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Abstract

When assembling a product, humans, robots, and
other automation employ a variety of tools to manip-
ulate, attach, and test parts and subassemblies. This
paper proposes a framework to represent and reason
about geometric accessibility consirainis for a wide va-
riely of assembly tools. Ceniral to the framework is a
use volume encoding a minimum space that must be free
in an assembly staie to apply a given tool, and place-
ment constraints on where that volume must be placed
relative to the parts on which the tool acts. Determin-
ing whether a tool can be applied in a given assembly
state is an instance of the FINDPLACE problem [12].
In addition, we present more efficient methods to inte-
grate the framework into assembly planning. For tools
that are applied either before or after their target parts
are mated, one method preprocesses a single tool appli-
cation for all possible states of assembly of a product.
For tools applied after their targel parts are mated, a
complemeniary method guarantees polynomial-time as-
sembly planning. We describe experimenis with an ini-
tial implementation of the framework and a library of
seven tools.

Introduction

Important constraints on assembly plans arise from
the need to apply various tools to manipulate, at-
tach, and test parts and subassemblies. Tools in this
sense include a wide variety of implements, from screw-
drivers and hammers, to welders and bolt drivers, to
coordinate measuring machines and even human eye-
sight. In many cases process engineers find it diffi-
cult to determine tool accessibility for assembly opera-
tions without costly prototypes. This is especially true
in cramped spaces containing geometrically complex
parts that may interfere with the operation, such as
inside the engine compartment of a modern automo-
bile.

This paper presents a framework for representing
and automatically reasoning about the geometric ac-
cessibility of tools in assembly. The approach first clas-
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sifies tools by whether they are used before, during, or
after mating of the parts upon which the tools act. A
use volume encodes a minimum space that must be free
in a subassembly to apply the tool, and placement con-
strainis determine where that volume must be placed
relative to a canonical reference frame. A particular
application of the tool defines which parts the tool acts
upon and places its reference frame at the position of
required tool use.

Given this representation, a tool can be applied
in a given subassembly if and only if a placement of
its use volume exists that satisfies the placement con-
straints and collides with no parts in the subassembly.
This is an instance of the FINDPLACE problem [12].
However, a typical assembly planner will make many
queries about tool accessibility for a single tool ap-
plication. For tools that are applied either before or
after their target parts are mated, we give polynomial-
time algorithms to preprocess a single tool application
for all possible states of assembly. Moreover, for tools
that are applied after their target parts are mated,
we present an extension to previous assembly planning
techniques that guarantees polynomial-time assembly
planning with tools.

While limited to geometric accessibility issues, the
approach provides coverage for a wide variety of as-
sembly tools. We present a number of examples and
describe progress toward an implementation of the ap-
proach In an experimental assembly planning system.

1 The Problem

An assembly is a product consisting of two or more
parts; a subassembly is any nonempty subset of the
parts. An assembly plan for a product is a sequence
of motions and manipulations of the parts that trans-
forms the individual parts into the finished product.
Given a complete description of an assembly, assembly
planning is the problem of determining a feasible as-
sembly plan for it. We limit consideration to monotone
two-handed assembly plans, which consist of a sequence
of operations, each placing two rigid subassemblies in
their final relative positions. While not considered ex-
plicitly, our methods also apply to disassembly and ser-




vice plans.

Let a given use of a tool to affect a particular set of
parts be called an application of that tool. We assume
that each tool application fits within a single opera-
tion, i.e. it happens just before, during, or just after
a single mating of two subassemblies. We also assume
an unordered list of all tool applications required dur-
ing assembly is given as input to the assembly planner.
Then a tool-level assembly plan for a product is a se-
quence of part motions and tool applications that will
construct the product from its parts.

This paper presents a framework to answer ques-
tions of the form “Is there space for this tool to be
used?” There are many related issues regarding tools
that we do not address. Among them are the space
required for a human or robot arm to wield the tool,
how to choose the best tool among several that are fea-
sible, finding an optimal tool-level plan, how to design
new special-purpose tools for an operation, and design
changes that might allow a tool to be used.

2 Previous Work

Several previous assembly planners have addressed
problems related to tool constraints. For instance,
Homem de Mello and Sanderson’s relational model of
assemblies includes attachments, which correspond to
fastening operations [9]. Each attachment specifies the
other parts whose presence prevents the parts from be-
ing fastened, but determining which parts prevent at-
tachment is not addressed. Henrioud and Bourjault [7]
defer to an engineer to determine feasibility of attach-
ing parts, in some cases causing many hundreds of
questions to be asked of the engineer.

Reasoning about the effects and use of machine tools
is a well-studied problem (see e.g. [14, 15]). But in
contrast with assembly tools, machine tools are essen-
tially subtractive in their effect, and the constraints on
machining rarely if ever appear in the same form in
assembly.

An ambitious system to reason about tools was pro-
posed by Brady et al. [4]. The system was to recognize
tools from images, determine their uses analogically or
from first principles, and even design new tools auto-
matically. However, the project was canceled before
significant progress could be made.

Special-purpose planners have been created for cer-
tain tools. For instance, in [16] the position and ap-
proach path are planned for a coordinate measuring
machine. Determining visibility regions for a camera
(an assembly tool when used to facilitate or inspect an
assembly operation) has been widely studied (e.g. [11]).
Miller and Hoffman [13] describe an assembly planner
that requires access space above screws, bolts, and nuts
before they can be removed. However, the tests used
to determine access are only approximate, and it is
unclear how they could be used for other tools.

Experiments have been performed on the time hu-
man workers take to execute screwing, nut tightening,

Figure 1: An open-end wrench

and pop riveting operations under conditions ranging
from normal to obstructed access and restricted visi-
bility [3]. Diaz-Calderdn et al [6] present progress to-
ward automatically determining the difficulty of using
a screwdriver in a particular assembly operation.

In this paper we address geometric accessibility is-
sues for a wide variety of assembly tools in a single
framework. Our approach is based on now standard
configuration-space techniques introduced by Lozano-
Pérez [12].

3 Representing Tools

Our representation for tool constraints is divided
into canonical 1tools that are independent of any as-
sembly, and applications of tools in a particular assem-
bly. A canonical tool is defined by (1) when it is used
relative to the mating of parts, (2) a use volume that
must be free to apply the tool, and (3) placement con-
strainis on where the use volume must be located. A
list of canonical tools available to a particular system
is called a tool library. This section describes canoni-
cal tools in more detail; the next section describes tool
applications.

We will illustrate each piece of the representation
with a simple open-end wrench, shown in Figure 1.
Section 5 gives other examples.

3.1 Relative Time of Application

Tools have very different characteristics depending
on when they are applied relative to when parts are
mated in the operation:

Pre-tools are applied strictly before the parts are
brought together. The best example is a glue gun
that is used to apply glue to one part before mat-
ing it with another.

In-tools are applied while the parts are moving rela-
tive to each other. Examples include a wrench or
screwdriver, or a jig used to guide one subassem-

bly.

Post-tools are applied after the parts have been
mated. Testing, inspection, and many fastening
tools such as welders and riveters are common ex-
amples.

Which of these sets a tool belongs to is called the tool’s
relative time.




The criteria to determine whether a tool can be ap-
plied in a given operation vary depending on the tool’s
relative time. Pre-tools need only be feasible to ap-
ply to one of the two subassemblies Sy or S; mated in
the operation, while post-tools need only be feasible in
the resulting subassembly S = S; U S;. In-tools are
the most complex case, since they must be feasible to
apply to S; and Sz under a particular relative motion.

Because of the complexity of reasoning about in-
tools, it is often desirable to approximate them as
post-tools or pre-tools where appropriate. In fact, the
wrench example (Figure 1) is one such case. Although
the wrench is employed while the bolt is moving, we
instead represent tightening the bolt as if it does not
move during the process, i.e. as a post-tool. Subsec-
tion 3.4 discusses this issue in greater depth.

In some cases a single tool might be usable at dif-
ferent relative times. For instance, a glue gun might
be used to apply glue to a part before mating it with
another, or after the parts are mated. We consider
these two ways of using the same physical tool to be
two distinct canonical tools.

3.2 Use Volume

We represent the spatial constraints on applying
tools as problems of placing certain volumes in the as-
sembly. The first and most obvious volume to consider
is the tool volume, which is the spatial extent of the
tool itself. For some tools, the tool volume is all that
needs to be free in an assembly to apply the tool: to
spot weld two parts with a laser welder, only the space
occupied by the welder and laser beam must be free of
obstructions.

However, many tools must be moved when in use.
Let a tool’s use volume be a minimum volume that
must be free in the assembly for the tool to be applied.
For pre- and post-tools, a intersection-free placement
of the use volume must exist in a subassembly. For
in-tools, the use volume must be able to move rigidly
with the inserted subassembly, colliding with no parts
of either subassembly.

For many tools the use volume is the space swept
out by the tool as it is applied. One use volume for
the wrench in Figure 1 is the volume swept out as the
wrench turns a bolt § turn, is raised off the bolt, re-
turns to the original orientation, and is replaced, ready
for another turn. A two-dimensional projection of this
use volume is shown in Figure 2a. This is the minimal
space that must be free in the assembly for the wrench
to tighten a bolt in the standard way.

If more than one possible use volume exists for a
tool, we treat each as a distinct canonical tool. For
instance, another use volume for the wrench is swept
out as it turns the bolt 1—1._,- rotation, flips over, turns
another -1-15 rotation, and returns to its initial position
(Figure 2b).

The use volume is usually only a subset of the space
required to apply a tool; for instance, the use volume
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Figure 2: Some use volumes for the wrench in Figure 1:
(a) a §-turn swept volume, (b) two L-turns

for the wrench does not include the space to bring the
tool into the assembly or that required by a robot or
human arm. Hence the use volume represents only
a necessary condition for tool application. A motion
planner could be incorporated to plan approach and re-
moval paths for tool and wielder once a position is cho-
sen for application (e.g. [10]). Alternatively, a larger
use volume could include these constraints, becoming
a sufficient condition for tool use, but it would over-
constrain assembly plans.

3.3 Placement Constraints

A tool’s placement constrainis specify the valid po-
sitions of the use volume such that the tool can be
used effectively. For instance, a screwdriver’s tip must
mate with the screw head, and its axis must be close
to vertical over the screw. The placement constraints
are given relative to a canonical reference frame; each
tool application locates that frame relative to the parts
that the tool acts on.

In the simplest case, the tool use volume must be
placed at a completely specified position relative to
certain parts of the assembly. For instance, a laser
spot weld must be welded by a beam normal to the
welded surfaces. The beam is rotationally symmetric,




so the position of the laser is fully specified.

On the other hand, many tools have some freedom
in the placement of their use volumes. The wrench’s
use volume must be placed such that the center of the
wrench jaws aligns with the axis of the bolt, but it can
be placed at any angle around that axis. If a tool’s
placement constraints leave m degrees of freedom in
placing the use volume, then we say that the tool is an
m-DOF tool. For instance, the laser spot welder above
is 0-DOF, and the wrench is 1-DOF. Note however that
tool degrees of freedom refer to the freedom of placing
the tool use volume, not to the motion of the tool itself.
If the laser welder did not need to be perpendicular to
the welded surface, it would be 2-DOF, even though it
would still not move during use.

3.4 Choice of Relative Times

There are several situations when tools are repre-
sented with a different relative time than the obvious
one. For instance, a bolt or nut moves very little while
being tightened, and the height of the wrench is al-
most the same at the start of tightening as at the end.
In addition, our representation of in-tools requires the
use volume to move with one subassembly throughout
the operation, whereas the wrench can disconnect and
reconnect with a bolt. For these reasons, we represent
the bolt-tightening process as applying the wrench to
the bolt in final position, i.e. as a post-tool.

In-tools are the most difficult and expensive tools to
reason about, while post-tools are most efficient (see
Section 6). Hence even when the in-tool moves rigidly
with one subassembly, if the use volume is constant
for all mating trajectories (for instance when only one
mating trajectory is possible), then a post-tool repre-
sentation is often better. This is the case for a vertical
screwdriver: although it moves rigidly with the screw,
the space it requires in the assembly is always the same
because the screw always follows the same trajectory.

4 'Tool Applications

This section describes a tool application, which gives
the position and timing of a required tool use in an as-
sembly. A single tool might be required many times in
a given assembly; one tool application must be spec-
ified for each. Together with its canonical tool, an
application gives all the information necessary to de-
termine when the tool can be applied.

4.1 Target Parts

An operation requiring use of a tool is called a target
operation for the tool. A tool application specifies tar-
get operations by means of a target part set, which is
a subset of the parts of the assembly. A target opera-
tion is any operation that brings all of the target parts
together in a single subassembly (possibly including
other parts) for the first time. To be more precise, an
operation mating subassemblies S; and Sz to make a
larger subassembly S = S; U S is a target operation

for a tool with target part set T if and only if

TCSANTZLS \TZS:. (1)

This condition is equivalent to Homem de Mello’s de-
termination of when an attachment is activated [9] but
generalizes to non-attachment situations.

The most common target part set consists of two
parts, where the tool is used to fasten the parts to-
gether. For example, a target part set for the open-
end wrench might be {bolt,parti}, where the wrench
is used to tighten bolt into partl. Welding, screw-
ing, and gluing operations also apply to two parts in
most cases. However, target part sets often include
more than two parts, such as a subassembly testing
or inspection operation. In most cases parts that are
not being tested may be present in the subassembly, as
long as they do not interfere with the test.

For pre-tools and in-tools, some additional informa-
tion is required. For pre-tools, this identifies which of
the two subassemblies involved in an operation the tool
is applied to. For in-tools, it identifies which subassem-
bly the tool moves with. We implement this as a pri-
mary part P, which must be a member of T'. Whichever
subassembly includes P is the identified subassembly
for the pre-tool or in-tool.

4.2 Application Frame

The application specifies where the tool must be
used by placing the tool’s canonical reference frame
in the correct position and orientation relative to the
assembly. We call this relative position the applica-
tion frame. The placement constraints of the tool can
be transformed by the application frame to get the
real constraints on the use volume in this application.
For example, an application frame for the wrench must
place the origin of the canonical frame at the base of
the head of the bolt, with the positive z-axis pointing
out of the bolt head and parallel with the bolt’s axis.

5 Examples

The previous sections have contained some example
tools and descriptions of how their accessibility con-
straints might be represented using the above frame-
work. Here we present additional examples to further
illustrate the framework.

Open-End Wrench A wrench can be applied at an
angle out of the zy plane to avoid a short obstruction
(a 2-DOF use). However, the use volume is not only
rotated out of the plane, but changes shape slightly,
which cannot be handled exactly in our framework. For
small angle use volumes, a rigid volume is an adequate
approximation.

Screwdriver The most natural way to use a screw-
driver is from directly above the screw. Because the
use volume is rotationally symmetric about the z-axis,
this is a 0-DOF post-tool. All screwdriver tips (slotted,




Phillips, etc.) are handled the same way; a nut- or bolt-
driver is the same with a slightly different use volume.
When obstructions are present, a screwdriver might be
placed a maximum angle from vertical encoded by the
placement constraints; this canonical tool is 2-DOF.

Hammer Since a hammer does not move rigidly with
the nail, we model it as a post-tool, i.e. we place the nail
in final position then strike it after. The use volume is
the volume swept as the hammer rises over the nail and
strikes. This use volume has one degree of freedom: the
side from which the nail is struck. Other hand striking
implements are similar.

Resistance Welder A resistance welder is a post-
tool that contacts metal pieces between two electric
pads. The use volume is just the volume of the welder
end tool, and it has one degree of rotational freedom
around the spot to be welded. As with all tools, suc-
cessfully placing this volume does not guarantee that
the welder can reach the welding position. A riveter is
very similar.

Glue Gun A glue gun used to place a drop of glue
on a surface is a 2- or 3-DOF pre-tool, depending on
whether the gun is rotationally symmetric. A glue gun
or other spreading tool used to place adhesive on a
larger area must be approximated by a number of point
applications distributed over the surface.

Visual Inspection Inspecting the result of an as-
sembly operation is a post-tool, and the use volume is
a 2-DOFT line of sight to the inspected point. Robotic
cameras often require a view from directly above the
inspected point, in which case they are 0-DOF.

CMM A typical coordinate measuring machine has a
rotationally symmetric tip that can reach a point from
any angle, making it a 2-DOF post-tool. Note that
the resulting FINDPLACE computation (see below)
resembles the method in [16].

Drill In some cases (for example in aircraft construc-
tion) parts are aligned, then holes are drilled for fas-
teners, making the drill an assembly tool. The use
volume is a vertical sweep of the drill and bit, and one
degree of freedom around the hole exists for access. A
drill can be either a post-tool (applied after the two
drilled parts are mated) or a pre-tool (if the fastener is
considered a part and is a member of the target part
set).

In [17] we present the results of two informal sur-
veys of tool listings to determine the applicability of
the above framework to common assembly tools. In
summary, the framework was judged adequate to rep-
resent accessibility of from 55% to 70% of the tools in
general, and from 75% to 85% of mechanical assem-
bly tools. In addition, the vast majority of tools were
found to be post-tools, with low degrees of freedom (2
or less) predominating.

The most common tool attributes in the examples
above (and also in the surveys) that prevent adequate

-

Figure 3: A placement of the %-tum wrench use volume
that allows tightening a bolt (in black)

representation in the current framework are a variable
use volume or variable placement constraints. In Sec-
tion 8 we discuss extensions to the framework that
would partially address these limitations.

6 Reasoning About Tools

This section describes how reasoning is accom-
plished using the above tool and application represen-
tation. We first show how to test an assembly oper-
ation for compliance with a tool constraint, and then
present techniques to more efficiently merge tool rea-
soning into the assembly planning process.

6.1 Tool Feasibility

Consider an assembly operation mating subassem-
blies S; and S» along trajectory ¢ to make a larger
subassembly S = S; U S3, and a tool application with
target part set T'. If Equation 1 does not hold, then
this is not a target operation for the application. If
Equation 1 holds, then this is a target operation for the
application, and we must determine whether the tool
can be applied. We consider pre- and post-tools here;
the computation for in-tools is more complicated [17].

A tool can be applied in a given subassembly only
if there exists a placement of the tool’s use volume
that obeys the application’s placement constraints and
does not intersect with any parts of the subassembly. A
post-tool is applied after the subassemblies are mated,
so the use volume must be placed in S. A pre-tool’s
use volume must be placed in S; or Si, whichever in-
cludes the application’s primary part P. For example,
a subassembly and feasible placement for the -};-turn
wrench use volume are shown in Figure 3.

Finding a collision-free placement of a use volume
U in a subassembly S is a straightforward instance of



the FINDPLACE problem [12]). The set of all config-
urations of a use volume form a six-dimensional space
called a configuration space, or C-space. For each part
P; € S, the configuration obstacle Oy(P;) of P; is the
set of all configurations in which the use volume in-
tersects with P;, The placement constraints define a
subset C of the C-space that satisfies them. A collision-
free placement of the use volume exists if and only if
the region

FREE =C\ |J Ou(R)
P;eS

given by subtracting all the C-obstacles from the region
satisfying the placement constraints is non-empty.

In a fixed-dimensional C-space, FINDPLACE can
be solved in time polynomial in the total number of
surfaces describing the parts, use volume, and place-
ment constraints [5], assuming the surfaces are all al-
gebraic of bounded degree. For 0-DOF tools, only one
configuration satisfies the placement constraints, and
feasibility reduces to an intersection test between the
use volume and the parts.

6.2 Preprocessing Tool Applications

In assembly planning, a single tool application
might be tested for feasibility in many operations. Here
we show how to preprocess each pre- or post-tool appli-
cation in its assembly, such that every feasibility test
thereafter can be answered very quickly.

In a given configuration, a tool’s use volume inter-
sects with a subset of parts called an interference set.
The application is feasible in any subassembly that
contains no parts from the interference set. To pre-
process a tool application for an assembly, we compute
a set of all the interference sets. Then the tool appli-
cation in a subassembly S is feasible if and only if at
least one of the interference sets is completely missing
in S,

Consider first the 0-DOF case. A 0-DOF tool ap-
plication has only one configuration that satisfies its
placement constraints, so it also has only one interfer-
ence set, the set of all parts in the assembly that in-
tersect with the use volume in its required placement.
The tool can be applied in any subassembly that has
no parts in the interference set.

Now consider a use volume U with some placement
freedom. A part P; is in the interference set for a con-
figuration ¢ if and only if ¢ € Oy (P;). The boundaries
of the C-obstacles of all the parts of the assembly sub-
divide the C-space of the use volume into cells, and the
interference set is the same for all configurations in a
cell. Again assuming the surfaces of the parts and use
volume are algebraic of bounded degree, the number
of cells in this subdivision is polynomial in the number
of surfaces, and a representative point can be found in
each in polynomial time [2].

Figure 4 illustrates the preprocessing of a 1-DOF
wrench application to tighten a bolt (in black), using

{B,C,D}

(DE}

Figure 4: Preprocessing a wrench application: the sub-
division of the circle of use volume placements, with
corresponding interference sets

a -};—turn use volume. A reference ray from the use vol-
ume’s origin has been attached to indicate placement
angles. The one-dimensional set of configurations that
satisfy the placement constraints is mapped onto a cir-
cle. The cells of the subdivision in this case are in-
tervals of the circle, and the interference set for each
interval is shown. The ends of the intervals are angles
of the reference ray where the use volume either starts
or stops intersecting with a part. The use volume is
shown at one such angle. The wrench can tighten the
bolt in any subassembly that is missing at least one of
the interference sets.

The set of interference sets can often be simplified.
If one interference set Ij is a subset of another set I,
then I can be removed, because any subassembly that
does not intersect with I, also does not intersect with
I,. For instance, the interference sets from Figure 4
can be simplified to {{A}, {B}, {D}, {£}}.

6.3 Partitioning with Post-Tools

Because there may be a very large number of oper-
ations to test, the tool-feasibility tests described above
are not an efficient way to generate feasible opera-
tions. Here we describe how the tools framework can
be merged with the NDBG approach in {18] to achieve
polynomial-time assembly partitioning with post-tools.
In [17] we prove that repeated partitioning is guaran-
teed to generate a valid assembly plan in polynomial
time.

Let A= {P,...,P,} be an assembly of polyhedra.
A blocking graph of A for a trajectory ¢ is a directed
graph with a node for each part of A and an arc from P;
to P; if and only if P; will collide with P; when moved



along ¢, If a subassembly S can be removed along ¢
exactly when no arcs connect parts in S; to parts in
S2 = A\ Si. Such a subassembly exists if and only if
the blocking graph for ¢ is not strongly connected. The
non-directional blocking graph of A is a subdivision of
the space of trajectories ¢ into cells such that all tra-
jectories within a cell have the same blocking graph.
This space is of finite dimension for certain types of
motions [18]. By checking the strong connectedness of
the blocking graphs for all cells, a removable subassem-
bly can be found (or failure returned if none exists) in
polynomial time.

Now assume we have a list of post-tool applications
required to assemble A, and we want to find a feasible
operation that mates two subassemblies to make A, or
determine that none exists. A post-tool application
with target part set 7" imposes the following constraint
on an operation O that mates subassemblies S; and S,
to make A:

“If T is not a subset of either S; or Sp, then
the use volume must be placed in A.”

Conversely, if the use volume cannot be placed in A,
then any subassembly removed from A must include
all or none of the parts in 7.

To keep T' together in a blocking graph, we add
bidirectional arcs between every pair of parts in 7. If
many post-tool applications are infeasible in A, we do
the same for the target part set of each. Bidirectional
arcs between a pair of parts place those parts in the
same strong component of the blocking graph. We call
this the augmented blocking graph of #; its arcs are a
superset of the arcs of the blocking graph of ¢, and an
NDBG with augmented blocking graphs is a post-teol
NDBG. The standard NDBG algorithm applied to a
post-tool NDBG 1is correct and complete for assembly
partitioning with post-tool constraints. In other words,
it will produce a removable subassembly that also sat-
isfies the post-tool constraints, or correctly report that
one does not exist. See [17] for the proof.

7 Implementation and Experiments

We have begun implementing geometric tool con-
straints in the Archimedes 2 assembly planning sys-
tem [1], and have constructed an initial library of seven
0-DOF post-tools, including three screwdrivers (slot-
ted, Phillips, and long-shafted slotted), a nutdriver, a
hex L-wrench, a laser spot welder, and a subassembly
test tool. Tool applications are read from an auxiliary
text file for the product.

Only 0-DOF post-tool feasibility has been imple-
mented, using the ACIS® solid modeling kernel to test
intersection of the use volume with other parts, along
with the methods of Sections 6.2 and 6.3 for efficiency.

Tool constraints have been tested on three assem-
blies, including the 42-part discriminator shown in Fig-
ure 5. Its assembly requires 55 laser spot welds, 8 ap-
plications of a Phillips screwdriver, 4 applications of a

Figure 5: The discriminator: an exploded view and ap-
plications of a Phillips screwdriver and a hex L-wrench

hex L-wrench, and 4 subassembly tests. Archimedes
finds a tool-level assembly plan for the discriminator
in 50 seconds on an SGI 100Mhz R4000 Indigo II Ex-
treme workstation. Figure 5 shows screen dumps from
the animated output of the resulting tool-level assem-
bly plan.

8 Discussion

The framework for tool constraints presented in this
paper can represent accessibility constraints for a wide




variety of assembly tools. We have presented methods
that preprocess a single tool application for all possible
assembly states, and for a large subset of tools, perform
assembly planning in worst-case polynomial time.

A straightforward extension to the framework allows
selection of a tool from a set of possible tools to execute
an assembly operation; an example is a bolt that must
be tightened by a ratchet, an open-end wrench, or a
box wrench. Each tool application simply specifies a
list of possible tools to execute the action.

One of the most common reasons tools cannot be
represented is variations in placement constraints or
use volumes. A pipe wrench is a good example of
the former. Our representation requires placement
constraints to be constant for each tool, whereas the
pipe’s length (and hence where the use volume may
be placed) varies with the application. One solution
would allow parameterized placement constraints. For
instance, the pipe wrench might have a single parame-
ter 23, and allow the use volume to be placed anywhere
from z = 0 to z = 2z;. The application would set pa-
rameter z; to the length of the pipe. However, this
extension would not handle more complex placement
constraints, such as the stability conditions for a pair
of pliers used to manipulate a part.

Similarly, some use volumes can be parameterized.
For instance, a pair of calipers occupy volume that de-
pends on the measured dimension. The calipers consist
of two rigid bodies whose relative position can be pa-
rameterized by a distance d between the caliper points.
The application gives the value of the parameter, from
which a rigid use volume is calculated. But as with
placement constraints, some tool’s use volumes resist
parameterization.

Finally, most tools have few degrees of freedom in a
six-dimensional configuration space. High-dimensional
FINDPLACE algorithms are slow and hard to imple-
ment accurately. Instead, we must find practical and
efficient methods that exploit the low real dimension
of the solution space.
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