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ABSTRACT

A theoretical model of how an expert gfrograrmer goes
abcut understanding a piece of software is rresented. This
uvnderstanding rlays ar esrecially critical role inm software
raintenance tasks. The wredel is based on three ccgnitive
Frocesses: CBUNKING, SLICING, and BYFOTHESIS GENERATION and
VERIFICATION. These rrocesses are used in conjunction with
a pregrarrer’s knowledge base and categories cf information

critical to prcgrar understanding are identified. The rodel

also takes advantage of certain characteristics of an

asscclative mrerory to describde, using a serantic net
rerresentaticn, the mechanisrs behind these processes and
the oreanization c¢f rermory resulting trom their use. The
E tenefits of documentaticn ana the vse of cormenting and
: rperonics ar€e described in terrs ot the rodel and ray be

usetful as a guvide fcr inccrporating these intc the code.
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I. INTRODUCTION

Sottware raintenance pnow accounts for a large rercentage
cf any sottiware system’s life-cycle cost. Ip view of this,
the software industry has shitted its emrbasis with respect

1¢ prograr evaluvaticn. Noc longer is software belng judged ]

solely on tte wmerits of its arplicatility to a given
Frchlem, while nct neglecting the importance of this, the
industry 1is <considering factors which atfect software
raictenance as wvell. Cne such factor |1is softwvare
understandatility {Ref. 1].

Gaining an vunderstanding of wunfamiliar prcgrams 1is

frequently cited ty researchers as the first and often rmost

costly ster in sottware maintepnance. This understanding 1s 1

achieved when the trprograrmer bas ‘learned’ all that is k
recessary tc ccmpetently carry out the required maintenance
tacsk. Faking sottware easier to understand would have
significant 1long term advantages resvliting in reduced life-
cycle costs. This study presents a theoretical model of
ccgnitive processes, based on cbserved programrer behavicer,
which aids in acquiring this understanding. Further, the
study contends that the effectiveness of these processes {s
deperdent upon the extent of the ¢prograrrer’s knowledge

base.

...........




Most cognitive research analysing prcgrarmrer behavior

supports the 1iaea of levels of skill or ability, and

categorizes programmers as elther ncvice, exrerienced, or
exgert. RPased <¢n the propesed theoretical model, this
ability 1s detined ty how well the rrocesses are develorped

by the prcgrammer, and the extent ot his cr her Kknowledge

s

tase.

A novice has a relatively 1limited knowledge Dbase.
Consequently, <there 1s very little develcrrent of the
ccgnitive gprccesses in evidence. Be or she is considered
Irirmarily a learnper, using rainly unsorhisticated
techniques, such as inductive reasoning, tec galn an
uvnderstanding of @ prograr.

An exprerienced prcgrarmer has a fairly extensive
Kncwledge tase. It includes inforration abcut mcst of the
kncwledge domalns pecessary for program understanding. The
depth of informaticn in these domains is, however, uneven.
Ey this 1t is meant that ao experienced prograrrer ray know
algorithms to perform a certain function, <for exarple to
cort onpunters, tut may tind it difticvlt to adaprt one of
these tc sort words. Or, 1in the category ct Grrogramrming
larguages, he or she may be fariliar with the syntax and

serantics, but wupsure of +the underlying design apd 1its

effects on @ prograrm.
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Althougb <still learning, the prirary errhasis at this
stage of a rrcgrarmer’s growth 1s the development of
cogrnitive vprocesses which rmake e€fficient use of this
knocwledge. At this stage, the prograrmer’s perforrance is
gccd, though inconsistent, over a spectrur of less ditficult
tasks. It does, however, degrade rapldly as task difficulty
increases, 1indicative of only partially develored rrocesses
and the uneven knowledge base.

An expert, on the other bhand, bhas acquired a broad
kncwledge base, 1ncludling many specitics atcut programming
larguages and design, algoritbms and data structures, task
doralns, €tc., @&s well as how they relate tc¢c one another.
Be or she bas a consistently biegh level of rerformance as
weli, oprcporticnal to task ditficvlty. This results from a
deronstrated use ot well developed ccgpitive frocesses.

These pprccesses, which make vuse cocf the Enowledge base,
in copjubction with external inforration (prograr text,
docurentation, frotier srecifications, etc.), enhance the
exrert’s ability to gain an in-depth understanding of the
scttware 1nvolved 1In a givepn raintenance task. It is this
deronstrated capebtility that distingvishes the exrert from
either a ncvice or exrerienced prograrmer.

Ackncwledging this, the <cholice for this study 1is to
rcdes ap e€expert involved inm the task ot wubnderstanding an
vctamiliar prcegrar in crder 1to pertorm some type ot

raintenance. What these rrocesses are, how they are used,
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and what lnfcrratiocr 1s contained in the knowledge bpase,
torr the rwrajor tportions of this vwodel. Realizing the
sutjective natvre ¢t the study, 11t is not a claim that this
is a detinitive mcdel. It is, hcwever, reascrnable and
rerresentative ot rrogramrmer behavior deronstrated by
experts. In tact, this study contecds that it is this very
behavior of making etficient use of these rrocesses which

determines expertise in tkis area.
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II. VMEMCRY apnd RECALL

_—-TemAema SaX Doy

we know emrpirically that 1inforration is reprerbered--
stcred 1o the train--and can be recalled. Most evidence
also surpports the hyrothesis that huran rercry is @t 1least
rartly associative [Ret. 2]. By this it is nreant that
facts, €vents, concepts, and other types of information are
encoded and stored in rerory as serarate elerments cr sets of
elerents, connected t¢c one another ty means of association,
Fack elerent 1¢ stored only once, but cam Lave any number of
associations with other elerents. Each elerent 1is also
directly acces<ible. One rethod of knowledge representation
which 1incorporates rany of the concepts and rroperties
asscciated with this type c¢f memory is the serantic net.

As 1bere 1s no evidence ithat stropgly Surports any
theory yetv prcecrosed tc explain how memory and recall are
accormplisted, it should be noted that the model Tfrorosed
here uses sermantic npets cnly as a tool. The ideas of
serantic nets will aid in explaining certain cognitive
Frccesses, Bcwever, 1the mcdel itself has teen developed
based c¢cp research data and its validity Is 1independent of
this or any other theory regarding how these rudirentary
ceretral functions, remory ard recall, are accorplished.

Merory 1s <cormonly thougbt ot as having two parts or

areas. These are lateled Iong Term Memory and Short Term

11
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I11. ENOWIELGE EASK

—_— e e E s aws aAne

"Experts and ncvices ditter in their abilities to process
large arovrts of meaningful inforration....A common
exrlanation of this ditference is that exrerts have not
only more informatior, they have the infcrmaticn better
srganized...naking their percertion more efficient and )
their recall pertormarce muck higher. [(Ret. 1¢2] ]

PP S P

The above quole erphasizes the importance of both the 4
conterts and the organization ot the knowledge btase.
Incluvded in the discussion presented here 1s the conviction
that the contents 0t wepory corehow attect this

crganization. Also, based on date frcm several studles

ek ki

referenced, tlkis organization is dynaric and derendent on

context. ]

A. CONTENTS
Along witr tasic knowledge, mnormally acquired through

grade school and college, the expert programrer Kknows a

greet deal about ftive major categoriec of knowledge

assocleted with prcgrarrmirg. These are:

I ma

- ALGORITHMS

- FRCGRAMMING LANGUAGES
- LOGIC

- DATA STRUCIURES :
- PRCGRAMI ING LESIGN METHODOLOGIES E

25
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helrs tc ccempensate for the limited capacity of short term
repory, 4nd ccrplemrents long term merory. All methods used

4+
PRI

r this purpcse are generally retferred tc as external

rerories.

C l'f'li‘;"-"ﬁ*"-'f;
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C. LONG TERM MEMORY

When we learn or merorize something, the information is
retaioped 1bn long term rerory. ¥ben some event causes the
recall of other events in the mind, the informatlion comes
tror long 1tlerr remory. It is tte reservoir of permanent
kncwledge used in cogniticn, and has stored in it everything
fror the spatisal nmrodel of the world to the wmotor and
perceptuval skills used morent to moment [Ret. Y: pg. 5€].
Fut sirrly, it is the knowledge tase we operate from.

Unilike short term merory, the capacity of 1long term
remcry seers virtually usnlirited. It receives and stores
revw inforration after processing in short terr memory, and

this infcrration is directly accessitle, once stored. Also,

research has shown that the knowledge in long terr merory is
organlized, and that the organization may change almost

irstantaneously, based <¢n the context of the information

ol il i

teing ©processed in short term memory. As will be seen

o ol i

later, 1thls atllity is significant ln terrs of the model,
and will ©be discussed in more deteil as it relates to an

expert rrcgranrer’s knowledge base.

[P R S S

L. EXTERNAL MEMCRY

As an ald to intormation processing, external devices
such as pencil end paper, chalkboards, and tape recorders
are used to store information not in long terr remory which

the prcoerarrer wants readily available for reference. This

o Ma s A A K 4 & 5 S _As A _t_%ala
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E. SHORT TERM MEMORY

Inforration enters the ccgnitive system through short
terr rerory. CURTIS [Ref. €] quite adequately describes
this rercry as:

"8 1limited carpacity workspace which holds and processes
those iters of irctormation currently under cur attention.
This 1lirited capacity was first quantified by MIIIER as 7+2
items [Ref. 7]. As will bve seen later, an iter {is not
lirited to a single remory elerent, and may be a “chunk’ of

indefinite size.

The 1inforration which exists in short term wmwerory 1is
transient and wrust be constantly used or ‘rehearsed’ to
prevent its rarid decay [Ref. 8]. 1If the information |is
galned eia percertion, this rehearsal will, after a tire,
fix the infcrmation in long term memcry. This is soretimes
called tre learning process. If, on the other bhand, the
intormaticn beirg used was recalled from lcng terr memory,
this rebearsal serves to reintorce it. This reintorcerent
has a positive etrfect on the ftuture recall o¢f this
infermation and ray cause it to migrate due to repetitive
use. Both ragplidity of recall and informatico rigration are

discussed later as they pertain to the model.

c2
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The 1implication of this analogy 1s tbhet semantic nets
are organized fbtierarchicelly. It this idea is accepted, it
fcllows that 1in order to recall a certein riece of
iptormation, <several 1levels of tke bierarchical structure
rust be transited depending on ire point of entry. This
walk through several levels necessarily has apn adverse
eftfect on the sreed of recall. Yet, in sore 1instances,
Infcrmaticn wkhich should be separated by several levels {is
recallea taster than expected, 1irnrlying an altermative
rethod. To explain this, MINSKY introduces a second notion
which allows for shortcuts through several levels. The
argument {s that if a certaip rath i1s reinforced a nurber of
tires through vse, a direct link is forred, analogous 1o
taking back roads to avcld lights and traffic.

These r[prorerties of serantic nets retlect those of an
asscclative mercry and will be referred to extensively
thrcughout the remairder of this paper. Tetails will be
added as necessary, to further explain behaviors, and this
should make these serantic net properties clearer. However,
it is irrortant ftor the reader to understand these ©before

proceeding.

21




One way tc represent this in a semantic pet is to view

an object as a node bundle. This bundle consists of a
general obdject ncde as well as a nurber of nodes each
rerresentirg a different yerspective for that object. ULink¢
relevant t0o a particular context are associated with the
ccrrespondling perspective ncde.

With such a representation, shown for CAR in Figure £,
slot valves are accessed either with or without a
rersyective. Say, for exarple, the size of CAR is needed.
I¢# CAR is with reference tec a train the returned value would
te quite a bit different than if the inguiry were rade for a
toy car. It ne¢ rersiective is given, the node bundle
collapses to the single CAR node wused throughout this
exaryle. This causes all possible siot values to be
returned, €ach annotated with the associated rerspective.

This notion of node bundles and object classiflication
leads to the idea of node clustering. Put simply, a node
ciuster 1s a grouring in the net of objects and 1links
strorgly associated with one or two specitic odjects of the
cluster. FMINSKY uses a geographic analogy tc illustrate the
idea [Ref. £: r1g. 118]. He suggests picturing capitol
cities with <ctreets rowed by bhouses. These cities are
ccnrected via rajor throughtares to smaller suburban cities,
which are in turn connected to towns, etc. The analogy to

clusters, objects, and links is readily apparent.

20
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Another quality cf ap associative memory is the ability

to dalstipnguish the correct usage of an object, through
context or rersrective, wherp rapy different meanings exist.
This daerencdency on context rust also be rerresented in the
pet. WYork cited ty COHEN supports the idea that obJjects
€ach have many classificaticns, deterrined by context [Ref.
4: Tp. S-1¢]. This is tecause certvain odbjects, when viewed
from dlfferent rersrectives, take on new or different
gquelities end attritutes. A car, for exarrle, can be looked
at as an autonotilé, or as a tcy, or as the car of a train.
Cbviously, each wlll have aifferent attrituvtes which are
identified through context. The result is one object with

three distirct purposes or aspects.

PEDELED

PROPULSION

AUTO

PERSPEC-
TIVE /A

PROPULSION

Figure 5 - A Perspective Node Bundle
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abstraction is rerresented. These are truly aefavlt =

whose purpose is to fill a void until rore specific

rreviously rmissing or urkrncwn. a
TRANSPORT
USED-FOR
SEATS AKD
HAS HAS
COLOR PROPULSION
RED IS-A IS-A
PROPULSION
COMPRES 'D
AIR ',
.'-‘.
Figire ¢ - Sermapntic Net with Excertion E
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specitic «color, CARZ28 is incomplete. To remedy this, it
irherits the defavit value RED, wuntil such tire as its own
cclor is added to the knowledge base,

Exceptions and unusual circurstances must also be

accounted for. Using the CAFR exarple again, surrose CARZ28
is an experimental model vsing compressed air for pover.
The PROPULSION slot ot the CAR trame is filled with the
value ENGINE, yet tor CARZ8, this would be incorrect. Prior
10 knowing the method of FROPULSION, it is “assured’ that
CARZE 1is powered by &n engine. Once the method is known,
however, a PRCFULSION link is added to CAR28&, reflecting the
exception. Now, in tryipmg to f£fi11 the FRCFULSICN slot for
CAR28, tre tirst value arrived at 1is COMPFESSED-AIR. the
search stops, and the frame slot value becores
inconsequential. TFigure 4 is the rerresentative net.

By this e€explanetion, it may appear that all objects
raking up a frare are defauvlt values, and excertions nothing
rere than specitic slot values in lieu c¢f the default.
Each, bhowever, {s subdtly different. A frare is rade up of
attributes of am cbject. Some, such as engine, tire, or
seat, are comron to the wrajority anmd as such are not
sutstitute values, used for lack of one more specific, bdut
the sare value sharea arong rany objects. An exception 1is
where particrvlars c¢f an cbject contradict any of these

shared values. Cthers, such as color, are corron attributes

with possibly ditferent values for each instance of the item
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VL srecitic otjects- which are instances of the abstraction.
;:: These prcperties cr slot values are then ipherited by the
. rore specific instances, making the net less cormrlicated.
Slots can te adéded 116 or, although less- likely,
suttracted frcr a trame. This would occur due to additional
infcrmaticn teing inccrpcrated into the net. ERecause of the
i? cdyramics of trarec, they always rerresent the most current

abstracticn relative to the entire semantic net.

HAS

PROPULSION

f a8 2
ale e

Pigure 3 - A Frare

DI
PRREr Y S P )

'gi A frare also serves to frrovide DEFAUIT values for
53 incomplete picturecs. Let’s say, for illustrative purposes,
'i} that one cf the slcts of the frame representing CAR is the
- CCICR slct, end it is filled witr the value RED. Now
5? further suppose arother object CAR2E 1is 1introduced, Ddut
‘2- without a COILCR 1ink. Since ell cars rust have some
" 16
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when CARZ7 1s thought of, many facts about it core to
rind. It bas an engine, tires, and seats. Also, it is a
vehicle used for transportation. Toes this mean that, using
cur rerresentation, the object CAR27 should have direct
l1irks to the otjects ENGINE, TIRF, SEAT, VEHICIE, ana
TRANSPCRTATION? The answer is pno. The way this information
is represented is thrcugh a property called ipheritance, and !
the use ot trames,

Inheritance 1is an object’s acquisition cf a slot value
by inheriting the value fror another obdject through
association. Figure 2 1s a semantic pet showing one
rerresentation of the atcve facts atout CARZ7. As can Dbe
seen, CAR27 has no USED-FCR link, but does have an IS-A link
to the rore abstract object, CAR. Bowever, it also has no
USED-FOR 1ink, tut is assoclated to the cbject VEBICLE
tbrough an AKO - A Kind Ctf - link. In tracing the netr from
CAR27, VERICLE 1is the first node reached which does have a
USED-FCR slot value, TRANSPORTATICN. CAR27, therefore,
ipherits this velve through its indirect association with
VEBICLE.

Again 1looking at Figure 2, notice the object CAR 1is

lirkea to sore fariliar clkaracteristics of a car via BEAS

links. This area ot the net, 1isolated in Figure 3, 1is

callea a FRAME. A frare is a set or cluster of objects
whick serve as slct values tor apn abstract or less srecific

N cbject. Its purpose 1s to group properties ccmmen to many
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Ejf tilled with the value BIUE, the IS-A slot with the valve
- CAR, and the CWNED-BRY clot with the values DCUG and JILL.
Ncte that the objects do nct have to te tangibtle f{temrs, as
illustreted by the objecv ELUF. Figrvre 1 is, of course, a
rerresentation c¢t the kpowledge that CARZ? is a blue car

cwped by ILoug and Jill.

TRANSPORT

@ USED-FOR

AKO

N "lIHIIII’ N
COLOR PROPULSION
OWNED-BY @ OWNED-BY

-
v
>

Figure 2 - Inheritance in Semantic Nets
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between cbjects are called links. They are rerresented in
the figures by lapelea circles and arrows respectively. A
third terr used ty WINSTON, which 1s less standard, 1is the
sict. The slots of e roae are the aifferert nared 1links
origirating at the node. An exarrle might serve here to
better describe the use cf these terns.

It Figure 1, we have an exarple of a serantic net, The
tive objects are CAR27 which is a srecitic car, CAR which is
a egeneral acstraction, DOUG and JILL wvwhich represent
specitic people, and the otject BIUE. There is an OWNED-BY
lirk between CARZ7 and DCUG, and tetween CARZ27 end JILL.
There is an 1S-A link vetweer CARZ27 and CAR, and there is a
CCICR 1lipk between CARZ27 ana RELUE. CARZ27 has fcur 1links

asscciated with it, tut only three slets. The CCILOR slot is

Figure 1 - A sirple serantic net
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Merory. This may not be a rhysical division, though some
researchers suggest that they’re located in different areas
of the bdrain, tut rather one of cognition. Sore researchers
also include a third area, Working Memory. As the validity
of this additiocnal division of memory 1s mot critical to the
rodel, the sirpler 1idea 1is adcpted. A fipnal tormr of

‘merory‘, called External Merory, 1s also used.

A. SEMANTIC METS

A sermantic net is a directed grarh made up of nodes,
rerresenting otjects, coppected to one ancther via links.
These 1links indlcate specific relationships or associations
between nodes. This rerresentation of knowledge 1is very
pofpular arong mrembers of the Artificial Intelligence
corrunity. As there is no detinitive set ot characteristics
tcr a serantic net, thcse relevant tc the mcdel proposed
here are descrited. Mucbh of this information is taken ftrom
a text by WINSTION [Ret. 3], whose descripticn seers standard
when corpared to others in the literature. Frorerties have
been added cr altered, however, to aid in exrlaining certain
tehaviors ¢t expert programmers. It 1s erphasized again
that the rodel is tased on observed tehavior, and io no way
derends c¢n the validity ct this presentaticn ¢t semantic
nets, or any other knowledge representation.

Three terrs ere used here to descrite semantic nets.

The objects of the cet are called nodes and the relations
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Experts
essentially

kpowledge

aprlications,

corplexity

knowledge in these categories allcvws the expert
focvs on the 1important asrects of new
Using the rrocesses covered in the npext
or she can then encode this {inforration ana

what is already in long term memrmcry.

ére tamiliar with many algorithrs whick do

the same jcb. Assoclated with each 1in the

bace is a set ot btenefits, drawbdacks,

and, either 1implicitly or explicitly, a

evalvation. Choosing integer sorting as a

rerresentative task, there are several opticns: Merge Sort,

Corparison Sort, ©Radix Sort, and Quick Sort to nare a few.

Fach is usetul in acccomplishing the sort, however, each is

alsc especially suited to certain applications. Each also

has variations which are arplicatle to other tyres of sorts.

The expert is farmiliar with these, as well as the underlying

rrinciples which diftereptiate ther trom one another., This

allows hir or rer to readily adapt these algorithrs to meet

ditferent needs, lexicograrhic sorting tor instance.

Iike elgorithms, data structures have rany vaeriations.

The exrert

principles

reccgrizing

ic fariliar with these and with the underlying

behind their design as well. This allows easy

rodiftication to reet new requirerents and aids the exrert in

design flaws such as lack of flexibility or

exgardability. The expert also has knowledge of algoritkms

and can correlate a given data structure with an algoritam

2€
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or grour ot algorithms for a specific arrlicatiosn. The
exrert can alsc relate intfcrmation on prograrming languages
to data structvres, evaluating the relative ease with which
specitic structvres can be used and manipulated.

Frograrping languages are , 10 some degree, familiar to
all prcgrarmers, whatever their skill level. An expert,
however, 1c not only versed in the syntax and serantics of
several languages. He or she is also fariliar with the
advantages and disadvantages of one language design, or
particular rachine irplerentation, over another. While the
cholce of language {s pot an option for the frrogrammrer
tasked with maintalning or debugeing, the rarticular design
and irplementation <features play an impcrtanmt role when
rorting sottware fror one rachine to another.

Knowledge of language design and implementation also
allows the exrert to rwake Judgerents atout software
efficlency and remory needs. This knowledge also allows for
identifying Fotential trouble spots, usually avoiding
aralysis ot the entire prcgram. This 11s particularly
iryortant when evaluating pos<itie etffects of a
moditication.

Inforration about algorithrs also contributes to the
kncwledge of languages. As most languages have bdullt-in
fvrctions, the expert cap evaluate the particular algorithms
used to irrlerent these. This evalvation aads to his or her

kpnowledge base ot rrograrming languvages, alds in efficiency
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analyses, and 1is vuseful 1in predicting the accuracy of
results, Surrorted by this knowledge, an exgert ray choose
10 substitute cther routines wusing rore applicable
algerithre, tor such things as increased accuracy in
calculaticns, mcre etficient device drivers, c¢r faster
access to secondary storage. He or she might also choose to
replace ypreogrammed functicns with ones tullt into the
larguage, for the same reasons.

Kncwiedge regarding 1ioglc is important inm 1wo ways.
Firse, it enatles the expert to learn the specific
irrlementation of contrcl staterents in a Frograrring
language, adding this to his or her knowledge base. Second,
it aids in evaluating the flow of ccntrol in a given pilece
of socftware. Bcth help in analysing the etficliency ot the
software. Taking the tollowing IF-THEN statepent:

IF { A >1¢ ) OR ( B < 1& ) THENC =D
the expert would know, or could test, whether or not the
second ccorparison is executed independent c¢f the resvlt of
the first. Taking advantage of this type of 1intformation
cculd greatly irpact the software’s etficlency, saving money
and CPU tire.

Programming design methodolcgles are treated ditfterently
fror other categories in the knowledge tase. They can not
be defined 1in specitic terrms, as we have done with the
others, apd are seen as mrore oY a gestalt tyre of knowledge.

They nelpr tbe exyrert ip analysing rossitle side effects,
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which 1s, 1in part, a function of moduvlarity. They play a
majer role in processes to be presented later, such as
CHUNKING, SLICING, and HYFCTHESIZING.

Aslide from knowledge of programming, the expert
raintainer ryst also kpow something of the specific
applicaticn area. The level c¢r amount c¢f 1information
recessary is dependert upon the modification to ve
irzlemented. At the very least, however, the programrer
needs t0 know erough °to ©be able to interrret the
dccumentation and prcgramr specifications in order to make a
Judgement regarding potential side effects of the change.
This 1intorration is either learned inforration ip long term
rerory, which can be recalled for future tasks, transient
informatior used and then forgotten, or information kept as
reference using an external remory.

The view of this stvdy is that what is contained in the
krcwledge base directly attects the programmer’s ability to

vnderstand a given piece of software. Otviously, what the

prcgrammer knows at the cutset abcut the rprogram’s task

daorain, ard inforration related to it, will irpact on his or

o her difticulty 1in galining this vunderstanding. [Extending

this 1idea, a large disrarity in the knowledge level

significantly affects the 1level of comretence of the
rrcgramrmer and, consegquently, the relative quality ot the

wOrk.
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The cognitive rrocesses which interact with this

kncwledge base, in order for the prcgrammer tc achieve this
vnderstanairg, rerforr essentially three functions. Factual
intcrmaticn is anaiysed ard added tc the knowledge base, or
cencepts and rethoaologles are atstracted from
docurentation, or intormaticn from cne category is
essoclated with that from another (such as correlating a
data structire with an algorithm). These functions serve to
integrate all 1inforratior available to the rrogrammer
arplicatle to the task.

This knowledge tase is not simply a collection of tacts.
It is tre organized accunulation of information into a
network reflecting serantic assoclations. This organization

is equally as importart as the information itself.

B. ORGANIZATION

Studles of recall show that peorle tend to organize
intorration into categories and grourings. Most itemrs or
obJects 1n memory are merbers of rore than one of these
categories, de€erendent on context. A riabo is a rmerber of
the rusical inmstrurent category, and can be sub-categorizea
as a keyboard 1instrurent 1in the context of rusical
instrurents. It 1s also a rember of the category which
includes bhutclk énd dresser when viewed as a8 heavy piece of

turniture.
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Grouping ¢ty order is another otserved way remory bas
teen organized. A rersop asked to list the ingredients of a
recipe, for exemple, will more than likely list ther in
order ot their use. When asked to list iters necessary to
equir a home, hcusewives 1listed these 1iters either by
category--kitcren vtersils, turniture, window coverings—--or
by considering necessary items room by roor [Ref. 4: pp. 8-
11].

The evidence prcvided by these studies support the
hyrothesis that merory is organized dynaricelly, based on
the context ¢t the stimulus. It also irrlies that this
orgenization rakes use of information clustering. What is
reant here 1s that information elements related ty context
‘migrate’ toward certain key elerents or toward ope another.
In either case, this clustering strengthens associations in
context between these intorration elerents, enhancing
recall. As explained in a later chapter, this enhancement
aids <coguition ty rakiog rfertinent intcrrmation readily
available to shert term mercry, while “tlocking’ irrelevant
essociations irvolving these same elerents.

Fecause these grcuplngs are determined by context, the
arcunt of intorration contained in the kpnowledge bdase
assoclated with each elerent bhas & bearing on their
categorization. The greater tke earount of assoclated
kncwledge, the mcre refined the groupings can bde. As more

kncwledge 1s gained and this refinement ccntinues, new
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clusters are forrmed to replace those less refined, and the
association between any two becomes more srecific. This, in
turn, resvlts in a reorganization of memory.

The studies cited here ipvolve sirrle elerent 1lists.
However, this 1idea 1is easily extended to wmwore complex
intorration €lerents, stch as concerts, ideas, and
abstracticns, which are themselves clusters of inforrmation.
The 1irplication throughout this chapter iIs that different
knowledge categories or doralms are used best when
integrated. BEow the contents and organization of rmrerory
relates specifically to the expert, and how this integration

is accomrplished, 1s addressed in tte tollowing charter.
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I IV. THE PROCESSES

SCENFILERMAN ana MAYER conjecture that, to tacilitate

Frogram ccmprehension:

i1 4 . _EENES

“the gprograrrer, withk the aid ot bis or her syntactic
knowledge ot <the language, constructs a multileveled
. internal serantic structure to represent the rprograr.
l [Ret. 11]
The present stvdy has identifled, in the context of software
raintenance, three rajor corplerentary cognltive rrocesses,
i suppcrted by certain lesser ones, used to accorplish this.
: Further, it 1is the +tenet of the study that the entire
prcgram need nct te represented in memory, but only that
| rart whick is of interest as delerrined by the prograrmer.
The descrirtions of these rrocesses have been forrulated
fror observed rrograrrer behavior. The ideas presented are
! extensions ¢t theoriec based on empirical data resulting
frer lirmited testing. Introduction and svbsequent treatment
cf tiese ldeas in the literature has been, in many cases,
‘ artfully vague, with researchers characteristically relying
on intuitive vunderstanding <through exargle, Theretore,
although ap attempt 1is rade here to rore clearly define

) these [rocesses, the onext chapter presents a scenario

exempliftfying the aprlication ot each.

33

e e T . B . O L M e I . AT T AT e N R T NIRRT S L
P B T T NN SRR R L LA S e e AR R
st : | T N e e A e e A P T o L T S
R - ARSI S A SN S S Pt AN IS TS TRV WAL . W




A. CHUNKING

The cognitive process known as ‘chunking’ is a learned
skill, enabling a prcgrarmer to encode inforrmation in such a
way that a grovp of inforration €lerents can te represented
and 7frocessed as & single element in short terr rmemory
[Ref. 7]. As rentioned previouvsly, <short terr vwmemory 1is
where inforration rrocessipg occurs, and is characterized as
having a limlited caraclity. This grouping or organizing of
intormation allows ©prograrners to cperate c¢cn ‘chunks’ of
associated infcrrmation rather than single {iterns. Tris
translates to0 giving the rrogramrer a troader persrective ot
the task.

Chunking 1s a very aynaric process, 1in terrs of the
knowledge base. A chunk 1s created when an association 1is
tcrmed between an encoded ltem in short term memory and its
corresponding information cluster in long term memcry. This
cluster i1s the result ot a reorganization of mremory dased on
the context c¢f the stimulus whicbh initiated the chunking
rrccess. It can te aaded to or deleted frcr, based on the
results of partial corpletion of the tack fcr which it weas
created, or acs intorraticp is learned, regarding the task,
thrcugh otheér prccesses.

Chupking associlatlions wray also be forred ©between the
€énccded 1item and intormation in external rmerorles. These
assoclations may access intorration directly, or wmight

sirply gulde the prograrmer to & reference in which the
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pecessary 1intormatiorn is contained. In either case, they
allow the rrograrrer the use of transient or task specitic
information. At the sare 1time, they alleviate the
prograrrer ot the burden of having to learpn the ipformation
so it migkt be addeda to the cluster, or of having to store
it ir short terrm remory tetore it is needed.

The arount c¢f¥ {information represented by a chunk 1is
artitrary |Ret. 12]}. Its size is derendent on how much
assoclated 1inforration is conteined in the krowledge base,
and 10 what extent external rerories are used. The results
of research by MIILER and others inaicate that the nupber of
iters vuvsea or stored in short terrm merory 1is relatively
censtant. Frem this it can be concluded that the number of
chunks which can be processed is inderenadent ¢f chunk size
|Ret. 13: pe. 177, Ret. 9: r&. 44). Thus, chunking
effectively 1increases the capacity of short term merory as
relates to intormation processing.

Besidec having the ability to handle more intcrmation in
shecrv term nercry, chunking also allows the rrograrrmer quick
access t¢ specitic inforraticn which is part ot the chunk,.
The reason is that chunks, reyresenting inforrmation
clvsiers, enhance recall of that intformaticn. All kncwledge
assoclated witt the chunk has ettectively been accessed, and
car be thcugkt ct as staged tror recall. This can best ©be

exrlained by vsing a serartic net rerresentation.
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When the <chumnk 1s created, a reorganization of the
kncwledge tase takes place, and inforraticn migrates,
torring & blgh dersity rode cluster. Again, the size of
this cluster depends on the extent of the knowledge base.
This density decreases the length of nodal links, resulting
in a shorter walk trcm the initial access ncde or caplital ot
the clvster to the desired inforrmation elerent. The
assccliaticn between the encoded item and the knowledge base
is one example of the ‘shortcut” described earlier, and
lirks short terr remory to the capital of the cluster.

The persgective has also been ideptified and
assocliaticns tetween rodes not 1in context have been
daeerrhasized. All the ipntorration rerresented by the chunk
is ncw Just beyond the prcgramrer’s conscicusness waiting to
te recalled. The encoded item can therefcre be rrocessed,
representing @& group of knowledee, with specific 1iters
ascsoclated with the chupk raridly recalled tor use when
recessary.

Sore researchers, such as KINTSCB, suggest that chunks,
cnce torred, can be perranently stcred in lcne term memory
[Ref. 12: pg. 17%]. This idea is inconsi tent with the
presentation here, and research for this study has uncovered
ro data to surrcrt the hypothesis. KEINTSCHB hirself
d¢itfterentlates tetween what a chunk is in shert and leng
termr rerory. His ldea of stored chunks clocely ccrresponds

t0 the earlier rresentaticn of {nformation <clustering. As
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it 1is the contention of this study that a chunk exists only
sc long as it is under the prcgrarrer’s attention, this

rotilon of rerranently stored chunks is disregarded.

B. SIICING

Expert prograrrmers break large untarmiliar progrars into
sraller cocherent rleces in crder to gain an vnderstanding ot
their fupnction and/or design. Often, thece tleces are
determiped by the origlinai writers of the ccde. They are
identified as tlocks ot code 1n the forr of subroutines,
prccedures, ftuvncticrs, and the like. Identification |is
tsually explicit and the pleces are written into the source
as contigvous lines of prcgrar text. Cne can thipk of these
as functicnal rileces of the program.

Also, e€xperts routinely partition rrogranms ip ways that
dc nct cenform to textual, modular, or tfuncticnal structure,
rermitting nultipie views of tte sare code. Unlike
Yurciicnal pleces, which have a one-tc-one correspondence
betwreen function and purpose of coce lines, this type of
divisicn allows lines of ccde to be viewed from different
rerspectives. This associates a single lire of code with
mcreé than CDE Lurpcse. The construvction c¢f these views is
what WEISER, who first rroposed the idea, cells ‘Program
Siicing’. The preccess 1Is wused to stirip from a pregram
staterents which do not influence a specific behavior or

slicirg criterion. The resuvlt is an abstract representation
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¢t the 7grrcerer as viewed trom the persrective of the 1
specific Ctehavicr. This grouvp ot staterents, usually :
associated with & single variatle, 1is <called & ©program ?

slice [Ret. 14: pg. 439, Re*. 1%: pg. 446].

Slicing 1< {irrportant ip railntenance beceuse tyrically
cnly a subset cf the prcgrar’s behaviors is teing 1improved
¢r replacea, Fy elirinating non-intivential code, the
mairtainer’s Jjct is made sirmpler. He or she can then deal
witk @ much sraller ‘rrograr”’. Wbile this program ray not
te syntactically ccrrect, it is serantically correct tor the
tehavicr of interest.

Also, the e€ntire piece of software need not be sliced.
I# a peirct in the flew of contrcl can te identified which
tourds the <licing criterion, then ornly that pert of the
code still tc te executed ceed be <cliced. This further
reduces tLe prcgranmer’s task.

Two key areas of the kpnowledge tase are especlally
‘rnflvential in deternining the effectiveness of a
jrcerarmer’s <licing ability. Prograrring lcgic allows the
rairteirer to eacily identify bouvnds of a stecific bebavior.
He o¢r she can, with ap extemsive knowledge base, 1trace
tarcugh the prcgrar”s flcw of ccontrol easily ard accurately,
reccgnizing gparticular lcogic featvres of the language.
#lsc, the expert’s 1in-aepth kKkncwledge ot the rrograrming
iarpuvaege gives hir cr he~ the ability to readily 1identity

iires of «code which irpect the slicing criterion. For
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exarple, tamiliarity with hcw data is passed and whether or

nct 1t 1is altered ty coae or Simply vuvsed and returned

Yy J U8 LW SO0 W W W 3

without change (ie. Fass by Reterence, Value, or Nare) could

Zreatly affect trhe size cf the slice.

The e€xtent to which experts enrloy silicing seeprs 1o
daerend on the rrcgrar. Testing by WEISER shows that factors
intluencing tke use ¢t slicing are ccde size, structure, ard
eacse of understending [Ref. 15: pp. 45¢-4€1]. This suggests
that slicing 1s tcund ty experts tc bte most eftfective on
Focrly structired yprograms, and less so or these which are
well designed ena wmake vuse of nmodvles, comments, énd
rneronics. Fttectiveness here is a relative measure of the
arcunt of work elimineted end/or inforretiorn gained by
slicing.

The wcrk ty WEISER also demcrstrates thAat expert
Frcgrammrers indeprendently develop thelr cwrn style ot
slicing. This dces nct preclvde teaching i1ts rrinciples tc
less able rfrcegrarrers, put polints out the process’
cderendence cn the Kkocwledge and experience ct tre

indiviaual. It also gfoirts to the fact thet it 11s e

sut jective frccecs and canpot fresently be irplemented

fully. For 1the interested reader, however, WFISER does

descrive algorithms tor apprexirating slices and discusses
the efftectiveness cf twec autcratic slicing tcols [Ret. 14]. Q
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that if a nurber is compared to anything tut enother nurber,
a ‘type misratch’ occurs. Theretore, STUD_GRADE([I] rust be
a nurber. This verifies the first slot of the frare.

T he REPEAT-UNTIL block ot the original slice is
recognized as @ looping construct. This, ccupled wi * ihe
fact that one variable inside the loor is used as an 1index,

allows the prcgrammer to chunk the block as ~BUILL AN

ARRAY". This chunk 1s associated with the grade imput and,
basea on this context, the inforration cluster associated
with the grade data structure 1s processed. It is found to
include the «class c¢f array date structures, and SO tte
second clotv and 1its «ccrresponding hyrothesis 1s also
veritied. ¥ith all code rcw mapped, the entire 1input
rerresentation 1is considered veritied, as all higher level
hypctheses inherit the verification. Alsc, with reference
to the last verifticaticm, it should te mnotea that the
informaticn cluster and hypotheslis were turther refined to
reflect that a particular class, the erray class, of 1list
structures was use€d.

If a contradiction does occur in verification, & walk vup
the sudbtree takes jlace. Fach bypothesis is checked wuntil
one is found which the irfecrmation does not contradict. A
rev hypocthesis 1is <¢forred at tbe next lower level as a
refinerent of this hypothesis, and all hypotheses below this
level are reevaluated based op the€ new context., A cirilar

Frccess takes rlace if inforration, other thap that
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Assume the following s the resvlt of the slicing

[rccess:

REAT STUTENT
REPEAT
I=1+1
REAL STUL_GRATE(I]
UNTIL STUL_GRATE[I] = 499
The prograrmer now atterpts to verify the hyrctheses ageinst
the COdE. The READ STUDENT line stands alone as
verification of the hypothesis that each student is input.
To verity the 1two hyrotheses associated with grades 1is
slightly mcre corplicated. The REAL STUTL_GRATLE[I] statement
would te adeguate to verity tbe hypothesis that student
grades were ingput. Hewever, it ftails to cenfirm that it is
a nurerical representation. To coatirr this, if no
declaration staterent exists, the prcgrammer mrust analyse
the bebavior of the variable,. The code resulting fror the
slicing process tased cn input is itselt sliced, this timre
cn STUL_GRADE[I]. The UNTIL STUL_GRAILE[I] = 99Y statement
tecores tre only other line in the slice.

The rrcgrarmer recognizes the UNTIL statement as a
conpare and bréench cperation and notes that the variable is
corrared to & numter. His or trer knowledge of the
Frcegrarming language 1s extensive enovgh to realize thet S99

rust be a numbeér and nct & string. Alsc, he or she knows
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of the hyrotheses tormed. However, this understanding is
pot aprrecliatly dirinished unless the erronecus hyrcthesis
is located in & tor level of the hierarchy.

Coptinuing to tocus on lprut, o order to verify this
rerresentation the rrogramper neeas to slicé the sovrce code
using inrut teravicr as the criterion. Then, each lipe ot
code in the slice ﬁust te mapped to a. leaf-frame or slot of
the input subtree. Note that these leaf-frames or slots do

pot all have 10 te on the same level.

TAKES INPUT
PROCESSES AND
DUTPUTS RESULTS

INPUT DATA PROGRAM
%SSOCIATED WITH AVERAGES
STUDENT GRADES GRADES

STUDENT STUDENT
pe ) GRADES
DATA
LIST INTEGER
CLASS CLASS
D.S. D.S.

Flgure € - Memcry Representation ot Program (Input)
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intorration in the rrograr, otherwise it is arvitrary. For R

i

exarple, the ordering ¢t algoritbms would te irrortant in H

he

understanding the prograr, whereas the orderimg o0f data 3
classes in the freres created frorm the input hypotheses, tor

exarple the one representing the hypothesis that both grades =

ard student ldentification are input, 1ic nct irportent for

e
ik

rrogramr understanding. It subseguert analysis reveals that

A

A
A

D hed

a srecific ordering 1s nrecessery, the frare would be

reorganized to retlect this, because of the new ccntext.

The value of each slot 1is an 1infcrraticr cluster E
rerresenting a knowledge doraln, as ftrares rerresenting ;
hypctheses wuse classes of intcrrmaticrn ard ncet specific :
elerents. The cluster {is formed tesed on the context ;
aefinea by the hypothesis wbich the frarme or slot :
rerresents. The 1ipitial hypothesis’ INPUT slot has, as a ;
value, a cluster representing all data types or classes that 5
the rrograrrmer associates with grades. When the subsequent j
hyrotheses are formed, defiring the input as STUDENT ICENT S
and GRADE, tris «cluster 1s recreanized ipto a two slot i
trame, each rerresenting a sub-cluster of the criginal. The ¥
value of the STUDENT IDENT slot tecormes all rpossible E
representations ty which students can be identified, and the ;
value ot the GRALE slot becores the cluster ot all rossitle 5
classes <c¢f grade rerresentation contained in the knowledge E
tace. Apy e€lerents or nodes of the original cluster =not §
asscciated with -elther c¢f <these new clusters |{is not %

49
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‘visivle’ fror this frame down, sirilar to the idea of
sccping 1o sore rrograrring languages. S0 on one level,
there is a single cluster representing the hyrothesis as a
grouring ot all rossitle input data <classes, while on
ancther level, this same information, or a subset of it, ic
viewed ac two serarate clusters. This recrganization ot
intermatior cccurs because c¢tf the change in ccntext when the
sutsidiary byrotheses are introduced.

The programmer has now lncreased his or her
understanding ot the rrcegrar. In aadition t0o what was
exrected ©based on the criginal hypothesls, the rfrogramrer
ncew also expects that:

- grades are nurerical

- each student’s set ot grades is processed separately
- the grades are initially input into s list structure
- the grades are sumrmed and averaged

- each student is identified with his or her grades

a marring takes rlace from avereége to letter

student IL and corresronding letter grade is stored

Flgure € shows thls rerresentation fccusing ¢n the 1input
suttree ot the byrcthesis hlerarchy. Fach level can bte
thcught of as a level of understanding. It chould be noted
that, at this roint, npo veritication has taken rlace and

this level c¢f vnderstending Is ccntingent on theé ccrrectness
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dorain, an outrut dorain, and a dorain ot elgorithrs on
which the processing ¢t the data 1s assured Dbased. While
this 1s certainly not specitic enough a rerresentation of
the software to enable the rrogramrer to do any useful work,
a level ot understanding has been achieved.

Further reading of the docurentation reveals that e€ach
student’s grades will bve read in, sunmed, and the average
ccoverted to a letter grade anpd storeqd. This 1infcermaticon
suggests rany, more specific, data and algoritbrmic classes,
and several levels of hypctheses are forrulated. Presumring
that, at this 7crTcint, +the yprcgrarrer tegins to develop
hypotheses in a quasi depth-¢irst order, focusing cn input,
one hypothesis would be that grades are read ip as nurbers.
Ancther might te that each student’s identificaticn is input
in conjunction with his or her egrades. The grade date
hypothesis is then refined, fcrming a lower level hypothesis
that grades will be represented a8s integers énd handled as a
Iist. Note that at this point, the 7Ircgrarrer 1is not
interestea in what representation is wused fcr student
ldentitication, Fossibly because hyrotheses adout the
Frccessing ct the data suggest that the ldentificaticn data
will be used btut not altered, so specitic tyrinz will not te
necessary.

In mremrory, e€ach hypothesis i1s represented s a frarme
with ordered slots. This ordering, 1f relevact, is based on

the ezxpected or confirrea ordering of the representative
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Suppose a rrogrammer is given a rrograr thet he or she
has never seen tetcre ana asked 1o reértorr scrme roditication
te it. Further suppcse that to¢ dc this wnoditication, an
overall vurderstanding of the program 1s pecessary. He or
she mcst L1ikely begins by lccking at the docurentation.

After reading a smrall part ot the docureptation, perhars
a rhrase cr sentence, the prograrmer forms a hypcthesis. He
or she ras assertalined that the rrogram averages student
grades. This defines a centext, and a recrganizaticn c¢
rerdry takes place. This reorganization resuvlts ir a large
infermaticn clvster, fcrrming a trame. It cecntains slots
such as INPUT IATA, OCUTPUT DATA, and FRCCESSES.

The value of the INPUT TLATA slot, based on the
rrograrrmer’s knowledge ot how school grades are arrived at,
is a cluster ot possible types cr classes cf data. These
would inclvde, at this level, every type c¢f data in his or
her knowldege tase that the rrogramrmer assoclates with
schcel grades, as well as all pcssible data structures
associated with therm. The values of the cther slots would
be ot a similar nature.

S0 by simply reading & single rhrase, ‘corputes student
grade averages’, the rrogrammer has constructed ao internal
rerresentation of the progranm. Be or she exrects that it
takes sore lnput data, processes this data, and cutputs the

result. Ir adaition, he or she has identified an input
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V. SCENARIQ

A scenarioc is now presented to Lkelr exenplify bow €ach
Fprccess arrlies to the task of prograr corprehessicn, It is
reant tc give the reaaer an intuitive vuvndersterdicg of
arrlication and ettectis, as well as the rechanisme
underlying tkese ccgnitive processes. The reader should
al<o gain an understanding of the interrelaticnshirs vetween
the processes, the krowledge base, and intornmation relating
stecitically to the program. It s the ccllective use of
these whick gives the exrert his or her <surerior skills.
Fcr simplicity, a structured prcgram is assured as well as
an ALGCL-like rrograrmirg language. Agair, sermantic nets
are used to rerresent memcry organization.

The rrograr wused for this scenario will te one which
corputes averages ¢t student grades and outruts a letter
grade for e€ach. It is @ fairly structured crrograr with

adequate documentaticn and uses wremonics but nc ccmrentis in

the source code.

4€

$
|
/




R W RN R T VNI MW I WU WTE TN TN TR TR TR TR TR O T N T W T R T LA Bt Sult il Bl 2 i Sl SN Sl S iR SR SRS L S G A S S e )

RPLELTL T AN

-
L]

»

Fer veriticaticn, the hypotheses tforming the leaves cf

LX)

the 1tree are tested against the code. Two conditions are

s

pecessary tor veritication c¢f the hilerarchy. First, ccde

5 T & 5
g

correspcnding to the hyrothésis teing veritied must be in

v

the prcegram. Second, all ccde rust te acccunted for by cne
& of the hypotheses. If either of these conditicrs tails, the
structure is reorganized to retlect this and ary new

intcrmaticn gained frcm iv.
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Each introdvction of nev inforraticn causes a
recrganization ot rmerory due 10 the change in context. This
recrganization would make use of confirred inforration, old
or new, and ray cause a change in detault cr norrmal valves
pot yet verified. If this change in context cccurs at a low
level of the hierarchy, the prograrmer’s persrective will ’
change only sliebtly. If, however, the change affects slot
values in the tor levels, reorganization of & large subtree
right occur, giving the prcgrarmer @ signiticantly ditterent
view of the rretler. The view could also change If the
rregrarrer chooses to0 shitt his or bher attention from the
cverall view, tc a mcre retined hypcthesis, fccusing then cn
a subtree of the hierarchy. Tbis wovld have the effect of
erchasizing +the detalls cortained in this subiree and
“chunking’ tke rerainder. The hyrothesis hierarchy {is
theretfore dynaric, changing with every shift in ccntext.

Verificaticn <can take place &t &ny tirme. It usvually
occurs when the programmer reaches & level ct urderstanding
abcut the behavior ¢t the prcgram that he c¢r she wishes tc
corfirrm. This can be becauvse the prograrprer haes reached a
level ot understavding telieved adeqguate ftc¢r the task he or
she needs to perforr, c¢r it might <irply te to valldate
certain tyrotreses tetore continuing. Opne reason for
intermealiete velidetion is that it lessens the effects of

discovering an invalid hyrothesis or comtradicticn.
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crganization would greatly reduce the amount c¢f searching
pecessary to ldentify this class of situaticnos.

The ¢tenefits of these apaiogies, when they exist, are
taken advantage of in generating bypotheses. As stated
earlier, the —tTrcgrammer makes maximum use otf his or her
knowledge tase. This is accorplished by relying on
rreviously learned intormation regarding a general solution
already tariliar tc him or her. In this case, the specifics
ctf the software soclutlion need only te learned if and when
they are needed and differ from thcse of the general one.
This 1s a ruch reduced task, relative to learning the entire
sclution (or prcgram) when no such analogles exist 1in the

. knowledge base.

Returning 10 the discussion of hyrotheses, the
hierarchical stricture can be explained easily by once again
using a serantic net representation., EXach hyrothesis can bve
thought of as a frare. Each slot value of a frare would
either te an information element or a4 trare 1itselt,
obvicusly more specific than the one whose slot it fills.

Iritially, all fremes (hypctheses) would contain either
detault or norral values. As more intormaticn is processed
regarding tkbe software, these values would te confirrea or
rerlaced. These new values could te frames, rerresenting
still wmcre specliftic hypotheses. Ncrmel values, when

cortradicted, are rerlaced by €excertions srecific to the

grcbiem at hand.
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O pessible, the supposed intorraticn. Crly when a
- cortradiction occurs is this inforrmation replaced.

O Obviously, this rrccess 1s dependent on the prcgrammer’s
. having seen sirilar problems before. It seers arrropriate,
theretore, to digress fcr a roment to address this idea ot
sareness Oor analogy.

';E As was rnrentioned tefore, 1intorrmation in rwemory 1is
creganized into groups based on certain rparareters or
corstraints. Hew, 1in fact, thls grovplng is accomrplished,
1s still npot wunderstood, however it does occur. As

associlations are virtually limitless, it seers lcglical to

IRASASRAL TSRS

assume that grocupings are as well. Sirilar rrodvlems covuld
N theretfore ©be grouped and an abstract set of circurstances
o fcrred to encompass dominant cherecteristics of the group.
;i This idea is similar to that ot a frame. Then, as prcblems
Zﬁ are 1intrcduced, they are ccmpared against these dominant
- characteristics, It the characteristics ratch, the rrotler
= is considerea analogous.
?i As this matching process seers & marpmoth task as
o presented, consider the reducticn cf work if these sets of
ifé circumstances were grouped Dby sSingle characteristics,
Eﬁi incorporating ccontidence levels, or ancther rnethod ot
i: rating, to distirguish rest fromr least deminant in the set.
'33 This would cause stronger and weaker associations, leading
Eii to the most rrcbable set first, analcgcus tc anm electron
‘;; tollowing the tfpath ot least resistance. This tyre of
X
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is that, at any level ¢f understandine, the programmer
shculd Db€e able to rroduce & functionally equivelent program
in any language that he or she is tariliar with.

The title c¢f the rrogram, oOr & svccinct rresenrtation of
the task tor which <the software was written, usuvally
suggests enougl inforratiop for the prograrmer to gererate &
hyrothesis abcut the geperal flow ot the frograr. This
hypothesics wourld inccrporete expected input and output types
with a correcsronding <class or greuvr of rfossible data
structures. It would alsc have classes ot algoritbrs and
abstract logical constructs in 1its meke-urp, with the
Frograrrer escsentially ¢torring an overview of how the
Erograr nmight work. Note that these are classes and not
srecitic €elerents.

As rmcre information about the prcgrarm is processed,
these ideas are retined by generatiug other, vwrore srecific
hyrotheses based on new, mcre focused exrectations. As
reptioned, & hierarchy wculd begln to ftcrr, each level
turther retfining the exgpectaticns vsed t¢ generate the
hyrotheses above. As each new level 1is forred, it
incorporates more information about the program. The resvlt
1s rore tactual intorrmation in surrort of these hypotheses,
and less suppcsition based on previous knowledge c¢f siriler
tasks. This i< pnot to say that knowledge tase 1{intormation
is replaced ty that newly learned atcut the task. Rather,

tacts atcut the rrobler arée useéd to verity, whenever
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C. BYPOTBESIS FRCCESS

The third, and perhaps most powerful, rprocess used by
experts is hypothesis generation, refiperent, and
veritfication. It 1is a tcp-down process whick allows for
raxirumr vtilizatior cf the programrer’s knowledge base, the
overall derthk 0¢ which deterrines the etfectiveness of the
- process. It involves the generation, based on ipforration
. in tvhe knowledge Dbase, and subsequent refinerent and
verification of hypotheses regarding the pregrarmer’s
surpositions atout how the code was designed and written.
As more and more inforration atout the software is
rrccessed, a hierarchy ct these hypotheses is ccnstructed.

This Dbierarchy 1is buillt gquasi derth-tirst. This 1is
pecause & prcegrammer has a tendency tc fecus on cne area,
tcrmring a cascade ot retiperent hypotheses through several
E% levels betcre shitting his cr her attention. The programmer
does, bcwever, reraic cogpizant ot the other areas.
Therefore, infcrration encountered while refining tke
current are€a cf interest is otten used to fcrr hyrotkeses
relating tc these cther areas as well.

The hierarchical structuré can be thouzht ot as defining
levels ¢t understanding. The greater the depth, the mcre
the progranmrer has refined bhis or her understanding ot the
scttware. By building this hierarchy, the rrograrrer 1is
. creating an internal representetion ct the program,

independent ot any rrograrming language, The goal or ideal
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exrected, i1s tound and mpDeeds to be {ircluded 1im the
representation. Obviously, <the higher vp the tree the
change takes rlace, the greater the remory reorganization
necessary.

Up to this peint, the prcgrarmer has teen forring the
rrcgrar rerreseéntation using a top-down arrroech. However,
there are times when a bottor-up inductive arrroach is also
pecessary. Usually this arproach {s taken when a
prograrmrer “s kncwiedge base, regarding the task demain, 1is
incorplete, or when atyrical algorithrs are used. Here 1is
where chunking plays & major role. The purpcse of this next
exarrle 1s to dermonstrate this role, and not to descride, in
detail the indvctive process.

Surpcse the rrogramrer is confronted with a nmodule or
tlcck of code that he or she has forred nc hypothesis abcut
at a srecific level. Using the grade averaging ezxarple,
assure that the rrcgrarrer has no knowledge cf how averages
are ccmputed, and that the algoerithm uvused 1s unkncwn to him
or her. The rrcgrarrmer now tries to wunderstand the
alecrithr by inductively reascning abcut the code based on
his or her xnocwledge of lower level functicns perforrea
within {t.

At the lowest level, this is accomplisaed by lccking at
individvel 1lines of code and assigning ther interrretations
[Rer. 12]. Hewever, because the expert’s knowledge base

certains inforration abouvt <constrvcte and their wuses,
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certaln cf these lines are recognized as ccde 1included in

AR B.a

the performance of & specific function. BRCCKS cells these
‘peacons”’.
The block of code is for a standard averaging routine: ]

I1 =1

Sum ¢

WHILE STUL_GRATE(I] < > 999 IO

SUM = SUM + STUD_GRADE[I]
I1=1+1

ENC_WHILE
AVERAGE = SUM / I

The programmer analysing this code reccgnizes the first twe .
lires as assignprent statemerts, éand interprets them
individually. He or she pow looks at the WHIIE line and
recognizes 1t as a looping comstruct and teacon for several
turctional vuse€s, The next assigunment staterent has the
assignrent variatle on both sides of the equal sign, and so

1s 1interrreted as changing the valve of SUM by rerforming

Bl 2 Bl f B P P

some operation on it, rather than simply essigning it e

value, Cnce the value added is recognized as ar indexed

LY.

value, the rrcgrammer chunks the loop. He or she has

gncwledge base inforration which shows that an indexea

variable added to that tyre of assignrment staterent
indicates an array summatiocn process. So thcse four lines
are chunked as "SUM STUDENT GRADFS". Also, the first two

lires are now chunked as VARIABRLF INITIALIZATICN" pased on
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this new intorration. The last line is interrreted as an
assignment staterent which computes the grade average ¢ty

dividing the sum of the grades bty the nurber of grades

‘_L.L‘H._I_l LI R =

surmred.

v -

By churking, the prograrmer hés taken a riece of code,

canilin Al

which could te considered a single chunk which “COMPUTES
GRADE AVERAGES", and forrmed a representation through

indvctive reasoning. The original seven lines of code can

il ittt

ncw be Interpreted as:
- Initialize variables

- Sur grades

it Bt oendnl

- Tivide sur bty nurbder of grades suvrmed
This rerresentation can stay in short term merory to be used
tcr the present task, being linked tc¢ the rerresentation ct
the rest of the rrcgrar in long termr remory, and/or can be

used to learn an averaging algoritim which could then be

used for other tasks as well. And, once learned, the

rerresentation covld be added to that in long terr memory.




Vi. RECOMMENDATIONS

ER—R - R TR

This study has rresented a theoretical model of simple
ccegplitive processes developed and vuvsed by prcgrammers.
Further, tkte <study has atterpted to demcnstrate how the
exrert, by vusing these frocesses, galpns an in-depth
understanding of complex programs. It is vnrealistic, at
present, to ~-ully test these ideas tecause wethodologies
have nc¢ct been developed in the behavicral sclences to do
this. Also, the requisite size anmd coryplexity of the
programs, and the time invclved, are rrohititive. Research
and the results of limited testing on small scale progrars,
hcwever, do svggest certain design techniques, and coding
and docurentation methods wkich directly 1influence the
effectiveness of these prccesses.

Cne such area 1is code strvctire, which <should Ve
designed so0 &8s to suggest chunks to anyone atterpting 1o
corprehend it [Ret. 13: pg. 175]). Functicnal elerents of

the code should te irrlemented as contiguous tlocks of text

wvhenever possitle. Arbitrary GC10°s and ferward and
jf tackward JUMPs should be avoided. Control flow staterents
?5 shculd bve wused tc direct flcow from the exit pcint of cne
chunk  to the entry rpoint ot others. All  these

considerations enhance the chunking prccess ty making blocks




of code recognizable as single functions. This results in

raking it easier to use the text ot the r[frograr as an
external remory fcr those chunks,

Tests conducted by WFISER also indicated that coae
structure infilvences slicing [Ret. 15]. It was fourd that a
much higher degree of slicing, among 21 expert prcgrammers,
took place when analysing a poorly structured rrograr with
indiscriminate use of GOTO’s and non-rnemcnic variable nares
than when analysing Frrcgrars whick rake wuse of rodular
designs, mwnemrcnics, and ccmments. The value of proper use
of roeronics and comrents to the slicing rrccess is that
they serve tc explicitly show data flow and to eroup
associated staterents and functions. This lessens the need
for prograrmers to ferret out this information. One can
conclude that less effort was required to achieve an equal
level of uvnderstanding when good programming techniques were
€Erployed. The use of these mpaximizes the etfectiveness of
slicing while rininizing the effort necessary.

Corments and mneronics are also helrful to the chunking
rrocess. A well placed corrent, sprecifying the purpose of a
block of code, and rerhaps the data elements affected,
exrlicitly identifies a functional chunk. This chunk couvld
then easily te encoded based on the ccrrment alone,
€lirinating the need for code analysis at that point.
Meaningful rmrneronics would give scre insight into thelr

rurpose and thus both ald the recognition ard chunking of

o e ke T
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conplex data structures and helr to torn correct
hypotheses. These <could then be incorporated 1into still
larger chunks, allowing the many date €lerents which rake up
the structvre to be rrocessed as a single elerment in merory.

Prograr documentation can be, 1itself, a wealth cf
information for the expert rrogrammer. A natural languvage
exrlanation of the apprcach taken in origlipally designing
the software facilitates the formulation of a fairly
accurate hypothesis regarding its 1inplerentation. Citing
exrlicitly the algorithmns erployed enatles verification of
certain byrotbeses without extensive code amnalysis. Using
this 1information, the raintainer can rore easily focus on
certalion tunctions or behaviors of the code without having to

first analyse 1t in depth to determine the specifics of 1its

irplerentation. If excepvions to standard algorlthmic

Lo 3
PR

coding are noted, it saves the prograrmer from bhaving to

- determine why it was coded in such a way. Also, 1f subdtle
= ettects of the code are included ir the documentation, along
;ﬁ with certain potentials for side effects, 1t would reduce
hf? the testing necessary when a modification is nade.

,; One final area whick pos}tlvely affects the use of these
E;; Frocesses s stondardizetion on all levels. Use of a
‘z‘ stardard design methocdology would allow pregramrers to learn

how to best chunk and slice certain representative software

2 fcrrats. ‘Beacons’ identifying certain fubncticpal areas
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E& coula be learned apd used effectively. Autoratic tools to
ii ald theseé processes could also be develored with 1less
3 difrficulty.

- On a rore specific level, standardizaticon ¢t algorithms,
ii and their «correspording cobstructs would greatly simplity
o the task ot comprehension. [Experts would te able to
E% incorporate tkese into their knowldege dases, learning therm
ii trcm both the ftuncticnal and the behavioral pcints of view.

s Also, coding terplates could be learned and associated with
- these, alding recognition of code 1tself.

N Sirilar 1ideas have teen vsed ip most other engineering
A fields with greatr success. While softvare engineering 1is
not, in many respects, as rigorous as these other
ii disciplines, <standards could be rade flexible encugh So as
' pot to inbhibit rrogress. Software revseatility 1is the

rotivation for recently generated interest in this area.

ib The rrogramming language ADA {s the first <ster in an atterpt
N at achieving sore of this standardization, and its use in
ﬁ; conjunction with these rrocesses ray serve to verify their

validity.
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