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Abstract

In order to properly understand a technology, it is important to know not only its strengths but also its limits. In this paper, we
investigate the limits of object oriented technology. We present a case study in which we compare two different architectures for the
same program — a student registration system which belongs to the domain of reactive repositories. We started our case study with a
model produced by Object Modeling Technique (OMT), and used it for two different implementations: a homogeneous one (HOA)
and a heterogeneous one (HTA). The HOA results in an object oriented system consisting of classes and their dependencies, while
the HTA combines traditional imperative programming with a relational database. We evaluated the evolvability of both resulting
programs by adding new use cases. HTA proved to be easier to evolve than HOA. In the paper, we discuss possible reasons for this

finding. © 1998 Elsevier Science Inc. All rights reserved.

1. Introduction

Object oriented technology is currently a very popu-
lar software technology. The programs implemented
with this technology have a structure similar to the
world they model and interact with, and achieve a high
level of reusability. The reuse is credited as the primary
reason behind the improvements in programmer’s pro-
ductivity (Lewis et al., 1991). Against this background,
we are asking the following question: Is the object ori-
ented technology a universally superior technology, or
are there any specific areas where the object oriented
technology performs worse than other technologies?
As a partial answer to the question, we conducted the
case study reported in this paper.

The case study belongs to the growing field of soft-
ware architectures (Shaw and Garland, 1996), which in-
vestigates how various application domains project
themselves into the structure of the programs. In our
view, the optimal architecture is determined not only
by the application domain but also by the programming
processes employed, both during the development (Raj-
lich and Silva, 1992) and later during the maintenance
and evolution (Rajlich and Silva, 1996). We believe that
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it is possible that the program, where the primary em-
phasis is on software reuse, will have a different architec-
ture than the program where the primary emphasis is on
the evolution.

Our case study deals with a student registration sys-
tem. It belongs to a domain of reactive repositories,
i.e. programs which are data intensive, and have a set
of predefined operations, sometimes called ‘““use cases”
(Jacobson, 1992). The emphasis is on the software evo-
lution, i.e. the modifications of the system in response
to the changing requirements. In our case study, we
are investigating how difficult it is to add new use cases
into an existing repository system. The process of add-
ing additional use cases is a very common process for re-
active repositories, where the users often request new use
cases which enhance the functionality of the repository.

We started our case study with an OMT model
(Rumbaugh et al., 1991), one of the most popular meth-
odologies for modeling object oriented systems. The
methodology requires the user to build a model of the
system consisting of three parts: the object model, the
dynamic model, and the functional model. This model
is a starting point for the design, during which the three
models are combined and a design document is pro-
duced. In this case study, we used the shared OMT mod-
el and produced two different designs and two different
architectures: Homogeneous Architecture (HOA) which
consists of classes of C++, and Heterogeneous Architec-
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Fig. 1. Processes and results of the case study.

ture (HTA) which combines imperative programming in
C with a relational database. For the overview of basic
notions and processes of the case study, see Fig. 1.

After both HOA and HTA programs were developed,
we evaluated them for their evolvability, i.e. we asked
which of the two architectures provides better support
for adding additional use cases. For a more complete de-
scription of the case study, see Ragunathan (1995). The
reader may also be interested in an earlier study of Raj-
lich and Silva (1996), where they investigated evolution
of another architecture for reactive repositories.

In Section 2 we discuss the OMT model for our case
study. Sections 3 and 4 cover the HTA and HOA de-
signs and implementations, respectively. Section 5 com-
pares the evolvability of both architectures. Section 6
contains the discussion and conclusions.

2. OMT model of student registration system

The OMT model of a student registration system con-
sists of three parts: The object model, the dynamic mod-
el, and the functional model. Following are brief
descriptions of the three models.

Object model: The object model of Fig. 2 consists of
10 classes. The superclass Person has three subclasses:
Instructor, Administrator, and Student. Class Depart-
ment represents the department offering the course.
Class Course has the course information. A course can
have many sections, therefore class Section and class
Course have an aggregation association. A classroom
can have many sections assigned to it, so we have a
one-to-many association there. Each section is taught
by an instructor, while an instructor can teach many sec-

tions, resulting in a one-to-many association. Each
course is assumed to have only one prerequisite. Class
Holds stores the information on student holds. Hold is
any circumstance which may stop a student from regis-
tering a course, like unpaid tuition, or lack of academic
progress. An Administrator checks if a hold exists for a
student, before registering him for a course. There is
thus a ternary relationship between the classes Adminis-
trator, Student, and Holds. Each student has a tran-
script showing performance to date. There is a one-to-
one association between the classes Student and Tran-
script. A student may register for many courses, and
for each course the student is allotted a section. A
one-to-many ternary association thus results between
the classes Student, Course, and Section. An administra-
tor can add course information for courses. A one-to-
many association results here.

Dynamic model: The dynamic model shows the time-
dependent behavior of the system. Fig. 3 shows the state
transitions for the Student Registration System. The us-
er selects a mode of operation: student or administrator.
The system asks the user for his identification number
and password. It verifies if the user is a valid user and
allows him into the system. After that, the user is al-
lowed to select operations of the system. The students
are allowed to seclect only a subset of all operations,
while administrators are allowed to select all operations.

Functional model: The functional model shows how
values are constructed without regard for sequencing,
decisions, or object structure. There is a data flow dia-
gram for each use case of the system. As an example,
Fig. 4 shows the data flow diagram for “Initial Registra-
tion”. The student enters his student identification num-
ber. The system checks for holds against the student,
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Fig. 2. Student registration system object model.

and also checks if the student has registered earlier. The
student then enters the course he wants to register for.
The system checks if the course is offered and if it is
open. It also checks whether prerequisite courses have
been completed by the student. Then the course is regis-
tered and a section allotted for the student. The appro-
priate databases are updated. This model is converted
into a design and implementation of HTA and HOA
programs, as described in the following two sections.

3. Heterogeneous architecture
In the first part of the case study, we developed the

HTA. HTA uses both relational and imperative con-
cepts, hence the name “heterogencous”. The design

stage consists of mapping the object model of Section 2
to a relational database, and then mapping the function-
al and dynamic models to the functions of the system.
Mapping the object model to the relational database:
In this mapping, we followed the process described by
Rumbaugh et al. (1991). Each object in the object dia-
gram maps to a single table in the relational database.
A many-to-many binary association also maps to a dis-
tinct table. The primary keys for both related classes and
any link attributes become attributes of the association
table. A one-to-one association does not need a distinct
table for itself: one table has an attribute which is also
the key attribute of the other table. Similarly a one-to-
many association does not have a distinct table. Here
the table for the object on the many side requires the
key attribute of the other table. A ternary association al-
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Fig. 3. Student registration system control.

ways maps to a distinct table. The primary keys for all
three related classes and any link attributes become at-
tributes of the association table. There is more than
one approach to map generalization to tables. The su-
perclass and the subclass each map to a table. The iden-
tity of an object across a generalization is preserved
through the use of a shared ID. This approach is logical-
ly clean and extensible. However it involves many tables,
and superclass to subclass navigation may be slow. An-
other approach eliminates the superclass table and rep-
licates all the superclass attributes in each subclass
table. This approach is used if a subclass has many attri-
butes and the superclass has few attributes.

Mapping the functional and dynamic model to func-
tions: Based on the dynamic model and functional
model, we implemented the functions of HTA. Each
state diagram is implemented by one or more fucnt-
ions, and each data flow diagram is implemented by
one function.

Implementation: For the implementation of the HTA,
Ingres Relational Database and the C programming lan-
guage were used. Since the database used was Ingres,
EQUEL code was embedded in the C code for accessing
Ingres information.

Documentation: Documentation in style of Rajlich et
al. (1994) was carried out for the code developed. Ta-
ble 1 shows the annotations for the “Student_Menu”
function. Similar annotations were done for all the func-
tions in the program.

4. Homogeneous architecture

The second part of the case study consisted of devel-
oping an HOA design of the Student Registration Sys-
tem. The design consists of developing dependencies
among the classes, and of converting the actions and ac-
tivities of the dynamic model and the processes of the
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Fig. 4. Data flow diagram for initial registration.

functional model into class methods. We closely fol-
lowed design method of Rumbaugh et al. (1991) and
used OMTool provided by the authors. Hence the re-
sulting class encapsulations are the typical encapsula-
tions which result from an OMT model.

The class methods were selected in the following man-
ner: If an operation involved data of a class A, it was im-
plemented by a method of class A. For example,

Table 1
Annotations for the function Student_Menu

Domain:
This function reads the student identification number, verifies it, then
reads the choice for operation desired.
Algorithm:
get Student Id
Verify Id
loop forever {
get choice
perform chosen task

}

checking if a course is open involves data of class
“Course”. Therefore the function “open()”” which imple-
ments this activity, is a method of the class “Course”.

For each use case of the registration system, a method
is needed to implement the flow of control. These meth-
ods become members of the classes initiating the respec-
tive flow of control. The use cases available to students
are initiated by the class “Student”. For example, the
use case “Add Course” is implemented by a method
“Add_Course()” which belongs to the class “Student”.
Similar is the case for administrative use cases.

The OMTool we used produces the specification of
classes, attributes, inheritance hierarchy, and associa-
tions. Each object in the object diagram forms a distinct
class. Each ternary association also forms a distinct
class. There is thus a class named “Check_Status” for
the association “check status”.

Implementation: The rest of the code was written
based on the dynamic model and the functional model
developed earlier.
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Table 2 Table 4

Annotations for the class Student Comparisons for the use case “Add a course”

Domain: HTA HOA
Maintains information of a student, the Id and the name of the Number of functions 5 9

student. . Lines of annotations 61 101

Representation: Number of classes - 5

Name: Pointer to the first name of a student. The name of the
student is of a maximum size of 10 characters.

Id: Pointer to the Id of a student. The Id is of a fixed size of 9
characters.

Documentation: The code was documented by anno-
tations in the style of Rajlich et al. (1994). For each
class, we provided two partitions: an application domain
partition, and a representation partition. Table 2 shows
the annotations for class “Student”. For each method,
the documentation has the domain partition and the al-
gorithm partition.

5. Comparisons

In this section we compare the resulting HOA and
HTA architectures. In order to interpret the results bet-
ter, it should be noted that both implementations were
done by the same author (Ragunathan, 1995). The au-
thor achieved a high level of proficiency in all technolo-
gies involved in the study, i.e. C, C++, Ingres, and
OMT. The study was not biased by any preference for
one of these technologies over the others, as the author
was equally comfortable with all of them. In the case
study, HTA was created first, and only after its comple-
tion HOA was created. Hence any bias caused by the
learning experience would favor HOA over HTA.

Another source of bias could have been introduced
by the fact that we used a relational database for
HTA, while using the flat files for HOA. The reason
for this choice was unavailability of a suitable object ori-
ented database at the time of the case study. However a
careful scrutiny of the resulting design and code shows
that although the use of the flat files may have influ-
enced the size of the code, it did not influence in any
way the number of the classes, number of the functions,
and the size of the documentation. In Table 3, we use
these parameters to measure the complexity of the re-
sulting program. They show that the structure of HTA
is simpler than the structure of HOA.

Table 3
Comparisons of the complexity of the whole program

HTA HOA
Number of functions 20 52
Lines of annotations 225 442
Number of classes - 12

As a more detailed example, let us look at the data of
a specific use case ““Add Course”, which adds a course
for a student. There are substantial differences between
HTA and HOA, see Table 4. Similar differences were
obtained for all use cases of the system.

We also studied the effect of addition of four new use
cases to HTA and HOA. The four use cases are: Get in-
structor class list, Get courses offered, Remove instruc-
tor, and Close course. We modified the OMT model
first, and then projected the changes into the design
and the code of both HTA and HOA. Annotations doc-
umentation was also updated in each case. As an exam-
ple, consider a new use case “Get_Instructor_List”. In
that case, HOA needed four new functions and one ex-
isting function was modified. Four classes were affected
by the change. In the HTA implementation, one new
function is introduced and one existing function is mod-
ified, see Table 5.

In the table, both the “coding time” and “lines of
code added” were adjusted to compensate for the influ-
ence of flat files in HOA. Ideally, HOA would use an ob-
ject oriented database rather than flat files. The adjusted
figures of Table 5 include anticipated effect of an object
oriented database. We arrived at the figures by subtract-
ing from HOA the numbers corresponding to the imple-
mentation of flat files, and replacing them with
comparable values for a database.

The cumulative result for all four use cases is in Ta-
ble 6. The size of the code of the new use cases in
HTA ranged from 34% to 53% of the code for equiva-
lent adjusted HOA implementation, with the average be-
ing 44%. The effort of adding a new use case to HTA
ranged from 51% to 88% of the corresponding effort in
adjusted HOA, with the average being 70%. The data in-
dicate that the HTA implementation is easier to under-
stand, evolve, and maintain.

Table 5
Comparison for adding new use case “Get Instructor List”

HTA HOA HOA

(adjusted)
Coding time in minutes 40 75 54
Lines of code added 29 94 68
Line of annotations 12 35 35
Number of functions added 1 4 4
Number of old functions reused 0 0 0
Number of old functions modified 1 1 1
Number of classes affected - 4 4
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Table 6
Comparison for adding four new use cases

HTA HOA HOA

(adjusted)
Coding time in minutes 135 280 192
Lines of code added 115 395 262
Lines of annotations 50 124 124
Number of functions added 4 13 13
Number of old functions reused 0 2 2
Number of old functions modified 1 1 1
Number of classes affected - 6 6

6. Conclusions

In this case study, we present an example of a process
where a homogeneous architecture based on object ori-
ented programming in C++ is less effective than a hetero-
geneous architecture based on combination of imperative
programming and relational database techniques. The
case study uses Object Modelling Technique of Rum-
baugh et al. (1991) in the first stage of the development
of both architectures, and uses the design techniques from
the same book for both HTA and HOA. Hence the result-
ing encapsulation of HOA 1is a direct derivative of the
process described by Rumbaugh et al. (1991).

The case study found that adding new use cases to the
existing program is easier in case of HTA rather than
HOA. This finding conflicts with two popular beliefs: that
object oriented programming is always better, and that
programs utilizing one technology are easier to maintain
than the programs utilizing a mixture of technologies.

We speculate that the explanation of the higher
evolvability of HTA lies mainly in the fact that HTA
is simpler, and there is a direct mapping from OMT
model to the structure of HTA code. The mapping pre-
serves the separation between the three models of OMT,
and the separation between the individual use cases.
This makes HTA easy to understand and evolve, be-
cause there is a direct and simple traceability between
the model and the implementation.

On the other hand, HOA has each use case divided
into several functions which belong to different classes
(delocalization of use cases), and this makes the struc-
ture of the program hard to understand. Each class in
the HOA has parts from all three models: object, dy-
namic and functional. Each class also has parts of sever-
al use cases. For example the class Student has the
function member “Menu” that implements the control
of the operations available to a student. The declarative
statements are from the object model, while the rest of
the methods in the class are coming from the different
parts of the functional model. When adding a new use
case, several classes have to be visited, because each
use case is divided into methods of several classes. The
only advantage which HOA has is an occasional reuse
of already existing methods for the new use cases, but
we found few such situations (see Table 6).

The question may arise: How far do the observa-
tions of this case study generalize beyond the example
we presented, and its obvious limitations? In order to
answer this question, please note that every case
study is in fact a single data point, and the conclusion
drawn from it has a character of an existential proof in
mathematics. All what we can say is that there are areas
where heterogeneous architectures have an advantage
over homogeneous architectures, as documented by
our case study.

However we believe that beyond this supported state-
ment, it is reasonable to guess that many reactive repos-
itories for which OMT is a natural model and addition
of use cases is the primary maintenance concern would
benefit from heterogeneous architectures rather than
from homogenous architectures. We also are convinced
that heterogeneous architectures where different parts of
the system are implemented by different specialized tech-
nologies deserve attention of the research community
and may have a great potential in the development of
evolvable software systems.
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