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Abstract

Effective product disassembly modeling is a key
problem in products disassembly analysis. A hybrid
directed graph disassembly analysis model is proposed
based on graph theory, constraint, and assembly
topology concept. While the vertices of the graph
represent the parts or components of a product, the
directed edges (arcs) represent the component
disassembly  topological constraints, disassembly
sequence precedence, and required disassembly
operations. The various constraints including directed
constraints, virtual constraints and undirected constraints
are introduced to describe the complex disassembly
relationships between or among subassemblies.
Furthermore, pre-constraint and post-constraint group
model are proposed to describe the multiple disassembly
scenarios problem and the incomplete disassembly
problem. Therefore, the restricting and restricted
relationships between subassemblies can be described by
constraint chains mentioned above clearly. Finally, the
model’s application is illustrated with a disassembly
example.
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1 Introduction

Product disassembly is one of the most extensively
addressed research fields in green product design and
manufacturing, maintenance, and remanufacturing. An
important problem in product disassembly is product
structure modeling and its application in product
disassembly process planning, which are required in
product disassembly analysis and decision making [1,2].
Most popular product structure modeling methods
include Directed Graph [3,4,5], Undirected Graph [6],
AND/OR Graph, Petri net[7], and Disassembly Tree[6].
In a Directed Graph model, a vertex is used to represent
a part, a component, or a subassembly of a product under
study, and the edge (or arc) between vertexes is
generally used to describe the disassembly constraints
and disassembly sequence. The disassembly sequence
can be easily presented by the directed graph model.

Comparing with Directed Graph model, Undirected
Graph model is simpler; however, it is difficult for it to
describe disassembly sequences clearly.

Sanderson and Homem de Mello[8] describe products
assembly and disassembly relationship by use of
AND/OR graph[9,10]. AND/OR graph can represent all
possible disassembly paths with fewer vertexes
comparatively. However, there are usually too many cut
sets in the analyzing process because of combination
explosion, and it is also very difficult to reduce the cut
sets number.

Another widely used model is product disassembly tree
[11] in which the parts or components are represented as
vertices of a tree, and the relationships between vertices
represent the disassembly constraints. Ishii proposed a
fish-bone graph to represent product’s disassembly
structure [12], which is also a kind of tree-like structure.
Product tree can be easily imported from PDM or other
product file, and then revised according to the
disassembly demand to get the product disassembly tree.
Disassembly tree is simple and easy to understand, but
difficult to describe complicated disassembly constraints
and their relationships.

In general, current literature review shows that Graph
theory is the mainly modeling method, and the most of
the modeling methods focus on how to disassemble
vertices but not corresponding constraints, and thus lack
of measures to describe the spatial constraints,
constraints  interference and other complicated
concurrent and combining disassembly constraints.

In this paper, a hybrid directed graph disassembly model
is proposed which focus on the following issues,

1) On the basis of directed graph, undirected constraints
and virtual constraints are introduced to describe the
complicated constraint relationships between or among
parts and components, furthermore, the concept of
AND/OR graph is applied to describe the group,
concurrent and parallel relationships between or among
disassembly operations.

2) Assembly information such as topology, connection
and contact, et cetera should be used in product
disassembly modeling process.

3) Strong and weak subassembly concept is introduced
to describe materials, parts, components group
relationships in order to solve the disassembly depth
problem more efficiently.



2 Hybrid directed graph model based on
constraints

In fact, the disassembly problems are the processes of
removing constraints, and there are several constraint
relationships between parts and components as follows,
1) Real constraints and virtual constraints: according to
spatial relationships between parts and components,
disassembly constraints can be presented as,

e Real constraint: the constraints such as contact,
connection and fit are explicit, and reflect real
constraint relationships between subassemblies. The
subassemblies correspondent with the real constraints
must be contact.

e Virtual constraint: Although some subassemblies don’t
contact, connect, or fit to each other, there are still
interfere relationships when disassembling them, we
call this kind of relationships as virtual constraint.

2) Precedence relationship: There are usually precedence

relationship between disassembly constraints, such as

only if constraint A is removed then constraint B can be
removed, therefore we define that there is precedence
relationship between constraints a and b, and denote it by

P (A, B).

3) Group relationship: More than one constraint usually

forms group, and only after the constraint group

removed, subassembly can be disassembled further. We
define the relationship between or among subassemblies
in each group as “AND”. Considering sometimes there
are more than one constraints group, and removing either
constraint group can make the disassembly process
going on, then we define the relationship between or
among these groups as “OR”. For example, in figure

1(B), constraints a and b together form a disassembly

constraint group I, and ¢ alone can form another group II,

therefore the relationship between a and b is “AND”,

which can be denoted as “amb”, and the relationship
between anb and ¢ is “OR”, which can be denoted as

(anb) wc and means that disassembly process can

continue after either constraint group (anb) or c is

removed.

b c

Pre-disassembly

I ;
‘
b
group Pre-disassembly
group I

m

olnlolclilo

Fig. 1 Disassembly constraints (A) undirected graph

(B) directed graph and disassembly constraints groups

4) Pre-constraints and Post-constraints: Disassembling a
subassembly usually need two steps, first some
constraints need to be removed to get disassembly
operation space, and we define these constraints as

pre-constraints like a, b, ¢ showed in figure 1. Secondly,
other constraints need to be removed to release the parts
or components, and we define these constraints as
post-constraints like d, e, f showed in figure 1. By the
definition, it is easy to know that pre-constraints always
should be disassembled earlier than post-constraints.

5) Parallel relationship: if there is no special notification,
there is no precedence relationship between or among
pre-constraints, and there is also no precedence
relationship between or among post-constraints.

6) Constraint chain: As mentioned above, there are
precedence relationships between pre-constraints and
post-constraints; moreover, there may be precedence
relationships between or among pre-constraints or
post-constraints themselves, which can be illustrated in
graph as dashed arcs from constraining arc to arcs be
constrained. We will discuss this further in detail in the
following section.

7) Undirected constraint relationships: If there is no
definite  precedence relationship between two
subassemblies correspondence with a constraint, then,
undirected constraint can be used to describe this kind of
relationship. Sometimes, destructive disassembly can be
described by undirected constraints.

8) Combination relationships: Product parts and
components can be combined into group as subassembly
and be disassembled together. Subassembly can be
classified as strong subassembly and weak subassembly.
Some subassembly must be disassembled as a whole
module firstly, and then parts or components in it can be
disassembled further. We call this kind of subassembly
as strong subassembly; otherwise, we call it weak
subassembly. In contrast with Strong subassembly, we
can disassembly weak subassembly as a whole at first or
disassemble parts or components in it at first.

In general, hybrid directed graph extends the application
of directed graph and improves its modeling ability.

The concept and application of the model can be further
illustrated by an example shown in figure 2.

£

Fig. 2 A hybrid directed graph model

Arabic numerals 1, 2, etc denote the subassemblies,
circle vertices denote product parts and rectangular
vertices denote components. A, B, C marked on the arcs



denote the disassembly constraints. Roman numerals I, II
denote disassembly constraint groups. If no definite
specification, all arcs directing into a vertex form a
pre-constraint group and all arcs leaving from a vertex
form a post-constraint group.
In figure 2, part 1 connects with part 10, 11, 13 and
component 2, 3. If we want to disassembly 10, 11, 13, 2,
or 3, we need remove constrains between 1 and them at
first. These constraints are real constraints such as
contact, connection, or fit. Moreover, there are also
virtual constraints in it, for example, constraint M is a
virtual constraint, which means part 3 must be
disassembled before part 5 although they don’t contact,
connect or fit to each other. Considering constraints of
part 5, M and D form a pre-constraint group I of it, at the
same time, constraint D and another virtual constraint N
form another pre-constraint group II, moreover, there is
“OR?” relationship between group I and II, which means
removing either group can make disassembling 5 be
possible.
Moreover, the constraint between component 2 and 4
should be undirected constraint because there are no
definite disassembly precedence relationship between
them, which means either 2 or 4 can be disassembled at
first.
Hybrid directed graph can be used to describe product
complete disassembly and selective disassembly
problems easily, which can also be shown in figure 2,
¢ Disassemble component 2 completely: Then, all
post-constraints need to be disassembled, however,
there are two different pre-constraint removing
scenarios I and II, so there are two scenarios to
disassemble component 2 completely. One is
removing constraints V and C, D, E; the other is
removing constraints A and C, D, E.
¢ Disassembly component 2 incompletely: For example
considering to disassembly part 6, there are two
scenarios, one is removing constraints V and E, in this
case, 2 still connects with 1, 4, and 5; The other is
removing constraints A and E, in this case, 2 still
connects with 19, 4 and 5.
Now, it can be easily understood that disassembling
parts/components and disassembling constraints are two
different concepts. The model can describe product
selective disassembly problem easily because of the
introduction of the constraint removing/disassembling
concept.

3 Application of hybrid directed graph
model

In this section, a simple product is used to illustrate the
hybrid directed graph modeling and analyzing process.
Fig 3 is a simplified assembly graph of a computer
graphics card. It is mainly includes main case 8, display
card subassembly, system board subassembly, bolt 1 and
7. The graph display card subassembly includes card 4,
fixing bar 2 and bolt 3. The system board subassembly
includes system board 6 and card slot 5.

= Bolt M4x1;
. Fixing bar;
: Bolt M2x1.;
: Display card:
: Card slot:

: System board:
: Bolt M6x4;
: Main case;

=
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Fig. 3 Assembly structure of a computer display card

Based on the discussion above, the computer graph
display card disassembly model can be built step by step
as follows:

1) According to product assembly structure, analyze
parts and components information and topology
relationship;

2) Construct the undirected graph model layer by layer
as shown as step 2 and 3 in figure 4.

3) Analyze the constraints between or among parts and
components, identify the precedence relationship
between or among constraints, find out the virtual
constraints and undirected constraints, and build the
preliminary hybrid directed graph model, as shown
as the step 4 in figure 4. Doubled arrowed arc
denotes the restriction relationship between
constraints, such as the arc from constraint i to a
which means a is restricted by i, and removing i
should be in advance of removing a;

Step 1 Prodtict assembly inror@% no

Fig. 4 Disassembly modeling processes of the display card

based on hybrid directed graph

4) Find out the strong subassemblies and possible weak
subassemblies, such as strong subassembly I, II, and
weak subassembly III, IV shown in figure 4.
Subassembly I includes parts 4, 2 and 3.
Subassembly II includes 6 and 5. Meanwhile, 5, 6, 7,
8 can also form weak subassembly IV, and 2, 3, 4, 5,
6 can form weak subassembly III. How to



disassemble and recycle should be determined
according to economic or environmental analysis, or
sometimes decided by people.

5) According to different group relationship, improve
and finish the graph model as shown in figure 4.

6) Finally, construct the hierarchic hybrid directed
graph model as shown in figure 5 based on strong
subassembly I and II.

Considering part 4 as selective disassembly target in
figure 4: Because part 3 belongs to strong subassembly
1{2,3,4}, thus the disassembly sequence should be
i2a>k>e, and thus get subassembly I, then remove
constraints b, ¢, d, and thus get part 4. To sum up, the
final disassembly sequence is ia>k>e>b>c>d.
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Fig. 5 Hierarchic hybrid directed graph model

If part 8 is the disassembly target, then {2, 3, 4, 5, 6}
can be viewed as a subassembly as shown in figure 6. If
this is the case, only need to disassemble bolts 1, 7, and
move away the subassembly {2, 3, 4, 5, 6}. Therefore,
in order to get part 8, the constraints removing sequence
isi2a2>k2>h>g>jor h>g2>j2>i2a>k

Fig. 6 Part 8 as the disassembly target

To disassemble the whole assembly completely, the
hierarchic hybrid graph model (fig. 5 and 6) can be used.
It is apparent that subassembly without in-arc and with
out-arc only should be disassembled in advance, and
considering to disassemble subassembly groups at first.
Finally, we get the following feasible constraints
removing sequence:

i, a: 1>h, g 72e, k {2, 3, 4} 2j: {5, 6}, 8>b, c:
32>d:2,4>1:5,6
According to relevant recycle regulations, it is much
more economical to disassemble {2, 3, 4} as a group,
and the same with {5, 6}. Therefore, the corresponding
constraints removing sequence is:

i, a: 12>¢g, h: 72>e, k: {2, 3, 4} 2>j: {5
6}, 8

4 Conclusions

Based on constraint and hierarchy concept, this paper
proposed a hybrid directed graph model in support of
product disassembly analysis. The concept of constraints
removing but not nodes removing is the essence of the
model and furthermore the essence of disassembly
problem. Directed, undirected and virtual constraints can
describe the complicated disassembly constraint
relationship between or among parts and components.
Moreover, the concepts of pre-constraints,
post-constraints and their group can describe the
incomplete disassembly problem easily. Besides, the
introduction of the concept of strong and weak
subassembly can be of great help in disassembly
sequence and depth decision process. Comparing with
various models currently used, hybrid directed graph
disassembly model is easy to understand, simple to apply
and convenient to handle complicated products
disassembly problem.

Acknowledgements

This project is supported by the National S&T
Supporting Program, China (Grant No.
2006BAF02A01-03, 2006BAF02A08) and the Excellent
Yong Scientist Foundation, Shandong, China (Grant No.
2006BS05010).

References

[1] Alting L, Jorgensen J. The life cycle concept as a
basis for sustainable industrial production [J]. Annals
of the CIRP, 1993,42(1): 163-167

[2] Gungor A, Gupta SM. Issues in environmentally
conscious manufacturing and product recovery: a
survey [J]. Computers and Industrial Engineering,
1999, 36(4): 811-853

[3] Huang YF, Lee CSG. A framework of
knowledge-based assembly planning [A]. In:
Proceedings of the 1991 IEEE International
Conference on Robotics and Automation [C].
Sacramento, CA, USA, 1991. II: 599-604

[4] Dewhurst P, Subramani AK. Automatic generation
of product disassembly sequence [J]. Annals of the
CIRP, 1991, 40(1): 115-118

[5] Jing R L, Li P K, Shu B T. Generation of possible
multiple components disassembly sequence for
maintenance using a disassembly constraint graph [J].
International Journal of Production Economics, 2006,
102 (1): 51-65

[6] Kuo T C, Zhang H C, Huang S H. Disassembly
analysis  for electromechanical products: A
graph-based heuristic approach [J]. International
Journal of Production Research, 2000, 38(5):
993-1007

[7] Suzuki T, Kanehara T, Inaba A, et al. On Algebraic
and graph structural properties of assembly Petri Net
[A]. In: Proceedings of IEEE International
Conference on Robotics and Automation [C], Atlanta,
GA, USA, 1993. 507-514

[8] Homem de Mello L.S., Sanderson A.C. AND/OR
graph representation of assembly plans [J]. IEEE
Transaction on Robotics and Automation, 1990, 6(2):



188-199

[9] Zussman E, Kriwet A, Seliger G
Disassembly-oriented assessment methodology to
support design for recycling [J]. Annals of the CIRP,
1994, 43(1): 9-14

[10] Lambert AJD. Optimal disassembly of complex
products [J]. International Journal of Production
Research, 1997, 35 (9): 2509-2523

[11] Li J Z, Puneet S, Zhang H C. A Web-Based
System for Reverse Manufacturing and Product
Environmental Impact Assessment Considering End

of Life Dispositions. Annals of CIRP: Manufacturing
Technology, 2004, 53: 5-8

[12] Ishii K, Eubranks CF, Di Marco P. Design for
product retirement and material life cycle [J].
Materials and Design, 1994, 15 (4): 225-233

*Contact author lifangyi @sdu.edu.cn;

phone  86-13805310890; School of Mechanical
Engineering, Shandong University, 73# Jingshi Road,
Jinan, 250061, China.




