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A theoretical framework has been defined to elucidate the problems raised in the
training of analyst-programmers, and a beginning made in validating it in a preliminary
expsriment. This experiment cnabled it to be shown that a programming language is
progressively interiorized by a subject in the form of a “Systéme de Représentation et de
Traitement” (5.R.T.) or “Representation and Processing Sysiem”, in which the experi-
enced programmer can analyse probiems. Prior to this, however, he must have made
his analysis in other S.R.T.s that are more or less compatible with the programming
language concerned. Nineteen subjects of various level of training were made to
construct a CosoL flowchart of a Métro ticket-machine control problem. An analysis
of errors was made and the strategies used described with the aid of 22 variables in
order to determine the three principal steps involved in learning a programming
language.

1. Introduction

In the Afties and sixties when man-computer systems were passing through a period of
ranidly accelerating development, it was the technological! problems that were brought
to the forefront. During this time, it seemed that the cost of equipment was by far the
mGst important point. And it can readily be understood that the human faciors involved
were somewhat neglected. In fact, is there really a science of data processing, as opposed
to a technology ? Today it seems that the design of highly efficient machines is decreasing
their cost and it is the cost of the human brain that is now becoming predorinant. It is
obvious that it is the analysts, systems engineers, programmers, efc. . . who are tae
real brains of these systems, and today it is no longer possible to neglect the study of
their work and training. So far as analyst-programmers are concerned, the practice of
hasty battery selection development is beginning to cease and a serious work analysis
is being expected (Rouanet & Gateau, 1967; Strizenec, 1974). The strongest trend in
research is the detection of errors in programs and their correction (Young, 1974,
Gould, 1975); But the investigations carried out in this field are subjected to criticisms
that are often justified, in so far as the problems are sometimes badly stated and the
experimental techniques open to criticism (Weinberg & Schulman, 1974). A book seems
currently to be attracting much attention in this fleld (Weinberg, 1971}, but it is regret-
table that although the criticisms it contains are justified, the suggestions made are not
of the same dearee of pertinence. As regards the study of training, it seems that psychclo-
gists are leaving this to data-processing specialists (Barr et al., 1975; Warnier & Flanagan,
1971).
87



e o sy 4 s b

88 J.-M. HOC

In order to obtain a better understanding of the work of the analyst-programmer,
we embarked on a study of his training (Leplat, 1974). But underlying the concrete prob-
lem of training in many fields of industry and research, are numerous theoretical prob-
lems, affecting the analyst-programmer in particular, which concern the psychologist.
We shall draw particular attention to two among these. The first relates to the acquisition
of technical languages or codes in the situations, which are becoming increasingly
numerous, where the information obtained by the operator from his environment
necessarily passes through such codes (Cuny & Hoc, 1974). Specific or general codes
ranging from electrical wiring diagrams to programming languages are invading work
situations, but the problem of learning them for use in work is still rarely studied. The
second problem, which seems equally important to us, is related to the increasing use of
machines which are capable of controlling their own actions and thus of resolving
vast classes of problems. When designing or programming them, the subject no longer
takes specific actions in specific situations, even indirectly by means of codes, but uses
algorithms for classes of situations. He no longer finds it sufficient to decide what is to
be done in a specific situation; he must find a way to make the machine decide what is
to be done in any possible situation. The subject who can find a specific solution for
cach of the specific cases of a class of problems, for example, giving change, is said to
have an algorithm (Vermersch, 1972). But if he were to be asked what algorithm he uses,
this already would create quite a number of difficulties for him. Finally, by linking the
two problems to which we have referred, it can be appreciated that the construction of
an algorithm for a machine which does not operate like him, can create even greater
diffieulties for the subject.

In order to attempt to elucidate these two problems, we have defined an experimental
and theoretical framework which we shall now describe. The theoretical framework
hinges on the concept of a “Systéme de Représentation et de Traitement” (S.R.T.)t, for
which we will give a first working definition. The experimental framework is illustrated
at present by only one experiment on which we have based this paper, but we are inte-
grating it in an experimental procedure, which we will describe briefly. The experiment
we carried out consisted of an analysis of the work of the analyst-programmer during
the problem analysis phase. OQur study covered subjects of various levels of training.

2. Theoretical and experimental framework

- 2.1. MENTAL WORK AND S.R.T.

2.1.1. Device and S.R.T. _
Every time the question of mental work is raised, or rather in the majority of cases, the
explanation given must not relate only to behaviour, that is, the exteriorized part of
the activity of a subject. It must also relate to the mental processes involved (the interior-
ized part), which regulate and organize behaviour. Like Piaget (1947), we shall speak of
conduct to designate both processes and behaviour. To a psychologist, the study of
training is to determine the origin and causes of conducts.
- The aim of the conduct is fo adapt the subject to his environment; it thus implies
actions on the environment and obtaining information from it. The ways of doing this
must therefore be stated. It is for that reason that the notion of device is central to our
treatment of this problem. This concept is very close to the notion of machine, widely
1“Representation and Processing System™.
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used in mathematics, for example, the Tiiring Machine, but we shall not use this term
because, in work psychology, it has a meaning which is too specific.

To deseribe a means of relating the conduct of a subject to his environment (actions
and data capture) is to define a device, that is to say, an objective interface. This device
is able to perform, according to defined rules, a certain number of actions causing
changes in the environment or causing information to be obtained from it. A tape
recorder, for example, is a device. To record sounds, the surface of a tape must be modified
appropriately by manipulating keys and checking actions by means of a visual level
meter. These actions must be performed according to certain rules so as to obtain proper
recording. It is also possible to describe, no less objectively, these rules and actions,
which constitute a system which we call the device language (language and natural
language must not be confused in this context).

OBJECTIVE

SUBJECTIVE

oo o

DEVICE DEVICE ENVIRONMENT
LANGUAGE

Information catching

NSy
. G \ Action D .
< } Interiorisation

¢

Feedback
Fi1G. 1. Device and S.R.T s.

The operation of a device at different degrees of precision is sometimes described by
creating and using symbolic languages from a device language. These actions and
acquisition of information are then also described symbolically. This is the case of
programming languages for computers, in passing from machine languages to high
level languages, with the aid of assemblers. A device underlying each language used is
then obtained. Moreover, this symbolic aspect of language does not detract from its
completely objective character.

The first device which the human subject encounters is certainly his own body, which
shows why the term machine would be misleading. He will progressively learn the rules
and actions, in other words, we would say that he will interiorize them. He will encounter
numerous other devices whose languages he will interiorize. He will also be taught
languages of possibly very abstract devices, algebra, for example. As soon as a subject
is able to operate a device mentally and predict the outcome of his actions, even if his
predictions are incorrect, we say that he has constructed a representation with the aid of
which he can make calculations (Vergnaud, 1973). We have called this mental represen-
tation of a device a Systéme de Représentation et de Traitement (S.R.T.).

The distinction we make between these two concepts (Fig. 1) must be emphasized.
The device language, of which the device represents the operational aspect, is an objec-
tive matter, which is exterior to the subject. It cannot be the subject of a psychological
study and must be described by other sciences—semiology, mathematics, physics, etc.
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On the other hand, the S.R.T. concept is a subjective matter, in the sense that it no
longer exists when the subject is not there. The psychological study, whose aim is to
construct models explaining behaviour (Hoc, 1972), would thus concern S.R.T.s and
their interactions with the device languages. And it is on the basis of the S.R.T. concept
that an attempt will be made to explain the conduct of a subject.

In a given situation, the subject can be in contact with his environment in several
ways, that is, by means of several devices. This is often the case in industry where the
controller of a process, for example, can take direct action (in case of a serious incident),
and indirect action through remote control, or verbal or gestural commuaication with
other- operators. Moreover, at a given moment in his history, the subject does not have
a single S.R.T., but the devices whose language he has had to interiorize are numerous.
It can thus be considered that the'S.R.T.s of the subject are organized in regard to one
another. And, just as there exists a hierarchy of more or less abstract device languages,
so there is an S.R.T. hierarchy, of which the most-abstract could be formal logic, from
the moment that it itself had been interiorized. The subject has therefore been obliged
to create codes which, during his mental calculations, enable him to pass from one
system to anothker. It is these transitions that we shall call representative activity.

2.1.2. Problem

It is hardly possible to speak of a well-defined problem without specifying the device
that has to be used. Thus a situation can said to be a problem to the subject when he
represents to himself a pair of states—the initial state and a final state, that is, the
objective that he wishes to attain—and a procedure which leads from one to the other,
in one or several of the S.R.T.s he has at his disposal, providing such a procedure is
not translatable, word-by-word, into the device language. The problem which one
believes one is giving to a subject is not really a problem to him, if he is incapable of
representing these three elements. For example, the solution of a quadratic equation
with one unknown is not a problem to a baby a few months old; nor is it to a mathe-
matician—in the sense that the problem is already solved—who immediately represents
the solution by means of algebra. When there really is a problem, this definition empha-
sizes both the construction of a procedure in the device language and the definition of
a representation of the initial and final states compatible with that language.

A solution of the problem, for a given device, is an organization of the actions that
the device is capable of performing from an initial state to obtain the objective. Resolu-
tion is the activity in which the subject engages from the moment the problem has been
stated to the moment he has completed constructing the solution.

It appears pertinent to employ a two-fold problem classification; relating to each of
these two aspects—solution and resolution—as follows.

(a) First, a specific solution must be distinguished from a general solution. Given a
problem, that is, a class of specific cases, it is one thing to ask a subject what is to be
done in each case, and another to ask him to construct a general solution for all cases.
Thus a particular subject may be able to state what is to be done to give change in every
specific case, but incapable of giving a general solution for all cases. In general, it is said
that when a person is able, without difficulty, to give a solution for every case, he is
showing an algorithmic behaviour; but this does not mean that he is capable of exterior-
izing the algorithm concerned.

(b) The second distinction relates to the resolution of the problem. It is possible to
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have the results of actions immediately or only after some delay. In the first instance,
as soon as the device has performed an action, the subject is faced with a new problem.
This is the strategy used in the GPS; for example (Newell & Simon, 1971). On the other
hand, and this is the case in programming, it is possible that this feedback is obtained
only when the solution has been written out completely.

2.1.3. Interiorization of a device language

It is clear that the theoretical framework describes an interaction between the subject
and his environment and that this occurs during his representative activity. At the
moment when the subject is given a problem, the organization of his S.R.T.s is an
important determinant of his conduct. Thus he first of all uses the tools that he has at
his disposal and of which we must have a minimum knowledge. But it is particularly
when the device is new to him, that the device language will interact with the S.R.T.s in
so far as the subject will have to interiorize it.

When a subject is given a problem, and the utilization of a device new to him is
imposed on him, it can be believed that he will first use an S.R.T. close to this device,
_that is, one that is the-representation of a device close to it, or, failing that, a more
abstract S.R.T. And it is only through the errors made in the first case, and the cost of
the strategy in the second, that the subject will modify one of his S.R.T.s or construct
a more appropriate new S.R.T.

But care must be taken not to believe that interiorizing a device language consists
merely of learning its rules and actions. The dictionary and syntax of the language are
not sufficient to reflect it (Lomov, 1971) in the form of an S.R.T., in which it would be
possible to calculate rapidly. This S.R.T. is not independent of the problems the subject
has resolved by using the device concerned. It can be said also that he has learnt “phrases”
of this language, that is, often used organizations of actions, providing solutions of
frequently encountered sub-problems. Thus it can be expected that the subject will
have constructed an S.R.T. at several levels in the course of his experience of a device
language. For example, an experienced FORTRAN programmer will be able to order the
elements of an array without any difficulties. And the fact that he knows this procedure
will lead him to represent a set of elements to be ordered in the-form of an array. These
known procedures enable the subject to construct an overall representation of the
" procedure (Simon & Barenfeld, 1969). In addition, the representation of preblems
calling upon the use of a given device will be made immediately by an experienced
subject in an S.R.T. compatible with the device language. On the other hand, a teginner,
with no such S.R.T. will attempt to make word-by-word translations of solutions
associated with other devices in the language of the device concerned.

Instruction must therefore consist of making the subject construct this S.R.T. and
know its state of development as often as possible (Leplat e al., 1974). Appropriate
obstacles must be created for the subject so as to enable him to detect the unsuitability
of the current state of this S.R.T. himself. Caution must be exercised, particularly in
the rather common case of a figure, where the subject has an S.R.T. which happens
to be a sub-system of the S.R.T. which it is desired to construct.

In that case, if the subject is not assisted, he will never realize its inadequate nature.
Thus evaluation of training is related to the progressive interiorization of the S.R.T.
linked to the device language.
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2.2. EXPERIMENTAL PROCEDURE

We chose a location where it was possible to find programmers of various levels in a
field which is representative of the profession, namely, management programming. The
experiment thus took place on the premises-of a computer manufacturer with 19 subjects,
all volunteers. The experiment was carried out on individuals separately, each experiment
lasting one hour and a half. We limited ourselves to Sbserving the analysis phase of a
problem, which appears determining to us. The study of the program-debugging phase
on the machine does not assume all its meaning until after the analysis phase has been
completed. Each subject was given the same control problem (not a simulation problem)
of a Métro ticket-machine, which gives change. Each was asked to construct a program
flowchart on a board. The subjects were permitted to exteriorize representations of the
problem in this type of structure in any language which enabled a standardized analysis
of the results to be made. The task then was to obtain CoBOL statements in the boxes at
the end of the experiment. All the subjects were familiar with CoBoL syntax. A sufficient
number of photographs of the board of each subject was taken to enable the construction
of the flowchart to be followed step by step. A tape recorder récorded verbalization.
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FiG. 2. Diagram of the transmissions between the computer and the ticket-machine.

The answers given in reply to questions asked by the subjects were reformulations of
this or that point of the problem statement to which the difficulty that had arisen referred.
We shall call the terminal flowchart the chart on the board at the end of the test.

We shall summarize the statement of the problem by saying that a Métro ticket-machine
1s connected, like an ordinary peripheral, to a computer which is to control it (Fig. 2).
The problem was given to the subject from the point of view of the traveller and he was
also given a description of the numerical codes for the transmission of information
between the computer and the ticket machine. The traveller can pay, as he wishes, with
three types of coins in order to obtain one of three possible tickets. Consequently the
number of possible specific cases is infinite. It is assumed that the ticket-machine has
an inexhaustible stock of tickets and coins. Each subject was asked whether he considered
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that it was possible to write a program that was easy to modify if the numbers of tickets
and coins were increased (Fig. 3).

READ TICKET

[ PrICE=TICKET/2 )

READ C@IN

CIN=END-PAY

Yes

IC=I1C - 100

[sum=sum+vaLc (1C)]

S

No
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WRITE TICKET

PERFZRM [C= 1, 3
GIVING - CHANGE

((GIVING-CHANGE )

[nc=sem/vaLe (o) ]

PERF@RM IN=1,NC
GIVING ~CZIN

[sum=sum=nc e vaLcuo]

GIVING -C@IN

WRITE CQIN
F1G. 3. An algorithm for the problem.

This problem was chosen for three basic reasons:

(a) it was possible to determine what occurs when the programming language is
varied, as none was particularly appropriate to this type of problem;
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(b) it involved most of the conventional statements in a program, as well as the most
of the common structures—for example, it was impossible to resolve this problem
without using a loop structure;

(c) it concerned giving change and providing tickets—all the subjects were thus
capable of producing a specific solution for each specific case, which did not
place any subject at a disadvantage.

With the aim of creating descriptors for the observations made, while at the same time
developing.a theory to give these observations meaning, we approached this problem in
two paralfel ways and tried to adjust these to one another. The first was to give a clinical
interpretation of the conduct of a subject, and the second, to create numerical descriptors
for this conduct. In the necessarily limited framework of this paper, we shall not be
able to enter into the detail of the construction of these descriptors and the analyses
which we made. We will therefore give a very short description of this, concentrating
on the logic of these analyses and the interpretations which they allowed us to make.

3..Analysis of data

3.1. INTRODUCTION

3.1.1. Description of S.R.T.s

From these analyses we obtained a certain-amount ef information on the properties of
the S.R.T.s that were used by the subjects and on the relationships between these S.R.T.s.
It was obviously not our objective to define these S.R.T.s with precision, for this would
have necessitated studying each one of the subjects in detail, which would not have
been justified in the context of our plan. Nevertheless, we do not doubt that it would be
very useful, in trainingto determine the causes of specific conducts which differed particu-
larly from those of other trainees. This may evidently be a matter of brilliant subjeets or
subjects that had encountered apparently insurmountable difficulties.

Moreover, if we had wanted to obtain such details, we would not have placed the
subjects in a problem-solving situation in which the S.R.T.s could only be partly exterior-
ized. On the other hand, we plan to characterize a specific S.R.T. precisely during the
various stages of training of a course for management analyst-programmers, which will
last ten months. Such a series of experiments relating to the study of the interiorization
of a programming language (CoBoL) in the form of an S.R.T. will obviously enable us
to provide a more precise description.

In regard to the analyses which we carried out, it should be mentioned that the prob-
lem statement defined several devices, and therefore several device languages, which
could lead the subjects to calculate in several S.R.T.s as follows.

(@) The “TRAVELLER” device. The statement of the problem was made from the
point of view of the traveller. The actions the traveller is likely to take were
therefore described (ask for tickets, introduce coins, etc.) as well as what he
was to receive in return.

(b) The “TICKET-MACHINE” device. The operation of the ticket-machine was
described in order to give the subjects an understanding of the coding it performs
as the result of the actions of the traveller. In addition, it eliminated errors made
by the traveller as well as problems relating to the management of the stocks of
tickets and coins.
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(c) The “NUMERICAL CODES” device. This designation may seem surprising. It
concerns the device that is created after coding or before coding by the ticket-
machine. The numerical codes correspond to the actions the computer will order
the ticket-machine to take and the information it will receive from it. This device
is thus the interface between the computer and the environment that it is to
control, in fact, it is a peripheral.

(d) The “ACCOUNTING” device. It is in terms of the sum received, sum to be
returned, etc. that the passage from the class of initial states to the class of final
states is expressed.

(e) The “COMPUTER” device. This obviously refers here to a device defined by the
CosoL language and not to a computer in general. It will be remembered—
to make the situation clear—that the problem presented to the subjects had
to be resolved by the construction of a solution in the language of this
device.

The statement of the problem also defined the codings between the languages associ-
ated with these devices (excepting (e) of course). It must be emphasized therefore that
the problem presented to the subjects was not defined in the terms of the device language,
which is a common situation that is, moreover, not particular to the programming
of computers, as it also occurs in many design tasks, for example. Nevertheless, the
programming language concerned is evidently compatible with the “numerical codes”
and “‘accounting” devices, in the sense that the calculations in one or other of the
systems can be exteriorized in the program, just like the coding between the systems.
It should be noted that the S.R.T.s obtained varied greatly and were far from being a
faithful reflection of the device languages mentioned. Finally, some of the exteriorized
representations were very abbreviated in that the elementary actions associated with
the device concerned were not shown. We shall therefore now attempt to give the
information we obtained on the properties and inter-relationships of the S.R.T.s exterior-
ized by the subjects, within the limited framework of our experiment.

3.1.2. Comments on methodology

The analysis of the photographs and the magnetic tapes made led to two protocols.
The first related to the errors made by each subject. These errors were classified by type
and the presence (1) or absence (0) of each type of error was recorded for each subject.
The second protocol related to the numerical descriptors which we had developed in
order to describe the constructicn of the terminal flowchart produced by each subject,
the properties of the former and the relationships between them. We thus had two
multivaried protocols, an analysis of which led us to study the relationships between the
variables and the subjects. But these protocols were very different—one resembled
a logical description table, the other a table of measurements. On the other hand,
since only a limited number of subjects was available, it was necessary to limit the
number of variables to be subjected to the same analysis so that they could be
described.

We therefore made a specific analysis of each of these protocols. The first was broken
down into its complete disjunctive form so as to be able to attach as much importance
to the presence as to the absence of an error; it was then subjected to Correspondence
Factor Analysis (Benzecri ef al., 1973). The second comprised very varied variables and
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was subjected to Correlations Factor Analysis after centering and standardizing the data
(Deniau et al., 1973). The MLIF programs used were those of E. R. Yagol-Nitzer.t

It is known that the two methods are based on the same principle, except that the
metric used is different. Each subject was represented by a point in the multi-dimensional
space defined by the variables. The object of the analysis was to determine a sequence of
orthogonal straight lines, defining new variables (the factors), according to the maximiza-
tion rule of projected cloud variance. A sequence of decreasing variance was then
obtained. The metric is used for calculations of variance. In one case, Correspondence
Factor Analysis, the chi-square metric is used, and in the other, Correlations Factor
Analysis, the usual metric is used.

3.2. ANALYSIS OF ERRORS

3.2.1. Status of error

Before beginning this analysis, the status we give to an error should be explained. We
shall leave aside the lapsus type of errors which arise in calculations inside an S.R.T.
and which can occur even when the S.R.T. is an accurate reflection of the device lan-
guage. A good example is provided by the formulation of the comparison tests in which
“<” and “>>” are confused, in particular, and also “yes” and “no” outputs in the tests.
Apart from these cases, an error will be defined by reference either to a device or an
S.R.T. An error will be said to have occurred when the result of a calculation or the
calculation itself, made inside an S.R.T., is incompatible with the device or reference
S.R.T. For example, it can happen that the subject calculates in an S.R.T. structure
which is ricker than the device language, “enriching coding” (Cuny & Hoc, 1974),
and is led to perform operations which are incompatible with these that have a meaning
in the device language. Thus, for example, certain subjects represented the “numerical
codes” device in algebraic form and calculated the sum received by adding the numerical
codes. It is obvious that this would be useless to them and would be incompatible
both with the “numerical codes” device and the S.R.T. corresponding to the ‘““‘account-
ing” device. It is evident that it is the latter incompatibility which would make the subjects
recognize their error.

An error is therefore a divergence indicator which can serve both the subject, so long
as he is able to detect it, and the observer, to enable them to indicate that either the
device language has not been completely interiorized or that certain S.R.T.s are incom-
patible with one another. In the situation in which we placed the subjects, they could not
detect an error except by reference to an S.R.T., since none of the devices involved were
available. They could thus not provide them with the necessary feedback information.
The errors which we recorded were corrected sometimes, but we were not able to make
use of these error corrections for the same reasons as those that prevented our carrying
out a detailed analysis of the S.R.T.s used by the subjects.

The errors were divided into broad classes, each subdivided into sub-classes (Appendix
I). This typology was used in accordance with the various possible references for the
definition of an error and in no way forecast errors as a function of the training level.
This will be the aim of the Correspondence Factor Analysis which will enable us to do
this. The first class comprises the errors revealing divergences between the S.R.T.s in
which the subject calculated and the devices defined in the problem statement. In the

tU.E.R. de Mathématiques, Logique Formelle et Informatique, Université René-Descartes, Place
de la Sorbonne, 75005 Paris, France.
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second class are the errors revealing incompatabilities between the S.R.T.s used (without
any reference to the problem statement).

3.2.2. Interpretation of factors [Tables 1(a) and (b)]

We will use here the first 3 factors which account for 567 of the cloud variance. First,
it will be seen that there is a distinction between subjects (two) who represented the
solution as a non-exhaustive list of specific solutions and the subjects who straight-away
presented a general solution. The other factors bring out two types of distinctions in the
second group of subjects (the subjects of the first group were very poorly represented as
regards these two factors). First, it is possible to distinguish the subjects who first detail
the difficult parts of the solution, before detailing the easy parts, from the subjects who
detail the entire solution, from beginning to end, if necessary starting all over again from

TaBLE 1
Analysis of errors

(a) Eigenvalues

Percentage  Cumulated

Factors Eigenvalues  Variance percentage
1 02941 3237 32-37
2 0-1239 13-64 46-01
3 0-0925 10-19 56-20

(b) Relative contributions of well-represented errors to variance

of axes (%)
1st factor 2nd factor 3rd factor
Positive **A3 110 *Al 48 *Al 65

co-ordinates *Ad4 49 A2 36 *B3 56
*B4 79 Bl 30 *C3 717

Cc2 25 *B2 74 D3 30

C4 41 Ct 28 El 35

*D2 56 C3 16 **F2 96
**E2 110 *E3 75 Gl 12
*F3 73 F1 27
Negative A3 13 *Al 66 *Al 47
co-ordinates A4 13 A2 17 C3 27

B4 21 **Bl 112 **El 98
T2 18 B2 34 F2 26
Ci 15 Cl 111 **G1 100
DZ 117 *C3 46
E2 13  *DI 110
3 19 E3 20
F1 77
Note: An overlined error indicates the absence of that error.
Asterisks refer to the high percentages.
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the beginning, if the solution does not seem to be appropriate. The third factor distin-
guishes two types of coding difficulties between S.R.T.s. Those which originated in the
translations between the S.R.T.s of the same level of precision and those which originated
in detailing (‘‘rewriting”).of an abtreviated procedure.

Ist Factor: Specific solutions and general solution. This is seen as the construction of
a list of specific solutions for a few specific cases (E2)f, defined at a very fine level.
Cases classes are not concerned. This list is translated word-by-word into the program-
ming language in the form of a highly ramified test tree. There were no calculations in
an S.R.T. associated with CosoL which at that time had not yet been constructed, but
in other systems; these calculations, however, were not exteriorized in the flowchart.
The subjects postulated specific initial states (A3) and associated the corresponding
final states with them. The recognition of the initial state by the computer (data acquisi-
tion) was thus not programmed, like the transmission of the final state (A4). These two
subjects can be considered as absolute beginners in that not only did they not calculate
in an S.R.T. associated with CoBoL but, in particular, they had-difficulties in constructing
algerithms.

2nd Factor: Details of difficult parts and details of whole. In the first group, the subjects
found the difficult parts of the solution for which they at once defined the mode of
representing the data which would make it easiest for calculations (F1). They therefore
proceeded in jumps, passing over the easy points, which they were not in the habit of
detailing in a flowchart, and including them directly in the program. As already stated,
they constructed solutions for the frequently encountered sub-problems. In a way, the
first action of these subjects was immediately to code the data in the S.R.T. correspond-
ing to the programming language, and then calculate with these representations without
departing from this S.R.T. It should be noted that the necessary integration of Code 99
(end of payment) with the values of the variable COIN (BI) which they obtained had
no meaning except in the programming language.

In contrast, more detailed constructions of solutions were found, but when the
underlying S.R.T. did not appear to be appropriate, a word-by-word translation was
made in another S.R.T., which produced errors as there often was incompatibility (E3).

3rd Factor: Re-writing and translations. On one hand, one found subjects who exterior-
ized an abbreviated representation of the solution and then tried to rewrite it in other
S.R.T.s, but as they detailed the representation, they began to question it (El). By
analogy, we would say-that the division of the final elementary actions is not a sub-
division of the abbreviated representation. In other words, the device underlying the
latter is not compatible with the former. Coding is impossible in that the properties of
the first S.R.T. chosen are incompatible with the final S.R.T. Thus subjects may be led
to compare incompatible representations (G1) in tests.

In contrast, it was also found that there was confusion between the corresponding
representations of the same information belonging to different S.R.T.s (F2) and that
some subjects had begun constructing the delivery procedure before they had under-
stood where the end of payment would be tested (B3). They were thus unable to make
an abbreviated representation of the solution which requires the division of the solution
into at least two independent parts. Since the representation of the reception of the coins
was not clear, the ticket-machine (A1) was simulated. Lastly, difficulties were encountered
in constructing procedures compatible with the requirements imposed by the outputs (C3).

+These letters refer to the tables.
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3.3. ANALYSIS OF NUMERICAL DESCRIPTORS
Twenty-two descriptors were constructed (Appendix 2): which refer
(a) to the construction of the terminal flowchart,

(b) to the properties of this flowchart, or
(c) to the relationships between the construction and the terminal flowchart.

These descriptors are either counts or percentages. Some of these require comment.

(1) Construction: the smallest unit we used was the “writing”, that is, a written opera-
tion in a box. Such an action can be descrited in an abbreviated or not abbreviated
form or in CoBoL or not in CoBoL. We have referred to rewriting (TR). This has to be
distinguished from abbreviations (TL) which consisted in replacing an already detailed
procedure by abbreviated writing.

A
L ] L]

Alternative structure Loop structure

Awvoiding structure

Fi:. 4. Samples of structures in the terminal flowchart,

(2) Terminal flowchart: we constructed an algorithm for analysing the terminal flow
chart, but will not go further into this here. The principle of it is to use three basic
structures (Fig. 4) and describe the structure as a whole, using a generative grammar
where these structures are used recursively. Each test defines a structure. It should be
noted that the redundancy descriptors of the flowchart (repetitions of tests: PQD,
repetitions of instructions: PID) are all the smaller, the greater the redundancy. Lastly,
it should be noted the greater the PDH, the less ramified is the flowchart.

(3) Relationships between construction and terminal flowchart: the two descriptors
(PVT and PQT) are all the smaller the greater the number of variables or the number of
tests created during construction which will not appear in the terminal flow chart.
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A first analysis covered the 19 subjects and the 22 variables. It enabled us to describe
the two absolute beginner subjects. Details of this analysis-will not be given in this paper.

It should be noted, however, that this first analysis enabled the difficulty encountered
by subjects in exteriorizing algorithms to be confirmed. This difficulty was reflected in a
degeneration into particular cases, that is, a large number of -tests (TQT) and strong
ramification (PDH). But, in defining a specific case, the subject endeavoured to define
a path through a number of tests, However, for each of these, only one branch was of
interest to him each time, and there remained empty branches, either because the subject
did not return to them or because they corresponded to impossible cases. These are the
unfinished structures (PIN), which are very frequent with absolute beginners. It was also
found that these subjects had difficulty in using loop structures (PB), alternative struc-
tures being preferred (PA). Lastly, it was found that these subjects used few variables
(TVT). It is known that they were seeking to make the specific final states correspond
to the specific initial states. To achieve this, they used tests and practically did not
exteriorize any calculations at all. Consequently they created very few variables.

The second analysis covered the 17 other subjects and 13 variables. The differences
between these subjects were masked in the first analysis by the predominant contribution
of the absolute beginners in the definition of factoss. On the other hand,-a certain number
of variables were eliminated either because they appeared useful only to describe the
absolute beginners, or because their contribution was small. They could intervene only
when the differences were too fine for our sample. We shall comment on the first 4
factors which account, in total, for 76% of the cloud variance (Table 2). The first factor,
completed by the second, enabled two new steps after the absolute beginner stage, to
be defined. The other two factors (3 and 4) describe the calculations with exteriorized
representations.

Ist Factor: Exteriorization of an abbreviated representation and non-exteriorization.
The fact of making an abbreviated representation of a solution certainly is a sign of
progress by comparison with the type of representation produced by an absolute begin-
ner. Thus the work is no longer to produce a list of specific cases, but in fact an algorithm,
that is, for a class of problems. The strategy used does not consist in seeking a “vertical
division” of a problem into specific situations, but rather to make a ““horizontal division”
into independent procedure parts valid for the whole of the class of situations.

But this, it seems, requires two steps which are illustrated by the distinction defined
by the first factor between the subjects who feel the need to exteriorize this abbreviated
representation (rewriting, TR), and those for whom there is no difficulty in this connec-
tion and they therefore do not exteriorize it. These latter write out the flowchart directly
in the programming language with the aid of the corresponding S.R.T. which they have
constructed and in which they can calculate, when the data have been coded correctly.
Most of the variables and tests defined during the construction work were final: large
PVT and PQT. These subjects used loop structures more widely (PB), which weuld be a
characteristic of the S.R.T. corresponding to the programming language, since they
are often implicit in current problems. Finally, the tree structure obtained by these
subjects was small (PDH). They had the possibility, by coding the data correctly, of
not needing to distinguish between the classes of specific cases until as late as possible
and as little as possible.

The guide constituted by the abbreviated representation exteriorized by the other
subjects armed them against redundancy of instructions and tests (PID, PQD). But, as
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was seen during the analysis of errors, this representation can be questioned (instruction
shifts, TD). Finally, it was found that subjects often used alternative structures (PA),
since a large tree structure still appeared in each independent part of the procedure.

TABLE 2
Analysis of numerical descriptors

(@) Numerical indices: eigenvalues

Percentage  Cumulated

Factors Eigenvalues variance percentage
1 4-0354 3104 31-04
' 2 2-2990 1768 4873
3 1-9307 14-85 63-58
4 1-6441 12-65 76:23

(b) Numerical indices: relative contributions of well-represented errors to variance

of axes (%)
1st factor 2nd factor 3rd factor 4th factor
Positive *PB 195 *PDH 22-8 *PaD 163 PID 58

co-ordinates *PVT 172 *PA 135 *PID 142 PA 55
*PQT 112 PQD 90 *PQT 98
*PDH 61 TR 64

Negative *TR 137 *PEV 30-5 *TE 378 *TL 461
co-ordinates PA 78 T 7-0 PA 68 *TD 344
™ 72
PID 70
PQD 47

Note: Asterisks refer to the high percentages.

2nd Factor: Linearity and non-linearity in procedures. The two possibilities relating to
the first factor must be completed by the second factor which differentiates between the
subjects who, by employing avoiding structures, endeavour not to diverge too much
from the linear procedure. PEV contributes 30%, to the definition of this axis. In fact,
this is a disguised tree structure, since these structures as used are equivalent to the
alternative structures, which is the reason for the large PDH and PA contributions
appearing on the other side of the axis. The second axis completes the distinctions of the
first axis, since the subjects poorly represented on the first axis appear on the second
with avoidance structures or non-written parts of procedures (TT), which results in their
not doing too much re-writing (TR).

3rd and 4th Factor: calculations with exteriorized representations. By recording the
erasures, insertions and shifts during the construction of the terminal flowchart, we
had intended to show calculations with exteriorized representations, which are easier
that internal calculations. We found, however, on one hand, that the erasures (TE) are
made independently of insertions (TI) and instruction shifts (TD), since they appear in
two orthogonal axes. Moreover, since we noted that they go with a certain procedure
redundance (PQD, PID), it can be believed that these are local calculations, without
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any overall view of the procedure. With the aid of these erasures, it would be possible
to exteriorize a procedure and replace it by another, noting the faifure. With the shifts
and insertions, the temptation would be to-improve it without questioning it.

4. Conclusions

This preliminary experiment has thus enabled us to describe three steps in the strategies
of problem analysis for programming them for computers. We have interpreted them as
steps in the interiorization of the device language, which lead the subject from a word-
by-word translation of procedures, in S.R.T.s foreign to this language, toward a possi-
bility of calculating in an S.R.T. which is an accurate reflection of that language. We
will'summarize these steps as follows:

(1) The first step consists thus in constructing a minimal S.R.T., in which it will be
possible to represent algorithms to oneself, that is, something other than specific solutions.
In the current problems that have to be resolved, the subject does not handle algorithms
for two basic reasons. First, the solution which he has to obtain is often associated with
a specific case and a certain number of actions remain implicit: the loops, and the
acquisition and transmission of data. Next, a subject is-also not often confronted with
devices to which a complete procedure has to be given before it is applied, and the most
common devices do not themselves control the execution of the actions which they are
commanded to carry out. It is up to the subject to do this. Another aspect of the conduct
of the absolute beginner subjects has to be added to this. We have seen that it is poss-
ible to exteriorize calculations made in several S.R.T.s in a computer program,
provided the coding between these S.R.T.s in the program is exteriorized correctly.
But the translation of these calculations into the programming language can be more
or less satisfactory. It was found that these subjects made uneconomic word-by-word
translations, this being due to the fact that the device language had not yet been inter-
iorized; only the elementary actions and the rules of syntax had been learnt.

(2) In the second step, this intericrization process had not been completed yet and it
was found that there still were translations in the programming language made in
various S.R.T.s. But instead of representing the problem to himself as a list of specific
cases, the subject now represented it in an organization of abbreviated processes. We
have stated that the emphasis was no longer on a “vertical division” (tree structure) of
the problem for specific cases, but on a “horizontal division” of the problem into rela-
tively independent procedures. This time the subject was handling algorithms. We
believe that all abbreviated representation of a process is related to a device capable of
implementing it, if the elementary operations to be carried out are specified. This abbrevi-
ated representation of the solution will be questioned, just because the underlying device
is not yet a computer. And it is_this that causes local adjustmeats in ¢lementary actions
to be made, during which subjects lose sight of the overall view of the procedure, namely,
the one that they had questioned but not replaced.

(3) The last step consists in correctly interiorizing the device language, which will
continue to improve as professional experience is acquired. The corresponding S.R.T.
is constructed on several levels. The elementary actions and the syntax of the program-
ming language are interiorized, and so also are entire often-used algorithms, which
enable an abbreviated representation of the solution to be obtained for the device
concerned. This overall view of the solution leads the subject at once to define the best
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representation of the data but, in the first place, to detail only the difficult parts of the
solution for which there are no ebvious algorithms. Since, for the easy parts of the
solution, there still remain several degrees of freedom for the representation of data,
it is these difficult parts that will govern the final choice.

Since all this information has now been obtained, it remains for the steps in the
construction of such a S.R.T., that is, the interiorization of the programming language,
to be described more precisely. It will be necessary therefore to investigate the influence
of the initial level of the conduct of a subject (pre-training) and that of instructional
guidance, that is, guidance of a subject’s conduct, on such an interiorization. To do
this, we shall make use of the diachronic method during a training course for manage-
ment analyst-programmers which will last ten months.

But the theoretical framework which we are developing must be validated in fields
other than that of computer programming. This, in particular, applies to the command
languages or codes and the increasingly large number of tasks for which an operator
must construct and use algorithms. In all cases, work analysis must associate the study
of mental processes with that of behaviour in order to solve the problems of training
and the design of technical languages or codes.

We wish to thank the Compagnie Internationale pour I'Informatique, and in particular
Mr Stein, for enabling us to earry out this experiment.
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Appendix 1
CLASSIFICATION OF ERRORS
Class 1: Errors relating to problem statement
A. Diffieulties in differentiating between the ticket-machine and the computer.
Al. Imegrating into the flowchart the actions assigned to the ticket-machine.
A2. Testing, or operating on the variables that should be but are not read.
A3. Assigning a value to a variable which is to be read.
A4. Using assignment instructions for communication. between ticket machine and
computer.
B. . Difficulties in representing the reception loop.
Bl. Differentiating between 99 and the numerical codes of the coins.
B2. Differentiating between 99 and the end of payment.
B3. Begimning of delivery procedure before representing the location where the
end of payment will be tested.
B4. Restricting the sequence of coins to a single coin.
C. Restriction of problem.
C1. No saving of small change.
C2. Lack of generality in procedures (no increase in number of tickets or ceins
planned).
C3. Incompatibility of the representation of an output variable with the value which
the-ticket machine can decode.
C4. Restriction on delivery in response to specific inputs.
D. Failure to give details of:
D1. Reception procedure;
D2. Received sum delivery procedure (when this sum is lower than the ticket price);
D3. Change giving procedure.

Class 2: Errors relating 1o S R.T.s
E. Involving the entire algorithm.
El. Questioning abbreviated representations of algorithms.
E2. Using a non-exhaustive S.R.T. revealed by the non-satisfaction of the program-
ming language exhaustivity constraint.
E3. Attempting to restructure an algorithm in another S.R.T. by word-by-word
translations.
F. Coding between S.R.T.s. )
F1. Changing the representation of an aspect of the problem in the same flowchart,
without exteriorizing the coding.
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F2. In the case where an item of information is represented in two ways in two
different S.R.T.s: confusion between these two representations. | - P
G. Testing. ~—~a F3 &dzéﬁsm eROVInED _

G1. Testing two representations derived from incompatible S.R.T's.

Appendix 2 A
LIST OF NUMERICAL DESCRIPTORS
A. Construction descriptors
*TR  number of re-writings (writings which appear in detailing abbreviated writing)
*TL  weighted number of abbreviations (replacement by an abbreviated writing of
detailed writings whose number constitutes the weight of the abbreviation)
*ITD  number of shifts
*TI number of insertions
*TE  number of erasures (which will not reappear anywhere else)
TM  number of writing modifications (not erased, but slightly modified)

B. Terminal flowchart descriptors
TQT number of tests (and thus number of structures)
TH  -number of instructions
*ITT  number of non-written parts of procedure, weighted by the mean number of
instructions required to detail them
TVT number of variables
TDH horizontal division index (number of instructions in the longest path of the
graph in the flowchart)
TDV  vertical division index {number of possible paths in the flowchart, excepting
the flows in the loops)
*PA  percentage of alternative structures
*PB  percentage of loop structures
*PEV  percentage of avoidance structures With respect
PIN percentage of uncompteted structures > to TQT
*PQD percentage of different tests
PQ1  percentage of tests of a value (of type IF(}V = v)
where V¥ is a variable and v a value)
*PID  percentage of different instructions (with respect to TII)
*PDH = TDH/TDV tree structure index

-

C. Descriptors of relations between a construction and a terminal flowchart

*PVT ratio of the number of variables remaining in the terminal flowchart and the
number of variables used during construction

*PQT ditto for the tests

Note: the starred variables are those that were used in the second analysis,
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