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ABSTRACT

The divide-and-conquer principle is a technique to obtain solutions for a large-scale problem by
dividing it into smaller and manageable subproblems and by integrating these subsolutions. In
engineering design, the principle is often used not just as a complexity management method but also
as an embodiment method, although its formalization is unclear if not non-existing. This paper
attempts to formalize the principle in the context of design of complex multi-disciplinary systems such
as mechatronics systems. It proposes a theory of decomposition in conceptual design (system
architecting), which extends the decomposition theory in traditional engineering design based on
functional decomposition. The theory is applicable to system decomposition processes, in which
building blocks necessary for decomposition are not available or must be newly designed during the
processes. The theory uses parameter relations governed by physical phenomena realizing functions. A
case study of system architecting of a printer is illustrated as a demonstration of the theory.
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1 INTRODUCTION

The divide-and-conquer (D&C) principle is a well-known technique to tackle large-scale problems. It

is applied to cut down a big problem into a set of smaller problems of a manageable size that have

(known) solutions. Often, the problem can be hierarchically decomposed, resulting into a hierarchy of

subproblems. The solution to the original big problem is obtained by adding/integrating subsolutions

for those subproblems (Figure 1). In order for this principle to be valid, the principle assumes some

properties to the problem [1].

e The hierarchical division should eventually arrive at subproblems that are solvable and have
solutions.

e Interactions among the subdivided problems should be minimal and manageable. In other words, a
solution for one subproblem should not interfere with other subproblems.

e Solutions for the original should be obtainable by “adding” or “integrating” subsolutions.
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Figure 1. The divide-and-conquer principle



The D&C principle is also used for engineering design [2-5]. For example, the Pahl & Beitz method
[3] first builds a hierarchical functional structure and then breaks this function structure into
subfunctions that can be embodied with mechanisms and working principles. The final solution is not
a simple sum of individual subsolutions that realize subfunctions, though.
Although the D&C principle is perhaps the most powerful method for size and complexity reduction,
unfortunately, its procedure is not well-formalized as an algorithm. Because of this, for example, there
is no known method to decompose a system uniquely. This means subjective differences among
design results even for an identical design task.
The D&C principle becomes more crucial when dealing with complex problems. For instance, the
design of modern mechatronics systems, such as hybrid vehicles, medical instruments, and high-end
printers, is a complex problem both quantitatively (multi-disciplinarity) and quantitatively (the number
of components). Functions of these systems are becoming more and more multi-disciplinary (e.g.,
mechanical, electrical, electromagnetic, chemical, optical, and thermodynamic) [6]. The number of
components is also increasing to exhibit required functions through complex physical phenomena. The
general trend of miniaturization is that more components are packed in a smaller space. Although the
D&C principle seems to be the sole method that can deal with complex systems, there remains a
question if we are still able to use the D&C principle without modification [1].
In order to efficiently and effectively develop complex multi-disciplinary systems including
mechatronics systems, the V model of product development (Figure 2) is recommended [7,8]. Within
the V model, system architecting is a process for conceptual design of system architecture, in which
system architects perform the following tasks:
o ldentification of requirements to be translated to system descriptions.
e  Hierarchical decomposition of the system to subsystems and eventually to components. The
D&C principle is applied here.
e  Definition of behaviors and structure of these subsystems and their interfaces.
At the succeeding stages in product development, these decomposed subsystems are designed,
integrated, validated, and verified with reference to their definition specified in system architecting

[9].
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Figure 2. The V-Model of product development

In this paper, we focus on the decomposition process during system architecting. During hierarchical
decomposition based on the D&C principle, a system is decomposed into smaller subsystems using
building blocks that can construct the subsystems. At a different hierarchy level, a different set of
building blocks is used. As the decomposition proceeds, the description level of building blocks
becomes more concrete and eventually arrives at, e.g., machine elements, established components and
mechanisms in mechanical design. In control design, these fundamental building blocks are block
diagrams that represent sensors, actuators, and controllers, while in software design, they can be
subroutines and functions that implement fundamental algorithms. In order for designers to be able to
construct embodiment with building blocks from functional decomposition of requirements, building
blocks must be indexed by functions and connected to behaviors and structure. The past literature
show that fundamental building blocks can be defined in various ontologies, including function



elements [2], working principles [3], physical features [4], solution patterns [10], and contact and

channel model elements [11]. This variety of fundamental building blocks results in different

representations of subsystems and their interfaces included in developed design concepts.

When this decomposition method is applied to complex systems architecting, the following

insufficiencies can be identified.

e  Systematic design of new building blocks: Traditionally, building blocks (and their functional
descriptions) used for the design of a specific system were developed and refined empirically.
When no building blocks satisfy a certain functional requirement, new building blocks needs to
be developed. However, no rational and systematic rules have been established so far for the
design of new building blocks.

e  System decomposition without building blocks: During the hierarchical decomposition, it is not
always possible to find established building blocks. In such a case, system decomposition should
be performed without knowing the detailed description of subsystems included in building
blocks. This is true for system architecting of complex systems, because the hierarchy can be
very deep and it is often difficult to prepare building blocks at every level of hierarchy.

The objective of this paper is to establish a theory of system decomposition based on the D&C

principle in system architecting of complex systems that can deal with the above-mentioned situations.

In the D&C principle, functions are hierarchically decomposed by searching for corresponding

building blocks from the library using function as an index (Figure 3 (a)). Subsystems and their

interfaces are defined by combinations of building blocks. In contrast, the proposed method does not
necessarily assume the availability of building blocks. Instead, it assumes that subsystems and their
interfaces are gradually created and refined through hierarchical functional decomposition in terms of
the relations among system parameters. It is done by adding physical phenomena corresponding to
functions and finding possible clustering patterns of the parameters derived from physical phenomena

(Figure 3 (b)). Applicability of these different approaches to system decomposition in system

architecting depends on the maturity of available design knowledge, which will be discussed in

Section 2 in the paper.
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Figure 3. System decomposition with building blocks (a) and without them (b)

The paper is structured as follows. Section 2 classifies system decomposition processes in terms of the
maturity of design knowledge in system architecting, which shows the need of the decomposition
theory proposed in the paper. Section 3 describes the proposed decomposition theory. Section 4
illustrates a case study of system decomposition process in a printer design case. Section 5 briefly
describes the state of art of methods to support system decomposition in engineering design in order to
clarify the difference between them and the proposed theory. Section 6 summarizes and concludes the

paper.



2 CLASSIFICATION OF SYSTEM DECOMPOSITION PROCESSES

System decomposition processes in system architecting are basically conceptual design of complex
systems. Here, the D&C principle plays the central role but actual decomposition takes place in
different ways which are summarized in Table 1. This paper mainly focuses on functional
decomposition of multi-disciplinary systems.

Table 1. Various Decomposition

Technical decomposition Spatial, Functional, Behavioral, Process wise, Disciplinary

Organizational decomposition Departmental, Life Cycle wise

The simplest type of decomposition is “cutting a pie into small pieces” in which the D&C principle

just divides a problem spatially into equal pieces. In engineering design methods (e.g., [3]), the D&C

principle not only decomposes a problem into smaller subproblems but also finds embodiment

(solutions) for these subproblems. A solution to a subproblem is chosen from “building blocks” and a

solution to the original problem is obtained by integrating such building blocks. A subproblem can

further be decomposed into sub-subproblems. Therefore, the system decomposition within engineering

design consists of the following two steps:

e  Hierarchical decomposition of the system description in the functional domain (i.e., functional
decomposition).

e  Search for solutions from building blocks in the physical domain using functions in the functional
decomposition as indices.

Thus, the design knowledge in the system decomposition process is divided into both functional and

physical domains, i.e., functional decomposition in the functional domain and a set of solutions in the

physical domain. The physical domain is viewed from behavioral aspects (e.g., physical phenomena

and processes), from a spatial aspect, and from any other relevant aspects.

The system decomposition process can be classified into three phases with respect to the necessity of

functional decomposition and the availability of building blocks (Figure 4).
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Figure 4. Classification of system decomposition processes

2.1 System decomposition without building blocks (Phase 1)

Hierarchical decomposition of the system descriptions eventually arrives at the physical phenomenon
level. Since at this level there is no convenient building blocks, system architects need to refine the
functional description to search for primitive elements, such as mass, spring, and dumper in
mechanical design, that can describe physical phenomena. These primitive elements are different from
building blocks in that they are not initially recognized as solutions to functions, but they are
organized so that they become solutions to specific functions. The system description in the physical
domain consists of a large number of these primitive elements. Design synthesis by means of
combination of these primitive elements is thus exhaustive but is hardly tractable. Since the synthesis
process is independent of building blocks or existing functions, system architects can end up with
system architecture with unique subsystems and their interfaces. System architects may follow this
type of system decomposition, when they deal with completely new customer requirements and/or
they have little knowledge about the physical realization of these requirements.




2.2 System decomposition with building blocks (Phase 2)

As system architects learn and design a number of system architecture, they find some patterns in the
design information, abstract such patterns as building blocks, and associate them with specific
functions. Although functional decomposition is necessary to find building blocks through functions,
the functional description is simpler than that used in the system decomposition described in Section
2.1. It is because they can find building blocks associated with the functional decomposition at higher
hierarchical levels. Nevertheless, new building blocks have to be designed using building blocks at a
lower level, when no building blocks satisfy certain functions. The past literature has focused on this
phase of system decomposition more than that in Section 2.1 and proposed various units of building
blocks, including function elements [2], working principles [3], physical features [4], solution patterns
[10], and contact and channel model elements [11]. These diverse units result in different
representations of subsystems and their interfaces included in developed design concepts. It is a future
research topic to study differences of these units in the decomposition phase (e.g., in terms of the
applicability to system decomposition at different levels of system abstraction).

2.3 System decomposition without explicit use of functional knowledge (Phase 3)

With sufficient refinement of functional description and corresponding building blocks, new designs
are functionally described as a combination of existing functions, and physically realized by
combinations of existing building blocks corresponding to these functions. When the role of functional
description to find new functions becomes less important due to the maturity of design knowledge, the
functional description tends to become implicit knowledge of system architects, and they directly
explore combinations of building blocks without explicit functional description. In such a case,
resulting system architecture is limited to the combination of existing building blocks. Thus, the origin
of the complexity of system decomposition in this phase is combinatorial complexity rather than the
complexity in finding appropriate functional description.

3. ATHEORY OF SYSTEM DECOMPOSITION PROCESS

This section proposes a theory of system decomposition as a design process model in system
architecting of complex systems. The theory is aimed to understand the system decomposition
classified in Section 2.1 (Phase 1), in which building blocks are not available. The theory supports
system decomposition in both functional and physical domains. This means that physical
decomposition is available in the middle of functional decomposition, while the traditional system
decomposition model in engineering design (e.g., [3]) assumes that physical decomposition becomes
available after completing functional decomposition. In short, the proposed theory can explain how
subsystems and interfaces are defined and updated in the physical domain through functional
decomposition without explicit use of building blocks.

3.1 Elements of the system decomposition model

The proposed theory is basically explained with formal operations on the system description made of

the following elements. Figure 5 illustrates relations among these elements.

e  Function model: A hierarchical description of a system in the functional domain. A function
model is developed based on the D&C principle. A function model is used to derive physical
phenomena described below. For instance a function to transfer heat can be realized by a
physical phenomenon heat transfer. Functions in the function model at arbitral hierarchical levels
can be connected with physical phenomena. By doing so, the description of a system in the
physical domain is available in the middle of functional decomposition.

e  Physical phenomena: Physical phenomena define processes that take place in the system and
relations among parameters. For instance, convective heat transfer (physical phenomena) can be
described by a hear flow from source to object through fluid, and the quantity of heat flow
depends on the temperature of object and source, and the thermal conductivity of fluid (see
Figure 6). Here, source, object, and fluid are entities defined in the physical phenomenon, but
independent of the parameter network described below. Such knowledge about causality and
parameter relations can be generic or specific to designed systems and extracted from
engineering textbooks and design documentations.

e  Parameter network: A parameter network is the description of a system including parameters and
their relations. These parameters can be defined in both functional and physical domain (such as



function requirements and design parameters [12] or properties and characteristics [10],
respectively). The parameter network is updated by adding physical phenomena to it. Figure 5
illustrates addition of physical phenomena to parameter network and resulting update of
parameter network. The parameter network defines system decomposition in the physical domain
in terms of the relations among entities defined below.

Entities: An entity is characterized by a set of parameters in the parameter network of the system.
Relations between two entities are defined by relations among the parameters of these entities.
Entities and their relations are regarded as subsystems and their interfaces. The parameter
network in the middle of Figure 5, for instance, represents two entities, whose interface is defined
by two pairs of parameter relations. The definition of entities and their relations are also updated
by adding physical phenomena to the parameter network. New entities are defined when there are
parameters in the parameter network, which are not used to characterize other entities.
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Figure 5. Elements of the system description in the proposed decomposition process
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Figure 6. An example of physical phenomenon

3.2. The proposed system decomposition procedure

The proposed theory assumes that system decomposition is a process to define subsystems and their
interfaces based on iterative of four steps: Selection of parameters, search and selection of physical
phenomena, generation and selection of physical decomposition candidates, and update of parameter
network (Figure 7).

1.

Selection of parameters: Parameters in the parameter network are selected. At the beginning of
the decomposition process, initial parameters are introduced based on the requirements in the
functional domain (e.g., quality and productivity). Functional decomposition is a means to search
for these initial parameters. In the middle of iteration of the decomposition process, parameters
are derived from existing physical phenomena in the system, whose value should be changed.
Search and selection of physical phenomena: Physical phenomena that will influence the selected
parameters are searched out of the knowledge of system architects, which can be stored in the
respective knowledge base. After that, at least one physical phenomenon is selected with respect
to each selected parameter in order to realize the desired value changes.

Generation and selection of physical decomposition candidates: There are multiple patterns in
adding parameters and their relations included in the selected physical phenomena to the



parameter network. These patterns are indeed clustering patterns of new and existing parameters
with respect to entities. New entities can be added in this step. Different clustering results in a
different physical decomposition of the system. The number of feasible system decompositions
(i.e., physical decomposition candidates) can be decreased by adding constraints in the search
process. For instance, separation of entities in the definition of physical phenomena (e.g., in
Figure 6, object, source, and fluid should be separated entities) is used to limit the number of
decomposition candidates [13].

4. Update of parameter network: After selecting one of the physical decomposition candidates, the
parameter network of the system is updated. The process terminates when the updated parameter
network is validated by system architects. Otherwise, the process returns to the first step for the
selection of a new set of parameters in the updated parameter network.

Selection of .| Search and selection of
parameters - physical phenomena
A
\ 4
Update of . Generation and selection of
parameter network |- physical decomposition candidates

Figure 7. The proposed system decomposition procedure

4 A CASE STUDY OF SYSTEM DECOMPOSITION PROCESS

A case study of multi-disciplinary system decomposition following the proposed theory was
conducted in system architecting of a printer, which is a typical complex, multi-disciplinary system
[13]. The case study was conducted on a computational tool for system architecting [14]. The tool
supports system decomposition processes following the proposed model by automating the search of
physical phenomena using the knowledge base and the systematic generation of physical
decomposition candidates. The tool was developed as an extension of the Knowledge Intensive
Engineering Framework (KIEF) [15], which supports suggestions of physical phenomena based on
parameter relations with Qualitative Process Abduction System (QPAS) [16]. The implementation and
the detail of system have been described in [13].

The system decomposition in the case study was based on the realization of three major function
requirements of a printer in Figure 8. These requirements were used to define the initial parameters of
the printer, whose values are changed by physical phenomena to meet the requirements. For instance,
the productivity depends on the velocity of sheets. The initial parameter network was manually
developed considering such parameter relations (Figure 9). It consists of entities containing parameters
and physical phenomena containing the indices of parameter relations, which are separately shown in
the bottom frame. The tool currently supports arithmetic equations and qualitative proportional and
differential relations as types of parameter relations.

After the initialization, three parameters corresponding to the function requirements in Figure 8 were
used to instantiate the physical phenomena in Figure 8, which results in an extension of the initial
parameter network. Here, the background knowledge of designers gave freedom in selecting physical
phenomena among those suggested by the tool (by giving the parameters as triggers). For instance,
other thermal phenomena can be selected in order to change the temperature of paper. After selecting
four physical phenomena, the designer selected one of the physical decompositions suggested by the
tool, which were derived from possible unification of the knowledge about parameter relations defined
in these physical phenomena. In this example, 151 candidates have been systematically generated.
Figure 10 shows one of the suggested physical decompositions. In Figure 10, parameters
corresponding to the function requirements and the instantiated physical phenomena are labeled
following Figure 8. In this step, four system elements were introduced and their parameters related
with the instantiated physical phenomena have been identified. One of them (new entity A in Figure
10) plays a role of both the sheet transfer belt and the conductive heater and contains both kinetic and
thermal parameters. Printers including such a subsystem are available in current market. The detail of
the printer should be further designed considering relations among these parameters.

By conducting such case studies multiple times, the authors expect that designers can find typical
physical decompositions (i.e., partial parameter network), which are frequently selected among
systematically generated physical decompositions. Such typical physical decompositions are regarded



as new building blocks in the succeeding product development. The proposed decomposition method
can be useful to find new building blocks based on the knowledge about physical phenomena (how
parameters are related) rather than the knowledge about entities (which parameters are contained).
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Figure 10. A physical decomposition after function realization

5 RELATED WORK

In the Axiomatic Design [12, 17], a system is described with four different aspects; customer attributes
(CA), function requirements (FR), design parameters (DP), process variables (PV). The system
descriptions from these four aspects are hierarchically decomposed in a zigzagging manner. However,
concrete decomposition operations on the system descriptions have not been explained (e.g.,
introduction of new function requirements and design parameters).

Systematic engineering design approach [2, 3] employs physical phenomena as the most fundamental
building blocks, which are followed by the proposed decomposition method. The proposed



decomposition method further considers parameters and their relations included in each physical
phenomenon in order to suggest alternative system decompositions in terms of parameters.

The SPALTEN method deals with decomposition of design problems into smaller problems in the
early stage of product development [5]. It classifies the types of problem solving styles encountered in
problem decomposition processes. Although the focus of the method is more on the organizational
decomposition of design problems than decomposition of system descriptions such as functional
model and building blocks, the method can be combined with the contact and channel model (C&CM)
[11], which is the representation of building blocks developed by the same research group.
Modularization methods have been used to define physical decomposition of a system by clustering
components of the system [18, 19], which leads to such concepts as product architecture [20]. These
methods assume that system components are well-defined with respect to the objectives of
modularization. Although these methods do not assume that necessity of functional description
corresponding to components and computed modules, some studies use the functional description of
system for modularization (e.g., [19]).

After identifying the parameters of a product though the proposed decomposition method,
reconfiguration of relations among the parameters is crucial (i.e., synthesis). Such reconfiguration is
performed considering various design criteria (e.g., functional redundancy [4]) and supported by the
other design methods reviewed in this section. For instance, the Axiomatic Design [12, 17] is used to
analyze relations between function requirements and design parameters.

6 SUMMARY AND CONCLUSIONS

This study has proposed a theory for decomposition in system architecting of complex systems. The
theory has extended the decomposition theory based on functional decomposition with the D&C
principle followed by combination of established building blocks, which has been traditionally
accepted at the conceptual design stage in engineering design. The proposed theory has explained how
functional decomposition proceeds with the definition of subsystems and their interfaces in terms of
parameter relations. The theory has been implemented with a computational tool for system
architecting and a system decomposition case of a printer has been described for the demonstration.
The proposed decomposition method can be useful to find new building blocks based on the
knowledge about physical phenomena (how parameters are related) rather than the knowledge about
entities (which parameters are contained).

We conclude that the proposed theory is crucial in developing design methods, computational tools,
and knowledge base to support system decomposition in design of complex systems, in which their
behaviors are multi-disciplinary and new designs of building blocks are still required. Future work
includes the development of new building blocks based on the proposed method, and the study of
complexity in hierarchical system design based on the theory with quantitative evaluation measures.
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