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Abstract

It is argued that program reading i s
an important programmer activity and that
reading skill should be taught in program -
ming courses . Possible teaching methods
are suggested . The use of program reading
in teat construction and as part of an
overall teaching strategy is discussed .
A classification of reading comprehensio n
testing methods is provided in an appen -
dix .

The	 Importance of Program Reading,

We tend to think of programming as
the writing of programs and programming
instruction as the teaching of how t o
write programs . I would like to suggest
that it is more illuminating to think of
programming as "what programmers do ." Thi s
definition is necessarily all-inclusive ,
emcompassing not only program writing, bu t
also problem analysis, program design ,
testing, debugging, and" so forth . This al -
ternative point of view makes us realiz e
that programming requires a variety o f
skills, many of which we make no consciou s
effort to teach .

One of the moat overlooked program -
ming skills is the ability to read a pro -
gram, an activity the programmer is calle d
upon to do with surprising frequency . I
will explain why I believe program readin g
is important, discuss how reading skill s
may be taught, and suggest how progra m
reading may be useful in the teaching an d
evaluation of programming in the mos t
general sense .

There are many circumstances in whic h
the programmer must read programs . To be -
gin with, he must often read programs i n
the technical literature, whether for pro -
fessional development or in seeking a de -
sign for a particular program he has bee n
called upon to write .

The programmer learning a new lan-
guage often finds that reading program s

written by others is an effective way t o
learn not only basic syntax, but also the

subtleties of style associated with th e
language .

Programs are read at many stages i n
the software life cycle . In particular ,
the programmer must read his own code i n
the course of writing and debugging a pro -
gram . Significant programs are writte n
over an extended period, measured in days ,
weeks, even months . While writing on e
part of the program, it is often necessar y
to study a previously-written part, th e
details of which have been forgotten an d
must be retrieved through reading . Debug-
ging provides similar opportunities t o
read one's own code .

Programmers seldom work completel y
alone, often working in teams or relyin g
upon each other for assistance in writin g
and debugging . (We usually ignore or pre -
tend to be unaware of this phenomeno n
among our students . We might be well ad-
vised to acknowledge it 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 also a needed skill for code walk -
throughs and certain management reviews .

Finally, we come to the moat obviou s
opportunity for program reading--in main -
tenance work . Maintenance and enhancemen t
of existing software consume a major por -
tion of time and resources of the typica l
data processing organization--estimate s
run from 40 to 70% (9, 10, 18] . Most main -
tenance work involves modifying program s
written by someone other than the mainte-
nance programmer . In fact, the origina l
author is usually unavailable, and th e
maintenance programmer, having exhauste d
the resources of local myth and legend ,
has no alternative but to actually rea d
the code he is required to fix .

Need Program Reading Be Taught ?

Program reading may be a necessar y
professional skill, but need it be taugh t
explicitly in courses? The programmin g
student has ample opportunities to read
programs in textbooks, to read his own
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code during development, and to read the
programs of others while assisting fello w
students . Is it not possible that h e
naturally develops reading skill withou t
intervention of the instructor? Althoug h
hard empirical evidence is lacking, I am
convinced the answer to that question i s
"no ." Let me illustrate with an example .

Figure 1 shows a question reproduce d
from an examination I gave recently to a n
introductory programming cleats . The ques-
tion presents seven fragments of UCS D
Pascal code which perform various charac -
ter-processing operations . In part (a) ,
the student is required to tell whic h
fragments do the same thing . No hints ar e
given as to whether all fragments are dif-
ferent, all are equivalent, or whether
there are several groups of equivalent
fragments . The question is further compli-
cated by the request in part (b) to speci-
fy the effect of each fragment, given a
particular set of initial values .

1.

	

i := poa(chatr, at) ;
IF i>0 THEN

at := concat( copy(at, i+1 ,
length(at)-i), copycat, i, 1) ,
copy(at, 1, i-1) ) ;

2.

	

stri : =
FOR is=i TO length(at) DO

BEGI N
chat := copy(at, i, 1) ;
stri := concat(chat, stri )
END ;

at

	

atr1 ;

3.

	

i

	

1 ;
sought := true ;
WHILE (i<=length(at)) and sought D O

IF stti ] achatrtl] THEN
sought

	

false
ELSE

i : a aucc(i) ;
IF i<=length(at) THE N

BEGI N
FOR ] :=l TO length(at)-i D O

BEGI N
FOR k :=i+3-1 DOWNTO 3+1 D O

st[k] := st[k-1] ;
st(3] := at[i+3 ]
END ;

FOR J :=length(at) DOWNT O
length(at)-1+2 DO
at[J] := at[3-1] ;

attlength(st)-i+13 := chatr[1 J
END ;

4 . FOR i :=1 TO length(at) DO
BEGI N
temp

	

at[length(at)-i+1) ;
at(length(at)-i+1]

	

atti] ;
st[i] := temp
END ;

5.

	

i := 1 ;
sought := true ;
WHILE (i<=length(at)) and sought DO

IF at[i]=chatr[13 THE N
sought := false

ELSE
i := aucc(i) ;

IF i<=length(at) THE N
BEGI N
delete (at, i, 1) ;
inaert(chatr, at ,

1 + length(at) DIV 2 )
END ;

6. FOR i :$1 TO length(at)-1 D O
at

	

concat( copy(at, 1, 1-1) ,
copy(at, length(at), 1) ,
copy<at, 1, length(at)-i) ) ;

7. atr i
FOR i :=1 TO length(at) DO

BEGI N
chat := copy(at, i, 1) ;
atrl : a concat(atrl, chat )
END ;

at := atri ;

a.) Considering only the effect on vari-
ables CHSTR and ST, indicate which of th e
fragments above do the same thing . (As-
sume that LENGTH(CHSTR)=1 .) For example ,
if all the fragments do the same thing ,
write something like :

1, 2, 3, 4, 5, 6, 7

If the first five programs do the same
thing, but the 6th and 7th each do differ -
ent things, write

1, 2, 3, 4, 5
6
7

and so forth . You do not have to say wha t
any of the fragments actually do, merel y
which do the same thing .

b.) For each of the fragments above, give
the value of ST after execution if, upon
entry, CHSTR='c' and ST='abecaba' . If the
answer cannot be determined from the in -
formation given, write "unknown . "

Figure 1 . Reading question .

The question proved to be highly un-
reliable . Studenta' answers were mostl y
wrong, and many students who scored high-
est seemed to have had the least under -
standing of the question . (In grading, a
meticulously constructed system of partia l
credit was employed . This system was, I
suspect, thoroughly inscrutable to th e
class, which viewed the question as an un-
mitigated disaster .) The students' univer -
sal complaint was that insufficient time
had been allowed . From discussions with
students, it became clear whet the problem
was . The question-answering strategy gen-
erally employed was to trace the execution
of each fragment with the teat data o f
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part (b) . The rationale for this was tha t
the tracing was necessary anyway for par t
(b), so one might as well do it first an d
use the results to answer part (a) . Of
those students who did not employ thi s
strategy, moat tried to answer part (a) b y
tracing the code for teat cases of thei r
own devising .

Why were my students fundamentall y
wrong in their approach to this question ?
They were wrong because they were opera-
ting at an inappropriate level of abstrac-
tion . They concentrated their attempts a t
understanding on the statement level ,
never grouping statements into meaningfu l
units whose functions could then be ab -
stracted into high-level description s
which could further be abstracted int o
overall diecriptions of what each fragment
accomplished, a process Linger, Mills, an d
Witt have called "stepwise abstraction "
(15] . A competent reader would have em-
ployed this more effective strategy im-
mediately . Interestingly, most student s
recognized the futility of their approach ,
but failed to question whether anothe r
more efficient method was available t o
them . Program reading had not been taugh t
in the course, and students obviously had
failed to develop reading strategies, a t
least for situations like the one presen-
ted in the examination question, on thei r
own . It is reasonable to expect that had
reading been taught, student performanc e
on this question and in other circumstan -
ces requiring it (in programming assign-
ments, for instance) would have been bet -
ter .

As an aside, I should mention tha t
the class was justified in considering the
question a nasty one . For the test dat a
provided in (b), all the fragments had the
same effect, even though they are not al l
functionally equivalent . It occurred to
few members of the clasa that the strin g
assigned to ST is highly idiosyncratic an d
therefore unlikely to contribute to an il-
luminating test case . (The equivalence
classes sought in (a) are (1, 3), (2, 6) ,
(4, 7), and (5) . The answer to each par t
of (b) is 'abacaba' . )

The techniques required to answer th e
question in Figure 1 are a subset of al l
reading skills . Poor performance on thi s
question does not therefore imply that
students developed no reading proficien-
cies on their own . It does suggest that w e
cannot assume all important reading skill s
automatically develop alongside writin g
abilities .

How We Should_Think_sboptprogram&

In order to teach programming, and
particularly in order to teach program
reading, it is helpful to have something
more than a naive idea of what a program
is and how it is interpreted . By "pro -
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gram," I refer not to some mathematica l
abstraction, but to a naturally-occurrin g
artifact fulfilling a real need . This is
the kind of object moat of our students
will be called upon to use, write, under -
stand, and modify in their future careers .

It is appropriate that computer code s
are called languages . Each programming
language has its own syntax, semantics ,
pragmatics, style, and idiom . A program ,
therefore, besides providing instructions
for controlling a machine, represents a
kind of literary genre . It is, in a
sense, a narrative essay which specifie s
some computational process . The program-
mer has it within his power to make thi s
essay more or less comprehensible by at -
tending to issues which are often lumpe d
together under the term "style ." A good
program is remarkable in that it is reall y
an essay intertwined with a second essa y
in natural language--documentation in the
form of comments--which is a paraphrase of
or commentary on the primary one . Both
essays have a role in communicating th e
meaning of the program .

Programs or parts of programs are no t
always read with the intention of gaining
total comprehension of their meaning . Fo r
example, the maintenance programmer tryin g
to fix a bug probably only wants to dis-
cover the source of the error and enoug h
about the program to assure himself tha t
a proposed fix will have no unpleasan t
side effects . It is helpful, however, t o
have a model of what complete comprehen-
sion entails . Ruven Brooks has suggeste d
such a model (3, 4] . When someone com -
pletely understands a program, he sug-
gests, that person understands the progra m
at a variety of levels and can relate th e
levels to one another . (Brooks speaks o f
" knowledge domains" and their interrela-
tiona .) These levels begin with the prob-
lem domain and include the mathematica l
model used in the problem analysis, the
algorithms of the program, the data struc-
tures of the program, the program organi-
zation, the source language statements ,
and perhaps even the underlying operation s
of the host machine . The process of
gaining understanding of a program is one
of devising and revising hypotheses abou t
what the program does . Obviously, thi s
process involves all of the relevan t
levels or knowledge domains . A highl y
readable program facilitates our under -
standing of the relationships among do -
mains through clear expression and well -
chosen documentation .

A good program is necessarily a well -
documented one, yet the world contain s
both bad programs and poorly explicate d
fragments . The would-be programmer need s
to learn to read both well- and poorly -
documented code . In fact, one can easil y
argue that he needs to be able to rea d
structured and unstructured programs a s
well . Although we may choose not to ad-
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dress the general reading problem in our
teaching, we must at least recognize that
very different reading strategies may be
required for programs which differ i n
documentation level and structuredness .

Teaching Program Reading

So how do we teach program reading ?
This is a question for which little guid -
ance is available in either the empirica l
or theoretical literature . I will make
some intuitively appealing suggestions
based on my own experience and that of my
colleagues who have been studying th e
reading procesa . Readers are encouraged to
pursue this question on their own and to
share their results with the rest of us .

There are three necessary components ,
I think, to teaching program reading . The
first is an expository component--student s
need to be sensitized to a number of read-
ing issues and taught a variety of spe-
cific approaches to reading . Second, stu-
dents must actually practice readin g
through reading exercises for which ob-
jectives and guidance are provided by th e
instructor . Finally, students need to be

What can we tell our students abou t
reading? To begin with, we must explai n
its importance . Students should be encour -
aged to view programs at different level s
of abstraction and in different frames o f
reference . We can show how s statement o r
group of statements may be understood i n
terms of the effect on particular varia-
bles, in terms of a change in a dat a
structure, in terms of effecting part o f
an algorithm, or in terms of the proble m
which the program is supposed to solve .
(To reinforce these ideas, we should as -
sign exercises in which the students mus t
interpret code at different levels, a part
of the practice component of reading in -
struction described in the next para -
graph .) We must explain that programs ma y
be read top-down or bottom-up, dependin g
on one's reading objective, the program
structure, and the nature of the comments .
(Chapter 5, "Reading Structured Programs, "
of Structured Programming by Linger ,
Mills, and Witt [15] is a helpful refer -
ence on this subject for the instructor . )
We need to warn that although comments ar e
often very helpful, they are subject to
being vague, misleading, or even wrong .
Students should not be discouraged from
tracing code in order to understand it ,
but they should be made to realize tha t
doing so is a means to an end, a source o f
data for the real task of interpretation .

The second component of teaching pro -
gram reading is practice . Students shoul d
be presented with programs to read, an d
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their reading must be guided by specifi c
instructor-supplied objectives or ques-
tions . They have to be given something t o
do with the program other then simply tak e
it in . This technique mirrors the work -
place environment . Asking students to an -
swer questions about a program is one pos-
sibility, although questions need to be
well thought out and usually very spe-
cific . Another alternative is asking stu-
dents to modify or debug a program or to
evaluate or improve its documentation .
(Do not overlook the virtues of showin g
students realistic--that is, less tha n
perfect--programs .) Supplying sample pro -
gram solutions for an assignment the clas s
has just completed provides incentive for
program reading, although even here addi-
tional incentives will likely be needed .
It may be possible to give out program s
for study about which test questions wil l
be asked, but do not expect students to b e
able to handle this too early . Similarly ,
asking for open-ended evaluations of dis-
tributed programs is possible, but not
likely to be productive until students be -
come moderately experienced readers .

Finally, we should provide specifi c
guidelines for making programs more read -

should explain why these guide -
what they do, that is, how we
help the human reader . Students
encouraged to put themselves in

the place of the reader as they write pro-
grams--especially should they ask them -
selves what they would want to know i f
they were reading for the first time the
program they are writing . In the Computer
Science Department at North Carolina State
University, we distribute a Pascal "style
sheet" designed to enforce a uniform styl e
of formatting and to encourage the writin g
of meaningful comments . An excerpt from
this handout is shown as Figure 2 . The
section shown specifies information to be
displayed at the beginning of a program .
The use of standards and guidelines not
only produces better programs, but makes
students more aware of what they should b e
looking for when reading a program .

Uses of Program Reading in the Classroom ,

Besides being of interest in its ow n
right, the reading of programs has pos-
sible applications in the classroom . One
of the most important of these is in th e
construction of examination questions . I ,
along with others, have advocated the use
of questions keyed to selected reading
passages on examinations as an alternativ e
to program writing questions C5, 11, 193 .
The obvious advantage of reading ques-
tions, especially multiple-choice ones ,
is that they are easier to grade, more ob-
jective, and likely to be more reliabl e
measures of student performance in th e
technical sense of being more consisten t
measures . (Student program-writing per-
formance on examinations is notoriousl y

given

	

specific

	

program writing. standards able . We
and taught to

	

produce their programs with lines sa y
the human reader in mind .

	

Let us consider think the y
each of these components in turn . should be



II . Header Comments for Program s

In general, modules (programs, units, procedures, and functions) shoul d
begin with a block of information in the form of a comment . This "header" pro-
vides a reader's overview of the module . The standard header for a program i s
illustrated below . (Minor variants are acceptable . Irrelevant material may be
omitted .) The header should tell all important facts about the behavior of th e
program . Therefore, a modification of any part of the program has the potentia l
for requiring changes in the program header .

PROGRAM EXAMPLE ;
------------ ------------------------ ------------- --------- ---------------- -

PURPOSE : Very brief statement of the purpose of the program .

PROGRAMMER : name

	

COURSE : course #
DATE : date of last revision

	

SECTION : section #
VERSION : optional, but helpful

	

LAB SECTION : lab #
LAB INSTRUCTOR : name

INPUT : The order, layout, types, and meaning of input from each file . The
description should be adequate from which to prepare correct input withou t
reading the program .

OUTPUT : Briefly, each file's expected output .

UNITS USED : List of unite used, if any .

ASSUMPTIONS & LIMITATIONS : The expected quantities and quality of data, error s
not caught, and other simplifying assumptions . (These are the programmer' s
disclaimers . )

ERROR CHECKS & RESPONSES : Erroneous values or situations that will be caught ,
and (briefly) what is done about them . (These are the programmer' s
warranties . )

ALGORITHM/STRATEGY : Notes about special algorithms, techniques, data
structures, and so on, and/or a description or informal outline of th e
program--whatever is needed . {These notes explain the program as a whole . )

Figure 2 . Excerpt from NCSU Pascal style sheet .

9

variable .) If we truly believe reading i s
important, of course, reading questions
may be justified on their own terms, but
their attractiveness invites use for mor e
general evaluation purposes .

Although there are few systemati c
studies relating program reading an d
writing competencies, it is reasonable t o
assume that both depend somewhat on commo n
knowledge and skills . Any correlation on e
may wish to hypothesize clearly will be
affected by the type of reading considere d
and the manner in which it is measured ,
however . Lemos in [14], discussing the re -
sults of two experiments reported earlier
(12, 13], concludes that mere grammatica l
tests do not correlate strongly with the
ability to write programs, but that there
does exist a moderate correlation between
the results of reading teats and the abil -
ity to write programs on examinations . As
we have already seen from the question
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discussed above, however, this correlatio n
cannot be I . For any question we write ,
we must ask ourselves what exactly it i s
we are testing and whether our students
can reasonably be expected to answer cor-
rectly, given their experience .

Because questions keyed to reading
passages are attractive for examinations
and because, as I have suggested, program s
for reading should be accompanied by spe-
cific questions, it is useful to consider
how to generate good questions . Often a
" reading" question merely asks the studen t
to trace code execution . Although there i s
nothing wrong with such an exercise, it i s
of limited usefulness, as it concentrates
on the statement level, which generall y
requires only the most fundamental know -
ledge of the programming language . At the
other extreme, it is a temptation to fram e
very general questions about programs, re-
quiring more analytical ability than the



average student in an introductory cours e
can muster . Such general questions ar e
not very useful, particularly if they ar e
meant to encourage serious reading of a

program .

Psychologist Lois Makoid and I hav e
discussed program reading comprehension
questions in [5] and [6] . In our papers ,
we suggest a methodology for question gen -
eration and offer a taxonomy of questions .
The taxonomy is useful for assessing ques-
tion difficulty and for generating ques -
tions for evaluating specific skills and
knowledge . Our classification is essen -
tially a two-dimensional one . To begi n
with, questions may be asked in any o f
Brooks's domains--we can ask questions o n
the statement level, data structure s
level, and so forth . In fact, question s
can be phrased in terms of several level s
or can be made to require students to wor k
across levels . Generally, the farther w e
abstract from the statement domain and the
more cross-level relationships are re-
quired, the harder the question, althoug h
the presence of comments which provide
high-level commentary may cause this rela -
tionship to break down . At any of Brooks' s
levels, we may ask questions requirin g
more or less demanding cognitive proces -
sing . For this dimension, we chose to
adapt Bloom's taxonomy of behavioral ob -
jectives in the cognitive domain, a clas -
sification often used in defining educa -
tional objectives [1, 23 . Bloom's level s
are knowledge, comprehension, application ,
prediction, annlYSis, synthesis, and eval -
uation . Bloom's idea is that these level s
are hierarchical--the latter levels re-
quiring the skills of the former ones .
Whether this is strictly true or not, i t
provides a reasonable framework for ad -
dressing question construction . Withi n
each of Bloom's levels, we have defined
types of reading exercises and suggested
possible forms and variations . Our com -
plete taxonomy, expanded and corrected
from [5], is shown in the appendix . I have
found it to be of great assistance, not
only in the construction of question s
about programs, but also in reminding me
of the many aspects of programs to which I
must make my students sensitive . Our clas -
sification is tentative, by the way, an d
could benefit greatly from feedback from
users in the field .

In Figure 3 are shown two question s
designed to illustrate the taxonomy an d
suggest that reading questions, even mul -
tiple-choice ones, can be varied and chal -
lenging . Both questions are based on a
fully-documented procedure named UPDATE ,
which is not shown . Question 1 is an
analysis-level question involving infer -
ence . (See appendix .) Students are asked
to infer unstated assumptions of the pro-
cedure . All the answers are written i n
the problem domain, so the code must be
related to higher-level concepts . Ques -
tion 1 is not easy, nor is question 2, a

synthesis-level question requiring tha t
students specify how the program could b e
modified . I believe a question such a s
this does bear on program writing ability ,
not just reading ability . Several know -
ledge domains must be related to answer
this question .

1 . Which of the following are apparentl y
assumptions of the procedure ?

(a) If two courses (each with student s
enrolled) have the same name, thei r
sections twat be different .

(b) All sections for the same course
are represented consecutively .

(c) Every section contains at least one
student .

(d) No student is in two differen t
courses .

2 . Which one of the following statements
best describes the effort required t o
change the WHILE loop beginning at lin e
85 to a REPEAT loop, with the under -
standing that the function of UPDATE i s
to remain unchanged ?

(a) The change is easily made by sub-
stituting REPEAT for lines 85 an d
86 and following the body of th e
loop with UNTIL (ERCODE<>OKUPDATE )
OR (STUDPTR^ .NANE e SNAME) .

(b) The change requires the introduc -
tion of a new Boolean variable .

(c) The change requires the introduc -
tion of an IF statement .

(d) The change requires the introduc-
tion of a new Boolean variable an d
an IF statement .

(e) The change requires restructurin g
the code in ways other than thos e
described above .

Figure 3 .

	

Sample reading comprehensio n
questions .

To illustrate other possible uses o f
program reading I would like to mention a
course-structuring idea advanced, though
not yet well-tested by David Moffat and m e
[7, 8] . We have referred to our plan as a
more analytical (as opposed to synthetic )
approach to teaching programming, as i t
emphasizes the study of existing programs
before requiring construction by students
of new ones . We believe that student s
often fail to understand just what pro-
gramming is all about, in part because
they are, in effect, asked to compose un -
familiar literary forma in what amounts t o
a foreign language . According to our plan ,
an introductory course would proceed in
four phases . Students first become users
of programs . They begin to understand wha t
programs can do, as well as appreciate th e
need for clear documentation and human -
engineered man/machine interaction . Stu -
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dents then begin to read and analyze pro -
grams while learning Pascal . This is more
like the learning of natural languages ,
where writing skills follow upon reading
skills . Ideally, by doing significant
reading before writing, students develop
intuition about what programs should look
like--they will avoid many silly writing
errors later on because those errors just
will not look right . Program documenta-
tion, instead of representing an onerou s
chore, provides helpful guidance . It i s
thus seen in a positive light . 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 structured
and supportive environment . Only in the
fourth and final phase of the course do
students do significant amounts of orig-
inal programming . Although this plan of
study seems to get off to a slow start, w e
believe that by the time the student i s
writing his own complete programs, he ha s
a good understanding of what programs are ,
why documentation is needed, and why th e
user is more important than the program-
mer .

An exciting aspect of our analytica l
approach is the way the various phases ma y
be tied together with the same software .
Students can use a program, later read it ,
modify it, and finally write a new, im -
proved (or perhaps simplified) version o f
it . Also, since understanding a progra m
is much easier than writing it, student s
have an opportunity to deal with more com-
plex programs than they do in a more con-
ventional class . Learning language fea-
tures is better motivated, as student s
come to understand Pascal constructs i n
realistic contexts before having to com-
pose with them .

Unfortunately, our plan requires a
large volume of materials which ar e
largely unavailable . Instructors can star t
to build their own collections of usefu l
programs . The implementation of departmen-
tal standards for programs can facilitat e
the exchange of suitable materials among
the faculty . Certainly few textbooks pro -
vide the kind of programs required ,
namely, well-constructed, thoroughly doc-
umented ones . Dave Moffat's book, Common
Algorithms in Pascal , with Programs for
Reading. (16], although not ideal, is pro -
bably the best sourcebook of program read -
ing materials available . Moffat's forth -
coming UCSD Pascal Examples and Exercises
(17] will be more useful to those using
UCSD Pascal who are interested in ou r
four-phase analytical approach .

Research Agend a

Program reading offers many possibil-
ities for research . How do programmer s
read programs? What factors affect readin g
comprehension and how? (Program style ,
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program documentation, reader experience ,
and medium--paper vs . screen, are only a
few of the possibilities .) What techniques
are effective for teaching reading? Wha t
are the effects of exposing students to
reading before writing? Answers to al l
these questions are needed . Readers are
encouraged to begin finding them .
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Appendix : Techniques for Measuring Pro -
gram Reading Comprehensio n

The following list enumerates tech -
niques for measuring program reading com-
prehension, whether for the classroom or
for experimental purposes . Except as no-
ted, we assume in these descriptions that
the student or subject has been given a
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program or program fragment to study . Th e
code may or may not be documented ; other
material such as external documentatio n
or output may also be available . Bloom' s
taxonomy is used to organize this list ,
but note that the level under which a
procedure is classified is flexible ; char-
acteristics of each specific question need
to be examined to see where the questio n
properly belongs . Note that such factors
as the inclusion of comments in the cod e
can affect level ; to the degree that com-
ments are present, true, and interpret the
code, questions about the function of tha t
code are made easier . Exercises at any
level may be phrased, require answers, o r
require reasoning in one or more knowledge
domains .

1 . Knowledge-level techniques .

A. Recall . The subject is asked to re -
call, after the program has been re -
moved, either the program itself of
features of it .

B. Recognition . The subject is aske d
to identify whether several program
fragments were in fact contained i n
the original program .

C. Reconstruction . The subject i s
asked to reconstruct the progra m
from memory with the help of sup -
plied fragments .

D. Identification . The subject i s
asked to give the meaning of certai n
program elements . Questions of thi s
type can be used to check a sub-
ject's knowledge of basic syntax an d
semantics of the programming lan-
guage .

E. Correction . The subject is asked to
correct (usually straightforwar d
syntax) errors in a program . This i s
a common type of exercise in openin g
chapters of programming texts, but
one which should be used with care .
Error repair presupposes knowledg e
of the programmer's intention, so
that correction questions, in the
absence of explicit specification s
or unambiguous cues, are often am-
biguous .

2 . Comprehension-level techniques .

A. Interpretation . The subject is
asked to explain the function of de-
signated portions of the program .
Simple questions of this type may
represent knowledge-level testing .

B. Interpolation . The subject is asked
to supply elements of a program
which has been aubjected to occa-
sional or periodic deletions (cloz e
procedure) .



C . Translation . The subject is re-
quired to paraphrase or to translat e
the program into another programmin g
language or system of notation (fo r
example, flowcharts) . Success on
this task is dependent on competenc e
in the target notation, of course .
A translation exercise may also b e
very much more complex . Translating
a program from APL to p ascal, for
instance, is surely a synthesis -
level activity .

3 . Application-level techniques .

A. Prediction . The subject is give n
code and initial conditions and i s
asked to predict its run-time be -
havior . He may be asked to indicate
what output is printed, what th e
values of variables are at certai n
points, etc . In this form, predic-
tion questions probably represen t
the moat commonly used form of read-
ing comprehension measurement an d
are often best classified under th e
comprehension level . Alternatively ,
the subject might be asked the ef-
fect on behavior of a change in th e
program . Yet another possibility i s
that of asking the subject to speci-
fy program behavior when the pro -

gram, procedure, etc . is transferre d
to a different environment .

B. Simulation . The subject is required
to trace program execution and sho w
the simulation on paper . Presum-
ably, moat subjects predict usin g
simulation . Unless a step-by-ste p
simulation is demanded, however, i t
cannot be known whether the subject
is simulating or not . The simpler
examples of simulation are properl y
classified under the comprehension
level .

C. Application . The subject is give n
one or more subprograms and is aske d
how they might be used to accomplis h
some goal .

4 . Analysis-level techniques .

A . Inference_ . The subject is asked to
infer the objectives, prejudices, o r
assumptions of the programmer . He
may be asked to determine if th e
program was written with primar y
concern for apace economy versu s
run-time efficiency, to state th e
apparent primary and secondary com-
putational objectives of the pro-
grammer, to evaluate the degree o f
concern for error handling, and so
forth .

B . Extrapolation . The subject is given
code and final conditions and is
asked to supply initial condition s
sufficient to explain the program' s
behavior . The subject may be asked

to supply program input or variabl e
values . Note that what we hav e
called "prediction" and "extrapola-
tion" have elsewhere in the liter -
ature been called "forward compre-
hension" and "backward comprehen-
sion ." We prefer our more differen -
tiated terms, as the activities de -
scribed are only superficially sim-
ilar and are not equally difficult .
A variant is to ask the subject th e
circumstances under which a section
of the program is executed .

C Deduction . The subject is given par t
of a program and is asked to deter -
mine other program elements whic h
must be present . For example, h e
might be asked to deduce necessar y
or plausable declarations based o n
the presumed validity of a supplied
fragment .

D. Abstraction . The subject is asked to
create a higher-level abstraction o f
what he has read . An outline or
pseudocode version might be reques -
ted . The subject might be asked t o
insert section-level comments int o
an undocumented program . (Note how
this differs from translation . )

E. Location . The subject is asked to
identify the location where a cer -
tain function is performed . Locatin g
bugs is a particularly complex for m
of location, as the subject is no t

even told what he is looking for .

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

G. Explanation . The subject is aske d
to explain how some function is per -

formed .

H. Analysis . The subject is asked to
analyze the behavior of the program .
He may be asked to compute the num-
ber of times a statement is execute d
as a function of the input, deter -
mine the range of values taken on b y
a variable, explain the relation -
ships among variables, identify im-
plicit restrictions on input values ,
or otherwise characterize the range
of program behavior .

5 . Synthesis-level techniques .

A . Modification . The subject is re-
quired to supply changes which wil l
modify program behavior . The mod -
ification could be a change or a n
enhancement . The subject also coul d
be required to repair a bug . Such
a task is increased in difficulty ,
of course, if the bug itself is no t
identified in advance .
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B. Rewriting . The subject is asked to
rewrite a program or code fragmen t
with particular objectives in mind .
The use of different control or dat a
structures might be required, for
instance . Note that this and other
synthesis-level techniques may lac k
a major advantage of moat other com-
prehension measurements--ease of
evaluation .

C. Teat Planning . The subject is given
a program and is required to devise
testing strategies for it . A debug -
ging plan might be called for, base d
on a program and error report . A
teat plan for the program and/or ap -
propriate test data might be re -
quested .

6 . Evaluation-level techniques .

A . Criticism . The subject is asked to
evaluate a program with respect t o
some software quality metric . He
might be asked to comment upon the

appropriateness of its structure ,
the selection of identifiers, ita
consistency of style, or its modi-
fiability . Alternatively, two pro -
grams could be compared in these re-
spects .

B. Evaluation . The subject is asked t o
evaluate the design decisions im-
plicit in a program with respect to
another program, supplied or hypo-
thetical . For example, the subject
might be asked to evaluate the ap -
propriateness of using one algorith m
as against another with regard t o
space or time efficiency .

C. Appraisal . The subject is asked t o
assess the correctness of a progra m
or fragment . A formal or informa l
correctness proof might be required .
Alternatively, the subject might be
asked to determine the condition s
under which the program does not
perform properly .

18th EDITION OF BIBLIOGRAPHY OF COMPUTER-ORIENTED BOOKS

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

Bibliography of Computer-Oriented	 Books, recently released by th e

University of Colorado .

Significant in this year's listing is the increased quality of books o n

advanced programming (14 new books) and management of data processin g

(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 tw o

years .

All introductory-type books published prior to 1982 were deleted .

Despite the deletions, the bibliography still contains more than 1,250 book s

from 155 publishers . The bibliography separates the books into 8 6

categories and catalogs them according to type (reference, textbook ,

handbook) and style of presentation (programmed instruction, case study o r

narrative) .

Copies of the bibliography are available for $4 from Computin g

Newsletter, Box 7345, Colorado Springs, CO 80933 . The cost is $6 if a n

invoice is required .
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