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Modular System Synthesis: Example for Composite
Packaged Software

Mark Sh. Levin, Senior Member, IEEE

Abstract—The paper describes a framework for synthesis of a
composite system (packaged software) on the basis of intercon-
nected system components when the components and their inter-
connection (compatibility) are evaluated upon ordinal coordinated
scales. Hierarchical multicriteria morphological design is used in-
cluding generation of design alternatives (DAs) for system com-
ponents and their combining into the target system while taking
into account weighted interconnectibility among DAs. This compo-
sition problem is based on building a morphological clique. Com-
posite decisions are analyzed by a quality vector which involves the
ordinal effectiveness of components and their interconnection. A
numerical example demonstrates the hierarchical design (integra-
tion) of the system, improvement of obtained design decisions, and
multistage design.

Index Terms—Combinatorial optimization, modular design,
multicriteria analysis, packaged software, selection of software,
system analysis, system refinement, system synthesis.

I. INTRODUCTION

I N RECENT decades, the significance of complex systems
design has increased. In our opinion, the following methods

can be listed as basic ones.
1) Formal methods for design [15], [20], [43], [64].
2) Optimization on the basis of complex mixed integer non-

linear programming (e.g., design/synthesis in chemical
engineering) [39], [47].

3) Non-linear multicriteria (multiobjective) optimization
[84], [118], [119].

4) Multidisciplinary optimization (mainly in aerospace and
structural engineering) [4].

5) Parameter space investigation (PSI) for the system de-
sign and financial planning [113], [118].

6) Various methods of global optimization [40], [41].
7) Hierarchical system design [14], [50], [62], [80], [127]

and modular system design [11], [53], [73], [131] in-
cluding hierarchical morphological multicriteria design
(HMMD) [72], [73].

8) Design on the basis of grammar description for compos-
able systems [42], [105], [109].

9) Special artificial intelligence approaches on the basis
of expert systems (knowledge-based systems), e.g.,
R1/MICON [48], [83], [120] for computer engineering,
VLSI design, etc. [15], [44].

10) Hybrid methods [120].
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At the same time, it is reasonable to point out two main design
problems which are crucial for complex systems [4], [15], [20],
[44], [64], [73].

1) Basic system design:
1.1) Design of a system as a wholeness.
1.2) Synthesis or integration of a composite system.

2) System reengineering, improvement.
In this paper, a modular approach HMMD [72], [73] is used

for system synthesis (integration) as a combinatorial hierar-
chical selection and composition design of a complex software
package consisting of multiple components. Our approach
is illustrated on the basis of a numerical example: synthesis
of composite packaged software. We consider the following
problems: integration of the system, improvement of obtained
design decisions, and multistage design.

Several perspectives of software development processes are
presented in [9] and [10]. Computer-aided support environ-
ments (CASE) are often used for software development [115].
These integrated environments are defined as collections of
special software and hardware tools including program compo-
sition techniques for automatic software generation. However,
in this case, components are, in the main, operators or program
parts.

Further, it is reasonable to examine three system levels of
software engineering as follows.

1) Bottom-level coding (coding software blocks; coding
complex software).

2) Intermediate-level modular design (modular design of
composite software, modular design of user interfaces).

3) High-level design (joint design of a system consisting of
software and hardware components; strategic planning of
product life cycle).

In our opinion, the significance of levels 2 and 3 increases
[5], [10], [11], [81], [90], [91], [96]. Contemporary software de-
velopment is often based on combining many software systems
and packages. For example, we face this situation when modular
programming is used for software development [11], [81], [87],
[90], [91]. Many modern software packages have standard inter-
faces for the connection with other software packages. Thus, a
system developer can combine selected packaged software com-
ponents into a target composition. It is reasonable to point out
the possibility for the end user to integrate his/her software en-
vironment on the basis of standard components too. Moreover,
this process is an integration of systems, including both software
and hardware components [96]. Special new CASE tools are de-
veloped for coordinating the complex projects [125]. Issues of
interconnectibility of software components are crucial ones in
the design of hybrid systems [52], [81], [120], concurrent en-
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gineering environments [97] and design research projects [30],
[86]. Note that the combinatorial approach is very important for
the design of a composite applied software environment on the
basis of well-known software packages.

In recent years, the multicriteria selection problem has
been played a central role in design processes [19], [32], [56],
[63], [69]. Various approaches have been used for software
selection, for example: a) criteria like cost/benefit [1], [8],
and [111]); b) empirical models [46]; c) mathematical models
[110]; d) optimization knapsack-type models for reliability
of modular software systems [6], [11]; and (e) multicriteria
methodology [65] including analytic hierarchy process (AHP)
[8], [33], [107]. Note also the selection and implementation of
packaged software for small businesses are analyzed in [55].
The significance of software quality, including both product
and process quality, is pointed out in [9].

In our approach, an objective function of the composition
problem is represented as a quality vector consisting of two
parts: 1) quality of system components and 2) quality of com-
patibility between the system components. The paper involves
a brief description of software development, our HMMD, and
several numerical examples.

II. APPROACHES TO SOFTWARE DEVELOPMENT

Various well-known software development approaches have
been used including: structured and system approaches, the
Jackson approach to software development (JSD), object-ori-
ented programming, component-based software development,
and soft systems methodology [10], [21], [29], [90], [104],
[114], [126], [127]. Many papers are oriented to the systematic
comparison of software design methods [22], [54], [116]. Typ-
ical phases in the complete software engineering life cycle are
described in detail by Beam et al. [10]. Software development
process control is investigated in [5]. Some papers included
specific paradigm for software development, e.g., stages of
software storming [57]; steps of an iterative design for DSS
[117]; a knowledge-based approach to automate a software
design method for concurrent systems is described in [85];
and phases of expert system development [51]. Note a survey
on automating software development is contained in [85].
Roberts et al. have examined factors of implementing issues for
system development methodology on the basis of an analysis
of 61 companies [100]. Ivari and Maansaari have published
a review of concepts for system development methods [54].
Aspects of software adaptability are described in [34]. A social
analysis of software development paradigms on the basis of
three approaches (traditional, iterative, and component-based)
is described in [101]. Planning and management of software
evolution processes are examined in [24], [25], and [67]. For
example, Lehman and Ramil have analyzed eight laws of
software evolution [67].

The main concepts of software development are based on the
following two approaches: 1) hierarchical design [3], [16], [21],
[126], [127], [129]; and 2) prototyping [17]. Here the first ap-
proach is applied. In this paper, we assume the use of mod-
ular programming when module versions are developed and as-
sessed independently, and there are some independently eval-
uated interfaces between module versions [design alternatives

(DAs)] for different software functions. Note version models for
software configuration management are examined many years
[28] including several types of basic models. Our approach cor-
responds to the composition model.

III. HIERARCHICAL MORPHOLOGICAL DESIGN

The extended description of HMMD for composite systems
is described in [72] and [73]). HMMD is similar to some
discipline-independent approaches based on decision making,
creation and knowledge-based technology, e.g., morphological
analysis [131], AHP [103], structured design [127], object ori-
ented development [14], and design methodology of Carnegie
Mellon University [30], etc.

A. Assumptions

The following basic assumptions are taken into account:

1) The designed system can be decomposed into a tree-like
structure, i.e., a designed system is hierarchical and
modular.

2) At each hierarchical level, the examined effectiveness
of the system (subsystem) can be represented as an
aggregation of two independent parts: effectiveness of
components, and effectiveness of compatibility among
the components.

3) Monotone criteria (Cr) of the following types are used for
the system components: a) additive, b) multiplicative, and
c) supreme.

4) The effectiveness of the subsystems interconnection
(Is) is an aggregation of all independent pairwise in-
terconnection between subsystem pairs. Here we use
ordinal scale of pairwise compatibility ( ; 5 corre-
sponds to the best quality, 0 corresponds to impossible
interconnection).

5) Multicriteria descriptions (without compatibility) of DAs
can be transformed into ordinal effectiveness (priority)

, (1 corresponds to the best quality; here
), and all these priority scales are coordinated.

B. Scheme

HMMD consists of information elements (the tree-like model
of the designed system and design module), procedures, and
user(s). The design module corresponds to a node of the hierar-
chical model and includes the following: 1) Cr; 2) DAs and their
estimates on Cr; 3) estimates of Is between DAs of different com-
ponents (morphological classes); 4) constraints for composite
DAs; and 5) resultant information (priorities of DAs, etc.).

A generalized scheme of HMMD is as follows:

Phase 1) Top-Down design of the system model (i.e.,
design of tree-like system model, specification
of Cr, specification of constraints for composite
DAs if necessary).

Phase 2) Generation of DAs for leaf nodes of the model.
Phase 3) (iterative) Bottom-Up hierarchical selection and

composition: evaluation of DAs based upon Cr;
multicriteria comparison of DAs and definition
of their priorities; specification of Is among DAs;
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Fig. 1. Example (priorities of DAs are shown in brackets).

and composition of DAs for the next higher hi-
erarchical level.

Phase 4) Analysis and refinement of composite DAs (rev-
elation of bottlenecks, forming improvement
actions).

HMMD involves the following three basic problems: 1) mul-
ticriteria selection/ranking of DAs; 2) combining the DAs (the
composition or synthesis problem); and 3) analysis/refinement
of the composite DAs.

C. Multicriteria Selection

Various techniques for multicriteria selection are available
[18], [31], including: 1) multiattribute utility analysis [38],
[59]; 2) multicriterion decision making [61]; 3) AHP [103];
4) outranking techniques [102]; 5) special knowledge bases
[78]; 6) neural networks [124]; and 7) hybrid techniques [35].
In our example, DSS COMBI was applied for multicriteria
ranking [71], [73]. Results using other techniques are expected
to be similar.

D. Composition Problem

Now consider the composition/synthesis problem.
Find a composition (morphological scheme, morphological

clique) (where is a selected
design alternative for the th system component) of DAs (one
representative for each morphological class) with nonzero Is.

Similar problems (e.g., multiple choice problem, non-
linear Boolean programming, problem of compatible rep-
resentatives, morphological clique) have been examined
by a number of authors [7], [11], [60], [82], [112], [131].
Here the following quality vector for resultant composite
decision is used: where
is the minimal value of pairwise compatibility in , and

where is the number
of selected DAs of the th quality in . Thus, we search for
solutions which are nondominated by . In addition, we
may take into account some constraints as monotone functions
on parameters of , which play a role of filtering. (Our ex-
amples do not include constraints.) The composition scheme
consists of the following two stages: 1) construction of feasible
morphological schemes, as in [60], [112], and [131]; and 2)
selection of Pareto-effective solutions based on . This combi-
natorial problem is NP-hard in general [60]. It is reasonable to
use an enumerative algorithm starting from the maximal value
of and from the best DAs at each morphological class.
Dynamic programming method can also be applied [75].

Fig. 1 illustrates decomposable system . Here
examples of the composite system are: and

Fig. 2. Position (histogram) presentation of the lattice of system quality for
N = (w;n(1); n(2); n(3)), w = const, m = 3, l = 3.

Fig. 3. Discrete space of system quality for N(S).

. For composite decision in Fig. 1, we get
and .

Thus, and are Pareto-effective points. Fig. 2
depicts an example of the discrete space of system quality for a
fixed level of compatibility [for ]. Fig. 3 depicts the inte-
grated discrete space of system quality (for ) and examples
of decisions. Note the space consists of two ordered lattices each
of them corresponds to the lattice from Fig. 2.

E. Analysis and Improvement of Composite Decisions

We examine the following standard types of solution el-
ements (DAs, Is) with respect to a composite decision :

–improving, –neutral, and –aggravating ones by vector
. These elements are similar to strengthening-weaking

graph nodes investigated by Harary et al. [49]. In our approach,
–aggravating solution elements are considered as bottlenecks.
Note we apply the same viewpoint both for DAs and for Is.

Mainly, it is assumed that we examine an improvement action
when –aggravating solution element (DAs or Is) is enhanced
only on 1. Let a composition be a quasi-solution, if the only
one improvement action by or transforms into
an element of the Pareto-effective point set (by ). Searching
for the quasi-solutions can be implemented by finding a corre-
sponding neighborhood of the Pareto-effective point set. In the
same way, we can introduce the neighborhood of the ideal solu-
tion(s) (consisting of the best elements by DAs and Is). It can be
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Fig. 4. Hierarchy of requirements.

shown that an algorithm for finding the elements of the neigh-
borhood for any set is polynomial in . Thus, it is rea-
sonable to examine for the refinement –aggravating elements
for Pareto-effective DAs, and above-mentioned quasi-solutions.

A reasonable approach is to examine a series of solution sets
as follows (an ordinal scale for system excellence): 1) the ideal
solution; 2) the Pareto-effective points by ; 3) the neighbor-
hood of the Pareto-effective points; and 4) the worst feasible
solution.

In addition, we can consider constraints for composite
DAs. Thus, we can execute some improvement actions of the
following types: a) constructing the ideal solution(s); b) re-
fining the Pareto-effective points on the basis of examining the

–aggravating elements; and c) refining the quasi-solutions to
extend the Pareto-effective point set.

IV. EVALUATION OF SOFTWARE

Many authors have investigated criteria for the evaluation of
software [5], [12], [13], [18], [33], [37], [79], [94], [98], [106],
[121], [123], [127]–[129]. The evaluating concepts for software
quality include the following [13], [99]: 1) quality objectives;
2) quality factors; 3) criteria; 4) evaluation process; 5) measures;
and 6) aggregation measures.

Specific levels are proposed by Regina and De Rocha [98]:
objectives, factors, and subfactors. Lee uses AHP [103] as a
structured methodology for software evaluation [66]. In this ap-
proach, some organizational aspects are taken into account and
the following levels are investigated: manager, personnel, pro-
grams, and modules. Card et al. consider software quality engi-
neering which involves quality measures for all design stages as
follows: requirements, design, coding, testing, and maintenance
[23]. Sprague and Carlson analyze specifically DSSs and their
key characteristics [117]. The number of known software met-
rics exceeds 200 [36], [130]. Phan examines mainly software
quality as minimization of the number of faults or defects that
exist during and even after software development [94]. Metrics
for in-process tracking and measurement have been examined
in [58].

In our case, it is necessary to design a special hierarchical
criteria space. Note a similar approach is the basic one in re-
quirements engineering [3]. Fig. 4 illustrates a hierarchy of re-
quirements (criteria) for a system and its parts.

V. ASSESSMENT OF INTERCONNECTION

A measure of interconnection (compatibility) among mod-
ules in a program structure (coupling) depends on the inter-

Fig. 5. Structure of system (priorities of DAs are shown in brackets).

faces between modules [95]. Software systems contain several
types of interrelation among components, including: data, con-
trol, and sequencing [108]. Evaluation processes of the intercon-
nection can be based on the following factors [81], [96], [108],
and [129]: 1) interface between software components; 2) data
format; and 3) common elements (i.e., program modules, ele-
ment of interfaces). Liebowitz considered the following three
levels of the hierarchy for hybrid systems: a) loose coupling
(communication via data files and parameters passing); b) tight
coupling (direct communication); and c) fully integrated [81].
Ziegler introduced an ordinal scale for modules cou-
pling [129, p. 114]. Our specification of Is weights in HMMD
is based on the following two approaches: a) expert judgment;
and b) multicriteria ranking the basic estimates of Is parameters
above.

VI. EXAMPLE

A. Model of Composite Applied Software

Our example has a hypothetical character. We propose an
integration of a composite IBM PC software environment for
the end user consisting of several well-known packages. The
following tree-like structure of composite software is analyzed
(Fig. 5).

1) Subsystem :
Database management system DBMS ( ) + Integrated

software IP ( ).
2) Subsystem :

Decision support system DSS ( ) + hypertext system
HS ( ) + language for artificial intelligence LAI ( ).

It is reasonable to point out the following sources to describe
examined specific software packages: a) DBMS s ( ) [88],
[92], [93], [123]; b) IP’s ( ) [89], [123], [128]; c) DSSs ( )
[18], [45], [71], [123]; d) HSs ( ) [2], [27], [71]; and (e) LAI
( ) [26], [68]).
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TABLE I
AGGREGATIVE CRITERIA

B. Hierarchy of Criteria

Criteria and estimates of software are taken mainly
from several journals (“PC World,” “Microcomputers,” ”In-
foWorld,” “Expert Systems Users,” etc.). We use the following
criteria.

1) DBMSs: 1) tools of development (0 corresponds to “No,”
1 corresponds to “Yes,” and 2 corresponds to “Excellent”;
further ordinal scale are similar); 2) speed (0, 1, 2); 3) re-
port development (0, 1, 2); 4) adaptability of interface
(0, 1); 5) cost (USD); and 6) query building environment
(0, 1, 2).

2) IPs: 1) graphics (0, 1, 2); 2) easy of use report (0, 1, 2);
3) database (0, 1); 4) telecommunication (0, 1, 2); 5) text
processor (0, 1, 2); 6) adaptability of interface (0, 1); and
7) cost (USD).

3) DSSs: 1) user interface (1, 2); 2) dialog support (0, 1, 2);
3) training subsystem (0, 1); 4) models (0, 1, 2); 5) AI
components (0, 1); 6) previous experience of use (0, 1);
and 7) cost (USD).

4) HSs: 1) browsing (0, 1); 2) graphics (0, 1); 3) multiple
windows mode (0, 1); 4) AI components (0, 1); 5) cost
(USD); 6) previous experience (0, 1); and 7) range of use
(0, 1, 2).

5) LAIs: 1) cost (USD); 2) previous experience of use (0, 1,
2); 3) range of users (0, 1); and 4) quality of service (0, 1,
2).

Table I contains aggregative criteria for the subsystems (the
first index corresponds to the component, negative monotony is
shown in brackets).

C. Comparison of Initial Alternatives for Components

At this stage, the following operations for terminal vertices
of the system model are executed: 1) generation of DAs for
each leaf vertex; 2) assessment of DAs upon criteria; and 3)
ranking the DAs upon criteria estimates. DAs for terminal
vertices, and their estimates are shown in Tables II–VI. Note
that computed resultant ordinal priorities of DAs are presented
in Fig. 5.

TABLE II
ESTIMATES OF DAs

TABLE III
ESTIMATES OF DAs

TABLE IV
ESTIMATES OF DAs

TABLE V
ESTIMATES OF DAs

D. Composing of Subsystem Alternatives

Now let us examine the next hierarchical level and execute
the following actions: 1) specification of compatibility between
DAs; 2) composition off composite DAs; 3) assessment of DAs
upon criteria; and 4) ranking the DAs. Compatibility estimates
of DAs are presented in Tables VII and VIII. DAs of subsystems

and are shown in Table IX. Fig. 6 depicts a concentric
presentation of composite DAs and .
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TABLE VI
ESTIMATES OF DAs

TABLE VII
COMPATIBILITY

TABLE VIII
COMPATIBILITY

TABLE IX
DA’S OF SUBSYSTEMS

E. Composition and Analysis of System Alternatives

Compatibility estimates between DAs of the subsystems are
shown in Table X. Table XI contains composite DAs for the
target system. This allows to assess the composite DAs of the

Fig. 6. Concentric presentation of composite DAs.

TABLE X
COMPATIBILITY

TABLE XI
DAs OF SYSTEM

target system whit respect to the criteria, and to compare. Fur-
ther, one may analyze some bottlenecks and improvement ac-
tions (Table XII). In our example, all improvement actions cor-
respond to the improvement of Pareto-effective points. Note that
the improvement of interconnection or from
2 to 5 allows to get the following two ideal decisions:
and . Results of this analysis can be applied as initial
information for redesign. Fig. 7 depicts the discrete space of
system excellence and Pareto-effective decisions.

VII. REDUNDANCY OF ALTERNATIVES

Usually, redundancy of system components is examined for
increasing the system reliability [11], [122]. In our case (soft-
ware), a system with redundancy may actually provide an im-
provement with respect to of usability because it implies the
availability of alternative software packages. Let us examine
a numerical example for subsystem with the use of the fol-
lowing alternative (two-element redundancy) . We
consider the aggregative estimates with respect to the 1) sum,
2) maximum, and 3) minimum (Table I) of element estimates.

The compatibility estimate of equals the minimum of cor-
responding estimates of the involved DAs (Table VIII). The pri-
ority of will be equal to 1. Finally, we get the composite
decision as follows: with . This
decision is not an element of the Pareto-effective set, but it can
be examined as a point for the improvement (Table XII). Fig. 8
depicts our composite decision with redundancy.
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TABLE XII
BOTTLENECKS AND IMPROVEMENT ACTIONS

Fig. 7. Space of system quality and Pareto-effective points.

Fig. 8. Composite decision with redundancy.

VIII. MULTISTAGE DESIGN

Several versions of a multistage modular design on the basis
of HMMD are described in [73] and [76]. Note this approach
differs from traditional software evolution processes in [24] and
[67]. Combinatorial evolution of composite systems on the basis
of combinatorial system changes and HMMD is proposed in
[77]. In this section, a three-stage modular design for subsystem

is examined. It is assumed that the compatibility estimates
between DAs are improved (step-by-step) at each stage. The
following two methods are applied:

1) Aggregation Method: An aggregation of the compati-
bility estimates and searching for a composite decision on
the basis of the aggregated (average) estimates.

2) Trajectory Method: Two-level hierarchical solving
process consisting of two phases as follows:
2.1) Solving the design problem (synthesis of composite

subsystem ) at each stage.
2.2) Composing the composite decisions of the previous

phase (for each stage) into a series composite deci-
sion (trajectory).

We consider the following improvement of compatibility:
: 2 (stage 2), the aggregated compatibility estimate
equals 2;
: 4 (stage 2), 5 (stage 3), the aggregated compati-
bility estimate equals 2;
: 3 (stage 2), 5 (stage 3), the aggregated compati-
bility estimate equals 3;
: 5 (stage 2), the aggregated compatibility estimate
equals 5;
: 5 (stage 2), the aggregated compatibility estimate
equals 5;
: 4 (stage 2), 5 (stage 3), the aggregated compati-
bility estimate equals 4;
: 2 (stage 2), the aggregated compatibility estimate
equals 2;
: 5 (stage 2), the aggregated compatibility estimate
equals 5;
: 2 (stage 2), 3 (stage 3), the aggregated compati-
bility estimate equals 2;
: 4 (stage 2), 5 (stage 3) the aggregated compatibility
estimate equals 4;
: 3 (stage 2), 4 (stage 3), the aggregated compati-
bility estimate equals 3;
: 5 (stage 2), the aggregated compatibility estimate
equals 5; and
: 5 (stage 2), the aggregated compatibility estimate
equals 5.

A. Aggregation Method

Here we solve the composition problem for the aggregated
compatibility estimates. The resultant composite DAs are the
following:

a) , ;
b) , ;
c) , .

Thus, the improvement with respect to interconnection leads
to a new Pareto-effective composite decision .

B. Trajectory Method

For the first stage we can use Pareto-effective composite DAs
for subsystem from Table IX as follows:

, ;
, ;
, ;
, .
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Fig. 9. Illustration for trajectory method.

The composite DAs for stage 2 are the following:
a) Pareto-effective decisions:

, ;
, ;
, ;

b) near Pareto-effective decisions (they are dominated by the
above-mentioned Pareto-effective DAs):

, .
The composite DAs for stage 3 are the following:

a) Pareto-effective decisions:
, ;
, ;
, ;

b) near Pareto-effective decisions (they are dominated by the
above-mentioned Pareto-effective DAs):

, ;
, .

Note “near optimal” composite DAs may be useful from the
following viewpoint. A change of components into a trajectory
can require some efforts, and it necessary to solve an additional
top-level composition problem as follows: to combine a trajec-
tory while taking into account quality of composite DAs at each
stage and a cost of the component changes (e.g., retraining of
users, change of file formats).

Here we obtain the following basic trajectories (without the
changes): . The ex-
ample of the trajectory with the component change is the fol-
lowing: with the change . An-
other strategy can be based on an improvement of a component.
For example, the improvement of at stage 3 will lead to the
following trajectory: . Fig. 9 illustrates the
trajectory method.

IX. CONCLUSION

We have examined the modular system synthesis on the basis
of three system design problems: 1) integration of the system,
2) improvement of obtained design decisions, and 3) multistage
design. We have used extended version of HMMD (selec-
tion/composition of system components and improvement of
system elements). In our opinion, our combinatorial approach
(i.e., combinatorial engineering) can be very useful for the
system design and redesign. An additional important goal is
oriented to education processes. Let us list some significant
possible future investigations:

1) an analysis of composite systems with the use of poset-
type scales and fuzzy estimates of DAs including fore-
casting of future needs;

2) a study of dependency of DAs estimates and compatibility
estimates;

3) an usage of the proposed approach for multidisciplinary
systems (e.g., software engineering, algorithm design,
databases, marketing); and

4) an analysis of software system evolution processes on the
basis of our combinatorial approach.
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