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Abstract

Recent strides toward roncurrent engineering have
called for a aced for integrating design with assem-
bly planning. That is, a truy concurrent engineering
platform must be able to, for example, perform pre-
liminery assembly planning duting conceplual design
stages so that alternative assembly plans ¢an be eval-
uated and compared for redesign or refining a design
with a promising candidate assembly plan. This pa-
per presents such an integrated system of an assem-
bly planper and a {re)designer, in which, results from
comparative analysis of preliminary candidate assem-
bly plaus are used to {re)dssign further details of a
given assembly. The integration results in a more ef-
fective way of doing assembly planning and “Design-
for-Assembly”. A redesign process of a simple switch
box is demonstrated to illusirate the benefits,

1 Introduction

Generally, the problem of assembly planning con-
cetos delermining an order {linear or partial) of as-
sembling a product. Most usaally, assembly planning
iz performed upon a final design, and bascd on the
results, a need for redesign may be revealed. This
is a rather inefficient and ineflective redesign process
which may require repatitive and jengthy design revi-
siong, starting from early stages of design.

The toncept of assembly planning 25 a separate pro-
cess from design is being challenged as the practice of
concurrent engineering is becoming more prevalent in

*Thia rescarch was comducted at the Netjonal Institute of
Standards and Technology under the Mational Research Council
Postdoctoral Rescarch Associateship. A more complete version
of this paper with large sized figures yre available on WWW at
bitp./ fewin.nsc.edu/dept /robotics/ personal / glivn /home. him).
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Figure 1: Designing for fower aszembly directions.
Reprinted with permission of the Society of Manufac.
turing Engineers (SME). Copyright 1083 from [1].

the American industty. A irue concurrent engineering
systerm should, if possible, aflow prediction and reso-
lution of design problems with a preliminary assembly
plan before the design is finalized. Conversely, an as-
sembly plan may change due to new constraints given
by a revised design.

Closely related to the issue of achieving concur-
rent eogineering in this context are the principles of
“Design-for-Assembly (DFA)Y" . DFA is a set of design
guidelines for improving product designs for easy and
fow cost assembly (2]. Principles of DFA have sur-
faced as one of the important criteria and heuristics
for determining a cost-gffective assernbly plan.

Figure 1 illustrates an example of (re)designing =
subassembly for fewer assembly directions. Note that
this particular (re)design is dependent on a ¢hoice of
a particular base part and subassembly grouping (ie.
an assernbly plan).

This paper presents ap integrated system of an
assernbly planner and a DFA  redesigner, called
INSPIRE-2 (INtelligent aSsembly Planning Integrated
with REdesign), in a continued effort to the work re-
poried in {13]. It is more than a mere software inte.
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gration, since the activities of assembly planning and
(re)design are inturleaved during the design process
under a single framework,

INSPIRE-2 15 based on twa previous projects i as-
sembly planniog and DFA redesign by the authors: an
assembly planner called “Backward Assembly Plas-
ner (BAP)® [12], and a DFA redesigner called “REV-
ENGE” [10]. BAP operates based on a recursive de-
composition of an assembly into feasible subassem-
blies, and analyzes ascombly cost in terms of stability,
directionality, and manipulability (whick are among
the most important DFA criteria) io guide Lhe gener-
ation of preferred assetnbly plans.

The redesigner, called REV-ENGE (from REVerse
ENGineering), interactively produces a redesign strat-
egy by, first, generating a defondt design process of an
asserably, A defsult design process is a probable se.
quence of design derisions that might have led to the
creation of the original design, The default design pro-
cess is replayed from its beginning as if the product is
being desigoed from scratch. Design decisions are an-
alyzed with respect to their effect to ease of assembly,
and if a certain design decision is found problematic,
a case-based approach is taken to modify the appro-
priate portion of the design process. Intermediate and
final outputs are redesign suggestions in a form of sym-
bolic description of a newly revised design process (to
be geometrically realized manualiy).

The mnain objective of INSPIRE.2 15 1o allow si-
multaneous modeling of “assembly-conscious® design
and associatud processes. The advantages of the over-
all framework can be summarized as: {1} reduction
i evele time between design and assembly planning,
{2) change of cunstraints (both design or aperational)
in a direction of selecting a more cost effective as-
sembly plan, (3) a more complete and plobal DFA
analysis by identifying design problems dependent on
a parlicular assembly sequence, and {4) a more re-
alistic cost smalysis through incorporation of opera-
tional rationale and explicit design stages for assem-
bly operation selection. In order to mlegrate assem-
bly planning (BAP) into the (re)design process (REV-
ENGE), new design stages and design decision vocab-
ularies have been added to REV-ENGE framework to
explicitly represent asscmbly planning, assembly de-
sign, and assembly process sclection. To evaluate and
gompare alternative assembly seguences and alterna-
tive redesigns, a comparative analysis module has been
added to the system, which is the focns of Lhis paper.

E'd
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2 Related Work:
Concurrent Assembly Design

Much work has sprovg up in the field of concurrent
engineering [15] [3] [4] and assembly modeling [16] [11]
[18] [8). However, very little focus has been paid to the
issue of concurrent assembly design. Most concurrent
engineering systams focus on individual part design

and are configured as a loose coupling (e.g. by net-

working) of engineeting softwares {s.g. FEM, product
database, CAD, process planner), where it is up to the

user to access and gather relevant information for his -

or her particular engineering purpose.

Many assemnbly analysis methods have been devised
inr connection with assembly planning systems with de-
sign fecdback capabilities [5] [1) [7] [17], although it is

unclear bow the analysis results could be infegrated #

with assembly design systemns. Hsp, el. al. developed
a feadback system that used three objective criteria
for evaluating an assembly sequence with regards to

DFA to identify parts that need redesign, and to pro- P
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pose a redesign [8). In [20], 2 method fot incrementally i

analyzing an assembly during design with respect to
tolerance is presented in the context of a larger con-
corrent engineering system called Next-Cut {4].

3 Overview of INSPIRE-2

Figure 2 shows the overall architecture of INSPIRE-
2. Gaven input descriptions of an existing design and
its assembly operations, a defeult design process i
generated stage by stage, starting from conceptual
design. The defaull design process is replayed {rom
its beginning as if the product is being designed from
seratch. For each design stage, o Local analysis is pet-

formed io find DFA problems Lhat are independent of .
an assembly sequence. A few promising asserubly plan

candidates may be chosen based on a Global analysis.
The Global analysis evaluates each candidale assemn-
bly sequences with respeci to subassembly stability,
direciionality, and parallelistn. A comparative anal-
ysts among candidate plans may be performed in ad
attempt to optimize the asmernbly cost with respect (o
certain analysis parameters. Findings from the analy-
sis are mapped to the appropriate portion of the desigh
process. The design process is replayed and when-
ever a problematic design decision is encountered, it
is modified uaing a case-based approach.

When all the design problems in a given desigh
stage are addressed, the design process for the next
dusign stage is generaled and Lhe same process conlin
wes. When the system reaches the final design stage-
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Figure 2: System architecture of INSPIRE-2. Modules
from BAP and REV-ENGE are enclosed in rectangles
and ovals respectively.

an ecutput in the formn of a new design process and
a new assembly plan s produced. For a better un-
derstanding of the details of BAP and REV-ENGE,
please refer to {12 and [§0].

4 Interleaving Assembly Planning and
(Re)Design

4.1 Design Representation

A Design Object vefers to any object whose exis-
tence or form is to be dotermined by a designer and
includes Artifgct and Operateon. An Artifect is a col-
lection of design objects that represent the assembly.
Note that an assembly operation is regarded as a de-
sign object as well. Each design object is associated
with design decisions, which create and set vatious
attribute values of the design object, and define its
relations to others. Each design decision may be sup-
ported by number of design rationales, and marked
with design problems (after analysis). Design prob.
lems may map to redesign cases that might be able to
solve them. An example assembly of 2 switch box is
shown in Figure 3.
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Figure 3: Ap exploded view of the switch box assembly
{Courtesy of Tamiya Plastic Medal Co ). The switch
box assewbly consists of a case, panel, lever, six metal
contacts, 2 sets of nut/bolt, and a center serew. For
simplicity, four metal contacts and the center screw
are nob used in the succecding iMustrations.

4.2 Generating Defavlt Design Process

Onse descriptions of a design and associated asgermn-
bly operations are entered into the system, the next
step is to generate a default design process in order
ta start the process of (re)design by replay and modify
[14]. A default design process is defined as a probable
sequence of design decisions and their justifications th
at could have created the given design,

Vocabularies describing diffcrent design decisionsa
are predefined in terms of a precondition-and-effeqt,
operators.  Different types of design decisions are
grouped Into different design classes, starting from
funetional design to detziled form design, and Further
subdivided into 11 design stages as shown in Table 1.
Bach design stage is romposcd of series of design deci-
stons of which are responsible for filling tn certain de-
tails of the design appropriate for its stage. A heuristic
algorithrn, based on a geueric design process model,
selects and schedules probable design decisions, and
constructs design states associated with them. The
reconstruction starts from a default null initial design
state, and ends at a final state where all of design ob-
jects and design information have been accounted for.
The detailed design process model 6 shown in Table
1.

4.3 Incremental Design Analysis

A redesign first proceeds by incrementally gener-
ating cach stage of the design process and perform-
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Table 1: Design process in INSPTRE-2.

ing a design analysis {in this case, a DFA analysis) to
find any problematic design decisions within a given
design stage. Each problematic design deciston will
be marked so thal a case-based redesign can be at-
tempted. A redesign may result in regenerating a new
design process. All problematic design decisions are
addressed hefore moving to the next desige stage. At
each design stage a local or global design avalysis may
be performed.

4.3.1 Local DFA Analysis

A local design analysis refers to a process of identi-
fying any DFA problewss that arc assembly sequence
independent. A local DFA analysic looks Tor design
decigions that are responsible for, for example, scleci-
ing expensive lype of mating, creating noo-necessary
parts, selecting design attribules that contribute to
difficult handling and special processes. A rule based
system has been nmplemented which ¢xamines design
decisions and marks (Sec Figure 6) them if problem-
atic. :

4.3.2 Global DFA Analysis

On the other hand, & global analysis refers Lo 2 pro-
cess of identifying any DFA problems that are assem-
bly sequence dependent. Therefore, a global analysis
involves performing assembly planning and selecting

“d

preferred subassemblies. When subassemblies are ge-
lected, design decisions involving them are generated
and analyzed, as if they were individual paris/features
in the mannet described in the preceding subsection,
Problematic design decisions for subassemblies may
include those responsible for missing guidance fea-
tures, unstable subassemblies, and high number of as.
semobly directions.

The following conditions {subset of Lee’s conditions
[12]} are used to identify feasible subassemblies for
producing all possible subassemblies. For a chuster
of parts, S, that belongs to an assembly A (dencted
5|4} to be a subassembly of A i, {1} 5]4 can be
brought to A = S]A fromn free space for mating, (2)
interconnection defined between Si4 and A — SjA is
feasible, (3) all malings Letween 5[4 and 4 — 5}4
have 4t least one common axis of separation, and {9)
514 and A — 514 are slable either by itsclf or by ex-
ternai devices. Conditions 1 and 2 are computed au-
tomatieally using a non-guaranteed algorithm based
ou simple interference clieck along a projected path
in six principal directions. Condition 3 is checked by
querying a knowledge base of various interconnertions,
while condition 4 ts manually checked,

Then, an AO* search is performed to find the pre-
ferred subassemnblies. The global DFA analysis, there
fore, corresponds to the heuristic function used in the
AQ?* search described in [12). In this paper, we intro-
duce & simpler verzion of Lee's heunstic function [12)
that does not include local cost (¢, and ¢}, since local
analysis is provided separately as described in Section
4.3.1. The scarch space to which the AQ™ algorithm
is applied can be represented by an AND/OR tree.
The decomposition of an asscinbly A4 implies the ex-
pansion of an AND node (represcuting an assembly
A) iuto its OR ehildret representiog the alternative
desempositions of A. Figure 4 shows 2 ANDJOR tree
for feasible yubassemblies of the switeh box example.

A potential solulion tree is an AND trze' having the.

minimum value for the evaluation Tunction at the cur-
rent stage of search, whereas a solution tree is an AND
tree with leaves consisting of only single paris.

To formulaie the evaluation function, ey, for the
AO* algorithm, let us introduce the following defink
lions:

Definition: The Heuristic Bstimate, ho{n), essoc
ated with an OR node, n, represents an estimate
of the optimal relative assembly cost to assemble
514 and 4 — S14, and can be computed by the
weighted sum of the following components,

YAn AND trev is an ANDJOR trrc whers gvery AN nods
hast 50 smare than ane OR child
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1) The relative assembly cost, Ro(514) and Ro{4 - 514},

due to the number of reorientatives involved in
the asgembly of SfA and 4 — Si4.

2) The relative assembly cost, Ry{S|A} apd R,(A -
SlA)}, due to the pumber of stacking and non-
stacking operations involved in the assembly of
1A pad A - S)A,

3) The rclstive assembly cost, (5[4} and I{A —~ 3]4),

asnociated with the stability of $]4 snd 4 — S{A,
where?,

no. of Hoating liaisons in 5{4

As14) ave. deg. of a nade in 5JA

*) The effect of parallelism, wal §{A), where,

we(Sla) = |M - Nalf(Ny + Na),

wheee Ny and V3 represent the humber of parts in
1A and A — F]A, respectively,

Definition: The eveluation function, ey (T, associ-
ated with an AND tree T, is equal to sum of &, {n)
foralln, neT.

The content of the input representation for both de-
sign and assembly operation is assumed to be obtain-
able except for attribute values that are not usually
available from standard design documents, iocluding
DFA characteristics of parts and subassemblies such
as handling and orienting costs, stacking, and part
symmetry. The values of these attributes are obtajned
from the user during the analysis process using a ques-
tion/answer form (similar to thase of Boothroyd DA
sofiware and Sapphire’s Assembly View[2] [19]) in oc-
der to compute the heuristic function.

433 Comparative Analysis

Instead of just selecting the current best assembly
plar and continue to {re)design for it, Several can-
didates for assembly plans may be kept and analyzed
with respect to an evolving design. For instance, the
second best asseubly plan may be better than the
best in terms of nutnber of fixtures required, but only
worse in terms of number of stacking operations. Each
asembly plan candidate reguires different Tedesign
strategics and, thetefore, after redesign, a previously
“worse” assembly plan may become “better”. Theye
fore, keeping a multiple number of assernbly plans and
(re)designing them involves keeping multiple threads
of (re)design processes.

2 An seyemnbly is represented by a Laison graph, where nodes
forespond to parts, and arcs correspond 1o liaisons or miating
felarionships among parts. A nem-footing linicon requires ex-
ternal conpectors, forces ot mechanisms for intercognactin gthe
As3ociated parts, while a floating lixixon does not,
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Figure 4 shows an AND/OR graph generated right
after design stage 9. It contains two feasible subassern-
blies (or the awitch box example (other possibilities
are omitted). The firse possibility (apper half of the
AND/OR graph}, hence called plan 1, is to assemble
one part at a time, and the other possibility {lower half
of the AND/OR graph), hence called plan £, splits the
assembly into two groups of subassemblies. At design
stage 9, plan 2 is the better than plan I as indicated
by the lower ¢, value shown on the top OR node of
the corresponding AND/OR subtree.

For a eomparative analysis, one analysis with re-

spect only to directionality (stacking) and another
with respect only te subassembly stability are per-
formed. Figure 5{a} and Figure 5(b) shows the re-
sulting AND/OR. graphs respectively.  Figure 5(a)
shows that plan 1 is as good as plan 2 as far as di-
rectionalily is corcerned, although it contains two un-
stable subassemblies, namely due to two floating 1-
aisons between the case and two conlacts, conlect
and ¢ontact® This is autornatically found by examin-
ing the corresponding AND/OR subiree and locking
for & significant jump (arbitrarily defined) tu the acoy-
mulated heuristic measure, e ¢- Appropriate problem
descriptions are generated and attached to the corTe-
sponding responsible design decisian. Fignre 6 shows
problems mapped on ooe of the cotresponding design
decisions select-form-case-contact]-liaison, Note that
these problems ore omly relevant and megningful in
the context of using plan 1.

4.3.4 Redesign

As far the switch box example, there will be two sepa~
rate processes for redesign, since two distinct assembly
plans are being considered in this patiicular example
(pfzn ! and plan 9).

After the glohal comparative analysis, it is found,
for plan I, that two locse mating relationships (float-
ing Laisons) between the case and metel confacts are
causing instability in the respective subassemblies,

A simple redesign is proposed and executed inter
actively by the case-based redesigner to change the
type of lizison to a force-fit (instead of insertion) to
provide stability. A new assembly plan evaluation is
performed®, Asg shown in Figure 7, plan 7 is now as
good as plan 2 with tegards to a global analysis.

Other problems that are found and solved for each
redesign process are surnmarized in Table 2 and Figure

¥ a redasign involves introduction of new parts ar liaisous,
then a new assymbly plancing vieeds to be performed (g iden.

Lify vew subassemhbly groupings, Otherwixe, only a rew cost
evaluation ix neered.
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Table 2: Problems and proposed solutions for plan
and plan 2.

Note that the second and third redesign soluticns
in Table IV are conly applicable in the context of sub-
assembly groupings of plen 1. Widening of slot sizes
in the pane! for plan £ would make the subassembly of
ponel and metal contzcts unstable,

5 Conclusion

in this paper, we have presented an integrated
systern of {re)design and assembly planning, called
INSPIRE-2. INSPIRE-2 has been implemented
in COMMON LISP {about 15,000 knes of code).
INSPIRE-2 is more than a mere software integra-
tion, since the activities of assembly planning and
{re)design are inferleaved duoring the {re)design pro-
cess under a single framewaork.

Interleaving preliminary assembly planming with
design can result in a reduction of cycle time be-
fween artifact design and process design. According
to Keshavan [9], manual assembly planning usually
goes through many iterations {typical §-10}, and plan
maintenance (in response to design changes) is about
5 tunes the cost of plan generation. Traditionally,
process design follows after an artifact design is com-
pleted. In a worst case scenario, this results in a vi-
cions tycle of requests for design revisions and degra-
dation in the level of automation.

Although conventional DFA methods have proven
to be effective analysis tools, they do not provide a
framework for considering alternative assembly plans
and subassembly groupings. Consequently, a correct
analysis may not be possible since some DFA criteria
must be meagured with respect to an actual assembly
sequence. Combining design and aseemnbly planning
is a natural siep to both realize a more global DFA
analysis and eflective redesign strategies,

Certainly, there are still many number of problems
thal need to be resolved in order to further enhanice
the system in terms of its usability and effectiveness.

Ld

Current rescarth efforts are focused on improving and
expanding representations, particularly far describing
mating relationships and assembly design operators,
antomating the process of determining motion ecoy-
straints, subassembly poses and stabilily to reduce
number of required user queries and providing visual
and geometric feedback for newly proposed designs.
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Figure 4: An AND/OR trec for feasible subassemblies of the switch box example. Only two possible subassernbly
grouping plar I and plea?) is shown. For each OR node, the corresponding subassembly pairs and heuristic
measures are printed.
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Figure 5: {a} An AND/OR. trec for feasible subassernblies of the switch box example. Analysis is performed only
with respect to ditectionality, that is, how stacking the subassemblies are. (b} An AND/OR tree for feasible
subassemblies of the switch box example. Analysis is performed only with respect to instability of subassemblies.
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Figure 6: Problematic design decisions in design stage 7 marked by the comparative analysis.
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Figure 7: An AND/OR trec for feasible subassemblies of the switch box cxample after redesign. At this point,

plan 115 as good as pler 2.

Figure 8: Two possible redesigns for two assembly sequence candidates realized with Pro/Engineer CAD systems ,
following redesign advice from INSPIRE-2. Tu the end, plan T results in tower overall cost because it oo longer

requires fixtures.
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