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This chapter describes a validation step following the development of a framework 
and a prototype system for modeling the "meta-" information of mechanical 
products. The content and structure of the meta-model correspond directly to the 
information used and produced during the mechanical design process. This 
validation effort has produced a case study of an example product design and has 
attempted to validate the model by allowing persons in the development cycle to 
query the model. This chapter does not give a complete description of the meta
model, its development, or its lineage; however, the usage and potential of such a 
meta-model are demonstrated through the case study. It was found that the 
theoretical meta-model contained sufficient information to satisfy all queries 
encountered in this particular design experience. However, some caveats were 
encountered and suggestions are made to improve the prototype modeler. 

13.1. INIRODUCTION 

Current product models used in Computer-Aided Engineering contain information 
about the "fmal" product geometry, topology, materials, tolerances, etc., but contain 
no information about the functionality of components or their design intent. This 
paper briefly describes the requirements and structure of a meta-model to represent 
functionality and design intent together with a feature model, but more explicitly 
describes a case study performed to validate the meta-model scheme and a 
prototype modeler based upon it. Incorporating functionality and design intent 
provide the possibility to query the model during redesign or other life-cycle 
applications that require information other than the standard shape and material 
descriptions, thereby enabling the development of more advanced, information 
intensive applications. 
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13.2. A PRODUCI' MODELING FRAMEWORK 

Product modeling requirements dictate the requirements for the model structure. 
Namely, the model must meet the informational demands of product life-cycle 
applications, and in particular, those of the mechanical design process. The model 
must contain the conceptual, "meta-" information about the product integrated with 
context-dependent, physical descriptions of the product. The conceptual 
representation must provide information regarding abstraction, behavior, purpose, 
functional relations, spatial constraints, design intent, design alternatives, and 
design decisions. The physical representation must contain, as a minimum, an 
evaluated, shape description of product. The information in the model must be 
viewable from a number of application perspectives (i.e., in a number of contexts.) 
Additional information on the requirements of this framework may be found in 
[fAY93]. 

13.2.1. The Model Structure 

Because there is not a single, correct physical representation of a mechanical 
system, the model of a mechanical system can not be based upon a single, physical 
representation. It must be based upon a conceptual representation that allows for a 
multiplicity of viewpoints (i.e., it supports a multiplicity of diverse physical 
representations). The model structure we have developed divides information into 
two realms: the physical realm and the meta-physical realm. Objects in the physical 
realm may be attached to objects in the meta-physical model (i.e., a physical 
representation may be viewed as an attribute of a meta-physical object.) The 
physical realm contains the information typically contained in a modem CAD 
system, including: features, geometry, topology, material specifications, dimensions 
and tolerances. The information in the meta-physical realm pertains to the nature, 
structure, and behavior of the objects in the physical realm. It contains the 
relationships between entities, the groupings of entities, the behavior and intent of 
entities, and the constraints among entities. The elements of the model structure are 
presented in Figure 1 and are derived from the ISO/STEP General AEC Reference 
Model model developed at TNO IBBC [fOL 89]. The theoretical foundation 
underlying this structure is based upon many previous studies relating to mechanical 
design and product modeling, including those of Chen, McGinnis, and Ullman 
[CHE 90], Grabowski and Benz [GRA 89], Pahl and Beitz [PAH 88], Tomiyama, et 
al. [TOM 89], and Wolter and Chandrasekaran [WOL 91]. A summary of these 
studies is provided in [HEN 92]. 

The three primary element types of the meta-physical model are the Context, 
Product Definition Unit (PDU), and Alternative. Secondary element types include 
Relations, Constraints, Characteristics, and Decisions. 

A Context provides the viewpoint-specific definitions of PDUs, Relations, 
Constraints, and Characteristics. For example, a Context may define function-level 
automotive power train design elements or embodiment-level structural elementS for 
the design of suspension bridges or artifact-type-level features for process planning. 

A PDU represents a design object. It may be at any level of generality or detail. 
For example, a PDU may represent the function of an entire system, or an instance 
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of a form feature on a part. A PDU may be decomposed or specialized into one or 
more Alternatives. 

An Alternative represents a collection of PDUs with their associated Relations, 
Constraints, and Characteristics. An Alternative must be associated with a specific 
Context (which provides the definitions the entities). Thus, Alternatives of a PDU 
may provide different viewpoints of the PDU. An Alternative may represent the 
specialization of more than one PDU; that is, multiple PDUs may be combined into 
a single Alternative. (Thus, multiple PDUs at the physical principle or function level 
can be combined into a single embodiment level PDU.) In addition, an Alternative 
may have a Decision associated with it. 

Contexts 
PO Us 

Needs 
Functions 
Physical Principles 
Embodiments 
Artifact Types 
Artifact Instances 

Alternatives 
Relations 
Constraints 
Characteristics 

Design Intent 
Decisions 

Figure 1. The Contents of the Physical and Meta-Physical Realms. 

A Decision provides information about a specific Alternative, pertaining to 
whether or not it was the chosen Alternative, the feasibility of the Alternative, the 
rationale underlying the decision, the evaluation criteria, and the results of the 
evaluation. 

A Relation maintains information about a functional relation, i.e., the 
transmission of energy, material, or information between two objects (PDUs). In a 
functional relation, the flow of energy, material, or information between the objects 
occurs through discrete regions on the objects, commonly referred to as Ports. Ports 
have been addressed in several mechanical design studies, for instance [SHA 89]. 

Although constraints may in general exist in many forms in engineering design, 
Constraints are defined herein as equality or inequality relationships applied to m 
PDUs and n Relations (m: m = 0,1,2,3 ... ; n: n = 0,1,2,3 ... ) that exist in a single 
Context. Depending upon the needs of a particular Context, Constraints may also be 
categorized as to whether they are "bard" (mandatory) or "soft" (desirable). 

A Characteristic allows instance-specific (as opposed to class-specific) 
information to be associated with a PDU. For example, "Design Intent" is modeled 



222 Part Five Validation Aspects 

as a Characteristic applied to a PDU. 
The elements of the meta-physical model, as well as some of the more important 

relationships among them, are depicted in Figure 2. 

( Decision 
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)• ( Alternative) wnh •( Context ) 
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'111111 ...... , 
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Figure 2. The elements of the Meta-Physical Model with some relationships. 

13.2 .. 2. The Role of Features 

Features play a vital role in the engineering process; however, tbeir definition bas 
proven elusive. Dividing product information into two realms, tbe physical and 
meta-physical, provides us an interesting dilemma and opportunity. Into which 
realm should features be placed? 

Features correspond to tbe concepts of interest in an application. In tbe case of 
mechanical design, tbese are material, energy and information. Thus, Material, 
Energy, Information Features must exist. 

To date, most engineering-related research has concentrated on Material Form 
Features, witb occasional efforts studying Material Composition Features and 
Material Form Tolerance Features. The topics of Energy and Information Features 
are for the most part unstudied. Nevertheless, tbese concepts are of primary 
importance in some contexts. For instance, Energy Features are of primary 
importance in tbe fields of optics, acoustics, magnetics, solid mechanics, fluid 
mechanics, dynamics, heat transfer, and thermodynamics. Information features are 
of primary importance in tbe fields of control tbeory, pattern recognition, signal 
processing, and information processing. One can view engineering as tbe study of 
the inter-relationships among Material, Energy, and Information Features. 

Features are tbe natural "chunks" of information used in a given context. Thus, 
features are conceptual entities. The "meta-" information of products is directly 
related to tbe features that constitute tbem (botb in the features and in tbe relations 
among tbe features.) However, features are more often viewed as a physical realm 
phenomena. People believe features exist physically and instances of tbem appear to 
be physically measurable. In actuality, features may exist in either realm, or in botb 
realms, or in a realm which links tbe two. As we already have PDUs, which serve 
tbe role of conceptual building blocks, we view features as tbe links between tbe 
physical realm and tbe meta-physical realm. Therefore, in our model features are 
represented in tbe physical realm and are linked with their meta-physical 
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counterparts, PDUs. This appears to be the natural role of features: to link physical 
reality with concepts, thereby allowing us to reason about physical objects and 
phenomena. 

13.2.3. The Physical Model 

The physical model must contain the features and their physical realm descriptions. 
For the purposes of this research project, our studies have concentrated on Material 
Form Features. To provide explicit geometric and topological information to life
cycle applications an evaluated geometric model, possessing evaluated geometry 
and topology, is coupled with the feature description. To model the acceptable 
variations in the Material Form Features, Geometric Dimensioning and Tolerancing 
(GD&1) facilities are included in the physical model. (Future modeling efforts 
addressing other feature classes should attempt to model the acceptable variations in 
these feature classes as well.) GD&T may be viewed in three ways: 

1 An Integral Portion of the Material Form Feature Description. 
2 An Independent Set of Feature Classes, Related to Material Form Features. 
3 A Set of Attributes of the Geometric Model. 

These three options result in three different relationships between the meta
physical model and the GD&T model. However, only the second viewpoint allows 
the GD&T model to be directly related to the meta-physical model, which allows 
explicit representation of GD&T entities in the meta-physical realm; therefore, this 
viewpoint has been adopted. 

The physical model thus contains three inter-related models: 

1 A Feature Model. 
2 An Evaluated Geometric Model. 
3 A GD&T Model. 

The details of the physical model structure are implementation dependent One 
possible model structure is examined in the discussion of the Prototype System 
implementation. 

13.3. A PROT01YPE SYSTEM 

This section briefly describes the architecture, implementation, and usage of a 
prototype system demonstrating our meta-physical product modeling paradigm. 
This system was designed primarily for proof of concept and although the system 
was designed to be extensible, it is limited in several aspects, including: the domain 
of Feature Modeler is limited to a small set of Material Form Features, Constraints 
have not been implemented, GD&T datums are limited to planes, and the definitions 
of all subclasses of PDUs, Relations, Characteristics, and Decisions consist of only 
a single data field (i.e, subclass-specific methods do not exist.) 
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13.3.1. System Architecture 

The basic requirement of the system is that it must allow the user (potentially an 
application program) access to information in the model about entities in the 
physical and meta-physical realms. To aid the design, maintenance, and extension 
of the system, the system has been divided into four basic modules: 

1 The User Interface. 
2 The Application. 
3 The Application Procedural Interface. 
4 The Modeler. 

Furthermore, The Modeler has been divided into four modules: 

1 The Meta-Physical Modeler. 
2 The Feature Modeler. 
3 The Dimension and Tolerance Modeler. 
4 The Geometric Modeler. 

The system architecture showing these modules, is depicted in Figure 3. Further 
details can be found in [TAY 93]. 

( User ) 
~ 

User Interface Data & Methods 

-------------------------------Application Data & Methods 

~ 
Application Procedural Interface (API) 

----------r--------r--------r---------
1 1 Dimension 1 Geometric 

• I I 
and 

I 
and Meta-Phys~eal 1 Feature I I 

Entity Data & : Data& : Tolerance : Topological 
Methods I Methods I Data& I Data& I I I 

I I Methods I Methods 
: I I 

I I 

Figure 3. The implemented system architecture: the user interacts with the 
application through its user interface, and the application interacts with the tightly 

coupled modelers through the API. 
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13.3.2. System Implementation 

The system was designed using the object-oriented programming paradigm and 
implemented in the C++ programming language. Geometric modeling facilities are 
provided by the ACIS modelerl. In fact, the entire system may be viewed as an 
extension to the ACIS system: the User Interface is an extension to the ACIS Test 
Harness, the Application Procedural Interface is an extension to the ACIS API, and 
the physical and meta-physical modelers are extensions to the ACIS Kernel. This 
design provides a tightly coupled environment built upon the capabilities of the 
ACIS system. 

The design and implementation of the prototype system concentrated upon the 
development of the ACIS Kernel extensions. The Feature Modeler is a rudimentary 
form feature modeler that is based upon manual feature identification. (We have not 
yet integrated feature recognition into the system; however, we do have a 
compatible neural net based recognizer available [SRI 93].) The Feature Modeler 
does, however, provide geometric and topological validity checking of features. The 
Dimension and Tolerance Modeler is based upon the CAM-I Product Modeling 
Program's D&T model structure, as described in [FAU 86] and [FRI 86]. It provides 
basic capabilities for applying computer-intelligible GD&T features. The Meta
Physical Modeler is based upon the meta-physical model structure described above. 
It currently defines meta-physical objects with human interpretable, textual 
defmitions. Each modeler is composed of a number of object classes that interact 
with each other to create a single, integrated data-structure. A summary of primary 
object classes used in the implementation of the prototype system is presented in 
Table 1. 

13.3.3. System Usage 

The X-windows-based user interface provides a multi-window user environment 
Two graphics windows allow the user to view representations of the physical and 
meta-physical models. The physical model is depicted using traditional wire-frame 
graphics, while the meta-physical model is depicted as a labeled graph structure. A 
text window provides for input through an application-oriented command language 
and provides for textual responses to model queries. The system allows the user to 
work in any module at any time. Model validity is maintained through input error 
checking, robust algorithms, and error handling facilities. Commands exist to create, 
manipulate, destroy, copy, save, and retrieve instances of objects. For a description 
of a sample design session, the reader is referred to [HEN 94]. 

1 ACIS is a registered trademark of SPATIAL TECHNOLOGY INC. 
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Table 1. Primary object classes used in the system implementation. 

Meta-Physical Model Classes 
Alternative 
Characteristic 
Context 
Decision 
Meta-Physical Model 
PDU 
Port 
Relation 

Feature Model Classes 
Feature 

Primitive Feature 
Cylindrical Feature (External) 
CyUndrical Feature (Internal) 
Spherical Feature (External) 
Spherical Feature (Internal) 
Planar Feature 
ParaDe) Planar Pair Feature (External) 
ParaDe) Planar Pair Feature (Internal) 

Basic Feature 
Cylindrical Step Feature 
Slot Feature 

Compound Feature 
Concentric Feature 
Generic (Polymorphic Topology) Feature 

Pattern Feature 
Circular 3 Feature Pattern 
Rectangular 4 Feature Pattern 

D&T Model Classes 
Datum Reference Frame 
Dimension 

Orientation 
Position 
Size 

Tolerance 
Form 
Orientation 
Position 
Pro me 
Runout 
Size 
Surface Finish 
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13.4. TilE CASE STUDY 

One of the ways to evaluate a product modeler is to apply it to an actual design 
documentation and use exercise. The following case study is an attempt at modeling 
an existing design, performed by interviewing the design principals. Further, the 
case study asks other engineeers involved in product life cycle to query the design 
model, asking questions necessary to understand the design sufficiently to make 
design decisions, production plans, etc. 

This case study describes an industrial design problem, the design process used 
to solve it (as described by the designer), a model of the resulting product (based 
upon the descriptions provided by the designer), an evaluation of the model (based 
upon design review queries), and a discussion of the model. The purpose of this 
case study is to determine how much of the product information generated in the 
design process can be stored in and retrieved from a product model. This case study 
demonstrates that the meta-physical product modeling paradigm captures a wide 
range of product design information, including the functionality of components and 
the design intent of features, dimensions and tolerances. 

13.4.1. The Design Problem 

A precision slide is to be operated in a vacuum chamber. Its existing manual drive 
needs to be replaced with an electric drive to provide for remote operation. The 
drive unit must be vacuum compatible, small enough to fit inside the vacuum 
chamber, and produce an output torque of at least 15 in-oz. If possible, it is highly 
desirable to use an existing, vacuum compatible stepper motor in the design of the 
drive unit to reduce costs. 

13A .. 2. The Design Solution 

For reference, the final design consists of the existing vacuum compatible stepper 
motor connected to a vacuum compatible speed reducer, which increases its output 
torque. To minimize the overall length of the assembly, one end cap of the speed 
reducer has been removed and the end of the stepper motor inserted into the housing 
of the speed reducer. The output shaft of the stepper motor serves as the input shaft 
of the speed reducer, eliminating the need for a second shaft and a coupling. This is 
made possible by machining a gear onto the end of the stepper motor output shaft so 
that it is identical to the original speed reducer input shaft An in-line adapter rigidly 
attaches the speed reducer to the stepper motor. This adapter attaches to a boss and 
hole pattern on the stepper motor and a cylindrical step and hole pattern on the 
speed reducer. The majority of the design, as described by the designer, 
concentrates on the details of this adapter. This adapter is depicted in Figure 4. 
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Figure 4. The adapter used to attach the stepper motor to the speed reducer. 

13.4 .. 2.1. System Design Procedure 

The existing stepper motor is vacuum compatible and is small enough to fit inside 
the vacuum chamber; however, it produces a dynamic torque of 0.6 in-oz, which is 
much less than the required 15 in-oz. Thus, the motor alone does not meet the 
design requirements. 

The first alternative considered is to use speed reduction gearing to increase the 
output torque of the motor. As vacuum compatible speed reducers are commercially 
available, a study is conducted to determine if a suitable speed reducer can be 
found. A speed reducer is fmmd that is vacuum compatible, has a suitable gear ratio 
(25:1), and has an acceptable maximum output torque rating (65 in-oz). 

Three configurations are evaluated: 

1 Confiauration 1: Placing the motor and speed reducer in-line. This 
configuration requires a mounting fixture to which the motor and speed 
reducer can be attached and a coupling to connect the output shaft of the 
motor to the input of the speed reducer. This alternative is rejected because 
the overall length of the assembly is too long for the vacuum chamber. This 
configuration is depicted in Figure 5a 

2 Confiauration 2: Placing the speed reducer on top of the motor. This 
configuration requires a more complicated mounting fixture and a more 
complex coupling of the output of the motor to the input of the speed 
reducer, most likely using precision gears. This alternative is rejected 
because of the complexity of the design. This configuration is depicted 
schematically in Figure 5b. 

3 Confiauration 3: Combining the motor and speed reducer into a single, 
smaller unit This configuration requires removing the input end cap of the 
speed reducer and partially introducing the motor into the housing of the gear 
reducer. This configuration requires an adapter to couple the motor to the 
speed reducer and provide precise positional and orientational alignment 
between the two components. This alternative is selected because it results in 
a smaller, cheaper, less complex design. This configuration is depicted 
schematically in Figure 5c. 
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Figure 5. Three alternative configurations of the stepper motor (s.m.), speed reducer 
(s.r.), and combining fixture (t). Also shown are shafts (s), couplings (c), and gear 

trains (g). 

13.4 .. 2 .. 2. Design of Configuration 3 

The simplest configuration is to design an adapter that can be mounted between the 
stepper motor and the speed reducer housings. Removing the end cap of the speed 
reducer provides a circular hole pattern with which to attach its housing; the stepper 
motor has been designed with a circular hole pattern to attach its housing. Actual 
measurements of the speed reducer and stepper motor housings provide spatial 
requirements for the adapter to fit between them. The remainder of this discussion 
concentrates on the details of the design of the adapter. 

13.4.2.3. Design of The Adapter 

The design of the adapter deals primarily with six form features and their 
interrelationships. These features are depicted in Figure 6. 

Mating Featurea 
W'ith 

Stepper Motor 

Adapter 

Plueageway 
for 

Shaft 

Overall 
Adapter 
Shape 

Mating Feature~~ 
with 

Speed Reducer 

Figure 6. A decomposition of the features in the adapter. 
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13.4.2.4. The Product Model 

The two most critical features of the adapter are the "circular step" which mates 
with the speed reducer housing, and the "counterbore" which mates with a boss on 
the motor housing. The relative position and orientation of these two features 
determines the relative position and orientation of the speed reducer and the motor. 
The two circular hole patterns, which aligns with the tapped holes in the stepper 
motor and speed reducer are of secondary importance. The cylindrical body of the 
adapter, defined in terms of its outer diameter and length, and the central thru-hole, 
which allows the shaft to pass through the adapter, are of tertiary importance. 

The product model is based upon a single PDU at the need level of generality. 
This PDU, "to drive a precision slide mechanism in a vacuum chamber," bas a 
single function level specialization "to convert electrical power into mechanical 
power." Three constraints are recognized and associated with this PDU. It must be 
vacuum compatible, fit within a specified envelope, and produce a minimum of 15 
in-oz of torque. Although it was not explicitly stated in the problem statement, the 
intent of this PDU is ''to minimize overall product cost." 

The frrst alternative considered to satisfy this function is the electric motor 
embodiment. Evaluation of this alternative leads to this alternative being rejected 
because it can not produce the required torque. This alternative is captured in the 
model and a decision is attached to it capturing the reason for its rejection. 
Similarly, the other two rejected configurations are captured in the product model, 
together with their reasons for their rejection. The selected alternative is elaborated 
in Figure 7. This alternative is chosen because it meets all the design constraints and 
seems to present the least cost solution. The decision information is captured in a 
decision element associated with this alternative. 

The combining fixture/adapter of Figure 7 is the focus of the remainder of this 
study. This adapter is specialized to an in-line mounting plate for this design. This 
PDU is specialized and decomposed into a network of six shape related PDUs and 
one material composition related PDU. This decomposition is shown in Figure 8. 
The objects constituting this alternative were subsequently decomposed to the level 
of detail of individual dimension, tolerance, and material condition values. 

13.4.3. ModeHng the Product with the Prototype System 

The creation of the product model with the prototype system can be decomposed 
into four stages: 

1 Creating the physical product model, 
2 Creating the environment defmition flle, 
3 Creating the meta-physical product model, 
4 Connecting the physical product model to the meta-physical product model. 

For this particular case the physical model was created before the meta-physical 
model to determine if the prototype system could create a physical product model 
with sufficient detail for this case study. Details of the modeling steps and exact 
command flies can be found in [TAY 93]. 

The environment definition file (which contains contexts and object class 
definitions) for this product model contained 57 predefined PDU types. In 
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particular, these PDUs represented 1 need, 5 functions, 6 embodiments, 13 artifact 
types, 20 artifact instances, and 12 parameter values. No solution principles were 
defined in the model. The model also used 17 predefined Relation types. 
(Obviously, many relations were not modeled.) Twelve of the Relations pertained to 
D&T; only two pertained to functionality. (One functional Relation represented the 
transfer of torque between objects; the other represented the transfer of rotational 
velocity. Because Constraints were not implemented in the prototype system, spatial 
constraints were modeled with spatial Relations.) 

Context Function 

Context Embodiment 

, 
Context Embodiment Context: Embodiment 

( shaft ) 

Context Embodiment 

combining 
fixture/adapter 

I 

6 
Figure 7. The third alternative results in a compact, simple design. 

Upon completion, the meta-physical product model contained 6 Contexts with 
181 PDUs, 74 Alternatives, and 102 Relations. The model captured decisions about 
11 Alternatives and the design intent of 34 PDUs. In all, 186 Characteristics were 
applied to PDUs in the model. The physical model contained 1 Body, 45 Features, 
30 Dimensions, 30 Tolerances, and 3 Datum Reference Frames. In summary, the 
prototype system added a total of 472 named entities to the ACIS geometric model. 

The utility of this product model is explored in the next section. 

13AA. Product Model Evaluation 

The value of any model is its ability to respond to queries, i.e., to answer questions. 
In this case study the questions are human generated and the answers are expected 
to be in a human-interpretable form. For computerized applications the questions 



232 Part Five Validation Aspects 

will be application generated and responses must be application-interpretable; 
therefore, in these cases product model information must be represented in an 
application-intelligible format. 

Context: Artifact Type 

in-line mounting 
plate adapter 

Context: Artifact Type 

Figure 8. The decomposition of the adapter into seven PDUs. Solid lines represent 
functional relations; whereas, dashed lines represent spatial constraints. 

13.4.4.1. The Queries 

Model queries were generated by an individual who was familiar with the product 
and involved in the life cycle design, but who was not familiar with the information 
contained in the product model. These queries provide a means of checking not only 
the informational completeness the product model, but also the sufficiency of 
information obtained from the designer. Because the system is a prototype system 
and does not completely model all information supportable by the meta-physical 
product modeling paradigm, responses are categorized as whether they are 
answerable by the product model structure as well as the prototype system. 
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System Queries: 

1 What is the objective of the design? 
2 What is the desired output speed? 
3 How critical is positioning accuracy? 
4 How is the system attached to the slider mechanism? 
5 Are there thermal problems? i.e., Has heat transfer been considered? 
6 Was corrosion considered? 
7 What is the life of the product? 
8 Does the system need to be sealed? 

Adapter Queries: 

9 Why was the step diameter 1.000? 
10 What is the purpose of the step? 
11 Why was the size tolerance value on the step so tight (±.002)? 
12 Why were the small (.005) radii used? 
13 Could they be chamfers? 
14 Why is the surface fmish specified as 250 RMS or stock? 
15 Why is the position tolerance value of .004 applied to the hole patterns? 
16 Why is the counterbore position toleranced at LMC? 
17 Why is the outer diameter position toleranced at LMC? 
18 Why is the counterbore diameter value .500? 
19 What is the purpose of the counterbore? 
20 Why isn't there a flabless tolerance on datum A? 
21 How were the hole pattern counterbore depths chosen? 
22 Why are the counterbore depth tolerances so tight (±.020)? 
23 Why was the hole size specified as .203 diameter? 
24 Why is the depth tolerance on the step so tight (.125 ± .005)? 
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25 How does the adapter mate with the speed reducer, on the shoulder or on the 
cylinder? 

26 Why is there no form tolerance on the shoulder? 
27 Why was aluminum chosen? 
28 Why was 6061-T6 chosen? 

13.4.4.2. Query Examples 

The system is capable of answering the first question, "What is the objective of the 
design?"; however, the intent of the question is not obvious. It could be interpreted 
as determining the basic need fulfilled by the system or given this need what is the 
design objective. The system can respond to either interpretation. 

acis>what the_need 
the_need is a drive_slide at the need level of generality. 
It is defmed as: 

to drive a precision slide mechanism in a vacuum chamber. 
acis>why the_need 

The intent of the_need is: 
provide least cost solution, using existing stepper motor 



234 Part Five Validation Aspects 

The tenth question, "What is the purpose of the step?", is typical of many of the 
questions inquiring about the purpose of a feature. Unfortunately, the name of the 
PDU representing the step, "ai43", is not immediately obvious, making the query of 
the meta-physical model somewhat difficult The query of the corresponding form 
feature is more obvious and works equally well. It should be pointed out that the 
intent of a physical realm feature is inherited from its meta-physical realm 
counterpart. In this case, the intent of this circular step, an artifact instance level 
PDU, is inherited from its artifact type level ancestor. 

aciS>why ai43 
It fulfills the intent: 

mates with lip on speed reducer housing - LC3 fit. 

aciS>why c_stepO 
c_stepO is represented in the meta_physical model by ai43. 
It fulfills the intent: 

mates with lip on speed reducer housing - LC3 fit. 

The ninth question, "Why was the step diameter 1.00?", is typical of many of 
the questions inquiring about a parameter value. Again the name of the parameter 
value is not immediately obvious. (In this case there is no named physical model 
counterpart to query.) 

aciS>why pv432 
The intent of pv432 is: 

LC-3 fit with speed reducer step diameter 

The twelfth question, "Why were the small (.005) radii used?", inquires about 
fillet features that were not included in the physical model. However, the small 
comer radii were captured in the meta-physical model, as exhibited by the query 
below about the radius tolerance applied to the circular step. 

aciS>why pv436 
The intent of pv436 is: 

less than radius on speed reducer housing 

The answer to the twenty-seventh question, "Why was aluminum chosen?", can 
not be obtained from a simple "whatT' or "why?" query, as shown by the "whyT' 
query below. 

aciS>why the_material 
It fulfills the intent: 

provides sufficient shear strength, maximal thermal conductivity, 
and minimal coefficient of thermal expansion. 

The response to this query provides the inherited intent of "the_material," but 
not the rationale for selecting this material. The decision rationale is obtainable by 
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querying the particular alternative in question, as shown below. 

aciS>query a461 
AL1ERNATIVE: a461 
Is within the Context of in_ vacuum_artifact_types, 
which is at the artifact_type level of generality. 
a461 is 1 of 3 Alternatives of PDU: at46 
This alternative was chosen 
For the following reason: 
machinable, good alpha, good k, inexpensive 
a461 contains the following PDUs: 

a4611 

13.4.4.3. Query Response Data 
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The ability of the meta-physical product modeling structure and the prototype 
system to answer the queries listed in Section 4.4.1 is summarized in Table 2 using 
the categorization shown below. 

1 The requested information was provided in the case study and query is 
answerable by the prototype system. 

2 The requested information was provided in the case study and query is 
answerable by the product model structure. 

3 The query would have been answerable by the prototype system, if the 
requested information had been provided in the case study. 

4 The query would have been answerable by the product model structure, if the 
requested information had been provided in the case study. 

5 The query is unanswerable by either the prototype or the product model 
structure. 

13.4.4.4. Query Summary: 

Most of the queries (25 of 28) can be answered by the prototype system, if the 
information is provided. The remaining queries (3 of 28) can be answered by the 
product model structure, but not by the current prototype system. There are no 
queries that can not be answered by the product model structure, if the information 
is provided. Sufficient query information was provided by the designer for more 
than half of the queries (15 of 28). It should be pointed out that none of these 
queries can be answered by a conventional product modeling system. Moreover, 
these queries point out the need to simplify the querying interface of the prototype 
system. 

For future reference, according to one case study query participant, the most 
commonly needed types of information needed for design, redesign, and design 
checking are: 
1. Purpose of the system or feature, 
2. Constraints on the design: (e.g., requirements for speed, positioning, load, 

environment, etc.) 
3. Type of fit with mating feature, 
4. Size, position, orientation of mating features, 
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5. Design specific information, such as the allowances for misalignment 
between elements. 

Query A B c D E 
1 • • • • 
2 • • 
3 • 
4 . • 
5 . . 
6 • • 
7 • • 
8 • • 
9 • • • • 
10 • • . • 
11 • • • • 
12 • . . • 
13 • • 
14 . • 
15 . . • • 
16 • • • • 
17 • • • • 
18 . . . • 
19 . . • • 
20 • • 
21 • • • • 
22 • • 
23 . • • . 
24 • • 
25 • • 
26 . • 
27 • • • • 
28 • . 
Totals 13 15 25 28 0 

Table 2.. The ability of the prototype system and of the product model structure to 
answer specific queries. (Queries are given in Section 4.4.1.) 

13.4.4.5. Time Expenditure Summary: 

The creation of the meta-physical product model in the prototype system was 
considerably more expensive, time-wise, than any of the other tasks undertaken 
during the case study. In fact, this activity was more time consuming than all of the 
other activities combined. (See Table 3.) This was due to three factors: 
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1 The volume of information stored (472 named entities!), 
2 The rudimentary user interface of the prototype system, 
3 Modeling conventions needed to be developed as the work progressed. 

Table 3. The time spent on the various activities of the case study. 

Activity Time (hours) 

Designer Debriefing 2 

Environment Definition 4 

Geometric Modeling 1 

Feature Modeling 1 

D&T Modeling 1 

Meta-Physical Modeling 20 

13.5. CONCLUSION 

Our research bas just begun to scratch the surface of issues surrounding the meta
physical modeling of products and the required validation of the modelers 
themselves. We have been able to demonstrate the feasibility of integrating a meta
physical modeler with a form feature modeler, a geometric modeler, and a D&T 
modeler. Based upon the ability of the meta-physical product modeling paradigm 
and the prototype system to answer the majority of questions about the case study 
design, it appears the meta-physical product modeling paradigm and the prototype 
system are able to capture vital information about this design that is not generally 
captured in a product model, allowing them to answer a broader range of 
information requests by applications concerning the nature of products. 
Nevertheless, several shortcomings were identified in the prototype system while 
conducting the case study, the most germane being: 

1 Constraints and a broader range of features should be implemented. 
2 Functions should be defined with their inputs and outputs. 
3 One can not attach an attribute (e.g., design intent) to an artifact instance 

parameter or parameter value without decomposing the artifact instance. 
4 There are many alternative ways to model the relations among Features, 

Dimensions, and Tolerances (i.e., there is not a single, unique 
representation). This flexibility poses a problem for subsequent computer 
interpretation. 

5 The time required to create a meta-physical product model must be reduced. 

Limitations can, of course, be viewed as opportunities. Perhaps one of the 
biggest benefits of the development of the prototype system has been the discovery 
of vital research topics. The system forms a foundation for future research 
addressing many topics, including: 
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1 The development of general and context-specific languages for defining 
PDUs, Relations, Constraints, Characteristics, and Features. 

2 The transfer of information between a meta-physical modeling system and 
applications. 

3 The expansion of the feature modeling realm beyond material form features. 
4 The extension of feature validation procedures to include functionality 

checking. 
5 The development of an advanced user interface to more easily capture the 

large amount of meta-physical product infonnation. 
6 The use of context-specific libraries of design objects, with def'med inputs 

and outputs and feasible decompositions and specializations, to assist the 
design process. 

The prototype modeler has also proven itself as a useful tool in studying the 
mechanical design process. It has lead to the discovery of three common meta
physical modeling operations: converting Ports to PDUs, converting Relations to 
PDUs, and converting Constraints to PDUs. As more time is spent using the system, 
additional discoveries about the nature of the design process in the meta-physical 
realm will be made. 

Summarizing, an integrated product modeling framework has been developed 
and implemented in a prototype system. Our research shows it is possible to 
combine conceptual and physical information in a single product model. This 
combination will provide the design process with information needed for future 
automation and allow future applications access to information previously not 
available in product models. 
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