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Abstract

It ia argued that program reading is
an important programmer activity and that
reading &kill should be taught in program-
ming coursea. Posaible teaching methoda
are suggested., The use of program reading
in test construction and &8 part of an
overall teaching etrateqgy 18 discussed.
A classification of reading comprehenaion
teating methods is provided in an appen-
dix.

The Importance of Program Reading

We tend to think of programming aa
the writing of prograwma and programming
instruction as the teaching of how to
write programs. I would like to suggesat
that it ia more illuminating to think of
programming as “what programmere do." Thia
definition is neceasarily all-inclusive,
emcompassing not only program writing, but
also problem analysis, program deaign,
testing, debugging, and! so forth. Thia al-
ternative point of view makes ua realize
that programmring requireas a variety of
egkills, many of which we make no conacious
effort to teach.

One of the moast overlooked progranm-
ming skills ia the ability to read a pro-
gram, an activity the programmer ias called
upon to do with surprising frequency. I
will explain why I believe program reading
is important, discusas how reading skills
ray be taught, and suggest how progran
reading may be useful in the teaching and
evaluation of programming in the moat
genexral sense.

There are many circumstances in which
the programmer nuat read programs. To be-
gin with, he nuat often read programs in
the technical literature, whether for pro-
fessional development or in eseeking a de-
sign for a particular program he has been
called upon to write.

The programmer learning a new lan-
gquage often finds that reading programs
written by others is an effective way to
learn not only baaic ayntax, but also the
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subtletiea of style aagsociated with the
language.

Programs are read at many atages in
the software life cycle. 1In particular,
the programmer mnust read his own code in
the courase of writing and debugging a pro-
gram. Significant programs are written
over an extended period, measured in days,
weaeka, even mnonths. While writing one
part of the program, it is often necessary
to atudy a previouely-written part, the
details of which have been forgotten and
muat be retrieved through reading. Debug-
ging provides similar opportunities to
read one’s own code.

Programnmere sgseldom work completely
alone, often working in teams or relying
upon each other for assiatance in writing
and debugging. (We usually ignore or pre-
tend to be unaware of thias phenomenon
among our atudents., Wa might be well ad-
vised to acknowledge 1t and attempt to
utilize it.) The ability to examine and
understand a colleague’s program is criti-
cal to being able to offer help. Reading
is alao a neaded skill for code walk-
throughs and certain management reviews.

Finally, wa come to the moat obvious
opportunity for program vreading--in main-
tenance work. MHaintenance and enhancement
of existing software conaume & major por-
tion of time and resources of the typical
data processing ovrganization--estimates
run from 40 to 70%x (9, 10, 18]). Most m&in-
tenance work involves modifying programs
written by somecne other than the mainte-
nance programmner. In fact, the original
author is wusually unavailable, and the
maintenance programmer, having aexhausted
the rescurces of local myth and legend,
has no alternative but to actually read
the code he is required to fix.

Need Program Reading Be Taught?

Program reading mnmnay be a necessary
profesalonal skill, but need it be taught
explicitly in couraseasa? The programming
student has ample opportunities to read
programa in textbooks, to read his own



code during developrent, and to read the
programs of others while assisting fellow
studenta. Is 1t not poaaible that he
naturally developas reading skill without
intervention of the instructor? Although
hard empirical evidence is lacking, I an
convinced the anaver to that queation ia
"no." Let me illuatrate with an example.

Figure 1 shows a question reproduced
from an examination I gave recently to an
introductory programming clasa. The quea-
tion presents aseven fragmente of UCSD
Pagcal code which perform variouas charac-
ter-processing operations. In part (aj,
the sastudent is required to tell which
fragmenta do the same thing. No hintae are
given as to whether all fragments are dif-
ferent, all are eaquivalent, or whether
there are several groups of equivselent
fragments. The question is further compli-
cated by the request in part (b) to speci-
fy the effaect of each fragment, given a
particular set of initial values.

:= poa(chatr, at);

1>»0 THEN

at := concat( copy(st, i+1,
length(at)-i), copyfat, i, 1),

copy(st, 1, 1-1) )

i
IF

2. atyl = ’7’;
FOR i:=1 TO length(at) DO
BEGIN
chat = copy(at, 1, 1);
atrl := concat{(chst, atrl?
END;
at = atrl;

3. 1 1= 1;
sought = true;
WHILE (i<=length(st)) and socught DO
IF at{ilachatr{l] THEN
sought := false
ELSE
i 1= aucec(i);
IF i<=length(at) THEN

BEGIN
FOR 3y:=1 TO length(at)-1i DO
BEGIN
FOR ki=1+3~1 DOWNTO 3+1 DO
satikl 1= atlk-11;
at{jl = atli+jl
END;

FOR ji=length(at) DOWNTO
length(at)-i+2 DO

atl3jl := atlj-11;
at{length(st)~i+1]1 := chatrl(ll
END;

4, FOR 1:=1 TO length(at) DO
BEGIN
taemp != stllength(at)-i+1];
at{length(at)~-1+13 (= gtiil;
at[il] = temp
END;

S. i = 13
asought (= true;
WHILE (i<=length(at)) and aought DO
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IF atlil=chatr(1] THEN
sought = falae
ELSE
i = gucec(i);
IF i<=length(at) THEN
BEGIN
delete (at, 1, 1);
insert (chatr, =8t,
1 + length(at) DIV 2)
END;

6. FOR i:=1 TO length(at)-1 DO
at i= concat( copy(ast, 1, 1i-1),
copy(st, length(at>, 1),
copy(at, 1, length¢ati-i) 3;

7. atrl = °’;
FOR 1:!=1 TO length(st) DO
BEGIN
chat copy(at, 1, 1);

atrl = concat(strl, chat)
END;
st = atrl:

a,) Consasidering only the effect on vari-
ables CHSTR and ST, indicate which of the
fragmenta above do the asame thing. (Aa~-
aumne that LENGTH(CHSTRY=1,) For aexanple,
i1f all the fragments do +the same thing,
write asomething like:

i, 2, 8, 4, 5, 6, 7

If the firat <£five programe do the aane
thing, but the 6th and 7th each do differ-
ent things, write

1, 2, 3, 4, 5
1)
7

and so forth. You do not have to say what
any of the fragmenta actually do, merely
which do the same thing.

h.> For each of the fragments above, give
the value of ST after execution if, upon
entry, CHSTR=’c’ and ST=’abacaba’. If the
anawer cannot be determined from the in-
formation given, write “"unknown."

Figure 1. Reading quesation.

Thae question proved to be highly un-
reliable. Studenta’ answers were mostly
wrong, and many students who acored high-
est sgseemed to have had the lesat under-
atanding of the question. (In grading, &
meticulouesly constructed system of partial
craedit was employed. Thia asystem was, I
suapect, thoroughly inacruteble to the
claass, which viewed the question as an un-
mitigated disaaster.) The atudenta’ univer-
sal complaint was that inaufficient time
had been allowed., From diacusaionsa with
astudents, it became clear what the problen
waa. The queation-anawering atrategy gen-
erally employed was to trace the exscution
of eaach fragment with the teat data of



part (b). The rationale for this was that
the tracing wae necessary anyway for part
(b)), 8o ona right as weaell do it first and
uege the resultse to anawer part (a), Of
those students who did ngt employ thie
strategy, most tried to answer part (a) by
tracing the code for test casas of thseir
own devisging.

Why were mRy students fundamentslly
wrong in thelr approach to this gqueastion?
They were wrong because they wereae opera-
ting at an inappropriete level of abatrac-
tion. They concentrated their attempts at
understanding on the atatement level,
never grouping atatements into meaningful
units whose functions could then be ab-
atractaed inte high-level deacriptions
which could further be abatracted into
overall discriptionas of what each fragment
accorpliahed, a process Linger, Milla, and
Witt have called "“atepwise abastraction'
{(153l]. A competant reader would have em-
ploved thisg more effective strategy im-
mnediately. Interastingly, rost students
recognized the futility of their approach,
but failed to question whether another
more efficient method waa available to
themn. Program reading had not been taught
in the course, and students obviously had
falled to develop reading atrategiesa, at
least for situations like the one presen-
ted in the examination question, on their
own. It i& reasonable to expect that had
reading been taught, student performance
on this quesation and in other cirecumatan-
ces requiring it (in programming assign-
manta, for instance) would have besen bet-
ter.

As an aside, I should mention that
the class was justified in considering the
question a nasty one. For the teat data
provided in (b), all the fragments had the
same eaffact, eveén though they are not all
functionally equivalent. It occurred to
few members of the classa that the gtring
asasigned to ST is highly idioayncratic and
therefore unlikely to contribute to an il-
luminating test case. (The aquivalence
clasaea d@ought in (&) a&are (1, 3), (2, 6},
(4, 7}, and {3}). The anaswer to &ach part
of (b) is ’‘abacaba’.)

The techniques required to anawer the
question in Figure 1 are a subset of all
reading akillsa. Poor performance on this
question doea not therefore imply that
students developed no reading proficien-
c¢ies on their own. It does auggest that we
cannot assume all important reading askills
automatically develop alongside writing
abilities.

How We Should Think about Prograrsa

In order to teach programming, and
particularly in order to teach progran
raading, it is halpful to have something
more than a naive ildes of what a program
ia and how it is8 interpreted. By “pro-
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gram," 1 refer not to somne mathematical
abstraction, but to a naturally-occurring
artifact fulfilling a real need. Thia ia
the kind of object most of our atudents
will be called upon to use, write, under-
stand, and modify in their future careers.

1t iga appropriate that computer codes
are called languagea. Each programming
language has ita own ayntax, semantics,
pragnatics, style, and idiom. A program,
therefore, besides providing instructions
for controlling a machine, represents s
kind of literary genre,. It \is, in a
sensase, a narrative esasay which specifies
saomne computationael procesa. The prograwn-
mer has it within hias power to make this
essay mnore oxr lesas comprehensible by at-
tending to issues which are often lumped
together under the terr ‘“atyle." A good
program 18 remarkable in that it is really
an esaay intertwined with a second easay
in natural language--documentation in the
form of commente--which is & paraphrasme of
or commrentary on the primary one. Both
easays have a role in communicating the
reaning of the progran.

Programa or parta of programs are not
always read with the intention of gaining
total comprehension of their meaning. For
example, the maintenance programmer trying
to f£ix a bug probably only wants to dis-
cover the source of the error and enough
about the program to assure himself that
a proposed fix will have no unpleasant
slde effects. It ia helpful, however, to
have a model of what complete comprehen-
sion entails. Ruven Brooka has suggested
such a modael [3, 41. When aomeone com-
pletely underatands a program, he sug-
gasts, that person understands the program
at a variety of levels and can relate the
lavels to one another. (Brooksa apeaks of
“knowledge domaina' and their interrela-
tiona.) These levela begin with the prob-
lem domain and include the mnathematical
nodel uased in the problem analysia, the
algorithme of the program, the data atruc-
turee of the progranm, the program organi-
zation, the asource language atatements,
and perhaps even the underlying operations
of the host nachine. The process of
gaining underatanding of a program i8 one
of deviaing and reviging hypotheses about
what the program doea. Obviously, thie
proceas involves all of the relevant
levels or Kknowledge domainas. A highly
readable program facilitates our under-
atanding of the relationships among do-
mains through c¢lear expression and well-
chosen documentation.

A good program is necegasarily a well-
documented one&, yet the world contains
both bad programs and poorly explicated
fragmenta. The would-be programmer needs
to learn to read both well- and poorly-
documented code. In fact, one can easlly
argue that he needs to be able to read
structured and unstructured programs as
well. Although we may choose not to ad-



dresas the general reading problem in our
teaching, we must at least recognize that
very different reading strategies nay be
required {for programs which differ in
documentation level and structuredness.

Teaching Program Reading

S0 how do we teach program reading?
This 1a a gquestion for which little guid-
ance is available in either the empirical
or theoretical literature. I will make
some intuitively appealing suggestions
baaed on my own experience and that of ny
colleagues who have been studying the
reading proceags. Readera are encouraged to
pursue this question on thelr own and to
share their results with the reat of ua.

There are three necessary componenta,
I think, to teaching program reading. The
first is an expository component--students
need to be gensitized to a number of read-
ing issues and taught a variety of ape-
clfic approaches to reading. Second, atu-
dentas must actually practice reading
through reading exercisea for which ob-
jectives and guidance are provided by the
ingtructor. Finally, satudents need to be
given apecific program writing standarda
and taught to produce their programs with
the human reader in mind. Let us consider
each of these componenta in turn.

what can we tell our students about
reading? To begin with, we muat explain
its importance. Students should be encour-
aged to view programs at different levels
of abatraction and in different framea of
reference. We can show how & statement or
group of statements may be understood in
terma of the effect on particular varia-
bles, in terms of a change in a dats
atructure, in terme of effecting part of
an algorithm, or in terms of the problem
which the program ia supposed to asolve.
(To reinforce theme ideas, we ahould aa-
aign exercilaeas in which the atudentsa nust
interpret code at different levels, a part
of the practice component of reading in-
struction deacribed in the next para-
graph.) We must explain that programs may
be read top-down or bottom-up, depending
on one’as reading objective, the programnm
atructure, and the nature of the comments.
{Chapter 5, "Reading Structured Programs,"
of Structured Progqramming by Linger,
Milla, and Witt (15] le a helpful refer-
ence on this subject for the instructor.)
We need to warn that although commenta are
often very helpful, they are aubject to
being wvague, mniasleading, or even wrong.
Students should not be discouraged from
tracing code in order +to understand it,
but they should be made to realize that
doing 8o is a means to an end, & source of
data for the real taask of interpretation.

The second component of teaching pro-
gram reading is practice, Students should
be presented with programs to read, and
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their reading must be guided by specific
inatructor-supplied objectives or ques-
tiona. They have to be given momething to
do with the program other than aimply take
it in. Thie technigque mirrors the work-
place environment. Aaking atudents to an-
awer questions about a program is one pos-
aibility, although questions need +o be
wall thought out and usually very ape-
cific. Another alternative ia asking atu-
dentas to modify or debug a program or to
evaluate or improve its documentation.
(Do not overlook the virtues of showing
atudenta realistic-~that is, 1leas than
perfect--programs.) Supplying sample pro-
gram soclutions for an assignrent the claas
has just completed provides incentive for
program reading, although even here addi-
tiocnal incentives will likely be needed.
It may be poseible to give out programs
for study about which test questions will
be asked, but do not expect atudenta to be
able to handle this too early. Similarly,
asking for open-ended evaluations of dia-
tributed progreama is possible, but not
likely to be productive until students bea-
coma nmoderately experienced readers.

Finally, we should provide apecific
gulidelines for making programs more read-
able. We should explain why these guide-
lines say what they do, that ias, how we
think they help the human reader. Students
should be encouraged to put themselves in
the place of the reader as they write pro-
grama--especlially should they ask them-
selves what they would want to know if
they were reading for the firet time the
pregram they are writing. In the Computer
Science Department at North Carolina State
Universasity, we distribute a Pascal ‘style
sheet" designed to enforce a uniform atyle
of formatting and to encourage the writing
of meaningful comments. An excerpt fron
thia handout is eshown as Figure 2. The
gaction ahown apecifies information to be
displayed at the beginning of & program.
The uase of standarda and guidelineas not
only produces better programa, but makes
atudents more aware of what they should be
looking for when reading a program.

Uses of Progqram Reading in the Clasaroomn

Besides being of interest in ita own
right, the reading of programs haas poa-

aible applications in the classroom. One
of the nmosat important of these iz in the
conatruction of examination questiona. I,

along with others, have advocated the use
of questions keyed to selected reading
pPassagesa on examinations sa an alternative
to program writing questionas (5, 11, 19]}.
The obvioua advantage of reading quea-
tionsa, eapecially mnultiple-chocice ones,
is that they are easier to grade, more ob-
jective, and likely to be more reliable
neaaures of atudent performance in the
technical msense of belng more conasiatent
nessuresa. (Student program-writing per-
formance on examinations is notoriously



II. Haader Commenta for Programs

In general, mnodules (programs,
begin with a block of
vides & reader’s
illustrated below.

units, procedurea, and functions) ghould
information in the form of a comment. This '"header" pro-
overview of the module. The standard header for a progran is

(Minor variants are acceptable. Irrelevant material may be
omritted.? The header should tell all important facts about the behavior of the
program. Therefore, a nodification of any part of the program has the potential
for requiring changes in the program headex.

PROGRAM EXAMPLE:

PURPOSE: Very brief astatement of the purpose of the progran.
PROGRAHHMER: nanme COURSE: course #
DATE: date of laat reviaion SECTION: section #
VERSION: optional, but helpful LAB SECTION: lab #

LAB INSTRUCTOR: nane

INPUT:! The order,; layout, types, and meaning of input from each file. The
daescription ashould be adequate from which to prepare correct input without
reading the program.

OUTPUT: Briefly, each file’s expected ocutput.

UNITS USED: List of units used, if any.
ASSUMPTIONS & LIMITATIONS:! The expected quantities and quality of data,
not caught, and other sasimplifying ssaumptiona.

disclainers.)

Brrors
(Thesae are the programmer‘’sg

ERROR CHECKS & RESPONSES: Erroneous valuesa or situations that will be caught,
and (briefly) whet ia done about ther. (Theae are the programmer’sa
warranties.)

ALGORITHM/STRATEGY: Notea about apaecial algorithms, technigues, data
#strueturea, and ao on, and/oxr & description or informal outline of the
prograr--whatever is needed. (These notes explain the program es a whole.)

Figure 2. Excerpt from NCS5U Pascal style sheet.

variable.) If we truly believe reading is
important, of course;, reading questions
nay be justified on their own ternms, but
their attractiveness inviteas use for more
ganeral evaluation purposes.

Although there are faw
atudies relating progran reading and
writing competencies, it la reasocnable to
asagure that both depend somewhat on common
knowledge and skills. Any correlation one
rnay wiash to hypothesize clearly will be
affected by the type of reading considered
and the menner in which it 18 measured,
however. Lemos in (14], discussing the re-
sults of two experimenta reported earlier
{12, 13], concludes that mera grammatical
teasts do not correlate strongly with the
ability to write programs, but that there
does exist a moderate correlation between
the reaults of reading testa and the abill-
ity to write programe on examinationas. As

ayatematic

we have already asen from the gueation
SIGCSE
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diacussed above, howaver, thias correlation
cannot be 1. For any gquestion we write,
we muat ask ouraelves what exactly it is
we are teating and whether our students
can reasonably be expected to answer cor-
rectly, given their experience.

Because questiona keyed to
pasgages are sttractive for examinations
and because, as I have suggested, progrars
for reading should be accompanied by ape-
cific queations, it is useful to conaider
how to generate good questiona, Often a
“"reading" question merely aaks the atudent
to trace code execution. Although there is
nothing wrong with such an exercise, it ia
of limited usefulneas, as it concentrates
on the statement level, which generally
raegquiresa only the moat fundamental know-
ledge of the programming language. At the
other extreme, 1t is a temptation to frame
very general questiona about programa, re-
gquiring more analytical ability than the

reading



average student in an introductory coursae
can muater. Such general queations are
not very useful, particularly if they are
meant to encourage serious reading of a
program.

Loia Mekoid and I have
discussed program reading comprehension
questiona in [S5] and (61. In our papers,
we msuggeat a methodology for question gen-
eration and offer a taxonomy of guestiona.
The taxonomy is useful for assessing ques-
tion difficulty and for generating gquesa-
tions for evaluating apecific akills and
knowledge. Our classification is essen-
tially & two-dimensional one. To begin
with, guestions may be asked in any of
Brooka’s domaina--we can ask gquestions on
the atatement level, data satructures
lavel, and ao forth. In fact, queationa
can be phrased in terma of several levels
or can be made to require students to work
acroas levels. Generally, the farther we
abstract from the statement domain and the
rore cross-level relationshipa are re-
quired, the harder the question, although
the presence of commenta which provide
high~leval commentary may cause thia rela-
tionship to break down. At any of Brooks’s

Paychologist

levela, we may ask guestiona requiring
more or less demanding c¢ognitive procesa-
sing. For thia dimenaion, we choase to

adapt Bloom’s taxonomy of behavioral ob-
jectives in the cognitive domain, a clas-
aslfication often used in defining educa-
tional objectives I[1, 2}. Bloom’s levelsa
are knowledge, comprehenaion, application,
rediction, analysis, synthesia, and eval-

uation. Bloom’s idea is that these levels
are hierarchical--the latter levela re-
quiring the s8killa of the former ones.

Whether this is
providea a resaonable
dressing question

each of Bloom’a levels, we

strictly true or not, it

framework for ad-
conatruction. Within
have defined

typea of reading exercisges and suggeated
posaible forma and variationa. Qur com-~
plete taxonomy, expanded and corrected
from [S3], is shown in the appendix. I have
found it to be of great assistance, not
only in the construction of questiona

about programs, but alao in reminding me
of the many aspects of programs to which I
must make my students senaitive., Our clasa-
sification is tentative, by the way, and
could benefit greatly from feedback fronm
users in the fleld.

In Figure 3 are shown two queationsa
designed to illustrate the taxonomy and
suggest that reading questiona, even nul-
tiple-choice ones, can be varied and chal-~

lenging. Both questions are based on a
fully-documented procedure named UPDATE,
which 18 not shown. Question 1 is an
analysis-level queation involving infer-

ence. (See appendix.) Studenta are asked
to infer unstated assumptions of the pro-

cedure. All the answerse are written in
the problem domain, ao the code muat be
related to higher-level conceptsa. GQues-

tion 1 18 not easy, nor is question 2, a
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synthesia-level question
students specify how the program could be
nodified. I believe a question such as
this does bear on program writing ability,
not juat reading ability. Several hknow-
ledge domains nust be relat+d to answer
this gquestion.

requiring that

1. Which of the following are apparently
asaumptiona of the procedure?

(a) If two courses (esach with students

enrolled) have the same namne, their

aectiona muat be different.

All sectiona for the same coursae

are represented consecutively.

Every asection contsaine at least one

atudent..

(d> No student 18 1in
couraes.

(b)
()

two different

2. Which one of the following atatementsa
baat describesa the effort required to
change the WHILE lcop beginning at line
85 to a REPEAT 1loop; with the under-
standing that the function of UPDATE 1sa
to remain unchanged?

(a) The change ia easily mnade by sub-
atituting REPEAT for lines 85 and
86 and following the body of the
loop with UNTIL (ERCODE<>0OKUPDATE)
OR (STUDPTR”.NAME=SNAME).

The change requiree the introduc-

tion of a new Boolean variable.

The change requires the introduc-

tion of an IF statament.

The change requires the introduc-

tion of & new Boolean variable and

an IF atatement.

The change requires

the code in ways

deacribed above.

(93]
()

(d>

(e) restructuring

other than those

Figure 3. Sample reading

queations,

comprehaenaion

To illuatrate other poasasible uases of
program reading I would like to mention &
course-atructuring idea advanced, though
not yet well-tested by David Moffat and me
[7, 8l. We have referred to our plsgn as a
more analytical (as opposed to gynthetic)
approach to teaching programming, as it
emphaasizes the atudy of exiating programna
before requiring conatruction by atudents

of new onea. We believe that atudents
often fail to understand just what pro-
gramming is all about, in part because

they are, in effect, aasked to compose un-
familiar literary forma in what amountsa to
a foreign language. According to our plan,
an introductory course would proceed in
four phases. Students firat become users
of programs. They begin to understsnd what
programs can do, as well as appreciate the
need for clear documentation and human-
engineered man/machine interaction. Stu-



denta
grams
like

then begin to read and

while learning Pascsal.

the learning of natural
where writing saskills follow upon reading
akilla, Ideally, by doing saignificant
reading bhefore writing, students develop
intuition about what programs should look
likae-~-they will avoid many ailly writing
errora later on becsause those errors Jjusat
will not look right. Program documenta-
tion, inatead of representing an onerous
chore, provides helpful guidance. It is
thua seen in a positive 1light. In the
third phase, programs are modified and en-
hanced. This becomes a gentle, phased in-
troduction to what we usually call ‘pro-
gramming,” all done in a highly atructured

analyze pro-
This ia nore
languagesa,

and supportive environment. Only in the
fourth and final phase of the course do
astudents do significant amounts of orig-

inal programming. Although thia plan of
astudy seems to get off to a slow start, we
believe that by the time the student isa
writing his own complete progrema, he hasa
& good underatending of what programg are,
why docurentation is nesded, and why the
usaer 1is mRore important than the program-
ner .

An exciting aspect of our analytical
approach is the way the variocus phases nay
be tied together with the aame asoftware.
Students can use a program, later read it,
nodify it, and finally write a new, im-
proved (or perhaps simplified) veraion of
it. Alaso, since underatanding a progran
is much easier than writing it, atudents
have an opportunity to desl with more com-
plex programs than they do in a more con-
ventional clasa. Lsarning language fea-
tures ia better motivated, as studenta
come to understand Paacal constructe in
realistic contexts before having to conmn-
pose with then.

Unfortunately, our plan requires a
large volune of materiala which are
largely unaveilable. Inatructors can atart
to build their own collectionas of useful
prograna. The implementation of departmen-
tal standards for programs can facilitate
the exchange of suitable materiala among
the faculty. Certainly few textbooks pro-
vide the kind of programsa required,
namely, well-conatructed, thoroughly doc-
umented ones. Dave Moffat’as book, Common
Algorithms in Pascgl with Programs for
Reading (161, although not idesal, ia pro-
bably the best sourcebook of program read-
ing materials available. MNoffat’s forth-
coming UCSD Psascal Examples and Exercises
£171 will be more useful to those uaing
UCSD Pasacal who are interested 1in our
fouxr-phase analytical approach.

Research Agenda

Program reading offers many poasasibil-
ities for research. How do programmersa
read programa? What factors affect reading
comprehengion and how? (Program style,
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program documentation, reader experience,
and medium--paper vs,. ascreen, are only a
few of the posaibilities.) What techniques
are effective for teaching reading? What
are the effecta of exposing satudents to
reading before writing? Answers to all
theae quesations are needed. Readers are
encouraged to begin finding then.
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Appendix: Techniqueas for MHeamuring Pro-

gram Reading Comprehension

The following liat enumerates tech-
nigques for measuring program reading com-
prehension, whether for the c¢laaaroom or
for experimental purposes. Except as no-
ted, we assume in these descriptiona that
the student or subject has been given a
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The
other

program or program fragment to study.
code may or may not he documented:;

material such as external documentation
or ocutput may alsoc be avallable. Bloom’sa
taxonomy ia used to organize thia 1liat,

but note that the level under which a
procedure is classified iag flexible; char-
acteriastica of each specific quastion need
to be examined to see where the question
properly belongs, HNote that such factors
aas the inclusion of commenta in the code
can affect level; to the degree that com-
ments are present, true, and interpret the

code, questiona about the function of that
code are mnade easier. Exercises at any
level may be phrased, require answers, or

require reaasoning in one or more knowledge
domains.

1. Knowledge-level techniquesa.

A. Regall. The subject is asked to re-
call, after the program has been re-
moved, eilther the program itaself of
features of it.

B. Recognition. The subject 1la asked
to didentify whether several program
fragmenta were in fact contained in
the original progran,

C. Recongtruction. The subject ia
asked to reconstruct the program
from memory with +the help of sup-
pliaed fragments.

D. Identificaticon. The subject 1isa

asked to give the meaning of certain
programr elemente. Questions of thia
type can be used to check a sub-
ject’s knowledge of basic ayntax and
genmantics of the programming lan-
guage.

The aubject ia aaked to
correct (usually straightforward
syntax) errors in a program. This is
a common type of exerciase in opening
chaptere of programrming texts, but
one which should be used with care,
Error repair preaupposes knowledge
of the programmer’s intention, 80
that correction queations, in the
abaence of explicit specificationsa
or unambiguocus cues, are often am-
biguous.

E. Correction.

2. Comprehenaion-level techniguea.

A. Interpretatiocon. The aubject is
asked to explain the function of de-

signated portions of the program.
Simple questions of this type nay
represent knowledge-level testing.

B. Interpolation. The subject ia asked

to supply elements of a program
which has been aubjected to occa-
aional or periodic deletions (cloze

procedure).



C.

Tranglation. The subject 18 re-
quired to paraphrase or to tranalate
the program into another programming
language or syatem of notation (for
example, flowcharta). Succaega on
this taask ias dependent on competence
in the target notation, of course.
A translation exercise ney also be
very much more complex. Tranalating
a program from APL to Paacal, for
instance, i8 aurely a aynthesia-
level activity.

3. Application-level techniques.

A.

Prediction. The
code and initial conditionsa and ia
asked to predict its run-time be-
havior. He may be aasked to indicate
what output 1s printed, what the
valueas of variables are at certain
points, etc. In this form, predic-
tion questions probably repreaent
the most commonly used form of read-
ing comprehension measurement and
are often best classified under the
comprehension level. Alternatively,
the subject might be asked the ef-~
fact on behavior of a change in the
program. Yet another poasibility ila
that of asking the subject to aspeci-
fy program behavior when the pro-
gram, procedure, etc. is tranaferred
to a different environment.

subject is given

Simulation. The asubject ia required
to trace program executlon and show
the sinmulation on paper. Preaumn-
ably, mnoast sasubjects predict using
simulation. Unless a step-by-step
ainmulation is damanded, however, it

cannot be known whether the saubject
is simulating or not. The sinmpler
examples of simulation are properly
claassified under the comprehension
lavel.

Appligation. The subject is given

one or more subprograma and ias aaked
how they might be used to accomplish
sone goal.

4, Analyaig-level techniques.

A,

Inference. The aubject is aaked to
infer the objectivea, prejudices, or
sassumptions of the programmer. He
nay be asked to determine 1f the
program was written with primnary
concern for apace economy versaus
run-time efficiency, to atate the
apparent primary and secondary conm-
putational objectives of the pro-
grammer, +to evaluate the degree of
concern for error handling, and so
forth.

Extrapolation. The subject is given
code and final conditions and isa
asked to supply initial conditionsa
sufficient to explain the program’s
behavior. The asubject may he asaked
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3.

A.

to supply program input or variable
values. Note that what we have
called ‘'prediction' and "extrapola-
tion* have elsewhere in the liter-
ature been called ‘'forward compre-
henaion" and ‘"backward comprehen-
gion." We prefer our more differen-
tiated terms, as the activities de-
acribed are only auperficially aim-
ilar and are not equally difficult.
A variant is to aak the aubject the
circumatances under which a aection
of the program is exacuted.

Daeduction. The aubject is given part
of & program and is asked to deter-
mine other program elements which
rust be present. For example, he
might be asked to deduce neceassary
or plausable declarations based on
the presumed validity of a supplied
fragment.

Abstraction. The subject 18 aaked to
create a higher-level abatraction of
what he has read. An outline or
paeudocode verasion might be reques-
ted. The aubject might be asked to
insert section-level comments into
an undocumnented program. (Note how
this differs £from translation.)

Location. The saubject ias asked to
identify the location where a cer-
tain function is performed. Locating
bugs is8 a particularly complex form
of location, as the subject is not
even told what he is looking for.

Justificaetion. The subject is asked
to tell why some particular program
function is performed or why aone
sequence of statements is present.

Explanation. The =saubject iz asked
to explain how aome function is per-
formed.

Analysia. The subject is asked to
analyze the behavior of the progran,
He may be asked to compute the num-
ber of times a atatement is executed
as a function of the input, deter-
mine the range of valuea taken on by
a varlable, axplain the relation-
ships among variables, identify im-
plicit reatrictions on input values,
or otherwise characterize the range
of program behavior.

Synthesis-level techniques.

Modification. The subject ig re-
quired to supply changes which will
modify program behavior. The mod-
ification <¢ould be a change or an
enhancement. The subject also could
be required to repair a bug. Such
a tagk ia increased in difficulty,
of course, if the bug itself is not
identified in advance.




B. Rewriting. The subject is asked to appropriateness of 1ta structure,

rewrite a program or code fragment the selaection of identifiera, its
with particular objectives in mind. conslastency of style, or its modi-
The use of different control or data fiability. Alternatively, two pro-
atructures might be required, for grams could be compared in these re-
inatance. HNote that this and other apecta.
synthesis-level techniques may lack
a major advantage of moat other con- B. Evaluation. The subject is asked to
prehenasion neasurenenta--sase of evaluate the design decisions im-
evaluation. plicit in a program with respect to
another program, supplied or hypo-
C. Teat Planning. The aubject ia given thetical. For example, the saubject
a program and ia required to devise might be asked to evaluate the ap-
testing strategies for it. A debug- propriateness of using one algorithnm
ging plan might be called for, based as against another with regard to
on a program and error report. A apace or time efficiency.
teat plan for the program and/or ap-
propriate test data might be re- C. Appraisal. The asubject is ashked to
quested. asseas the correctneas of a progran
or fragment. A formal or informnal
6. Evaluation-level techniques. correctness proof might be required.
Alternatively, the asubject might be
A. Criticism. The aubject is asked to asked to determine the conditions
evaluate a program with reapect to under which the program does not
some software quality metric. He perform properly.

might be asked to comment upon the

18th EDITION OF BIBLIOGRAPHY OF COMPUTER-ORIENTED BOOKS

More than 300 new books are listed in the 18th edition of the Annual

Bibliography of Computer-Oriented Books, recently released by the

University of Colorado.

Significant in this year's listing is the increased quality of books on
advanced programming (1# new books) and management of data processing
(11 new books). In the system design area, 18 new books were published.
The sections on micros and PCs erupted with 82 new books in the last two
years.

All introductory-type books published prior to 1982 were deleted.
Despite the deletions, the bibliography still contains more than 1,250 books
from 155 publishers.  The bibliography separates the books into 86
categories and catalogs them according to type (reference, textbook,
handbook) and style of presentation (programmed instruction, case study or
narrative).

Copies of the bibliography are available for $4 from Computing
Newsletter, Box 7345, Colorado Springs, CO 80933. The cost is $6 if an

invoice is required.
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