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Abstract

Transforming software reguirements into a software
design involves the iterative partition of a solution into
software components. The partition process starts with the
identification of basic high-level design components and
concludes with the definition of low-level design elements
such as modules, packages, and library specifications. The
process is human-intensive and does not guarantee that de-
sign objectives such asreusability, evolvability, and adapt-
able performance are satisfied. This paper overviews our
analytical approach for partitioning basic elements of a
software solution into reusable and evolvable software
components. We discuss the process of generating basic
components for an embedded control application using a
representative object-oriented design technique. Then we
outline our analytical approach and demonstrate its appli-
cation to a class of search techniques which can be embed-
ded into applications requiring polynomial-time search of
a solution-space. Lastly, we discuss future research direc-
tions.

1. Introduction

An embedded system characteristically includes a com-
puter that interfaces directly with physical equipment that
perform functions critical to a particular application. Typi-
caly the computer monitors and controls the attached
equipment and thereby serves as an information processing
component within a larger engineering system. Real-time
systems, those in which processing must be done within ap-
plication-specific time constraints, are often embedded in
larger hardware/software systems. Burns and Wellings use
the terms real -time and embedded synonymously [7]. We
will do so aswell for the remainder of this paper.

The process of designing the software for an embedded
systemisatediousand human-intensive process. Essential-
ly, design is a transformation from software reguirements
into a blueprint for the modules to be built, the tasks to be

created from these modules, and the assignment of these
tasks to processors. Software design involves the repeated
partition of a solution into components. The partition pro-
cess starts with the identification of basic system and sub-
system (high-level design) components and concludes with
the identification of modules (low-level design compo-
nents) to be implemented.

For our discussion, the term partition has two related but

different definitions: (1) the process of dividing into parts,
and (2) the process of grouping elementsinto digjoint sets.
We specifically apply thefirst definition to the decomposi-
tion of a software solution and the second definition to the
logical grouping of solution elements such as data and op-
erationsinto components. Preferably these components are
readily interchanged and reused to enable the evolution of
an application.

Prevailing design methods provide guidelines but mini-
mal automated support for the systematic partition of a
software solution into components that satisfy the desired
behavior as well as design constraints. Commercia tools
support the documentation of software designs but provide
only minimal support for analyzing the “goodness” of a de-
sign. The cost and error involved in upgrading embedded
systems motivates the need for systematic and automatable
methods and tools for generating designs whose implemen-
tations are reusable, evolvable, and adaptable [7]. As dis-
cussed in a seminal paper by [14], many design methods
recommend that the designer localize parts of the system
which are to be reused or changed but require the designer
to determine how this is best done. This paper originated
from the guidelines used by the U.S. Naval Research Lab-
oratory (NRL) to modularize the A-7E avionics systems as
reported originally in an NRL report by [6] and in a case
study by [2].

In this paper, we overview our analytical method to par-
tition basic elements of an embedded software solution into
reusable and evolvable design components that can be
mapped to implementable modules. Our approach directs
the designer to carefully consider reuse and change and
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uses this information to mathematically determine a parti-
tion. In Section 2, we briefly overview the relationship be-
tween partitioning and object-oriented design techniques.
We show partitioning decisions that might be made for a
representative embedded control system. In Section 3, we
briefly review research related to our work. In Sections 4
and 5, we overview our approach and demonstrate its appli-
cation to a class of search techniques used to solve complex
problems such as scheduling the use of distributed resourc-
es. We conclude in Section 6 with adiscussion of the results
of applying our approach. In Section 7, we discussfuture re-
search directions.

2. Background

In this section, we use examples to emphasi ze the impor-
tance of partitioning (decomposition and grouping) in the
design process. Figure 1 shows a macro-level view of the
transformation from requirements to design using object-
oriented development techniques. With these techniques,
the designer is responsible for determining the appropriate
level of decomposition and the grouping of solution ele-
mentsto best satisfy design objectives. For our example, we
reference the object-oriented analysis and design methods
as defined by [5].

Macro Process Steps

Analysis Model: Design Model:
Domain-Orientedolution-Oriented

Class and ObjectClass/Object Diagrams,
Logical/Physical Groups

ﬁ

1

Development of amodel Creation of an architecture
of the systeém’s desiredfor the implementation
behavigr (analysis). of the system (design). |
s g Micro Process Steps (Design) I

Software
RequirementDiagrams

.

Identification of Semantic
additional classes definition
and objects
(discovery and
decomposition).

Identification

of relationships among
of classes classes and objects.
and objects.Involves partitioning

of classes and objects
into logical and
physical groups.

Figure 1: Transformation from requirements
to design - Object-Oriented Approach.

The identification of user-oriented objects (classes) and
solution-oriented objects (classes) involves abstraction as
well as partitioning. In Figure 2 in Appendix A, we show
the transformation from a user-oriented to a sol ution-orient-
ed view of a generic control system. In the solution space,
objects (classes) communicate with the external sensor and
actuator objects shown in the user view. The solution-ori-
ented sensor, actuator, and control objects are decomposed
into generic super-objects and more specialized objects
which hide the details of the specific sensors, actuators, and
controllers. The designer may also decideto logically group
the sensor, actuator, and controller objects that will collab-
oratein thereal system.

Throughout the design process, the designer must re-
peatedly partition the design space and decide between al-
ternative designs. In Figure 3, Part (a) in Appendix A, we
show that a designer may alternatively decompose a com-
munication component into subcomponents defined by per-
formance characteristics or by functional use. A partition
according to performance may simplify the mapping to ex-
ecution-time tasks, whereas a partition according to func-
tionality may best localizelogic that differsfor each type of
device.

Figure 3, Part (b) in Appendix A, demonstrates three al-
ternative levels of decomposition. A motion control system
consists of three types of control: (1) program control to
download, store, decode, and execute user programs that di-
rect the motion of a particular device; (2) motion control to
plan the path and perform the low-level servo-control of the
motor that controls the movement of the target equipment;
and (3) system control to handle system functions such as
monitoring the proper operation of the system (watchdogs),
start-up/shut-down, and task management. The designer
must determine the appropriate level of decomposition into
subsystem components. These components will be mapped
into modules to be implemented and possibly into packages
of modulesfor compilation. Components such as these may
also represent building blocks to be reused across similar
applications [15].

For an in-depth report on an analysis using the Booch
method of the air traffic control domain, atype of embedded
application, the reader should see [20]. This report outlines

the results of a research project which focused on “Data
Modeling for Advanced Flight Plan Processing Systems”
and which was performed jointly by the Computer Informa-
tion Systems group at the Technical University of Berlin

and the EUROCONTROL Experimental Center.
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3. Related Research

The research and devel opment of patterns or styles of ar-
chitecture are efforts to codify the knowledge of the expert
designer. Novice designers would use a handbook of pat-
terns or stylesto guide them in the selection of atype of de-
sign that has been successively used to solve a similar
problem [18], [11], and [8]. The description of the style or
pattern includes a definition of the problem, the forces
which guide or constrain the solution to the problem, and
the solution. The solution or software design consists of
components and their interactions. Some researchersare de-
veloping languages for describing patterns. For instance,
the ROOM approach defines amodel and language for doc-
umenting architectural patterns for real-time systems [17].
The styles or patterns approaches depend upon the expert
designer to generate and codify good designs.

The SAAM, Software Architecture Analysis Method, is
atechnique for evaluating a candidate software architecture
with respect to quality attributes such as modifiability and
performance. The human evaluator ranks candidate archi-
tectural descriptions with respect to an agreed upon set of
scenarios of how the system will be used. Like the styles or
patterns approach, SAAM requires the designer to generate
the candidate architectures [3].

Our goal is to make the process of generating a software
architecture more systematic and automatable. We mathe-
matically model the rel ationships between basic solution & -
ements according to design objectives such as reuse,
evolution, and adaptability. We use these relationships to
determine a good partition of the solution elements. Simi-
larly the hardware-software codesign community partitions
basic functional units for implementation in hardware or
software and for alocation to different processing el ements
[1]. The difference between their work and oursis that they
start with predefined functional unitsthat are to be mapped
to hardware or software, while we start with requirements
that are to be transformed to functional units or compo-
nents.

Two other research efforts at Carnegie Mellon Universi-
ty have studied the design of reconfigurable and evolvable,
real-time software. Chimera objects are reusable software
packages that enable the rapid deployment of application
processes activated by areal-time kernel [19]. The Simplex
Architecture is a design approach for building software
modules, called cells, that can be safely interchanged during
run-time to enable the dynamic upgrade of system control
[10]. In contrast to both Chimeraand Simplex, our concern
is with the static organization of software and the impact of

this organization on the software engineer’s ability to reuse

4. Partitioning Data and Operations

Basic elements of a software solution include data, oper-
ations, and control flow. Following an object-oriented ap-
proach, the designer identifies objects, some or all of which
encapsulate key data for the software solution. The problem
is that the designer is solely responsible for determining the
composition of the basic system components or objects.
Prevalently used design methods do not guarantee that the
designer will consider the appropriate level of reuse or
group together those elements which change together.

Our approach has two primary features: (1) a manual but
guided reuse and change analytic process and (2) a mathe-
matical model and automatable algorithm for localizing so-
lution features that change together. Our approach consists
of the following six basic steps which were adapted from
the process reported in [12].

1. Identify the basic data and operational features of the

software solution.

2. Recursively decompose the large-effect operations

and identify additional key data elements.

3. Enumerate the feasible or expected changes to the

software solution.

4. Determine the change set of data and operations for

each expected change.

5. Combine and componentize the overlapping change

sets.

6. Add other necessary components.

The first step is to identify the basic data and operational
features of the software solution. For our genetic algorithm
example, the characteristic features are a popul®iofh
samples (with an initial state and a potential goal state) and
a transition functio. Thesecond step involves the recur-
sive decomposition of the large-effect operations into non-
trivial, smaller-effect operations. A non-trivially reusable
operation encapsulates some logic whose reuse would re-
duce the cost to design, implement, or maintain an applica-
tion or class of applications. The decomposition should also
divide a large-effect operation into smaller-effect opera-
tions that are easier to understand and implement.

The third step is to enumerate the types of changes that
the researcher would expect to make to the software solu-
tion. Prime candidates are changes to the data and opera-
tions that were identified in steps one and two. Determining
expected or reasonable changes to a software solution re-
quires the designer to think critically about both the prob-
lem and the solution domains. The designer should talk with
the domain expert about changes in requirements that may
be planned as well as those which are feasible though not

'specifically planned. The designer then considers the

evolve, and adapt a software solution via static changes t‘?:hanges to the solution that would be necessary to support

the software design and resulting implementation.

the changes in requirements.
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The fourth step involves the partition of the data and
small-effect operations into software components based on
the analysis of anticipated changes to the software solution.
The goal is to group data and operations affected by the
same changes into the same components. We might think
that we are done in that each set of data and operations af -
fected by a change could be the contents of a software com-
ponent. But such compositions could result in duplicate
copies of data or operations. So in step five, we mathemati-
cally combine those components that intersect directly or
transitively. Lastly in step six, we add software components
to encapsul ate those parts of the software solution not delin-
eated in steps two through four.

Our analysis of a genetic algorithm resulted in the six
software components shown in Figure 5. Each component
has a bol dface change signatur e which represents the antic-
ipated changes associated with that component. Encapsul at-
ed datais shown on the next line of the component diagram.
The operations contained within the component are dis-
playedin italics. Wewere able to make the expected chang-
es either by replacing or by modifying only the software
component associated with a particular change.

We also applied our anaysis technique to the simulated
and genetic annealing algorithms. We found that we could
reuse the software components across the three different
search algorithms asindicated in Figure 6. The genetic and
hybrid genetic annealing agorithms share the population
software component, but the simulated annealing algorithm
uses a configuration component. Each search algorithm re-
quires its own Master Controller component. For perfor-
mance improvements, the designer may want to execute the
resulting components across several processors. For in-
stance, the genetic solution could be distributed as shown in
Figure 4. The designer could develop different versions for
the components that are adaptable to the level of available
resources.

, Input/Output

Population antrol g

- Parameters
0Cessor ...

Pro ; i Processor |, ; »
Genetic Randomized
Controller Operator Selector

Value-Based Fitness V

Item Selector alues

Processor |, 1

Figure 4: Distribution of genetic components
on multiple processors.

CROS cCMC
(Change Randomized (Change Master
Operator Selector) Control Logic)
Randomized Operator Genetic
Selector Master Control

CCP CVBIS
(Change Control (Change Value-Based
Parameters) Item Selector)
[ nput/Output Value-Based Item
Control Parms Selector

CGO U CSSR U COF

(Change Genetic Operator,
Change Search Space Representation,
Change Objective Function)

Representation of Population

Genetic Operators
Objective Function

Initialize Population

Output Population

Retrieve Population Member
Update Population Member

~ CFVR )
(Change Fitness Va ue Representation)

Representation of Fitness Values

Initialize Fitness Values
Output Fitness Values
Retrieve Fitness Value
Update Fitness Value

Figure 5: Componentized data and operations
for the genetic search solution.

GA GAA c ?AAaI'
Population onniguration
GA SAA GAA
GA SAA GAA Randomized
Value-Based Operator Selector
Item Selector GA SAA GAA
Fitness Values
GA SAA GAA
GAA
| nput/Output Genetic Annealing
Control Parms Controller
GA SAA
Genetic Simulated Annealing
Controller Controller

GA - Genetic Algorithm

SAA - Simulated Annealing Algorithm

GAA - Genetic Annealing Algorithm
Figure 6: Component reuse across three

search algorithms.




IEEE Application-Specific Software and Systems Engineering & Technology (ASSET’99),
IEEE Computer Society Press, Los Alamitos, CA, Mar. 24-27, 1999, pp. 170-179.

5. Partitioning Control Flow

In this section, we analyze change with respect to con-
trol flow. By control flow, we mean the order of execution
of aset of tasks. For instance, in our genetic algorithm ex-
ample, the Master Controller activates a sequence of tasks
<t1,t2,t3,t4,t5,t6,t7,t8,tg> in which each task ti is defined as
shown below.

t; Initialize the population.

t, Retrieve the population member 1.

t3 Retrieve thefitness value for member 1.

t, Randomly select the population member 2.

ts Randomly select a genetic operator.

tg Apply the genetic operator to generate anew member.

t; Determine the fitness value for the new member.

tg Select the most fit of member 1 or the new member.

tg Save the most fit member 1 or the new member.

Application requirements may vary over time thereby
requiring changesto the original control flow. In some cas-
es, the domain expert may specify alist of alternative acti-
vation sequences in the requirements specification such as
<t1,t4,t5,t2,t3,t6,t7,t8,tg> and <t1,t5,t2,t3,t4,t6,t7,t8,tg> for the
genetic algorithm. One approach to reduce the complexity
of making changes to the control flow is to put the task ac-
tivationsin components separate from the tasks. The high-
level flow of control would be embedded in control com-
ponents that activate the task components. We used this
style of architecture to design control components for the
search algorithms discussed in Section 4.

The Master Controller components separated the details
of the high-level sequence of task activationsfrom thelow-
level details of the operations. The idea of decoupling the
part of a software solution which may change (in this case
the order of task activations) from the part not involved in
the change (the tasks themselves) is similar to the design
pattern in which Mediator objects coordinate the applica-
tion-specific interactions between Colleague objects [11].
If the Master Controller logic becomes complex or if we
want to distribute it over several processors, then we need
away to partition the Master Controller logic into separate
components. Outlined below is our anaytical process for
optimally partitioning a sequence of task activations into
components.

1. Develop ametric for determining the difficulty and

“error-proneness” of modifying the control compo-

nents.

4. For each partition and for each potential change to the
required control flow, “walk-through” the necessary
modifications to make the change and apply the
metric. Save these values in a table that stores the
change complexity value for each partition with
respect to every potential change.

5. For each partition, sum the change complexity values
to derive the total across all potential changes. The
partition with the minimum total is the best design
choice for the required control flow and potential
changes.

In the first step, we select the summation of the number
of task activations involved in changing the control flow to
be our complexity metric. In the second step, we decide to
localize the activation of control components in a “master”
control component. We use “master” to distinguish this
component from the Master Controller component dis-
cussed in Section 4. We relate our complexity metric to the
summation of the size of each control component that is
modified to accomplish a particular change.

The third step is to determine the allowable partitions of
the required sequence;£,,t3,t4,t5,tg, t7,tg,tg> (those which
preserve the original task order) as shown below:

<H><t><tg><t,><tg><tg><t;><tg><tg>

<t ><t><tz><t><tx><txe><t;><tgty>

<> <ty><t3><t,><t5><tg><tytg><ty>

<> <ty><tx><t,><tg><tg><ty,tg,lg>...

<ty bt tststetztgte>. In step four, we “walk-
through” the modification of each partition for each change
and determine the total number of task activations con-
tained in the components affected by the change. Lastly in
step five, we total the sums across all changes and deter-
mine the partition that minimizes this total.

The number of partitions of a sequeiEmcreases ex-
ponentially with the length of the sequence: the cardinality
of the set of all partitions is"2 wheren is the length o,

The execution time required to find the optimal partition is

proportional to OZ"). For small values af, this may not

be a problem. But asincreases, the time to determine an

optimal partition may become computationally expensive.
One could apply a combinatorial optimization algorithm to

determine a reasonably good partition in polynomial time.
The change complexity metric would provide the rationale
for an objective function, but automation of the process of
“walking-through” the change to a control flow sequence
to determine the change complexity value is an intricate

2. Determine the way in which the control components Process. ) ) . ,
would be modified by the maintainer and relate the During our “walk-through” of making the alternative
modification steps to the counting that must be done changes, we observed that locating each invariant subse-
for the metric guence a single component helps to reduce the overall

3. Express the required control flow as a sequence and change complexity value. We proved that in most parti-
generate all partitions of this sequence. tions the location of invariant subsequences in single com-
ponents does indeed reduce the complexity value. We
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designed an O(m*n) algorithm for locating the longest in-
variant subsequences, where mis the number of alternative
sequences and n isthe length of the required sequence [13].
We placed each invariant sequence <t,tz> and
<tg,t7,tg,tg> in a separate component and componentized
the other subsequences. The resulting control components
are shown in Figure 7.

MC Ctzts
I 11Ce,Cot.Crt ety

Ct4t5 Ct5t7t8t9

Figure 7: Control components which localize
invariant subsequences.

6. Discussion of Results

By localizing the parts of our example genetic solution
that change together, we could more easily modify our
componentized solution than the original monolithic ver-
sion. For example, we could change the representation of
the population by modifying or replacing only the popula-
tion component rather by reviewing the entire monolithic
solution to find those parts that operate directly on the pop-
ulation members. We could more quickly and easily make
the necessary changes in a smaller, more functionaly co-
herent population component because there was less dis-
tance between related changes. In the componentized
solution, we reused the parts not affected by the change and
could thereby guarantee that they perform as predictably
and reliably as before the change was made. In the mono-
lithic program component, we had to be careful not to in-
troduce errors into unrelated sections of the monolithic
solution. In the componentized solution, we could readily
improve the performance of aparticular part of the solution
by replacing the component which encapsulates that part.
We were also able to execute the small-effect, reusable
components concurrently as shown in Figure 4.

Our analytical approach supports the fundamental de-
sign principles of decomposition, partitioning, and encap-
sulation [14]. Our approach provides direction about how
to organize both the population and fitness data as well as
the non-data parts of the software solution such as the ran-
domized operator selector and the Master Controller logic.
While the definition of objects still depends largely on the
creative thinking of the human with typical object-oriented
approaches, our components originate from a systematic

we think that our approach complements existing design
methods by making more systematic and mathematical the
process of partitioning a software solution into compo-
nents.

7. Summary and Future Research

The purpose of this paper was to overview our approach
for partitioning a software solution into components that
reduce the impact of change, that promote component re-
use, and that enable the solution to be adapted for perfor-
mance. We discussed the role of partitioning in the
transformation from requirements to design for a represen-
tative embedded control application and showed that this
processis highly dependent on the expertise of the human
designer. Then we outlined our change analytic approach
for grouping together data and operations that areimpacted
by the same changes and applied it to the partition of a ge-
netic algorithm into components.

We also discussed ways to partition a high-level se-
guence of task activations into evolvable control compo-
nents and briefly demonstrated a process for determining
the partition which minimizes the complexity of changing
the sequence. We explained why the complexity of per-
forming this processisexponential and noted our discovery
that placing each invariant subsequence in its own compo-
nent tends to minimize the complexity of change. Using a
polynomial-time process for locating such invariant subse-
guencesin the control flow, we then demonstrated the com-
ponentizetion of the task activations for the example
genetic agorithm.

Three important features characterize our design ap-
proach: (1) the recursive decomposition of large-effect op-
erations into small-effect operations, (2) the enumeration
of anticipated or feasible changes to the software solution
and the analytical grouping of solution elements impacted
by the same changes, and (3) the identification of a heuris-
tically good way to organize control flow elements. We
note that the process of decomposing for reuse and the
identification of the impact of change are qualitatively de-
pendent on human judgment: at present, the best we can do
isto program the computer to remember our decomposition
decisions and identification of changes. We can mathemat-
ically model and therefore automate the process of group-
ing together change dependent data and operations.
Likewise, we can formally model and automate the identi-
fication of invariant subsequencesin control flow sequenc-
es: a fact which leads us to an important observation and
direction for our future work.

The representation of change dependencies as a set of

related elements and control flow as a “sequence of sym-

analysis of specific changes tht we expect to make Lo oft bols” is analogous to the work of information theorists who

ware solutions or that we think are feasible. In conclusion,
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search for relationships between data in order to determine

a “good” organization of the data. Similarly, we are re-
searching ways to symbolically and mathematically repre-
sent what we know about “good” designs. Algorithms
developed by researchers working in the areas of data anal-
ysis and clustering theory may help us to model and auto-
mate additional features of the design process. The reader
should see [9] for an extensive collection of data clustering

[9] Diday, E. (1994)New Approachesin Classification and Data

Analysis, Springer-Verlag, Berlin, Germany.

[10] Gagliardi, M., R. Rajkumar, and L. Sha (1996), “Designing

for Evolvability: Building Blocks for Evolvable Real-Time
Systems,” InProceedings of the Real-Time Technology and
Applications Symposium, June 10-12, IEEE Computer Soci-
ety, Los Alamitos, CA.

algorithms and [16] for a review of the literature on cluster- [11] Gamma, E., R. Helm, R. Johnson, and J. Vlissides (1995),

ing theory. Though the idea of applying information-theo-
retical models to the analysis of software structural
complexity is not new [4], our search of the literature shows
that the systematic application of information theory to soft-
ware design is an open area of study. We intend to further
research and develop methods to systematically and semi-
automatically generate designs that satisfy system design
constraints such as evolvability and adaptability to avail-
able system resources.
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Appendix A

User-Oriented View

:
D

Solution-Oriented View

Generic Control System

A refersto a super classrelationship between the higher and lower levels of abstractions (e.g. Sensor 4,
Sensor »,..., Sensor , inherit the properties of the Super Sensor).

r A
| | Iindicatesalogical grouping of objectswhich interact with each other (the corresponding classes
L 4 contain method callsto the other classes).

Figure 2: Transformation from user-oriented to solution-oriented objects and classes.
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(b) Functional partition with varying levels of decomposition.

Figure 3: High-Level Design Alternatives in a Motion Control System.



