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Abstract. The theory of software science attempts formularization of software characteristics. It was
developed by the late M. H. Halstead of Purdue University during the early 1970's. Duaring the past years,
large numbers of empirical and psychelogical studies were performed o vatidate and investigate
capabilities of proposed software metrics. Most of these studics supplied evidence to support the theory.
The on-going process of verification and refinement of theory initiated its applivation in wide areas includ-
ing: estimating complexity of software maintenance and relating software errors to the theory.

Within the frame of these investigations, a great interest has heen shown towards application of
software science t¢ programming languages for evaluation of their relative levels and testing of length equ-
ation, In this regard an extensive published work exists covering experimentation on varivus program-
ming languages. However, all previous studies have been mainly concerned with application of soffware
science to conventjonal ‘Procedural Languages’. It obviously triggers motivations to explore applicability
of software science to newly emerging ' Declarative Languages’.

The work in this paper reports on a pioneer investigation into the application of software science to
a fifth generation Heclarative language like Prolog. Various tools and databases have been developed
which provide on-line software metrics research environments and data-collcction for declarative lan-
guages including Prolog. These touls were used to analyze large number of Prolog programs collected
from published litefature and university environments. Two fundamental counting rules and their possi-
ble interaction werg studicd for Prolog programs. The results from experimentation clearly indicate to the
significant fact thatlsoftware science can be successtully applied tw Prolog. These results have nicely ver-
ified the length equiation, The study concludes that Prolog has higher language level than all other prog-
ramming languages previously studied. This prediction strongly confirms the common intuition on Prolog
level relative to the pther procedural languages.

Intraduction

The rising cost of software development and maintenance have naturally aroused
interest to quantify and analyze software complexity and qualily. Maurice Halstcad
11,2] develuped a theory that gives objective measures of software complexity. Vari-
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ous experimental and statistical studies [1-11] have shown very high correlations
between the theory's predictions and actual program measures.

The most interesting studies performed were on several computer languages for
evaluation of their relative levels. The language level metric expresses the power of
a language relating a particular language facility to the mental effort required to use
it. Higher langnage level means that production and maintenance of program is
easier in that particular language. It also provides a basis to rank languages on linear
scale. Language level metric may be used in selecting a language for new applications
and in testing the potential power of a proposed language.

A series of studies have been performed by Halstead [1] and other researchers
[5-11] to predict the language levels of various programming languages. These find-
ings through software science metrics confirm our common intuition of programming
language levels. It is worth mentioning that results of some studies like Woodward
[6] vn Algol 68 do not match with expectation. The Algol 68 language level predicted
by software science was lower than that predicted for Assembler [11].

The era of fifth generation languages is emerging rapidly now. It is also being
expecled hat these languages may find wider specialized applications during the
near future, It nicely opens another avenue for software science experimentation and
verification. Prolog is thought [12] to be significantly contributing towards future
family of declarative and logical programming languages evolution. Therefore it
seems interesting to cxperiment the applicability of software science to Prolog to
assess its level with respect to previously predicted language levels.

Prolog is not just another programming language. It is significantly different
trom other computer languages in many respeets. In Prolog, algorithm implementa-
tion diffcrs from conventional languages. Itis descriptive as well as prescriptive. Pro-
log encourages the programmer to describe sitnations and problems rather than the
detailed means by which the problems are to be solved. This is of practical impor-
tance becausc the declarative aspects of programs are usually easier to understand
than the procedural details. Prolog introduces the descriptive or declarative view of
algorithm implementation. Intuitively, Prolog may be vonsidered 1o be a higher level
language than procedural languages. Thereforc, the experimentation presented in
this paper is an important investigation for producing evidence to support or con-
tradict software science. If Prolog is a higher level language as intuitively suggested
then accordingly software science metrics should place it above the other languages.

The work reported in this paper deals with application of all software science
metrics on large number of Prolog programs. In section II, counting strategies are
surveyed and counting variations are specified and various experiments have been
proposed., Tools and data-collection on a program analyzed with its statistical
analysis are presented in section TTT and results are discussed in section IV, Finally,
the experiment is reviewed and experiences are summarized. The discussion on
length and cstimated length of Prolog programs with results are given in the appendix
for interested readers. The composite results on rest of software science metrics are
also presented here.
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Counting Strategies

The ficld of softwarc scicnce [1,2] has undertaken significant research effortsin
an attempt to provide useful metrics of various aspects of the programming process.
Software science metrics assigns quantitative laws to the development and mainte-
nance of computer software. Software science uses a set of primitive measures that
may be derived after code is generated. These primitive measures are nl (The
number of distinct aperators), n2 (The number of distinct operands), N1 (The total
number of operators occurrences) and N2 (The total number of operands occurr-
cnces). The metrics n (Vocabulary) and N (Program Length) are given by (nl + n2)
and (N1 + N2) respectively.

Software science proposes a number of program impurities which reduces effec-
tivencss of a program by incrcasing program length unnecessarily. The metric Esti-
mated Length (N) is an estimate of the length of a pure program. The N is given by
nl*Log, nl + n2*Log, n2.

The program volume V measures the number of bits required to specify a prog-
ram in a given programming language. The volume V is defined as N*Log, n

When a programming language is rich in vocabulary of operators then it may
allow more compact expression and produces shorier implementation of a given
program.

Abstraction is considered as a major characteristic of software design to ensure
its easy implementation, The estimated program level of abstraction L is given by (2/
nl) * (n2/N2),

The program difficulty metric D2 is defined as the estimate of human difficulty
in implementation of an algorithm in a given programming lunguage. The metric D2
and Program Levet have an inverse relationship. The metric D2 is simply given by 1/L.

Another interesting aspect of software quality which has been identified and
proposed by software scicnce is language level () and is given by L2*V. A is an
important aspect of programming process identified by software science metric to
measure the inherent limitation imposed by the language. A higher value of language
level reflects its power to decrease human difficulty for the implementation of a given
algorithm. Language level metric estimates the level of abstraction provided by a
programming language.

The software science effort metric E attempts to quantify the effort required to
comprehend the existing implementation of an algorithm. The metric E represents
the number of mental discrimination (decisions) that fluent, concentrating program-
mer should make to comprehend the implementation of algorithm in 2 given lan-
guage. The effort metric E is given by V/Ilj

The potential volume IC (or Intelhgeuce Content) is metuc that measures inher-
ent conlent of 4 program and is given by L*V

Originally softwarc scicnce theory was meant for analyzing algorithms, where
cach symbol can be strictly classified as operator or operand. However, this classifi-
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cation is not straightforward when algorithm is represented in computer program-
ming languages. It provides room for a very large number of potential counting vari-
ations to be investigated for a particular programming language. However, there is
a general consensus among rcsearchers in the field now [14] that, as long as consis-
tency is maintained, small details do not matter, Therefore, the following major
counting strategies are being proposed in Prolog for data collection and analysis:
{a) Since Prolog is a declarative language, the declarative section represents a
significant portion of programming effort. It does not appear reasonable to
ignore declarative section of program completely,
(h) User-predicate symbols in Prolog may be viewed as functions or data vari-
ables,
{c) Generally a variable’s scope is clause based. The vccurrence of the same
variable name in different clauses may be considered distinet operands.
Currently Prolog is available in many different versions. Most deviations among
the diffcrent versions are of purely cosmetic nature. Among several Prolog dialects,
the Endinburgh Syntax, also known as DEC-10 syntax [15], is most widcspread. This
syntax is well-documented by Clocksin and Melish in their popular reference [16].
Our work generally involves Edinburgh syntax with its enhancements like Turbo
Prolog [17,18]. However Core Prolog [16] symbels are specially considered, Tt
appears that Prolog allows enormously large variations for investigations. As a first-
level uttempt, we concentrate on some fundamental variations involving the declara-
tive section and user-predicates only. Accordingly, four counting schemes are consi-
dered for experimentation and are summarized in the following Table.

Counting rules Declarative sectiun User predicales
Expt#1 Net considered Operator
Cxpt#2 Not considered Operand
Expt#3 Considered Operator
Fapt#4 Considered Operand

Clauses section is mainly considered for counting token. Goals scction is
ignored as in some Prolog implementation goals are provided at run-time of a prog-
ram and not at compile-time.

Tools and Data Collection

Various intelligent automatic tools have been developed as part of this work.
The integration of a strong, comprehensive tool support provides on-line Software
Science Laboratory (881.)" environments for analyzing and experimenting with Pro-
log programs.

The use of SSL involves sequence of tools and interaction of databases. SSL fur-
nishes flexible capabilities for statically extracting and measuring a wide range of
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program and language characteristics. It also provides facilities for analysis and man-
ipulation of program measurements data. The (ools offer the user ability to easily
select from & range of capabilities provided by SSL.

The SSL static analysis capability can be subdivided inta individually selectable
capabilities offering these levels of analytic power, The lexical analysis step accepts
as input the Prolog program source text and converts it into a list of lexical tokens.
The syntactic analysis step requircs the lexical tokens as input. This process con-
structs a parse tree representation of input Prolog program and symbol table. The
static semantic analysis step builds upon the output of the first two static analyzers
and produces a number of structures designed to represent and elucidate the fune-
tioning of the program. These structures facilitate extraction of any desired informa-
tion on program or language attributes, Here syntax or structure of Prolog or prog-
rammer symbols such as: facts, predicates, clauses, questions, data-structures used
( lists or trees ), operators, expressions, variables and constants can be extracted and
vicwed. The static control and data flow structures can be also viewed and analyzed.
At this level, computation of software science measures and metrics is straightfor-
ward.

SSL cstablishes and maintains a file system for creation, deletion, alter and man-
ipulates files of source code modules and program measurements data sets. The file
system furnishes input to the needed tools and captutes the output data of those
tools, The file systcm management is being done automatically and internal to SSL
to kcep user out of sight. The file system seems to be best thought of as relational
databases. Therefore, relational database technology is applicd for large bodies of
data on program samples and analysis of programs. The interface of SSL encourages
users to think about environments as an energetic, reasonably bright assistant, capa-
ble of answering questions and storing and retrieving important bodies of data.
Through the user interface, one can easily attempt as many as possible counting
strategies to view cffcets on all software science metrics. Various statistical analysis
techniques are also available for data analysis. Data bases are mainlained for on-
going collection of program samples and storage of analysis results. The automated
laboratory integrates various tools and databases to provide environments for con-
tinuous tesearch and experimentation with declarative languages like Prolog.

A good care has been taken in selection of program samples for analysis. Most
of the samples analyzed have been collected from published literature like books on
Prolog, programming language manuals and toolboxes including: [12,15-19]. Since
the selected-programs are produced by researchers and expert professionals, it is
assumed that these programs are pure in the software science sense. Similarly Prolog
[17] demonstration programs and all programs provided in Prolog Toolbox [18] were
considered for analysis. In fact the results presented in this paper for readers mainly
contain programs from [17,18]. Within the Computer Science Department, various
courses and projects involving Prolog programming are regularly offered. We have
on-going data collection from students’ assignments and projects. Similarly, prog-
tams produced through faculty research are also collected. Currently, about 1250
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program samples ar¢ available. Most of the available program samples were col-
lected from Al research groups at Cambridge and Edinburgh universities, Some
program samples were oblained from Computer Science students and faculty at King
Saud University, Out of these samples about 500 program samples are collected from
students having an average program size of 400 lines of source code. These program
samples nicely cover a wide spectrum of arcas of applications including games,
expert systems, graphics, string processing and simulation. Furthermore, the col-
lected samples are produced by both expert and naive level programmers. The col-
lccted program samples are classified and maintained in various databases depend-
ing on their areas of applications and other characteristics.

Results und Discussion

Allavailable program samples were analyzed using our tools and databases. For
all four cxperiments, data on software science metrics and their statistical analysis is
available. The summarized statistical results from overall experimentation will be
presented and discussed in the later part of the paper. However, for the sake of clar-
ity, we have chosen a group of 40 program samples for demonstration and discussion
beforc mentioning results from overall experimentation. For these samples, data on
various software science metrics is presented for all four experiments in Tables 1 to
4 respectively. The program samples 1-23 and 30-36 are taken from [17]. The rest of
program samples are small expert systems for various applications developed by fac-
ulty and senior undergraduate students. The program samples taken from [17] ure
demonstrations for users, covering several characteristics of Prolog. We discuss
Tesults on software science metrics with a main emphasis on language level.

The averages, variance and standard deviation of language level and other met-
rics are provided in Tubles 1-4 for 40 program samples analyzed. The Prolog lan-
guage level observed through experimentation may be veritied only by using frame
of mean language level and their standard deviations obtained through Halstead’s [1]
and other experimental studics shown in Table 5. The ordering of language levels
predicted by software science theoty nicely confirms to the common intuition con-
cerning levels of these programming languages.

The mean A predicted by our all cxperiments taken together is 4.08. This places
Prolog on the top of the Tabie 5. This result is in accordance with the logical cxpecta-
tion concerning Prolog. The original philosophy on language level as described by
Halstead [1] and various critical reviews [14] on his theory may support the fact that
Prolog should have higher-level than other programming languages. Prolog as a
declarative language has a distinguished nature over other conventional procedural
programining languages. [t enhances the programming effort for implementation of
a particular algorithm. 1t allows to implement a given algorithm in arbitrary ways.

The averages of ) have variations within four counting strategies used for
analysis of programs. The significant effect of counting the declarative part of Pralog
on } is apparent. The consideration of user-predicates as operatars or operands has



Software Science Analysis of Prolog 7

Table 1. Saftware science measurements of furly program samples based on experiment # 1

Prog. nl n2 N1 N2 n N N v L X 1C

15 30 109 70 45 179 205 .81 983.04 006 321 56.17
10 6 18 14 16 32 48.73 128.00 ©.09 094 1097
17 23 n 39 4 110 173.53 58541 0.07 282 40.02
21 33 114 76 54 190 258,70 1093.43 0.04 1.87 4322
14 32 14 9 46 223 21330 123175 0.05 263 56.88
33 o 358 1490 112 548 664,46 373043 003 237 %400

57 191 127 79 318 430,58  2004.60 0,04 334 BLTY
1 18 46 35 28 79 108.28 378 01l 4,52 41.43
18 26 118 65 44 183 197.27 999.08 0.04 197 4440
9 9 61 44 18 105 57.06 43784 005 090 1990
14 17 50 3 3 24 122.79 416.15 0407 212 2973

—

—_ O D 06 - O W B W b
b
[ ]

12 19 41 145 87 60 232 300.37 137040 005 337 67.98
13 19 a4 135 v4 59 229 293,59 134713 0.04 270 60.34
14 17 43 129 57 60 186 30282 1098.68 009 865 97.51
15 16 37 106 93 53 201 25675 15131 0.05 2.73 356.05
16 12 25 105 mn 37 176 159.12 Y16.86 0.00 316 53.81
17 16 42 139 101 58 240 29048 140592 D.05 3.80 73.08
18 17 kL) 119 95 51 214 24245 121390 0.04 215 5111
19 5 40 62 63 45 132 22445 72492 0.25 4676 18411
20 20 29 104 61 49 165 227.32 926.43 0.05 209 444
21 15 25 &0 44 40 124 174.70 659.92  0.08 379 49.39
22 24 94 372 n 118 643 720,17 4425.54 0,03 3.70 127.92
23 26 307 94 788 333 1729  2658.67 1448795 0.03 13.01 43419
24 19 41 132 ™ 60 211 300.37 124635 0.0 3712 68.09
25 17 38 154 90 55 244 26891  1410.65 145 3.48 70,07
26 20 43 187 129 63 316 31v.77  1888.82 0.03 2,10 62.9%
kel 17 0 77 41 37 118 155.93 614.72  0.06 2.02 3528
28 30 7 7 196 101 503 583.84  3340.08 002 1.95 ADRR
29 16 18 60 37 34 o7 139.06 493.48 (.06 1.82  30.01
30 9 [} 28 13 15 41 44.04 160.18 .10 1.09  16.43
31 11 17 61 40 28 101 107.54 485.54 (.08 290 37.52
32 9 16 35 24 25 59 92.53 273.99 Q.15 6.01 40.59
33 13 16 47 23 29 72 112.11 34077 0.10 330 3d.44
M 15 13 39 24 28 63 106.71 302.86  0.07 1.58 21.87
35 12 17 40 24 29 64 112.51 310,91 0.12 4,33 3070
36 15 19 45 30 34 75 139.31 381.56  0.08 277 3222
37 12 13 53 25 25 78 91.13 36222 0.09 272 3139
38 18 30 93 58 48 151 222.27 84333 006 279 48.47
E)Y 60 145 727 420 205 1147 139550 8808.36 0.01 117 101.37
4} 11 51 626 568 f2 1194 327.335  71M31 002 1.89 116.06

Average 17.33 41.53 160.38 111.03 358.85 271.4 3214t 175274 Q.07 422 6714
Vanance 79.66 2532.0 38103.3 23774.5 3133.5 120694.5200555.43 746489%.5 0.0081 52.05 4667.2
Std.dev. 893 5032 1052 154.19 5598 34741 447.83 273220 004 7.22 6832

Experiment: | Correlation coefficient for N and N is 0.89199
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Table 2. Software science measurements of forty program samples based on experiment # 2

Prog. nl 02 NI N2 n N N A L IS IC
1 7 % 19 108 46 217 22578 1198.61 010 1276 123.67
2 10 7 1] 17 17 35 5287 14306 0.08 097 11.74
3 13 27 6 52 40 121 17649 64395 008 411 51.44
4 18 36 114 85 54 199 26118 114522 005 254 538
5 10 3 118 106 4% 225 21934 124280 0.07 573 84.4]
6 20 92 358 4 112 602 68661 4098.03 0.04  5.83 154.5]
7 15 & 190 150 79 340 44260 214320 006 694 121.93
8 9 20 46 43 29 891 1497 43236 010 462 44.69
9 12 2 118 9% 4“4 214 203.02 116832 .06 361 6401
10 6 13 61 60 19 121 63.62 51400 0.07 268 37.13
11 11 20 50 43 3 93 12449 46074 0.08 3.29 38.94
12 is 446 145 117 61 262 312.69 1553.85 005 427 81.44
13 4 45 142 113 59 255 300.44  1500.07 0.06 485 85.34
14 14 46 130 T8 60 208 30739 1228.63 0.08  8.72 103.51
15 15 38 123 105 53 228 25802 130597 0.05 3.4 63.02
16 1 27 10 86 38 191 16644 10235 006 327 57.22
17 11 48 167 127 59 294 306.13 1729.50 007 817 118.85
18 13 38 125 9 51 224 24753 127062 006 443 75.03
L] 5 Lt | 87 7 46 159 23127 87825 0.23 4557 200.04
20 12 37 w4 92 49 196 23577 110048 0.07 494 73.76
21 12 28 77 &5 40 142 17763 73571 007 3900 5426
2 12 1% 368 305 118 673 75618 463202 0.06 15.54 26830
23 26 307 1087 788 333 1875 2658.67 15711,33 0.03 1411 470.85
24 14 6 132 108 &0 240 30739 141765 006 525 86.26
25 11 4 154 115 55 269 278727 153519 007  7.53 108.19
26 14 49 187 159 63 346 32842 206814 0.04 01 91.05
27 14 24 7 % 38 133 163.34 697.97 0.06 262 4273
28 12 % 307 292 R 599 62729 399678 0.0 10.55 205.31
29 9 25 60 5K k' 118 14463 60032 0.10 551 57.50
30 6 10 28 2 16 54 4873 21600 013 355 27.60
KA 9 19 60 47 28 107 109.24 51439 0.0% 415 4621
32 7 18 k1§ 28 25 30 9471 27399 018 924 50.32
33 11 18 4 30 29 72 11311 34977 041 416 38.16
M4 14 15 41 31 2 72 1191 34977 047 167 2418
35 11 19 0 30 30 70 11876 34348 0.2 455 3953
36 12 br) 45 41 34 86 14113 43752 009 350 W13
37 10 15 53 M 25 &7 91.82  404.02 009 315 3565
38 14 4 93 7 48 160 22628 94386 0.06 386 6032
39 25 160 690 510 185 1200 1287.60 9U3T.66 0.03  5.69 226.83
4an 9 53 625 59 62 1221 33201 72007 .02 2.84 143.47

Average 1232 46.35 164.43 13220 58.67 296.63 32635 190839 G008 630 0404

Variance 19,04 2634.1343301.8025990.31 2981 45135659.89 19555262 8432445.0 0.0015 50,8452 7133.53

Std. dev. 4.36 51.32 20800 181.22 5460 36832

442.21

2903.870

0.04

7.13

84,46

Experiment: 2 Correlation coefticient for N and N is 0.90191
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Table 3. Sofiware science measurements of forty program samples based on experiment # 3

Prog. nl n2 N1 N2 " N N v L A ic
1 19 3119 87 50 216 234,29 1219.07 0.4 172 45.72
2 13 ] 25 18 21 43 7211 1888y 0407 088 1291
3 21 28 87 52 £ 139 226.84 78044 (L5 205 4002
4 23 331w 76 56 213 27051 123697 0.04 L1 46,70
5 16 32 130 9 48 229 21400 127896 0.04 209 51.68
6 39 B0 409 202 112 611 Ti1.88 421273 (.02 1.74 85.56
7 27 59 214 137 351 475.46 2255.62 0.03 230 71.96
8 14 20 58 41 34 99 139.74 50366 0.07 245 3510
9 22 29 135 80 51 215 238.99 121957 0.03 132 4019
10 13 11 T8 56 24 132 86.16 60522 003 055 18.29
1 18 18 64 43 36 107 150.12 553.18 0.05 1.20 25.73
12 24 44 162 100 68 262 350.25 159492 004 214 5848
13 23 44 166 113 67 279 M425 169244 0.03 1.94  57.3%
14 21 45 159 78 66 237 33937 1432.52  0.05 432 7871
15 20 42 122 108 62 230 312.92 136947 0.04 2.07 5326
16 14 35 114 71 ki 185 169.40 97780 0.05 247 49.19
17 23 33 174 138 76 in 407.62 1949.35 0.03 217 65.10
18 20 33130 a7 55 227 265.96  1312.37 Q.04 1.71 4735
19 10 41 84 71 51 155 25288 8923 012 1173 10154
0 24 3 125 71 54 196 257.25 112796 (.04 140 39.72
21 19 25 91 a4 44 135 196.81 737.02 006 264 4408
22 33 100 419 292 133 11 830,85 501631 D0.02 2.16 104,12
23 26 307 941 788 333 1729 265867 1448795 0.03  13.01 434.19
24 23 45 158 98 R 256 35118 155839 {4 248 62.22
25 2 39 173 98 2] 271 424 160723 B4 210 5815
% 24 44 223 134 ] 57 350,25 217322 0.03 1.63  59.47
7 2 21 100 44 43 144 19035 78138 004 147 3390
28 34 72 373 237 1K 610 617.21 41403 D0.02 131 7334
29 18 15 .4 3 Kii] 125 150.12 646,24 0.05 1.89 3493
30 13 7 36 18 20 34 67.76 23338 0.06 084 1396
3 15 18 67 42 33 109 133.66 549.84 0.06 1.80 31.42
32 12 17 40 26 29 66 112.51 32063 0.11 3.81 3494
33 16 17 52 27 33 74 133.4% 39851 O0.0B 247 3136
34 21 16 55 3l 37 86 156.24 44801 0.05 1.08 22,02
35 16 22 55 34 38 89 162.11 467.07 0.08 106 3778
36 18 19 54 30 37 84 155.77 43759 007 2147 3079
kT 17 14 66 30 31 96 12279 47560 0.05 143 26.11
38 22 35 112 72 57 184 277.63 1073.25  0.04 2,10 47.43
39 [ 154 751 455 223 1206 1540.57 9407.89 0.01 0,91 %2030
40 17 55 655 592 72 1247 387.46 769390 0.01 0.92 84.09
Average 2127 43,15 176,32 11998 64.4% 2902 35443 193537 005 240 5854

Variance Y5.45
Std. dev. 977

2320 39186.5 24257.8 3157.9 123558.2 202590.2 7711855.0 (.0005 5.8113 4150.87

50.21 19796 155.75 56.20 . 351.51

450,10

277702

0.02

241

64.43

Experiment: 3 Correlation coefficient for N and N is 0.89347
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Table 4. Software sclence measurements of forty program samples based on experiment # 4

Prog. nl n2 N1 N2 n N N A L ) c
1 11 0 129 134 51 263 25093 149185 0.05 439 B0.97
2 13 9 25 2 22 47 7664 209.59  0.06 0.8 1319
3 17 32 84 69 49 153 22949 835805 0.05 256 46.87
L] 20 36 137 88 56 25 27256 130665 004 219 5345
5 12 36 122 10 48 232 229.14 129571 0.05 3.86 70.68
6 26 93 409 269 1y 678 730,35 467469 003 331 12432
7 20 ey 212 167 86 379 485.37 243555 0.04 380 96.26
8 13 22 38 53 35 111 4621 56335 006 232 3636
9 16 35 135 "7 51 252 24352 142945 004 200 5345
{i] 10 15 76 6 25 152 91.82  705.87 (04 1.10 27.86
I 15 21 64 55 36 119 150,84 61522 OS 159 3132
12 20 49 162 135 69 297 36156 I1814.23 Q.04 239  65.85
I3 18 9 175 137 67 312 350.18 189262 0.08 299 7521
14 18 48 161 102 66 263 34314 158068 005 435 8312
15 19 43 141 19 62 260 31404 154809 0.04 224 S8.88
16 13 27 114 88 40 202 17649 1075.03 0.05 240 50,74
7 18 5% 207 170 77 377 422,13 236258 0.04  3.51 9Ll
18 16 3 136 105 55 241 270.13 139331 0.08 3.0 64.69
19 10 42 104 ’1 52 185 25970 105458 010 1134 109.36
20 16 33 125 110 54 235 26342 135240 0.04 252 5840
21 16 28 87 68 44 155 19861 84621 © 0.05 224 4356
22 21 112 413 338 133 751  854.66 529852 0.03 528 147.21
23 26 307 1087 788 333 1875 2658.67 15711.33 0.03 14.I1 470.85
24 18 50 158 132 68 200 35725 176536 0.04 343 74.30
25 16 45 173 129 61 302 31113 1908 0.4 341 7RID
26 18 S0 23 170 68 393 35725 239237 0.03 255 7818
27 19 25 100 63 44 163 196.81  889.89 0.04 1,55 37,17
28 16 91 313 352 107 725  656.21 488756 0.03  5.00 157.94
29 11 25 88 65 36 153 15415 79100 007 387 5531
30 10 11 36 35 21 7 7127 311.85 0.86 123 1060
31 13 20 65 51 33 116 134.54 585.15 000 213 3.3
32 10 19 34 32 9 66 11393 320,63 0.12 452 3807
33 14 19 45 34 33 79 13401 398.51 008 2.54 31.81
34 20 18 59 40 38 99 146150 51954 0.04 105 23.38
35 13 24 55 42 39 97 168.64 512,68 008 298 39.06
36 15 2 54 44 37 98 15671 510,53 007 227 3404
37 15 16 ] 41 K} 107 12260 530,10 005 1.44 2758
38 18 9 112 04 57 06 28119 120158 0.05 255 5539
39 28 195 73 563 223 1300 1618.04 1M41.t7 002 621 250.89
40 15 57 653 622 721275 39108  7866.65 0.01 117 96.1

Average 16.38 4930 184.85 147.75 65.68 33260 369.15 217368 0.05 330 77.65

Variance 18.54 2830.3 45237 27790.5 3189.91 143075.6 211515.2 9045671.0 0,004 6.3973 6130.08

Std.dev. 431 5339 212,68 166.70 5648 378.25 45491 30076 002 253 7820

Experiment: 4 Correlation coefficient for N and N is 0.90525
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Table 5. Enh d table of } levels of various programming languages obtained through previous
experimental studies
Language Level Standard deviation
English 2.16 0.86
Prolog 2.03 0.59
APL 1.98 1.9
PL/1 1.53 0,96
Algol 58 1.21 .86
Fortran 1.41 0.5
Pilot 0.92 0.66
Assembler (CDC} 0.88 0.65
TBM/370BAL 0.43 0.83

also an effect on A, In all four experiments, two program samples (19 and 23) have
exhibited relatively large  as compared to other samples. As it may be seen from
tables that buth samples have few unique operators {as compared to the total occurr-
cnees of operators) with very low operand redundancy. In fact, sample # 19 is refer-
ring anly ta one user-predicate repetitively throughout its clauses section. The prog-
ram sample # 23 is a small example of classification expert-system givenin {17}. It has
almost similar situation of operators and operands as of sample # 19. Only two prog-
ram samples have significant differences in A under different counting methods.
Examples are samples 1 and 22. Both samples have increased A because of decrease
in count of unique operators, when user-predicates are counted as operands. With
these few exceptions, all program samples have lower variation from mean A within
all experiments. The standard deviations of ) in first two experiments is higher as
compared to other cxperiments. However, in all experiments the standard devia-
tions of A are higher than standard deviations shown in Table 5 for other program-
ming languages.

For the purposc of further refinements of A, we eliminated all those program
samples from analysis for each experiment having A higher than 10. With this elimi-
nation, massive measurements using all available program samples were taken and
summarized results are shown in Table 6. A significant shift on valucs of . arc appar-
cnt from Table 6. Here standard deviations of & are significantly lower than those
shown for 40 program samples. Both mean and standard deviation values are higher
for the first two experiments than the rest of the cxperiments. 1t is apparent that
counting declarative section and user-predicates as operators decreases language
level. Also the values of mean ) for experiments 1, 2 and 4 are higher than language
level predicted for English [1] as shown in Table 5. However, Halstead [1] has men-
tioncd that English level should not be taken with any significance. Only experiment
2 has significant difference from other experiments for mean k. Except experiment
3, the results of all other experiments place Prolog language level on top of Table 5.
For experiment 3, the valuc of  is lower than APL language level reported by De
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Kerf [5] study and higher than APL level predicted by later study of Konstam and
Wood [7]. However, Konstan and Wood [7] study has claimed various improvements
over all previous APL-studies. The values of standard deviations of ) for all experi-
ments are reasonably lower, Referring to Table 5, only experiment 3 has the lowest
standard deviation of X than reported for other programming languages. Also it has
variance of & significantly lower than variance calculated in our other experiments.
Therefore, we strongly feel that language level calculated through experiment 3,
appcears to be intuitively approptiate.

Table 6. Composite results of overall experimentution on language level

Exp Language level Leastsquare fit of%.on N Correlation coefficient
# Average var. St. dev. for N & ) Slope Intercept

1 2.79 1.7813 1.33 - 15051 —. 0078 297115

2 4,12 3.5437 1.88 12066 .00NN8S 4.28832

3 2.03 0.3464 0.59 -.25750 —. 00062 1.98798

4 2N 1.5116 1.23 22497 00217 2.05225

The possible interaction between and N was anatyzed. In Table 6 correlation
coctficients of » and N for all experiments are shown. Similarly, least square fit lincs
for A on N given by & = a + bN were obtained. The values of a and b are tabulated
in Table 6. From Table 6, it may bc seen that correlation coefficients between tength
and A are significantly lower and generally slopes of regression lines are shallow, It
clearly hints that there is a weak tendency for A to increase with length. It provides
further evidence that Prolog has higher language level than other programming lan-
guages.

Our experimentation demonstrates that the unique operators count nl tends to
remain relatively stable with respect to the length of program samples analyzed for
Prolog programs. Therefore, the analysis of results from our experimentation prop-
oses that the average operands usage N2/n2 is the main contributor to the program
difficulty D2. According to the softwarc science metrics {1], the lower values of n2
and N2 strongly influence the reduction of program difficulty and program bugs,
Pearson corrclation coefficient between N2/n2 and D2 ¢ame out 0.9106 . The aver-
age of ratio N2/n2 from our overall expetimentation is 2.95. This value is reasonably
lower than the values of N2/n2 reported for other programming languages [1].
Interestingly, all four experiments have almost similar value of ratio N2/n2. This
¢xposes very important internal property of Prolog, which remains invariant under
all different counting stratcgies. The progrtamming environments of Prolog have
decreased the usage of number of variabies and constants for implementation of the
algorithm. The positive effect of philosophy of declarative languages has been nicely
cxposed by our experimentation.



Sultware Science Analysis of Prolog 13

A large portion of a programmer’s time is spent in modifying existing programs
to correct errors to meet new specifications, This activity, generally called *program
maintenance’, requires 1 thorough understanding of existing code before additions
or modifications can be made. The effort required to understand a given piece of
software by a non-designer is often nontrivial. In fact, it is believed that the efiort
required to comprehend an existing program may be comparable or higher than that
required for reprogramming from scratch. The importance of writing programs
which arc casy to comprehend has lead to the publication of many books on good
programming style. It has been shown [1] through experimentation that software sci-
ence metric E is a good predictor of comprehensibility. The A has an interesting
implication about the cffort to understand an already developed program. Software
science predicts that higher level languages reduce effort towards program under-
standability, maintenance and reusability. Furthermore, the equation of E shows
that it is inversely proportional to the squarc of A. Therefore, according to the
software science metrics, square of A indicates the efficiency of the corresponding
language. From average values of k and effort E computed [rom our experimenta-
tion, it becomes clear that Prolog needs less effort to understand a program than
other procedural languages, as it has higher level than the that of other procedural
languages computed before [1]. For example the relative efficiency for Prolog is
more than twice as large as that for PL/I[1] and almost four times as large as for For-
tran. This study has provided signiticant insights that benefits the Prolog program-
ming community. It indicates on firm basis that Prolog programming environments
may require relatively less effort for program development and maintenance,

Length and estimated length

The correlation coefficients of N and N for all experiments are shown in Tables
1-4 involving analysis of 40 programs. Similarly for overall measurements taken cor-
relation coefficient of N and N together with slopes and intercepts of least square
lines are shown in Table 7 for all experiments. Interestingly, all correlation coeffi-
cients are significantly higher indicating a very good correlation between N and N in
all counting strategies. The average values of N andt N are shown in Table 7 for over-
all measurements. Both values arc reasonably closer within each experiment. How-
ever, the values of N and N have some differences when all experiments are consi-
dered. Generally, all data concerning N and N does not significantly indicate any pre-
ference for a one counting strategy over the other counting stratcgics. Also the
resulis on N and N nicely agree with the findings for other programming languages
(Algol, Fortran, and PL/T),

The composite results of all experiments for rest of software science metrics arc
shown in Table 8. The averages of nl, n2, and n are almost similar in four experi-
ments. However, N and N, have some variation over the counting strategies. Gener-
ally, these five measurements do not significantly distinguish counting method used.
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The averages of volumes calculated in all experiments are higher than APL [7] and
lower than PL/I[10]. The averages of L are similar to other programming languages.

Table 7. Analysis of interaction between N and N

Fxp Correlation coefficient Leastsquare fitof Non N
# of Nand N N N Slope Intercept
1 0.90775 241.51 267.04 1.14983 5.34308
2 0.90194 238.42 244 42 1.08285 5.14594
3 0.92477 269.22 301.85 1.14407 15.45132
4 0.93660 303.19 318.96 1.10067 3.6461

Table 8. Averages of soltware science measerements on operators, operunds, volume and program level

Exp # ni n2 N1 N2 n v L
1 7.65 35.08 145.14 96.38% 52.73 1476.29 0.061
2 121 3631 131.97 106.37 48.63 1426.25 0.073
3 2190 36.39 162.30 106.92 58.43 1681.89 0.049
4 16.61 43.44 167.78 135.42 60.06 1899.13 0.052
Conclusion

The investigation has clearly indicated that software science theory can be
applied to Prolog. The program length equation has been nicely verified. Averages
of volume and program estimated level of Prolog are similar to other programming
languages. Our study predicts that Prolog has higher language level than other pro-
cedural programming languages.

It appears that varicus counting strategics arc possible for analysis of Prolog
programs. However only two fundamental rules and their possible interaction have
been investigaled. These rules were expected to have serious impact on software sci-
ence analysis of Prolog. Generally, software science measurements do not signific-
antly prefer any counting strategy. However, language level varies under different
counting rules. We would like to intuitively suggest that counting declarative section
and user-predicates as operators appears to be most appropriate.

The study has provided a strong evidence that software science has capability to
analyze Declarative Language’ programs. The reported work may be extended on
various avenues, In particular, psychological experimentation may be performed for
data-collcction on programmer performance to analyze a correlation between hours
of effort and number of bugs. Tt is hoped that Pralog may yield some interesting
results. Similarly the volume, potential volume and estimated program level may be
further investigated.
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