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Abstract: There is now greater demand for product customization. For large-scale mechanical
product customization, there is great need to develop new methods that will ensure shorter design
cycle, shorter time to market, reduced life cycle cost, and higher product quality. The emergence of
the Internet makes mass customization possible. It is essential that tools that will support customer
participation in product design and realization be developed. The critical tool is an easy-to-use
Computer-Aided Design (CAD) system over the Internet where customers’ preferences can be
captured by functionality-based formalism. A new conceptual design methodology, functionality-
based modular design, is presented in this article with the capability of high flexibility and speed,
which supports mechanical product customization. A model is developed for modularization to
accommodate different system behavior requirements from users of CAD. An XML-compatible
language, PML, which has good properties of interoperability, scalability, and extensibility, is
employed for product representation. This modular conceptual design approach is implemented in a
new design platform.
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I. INTRODUCTION

The emergence of Internet technologies is having great
impact on manufacturing industries. The world-wide
computer network has led to a considerable shortening
of time and space and has also led to significant changes
in the traditional structure of supply chain manage-
ment. This revolution is also facilitating the evolution
of “paperless” manufacturing, which has been the en-
during dream of Computer-Integrated Manufacturing
(CIM). Customers will be able to participate in product
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design activities at different stages over Internet with-
out the restriction of time and space.

Normally, in the development of new product, the
designer is presented with specifications that essen-
tially are preferences and constraints of the customer.
However, there is no existing mechanism to transform
these conceptual specifications into form. This is largely
due to the complexity of the design problem that re-
quires capturing design intents and multidisciplinary
constraints. Currently, the typical way to help custom-
ers to reorganize the functional requirements along
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with other requirements (cost, manufacturability, etc.)
comprehensively is the direct consultation of domain
experts. The internet can serve as a new medium for
the communication among customers, designers, manu-
facturers, and vendors. One of the challenges for prod-
uct customization over the Internet is the process of
capturing customers’ intentions, requirements, and
specifications on a new product, especially for those
customers who may not have engineering design expe-
rience. To understand customers’ requirements and
accommodate them in the design process, good Com-
puter-Aided Design (CAD) systems, which should be
human-friendly, easy-to-use, intelligent, and experi-
enced assistants, are crucial. In this article, functional-
ity is perceived as the hub of design. A method of
functionality-based modular design is presented that
advocates modularization and knowledge reuse in me-
chanical design. This methodology is implemented in
a new design platform.

Il. THEORIES OF DESIGN

Considerable research effort has been spent on general
theories about product design. At different levels of
abstraction, there are different categories. According
to Alexander,' design is based on the idea that every
design problem begins with an effort to achieve fitness
between two entities: the form in question and its
context. The form is the solution to the problem; the
context defines the problem. In other words, when we
speak of design, the real object of discussion is not the
form alone, but the ensemble comprising the form and
its context. Good fit is a desired property of this en-
semble that relates to some particular division of the
ensemble into form and context. Freeman and Newell?
defined the design process as the process of transfor-
mation of functional requirements into structure. They
were among of the early researchers to introduce the
notion of functional reasoning as the basis for design.
The Topological Design Theory?* is based on a topo-
logical model of human intelligence. It starts with
some definitions (entity set, item of attribute, etc.).
Based on some axioms (recognition, correspondence,
and operation), it deduces theorems that model
designer’s designing process. The designing is the pro-
cess of mapping between functional space and attribu-
tive space. Suh'® defines design as the culmination of
synthesized solutions in the form of product, software,
processes, or system by the appropriate selection of
design parameters that satisfy perceived needs through
the mapping from functional requirements in the func-
tional domain to design parameters in the structural
domain. The Domain Theory? uses Function/Means-

Law and three domains for describing and synthesiz-
ing a machine system. In the transformation domain
the purpose of any product or machine, which is to
support a transformation or process, is captured. In the
organ domain, a materialized composition of products,
which creates functions or effects, is the focus. In the
part domain, machine parts and their assembly rela-
tions are considered. Design is a purposeful activity;*
it involves a conscious effort to arrive at a state of
affairs in which certain characteristics are evident.
Analysis, synthesis, and evaluation are three phases of
design.

Although researchers are using different models
(e.g., Function-Attribute,?* Function-Behavior-State,”
Function-Behavior-Structure®!3), it is generally ac-
cepted that design is the mapping process from func-
tions to forms according to designers’ specifications or
requirements. Typically, these requirements will be
examined for functional, technical, operational, and
financial feasibility by the assistantship of domain
knowledge sources. For product customization, func-
tionality is the starting point of the design and the
ultimate goal of a new product. Functionality is the
center of the design activity. As shown in Figure 1, the
original functions should be considered in different
design stages, whether for form generation, material
selection, reliability analysis, or cost management.

Another reason that functionality plays an impor-
tant role in product customization is that it is intuitive
for human beings, as new design is launched by the
sense of not satisfying the existing ones. Customers
can utilize functionality as a channel to participate in
design so as to specify requirements, issue verifica-
tions, and make decisions effectively with the com-
puter.

Ill. CURRENT CAD SYSTEMS

Computer-Aided Design (CAD) software is playing an
important role for product design process. The early
CAD systems just aided designers to finish drafting.
Current CAD tools now include features that express
the mechanical meanings of geometric configurations
on a part.

The hub of the conventional mechanical CAD sys-
tems is the geometric modeler. The task of the computer
is focused on capturing geometric information, whereas
nongeometric technical information (e.g., material prop-
erties, functional requirements, manufacturing methods,
etc.) and administrative information (e.g., bill of mate-
rials, process planning and scheduling, cost estimation,
etc.) are mostly neglected. This brings up the following
problems of current CAD systems:
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FIGURE 1. Function as the hub of design.

Current CAD systems increase the risks of
downgrading synthesis during analysis. Me-
chanical designs need to consider material
properties, tools selection, manufacturing, as-
sembly processes, etc. They are much more
complicated than pure electrical product de-
signs from this perspective. The major reason
for this is the difficulty of functional
modularization and discretization of mechani-
cal parts. Within electrical design, small mod-
ules such as resistors and capacitors are the
lowest level to consider for designers. Com-
puter-Aided Drafting is not enough for me-
chanical design. Integrated design tools ca-
pable of reasoning about materials, process
planning, cost estimation, and other related
issues are needed.

Current CAD systems are not “intelligent”
enough to support error checking. Designers
may violate rules of geometry, ergonomics,

Moadular Design for Mechanical Product Customization Over the Internet

manufacturing, or assembly without aware-
ness. For example, in a door lock design, a
number of errors could be made: a dangling
edge is created; the handle for human users is
too short and edges are not rounded; or screw
holes are too close to edge thus punch process
may disrupt the edge. An intelligent system is
needed to aid users and check these errors.

Current CAD systems lack mechanisms for
“amateur” participation in a design process. In
current CAD systems, basic geometric infor-
mation of a part such as geometric shape,
dimensions, and features is specified by de-
signers directly and explicitly. Thus, this is
largely dependent on engineering knowledge
of designers. For customers, they usually lack
this knowledge. Their requirement may just
be “I need a structure here to place the shaft I
just created” instead of “a ® inch NPT threaded
hole at the center of the frame”, or simply “I



need a tool to open a can”. A CAD system that
cannot follow customers’ intentions will not
establish effective human-machine communi-
cation channels. Customers’ specifications tend
to be ambiguous.

Research on advancing of the conventional CAD
paradigm, namely, Intelligent Computer-Aided De-
sign (ICAD), has been on-going in the last 20 years. In
general, ICAD aims at more intelligent use of comput-
ers to aid in design process.

A group of researchers!*2!?2 developed an IDDL
(Integrated Data Description Language) to code de-
sign knowledge in the IIICAD (Intelligent, Integrated,
and Interactive Computer-Aided Design) system. It
uses the logic programming paradigm to express the
design process for manipulating design objects, whereas
the object oriented programming paradigm is used to
express design objects. The PERSPECT system? is a
design tool that aims to support the effective utiliza-
tion of experiential knowledge in numerical engineer-
ing design, in which design knowledge is generated by
learning about their existing design domain (Domain
Exploration) and “sharing” the learning activity be-
tween designers and computers (Shared Learning) so
as to ensure the knowledge represented in computers is
understandable to designers. CASECAD!*!! is a mul-
timedia case-based design system that integrates tradi-
tional CAD and case-based reasoning. It stores and
utilizes design cases in both textual and graphical
modes. The main modules include case memory, case
base manager, case-based reasoner, CAD package, and
graphical user interface. The system IDEAL? uses
analogical reasoning to retrieve knowledge of a famil-
iar problem or situation that is relevant to a given
problem and transfers that knowledge to solve the
current problem, which is cross-domain case-based
reasoning. None of these systems are able to provide
seamless transition from functionality to form.

IV. DESIGN MODULARITY

The market competition demands shorter design cycle for
a new product. In order to reduce time, cost and risk for
new product development, there is a need for new design
paradigm based on functionality and modularization.
Modular design has been adopted in a number of indus-
tries, such as electronic products and software develop-
ment. Each module has certain functions and is self-
contained, that is, each module’s functions do not depend
on other ones. The designers need not design product
from scratch each time. This approach reduces design
time and encourages design automation.

A number of researchers have attempted to imple-
ment design modularization for mechanical products.
Erixon’ presents a Design for Modularity technique —
Modular Function Deployment (MFD), which consists
of five major steps: Quality Function Deployment
(QFD) analysis; modular concept generation; Module
Indication Matrix (MIM) to identify possible modules;
Modularity Evaluation Charts (MEC) for thorough
evaluation; Module Indication Matrix to identify op-
portunities for manufacture and assembly.

Similarly, ‘Design Reuse’ aims to maximize the
use of this concentration (of engineering creativity and
expertise in design) by the reuse of successful past
designs in part and in whole for new designs.!” The
Engineering Design Conference 98¢ with design reuse
as its main theme was held in UK, June 1998. Research
on focused innovation, cognitive studies, computa-
tional perspective, use of standard components, design
reuse tools, methods, etc. were presented.

Rather than product or part modularization, which
is directly beneficial to designers and manufacturers as
a phase of the whole production process, we focus on
design modularization from CAD’s viewpoint, which
emphasizes the methodology for easy-to-use CAD.
We are proposing a method of functionality-based
modular design for mechanical products. This approach
intends to achieve functional modularization of design
object so that designers can interact with computers
comfortably and computers can aid designers to com-
plete design effectively.

The advantages of design modularization are

1. Reduce the time of design. Instead of designing
each product from basic geometric elements,
modules are taken based on their functions.
Design engineers can reuse the modules with-
out changes or change some sections of the
modules according to the new product require-
ments. The design history generated for rede-
signing the unchanged sections will be saved.

2. Reduce the costs of design. Besides the time
spent on design, the resources for product
analysis and evaluation are also reduced.
Modularity helps to avoid errors and uncer-
tainty during the design process.

3. Knowledge reuse. The design knowledge and
experiences are stored physically as part of
modules. The risk of defective design is re-
duced. The nature of design is to use old knowl-
edge and acquire new knowledge about the
relationship between functional space and form
space. Knowledge accumulation and storage
is critical in design activities.
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4. Encourage concurrent engineering. The mod-
ule is the media of communication among cus-
tomers, market analysts, design engineers,
manufacturing engineers, and other participants
of design. A common language based on mod-
ule is beneficial for understanding each other.

The only possible pitfall in applying design
modularization is the possibility that a designer relies
solely on modules to develop new products. Another
pitfall could be when modules are not well configured.
Accurate module or accurate knowledge about module
is the premise of the system.

Modularity and flexibility are two conflicting as-
pects when modular design systems are developed.
Modularity is helpful for routine design, while flex-
ibility is essential for creative design. Both sides should
be considered in a practical CAD system. It is an art to
achieve a good balance between those two aspects.
One compromise is to use hierarchical modularity and
define lower level modules if necessary to maintain
sufficient flexibility. We define modus to be the small-
est module that is an independent functional unit that
contains one or more features.

Functionality-based modular design is a promising
method that facilitates Internet-based mechanical design
and customization. Historically, the emergence of fea-
ture-based design has changed the use of lines and curves
in mechanical design (which have no engineering mean-
ing) to features that have an engineering implication. This
notion increased the abstract level of design reasoning
and somewhat simplified the work of mechanical design
engineers. As illustrated in Figure 2, early designers used
simple geometric shape to model the product from view
1. The emergence of features in design is showing in view
2. The same product can be modeled in different ways.
The functionality-based modular design intends to help
designers to model product from functionality viewpoint,
as shown in view 3. Functionality is the focus of design
for supply chain participants as well as customers. Func-
tionality module as defined by modus will be the com-
monly used expression during a design process. The goal
is to find a path such that design language and methods
are meaningful for customers apart from engineering
implication. It is clear that functionality-based design
allows designers to deal directly with the intentions of
design rather than the current indirect approach.

V. FORM GENERATOR IN
PEGASUS DESIGNER SYSTEM

Pegasus designer system is a CAD system under de-
velopment at the University of Pittsburgh, which aims
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to assist supply chain participants and customers to
participate in new product design over Internet. The
goal is to develop a new type of distributed CAD
system that supports product customization. Ease of
use is the crucial requirement for this new design
paradigm. Pegasus system is the fusion of CAD tech-
nology, Internet technology, and knowledge engineer-
ing, which facilitates information flow among cus-
tomer, designer, manufacturer, and other stakeholders
for product design. One of the functionalities of this
system is the ability to allow a customer to generate
mechanical product from concept and specifications to
physical form, by the aid of knowledge engineering
scheme. This task is accomplished by Form Generator
of Pegasus system.

A. Functional Modular Representation
Although different design theories mentioned before
have stated that design process is the mapping process
between functional space and physical space, few con-
crete mapping methods have been explored. Relational
approach'* searches for working principles to fulfill
subfunctions. New design for a specific functionality
can be derived by selecting the combined working
principles and working structures. Case-Based Rea-
soning (CBR) has been used in various design fields,
such as architecture, software engineering, structure
engineering, etc.!>!?

The mapping process used here is not directly
from functionality to component, which is employed
in other approaches.”!¢ Rather, mapping is from func-
tion to geometric module by the aid of knowledge
base. The hypothesis here is that any function can be
implemented by one or more features. We define modus
as the basic design operation unit that embodies func-
tionality instead of feature or basic geometric elements
such as line, circle, etc. The smallest modus, which
includes one or more features, implements one func-
tion. The hierarchical relationship among feature,
modus, and component is shown in Figure 3.

Functionality is important in conceptual design
stage, as it is the starting point to define a new design.
In a top-down approach, conceptual or preliminary
design is the process of functional decomposition. We
disintegrate the functionality of products into Funda-
mental Functionality Elements (FFE) — for example,
support, hold, transport, convey, conduct, etc. It should
be realized that these FFEs are domain specific. Dif-
ferent types of products have their own terminology.
Defining FFE enables the system to define functional
module during design analysis and synthesis.

The element in functional space is FFE, while in
physical space the element is modus. The relationship
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FIGURE 2. Different points of view for product design.

between FFE and modus is many-to-many, which is
shown in Figure 4. A Fundamental Modus (FM) can
be defined as a modus that is only related to one
Fundamental Functionality Element, while a Compos-
ite Modus (CM) is related to more than one Funda-
mental Functionality Element. In the example of Fig-
ure 4, moduses m1, m3, m4, m5, are FMs and modus
m?2 is a CM. Because design is a particular activity of
human being, human intelligence and knowledge con-
tribute significantly during this process. The mapping
from functionality to form will proceed appropriately
under the guidance of knowledge base. These pre-
ferred shapes or forms are chosen according to past
cases, experience and/or knowledge. The advantage of
defining modus in the mapping is to increase the flex-
ibility of conceptual design, comparing to component-
based mapping.

Formally, we define F as the set of functionalities.
fis an element of F (f € F). Define M as the set of
moduses. m is an element of M (m € M). The mapping
from functionality to modus is defined as p : F — M,
which is the process of modus retrieval. The mapping
from modus to functionality is defined as p”"M — F,

which is the process of functionality retrieval. These
mappings are not one-to-one because of their inherent

problem-dependent properties. Further, we define C as
the set of comtexts, which captures the application
environment of the target product. ¢ is an element of C
(c € C). Then a more restricted mapping that tends to
reduce the search space is p,.:F XC — M. Similarly,

pl:M > FxC.

An abstract model of modus is built as follows:
modus m can be defined as m=<SF,C,G,R,SO>,

where S is the set of functionalities that modus m is
related to; C is the context that modus m is associated
with; G is the geometric shape that modus m has; R is
the material of which modus m is made; S, is the set
of other information that modus m has, which makes
this model extendable.

The important relationships among moduses in-
clude functional relationship and spatial relationship.
The functional relationship of moduses is the rela-
tionship of functionality sets associated with moduses.
They have relationships of union (L), intersection
(M), difference (\), etc. The spatial relationship is the
relationship among geometric entities. We define a
World Coordinate System (WCS) located at the ori-
gin point of 3-dimensional Euclidean space. WCS is
the reference of the whole product. The geometric
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entity of each modus has its own coordinate system,
called Modus Coordinate System (MCS). The spatial
relationship among moduses is expressed in terms of
spatial relationship of MCS’s that moduses are lo-
cated in. For convenience of expression, we define a
symbol of reference ((TR|), in which TR is the trans-

formation of coordinate systems. A transformation is
the combination of a series of translations and rota-
tions. TR is the transformation that one MCS or WCS
needs to finish to get the new MCS. For example,
G,(TR|G, means geometric entities of modus 2, G,,

is positioned in MCS, that is referring to MCS, of
geometric entities of modus 1, G,, after a coordinate
transformation.

The flexibility of the modularity is enhanced by a
special binary operation, composition (@), between
two moduses. For two moduses,
m =(S}.Cl.GLR,SH) . my =(SF,C2.GyuR,,55),

define:
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m; ® m, =ms,

where my = (S} USE,Cy, Gy (TR, (G, Ry, S} ).
m, ®m; =my,

where m, =(SF US7,C,,G,(TR, Gy, R,,57).

Along with a composition, a transformation should
be defined such that the relative positions of two
moduses can be determined in 3D space. An example
of composition is shown in Figure 5. This operation is
not permutable, i.e., m; ®m, #m, ®m;.

@ can be looked as an operation of function and
form union in the set of moduses. The result of the
operation composition is a composite modus that has
the functional and geometric information of both modus
operands. After geometric entities of moduses are gen-
erated and necessary compositions are finished, each
modus can then be working as an independent compo-
nent. Composition combines two moduses, thus re-
duces the number of components. The design process
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FIGURE 4. Mapping from functional space to physical modus space.

FIGURE 5. Modus composition operation.
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can then be looked as the process of functional decom-
position in functional space and modus composition in
modus space. The structure of a product can be graphi-
cally modeled by a hypergraph, which is shown in
Figure 6.

B. Functional Reasoning

The modus retrieval based on functionality, context,
and other specification is accomplished by the aid of a
reasoning engine. Both rules and cases are necessary
for the reasoning. Scientific rules, such as conserva-
tion of energy, principle of hydraulics, etc., are impor-
tant at the basic and abstract stage of reasoning. Engi-
neering principles then are followed when reasoning
comes into a more specific area.

A reasoning procedure example during a centrifu-
gal pump design is shown in Figure 7. When the
design process starts, the designer system asks the user
the principle functional requirement of the target new
product. According to scientific rules, the reasoning
engine deduces that this device should be able to trans-
fer kinematic energy of water to potential energy. Then
a pump comes up because the knowledge base has the
record that pump will accomplish the required job.
There are different kinds of pumps available. After
acquiring the parameters of working environment of
the target pump, the system is able to suggest a cen-

Relations
iS-part-of gy

reference ~o A

Component
A
N

Component
B

trifugal pump to customers according to the rules of
pump type selection. Then the system can help users to
finish the functional decomposition and choose a se-
ries of Fundamental Functionality Elements needed
during component-level analysis, according to both
scientific rules and engineering rules. The modus re-
trieval is the following procedure that selects moduses,
either Fundamental Modus or Composite Modus, which
contain geometric, material and other information. At
the modus level, users give detailed specifications to
moduses, such as dimensions, materials, etc. Each
modus then can become a separate component. If nec-
essary, composition operations are conducted to re-
duce the number of components. In this example,
blades, which propel water, and the impeller hub, which
supports blades, can be integrated into one component.
After all components are finished, a product assembly
model can be built using spatial relationships among
components.

The whole design process is aided by rule-based
reasoning and case-based reasoning. Rules are applied
for helping users’ decision making. Cases are stored at
the level of modus in the system.

C. Modeling Language
Historically, CAD format has presented a problematic
barrier for CAD information exchange. To encourage

Component
C

FIGURE 6. Hypergraph model of product.
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future information flow and CAD application over
Internet, a system independent data format is necessary
and vital. With the emergence of Extensible Markup
Language (XML),> the data exchange over Internet can
have a uniform format. XML is a simple, flexible, and
structured text format derived from Standard General-
ized Markup Language (SGML) (ISO8879). Originally
designed to meet the challenges of large-scale electronic
publishing, XML is playing an increasingly important
role in the exchange of wide varieties of data over the
Internet. It is becoming the backbone of Business-To-
Business (B2B) electronic information exchange. An
XML-compatible modeling language, Product Markup
Language (PML), is developed in Pegasus. It is ex-
pected to result in a new CAD system-independent
modeling language for mechanical product design.

PML has the following characteristics: (1) Exten-
sible: By the nature of markup, PML can be extended
for new information if necessary. When new concepts
or notations are to be used, the modeler can extend its
language scope by adding new elements in. It provides
good scalability for the modeler. (2) Portable and
interoperable: The language tends to separate system-
independent content and system-dependent format of
product information so that useful information about
product will not be lost during data exchange and trans-
lation. PML can include more information in product
files. It has the capability to include technical informa-
tion, such as materials, tools selection, cutting path, etc.,
and managerial information, such as order number, cost,
etc., as well as geometric information from different
levels. (3) Object-oriented: The inherent hierarchical
tree structure of the language enables good encapsula-
tion so that modular transparency is guaranteed for the
top-down approach of design. Products are modeled by
PML, which describes the information about the prod-
uct explicitly, such as geometries, functions, features,
materials and contexts, etc. Theoretically all informa-
tion about product can be modeled in PML. (4) Compat-
ible to Information Infrastructure: XML is looked as the
future of web technology. PML is compatible to the
Web standard. Compatibility is indispensable when
building an open system. Figure 8 shows the former
pump example modeled in PML.

D. Form Generator Configuration
As a part of Pegasus system, Form Generator accom-
plishes the tasks of form generation from concept during
conceptual design stage. To accommodate different lev-
els of users, modular design is introduced in Generator.
As shown in Figure 9, Generator is comprised of
Graphic User Interface, Modeler, Expert Shell, and associ-
ated libraries and knowledge base. Because moduses are

the elements that users are dealing with, Generator tends to
be built as a flexible system that allows extension, that is,
users are able to define their own moduses based on fun-
damental moduses and available geometries, materials,
and other information. Also these libraries and knowledge
base allow users to extend and update the information if
required. Within the system, Expert Shell plays an impor-
tant role to aid users to finish design based on logic and its
knowledge. Modeler enables users to complete modus
operation and product information integration. The user
interface of Form Generator is shown in Figure 10.

VI. FUTURE WORK

Pegasus system is a pioneer web-based collaborative
designer system. The ultimate goal is to develop an easy-
to-use CAD system that supports mass customization in
the future. The system will have the ability of finishing
conceptual design, detailed design, design test and evalu-
ation, performance simulation, and design optimization
in real-time and on-line. Form Generator is the first step
users will encounter when entering the system. Based on
functionality, modular design is one of the pragmatic and
rapid ways to accomplish conceptual design automation,
considering both flexibility and speed.

The future work of Form Generator will be extend-
ing the capability of the system to support detailed design.
Considering manufacturing, assembly, reliability, main-
tainability, ergonomics, and other related aspects, the
system should be able to impose multidisciplinary con-
straints onto product, as well as customer’s preferences.
Those constraints should be captured and represented in
appropriate ways so that those information will be trans-
ferred and be constructive for later stages of product
design.

VIl. CONCLUSION

A new conceptual design methodology, functionality-
based modular design, is presented in this paper. It has
the capability of high flexibility, fast speed in support-
ing mechanical product design and customization. A
model of modus is developed to attain modularization
to accommodate different system behavior require-
ments from users of CAD over the Internet. An XML
compatible language, PML, which has good properties
of interoperability, scalability, compatibility and ex-
tensibility, is used to model products. PML is able to
encapsulate both geometric and nongeometric infor-
mation in an attempt to solve the existing CAD file
format problems. A module that supports functional
modular conceptual design is built to implement the
above developments.
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<L_WATER:pump context:L_WATER="Low pressure, Water’
pump_t="centrifugal™>

assembly_1

<housing body_t="enclosed”
inlet_n="1"
outlet_n="1"
material_t="steel”>

part_1

</housing>

<impeller vane_t="open”
curve_t="volute”
material_t="stainless_steel™

part_2

<fimpeller>

<seal material_t="rubber”>

part_3

</seal>

<shaft material_t="stainless_steel™

part_4

</shaft>

<bearing bearing_t="ball”
row_n="2"
housing_t="rotating”>

part_5

</bearing>

<bearing bearing_t="ball”
row_n="2"
housing_t="rotating”>

part_6

</bearing>

</L_WATER:pump>

FIGURE 8. A pump in Product Markup Language.
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Modus Base | Rule Base

FIGURE 9. Architecture of Pegasus Form Generator.
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Functional Modules
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pump.Shaft

Cancel

ess= pumpFlow{Q0)=".

ess= (batch resources edu.pitt pegasus.generator.model lib.pump.impeller has been added.

liquidDensity(p)=3.0
staticLiguidHeadDelivery(Hsd)=1.0
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FIGURE 10. Graphic User Interface of Pegasus Form Generator.
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