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Abstract

A theory of human cognitive processes in writing code for computer
programs is presented. It views behavior in terms of three processes,
understanding, planning, and coding. The first of these consicts of
acquisition of information from the problem instructions and directions.
This is usad by the planning process to create a soiution pisn stated as a
set of functional specificaticns i/ a language which is independent of the
syntax of the particular programming language. The coding process
converts this plan to code using a rrocess named "symbolic execution” in
which pieces of code are assigned effects expressed in terms of the
functions the programmer intends the code to perform In achieving the
purpose of the program.

Within the framework of this theory, a more explicit model of the coding
process was developed. The model is based on a productinon system and
has been implemented as a computer program. Given plans taken from
protocols of a programmer writing a series of short FORTRAN programs, it

is able to generate the same code in the same order as the programmer
did.

The modei makes three assertions about programmer behavior in
writing programs:

1. Programmers have a large amount of specific knowiedge about
how to encode particular plan elements.

2. Programmers generste code by using the effects assigned to
each piece to generate the next.

3. The basic units of a programmer’s knowledge of language
syntax are determined by the way in which he uses the language,
rather than by pronerties of the syntax aione.

The implications of these assertions are discussed fo- the use ot
production systems to represent behavior, for teaching programming, for

error analysis in de-buggina, and for the use of back-tracking in problem
solving systems.
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A Theory of Computer Programming
} |
!

1.1 Imtroduction |

The development of large digi'al computers over the past 25 years has led to the
deveiopment of theories of human behavior which view It ‘n terms of information

processing systems; since its inception In the mid-1950’s the Information processing

framework for theories of human problem solving (Newell & Simon, 1972) has been
applled to a large, and still groving, set of tasks which can be categorized along a few
baslc dimensions. One large group of tasks that has been useful in developing the
mechanisms of the framework consists of laboratory tasks of short duration - a half
hour or less - with relatively little direct applicability outside the laboratory. Subjects
rarely have much experience with the tasks, and they do not attain any large degree of
skllii during the course cf the study. Examples of such tasks are symbolic erithmetic
("crypterithmetic™) problems (Newell & Simon, 1972), the Moore-Anderson loglc
problems (Newell & Simon, 1972), and the problems, such as Tower of Hanol and
Missionarles and Cannibals, used with the General Problem Solver (Ernst & Newell,
1969).

Other work In the context of this framework has follower! two major branches. One
direction in which work within this framework has moved is towards studying certain
simple, basic problem-soiving processes which act as the building biocks for problem-
soiving in a wide variety of tasks. Included are studies of concept-ldentification (Simon

& Kotovsky, 1963), children’s and adult’s seriation behavior (Young, 1973; Kiahr, 1972),

and children’s conception of number (Klahr and Wallace, :973).




A second major effcrt has been directed towards the study of behavior in more
complex problems such as chess (Newell & Simon, 1972). Though the segments studied
in the laboratory are usually short, chess differs from the tasks in the other groups in
that it is a task that takes a long period of time; an entire game takes several hours.
Additionall;l, and perhaps more important, behavior in chess is highly determined by
skills acquired over a long period of time and which are developed to a diverse extent
in different players.

One indication of this comes fro.n a study (Chase & Simon, 1973) on differences in
performance between a chess master and lesser players on tasks involving the re-
construction of a position cn a chess board after viewing the position on another board.
From analysis of timing data, the superior performance of the master player s
attributable to his ability to organize his perceptions of the board in larger short-term
memory chunks or urits than those used by the other players, rather than by his having
a larger short-term memory per se. In Simon & Giimartin (1972), this ability was
explained on the Yasis of the master’s having available a larger number of patterns into
which the pieces on the board could be organized. Since these patterns must be
acquired from experience with and study of the game, these studies show clearly the
importance of acquired skill, rather than inherent ability, in chess behavior.

The study of computer programming is an addition to this second group. Like chess,
computer programming is a quite protracted problem-solving activity; some programs
take as much as several hundred hours to write. Also like chess, programming involves
skills which are built Up over long periods of time; the existence of semester-iong

university courses in programming and of lengthy books written on programming

techniques are an obvious basis for this assertion.




Programming ditfers from the other members of this second group in one major

respect. In solving other probiems in this group, the problem solver’s behavior can be
described in terms of a closed, smail set of primitive knowledge eiements and a ciosed,
small set of operators which act on these knowledge elements. For example, a chess
piayer’s behavior In playing a game of chess can be described in terms of the player’s
knowiedge of conflgurations of pieces and of a set of moves or move sequences which
alter these config.rations; while these may very slightly between, say, openings and
middie-game piay, they remain essentially the same through out the game. These
knowledge elements and the operators form together what is known as a probiem
space; the probiem space together with the ruies for when the operators shouid be
invoked form & compiete modei of an individuai's behavior. As the evidence presented
iater in this paper wiil show, the situation In programming is quite different; instead of
solving the problem with & fixed set of operators and knowiedge eiements, new
knowledge eiements and cperators are continuousiy being irtroduced as the probiem-
soiver \'works towards a soiution. This is a typicai situation In a ciass of problems
referred to ss “design” probiems. Another exampie of a design probiem is the

arrangemeht of fixtures in a bathroom (Eastman, 1969).

1.2 A Theory of Human Computer Programming Behavior
Aithough programming is an activity which is engaged in, in one form or another, by
more.then a miilion people (Boehm, 1972), research on human behavior in programming
is very sparse. The eariiest research along this lines is a smaii group ofl studies
concerned with the effects of time-sharing versus batch on programmer productivity
(Grant and Sackman, 1967; Smith, 1967; Schatzoff, Tsao, and Wiig, 1967; Goid, 1968 ).

While chenging economics have aitered the answers to the basic cost questions that




these studies were aimed at, an incidental finding, the extremely wide range of
differences in performance across both problems and programmers, has been supported
by later studles. (A recent study by Weinberg (1974) suggests that this may, in part,
be product of programmer goals rather than a property of the task itself.) A second
group of more recent studies has been in the area of debugging behavior (Rubey, 1968;
Youngs, 1969; Gould and Drongowski, 1972; Gould 1974). While It is difficult to
summarize the results of all these studles, it is notable that they all indicate that
certain language structures appear to cauce particular difficulty in debugging. Worthy
of mention because of its title, the book, Psychology of Programming (Weinberg, 1971),
is directed more at the social psychology of the programming environment than at actual
programmer cognitive behavior. Finally, most recently there has been research done on
the effect of certain language constructs on program understandability (Sime, Green and
Guest, 1973; Weissman, 1973). It has eleborated the finding hinted at in the debugging
studles, that some language constructs are easier or better to program with then others.

The research presented here takes a ditferent approach than these previous
studies. Instead of attempting to measure individual variables associated with
programmer behavior, it presents a theory of the program writing process. The theory

is based on a set of ideas developed by Allen Newell (1974) (i) and lies within the

(i) The elements of the Newell theory that are used here are: (1) Development of
plans by heuristic search consisting of successive functional elaboration In which
functional specifications Invoke structures which, in turn, require further functions. (2)
Generation of code by a symbolic execution process in which, first, code is lasid down
and then consequences are generated from it. This consequence generation produces a

large number of sub-problems. (3) Solution of these sub-problems by a recognition
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framework of the information processing approach to human problem solving.

1.2.1 The Scope of the Theory

Though computer programming has been spoken of as though it were one task, In
fact, a number of different tasks are included uncier this heading. They include, among
many others, writing specifications for programs, writing progreams given a set of
speclfications, debugging programs that another programmer has written, and writing
documentation for programs. The particular task that has been selected for the focus of
this theory is one in which the programmer is given a description of the Input data and
a speclfication of the desired output. The programmer must then find an algorithm,
including the selection of a representation within the program for the external data, to
produce the desired output and implement the algorithm in the programming languege.
Ps a working situation, it is one which occurs frequently in scientific and educational
programming environments and as a sub-part of almost any larger programming task.

The theory is not yet formulated to include debugging behavior or situations in
waich different parts of the task are performed by different people, for example, as In
large system writing projects. These restrictions ere due mostly to limitations of
. resources, rather than to any inherent properties of the theory that are apparent.
Some justification for the debugging ommission Is that, since program writing proceeds
program debugging chronologically and since the debugging process includes or makes
assumptions about the processes which generated the code in the first place,
development of a theory of program writing ought to take precedence. Similarly, a
theory of how one individual performs the several parts to this task In sequence takes
;:;::;:s-.-;’;;;e.t-her with symbolic execution, this implies goal control dependent on the

problem structure rather than via a goal stack.
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precedence over theories about how the task is performed by severai indlviduels

interacting.

1.2.2 The Structure of the Theory

The theory consists of three besic processes, undsrstanding, pianning, and coding,
though this work wiil focus only on coding. [i asserts that each of these processes
occurs one or more times in every programming task. The relationships among the

processes, particulariy regarding the way they invoke each other are described in the

following sections.

1.2.3 Understanding

When a probiem-solver is presented with a probiem, he has a variety of sourcus of
information, both internai and externai, availabie about it; these Inciude his general
worid knowiedge, knowiedge about the generai type of probiem at hand, reference
works such as programming ianguage manuals, and last but not least written or spoken
problem directions. Before he can actually start work on the probiem, he must use
these Information sources to build representations of the basic elements that the
probiem deals with and of their properties. Specifically, he must have representations
of the initial state of the problem, the desired final state or goal, and one or more
operations which he can apply, appropriately, to begin the transformation on the initiel
state. The process of building these representations is referred to as "understending”
in this theory; it is one of the three basic probiem-solving processec which make up the
theory.

The modei for the understanding process that is adopted for this theory is based on

one developed for a variant of the Towers of Hanoi task (Hayes & Simon, 1973). In




their study subjects were given a single set of written instructions and had to solve the
prc;blem described In it. Their theory for the task proposes two basic processes, an
UNDERSTANDING process and & SOLVING one; only the UNDERSTANDING process will be
discussed here. In their theory, the UNDERSTANDING process extracts information from
the problem description until enough information has been extracted to permit the
SOLVING process to begin work. The SOLVING process then runs until either the
problem is solved or the probiem solver runs into difficulties; if this occurs controi may
then return to the UNDERSTANDING process. The UNDZRSTANDING process consists of
two sub-processes, a LANGUAGE interpreting process and a problem space
CONSTRUCTION process, which aiternate In the same manner as the UNDERSTANDING
and SOLVING processes. Explicit mechanizms are presented for the Internal structures
of the LANGUAGE and CONSTRUCTION processes, but no mechanism is provided for how
the slternation between the two takes piace. Simiiarly, while the general structure Is
outlined, no specific mechanisms are provided for the alternation between
UNDERSTANDING and SOLVING.

Not surprisingly, evidence of an understanding processes, In the form of alternation
between reading directions and reasoning about what they say, Is also seen in records
of behavior In programming problems. In essentlal structure, this understanding
process Is presumed identical to the one described by Hayes and Simon; information
extraction and Incorporation phases aiternate until understanding is complete. A mejor
ditterence from their model occurs in the relationship between understanding and ‘he
other pnrt.s of the problem-soiving process. When understanding terminates the
outcome In thelr model Is a problem space, a ciosed, smail set of operators and

knowledge primitives; the final solution to the problem takes place In this problem




space. In programming, as mentioned, problem solution does not take piace in the same

sort of problem space as fo- non-design tasks; what takes place instead when
understanding terminates is the second of the three processes which make up the

theory, plenning.

1.2.4 Planning

Pianning is the second of the three processes postulated by the theory. The type
of pian produced by It can best be described as a method for soiving the programming
probiem; it consists of specifications of the way in which information from the real world
is to be represented within the program and of lhé operations to be performed on
these representations in order to achieve the desired effects of the program. These
methods are used as schemas or templates to guide the writing of the actusi code in
much the same way as plans are used to guide solutions of logic problems by the
Genersl Problem Soiver (Newell and Simon, 1972),

It is an essertion of the theory thet such o plan exists for neerly every
programming probiem that fits within the besic task definition. The basis for this
sssertion of the existence of plens is ome of sufficiency. The space of possible
programs is huge, even in comperison with other complex tasks; compare, for example,
the number of possible, “reasonable,” programs with the number of "reasonabia” chess
games. Search of even a small fraction of this space is not feasible; therefore,
programming must involve extremely powerful heuristics which eliminate search or
reduce it to a trivial level. In nearly all programming languages, each line of code
actually invoives a great many declsions - basic statement types, variable and
expression choices, labels, etc. - and any heuristic which evaluates code on the basis of
a single decision is not likely to have sufficient power. Only the use of pians is a
powerful enough heuristic to make program writing feasible.

10




Plans are expressed in a functional language of the sort investigated by Newe!i and
Freeman (1971); functions specified in the ianguage invoke structures which, in turn,
require other functions, a type of behavior which may be characteristic of the whole
class of design problems. These functional specifications are organized in sequences in
the order in which they are to be carried out. If the program Is large and complex
enough, these sequences may be nested in one another so that one sequence acts as @
further elaboration or clarification for a step in another sequence. An example of this
might be in a program to print all the odd numbers In an array. The rlan could appeer
as:

1. Go through the array.

2. Test each number to see if it’s odd.

3. lfitis, print it out.

The second step might require the further eiaboration:

2a. Represent each number as an integer.

2b. Divide it by two.

2c. Multiply it by two.

2d. Compare the result with the original number.

2e. lf they are not equal, report that the number is odd.

It is worth comparing the use of this functional language for pianning in
programming with the content of pians in the planning version of GPS for the loglc tesk
(Newell and Simon, p.428; 1972). GPS plans by first solving the probiem using a set of
abstracted, usually simplified, operators to solve the problem and then using this
solution as a pian to guide solution using the originai set of operators. The way the
fatter Is done Is to convert each of the operators in the abstracted soiution into en
apply-type goal for solution in the original space. These apply goals specify a function

to be invoked, end they often result in the creation of sub-goals for the production of

certain structures. When used in this way, the languages of means-ends specification




used In GPS is equivalent to the functional language used by human progiammers In
thelr plens for programs.

Also relevent Is the language accepted by the Functional Description Compiler
routine of the Heuristic Compiler (Simon, 197%2). Fhe Input to this routine is a set of
specificetions of functions or operations to be performed. The lenguege used to state
these functions Is independent of the syrtex of the target languege end at
approximately the same level of sbstraction as that of plans in this theory.

For plans to operate successfully as heuristics, the functions specified In them must
be more globel and more general than those avallable as primitives in the programming
language. There are two reasons for this. The first is so that each function In the plan
generates several statements in the program; if this were not the case, then there
would be nothing to insure consistent use of variable names and the llke, and to
guarantee that a quantity calculated In one line would not be immediately recalculated In
the following line because it was needed again.

The second reason is that there are some decisions about the stru_cture of @
program which carry across many lines or sections of code and which cennot be
expressed in the primitives of most programming languages. One example of this kind
of decision might be the selection of a linked list data structure in @ FORTRAN program.
The use of this particular data structure will be important within the generation of
many lines of code, but there is no way to express this decision at the level of the
primitives available in FORTRAN. This reasoning supports the idea that the functions
specified in plans are more global and general than those available as primitives In the

programming language. which carry across many lines or sectors.

An important question in discussing programming plans Is to what extent these




plannirg functions are sufficiently global and general to be used across different
programming languages; this is equivalent to asking to what exter' the plan that the
programmer creates is dependent on the language in which the program will be wrlitten.

One possibility is that, for a given problem, an entirely different plan will be created
for each programming language in which the program is written. There are two
substantial arguments against this position. One is the introspective report of many
programmers that they are able to think about ihe solution to a programming problem in
terms independent of the syntax or semantics of a particular programming language. A
second Is the informe! finding that, when given a problem description and several,
similar, languages in which the program might be written, most "multi-lingual®
programmers have no difficulty in creating plans that will work In any of the languages.

A second possibility, representing the opposite extreme, Is that a single planning
process and functional language serve for all the languages that a programmer knows
and thet the plan is dependent on only the problem alone. This would Imply thet, for a
given problem, the programmer would use the same plan whether the target language
were LISP or FORTRAN. In fact, programmers do not usually use plens involving lists If
the program is to be In FORTRAN nor do they select algorithms using arrays for LISP
programs, indicating that the creation of a plan is to some extent dependent on the
programming language.

The locus of this language dependency seems to be shared between two attributes
of programming languages. Cne is in the data structures (and access methods) avallable
In the programming languages; languages which share common data structures probably
also share common plans and a common planning process. This would be consistent

both with the observation that programmers are able to create common plans for palrs
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of languages such as ALGOL and FORTRAN, which both have array data structures, and

with their creation of different plans for LISP and FORTRAN, which do not share e
common type of data structure.

The second attribute which determines whether different fanguages share common
plans could be control structure. Even two lengueges sharing common data structures
may not be able to use the same plarms if one hes a primerily recursive control strucure
while the other is strongly sequential. Comsider the differences in the flow-charts for a
LISP recursive factorial program versus a FORTRAN Iterative one.  This may also play
a roll in the report of many programmers thet they are unable to creste common
FORTRAN-LISP plans, even when the LISP has an erray features.

Planning does not take place as a single operation; inst;ad, a process of step-wise
refinement takes place in which each step makes part of the plan more detailed. The
terminating condition for the refinement is that some (reasonably large) part of the
plan is sufficiently detailed so that the programmer feels that he knows how to begin to
translate it into code, even though all of the details of the code are stlll unknown. At
that point the final process in the writing of programs, coding, takes over. The coding
process operates on a piece or part of a plan until either code is produced or some
criterion Is met which causes the coding process to report failure; when failure occurs
information is passed back to the planning process which again attempts to produce @
codeable plan. This alternation Is very much like that which occurs between
understanding and solving in the Hayes and Simon mode!.

As has been mentioned, the primary focus of this will work will be on the coding
process. Since the coding process is dependent on the outcome of the planning process,

@ brlef exploration of possible ways in which plans could be generated is worthwhile.

14
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To begin with, a recognition process must play a large role. In many, if not most,
programming problems, planning takes place fairly rapidly; in the problems studied in
this research, it began less than 1.7 minutes after the subject had received the
problem description and lasted less than 5 minutes in a 25 minute problem. Little ¢r no
evidence of of any kind of search activity was seen. This suggests that what takes
place is basically a match between characteristics of ‘he current problem and stored
information about similar problems that have been done in the past. The information
retrieved this way could be used either to retrieve a stored plan directly or to provide
other info}mation which could guide the operation of a simple, fast-;cting plan
assembler. This recognition mechanism also implies the existence of mechanisms for
extracting characteristice from current problems and mechanisms for abstracting plans
from solved problems. Building a theory of the latter will be an especially challenging
problem, as other work on plan abstraction has demonstrated (Fikes, Hart, and Nilsson,
1971).

While the recognition system may take care of the overwhelming majority of cases,
other mechanisms will be necessary for the cases in which stored information is not
sufficient. These might be divided into two broad, general classes: those which use
pr:-gramming knowledge and those which use knowledge from the real-world problem
tJomain for which the program is being written. In the former are included patching and
rearranging existing plans (Sussman, i973)% generalizing from examples: and the use of
diagrams or drawings (Gelernter, Hansen, and Loveland, 1960). In the latter are
included all those situaticns in which the programmer goes outside the programming
domain and uses knowledge about the intended use of the program, relationships among

the data, etc. to solve the problem; an example might be use of knowledge about a




company’s accounting poiicies tc, come up vith a pian for writing a payrolii program. (i}

1.25 Coding

The third of the three processes in the theory is coding. For human programmers,
the besic cycle for the generation of code consists of using the pian to select and write
a piece of code, assigning an effect or consequence to the code that has been written,
and comparing the effect or consequence to the stipulations of the pian. The resuits of
this comparison are used to select amd write more code or to chenge the code that has
been written; in turn, an effect is assigned to this new code which s compared to the
plan. This cycle conlinues untit the cumulative éffect of the code meets the
requirements of the pien or until some condition, such as effort expenditure, is met
which indicates that the piece of plen is not codeablie.

A similar cycle occurs if the programmer is going over ccde he has aiready written,
as often occurs when checking over code cr going back to add initializations. In this
case, the programmer takes each piece of the written code, assigns an effect or
consequence to it, and compares it with either the pian or with the effect he assigned to
the code when he wrote it the first time.

The effects that are assigned to code are based on the diffarentlation; among the
data that the program must actually make in order to accomplish its purpose. Consider
as an example a program for printing &' the odd numbers in a set of integers. The
program m.ust differentiate Letween odd and even numbers in order to perform this
tesk. An effect that couid be assigned to a iine of code in this program might be "if the
““(.i-;“l;-lt:;;njectured that one characteristic behavior in the writing of large, as
versus small, programs or systems is that more of the probiem-solving behavior
involves the use of this non-programming knowiedge.
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number is odd, this branches to statement 50," a statement which uses the information
about the odd-even distinction. As more lines of code are written, their effects are
accumulated in a manner which also makes use of these differentiations; thus, the
effects, "this loops through all the numbers” and "if the number is odd, branch to
statement 50," might be combined ‘o give "this tests each number to see If it's odd.”

When effects of this type are assigned to whole segments of code, the result is that the

code is executed with symbols such as "odd number" replacing the real data. Hance, the

whole process has been named "symbolic execution.”

The language in which these effects are expressed is a functional one that
resembles closely the language used to express plans. There is, however, an important
distinction between effects in coding and plan statements in the coding process.
Consider the plan statement, "loop through the list," and the effect statement, “this
loops through the list." The firs! is the statement of an intention, not an assertion of s
result that has been achieved; as such, no attempt is made to check its accuracy. The
effect, (i) on the other hand, is a statement about what the programmer believes code
actually does. Even without actually having the machine execute the code, the
progremmer can double-check this statement by making a second pass through the code

himself. In protocols of programming behavior, this distinction between planning

(i) If the plan is a very complex one, it may happen that the programmer attempts
to verify, while seemingly still in the middle of the planning process, that some part of &
plan does indeed achieve an effect that some other part of the plan requires. If the
reasonable assumption is made that what actually takes place is a brief coding episode
in the middle of planning, this kind of behavior is also consistent with the intent-effect

distinction.

17




statements of intent and coding statements of effect appears clearly enough so that it
mey be uaGd to Identity which of the two processes is taking place at a glven. point.

An exampie of a complete symbolic execution cycke for the probiem just mentioned
might start with the pian eiement, “test each number o see if it’s odd.” For a FORTRAN
program, the programmer would begin by writing DO 10 1=1,100 and assigning it the
effect, “this loops through all the numbers.” Given this effect and the pian, the

. programmer might next write IF(L(I)/2¢#2 .NE. L(I)) GO TO 20 and then assign it the
effect, “this lests whether its odd and goes to 20 if it is.” Finaily, after ciosing the DO

loop by writing, 10 CONTINUE, the programmer would summarize the effect of aii three

lines as “this loops through ali the numbers and tests each one to see if its 0dd." Since

this matches the pian element, program writing would proceed to the next pian element.

An siternative possibility in this exampie iliustrates another espect of symbolic

execution. Suppose the programmer had known only a test for even perity. Since it

was the only parity test available, he might have written IF(L(1)/282 EQ. L(1)) and

assigned to it the effect, "this tests whether its even.” Noting that the plan requires the

opposite effect, he would then alter "EQ." to "NE." to obtain the test for odd perity.

The generai principle illustrated here is that, confronted with erroneous code, the

symbolic execution proc2ss attempts to patch or modify it to obtain the desired effect.

This patching or modifying behavior is one of the main characteristics that

distingulsh symbolic execution from the sort of goai tree building and backtracking

behavior seen historically in programs such as the Logic Theorist (Neweli and Simon,

1972) and, more recently, in systems such as PLANNER and CONNIVER (Hewitt, 1971,

Sussman & McDermott, 1972) These systems rely heavily for problem soiving power on

the ability to backtrack to a previous, successful position. In symbolic execution, on



the other hand, attempting to modify or add on to whet had already been done tekes
precedence, and backtracking is an infrequent event.

When back.racking does take place in coding, it may occur st several levels. In
addition to attempting to code the plan element in an alternative way, It may be declded
thiat it is the plan which is at fault. When this happens, a return is made to the planning
process, and an attempt is made to find a plan or piece of plan which Is easier to code.
This new attempt in planning may even require a return to the understanding process to
re-interpret the problem. If the understanding process is considered to be a "top" level
process and the coding process a "bottom” level one, then this ability to backtrack to
the planning and understanding process represents a "bottom-up” process, and both

bottom-up and top-down processes take place in programming.

1.3 The Design Task Nature of Programming

In relating programming to other tasks which have been studied within thg theory of
human pro.blem solving, it was stated that programming differed from other tasks of
similar proportions in that new knowledge elements and operators were Introduced
continuously during the course of problem-solving. This design task nature of
programming can be derived by two independent lines of reasoning based on two
different aspects of the processes described in this theory. First, the recursive
interaction among the three processes makes it impossible to represent the entire task
in a single problem space. Even if each of the three processes can be represented
compactly as a problem space, the union of these spaces would contain too many
Qifferent operators and knowledge elements to fit withi~ the problem space definition.

A secund argument for the design-task nature of programming Is thet both the

planning and code generation processes have characteristics which make their
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representation as problem spaces extremely unlikely. In the previous discussion of
planning, two general classes of methods for the construction of plans were presented.
The first class of methods involved rapid, recognition-like processes. Behavior
produced by these methods might possibiy ve fit into a problem-spece characterlzation
since they could Involve classitying probtems using orly a few basic elements and then
generating the plans using a small set of operations. The fit of this characterization
would, however, |.robably not be a very good one, sinca some of elements end
operators would only be used once in given situation. For the second set oi methods,
the situation is even worse. Use of diagrams, playing with examples, etc. are behaviors
which would be very difficult to handle using a closed set of operations and knowledge
elements. For methods Involving use of knowledge from other domains, in particular, a
single, small set of operations and knowledge elements will be plainly unsatisfactory.
Since most of the methods which make up the planning process cannot themselves be
represented in problem spaces, it is clearly impossible to represent the entire process
this way.

The unsuitability of problem-space representations for the code generation process
is derivable from the way in which sequences of code are created. As each piece of
code Is lald down, the effects or consequences that are assigned to it serve as part of
the invoking conditions for laying down of the next piece. An alternative way to
express the same process is to consider the plan element and the effect of a previous
pieces of code as together constituting a sub-problem for the creation of the next
piece. A recognition process generates the required code to solve the sub-problem,
and the efiacts assigned to this new code serve as part of a new suo-problem. From

this perspective, code generation invoives the statement and immediate solution by
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recognition of a huge number of sub-problems. Representation of these problems and
their solution in terms of a small, closed set of operators and knowledge elements is
impossible ior most coding behavior, ruling out the use of problem spaces to model
coding behavior. Thus, since both the planning and coding processes cannot be

represented as problem spaces, an overall problem-space representation for the

programming task is not possible.

1.4 Qverview and Forward

The theoretical framework presented In this section is a complex one; it specifies
three major procasses, each of which may have a unique internal structure, which can
interact extensively with each other. In order to verify this framework against
experimental data, it would be necessary to completely specify the internal structure of
all tl;,ree of the processes and to spell out precisely the way they interact. Doing this
specification and verification for the complete framework would involve unavailable
resources of time and experimental effort. Therefore, th.s work will focus on

presenting a complete model and verification for only one of the three processes In the

theory, coding.
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A Data Base for Testing the Theory
In this section, the experimentil situation end deta used to develop and verify the
model of coding will be presented. While a more conventional format would be to
present this information after presentation of the mcdel, presentation he-~ has two

advantages: it will make understanding of the model easier by giving readers an actual

situation to refer to, and it permits some further explication with reference to an actual

programming situation of a few aspects of the framework presented in the previous

chapter. (Readers who find the conventional ordering more comfortable may read the 1
next chapter before reading this one.)

The data on which this demonstration is based consists of behavloral records of e
programmer writing and debugging 23 short programming problems. (Even though the
theory does not include debugging behavior, the subject was asked to debug the
programs, both to collect the data for possible future use and, more important, to Insure

that they were under the same sorts of constraints in writing the programs that they

would be under outside the experimental situation.) The 23 problems were crested

both to be similar enough so that the same behaviors would be repeated In different
problems and to differ enough to minimize learning effects across problems.
Additionally, they each had to be short enought to be written and debugged in a 2 hour
period.

All the problems involve manipulations on an array, L, 100 in length, filled with
random Integers. For the first subject for the first 8 problems the numbers lay In the

range, -10000 to +10000; this proved somewhat difficult to read in print-outs so that

22

- ' . ' — S -—-—J




the range was changed to -1000, +1000 for the remaining data collection. A second

array, M, also 100 long, was provided to be used for Indicating certain Information about
L. Each problem was given a proper name (e.g. LARRY) to avoid any Inference of
ordering among them. The problems are listed in Appendix 1.

Subject instructions were to write and debug each of the programs In FORTRAN
and to talk aloud about what was being done. Since FORTRAN as a programming
language is currently in disfavor with much of the computer science community, a few
words of explanation for its choice in this sludy are in order. FORTRAN was selected
because it Is probably the most widely “understood” programming language, and Its use
guarantees understandability of this study by readers unfamiliar with PASCAL, ALGOL,
LISP or a host of other languages whose use may lead to superior programming
practice. Use of one of these other languages would certainly have lead to different
programmer behavior than that observed with FORTRAN, it for no other reason than
that different languages have different syntax; however, there Is, as yet, no reason to
believe that this different behavior would require different mechanisms than those
already in the theory.

While v)orking on these problems the programmer could use both paper and pencil
and a 10 character-per-second, hard-copy computer terminal connected to an
in-teractive. computer system with which the programmer was familiar; alternation
between the two could be made as desired. His behavior was recorded via a throat
microphone and a video tape recorder with the camera placed behind the subject.
These recordings plus the written materials and the computer terminal output provide
the basic data on which this study is based.

For each program, the programmer was given a printed description of the problem
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to be programmed and a copy of the general instructions. Whenever he was ready to
enter the progrem Into the computer he was given the name of a file on ‘he computer
system containing the necessary Instructions to read the data Into to the L array, set
the M array to zeroes, and write out the L and M arrays st the end of the program.

The subject employed in this study was a very experienced programmer. At the
time of this study he was a graduate student in computer science at Carncgie-Mellon
University. Prior to serving In this study, he had more than 10 years of programming
experlence. This included writing LISP interpreters for the Control Data G20 and Univac
1108 computers, writing an assembly system for the Univac 1108 in FORTRAN, and work
on the 1108 ALGOL compiler. He has written substantial programs in FORTRAN, ALGOL,
LISP, SNOBOL, IPL-V, APL, and BASIC as well as several other, less-known languages
and dialects. He had been employed as a programmer by Carnegie-Mellon University,
International Business Machines, and the National Bureau of Standards. Finally, from fall
of 1969 through the fall of 1972 he taught introductory programming courses at
Carnegie-Mellon University.

The programmer was paid $2.50 per hour for his time and worked in sescions of up
to 2 hours in length, the length of any given session being determined by the
programmer. With the exception of the 15th problem, problem KEVIN, each problem
was completed in a single session.

To those not familiar with the information-processing approach to problem-solving,
use of only a single subject may require a few words of explanation. The information-
processing theory of problem solving regards behavior as highly history dep<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>