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1. Introduction 
The relationships between education and computers cover 
a very large domain of investigation [Pea, 1984] We think 
that it is necessary to distinguish between two main 
domains, each characterized by the way the computer is 
used 

- the computer is used as a medium for acquiring 
knowledge other than pwgramming concepts, like 
mathematics, physics, etc. 
-the computer is used to educate students in its use .. 

In the former case (for example, in the use of educational 
software), the user does not have to know programming.. It 
may be sufficient for him to know how to use the software 
by typing on specific keys of the computer. 

Our own work is concerned with the second domain 
The main questions for us are: 

• the identification and analysis of conceptual diffi
culties encountered by students who are learning 
programming; 

• the identification and analysis of didactical situa
tions which can permit the teacher to simplify the acquisi
tion process 

In this paper we present a preliminruy study which 
approaches these questions. 

As revealed by many recent researches [Pea and Kur
land, 1983, 1984, Soloway eta/, 1982, Bonru, 1984] pro
gramming, even at a simple level, is a difficult activity to 
leam. The difficulties of mastering the use of computers 
(new technological tools) come not only from their practi
cal aspect (utilization), but more particularly from their 
theoretical aspect (the representation of programming con
cepts). We are interested in the transmission of this com
plex knowledge within the school environment. 

2.. Identification and analysis of meaningfUl progr·amrning 
concepts for beginning stodents 
Programming activity covers a very large field of concepts 
and procedures, like vruiable, assignment, looping, recur
sion, procedure•, function*, data structuring, etc. These 
concepts and procedures ru·e not all on the same level of 
complexity. It is possible to establish a conceptual hier
ruchy between them. When we talk about a conceptual 

•i .e. procedure and function as programming concepts 

hierarchy or a conceptual analysis, it is very important to 
understand that this analysis is based on both an analysis of 
the subject's activity and an analysis of the subordinate 
concept. The analysis of concepts is not reducible to one of 
them.. [For the definition of "concept", as used here, see 
Vergnaud, 1982]. 

For example, if we analyze the concept of procedure (in 
the sense of a sub-program), we can see that its comprehen
sion requires the mastery of the concept of variable (the 
concepts of local and global vruiables make sense in the 
context of procedures). Data structuring-one of the most 
important concepts of programming which is not intro
duced in our didactical experiment on account of its 
complexity-requires not only the concepts of variable, 
looping, etc , but also some concepts directly related to the 
modelization of the given problem (for example, files, lists 
and representations in tree form). We can also establish a 
hierarchy between the three types of loop presented by the 
PAS CAl language (for", repeat- and while-loops}. For 
example, the while-loop necessitates a plan of action of the 
form 

test variable/process variable 

which is more "natural" than the form 

pwcess variable/test variable 

involved in the repeat-loop [Rouchier, Samur10ay, 1984]. 
We can also hypothesize that the while-loop is conceptually 
more difficult than the repeat-loop 

One of the main questions forresearch on didactics is the 
determination of the conceptual field around which the 
didactic experience will be organized A given situation 
does not involve just one concept, nor all the properties of 
one concept. This is the reason why the idea ofa conceptual 
field, developed by Vergnaud [1982], is so poweifuL In 
other terms, the question is which concepts and procedures 
must be introduced in order to solve a significant class of 
problems 

When one examines programming activity-in particu
lar with a compiled programming langrrage-one easily 
remarks that the concept ofvruiable is atthe center of every 
problem situation, however simple it is .. Thus it is easy to 
justify the decision to introduce the concept of vruiable 
rather quickly.. But if one thinks about the set of situations 
in which the programming concept of vruiable makes 
sense, it is necessruy to take account also of the concepts of 
loop and of assignment. 

It is not possible to study these concepts separately 
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because they are tightly connected with one another .. The 
analysis given below shows more precisely the relation
ships between these concepts, And the reader will under
stand why we organized our introductory course around 
problems requiring the looping construct 

3, Brief analysis of the conceptual field involved in the 
beginner's programming activity 
In this section we will analyze the three principal concepts 
of variable,loop and assignment which are involved in our 
didactical experiment This analysis, as we have said 
above, takes account of the meaning of these concepts for 
the student, i e , the analysis of different situations in which 
the student encounters the same concept but in each case 
with a different significance, 

We consider that repetition is one of the most important 
functions of computers One can repeat a very large set of 
actions, as many times as one wants Moreover the con
cepts of variable and assignment achieve their full meaning 
in the looping activity With respect to their significance for 
the student, we distinguish four forms of occunence of the 
assignment sign. This distinction is not made in program
ming theory itself because structurally all these forms are 
equivalent, 

I , Assignment of a constant value 

A :=<•l3 
list :=word 
test := false 

2 Attribution of a calculated value 

A:= 3+5 
B := 3*K 

3, Duplication 

K := L 

4 Accumulation 

sum := sum+ number 
expox := ex pox* x 
x := x+5 

It is obvious that the only case in which the notions of 
variable and assignment take their full "programming" 
sense is the last one: accumulation. The student has to 
designate by the same name both the preceding value and 
the present value, which is a function of the former, and to 
treat the assignment sign as an asymmetric relationship, 

In the other cases the student may use his existing 
mathematical conception of variable and equality, i.e.,, to 
the name of a variable can be associated a unique value 

The looping strategy involved in the problems we pro
pose to the students is the repeat-loop, A repeat-loop has 
the following general structure: 

initialization 
repeat 

actions 
until condition 

!•lwe use the PASCAL notation for the assignment sign 
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It is formed of three elements: 

~ the /oop-invmiant a block of actions which is 
repeated 

~ the test, a condition for terminating the loop 
~ the initial state of variables to be transformed in 

the loop 

One can see that every looping activity also requires differ
ent variables to be operated on 

We call a "variable-plan" the set of operations that the 
student has to consider in order to construct a correct 
looping strategy These operations are 

• description (What is the function of a particular 
variable in the program?) 

• update (How is it used, what is the law of 
succession?) 

• initialization (How is the initial value given?) 
• declaration (What sort of variable is concerned? 

an integer, a real number, or a structured type of 
data?) 

We assume that expert programmers follow the above plan 
when solving problems .. The question is how to character
ize the plans used by beginning students One can hypothes
ize that the plans used by beginners will be based on 
previous knowledge and familiar procedures that relate to 
the specific problem to be solved [Samur9ay, Rouchier, 
1984]. For example, it is possible for the students to use 
their mathematical model of a variable .. But this concep
tion is insufficient because the mathematical description of 
a variable is a static description, i.e, it designates the repre
sentative of a set 

Xf [a, b] 

or an unknown in an equation 

x+2= 5 

The description of a programming variable is more 
dynamic; the student has to identify the law oftransforma
tion of its value, as, for instance: 

n := n +I 
Although all variables used in a program are equivalent 
from the point of view of computer science, their cognitive 
significance differs for the user, For example (see Figure 5) 
the variables number; sum, counter, each have a different 
status, Number represents values to be read, sum and 
counter represent calculated values, Moreover the activity 
of counting and the activity of accumulating ar·e different 
Whereas counting is naturally represented as a "successor 
function" 

counter := counter + I 
i.e increasing the previous number by I, the update of the 
accumulation variable 

sum := sum + number 

requires the addition of another variable, When faced with 
developing an assignment for an "accumulation variable", 
students must really confront their understanding of the 



particular type of assignment statement needed in a partic
ular content 

4 .. Analysis of problems 
We examine now the five problems we proposed to the 
class (see Figures I to 5). While these problems are rela
tively simple, their solutions illustrate many of the basic 
notions of programming They all use a few repetitive 
actions involving simple arithmetic operations. As we indi
cated above, for each problem the student has to elaborate 
a variable-plan for each of the variables involved. 

Figure 5 shows the complete solution and the diflerent 
variable-plans associated with problem 5 .. For each of the 
other problems we only give the loop-construction part of 
the solution. The reader can easily construct the variable
plans by following the model of example 5. 

Pl - Write a program whi~h calculates and prints out the value of the 

expression 

" (x+y) x y n can be any integers 

a :~ (x+y) 

count '" 1 

repeat 

a :"' a*(X-ty) 

count := count + 1 

until count = n 

Figure I 

In the first problem the principal cognitive task involved in 
the solution is the construction of two variable-plans for 
the accumulation variable a, and for the counter-variable 
counter respectively. This construction implies the repres~ 
entation and the procedural expression of "(x + y)" is 
obtained by multiplying repeatedly (x + y) by itselfn times; 
the repetition terminates when n multiplications are done". 

P2 - Write a program which calculates and prints out the value of 

x0+y0 x y ,n can be any integers 

Figure 2 

The second problem is similar to the first; x" and y" must 
be calculated following the above procedure and then 
added. The student has to construct three variable-plans: 
one counter-vaiiable plan and two accumulation-variable
plans for the calculation of x" andy". 

P3- Write a program which calculates and prints out the sum of the 

first n integers 

SUI!! := <jl 

number := $ 

repeat 

OUlJ!ber := nWllber + 1 

sum '" sum+ number 

until number = n 

Figure 3 

In the third problem the student has to construct two 
related accumulation-variable-plans, i.e two laws of suc
cession for the variables numbe1 and sum Notice that 
though the variable number occurs like a counter-variable 
(i.e., the successive values are obtained by increasing the 
previous number by 1), it is not a counter-variable as 
regards its description: it permits the successive terms of 
the series of integers to be generated Thus it can be consi
dered as a new-value variable (see Figure 5) So the student 
has to represent two related aspects: 

-the number added to the sum is obtained by adding 
I to the previous number; 

- the sum is obtained by adding to the previous sum 
the number obtained in the above manner 

Notice that the order in which the number and the sum 
are obtained is important: the conditional statement 
should test the number still to be added. 

P4 - Write a program whir:h calculates and prints out the average of 5 (and 

then 40) integers 'read in 

sum :'" <!> 

count :'" <!> 

repeat 

read (number); 

sum '"' sum + number 

count ''" count + 1 

until count "' 40 

{repeat-loop solution) 

for i '"' 1 to 40 do 

read (number 

sum := sum + number 

{for-loop solution} 

Figure 4 

The fourth problem (see Figure 4) necessitates the con
struction of the three variable-plans associated with the 
variables number, sum and counter. It is important to 
notice that the problem contains two steps Even if the 
student could solve the problem for 5 integers by using 5 
different variable names (i.e .. , associate the name ofa varia
ble with each number), s/he has to change his/her proce
dure when solving the problem with 40 integers. In this 
latter case it is difficult to work with 40 different variable 
names! So sjhe has to insert a read-statement into the loop. 
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P5 - \lrlte a p.-ogram which repeatedly reads in integc.-s until theii" sum 

is greater than 10 000, prints out their average and the number of 

integers read in 

program average!; 

number, counter sum : integer; 

ave.-age : real; 

begin 

r - ~ counter ,~ <P; 

r- jJ -· -~sum ,~ <P; 
I o.. I "' 

j[ "'I repeat ~ 
o.. ~I " <»[ - begin :g; 
~I ~ I l +-- -· -- _ ... ~ - read (number ; j ~ 
::1 [;\I ~ 
::f.-.-~..!----·_. sum:~ sum+ number; (:---J ' 
- ::> Gi 
~ [ 8 ~-- -- -t counter :~ counter+ 1; z 
jl 
~ 1 end 

~ L - - -· ·~until sum > 10 .000 

average := sum/counter; 

write (average) 

Figure 5 

The last problem involves the construction of tluee 
variable-plans as shown in Figure 5 .. Note that this problem 
and the preceding problem have the same loop invariant. 
But they differ with respect to the status of the variable on 
which the terminating condition operates .. In problem 4 the 
number of repetitions is known in advance; it is equal to 40 
Whereas in problem 5, the number of repetitions is not 
known; the terminating condition operates on the calcu
lated value designated by the variable sum 

5. Conditions of the didactic experiment 
The problems are given to the students during the first 10 
sessions of the didactic sequence. It is important to point 
out that our aim is not to evaluate the students' performan
ces .. We consider the problem-solving situations function 
not only as a criterion of what is learned, but also as a 
situation in which the students encounter some new con
cepts, So each of the given problems constitutes for us a 
didactical situation in which we have introduced some new 
concept. 

The first two problems are used to introduce the concept 
of repetition and the construction of the loop-invariant, 
The third problem is conceived to confront the student 
with the concept of sequentiality, In the fourth and fifth 
problem the students encounter for the first time a problem 
in which they have to use the read-statement in the loop. 
The for-loop strategy is then introduced as a most approp
riate loop-strategy for problem 4, Comparison ofthese two 
problems allows us to discuss in class the idea of an approp
riate Jooping-<::onstruct for a given problem. (Note that one 
cannot solve the problem 5 by using the for"Joop.) 
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Three groups of 18 college students (15-16 years old) 
were involved in the study. Two of the gmups belonged to 
the same class, The third group was made up from volun
teers at the same college. The students worked in groups (3 
per group) one hour a week during 30 weeks. Two class
rooms in the college were used for the experiment, In each 
session students worked in one classroom first, in a class 
situation (with a regular teacher), and then worked on 
computers only, testing the procedures they had elabo
rated previously. The programming was done in the lan
guage PASCAL-UCSD, on six SIL'Z micro-<::omputers 

Four mathematics teachers and four researchers partici
pated in the experiment One researcher and one teacher 
regularly undertook the teaching with the class and the 
voluntary group respectively, The others observed the dif
ferent groups during the sessions, The experimental ses
sions were all preceded by a working meeting of the 
participating teachers and researchers .. Teachers were 
actively involved in the elaboration and the analysis of 
each session. 

The full analysis of the complete sequence can be found 
in a recent research report [Roucher, Samur,ay, 1984] 

6. Analysis of su·ategies used by students 
Theoretically when experts construct a program they gen
erally begin with the procedural part At the beginning of 
their learning experience, some of the students did not 
follow this plan: they started with the declarative part of 
the program as shown in the following example: 

Student writes: 

program clair; 

var 

x, y, n 

begin 

end 

write 

and tells her friend to complete the rest. This strategy 
corresponds to a stage in which the student has not yet 
represented the elements of the program, and particularly 
the relations between them. But as seen in the above exam
ple, the student knows that some variables should be 
declared, and that something has to be printed out at the 
end of the program 

This kind of strategy disappears quickly with experience .. 
The second category of strategies is characterized by 

work on the procedural part first, We have identified four 
levels of strategies of this kind 

A Procedure focusing on the result corresponding to the 
specific data, Jack of use of variables 

This first strategy is characterized by the student's diffi
culty in representing the data of the problem by using the 
names of variables, We have also obsetved this kind of 
behaviour with 9-year-old children in LOGO sessions [Hil-



lei, Samm<;ay, 1985]. For instance, while the children are 
able to write a procedure for a particular shape of a particu
lar size, they cannot easily transfmm this procedure into a 
new one which generates a set of congruent shapes. Or, 
they may be able to use additivity when they work on 
particular values 

e .. g FD 301 
=HD60 

FD 30 

but don't see the same property in 

FD : LENGTH J 
=>FD2*:LENGTH 

FD: LENGTH 

Example Solving problem 3 

Sl. "We have to take I, 3, 5, 5, 7. These numbers are 
prime numbers, and then add n of them up." 

82. "We have to give a value ton, the machine doesn't 
know what n is." 

S I "n may be anything [any number l It should work for 
all numbers . " 

S2 "OK' but ifyou say nit means nothing It can't know 
the number you are thinking about " 

S I (writes: I + 2 + 3 + 4 + 5 + . ] 
"Add 2 to I, 3 to 2, 4 to 3, 

S2 (writes: = 15) 
"Now it can unde1stand." 

S I "0 K, but we don't know ifn is 15 I think we can do it 
like this." 

1+2+3+4+5+6 -3 

"Add the first two numbers, take the two others, add 
again and . and at the end make the whole sum." 
She writes a+ b + c + d + e -'--' 

S2 "Yes, but it will not work, one cannot know what the 
number,s a, b, c, d are " 

Note that for student 2, the particular values become 
unknown when they are associated to the name of a varia
ble: a signifier .. At this stage students can identify and 
construct procedures with particular values more easily 
than with the signifiers which name the variables We can 
say that the initial conception of variable is that of an 
undetermined quantity. 

B. Production of an algebraic form which is not procedu
ral and not directly programmable 

Example Solving problem 5 
a+b+c+d+ ... =sum 

"There are 40 like that and we obtain the sum " 

Example 2. Solving problem 3 
k + (k - I) + + I = sum 

We see in these two examples that students produce an 
algebraic rewriting of the problem, It seems very ljard for 
students to transform these writings to procedural ones 
The teacher intervened here to get students to be explicit 
about what they were trying to do 

C Explicit procedures are produced, but with "colli
sions" between algebraic expressions, natural lan
guage formulations, and programming code elements, 

We first remark that in this type of strategy there is an 
identification of necessary actions and also some structura
tion of them. But the elementary actions are not made 
sufficiently explicit and there is confusion about the iden
tity of the executor of the actions: I myself or the machine? 

Example: Solving problem 3 
We present here the successive writings of the same group 
working on problem 3 Note that the first two writings 
correspond to the former categories A and B that we have 
identified above. 

I [writing] 
1+2+3+4+5 
I + (x + I)+ (x + I)+ , , 

x=I x=x+I 

2 [writing] 
one prints I 
one gives to x the value I for the first operation 
one calculates x + I 
for the second operation 
x takes the value x + I 

3 [writing] 
(I+ (I+ I)+ (2+ I)+ (3+ 1)+(4+ 1)+(5+ I)+ 

We see that the major difficulty with problem 3 is the 
construction of the accumulation-variable which calcu
lates successively the partial sums. The only invariant iden
tified by the students is the law of succession of the values 
of the variable which runs through interval [I, 2, , , n]. 
The other variable, the partial sum, is seen as a whole 
without decomposition, 

D, Elaboration and expression of procedures involving 
an analysis and use of the signs of elementary actions 
with structming elements 

The strategies used in this category are characterized by the 
search for the invariant property of the actions in the loop, 
We distinguish two subcategories 

D I , Actions are analyzed in terms of programming opera
tions .. Obstacles with variables, 

Example, Solving problem I 

I. [writing] 
(x + y)- a 
b =I 
repeat 
a*a 
addltob 
until b = n 
"multiply a by itself the number oftime,s indicated by 
n·: 
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They translate this procedure into Pascal: 

"a :=x + y 
b :=I 
repeat 
a*a 
b := b +I 
until b = n. " 

We see in this example that the counter-variable plan is 
well-constructed but the variable which would allow the 
final result to be calculated is not yet identified The 
accumulation-variable plan is not constructed 

The first remark to make is that the successive values 
obtained by the multiplications by a are not identified. The 
student knows the definition of a" but he is not able to 
transform this definition into a plan of calculation The 
knowledge of the successive values of a, a2

, a3
, . . is not 

sufficient to construct the invariant relation between the 
different elements of the loop. 

The second remark is that the counter-variable plan is 
constructed independently of the accumulation-variable 
plan One may suppose that there is not an achieved con
ceptual acquisition here, but rather an acquisition of a 
form: "the counter must be initialized to zero, then incre
mented by I". 

02. Actions are analyzed and there is representation ofthe 
specific values of the variable on which they operate. 

Example Solving problem 5 

1 [writing] 
repeat 
read the number and add it to the sum 
a := a + x (the number) 
until a > 10,000 
andb=b+I 
type +I for each number added 

2 [w1iting] 
Sl read (x) 

repeat 
a:= a+ x 
b := b +I 
until a > 10,000 

S2. "You have to put "read" in the loop!" 
S I "No, because you can only put the o1ders in a loop·: 
Ob. "What is "read .. ?" 
S I "It i.s some information that we are giving to the 

machine'~ 

3. [writing] 
Ob. "What is the initial value of a in a loop?" 
S2. "It~ zero, at the beginning there is nothing in it':. (He 

modifies the program) 
Repeat 
a:= O+ x 
b := b +I 
until a > 10,000 

This example shows quite clearly that, even where the 
students are able to construct the accumulation-variables 
correctly, they have some trouble with the meaning of the 
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read command and the initialization Concerning the read 
command, the example shows that the read operation is 
first treated correctly in the elaboration phase of the loop 
(i e. it is inside the loop), but the problem of meaning is 
encountered in the expression of the program in PASCAl. 
We see in this behaviour a possible confusion between the 
actions of the automaton and the voluntary actions of the 
subject In fact when the read command is used, the subject 
"gives some information (data)", but the machine needs a 
specific command to receive it 

Concerning the initialization problem, we remark a sim
ilar phenomenon: the loop-invariant is well-constructed at 
first, but the intervention of the experimenter is sufficient 
to show the instability of the student's conception. 

The initialization of the variables is the major dif!iculty 
encountered by beginning students We observed that the 
obstacles relating to the initialization problem did not dis
appear at all quickly during the learning sequence. This 
problem is closely related to the conceptualization of the 
notion of variable itself [Samur~ay, 1984]. 

7 .. Concluding remarks 
In this paper we have presented a description and an analy
sis of general strategies used by students in problem solving 
involving loops. We have categorized four types of hierar
chized strategy. Each of these strategies is characterized by 
a certain level of conceptualization of the notion of varia
ble and the construction of loop-invariant 

Our findings show that at the end of the 10 sessions of 
programming, the students have serious troubles with the 
transformation of their algebraic description of the given 
problem into a procedural description. We argue that the 
algebraic conceptions of variable, equality sign, and equa
tions, constitute a necessary but an insufficient model on 
which to build the programming concepts of variable, 
assignment and loop-construct 

We have noticed that initialization is a very difficult 
operation, even for students who realize a high-level stra
tegy in the construction of a loop invariant. We think that 
the initialization problem is not specific to the domain of 
programming in Pascal. Some of the errors we have 
observed in LOGO programming [Hillel, Samur~ay, 
1985]-particularly in interface problems-can be ana
lyzed to show the same obstacle: how to make an hypothe
sis about the initial state, knowing the final state and the 
transformation For example, when children have to elabo
rate an interface between two procedures P1 and P2, their 
problem can be formulated as follows: 

final state interface initial state 
of the turtle of the turtle 
in P1 in P2 

We have observed that children often have a lot of diffi
culty in constructing the interface procedure, which is in 
fact the initialization part of the second procedure 

The complexity of this last problem, with additive struc
tures, has been explored by many authors [e.g Carpenter, 
Moser, Romberg, 1981] The difficulties with the concept 
of variable are more durable; a more specific study on 
variable is suggested by our recent work [Samur~y, 1984] 



Finally, we allow that the stages analyzed above are not 
defmitive, but they reflect a first attempt to represent the 
evolution of student's programming procedures 
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Out of all this, what does ICME achieve and what is its 
future? Mathematics education has witnessed its own 
knowledge explosion over the past 25 years .. Consider the 
three-volume research report that was fed to the Cockcroft 
Committee. ICME has a continuing and important role to 
play in bringing people in related fields together for the 
sharing of information and ideas. The future strength of 
ICME will depend, it seems to me, however, on its ability to 
preserve the balance between information-giving and the 
involvement of participants One way to achieve this is 
through the continuity which Working Groups might pro
vide in the form of reports on the present state of affairs, 
new issues, problems, solutions and practices and the like 
Such working grnups should be allowed to rise and fall as 
the need demands It would seem important also to main
tain the Action Groups, from early childhood to tertiary 
levels, and to preserve another balance: that between 
mathematics and mathematics education .. Finally, the diffi
culty of finding satisfactory solutions to the associated 
problems of publicising research and improving practice 
would seem to mandate in favour of making every ICME 
equally accessible and attractive to the mathematics educa
tor/researcher and the mathematics teacher at every level 
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