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Abstract. In seeking further efficiency in production preparation, it is common to examine assembly sequences
using digital manufacturing. The assembly sequences affect the product evaluation, so it is necessary to test
several assembly segquences before actual production. However, because selection and testing of assembly
sequences depends on the operator’s persona experience and intuition, only a small number of assembly
sequences are actually tested. Nevertheless, there is a systematic method for generating assembly sequences
using a contact-related figure. However, the larger the number of parts, the larger the number of assembly
sequences geometric becomes. The purpose of this study is to establish a systematic method of generating
efficient assembly sequences regardiess of the number of parts. To generate such assembly sequences
selectively, a“Tournament Tree,” which shows the structure of an assembly sequence, is formulated. Applying
the method to assembly sequences of a water valve, good assembly sequences with the same structure as the
Tournament Tree are identified. The structure of such a Tournament Tree tends to have fewer steps than the
others. As atest, the structure is then applied for a drum cartridge with 38 parts. In al the assembly sequences
generated from the contact-rel ated figures, the best assembly sequence is generated by using the Tournament Tree.
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INTRODUCTION

ing. Considering such needs, a method called Virtua

Due to the deterioration in economic conditions and
therise in raw material prices, the life cycles of products
have become shorter, and shortening the product lead
time from development to mass production and reducing
the cost have also become important issues in manufactur-
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Factory is gathering increased attention because it has the
potential to shorten the product lead time (Grieves, 2006;
YIN Z-P, 2004; Chen et al., 2002; Molina, 1995). Virtua
Factory conducts pre-production processes by simulat-
ing the assembly of products via 3D-CAD. Assembly
sequences must be carefully designed, considering vari-
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ous alternatives, because they affect other factors such
as the difficulty level of the assembly or the work
layout. However, so far, only a limited number of
assembly sequences are tested before production with a
traditional method relying on aworker’s experience and
intuition. Although it is possible to create operation
animations and show virtual operations conducted in a
virtual factory by entering vast amounts of data manu-
ally using a motion capture apparatus or a computer
mouse into DELMIA Corp. software DELMIA DPM
ASSEMBLY and CATIA, this is not a realistic method
for actual production because it is a time-consuming
process.

There are many studies on assembly sequence planning
(Jun et al., 2005; Martinez et al., 2009; Wen ¢ al., 2008,
2010; Ka et al., 2008; Marian ¢t al., 2006; Young € al.,
2009; Wang et al., 2010; Qiang, 2009; Hongbo et al.,
2009; Biswal et al., 2009; Zhou et al., 2008; Shanshan et
al., 2008; Hwai et al., 2007; Ostrovsky et al., 2006; Liverani
et al., 2006). In this research area, it is common to gen-
erate assembly sequences using a BOM method, a ge-
netic algorithm method or a graph theory-based method.
To generate assembly sequences with this method,
using BOM while building a partly finished product
unit, it is vital to clarify both the structure of the partly
finished product and the precedence relations of the
parts; otherwise, the assembly sequences are not final-
ized. To generate assembly sequences, a graph theory-
based method requires both the structure of the partly
finished product and the precedence relations of the
parts. A genetic algorithm also requires the conduct of
parts and the precedence relations of the parts to gener-
ate assembly sequences. Although they obtain and or-
ganize the information of a partly finished product unit,
the precedence relations of the parts or the conduct of
parts, those methods cannot generate assembly se-
guences. It takes such along time that it is not of practi-
cal use. A method of generating assembly sequences
with simple information is required.

Previously, a method of generating assembly
sequences systematically using contact-related figures
has been proposed (Shinoda et al., 2000, 2001, 2002,

Keniji Tsuboi - Toshiyuki Matsumoto - Shinji Shinoda - Akira Niwa

2004, 20053, 2005b, 2009; Niwa et al., 2009; Y amanaka
et al., 2006; Tsuboi et al., 2006, 2007). In the studies, al
the feasible assembly sequences are first generated us-
ing contact-related figures and then evaluated. However,
as more parts or components are used in an assembly,
such a method may need to deal with an exponentially
growing number of assembly sequences, and therefore,
it will be difficult to generate all the sequences and to
evaluate the generated assembly sequences. For exam-
ple, for product A, which is made up of 42 parts, there
are 5.12 million possible assembly sequences, despite
the restrictions in the actual implementation of assem-
bly operations. Because it may take a considerable
amount of time to evaluate 5.12 million assembly se-
quences at the production preparation stage, this method
has not been realistic for use at actual production sites.

This study thus aims to clarify the two objectives
described below in order to generate efficient assembly
sequences systematically and effectively out of many
possible aternatives. Thefirst aim is to devise a method
of describing assembly sequences structurally and thus
obtain a general idea of the characteristics of efficient
assembly sequences. The second aim is to devise a
method of selecting efficient assembly sequences by
describing assembly sequences structurdly. By achieving
these two objectives, it is possible to select and evaluate
only the efficient assembly sequences without generating
and evaluating all the feasible assembly sequences.

2. TOURNAMENT TREE: A NEW MODE OF
EXPRESSION FOR GENERATING
ASSEMBLY SEQUENCES

The author has devised a new mode of expression
for generating assembly sequences, called Tournament
Tree (hereinafter denoted TT), by focusing on the fact
that the same parts could be assembled in different orders
and with different assembly sequences. Consider, for
example, an “audio plug” that consists of 4 parts; it has
been noted in a preceding study (Shinoda et al., 2004)
that 3 assembly sequences can be generated, asillustrated
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Figure 1. Audio Plug and 3 assembly sequences.
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in Figure 1. Taking a closer look at these assembly
sequences, it is clear that the only difference between
assembly sequence No.1 and 2 is the reversed order of
assembly [1] and [2]. Also, it is clear that Assembly
sequence No.3 has a totally different assembly order
from Assembly sequences No.1 and 2. To clarify and
express the difference between Assembly sequences
No.1,2 and Assembly sequence No.3, the author has
devised anew mode of expression with anew concept, TT.

TT represents the orders in which parts or compo-
nents are assembled in a tournament style. It can
describe assembly orders structurally, and thus, it can
also express the precedence relations between parts
visudly. The procedure for producing TT from assembly
sequencesis as follows.

Step 1 : Lay out numbers matching parts numbers from
left to right.

Step 2 : Connect the assembled parts with lines.

Step 3 : Draw lines between assembled partly finished
products and single parts or partly finished
products.

Step 4 : Repeat Steps 2 and 3 until no parts or partly
finished products are left behind.

By following the above procedure, TT can be gen-
erated from assembly sequences. Figure 2 showsthe TTs.
produced for the assembly sequences presented in Figure
1. Assembly sequence No.1 and Assembly sequence No.
2 differ in the assembly order of [1] and [2], so they are
expressed using the same TT. Assembly sequence No.3
has a different TT because the single parts are sequen-
tially added to one partly finished product. TTs can
clearly show the structural difference in assembly order
between Assembly sequences No.1, 2 and Assembly
sequence No.3. Thus, by expressing the assembly se-
guences with TTs, multiple assembly sequences with
different assembly orders of parts can be integrated into
oneTT.
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Figure 2. TTsof assembly sequence No.1, 2 and No.3.

3. ANALYZING ASSEMBLY SEQUENCES
USING TTS

This study aims to generate efficient assembly se-
guences selectively out of numerous possible assembly

sequences by considering the relationship between TTs
and assembly sequences. However, it is not yet clear
what TTs can generate efficient assembly sequences.
Therefore, by listing al possible assembly sequences
and producing TTs, the author aims to clarify the rela
tionship between TTs and efficient assembly sequences.
Here, a “water valve” illustrated in Figure 3 is taken as
example of an assembly product. The water valve con-
sists of 10 parts, and 1008 assembly segquences were
specified and presented in a preceding study (Shinoda et
al., 2004). TTs are produced for all these 1008 assembly
sequences, and the relationship between TTs and effi-
cient assembly sequencesis clarified.

3.1 Preliminary Conditions and Evaluation Items

To conduct an assembly task following a correspond-
ing assembly sequence, two preliminary conditions are
given. The first condition is to conduct operations using
both right and left hands. In an assembly task, a larger
part is called a parent part, and a smaler part is caled a
child part, for convenience. When assembling parts using
both hands, the left hand should hold the parent part, and
the right hand should hold the child part. Upon the as-
sembly of these parts, the child part held in the right hand
should move toward the parent part in the left hand. The
terms “parent part” and “child part” are identified by the
relative sizes of the abjects, and the terms differ from
their meanings in the PLM research field (Ishii et al.,
1992). The sizes of the parts can be abtained by 3D-CAD
as in the preceding studies (Shinoda et al., 2000, 2001,
2002, 2004, 2005a, 2005h, 2009; Niwa et al., 2009; Y&
manaka et al., 2006; Tsuboi et al., 2006, 2007). Table 1
shows the size of each part of the water valve.
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Figure 3. Water valve.
The second condition is to conduct and complete an
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assembly task top-to-bottom. This has been proved to be
an easy order to perform an assembly task in a preceding
study (Shinoda et al., 2004). Because by doing so, an
operator can visualy check the parts or areas of parent
parts and child parts being attached. When assembling
parts top-to-bottom, the child part held with the right
hand is put together with the parent part in the left hand
from above.

Efficient assembly segquences are judged by the
evaluation items, including the number of steps and the
total angle of rotation of each sequence. These evalua
tion items are specified when transferring assembly
sequences into VFDL (Virtuad Factory Description Lan-
guage). VFDL is an ingtruction language for creating
3DCG of assembly works developed by Dr. Shinoda
(Shinoda et al., 2004), and it describes any transforma-
tion included in an assembly as instructions. 3DCG can
be generated by using VFDL and the software ENVI-
SION released by DELMIA Corp. (FRN). Different
assembly sequences have different numbers of steps
and total angles of rotation. Based on the evaluation
items, the efficiency of the assembly segquences can be
judged.

One of the evaluation items discussed above, the
number of steps, indicates the number of movements
involved in an assembly. For example, moving the right
hand to pick up a part, grasping a part, and assembling
parts can all be counted as one step. The number of
steps can roughly be converted to the time taken, and
the fewer the steps, the shorter the time it takes to pro-
duce more products. Therefore, the TTs of assembly
sequences that have fewer steps shall be described as
efficient TTs.

Another evaluation item, the total angle of rotation,

refers to the angle at which a part or partly finished prod-
uct is rotated to complete an assembly top-to-bottom.
Rotating a partly finished product also counts as one
step in an assembly. However, there are cases when
parts are not fixed to each other in the course of an as-
sembly, and the resulting partly finished product is frag-
ile. When such partly finished products are rotated, un-
fixed parts may fal off. Thus, TTs with less rotation
should be selected as more efficient TTs.

Considering the two evaluation items above, effi-
cient assembly sequences must have fewer steps and
less rotation. The relationship between efficient assem-
bly sequences and efficient TTs will be analyzed with
each evaluation item below.

3.2 Classifying TTs According to the Number of
Assembly Sequences Generated

The authors have succeeded in producing TTs for
all 1008 possible assembly sequences of a water valve.
Because there were overlaps, 334 TTs were produced,
as shown in Figure 4. As characteristics, the same struc-
ture of TTs, which can reproduce the same number of

assembly sequences, can be integrated into asingle TT
of the pattern by switching the numbers of the parts. For
example, there are 189 TTs that can reproduce one as-
sembly sequence, and thus, these TTs can be integrated
into one TT of the pattern by replacing the numbers of
parts. The TTs and their patterns are classified by the
numbers of assembly sequences generated. The 334 TTs
mentioned earlier are classified into 13 patterns, from
TT-A to TT-M, as shown in Figure 5. Figure 5 illus-
trates the patterns classified by the numbers of assem-
bly sequences. For example, with TT-A, there are 189
TTs that can reproduce one assembly sequence, and
with TT-M, there are 2 TTs that can reproduce 56 as-
sembly sequences. The relationships between the pat-
terns of TTs and efficient assembly sequences will be
analyzed in the next section.
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Figure 4. Water-valves TTs.
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Table 1. The sizes of the water valve parts.

unit: mm
Parts No. X Y Z
1 11.34 9.82 4.95
2 18.50 18.50 0.50
3 52.12 52.09 951
4 20.50 17.76 12.15
5 21.00 21.00 24.10
6 10.00 10.00 64.25
7 15.00 15.00 25.70
8 14.20 14.20 3.05
9 6.08 5.28 2.60
10 48,00 31.38 34.19

3.3 Analyzing the Number of Steps

Figure 6 shows the distribution of the number of
steps from TT-A to TT-M. TT-A has 65 to 76 steps on
the distribution chart, while TT-M has 74 to 114 steps.
Looking at the chart, we see that TTs that reproduce
fewer assembly sequences generally have fewer steps,
while TTs that reproduce more assembly sequences
have more steps. Asfor the distribution, TTs with fewer
assembly sequences are distributed unevenly, whereas
TTs with more assembly sequences are distributed
fairly widely.

With the TTs of fewer assembly sequences, the
parts are consistently added to a single partly finished
product; thus, there is less chance to use a temporary
storage place, and the number of steps decreases. There-

fore, TTs with TT-A patterns can be judged as efficient
because the parts are consistently added to one parent
part. However, the numbers of steps can vary within the
assembly sequences of TT-A patterns. Differences may
be caused by the arrangement of the parts; thus, the
following section will discuss and analyze the arrange-
ments of the partsin TT-A-type assembly sequences.

After analyzing how the arrangements of parts and
the number of steps are related in TT-A, it is found that
TTs that contain certain arrangements using a certain
part have fewer steps. The part and arrangement in
question are the ones using the part # 6 plug bar as a
connector for other connecting parts. Because the part #
6 is the largest part used for the water valve, it is often
used as a parent part in an assembly. If different parts
perform the role of a parent part, an operator has to pick
up and put down the parts held in the left hand, which
increases the number of steps. Therefore, if a part often
plays the role of a parent part, that part should be used
first in an assembly, and the numbers of the parts should
be arranged as in the TT, so as to generate assembly
sequences with fewer steps. When the assembly se-
guences are shown with TTs, it is clearly more effective
to assemble parts successively, without picking them up
or putting them down so often.

3.4 Analyzing the Total Angle of Rotation

Figure 7 shows that the distribution of the total an-
gle of rotation can be categorized into three kinds of
angles: 900, 1260 and 1620 degrees. Comparing the distri-
bution of the total angle of rotation with the TT patterns
and with the number of steps, it is found that the distri-
bution patters are different. The assembly sequence
derived from the TT-A pattern has fewer steps
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Figure 6. Digtribution of stepsin TT patterns
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compared with other patterns, but the angle of rotation
does not necessarily decrease as a function of the num-
ber of steps. It is thus possible to conclude that the TT
patterns and angles of rotation are not related.

After considering which kinds of assembly sequences
have less angle of rotation in an assembly, it was found
that the assembly sequences have less total rotation
when parts are continuously rotated and put together
during an assembly. In the assembly of a water valve,
the object of study here, parts must be rotated when
parts #6 and 7, 7 and 8, 7 and 9 are put together. By
arranging the partsin a TT so that the assembly of rele-
vant parts is conducted successively, it is possible to
produce assembly sequences with less total rotation.

Analyzing the number of steps in 3.3, it becomes
clear that when parts are put together successively with
a single parent part, the relevant TTs have fewer steps
and are higher in work efficiency. Anayzing 3.4, the
total angle of rotation, it was found to be effective to
order the numbers of parts connected to each branch of
the TT so that the parts are assembled from one direc-
tion successively. Using the TTs, it is now possible to
evauate the assembly sequences with less rotation and
fewer steps. In such assembly sequences, elaborate se-
ries of parts are successively added to a single parent
part. Specifically, TTs can show the flaws in designing
the assembly of a product, the problems in current
assembly sequences and other possible problems. The
next chapter discusses how to generate the efficient
assembly sequences discussed above using TTs. It also
deals with assembly sequence design using BOM,
which focuses more on constructing partly finished
product units. The difference between the two approaches

lies in that the TTs put more emphasis on adding parts
successively to a given parent part. In Chapter 4, the
findings are applied to a product, and assembly se-
guences for an actual product are generated. The opti-
mum assembly sequence will be identified by two
evaluation itemsin Section 3.1.

4. PROCEDURE OF SELECTIVELY GEN-
ERATING ASSEMBLY SEQUENCES
USING TTS

In the preceding chapter, efficient TT patterns and
arrangements of the numbers of parts are clarified.
Based on these results, the procedure for generating
efficient assembly sequenceswill be described below.

Step 1 : Select a parent part. The part with the largest
number of contacts with other parts should be
the parent part.

Step 2 : Produce a TT in which parts are put together
with the parent part when possible.

Step 3 : Place the parent part at the initia assembly
position.

Step 4 : Considering the precedence relations of the

assembly order, when severa parts can be

assembled from one direction, arrange themin

a row so that the assembly is done succes

sively.

Considering the precedence relations of the

assembly order, arrange the rest of the parts

efficiently.

Step 5 :



A Proposal for Generating Good Assembly Sequences by Tournament Tree 167

| p— |
910 11 13122627 3031141516 23242517 1619 202221 3736 32 34 33 3dD W1 26 7 & 3

i1
54 2829

Figure8. TT of the product B (drum cartridge).

By following the steps above, it is possible to gen-
erate efficient assembly sequences selectively from
many alternative assembly sequences. To demonstrate
and validate how effectively this method works, assem-
bly sequences that include many steps will be used as
an example. Product B, which isa*“drum cartridge” that
consists of 38 parts, is chosen as an object of study.
153664 assembly sequences are generated from the contact-
related figure (Shinoda et al., 2009). This drum cartridgeis
an actual product and is manufactured in a factory and
distributed in the market. This product is different from
product A, which consists of 42 parts. Figure 8 shows
the TT generated by following the procedure of selec-
tively generating efficient assembly sequences using
TTs. The TT is designed so that parts are most likely to
be put together with a parent part when possible in the
assembly of the drum cartridge. Part # 9 is most often
used as a parent part, and thus, it is placed at the begin-
ning of the assembly. Moreover, parts assembled from
the same direction are arranged successively.

For the drum cartridge assembly, 72 types of as-
sembly sequences are generated form the produced TTs.
The assembly sequences and assembly directions are
specified, and the number of steps and total angle of
rotation are calculated from the transferred VFDL. The
assembly sequences generated have between 295 and
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Figure9. Digtribution of product B steps.

315 steps, and the angles of rotation are either 3240 or
3250 degrees in total. Figure 9 shows that these assembly
sequences are distributed at the point indicating the
fewest steps on the chart and that they have the smallest
angles of rotation. The result shows that using TTs, it is
possible to generate only the efficient assembly sequences
selectively. Here, the assembly sequence generated
from the TTs and the actual assembly sequence used at
the production site were compared. The actual assembly
sequence had 305 steps, and it was clear that the TT-
generated sequence had fewer steps. If contact-related
figures are to be used for generating assembly segquences,
153664 types of assembly sequences must be evaluated,
whereas using TTs, the number of assembly sequences
to be evauated is limited to 72 types. Therefore, it is
more efficient to use TTs for generating and evaluating
assembly sequences. Therefore, it is clear that TTs can
be used to generate only the efficient assembly se-
guences. The generating time of the TTs method and the
contact-related figure method in the preceding study
(Shinoda et al., 2004) is compared. The former takes
one day and the latter takes 5 days; thus, the former is
more efficient. Figure 10 shows 3DCG of the assembly
sequence with the fewest steps. The operation is con-
ducted using the TT-generated assembly sequence with

Figure 10. 3DCG of the assembly operation.
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the fewest assembly steps. This shows that it is possible
to create efficient assembly sequences with fewer steps
at the design stage using TTs.

It is thus possible to conclude that TTs can be used
to generate assembly sequences and that TTs can be
generated from assembly sequences. This means that
TTs and assembly sequences are correlated. It is common
to generate assembly sequences using BOM, a genetic
algorithm-based method or a graph theory-based method.
These methods cannot generate assembly sequences
without the information of a partly finished product unit,
the precedence relations of the parts or the conduct of
the parts. However, when using TTs for generating
assembly sequences, only the precedence relations need
to be clarified before creating assembly sequences with
minimal rotation of parts arranged successively. Com-
pared with the method using the precedence relations of
the parts only for generating assembly sequences (Jun
et al., 2005; Martinez et al., 2009; Wen et al., 2008,
2010; Kai et al., 2008; Marian et al., 2006; Young et al.,
2009; Wang et al., 2010; Qiang, 2009; Hongbo et al.,
2009; Biswal et al., 2009; Zhou et al., 2008; Shanshan et
al.,, 2008, Hwa e al., 2007;0drovsky e al.,
2006; Liverani et al., 2006), the proposed method inten-
tionally shows the assembly between two parts with a
tournament style method, and the assembly sequences
shown are visually accessible.

5. CONCLUSION

In this study, the author has devised and presented
the idea of a Tournament Tree, which structurally ex-
presses assembly sequences, in order to generate
efficient assembly sequences systematically regardless
of the number of parts used in an assembly. By clarify-
ing the relationship between TTs and efficient assembly
sequences, the effectiveness of a successive assembly
was expressed in terms of TTs, and the author has
succeeded in generating only the efficient assembly
sequences selectively from TTs. Efficient assembly
sequences can be generated regardless of the number of
parts up to about 40, as shown in the application for
Product B, which has 38 parts. Because it is possible to
generate only the efficient assembly sequences by TTs,
the concept of TTs may facilitate the implementation
realization of effective pre-production methods in the
future.

The number of steps and the total angle of rotation
are used as indicators for determining efficient assem-
bly sequences in this study. In an actual pre-production
process, engineers also work to create exclusive jigs to
promote work efficiency. In further research, the author
plans to analyze the relationships between TTs and jigs
and to develop a system that generates good assembly
sequences using the concept of TT. By developing the
concept of TT, it would be possible to construct not
only effective assembly sequences but also effective

disassembly sequences.
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