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ABSTRACT

Complexity in modern product design is manifest through

large numbers of diverse parts, functions, and design disciplines

that require an intricate web of synergistic relationships to link

them together. It is extremely di�cult for designers to assimilate

or represent such complex designs in their totality.

In this research, we present a framework that utilizes the

intricate relationships between design components to enhance

the representational power of design models and to provide fo-

cal points for automating the management of design complexity.

We introduce automated mechanisms, based on aggregation and

interaction relationships between design components, that inte-

grate model structure, a variety of conceptual and detailed de-

sign information, and product management controls into a single

modeling framework. These mechanisms are easily incorporated

into design models and they facilitate re-use and cooperative

design by ensuring that related entities can be modi�ed inde-

pendently.

INTRODUCTION

The complexity of modern product design manifests it-
self in many di�erent ways. Typically, complexity results
from a large number of parts in an assembly, complex geom-
etry or multiple functions within an individual part, or the
combination of many di�erent design disciplines within a
single assembly (Tegel, 1997). Quantity and diversity alone,
however, do not completely capture design complexity. The
individual components and functions are linked together in
an intricate web of synergistic relationships through which

the design becomes more powerful and complex than the
sum of the individual pieces.

The intricate relationships and large quantities of infor-
mation in a complex design are very di�cult for a designer
to assimilate. The relationships between design characteris-
tics are often unknown or poorly understood which further
exacerbates the problem. In an attempt to cope with these
di�culties, a number of techniques have been developed for
managing design complexity.

One technique is to break the design problem into a
number of smaller sub-problems, each of which is less com-
plex and more easily managed. If done properly, these
smaller problems can be resolved simultaneously by sep-
arate design teams, then the solution can be integrated to-
gether to form the complete product design. In some cases,
existing designs may be re-used to satisfy sub-problems.

In the early stages of design, complexity is frequently
reduced by deferring speci�cation and modeling of many
of the details, both geometric and functional. High-level
concepts are developed and analyzed to narrow down the set
of possible solutions. Once a reasonable conceptual design
is achieved, additional detail is added and the design is more
rigorously analyzed. This cycle continues until the design
has evolved into its �nal form.

As a design problem is decomposed into sub-problems
or as detail is added at di�erent levels of abstraction, ad-
ditional relationships are established between components
of the design. These relationships evolve along with the
design components. Understanding and ensuring compati-
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bility with these relationships is critical to designing a suc-
cessful product. This is often complicated, however, by the
di�culty in capturing and de�ning these relationships.

Ideally, one would dedicate su�cient resources to com-
pletely identify, specify, and analyze every aspect of a com-
plex design. Since resources are often limited, however, one
can reduce the chance of product failure by concentrating
resources on those areas that pose the greatest risk. The
relationships between design components have considerable
impact on the overall design due to their synergistic e�ect.
Consequently, these relationships provide a convenient focal
point for minimizing design risk.

Computer-aided design systems tend to emphasize de-
tailed modeling of individual design components and of-
ten fail to support the complex relationships between de-
sign components which are typical of most actual prod-
uct designs. As a result, the design team must take ad-
ditional steps to manage these relationships independent
of the actual component models. Some CAD systems in-
clude product data management tools that can be used
to specify and manage structural relationships between de-
sign components. These high-level tools, however, fail to
capture complex design information, such as functionality,
strength of materials, or geometric constraints, associated
with these relationships. Alternatively, researchers have ex-
plored mechanisms for incorporating isolated details of the
complex design relationships into the actual design model.

The extensible framework presented in this paper for
managing design complexity brings together relationships
between design components, detailed constraints and de-
sign information associated with these relationships, and
methods for communicating and managing this information
throughout the design model. We de�ne an aggregation
relationship which is used to specify the hierarchical struc-
tures which link together related components in support of
design decomposition and abstraction at multiple levels of
detail. Controlled interaction relationships are developed to
describe how two parts work together to provide new capa-
bilities. These relationships are embedded within the design
model to provide focal points for representing, analyzing,
and controlling the kinematic behavior, functionality, de-
sign goals, mechanical features, connectors and fasteners,
complex geometry, component positioning, and other de-
sign information which contribute to design complexity.

To facilitate re-use and cooperative design, we ensure
that design entities can be modi�ed and validated inde-
pendently. This is accomplished by incorporating aggre-
gation and interaction information into the relationships
between design entities, such that no modi�cations to the
related entities are necessary. This allows the designer to
retrieve a component from an electronic repository, validate
the component against the interaction and aggregation rela-

tionships, and insert the component into the design model
without having to modify the actual component. By not
requiring modi�cations to existing design entities, it is also
easier to integrate these mechanisms into existing design
systems or to extend them to other design disciplines.

BACKGROUND

Few computer-aided design tools provide support for
managing complex design relationships. Instead, designers
must document and track these relationships independent of
the actual CAD model. This not only increases the burden
on the design team, but it increases the risk of inconsisten-
cies and errors during the design process.

Product data management tools have been integrated
with some design systems to facilitate complexity manage-
ment by allowing the designer to specify structural and clas-
si�cation relationships. These relationships, however, do
not re
ect the synergy which results from combining two or
more components. Product management tools are limited
to managing complete design �les (drawings, speci�cations,
analyses, etc.) and provide no modeling information such as
functionality and constraints (Bilgi�c and Rock, 1997). Due
to the limitations of these management tools, considerable
design and analysis must be accomplished outside of the
tool. The results are then integrated back into the manage-
ment tool as an additional step in the design process. This
adds considerable overhead and limits the e�ectiveness of
these tools for analyzing incremental design changes.

As an alternative to high-level data management tools,
some researchers have incorporated fragments of informa-
tion for managing complexity within the actual data model.
These models, as summarized below, range from data struc-
tures which integrate structural and constraint relationships
into the design model to mechanisms for simplifying the
speci�cation, within the design model, of the relationships
which contribute to design complexity.

Eastman's Engineering Data Model (EDM) for archi-
tectural design is among the most comprehensive of these
design models (1994; 1995). EDM provides aggregation,
composition, and accumulation relationships which allow
the designer to describe the aggregation hierarchy of the
design along with constraint information between compo-
nents. Due to its architectural focus on static structures, it
is not clear that the relationships in EDM can incorporate
mechanical interaction information such as forces, connec-
tors, and kinematics.

Bordegoni and Cugini speci�cally address the inter-
action between �xed components in a mechanical assem-
bly (1997). They propose an assembly feature for specifying
the interaction relationship at various levels of detail. This
is accomplished by having the designer �ll in appropriate
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detail information in a cataloged template for each instance
of an interaction relationship; however, if the template does
not provide a slot for the information, the detail can be
added only after modifying the template. Bordegoni and
Cugini's assembly features have only been demonstrated for
�xed assemblies with no kinematic interaction.

Gui and M�antyl�a's multi-graph structure focuses on the
top-down evolution of an assembly design from high level
functional concepts (1994). The multi-graph supports mul-
tiple levels of detail and provides links between functional,
structural, and geometric information. The multi-graph
also provides a connector for describing force transmission
and motion constraints associated with the interaction be-
tween parts in an assembly. The multi-graph emphasizes
functionality and assembly modeling, but requires that the
detailed manufacturing information be modeled separately.
While linkages exist, the multi-graph mechanisms are not
applied directly in the speci�cation and validation of indi-
vidual, manufacturable parts.

A number of researchers provide mechanisms to facil-
itate the speci�cation of isolated pieces of the interaction
and aggregation information. Lee's mating features are
commonly used to describe the relative motion between
parts (Lee and Gossard, 1985; Lee and Andrews, 1985; Kim
and Lee, 1989; Beach and Anderson, 1996). Driskill pro-
poses assembly features which are incorporated into each
interacting part (1996), while Shah and Tadepalli present
an assembly feature, separate from the two parts, which de-
scribes the interaction relationship (1992). Driskill's and
Shah's assembly features identify compatible geometry and
mating constraints that are useful for determining whether
two parts may be assembled, but were not intended for
specifying or controlling the interaction of the parts once
assembled. Baxter uses an enhanced entity-relationship
diagram to represent the functional relationships between
parts (1994). Other research discusses mechanisms for rep-
resenting and incorporating fasteners such as screws and
rivets into the relationship between parts (Abrantes and
Hill, 1996; Harper et al, 1997; Salomons et al, 1993).

AUTOMATED MECHANISMS

This research distinguishes itself from other work in
that it combines complex design relationships with detailed
design and structural information to provide a powerful
modeling framework for representing and managing com-
plexity in mechanical design. We capture design informa-
tion at di�erent levels of detail, we support the hierarchical
decomposition of design into multiple sub-problems, and we
provide mechanisms for describing and controlling the syn-
ergistic relationships between design components.

We manage design complexity via automated mecha-

nisms for specifying and controlling the aggregation and
interaction relationships in a design. The interface speci�-
cation is used for describing the many di�erent aspects of
the interaction relationship between two parts in an assem-
bly such as relative motion, force transmission, geometry,
and fasteners. Additional information, of any type, is in-
corporated into the interface or any other design component
through the use of the attachment relationship. The attach-
ment relation links two design components in a parent-child
relationship and, along with the interface speci�cation, de-
�nes the relationships necessary to form aggregations of de-
sign components which, in turn, are used to represent design
decomposition and abstraction at multiple levels of detail.

Aggregation

Developing and analyzing a design at multiple levels of
detail is one approach to managing design complexity. The
initial conceptual design may include a functional descrip-
tion and design goals with rough geometry, such as cylinders
and boxes, or no geometry at all. Analysis of simple con-
ceptual design models allows the designer to narrow down
the set of possible design solutions without expending con-
siderable resources. With this approach, additional detail
is added and analyzed and the solution set is re�ned until
a satisfactory detailed design is completed.

Similarly, a large assembly is often divided into sub-
assemblies which are then designed independently of each
other. When the design of an individual sub-assembly is
completed, the sub-assembly is integrated into the next
higher level of the assembly. Integration of these sub-
assemblies would be simpli�ed if each sub-assembly was
designed to match the necessary interfaces with other sub-
assemblies or parts.

We implement support for design decomposition and
abstraction with aggregation objects, that is, objects used
to collect related design entities. Aggregation objects are
constructed from interface speci�cations (see next section)
which specify how parts in an assembly should interact,
and attachment relationships which de�ne the parent-child
hierarchy between design components at di�erent levels of
detail.

Although, the primary purpose of an attachment is to
describe the hierarchical link between two design entities,
the attachment also speci�es the relative positioning of the
two entities associated with the aggregation relationship.
Other design information can be added as necessary.

We have de�ned three types of aggregations for group-
ing mechanical design information { parts, assemblies, and
neighborhoods. Each of these may be modi�ed and recon�g-
ured to contain di�erent components at each di�erent level
of detail.
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SpindleHead : assembly f
"Text describing design rationale,

functionality, or other information

may be included in an aggregation";

"Parameters or goals may be specified";

FatigueLife : 10000;

Speed : 4000;

"An assembly requires parts/sub-assemblies

and interfaces to be specified";

SpindleCartridge;

HeadCasting;

SpindleDrive;

SpindleCartridge_SpindleDrive_Intfc :

intfc( SpindleCartridge, SpindleDrive );

SpindleCartridge_HeadCasting_Intfc :

intfc( SpindleCartridge, HeadCasting );

SpindleDrive_HeadCasting_Intfc :

intfc( SpindleDrive, HeadCasting );

g

Figure 1. SPINDLE HEAD SUB-ASSEMBLY SPECIFICATION

A part aggregation consolidates related design features
which occur at di�erent levels of detail. Part aggrega-
tions examine the attachment relationships between enti-
ties to align and to validate design components which, when
grouped together, represent a single functional part. Part
aggregations may be nested within other part aggregations
to facilitate the representation of various abstractions or
multiple functions within a single part.

An assembly aggregation groups interacting parts or
other sub-assemblies into a mechanical assembly. Assem-
bly aggregations examine the interface speci�cation links
between components to align components and to validate
the interface constraints.

A neighborhood is a generic aggregation which provides
a mechanism for grouping design components which may
not �t into the part or assembly aggregations. This is use-
ful for integrating pre-de�ned design components at early
stages of the design when the relationships between the en-
tities are not yet well speci�ed.

As shown in Figure 1, an aggregation is constructed
with a part, assembly, or neighborhood command followed
by the contents of the aggregation enclosed in brackets. To
form a part or assembly, the designer must specify the hier-
archical or interaction relationships along with the compo-
nents. In addition, the designer may include parameterized
constraints and design goals, design rationale and descrip-
tions, or other design information. Each aggregation can be

accessed and manipulated as an independent design module
which encapsulates the embedded information.

Controlled Interaction

The interaction between parts in an assembly repre-
sents considerable complexity and risk in a design. This
interaction combines parts to provide additional capability
that is not possible with independent parts. Functionality,
forces, and motion are are all concentrated and transmitted
through the interface between parts. In addition, consid-
erable information is required to adequately describe this
interaction. This includes:

� the relative motion between parts,
� fasteners to hold the parts in place,
� connectors to transmit forces between the parts,
� constraint parameters and equations,
� design goals and objectives,
� relations between di�erent design disciplines,
� the relative position of the two parts, and
� complex geometry.

We use a single relationship object, the interface spec-
i�cation, for specifying and controlling the interaction be-
tween parts in an assembly. The interface speci�cation pro-
vides a powerful mechanism for managing design complex-
ity. The advantages of this mechanism include:

� Controlling design evolution and limiting the solution
space by constraining certain aspects of the interacting
parts.

� Providing a focal point for design analysis and manage-
ment by isolating the interaction constraints.

� Minimizing design complexity and the e�ect of changes
by localizing behavior to either side of the interface
speci�cation.

� Providing a design speci�cation for independent work
by di�erent design teams on separate design compo-
nents.

� Reducing design incompatibilities by ensuring interact-
ing parts do not violate the speci�cation.

� Controlling change propagation to a�ected parts via the
interface speci�cation.

The interface speci�cation is used to capture all de-
sign information relevant to the interaction between parts.
The interface speci�cation is implemented to include as-
sembly features and positioning constraints for each side of
the interface, a joint describing the relative motion, and an
aggregation hierarchy which allows the designer to attach
additional information and levels of detail.

The assembly features describe compatible features for
each of the two interacting parts. Unlike other applications
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of assembly features, we do not restrict assembly features to
any particular design capability such as design for assembly
or functional design. Instead, we allow any functional, man-
ufacturing, or form feature, or any geometric object avail-
able in the design system to serve as an assembly feature.
Through the use of aggregation objects, we support the evo-
lution of assembly features at multiple levels of detail. The
assembly features may be speci�ed in advance of the two
components for which the interaction relationship is being
speci�ed and then incorporated into these components via
the aggregation mechanisms. Any subsequent changes or
additional detail added to the assembly features will cause
the related parts to be automatically regenerated to include
the changes. If the changes lead to invalid design models,
the remainder of the model remains unchanged, and the
designer is noti�ed.

Positioning constraints are speci�ed with user de�ned
anchors. Each feature, part, or aggregation in the design
model has a base anchor which is aligned with the position-
ing anchor. This mechanism is used to automatically align
features, parts, and sub-assemblies when part or assembly
aggregations are created. A change in one positioning con-
straint is automatically propagated throughout the entire
assembly. For example, if the positioning constraint for a
hole feature is changed, this will cause the hole to be re-
located along with any component linked to the hole. If
a shaft has been inserted into the hole, the shaft will be
relocated, as will any other components linked to the shaft.

Common joint types such as revolute, prismatic, spher-
ical, and against are pre-de�ned and are instantiated by
specifying the valid expanse of motion and the current rel-
ative position. Parts are moved by modifying the relative
position. Any movement is checked automatically to ensure
it falls within the constraints of the instantiated joint.

As additional detail is speci�ed or becomes clear, it is
added to the interface speci�cation through the aggregation
hierarchy. Any object de�ned in the design system may be
incorporated into the aggregation hierarchy; however, some
specialized aggregations are particularly applicable to the
interaction between parts in an assembly:

� Nested interface speci�cations accommodate the de-
composition of the interface as additional components
are added to the interacting parts or sub-assemblies.

� Fasteners and connectors support detailed force analy-
sis across the interface and the generation of manufac-
turing features such as threaded bolt holes. Connectors
include application information, such as bearing life and
rotational speed, and incorporate force analysis infor-
mation for assorted patterns of connectors. Electronic
catalogs of fasteners can be used to facilitate fastener
selection and instantiation.

� Applied forces or force constraints provide the infor-
mation necessary to carry out preliminary and detailed
force analysis.

� Additional constraints and analysis information, includ-
ing information for interpretation by other tools, may
also be incorporated into the interface speci�cation.

The interface speci�cation provides the capability to
describe many aspects of the interaction between parts in
an assembly. It also provides a focal point for invoking
other computational tools and using the results to analyze
the design model. When speci�ed prior to part design, the
interface speci�cation can be used during part design to
ensure compatibility. When used with pre-de�ned parts,
the interface speci�cation can verify that the two parts are
compatible.

The interaction between parts may be speci�ed at dif-
ferent levels of detail. Early in the design, the relative mo-
tion between parts and high-level parametric constraints
may be the only information of interest. Eventually de-
tailed constraints, forces, nested interfaces, fasteners and
connectors, or other interaction information is speci�ed.

Through the interface speci�cation and its associated
aggregation relationships, parts in the assembly are moved,
design parameters are analyzed and modi�ed, and assem-
blies are re-con�gured at di�erent levels of detail and de-
composition. Since the interface speci�cation object is ma-
nipulated like any other design object in the system, the
designer does not need to learn any new procedures or tool
interfaces. The interface speci�cation provides a powerful
focal point for describing and controlling the complex rela-
tionship between interacting parts in an assembly.

Data Structures

The interface speci�cation, attachment, and aggrega-
tion objects work together to support complexity manage-
ment for a design. This is depicted in Figure 2 which sum-
marizes the aggregation and interaction data structures for
a simpli�ed version of a milling machine spindle. In this
�gure, design entities are depicted as boxes, attachment re-
lationships are shown as diamonds, and a kinematic joint is
represented by a hexagon. Aggregations are surrounded by
dashed lines.

Observe that the interface speci�cation relationship is
shown as an aggregation because it contains multiple design
entities { the joint, the positive and negative assembly fea-
tures, and the attached detail features. The hole and shaft
features are included in both the part aggregations and the
interface aggregation. This demonstrates how the interface
speci�cation can be incorporated into the actual design of
the interacting parts to ensure compatibility.
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Figure 2. AGGREGATIONS AND RELATIONSHIPS

Alpha 1

Our controlled interaction and aggregation mecha-
nisms are integrated into Alpha 1, an object-oriented test-
bed system supporting research into geometric modeling,
high-quality graphics, curve and surface representations
and algorithms, engineering design, analysis, visualiza-
tion, process planning, and computer-integrated manufac-
turing (University of Utah, 1995). Alpha 1 provides geomet-
ric primitives, surface and curve representations, and me-
chanical features that can be used with the aggregation and
controlled interaction mechanisms presented here to provide
a powerful computer-aided design and manufacturing envi-
ronment.

Models in Alpha 1 are represented by a directed graph
which identi�es the prerequisite objects necessary to con-
struct a particular object and the dependent objects that
are based on the object. The model graph is used to propa-
gate changes to dependent objects and to minimize process-
ing by computing only the necessary prerequisite objects.

The Alpha 1 object-oriented software development en-
vironment facilitates code generation for new modeling ob-
jects and provides a standard framework for building model
object constructors to integrate model objects into graphi-

cal and textual user interfaces. The controlled interaction
and aggregation mechanisms are implemented as indepen-
dent Alpha 1 model objects which can be manipulated and
controlled like any other model object in the system.

DESIGN RESULTS

The controlled interaction and aggregation mechanisms
presented in this paper have been implemented and used in
the design of a number of assemblies. Using an incremen-
tal design approach, a milling machine example is demon-
strated here.

Incremental Design

With their ability to handle decomposition and abstrac-
tion along with the speci�cation of interaction constraints
at multiple levels of detail, the mechanisms presented in this
paper support a variety of design methodologies and anal-
ysis techniques. To fully demonstrate these capabilities,
however, we present a design process in which the design
evolves incrementally. In this process, the results are an-
alyzed and validated after each design increment and the
best approach for the next design increment is determined.
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1. Specify external interfaces

2. Decompose into sub-assemblies or components

3. Specify internal interfaces

4. Design sub-assemblies or components

5. Analyze

6. If satisfied, then quit

7. Otherwise, refine in one of the following ways:

7.1. Modify at same abstraction level

7.1.1. Modify existing sub-assemblies, compo-

nents, or interfaces

7.1.2. Go to 5

7.2. Add at same abstraction level

7.2.1. Add additional sub-assemblies or

components

7.2.2. Go to 3

7.3. Decompose at lower level of abstraction

7.3.1. Map internal interfaces to external

interfaces, as necessary

7.3.2. Go to 2

Figure 3. INCREMENTAL DESIGN PROCESS

A pseudo-algorithm for this process is shown in Figure 3.
This incremental approach supports controlled evolution of
the synergistic complexity relationships while minimizing
the chance that invalid design models will occur.

In a typical incremental design scenario, the operating
environment for a product is identi�ed and the environmen-
tal constraints and design goals imposed on the product de-
sign are described in interface speci�cations to components
external to this design process. The designer then deter-
mines the major functions or concepts in the design and
these major concepts become the initial design components.
The potential interactions between the components are ex-
amined at a high level and the necessary interactions are
speci�ed as internal interface speci�cations. Some high level
design information is incorporated into the components and
the resulting design is analyzed to determine its feasibility
and its ability to satisfy design goals. At this time the de-
sign team also plans the next increment of the design.

The design can be re�ned in a number of ways. If anal-
ysis reveals discrepancies in the design, these may be cor-
rected by modifying some parameters or constraints. Al-
ternatively, additional components may be added, at the
same level of detail, to satisfy missing functionality. Once a
satisfactory design is obtained at one level of detail, it may
be decomposed further by adding additional detail and con-
straints.

At any detail level, independent design components or
sub-assemblies may be designed simultaneously by di�erent
design teams. If similar design components already exist,
these should be modi�ed and re-used where possible.

MillingMachine : assembly f
"Components in the milling machine assembly";

VertDrive;

Column;

Bed;

XYDrive;

Table;

SpindleHead;

"Interfaces in the milling machine assembly";

ToolHolder_SpindleHead_Intfc :

intfc( ToolHolder, SpindleHead );

SpindleHead_VertDrive_Intfc :

intfc( SpindleHead, VertDrive );

VertDrive_Column_Intfc :

intfc( VertDrive, Column );

Column_Bed_Intfc : intfc( Column, Bed );

Bed_XYDrive_Intfc : intfc( Bed, XYDrive );

XYDrive_Table : intfc( XYDrive, Table );

Table_Fixture : intfc( Table, Fixture );

g;

Figure 4. MILLING MACHINE DECOMPOSITION

Milling Machine

A milling machine creates a manufactured part by cut-
ting away excess material from a pre-formed piece of stock.
Since designs for milling machines already exist, it is not
necessary to completely design the machine. Instead, an
existing machine design is decomposed into smaller sections
which are more easily understood and analyzed. We then fo-
cus on the design of a single sub-assembly within the milling
machine.

The milling machine is initially divided into six sub-
assemblies: a spindle head for mounting and spinning the
cutting tools, a drive for moving the spindle head in a ver-
tical direction, a column for mounting the vertical drive,
a table for mounting the work piece, an X-Y drive for
moving the workpiece horizontally, and a bed upon which
the column and the X-Y drive are mounted (University of
Utah, 1997). This decomposition is speci�ed as an assem-
bly aggregation which includes the six milling machine sub-
assemblies linked through interface speci�cations as shown
in Figure 4a. The toolholder_spindle_intfc and the
table_fixture_intfc are also added to the milling ma-
chine assembly to specify interfaces between external ob-
jects with which the milling machine must interact.

The spindle head is further decomposed into a spin-
dle cartridge which holds and rotates the cutting tool, a
spindle drive which provides the power to spin the spindle
cartridge, and a head casting upon which the cartridge is
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toolholder_spindle_intfc : intfc f
joint : rigid();

"Select geometry from standard tool holder";

toolholder : toolholder_taper40;

toolholder_slot : reverseObj( toolholder );

"Identify and position positive and

negative features of interface";

pos : intfcpos( baseAnchor, toolholder );

neg : intfcneg( basAnchor, toolholder_slot );

"Attach forces acting on tool holder";

atch1 : partof(joint, baseAnchor, axialForce);

atch2 : partof(joint, XAnchor, radialForce);

g;

Figure 5. TOOL HOLDER - SPINDLE INTERFACE SPECIFICATION

mounted. The spindle head decomposition is speci�ed in
a manner similar to the milling machine assembly and the
milling machine assembly is automatically updated with the
additional detail from the spindle head sub-assembly. To
simplify the presentation, only the spindle cartridge design
from the spindle head sub-assembly is demonstrated in this
example.

The �rst step of the incremental design process is to
identify the operating environment and the external con-
straints imposed on the design. The spindle cartridge design
is constrained by the size of the tools, the required milling
accuracy, and the desired cutting speed. Although not part
of the spindle cartridge, the tool holder holds cutting tools
that interact with the part being milled, thereby exerting
forces on the spindle cartridge sub-assembly. These forces,
along with the interaction of the spindle cartridge with the
head casting and the spindle drive, must all be considered
in the design of the spindle cartridge. To accommodate
these external constraints, interfaces are speci�ed from the
spindle cartridge to the tool holder, head casting, and the
spindle drive. Initially, we only want to analyze the relative
motion and forces acting on the spindle cartridge, so these
constraints are added to the interface speci�cations along
with assembly features identifying the known geometry and
manufacturing features associated with the interaction. As
shown in Figure 5, the interface between the tool holder
and the spindle is speci�ed with a �xed joint and positive
and negative features to accommodate the tool holder part.
The interface object is similar to the part aggregation which
allows the external forces acting on the tool holder to be at-
tached with partof relations.

For the second step of the incremental design process,

SpindleCartridge : assemblyf
"Performance parameters and goals";

FatigueLife : 10000;

Speed : 4000;

"Cartridge components";

Spindle;

Housing;

Drawbar;

"Interfaces between component";

Spindle_Housing_Intfc :

intfc( Spindle, Housing );

Spindle_Drawbar_Intfc :

intfc( Spindle, Drawbar );

"External interface";

Spindle_ToolHolder_Intfc :

intfc( Spindle, ToolHolder );

g;

Figure 6. SPECIFICATION OF SPINDLE CARTRIDGE SUB-ASSEMBLY

the spindle cartridge is decomposed into its major compo-
nents as speci�ed in Figure 6. We identify three major func-
tional components: a spindle which rotates at a high rate
of speed, a housing to provide a stable mounting for the
spindle, and a draw bar for mounting the tool holder. As
the spindle cartridge is decomposed, interactions are iden-
ti�ed between the spindle, the housing, and the draw bar
and incorporated into the sub-assembly with interface spec-
i�cations. Design goals such as desired cutting speed and
fatigue life are speci�ed as parameters in the spindle car-
tridge sub-assembly.

To ensure compatibility between parts, essential joint
and feature information is incorporated into the interface
speci�cations (Step 3 of the design process). The spindle
is a shaft which spins within the housing so we specify an
interface containing a revolute joint with 360 degrees of ro-
tation, a through-hole feature, and a cylindrical shaft fea-
ture (Figure 7). To be able to analyze the forces acting on
this interface, we attach a force constraint to the interface
speci�cation to represent the estimated forces the interface
should withstand. The draw bar shaft moves in and out
of the spindle like a piston. For this interface we specify
a prismatic joint with limited movement allowed along the
axis, a hole feature, and a cylindrical shaft feature.

The design process proceeds by describing the high level
design of the major components within the spindle cartridge
sub-assembly (Step 4). To model the spindle part, the nega-
tive feature of the tool holder-spindle interface and the hole

8 Copyright c
 1998 by ASME



spindle_housing_intfc :* intfc f
joint : revolute( 360 );

"Positive feature is a shaft";

profile : profile( ... );

shaft : surfrev( profile, true );

pos :* intfcpos( baseAnchor, shaft );

"Negative feature is a hole";

hole : entity( hole( ... ) );

neg :* intfcneg( baseAnchor, hole );

"Force constraint connector";

forces : forceConn( 1000, vector( 1, 0, 1 ) );

atch1 : partof( joint, baseAnchor, forces );

g;

(a) Interface Speci�cation

hole

@@R

shaft

�
�
��

(b) Feature Geometry

Figure 7. INITIAL SPINDLE-HOUSING INTERFACE

spindle : part f
"Extract features from interfaces";

shaft : spindle_housing_intfc.posEntity;

hole : spindle_drawbar_intfc.negEntity;

holder : toolholder_spindle_intfc.negEntity;

"Make features partof spindle";

atch1 : partof(shaft, holderPosition, holder);

atch2 : partof(shaft, drawbarPosition, hole);

g;

Figure 8. SPINDLE PART SPECIFICATION

feature of the spindle-drawbar interface are attached with
partof relations to the shaft feature of the spindle-housing
interface as shown in Figure 8. The spindle shaft and its
attachments are speci�ed as a part aggregation which auto-
matically aligns the attached parts and incorporates them
into a part model for the spindle. The housing and the
drawbar parts are completed in a similar fashion. By de-
riving parts from the interface speci�cations, any changes
in the interfaces will be automatically re
ected in the part

draw bar

@@R

spindle

@@R

housing

@@R

Figure 9. INITIAL SPINDLE CARTRIDGE SUB-ASSEMBLY

model. This also ensures that the parts are compatible with
the interfaces.

As the interfaces and parts are speci�ed, the spindle
cartridge sub-assembly is automatically updated. The as-
sembly aggregation uses the spindle part as a base part
and automatically aligns the remaining parts according to
the positions in the interface speci�cations. Figure 9 shows
the resulting geometry of the initial spindle cartridge sub-
assembly. The associated aggregation, attachment, and in-
terface structures for the spindle and housing assembly were
shown previously in Figure 2.

Now that the initial design increment is completed,
analysis is performed to validate the design, evaluate its sat-
isfaction of design goals, and determine how to proceed with
the next increment (Step 5 of design process). With just a
rough description of the part geometry and the interfaces,
we are able to perform preliminary analysis to determine if
the design approach is reasonable. We invoke automated
mechanisms, which focus on the speci�ed aggregation and
interaction relationships, to analyze the forces acting on
the entire assembly. Positioning of joints is automatically
validated as the assembly is updated. The designer may
manipulate joint positions or key parameters upon which
the joints are dependent to analyze the kinematic behavior
of the sub-assembly. If problems are discovered we focus
the analysis on individual interfaces to isolate the problems.
Constraints, parameters, and design components are re�ned
as necessary (Step 7.1 of design process), and the compo-
nent models automatically regenerated, until all problems
are resolved.

When we are satis�ed with the results of the �rst design
increment, we re�ne the design by adding additional detail
(Step 7.3 of design process). One of the key components
in determining milling speed and fatigue life are the bear-
ings between the spindle and the housing. To incorporate
these bearings into the design, parametric models of bear-
ings with the proper dimension and estimated force capac-
ity are automatically retrieved from an electronic catalog.
Alternatively, the designer can specify the desired bearing
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spindle_housing_intfc :* merge f
"Retrieve bearing from catalog"

bearing : lookupbearing( "L13", bearingCat );

"Insert 2 bearings into connector,

specify fatigue life and speed goals,

and attach to interface aggregation";

connector : bearingconn(array(bearing, spacer,

invert(bearing)),

FatigueLife, Speed );

atch1 : partof( joint, connAnch, connector );

"Generate step features and make associated

shaft part the new positive feature";

shaft_part : partf
shaft : shaft;

shaftstep : bearingConnStep( .... );

atch1 : partof(shaft, stepAnch, shaftstep);

g
pos :* intfcpos( baseAnchor, shaft_part );

"Generate bore features and make associated

housinghole part the new negative feature";

hole_part : partf
housinghole : hole;

bore : bearingConnHole( ... );

atch1 : partof(housinghole, boreAnch, bore);

g
neg :* intfcneg( baseAnchor, hole_part );

g;

(a) Interface Speci�cation

hole

@R
step featurePPPPq

shaft

�
�
��

bore feature

@R

bearing connector ��1

(b) Feature Geometry

Figure 10. DETAILS OF SPINDLE-HOUSING INTERFACE

parameters in a new model object. We insert the bearings
into a bearing connector in which we also include the de-
sign goal parameters specifying desired fatigue life and ro-
tational speed. The merge command incorporates the con-
nector into the spindle-housing interface and attaches the
connector to the original joint as speci�ed in Figure 10a.
Bearing features are generated from the connector and at-
tached to the positive and negative interface features. The
interface geometry is automatically updated as shown in
Figure 10b. The housing and spindle parts are regenerated

housingAssy : assembly f
housing;

nosecap;

nosecap_housing_intfc :

intfc( housing, nosecap );

g;

Figure 11. HOUSING SUB-ASSEMBLY SPECIFICATION

draw bar

@
@R

spindle

@
@R

housing

@@R

bearing features

on spindle and housing

�
�
��

screw features
on nose cap and housing

�
�	

nose cap
@
@I

Figure 12. DETAILED SPINDLE CARTRIDGE SUB-ASSEMBLY

with the appropriate bearing connection features and these
changes are automatically propagated to the entire spindle
cartridge sub-assembly.

So that the bearings can be inserted during the assem-
bly process and held in place during operation, the housing
part is decomposed into another sub-assembly containing
the main housing part and a detachable nose cap at the end
of the housing (Figure 11). This requires a new interface
between the nose cap and the housing. The nose cap is to
be held in place with screws which are incorporated into the
interface using a screw connector. The screws are retrieved
from an electronic catalog and inserted in the screw connec-
tor which arranges six identical screws in a radial pattern.
The screw connector is attached to the nosecap-housing in-
terface, screw features are generated for the positive and
negative interface features, and a new interface aggregation
is created. By attaching the new interface to the housing
part and specifying a new part aggregation, a model of the
nose cap part is generated. This also automatically updates
the model of the housing part to include threaded hole fea-
tures for the screw connector. After updating the individual
parts and interfaces, the model of the spindle cartridge sub-
assembly is regenerated with the nosecap-housing interface
and the new parts added (Figure 12).

With the completion of another design increment, we
now need to con�rm that we used the proper bearings and
screws in our interfaces. Each connector has characteris-
tics, such as bearing life or screw grade, which determine
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the force limits which the connector can withstand. The
automated force analysis calculates these limits and deter-
mines if the applied forces exceed the capabilities of the
connectors.

At this point in the design process, we have encap-
sulated descriptions of functionality and design rationale;
design parameters, constraints, and goals; forces and kine-
matic information; manufacturing features; and geometry
into the interface speci�cations of the spindle cartridge sub-
assembly. From this information analysis can be accom-
plished for the forces and kinematic behavior of the sub-
assembly, geometric interference can be calculated , or man-
ufacturing process plans can be generated. We can generate
di�erent alternatives for the components or interfaces and
automatically re
ect changes in the a�ected parts and sub-
assemblies. We have also decomposed the milling machine
design problem into small sub-assemblies which are more
easily understood and managed, and we have restricted the
design of the spindle cartridge sub-assembly through exter-
nal interface speci�cations which ensure its compatibility
with the remainder of the milling machine.

USABILITY AND EXTENSIBILITY

One of the objectives of this research is to provide auto-
mated support for complexity management as a natural part
of the design process. This means commands for managing
complexity must be similar to other design commands and
must not require a signi�cant e�ort on the part of the de-
signer. To �t naturally into the design process, it is our hy-
pothesis that complexity management must be implemented
in fundamental design objects within the automated sys-
tem. These object data structures must also be extensible
to support a wide variety of design applications.

Analysis of the results presented earlier in this paper
supports the premise that fundamental design objects can
be useful for managing complexity. Controlled interaction
and aggregation are accessible in the same fashion as any
other design object in the design system (Alpha 1) and are
completely integrated to work with the other design ob-
jects. Commands for complexity management are invoked
the same as those for curves, surfaces, and other design ob-
jects.

While this research has not concentrated on user inter-
face issues, the low-level interaction and aggregation struc-
tures have been incorporated into existing Alpha 1 textual
and graphical user interfaces. Since these data structures
were implemented as standard design objects, embedding
them in the user interfaces requires the same standardized
programming steps as needed for other design objects.

Using design objects also proved to be extremely e�-
cient for extending the complexity management capabilities

to di�erent mechanical applications. Once the primary ag-
gregation and interaction structures were in place, it was
a simple, straightforward task to add new connectors, con-
straint analysis, and management information. One exam-
ple is the addition of the screw connector. A design ob-
ject with the necessary parameters was de�ned and, using
Alpha 1's development environment, most of the code re-
quired for integration with the rest of the system was gen-
erated automatically. The only manually generated code
was that necessary for the screw geometry and the force
capacity calculations.

SUMMARY AND CONCLUSIONS

In this research, we utilize the intricate relationships
between design components to capture and control the syn-
ergistic e�ect these relationships have on design complex-
ity. We combine these relationships with product man-
agement controls and design information at multiple lev-
els of detail to provide a single framework for managing
complexity in the design of mechanical assemblies. Model
structure and organization are described in aggregation re-
lationships which are used to manage design decomposition
and abstraction. The functional, kinematic, geometric, and
other information relevant to the interaction relationships
between parts is incorporated into an interface speci�cation
which describes how two or more components are combined
to produce additional functionality and complexity. Using
the aggregation and interaction relationships as focal points,
we provide automated mechanisms for analyzing the design
model from multiple perspectives.

In addition to describing the interaction between parts,
the interface speci�cation can be used to validate compati-
bility between parts. If speci�ed in advance of the parts, the
interface speci�cation can be incorporated into the actual
design of the parts to ensure compatibility. Specifying the
interface in advance facilitates design modi�cations since
changes can be made at the interface between the parts and
propagated to all a�ected parts. The work required of the
designer is reduced since the detail is speci�ed once in the
interface rather than in each part. The interface provides a
speci�cation for simultaneous design of interacting compo-
nents and facilitates integration of completed components
into the higher level design model.

We have integrated this complexity management frame-
work into Alpha 1, an existing design system, and imple-
mented the complexity management objects so that they
are speci�ed and manipulated in the same fashion as other
design objects in Alpha 1 and require little additional learn-
ing curve. The mechanisms presented in this paper have
been demonstrated in the design of a number of assemblies,
including a milling machine and a student built automobile.
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By implementing complexity management as relation-
ships between design entities, no modi�cations are required
to existing design components. This facilitates re-use of ex-
isting designs, integration of these mechanisms into existing
design systems, and extension of the framework to include
other design features or disciplines.

The mechanisms presented in this paper provide a
framework for managing design complexity. By incorporat-
ing additional constraints, connectors, features, and other
information, the framework can be extended to manage
other design parameters or di�erent design disciplines. A
well-de�ned data structure also facilitates standardization
and communication between di�erent design applications.
Appropriate communications and user interface capabilities
will further simplify the use of these mechanisms and extend
their utility to cooperative work across multiple terminals
or across the Internet.
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