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Abstract. Computer Science B.S. Curricula have been designed by various expert committecs during
the current decade. Many experts have subsequently analyzed the effectiveness of the introductory Com-
puter Science courses. These wnalysis have indicated that Lhe first course in Computer Science is quite suc-
cessful. There is a need for techniques and toals to measure nbjectively the quality of programming level
achieved by undergraduate Computer Science students in the course of their degree completion. We have
applied the well-established theories of software science metrics on volumes of data-collected to verify the
effectiveness ol the complete Computer Science B.S. Curricula. It has been found that the curricula have
by far achieved their objective. The proposed method and data-collected will be a step forward towards
giving insight into objective evaluation of Computer Science curricula. This should also be uscful to cur-
riculum designers and vniversity managers who are looking for *Outcomes Assessment” of their Com-
puter Science degree programs, Furthermaore, the work reported here provides a good means for veriflica-
tion of sofrware scicnee metrics.

1. Introduction

Automation of manufacturing is procceding at a fast pace all over the world. Auto-
mation involves the computerization of the design, the production, and the testing of
required products. Thus, the future industrial engineers and managers must be com-
puter-literate.

Training of fresh graduates and retraining of industrial employees are per-
formed by colleges with Computer Science expertise. Invariably the courses of B.S.
Computer Science are vpened to industrial employees during the evening hours.
Accordingly, the Computer Science courses have a major impact on future of indus-
trial activities.

Recognizing the importance of Computer Science education, many expert com-
miltees have designed appropriate curricula [1-18]. These curricula are followed in
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many schools of Computer Science. Of course, some colleges do modify the above
mentioned curricula (o satisfy local conditions and other special requirements. Many
experts involved in Computer Science education have recognized the importance of
implementing the above curricula recommendations effectively. A number of exper-
iments on the effectiveness of individual Computer Science courses have been con-
ducted. It is well known that the first course in any discipline sets the tone for the
more advanced courses to follow. Thus, most of the rescarch of effectiveness of
teaching has been concerned with introductory Computer Science courses [19-28].

ACM as well as IEEE reports [1-6] have recommended that the undergraduate
Computer Science curricula should be mainly concerned for the development of
“quality programming™ rather than just programming skills. There is a need for tools
to measure objectively the quality programming levels achieved by undergraduate
students in the course of their degree comptetion.

It is our belief that most ol the colleges following the expert designed Computer
Science curricula would be graduating their initial batches of students. 1t is the naty-
ral and fogical next step to concern ourselves with the eficctiveness of the complete
curricula at this stage. The paper proposes 10 study software science metrics to esti-
mate effectiveness of a given academic program towards developing guality prog-
ramming skills, us the student moves from the freshman year to the scnior years,

We have been ahserving and collecting data on aquisition of programming skills
for the last 6 years from the computer programs of undergraduate Computer Science
majors (ranging from Freshmen to Seniors) at the College of Computer and Intorma-
tion Sciences of King Saud University. The five-year B.S, Computer Science cur-
riculum was designed here during 1983-84 based on recommendations [2-6] and is
substantially more rigorous and demanding than ACM curriculum [2]. Fortunately,
our Computer Scicnce B.S. program also satisfies largely recommendations of cur-
rent ACM curriculum [1]. Tn the curriculum followed by us the following important
courses are considered [or evaluation and data collection.

The courses are:

1. Computer Programming-1
Compulter Programming-11
Data Structures
File Processing Techniques
Operating Systems-I
Compiler Design
Software Engineering
Operating System-1I

9. Computer Networks

10. Graduation Projects.

It can be observed that the above ten courses arc the backbone of most of the
curricula followed [1-6].

While the growing cost and complexity of software has increased the need for
objective software metrics, there is an equal need for collection and analysis of
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empitical data on a variety of implementations of the same algoerithms to support the
theoretical research in software science metrics. There is an excellent opportunity of
such data collection and analysis in the academic environments at universities that
offer degree in Computer Science. The Computer Science departments can be vie-
wed as on-going computer-program production facilities where student-program-
mers produce computer programs in a large variety of problem arcas during the
course of their study. Because different participant students go through the same
courses, programming essentially the same classes of problems, a large number of
implementations of the same algorithms become available -- 2 facility not economical
in other software industry environments. Furthermore, the data collected in this type
of environment is most ideal for verification of metrics like intelligent content and
langnage levels. We expect that work presented here provides an excellent opportu-
nity for verification of softwarc science metrics.

In section 2, we briefly describe the software science theory which forms the
hasis for evaluating the effectiveness of a Computer Science curriculum. The next
section details the duta-collection and development 1ools so that the measures of
software science theory can be caleulated. Scction 4 presents the results of analysis,
The last section analyzes the results and concludes the paper.

2. The Concept

Halsteads’ [29] theory of software science metrics is intellectually appealing.
These metrics have been widely accepted and applied extensively. A detailed discus-
sion of software science metrics can be found in [29,30[. In this section we briefly
introduce some of the relevant metrics.

Halsteads™ [29] has defined a number of impurities which reduce the effective-
ness of a program by increasing the length of the program unnccessarily. The
paramcicr N (estimated length) defined by Ilalstead is an estimate of a length of a
pure program. The actual length N when compared with N gives a measure of matur-
ity of the developer of the program. The following equation defines N and N.

N = nl Log, (nl) + 1.0g, (n2)

Where nl is the number of distincit operators and n2 is the number of distincit
operands of a program.

N = N1+ N2

Where N1 is the number of total operators and N2 is the number of total
operands.

Another aspect of programming which has been identified by Halstead is the
language level (LL). Which measures the capability of the programmer in using the
power of a given programming language. Higher value of LL reflects a better com-
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mand on a given programming language. LL is calculated using the following for-
mula:

LL=(V where
. 2 n2 )
L= -+— represents estimated program level
nl N2
and V = NlLog, (n) represents program volume

where  Two tape drives with capacity 1600 BPI.

The third and possibly the most important concept introduced by Halstead is the
intelligence content of a program denoted by 1C. 1€ is caleulated using the following
formula

IC=LV

IC reflects *how much’ is expressed in a given program. Tt is language indepen-
dent measure of the inherent content in a program. Therefore il nicely indicates the
knowledge gained towards problem-solving capability,

In the next scetion we describe the data collection strategy used to facilitate the
computation of above three important parameters of programs developed by stu-
dents as part of their course work. 1t is our hypothesis that the variation in the above
three parameters as the student progresses through the cutriculumn starting from the
freshman level to the senior level until his graduation reveals the effectiveness of the
curriculum.

3. Data Cotlection

The College of Compuler und Information Scicnces here acquired a twin VAX-
780 systems with the following configuration during 1984.

- Two CPU’s,

- 16MB memory for each CPU.

- 64 direct connections for each CPU.

— T'wo tape drives with capacity 1600 RPI.

- Five disk drives: Two of them are removable (RA60) with capacity 205 MB

and the others are fixed (RA81) with capacity 456 MB.

- A 1200 LPM paraliel line printer.

- Two 300 LPM serial dot matrix line printer.

— Various relevanl software packages. i

Most of the programming exercises for the Computer Science Courses have
been done using VAX-Pascal. The VAX operating system permits editing and stor-
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age of Pascal programs by every student in his own protected directory. Students nor-
mally go through a lengthy debugging session for every program that they develop.
The VAX system automatically gives new version numbers for the programs that are
modified. Thus, the final version of a program has the highest version number.

We have collected the data utilizing the co-operation among the faculty of the
Computer Science. As soon as the students submit the results of their assignments
and projects, we were informed by the course instructors. We have developed a data-
collection system which scans the directories of the students of a given course and
automatically collects the latest versions of the most recent programs developed by
them. Thus, the programs developed by every student of a given course are col-
lected, collated and stored in our respective databases. Because the data-collection
was done through co-operation and not through a mandate, the programs developed
by a student as he progresses through the curriculum are not collected completely.
Thus, sequential analysis of acquisition of programming skill by a specific student can
not be done.

However, some bright students have been very co-operative. These students
have sought the concurrence of the course instructors and have provided the prog-
rams developed by them in successive courses. Thus, we can state that, on an aver-
age, the progress in programming skills by the students of the department as they
progress through the curriculum can be studied.

We have developed a software science laboratory consisting of various automa-
tic analysis and database management tools. Datahases for program samples were
organized according to B.S. program structures. Within a course, samples were
further classificd to match a particular course implementation.

We would like to provide a brief information on program samples collected and
analyzed during the investigation reporied in this paper. Since all program samples
analyzed were collected through the execution of the ten courses listed in the previ-
ous section over a period of six years, it seems logical that a brief description on
implementation of each course under discussion will nicely expose the type and
nature of program samples analyzed. The contents and implementation of the list of
ten courses under consideration have a reasonable focus on theory and abstraction
of Computer Science discipline as recommended by {1-6]. However, the design and
implementation by students of concepts and techniques introduced during each
couyse is heavily emphasized. Therefore, we set out to briefly discuss the areas
coercd by the programming-aspect of each course under investigation.

| The first two courses on Computer Programming offer foundation in the general
congepts of problcm solving and provide thorough training in the Pascal program-
minz language. Students are provided with a tutorial style presentation and are
required to produce regular implementation of newly introduced concepts in the
form of complcte programs through assignments and projects. The program samples
collected from both basic programming courses involve solution of problems in the
area of numerical computation, text processing and searching and sorting of a given
data.
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Program samples collected from the Data-structures course revolve around
problem solving und implementation of abstract data-type. Programs on all classical
abstract data-types including Linear Structures, Trees and Graphs have been col-
lected.

The course on File Processing Techniques focuses on studying the external data-
structures necessary for implementing different file organizations, The program
samples obtained from this course are based on implementation and problem-solving
with various well-known file structures like: Indexed, Direct, ISAM, VSAM, Tree
structure and external sorting.

Operating System courses demand a significant effort from students (o imple-
ment techniques studied through various basic concepts on process management,
scheduling, memory management I/O-handling and interrupt handling.

During first course on operating system each student is required to develop a
small multiprogramming operating system on a simulated machine under VAX
operating system. The average size of a student’s project is about 2000 Pascal state-
ments. All projects delivered by students are collected in our respective database for
analysis.

During the second course on Operating System, students arc given assignments
to program concurrent processes, deadlock, and multitasking techniqes of operating
system.

The Computer Network course aims at the exposure of principles of network
programming on PC LAN. It invoives programming on network filing systems, sec-
urity and authentication and simulating data link layers functions.

The Compiler Design course requircs students to implement lexical analysis,
parser and code generation for a high-level language which is generally a subset of a
Pascal-like language.

During the Software Engineering course, each student taking the course carries
an individual project of his own choice. Such a project invalves application of
Suftware Engineering techniques from requirement analysis to implementation and
testing. Students are exposed to the various software design methodologies. The pro-
jects here cover several areas of application including: Business, Systems, Graphics,
CAL etc. The average size of projects code collected here is about 3000 Pascal state-
ments.

In the Graduation projects, which span over two consccutive semesters, stu-
dents are required Lo work under the supervision of a faculty member. The gradua-
tion projects involve significant theoreticat work, and implementation. Students pro-
duce rclatively large programs covering a wide spectrum of applications both in inter-
disciplinary and Computer Science areas. Some collected project sizes are as large as
6,000 Pascal statements.

In summary, we have quite a varied collection of programs including: small,
large sophisticated, crude, important, trivial, numerical and combinatorial. Our col-
lection has the average program size of about 900 Pascal statements. The longest
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program in the analysis has 7631 Pascal statements. Currently, about 15,000 Pascal
program samples arc available for analysis.

4, Amalysis of Data

Using our software science laboratory, a set of given programs can be analyzed
for a number of software metrics. These programs were used to calculate n1,n2, N1,
N2,n, N, /N, LL and IC for the programs of each course separately. The averages of
these parameters for every course is given in the Table. To ensure that spurious
artifacts do not cloud our analysis of the curriculum effectiveness, we have applied
statistical techniques of data-validation {31]. Then analysis has revealed that the data
is of acceptable quality statistically.

Program purity

Looking at the column of values for N/N, we find that the minimum value hap-
pens to be 0.51 and maximum happens to be 0.99. It should be observed that N is the
expected size of corresponding pure program. A value of 0.99 means that the prog-
rams developed by the students are pure. The corresponding course is Computer
Programming - I1.

In the course Computer Programming - I, we introduce the student to
algorithms for the solution of classical Computer Science problems. The students
simply code the algorithm in Puscal using simple structures. The algorithms are of
course developed by experts of Computer Science and hence can be considered to be
pure. As the students are not familiar with the Pascal in the first course the ratio N/N
is 0.92 and not 1. In the second course, Computer Programming - 11, the students
code algorithms given by cxperts. Since the students are now familiar with Pascal lan-
guage, we find that the ratio N/N is 0.99.

We will consider the three courses, Data Structures, File Processing Technique
and operaling system-1 as a single group for our discussion. In contrast with first two
programming courscs, Data-Structure course introduces new concepts. The prog-
rams in Data-Structures are not coding of faculty provided algorithms. The students
have to design their own algorithms. The effect of student-designed algorithms is
shown by the fact that the ratio N/N has decreased to 0.77. The other two courses
build-up on the concepts learned in the Data-Structures course. Consequently even
though the algorithms of File Processing Techniques and Operating System-I arc stu-
dent designed, experience and additional learning have increased the ratio to 0.86 for
File Processing Technique and 0.83 for Operating System-I course. The course on
Compiler Design introduces the theory of languages which does not depend upon the
concepts of the earlier courses. Thus, eventhough the programs of the Compiler
Design course are patterned after published programs, the ratio N/N further
decreases to 0.69.

The rest of the four courses are project oniented. Because of the project orienta-
tion, in addition to algorithm design, the student performed system analysis also.
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Thus, the programs of courses Software Engineering, Operating System-I1, Com-
puter Networks and Graduation Projects completely reflect the student’s own effort.
It is our opinion that the fact that the student is able to write programs which are
about 50% pure implies the success of the curriculum, In conclusion from N/N values
we find that the curriculum has helped the students to acquirc programming skills.

Commund over programming language

The paramcter LL represents the command over the language Pascal. The
changes in LL are similar to the changes in N/N. We see that LL is 1.35 for Computer
Programming-I and increases to 1 .61 for the course Computer Programming-I1. This
decreases to 1.10 for Data-Structurcs and increascs to 1.73 and 1.98 for File Proces-
sing Techniques and Operating System-I respectively.

Even though the programs of Compiler Design course are purer than those of
Software Engincering, Operating System-II, Computer Networks, and Graduation
Project, they are having a LL of 1.64 only in contrast to 2.63 of Softwarc Engincer-
ing.

It is well-known in Soltware Science Theory that LL of input/output oriented
program is less than that of computation intensive programs. The programs of Com-
piter Design course are table-driven and hence are in between input/output oriented
and computation-vriented programs. The programs developed in Computer Net-
works coursc display Computer Network graphs on the VYU -Terminal. Thus, these
programs are [/Q-oriented. Accordingly, LL happens to be very low at 1.3.

Operating Systems-1I1 is a project oriented course. Since an Operating System
basically controls varicty of peripherals, the LL is only 1.73. The LL of 1.98 for
Operating System-I course is due to the fact that memory management algorithms
are computation-oriented.

We can say that the course with the maximum impact on the quality of program-
ming is Software Lngineering. It is very heartening to see that LL for Sottwarc
Engineering is highest at 2.63. The Graduation Project has 1L of 2.6 and thus tes-
tifies that the students have indeed gained mastery over the given Programming Lan-
guage. In summary, LL also indicates that the curriculum has achieved its objectives.

Intelligence content (1C)

The IC for programs of the first course are the lowest at 58.77. "This increases to
237.59 for Sofiware Engineering and 476.33 for Graduation Projects. This again
establishes that students huve indeed guined knowledge due to the curriculum.

Comparison with previous studies

Several studies have tested [32-34] soltware science metrics with impressive
results. Most of the previous experiments were statistical studies. While comparing
results of some of the major studies [33,34] conducted before, with our results, a
anumber of interesting things becomes apparent. The averages of unique operators,
unique operands and volumes arc very small as compared to the averages of corres-
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ponding metrics values of PL/1 in Elshoff [33] study. The average of the cstimated
program level in our study is significantly higher than that of Elshoff [33] study con-
cerning PL/1. According to the software science metrics [32], lower values of n2 and
N2 strongly influence the reduction of program difficulty and bugs.

Several interesting studies [32,34,35] have been performed to estimate relative
level of various programming languages. These estimated levels are tabulated on a
lincar scale and are available in [32]. For example, it has been shown [32] that relative
levels of Assembler (CDC) and PL/1 are 0.88 und 1.53 respectively, These findings
confirm our common intuition of programming languages levels. In our study the
Pascal Language Level (LL) varies from 1.10 to 2.63. The average value of LL, for
Pascal from overall experimentation came out 1.76. Interestingly, our investigation
places Pascal level higher than PL/1[32] and lower than level of APL [34] Languages.
Since APL has been considered at a higher level of abstraction [34], it further vali-
daics our data-collection and measurements,

Metrics results and students performance

As stated carlier, the data-collection was not through a mandate. Therefore, it
is hard to generalize any possible correlution between software science metrics
results and students levels und their performance. Nevertheless, occasionally many
interesting observations have been made in this regard for various students known to
the author. Some students possessing good academic records and attending the sec-
ond course on Computer Programming produced program having language level
values between 610 10. These valucs are significantly higher for Pascal than the aver-
age value of LL reported earlier. Another similar group of good students taking the
Software Engineering Course delivered the course projects having exceptionally
higher values like 0.410, 0.572 and .596 of cstimated program level. Program lengh
and estimated length were almost equal for some program samples produced by few
students {securing highest possible grade) in data-structures course indicating their
maturity to develop pure programs.

For the courses taught by the author himself, the variations in software science
metrics results were monitored during the progress of each single course. At one
time, during execution of a data-structures course, program samples were collected
and analyzed separately for all five assignments given to the students during the
whole semester time. Interestingly, a progressive trend on the values of results of
metrics LL and IC were observed. Similar obhservations were recorded on some other
courses as well.

5. Summary and Conclusion

We have collected extensive data on the programs developed by studenis of B.S.
degree in Computer Science over a number of years. Relevant software metrics like
purity of programs, command over language, and intelligence content have been
extracted from these data. From the analysis of the results obtained we find that the
Computer Scieuce curriculum, as a whole, has achieved its objectives. Our
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experimentation clearly supports the relevant software metrics like purity of prog-
rams, command over language and intelligence content discussed here.

The study provides a firm basis to objectively evaluate effectiveness of the Com-
puter Science curriculumn. The reported work may he extended on various avenues.
We [ee] that mandatory collection of data would have helped us to follow the prog-
ress of each student. Such monitoring of student performance couid provide early
warning with respect to those students who do not successfully complete the prog-
ram. It will be interesting to observe the patterns of the software metrics studied dur-
g the progress of a single course itsell. Such a monitoring may help identify students
requiring special assistance in that particular coursc to be of thrauptic valuc.

The software science laboratory developed provides environments for continuous
experimentation and verification of soltware science theory. Further data collection
and analysis by involving ncw batches of students may enhance the results reported
in this paper. The proposed method and available data collection may have potential
to support research in other areas. This may include experimentation to evaluate
program design methods, design of programming languages and design and verifica-
tion of new powerful software metrics.

Acknowledgement, The author would like to express his thanks to the referees for
their constructive suggestions.
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