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Abstract

Rapid prototyping technologies permit timely inclusion of experimental verifica-
tion within an iterative design process. This work introduces topological toler-
ances as a tool for retaining desired design invariance during the production of
successively refined prototypes. These topological tolerances are applied to the
supporting geometric data representations for rapid prototyping.

At each successive local modification of the geometric data, these topologi-
cal tolerances must be dynamically updated. These updates are modeled by
object-oriented propagations, leading to investigation of efficient algorithms to
re-compute these local topological tolerances. Relevant industrial examples will
be discussed.

Software to compute topological tolerances has been fully implemented and
tested, and one purpose of this paper is to report that development. Another
emphasis of this paper is to report upon software prototyping of performance
enhancements to adapt this code to support iterative re-design within a rapid
prototyping environment. The final emphasis is to report upon our use of object-
oriented propagations within our software engineering environment ADAM to
model appropriate change notification upon a decision to alter the supporting
geometry data structures for rapid prototyping.
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1 Motivation: Prototyping Leading to Redesign

To provide context for this work, industrial evidence is offered as to the role of
stereolithography as a rapid prototyping technique [25] within iterative design
cycles.

From Chrysler Corporation, “[Stereolithography| allows us to test many, many
more iterations of a piece, with little to no effort, so we have more time for
development or [the development]| gets done faster.” At Ford Motor Company,
“ ... engineers are much more creative ... because it’s more of a tinker shop and

their creativity goes way up.”

For evaluating a design, the importance of experimental stress analysis upon
physical prototypes has been documented for the compressor disk of a gas tur-
bine [16]. Such experimental stress analysis can improve upon the nondefinitive
stress analyses available from computer modeling [8, 16]. For this compressor
disk evaluation, it was only the experimental method of three-dimensional (3D)
photoelasticity that provided the surprising result that unacceptable stresses
were introduced. This design flaw in the blade could have caused part failure
and discovering it prior to production avoided significant economic loses.

Although this particular blade study predated the advent of rapid prototyping,
the perspective it affords underscores the merits of rapid prototyping relative
to time and material issues. First, significant improvements are possible upon
the time frames of two to eight weeks for the creation of traditional experi-
mental models [10, 16]. Second, recent results [10, 22] have demonstrated that
stereolithography models permit inexpensive, yet effective, photoelasticity.

These themes were also echoed in a recent National Science Foundation Work-
shop [17]. Having established the importance of permitting the design process
to be responsive to the results of experimental verification, the emphasis here is
upon the inclusion of topological considerations as essential for design optimiza-
tion.

2 Introduction: Topological Invariance

The desirability of topological invariance during iterative redesign was initially
expressed relative to tolerance modeling [20, 21]. There, the treatment was
largely informal, but mathematically rigorous foundations for preservation of
topological form have subsequently been proposed [6, 7]. Consistent with these



cited works, the definition given here for topological tolerance is analogous to
the typical use of dimensional tolerances, which imposes numeric limits upon a
dimension.

Definition: A topological tolerance is a numeric limit specifying bounds within
which the geometry of an object may be perturbed, while guaranteeing preser-
vation of its topological form.

Hence, a topological tolerance may be considered as a constraint upon the free-
dom of geometric editing, and the terminologies of topological tolerances and
topological constraints will be used synonymously throughout this paper. The
definition of topological invariance used will be that two objects have the same
topological form provided that there is a homeomorphism from R? onto R® which
carries one object onto the other [6, 7, 23]. This is considerably stronger than the
classical topological equivalence as defined merely by a homeomorphism between
two objects [24]. The additional requirement of defining the homeomorphism
over all of R® addresses equivalent embeddedness of the objects within R3.

Our emphasis upon direct editing of .STL files is reflective of the state of the
art that the .STL file is the ezistent data representation currently used to com-
municate the critical information shared between designer and fabricator. In
practice, both the resultant .STL file and the original CAD file are saved by the
designer. Hence, if changes are made to the triangulated geometry of the .STL
it is important to update the corresponding free-form geometry of the CAD file.
While the editing techniques discussed are currently restricted to triangulated
geometry, this is consistent with the historical development of many CAD tools.
The mathematics for preserving topological consistency is much more difficult
for spline surfaces. However, the authors have begun efforts to develop that
theory and view the present report as the initial step towards that envisaged
extensibility. The theoretical mathematical basis for topological tolerances [1] is
now rephased for the present application.

Theorem: Let S be a finite triangulated polyhedron within R® with a corre-
sponding parameter v defined to be the minimal separation between disjoint
pairs of vertices, edges and faces. If for each j and each vertex p;, the vertex
perturbations ép; are such that ||6p;|| < v/2, then the perturbed object retains
the same topological form as S.

The intuitive summary for present purposes is that this theorem provides a global
upper bound to maintain topological form, allowing all geometric perturbations
within the stipulated limit. Its advantage is that it is a single parameter, which



can be calculated once for each design. Its disadvantage is that it is somewhat
conservative, because locally some greater perturbations might be possible [9].

Software to compute v has been fully implemented [9]. Successful “proof of con-
cept” studies have been done to adapt this code to the iterative modification of
.STL files, using local tolerance techniques, which are not as restrictive as the
global upper bound. Object-oriented propagations within our software engineer-
ing environment ADAM model appropriate change notification upon a decision
to alter the geometry of the .STL file. Summarizing tersely, the software de-
veloped to compute v follows the obvious quadratic algorithm, which would be
quite acceptable in many contexts, but the large data magnitudes of .STL files
renders this computation prohibitively slow for interactive design experiments.
Thus, this paper also reports upon investigations for culling appropriately small
data subsets from the .STL file as a pre-processing step to achieve acceptable
performance.

3 Topological Integrity for Rapid Prototyping

The “... de facto solid freeform fabrication industry standard...” [3] is a data
representation consisting of triangulations of the boundary surfaces of a solid.
The emphasis of the work presented herein is to provide software tools (which
could even be invoked over the World Wide Web) to preserve topological integrity
of a .STL file when the part geometry is being modified.

The topological integrity of the data stored in an .STL file is crucial for reliable
rapid prototyping[3]. Unresolved topological inconsistencies “... frequently cause
problems during fabrication.” Algorithms are presented to remedy topological
deficiencies, so as to allow the manufacturing cycle to proceed with a solution
that “... is numerically robust and ... is based on topological principals [sic].”

If geometric edits are applied without sufficient guidance, then unintended self-
intersections might arise within an .STL file. For ease of illustration, a 2D
example of such difficulties is depicted, but it should be noted that the software
developed is fully supportive of 3D geometry. The left half of Figure 1 represents
a simple polygon. The right half of Figure 1 represents how perturbing geometry
in violation of topological constraints could yield an unintended self-intersection,
leading to the creation of a non-manifold. Clearly, it is desirable to prevent such
edits.
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Figure 1: Creation of a non-manifold

4 Algorithm and Cullings for Local Edits

Our “proof of concept” software prototyping experiments utilized visual inspec-
tion of graphical displays of .STL files, followed by text editing to cull the .STL
file. This has led to a general purpose algorithm, ‘Local v Algorithm’, (given
below) to support programmatic assistance for such culling. An example of those
culling experiments is presented, with discussions for enhancements to the gen-
eral ‘Local v Algorithm’. For interactive design experiments, the integration of
appropriate change notification has been modeled by object-oriented propaga-
tions, as will be discussed in Section 5.

Local v Algorithm

Purpose: Compute a local constraint for retaining topological form.
Input: A vertex to be perturbed, p.
Output: The numerical value of the local constraint.

Local_v(p): Determine C(p), the appropriate culling set for p.
for all geometric elements g in C(p),
compute d(g,p), where
d is the usual Euclidean distance function,
Let v(g) = min d(g,p) over all g.
end for loop.

The above algorithm outlines the essential procedure for Local_v(p) for one ver-
tex. Since the .STL file is entirely of triangulated data, in principle, any other
desired edit can be achieved by finitely many calls of the above algorithm. How-
ever, the culling set must be integrated with the specific calls, requiring some
finesse. Also, the above algorithm has no dependency upon direction, so it may
still be somewhat conservative, in that even greater freedom for perturbation



may be possible if direction is specified. Supporting this additional freedom by
means of propagations is discussed in Section 5.

Culling Example: A representative culling, executed upon an industrial .STL
file from Pratt and Whitney Aircraft (P&WA), will be described. The overall
design is known as a ball box (Please see Figure 2.) and included over 5,700
facets. Visual inspection was used to decide a candidate area on the inside of
the ball box (Please see Figure 3.) for local editing and that subset is shown
in Figure 4. As a first step in deriving the culling set, a particular vertex was
chosen and designated as p, shown in Figure 4 as the vertex common to the 90
degree angles of the black and dark grey triangles at the center of the image. An
initial candidate for the appropriate culled set was selected by visual inspection.
These experiments led to discovery of efficient techniques to compute C(p), as
is addressed in the final paragraph of this section.

Figure 2: Ball Box



Figure 3: Internal View of Ball Box

The statement of the Local_v(p) algorithm is offered to explicate the application
of the existing mathematics to our situation, but, for application to interactive
editing sessions the ezplicit alue of a local_v(p) may be less important to a
user than a true false response as to whether a contemplated edit is permissi-
ble. In reviewing our culling experiments, it becomes clear that a conservative
set C(p) could be determined upon the basis of a facet’s intersection with a
bounding box [11] sufficiently large to contain the intended perturbed geometry
and its preimage. If multiple movements were required, then an obviously larger
bounded set would be appropriate and could easily be created as a superset
(possibly improper) of the union of the collection of bounding boxes. The per-
formance trade-offs in creating these larger bounding sets bear some additional
investigation. Using this culled set as input to the basic algorithm results in a
directionally dependent local_v to be compared to the contemplated movement.
The use of such techniques for interactive editing is addressed by object-oriented



Figure 4: View of Selected Region from Interior of Ball Box

propagations within the next section.

Propagations for Local Edits

ADAM (short for Active Design and Analyses Modeling) is a University of Con-
necticut software engineering research environment, which supports language-
independent design via graphical textual user interface and automatically gen-
erates compilable code in multiple languages (C  , Ontos C  , Ada95, Ada83
and a dialect of LISP) [18] for entered designs that contain object types, inheri-
tance, relationships, and propagations. A propagation is a design-level trigger for
modeling dynamic behavior among different object types. ADAM provides sup-
port for the design-time specification of propagations by allowing the modeling
of interdependencies between design objects that are not ancestrally related.



An initial “proof of concept” study applied propagations to mechanical design
features [18] and an industrial application [4, 5] utilized four propagations. The
present context of successive edits to .STL files will typically entail tens to hun-
dreds of thousands of propagations one for each vertex, thus providing a rich
environment for performance issues upon significantly increased scale. Represen-
tative individual vertex propagations have been modeled in ADAM, as indicated,
below.

Figure 5 is a bitmap of the ADAM environment modeling the interdependency
relationship, pdate_ ertez, between an object-type ertez (which represents a
particular vertex being moved) and _ wlled. L (which represents the por-
tion of the .STL file that is effected.) In Figure 5, pdate_ ertez is an ADAM
propagation modeling abstraction. Figure 5 indicates the simplest propagation
circumstances, where a simple numeric comparison has determined that the total
intended perturbation distance is strictly less than v /2, where v is the global,
conservative constraint, which is directionally independent and can be computed
once, off-line.

The fundamental action that must be undertaken upon moving p less than v/2 is
to update that subset of the .STL equal to star(p), where star(p) is defined as the
union of all facets containing p as a vertex [2]. Note that the previously computed
global v will continue to suffice as a constraint with respect to the movement of
an other vertices, as such stability was the intent in defining v conservatively.
However, if this same vertex were ever to be moved again, then a revised value
of v will be necessary and it is timely to compute this simultaneously with
responding to the query of the movement of p. Note that both the revised star
and the revised v are computed via this propagation, but these are temporarily
stored in separate data structures from the original .STL file and the original
v. The function of this propagation is completed upon returning those intended
revisions.

The sequence of the propagation, embedded within the control logic of p-
date_ ertez, follows:

1. The ertez instance provides the propagation entity ( pdate_ ertez) with
new location as a result of the designer’s edit request.

2. pdate_ ertex calls upon _ wlled. L, to determine an updated value
for v for the edited vertex, which is then passed back to pdate_ ertex

3. pdate_ ertex then computes the revised value for v.



The resulting ADAM generated source code for the pdate_ ertez propagation
is given in an Appendix. Note that the propagation is fired by invocation of
pdate_ ertex’s method.

Figure 5: LESS_.THAN_NU 2 Propagation

Figure 6 shows an ADAM model of the propagation occurring when the me-
chanical designer wishes to ascertain whether a vertex can be perturbed in a
speci ed direction when it has already been determined that the distance is at
least v/2. Determining whether the movement is allowable in a particular di-
rection i1s the subject of a separate propagation entity, depicted in Figure 6
as 1o e. ith. ector. The sequence of this propagation, embedded within the
control logic of 710 e_ ith_ ector, follows:

1. The ertez instance provides the propagation entity ( ro e. ith_ ector)
with its contemplated new location as a result of the designer’s edit request.



Figure 6: GREATER_ THAN_E UAL_NU 2 Propagation

2. ro e. 1ith_ ector computes the vector of movement, based upon the cur-
rent and new location of the vertex.

3. 1o e_ uth_ ector calls upon the ntact. L instance to determine if the
edit remains within topological tolerance, given the direction of movement.

4. ro e. th_ ector is passed the boolean result of the probe, which is in
turn passed back to ertez.

Although not shown in this paper, the ertez instance next either fires another
propagation to update its v (if the probe result was positive) or queries the me-
chanical designer using the application, requesting input as to whether the edit
should be discarded or the topological tolerance violated. For the sake of brevity,
the resulting ADAM generated source code is omitted, but its format is similar
to that previously presented. Note that the relationship of the Vertex objects



to the Intact STL object is many to one. These types of relationships pose a
challenging new application for propagations, which have previously emphasized
one to one relationships.

Conclusions and wuture Challenges

This work reports upon several software tools (some fully developed and tested,
with others at the prototype level) for preserving topological form within an
iterative redesign process based upon successive rapid prototypes. These tools
include global topological tolerances, more liberal local topological constraints,
performance techniques, and object-oriented propagations all applied to .STL
files. A challenge remains to more rigorously test these software tools within
a production environment, where it also remains to explore whether the best
integration option might be to a CAD CAM system or directly to the software
systems processing the .STL files. For a production environment, it is likely that
additional performance enhancements will be needed, particularly for interactive
execution on typical .STL files, which might have tens or hundreds of thousands
of facets. Software on data sets of this size must usually pay particular attention
to the potential for combinatorial explosion, so these performance needs may
warrant incorporation of techniques from artificial intelligence.

The supporting mathematical theory and the application discussed are now cur-
rently specialized for triangular faces. An alternative file format (known as .SLC)
now exists for free-form objects, but has not yet been widely adopted [15]. Fur-
ther extensions of the theory to free-form objects would be necessary to attempt
applications to .SLC files, but these two activities could proceed concurrently.

Note that the topological constraints [1] provide theoretical limits and care must
still be taken relative to the usual issues of topological degradation inherent in
the use of finite-precision arithmetic. Nonetheless, these topological constraints
do provide significant guidance.

The use of topological tolerances to provide interactive design advice is facili-
tated by integration with the software engineering techniques of object-oriented
propagations. This is an intensive new environment for the deployment of propa-
gations and its demands may cause re-design of the very notion of propagations,
especially in regard to relations that are many to one, particularly when the set
of many items has very large magnitude.

The Federated Modeling Architecture [12] indicates how a geometric-constraint



system can be integrated with conventional CAD modeling systems. This Feder-
ated Modeling Architecture appears readily extensible and merits investigation
as a means to also integrate topological tolerances.
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Appendi

Sample code for the implementation of the user defined method rigger is also
given:



