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This presentation (following are slides and comments, PPT) covered some of
the KBE work that was related to the Boeing 777 project which is the gist of
coming articles.

At the time that KBE got started, CAD was still in the process of moving from
2+D to 3D with freeform surfaces. So, CAD with its analysis partner, CAE, were
adapting to the new modeling schemes.

At the time KBE still had its KBS flavor with the major change of focusing on
constraint satisfaction rather than rule processing. Hence, there was the
underlying object model with its facility to handle static and dynamic
characteristics as well as the new facilities of solid modeling.

Jumping over details, one check of a solid entity was whether it could figure out
its boundary closures. At the time, Boeing was going from the loft model with
its basis in planar profiles to the more capable method of flexible shape
handling. Needless to say, this was way early (later 1980s) compared with today
(2024s).

All we have to do is start with the current view of KBE to see how things have
changed. Much of KBE has gone off to other realms or to similar realms with
different names.

The coming papers will look at those details.
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The presentation looks at some of the common issues related to computational
modeling, in terms of geometry and knowledge.

Background material includes a brief look at knowledge and at KBE which is
the application of knowledge processing to Engineering.

Then, the discussion looks at Representation, Methods and Quality, followed by
an example from MSJO/Sfab/SOCS, a project dealing with the knowledge of
geometry.

The example provides details on the approach (Sfab/SOCS) that can handle
problematic data (minimal, sparse, noisy, or originating from multiple sources).

As a conclusion, the presentation points to additional information related to the
subject matter and lists open issues that will require continued and joint effort
within the industry.
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Content — Background

+ Background
+ Knowledge
+ Knowledge Based Engineering

* Representation

* Methods * Knowledge and expertise are old topics.
* Quality « Computational knowledge is relatively new.
+ MSJO/Sfab/SOCS Example * The past decade has seen examples of

knowledge application from KBE.

« We will look at some of that experience.

* Leading up to a discussion of related issues.

+ Of which one is overlooked but important,
undecidability.

* Issues

v

I The main presentation focus has this format.

@305/#5'

Background material includes a brief look at knowledge and at KBE which is
the application of knowledge processing to engineering domains.

There is a lot that can be said about knowledge and KBE, but we’ll only take a
brief look.
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Knowledge/Learning

Bohn's Classification of Production Process
Knowledge Stages
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This chart is Bohn’s view showing stages from ignorance to knowledge. The
viewpoint originated in 1977.

Bohn, R Measuring and Managing Technological Knowledge, IEEE Engineering
Management Review, Winter 1977

The format shown in the Slide came from a NTIS report.

Of course, we would like to know as much as we can. But, acquiring knowledge
has costs.

Business as a process bows out of the knowledge quest according to choice
based upon several factors.

For IS/IT, the SEI/CMM is one process. SE/CMM culminates at optimization
(hopefully, #6).

Bohn’s progression through science goes beyond optimization to truth.

Engineering applies science. With the advent of knowledge systems, we see an
increasing role for computation in the process.

Therein lies the rub as we need to trust the computer as a role player in a process
that can be fairly non-trivial.
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Knowledge Base Engineering
(KBF

Developing a KBE Capability
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« Engineering
Interactive * Applies Science
« Concerns both statics and
. ! | Parameterized Geol d-‘l“‘"“‘“
*Needs computation

* KBE includes processes to get the
product designed, analyzed, and
produced.

« Causality/Sensitivity — knowledge
comes via controlled experiment.

* Plus support with smart tools.

@»ﬂﬂflﬂﬂ'

KBE represents engineering knowledge by computational models using a heavy
emphasis upon part hierarchy and rules.

The KBE efforts have had measurable success for the past decade.

But, KBE can only as good as the formalization allows. The successful
application of more automation to KBE will require several issues to be
addressed.

For one thing, derivations via computational models do not necessarily
accurately reflect the world. Even with a perfect model on the computer, it is
separate from reality.

It is too easy to assume that modeling of causality via computation is sufficient
to know all ramifications.

KBE will need to be able to predict behaviors as well as the statics.

Context: Operations Research -> Database Technology -> Expert Systems ->
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Content — Representation

* Background

* Representation
* General Issues (types of requirements)

* SIAM warning (deep issues)

* Data Issues (types) * Representation
« Spline as example (internals) * Applies both to the
computational model and those
things being modeled.
* Methods * Has a very broad impact.
* Quality * Needs to provide the basis for
* MSJO/Sfab/SOCS Example measurement and decision
o Issues making for either the expert or

the artificial agent.

@aatvma‘

Representation deals with technical concerns (for example, structure and
parameter definitions).

Choices related to representation influence who can use data, how they can use
data, and for what purposes.

Representation faces one hard fact dealing with the need for transformations to
other representations; such manipulations of data are known by experience to be
problematic.

Representation, in the KBE context, requires a broad mixture of structures in
order to support more-smart processing.

One requirement, that results from the growing use of knowledge approaches
and the increased level of education, will be end user access to deep data issues,
such as structure.

Algorithm/heuristics are sensitive to representation.

KBE utilized a human-in-the-loop framework to overcome some of the
computational uncertainty.

For the more automated decisions needed for autonomy, representation must
resolve a long list of issues.

Context: Operations Research -> Database Technology -> Expert Systems ->
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Representation — General Issues
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This chart by Dave Ferguson, Technical Fellow, Phantom Works pulls together
the several types of uses for models. Practice shows that no one representation is
sufficient, by itself.

Lean goals of reductions in time and effort imply computational assistance with
non-trivial properties.

The human element will bear the brunt of the knowledge challenges. Fewer
heads will be resolving problems that will not abate in complexity.

Both the basis for knowledge in terms of the underlying scientific framework
and in terms of modeling techniques and capability will be growing.

Issues of fidelity bring up this question: Does representation strive for the
highest requirement everywhere thereby incurring the highest cost?

Context: Operations Research -> Database Technology -> Expert Systems ->
Knowledge Based Systems -> Knowledge Based Engineering -> Truth
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Representation - SIAM Warning
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Success builds confidence to venture further. But, at its core, the
CAD/CAM/CAE mix can be problematic.

These issues also can plague KBE.
Many limitations have been overcome with workarounds.

Such efforts may continue to be the modus operandi while the appropriate
theories are bolstered.

Actually, the requirement for workarounds could very well be a set of greater
magnitude and velocity than realized.

Report from http://www.siam.org/meetings/cadcfd99/ workshop.
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Representation - Data Issues

» Data properties differ.

* Range of requirements needs to be
handled.

* ‘What use?’ is a prime question.

* Verification/validation.

* Conflicting constraints.

* Misinformation/error.

@aaflma°

Data fitting covers a lot of different requirements.
As we will see with Quality, fidelity of the model to the data is important.

But, another part of the cost is acquisition. Smart data handling ought to be able
to handle problematic data, such as misinformation and error.

Context: Operations Research -> Database Technology -> Expert Systems ->
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Representation - Spline as Example C E

parameter space ICAD Surface Designer User's Manual

N

Segment | Segment /
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0,0 0
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, S| 3D space
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* Spline as example of implicit approach.

* We'll see more and deeper black boxes.

* Surface (spline of 2 parameters).

* Piecewise, polynomial.

* Abstract entity.

* 3D information derived on demand.

* We only know its control information.

* Links to other types of information. whese N, and N, we the basis functons, P, e contvol ponts, and
the weight v, of P, is the Last ordmate of the homogeaeous pout P},

@pﬂflﬁﬂ’

How we represent the data can have widespread influence. Splines are implicit,
abstract entities.

http://mathworld.wolfram.com/NURBSSurface.html
The surfaces that form the faces of a solid are represented by spline. Methods used
in this representation will be operations on abstractions. The very large set of 3d
points that form the screen image, do not exist, except in computer memory.
Being mindful of representation can help methods work.
In actuality, the spline technology was a big step forward. Fairly complicated
elements can be modeled and managed in a robust and simple manner. The
experience of the past 15 years and the current generation of software attest to the
growing power.
But, splines are a very good example since they are implicit. In general and in
many domains, advances in modeling are accompanied by similarly implicit
modes. The success of computing makes things look easy.
It’s easy to forget the bases and assumptions that are pushed out of sight. A
diminishing of a necessity set (at least, the awareness thereof) can lead to thinking
that the sufficiency side is stronger than it really is. The chains might look like this
(large necessity >> small necessity <<<>>> sufficiency, where <<<>>> denotes a
propensity toward a ‘duality’ mode).

And, leads to incorrect notions of causality.

Context: Operations Research -> Database Technology -> Expert Systems ->
Knowledge Based Systems -> Knowledge Based Engineering -> Truth
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Content - Methods

+ Background

* Representation

* Methods

* Industry Example (illustrating one set of steps)

* Example — Spline Operation

. * Methods
« Methods - Undecidability s

* Include process steps (human
world) as well as the direct

* Quality computational support.
+ MSJO/Sfab/SOCS Example * Include abstract modeling
o Insves (knowledge issue).

* Include decisional elements, such as
those needed for autonomous
processing.

+ Can be autonomous.

« Falling into vertigo as evidence of
undecidability.

@aaflﬂa'

Methods are of many types:
* Manual or automated

* When automated, of an evolutionary or optimization bent (heuristic and
algorithm mixes)

* From external and internal expertise

* Domain or interdisciplinary or system

* Trustworthy or not

* Of continued capability through time.
A knowledge method has both human and computer based components.
The source of the expertise or systems can be COTS or in-house.

Trust issues concern the veracity, and supporting basis, of the associated
knowledge.

Capability involves an effective mix of procedures, algorithms, and heuristics.

Increases in computational features lead to increases in interrelationship and
complexity properties, thereby necessitating that we manage ‘truth’ in a multi-
faceted form.

10
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Polygonal mesh through
points or from polygonal
surfaces

Could be points

¥ * Process and control needed throughout
representing a surface

Sampled points (QA, [
Reverse Engineering, ...). % i
$

previded by math medeler. i the steps, implying effective measures.
* If we define manual steps, can these be
NURBS (non- automated?
uniform, rational, * Necessarily? Both examples and counter
b-spline) examples exist.

* Major question: how far to take fidelity?
* Issues, such as undecidability,
reversibility, robustness of transforms.

@aaflﬂa°

This is an example of a method that has both manual and automated
components. The premier implementation of this method utilizes an interactive
seat with fairly sophisticated software.

It shows 5 steps starting from a collection of points to a set of surfaces. At each
of the steps, there are choices the user makes.

Through time, the system get more capability to do each steps better. The
automation components cover more of the trades.

This general process can apply to points from any source whether points from a
physical measurement device or points from an already existing set of surfaces
(abstractions).

Several areas are still very much open. Converting from the polygonal surface to
the quadrilateral surface has several bottlenecks.

The trades on fidelity are being studies. The requirement for continuity still
needs to be clarified.

The manual approach assumes that a smart user can resolve conflicts. As the
approach gets more toward automation, several other problems come to fore,
such as undecidability.

11
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Methods — Spline Operations

curve parameter space U ——»

* Relating a curve to a surface (2 views,
one for each spline). 8D curve 2D curve
« Similar for intersecting surfaces (2 unction function
solutions, again viewpoints).
« Spline A ine are era 1 1 o /
Spline mappings are operations in the A siidtice ‘(u %)
abstract, with tenuous control. / parameter ,
+ Example illustrates one avenue for S space
undecidability to rear its head. o
« Unless standard fixup applied. ¢
3D space U
At 3D surface
[H  function
v,
x1 y1 21

ICAD Surface Designer User’s Manual

@paflﬂa'

Operations on surfaces (splines) which are abstractions occur in the abstract.

For instance, mapping a curve to a surface means that their abstractions get
related.

If two surfaces are intersected, the result will be two curves. There will be a
curve for each surface that is exact. That is, each surface sees the result from
their perspective.

This conflict can be handled by several ways. One approach assumes one curve
that has a known delta with the other surface. Another might produce an average
curve that has deltas from either surface.

Techniques for minimizing the error exist but take time.

It is undecidable, prior to computing the solution, to know what the intersection
and maximum error will be.

12

Context: Operations Research -> Database Technology -> Expert Systems ->
Knowledge Based Systems -> Knowledge Based Engineering -> Truth
Engineering



https://tgsoc.org/papers/

Methods - Undecidability

From Wolfram's book

Undecidability, 753-757
in algebra, 1138

of algorithmic randomness, 1067
of applicability of Baker's method.
1164

of axiom system correctness,
1170

in biology, 1138

in cellular automata, 1138

in chemical synthesis, 1194

in classification of CAs, 948

in combinatorics, 1138
compared to math impossibility
1137

of completion algorithms, 1037
in computer science, 1138

of confinement in QCD, 1062

of consequences of ultimate
theory, 1027

degrees of, 1139

density of, 1137

Diophantine equation with, 786
of entropy values, 858

of equivalence in operator
systems, 802

of equivalence of manifolds, 1051
of forcing of operators, 1172

in game theory, 1105

of halting problem, 1128
history of, 1136

vs. independence, 1159

in lambda calculus, 1136

in Mathematica, 1138

in mathematical logic, 1138
mentioned in psychology. 1136
in multiway systems, 779, 1136
in nature, 1138

a8 ot relevant fo nature, 1132

in operator systems, 815
of phase transitions, 1138

in physics, 1138

of P=NP problem, 1146

and proofs, 779

in quadratic Diophantine
equations, 1164

and quantum measurement, 1064
in recursive functions, 1136

and sets, 1138

of structure equivalence in
networks, 1045

of surjectivity for 2D GAs, 960

in symbolic integration, 1177

in tag systems, 1138

and three-body problem, 1138
in tiing problems, 942, 1139

of undecidability, 1138

of universality, 1127

of context-free language vs. NP completeness, 769 without universality, 734
equivalence, 1103 in number theory, 1138 in word problems, 1141

* Methods management can help.

« Peer Reviews and Risk management
have a place (quasi-empiricism).

* Approaches related to maintaining truth
will be relevant.

(L ooV

What is “undecidable” and how is this concept applied?

Wolfram has provided a reasonable list in his recent book. Wolfram’s view is that this
subject has not received the proper attention in Mathematics, for several reasons.

http://www.wolframscience.com/nks/index/u.html
Wolfram described two types of undecidability that he deals with in Mathematica.
*The time constraint helps limit the Turing machine non-termination problem.

*An iteration constraint handles neighborhood issues related to problems like a
fixed point search.

There are many other types that need to be considered in KBE.

For instance, a solution might be a converging series rather than an instance.
Generally, some choice can be made between otherwise equivalent entities in the
series.

But, such choices have topological factors about which there may have been
erroneous assumptions made.

This term will become important as knowledge processing expands in scope and
capability, as there are higher-order types of undecidability.

Undecidability is handled via decision, however the choices will less than optimal.

Adaptive approaches may have a different favor of undecidability than we see with
the human-in-the-loop framework.

13
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Content - Quality

+ Background

* Representation

* Methods

* Quality
* Evaluation Issues
* Computational Issues * We cannot know the quality beforchand
* Representation Issues (undecidability).

* Quality needs to be both measured (ex
post facto) and proven (a priori).

* Reliability will be dependent upon the
power of the quantitative assessments.

* Issues « Open-ness and closed-ness are important.

« Example Trades

* MSJO/Sfab/SOCS Example

@ﬂaflma'

Quality varies by context, is driven by data usage and measurement capabilities,
and affects representation and methods.

There are many examples of classic trades that exist between some quality
criteria.

One good example would be trades for a curve or surface (fit, continuity, and
footprint).

14
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Quality — Evaluation Issues C E

* Many times we have the necessity of human
vision and judgment.

* Human judgment (assuming it is well trained)
affords a broad evaluative set that can be
difficult to duplicate via automation.

* An issue is how to juggle conflicting
constraints dealing with the interplay of
‘cyber’ and ‘human’ spaces.

* ‘cyber’ implies autonomous decision processing
that can be trusted.

¢ even ‘human’ can be problematic when dealing
with difficulty and/or complication.

w

@Lﬂﬂflﬂﬁ'

Quality, in the sense of this presentation, is going to be a core issue for decision
processing for both the human-in-the-loop and the more autonomous element.

In the computational era, quality of methods imply management of external and
internal entities. One ongoing debate concerns the openness of a system to
review.

The types and kinds of openness of an external system will be clarified and
defined further.

15
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Exemple Computational Solution
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Quality must deal with computational issues.

There is no guarantee that internal systems are open, in the sense that the
understanding of a system is not limited only by how it is expressed or controlled.

That is, domain expertise embedded in an intelligent system may be both difficult
(deep understanding) and complicated (breadth and depth); this characteristic cannot
be managed away.

16
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Acquisition error

* Undecidability starts early due to black
box processing of the data prior to our
seeing it in applications.

* Our application algorithms/heuristics

Exnggerated exnmple

Blue - unfiltered data
Magenta - linear filter
Yellow - least square filter
White ~ MSJO based

want good behavior in the derivatives.
* Solid modeling expects C2.
* Anyone for C*?

Derivatives  least square, COTS. MSJO/SOCS

Blue - data
Magenta - first derivative
Green — second derivative

@aaflﬂa'

The capture/acquisition step has a direct tie to Quality.

One key element will be lifting to awareness the processing that data goes
through, especially if the data represents real, physical phenomena.

In this example, the derivative charts (especially the 2" derivative — green)
show improvement from left to right (least square, COTS, MSJO/SOCS).
Transitions in the 2" derivative from the MSJO/SOCS example (rightmost
chart) indicate real physical occurrences.

Quality can be driven by the representation and method requirements.

Methods based upon manifold processing require at least C2 continuity. Lesser
continuity can cause problems with algorithms/heuristics.

The MSJO/Sfab/SOCS approach provides C¥ continuity. The method also
allows outlier points to be dropped thereby producing a much better set of
statistics.

17
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Quality — Example Trades

« Fit and smoothness are classic
trades (inversely correlated).
* Table on right shows fit similar

by approach.

« Colors on left illustrate subtle
varying radii.

« Colors on right show continuity
properties.

+ One way to handle
undecidability is to not care
about subtle differences.

* Applications set the pace for
what’s important, in part.

* But, need to remember certain
types of decisions.

deq patches  far

Algol 5,5 3 0.00253
Algo2 5.5 36 000267

@ﬂﬂf]ﬂa-

One good example would be trades for a curve or surface (fit, continuity, and
footprint).

Being ‘faithful’ to real-world data many times means a discontinuous representation
that can have an influence on methods.

If continuity is the goal, then the fit to the data needs to relax.

Given the quality measures for analysis and supporting decisions, there are
techniques/data patterns that can be uncovered/exposed that help to more
significantly organize the system.

The net effect is a much less random, more constrained/solution based state.

There needs to be a balance between the relationship of surface fit tolerance to
overall data noise, segmentation to overall continuity, and curvature rates/values to
boundary conditions.

Having a large constraint set can raise difficulties. One practice removes what’s
called non-trivial differences from scope. However, at any point, the ‘trivialness’
can change, thereby throwing undecidability into the picture.

18
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Content — MSJO/Sfab/SOCS

* Representation
* Methods
* Quality

* MSJO/Sfab/SOCS Example « Utilizes Phantom Works Sfab/SOCS.

* Sufficient to have small set of interior
points with only approximation of boundary.
* Also continuum of boundary control from
* Boundary strong ignore 1o strong constrain.

* Overview

* Comparative Analysis

* Issues

@pﬂf/ﬂﬂ‘

MSJO works with several types of data requirements which included:
» design/analysis models at several stages in the life-cycle;

* sampling/measuring models/techniques related to representing physical
parts;

* experimental models associated with calculating physical properties
(materials).

MSJO integrates the Phantom Works Spline Toolkit with rules expressed using
ICAD in the CATIA v4 environment.

Work has started to apply CATIA v5 Knowledgeware in the KBE process.
This MSJO example uses optimization at its core.

Additional work has been done to apply the evolutionary approaches, such as
genetic algorithms.

19
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MSJO/Stab/SOCS - Overview

=
%

« Sfab algorithm, Phantom Works.

* Optimization (SOCS).

* Robust regression.
* Heuristics by MSJO.

« Interior point handling, placement

and filter.

* Boundary handling, constraints.

* Flow control, constraints.

« Analysis.
« Point set can be sparse or full of errors.
» Point set can be large.
* Decimation available via spatial or
convolution filtering.
* Allows control data base. Geometry
* Has supported research into Parameters
demonstrating undecidability and how to
handle.

@_ﬂﬂf]ﬂﬂ'

One of the Methods slides showed a process of stepping from points to NURBS
using intermediate geometry. A mesh is built to points. The mesh is then
converted to a polygonal surface. This surface is then converted to the appropriate
quadrilateral view.

This example shows going from points bounded by curves without the intervening
steps. There are many cases where this approach might be preferred.

MSJO/Sfab/SOCS can handle data that has either noise or error.
MSJO/Sfab/SOCS implements control using SOCS.

A technique also allows points that are out of tolerance to be dropped out of the
solution search. This facility removes outliers from the problem and provides a
more accurate set of statistics.

The setup may provide a set of boundary curves that may or may not be accurate
and interior points.

Parameters can be applied to both the boundaries and the points.

MSJO/Sfab/SOCS iterates point-parameter pairs through the optimization using
SOCS reverse communication feature.

Details available upon request.
http://www.boeing.com/phantom/socs/
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MSJO/Sfab/SOCS — Comparative CO®E
Analysis

Surfaces from points
Method  patch count

(udeg X vdeg) /

Surfacer 288 (3x3)

ICEM | (4x4)
ICEM 1 (6x6)

MSJO Sfab 63 (3x3) \

* The goal includes single
surface that fits with good
properties.

« Early look at Surfacer and
MSJO/STb/SOCS Deviation Analysis MSJO/STb/SOCS Gaussian
stddey

ICEM Surf. Filtered: 0.064" max, 0.00002 avg, 0.0084 st
« MSJO Sfab/SOCS example
includes boundary control.

* Clear example of trades and
the need to handle them.

@aﬂflﬂa'

Many reverse engineering goals can have multiple constraints, such as the
following:

esingle surface (or minimal set of surfaces)
eminimal deviation relative to the filtered points
*no curvature reversals

*minimum segmentation

eless than 0.001 inch position continuity and

eless than 0.05 degree tangent continuity between adjacent
patches/segments.

Shown for this case is one solution by Surfacer, two by ICEM Surf, and an
MSJO/Sfab/SOCS fit.

Each of these solution is an example of the effects of the related trades.

Balancing multiple quality-criteria will continue to be the norm in geometry and
knowledge processing.
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MSJO/Sfab/SOCS - Boundary

Boundary - weak constrain  Boundary - strong constrain
Boundary conflicts with interior. Boundary drives good solution

* Four positions on a
continuum demonstrated. * *
+ We don’t know a priori Problematic Good

which of these will work.

Boundary — weak ignore Boundary - strong ignore
Boundary conflicts with interior. Interior points drive to good solution.

@aaflﬂa'

In the context of using points with bounding curves, all the data might not have
the same weight in fidelity.

MSJO/Sfab/SOCS allows the option of either constraining the boundary or
relaxing the boundary, by degree.

When the data is good, then constraints are in order.

If the interior data is believed over the boundary, the boundary needs to be
ignored.

These two examples are illustrative of a much larger set, dealing with boundary
versus interior information.

Some trades can be known a priori and played out. Others are only known at run
time.
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Issues - A Few

* Quality/fidelity « Interactive/background
* Representation/algorithm/heuristics * Manual/automation
* Data * Visualization/explanation
+ Coarse/fine = Verification/Validation
* Acquisition/post processing « COTS/In-house
* Maintaining links between what is * Black/clear box
represented and how it is represented + Difficult/complicated - Domain
* Working elements, transforming to + Open-ness/closed-ness
proper stature for use. + Adaptive/optimization

+ Undecidability (no 20-20 foresight)

« Several issues will need to be balanced.

* We need to apply a “quasi-empirical” basis.

« This list is not complete.

* The items are not in weighted order by priority or
other criteria.

@paflﬂa'

The presentation looks at Background, Representation, Methods, Quality, and
one example from MSJO/Sfab/SOCS.

At several points, there are references to related issues. This slide pulls these
together.

In the operational mode, issues can be handled using trades. That implies the
making of decisions by resources.

Issues raise costs. They are particularly troublesome in computing.
An automated process trying to eliminate issues must deal with undecidability.

The prowess of the computer to guide itself will be become increasingly
interesting.

Our work will be to determine the appropriate amount that will be necessary for
us to apply for control of the situation.

http://www.wolframscience.com/reference/notes/1136d
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