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ABSTRACT

This paper describes the developmeat of 2 user-friendly,
syntax directed ianput mcdule of a computerl aided design
syszem. Cclcer and dialogue are used to maximize user under-
standing and sase of interface, and miaimize the oppcreunity
fo0r errcr. As a result, it is possibie for tne user o
concentrate on the higher level aspects of the desiga, and
allcw the system to hardle the routine dezails.
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A. THE EEQELEM

Ccmputezs are tocls to be used by people to meke comple-

tion of tasks easier and more <sfiicient. Y2t work is just
now Lteing dcae *o make it easier for peopl <C use the
computéers which ars assistiag theam. dith the variety of

Eoth ccmputer systems &and languages available it aptears
#hat it will b2 a lcn time befere sufiicient <raining is
availaple *c provide computer litzracy Zor all whc want or
n2ed iz. The cssult of this is taat =wwo distinct groups of
computeI tsers exist - thos2 who write prograas for speciiic
needs, ard thos=2 whc use the softwars packages produced by
the £f£irst grcup.

Eut dc users and us2r neseds always fall into these +wo
e

[}

cl2ar cut grcups, oz is <heze a need £for a means £cr ussrs

+o tailcr scftwars to their individual ne=sds, or wroi%e thei:

O

cWa wi<acut becoming programming exper+ts? a= ao longer has
tO be an &€xXpsr+t 1echanic t¢ Kknow 10re about a car %*nan how
to dzive it. Dces cne nave tc b2 a computer programmer in

crder to make full uyse oI <the rssources and services of

[
H

a
computer? In tne last decade, as compu*er cas+t has drcrred
and ussz 0of computers aas Dbecome a0r: ccmmon, varicus

attempt: have been made, ard contizue <tc be nmade, <c ndake
access “C ccmputsrs easier.

Twec areas exist, in bota techanical and non-zschnical
fields, wheére rnon-programmers are d4sing coaputsIs =3xten-
sively as @meaas tco deal with a large volume of availacile
informaticn in aa in<eractive nanner. The first is irn uss
cf quecy laaguages tc access a database. The secc¢cnd is in
ccmpute: aided design.
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B. FREVICUS ATTEMPTS AT A SOLUTION

1. Query Landuage

Cne propcsed soluticn *o the above problem care in
+he é&xaginaticn of ways te simplify accsss %o an crlin
kiblicgraghic retrieval systesm [Ref. 1]. sers of the

sys*em had <%0 learn a different intaraction language for

'1-_ '
I Sy WU T S

4

o ¢ I"'
R X -

each diffe-ent ccmputsr system involved in the network. The
gques+ions Wer: raised of whethsr the needs o0f <he compuczer

cr +he user should be given highsst priority, ard wkethar it

. _ -
[‘ would Lte possible tc stendardize or at 1least reach scine .
CCMpICDis€ ¢ch access languages thse use2r weuld a1eed *¢ kncw.

Cla e o
‘

Five scluticns were proposed, covariny a range orf alterna- 3
tives. In a totally non-ussr orisnzed approach, the user .

could bs required %o learn numarous different languagss, cne p’
£cr each system. A second alternative was use c¢f 2 starndard -
h

language; hcwever, nc language standards yet exist. A <hir

suggesticn was the development of a system wiaica could
understand all languages. Due to the aign cost and overnsad !j

involved, =<his was also <considerad infeasitle. The two

remainiag wviable alternarives, <creati: a sys*tsm whica
agppzarsd *c use a standard lasguage or i sSystem which
appeazr2d to be ablile to urders+tand all languages, reguired
use cf ar izterzediary to convert user langjuages <o s

o
ansparent to the user,

]

iaaguages. This ‘'uniformizer', =
would <cec2ive a ccmmand <from <he wuser In <he usazr's
language, check it for syntax and semantics, and <“Len
conver= it *c +tha3 appropriat2 lanquage fcr *+he otject
SYStER. T5e reverse procass would be followad for ccamuni-
caticns fzcm “he object system to +ths3 user. Thus the user

would c2 acle tc deal with varicus systems usiag c¢nly cns

interactive laaguage if so desirad.
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2. Cgcpruzer Aidsd Ds3sijr Syszsms

(3]

.

Mcre tecanicali sxamples c¢cf a=zi2mpts o

oy
jon |
4

ma
computsr <Iesources <asier have occurred iz <cthe Ziz14 of
computer aided desigrn (CAD) This is a growing Zieid, with
the numkter cf CAD systams both in use and propcsed growing
pidly. Increasing use of CAD systems to design computer

IT RO
H
I

systems iIn particula:c is driven £y the increasing complexity

$ cf +hes systams and th2 componznis of the systems reing

designzd. Several examples of <the us2 cf computer sysztem
‘ CAD systems, with various tcols td make design sasier, acs

~he Frojrazammer's Wdorkktenck, <he 3-1 2rcject, +the Carnegi=2

Mellcr Upiversi<y Register-Transier CAD Systea, and <he

e pe——y.

autcgpated desiga of ccntzol sSys+em

(n

2 D
-

a. The Programmer's Werkozach

Programmer's Workoesncn (PWB), described iz

(&)
tr
®

Refarencss 2 apd 3, was dsvelopsd in  c¢oajuuctica with ¥

tez aided design systems to @mak2 possible a sof=wars y
b s¢em which would be gensral enough <¢ be cun
rezert he zachines and =o Dbe usaed on different 1
¢ctsz, thus teing both achi 2and application irndepen-

F
. N . . . 4
den=. fzcrclems arise ia both cempucter aid=d da3sign aad in d

(2]

re dsvelcepment a&s a ©esuit orf aultipls types ¢

fu

a
ters, nultiple languages, aultipie databpases, an
y maraged lipraczies. ?WB, Et=qun iz 1973 at Bell lars,

ul |$

I.

q was envizicned as a2 set oI toclis which cculd be

u:
throughcu< the dssign and maintenance of a c¢compuzar sys

r0
m

m.
EWB was cesigned ¢o mee% pasic, <coOn+<inuing user needs €o:s
tools t:o: generate and maodify manuals and other documsntis:

| cc2ate, £di-~, ccnpile, executz, ard d=bug programs; pe:f Ia
syster genzszation, izs*tallaticn, and integra*ion processe

-
-

test the suksystems ard total systa2ms and analyze <e

n
PRSPPI EPe 4

results; track sys+*esm changss and t3s< r=zports; @mcini=or
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b .

r.

= systea pericrmance and be abi® =tc sisulate 212d model syzztax

) operaticrs; convart da<a files and lcad databases waern

fﬂ - reeded; azd produce managemert c2pcrts 2rd stazistics -
[}

- - . :

- throughcut <hs dsvelcrment and ma:stenance of a sSyst Tae

first implementation of PWEB focused oa <zth=2 documen:aficn,
programrirg, and testing tools, a&assessing them as *ths mes* ‘
immediately ussful aspeczs and the =easiest for d=sigaers to -

learn.

The ini<ial PWB thus <consisted of five medulss

()

l

Tae jcr-subgissicn mcdule handlad job preparation, Transmis-

{
1

Q.

:e‘- dn da

sion £xcm wcrkstation to Lost, reports on status, a:l

o output. The @aodulz-contzcl moduis kep* <rack c¢f z=vi

Dt T AC AR S0 00 A 100 ov couath 0 SEg

sicas tc pscgrams, assigning idsn<ification codes and profpa-
. gating charjes to otker related modul=s. A sSsparate Cchaxng=
i | module aandled project wide changss and =z:zouble z1d stazus
: I2ports. The Jocumen<ation-production ngdule fproviced
3 macrcs fcr fcrmatting documerts suck as the Jesign speciii-
¥ ca-iors, test plans, and uaser manuals. ?inally, *he ==st-

I

)
0
Y]

driver amcdule prcvided z2aas “o simulats implementatics

varicus ccatzollsr/tezminal ccabinations.

Use 2f PWE was Zound =0 have savsral benefizs.
Most ckvicus was reduced cosz, It was chesaper to Jevelcp
EW3 wits c¢rne set ¢©f %“00ls <+than o 4otk dizec%ly c¢2 each

di€Zsreczt hest ccmpu<tzz in ¢ sign precess. The uanifcca

ne J2
programairg eovironmen=t prciuced Dy the PAB <Tcols wpade
raamiag s<andacdizazien, and

lQ [+

t-aining, dccumentation, EIo

A asdiotbtii JB o o

F' programmer retraiaiag (Scr a new project oI new machine)
: easiez. Addi+icnally, it z=2duc2d <12 ceonfliicts acising

iz acquisition of new mackires as a zesul* c¢f <ke

PPN,

velcpment machines Ly providing an 2avi-onment independenc=

Y

dur
differcaces between ideal online macaianzes and idesal sof<ware
de
c

£ the machine involved. Pu“ure work on PWB was expected in
arsas whick would even fur<hsr ixcre=ase user ccaveniernce,
such &¢& using a standacd preograamiag  languags which EW3

-

=
(o]
[
[
Q.

thern convert tc¢ code appropriate to ths host machiie.

P VPR AP
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- E. The S-1 Frojec=

The S-1 Projecte, using the Tsuctura
Computez-Adided Logic Lesign System (SCALD), 1is described ia
References 4 and 5. S-1 was 2an at:t2mpt to use Jgragkics to
mak2 the designer's Jjob ia <the computer aided design of

large digital systems easier. SCALD was developed to reduce :
required design %ime "by allewing the designer to expres his
design ¢cr the same level that he thinks about i:" ([Ref. 4:
p. 271]. SCALD, wricten -n Pascal, uses <he S=anfcréd
Uziversity Crawing System (SUDS) <for designer irput tC the |
system. [&signezs irput a nigh lavel logical desigrn drawiag i
*hrcugh & J:apaics tsrainal. A 'macro sxpander', working
witn a pictcerial library of aardware comporea*s, repea<=edly

reduces ¢tz logical design <o varicus stages of Gphysical {
design, wun*il data fcr <he actual iapla2mentaticn ard mazu-
factuze is produced. SCALD was us=d at Lawr=2nce Livasmcess
laboratory to design the S-1, a 550-chip ECL-10K prccessor;

«_a_a_ 8 s

however it fas not Lkeen applied to gsnerfal computer systzn

design.

¢c. The Carnégie-Mellen Universizcy Project

i
.11
:
J

The Caraegie-delloa Universicty Registez-Trarsier
T dided Cesign (C4U0 RT-CAD) 3ystan, desczTived i
ces €, 7, 8, 9 and 10, was dzaveloped zs a sys<

ts

=]

3§ Jdesign ccmputer systems f£:oa iaputs cortainin

a

ul
func+ional descriptions ratasr %thaa structural aspects.
Ef Cesignez input tc the system includes a behavioral descrip-
tion Cf thke systea and the usecs's optiaization criteria (for

examgzls, <t 3T ccsY) . dlso includad is a3 dacabasz of
?‘ available hardvare components wihicn <can be permaznerncly
stored and cpdated, <cather +han reen+tered each tinme. The

system <ten <trazsiozms *nis input into & form <ceadatls by
¢33 'ajlccator!', and attempts tToO coastruct the Jd:ssired
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system frca comgonents available i3 the harzdware liszaczy,
withio +the constrairts givan by <the Jesigner. Th=2 CAU
ET-CAL system has been used in system simulatiorn, design
logic vsrification, and actual hardvare design. I+ can be
adapted tc different design s%yles, such as centralized,

distributed, or pipeline systenms.
d. Automated Design of Corntrol Systenms

Attempts bhave also been made t2 use ccmputer

€
aided design in +he design ¢f control systems, again begin-
n-ng with fucticnal descriptions. One model for tahe automa-
tioa ¢f rsal-time controller d=2sign, d2sczibed in References
11 and 12, usss functional level ipnpur in terzas of pairs of
contingencies and <+asks, a Zfunction to dezermine when a
contingency exists, and & procsdqurs <0 carrty cut the
f2sulting rzquired task. Also iacluded ace eavircmmental
data (ccatrecllsr ingpu*t ard output), design criteria, ani
desigrer arnd project iaformazior. Data entered bty =he
desigrer is conver+ted into a ‘'primitive 1list' descrig+icn,
eand then c¢ccmpared with possible rsaliza<=iomns in a hac-dware
desccipticn liprary urntil a mazch is rouxd. Inplsmentation
of the mcdel ircludes tae action iinking the primitive list
=¢c the bazdware realizations 2rnd <the developaent <c¢f 2

MCALTCI tc sequence *tlie comn*ingency <tT=st and task 2xscution

Another acdel, LOGE-MIR [Ref. 13], uses pic+o-
z=al flcw diagrams as the aeans to input dasic design infcr-
satico, <since flow diagraams are a3 common design formazc.
3eécause <~te design system is liait2d %o control applica-
tions, it is possible to sstablisan a strict p-cbiem specifi-
cat.on fcrmat using flow diagram syakbols. The flow dizgoam
is ~hen ccanverted intc an It*zrmediat2 language and gen=aral
cptinrizaticns are donme. In the final step, the intermediate
language is combined with an ZiIntarpretez for a speciii
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micrccomputser to oroduce tae desiga output. This twc st=D
transformaticn miéLes i« easier to adapt “he design sys+ea zo
new micrccomputers, since <the design input can remairn the
same and cnly tae interpreter aust be rewri<t:ien. Ancther
advantage cf <this system is ia having the system, =za<her
than th= designer, write the design software, thus reducing
the crpecrturnity for errors.

C. THE CUREENT SITUATION IN COHMPUTER AIDED DESIGN

In discussing the CMU RT-CAD systam, Barbacci (Ref. 9] ‘

Fointed cut <tha< designess should aot have zo do "rspsti-
tive, time consuming +asks" such as gernerating detailed

design inform+icn, wmonitoring changss in dassign documenzs,
checking systems for slectrical, logical, or paysical ccmga-
tibility, c: devsloping manutfacturiag information. Rather,
as techaclogy evolves, with primicive components Lkeccming
more complex and the tate at which new comporents ate intro-
duced incr2asiag, de £s pust be able <o design azt a
higher level, and must abie to design faster. Ross, it
commen=irng cn computer aided desiga systsms in general, and
peans fcr design of centrol systems specifically, peinted
cut that systems had to ke a*ttrzact_ve to be used, azd should
Wperfczm a kelpful part of the design task, nust pressant the
rzsul+s in a useful <:Ioraa*, and 1ust Dbe easy to usa®
{(Ref. 11: p.87].

Hcwaver, dsspite +*ae good iatentions, a gap exists

tztween +he designer of a CAD system, wita his or bnex

[ Fay
. . d e ’ .
B t PR

. Sttt

assumpticns and expectations <regardiag <the user and the

E' user's needs, and the actual user of +the systen. As
!. discussed in References W, 15, 16 and 17, CAL systems exis=
. to aid the designer in the design process, not <o autcma*e
E.f iz corple+ely. CAD syst=m users ace not compu<er frograa-
- m=rs, hence <their input should be ia scm2thing clos2 <=0
' @ ‘
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tneir design language, 1ot iz a programming language. Iz .
additicz, it appears that each individual sys<+em is desigzned )

fa ) for a unique need, and with 2 unique language, thus liaiting G
the user's flexibility. The tools which thus resulit Zrom
these false assumpticns requirs users to think ia a new way,

¢r léarr a rnew language, and are more of a hindrance ttkan a
h2lp. Users are expectad ¢o b2 nct just 2ngineers or Jdesig-
nars in a vrparticular field, but also computer PrCgradmErs
with tize <*tc learn a special rpurpose laaguage. As with
biblicgraphic query languages and procedures, a need exists
fcr scme scrt ¢ adaptability in computer aided design

b systeas, ané the languages which they use.

g; D. TBIS ERCJBCT

}; In an effective design eavironment, the Jesigner can
e fccus co design rather than spending time on implementatiozn

details and repetiticn of tedious <+asks. The ©purpcse of

this prciect was to create a design environment in which,

with a sinimum c¢f <raining in areas ou*side those actualily
required f£cr jesign, a user would o»pe able “o use the avai- -
lable tccls to enter required data. Emphasis was placed on §
designing a workstaticn which operates in suca a manner that ﬁ
+he user is not required <o learr aa additional precgraaming ]
language.,

The mcdel developed for autcmated control system design
served as a vehicle for this projec:. Tocls Wwer2 still *
neeied in this model to crzate a worksta<ion for design daza '

input asd ccavert <that input to the primitive iist formax.

Tais pro‘ect £focused on <+the man-machine interface of <he
modal, the weans to input the dasign data.

The gcal in designing and igplemencting *his design envi-
Icnacsn% was to puild a wockstation which removes the nead

L. .. )=~
Ala 3 2 A4 & 4 M

for <ke designer tc learn a specific laanguage with which to

15
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i enter <te daxa. Additioraliy, <the sys+<em should prsssn<= 2
r- user-friepdly approach to <the interface. Fipnally, ~Le
——

{ - system shculd produce an output Oof the data entered in =
" user rczadeble format which is -eady “o be ccnverzzad %c <hs

primitive list fcrmat.

Chapter Two will summarize the davelcpmert of hardware
da2scripticn languages and the human factors which wmust be
considered in develcping a ccmputer aided design system.
Caap*er Three will examirns the implemsntation decisicas made

r2garding design of +he system. Chapter FPour discussses =zhz
ioplegentaticn of the system, and Chapter Five considers the
ccnclusicns which can ke drawn arnd raccommendations made for

futuze ucrk.
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II. BACKGROUND

A. H2ABDWAEE DESIGN LANGUAGES

A critical requirement for a compuzer design system is a
hardwars design/description language. Over the past 15-20
yeacs, ccmputer hardware descriptiorn languagses (CHDLs) have
gone frem Leing useful to being a nacessity as technclogy
and desigr ccmponents have become morz complex. Ecth Chu
[Ref. 18: p. 19] and Van Cleemput [Ref. 19: pp. 554, 559]
s2e ccmputer hardware description languages as being able to

provide:

accurate ccmaunication among designers and engincers;
precise, ccncise, and coaveniznt docmentaiticn;
a means fcr system simuiation and verification; aad

a means tc auitcmate system design and realization.

Hardware design progresses through a hierarchy oZ s<tages,
from system level thrcugh register-transfer and ga*te levels
to circuit level aad logic destail. Design can be approached
from either a top-down or bottom-up psrspective [Raf. 20: p.
377). Az a result of tais, scme CdDLs deal with crly cne or
«wo levels ip <the hieracchy, whils others attempt to d=al
with ail levels in tle pzocess. Addizionally, =he eazliest
CHDLs desczibed systems on only the most primitive level,
and deal+ directly with Zmplementation. As systems became
gor2 ccomplex, higher level descziption languages develcped,
puch as bigher level prograaming laaguages nave peen fcrmu-
lated in the past decade.

17
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1. CLL

CLL, descrited ir References 21 and 22, was irzco-
duced in 1965 as "an Algol-1like coapu<==2r design languace" <o
grovide a language which could be used as a standard design
language, Eaking possitle both communication among designers
and well-dccumented designs. Additionally, it was expected
that CDL coull be used to test and debug designs, <siaulate
and evaluate performance, and make possible automzted desiga
and design c¢f more complex machizes. CDL zet +“he tasic
f2quiresmeats se= €fcrth by Chu zthnat it be 1ike ~natural
language, <coacise and precis2, =Iaaslatable 1into bccl=an
squaticnas, able tc ke modified as <he technology it was
describing changed, and be akls to reprasent and gasifpulate
data, ccrrrel, and timing signals in bianary forma=<.

CLL desccipticns, *sequences' (wvhich are actuaily
miczcgrcgramzs), are used ¢o dsfine tha implemen+atica ¢f an
algcrcitar, and £follcw a standard <foraat. Ffizst is 2 name
for the sequence, fcllcwed by daclacations of registers,
subrsgisters, aemory, te-minals, z3d operations. Stazemeacts
are +i3s final component of +“he descripticsa. Each sta“emerntz
is lakteled, <2ither with a bool=anm label or a name iZ i* is
the first lire in one of =he deoclacsd opsratioas. Compcund

D:

statemen*s shace a label ang are expec *0 be execuzed
ivhin cns clock pericd. Scatements are 10t 2xecuted unless
*heir Ekcclean labels ace toue; <his provides +he control
sTIuctuce. Taus, as shown in eference 23, a zcypical
segment of a sequerce in CDL would be writtern:
/fetch*p3/ IR <- MDR,
boolean label stataaernt
hile CDL makss it possible to> nane fasic ciccuizs,

zegisters, inputzs, and outputs, aad4 write ccaven+ional
ari<hme+ic and logical opsraticns, it s<ill remains a fairly
low levz]l description languags. It rcetains ths ability ©o
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desczibe ki level actions such as a shift, bu+t wculi b=
difficult tc use at higher than a regiscser-*zansfa2c lsvzal.
Howaver, an attzmpt has besn mada to 2xtend CDL izto 4CL,
Mic-ccemputer Design Laaguags [Ref. 247, vhich will nmake
possitle the hierarchical descriptioa of a sys+tenm thrfough
use cf level numters. MDL can be us2d with SDL-1, Softwars
Desigr language 1, t¢ show hardware aand software interaction

at a given level of a systea.

2. AHEL

A Hardware Prcgraaming Language (AHPL), discussed ia

kefzrences 25, 26, 27, 28 and 29, wWas davelcped 2as an
attempt to d2sign a functicaal leavei, Tather <+han a
register-<-ransfer level 1language. AHPL vwas based on the

APL prograamming language, with APL's vector nota+icn making
i pcssitle to mcre easily deal with =ntire registsrs rather
«han individuval £lig-flops, while at +the same <time ba2ing
apls tc identify individual bits or segmesnts of e

ABPL a+temptad =¢ partition a system into control sequsncas
and data registers, and prcvide an alternative <o circuix
diagrams aad state <ables which becam2 mozZs invclvad as
Ssystens Lecame mcre ccmplex.

The stapndard forma+ of AHPL consists
aricn c¢f inguts, ou<guts, and ragistscs, follo
AENTS. kKather than CDL's bcclean labels, stazen
are labeled witn seguential numbsrs =0 COLIs=sSpon
rows ia ar equivalant state <=able. All data tca
cne line are expected to occur siaultanecusly. Sta+emenc
iinss are 2xecut<d sequentially, unless followed by a state-
renz tc tranch to a different 1lzine. This produces a ‘ccan-

ol sequence' of trarsfsrs and branches. As a final s*ep,
names can ke assigned to <+r-ansfers <o produce a "coabirna-

tioanal 1lcgic subrou+ine" (Ref. 25], Wit *he nane used
instead c¢f +the detailed no+ation. However, this 3is <he
19
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ciosest AHEL comes +tco beding a <fuanctional rather <then =2

register-+transfar langquags.
5. ELL

Cigital Systen Design Language (DDL), described in
References 30, 31, =2 and 33, was dasigned %o £ill scme of
the design language needs not met by languages such as CDL
ard AHFL. It was develcped to meet several goals, amcag
them that i+ be vseful at all levels of the design process,
from tlock structured azchitecture to gate lavel aciivity,
tha* it nct be limited in applicazion to & spscific pardware
technrclogy, <that it Le able t¢o be used as a source language
in automated design in the future, and that it prcvide docu-
mentaticn which matched the actual system organizaticn.

The LDL syster model consists of ons oOr more auce-
mata (fisite state machines) whicii con*rol data facilitiszs.
Lata facili*ies can ke either private, if controlled by cne
autcmatcn, cr public, if controlled by mors <han one. Each
autcgatcn ced be divided into segamsnts. Repeated transicrc-
maticns ¢f <this initial sys=twem descrip=icn, or a design
izitiated at any intermediate level, will ultimately Cesul
ir a final systen description consistianag c¢f lcgic eguaticuas.
Cietmeyer describes [CIL as "not w2ll suited for describing
extremely aktstract mcdels....[or] for presenting fabricaciorn
and technclcgical dszails. I+ is Ziatended to bridge =ae
gap" [Ref. 32: p. 381. Later revisions of DOL add a mcdule
construct *c @aintain modularizty Za =3ach transfcriamazion
cutput and thus mak2 a top-down design methcdclogy using DDL
sore feasible.

4. SLL

Alsc based on the ccncs3pt that hardware design gces
tarcugh stages from bigher to lower vzl, SDL (3ef. 20] was
develcped wita <he objsctive of providing aa ‘Maccura
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fepresextaticn c¢f structural inrfcramation wuseful ov:zz &ll
levsls of the dssign process" [Ref. 20: p. 378], wizz 2
designer able to use SDL to map from higner level hardware
rriritives tc lower lsvel implemertatiorLs.

A structural information dascripticn in SDL c¢cnsists
of a name, exterral «connecticas (iaput/outpu), ccampcrent
types, and interconnections among the compcnencs.
Additionally, each description must have a purpose or
possiktle use sta*emant, and an iadicazion of which level of
tke design hierarchy (sys*<a, rzgister-<ransfer) <ha
descripticn rafers tc. Level and purpose statemeats are
reiated, and each purpose and lievel pair will use & litr-ary
cf resources which ars availabls at <*“he rnext lcwer level in
toe design nierarchy.

5. "§"

Ancthker language which uses an approach simila- tc

thit ¢f SCL is "sS" [ BRef. 34]. Desigz using "S" begins with

W

a patural language descrirtion, siace this 1s wher 2
designer zctually bec¢ins cthe dasign procsss. Also, zhis is
easier tc understaad <han some Of th2 formal design and
descrip%icn laaguages. "S" makes it possiple to process the
descripticn and add 1levels of incr2asing syntac+tic and
semantic Testrictions untili =il ambijuities have Dbeen
reaoved. A< this poirt the ccampu*er can examine implementa-
tion fpossibtilitiss. BPBasic structure Of a descripticrn in "s®
includes a declaraticn section, with iapu+t/output varciables
and tkeir types, conditions ('iZnhibizozs!? ¢t the systen,
and a s<cticn fo: prccess descripticn.

6. 1ISE

Instruction Set Processor (ISP) notation, descrotad
iz References 9, 35, 36, 37, 38 azd 39, and later acdifica-
+iozes I3SFL and 1IsPS, were Jdeveloped as pact of a set of
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languagss ipternded tc be able 0 crovida a descrigzticzn oI 2

computer frcm the tcp of the hierarchy, th2 sys=tem level,
down thrcugh the lower levels. A £fii<h level, the rrogram-

ning level, unigque *o computers, Was added to the =t
tioral desigr aierarchy. This programmiag i23ve
tetveen tte system level and ths ragister-tra
ISP is used +to describe this level, <hat of t
instructicn interpretation cycle, whare memory is accassed
and operaticns are gerformed, iz <terms of thé Dext lower
level, the regiszer-transfer lavel. IS? is thus the intsr-
facz te-ween the programminrg levai and the register-transier
leval, syrbolically a register-zransfsr language, kuat mcre
gsn2cal than most, iz describes Wwia+t Ccccurs at tae
register-transfer level, pu+t not how it occurs. isp
excludes timing data and other datails of that sort.

Ir format, ISP resemktles other <Tegister-transfer
languagzs. Declaraticns include aemoIy, p-ccesscr  and
registe-s, any sxternal concectlons, and data types avali-
lable. The remainder of the description is devoted tc tas
ins<ruc-icn interpreter, describing the steps in the fexch-
execu*e cycis and each izstruction ia the instruction sez.

ISP has teen used extensively in the Carnegis-Meiloa
University RT-CAD system describea ir Chaptsc One as a tcol
zc descrikte digital syst=zms, simula=z2 and eaulate systenms,
synthesize hardware and softwace isscriptions, and veris
designs. This has <zC-gvealesd som2 aimitations in ISP
[Ref. 38]. Cae is 3 lack of a formal semantic definiticn oI
the language, which has i2d %c wvariazioas in =he format of
descripticns ia ISP, aad the use of ISP to describe oaly
rac= cf a system. Ancthar limpitation is =ae lack of a meaans
*o0 handle cecacuzr2acy, timiag Jata, aad interccrtnected

Ecocesscrs in ISP.
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7. CCN

[aal
2

A

s the number of computer nardwaze design langrages
pultiplied, i< was Jecided <that tae need exist=d for scas
¢common tase from which to develcy future laaguages. As a
result of this dscisicn, a workiag group of the designeczs cf
AHPL, DDIL, AND ISP, among cthers, was formed irn tae middle
1970s <o develop CONLAN (CONsensus LANguage). Discussed ir
References 40, 41, 42, 43 and 44, CONLAN was intended <=
provide <for greater acceptance of bhardwWware descrirption

languages through prcvidirng:

a ccamcn Zormal syntactic and semantic base for alil
lavels and aspects ¢f hardwace aua formware descripzicn,
in rarticular  <Zo:r descripticns of systen structurs ang

DehavicCre.e.

a means for <the decivaticz o user languages from this
ccmEcn kacse...

.y Ccertificaticn,

suppcrt z0] CAD tccls for documsntatio
125.] Sy nea-S.. o® »

)
esi spdce ezrloraticn
(Ret’ 40: pa 21075 F ’ !

It was e3xpected that laaguages dzveloped f-om Base CCNLAN
would be designed fcr a scecific set of %*asks and have 2
lini<ed sccpe, be e2asy tc learn and siapis to use, and have
a clear semantic relationship to other lazaguiges alsc deval-
cped frcx Base CONLAN.

tase CONLAN is defined by thr=e izzas, a set of
cbject types and cperations, syntax, and a computztiorL
godel. Iz is defined wich Primitive 32t CONLAN, 2 language

used c¢zly <£fcr defining o*her Languages derived ian CONLAN.
Chca a lang age has teen 3derived <:Iroa Base CCNLAN, 1i<s use
as a ccmgute hardward design language follows a standard-
ized fcocrmat. EZach description s2rves as a module by itself.
A descripticn is begqgun with a name, followed by a listirng of
asserticrs c¢f static ccnditions and dynamic constraincts.
Thea the it=ms rfzom an exteraal segmear library, if any, are

23
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listed, and inzernali and external variables are declaz:z=i.

Finally, <ke Dbehavicr of th=2 model Is described, u

tn
)
L
£

t3
[ol)
(0]
th

activities and functiorns, with *=nd' izndicazing =thke =21

the description.
8. CspL

while there have been numerous regis%er-transisc
lacguages 3svelored, and attempts =0 develcp languages which
can trace design thrcugh tae entira design hisrarchy, thers

[

have beer few languages written which actually define a
system 13 terms cf its functions rataer than its szructure.
Alditionally, most computsr nardawWars desigrn languages
describe crerations which are cacri2d cut in a definite
sequepce, rather then concurrently (prograaming languages
have alsc £fcilcwed this approach, wizh Ada bteing the first
major lanquage in which corcurzency was irncluded in <he
criginal design) . An a*<empt was made to meet both cf these
r=quirsments in the dJevelopment of CSDL, <Contrcl Syszen
esigr language ([Ref. 45], wu%*ilized in the corn+trcl sys+t2n
design autozation project discusssd in Chaprter Ore. Tae
goal c¢£ CSDL Was t¢ simplify problem spacificaticn and
rrovide a means 0 3utomate hardwars selection and software
groducticr in centrol system design. One way to acccaplish
this was to dsvelop a language 12 which th3 da2signer nad
cniy tc grovide the tehavior of tine control system, what i<
did givsn «cer+ain inputs and outputs, <rcather than hcw i+
actuaally did it, or what hardware compozents were used.
CSDL dsscriptions have four majcr secticns. Pirse,
as an aid *o good documentation, is a2 idertification
szcticn with the designer's name, the date, aad the desiants

[o])

title. This is follcwed by the environment, <the inpu+*t an
h

rr
0]

cutzut variakles to and Zrom the con<=roller. Third arce

rn
(o]
r

contingency lists, +the key “o what @makss this a des;gn
I

N

ulzipl ccncuzrent ac+ivisties. Contingency/tas paiz

n
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irdicate the <celaticnships betweea a coatingency, a task
which must ke carried ou% when :Zhat contingency occurs, 3nd
cngoing physical time. The fineli s=zction in CSDL s ths
procedural cne, with functions which retura boclea:z velues
defining contingencies and sampling <*ne emviroament, and
tasks performing acticns on <l2ments in the anvironment and
making changes ia it.

while BNF notaticn ZSor CSDL has been written, and
CSDL has tsen used as documertation for control systan
design autcraticn research proj2css, a coampiler has not ye<
keen written £for i+t and <thus i¢t has no*t y2t bsen used 2s

scurce ccde input for autoanated design.

B. MAN-MACHINE INTERFACE

A second critical nsed iz a ccmputer aided design

r a design eavircnmen+, siailar to a prograamming
énvizcnment. The iampcrtant coansidsraticern in this is act <he
designer ¢r the computer individually, bpu< their interfacse,

since

huparp factors  engineezing,..is concarned with vays o
c951gulng machinas, opera€loas, and work envi-crmedss s
taat  “hiy matca human capabilitiszs and ‘-m-ga*‘cn
[Bef. 46: p. 8.

+*
S
C
S

re
(9]
[a]
[7}]
~
n
ct
W
B

interactive ccmputsr systam, %tae need is

an
ccmapcnznts with wahich =ne usez w_ll bpe

atle =¢ engage in a__man-compu*sr diaiogus so desigred
that te, is eSsen+tially unaware of zhe compu*er ¢- ths
ag%lum in"Which the 4% alogue is coaducted Faef. 47: p.
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Cialogue is defined as "nonprogrammiag commurica+=ics

with a <*erminal" [Ref. 48: p. 53], and is what 1akss a

ts

ccmputer system interactive. ©Hesponses from the system i a

@D

dialcqgue can be placed in con2 ¢ three categerices, zhes
woich never changs, <hese which change periodicaiiy, 2and
those which change <¢n a real-time basis as +he dialcgue is
conducted. Dialcgues in the firs<t two categoriss are gener-
ally writ+ter by *the prcgrammer and stored in memory. whila
rzal-time dialogue <can te <close =o natural laaguags, it
Iequirzss a great deal of software, including bo=k a dialcgue
tzanslatcer cx preccesscr and one or morse dialcgue files, as
implemented in systeonms descrik«d ian Refersnces 49 arnd 50.
Dialcgue style can be one of four types, Lased on
two irndependent characteristics, whszsther +he usser of *h=
systzm guides the the interchangs, and wnether the user is

w
th
ti

o

lim_tred *o given chcicss in <zreply or «can make €
=)

respcns<e [Ref. 51)]. At +he ends of ths corntinuum, Jdialcgu

® W

wnich the systzm guides, with limited <cncics response, ar
fastzr, wi*th fewer entries =required for routine actiorns.
User guidsd £res response dialogues provide maximum £lexi-
tility (2nd maxiaum cppor:tunit for =2rror) £for expecieaced
users. Maztia [Ref. 48], i- what has bscome a classic iz
intsrac+tive system dssign, <catagorizas 23 techriques fo:s
dialogus design, witn factoc-s which <can heip detezmine the
208t 2ffective type of dialcgue £cz a spscific task and
envircament.

Smith (Ref. £2] provides the two essential prcper-
tias c¢f the rasulcting systenm. < should be effzctivs, akblz2
to acccrglish sorething significaat in a 'reasonable'! amount
ci tire, and it should be siaple, although its simplicity
will be irnversely proporticral to the ccaplexity ¢f the
+tasks it perforsms. In doing tals, tae cgystem <shculd be
s2if-explanazory, self-nelping, easy to use, ible to antici-
pate the wuser's acticns, and aonls to adjust tc the s=skill

l2v=2] 0of +he user.
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kRefersncz 53 defines thkree coaponents oI 3 1seT
€

: *hs user's conceptual moiel of tne acticns going

interfac

PR

or, <*h ccmmand language usad by tae user o ccapunicats

[1)]

with the system, and the informa<tioa display ussd by *ne
system to ccmmunicateé with the usec. Increasing the sigai-
ficancs of the gsraphics facter, and with scme reorganiza-
tion, Newman and Sgrcul list four components ¢f£f <the user

interface:

User Mcdel - _tze mcdel which <+he user nas ¢f the irfcr-
mation irvolwed and ancw it is bsing manipulated ani
processed. This ccmponznt underiies the othar three.

Cozzxand Llangua how theé ussr operates on the informa-

tion ané¢ thd a

el
Feedbackx - now the
maticrn and assist
the wmcdel.

m provides the user with infcc-
2 rUnzing <he system and using

t

Infcraaticn Display - the scre=n display of the stats of
the mcéel ana <the 1nfocrmation besing amaliipulated. This
car te used *to ccnfirm <that thé user's percertion
matchss tie state ¢ the sysz=m [Ref. 54: pp. B45-428].

Cf critical impor=ance is the fact -that +*he user's
mod2i is a mental imags, not somezhing in writiag. I is
somethirng with which <the user anust be ccmfortable, arnd be
able *0o keccme €familiaz. Thus, tc make the system easier to

learn and, at least intuitively, 2asiar %0 understarnd, zh=
sys<ceg =shculd use ccrcspts and language familiar te the

use-.

[R]

2. Ipe User apd CLs=

Bsychology

The user, and the users's psychology, are scme of %he
first <factecrs which wmust be coasidered in designing an
intaractive system frcm wanich the user will ©Le akle <o
deva2lcp a useful aand appropriatz model.

Easca aad Damodaran [Ref. 55] consider as signifi-
cant factcrs in analyzing ccmputsr intsrfaces: jeb ©2la+xed
user a%+*rirutss such as the <trazaing provided and <he

27
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relaticnship between the user's total joo and <the cocapuzer
System; user requirements of the systam, including psychclo-
gical needs; variables r=latad to the *ask such as structure
and information handling; and individual wuser perscnaiity
characteristics. Martin [ Ref. 48] has deterained six rasic
criteria with which to categorize <t=2rmilal oferators.
irst, they can e either dedicated or casual, vorking cons-
tantly at the termiral or only occasionally. The seccad
consideraticn is their level ¢f programming skill. Thirl is
theiz intelligence level, specificaily theiz short <ernm
memory =fan and ability tc think logically. Fourth is their
lsvel of *rajning and sk:ill with zegazd tc the terminal *ktey
aste usinge. The fif+h factor is <he<her they are activs
cperators, taking tts ini+iative in «ns task, 0T passive
cnes, £cllcwing the direction of tas computer. Finally, are
+here interrediaries tetween the user aand ths system, cI is
tae user akle to deal directly with it? Martin gives addi-

Qa

tional ccnsideraziorn to the case of =a2 ¢totally untraira
cperator.

Five potzntial blocks %o maximizing user involvement
with an in*eracsive system 2xist ([Ref. 56]. Users caa
tacome tcred #with a system if pacing of screens is tcc slow
€T respcnse time allcwed 1s too great. Unsxpasctedly lcng
d2lays withcut systap rasponse caa léad to user panic Jue to
fcar +ha+ <+<here is scmethin wroang¢ in <either the systsm or
the program beiag executed. Frustroaticn can result from
teing unatle =0 easily, effectively, and efriciently ccmmu-
nicate wi<h the system and safely fscovaer fIom unwainted cr
unexgected actions. Inabili«y by the user to formulate aa
approfp-iate user's acdel, «causasd by 2ither excessive detzil
cr lack cf structure in the system, can lead %o cecafusicn on
the par*t of the user. Pinally, discomifcrt can resulit f-om
shoz+ccmings in the physical envircnaent, such as pcor
lighting cr lack of sufficient work space.
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Feleted +*0 scwme of these potential prepblem azszas acsz

scas kasic human psychological characteristics. Firs=z, a

notsd by G. A. ¥iller [(Ref. 57], the factor seven, polus or
1

mirus twc, 3is a recurriag its=m in human short tera a=mQry
TcS€arch. Whether data is <considered as individual i<enms,

cr recoded irto 'chunks' as, for <example, 1letters into
words, c¢r individual numbers iato a t2lephone nunker, aumans
are general.y able tc recall orly sevsen chunks ¢r aake accu-
rete decisicns zmong nc more <han savea choices. Sxceeding
sevea (fFlus or mirus two) units of data in prcvidirg infero-
saticnp can lead <+to information overload on tae par+s of the
user.

While Miller has shown *hat pecple can harndle mcre
data i1f <hey can grcup it intc chunks, human abili+y tc
hardle p[picterial dinfermation can also bs a factor iz
increasing the aroun+ of iaformazion 3 user can handlas when
workiasg witha ana interactive systea. Haber anad #ilkiznson
(Ref. 58] pcint cut two principles 12 human visual pezcep-
tiorn: the humar visior sys<ten is dasigned 4%c capture the
total situa*ion perceived, and the system will try %¢ inter-
pret ail ccmpcasnts as part 9oL the scans. Thus, visual

displays <ar be used *c convey not just oits of informacti
but alsc +he structuze of the iafo-mation, to0 the ussar.
With this agproach, there will ts lies ged f£or tne ckbserver
*0 conscicusly intergzat the cc-ganization of the infceraaction
gresen<s:d, <cr tzy tc group i+s individual coamapcaents iatc
churks,

This humaa nezd w0 organizs informazicn alisc has a:x
e¢ffsct cn how peofle kesp track of their activities
{Ref. 59]. Just as cpeople c:ganize bits of Zaformatica igmto
chunks, +hey orgarnize +*tas< activities into ‘clupps',
sequences cf steps which lead them %foward a goal or accca-
pilishment of a task. Comple ioz of osne of +tnese clumps of

ticos leads ¢  ‘clcsure', indica*tion <thit a jek, or

29
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subijck, nas besn fipnished and can be crossed ©fZ «c¢né's
men+al 'tc do' list. When working ia an irteractivs systen,
whether with other humans or machizes, one expec*s nct ocnly
an internal <feeling c¢f closure? uporn coapleting a clump oOF
actxons, ktut alsc a feedback r-esponse frcm the o<her part of
the systen, €ither during or at the e€nd of <the activity.
Cepending cn the specific «ype of action, this ra2sponse is
expected within a certain, 1limitad, amouat of tiae. Delay
can lead tc frustraticn aad lack of continuity of <thougkt,
while clcsure and response brings the oppcrrunicty +%¢ clear
short *srm memory and mcve on to 3 12w thoughzt. &sgonse
*ime delays ar:s mcre acceptakle once «closure has been
reached thar they are berors, sizce short <term meEOry caa
store Jaza, such as a phone nuamber, Zor only =& limited
amournt £ time. As a gengral ruie, delays over twc seconds
are accertakble «c¢nce closure 2as besn reached (waiting for
the raingirg aftsr dialing a <telephone nuamber), bu%t no+
tefore (wai-=ing <for & dial<tcne 30 a teiephone aunmksr jus:
locoked wup can be dialed). Tae decrease in efficiency
resulting frem respcnse tiaze 3elays i1is act 3 linear rela-
+icnshig. Rathsr, a delay produces a sudden drop in usar
gfficiancy, <followad by a leveling off for a pericd, +what

Re E. Millar <cafers +0 as "psycholiogicai stap-dcwa

2line *¢c Jdezling with <the characteris=i
€rs usiang CapD sysceas, Spence and Agppserley
pzevide a checklis 02 ltems +*c be consiiered,
art cn the preceeding psychological faczors:

2 memory is limiwed; an iatarzuption willi lead
zirng.

ot
(9]

~
O

o O

ez
€z
cg‘cal clostze is needad; pgrtovide an indicatiorn
ussr that a *ask is lsve?

c

n

Ow

tine; allow time for the use:r

e}

mnimn
LR

cmputer Ie
“3suit cf a

) v cotn

Oou
=3
o BN X 9

cep*rtel actions; predictapili+ty is needed.
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m
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onsider human pa*tsrn recognizion skills; make uss cf
hem Zr data interpretation.

s
e

e words apprcpriate to the <task:; users need familiacz
rainclcgy.

Mar<in {Ref. 48] proposes that, when desigzirg =
system, it be ccnsidered on three lsvels: functicnal (how
to use kro*h human and machine capabilities nmcst effec-
«ively), procedural (how <to organize the systea), and
syntactical (how <*o tandle <c¢cmmuacaticns bstweea the user
and tks system). Ginsburg, Juoted in Reference 61, gpcints
cut *he «critical imgcrtance of the user, 2and <the usex's

(I)

perspective, in the effecrivseness 2f an ian“eractive syst

Nothirqg can c¢onzribute more <+«o satisfactory systam
errctdgnce than the conviction on, =khe part of£f the
terminal _operatcrs that they are in cern<rol of tns
system and ot the system in control of them. EZqually,
nothing can bs mc¢ré damaging _to satisfacter systeam
operaticn, ,reqardless of héw_well other aspects ¢l :be
’mplamenta.lon have been handisd, <than +thé operatcr's
convic+ticn that the t=zrminal aad thus the system ar=s i3
ccntzcl, have 'a aind c¢I %thsir own "Uor “ars tugging
fgazgct rather than c¢bserviag the opera*or' wisnes.
p.1

This *hen leads to consideration ¢f <he remaining
three ccmpozents of the intezfacs: <he command laaguage,
feedkack, and <the informa+ion display, <the more +angitle
compcnen+s which make up the system harzdware and softwars.

Fcur design issuss sxis* Wit regard tc *he ccmmand
language iz ax interac*ive systenm [Ref. S54: pp. 451-458].
Frrst, hew mny modées should thers be? More modes lzad +o
greater ccaoplexity ard taus aore e€rrors. Second, & selsc-
+ior ssquence for the use 0f commands and command parameters
needs to k= determined. In this, consistency is impertant.
Third, ar abort mechanism, <through waich a user canp *erai-

nate an actior begun, must ke provided. Finally, ar error
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! handling mechanism npust sxist. A wide range of ccomand
language stylaes are available, including keyboard dialogue
witn screer promrts (flexible but in=sfficient), a ksytoari

DX p2smng
'

- ccmmand language with standard commaad words and a simgle
- syatax (regcires more user skill), wuse of functicn keys
!- (faster, simpler, but less flexible), anad menu driven (mcrz2
v flexikle, fewer cerrors, uses more sci23n spacs).

F, Scme guidelines have been proposed fcr designing a

Ahandendo .

W

ccmmand language [Ref. 53: ppe. 6-7]. The language shounld b
a

o

{. consistent: cach key should always have the same, <CI

[+ 1

least ar analogous, meaning in <he language. Second,

- pininum e€effcrt should pe all that 55 rsquirasd f-cm *hé user

tc enter the ccmmands, with <+he commands aost frequen<ly
used rteinpg “he easies*t T0O 2nier. ?inally, use oI cnly cne
mode is <¢ncouraged. Howevar, if wmor than ore nmode is
necessary, any cne ccamard skould have tae same =zeanitg in

each mode in which it can be uszd.

There is onct yot a&agreement on whether command

languagss should wvary depending on +th2 skill level of +he

n

PN U PRy T SRR W ST,

us2r. Mczelco [Ref. 62 ] proposes five lzvels of user moti-
vaticn and expertise, and cor-espondiag types o©f command
languagss. The £five user lavels arcs: the user who is ’
learning ths basics; <the wussr who warzs oanly to use€ the

sys<tem =C get acceptable resul<s with a minimum of learning;

h
the user whc wants <tc be able %o use the system more inde-

a
andently: Th€e user who wWarts td learn =he more subtle
b4
t

featurss of the system; and finaily, h2 user who wants %o

get the bighest fossitle quality cesul:s. The five corrss-
ponding levels of coamand languags range from siaple

o

: ,

* languages using multiple choice questions and tutorials <o
i wore ccmglex languages which use fuaction kevs and an edizor
E t0 create ccmmand seguences for latsr use. While creating
i' several languages for one systam is costly in terms G Dcta
Eg time and money (and memory), Mozaelco thought <he approach
F werth ceopsidering.

)
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Walther arcd O0'Neill [Ref. 63) came to rzlacze
b

Lﬂ ] conclusicers. Subjects with different skill levels, wce
3 cn c¢ither teletype (I1Y) or cathode ray tube (CRT) =terimina
\ wera able t¢ work with either a3 flexible or inflexiblz text
[ editcr. Use of the flexible language, in which users were
. able to atbkreviate, c¢cmit, or change commaad wcrds, amcng

cther orpticns, did not consisteatly improve perforaance.

R S

User at+itudes, which were effesctad Dby all three variables

(termiral type, languagz type, 3and skill ievel), had ar
. eff=2ct cn psrformance, as d4id 2ach c¢f the variabies indivi-
' dually. Wwith the inflexible laaguage, aver users with
[ little expesrience made few 2rCTOCS. Wita *the flexitle
t' ianguage, fcr all bux those with the @mOsSt experience, a less
- Ecsitive attitude 1led £o mcre erzors. If Jjob ccmpletion

time were the only ccnsideration, it app=ar=d froam the data
b - *hat 1t wculd be aprropriate =c provide more experisncsd
uszrs with a £lexible command language =0 speed their work.

However, if syntax errors were also a consideration, =2xgeri-

3
3
4
4

eénce alcrs was 3ot enough on which to basa the language
decisiorn. Atti*udes, scmething more difficult =0 measure,
ard mcre likely <o change ovs: time, also had tc be cornsid-
ered. Tois 4is ccnsistent wita Yozalco's apprcach of ;
providing s=zveral l2avels of command language and leaving the

(o]

decisica urp t th2 user. Unfortunateiy, the guesticn
remains ¢f whether this approach is worth ths cos=+.

Cre of <he mcst important components of a ccmmand f
lazguages s a *help' facility. Shneiderman points oux thas, f
as w#ith l=vels of language, user sxp2-isace is 10T The Dest
way to de<ermine hcw much help to provide, "since eaver
experts @amay forget cr be novices With respect “¢ scoe
gorticns ¢f a system" [Ref. 61: p. 17]. He zz2commesnds tha<
“he userz ccrtrol the level c¢f help provided <hrough the help
rzquest sade <+to the systenm. Recles and Price ([Ref. 64)

ts
o
[¢]
ct
»

expand cn this, <focusing on =he 2aeceds o ke uss=r and 4

-
-

haatenhecsdsench




the prcgrtammer of tne help facilizye. Help raquests shculd
ks simple, concise, and consis+tent, and the user shculd be
able tc maintain the current *task duting <the help sessicn.
The help provided shculd be specific to the current coa<zexs,
acd fprecise, prcviding only <he information needed.
Additiorally, help messages should be polite, in *the user's
language, and should include information on what the use

chould d¢ next, or how mors detailed information <can bz
cbrained. From the fprogrammer's point of view, i+ shculd be
rossikle t¢ specify the help rouzires at & khigh level of
abstracticn, sceparating writiag ths text c¢f the messags froa
writing *he rest of the ccde. Finally, messages should bs
€easy to write and easy to modify.

4. Eesdback and Erzor Handlirg

Feedback <o th2 user is grovidzd with regard *c the
command language systsea (a prompt, respoase tc a ccmmaad, or
€Zror message), ~he application 3atadase (the actual %ask

eing perfcrmzd, such as *ext 2diting or CAD), and <th=
display tezminal (curIsor movement Or character eche). As
Eointed cux earlier, tinely fzedback 1is ctitically
iaportarcct.

kerkaps the most importanc feedback is tha<
rzgardiag er-ors. User errors caax De caused by user cver-
lcadé (sending <+<c<o much informaticon 0 the user at once),
userz Dberedcem or lack of motivation (lack of a timely
respcnse, c¢r psrformance cf oanly passive c¢peraticrs), oI
inadequate ianstructicn and guidazce <tc tae user :zega:rdin
tne systean. Whatever the cause, 1t is iaportan= that aa
€CroZ Tessace be given as soon as possible after the ercor
has occurred. Zrrc¢r messages saould be sacrt and <“¢ xhe
point, but should £¢t be negative or 2mbarrassing <tc the
user. In additicn *¢ statiag that tae-e has beern an =rrcr,

messages shcuid contain useful iaformation, such as where

34
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the errcr cccurred and how to fix it., Firally, it shculd be

possitkle t¢ fix the error with a minimum amount cf wozIk.

5. Lisrlay

Tuc issues mtst pe dealt with in the area c¢f infcco-
maticn display: what will the <c¢verall layout be and hLow
will c¢cbjects and infermation ke represented. While specific
laycut can ke deterained by deciding 2xactly when the user
Tsquires what information, five general arceas ate nseded: a
main wcrk area, an area for local editing and input, an area
£or system s*atus icndicarors, a diagaostic area fer srzor
messages, axd a senuysinformation area (Ref. 51]. Blinkizg,
bighlightirg, or reverse video caa be used to draw attsntion
-0 Certalin areas. Ccles can be us24 *o lesssn zpparsnct
clutter ¢r <the =cr2¢n, emphasize certain arsas or items,
confira spt:y of data iato +*he system, or make identifica-
tion ¢i scme i-ems easier for %tae user. However, if colo:
uszd4, considsration must be given to the likelikhood
1lind users [Ref. 48].
€nis can be used as part Of ¢the display as a ccenzi-

Ics of infcrzation 0 <he user, with cclor and
pcsiticn used tc gricup relazted itens. To decrease <the
amount ¢f screen space requirsd, a hiezarchy of smalier
menus carn Le used. Addi+ ionally, <c¢oasideretior has been
given <=¢ *he use of a hieracchy of dynamic menus which
change as *the dialcgue prcgrass:zs (Ref. 65]. Wwith this
apprcach, <three manus ar2 available on “he scresen at cne
=ina=2: a corstan< meau of aocs+t fr=guextly used commands, the

"

dynamic msnu, and a usnu of menus. dhile dynamic menus a:x

n

ECcssiktle, it is not yet kancwn how f£2a3ible a system ¢f +hi
sort would te.

Based on the above information or computer descrip-
tion languages and ‘humarn fac<ors, the design prcceduras
folicwed and decisicns mnade will be examiaed Ia Chapczer
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Thrze. Inplementaticn details will be discussed in Chaptar
Four.
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fm III. DESIGN
A. PBELIMINARY ASSUBRETIONS

‘iﬂ The undezlying ccrcepts gqguiding the design of +he systen

] follow thecss stated ty Saneiderman:

{

' baild systems that tehave like tools; and

" reccgrize *the distingzion between human rsasoning and

compuiter power [Ref. 67].

A

r

H .

: Mar=in €ctces <thes2 ccencepts: " DQ BQT Iy te meks tas

’-

E" €ompuer ccrpzete with maa in areas in which man is superior”

i (Bef. 48: p. 7]. The inter: cf <ae system is, as noted by
Thomas [Eef. 68), to make possible ths synthesis ci designe:
and ccmputer, tc prcevid= (a coapcrent of) 3z dasign system

which will a2aid the designer ip <op-down design of a ccntrol
system, witlk behavioral descriptions as irpuz.

Sevsaral greliminary assuapticns werz anade regasding the
desigrez ard the system. rirst, the designer has scme
general prcgraam:z’ 7 knowledge (i.=z. is familiar with the
concepts cf block structured languag2s and =cp-dcwn design)
tyt dces 1nct necessarily know acxy spscific language well.
Second, he or she will alsc be faailiar with +*he tLasic
compcnents ¢f a contrcl system - tané contingency/task pairs,
the envircomental variables, th2 da2sign criceria, and the
task and contingency subrcutines - and <the infcrmation
included in each of *hese ccmpoaents. Third, +hs designer
#ill use tke system cccasicnaliy ratasr than ccntinuously.
Finally, fcr i<ts initial implementation, +*he entire Jesign
will ke entered and a realizaztion produced at one time.
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B. CTESIGN CRITERIA

Lo e

- Design criteria were considered in twc categories: what .
the sys=zer should be ablza to do, and how it is organized *o E
do it., The system shculd (in order of deczeasiag pricrizty): y
-3
a0t require the designer to learn a specific designy '
y prcgraising language; 1
. minimize the 3amount of repetitious, ~edicus werk L
& equizred from the desigre: E
{ ninimize actions *akea b the systes implicizly or. by 3
. d=fault which could lea to Aaxdden errorcs; requice i
L‘ =xp11c1t cenfirmaticn fron the designer WhgLEever )
- possitle; 1
! allcw the designer to maks chazges to aiready entered E
- da*a withcut having to teeater ail of the daza; E
3 be akle to respond to differsnt levels of desigrsr
d expertise.
(¢
Regardiag system organizaticn, it should ba:

fully mcdularized;

lmplemcn ¢d as a 1inimal sst, #ith the abilicty in <ae
fusurs *o0:

add rew coastruc+s and/or subsoutines to the design
language;

adé rew types and categcries of design informaticn;
mcdif the <format in which <the design data is
s$tcIed, both during 2=2xscution and when written *o 13

4.1$~.o

C. PHELIMINARY LECISIONS

S5€veral basic decisions wser2 a3cessary prior *c¢ actual

csoject desiogn.
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1. Cgepruter System Sszlsction

The primary «considera*ion for system selectior was
that the system ke available for dedicated work. However,
i+ was alsc impcrztant, sSinceé &a interactive system was o b=
desigaed, tnat th2 syst2m te atle to nmcet most, 1if not all
cf trts =zecquirements generally prcocvided £cr in<teractive
systems. Martir [Ref. 48] proposes, as consideraticns when
salac*ing ccmpcnents for int=2ractive systems, that there be
m2ans fcr irput by kcth the user and some dcoccument scurce;
means fcz cutput; a display screan with appropriate capabil-
23S, Such as cclor; tocls to trovidzs the desirzd oz ne=2ded

£ szcurizy; and tcols for 2czor control. Izby

—
o
<
1]
[a]

o]
[Ref. 66] expands <¢a <ue <required scre2en capabilities,
giving f£ive necessary items: <he programmer must ke able o
wrl<te =c arbitrazy pcsitions con the screen, be able tc map
conceptual display primitive operations to device primpitive
cperaticns, be ables +c highlight <tex% azd temcve high-
ligating, and nave a ccordznate input device waich cern be
t-acked ¢z +he =scr=ser. I+ was alsc consider=sd dszsizable,

1

<hough ¢t necessary, <that it be possible to 3c¢rell the
screen, use differ=ant character fonts, and have 31 terainal
intelliger* enough t¢ be anle to reply to questiors frecm zhe
display *erminal interfacs. The VAX/VMS system, with GIGI
(Graphics Izage Geasrator and Inserpre<ar terminal and
monitcs [Ref. 69] was available at NPS, and, siace i+ met
1ost ¢f tte above reguiremenzs, was seiected as the systen

upcn which =he project would be Iapl2aznzed.

2. Ezograaming langnag

H
!*;
(111)

Cf critical impor*tance «2s <he 3pilizty of the

ianguags selected tc¢ provide <+he 1ecCcassary date sStIuctures,
primazily rzcords as elements of liaked iists. Pascal, Ada,
and '4' Wwere considaced. Fascal Wwas sc¢iec+ed because, 1in
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addi+icr tc providing the necessary da+ta structurss, It is
relatively self-documen+ting, a <trait of some impcrtarce
since it is =2xpected that future rCesearchers will contiau
work ¢n this project. Also, Pascal is a well teszed arnd
cperaticrel language.

3. Lssign Methodclogy

larce scftware projects raquic some crganized

apprcach tc¢ d2sign and Zmplementation. While ‘'step-wise
refiremsnt! is a frequently used term wizn regard tc soft-
ware design, there are numerous ideas and +heories abcut

exactly hcw to carry it out.

Cre of the mcre commonly used methodologies is +that
develcped by Ccastantine. The ‘'structured design' methed-
clogy [BRef. 70] progcses that systzas be considerzd as an
input/prccess/output segquence duriag design. Attenticr is
first fccused oa what functicns the system will pecfozm.
Then thsse £functions are exaained 1a terms of <theiz iagpuz
and cutput <compcnents, and what transformation must cccur
tetveen <he two. This process of determiniag £functicen,
deccmpcsing into ingput/proczss/output, and then analyzirng
each of <thées2 mcdules ia terms of functioen, is repeated
until the system has besr completely deccmposed. Only at
that pcint deces implementation begin.

Structursd dJdesign may be more commonly used <har
cther desigr methodologiss because it is easier to cencepzu-
alize and use, <focusing as it does on input and cu+put.

e
Addi+ionally, i<s dccumen<2:ion appeazrs siamilar

i -¢  flcw-
charting, althcugh thare are significant differerncss.
Finally, it can te used in coeajunction with IBHM's
Hiererchical Ioput-Prccess-Output (HIPO) design documernta-

tion teclhnicue.
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Another software design approach 1s suggestad oy
Farnas ir Beferences 71 and 72, whers he emphasizes ccrc
tzating c¢n the factcrs mest iixeiy aand least likzly to
charge, and hiding artitrary Zwmplementazion decisiozs. With
this apgrcach, =specific abstract data structures acs hidden
within <c¢ne nmcdule, with moduls interfaces revealing a
minisum agcun: of infcrmaticn about d2sign decisions. As 3
rasult of this approach to deccmposition, 4i% is pcssible %o
bzeak a system dcwn into levels of subsets, with +he lcwsst
level a kasic, rinisum subset. Yoduies can be placed ia a
loop-free 'uses hierarcay' of modulzs which use lowe:r level
modules.

Thiz informaticen hidiag aad anierarchy of  users

cri«eria fcr syszea decomposition, placing smphasis crn “hat

in the syst=m is 1likely %o change in the future, facili*a+tas
syster change a< a later date. For this «reason it was

decided that an a*tteppt would be made *0 us=2 a combina%ion
cf the twc approaches above. There #ill be attsmpts in tha
futare tc modify <z =2xpazxd +he ZIaplementaticn <c¢f <Lkis
grcjecs ard consideration was givan to making tha* task as
simple as pcssible,

Iz lin=2 with the design guidelines given by Parnas,
coasideraticn was givea <c where chang2 was mos< likely to
cccur in *he Jesign system Leing builc. Thres areas wsr
ccnsidersd: the format cf “ne daza en+tered, thz2 ccazent cf
th2 data anterad, and the ccmmand lazjyuage used *c ernter the
data. Iv was decided <hat <he <contant of zthe data winica
wculd te en<terzd Would be the 1least likely to changs signi-
ficantly, =ince control system compoaents are fa::zlv an-
dard. Hcwever, the format ¢f the da<a, in bota the scuzcs
language arnd primi+ive list <realizaticeo, was liksly <o
caange. Additionally, it was 1likely +*hat =the ccmmand
language would expand to allow <for different levels c¢f user

expertize.
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D. SISTEER CCMPONENTS

1. Lesign Lamguage

deference 38, in analyzing ISP, provides guideiines
for the developemnt of the ideal behavioral hardware
descripticn language. I+« shculd:

previde akstraction facilities with which to add mcre
primictives;

make it pcssible tc specify behavior without structure;
support structured rrograammiang constructs;

make it rpossible to describzs application specific
infcraoaticsn;

have <le capacity tc sxpress concurr=2acy;
have the capacity tc dascribe nultiple functions;

have *ks_  capacgity tc express synchronizing primitives
explicitly; ang,

have  a formal semantic definition of sanguage
operaticas.

KEeference 73 adds +the <further gJguidelianes that a design
language shculd be suitable for a variety of desiga applica-
ticns, ke e€asy +“o0 lesarn and documea<t through unifcrmi<ty aad
trevity, Le suizable for use with ia-eractive graphics, and
te adaptakle to more compliex 3Jssigus,

Iz *hs specific design languagz to be usesd, & means
was rneeded “o input designer information (zame, date, design
rame, ccaments), envircnmental Iiaformaticn on variatles,
contingsncystask pair infcrmation, criveria informaticn, and
*he ac+ual func*ions and gpreccedures f£or +heée ccp=ingsncies
and the tvasks. Additicnally, the language had to te ablz to
store <<he data duzring run-tim2 cperations in a Ecromat
tazough which the data could be =2asily transferred <cc the
IADEFL (identificaticn, application timiag for C/T pairs,
desigrn criteria, ard envircanment) £fil2 and <the priaitiva
list cf subrcutines used ian re2alization of <the design. A
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final requirement was that <the design als¢o bDbe abtle To¢ bs
documented ty an easily readakle sou-ce file.

while Biehl and Dietzingsr ([Ref. 13] used =1

v

(e}
[ A

m

el
languagss such as Pascal and Ada is leading to the use of

diagrams tc =pnter data, the developaent of highe:

languages rather than flowcharts to explain program 3Jesign
in +he Urits States. Additionally, use of a high level
languags in design is <closer to the algorithmic Eprocess,
more like natural language, and wmakes the programming of
scftwars casier and mcre efficient [Ref. 74: p. 431)]. For

these rsasons, the decisicn was mad2 <tc use a laaguage,
rather than pictorial ficwcanart I2presentaticas, t¢ snter
data.

A bleck structured programming language was neces-
sary since without it *he centrol systa2m tasks and func<ticas
could nct te properly entered. Wita r2gard to the Temainder

the dssign daca, ~he possibility of haviag =nc fcrmal

d2sign language, but iastead enter-ng data directly intc the

l

pcimitive list, W4as ccnsiderzd. Howaver, software dccumen-
tation is becomiag incr=zasingiy imporzaa:t, ard i+ was deter-
€ed thkat some inpct racozd in a2 more readable ferm than
the rprimitive listryas need z4d.
As the Jdesign of tae projsct progrsessed, it was
¢d <hat 4wo languages, razher thaa one, needed to bpe
d. The f£irst language was nesdzd to, &s a miaiaum,
€ fuacticas and prccedures iavolved in  the cecatin-
and tasks, and stors daxra during =xecu<iorn. This

ered a run-time language, and 1s wWritten in
+zrms ¢f =<le da<a structures used during oper-aticn of <hse
d2sign system. The secoad language need2d4 was a more fermal
wrizt*«er language, t¢ be considersd as a source ccde reccrd
cf the design input, and would irnclude <the control struc-

+ures of the run-time language as w=1ll as additicnal fcrmat
cn
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Three language alt2rnatives a2xisted: use CSIL as iz
exists, or with slight modirficatioas; £ind some ctasr
language; cr design a2 new language, <2ivher froa scratch or
from existing precgrarming languades.

Cspl, or a mcdification c¢f it, was consider:d as a
first alterpative in language selection, sinces its BNF noza-
tion has keen written cut ccmpletely, <anus facilitating zhe
deveicprent 0of a ccampiler or a syntax dicscted editcr.
Howaver, since Iits developm=2rnt CSDL has not become a widely
used language. 4While it is conceptually helpful as e acdel,
a decisicr was made nct o become tied *5 the actual syntax
¢f CSCL, kut tc considsr the sz2cond and +taird al:ernazivas.

Ccncerring the second alcarnative, finding anczher

[

znguage, few other control system design languages 2xist.

E 3

hile +te idza of wusing a derived CONLAN language =is

[+

pp2aling, CONLAN is still in +he developmental stages

Ccnsideration was also given %o developlng a newv
languags cr adap=iag an =xisting language (specifically Ada)
to centzcl system design and dascripticn. centribu=czs tc
Reference 75 considersed <+«he r2guir2d compcneats of 3 hacd-
ware descriptioa language, and had ixed <ccnclusicns
regerdiz adaptation of Ada as 3 hardwarsz descrigption
lanaguagsz. However, Ada does mest nmany of the guidelines
cffered weaczlier in +this ssaction regarding devslopment 0of
hardwars descripticn aand design languages. dlsc, Ada has
t=en adapted tc be wused as a program desigrn languacge,
EDLsAda, as da2scribed in References 76 and 77.

FLCL/Ada was developed for thrze Ceascns

Ada _will become a _standard gco ‘amm-ng language for
entedded systems, and use orf poisa ill"esase” thé tran-
siticn frch design to codse;

Adag is a state of the b languagg .witn support for
3cftware zagineering concepits,” ald is also <carcerfully
ccrntrclied;

The Ada environmnmen+t calls £cr mang E or- tcols whicn
w.ll aisc ke atle tc 02 used wi DL

PP P W DY

_j
1
b
«
.
1

E PO R
el el ad PSR DI AN

L

led b bk b

q




In FDL/Ada, components of Ada were used as a lasis
for develcping a software design laaguage waich cculd be
processed with an Ada coampiler for error checking, Crtuz n0<%
actually executed. FDLs/Ada s a mapping from PDL intc Ada

usiang:

scme cf Ada exactly as written;
some Of Ada with additional constraiats on its use;
some Jesign information written as coaments in standarcd

Scme featuras built frem Ada primitivss; and
an extsrsicn oi Ada's standard package to include d=2£fi-
niticrns useful to grogram desigr.

FEDL/ada uses the same syna+tax as Ada.

For reasons similar tc those which led to the dsvel-
cpment cf ELDL/Ada, thke dscision was made tc¢ develop CSD/Ada,
aidapting Ada o be used as a control system descripticn,
usirg CSLL &as a guids. Firse, it app=zars that Ada will
tecoze 3 mere widely used laaguag=z as i+t 1is Zaplsmentsd irn
Dzpartmsrt of Defa2nse <embedizd systeas. Seccnd, Ada‘'s
stzong typing prevides a aeans to ccatrol and group glokal
aad lccal variaples tsed im the dasiga. Additionally, use
cL Ada @makes it possibls t¢ develop 3 standard package of
ypss available for variablss to pe uszd in dssigns.

Fclicwing +ttke PDL/Ada model, & dasign s+andazd
rackage ci2taiaing acceptabla variible types was writta2:a for
C3D/ Ada. The LCesign S*andard Package acd a @mcd2li tor
Frograms in CSD/Ada can be found -n Appsadix A. The run-
=.ae dateé structures, written in Pascal, can be found ia the
ivplerertaticn ccde ccntained in Appendix C.
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2., User Dialogus and Cccmmazd Language

Given *he design criteria that the user not have =c
lzarr a specific design/programming language, s2veral al:csr-
ratives existed regarding the desiga ¢f the dialogus and
command 1lanquagse. One was having the designer e&nter
subrcutire informaticn using the algorithmic language, with
ar editer then traanslating the input to CSD/Ada. However,
+his wculd still require that <+he designer learn a language
for the subroutines and a format £for tae rzmaindez o0f the

irformazicn.

ct
o
[o1)

A second alternative was using a syn+ex direc
€éditcr to lead the designer through the full CSD/Ada format,
withn reques<ts for the appropriate informa<%ion. This would
r2iuce bc+th the amoun< of typing raquired from the designer,
and %4te cppcrtunities afforded the designer to make errocs.
A syntax directed editor (SDE), discussed in References 78
ard 79, ard also known as a grammar driven [Ref. 80],
language directed (Ref. 81], paccially compiling [Ref. 82],
or smar: [Bef. 83] edi<nz, allcws a programmer to fccus on
the mearing rather *than the punctuation and vocabulary wier
writing a grogram. One cxample 1s tae Cornell Prcgzan
Synthesizer, descrikted iz Referencss 384 and 85, used as a
tocol in t=zachiag programming and designed to a2llow %thée user
o ccrcsn+rate on the abstracrions of a program rather tharn
CL. the syn=ax <¢f a specific programming language, * hus
supporting top-dcwa prograaming.

SLEs aze generally developed from thes BNF notation
fcr a lanquage, and, with prcmpts, 1lead the grcgramier
through a precgram <fzicm begiaping to éend. Jsing a aenu or
cod=4d keys, the programmer types in tae code fo- a specific
compcnent in or construct of a prograam. The systea +“khen
shows the user the fcrmat fcr the coastruct and gives t*he
cppcrtuni+y to s2lect from a list o0f possiblz alternatives
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tc €£3il1l in <the blarks. This ensures <+that the r[programs
wrictten with an SDZ are always syxntacticalliy correcct.

Wwhile better than +he first alternative, tais
approach was also not ideal, since the designer wculd still
E2 required to learn a specific language fcrmas<, if rot
syntax. This would be appropriate were the sys+end teing
used as a teaching tocl. However, in *his cas=s the purpcse
¢cf using an SDE is tc¢ make it possible for <+the dasigner *c
avoid having %o learn ei+her the syntax or the format cf ary
specific languags:.

A third al%«ernative, use of a parzial SDE, was
considezsd and s<lected as the most dasirable option. The
SDE wculd l<ad the desigaer thrcugh tas statsman< bicck of a
subroutine and then z:quast declara<iocn informa+<icn ¢n vaczi-
ablas us:d in the sutrtrcutine. #ith this partial SDE, the
designer would nct have te <*race through the entire pregranm
structuze ¢f both declazations and statamen=<s, byt could
instead ccncen*trate ¢n the statensnt componsnts (in CSL/Ada
the ccrn=zingercy funcrtions and <ask procedurss), with *he
€édi«cr <hsrn cbtaining the =rcemaining declaration *type infer-
maticn nssded. Variable +types would be 1imited, +hrcuga
menu s£slection, to tnose types i1ncluded in thz CSC/Ada
Desigr Standard rpackage. This liaiza=ion is in 1line wizh
raf2rence 86 which pcints out <that parsers are of<ea acce
cemplex <than needad, azd can Dbe siaplifiad by 1limiting
Esogramm2rs <o & <tightly ccrtzclied 1ist of alteranatives
cather thao being atle to handi2 all possible en+tries.
Reference 82 also ccntain this suggestioc, particulaziy
regarding types allowed for variables.

Additionally, a means woculd be provided tc 3o
semantic type checking dJuzrizg 3esign Jdata zntry. This
apprcach is suggested i1 Refarenczs 87, 88 and 89, which
descrtibs an "incremeatal programaming 2aviropment (IPE)M of
which aa SDE is only paz=. In +he IP2Z, <hke SDE and *he
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incremental program ccnstructor Wwork together interactively

(]

with the frcgrammer. As parts of the program are sntersd
through the SDE they are checked for semacrtics. Then, if
the semantics are corzece, interm2diate code is gensratzd,
and tke pieces c¢f +he program are dabugged. I+ aprpeazed
that the semartic tyre checking of the IPE cculd ke aprlied
t0 the ccntrzcl system design environment, using <he run-tinme
data structures develcped fcr design data entry.

Finelly, 1lists and prompts would be uszsd tc cktain
the remaining identification, c¢r-iteria, and contingsrncy/task
cair infcermaticn.

Three op*tions existed as ways to have the user enter
choices during data entIy: “ype is the choice wcrd (either
all cf it or part, say the first threes letters), uss a menu,
€z use ‘'scitkeys'. The first aiteraative was eliminazed
immediately for <Two reasons. One, it <cequired excessivs
typing frcm the designer. 1Twe, it intrcduced reia*ted cgper-
tunities £fcr 2rrors. Both of <thase ccnsequences could
create tedicus, rTepetitive wcrk for <he user, contrary to
the design principlss cf the systen.

With a menu, a user is requirced tc amove a marker of
some £0rt (a box, aa X, ©L an acrow) <hrcugh a 1list of
cptions ¢n the screen, using cursor position keys, uptil i<t
irdicates the chcice teirng made. dhen the marker is next to
“te chcice, <+the ente:- key is pressed <o indicate the selec-
tion. #While not as tsdious as enzsriag whole words, several
acticns can be requized frem the user to get the martker %o
the desired choice in the list, aad some eye-hand cccrdina-
tion is required tc kncw when tc stop. Fcr that reason this
cption was also eliminatad.

Use c¢f softkeys [Ref. 90] also involves display of a
list ¢f chcicas cn the scr=2ern, dith each choice coded tc a
key on +“he keyboard. To iandicate a choice, the user fpresses
*he key paired with it. Pcssicle choices c¢an be changed by
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ging the scrsen display. Tne us2 of softkeys arpeared
allcw maxinmum flexibility of <choices while aminimizing
th2 werk required from the user and the cpportunizy for
€IZCI. Fcr these r=asons it was selected as +the
ary wmeans for data entry. However, since use ct soft-
is tascd on a mepu type display, and 'menu' is a mcre g
cnly recognized ternm, ‘menu?! will be used in thgq
inde:z of this paper to r=2fer to <the softkey aeans of

ingut

Wi<h <the dialegu= ard ccamand language decisicns
o @& need still existed for a #way to make the user aware
he <choices available at eacih stsp 4in +he design data
Yy prccess. To avcid user coxfusion and aaintain ccensis-
y as far as where tc 1lock for iapur op:tiorns, echo of
entereé¢, and design wrot*ten in CSD/Ada, <the d=scision
made to us2 a standard sc-een format, with categeries of
rga+icn always in ~rthe same areas of <the screen.
tionally, ths dscision was mades *o provide the user with

st «c¢f choices at each s*%2c ia the data entry prccess.
wculd mak= *he system seif-explanatory 2ad miaimize the
fcz written instructioas for the use:, following the
mmenéations in Referznce 52

EASIC INFUT AND OQUTPUT STEPS

ds a zeszsult ¢f trke desigr decisions outlined abeve, it
at the input ¢ design informaticn weoulid
£ive modulaxr componeats:

taiz iden+ification information <througn *hs use cf
CIpTS;

tain the,contingencg/t ask pair data th
Pt

rcu
rcTpts a3d asnus an ink <0 the rel
d prccedure;
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okbtain <the criteria information through <the |us
prcarts ard amenus;

1t
(9]
(o]

TYTY
e
.

use a artial sgn*ax directed tor to obtaLn _the N
statene blocks functions ana procedures, xaKing }
lists cf ver-.able names as they are used; .
traverse the list_cf variables waen the entry of =2ach .
subroutine i1s complete, making E both the e€nvirgon mental -
tacle and tne local vatiable ab :

Users will be alkle tc select +the order ia wtich +they will

work in these areas, with *he oniy 1limita<ion *that glotal i

-
]
"
i
]
i

and lccal variable lists be updated following the entry of
each subrcutin=.

Cnce the user decides to exi:t thn2 design entry phase,
data will be passed to the secend phase of the systen. In
Fhase twc tte user has thrae cptions: convert the data for
@ rsaliza+ticn, 1make changes in *tke data, oz write the Jata
to a file in CSCsAda format. If tihe user decides to ccnver<
the data t¢ pripitive list <format for a realizaticn, the
system will check tc ensure that data has peer entsred ir
gach categcry and subtroutines have been linked to the agppro-
griate ccrtingeacy/task data. If the decision is made to
Ww-i<e =<he data *to a £file, ~dentification informa<+icna,

contingercys+ask pair information, and dssign criteria wil

ke written &s comnents in a converntional Ada package, wi<h
the ervircnment <table and the subroutines written as decla-

raticns with commernts and subroutizZes in a convernticnal Ada

PRI SR R

tackags.

ct
|85
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0
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Chapter Pour details the actual iamplemen=zation of
SyYstex.

Ao 4 86 aii i 2 ok oo
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IV. IMPLEMENTATION
The system was inmplemented basically as placned and has
Fesen run successfully. An exampl2 of the system output is
included as Appendix E. Irplementation code 1s included as

dppendix C.

A. £LCATA CRGANIZATION

Crgarizaticn of run-time data into a hierarchy of
records, as mea*ioned in Chap*er Three, and shown in Figure
4.1, prcvided <he fkasic structurs for iampi=mentaticn. A
header recczd, the root of the data tree, vas usaed to
provide pointers to identification, c¢riteria, contingency/
task peir, environment, <£function, aad procadure reccras.
Multiple reccrds were able to be added in a2 linked list fcrm
for repesating contiagency/task, enviroamen<, and subroutine
¢ccurrences, while singles records wers used for identifica-
+ion aad criteria da+a. In some Gata subsectiors, ar cccur-
rence alsc became the ToOt ¢ a subtree <c¢f cecords
containing specific types of data, such as ccaments, voluames
aad mcai*c:zs for criteria daza, or local variatlss and
statements fcr subrcutinss. dddicionally, pointers wers

used tc link the contiagency/task pair c-ecord and the furc-

=
.J
[
[a}
[
)
[]]
2]
2}
(11}
[}
L)

tion and :rccedure records +o waici

B. PECGEAY ORGANIZATION

Five major sets of subrcutines were reeded fcr Jdata
ext-y and canipulaticn. Listed froa aighest tc 1lcvest

rioricty with regard to ipitial implementation, they were:
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@LtIy : clttain original infcrmatior from designer:;

write : read information from a2 <record, write it =-c a
psrmancnt fiie for storage;

change make changes to data al-eady entered in

Teccids;;

ccrnvart : conyert data in the records tc primitive liszt
format for realization;

read : read information from a file already created back
intc records tc work with iz,

Within eachk sert, icwer level subroutines were <clcsely
matckbed tc the record with which they would be used.

Additicnally, =rcoutines were asedad =o handle grargphics
displays tc ths screen. This included iastcuctioans, menus,
messages, and dispiay of data =ntered.

Subicutines were categorized and placsd in ore c¢f fcur-
+ean fiies, as described Lelow. Subroutines within 2ach
file were divided into categories Dby lavel of compiexity,
for exanmrle, primitive routrines and higher level rcutirss
waich calieé¢ them, and by category ¢f design Jdata with waich
they dealtr, for exangle identification or contingency/task

pair.

. Lesian

CESIGN.PAS is the @main Zile. It contains code %o
t2ll <he systea compiler to irclude all otaer £files, and i
contains the 2pain sukroutinpe zad variables which it uses.
I+ alsc ccn=ains intrecductory and Znstructiicnal subrcutinss
as well as c%her sttroutines called ifectly by tn2 main
subrcutine cr for which cther appropriate files have zct ye:

teen created.

2. Eegcgcmds

FECCEDS.PAS c¢cntaine the data T
+ures «crecated for the run-+timpe 2nvir:
consists primarily of recoz-ds aad poin
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contains scme basic type declarations such as 'line_size!
ard 'name_size' used with <character strings, and varicus
enumerated types used in *he recoris.

3. Sczeen

SCEEEN.PAS ccntains the primitive graphics subrout- }
ines, fcr =xample %thcse used <o change screen set-up codes
and alert +-he <termiral to an upcoming qrapghics coamazd. ;
Additicrally, it ccntairs subroutines to draw the screen,
erase the tctal screen or sgecific areas of i+, and posicion 4

the curscr to write a message.

4. Isxz -

TEXT.PAS consists 0of subroutiaes to write the +tizle

screen and instructicpal screens.

5. Messages
MESSAGES.PAS <coazains one subroutine, 'Message!,
which wuses a cass statsmen: <¢0 wIiitz various amessages,
calied by nuaber, tOo the message ar2a on the scrsen.
6. Espy Eclss

B

MENCS.PAS and MENUS2.FAS coatain both primitive and
higher level -outines *o wWIi<s 2enus <0 <The sSCreer 1e€nu
area. FrFriti*ive routines are usad tc 2astablish curscr rosi-
asnu lines, line markers, aad Zinstruction lines.

o
ct
' 4
(0]
(o]
n
S m
Q
[a)

se ipstructions are includsd as subroutines tc be
callzd Lty +the two basic *ypes of a2nus us=d - data en+<ry or 1

@eau c¢cile erntry. Meru compornents which will be usad by more

than c¢r: wmenu have Leen written as ssparate subrcutiaes.

AR A LA T A A S S

Higher level menu subroutines have bzen catejorized by the
. data *c¢ which thay appoly : identificatica, criteria, 4
. contingercys/task pairs, subroutines, aand variables. Yenus
}9 ‘ fcr entering variable informaticn are in 4ENUS2; all cthe:z

- 54

\
AR NI el o il s o e ek ok 4 N L o N ’ J
A W R R R R R R I R R I o R S Y. W e e




?v.v" T ey—y
. o .

3
<
v

)

3

,

, -

@

A e R S N A A AU B A A et P S Sty ot oo

ot
«a
’_.a
[
ot
18
1))

@enus are lecatad in MENUS, aloag wita code to

system ccmpiler =o include the MENUS2 file.

7. CLiszlay

CISELAY.PAS ccasists of subroutines us2d t¢c write
data entered ir the run~-time records to *“he screen for feed-
back toc the user. 4 lower 1leval subrscutine is used <o
€éstablisk =standard curscr positions f£or each line, with
kigher l=vel toutines categcrized oy data sec=ion.

8. Cleck

CHECK. PAS contains primitive routines called in beth
the entry <c¢f da+ta and ¢he changiang of data zo <check char-
acter s*=rinas, digit strings, ard traverse linked lists of

reccrds checking for matching naames.

CHANGE. PAS ccntains routines used thz make chaagas

in data already entered aprd disglayed on the screen.

10. Epzzy Eiles

o

ENTER. PAS and ENTER2.PAS contair suproutines se
for ths actual data entry. ENTER contairs primitive rout-
ines tc ernter character strings, digit stzings, anrd lines of
comments, and chsck subroutine nam<s aiready entexrzd, as
well as higher 1level routines used in =zn+try of iden*ifica-
tion ard ccntiagencystask daza. It also includes the main
data en<ry routine, and code “o0 alsrt tae sys+em compilser to
include ENTER2.

enter criteria data, functicns and proczdurzes, and variable

ENTER2 consis<ts of “hs subroutines used to

data.
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11. Eiles

FILES.PAS consists of subroutines =o open a filie,
writ: the dzta frem the run-time da<a structures to i+ iz a
format sigilar to Ada, and t¢hen close the file. Subrcutines
are categcrized by the secticn of data with whicn they are
coancerned, such as criteria or contingency/task pairs.
Additicrnally, a lower level =cutire to write commen+s tc the

fiie is included, arnd called by sevezal of “he nigher level

routinpes.
12. Ccpyer:s

CCNVERT.FAS «contains routinass used ir conversion
from +the run-time data structure <fozmat tc primitive list

format fcr realizaticro.

C. SCREEN 1AYOUT

Cisplay of instructions uses the entire screean. Fcr all
ctaz=Tr acticns, the screen is divided iatc four arsas - msnu
and menu insttuctions, irput, messagss, and data display -
with text in each area color coordinatad, as shown in Figure
4.2.

D. SISTEY CPERATION

System operation begins with tha display of a title
SCTe€n. At <this pcint the user 1is given <the option of
reading scme general instructions fi-st or begianing data
ry immediately.

Design data entry £follows a path from <the acre gene:zal
arsas tc the mor2 specific. The user is allowed to pick cne
five areas in which #¢ enter data ~ iden+tificatica,
cziteria, ccntingencystask pairs, furctions, or procedures,

o cide to exit the daza =nt:-y sectiorn. Once cne of
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= @snus
display .
(green) headirng
(magenta,
white)
bod
(c{an)
iastructions
(white)
TTHESSEAGES T (TET)
input .
(vhite)

Figure 4.2 Screen Layout.

the data areas is salected, +the user is led through all of
the data items n2eded for one set of data in that area, with
msnus used to prompt and limit +he data choicszs which caa be
entared. Entries are echoed immediataly in <he input acea
¢t the screen. In aédition, when all data nas obeen 2n<az24
in a secticr, the ccmplete set of data is written tc the
screen in the display area. Althougn no* yet fully impis-
sented, at this point the designer will, 3in <he Zfuwturs, be
able tc make charges in the data displayed.

Fcllcwing data entry for a section, the user is re+turned
to the stazt of th2 data eatry loop arnd again allcwed to
pick cnz of the five data en+try areas or =xi+, wi<h the
condition that data can be entered in the identifica*icc and
cziteria areas only ccca.
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Wken the user is done entering data and decides *to =xit,
the system moves to fphase two, data manipulation. Al+hough
not ye* fully implemented, thres options are available.
changes can ke made +to the daza, 1i= can be converted =< a
rrimitive list fcrmat, and & realizaction can be g2nerated,
cr it can ke writtten to a permanent file. Again, thke user
continues returning tc these options in a lcop untii he or
she decidss to exit frcm phase =wo. The =2xit from fphase two
termirates *he prograr.

E. EFBOE CEBECKING

There are several comgonents of tae error checking
systen. In general, data is checkad wnen i+t is entered.
When an errcr is found by one cf tane comporenmts, <¢r ccnfir-
mation of an entry is nseded, a message is written %¢c the

message area of the screen with specific informacicn.

1.

I=

£n

=
(O]
[#}

ntiy Checks

¢e forms. The user

[g3]

ntry of data takes ocre of ta

4]

can ke asked to enter either the code for one of the chcices
¢t the meru, a character string, or a numerical value, In
the first case, if +Le user en<ers a code not ian the 3enu, a
sessage will be writter explaining the error and askiag that
the eéntry be repeated. Ir +he sacond and third cases,
specific subrou“ines are used to cn=2ck data entered.

a. Check_Iten

‘Check_Item' is called whan the user is entsring
identifiers, and i* checks fcr 2:--ors commonly made in varzi-
aple and sutroutine names, as well as specific design systenm
ccnstraints. I+ will give an 2rror message and ask fo- a
ra2peat of <the entry if the identifiar s lcnger <than ten

chazacters, does net start with a letter, or cecntainrs
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Elarks. En*ry ¢f «c¢nly 3 carriage ratuzn willi «res
stzing of length zerc, and the user will be asked ¢t
the ficcess.

k. Check_Digits

1

'‘Check_Digits' is cailed when thée user is
ént2ring numerical values. I+ r=2ads input as a character
string andé checks +o ensure taat 1length does not excesd six
digits (a size selected TC 2nsure that a set of
contingencystask data can be wWwritttza as one lizn2 ¢f a
£ile), ard canly digits have besn 2ntsred. It then cails a
systerp likrary —coutine to ccnvert tae charactsr string of
digits <o 1ts integer value. Zn%try ¢f only a carciage
returp will result in a velue of 2ero beiang assigned %¢ tne
variakle in question.

2. gSubrcutige Nampe Checking

Eoth contincency/task and subroutine data satTy
routines do extensive subroutinz rame chacking, based or <k
rpremise *fa+* each functicn and procedure willi be pazxt of
cnly cne contingsncystask pair. Subroutine records can be
entered through ei+her subroutine ertry procedures oz
contingercystask pair entry proceduress. Beth will enter
name and subroutine kind. Howevar, subroutine sntry will
enter statements and sSet the contiagency/task pointer to
nil. <Corntingsncy/task pair =zntry «4ill =cnter a coatiagerncy/
*ask pcinter and set the s<a<tement pointer to nil. This
makes it possible to determiae how much of the da=a zelated
t0 a sukrzcutine has Leen encezed.

When eatering contingency/task pair data, a check
will te made of both the inizialization and run-tige lists
<0 2nsure that neitter the function or subrou<=ine has bszen
izciuded in a contingency/task pair alieady entered. A
check will +“hen be made of the func<ion and procedure lists.
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If <+hks subrcutine hes already Leen entered, it willi b=
linked tc tbe contingency/task pair rzcord. If not, 2 aew
subroutine record will be added, the name and kind 2ntezed
with the ctter fields set tc nil, ard the subroutine zeccrd
will te linked to a ccntingency/-ask pair reccrd.

Wher a subroutine is to ne entered, 2 chkeck will be
made to see if the name has already been used. If it has, 2a
check will te made of the statement pointer. If it is not
nil, a wmessage will be resturned thac the entire sukrcutine
has already teen entered. If i+ is nil, +this record will be
selected as *the <cne in which <o en<er the <rest ¢cf tae
subroutire data. If ths name is 10* located, a new rfscerd
will te added, the ccntingency/task pointer set t¢ ail, and
the test ¢f the subrcutine da<a eatered.

3. Statement Component Chackiag

Gse of tae partial syntax diracted editor fcr entoy
0f statements ensures that all statements entered are
syntactically ccrrec+. Yenus usad to 1lis* options for
informaticn eatersd about variables, suck as precisicn or
t2achnclcgy, minimize the chance of =2atry of incorrect daza
bty the user. Fiznally, uszs cf poiaters to lirk all variables
in an expressicn wakes it pcssibisz +to implement mcere
jetailed typve <checking as werk on “he system ccentinues in
*ae future.

4. Ccarleticn Check

When the users decidzes to convert tha data =c¢c pzipi-
tivs list fcrmat, a check will be made t¢ znsure that 2ll
da«a pe<ded has been en<ered. The first chsck will be of
+he header record, ¢c¢ s2e that idsntificat_on aad c-iteria
iinks are not 1nil. Then, based 9221 <the procedurz for
subrou%ine recori entry described above, a check 211 bs
made cf tkte func=ior and prccedure lists, t0 make sure <hat
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each suktrcutrine has both statements z=ntered and a ¢

I
.

linkirg it tc a contingsncy/task paic- record.
5. Eile

As a reminder +o0 the designer, and for future use
when data in files can be <sead back iatc the sys+em, 'ro
data enterada?' is written in ssctions of the £ile for which
no data at all has been entersd.

6. Exii Che

Sinca exiting from phase two o©f the system will
result in dsstruction of the run-time data striucture, a IWo
step prccedure is used <o coanfirm that the user does actu-
ally want tc terainate the design prccess.

Chapter PFive will =2valuate th2 system, discuss prceb-
lens enccuntered in isplementing iz, and suggest areas {or

future work.
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A. GCALS CF THE PROJECT

The gcals oziginally established with «resgard to this
froject were to design a workstation waich would 20t require

e s _mra.

its user +o0 learn a speciiic 1language for daza eatzy,
Fresent a user-fri=ndly approach <o tiae user, and prcduc:s an
cuzput of the data entered in a user readable format which
could alsc Dbe converted <=¢ a priamaicive 1ist fcrmat.

Considerizg this project as a £irst implemertazion, <hes2

b B

¢ocals nave teen net. Use ¢©f the sys<t2m has snown thaz, ror

e
eral concepts of atelan's

3

a user femiliar +with <he gar
Computar System Design Language and Ross' coaputer aided

PP PR IR G pup ey

design trccess, *he scresn instructior and error chackirng in
tae system are sufficisnt *o ensure correct and comrlete ]
data e€n<rye. The preliminary work done in making changes <o {
data alzeady enterzd indicates <hat it shculd be possible o
expand <he system =0 read in data Irom a f£ile and repeatedly
aodify data fc- different realizatiorns.

B. FEFECELEM AREAS

While the systenm was implemenzed successtully, thzre

were difficulties in working with the GIGI termiznal.

althocugh GIGI's grathics 1language can be empedded within
L Pascal, <there was little dccumentation available on hcw =0

et dnl NI, Al K Al b BB e o

e use it in an interactive set<ing and how to use i+t cther
r@ taan t¢ draw pictures. The nost significant czrcblem

el SRl b

cccurred ir code segquencss wahich shifted the terzmiral from
an irnteractive Fascal command acde, such as reading an

3
. s ]

- izput, o0 a graphics command mode, such as writing a %

L, aessage. A *'!' at the start of a sequence cf code is tae %

- 62
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sigrnal t¢ indicate <%¢ the terminal +that <he code Zcllcwi:

it is a grarhics display instruction. While the '!' a+ <+he
start o¢f a grarhics command is sufficient <to alezt <+he 2

terminali within a sequence c¢i graphics actions, it is rnot
sufficisnt tc switch <the terminal from Pascal %o graghics.

J S

I+~ was recessary t¢ include an additional waks up 17,

-
[

ircluded as the first coamand in graphics rcutines, =such as
claaring azeas of +te screen, 1likely to be called immedi- -
ately fcllcwing Fascal coamaads. ]

An additional prcblem cccucred in writiag data =nterad
it recczds btack to +“te scra2en for display. While it was not
ifficuit =c determire ho¥w O write a specific character
tr.ng
vailue ¢cf£ a variable ¢cr coata2nts of a record field <o

Q.

ERS atci Bt unall A AL S
B

n
ot
o

¢ the screen, it was less obvicus how to write ¢

']
ot
[ S . =
W

t

4

SCreecn. Tte necessary procadur2 1s 12ss than logicai, ani

was fcund *krough +trial and e€cror ra<tasr <than in availarkle ]
documen+aticn. ]

Pinally, writing ths graphics commaands for each lirs cf a
text was fcund <«o be tedious. Use of =he GIGI macrcs was E
ccensszdered tut dscided against £or tWwo reasons When €£irst ;

used <the macros were fcund <o be unreliaple, although this
may have teen due <c¢ the problems of switching from Pascal

(I'

tc graphics commands mentioned earll More imporctartly,

D
e K

zae uss c¢f macros appeared <«c Jdecrease, rather t*than
ilcrease, ceadability. This is because :hey can be identi-
fied ty cnly on2 liet*er, ra<her thnan by a word that indi-
cates functicn. An attempt was nade to replace the graphics
comaand st-iags wi<h Fascal variables of typs 'vacked array
cf characters' which had been assignad ths graphics ccemmand

strinags as valuess. However, <this at<emp: to make <ths

- . PP -
ol A_.Ln-.u.JIII= P

graphics commands mcre rzadakle and rsduce <cequired typing

was unsuccessiul.
L .
¢ :
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C. FUTUEE WORK

There ars several areas for futurs work as a3 resul: of
this pzciect. In +be £ield of computer 2ided desiyn syszenm
desigr <tipere is much room for =expansion <¢f the current

system. 1The syn*ax directed editor can be enlargad to allow
for a full tlock structured language. The ccntingencys/task
data cpticeps not yet implemented can be addzad. The means
for data change and ccaversion +0 primitive 1list fcrmat can
te fully implemented. Finelly, the @means to read da+tz in
from a previously written €£ile can te desigred and
iaplemented.

With regard <o writing of data tc a file, thsrs is zcon
for system nodifica*icn and further sxpansica. The use 2% a
standard £file name ard file type is bas=d on use of ax cpec-
aving system which aumbers fils copias, and retains previcus
ccpies un+tili the user deletes them, sather than Wwriting cver
vhem when 2n additicpal £ile of <=hée same naze and <yre is
reazed. It would te beneficial to allow th2 user to enter
the fiis name and fils type whean +th2 dacision is 1pade tc
write <+ke data to a file. This will allcw different
versicns ¢f a design to have different names. Addi+ionally,
re is wezk tc be den2 in strengthening zhe link Etetween
3 da and Ada. Iaclud=d in this is addizg <o Ths sutrcut-
ir2s us=d tc wrice the run-tize data to a fils so tha% <he
u t acie cleossly matches Ada format.

In tke £ield of user-friendliness, <ther2 is cppcrtunity
“¢ exgand and add £lsxibil<ty <o zhz instructicas :included
withiz the design system. Intrcductory iastructions carn bpe
increased, and the user <can be givea the oppor*unity to
selsct specific instruction scrzens acd snter and exi¢ the
insstzucticns a+ otner <han the beginning and end c¢f <he
sequence ¢f screens. I+ vwould also be wor*hwhile tc take
advantage ¢f =he use cf case s+tatsmeatrs for menu ccde en=roy
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and add a ccde fcr tke opticn ¢f a help request. This woulil
mak2 infcrmation in a specific area availabie duiing +h
data entry process.

Much work remains to be done ia expanding and impprcving
the systen. Hcwever, it is cl=zar that this prcjec* has
shown that it 4is possible tec design and iwmplement a user-
frisndly werk staticn for ccmputer aided desiga.
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- APPENDIX A ]

5 CSD/ADA '

-

3 Packa¢e design_standard is '

F type analog is integer; )
tyi= Locln’is _boclean; =-- * trus/false

- type €xt_fixed is integer; .

- <Yp:s ext_float is integer; -
type int_fixed is integer; -
type int_float is integex; o

3 :

[ end design_standard; N

- with design_standard; use design_standard; :

;} Fackags ccntroi_system_dssign is -

b -~ iden+tification block '

) -~ identification data

-

- -~ criteria block

= -- criteria cata

-~ ccntingency/task block
-- contingency/task pairs data

-+~ ervizcnment tatle
variable : +ype; -- additional glcbal variable data

-~ sukrcutins list
function name (input) returrs type:
prccedure name (ianput; ocutpuw) ;

end cenircl_system_design;

. package tcdy con<trol_system_design 1s
v (* ccoplete code for functions and procedures

iisted here *)
€and ccnrtrcl_system_design;

T4
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