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Executive Summary
The Virtual Parts Engineering Research Initiative (VPERI), funded by the Army Research Office, focuses
on building frameworks, tools, and technologies for making engineered systems sustainable and
maintainable in the 21st century. This virtual engineering environment is intended to transform the
engineering process, thus supporting extremely fast turnaround times for urgent part supply needs. The
VPERI is in its second year of operation. Current participants include Hampton University, University of
Utah, Arizona State University, and SCRA/Northrop-Grumman.
In June 2003, VPERI held its annual workshop at the Design Automation Lab at Arizona State
University. The purpose of the meeting was two-fold:
1. to review and critique progress made on current VPERI projects
2. to formulate a vision of Legacy Systems Engineering and identify technology gaps requiring
future research
The workshop was by invitation only. Apart from current VPERI members, personnel from key industry
and government agencies were invited to attend this 2-day workshop. Most of Day 1 was spent in
reviewing the current projects. This was followed by industry presentations. The workshop attendees then
broke up into 4 discussion groups to assess technology gaps in each of the following areas: Geometry data
acquisition/reconstruction, Engineering analysis/re-engineering, manufacturing planning & part
production, and Product data acquisition, organization, exchange standards.
The VPERI research teams (Arizona State University, Hampton University, and University of Utah) have
demonstrated an example of reverse engineering of a legacy gear box.
The major findings and concerns of the discussion groups are presented in Section 3. Each of the 4
groups contributed to a detailed articulation of the ongoing needs for basic research (to overcome the
current technology limitations), and the development of several critical technologies. The lack of
compatibility of the disparate tools currently available, and the present obstacles to the integration of
“clever-point solutions” were emphasized as serious hindrances to advancing CAD/CAM capabilities. It
was also noted, that much needs to be done to implement an acceptable coupling of CAD and CAM.

Further information about VPERI can be found at:
http://www.cs.utah.edu/gdc/Viper/
http://dal.asu.edu/vperc2003/index.html
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BACKGROUND: LEGACY SYSTEMS ENGINEERING

The military owns and operates many complex electro-mechanical systems that were designed 25-50
years ago. Due to the cost of replacement, these systems may continue to be used for decades to come,
well beyond their intended design life. Continued maintenance requires spare parts but the original
manufacturers may no longer be around to provide them. A comprehensive plan is needed to determine
optimal strategies for prolonging the life of such legacy systems. Development of new technologies is
necessary to support this effort.
Re-manufacturing of replacement components must consider the following:
•

The legacy component or sub-system that needs to be maintained fits into a larger system; the
entire system cannot be replaced, so the replacement must interface with existing parts of the
system

•

Documentation about these components may be unavailable, incomplete or in a form not
compatible with the modern CAD/CAM systems that are need for cost-effective re-manufacturing

•

There have been significant technology enhancements in materials, manufacturing methods, and
analysis tools, since these parts were originally designed

•

The sub-component failure may have been caused by a flaw in the original design, or the legacy
system is being used in a manner unanticipated in the original design and for which the design is
unsuited

It is not likely that there will be a single best strategy for re-manufacturing of all legacy parts/subsystems. Would it be best to Reverse Engineer, Re-Engineer, or Re-Design the legacy sub-system or
component? There is a real need to develop a risk assessment for each of the three alternatives given the
level of info and the disposition of the part in question. Clearly, for a part that is severely distorted, worn
down, or welded several times, the probability of recapturing this initial design in the absences of any
technical data is poor. One must perform not only a technical assessment, but also an economic
assessment, a cost-benefit analysis, to determine the best strategy to employ. In such assessments, time
may be an overriding factor. A decision framework and decision support tools are needed for this task. A
high level view of Legacy Systems Engineering (LSE) maintenance is shown in Figure 1. For simplicity,
only an enumeration of the salient features of the three alternative strategies is depicted. In practice, the
process involves iterations, alternative sequencing, required versus optional steps, and the like.
1.1

Reverse Engineering

Reverse engineering involves producing as close a replica of the original part as possible. Incomplete or
unavailable documentation about subject components is the major hurdle to re-manufacturing. If 2D
manual drawings are available, they will need to be scanned and interpreted to produce CAD drawings.
Since CAM tools cannot operate on such drawings, they need to be converted into 3D CAD models.
Although commercial tools exist for both tasks, 2D CAD from drawings and 3D CAD from 2D, the latter
are less robust. If drawings do not exist at all, physical parts must be optically or physically measured to
acquire the data needed to construct 3D models. There are several commercial tools available to partially
support this process. However, if data is collected from used parts, the original dimensions involving
contact surfaces are not known because of wear and distortion. Also, knowing just the geometric shape
and size is necessary but not sufficient to reproduce the part. Material specifications, heat treatment,
surface treatment, surface finish and tolerances must also be known. Reverse engineering these
specifications poses some new research challenges.
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1.2

Figure 5: Manufacturing Process

Re-engineering

Availability of new materials, manufacturing methods, and CAE analysis tools can favor the choice to
improve the design, rather than simply attempting to replicate it. Motivating factors could be cheaper
material or production cost, lighter weight, higher reliability or changed requirements. Specialized
analysis tools, knowledge bases and databases are needed to facilitate tweaking the original design. In
deciding to pursue this path one must also account for development cost of re-engineering and consider its
trade-off with lower production cost, higher reliability, and related factors.
1.3

Re-design

In some cases, it might be better to ignore the original part altogether and to re-design it completely, or to
replace it with an equivalent contemporary device, if it happens to be a standard device (motor, bearing,
gear or gearbox, clutch, brake, motor controller, etc.) Before the re-design or substitution can be done,
the performance requirements and interfacing constraints must be extracted from the existing system.
Interfacing requirements include: space/weight constraints, mechanical/electrical connections, flow and
potential variables at the connections, signal types/magnitudes, and the like. If documentation is lacking,
part geometry, functional and material attributes, etc., may require physical testing of the existing system.
Re-design, which new technologies may favor, entails performing a cost-benefit analysis.
The Army has an increasing demand to build vehicle components near the point of need, especially to
complete a critical battlefield mission. A part that simply physically mates with its interface would often
get a stranded vehicle out of harm’s way. It would be better yet to have a quickly delivered, fully
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functional, OEM equivalent. Manufacturing technology has advanced considerably in the past few years,
especially concerning powdered metal and lasers. Deploying such manufacturing capability in a C-130
transportable, expandable ISO-container is the primary goal of the Army’s Mobile Parts Hospital (MPH)
Program. This modular concept is coupled with a larger “Agile Manufacturing Cell”, which consists of a
network of machine shops ready to rapidly produce emergency parts at a moment’s notice. This concept
clearly relies on an advanced rapid communications network. The MPH program is all about readiness
and supports the Stryker Maintenance Concept in the overall Army transformation. Currently in R&D
Phase 2, this program is sponsored by Tank Automotive Research & Development Engineering Center’s
(TARDEC) National Automotive Center Group in Warren, MI. It was recently accelerated from
materials research to a rapid (November 2003) deployment of one (5-axis lathe) module to Southwest
Asia to build needed parts. While the eventual dream is to create an actual battlefield parts replacement
facility, first 3-D CAD/CAM data is needed before we can invoke this approach, especially for parts built
in a battlefield module or a machine shop.

Figure 6: a) Gearbox, b) Assembly Components

2
2.1

CURRENT VPERI RESEARCH REPORT
Gearbox Project - Newport News Legacy Part

In order to test out the analysis tools developed under VPERI, the collaborative team set out to reverse
and re-engineer an actual legacy system, the gearbox shown in Figure 6 a. This gearbox exhibited several
attractive characteristics, namely, 1) it required multiple manufacturing processes and involved redesign,
not just part duplication, 2) it was highly modular with simple, clean and well-defined interfaces to the
outside, and 3) the number of internal parts was relatively small (Figure 6 b). Through prudent redesign,
this part count was dramatically reduced. The replacement exercise was completed nearly entirely inhouse relative to the three participating.
The gearbox project provided a real world test for many of the research areas encountered by the VPERI
collaboration. Section 2.2 describes the measurement and preprocessing plans made by the researchers at
Hampton. Section 2.3 details our particular reverse engineering process that was applied. Section 2.4
describes the gearbox project in more detail and the process of re-engineering the gearbox with modern
CAD tools. Section 2.5 discusses many of the challenges in the gearbox project, as well as their
application to reverse engineering a full sized armored personnel carrier. Section 2.6 describes parallel
work on document and engineering drawing analysis. Section 2.7 details work by the ASU-Design and
automation lab. And Section 2.8 concludes with work on constraint databases in LSE. Section 4 goes
into the need and role of STEP in legacy systems engineering.
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2.2

Measurements and Pre-processing

There are several techniques available to acquire the geometry and dimensions from a part. Hampton
chose to perform manual measurements and used photographs to determine the dimensions of the gearbox
parts. Greater care was given in measuring dimensions of critical features (I/O shafts, bearing seats).
Hampton attempted to perform measurements without dismantling the assembly. Wherever possible
engineering experience was combined with empirical measurements for key ways, clearance spaces, and
the like. There is a danger of missing important features, because the significance of such features may
not be known at the time of measurement.
2.3

Reverse Engineering Flow

Maintaining significant legacy data systems and the process of reverse engineering are intimately
connected. For the task of maintaining an important legacy system, one is confronted with the formidable
task of producing a good, contemporary replacement component while relying heavily on data extracted
from a failed or outdated component. One may have to deduce the function for the undocumented,
nonfunctioning artifact. Moreover, some aspect of a design can appear to play no presently observable,
meaningful role as we imagine the design to perform. For a family of components, these enigmatic
features may be vestigial in character, or they may be present because of the function played in a sister.
In other words, some features serve no functional role at all, although there can be a good and rational
explanation in some more general context. These characteristics make this task necessarily interpretive,
occasionally speculative, but clearly based on domain knowledge and experience.
Ignoring the vast geographic
separation, Figure 7 describes a
reverse engineering process that
involves all three sites in a coherent,
seamless flow of data, information,
and artifacts. Input comes from
three sources, specifically, 1)
scanning a physical artifact with
lasers
or
other
applicable
technology, 2) analyzing drawings
for geometry and annotations, and
3) performing a variety of
engineering analyses to determine
appropriate
re-engineering
specifications in terms of the
intended current materials and
processes.
This is indicated
diagrammatically with the dashed
boxes at the top of the chart.
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Figure 7: Reverse engineering flow

The scanned assembly produces point cloud data, which in turn feeds both feature extraction and surfaces
extraction modules to produce a rough model. The rough model is used along with feature knowledge to
drive a Coordinate Measuring Machine (CMM) so that data can be refined considerably in accuracy as
well as validated with respect to local feature hypotheses. For example, the CMM can either confirm or
reject a hypothesis that a feature is a “through hole” or “pocket,” which might be a best guess provided by
scanning technology. The CMM can use a probe to determine the depth of the hole, or whether, in fact, it
is a through hole or a blind hole. Generally, the CMM can use the rough model along with a feature
hypothesis to dramatically refine the initial rough model. This represents a kind of progressive
refinement approach, where the rough model provides the navigation and hypothesis as input for a more
refined exploration with the touch probe.
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Having validated a high-level feature-based model with accurate coordinate measurements to support it,
we can then enter into a formal definition phase that puts out STEP for archival and procurement
specification purposes, as well as for directly driving an in-house manufacturing process (“Make”) or,
alternatively, an external acquisition (“Procure”) to present the replacement part at the Arizona Meeting.
Both of the alternative entry points of the RE flow use analysis, either to Analyze Drawings or to perform
Engineering Analysis on data abstracted from the available legacy system. Both of these analysis
modules feed into a Material Properties calculation and specification. Drawing Analysis can also feed
directly into the Surfaces Extraction schemes, where it becomes another source of information for
inferring a Rough Model. Similarly, if Material Properties can be extracted or calculated, they provide
additional information to contribute to the Refine Model stage.
The identified processes shown in Figure 7 were used to define and drive VPERI research directions, and
then spawn new efforts encompassing multiple research areas having importance in academics, industry
and government. We addressed research elements in the areas of data acquisition, data fitting, surface
fitting, feature extraction, drawing analysis, engineering agents, and automatic process planning schemes
similar to the approach built into the commercial project FeatureCam. At Utah, state-of-the-art data
acquisition techniques, including ladar scanning equipment, were used to produce a point cloud sampling
of the surface of the part. This data points were fitted using feature-based and freeform surface
algorithms developed through the Utah VPERI research. Drawings produced from the reverseengineering practices were provided to Hampton’s Data Conversion Lab to compile into STEP.
Engineering analysis came from the work at Arizona State. Throughout the undertaking we have
remained mindful of STEP standards and always identified and highlighted places where STEP could
serve as a carrier of key engineering information, and a technology that could provide cohesive and
compact data exchange format.
2.4

Re-engineering the Gearbox

The original device is a two-pass helical reduction gearbox made by Dorris Company of St Louis. It has a
38.9:1 reduction ratio and a rating of 4.5 horsepower at 1750 RPM. The gearbox housing is a single main
casting with a top cover plate. There is an input shaft with an integral pinion cut on the shaft, an
intermediate shaft with an integral pinion and a pressed on gear with a square key and keyway, and an
output shaft with a pressed on gear with a key and keyway. All of the shafts are supported by tapered
roller bearings. The first reduction pass had a 17-tooth pinion and a 108-tooth gear while the second pass
had a 16-tooth pinion and a 98-tooth gear.
The nonstandard gears used neither standard
addendum/dedendum ratios, nor a common diametral pitch (English units) or module (metric or SI units).
The original casting was finished machined by milling the two outer faces and the top cover plate surface
and machining the bearing surfaces that were straight bores. In addition, tapped holes were provided for
the top cover plate and a cover plate for each of the 6 bearings. There was no manufacturing date on the
data plate but judging from the style of the casting and other forensic indicators, the device appears to
have been designed about 50 years ago.
The gearbox was assembled by putting the gears inside the housing and pressing the shafts onto the gears.
The cone and roller part of the tapered roller bearing were then pressed on the shafts. The roller bearing
cups were then placed into the bores and held in place with the cover plates and a formed spacer wire.
Pressing the gears and bearing on the shafts while the gears are in the casing is a rather difficult assembly
operation. Disassembling the gearbox after years of use is an even more difficult operation.
The gearbox was re-engineered keeping all of the critical dimensions the same including the diameters of
the input and output shafts and the mount hole dimensions. So that it would fit in the same overall
envelope, the overall shape of the gearbox was approximately the same. However, for demo
convenience, the re-engineered gearbox was designed to weigh considerably less. The number of teeth on
the pinions and gears were kept the same so the gear ratio would be the exactly the same. For
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manufacturing simplicity, straight cut teeth were used instead of helical teeth. Except for the diameters of
the input and output shafts, the new gearbox was designed using metric dimensions.
The input pinion and gears were designed with a module of 1.75 while the output gears were designed
with a module of 2.25. This kept the center-to-center distance within approximately 1 mm of the original
specification. The face width of the input gears was reduced from the original 38 mm to 25 mm as the
input gears were over-designed in comparison to the output gears. Clearly the original input gears were
over designed because the housing was designed to accommodate different gear ratios. The high gear
ratio of the input gears of approximately 6.35:1 causes a relatively high torque load on the output gears
limiting the overall input power to the gearbox. With lower gear ratios, the permissible input power is
increased and the original design becomes better balanced. The face redesigned width of the output gears
was similar to the original. There was no data on the expected life of the original gearbox. However the
life of the re-engineered gearbox should equal or exceed the life of the original gearbox with at least
10,000 hours of life at full power before any expected problems with surface fatigue and an infinite
bending fatigue life.
To provide proper meshing, considering the small number of teeth on the pinions, non-standard
addendum/dedendum rations were used. The gear material was 4140 steel heat treated to approximately
57 Rockwell C (Rc). For the prototype, the teeth were cut using a wire EDM machine after the gears were
hardened. In this case, the input and output gears were extensively webbed to reduce weight.
The housing was redesigned to be machined from two half shells that are bolted together. For the
prototype, the housing halves were machined from aluminum plate. To produce the new design in any
reasonable volume, the housing could be cast in either aluminum or iron with only the critical surfaces
including the bearing bores, the mating surfaces, and the bolt holes being subsequently machined.
Standard ball bearings were used in place of the tapered roller bearings. In the redesigned gearbox, the
gears and bearings can be pressed onto the shafts individually, and then inserted into the gearbox housing,
followed by the half shells being bolted together. In addition to the press fit, the gears were fixed to the
shafts using a key and keyway in a manner similar to the original. We note, however, that a better design
option might have been to use splined shafts because this would improve the reliability and load carrying
capacity. For simplicity we chose to stay with the original solution.
With the new design, the number of seals is reduced from 7 gaskets and 2 shaft seals to 1 gasket and 2
shaft seals. Also, the total number of fasteners is reduced from 48 bolts to 16 bolts and the top cover plate
and the 6 bearing cover plates and spacer wires are completely eliminated. This represents a significant
benefit of the redesigned approach.
2.4.1

Re-Manufacturing

Manufacturing the housing halves was a relatively straight forward CNC machining task that presented no
unusual difficulty (see Figure 8). The material used was 2124-T851 aluminum plate, which was on-hand.
While several setups were required, the improved, updated design of the two halves permitted all of the
operations to be performed by simply holding the parts in a large machine vise. Therefore, no machining
fixtures were necessary to make the housing halves, a manufacturing advantage for the new design.
Manufacturing the gears was also relatively straightforward. The blanks were machined using a CNC
machining center from 4140 steel in a semi-hard heat-treated state (approximately 32 Rc) using
appropriate carbide insert tooling. All of the material removal for the webbing was done in this state.
Again all of the operations were done with the parts held in a large machine vise with no fixturing
required. Then, the blanks were heat treated to approximately 57 Rc and surface ground ensuring flatness.
The bores, key ways, and gear teeth were then cut, using a wire EDM, in a single setup, ensuring
concentricity of the bores with the gear teeth.
As a relatively slow process, EDM would not be used for production gears. However, it is possible to
obtain 1 to 2 micron tolerances using the EDM process, so it will make gears that are comparable to high
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quality ground gears. The gears and pinions were cut 6 microns undersize to provide running clearance
and allow for an oil film. This also provides an allowable tolerance for the bearing or shaft position of
approximately +/-16 microns. Using the standard ABEC 1 bearing tolerances for both, the bearings were
pressed on the shafts using a slip fit.
All 3 shafts were turned on a CNC millturn which allowed them, including the
keyway details, to be made in two
setups on a single machine.
The
material used for all of the shafts was
4140 in the semi-hard heat-treated state
of approximately 32 Rc. As the input
and intermediate shafts had integral
pinions, it was necessary to heat treat
the input and intermediate shafts to 57
Rc. Because there is commonly some
distortion during heat treating, the shafts
were made oversize so that they could
be finish machined after heat treating.
Although it was possible to finish turn
the shafts in the hard condition and
obtain both a good finish and accurate
diametral dimensions for the bearing
Figure 8: Redesigned gearbox
surfaces, we had problems obtaining the
required concentricity. The shafts had
to be finished turned in two setups making it difficult to hold the shaft sufficiently straight in the second
setup to obtain the required concentricity between the two bearing mounting surfaces and the gear
mounting surfaces. Therefore, the shafts were remade and finish ground after heat-treating. The
grinding operation is done between centers in a single setup eliminating the concentricity problem. The
gear teeth for the pinions were again cut using the wire EDM where it was also necessary to build special
fixturing blocks to hold the shafts so that they could be centered and the teeth cut. For similar reasons,
the output shaft was also turned oversize and finish ground between centers in a single setup.
2.4.2

Other Design Options

The re-engineered gearbox closely followed the design of the original gearbox with two passes and the
same number of teeth on the gears as the original gearbox. However, the ratio of the original gearbox is
at the limits of good design for a two-pass gearbox. Both passes have ratios of approximately 6.2:1, so it
was necessary to cut the pinions integral with the input and intermediate shafts. The pinions had fewer
teeth than the minimum number of teeth allowed for standard addendum and dedendum. Although it
increases the part count, a three-pass gearbox would have allowed each pass to have a ratio of
approximately 3.4:1, which would accommodate a larger number of teeth on the pinions. Larger pinions
could have been made separately from the shafts and attached with a press fit and keyway, or using an
involute spline. Splines would make it easier to design a family of gearboxes with different ratios. For
compactness, a planetary or epicyclic gearbox could also be designed.
2.5

Data Acquisition, Processing, and Fitting

The goal of this research is to acquire digital models of physical artifacts. In order to respond to the needs
in the field, the objects are expected to be as small as a single part or as large as a tank. It is expected that
there is not a complete engineering package for the artifact. For some subassemblies, the only
information may be obtained from engineering drawings. Utah VPERI research on engineering drawing
analysis is discussed in another section. However, the research plan is to use data acquired from both the
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physical part and drawings to reinforce the quality of the reconstructed model. The Utah VPERI project
has done preliminary reverse engineering on an M113A armored personnel carrier (APC). The Newport
News Legacy Gearbox is used as a smaller, but complex assembly whose case is reverse engineered as
part of this project illustrates the surface-processing pipeline. It is reminiscent of that used in image
processing and computer vision. It moves from low level representations to successively higher level
representations. It incorporates user knowledge in cases where it is undoubtedly necessary.
One facet of the Utah research concerns automatic segmentation and grouping that can be used to
establish a hierarchical structure to the evolving digital reconstruction. Model fitting and organization
involve fitting higher-level representations, including those with semantic information, such as
mechanical features. Many mechanical parts and subassemblies have regions that can be well modeled by
compound mechanical features, thus some of our research is directed toward developing methods for
feature-based reverse engineering. Other regions require more sculptured surfaces, which are not dealt
with well in existing methods. If these regions are segmented out, they typically have odd shapes, holes,
or other features not accurately modeled using typical sculptured techniques. Another facet of Utah’s
research is directed towards this. Below, we briefly discuss research issues in each area.
Small, compact, objects.

Accuracy

E.g., Cyberware

Gearbox

Larger, complex objects,
e.g., vehicles, 5+ m.
E.g., Deltasphere

Convenience/speed/generality

Figure 9: 3D scanner tradeoffs

Figure 10: Data acquisition process

Figure 9 shows the tradeoff between accuracy against convenience, speed, and generality typical of 3D
range sensors. For small, carefully prepared objects, triangulating scanners produce accurate
measurements, but have limits in their depth of field, acquisition speed, calibration requirements, ability
to scan surfaces with certain reflectance properties, and in the size of the object. For example, vehicles are
too large for platform based scanners. While the copious yield of small polygons captured using these
devices gives accurate data, their direct CAD use is minimal and thus they must be interpreted in the
context of what one knows about engineering intent for the recovered model.
In this project Utah is examining some of the technical issues surrounding scanners that produce data for
larger models, such as vehicles and buildings, for which other technologies, such as Ladar (laser radar)
are appropriate. They provide better depth of field and are often more robust with respect to surface
properties, but they are inherently noisier, and have similar issues with calibration, registration of multiple
scans, occlusions, and sensor dropout (See Figure 12).
Several scans are taken from different points of view. Scans were taken in the evening because there was
too much ambient radiation during the day (in sunny Utah!). Each scan captures different aspects (views)
of the APC (See Figure 11). All have some degree of occlusion, dropout, and noise. Registration is
difficult since the exact position from which each scan was taken is not known. That is, a GPS on the
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scanner would not provide accurate enough positioning. Thus there is a need for more precise data-driven
registration.
One of the goals of the research at Utah is to semi-automatically register (combine) multiple scans to
produce a complete data set as if from a single scan. In previous work, Whitaker and Gregor [5]
developed methods for registration of complex, noisy data sets. The results do not rely on
foreground/background separation, an assumption that is common in other methods. Figure 13 a. shows
the registered incoming scanned data. Each color represents the data from a different scan. Then a
triangle mesh is reconstructed. The techniques presented in Whitaker [6] and Tasdizen and Whitaker [21]
have been used. The techniques are based on an estimation framework, but instead of fitting a few
parameters, fit a deformable model, even allowing for severe discontinuities.

Sensor Dropout

Noise

Occlusions

Figure 11: M113 APC

Figure 12: Acquired data

Figure 13: a) APC - multiple registered scans, b) Triangulated mesh fit to unified data set
This reconstructed mesh is not a suitable representation for the use in CAD systems because it is not
segmented into subassemblies or parts, with each component fitted as a parametric entity. To achieve
the first goal, Utah’s research uses a modified watershed approach, common in image processing, applied
to the mesh to achieve hierarchical segmentation. Current research is focusing on feature quantification
using an interactive technique for selecting thresholds and desirable regions.
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2.5.1

Model Fitting

The second stage is to fit the model with higher-level representations. One approach for sculptured
surfaces is to perform a least squares fit to the (relatively) denoised data. There are still research issues
here, including, developing automatic methods for the nonlinear problem of iteratively parametrizing the
data and obtaining best fits under changing parametrization (cf. O’Dell and Cohen, [8]). When the data
has missing parts, holes, or the surface is trimmed to odd shaped regions and is not suitably approximated
by a tensor product NURBs surface, this approach is inappropriate. The user must manipulate and modify
the data. Utah’s research goals are to develop techniques that fit trimmed NURBs surfaces to the
segmented data developed in the earlier stage of the process. Where appropriate, Germain [9] offers
another method using a feature and constraint based approach. In feature-based reverse engineering, the
data cloud is segmented and fit based on high-level features known to be appropriate to the genus of the
part. By bounding the optimization with specific constraints the resulting part is forced to conform to
properties likely to have been intended during the design of the part. Figure 15 is an example of the types
of constraints needed and the results of the approach.

Figure 14: a) Gearbox - 6 registered scans, b) Registered point cloud (preliminary result)

Figure 15: a) Original part, b) Specifications of constraints, c) Features determined by method
Tying the two approaches together is necessary since many mechanical parts and assemblies were
designed using feature-based and freeform surfaces. For this reason, the model fitting approach is
demonstrated on the cover plate of the gearbox, shown in
Figure 16. One can see the irregularity of holes, missing data, and roughness of rounded corners. While
the goal might be to fit a single NURBs surface to the basically rectangular shape of the cover plate, data
degeneracies obviate that solution. The boundaries are irregular and data is missing in subtractive feature
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regions. Leaving 12 holes and a protrusion in the scanned data from the internal 13th bolt, the cover plate
was scanned separately from the entire assembly, so the 12 fasteners (bolts) could be removed. Due to
the marring and deterioration of the surface finish, the data from the scan was poor.

a) Noisy data,

b) Extracted features, c) Extruded features, d) Fitted surface, e) Trimmed model
Figure 16: Fitting Progression

The 4 corners are rounded, so a tensor product surface cannot fit those regions well, making it necessary
to extract trimming curves. This means all feature based interior profiles like, holes, pockets, and slots,
and exterior profiles involving irregularities must be computed first. To create these curves, we first
extracted the data boundaries of the polygonal model, both holes and boundaries, while disallowing
spurious “holes” found in regions of missing data caused by dropout. Germain’s approach, modified for
this example, was used for the feature and constraint solution. During the feature fitting phase,
constraints were asserted to force the opposite boundary sides to be parallel, the 4 sides to be coplanar,
and the holes and corner radii to be equal. The fitted feature model is shown in Figure 16 c with all the
holes the same size, opposite sides parallel, and the corners’ arcs coplanar and of the same radius.
Our least-square based spline approximation technique requires a parametrization of the data points and
the knot vectors for the surface. However, even under ideal conditions, these methods can fail. This is a
theoretical principle that obtains when the missing data, holes in the data, or trimmed away regions are
“too large” relative to the fitting requirements. Developing techniques that can still lead to a good
solution in the included regions is a current research focus. Figure 16 d shows the NURBs surface that
was fitted, and reveals a bulge where the 13th bolt is. The red curve is where the constrained external
boundary curve meets the surface. To trim the surface by all the features, the features are first extruded
into surfaces and then the fitted NURBs surface is made into a trimmed NURBs surface by clipping it
against the extruded feature surface. The final result is shown in Figure 16 e.
In contrast, another standard method for fitting would have broken the surface into a system of surface
pieces so that boundaries would have occurred along the edges of the holes. That method would require
significant manual specification of the patch boundaries, data segmentation into proper data for each
patch, and patch matching for smoothness across the boundaries. Even then, because the data had errors,
and the representations for the holes would not have really been truly circular with identical radii, and
higher level knowledge/constraints would have been absent (e.g., the parallel boundaries).
2.5.2

Research Directions

This research is aimed at developing techniques for semi-automatic surface reconstruction from
acquired data, an important part of reverse engineering and re-engineering. It is broad in its scope and
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aimed at recovering information from both scanned drawings and geometry acquired from ladar
scanning. The geometry demonstrated here includes the following open issues:
•

registration, filtering, and segmentation

•

de-noising for fitting

•

simultaneous surface and feature constraint solution, and

•

extending trimmed surface optimization

Utah’s research is focused on developing solutions for each of these problems individually, while
concomitantly ensuring the critical characteristic that the solutions obtained work together.
2.6

Engineering Drawing Analysis

2.6.1

Introduction

We have been developing a framework within which multiple agents cooperate to analyze scanned
images of engineering drawings. While our main focus has been on extracting dimension annotations
from CAD drawings, our method can also be applied to form processing. The basic ideas behind our
approach are to explore a large search space nondeterministically, and exploit structural constraints for
rapidly pruning the search space.
Leaving drawings unsatisfactorily analyzed, most extant systems exhibit brittle performance when applied
to real world image sets. See Tombre[10] for an overview of the field, Kanungo et al. [11] for insightful
commentary, and Bapst et al. [12] for an approach related to ours. They propose a system for Cooperative
and Interactive Document Reverse Engineering (CIDRE). Its major features are that it
•

is human-assisted

•

provides automatic inference of document models

•

has a cooperative, multi-agent architecture

•

explores the search space concurrently

•

commits to an interpretation only when confidence is high, and

•

provides for local revisions of belief

Our approach is called the NonDeterministic Agent System (NDAS), which shares some of CIDRE’s
philosophy. However, as the authors of CIDRE note: “one of the main drawbacks in [their] proposition is
the present lack of a high-level reasoning language that can express intelligent behavior.” In our view this
can be addressed by exploiting structural constraints in the underlying document and through feedback
mechanisms to reinforce paths that lead to successful interpretations, thus controlling the combinatorial
growth of the search space. See Swaminathan [13] for details on the NDAS approach as applied to
technical drawing analysis.
2.6.2

Nondeterministic Agents

NDAS is basically a blackboard system with a set of independent agents, each with some particular
expertise on an aspect of the analysis problem. In addition, there are agents that monitor the form
analysis as it proceeds and give feedback to reinforce successful results
An agent is a persistent, never terminating process that runs autonomously and independently; it has state
(assertions and relations memory); communicates (via message passing); can sense relevant input or
conditions; and can act to analyze or create information. For more complete accounts, see [14,15].
Consisting of cooperating agents, an agent architecture is good for decision making with flexible
intelligent processes embedded in it.
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image analysis agents
We explore the use of NDAS to
Image Analysis
achieve a better way to perform
technical
drawing
analysis.
Nondeterministic agents explore
alternative parts of the solution
token producing agents
space
simultaneously,
and
contribute to the final result which
derives from only a subset of the
simultaneous work. We explore
nondeterminism in this problem
parsing agents
Structural Analysis
domain
since
deterministic
systems
typically
make
irrevocable
decisions
(e.g.,
threshold selection) that eliminate
Figure 17 NDAS agent organization
possible solutions. The technical
drawing problem domain contains many factors that vary with the particular drawing such as thresholds,
text fonts and size, noise levels, and the like. This variation makes it attractive to explore the possible
solution space dynamically and in a breadth-first way. We demonstrate this through the design and
analysis of the NDAS system and provide experimental results in support of the claims. (See [13] for
more detail.)

Rule 1: form := A + B + C
A

[side(A,1)=side(B,3); len(A,2)=len(B,2)]
Rule 2: A := box
Rule 3: B := box1 + box2
[side(1,3)=side(2,1);

len(1,2)=len(2,2)]

Rule 4: C := box1 + box2 + box3

B

[side(1,3)=side(2,1);

len(1,2)=len(2,2);

side(2,3)=side(3,1);

len(1,2)=len(3,2)]

C

Figure 18: Box example
2.6.3

Form Structure and Constraints

Forms may be described in terms of the layout and relations between the logical parts of the form.
Several methods have been previously proposed to perform document structure analysis and to identify
form classes. E.g., [16] describes a document analysis system to analyze forms from the French social
services department (les Allocations Familiales). Wang and Shirai [17] discuss a bottom-up approach that
segments boxes, line segments and text into components, determines spatial relationships between boxes
and text, and separates text from lines that touch or overlap, and give several examples of removing lines.
Ha and Bunke [18] demonstrate good results from model-based analysis and understanding of checks. In
testing 50 types of forms, Arai and Odaka [19] perform background region analysis and extract box
regions. Storing forms efficiently, Tang and Lin [20] show how semantic information can be acquired.
We have done a number of detailed experiments on the analysis of technical drawings [13], and
performed an initial study on analysis of document forms where the initial results are encouraging.
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2.6.4

Conclusions and Future Work

We have demonstrated that the NDAS approach combined with structural pruning methods can be very
advantageous for the analysis of technical drawings. Here we have presented some preliminary data on
the application of the NDAS approach to document form analysis. A coherent analysis is performed
which allows for a wide range of form structures as well as the possibility of exploring the large search
space necessary for a robust result. The next steps include developing a more comprehensive document
form model, performing more in-depth experiments on a wider class of documents, and investigating
feedback mechanisms from higher-level analysis agents to the image analysis and structural parsing
agents.
2.7

Re-design / Design Automation

Instead of attempting to manufacture an exact replica of the original gearbox in terms of materials and
dimensions, it could be re-engineered and potentially improved by using knowledge of latest
manufacturing capabilities, materials and analysis tools. Old components may be worn down making it
difficult to get exact dimensions; materials used, heat treatment, surface finish and tolerances may be
unavailable. Also, making a “dumb” copy of the original may result in duplicating the same flaws as the
original design. An alternative is to re-design the gearbox completely by incorporating a completely
different device to perform the same function or replacing it with standard off-the-shelf and custom
components.
Re-engineering and redesign entails acquiring functional specifications and interfacing requirements.
ASU-DAL’s parametric design shell was used to demonstrate domain knowledge archival and use in
redesign. It allows one to add domain knowledge in the form of algebraic equations between variables
which represents engineering knowledge of the functional behavior of the components, physical laws that
govern the behavior, spatial arrangements, and the like. After the addition of this knowledge, designers
use it to define the particular design problem in terms of key variables and design objectives. Then, the
shell provides mechanisms that enable designers to ascertain that the functional requirements are fulfilled
and helps designers to explore alternatives by assisting in design changes.
A summary of the gearbox redesign procedure is provided here. Schematic diagram Figure 19 a
illustrates the configuration of the 13 different gearbox components. There are 2 pinion driving gears, 2
driven gears, 3 shafts (input, intermediate, and output), and 3 pairs of support bearing. Figure 19 b
illustrates the solid model geometry obtained after using the design shell. Knowledge regarding each
component and its interactions are now briefly explained.
Gear geometry, the pitch circle diameter, helix angle, etc., associates the power transmitted by the gear
with the velocity of the gear and the forces acting on the tooth. Causing bending and compressive stresses
in the gear teeth, these forces must be kept below appropriate material stress values. The same forces
subject the shafts to fatigue loading as a consequence of gear rotation. Hence, the endurance limit of the
shafts must also be estimated. Analogously, appropriate bearings must be sized and finalized considering
the loads transmitted by the shafts.
The above knowledge was used to create a “Gear Box Design” domain in the design shell. Using this
knowledge, key variables are selected, whose values the designer can choose for this problem. These
independent variables include material properties of gears and shafts, the endurance limit, compressive
strength, tensile strength, and ultimate strength; geometric details of the gears and shafts like the number
of teeth, diameter, gear width, and helix angle; and bearing parameters based on shaft diameters and
performance variables such as power transmitted. The shell, using the supplied domain knowledge,
calculates values for the design objectives, called measures of goodness, which include factors of safety
associated with shaft and gear as well as the life of the bearings used. Table 1 illustrates some key results
obtained using geometric data from the actual legacy system gears. Values assumed for the analysis are
width and yield strength, while the teeth and bending FOS indicate the measures of goodness for the
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design. Table 2 illustrates bearing data used in analysis together with actual commercial bearings that
match those requirements. Using the ASU Design Shell it took 8 hours to build the knowledge base, and
each new case design takes approximately 2 hours, at the end of which one has a CAD model of the
components or specs for standard parts.
Table 1. Gear data
Component
Gears

Pitch Dia
(inches)

Teeth

Bending
FOS

Width
(inches)

Yield
(kpsi)

strength

Input pinion

1.216

16

3.5

2.1

30

Input Gear

7.725

98

5.15

2.1

30

Output Pinion

1.408

17

1.2

2.5

30

Output gear

8.624

108

1.8

2.5

30

Table 2. Bearing data
Component
Shafts

Diameter
(inches)

Dynamic
FOS

Material
Endurance (kpsi)

Bearing basic NTN Series
load rating (lbf) Tradename

Input

1

15.6

18.4

18500

4T-M804000

Intermediate

1.25

57

18.4

18500

4T-M804000

Output

2.25

8.5

18.4

19900

4T-28600

2.8

Role of STEP in LSE: Database solutions to archive design data for design reuse

Mechanical engineering design data are mostly highly complex geometric data and composed of large
numbers of parts like a Boeing 777 engine which has approximately 30,000 parts. Design data are often
stored as paper drawings or in electronic files typically in the proprietary format of the originating CAD
system. Most of existing retrieval approaches are designed for case-based retrieval tasks. Case based
reasoning systems are designed to assist designers in accessing previous valid designs that satisfy or
nearly satisfy requirements, functions, or characteristics. Such systems rely on indexing techniques such
as generated design signature, memory based automated indexing, clustering, object-oriented approach, or
feature based. These approaches typically store design documents as files and provide an additional
structure to access the documents through the indexing of the entire file without offer finer granularity.
Indeed, the geometry of the design itself is generally not indexed and no direct access to the portion of the
geometry that satisfies the property validated by the index is provided.
The properties and characteristics selected for indexing design data has significant consequences. Indeed,
selected attributes constrain the level of expression in the retrieval phase. In general, retrieval approaches
are designed for a specific domain usage such as feature or material-driven retrieval. Not providing a real
query language, these approaches engender rather limited query interfaces that rely heavily upon
indexing. Retrieval queries usually are boolean expressions involving valued attributes represented
through the indices.
Limitations of the existing approaches for retrieval of mechanical engineering design include,
•

heterogeneous representations split geometric and non-geometric information

•

limited querying, to pre-computed annotations, rather than the design data (geometry) itself
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•

coarse retrieval of a whole file instead of access to components with interesting attributes

•

domain specific rather than generic retrieval approaches

•

lack of query language that supports complex queries as combinations of basic operators

•

inefficient handling of large data repositories

Pinion 1

Bearing 1

Input
shaft

Pinion 2
Gear 1

Bearing 2

Output
shaft
Bearing 3
Gear 2

a) Schematic Layout of Assembly

b) Solid model of assembly

Figure 19: Equivalent gearbox re-designed in DesignShell
Recent efforts towards a standard for mechanical design data representation led to the Standard for the
Exchange of Product Model Data (STEP). STEP expresses geometry and a variety of properties through
constraints. If STEP is the most accepted common representation, it remains insufficient to represent the
complex geometric, algebraic or topological properties most CAD systems generate. The most complete
representation of mechanical engineering design data thus remains annotated drawings and a variety of
CAD systems’ proprietary formats.
The limitations of technology using STEP can be characterized by their inability to exploit the complete
expressive power to model and query data, even if it relies on the use of constraints. They only uses STEP
as a representation to exchange data between systems. On the other hand, in a constraint database, data
are represented as conjunction of constraints. Constraint query languages have been proposed to query
such data and constraint-based architecture have been designed to answer such queries efficiently [1,2].
The use of the constraint database technology to model and retrieve mechanical engineering data could be
quite effective since it combines, in a STEP like fashion, constraint-based representation, retrieval and
optimization techniques. In particular, we claim that constraint database technology will overcome the
limitations of the existing mechanical engineering representation approaches for the following principal
reasons,
•

constraint data homogeneously support the uniform representation of both geometric and nongeometric design data properties by using constraints as a unifying formalism

•

constraint query languages provide expressive power in an homogeneous representation of
queries upon geometrical, topological, and descriptive design data properties by using the same
constraint-based formalism
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•

constraint query languages support the retrieval of not only design data satisfying certain
properties but also of the components of design data, satisfying the given property, thus providing
finer retrieval granularity

Besides the advantages in supporting a good representation format and highly expressive query
languages, constraint database technology can also improve the efficiency of archival systems for design
data. The aim of archival systems is to store and retrieve design data in a highly expressive yet efficient
manner. One of the main problems in designing archival systems is that often design data is stored in
different repositories and formats. The only way to access in a single view all parts of an artifact is by
integrating the underlying resources. The need for a flexible integration system that may expand easily to
new systems and data representations is made more significant by the flux of frequent corporate mergers
and by e-business that requires the integration of data.
Indicating their efficacy on data performance for archival systems, several optimization and indexing
techniques for constraint databases have already been developed. Moreover, in geographical information
systems (GISs), constraint databases have already proven successful in addressing problems inherent to
their lack of interoperability. Often GISs rely on internal representation of data, which is usually
proprietary, and on a set of ad hoc functions to express the spatial manipulation of a geometric
component. Currently design archival and retrieval systems suffer similarly.
Exploring how mathematically sound constraint databases, which have been studied extensively for the
past 10 years and have demonstrated their quality in the context of geographical and spatial applications,
can be employed in the context of mechanical design led to techniques for efficient query processing have
been developed in the context of constraint databases[3,4].
STEP models can be used in a constraint database. Current approaches for mechanical engineering design
retrieval usually represent domain specific proposals, providing a limited query expressive power and low
performance. The definition of STEP, a standard for mechanical design data representation, has overcome
some of these limitations by using a simple constraint-based formalism to represent design data. The
reasons why we recommend the use of STEP for the underlying data representation include:
•

STEP represents geometry and a variety of properties through constraints, so it well matched to
service this basic need for a retrieval and archival system for mechanical engineering design data

•

STEP is widely used by the community

•

STEP with its constraint-based data representation is suitable for constraint databases

•

constraint database technology can enhance storage and retrieval of design data with advantages
discussed above

For further VPERI information: www.cs.utah.edu/gdc/Viper/, dal.asu.edu/vperc2003/index.html.

3
3.1

WORKSHOP RESULTS
Group 1 for Geometry

As the geometry group focused on issues relating to data acquisition and model reconstruction for legacy
systems engineering (LSE), it considered the way things are currently done, what ought to be done, what
the product result should encompass, what elements are missing, and what research and development is
needed to address them. Past attempts to address these problems have focused on point solutions, not
coherent, easily applied, unified methodologies. Today we have an opportunity bring to bear multiple
technologies in a unified effort to make the whole LSE process more achievable, and supplant the current
patchwork of isolated solutions.
The group viewed the surface reconstruction pipeline, discussed in the Data Acquisition and Fitting
session, as an appropriate framework in which to understand and identify the desirable tools, techniques
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and technology for LSE. These should include 1) tools to help the human with the process at a higher
level, including ones that help capture shape constraints and even more, higher level features and domain
templates. Examples of this approach include engineering assistants and inference engines. 2)
Technology that can help resolve inconsistencies, thus shortening the process and helping to reconstruct a
better model. For example, information from old drawings can be inconsistent with the physical system as
well as inconsistent within the same drawing or set of drawings.
Further, two identical parts (or
systems) can have worn differently and be inconsistent with each other. 3) Support for the model
reconstruction process needs to augment and integrate multiple engineering representations. This would
enable engineers to superimpose and simulate these multiple requirements to assess their interactions on
each other. Such representations include those for geometric, structural, thermal, and manufacturing
analyses, as well as quantitative life cycle measures and wear. Depending on the number of systems
necessary and whether subsystems or parts can be purchased or must be custom fabricated, the
manufacturing analysis may lead to several different possible processes.
While it is necessary to augment and integrate multiple engineering representations, in the shorter term it
is acceptable to have formats or data representations that can be used across multiple, and ultimately, all
engineering disciplines. An example would be to have hooks in the geometry model for analysis
packages and for the manufacturing process. Much more than just geometry, the complete package
would thus include design intent, materials, dimensioning and tolerancing information, and
manufacturing knowledge. The adoption of certain standards should provide a framework for such
activity.
3.1.1

Assessment of Commercially Available Technology

There are many ways to acquire 3D data, including,
•

laser scanning based on triangulation, including those that return point, line, and area information,
e.g., Digibotics and Cyberware

•

ladar based on time of flight, e.g., Deltasphere

•

photogrammetry, e.g., camera systems (ATOS)

•

Computer Tomography (CT) for interiors

•

Coordinate Measuring Machines (CMM), which are exact but slow and can be manually or
programmatically driven, including systems based on touch, optics, and hybrid models

Often academic exercises rely on pseudo-random data and fail to consider the problems inherent in real
data from scanners, including degradation at discontinuities, occluded surfaces, registration error,
inaccuracies resulting from surface finishes effects like specularity, dirt, part wear, erosion, etc., and
systematic errors due to calibration or optics, etc.
Several commercial tools exit for constructing geometric models from scanned data, including:
Geomagic, Surfacer, and Paraform. Typically they assume accurate data and construct a polygonal mesh
representation. Then each product has a module that can form a NURBs surface model from a polygonal
model. For the examples familiar to us, the models have been genus 0 (no holes) and the products have
been aimed at reconstructing a single part from the scans. The group was unaware of any commercial
product that can automatically segment the polygonal meshes they derive to form a system model of
several parts.
Another important part of LSE is the process of converting legacy engineering drawings into modern
CAD models and integrating it into the current representation for the system. There are service
companies available for this process and Hampton has a large activity engaged in remodeling drawings in
STEP 203 and 224. Unfortunately, this process seems to be more manually driven and so we must seek
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more automatic techniques. The team was unfamiliar with any substantive commercial systems available
for purchase.
Research into drawing analysis at Utah has divided the problem into two areas, the first aimed at
annotation extraction; the second aimed at geometry extraction. We believe the use of agent technology
along with techniques from the image analysis literature can provide more automatic methods.
The final type of legacy data discussed was legacy CAD data from discontinued systems like
ComputerVision or Prime, for which there is no conversion product.
3.1.2

Technology Gaps in Object Capture:
•

Acquisition from physical parts still needs
Devices and software for robust, accurate, multi-view, noncontact recovery, including
internal structure and large scale
Model construction technology to de-noise data, reconstruct models with holes,
reconstruct constraints and features, and help segment the model for part decompositions

•

Legacy conversion and integration
Drawing analysis to recover both annotations and geometry
Legacy CAD file conversion of annotations and parameters
Recovering design intent
Techniques for recovering features and constraints
Domain templates
Inference engineers for incomplete information
Augmentation and integration of multiple engineering representations

The group concluded that there are technology gaps throughout many of the tools, techniques, and
technologies used for legacy systems engineering. While there are several commercial products for
solving pieces of the problem, they are starting points, not destinations in the model recovery process.
3.2

Group 2 for Re-engineering, Re-design and Analysis

This group focused on issues related to extraction of design intent and functional specifications. It looked
at other domains where similar issues are considered in order to borrow methodologies from them. These
areas include:
•

Competitive Benchmarking - how others do this

•

Product Improvement by Evolution - problems with our current design

•

“Unauthorized” Copying - acquiring technology without co-operation from owner

•

Investigation of Failures/Accidents - reconstructing sequence of events that led to failure
Comparing LSE to these areas, the following similarities and differences were found:
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Table 3
DOMAIN

Availability
of
product
specs

Physical parts/
system
availability

Interfacing
Constraints

Legacy
Systems Eng.
Competitive
Benchmarking
Product
Evolution
Unauthorized
Copying
Failures
Investigation

Usually poor Variable cond. Major
Worn/pristine Consideration
Poor
Pristine
May not be
important
Excellent
Pristine
Possibly
important
Poor
Pristine,
not important
usually
Variable
Damaged/
N/A
missing pieces

Part Remanufacturing

Batch
Size

Time
/
Technology
lag

Required

Small

Large

No

N/A

None

No

N/A

Small

Yes

Varies

Varies

No

N/A

Varies

It is observed that LSE could use some of the same tools, procedures, technologies as some activities
listed in the Table 3 as well as those used in common everyday product development like CAD, FEA,
CAPP, etc. We need to discover the requirements for LSE not met by standard tools.
Much effort in Reverse Engineering has concentrated on extracting geometric data. Geometric data is
necessary but not sufficient for reverse engineering, re-engineering or re-design. We also need material
data, surface quality data, heat treatment, surface treatment, and precision data for tolerancing. Part
drawings may have this data but physical parts do not carry this information explicitly.
How can we get material information from physical parts? The direct methods are chemical and spectral
composition analysis, physical appearance observations, and microstructural exams using an electron
microscope or X-ray analysis. Alternatively, or in addition, one might guess the material by testing its
mechanical properties like standard hardness, tension, impact, fatigue tests, etc. Complicating factors are
micro-alloying, heat treatment, non-standard materials and surface treatments. Surface treatments cannot
be reverse engineering from used parts. The high cost of material testing implies that one must chose
carefully which properties should be tested and also know something about function and performance of
the device. Therefore, in most cases it would be better to determine the mechanical characteristics needed
and substitute a suitable material, rather than guessing what material was originally used. Material
characteristics are based on part function and failure modes. This again implies that domain expertise is
essential in determining what are suitable materials for given applications. Many commercially available
material databases allow one to browse, screen and select materials using limiting values of key properties
and property ratios. However, these databases are usually non-proprietary and contain only general
knowledge about applications for different materials. Archiving specialized domain knowledge within a
company does not exist in any formal sense.
To perform LSE it is important to understand the design intent and functional requirements of the
component that needs to be re-manufactured. Part geometry (from drawing, physical part) is insufficient
to understand function of a part unless it is a standard situation. We need to see it in its operating
environment and apply technical expertise relevant to that domain. A functional view of mechanical
systems is shown in Figure 20, adapted from VDI 2221. The overall function is decomposed into a
function hierarchy in which each function is satisfied by a physical principle combined with certain
geometry, material and motion into a working principle. All working principles are combined into a
working structure and embodied in the physical construction.
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Σ

OVERALL
FUNCTION
Decompose
FUNCTION STRUCTURE

F1

F2

F3

F4

F11 F12 F13

F21 F22

F31…F34

F5

Map each function to PE
PE1 PE2

PHYSICAL
PRINCIPLES
Combine compatible PE
with materials & motion
ME2

+

WP21

WORKING PRINCIPLES
Combine WP for
several related
functions

+ ME5
+ ME6

+

ME1
MATERIAL
CHARACTERISTICS

PE3 PE1 PE2

WP22

WP25

WORKING
STRUCTURE Manufacturing, etc.
consideration

WS_a

WS_b

CONSTRUCTION
STRUCTURE Combine sub-system
into a system

Emb1

Emb2

WP26

Figure 20: Synthesis by functions
Reverse engineering must take into account cost factors including functional analysis, product teardown,
measurements and test, and analysis for re-engineering or redesign.
Because of small batch sizes and tight delivery times, automation of these tasks is even more critical. The
question is which tasks still need to be automated.
Table 4: Technology Assessment
Capability

Current State of Technology

Faster generation of parametric models from Tools are available but not fast and not automated
point clouds
Interoperability of Engineering Analysis models

Many tools (FEA, CFD, etc) available but interoperability a major problem. STEP AP 209 is yet
limited to static structural analysis, not fully vendors
supported

Functional analysis of redesign criteria

No tools available

Catalogs of parts

Existing 2D catalogs, indexing problems; some 3D
search engines (geometry based); still emerging
technology

Linking
features

of

geometric

and

non-geometric Limited capabilities; needs more work

Specialized knowledge about part in question

Access to relevant knowledge

Failure modes DBs; specific parts/systems Need more tools; some available
analysis
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3.3

Group 3 for Manufacturing

The manufacturing problem deals with Defense Logistics Agency (DLA) legacy systems parts
procurement problem. Legacy systems procurement problems deal with parts with long lead times, small
lot numbers, and loss of original equipment manufacturers.
The present assessment includes the following challenges: utilizing suppliers and effectively isolating;
developing automation targeted at mass production; developing the capability for mass customization,
agile production, precise knowledge management; and the economic issues of modernization of
manufacturing providers.
Rapid prototyping is not generally ready for “prime time” production use. There is still much manual
work involved in using powerful NC production capability.
The technology gaps are as follows:
•

Lack of parts characterization or ontological data

•

Virtual Manufacturing tools needed

•

(Remote) Collaboration techniques, understanding, experience

•

Graphics environments for 2D, not adequate for 3D design – both hardware and software

•

3D input, manipulation, interrogation of models needed

•

Lack of integration

•

CAM software is more disparate.

•

Many small companies

•

NC description might be the description in a legacy part

•

Encapsulate knowledge

•

Separation of design info and manufacturing info

•

Vendors may need multiple CAD systems to generate CAM model

The expected products of this research will reduce cost of producing small parts, and rapid prototyping.
3.4

Group 4 for Product Data

The consensus of the Data Group is that while very significant capability improvements have surfaced for
generating and maintaining Product Data with the advent of the CAD/CAM/PDM industry as we know it
today; still, there is much room for improvement in providing support for the design and manufacturing
process. The major area of concern that surfaced is that far too much engineering analysis and premanufacturing set up time is wasted on data conversion.
The CAD/CAM/PDM industry is best characterized as a few domain players each trying to expand its
segment of the market through offering some unique leading edge set of product features and/or
capabilities their system provides relative to what the competition provides. However, once a given
CAD/CAM/PDM vendor captures a segment of the market, that vendor’s customers becomes somewhat
of a data hostage to this vendor’s unique representations.
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Table 5
Data / Issues

Exchange

Archive

Avail

Qual

Retrieval

Access

Geo

Good

Weak

Mostly

Poor

Poor

OK

Function

Weak

Weak

Not

Poor

Poor

Poor

Matl

Good

Weak

Mostly

Poor

Poor

OK

History

Not

Weak

Not

Poor

Poor

Poor

Param

Weak

Weak

Weak

Poor

Poor

Poor

Features

Weak

Weak

Some

Poor

Poor

Poor

Des Intent

None

None

Not

Poor

Poor

Poor

PDM/CM

Some

Weak

Some

OK

Poor

OK

RE data

Weak

Weak

Weak

Poor

Poor

Poor

The Standard for the Exchange of Product model data (STEP) is making progress in the area of
exchanging data among these disparate CAD/CAM/PDM systems. The central theme behind STEP is to
define various sets of generic computerized files that define and provide all the data needed to design and
manufacture a new product. These product files then serve as a medium for exchanging data among these
disparate competing CAD/CAM/PDM systems.
The STEP file also has a very important side benefit in that of serving as an archiving medium. Today
corporations, as well as the government, have archived data using a CAD/CAM format that is no longer
supported by any vendor. STEP’s central theme of maintaining upward compatibility with new releases
is in contrast to the typical CAD/CAM/PDM vendor’s policy of maintaining compatibility only 2-3
versions back. Consequently, a CAD/CAM/PDM user generally finds it necessary to spend a large
amount of time updating old product files to the new release version since new releases typically have
compatibility bugs. In this sense, CAD/CAM/PDM vendors do not really provide a long term archiving
solution..
STEP, also known as ISO 10303, is primarily being developed in the United States by PDES, Inc. PDES
is a consortium of large corporations, as well as CAD/CAM/PDM vendors. While the PDES
environment may not be ideal, it does have a good broad base of participation, which is needed to attain a
quality, widely accepted product. Additionally, other countries have similar broad based organization
supporting the STEP development effort,
The process of developing an ISO standard is a tediously slow one. Further, CAD/CAM/PDM vendors
may not feel the incentive to spend the necessary resources. Consequently, there are a number of STEP
Application Protocols (AP) that have attained ISO acceptance level, but there is only one major
mechanical AP implemented by CAD/CAM/PDM vendors and widely used today, namely, AP 203,
configuration control for 3D designs of mechanical parts and assemblies.
AP 203 provides a very robust mechanical part product model geometry transfer capability through its Brep structure, which can be used to drive numerical controlled processing. This provides a capability for
the OEM to design a part and then farm out the manufacturing of the item by transferring the geometry
via AP 203 files.. AP 224, on the other hand, has been designed to carry all the manufacturing and
geometry related data needed to manufacture cut parts, plus it uses time saving form features to generate
the geometry. However, AP 224 does not currently address all types of manufacturing processes such as
forging, castings, and others. The incompleteness of manufacturing of AP 224 has led many
CAD/CAM/PDM vendors to be reluctant to implement it within their CAD/CAM software.
STEP is also addressing construction history transfers among disparate CAD systems, which enables
transferring each model step placed on the CAD system construction tree plus any parametric
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relationships. Today, design collaboration within the OEM’s supply chain is attractive for lowering cost.
Collaboration is facilitated when each member organization has the design on a local CAD systems.
Either using construction history transfers or a common CAD system is a straightforward way of doing
this. The latter option tends to suppress competition.
In stepping back and taking a comprehensive look at STEP, one can observe that STEP is fundamentally a
sound idea. It has been moderately successful with a lot of APs being currently worked or completed, but
not necessarily being implemented. Until recently when Georgia Tech’s Robert Fulton came on line as a
heavy PDES participant, STEP has not enjoyed much academic help and acceptance. Students could be
very helpful support in the proof of concept and testing phase through partnering arrangements with the
PDES development community.
Although STEP dominated this group’s discussion, it is not a general panacea for all product data
concerns issues. Design intent and history is seemingly never adequately captured, if at all. Therefore,
when engineering staffs turn over through normal personnel attrition, corporate design memory also
suffers attrition. Present day PDM systems should be able to provide the basic repository for this type of
data, but research work clearly needs to done to help automate and facilitate this. The Army is, however,
making some progress in storing simulation proof of concept models.
Another area that calls for research concerns developing an automated comprehensive database for all
DoD parts that provides a rapid search capability for similar parts already being used with the DoD,
including vendor supply catalogs. This capability could facilitate an across the board parts
standardization effort that could save DoD considerable money in terms of providing larger, more
efficient production runs providing greater economies of scale. More importantly it could lead to huge
overall inventory reductions. Today parts standardization studies, if done at all, are primarily a hand
operation.
Last and probably most important is the problem of massive repository of raster drawings that resides on
the Army’s various Joint Engineering Data Management Information and Control System (JEDMICS)
data bases that needs to be efficiently brought into the CAD world. This problem will shortly be a critical
item to the Army’s Future Combat System (FCS) development effort. A large part of FCS consists of
legacy systems, many of which still have their tech data being carried on JEDMICS in the raster format.
FCS will be embracing the new maintenance concept termed “2-level maintenance” as opposed to the “4level maintenance” concept most of this legacy equipment was designed to accommodate. Therefore,
most of these legacy systems will require a significant amount of re-engineering to accommodate 2-level
maintenance and the FCS network add-ons. As a side note, FCS has been pegged as DoD’s largest, most
complex undertaking to date, so this area stands a good chance of receiving some support.
3.5

LSE Strategy Selection

Although this workshop did not specifically discuss strategy selection, economic factors, cost-benefit and
risk analysis, it was recognized that it is important to consider a combination of technical and economic
evaluations in LSE. To Reverse Engineer, Re-engineer or Re-design depends on:
•

How much information is known about the part

•

In what form is the data, paper, digital, physical part,

•

The cost of collecting additional needed information

•

Whether the part is standard or not

•

Whether the partly are urgently needed, quantity needed near-term and longer term

•

The degree of obsolescence of the embedded technology

•

The complexity of the part and its degree of coupling with other subsystems
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•

4

Whether to produce an equivalent part or an improved part

WORKSHOP CONCLUSIONS/RECOMMENDATIONS

It is recognized that LSE is typified by small batch sizes, short delivery times, high product variety and
incomplete information about design history, rationale and specifications. This combination of factors
makes LSE requirements and priorities different than those for conventional product development. These
factors also affect material selection and manufacturing methods. A high degree of automation of design,
simulation and manufacturing planning, as well as, task inter-operability are even more critical for LSE
than for conventional product development.
LSE from drawings: Current tools for converting electronic drawings into CAD solid models require a
high degree of user interaction and expertise. Research is needed to increase the degree of automation of
such tools. This effort may be aided by use of agent technology, image analysis techniques, and feature
recognition methods. The scope of conversion needs to be extended to include annotations, including
GD&T symbols.
LSE from CAD models: Part models saved as AP203 files or monolithic solids need to be parametrized
and featurized in order to redesign, analyze or do process planning. Tools must be developed to automate
this process based on domain specific paratmetrizations. Techniques for recovering features and
constraints are needed.
LSE from physical parts: Acquisition of geometry from physical parts still needs devices and software for
robust, accurate, multi-view, non-contact recovery, including internal structure at large scale. Techniques
for model segmentation and feature based inspection and surface reconstruction need to be advanced to
maturity. Faster ways to generate models from Point cloud to Parametric are needed; tools are available
but not fast and not automated
Extraction of design specifications: This area of LSE is in the most primitive stage and has received the
least attention, yet is critical to the success of LSE. In order to redesign or re-engineer, one must know
something about intended function(s), design specifications (kinematics, dynamics, energy flow, etc.),
material properties, heat treatment, potential failure modes and geometric tolerances. This requires
domain knowledge, some of which may be proprietary. Knowledge repositories do not exist in any formal
sense. This information is partially available on drawings (materials, tolerances, designer notes) but not
on physical parts or legacy CAD models. Material databases exist for screening candidate materials but
there is a need to produce such databases geared to specific domains and to add failure modes and
analysis methods. Vendors have put catalogs of standard parts on line but intelligent software is needed to
search size and select parts from multiple vendor sites. Developing an automated comprehensive database
for all DoD parts will provide a rapid search capability for similar parts already being used with the DoD,
including vendor supply catalogs. This capability could also facilitate an across the board parts
standardization effort, save money, and reduce overall inventory. To support generative redesign at a
fundamental level, catalogs of physical effects and working principles are needed for common domains.
To support variant redesign, digital design repositories are needed for use in case based design systems.
The key enabling technologies for the development of knowledge and design artifact repositories are:
function based ontologies, knowledge structures and Domain templates to support knowledge archival.
Tools/Technologies to support small batch re-manufacturing: It is assumed that a digital model has been
produced prior to re-manufacture. For LSE there are three special scenarios: emergency re-manufacture,
highly limited manufacturing processes, and small batch, possibly even a batch size of one. This implies
that many mass production processes, such as forging, casting and injection molding are less attractive.
Instead, processes like machining, SFF, and sheet forming might be preferred. Current CAM tools for
process planning, fixture planning, toolpath generation and virtual manufacturing are interactive, making
them very time consuming. These tools need to be made more intelligent and autonomous. Possible
technologies that can aid this effort are feature libraries, manufacturing knowledge, expert systems driven
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by manufacturing resource models. It is recommended that future CAM systems be based on STEP
AP224 input to facilitate data exchange between CAD and CAM systems for machining. The aim of LSE
re-manufacturing research should be to reduce cost and lead time of producing small batches.
Collaboration/Interoperability of models: Many STEP Application Protocols are available today to
support data exchange between various vendor systems and applications. However, other than AP203,
few vendors are providing translators to support other APs.
AP203: Currently this AP supports non-parametric geometric models without construction history for
single parts, not assemblies. However, design collaboration dictates the use of construction history
transfers. AP203 is in the process of adding construction history and parametric data. In addition, it is
recommended that features also be supported and standard definitions/structures be defined for the same.
As a side note, about the future of LSE, it is recommended that AP203 be used as an archiving medium in
DoD projects.
AP209: Highly sophisticated simulation tools for stress analysis, fluid flow, heat transfer, electromagnetics, etc. are available commercially today, but inter-operability is a major problem. STEP AP 209
is limited to data entities in static structural FEA; it needs to be extended to a wider range of engineering
analyses.
AP224: This AP contains machining feature definitions in explicit and implicit form. AP238, 240 also use
the same features. AP224 needs to be extended to other manufacturing domains, such as forging, castings,
sheetmetal. Flexible translators from AP203 to AP224 are needed that incorporate user preferences in
choosing between alternative machining feature decompositions. Re-formulation of this AP to alignment
with the new parametrics standard (Part 108) is also necessary to improve interoperability with the future
AP203 standard.
Other recommendations: Mechanisms to archive design intent and history should be incorporated into
PDM systems. Intelligent software is needed to index and search archived designs. The feasibility of data
mining this information from current CAD and PDM data could be investigated. Tools are also needed for
LSE strategy selection, Cost-benefit and risk analysis.
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APPENDIX : WORKSHOP AGENDA

5 June (Thursday)

0900 – 0915
Introduction
0915-1020
VPERI Projects
Review
1040- 1220
VPERI Projects
Review
1300-1320
1440-1450
Data Mangement
1510-1550
Industry Perspective
‘1610-1710
ASU Lab Tour

1710-1800
Future Vision

6 June (Friday)

08301030
Breakout
Sessions
(Parallel)

Welcome/Opening Remarks/ Introductions
Meeting Objectives
Research Review - Hampton/Utah Collaboration
0915 -Intro to Gearbox Project (NNLegacy Part)
0930 - Manual measurements – HU work before Utah
0950 - Reverse Engineering Flow
1000 - An Engineer’s Impressions
1040 - Data Acquistion, Processing, and Fitting
1110 – Engineering Drawing Analysis
1140 – Opportunities & Challenges
1150 – Hampton research – Raster files
1300 - Summary of Hampton/Utah Collab; Future
1320 - Exploiting Design Data: DB Perspective
1400 -Update on STEP - ISO 10303
1415 - Update on AP 224 and AP 240
1510 - Virtual Manufacturing
1550 - Reverse Engineering at GE
ASU Design Automation Lab – Software Demos:
1610 & 1640 Precision Engineering: GD&T tools
1625 & 1655 NC Machining feature recognition
1610 & 1640 Parametric Design & Analysis Shell
1625 & 1655 DfM Analysis Shell
1710 - Holistic view of Legacy Systems Engineering
1730 – Workshop Topics/Strategy

Shah, ASU
Hislop, ARO
Arnold, HU
Jagasivamani, HU
Riesenfeld, UU
Drake, UU
Cohen, UU
Tom Henderson, UU
Riesenfeld, UU
Jagasivamani, HU
Gnl. Arnold, HU
Lacroix, ASU
Freeman, SCRA
Slovensky, NGrumman
David Trees, John
Deere
Dave Henderson, GE
Shah
(Parallel demos,
ach presented twice)

Shah, ASU
Hislop, ARO

Working Group Discussions
Geometry data acquisition/reconstruction – Cohen, Chair
(3D scanning, surface reconstruction, 2D-3D conv, features/parametrization...)
Engineering analysis/re-engineering – Shah, Chair
(materials and tolerances, design automation tools, function and eng analysis...)
Manufacturing planning & part production – Arnold, Chair
(feature recognition, process selection & planning, DfM, manuf & inspection ...)
Data issues – Moeller, Chair
(Product data exchange, acquisition, organization, archival, retrieval)

1100-1200 Recommendations
1300-1400 Lab Tours

Plenary Session- Group Debriefs
Rapid Prototyping/PRISM (Farin) & Real-Time Inspection (Villalobos)
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