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1. Introduction. 
Much of the software life cycle is realized through 

ProgrammQ ~guages. The structure of the particular 
programming language used to implement a system can 
influence the effort expended at some of the different phases 
of the life cycle. This impact is particularly evident in phases 
such as maintenance that deal with completed code. For 
example, the presence of certain code structuring units in a 
language is generally thought to improve the readability of 
programs that employ them [l]. 

However, the impact that language structure has on 
the design process is less clear cut. The stepwise refmement of 
pseudocode is a common mechanism for program design in a 
variety of languages. Yet, the effects of a language’s structure 
on the refinement process has not been quantitatively docu- 
mented. The need for such assessment is particularly acute in 
light of the fact that many new program design languages 
(PDL) support the syntactic constructs of a particular target 
language. For example, the Ada programming language is the 
basis for at least six available or planned program design 
languages [2]. 

parisons were based upon language properties such as syntac- 
tic structure [3], semantic structure [3], psychological com- 
plexity [4,5,6], and relevance to particular application do- 
mains [7]. Here, the comparison between languages will be 
made using syntactic complexity, as measured in terms of the 
context free grammar for the languages. The motivation for 
using context free grammars is that the stepwise refinement 
process takes place in the context of a language’s syntactic 
structure. That is, the replacement of a stub in a pseudocode 
program is constrained by the grammar in the target language. 
The nature of these constraints will be described in terms of 
the following model of the stepwise refinement process. 

The general question addressed in the paper is: how 
does the syntactic structure of a program design language 
affect the decision making effort associated with the stepwise 
refinement process. A model. of the stepwise refinement 
process is presented that explicitly ties the grammatical strut- 
ture of the pseudocode design language into the stepwise 
refinement activity. This allows the development of refme- 
ment metrics that assess the decision making complexity of 
a refinement step in terms of the underlying syntactic structure 
of the grammar for the program design language. 

In this model it is assumed that the program design 
language employed in the stepwise refinement process is 
based upon a context free grammar for the target language. 
This is consistent with our current objective of measuring 
target language support for the stepwise refinement process. 
However, in general the model does not require that the 
program design language correspond precisely with the gram- 
mar for the target language. A context free language is defined 
as G =cT,N,P,S> where T is the set of terminals, N is the set 
of nonterminals, P is the set of productions of the form A::=w 
where A is an element of N and w is in V* where the vocabu- 
lary V = (T U N), and S is the start symbol. A pseudocode 
program can therefore be considered as a collection of termi- 
nal symbols in the target language along with a collection of 
stub names. Each stub in the pseudocode corresponds to a 
high level implementation goal that still needs to be achieved 
by the designer. It is also assumed that the designer associates 
each high level implementation goal with a low level goal of 
implementing a corresponding language structure taken from 
the set of nonterminals in the grammar for the language. As 
a result the stepwise refinement process can be viewed as 
taking place at both a semantic level and a syntactic one. 

2. Metrics to Measure Language Support for the Stepwise 
Refinement Process. 

Historically, programming languages have been 
compared from several different perspectives. These com- 
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A refinement step in the model is the replacement of 
one of the labeled nonterminals with a segment of code 
brought about by a finite, non-empty sequence of production 
applications in the grammar. In other words, it is presumed in 
the model that the designer has internalized at least a subset of 
productions in the grammar, and uses them as a basis for the 
introduction of new terminal symbols and stub names into the 
pseudocode. Such an internalization has also been suggested 
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by h4acLennan [3]. 
The problem solving paradigm that underlies the 

stepwise refinement process is that of divide and conquer or 
problem reduction. This paradigm involves the decomposi- 
tion of a problem into constituent subproblems, each of which 
is less difficult to solve than the original. Here, each stub in 
the pseudocode can be associated concurrently with a goal to 
be solved at both the semantic and syntactic level. As a result, 
the problem reduction activity can take place at one level or 
the other or both. Since the focus of this paper is on the 
syntactic level, it will be assumed that each new stub or stubs 
produced by a refinement step will be associated semantically 
with a simpler goal. 

At the syntactic level, support of the problem reduc- 
tion paradigm means that each new stub produced by a 
refinement activity will be associated with an implementation 
task that is smaller than that of the parent. The size of the task 
is a function of the syntactic class of the stub. If a refinement 
step is considered in the model to be a composition of 
productions in the grammar then what combination of produc- 
tions will be sufficient to generate refinement steps that satisfy 
the problem reduction constraint here? 

In order to answer this question, three basic catego- 
ries of productions sequences are defined: directly recursive, 
indirectly recursive, and non-recursive. A production se- 
quence is said to be recursive if there exists one or more 
production applications in the sequence such that a nontermi- 
nal, A, on the left hand side of a production in the sequence is 
generated on the right hand side (i.e. A =>+ wlAw2, where 
wl,w2 are elements of V*). If a production sequence is 
recursive and the number of production applications needed to 
make it recursive exceeds one then the sequence is said to be 
indirectly recursive. For example, if A::=P and P::=A are 
productions in a grammar, then the sequence A=>P=>A is 
indirectly recursive. If the production sequence is recursive 
and the number of production application needed to make it 
recursive is no more than one, then this sequence is said to be 
directly recursive. A production sequence is non-recursive if 
it is neither directly or indirectly recursive. 

If a refinement step is modeled by a production 
sequence from the grammar for the target language, it can be 
classified in terms of that sequence. In general, there are often 
many ways of describing the syntactic structure of a refme- 
ment step, i.e. there can be more than one way to derive a 
particular set of terminal symbols. Here, a refinement step is 
non-recursive if there exists a non-recursive sequence of 
productions that allow one to derive the replacement code 
from the generating non-terminal. A refinement step is said to 
be recursive otherwise. It is directly recursive if the length of 
the shortest recursive productions is 1, and indirectly reeur- 
sive otherwise. 

Given the above definitions, one can now describe 
different design pamdigms in terms of refinement sequences. 
When all of the refinement steps used in the implementation 
of a code module are non-recursive, then the refinement 

sequence is said to be monotonic decreasing. That is, each 
time a stub is refmed it is decomposed into stubs whose 
nonterminal classes correspond to smaller syntactic implem- 
entation tasks. Since there is no recursion here, each new stub 
must be at least one production application closer to implem- 
entation. 

When alI of the retinement steps used in the implem- 
entation of a code module are either directly recursive or non- 
recursive, the sequence is monotonic non-increasing. Here, 
the refinement of a stub will produce a stub of less than or 
equal syntactic complexity. 

Both of the above categories of sequences place 
constmints on the size of the resulting nonterminal classes and 
am examples of constrained refinement sequences. Uncon- 
strained refinement sequences contain at least one refinement 
step that is indirectly recursive. As a result, the syntactic 
complexity of the nonterminal classes produced as the result 
of a refinement do not necessarily have to decrease. 

Intuitively, one expects that the complexity of the 
decision making process associated with an unconstrained 
refinement sequence should exceed that for the constrained 
case. In order to quantitatively describe the extent to which 
this is the case, a measure of decision making complexity for 
a grammar must be introduced. This is a graph theoretic 
measure that operates on a gmph that contains the set of 
productions that can participate in the particular class of 
refinement sequences being assessed. For any given gram- 
mar, one can construct three separate graphs, one to describe 
the allowable productions for each of the three categories of 
design paradigms given above. ‘Ibe graph for the uncon- 
strained refinement sequence will be discussed first, followed 
by that for the constrained non-monotonic case, and fmally 
that for the monotonic decreasing case. 

The graph theoretic model for the unconstrained 
case represents, for each nonterminal class in the language, the 
various decomposition products that can result based upon 
applications of productions in the grammar. In the uncon- 
strained model all decompositions associated with produc- 
tions in the grammar are allowed. The set of possible node 
labels for the graph in this corresponds to V U (.) . Each node 
labeled by an element from V represents either a terminal or 
nonterminal symbol that can be produced as the result of 
refining a stub associated with a particular nonterminal class. 
Adirectedarcfromanodextoanodeyexistsifthereisa 
production in the grammar which has the nonterminal label for 
node x on the left hand side and the terminal or nonterminal 
symbol for y on the right hand side. If a nonterminal is 
decomposed into a collection of more than one element from 
V, the broadcast symbol “.” is used to denote the presence of 
multiple arcs that derive from the same production. The use 
of this symbol precludes the need to label each arc with the 
name of its associated production. An example of the 
unconstrained decomposition graph for a simple program- 
ming language is given in figure 1. This grammar is a subset 
of PASCAL and is taken from Backhouse [lo]. The BNF 
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description for the grammar is given in table 1. 
In order to use the grammar to support a monotonic 

non-decreasing refinement sequence, the designer must ig- 
nore all opportunities for indirect recursion. This is equivalent 
to removing from each production in the grammar those arcs 
supporting indirect recursion. For a production in the gram- 
mar this is done by removing any arc from the production to 
any term that labels a node lying along a path from the start 
node to the node from which the production emanates. It is 
replaced by an arc pointing to “nil”. The msultant decompo- 
sition graph for the example grammar is given the figure. Five 
am were removed horn the original unconstrained dccompo- 
sition graph. The graph still contains five directly recursive 
productions since they are still allowed under the current 
coustraints. This new graph is called the constmined decom- 
position graph for the grammar since it enforces the con- 
straints on indirect recursion required by the monotonic non- 
increasing approach to stub refinement at the syntactic level. 

In order to support a monotonic decreasing refine- 
ment sequence a designer needs to ignore the recursive rela- 
tions present in the graph as well. This entails the removal of 
any arc emanating from the production for a node that points 
back to the node. For the example grammar this results in the 
removal of five arcs (see figure). It is called the constrained 
decomposition DAG for the grammar since all cycles in the 
graph have been removed in order to support only a monotonic 
decreasing sequence of refinement steps at the syntactic level. 

For each of the three graphs described above it is 
possible to estimate the amount of decision-making effort 
needed to implement each syntactic class based upon its 
position in the graph. The estimate will represent the effort 
expended in the worst case for each situation. The measure of 
effort employed here is called refinement volume. It will be 
defined first in terms of the constrained decomposition DAG. 

The constrained decomposition DAG contains only 
those productions that support the divide and conquer para- 
digm relative to a particular measure of effort, refinement 
volume. Refinement volume is computed in terms of two 
other metrics, refmement breadth and refinement depth. These 
three measures are called refinement metrics and will now be 
described. The first metric of concern will be refinement 
depth. Refinement depth for a given nonterminal corresponds 
to the depth of the subtree in the constrained decomposition 
DAG that supports the decomposition of a given nonterminal. 
This subtree is called the support subtree for that nonterminal. 
The support subtree is the set of all nodes and arcs that are 
traversed along at least one path from the root node of that tree 
to a leaf node. In order to describe the depth, a measure of 
distance is needed. The distance measure d is defined for two 
nodes in the graph, u and v, as the length of the shortest path 
between them, where the length of the path is the number of 
arcs traversed. In a connected graph such as this, distance is 
a metric [83. This means that for all nodes II, v, and w: 1) d(u,v) 
> 0, with d(u,v) = 0 if and only if u=v. 2) d(u,v) = d(v,u). 3) 
d(u,v) + d(v,w) > d(u,w). lhe depth D of a connected graph 

is max(d(u,v)) for all nodes u and v in the graph [8]. Given the 
structure of the support subtree for the nonterminal i, the depth 
must correspond to the path from the root node for the subtree 
to a terminal node of maximum length Intuitively, this 
longest path corresponds to the maximum number of produc- 
tion applications required to implement the most complex 
syntactic subgoal associated with the implementation task for 
the nonterminal i. 

Another parameter that will be of use in describing 
the support subtree for a given nonterminal i is refinement 
breadth. Refinement breadth corresponds to the diameter of 
the support subtree and is defined as the set of unique produc- 
tions associated with the support subtree of i. Intuitively this 
represents the set of unique productions that are reachable via 
the decomposition of a nonterminal class associated with a 
stub in the pseudocode. 

Refinement breadth and depth can be combined to 
produce a measure of the amount of information that a 
programmer needs to provide in order to replace a stub of a 
given nonterminal class with completed code. The measure is 
called refinement volume and for a nonterminal i is expressed 
as: refinement depth(i) * log2(reIinement breadth(i)). Intui- 
tively this corresponds to the number of bits needed to encode 
the set of productions required to implement the longest 
sequence of productions associated with the implementation 
of a given nonterminal class. The number of bits required to 
uniquely identify each of the productions in the support 
subtree for i is represented as log2(refmement breadth(i)), and 
the number of productions is given by the refinement depth for 
i. 

Another way to view refinement volume is to see it 
as an index of the amount of effort required to attain the goal 
of implementing a stub from the nonterminal class i. From this 
perspective refinement depth corresponds to the number of 
decisions that need to be made in the worst case, while the 
second term is a worst case estimate of the number of produc- 
tions from which the designer can select horn at each step. It 
can be seen as a worst case estimate since not all of the original 
productions will be candidates for selection at any given step. 

The constrained decomposition DAG possesses 
certain regularities with respect to these measures (i.e. refme- 
ment depth, breadth, and volume for a nonterminal class 
decreases monotonically with distance down any path from 
the root to a leaf). These trends can be observed in the figure 
where each node is labeled by a triple of values, refinement 
depth, breadth and volume respectively. 

The refinement metrics can now be extended to 
describe the other two graphs in the following way. Any arc 
in either graph that extends from a node i to a node j, such that 
the refinement volume of node j in the constrained decompo- 
sition DAG is greater that or equal to that of i is labeled as non- 
decreasing. All other arcs are labeled decreasing. A stub of 
nonterminal class i can be replaced by a stub from class j if 
there exists a walk in the graph from i to j. The arcs along that 
walk can be of both the constrained and unconstrained type. A 
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walk in the graph that contains both decreasing and non- 
decreasing arcs is said to be a mixed walk. 

Mixed walks are classified here in terms of the 
following features: 1) The number of nondecreasing arcs that 
occur in the walk. The number that occurs is termed the order 
of the w&, 2) Ihe relative positioning of these nondczreas- 
ing arcs in the walk. For example, if all the productions cor- 
responding to non-decreasing arcs occur only at the beginning 
of the sequence , the walk is said to be in prefix normal form. 

Here, the refinement metrics will be extended to deal 
with first order mixed walks. First, refinement depth can be 
computed for a given nonterminal class i as follows. 1) First 
determine which productions in the grammar with nontermi- 
nal i on the left hand side have nonterminals on the right hand 
side with constrained refinement depths greater than or equal 
to i. 2) If this set is non-null then select the production with the 
nonterminal class, j, of greatest refinement depth in the con- 
strained DAG. 3) Use of this production at the beginning of 
the sequence wilI produce a nonterminal that is farther from 
completion than i was. Since the remaining productions must 
be constrained, they wiIl be taken Iiom the support subtree for 
j in the constrained decomposition DAG. The resultant 
refinement depth for i will then be the refinement depth for j 
plus 1. The 1 corresponds to the application of the first 
production that generated j. 

Refmement breadth and volume can be expressed in 
a similar fashion since they can be viewed as deriving from 
values for nonterminal class j. Refinement breadth is the 
refinement breadth for j plus the number of productions with 
i on the left that have j on the right. This latter term 
corresponds to the number of ways that one can derive j in a 
decomposition from i. Refinement volume for i just uses the 
above values in the same expression as for the constrained 
case. 

Given the above definitions, refinement metrics can 
be calculated for both the constrained and unconstrained 
refmement graphs. The resultant values in each case are 
displayed in the figure. A statistical summary of the refme- 
ment metrics values for each of the three situations using the 
example grammar is given in table 2. These statistics include 
the minimum, maximum, mean, and standard deviation for 
each metric relative to the 29 nonterminals in the language. 
Note that while the maximum depth of a nonterminal is 17 (for 
the nonterminals of class program) in all three graphs, the 
average depth is considerably less. Also, as constraints on the 
productions are relaxed the values for the metrics do increase 
as expected. ‘Ihe magnitude of the increase is rather smalI in 
this instance due to the lack of substantial recursion in this 
simple grammar. 

3. Conclusion. 
This paper inuoduces a new level in the description 

of the stepwise refinement process. The traditional level, 
normally called the semantic level, is viewed as the decompo- 
sition of a stub associated with a high-level implementation 

goal into a set of new stubs, where each resuhant stub is related 
to a smaller goal than its parent. The new level introduced is 
the syntactic level. In this level the task concerns the implem- 
entation of a nonterminal class associated with a given stub. 
The effort of impIementing the task for a nonterminal can be 
expressed in terms of the production rules in the underlying 
grammar. The refinement metrics directly reflect this effort. 

The refinement metrics are currently being applied 
to commersially avaialbe programming languages to assess 
thier support of the stepwise refinement process. Also an 
empirical study of refinement sequences am being made to 
determine how much human programmer may follow these 
paradigms. 

Refinement metrics are also currentIy being used as 
a heuristic to drive the PM plan compiler system [91. The goal 
of this system is to acquire program planning knowledge from 
existing program libraries. 
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<program> 
<block> 
<blocktail> 

<declaration> 
<idlist> 
crest of idlist> 
<statement list> 

<optional label part> 
<optional statement> 
crest of list> 
<statement> 

<assignment> 

crest of assignment list> 

<transfer> 
<conditional> 

<optional else> 
<write> 
<output list> 
<more output> 
<expression> 
crest of expression> 
cexpl> 
<rest of expl > 
<exp2> 
<rest of exp2> 
<exp3> 
<positive exp3> 

crelop> 

emulop> 

-a- ..- 

--- ..- 

--- ..- 

::= 

::= 

.-- ..- 

--- ..- 

::= 

::= 

a-- ..- 

::= 

::= 

--- ..- 

::= 

::= 

--- ..- 

::= 

::= 

--- ..- 

::= 

--- ..- 

--- ..- 

::= 

-a- ..- 

::= 

--- ..- 

--- ..- 

--- ..- 

::= 

::= 

<block>. 
begin <blocktail> 
<declaration> <blocktail> 1 

<statement list> end 
label <idlist> 1 integer <idlist> 
<identifier> crest of list> 
; 1 , <idlist> 
<optional label part> 

<optional statement> 
crest of list> 

<empty> 1 <identifier> 
<empty> 1 <statement> 
<empty> I ; <statement list> 
<assignment> 1 <transfer> 1 

<conditional>1 <write> I <block> 
<expression> => eidentifeti 

crest of assignment list> 
<empty> I =B <identifier> 

crest of assignment list> 
goto <identifier> 
if <expression> then <statement list> 

<optional else> fi 
<empty> I else c statement list> 
output ( <output list> ) 
<expression> <more output> 
<empty> I , <expression> <more output> 
cexpl> crest of expression> 
<empty> I crelop> cexpl > 
eexp2> crest of expl> 
<empty> I caddop> <exp2> <rest of expl > 
cexp3> crest of exp2> 
<empty> I cmulop> cexp3> crest of exp2> 
<positive exp3> I - <positive exp3> 
input I <identifier> I <constant> I 

( <expression> ) 
<l>l= 

+I- 
*I/ 

Table 1. BNF of Simple Programming Languge. 
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