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Introduction analyzing tolerances and planning assembly operations, would be

. . a very tedious process and require several iterations.
Body frames of most mechanical products such as ships, air- Y P q

| d aut i fairl lex. h it i The decomposition and joint configuration have another impor-
planes, and aulomouves are fairly compiex, Nence It 1S VEry €fint offect on designing this type of assembly. Consider two de-
pensive to manufacture them from a single piece material if it

> X h ; Kigns of a rectangular box without a critical dimension shown in
not impossible. Typlcallyz human designers would decomposers; 2 Note that, in Fig. @), two slip planes are parallel while
complex body structure into parts such as panels and beamst%e in Figure @) are perpendicular. The design shown in Fig.
that each part could be manufactured with reasonable cost wiplg) can be assembled effortlessly if the section 3 is the only part
satisfying its structural and functional requirements. that has a manufacturing variation in its length. However, if the
As the number of parts increases, however, achieving the @lingths of section 2 and 4 are slightly different due to manufac-
mensional integrity of the final assembly becomes more demandring variation, some amount of force would be required to
ing work due to the inherent manufacturing variations in fabricalamp two parts together before the joining process. This force
tion and assembly operations. For body structures or framesréyuired to fit two parts together would result in the residual stress
which parts are typically forged or bent, it is not economical tafter joining is finished. The residual stress does not only cause
manufacture every part with tight tolerance such that toleranescessive stress where fasteners or welding spots are located, but
stack-up could be compatible with required dimensional integriggiso alters the dimensions of the final product especially when the
of the final product. Hence, in this type of assemblies, while relgarts are relatively flexible. By configuring two joints in perpen-
tive dimensions among parts are specified, the locations of joirtficular, on the other hand, the design shown(lih can absorb
are not specified at the part design. Instead, during assembly gpnufacturing variations that section 1, 2, 3, or 4 may have, pro-
erations, parts are located and fully constrained in fixtures amtfled that variations in angles are negligible. Briefly, the decom-
they are welded or stamped or drilled for fasteners. In order B®sition and joint configuration have effects on the residual stress
adjust relative locations, the contact areas where joints will §@used by the manufacturing variations each part has as well as
placed should be designed in such a way that a small amountt¢ manufacturing variations the assembly operations introduce.
relative motion is allowed, which is why those contact areas are The decision of which components to assemble together to
calledslip planes achieve the end product has been termgsEmbly synthesis our

Designers still have to decide how to decompose the prodiRi€Vious work2], and the assembly synthesis is done by decom-

and how to orient slip planes so that they could provide adjusé—osmon of the end product design prior to the detailed component

o : ; ; esign phase. Among several effects that the assembly synthesis
ability during the assembly operations. See Fig. 1, for examprﬁgrlis on the end praduct, in this paper we focus on the assembly

where two candidate designs of a rectangular box are shown. S h - h . 4 . ;
pose the distance between section 1 and 3 is critical for so thesis 10 achle\_/e dlmensmnal_ Integrity and a _methc_>d which
reason and parts are assembled on a fixture. Then, it is Obvi&?@erates_ all p_033|ble decompositions accompanied W'th. proper
that the design shown ifa IS not proper due to it lack of ad-tec "R 00 SERIDN, SERETERR e BOAE T
justability along the critical dimension. On the other hand, the orgﬁe paper, combined projcess ofté/écomposition, joiﬁt configuration
nd assembly sequence planning will be referred to as assembly
thesis process.

shown in(b) provides slip planes such that relative location o
parts can be adjusted along the critical dimension. Provided t
the geometry of the product is fairly complex with a number o

critical dimensions to achieve, decomposing the whole piece into

parts, configuring slip planes, defining datums, assigningelated Work and Background

Contributed by the Design Automation Committee for publication in ther Representation of Mechanical Assembly and the Key Char-

NAL OF MECHANICAL DESIGN Manuscript received April 2002. Associate Techni- 2Cteristic. ) The “graphe de liaisons fonctionelle$3] is a simple
cal Editor: J. E. Renaud. graph devised to represent an assembly. The graph has a node for
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v v {a) lap joint {b) butt joint {c) butt-lap joint
3 3 Fig. 3 The basic joint configurations for sheet metal assem-
(a) (b) blies [11]

Fig. 1 Examples of decomposition and joint configuration for
dimensional adjustment. The design in  (b) provides adjustabil-

ity along the critical dimension, while the design in a) lacks . .
p)r/oper Slip planes. 9 @ Yetis and Saito(i2] also developed a system that decomposes a

given product geometry into parts for minimum reductions in
structural stiffness. However, the employed method to search de-

each part in the assembly and an edge for each physical conglgf space differs from most of similar work in that it utilizes the
that a pair of parts have between them. We shall call it the liais&€netic Algorithm(GA), which randomly generates possible de-
diagram (or liaison graph from now on, after De Fazio and COmpositions and evaluate each of them in terms of structural

Whitney [4]. strength, so that the system could find the optimal solution as the
The Key CharacteristicdCs) are defined by Lee and ThorntonGA proceeds.
[5] as product features, manufacturing process parameters, angoint Configuration for Sheet Metal Assembly. Recently, a
assembly features that significantly effect a product's perfogsy, researchers have pointed out the influence of joint configura-
mance, function, and form. As designing a complex assembly {5 on the manufacturing variations of sheet metal assemblies.
such a way that KCs could be delivered is very crucial, Maroting the flexibility of sheet metal assemblies, Liu and [Ad]
tripragada and Whitnejl] devised an augmented liaison diagranhaye ‘utilized FEM to simulate the manufacturing variations of
called Datum Flow ChaiiDFC). The DFC is an efficient tool to gimpje rectangular box constructed from three basic joints shown
analyze how geometric KCs are delivered through datum relatigy-rig 3. They have shown that variation characteristics widely
ships(represented as directed edges in DB@ong parts and the \ 5y aecording to the joint configuration. Ceglarek and [
degrees of freedom joints carry. The critical dimensions mefyye developed a method which evaluates the ability of absorbing
tioned earlier will be referred to as KCs in the rest of the papepayt variations for a given joint configuration. For a given sheet

Assembly Sequence Generation. Bourjault[3] and De Fazio met.al assembly and its joint configuration, the methqd generates
and Whitney[4] are among the earliest researchers in assemi@{) index which tells how closely parts are related in terms of
sequence generation. In both works, a user is required to answé&igension. Although these works show the effect of joint configu-
series of questions such that the software system could set {HON on the dimension of final assembly using tolerance analysis
priorities among the liaisons defined in the assembly. Then tRillS, they lack the ability tqyenerateall feasible decomposition
system generates all feasible assembly sequences based on &%b-joint configuration from the geometry of initial product
ries of rules built from the user’'s answers. design.

Homem de Mello and Sanderson have developed AND/OR
graph of assembly sequence and algorithms to generate all fea-
sible assembly sequences in a series of wpBks8]. A decompo- Assembly Synthesis Process

sition approach is utilized in their method under the assumption

that the disassembly sequence is the reverse of assembly sequ nEbthi_Z ser(]:tion, the ass_ltlergblél_ synthezis_, péocglss_r\;]vith thel rulgs
no matter the assembly operation is reversible or not. that guide the process will be discussed in detail. These rules do

not only ensure the dimensional integrity of the end product but
Decomposition Methods in Mechanical Design. In most of also provide the accompanying assembly sequences to achieve the
aforementioned works on assembly sequence, the use of decamended dimensional integrity. Starting with the initial product
position was only for generating assembly sequences betweagrometry, the assembly synthesis process with these rules will be
physically separate parts, not for designing products. On the ottegplied recursively to each decomposed part until the decomposed
hand, Wang et al[9,10] utilizes decomposition techniques topart is considered to be manufacturable in one piece.
physically decompose a given product geometry to separate . . .
pieces. Wang developed a system which, at first, unfolds a shegREPresentation of Product Geometry. Since the object un-
metal product by searching spanning trees of the face-adjacelaﬁy consideration before and during the assembly synthesis pro-

raph of the product, then decomposes the unfolded product IS is not an assembly of separate parts yet, a few terms need to
grap produ P . produ Il?ﬁéjefined to avoid confusion of the object with assembiyein-

per is defined as any section of a product geometry which is
allowed to be a separate part after the decomposition process and
we state a pair of members atennectedwhen they meet at a
certain point in the product geometry.

By the reason that a product geome(@mygroup of members and

1 1 - Co L
— — connectiongis similar in structure to assembly group of parts
and jointg and, ultimately, a product will be transformed into an
2 4 2 4 assembly after an assembly synthesis process, it is very conve-

nient to use liaison diagram to represent a product geometry and
to employ the existing methods developed for decomposition

3 3 techniques. In a liaison diagram of a product geometry, however,
(a) (b) each node represents a member and each edge represents a con-
nection between a pair of membésee Fig. 4. Although, in Fig.
Fig. 2 Examples of decomposition and joint configuration for 4, every segment with constant tangent and no intersection with
non-forced fit. The design in  (b) provides slip planes that can other segments is shown as a member, the specification of mem-
absorb manufacturing variation of each part, while the design bers might vary according to the area of application or according
in (a) lacks the proper configuration of slip planes. to a designer’s preference. For example, in Fi@),4a designer
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Fig. 4 A product geometry and its liaison diagram
2 4 (%) (v,)
might specify section 1 and 2 as a single member, if he or she
want section 1 and 2 to be a single part during the assembly @
synthesis process. 3
The liaison diagram of a product geometry can be defined as a ) o

five-tuple: Fig. 5 Binary decomposition is shown both on product geom-

etry (left) and its liaison diagram (right). Removing a cut-set
Lo=(Vo, Eg, Ap, id, N3 (1) from the liaison diagram resulted in a pair of connected graphs.

whereVy={v4,v5,...,0,} is the set of nodes representing mem-

bers,Ey={e;,e,,...,em} is the set of edges representing connec-

tions, Agp={a;,a,,...,a,} is the set of edges representing KCsan example.

id:E—~Z is a mapping which returns an integer for a connection, Let us sayL,=(V,, Ea, Ay, Lpy=(Vy, Ep, Ap) and L,
and nvA—R"*%is a mapping which returns a normal vector for=(V,, E., A.) are liaison diagrams on configurativf, V, and
an KC, where the superscripsdon the real number s&, rep- V., respectively. Then the validity of a decomposition fréipto

resents the number of space dimension. its subconfiguratiorv/, andV,. can be decided by predicate de:
The integer which id returns is an identification number, to Y Y 4
count how many edges in the liaison diagram belongs to a physi- de:2lox (2%0x 2%)—{true,false} (2)

cal connection point. For example, in Figajt member 1 has two

physical connection points, one with member 2 and the other wi

member 6 and 7, heneg is adjacent to three nodes;, vg, and

v7. Since the liaison diagram withoud does not tell which two

of three edges ((;,v,), (vq1,ve) and (;,v7)) belong to asame 1. V,#J andV .+

connection point, we need an identification number which tells the2, (v,, E,), (V,, Ey) and (V,, E.) are connected.

physical connection point for each edge. In this example, the edges. v ,=V,UV,.

(v1,v6) and v,,v7) are supposed to have an identical number 4, v,NV,=@.

which should be different from that ofv{,v,). On the other ) - . ) )

hand, the nv returns a vector which tells the orientation of a k@ he first condition states that ne_lyher of subconflgura}tlpns should

Both id and nv are necessary when the system assigns joint cB8-€Mpty. And the second condition states that the liaison graphs

figurations, which will be explained later. of the configurations and a pair of subconfigurations should be
A configurationis defined as a group of members which argqnnected, which means each.of them should.be a;mgle part. The

connected to at least one of members within the group. Once th#d and fourth condition specify that the configuration should be

liaison diagram of a product geometry is given las, we can divided to a pair of subconfiguration without any common mem-

represent a configuration as a set of nods),, and the liaison ber between them. ) N ]

diagram on the configuration will be the induced subgtag_, In order to obtain all feasible decompositions for a configura-

onV Since a configuration is a group of connected members, tHgh. We have to enumerate all possible cut-sets. Among several

liaison diagram of a configuration excluding the edges represefiiéthods to enumerate cut-sgts5], we will use the method
ing KCs should be a connected graph. implemented in the work done by Homem de Mello and Sander-

son[7] due to its efficiency on problems of moderate size.

ere 20 represents the set of all subsetsvgfincluding @, and
e(Va,(Vy,Vy))=true,® if and only if all of the following con-
ditions are satisfied:

Binary Decomposition of a Configuration. In the decompo-
sition process, we will allow only such decompositions that divide 1he First and the Second Decomposition Rules for Dimen-

a configuration into a pair of pieces which we will calibcon- gjona| Adjustment.  Once we obtain a binary decomposition of
figurations as we assume every assembly plan is a series of aSgynfiguration, we need to assign a proper joint configuration to
sembly operations of a pair of parts or subassemblies. In order{® 1 oken connections in the decompositionjoit configura-

decompose a configuration into a pair of subconfigurations, Wy, \yi|| pe represented as normal vectors assigned to broken
have to select a group of connections to ‘break’ such that witho nnectiongsee Fig. 6. More formerly, a joint configuration can

those selected connections, the configuration could split into R defined as a mapping E—R"® which returns a normal vec-

subconfigurations. Same reasoning can be applied to the Iialst8 for each edge which belongs to the cut-set of the decomposi-

diagram of the configuration, hence we will have to select a setf . “For edges that do not belong to the cut{seich as ,,v5)
edges to ‘cut’ in order to split a liaison diagram into two__ 1.2

connected graphs. This set of edges is callecuiaset (edges and ©3,v4) in Fig. 6, the y will simply return a zero vector.

X : . Although vy is associated tde, it is not unique for a product
representing KCs are not counted in a cul-s@efer to Fig. 5 for geometry, as each decomposition will have its own cut-set and a

_— different joint configuration. Also it should be noted that the nor-
1Given a graphG=(V,E), let U be a nonempty subset d. The graph whose
vertex set isU and whose edge set comprises exactly the edgds which join

vertices inU is termed arinduced subgraplof G [13]. ‘AxB={(})|acA,beB}[14].
2A graphG is termedconnectedf every pair of vertices irG are joined by a path 5A parenthesized pair of objects usually have an order between the objects. How-
[13]. ever, in this context, a pair of subconfigurations obtain the same result from the
SA cut-setin a connected grap = (V,E), is a minimal set of edges & whose predicate regardless of the order. Thug, (V) and (V,,,V,) are not distinguished
removal fromG, rendersG disconnected13]. in the rest of the paper when they represent a pair of subconfigurations.
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Fig. 6 A decomposition and its joint configuration is depicted.
The joint configuration is a set of normal vectors associated
with the cut-set of the decomposition. | 1 I 2 3 |
mal vectors in the opposite directions are treated as identical. f KC2
example, ¢ 1,0) and(1,0) are not differentiated in the problem. (b) (c)

To begin with, let us consider how to decide joint configura-
tions for _those decpmpositions which have_ at least one brokgly s The car floor pan with two KCs is shown in (@). Two
KC. Provided that fixtures are used to achieve KCs due to palisemply sequences with different joint configurations are
variations, at least one slip plane should be laid along each KGlgown in (b) and (c) [16]. While the assembly sequence in  (b)
direction. Figure 716] shows an simplified car floor pan designachieves two KCs at a time with only one slip plane (between
which has a slip plane between parts 2 and 3 such that the KC gant 2 and 3 ), that of (c) achieves two KCs in sequence with one
be delivered. However, as pointed out by Whitney et[ab], slip plane for each KC.
assembly sequence planning plays a significant role in KC’s de-
livery. The assembly sequences in Fig. 7 show that it is desirable

that a slip plane is provided at the very assembly operation wheyge o the other looser tolerances, a process cplieditizing the
KC is realized(Fig. 7 (b)). In Fig. 7 (a), although there is a slip Kcs ” which warns us of the poss’ibilﬁy that a EC can bge deliv-
plane in the KC'’s direction, the adjustability which the slip plan@red less precisely under a KC conflict.

provides will be used up by the time KC is realized. Thus, there In Fig. 8a), a product geometry with two KCs is shown. While
will be no means left to absorb the variation of part 1. the assembly sequence shown in Figp)8ealizes both KCs at the

Let us consider this relationship among slip planes, assemblycond operation, the planning shown in Fi¢c)8chieves one
sequences and delivering KCs in the reverse direction, so that K€ at a time with one slip plane or adjustability for each KC. Also
could decompose a configuration in such a way that KCs afete that joint configurations ib) and(c) are different due to the
delivered when parts are assembled. As shown in the examplenimber of slip planes that they provide. We can program our
Fig. 7 (b), no matter what joint configuration the part 1 and 2 havassembly synthesis method to come up with degigyrby allow-
between them, it is important that joint configuration betweeing only such decompositions that break at most one KC at a time
{1,2} and 3 should be parallel to the KC’s direction. This can be@nd decomposition rule for dimensional adjustabjlitiowever,
stated in the reverse course as follows: no matter how a subcitnis possible that the decomposition process encounter a certain
figuration is decomposed further, when a KC is broken by a deenfiguration where breaking only one KC is not possible by any
composition, slip planes should be oriented parallel to the KCiaeans. In this case, our method will leave the configuration un-
direction at all the broken connections. We will refer to this as théecomposed, as a systematic way to prioritizing KCs is not incor-
1st decomposition rule for dimensional adjustability porated in the current implementation.

As typical complex assemblies have more than one KC in- The predicate da defined below will decide whether a joint
volved in several parts, it is common that several KCs cannot benfiguration satisfies both 1st and 2nd decomposition rules for
realizedindependentlymeaning that “each KC may not be able todimensional adjustability:
have its own DFC that can be built, inspected, and/or adjusted into Y ns Voo AV
compliance separately from othdik6].” This situation is called da:2/0x (E—>R%) X (2'0x 2Y0)~{true, false}  (3)
KC conflictby the same authors. Regarding the KC conflict aghere daV..vi.(Vy.V.))=true, if and only if all of the follow-
undesirable but inevitable, they also addressed that “lacking tfig) conditions are satisfied:
ability to adjust each KC independently, one is forced to accord

1. |AMALUAY)|=<1.
2. For ae(AMAUA))® and Vee(E\(E,UE)),
nv(a)eyi(e)=1.

2 3 1 2 3. Vee(EbUEC),yi(e)=0.
% L1 - The first condition states that the number of broken KC should be
1. The second condition states that the joints at broken edges
1 2 3 1 2 3 (edges belong to the cut-3ahould be parallel to the broken KC.
| Il = I | Il - | The third condition states that normal vectors for unbroken edges
e o Dyl should be the zero vector.
KC KC Decomposition Rule for Nonforced Fit. Figure 9a) depicts
(@) (b) a product geometry decomposed with normal vectors represented
asnq, n,, andng for three joints. Two candidate assembly se-

quences are shown in Figurébd and(c). In the figure(b), {2,3}
and 4 are assembled first afi@,3},4} and 1 are assembled at the
second operation. Because there is no KC defined between

Fig. 7 Two assembly sequences for the car floor pan [16]. In
figure (a) part 2 and 3 are assembled first and then part 1 is
assembled. It is possible that the manufacturing variation of

part 1 makes the KC unattainable. However, the sequence member 2 and member 4, a fixture is not used at the first opera-
shown in figure (b) provides the slip plane at the moment the tion; hence some level of manufacturing variation might occur
KC is achieved, so that the slip plane can absorb any variation

in length involved with the KC. SA\B={x|xe A andb ¢ B} [14]
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Fig. 9 Two different assembly sequences for a decomposition i ) )
(a) are shown in (b) and (c). While, in figure (b), the joint con- Fig. 11 A partial AND /OR graph of the simple rectangular box

figuration at the second assembly operation does not absorb (Fig. 5). Note that the graph is constructed from the top to the
possible manufacturing variations from the first assembly op- bottom as the assembly synthesis is being conducted and it
eration and part 1, those in figure  (b) does absorb the manu- ~ reads from the bottom to the top when an assembly sequence
facturing variations, thus enables non-forced fit. is extracted.

during the first operation. Also, there might be manufacturindition otherwise. The second condition states that the joints at
variation in the length of the part 1. Since the joint configuratiobroken edgesedges belong to the cut-$ethould be perpendicu-

at the following operation does not allow any absorption of mantuar to each other. The third condition states that normal vectors for
facturing variationgas bothn; andn, are parallel to member)l unbroken edges should be the zero vector.

it is possible that excessive force is required to assemble part 1 to_ .. . . i, . .

the rest of the assembly. This is not desirable because such exc_eg:-r'.terla fqr Stopping Decc_’mpos.'“or.‘- Since the (;iecompo_sr
sive force to fit one part with the others might result in residudion i motivated by the difficulties in manufacturing the final
stress after a joining operation. On the other hand, the assemBigduct in a single piece, it is natural to stop decomposing a
sequence shown in Fig(® does not exhibit such problem. At the Configuration when the configuration does not have such difficul-
second operation, joints are oriented perpendicular to each otHgF @nymore. Although the criteria for stopping decomposition
such that they could absorb manufacturing variations from bofj!! vary depending on the chosen fabrication and assembly pro-
the previous assembly operation and part 1. Therefore, Wher?%?,sesl we have employed following three simple criteria which
decomposition breaks two or more connections, we will allo€fine predicate stople. Assuming components are to be manu-
only the joints whose normal vectors are perpendicular to eafdftured via sheet metal stamping, any configuration that falls
other. We will refer to this rule as thdecomposition rule for Under any one of following criteridpredicate stopde returns

nonforced fit When a problem is defined in two-dimensionaf@/S€for this configuratiop will be decomposed further.

space, any decomposition with more than two joints will not sat- 1 Any configuration that has a K@ig. 10(a)) since we have
isfy the rule, since, in two-dimensional space, we can not have  assumed that KCs can not be achieved with the tolerance
three or more vectors perpendicular to each other. Also, it should  |aye| of part fabrication.

be noted that it is a very simplified rule for non-forced fit, espe- o Any configuration that has a closed secti@ig. 10 (b)).

cially when a product under consideration is very flexible so that 3. Any configuration that has a connection point where three or
variations in straightness and angle of assembly tabs are not neg- more members me¢Fig. 10 (c)).

ligible compared to those in length.

Apredicqte describing the decomposition rule for non-forced fit Representation of Decomposition and Assembly Sequence.
can be defined as follows: The AND/OR graph of assembly plafg] is employed to repre-
.9V _ RS Voye 2Vo sent the assembly synthesis with accompanying assembly se-
nff.2%x (E~R™9x (20x 2%) - {true false} “) guences. Since the original AND/OR graph of assembly plans was
where nff(V,,v;,(Vy,Vc))=true, if and only if all of the fol- devised to show all feasible assembly sequences of a given assem-
lowing conditions are satisfied: bly with fixed joint configurations, it did not have to show joint
. configurations. However, since our assembly synthesis process as-
%' |égjr(e&|ee e;ﬁ((EEbL\J(EC)&f;‘)Sd'SUCh that ide,)#id(e,) signs joint configurations as the product geometry is being decom-
' vi(e )-«/p-(’eq)=0a b~ e p " posed, they'should'be represented |nAIhH)/OR_graph of assem-
3 FIOI'@EEI(ECIUE ') (&)=0 bly synthesisA partial AND/OR graph of the simple rectangular
' b~Ec) Vi ' box (Fig. 5 is depicted in Fig. 11, where the joint configurations
The first condition states that the number of edges in the cut-g&e represented in nodes with black background. The nodes in
should be less thansd since it will not satisfy the second con-white background represent configurations. In the figure, for ex-
ample, the configuration Al is decomposed into B1 and C1 with
the joint configuration of al. Note that A1 can be decomposed into

——— either (B1 ‘AND’ C1 through al, ‘OR’ (B2 ‘AND’ C2 through
al.
I As we recall that a configuration is a set of memb¥rsV,
e and a joint configuration is a mapping E—R"% each node in
(a) (b) (c) white background contains a subset of all members and each node
in black background contains a mapping. A set of three lines
Fig. 10 Examples of configurations that need further decom- which connects a configuratiovi, , a joint configurationy; , and
positions a pair of subconfigurationsv,,V,) is a hyper-edge, represented
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BUILD_20(L,)

1 global S,J,F«p

2 if STOP DCME(V,) = FALSE them DECOMPOSE (F])
3 40 « (8, J, )
4

retaru A0

DECOMPOSE (V)]

5 SubConfig ¢ GET_FSBL_CON ()

6 (v, is_v new) ¢« FIND OR_MAKE NODE (V)
7  while SubConfig = ¢
8
9

V, <« POF(SubConfig)
V « U AT,

10 JointConfig ¢ GET_FSBL_JOINTS(V, V., ¥))
11 if JoimiConfig = ¢ then

12 (%, is_x_new) ¢ FIND OR MAKE NODE (V)

13 (r is_v_new) < FIND OR_MAKE NODE () ——

14 while JointConfig = ¢ I — I

15 ¥ « 2o® (JointConfig) Fig. 13 The AND/OR graph for the simple rectangular box in

16 J « J u {w « MAKE NEW NODE ()} Fig. 5

17 F « F v {MARE NEW HYPER EDGE (v, w; (x, ¥))}

18 if STOP_DCMP(F,) = FALSE and is_x new = IRUE ) o )

19 dhen DECOMPOSE (77 etry Lo, the main procedurBUILD_AOQ initializes global vari-
e 7] ablesS, J andF (line 1) which will be updated during recursive

20 if sTop_DCMP(¥)) = FALSE and is_v_new = TRUE decomposition process to become the AND/OR graph of assembly

21 then DECOMFOSE (V)] synthesis.

The BUILD_AO then callsDECOMPOSH®:ith the initial con-
figuration Vg, if STOP_.DCMPV,) returns FALSEline 2). The

function STOP_DCMPreturnsFALSEIf and only if V, does not
satisfy the predicate stople. The DECOMPOSH turn calls
GET_FSBL_CONto get all feasible pairs of subconfigurations

L . that satisfy predicate déine 5). The GET_FSBL_CONactually
as (Va,7i,(Vp,Vc)) which is also the representation of & decomyze,rng only one of the pair with less elements, and the other

position with a joint configuration. The AND/OR graph of assemgconfiguration is obtained later at line 9SifibConfigreturned

bly synthesis is then represented as a three-tuple: by GET_FSBL_CONis empty, DECOMPOSErminates without
AO=(S,J,F) (5) updatingS, J, andF (line 7). If the SubConfigis not empty,
DECOMPOStEallsGET_FSBL_JOINTS for each pair of subcon-
whereS is a set of nodes representing configuratiahis, a set of figurations to obtain feasible joint configurations that satisfy
nodes representing joint configurations, d@hds a set of hyper- predicates da and iffine 10. If JointConfigis not empty,
edges. The necessary conditions for a hyper-ed@ECOMPOSIEcates an existing node or makes a new node that
(Va,7i,(Vp,Ve)) in F are as follows: represents the subconfiguration and updat&s within
FIND_OR MAKE NODE(lines 12 and 18’ Then DECOMPOSE
makes a new node representing the joint configuration and up-

Fig. 12 Algorthim BUILD_AOto generate the AND /OR graph of
assembly synthesis

1. stop de(V,) =false datesJ in line 16 and draw a new hyper edge and update line
g- ggga’(\-/b(’\\/k)\)/_)gr:ﬁ'ue 17, which starts from the configuration, passes the joint configu-
2 nff(Va”};' (Vb'\/c))ztrue. 6) ration and reaches the binary subconfigurations newly made or
’ ar7ii¥b Yo ' found. After updatingS, J, and F, DECOMPOSEcalls
ThenAO=(S,J,F) can be defined by following rules: STOP_DCMPo check if the pair of subconfigurations need fur-
ther decomposindline 18 and 20. If a subconfiguration fails
1. If stop_de(Vy)=false VyeS. STOPRP_DCMPand if the subconfiguration was newly generated at
2. ForVV,eS, If there exist3y,;,V,,V, such line 12 or 13, it callsDECOMPOSEecursively to decompose it
that f=(V,,7.(Vy,V.)) satisfies necessary further (in line 19 and 20. If the subconfiguration was ‘found’
conditions(6), theny; € J, Ve S, instead of ‘made’(the boolean flags_x_new in line 12 or
V.eSandfeF. ; in li i i i i -
3 NG element is i, 3 andF, unless it can be is_y_newin line 13 isfalsein this casg it means the decom

@) position was attempted on the subconfiguration once when it was
updated inS, thus DECOMPOSHill not be called for this sub-
Decomposition Algorithm configuration. Theorem 1 tells the correctness and the complete-

. . ) ness ofBUILD_AOQin the general case of initial liaison diagram
Figure 12 shows the algorithm used for the generation of the

AND/OR graph of assembly synthesis. The algorithm consists of
the main procedurBUILD_AO and DECOMPOSEwhich recur- “For example, in Fig. 11, suppose node B1 and C1 have already created by

sively decomposes configurations. The bas_ic recursive structure, omposing AL. Therefore, when A2 is decompo§éND_OR MAKE NODEwill
DECOMPOSHBorrows from Leg17]. For a given product geom- find C1 existing instead of making the same node.

obtained by using rules 1 and 2.
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Fig. 14 All final designs with accompanying assembly se-
quences interpreted from the AND /OR graph in Fig. 13

Theorem 1. BUILD_AO is correct and complete given that
GET_FSBL_CON GET_FSBL_JOINTS and STOP_DCMPare
correct and complete.

Proof. Let AO=(S,J,F) be the AND/OR graph defined by the
rules in(7) andAO’'=(S',J’,F’) be the AND/OR graph gener-
ated byBUILD_AQ At first, we will prove the correctness by
showing thatS'CS, J'CJ and F'CF. Then the completeness
can be proved by showing th&CS', JCJ' and FCF'. The
proof is done using mathematical induction on thevhich is the

number of decompositions. As a matter of convenience, any local

object obtained withinDECOMPOS$¥,,) will be denoted by
ObjectNamé

* Proof of correctness:(S'CS)/\(J' CJ)/\(F'CF).

Let any path(a series of hyper-edgestarting from the top in
AO'=(S',J',F") be fi,fo,.0 0, where fi
=(Via,7i,(Vib,Vie)), Via=Vo, [Vip|<|Vic| and, either Vi,
=V(i_1)p OF Via=V(i_1)c for i=1. We will show thatf,,f,,....f,
and their components exist alsoA0=(S,J,F).

1. Suppose the statement is false wimeis 1. In other words,
V3¢S, Vip&S, V&S, yi¢J or f,¢F. When V¢S,
stop_de(V;,)=true by the first rule of (7). Thus,
STORP_DCMRV,,)=TRUE at line 2 sinceSTOP_DCMPis cor-

rect. In this caseBUILD_AO terminates leaving’, J’ andF’
empty, which contradictd/,;,e S’. Therefore,V,,€S. In case
VipéS, V€S, yiedorfieF, by rule 2 in(7), it is obvious
that f; or some of its components does not satisfy one of nec
sary conditions in(6). When deV¥,,(V1ip,Vie))=false then
Vip¢ SubConfig at line 5. ThereforeV,, can never be as-
signed tovﬁ at line 8, and, as a resulV/;,, Vi., v, andf;
cannot have a chance to be update®inJ’ andF’ respectively,
which contradicts the assumption. If dg(=false or nff(f;)
=false theny, ¢ JointConfid at line 10. ThusVyy, Vi, 71
andf; can not be updated i®', J’ andF’, which contradicts the
assumption. Hence, the statement is true whes 1.

2. Suppose the statement is truaif k but false ifn=k+ 1. If
the statement is true wher=k, V,;,,V,.€S. Since one oV,
and Vi, is equivalent toV (i, 1ya, V+1)a€S. Therefore, when
the statement is false fon=k+1, Vi 1),¢S, V€S,
Yrir€d or f & F. Then, by rule 2 in7), f,. 1 or some of its
components does not satisfy one of necessary conditio).in
Suppose stopde(V ., 1)a) =true. Then, STOR.DCMRV . 1))
=TRUE at line 18 or 20 in theDECOMPOS®&hereV 1), is
updated inS'. Hence, DECOMPOSEan never be called for
V(k+1)a, Which contradicts y,,,€J’ and f.;eF'. When
de(Vk+1)a, (Vs 1yp Vs 1)c)) = false,

Viksyp € SubConfi§™ at line 5. ThereforeY ., 1), can never
be assigned WE“ at line 8, and, as a resul,,,; and f,, 4
cannot have a chance to be updatedlinand F’ respectively,
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Fig. 15 An automotive side aperture design
[12] is simplified in  (b) with a few KCs assumed. Figure
shows the liaison diagram of the initial geometry.

which contradicts the assumption. If da(,)=false or
nff(f,,,)=false, theny,., e JointConfid"* at line 10. Thus,
vk+1 andf,, ; cannot be updated i andF’, which contradicts
the assumption. Hence, the statement is true whé&nl. Hence
the statement is true whan=k+1, if it is true n=k.

« Proof of completeness(SCS')/\(JCJI)\(FCF').
Let any path(a series of hyper-edgestarting from the top in

é%Q:(S,J,F) be fl,fz,...,fn, where fi=(Via,yi,(Vib,Vic)),

V1a=Vo, |Vip|<|Vic| and, eitherVi,=V(_1), or Vig=V(i_1)c
for i=1. We will show thatfq,f,,...,f, and their components
exist also inAO'=(S',J',F’).

1. If nis 1, STOP.DCMPV;,)=FALSEand DECOMPOSE
called forV,(=V,) at line 2, becaus¥,, € S which means
stop_de(V;,)=false by the rule 1 in(7). Also, since
de(Via,(V1p,Vic))=true by the rule 2 in (7), Vyp
e SubConfig returned byGET_FSBL_CONV,,) (line 5)
and V4, is updated inS (line 6). Therefore, at a certain
iteration in thewhile loop at line 7,V,, is popped from
SubConfig and assigned Wﬁ (line 7). V. is drawn and
assigned tcvg at line 8. Since both d#&() and nff(f,) are
true by the rule 2 in(8), v, e JointConfig returned at line
10. ThusV,, andV, are updated if®’ (line 12 and 13and
y* is recorded ind’ (line 16. And, (Vi,y% (VE,VY) is
updated inF’ (line 17).

Suppose the statement is true for k. Sincef, e F, it sat-
isfies the necessary conditions in(6). Thus
stop_de(V(+1).) =false. Also, sincef,eF’ by the as-
sumption,Vy .+ 1), must have been added 81 as a subcon-
figuration of someV,,eS’. Since STOP.DCMRV 1 1)a)

2.

Transactions of the ASME



\ / -

Fig. 16 A partial AND /OR graph of assembly synthesis for the aperture design in Fig. 15 (b)

=FALSE by the fact that stopde(V(.1),)=false and two joints are perpendiculathat satisfy predicates da and nff. A
is_x_newP=true (or is_y_newP=true), DECOMPOSE User needs to confine each joint to a few angles. In our examples,
we only allow a joint to be oriented either parallel or perpendicu-
lar to one of members it connects.

The computer software embodying the algorithm in Fig. 12 is
written in C+ + with the intense use of the data structures and
algorithms of LEDA(Library of Efficient Data Types and Algo-
rithms) developed at Max-Planck-Instituté rfinformatik, Saar-

According to Theorem IDECOMPQOSE correct and complete bricken, Germany.
given that GET_FSBL_CON GET FSBL_JOINTS and
STOR_DCMPare correct. However, we have to limit the comgyamples
pleteness o6GET FSBL_JOINTS due to a practical reason, since
there can be infinite number of joint configuratidias long as the ~ Four-Member Rectangular Box. The complete AND/OR
decomposition does not break a KC and two normal vectors gfaph for the simple rectangular box from Fig. 5 is shown in Fig.

is called forV 1), at line 19(or 20). Following the same
logic utilized in the step 1, oncBECOMPOSE ;1)) is
called, it is obvious thaV 1y, Vik+1)cr Yk+1 andfyq
are updated ir8’, J’ andF’, respectively. Hence the state-
ment is true whem=k+1, if it is true n=Kk.
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Fig. 17 All final designs with accompanying assembly se-

quences interpreted from the AND /OR graph in Fig. 18. Since

the AND/OR graph in Fig. 16 is partial, neither final designs nor

assembly sequences for each final

completely.

13. All feasible decompositions with joint configurations are in
terpreted in Fig. 14. The numbers 1, 2 and 3 designated at e
final design in Fig. 14 indicate parts in the synthesized assem

design are listed

1 2 —-
L—I _1—, \ n
x 2
2 KC 4 2 4
-' k
3 3
(a) (b)

Fig. 18 Nonstrict cases for the decomposition rules for dimen-
sional adjustability (a) and the decomposition rule for non-
forced fit (b).

respectively. Figure 17 lists all final designs and assembly se-
quences contained in the partial AND/OR graph in Figure 16.
Note that only the assembly sequences that contained in the partial
AND/OR graph are listed for each final design in Fig. 17, and they
are not the complete list of feasible assembly sequences for the
particular final design. Each assembly sequence of a final design
corresponds to a unique combination of hyper edges or nodes
representing joint configurations in the AND/OR grafite. a
‘tree’ in the AND/OR graph For instance, the sequence
{{{3,5.{2,4}},1} of the final design in Figure 1@ corresponds to

the set of nodedal, bl, el, eRin Fig. 16.

Discussion

Nonstrict Cases. Figure 18a) shows a decomposition that
does not satisfy the decomposition rules for dimensional adjust-
ability, although joints provide adjustability to achieve given KC
in a slightly tilted angle. While member 1 can be adjusted along
the direction of the given KC, this adjustment also brings about
the movement of member 1 in thedirection. Whenn;¢k,n,ek
=T,, where 0<T;<1, we can say those joints can provide ad-
justability for the KC with negligible variation in other direction.
Likewise, Fig. 18b) shows a decomposition that does not satisfy
the decomposition rule for nonforced fit, but it is still better than
those with parallel joints. In this case;*n,<T,, where 6<T,
<1.

We will characterize these decompositions as nonstrict cases in
contrast to the strict case we have considered so far. Since the
nonstrict case involves tolerance issues and increases the size of
problem significantly, we have not considered such nonstrict ad-
justability at this point and shall leave it as one of the future
works.

Relation to Datum Flow Chain (DFC). Inthe DFC[1] of an
assembly, every node represents a part or fixture and every di-
rected edge defines a joint called “mate” which transfers a dimen-
sional constraint from the part at the source node to the part at the
target node. Every joint that does not transfer any dimensional
constraint is called ‘contact’ which is represented as a dashed
@Ige. Each KC is represented as a double edge. In our assembly
nthesis method, because it is assumed that every KC is achieved
through a slip plane with a fixture, there is no base parpart

Automotive Side Aperture Design. Figure 1%a) depicts a without any incoming edgenther than fixtures if the assembly has
typical automotive side aperture design borrowed from Ceglarekleast one KC. Every slip plane used to achieve a KC becomes a
and Shi12]. The design gaps shown in the figure are not KCs, babntact, as they are just joined once parts are located in the fixture.
to avoid potential interference caused by manufacturing vari@he joints involved in an assembly operation not delivering a KC
tions. The initial geometry of the aperture design might haveecome mates because the joints themselves fix the dimension.

before the assembly synthesis is shown in FigbL%ith a few

In the assembly synthesis method presented, whenever a KC is

KCs assumed. Figure (& shows the liaison diagram of the ini- broken by decomposition, a parallel slip plane has been assigned
tial product geometry shown in Fig. 15).
Due to the space limit, only a part of the complete AND/ORocation of parts connected by the KC. Every distinctive assembly
graph of the aperture desighRig. 15(b)) is shown in Fig. 16. The design from the AND/OR graph, thus, defines a unique DFC
partial AND/OR graph in Fig. 16 contains 24 configurations andhere every part connected by a KC are located by a correspond-

20 joint configurations while the complete graph has 44 and 128g fixture. Furthermore, there are several tréassembly se-
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with the assumption of existence of fixture which decides relative
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cannot be decomposed without breaking one of the rules guiding
decomposition process. In these cases, we should either transfer
the KC to the part level by abandoning the assumption that all
KCs are delivered by assembly operations on fixtures, or carefully
prioritize rules case by case. Building cost evaluation of having a
certain number of components and a certain number of assembly
operations will also enrich the method. Based on the evaluation
scheme, we could search the AND/OR tree to find the optimal
assembly synthesis.
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