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Abstract

We briefly describe Archimedes 2, a second gener-
ation assembly planning system that both provides a
general high-level assembly sequencing capability and,
for a smaller class of products, facilitates automatic
programming of a robotic workcell to assemble them.
Because Archimedes can imput CAD date in several
standard formats, we have been able to test it on a
number of industrial assembly models more complex
than any before attempted by automated assembly plan-
ning systems. These experiments, and our interaction
with industrial manufacturing engineers, have led us
to a number of conclusions about the state of assem-
bly planning research, and our own future directions in
particular.

1 Introduction

Modern electromechanical products have more
parts, of diverse types, designed by geographically sep-
arated designers, assembled into less space and de-
signed faster than ever before. Ensuring that these
products can be assembled, serviced, and disassembled
efficiently and reliably is thus presenting growing de-
mands on designers and manufacturing engineers.

Computer-aided assembly planning techniques pro-
mise to address these problems, by providing engineers
with software tools to automatically analyze assem-
blability, systematically explore alternative assembly
schemes, and facilitate the design-to-manufacturing
transfer. Responding to this need, the last decade has
seen an explosion in computer-aided assembly plan-
ning research (see, e.g., [11]). Significant advances have
been made in both theory and practice, and a great
number of experimental systems have been built.

In this paper we present Archimedes 2, an assembly
planning system designed to allow preliminary appli-
cations of assembly planning in industry, while solidly
supporting further research in planning techniques.
Archimedes 2 can be considered “second generation”
for several reasons [17]:

e It is a descendant of Archimedes, an earlier proof-
of-concept assembly planner [31].

*This work was supported by Sandia National Laboratories
under DOE contract DE-AC04-94A1.85000.

e It was consciously designed to take advantage
of the lessons and techniques of earlier assembly
planning research.

e It is written in C and C++ for efficiency and com-
patibility with industrial computer systems, and
it takes input from industry-standard Computer-

Aided Design (CAD) packages.

The system quickly and automatically generates
geometrically-valid assembly sequences for a wide
range of assemblies. For a more restricted class of prod-
ucts, 1t determines plans that optimize a given cost
function, graphically illustrates those plans with sim-
ulated robots, and facilitates the generation of robotic
programs to carry out those plans in a robotic workcell.

We have been able to test the system on a num-
ber of industrial assemblies, directly using CAD mod-
els provided to us by the companies that designed the
products. We believe these assemblies are more realis-
tic and more complex than any that previous assembly
planners have been tested on, and give us new insights
into some of the critical problems facing our work, and
assembly planning research in general, in order to be
of practical use.

In the next section, we give an overview of the com-
ponents of the Archimedes 2 system. We use this
overview to structure our discussion of prior art, de-
scribing for each component previous research from
which we have borrowed, or that sheds light on our
choices. We then present experimental results of the
system applied to industrial assemblies. Finally, we
conclude with a discussion of limitations specific to our
approaches and system, as well as more basic problems
that we believe all assembly planning systems will have
to address in the future.

2 Archimedes 2

The Archimedes 2 system can be seen as a sequence
of modules, each viewing the product at a greater level
of detail and supplying more detailed assembly plans
and designer feedback than the previous one. At the
top 1is the design module, which captures and repre-
sents the geometric, mechanical, and other information
about the product required for analysis. The design
module only requires design consistency; it does not
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Figure 1: The architecture of Archimedes 2

apply any manufacturing constraints. At the bottom
is the robotic workeell; all details must by definition
be present in the assembly plans executed there. The
architecture of the system 1s shown in figure 1.

Using industry-standard languages for portabil-
ity, maintainability, and compatibility with industrial
users was a primary focus in writing Archimedes 2.
The design module is written in Pro/DEVELOPUY, and

integrated with the Pro/ENGINEERU CAD package,
while the illustrator is implemented in CimStation us-
ing SIL. The rest of the modules are written in C4++,
using ACISU as a solid modeling kernel and OpenGL
for on-line animated output.

Due to space limitations, the various modules must
be described at a high level. We refer the reader to
more detailed descriptions (ours or others’) of the un-
derlying methods where possible.

2.1 Design module

Currently under development, the Archimedes de-
sign module will allow a user to model the geomet-
ric and other aspects of a product necessary for plan-
ning. In the past, the auxiliary (non-geometric) in-
formation has for the most part been available on fi-
nal drawings, but not in a computer-accessible form.
Built on Pro/ENGINEERU, the design module cur-
rently supports detailed weld and adhesive specifica-
tions, with part and assembly geometry handled by
Pro/ENGINEERD. Other part attachment informa-
tion (such as snapfits, interference fits, and threaded
attachments) will soon be supported. The design mod-

ule can translate the geometric and auxiliary data
into ACISU for input into the downstream Archimedes

planners. In some cases, data from other ACISU-
compatible CAD systems is used by entering the aux-
iliary data by hand.

The auxiliary information the design module cap-
tures is a standard feature of assembly planning sys-
tems. Bourjault’s liaisons [3] and Ko and Lee’s mat-
ing condilions [18] are early examples, while Homem
de Mello’s relational model [12] is probably the most
comprehensive view. Work on CAD standards such as
PDES/STEP [15, 22] promises to standardize repre-
sentations for much of this information.

2.2 Geometry engine

The geometry engine accepts ACISH assembly mod-
els and auxiliary data, and determines geometrically
valid part-level assembly sequences. These sequences
consider only the geometric blocking constraints be-
tween the parts and/or subassemblies to be mated at
each step. The geometry engine finds part—part con-
tacts automatically from the CAD data, then con-
structs a non-directional blocking graph of the assem-
bly [35], to quickly identify important directions of mo-
tion and subassemblies. Single translations and twist-
ing motions are used to mate parts.

The contact-finding routines employed are rela-
tively straightforward and derived from [33]. The
non-directional blocking graph can be seen as a
geometrically-complete extension of Wolter’s assem-
bly constraint graph [36]. A graphics workstation’s
hardware Z-buffer is used to quickly find collisions be-
tween complex facetted models, a method similar to
but much faster than ray-casting [10].

2.3 State-space planner

This module calls the geometry engine to find ge-
ometrically valid part motions, but applies additional
constraints in its search for an optimal assembly plan.
It only allows vertical assembly, adds subassembly
reorientation operations when required, and enforces
laser weld site accessibility. The planner performs an
A* search [29] over the space of linear assembly plans
(i.e. each operation places a single part in a subassem-
bly) to find the best plan according to a user-specified
optimality criterion. The state-space planner also sug-
gests simple assembly fixtures designed using boolean
subtraction. The resulting assembly plan can be out-
put to the illustrator or the workeell.

A* and AO* search techniques are standard in as-
sembly planners (see for instance [20, 36]). The state-
space planner currently implements two typical opti-
mality criteria, minimizing the number of robot tool
changes [13] and subassembly reorientations [36].

2.4 Illustrator

The illustrator simulates assembly plans in robotic
workcells. It takes as input a description of a workcell
and fixtures, the CAD model of the assembly, and an
assembly plan. The output is a detailed simulation of
the robot executing the plan. Educated guesses are
made to fill in missing plan details such as gripping
points on the parts and part feeding locations. The



resulting plan illustration allows workcell designers as
well as assembly designers to visualize the assembly
workcell in operation, and could support detailed anal-
yses of cycle times, etc. We are unaware of previous
work 1n this area.

2.5 Translator

Finally, the translator compiles assembly plans into
V+ code to execute in the Archimedes robotic work-
cell. Required details such as fixture locations and part
gripping offsets are retrieved from a workcell-specific
database. Desired relative part locations and approach
directions, as well as the sequence of mating opera-
tions, reorientations, and welding operations, are de-
rived from the input plan. The workcell program uses
a library of intelligent robotic routines to identify, lo-
calize, acquire, orient, and mate parts and subassem-
blies.

The translator uses skeleton strategies for assembly
operations, much like those used in AUTOPASS [21]
and LAMA [25]. More ambitious systems for generat-
ing robotic code automatically for assembly plans and
operations include Handey [23] and SPAR [14], which
for instance plan regrasping operations and explicitly
reason about uncertainty.

2.6 Workcell

The Archimedes workeell i1s centered around an
Adept 2 robot. Two robot-mounted cameras provide
part recognition and localization. A tool changer al-
lows use of multiple grippers, including suction and
parallel-jaw types. A specialized flipping device is used
to grasp and reorient parts and subassemblies. A tray
for parts presentation and end-of-arm tooling are cus-
tomized by hand to each product assembled; in addi-
tion, modifications to the automatically-designed fix-
tures are usually required.

3 Experiments

Speaking generally, the design module and geome-
try engine are capable of operating on a large class of
electromechanical assemblies, and have been applied
to a number of them obtained from various sources.
The state-space planner and translator are targeted to-
ward creating detailed linear assembly plans for a more
limited set of unidirectional assemblies, and have only
been applied to one example so far. The illustrator
lies in between: it is capable of illustrating any plans
created by the geometry engine or state-space planner,
but its detail and realism are greater for unidirectional
assemblies.

3.1 The pattern wheel

The pattern wheel, shown in figure 2, is a subassem-
bly of a discriminator (see the next example, although
a different design). The pattern wheel was a main ex-
ample handled by the original Archimedes system [31],
and as such was our first target. The pattern wheel has
13 parts, assembled unidirectionally, and is fastened
together by laser welds.

The pattern wheel was modeled, with detailed weld-
ing specifications, in the design module, and translated

to ACISU format. The state-space planner then de-

Figure 2: The pattern wheel assembly

termined an assembly plan for the pattern wheel in a
total of one minute. Since assembly reorientations and
robot tool changes are by far the slowest operations in
the workeell, the optimality criterion given to the plan-
ner minimizes the number of these operations in the
plan. The resulting plan was illustrated in a simulated
workcell, and the plan was automatically translated to
V+ code. The resulting robot program was executed
in the workcell to assemble the pattern wheel. Laser
welds were not performed automatically; instead, pre-
welded subassemblies were substituted in the workcell
when the program specified a laser weld.

To date, the pattern wheel is the only assembly
which has exercised all modules of Archimedes 2.

3.2 The discriminator

A discriminator is a mechanical safety device de-
signed to prevent accidental operation of a system.
The A-PRIMED Project [7] at Sandia chose these de-
vices to demonstrate processes and technologies for ag-
ile product design, development, and production. The
discriminator in figure 3 has 42 parts described by ap-

proximately 12 Mb of PI‘O/ENGINEERD data. To
date, only the design module, geometry engine, and
illustrator have been applied to the full discrimina-
tor. Reading in the models, finding all the contacts
between parts, and determining a single geometrically
valid part-level assembly sequence for the discrimina-
tor takes the geometry engine thirty seconds. This
plan uses two non-linear assembly operations (i.e. each
operation merges two nontrivial subassemblies) and
includes all welding specifications. The resulting se-
quence can be output directly to the illustrator, which
animates 1t in a model of the A-PRIMED robotic work-
cell. We are currently attempting to apply the rest of
the Archimedes modules to the discriminator.

3.3 The Rockwell assembly

This assembly is a circuit board in a case, a rela-
tively simple assembly mechanically, that is currently
in low-volume production at Rockwell International.
During 1ts assembly, however, a number of tight ac-



Figure 3: The discriminator

Figure 4: The Rockwell assembly

cessibility questions arise, requiring difficult choices in
assembly ordering. The assembly has 78 parts includ-
ing all fasteners and hardware (the circuit board is
modeled as a single part), modeled by about 8 Mb

of Pro/ENGINEERU data. Only the geometry engine
has been applied to the Rockwell assembly; it produces
a part-level assembly plan with several non-linear as-
sembly operations in 67 seconds.

3.4 Other assemblies

The geometry engine has successfully planned part-
level assembly sequences for several other assemblies.
These include a subassembly of a fuel pump from Cum-
mins Engine, a seeker assembly modelled in a CAD
benchmark at a major missile systems company, and a

No. of ACISH Planning

Assembly | Parts Data (Mb) Time (sec)
Pattern Wheel 13 0.5 9
Fuel Pump 36 3.6 32
Discriminator 42 4.1 30
Seeker 70 6.1 123
Rockwell 78 3.2 67
Actuator 109 4.5 45

Table 1: Archimedes geometry engine planning times
for various assemblies. To calculate ACISU data size,
the data for each distinct part is counted only once,
regardless of the number of times that part appears
in the assembly. Planning times given are to load in
the pre-facetted data, identify all contacts in the as-
sembly, and find a single geometrically valid part-level
assembly sequence.

locker actuator from NASA/Lockheed. Table 1 sum-
marizes the planning times required for these assem-
blies. Due to confidentiality agreements with the sup-
plying companies, we cannot show more about these
examples.

Interested readers can retrieve color pictures of the
above examples, animations of sequences, illustrator
output, and video of the robotic workcell assembling

the pattern wheel on the World-Wide Web.!

4 Discussion

Collectively, the Archimedes team has a great deal
of experience with automated assembly planning prob-
lems and techniques, and with industrial expectations
regarding these capabilities. In general, we have found
that computer-aided assembly planning methods are
quite difficult to apply to real-world problems at the
current time. We discuss some of the lessons we have
learned below, as well as their implications for fu-
ture research in assembly planning. While discussed

Thttp://www.sandia.gov /2121 /archimedes/archimedes.html



in terms of limitations in the current Archimedes sys-
tem, most of these are difficult issues not addressed
adequately by any assembly planners to date.

4.1 Missing constraints

Several types of plan details are entered by hand
in the current system, including gripper design and
grasp planning, fixture design, and motion strate-
gies for part mating. Gripper design, grasp plan-
ning, and fixture design are closely related areas, and
have been widely studied for holding single parts (see
e.g. [4, 6, 16, 27, 30, 32]). However, stability of
and holding assemblies has received much less atten-
tion [26, 38], and these methods are for the most part
not ready to be applied automatically. Similarly, re-
search in automated fine-motion planning [8, 19, 24]
has yet to find practical application. But the most
important, and unaddressed, question is how to suc-
cessfully integrate these techniques into the assembly
planning process, where constraints flow both ways be-
tween the sequence and the tooling and motions used
to accomplish it.

4.2 Search

The A* search algorithm currently employed in the
state-space planner quickly becomes impractical when
more than a small number of parts are present. We
have not decided how to address this problem, but it
is clear that optimality will have to be sacrificed, as for
instance in [B].

Another limitation with the search strategy in the
current system 1s that planning only proceeds top-
down: the system has no recourse when an assembly
sequence generated by the state-space planner cannot
be translated to V4 due to additional constraints (such
as the need to grasp subassemblies) that only appear
in the translator. The obvious solution is simply to
backtrack and generate another sequence, but this will
quickly become computationally impractical. Perhaps
better 1s to integrate these constraints into the initial
sequence generation; however, this does not answer the
question of how to structure a large system that must
include so many types of constraints.

4.3 Interactivity

Archimedes 2 includes little facility for user inter-
action. All user input to model the assembly and de-
scribe constraints is performed up front, in the design
module; this input only describes features of the prod-
uct itself. The system should allow designer-intended
assembly plans or plan fragments to be entered, and al-
low interactive choices of assembly plans later in plan-
ning due to manufacturing constraints unknown to the
programs. Methods to address these issues exist, but
are not perfect. They either require editing a huge set
of sequences [1], require constraints to be specified in
advance [2, 9], or only apply to certain geometric de-
tails [34]. Techniques that allow an engineer to richly
and fully participate during the planning process are
needed.

4.4 Non-geometric data

Several types of data are not typically captured in
CAD models of assemblies; yet are critical to assem-

bly planners. Often the information is called out on
the final drawings (like weld sites), or implicit in part
IDs (screw threads), but not represented in computer-
accessible form. The design module captures some of
this information currently, and we are adding more
richness to our models. While it is straightforward
to add this capability to a modeler, data coming from
industrial users typically does not include the informa-
tion needed for planning. Creating auxiliary data for
industrial-size assemblies can be quite time-consuming,
and 1t would be preferable to have the information in
the model or derive it automatically (as the geometry
engine does for simple contacts).

4.5 Assembly modeling

This is related to the preceding item, but harder to
patch. In typical CAD systems today, assemblies are
modeled as individual parts, placed in their relative lo-
cations. This view of assemblies overconstrains certain
parts that are free to move when assembled. However,
non-monotone assembly planning would be required to
handle these freedoms; very few systems attempt non-
monotone planning [10], and it is known to be com-
putationally intractable [36, 28]. This way of modeling
assemblies also causes inconsistencies for parts that de-
form when assembled—interference-fit parts intersect,
and springs intersect with other parts—and often for
threaded contacts as commonly modeled (cylinders at
the outside of the male threads and the inside of the
female threads). These inconsistencies in the assembly
models cause severe problems for collision-detection al-
gorithms.

This problem of inconsistent data for analysis is
not particular to assembly planning; many other types
of computer analysis, such as finite element methods
and automatic NC program generation, have suffered
from incomplete CAD data. In general, CAD systems
create data for certain purposes—generating drawings
was the first and still the most important purpose, but
automated analysis is coming into wider use. When
automated assembly planning presents sufficient value,
engineers will enter models accurate enough to enable
it. Work in PDES/STEP [15, 22] promises to make
representations of such information standard, although
in practical terms it will be many years before the crit-
ical assembly modeling capabilities of STEP are widely
available.

4.6 Level of planning detail

Several of the above paragraphs point to a funda-
mental difficulty in performing research in assembly
planning. Fully specified assembly plans must satisfy
many constraints and specify many details, ranging
from part accessibility, to stability and fixturing, to
fine motion plans, to the people or technology targeted
to assemble the product. A more aggressive definition
would also include factory layout and scheduling, in-
ventory control, and many other factors. In industry, a
detail in any of these areas might drive a choice of as-
sembly plan. Hence to be useful, an assembly planning
system must somehow enable generation of the “right”
plan according to all these constraints.

However, most of these are active areas of research
in themselves. Even if techniques existed to evaluate



them, constructing a system that integrated all the
constraints on assembly plans would be a huge effort,
and 1t 1s not at all clear how they should be structured.
Hence researchers in assembly planning are placed in
the uncomfortable position of trying to integrate many
not-fully-understood constraints, and yet produce use-
ful output.

Partly in response to these requirements, much as-
sembly planning research has focused on languages to
describe general assembly constraints (see e.g. [1, 13,
37]), often using precedence constraints, logical rela-
tions specifying partial orders of assembly operations
or states. While these languages might allow encoding
some constraints; it seems many manufacturing con-
straints will resist being efficiently expressed in them.
This leaves the twin problems of rigorously assessing
complex constraints and structuring the system in an
efficient manner unresolved. Future research in assem-
bly planning must either address these problems head-
on, or work in their shadow.

5 Conclusion

We have briefly described Archimedes 2, a second
generation assembly planning system that both pro-
vides a general high-level assembly sequencing capa-
bility and, for a much smaller class of products, facili-
tates automatic programming of a robotic workcell to
assemble them. Because Archimedes can input CAD
data in several standard formats, we have been able
to test it on a number of industrial assembly mod-
els more complex than any before attempted by auto-
mated assembly planning systems. These experiments,
and our interaction with industrial manufacturing en-
gineers, have led us to a number of conclusions about
the state of assembly planning research, and our own
directions in particular.
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