’w ( I  2 ) ,  .oi md 000 00000

oc ’ c n o o o n mi t eoo e l no t i oom t four suppcort ing sc o btw a re c ie’sg ino (‘.e’e’ Se’ct icui i ~ .3 . 2 1)

\0.’ e’ i’eccimo mio oe’nd t hoto t toni int lepciot le’ iot tonel ccoi oo pre ’ imemos ivc ne ’s m e w  nub the ustoge’ pmnoble ’o mis

w’ it io e’thito urs he’ ccuioclucteel to o verily aum d n000g000c mot cm ur cihse’mv’ tot i co m n s . Smo bse’ que’ mmt ls , t ime’ no c ’ Ioo no l
tlt’v’ e ’ loopto mc nt oil ooptiimiiieel edi ( no os shomulcl he suppoorleti .

7 -~ 3 l o b ’  /005 p000 pm opulu .nom on tz,:o/ / , ,,° no ro ’p tol tIn; fl fio i r t l t IO ’PJt ’ml Jo o~ol.s o’ ’ \\‘ e’ me’e’o mi m i note ’ iocl b hot o I time ’
tile - io oo u m m .ooo i po i l t ot 10 000 lmrnihle’nto’. pnoiu tt e ’cl co cut .ob ~no ’ s e’ be’ boirl ioe’r .ossc ’ ‘.‘.t’n b .000 01 the’ s e’ bnu;~u ooo ’ui t e’ b loom ( 5

he’gumn o t o m  ob e ’’s eloo p bett er I .oc ’u lul ue ’s

“so’. boor i iotoo nu oo to t j 000 t - l oa rh i t m0000e ’cl d os p l .ov ’ ., w e’ b oo ’ Io e ’ ’ s e’ hi m nol bu ,osit ’ o e ’ se ’ , o o t ’h o us ime ’ o ’e’s ’., ou s too

cle’ t e moo o m ne ’ the’ b00000 t u no g  p.or t on ooe ’ t e ’o ’ .  oob limo ’ .  e’noo oe ’e’ loi . 0 5  .0 t000t t ’ lnooio oo l lime ’ oose ’ o .o u mol t .os l’. t’ g , Ob oe ’
nt uitt lue ’r not mmmnie ’ bOe ’ omclO, ’ntt h e l d ’., lime’ t mme ’ h t o o odl n’b ’ c hiht e ’ rc ’ iu tn . i l ioo g nnno l 000 0 t , oo i t  I moo 000 lc ’ ss -mnmo b o no o 1 , 0 0 m m

mtin t t e r itol — —  o s ‘ss- e’ Il os to o c le ’t e ’ r mmu io me ’ tint ’ no ~m( ’ u . i ( o n og l 0 F o i i000 ’ uOls  goo ’ s L’i 0 0 0 0 m g o c ’i o ouo l e ’ ‘‘ sc ’ m

e’omn t t nt ooino i t ’t ot i co no sot ’ lt’n,cl too  e’hte ’ c t m ’ s e’ t’tmOo I od ’ r .OIos e ’ ‘,s n o u k  \\ C t O n ote ’ iio .ot l imos o ’o o o m e ’t’p t sc ’e’ otms icbe ’,ilk
s o u u i c ’nI t o o t he’ N o ’ ,  5 ’

’. rd’ o)ooi me ’ ioocu ol ’ . b o o m  t . o n . t io ,o ( cle’t ’ j sonom t - som l o l 000 r t  t imi d e ’ o oo t t i t moo n mie ’ , o i o . o u o  m not e ’ t b , ie ’ e ’s ,
, un oc l we ’ re’e’c on ttm m te ’ uu o l t lo.u b 0 - 5 10c m on t m e ’ oo i . o l  s~uo rk b c ’ e’oo u to l io e ’ tc ’ol , o oo 111,0 o’o o n mto ’ 5O . O n ’  t - ’ s , o b u o u n ’ ob o e
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2. 1973 RC4280 Mi l l e r  Prograutomiming by non-progran omomers.
(International Journal of Man-
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ming: On the use of interactive
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14 .  197 14 RC14956 Durd ing /Becker /  Data o rg a n iz a t i o n .
Gould (Human Factors , 1977 , 19, 1 — 1 1 4 )
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Anahei nno , 1975 ,  1414, 6 57 -66 3 )
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language d ia logue .
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Becker descriptive , and restricted
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order in coordinate ’ conjunct ion.

12. 1976 RC6326 Miller/Thomas B e h a v i o r a l  I s s u e s  in t h o ’ L is t ’ no t

interac t ive syst c ’onu ’ . ( I n t e o n a t  
0

Journal of Man-Machin e S t u d i o ” . ,
1 977 ,  9, 509-536)
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I n t er nat i 000ie i I Er qo m rm0000 i c ‘. As soc .

U n i v .  of Man y lanel, July , 1976.
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N i l l~~r
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‘~~ P~ RSONNEl- ASSO(’I~~TED WI T!! THE CONTRA(’T RE SEARC!I .

iBM Principal and co-principal investigators

Dr. Lance Mi l l e r  (Principal)
Dr. Stephen Boies (Co-Princ i pa l )
Dr. John Gould (Co-Principal)
Dr. John Thomas (Co-Principal)

Other IBM Personnel

Dr .  C l a y t o n  Lew is
Dr. Ashok Ma l hotra
Dr. John Parkman
Mr.  Robert Ascher

I -2 lOW i oouing Po,ni . 1)oo ’tora l (P1)) oj,moi Grmidms ozt e Siuoieomt (GS)

— Dr. John Carroll (PD)
Dr. Martin Chodorow (PD)
Dr. Bruce Durdin g (PD)
Dr. Donald Lyon (PD)
Dr. K. W. Scholz (PD)
Mr. Curtis Becker (GS)
Mr. Brian Madden (GS)
Mr. Murray Sp iegal (GS)

( ‘n,p isoi ltoints
Dr. K. W. Scholz
M r. Edward Schulman

* Only the Princi pal was associated continuously w i th the
contract research. Other personnel were associa ted for
shorter periods and at different times. The status of
the personne l is g iven as of the time they were assoc-
iated with the contract.

‘

~

‘ -



- -

Of f ice  of Naval Research , Code 455
Technical Reports Distribution List

Director , Engineering Psychology ONR Branch Office
Programs , Code 455 ATTN : Dr. J. Lester

Of f ice of Naval Research Bldg 114 , Section D
800 North Quincy Street 666 Summer Street
Arlington , VA 22217 (5 cys) Boston , MA 02210

Defense Documentation Center Commanding Officer
Cameron Station ONR Branch Office
Alexandria , VA 22314 (12 cys) ATTN: Dr. Charles Davis

536 South Clark Street
Dr. Stephen Andriole Chicago, IL 60605
Director, Cybernetics Technology
Office Commanding Officer

Advanced Research Projects Agency ONR Branch Office
1400 Wilson Blvd ATTN: Dr. E. Gloye
Arlington , VA 22209 1030 East Green Street

Pasadena , CA 91106
Cmdr. Paul R. Chatelier
OUSDRE (E&LS) ODDR&E Dr. Bruce McDonald
Pentagon, Room 3D129 Office of Naval Research
Washington , D.C. 20301 Scientific Liaison Group

American Embassy , Room A- Lt07
Mr. Kin B. Thompson APO San Francisco 96503
Technical Director
Information Systems Division Director , Naval Research Laboratory
OP-81T Technical Information Division
Of f ice of the Chief of Naval Code 2627
Operations Washington , D.C. 20375 (6 cys)

Washington, D.C. 20350
Dr. Bruce Wald

Director , Information Systems Naval Research Laboratory
Program, Code 437 Communication Sciences Division

Of fice of Naval Research Attn: Code 7500
800 North Quincy Street Washington , D.C. 20375
Arlington , VA 22217

Dr. Robert G. Smith
Director , Physiology Program Office of the Chief of Naval
Code 1441 Operations, OP987H
Office of Naval Research Personnel Logistics Plans
800 North Quincy Street Department of the Navy
Arlington , VA 22217 Washington , D.C. 20350

DARPA Mr. Arnold Rubirmstein
Director , IPTO Naval Material Command
1400 Wilson Blvd . NAVMAT 08T24
Arlington , VA 22209 Department of the Navy

Washington , D.C. 20360
Commanding Of f icer

- - - . - - - - ‘ - 
.-

~~~
_ _ _



7 .2 .2 . 1 ( ‘ho, rmot - tt ’r oeot ’ o no( rnm 0400,ot ’ 1~2 o~.o ~~e’ dt ’ tmime ’  l,o’.Ls .0 ’ . ho’uo o g  ‘ m n o o u t u o m e ’ ’ so he ’uo Oboe ’s
po ms’.o.’’.’. nu ll cub the’ bo i lloowui mg I conon o.’ bu , oo, ot ’ le’n is to t - s Rold ot mo te ’ m.os k’. -

- - .

~~

- ~~~~~~~~~~~~~~~~~~~~~~~~ i~i.-.t~ 
-

~~~~ 
p.. 

~~~~~ ~~~~~~~~~~~~~~~ . . . p.. - ,

PAGE 2

Commander San Diego, CA 92152
Naval Air Systems Command
Human Factors Programs ,AIR 340F Dr. Fred Muckler
Washington , D.C. 20361 Navy Personnel Research and

Development Center
Commander Manned Systems Design , Code 311
Naval Air Systems Command San Diego , CA 92152
Crew Station Design ,AIR 5313
Washington , D.C. 20361 Mr. Mel Moy

Navy Per sonnel Research and
Commander Development Center
Naval Electronics Systems Code 305
Command San Diego, CA 92152

Human Factors Engineering Branch
Code 4701 Mr. A. V. Anderson
Washington , D.C. 20360 Navy Personnel Research and

Development Center
Dr. James Curtin Code 302
Naval Sea Systems Command San Diego, CA 92152
Personnel S Training Analyses Office
NAVSEA 074C1 CMDR P. M. Curran
Washington , D.C. 20362 Human Factors Engineering Division

Naval Air Development Center
Dr. Arthur Bachrach Warminster , PA 18974
Behavioral Sciences Department
Naval Medical Research Institute LCDR William Moroney
Bethesda, MD 20014 Human Factors Engineering Branch

Code 1226
Dr. George Moeller Pacific Missile Test Center
Human Factors Engineering Branch Point Mugu , CA 93042
Submarine Medical Research
Laboratory Human Factors Section

Naval Submarine Base Systems Engineering Test
Groton , CT 06340 Directorate

U.S. Naval Air Test Center
Chief , Aerospace Psychology Div ision Patuxent River , MD 20670
Naval Aerospace Medical Institute
Pensacola , FL 32512 Dr. John Silva

Man-System Interaction Division
Mr. Phillip Andrews Code 823, Naval Ocean Systems Center
Naval Sea Systems Command San Diego , CA 92152
NAVSEA 03141
Washington , D.C. 20362 Human Factors Engineering Branch

Naval Ship Research and Development
Bureau of Naval Personnel Center , Annapolis Division
Special Assistant for Research Annapolis, MD 21402
Liaison

PERS-OR Naval Training Equipment Center
Washington , D.C. 20370 ATTN : Technical Library

Orlando , FL 32813
Navy Personnel Research and
Development Center Human Factors Department
Management Support Department Code N215
Code 210 Naval Training Equipment Center 

‘~~~~~~~~~~—-  --— - -
~~~~~~~~~ ~ ‘- ‘~~“ - -‘- 

.



rc fe’rene’e’ tmu no higher authoori ty . Ihe ooutput of the de’e’ i ’ .on u o o is c u b e r  te ’rolm ium no t i o uom ob time’
pro e’edure co n iele’ntif ie’no t ioon co b aol appreopu’iatc pnotte ’rn—p noe’e’dure’ ntnole’tt. I n o  lime’ e’xIe ’ooi
t hat the decis icon immbcorimmation-gathe ring procedure’s im mvou ke’eb are’ tbte ’ ommmscl se’s routj fl~’ t .o’.ks.

.1 ’. 
~~~~~~~~~~~~~~~~~~~~~~~ 

.
~~~~~~~

- - - . . .
~ 

- 

‘

PAGE 3

Orlando, FL 32813 Lt. Col. Joseph A. Birt
Human Engineering Division

Dr. Alfred F. Smode Aerospace Medical Research Laborator
Training Analysis and Evaluation Group Wright—Patterson AFB, OH ~5433
Naval Training Equipment Center
Code N-OOT Air University Library
Orlando , FL 32813 Maxwell Air Force Base , AL 36112

Dr. Gary Poock Dr. Arthur I. Siegel
Operations Research Department Applied Psychological Ser vi ces , Inc.
Naval Postgraduate School 404 East Lancaster Street
Monterey, CA 93940 Wayne , PA 19087

Dr. A. L. Slafkosky Dr. Gershon Weitman
Scientific Advisor Perceptronics , Inc .
Commandant of the Marine Corps 6271 Variel Avenue
Code RD-i Woodland H i l l s , CA 9 1 3 6 4
Washing ton , D.C. 20380

Dr. Jesse Orlansky
Mr. J. Barber Institute for Defense Analyses
Headquarters , Department of the 400 Army-Navy Drive

Army , DAPE-PBR Arlington , VA 22202
Washington , D.C. 20546

Dr. Stanley Deutsch
Dr.  Joseph Zeidner Office of Life Sciences
Technical Director HQS , NASA
U.S. Army Research Institute 600 Independence Avenue
5001 Eisenhower Avenue Washington , D.C. 20546
Alexandria , VA 22333

Director , Nat ional  Secur ity Agency
Dr . Edgar M. Johnson ATTN : Dr. Doug las Cope
Organization and Systems Code R51
Research Laboratory Ft. George G. Meade , MD 2 0755

U.S. Army Research Institute
500 1 Eisenhower Avenue Journal Supp lement  Abs tr act Serv ice
Alexandria , VA 22333 American Psychological Assoc ia t ion

1200 1 7th St reet , N .W .
Technical Director Washington , D.C. 20036 (3 cys)
U.S. Army Human Engineering Labs
Aberdeen Proving Ground Dr. William A. McClelland
Aberdeen , MD 2 1005 Human Resources Research O f f ic~’

300 N. Washington Stret
U.S. Air Force Office of Scientific Alexandria , VA 2 2 3 1 4

Research
Life Sciences Directorate , NL Dr. Bill Curtis
Boiling Air Force Base General Electric Company
Wa shing ton , D.C. 20332 Information System ~ Pr oqrams

1755 Jefferson Davis Fliqhway
Dr. Donald A. Topmiller Arlington , VA 2 2 2 0 2
Chief , Systems Eng ineering Branch
Human Eng ineering Division Director, Human Factors W i n q
LJSAF N4 RL/HE S De fence & C i v i l  I f l St i t u t e~’ of
Wright-Patterson AFB, OH 145433 Environmental Medicine

Post Office Box 2000

_ _ _ _ _  _ _ _ _  . - 



4, I ’Iuin ’o ’ ’n ~n’epinn —— I- o ur t ,nsk ’. un sn o ls momg the’ l 0 0 0 s s O t u O I o t \  nob n l c 0 0 0  sos  il~ ouso kio ig
su hprcmceelure’s noss o ’ . t , oom ce c’ou lel he’ pro os d e l  h~ .u u lo notm a ti ca b l~ ke’e’~m oomg trac k n o b  the’
hierarchie’a I ‘.0, 0 000 ’ .  nof su spc mmd cl , pru.’scIo I, no mlii 1( 000 .0 mm i um~ Os k s , .i b e 1  mnno k 0 om~ oh m~ o t e n  no o b

5 .  ~~~ ‘5 -~ ~~~~~~~~~~~ -
~

PAGE 4

Downsv ille , Toron to, Ontar io Medical Research Counc il
CANADA 15 Chaucer Road

Cambridge , C82 2EF
Dr. A. D. Baddeley ENGLAND
Director ,. Applied Psychology Unit


