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A geometric algorithm for single
selective disassembly using the
wave propagation abstraction

H. Srinivasan* and R. Gadh

Disassembling a selected component from an assembly, defined as
selective disassembly, is important for applications such as
maintenance, recycling and reuse. This paper presents a geometric
algorithm to solve the following selective disassembly problem:
given an assembly and a selected component to be disassembled,
determine the disassembly sequence with minimum component
removals (motions), defined as an optimum sequence. We propose
an abstraction ‘‘wave propagation’ that analyzes the assembly
from the selected component outwards, and orders the components
for selective disassembly. The main contributions of this research
are: (1) determining an optimal disassembly sequence; (2)
reducing the search space by analyzing a subset of components
in the assembly; and (3) providing a polynomial average
complexity algorithm. The proposed selective disassembly
approach applies to both two dimensional and three-dimensional
assemblies. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Selective disassembly (SD) analysis allows the removal of
one or more components of an assembly, 4, for applications
such as maintenance, recycling, reuse and assembling. For
example, product maintenance usually requires servicing a
subset of 2, not the entire assembly, hence providing a need
for SD'. SD analysis involves evaluating the disassembly
sequence of components from 4 modeled as a solid
geometric model, where the order in which the components
are removed to disassemble a selected component, C,, is
defined as a selective disassembly sequence (5).

This paper focuses on determination of § for C, from 4.
The SD problem is formulated as follows:

¢ Given, an assembly 4 and a selected component C, to be

disassembled;
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® Requirement, automatically determine S for C, satisfying

an objective function OF.

In this research, the OF is defined as one that minimizes
disassembly motion. However, for 1-disassemblable com-
ponents (a 1-disassemblable component is one that requires
a single linear motion to be removed from 2), this OF results
in minimizing the number of component removals. This OF
is appropriate since it is a measure of difficulty of dis-
assembly operations® and is consistent with earlier
researchers (e.g. Refs "4) in SD analysis. Moreover, §
with minimal component removals is defined as an optimal
(locally optimum) sequence, 5.

A potential approach to determine OS5 is an exhaustive
enumeration of all § and the selection of an OS that satisfies
OF. However, this analysis is computationally expensive
(typically exponential with respect to the number of com-
ponents, n, in 4), and therefore is not recommended.

Another possible approach is to determine OS from a
complete disassembly sequence. Several abstractions/repre-
sentations allow evaluation of complete disassembly
sequences, and some of them are: (1) assembly sequence
diagram®® which represents the ability or inability to
assemble a part to a subassembly, (2) AND/OR graph’
which establishes conditions and precedence relationships
between components, (3) abstract liaison graph® that
represents the stability of part interconnections and the
directional constraints of the motion that bring two parts
together, (4) non-directional blocking graph® which
describes part interactions from the blocking nature of
parts, and (5) Geometrical constraints'™'" and metrics'*""?
which quantifies the ease of disassemblability of compo-
nents for disassembly sequencing. However, the complete
disassembly approaches involve disassembling all of the
components in 4. Although an § can be obtained from a
complete disassembly analysis, it does not guarantee an
optimal sequence '®. Hence, a separate approach for SD is
required.

Researchers have focused primarily on the development
of complete disassembly for automated assembly/disassem-
bly planning (e.g. Refs '""'%); however, there has been
little investigation of the techniques for SD sequence genera-
tion. Woo and Dutta'* propose the construction of a disassem-
bly tree to identify an OS. The tree is designed to model the
“‘Onion Peeling’” approach—starting from the boundary of
A and proceeding inwards. However, the algorithm is only
applicable for assemblies in which every component is
disassembled by removing none or one of its adjacent
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Figure 1 (a) Wave propagation approach; and (b) rectangular pattern assembly to illustrate WP

Figure 2 Wall pattern assembly to illustrate WP

components. Furthermore, the approach analyzes all of the n
components in 4 and takes an average time of O(r log n).

In contrast to existing research that focuses on dis-
assembly of all C; in 4, the current research focuses on a
unique approach for disassembling C, from 4 using an
abstraction called ‘‘wave propagation”> (WP) for SD of
C.. The WP abstraction analyzes the assembly from C, out-
wards, and orders the components for SD. Optimal
sequences are determined for C, in polynomial time
(average complexity) by analyzing only a subset of com-
ponents in 4.

Assumptions
Before presenting the WP approach, the assumptions for the
current research are first discussed:

(1) The relative motions of the components are determined
without considering the tools, fixtures or robots required
to achieve these motions.

(2) Assemblies are assumed to be polyhedral, rigid (non-
deformable), frictionless and defined by nominal geo-
metry (no tolerances) with tightly fitted components.

(3) Components are 1-disassemblable. Moreover, local dis-
assembly of components are considered for disassembly
sequencing.

In the current research, a subassembly has been treated as
a single component. Therefore, disassembly of a selected
component by removing a subassembly as a whole is con-
sidered equivalent to a single component removal. More-
over, a subassembly, such as an electric motor or alternator,
is a group of components that is predefined based on
functionality.

These three assumptions are standard and are consistent
with several other researchers (such as Refs '*!!!#) Dis-
assembly analysis with assumption 1 still gives meaningful
results, since the fixture elements can be modeled based on
the sequence determined (e.g. Refs 2*?!). Assumption 2
requires transforming free-form surfaces to planar surfaces
using techniques such as Delaunay triangulation®? (the tri-
angulation technique must preserve the contact relation-
ships). However, this assumption may be relaxed if
accessibility computation techniques are available for com-
ponents with free-form mating faces. Assumftion 3 is
utilized by several researchers (e.g. Refs R 0'4), since

604

= C,
= GG C1, Gy, Copn C

T

automatic generation of disassembly sequences allowing
general disassembly motion is computationally expen-
sive??* However, the 1-disassembly assumption is still
realistic for some real world examples, as indicated by
some existing assembly planning systems>>?® that are
based on the 1-disassembly assumption.

Overview of the wave propagation approach

A disassembly wave is defined to topologically arrange
components in 4 to denote the disassembly order, such that
a component in one wavefront, 7, (ath wavefront), can be
disassembled by removing its adjacent component(s) in 7.
[(@ + 1)th wavefront]. The WP approach creates a wave
with C, as a wave source, with the waves propagating
outwards until the wave reaches a component to be
disassembled (defined as the boundary component Cy).

For example, Figure 1a illustrates the WP from C,. The
wavefronts provide a hierarchy for component removal. An
example of the wavefronts is illustrated in Figure 1b for A
with C, = C\4. Cy6 is disassemblable by removing C,7in 7,
and C); is disassemblable after removing C g in 7,. Since
Ci3e{Cy) (set of removable components), an OS = {Cys,
C|7, Clé}- Slmllarly, another QS = {C4, C](), C]b}. The
generation of optimal sequences, {OS}, requires 13 compo-
nents to be analyzed, which is significantly less than the
total number of components, n (42) in 4.

Definition: (d-dependent component)

A C; is a d-dependent component, if at least d ( > = 1)
adjacent components of C; must be removed for local
disassembly of C,.

For A in Figure 1b, C 4 is single-dependent (d = 1), since
it can be disassembled by removing C ). However, for 4 in
Figure 2, Cy is both single- or 1-, and multiple or m-
dependent. Cy is 1-dependent with respect to Cg and C),,
and m-dependent with respect to {Cs, C4} and {C)s, Cy6).

Let S denote a sequence that disassembles C,, PS denote a
sequence that contains C, but does not disassemble C, from
A, and ng denote the number of components in a sequence.
The WP approach is applicable for d-dependent components
(d > = 1) and determines OS for 1- as well as m-dependent
components. For example, consider 4 in Figure 2 with
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Figure 3 Solid model of a clamp assembly (source of model: **)

C, = Cy. 7, identifies a sequence 5, = {C3, C4, Cg) with
ng = 3. The wave is then propagated further as there are
partial sequences: S, = {Cg, Co} and BS, = {Cyg, Co} with
ng = 2 each (less than ng = 3 for $,). 7, determines S, =
{C;y, Cyp, Cy} with ng = 3. Since no more § are possible
with ng < = 3, the WP is terminated. Therefore, the {OS}
for C_,‘. = Cg) are: {Cg, C4, Cg} and (C[], Cl(], Cq}

The primary attributes of the WP approach that allow
determination of an optimal disassembly sequence are:

o  Minimal component removals—the disassembly wave
ensures that the number of components traversed from
a Ciea to C, is minimal, thereby determining § with
minimal disassembly motions.

e Polynomial complexity—the average eomputatlonal
complexity is O(n) for 1-dependent and O(n?) for
m-dependent solution for 4.

e Subset of components in A are analyzed—the number of
components analyzed by the WP approach varies from 1
to n depending on the position of C, in 4. If C, is closer
to the boundary, then the number of components
analyzed is significantly less than z.

The current approach also incorporates certain types of
fasteners (such as screws, bolts, nuts, nails and rivets) as
providing geometric constraints for disassembly analysis.
We first illustrate the WP approach in the absence of
fasteners, and then describe the effect of fasteners to the
WP approach.

Figure 4 Mating faces and accessibility directions

GEOMETRIC FACTORS FOR SELECTIVE
DISASSEMBLY

The inputs for SD analysis are: (1) C,; and (2) A. The output
is an OS for C,. In the current research A is represented as a
component mating graph (CMG)"*, in which each node
corresponds to a C; in 4 and each arc corresponds to
adjacency information between C;and C;,i # j. ACMG can
be constructed in O(M)*, where M is the number of mating
faces in 4. The algorithm for SD involves topologically
arranging components, {C;}, based on several geometric
factors as defined in this section.

Mating feature

The mating relations between C, and C;, i # j, are surface
features and they reduce the degrees of freedom for relative
motion of C; with respect to C;. A C; m contact with C;
(i # j) is defined as the mating adjacent of C;. The mating
adjacents of C, form a set, MA,. For example, in Figure 3,
MAg = {(?7, C](), CIZ} for C‘g, and MA] = {Cz, Cg} for Cl'
The gth face of C;, in contact with the rth face of C;,
together constitute a mating face, denoted as Mq’ for C;
and M} for C;. For examp]e m thure 4, faces of C 2
mating with those of C, are M7 8 and M . The complete
set of mating faces of C; form a set M. For every mating
face M}/, the directions along which C; can be locally dis-
assembled relative to C, are represented as a set of directions
d?’ on a Gaussian sphere For example Figure 4 shows
the d1sassembly directions dq , and d», 1 for the mating faces
M) ' and M;',“, respectively.

Accessibility

Accessibility®® of C; with respect to C €MA; (denoted as
AC)) is the set of directions along which C; can move
relative to C; and is determined for face mating as:

= Nd/

q,r
For example Figure 4 shows AC, computed from d
and d2, Moreover, for thread mating, the net lmear
direction of disassembly of components is computed. For
example, in Figure 3, while Cq having a threaded contact
with C; must be disassembled in a helical motion, its net
disassembly direction is linear, which is the disassembly
direction assumed for a threaded fastener mating. C 7 has
Zero accesqlblhty due to the presence of C¢ or ACS =
NULL, i.e. C¢ must be removed prior to disassembling
C,. Such information is derived from the nature of {C;}
(represented in the topological abstract space of the
assembly model).

dz.ln AC)
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Disassemblability

Disassemblability, A;, is a variable with a binary value that
indicates if Ce4 is removable.
TRUE if NAC, # NULL
Ai= /
FALSE otherwise

For example, in Figure 3, Ay = TRUE for C; and similarly,
Ay = FALSE for C,;. A; = TRUE for each component in
the set of boundary components, {C,}. The algorithm to
evaluate A; for C; is as follows:

WAVE PROPAGATION APPROACH FOR
OPTIMAL SEQUENCING

This section presents the WP approach for 1-dependent {C;}
in 4. First, the following terms are defined:

e (. acts as the wave source, propagating disassembly
waves outwards;
7, = set of components in the ath wavefront from C,;
1 = time, such that at every time step (from t=a — 1 to
t =a; where a > 0) the wave from C, advances by one
wavefront (from wavefront 7, to 7,);

{

Let DP; = Full sphere;

{ .
Evaluate AC/;

DP; = DP; N AC};
}

else A; = TRUE
Return A;;
}

Algorithm: Disassemblability (C;, 4)
Retrieve MA, of C; from #

For every component C; € MA;

If (DP; = NULL) A; = FALSE

// Computational complexity: in determining A; for C; is O(M;).

/f complete set of directions

Determining DP; for C; with respect to a given mating face
is a constant time operation. Since the resultant DP; is com-
puted with respect to every mating face of C,, the computa-
tion complexity for evaluating A; for C; is O(M)).

Removal influence

Removal Influence, RI,-CS, is a variable with a binary value
that indicates if C;e4 is removable in the absence of a subset
of components, CSeMA ,, and is defined as follows: If [(A; =
FALSE) and (with removal of CSeMA;, A; = TRUE)] then
RIS = TRUE; else RI®S = FALSE.

For example, in Figure 3, RI|'12 = TRUE, since Ay is
TRUE with removal of C, in 4. Similarly, RI; = FALSE
and RIy'> = TRUE. The algorithm to evaluate RIS (in
O(M))) is as follows:

e W = set of components in all the wavefronts 7,(p = 0,
t—1)att=a(note p # a).

At t =0, the disassembly wave contains only C,, i.e. 7 =
{C.} and W = {}. After every time step, the wave from C,
advance by one wavefront. Therefore, at t = a + 1, W =
(toU T Uo7,

A disassembly wave topologically orders C,e4 with
respect to its wave source, C,. The topological ordering
denotes the disassembly ordering such that Cier,_, is dis-
assemblable by removing its adjacent component C;, if
Cier,. A disassembly wave 1s represented by a removal
influence graph (RG) whose nodes correspond to {C;} in
the disassembly wave and arcs correspond to the removal
influence between the mating components. Figure 5
illustrates a WP from C; to C;, as represented by C; — C;

{

{ A
Evaluate AC{;

DP; = DP; N AC/:
)

Return RL;

}

Algorithm: Removal_Influence (C;, CS, 4)
Retrieve MA; of C; from »,

Let DP; = Set of all disassembly directions;
For every component C; e MA; and C; ¢ CS

If (DP; = NULL) RL,®® = FALSE
else RIS = TRUE

// Computational complexity: in determining RIS for C is of order O(M,).
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Figure 5 RG: wave propagation representation

indicating that C, is disassemblable after removing C, (simi-
larly for C; — C,). Therefore, Cier,_; is disassemblable
after removing C; or Cy; where C,, Cie7,,.

The WP from 7,_; to 7, for any ¢ > 0 is defined in terms of
the geometric factors disassemblability and removal
influence, as follows.

Definition: (Wave propagation, WP, for 1-
dependent components)

Fort = 0: 7, = 79 = {C,}. For t> = 1, a WP from
Cier,_y 10 CieMA; exists if A;is FALSE, G & W and RI,’- =
TRUE. Then, Cier,.

The WP approach analyzes 4 beginning from C,. If A, =
TRUE then C,e{Cy} and can be directly disassembled; if
A, # TRUE, WP is iteratively continued. A wavefront 7, (at
time ¢ = a; where a > 1) is formed by determining RF, for all
CieMA,, for all Cier,_,. The WP is continued until a C,, is
found in a wavefront (for 1-dependent solution).

An 0S = {Cy~"'C,} is derivable from RG (see Appendix
A for proof); where C v~ C, denotes a shortest path from C,,
to C, in the graph RG. If there exists more than one Cyina
disassembly wave, then there must exist more than one OS
for C,. An example illustrating the WP approach for optimal

sequencing is presented below, followed by the WP
algorithm.

Example of 1-dependent S

Consider 4 shown in Figure 3 with C, = C . Att =0, 7y =
{Cy,} and W = {}. Since A,, = FALSE, the WP continues.
For Cy; in 7g: MA |y = {Cyq, Cy2, C13), RI)Y = TRUE, RI)?
= TRUE and Rlllf = TRUE. From the definition of WP, 7,
must consist of C;8 whose removal influence value is TRUE.
ThC-rCf()re, at t= 1, Ty = {C](), C12, C‘|3}, W = {C“} and
edges Cj; — Cyq, C( — Cy» and C;| — Cy; are inserted in
RG as shown in Figure 6a. The edge C,; — C,, indicates
that C; is disassemblable after removing C,. Similarly for
Cy— Cp;and Cq; — Cy5. Since there is no Cy, in 7, the WP
continues to propagate outwards.

Att=2, W= {Cl(l» C] 1s (,712, Cl } For ClOETl: MA]() =
{Cy, Cq, Cyy, Cy3, C 1y} and only RIjy = TRUE. Therefore,
Cy is inserted in 7, and an edge C o — Cy is inserted in RG.
Similarly the analysis for C 7 results in the insertion of
C,in 7, and an edge C; — C; in RG. For C3er;: MA\; =
{Cl()! C]], Cl’l}- Since C|(|, (:”., C[gfw, they are not ana-
lyzed for removal influence. Therefore, 7, = {C,, Cg}. The
corresponding RG at ¢ = 2 is shown in Figure 6b. The edge
C,y — Cy indicates that C, is disassemblable after remov-
ing Cg, and similarly for C,; - C,. In RG, the two boundary
components, C, and Cjy, both belong to 7,, so there exist two
optimal sequences, QS = {C,, Cyp, C11} and {Cy, Cjp, Ci1}
for C] 1

The WP algorithm

Let C = Set of components in RG and £ = set of edges in
RG.

Steps  Algorithm: WP (Cy, #4)
{
t=0;%={C}; w={}:6={C; £={}; RG=(¢ &)  /lnitialization
A#¢ = Set of all components in #,
1 while (C, ¢ 1, and 4#¢ - % = NULL)
{
t=t+1;1u,={};
W= T,
2 Y (i € 1. that satisfies A, = FALSE
{
Retrieve MA,; of C;from #
3 V Cj € MAi
{ .
4 if (C; ¢ % and RI; = TRUE)
=1V
e=Cv Cj; E=EuU (C,%CJ),
}
}
}
5 if (Che )
08 = {Cp ~x Cs} from RG; // Sequence determination
Output 05
else Output “No sequence determined”;
}
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