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Abstract

Motivated by the need to detect design intent in approxirbatend-
ary representation models, we give an algorithm to detecim-
plete symmetries of discrete points, giving the models’ potential lo-
cal symmetries at various automatically detected tolexsintiere,
incomplete symmetry is defined as a set of incomplete cydeshw
are constructed by, e.g., a set of consecutive vertices approx-
imately regular polygon, induced by a single isometry. Atven
3D elementary isometries are considered for symmetry tietec
Incomplete cycles are first found using a tolerance-cdetigoint
expansion approach. Subsequently, these cycles arereldigte
incomplete symmetry detection. The resulting clustershagll-
defined, unambiguous approximate symmetries suitableefsigd
intent detection, as demonstrated experimentally.

CR Categories. 1.3.5 [Computer Graphics]: Computational Ge-
ometry and Object Modelling—Geometric Algorithms, Langes,

and Systems; J.6 [Computer-Aided Engineering|—Computer-
Aided Design.

Keywords: approximate incomplete symmetry, design intent, re-
verse engineering.

1 Introduction

Many manufactured objects exhibit global and local symiestas
a feature of their design or function, or for ease of manufaat
or analysis [Mills et al. 2001b]. Also, designers prefer syatric
shapes for reasons of aesthetics and simplicity [Thomp984]1
Explicit detection of such symmetries in geometric models tses
in speeding up analysis, enforcing constraints in editmgi so on.
We are thus interested in detecting the design intent of aroap
imate boundary representation (B-rep) model as repreddiytis
symmetries. We assume that the modedgproximate as it may
have been transferred from a CAD system with large toleigrare
it may have been created by a reverse engineering systemdyar
et al. 1997] in which errors may arise due to measurementpapp
imation, numerical algorithms, and even a worn source ¢bjec

Current methods of geometric design intent detection caectle
global approximate symmetries [Mills et al. 2001a], apjate
congruences between sub-parts [Gao et al. 2003], and atbair |
regularities, e.g. parallel and orthogonal planes [Laimglet al.
2004]. However, local symmetries still need to be considieesg.
the model in Figure 6(b) has cylindrical holes with rotatibsaym-
metries and slots with translational symmetries. Symmestie of-
ten incomplete in the sense that repetitions are missiggoae or

two of the cylindrical holes in Figure 6(b) might be missifigans-
lational symmetry is always incomplete due to its infinitéune.
Symmetries may need to be merged if they are induced by the sam
isometry, e.g. the translational symmetries of the sloteaxh side

in Figure 6(b).

To detect local symmetries, we use similar ideas to those fme
global symmetric detection in [Mills et al. 2001a]. We extnaepre-
sentative points from a solid model: special points which uniquely
characterise each model entity (including vertices, edgdgaces).
Symmetries of the representative points are sufficient dicate
symmetries of the underlying shapes. Using these repiasent
points, we present an algorithm to detepproximate incomplete
symmetries represented by subsets of discrete point setssyBy
metry we mean an isometry which maps a subset of the point set
onto itself, represented as a point permutation. As we asshat
the input model ispproximate, the subset may only map approxi-
mately onto itself under the symmetry. Bycomplete we mean that
not all points needed for the symmetry are present in theetubsg).
six vertices of a regular octagon.

Although exact symmetry detection has been widely studiedd
methods cannot be directly extendedpproximate symmetries by
simply replacing tests for equality by tests for approxieequality.
Algorithms for exact symmetry detection rely on makiogal de-
cisions about which elements match under symmetry. Foroappr
mate symmetries, such decision must be baseagiatnal properties.
Point matching is no longer a Boolean property—points maach
a certain degree, and in general, multiple potential mattiage to
be considered, increasing algorithmic complexity.

We detect approximate incomplete symmetry using two steipst
we detect incomplete cycles induced by some symmetry; a com-
plete cycle represents a special case of an incomplete. dgalen
a single point, its orbit under repetitive application ofiasometry
gives a complete cycle. If certain points are absent in tipaitin
point set, an incomplete cycle occurs. As we consider ajpiate
symmetries, the points are not mapped exactly onto each, bilte
only within a certain tolerance. To detect approximate mplete
cycles, we build on our earlier approach [Li et al. 2006] fone
plete approximate cycles using a point expansion technisfaet-
ing from approximate isosceles triangles as seed sets. Xgane
sion process is strictly based on the symmetry definitiorotarol
possible accumulated errors during the expansion process.

In the second step we merge incomplete cycles induced bythe s
isometry. Due to their approximate nature, we have to clyefu
decide whether different cycles are induced by the sameeaym
This isometry has to map the points of each cycle approxigate
onto each other such that the points in the original set aninit
age match uniquely. Such matching is used to provide a sityila
measure between every pair of distinct incomplete cyclesseB
on this, a cycle clustering algorithm is used to generateripiete
symmetries as incomplete cycle clusters. As demonstrageere
imentally, the detected approximate symmetries do seetadsto
their purpose of design intent detection.

We consider all elementary isometries in 2D and 3D: reflectio
inversion, translation, rotation, glide-reflection, tixta-reflection,
and screw translation: see Section 3. A uniform algorithoré
vided to detect all of these as sets of incomplete cycles lgnain



based on point distance computations. A minimum nunibefr
consecutive points is prescribed for each cyd®,...,R) such

There is little further work on detecting approximate inqdete
symmetries. We are only aware of [Robins et al. 1999], which i

that an isometry inducing the cycle can be deduced by mapping confined to subsets of points regularly arranged on a lineor-c

(P,...,A_1)to (P.,...,R). E.g. for amn-fold rotation,n > 3, four
points are needed to determine the isomaty ensure we have a
rotation.

This approach allows us to automatically determine tolezarat
which incomplete symmetries are present, and does notrecops-
defined tolerance bounds as input. Such tolerances arealjgner
difficult to estimate, and in the same model, different Iayahme-
tries often have different tolerances, so fixing a uniquertoice is
not appropriate. Later selection amongst the detected sjries
can be performed by analysing geometric constraint sysfieams)-
bein et al. 2004; Gao et al. 2006].

Our method for symmetry detection using discrete pointsuiteq
different from symmetry approaches used in image procgssin
e.g. [Sun and Sherrah 1997], and mesh processing [Podoklk et
2006; Mitra et al. 2006], which work with dense point data.engh
the point distributions are far more important than loaadiof indi-
vidual points. Such work is mainly concerned with detectiogr

inant symmetries by partial matching of images or meshes under

user selected tolerances. Instead, we genathigossible subset
symmetries of a much smaller discrete point set. Each psiat i
characteristic feature point of a B-rep model whose boundar-
faces are represented explicitly. Nevertheless, it mighpdssible
to extend our method to detecting symmetries of meshes byaxt
ing certain key feature points from meshes.

Section 2 considers related work on symmetry detectionti@e8
defines approximate incomplete symmetries. Section 4 gives
overview of our algorithm, and some details are discussefein
tion 5. We demonstrate practical examples in Section 6.

2 Related work

Detection of exact global symmetries of shapes and poist st
been widely studied. Symmetries of points, lines and palyaén

3D can be found i©O(nlogn) time [Sugihara 1984]. The same time
order also holds for more general 3D objects [Brass and Knaue
2004]. Relatively few results concern detectionesfict symmet-

ric subsets. Brass [2003] detects rotational symmetriefniolyng
isosceles triangles and combining them into symmetricesighef-
ficiently using a tree. Tate and Jared [2003] find reflectionrse-
tries present in a B-rep model by finding face loops and graypi
them according to similarity.

Most previous work on approximate symmetries has consid-
ered global approximate symmetries, using various definitions.
[lwanowski 1991] points out that testing approximate syrrgni

the plane is NP-hard if approximate symmetry is defined imssof
the existence of an exactly symmetric object similar to herex-
imate object. Alternatively, approximate symmetries mayde-
fined by checking whether an isometry exists which maps ti@ po
set approximately onto itself within some tolerance, whyalds
high-order polynomial time algorithms [Alt et al. 1988]. Miet

al [2001a] give a low-order polynomial time algorithm forpmpx-
imate global symmetry detection that combines the combiizt
and geometric nature of symmetries. Based on this,Li etGOgP

pletely different approach to detecting approximate sytnie®is
to define an asymmetry measure [Zabrodsky et al. 1995].

3 Approximate incomplete symmetry

In this section we first define complete approximate symmeatiy
then incomplete cycles. Merging such cycles leads to ajipate
incomplete symmetries.

Throughout this paper we u& to represent-dimensional Eu-
clidean space (her= 2 or 3) and||P — Q|| for the Euclidean dis-
tance betwee®, Q ¢ EY; 2(.7) = {|P- Q|| : P,Q € .} is the
distance set for a point set. We abuse the definition dfmod N

to mearl moduloN except when the answer is 0 whereupon we set
it to N, as we use indices starting from 1. We define approximate
equality of two real numbera,b asa =¢ b, meaninga—b| < ¢.

We use the following notation for elementary 3D symmetryugis
M: reflection;l: inversion;T: translation;Cn: n-fold rotation;Z:

glide, i.e. reflection in a line followed by translation piéehto the
line, giving a ‘zig-zag’ symmetry in a plan&;: rotation-reflection,
i.e. reflection in a plane followed by rotation about an axésgen-
dicular to that plane, giving, e.g., an anti-priswi; screw, i.e. ro-
tation about an axis followed by translation along the aXibese
comprise all elementary isometries in 3D [Weyl 1952].

We define armapproximate symmetry of a point set in terms of a
permutation of the points which maps distances betweendimésp
approximately onto each other [Mills et al. 2001a]. L%&tc E9 be
a point set. We call a pajk, o) with € > 0 and a permutatioa on
- anapproximate symmetry of ., if = is an equivalence relation
onZ2(),and|P—-Q|| =¢ |o(P) - o(Q)| forall P,Q € 7.

Above, for the points in¥ to be mappedniquely onto each other
by the permutatiorw we require that=¢ forms an equivalence re-
lation, i.e. it groups the distances #(.) into distinct sets of ap-
proximately equal distances (equivalence classes). Foritdhbe
satisfied, a tolerance interviitmin (), Emax(-#’)) exists fore at
which the symmetry is present. These are callednthémal and
maximal tolerances of .. Epin(-#’) ensures equality of all the dis-
tances in the same distance group &rfx(-~) separates different
groups. See Section 5.1 for details of how they are foundar@jle
we needEnin(-) < Emax(-¥) for . to be symmetric. A similar
condition also has to be satisfied when we consider incomplet
cles and incomplete symmetries. This condition plays a &&yin
deciding whether a point set is symmetric or not at an auticaibt
detected tolerance, as we will see in Sections 4 and 5.

For example, the 2D points” = {Py, ..., P12} in Figure 1(a) have
a six-fold rotational symmetry : (1,...,6), (7,...,12) at some
tolerancee. It consists of two cycle$l,...,6) and(7,...,12). The
distance set&r = {||A — Pi4rymodel, 1 <1 <6} forr=1,23
are distance equivalence classes-gfdetermined by¢, o).

In general, some points in an otherwise symmetric point sgtmot
be present. E.g. omitting poinBs, P11, P1> from Figure 1(a) gives
the set? = {P,...,Ps,Py,...,Pio} in Figure 1(b). However, com-
pleting such incomplete symmetries is not uniquely deteeati—

show how to detect complete approximate symmetry cycles in a adding different points may produce different symmetries: ex-

similar way to exact cycle detection given by Brass [2008]ng a
strict error-controlled point expansion idea. This papethfer ex-
tends this method to detecting incomplete cycles of all sgtnyn
types, and to merging cycles induced by the same isometry.

ample, we could complete’ to have a 12-fold rotational symmetry.
To avoid such problems, we define iancomplete symmetry as the
combination ofincomplete cycles constructed from lists afonsec-
utive points, e.g. point¥; = (Py,...,Ps) andé, = (Py,...,Pip) in



(a) Complete symmetry (b) Incomplete symmetry

Figure 1. Complete and incomplete approximate symmetries

P, P, P, P, P

(a) ReflectionM or Inversionl (b) TranslationT

(e) Rotation-reflectiors,

(f) Screww

Figure 2: Incomplete cycle types

Figure 1(b). Further requirements are prescribed belowmiguely
define an incomplete cyclg” C &2, specifically (C1) to ensure
membership in a potentially symmetric set, (C2) to ensuiiatpo
in ¥ are sufficiently distinct from other points i¢’, and (C3) to
ensure maximal cardinality under the previous two condgio

Let# ={R,...,P:} be a sequence af> 2 points from&?, € > 0
and leto be an injection mapping toR, forl =1,...,c—1. We
say that¢ has a(maximal approximate) incomplete cycle (g, o) if

(C1) = is an equivalence relation on the distance 8ét’), and
IP—Ql[ =¢ [lo(P) —a(Q)] forall hQ €

(C2) no point inZ \ ¢ can replace a point i# such that (C1) is
still true;

(C3) no single point inZ \ ¢ can be added t& for any tolerance
€ such that (C1) and (C2) are still true.

Complete cycles are special cases of incomplete cyclegisehse
that o further maps. onto P;. We refer to both incomplete and
complete cycles as cycles for simplicity. It is not diffictdt see
that any sequence of consecutive points forming a symméamyo
type satisfies the incomplete cycle conditions.

Incomplete symmetries come from merging cycles sharingsiaigle
isometry which approximately maps points within each cyrito
each other: see condition (I11) below. To sufficiently spetifis
isometry, a minimum number of poin®,, is required according
to symmetry typeT: 2 for Ml andC,; 3 for T and for a regular
triangle; 4 forC, with n > 4, Z and for a regular tetrahedra; 5
for S, andW. Various incomplete cycles of different symmetry
types are shown in Figure 2. Furthermore, as in the incomplet
cycle definition, for an incomplete symmetg¥ we need a distance

Algorithm: .# «— APPROXNCOMPLETESYMMETRIES ()

Input: Pointset? c E9,d = 2,3.
Output: Incomplete symmetrie&,.#|) of &,
I ={(a,7):1=1....N}
01 % <« INCOMPLETECYCLES(Z?)

02
03

M — empty /Imapping of symmetry typesto cyclelists
foreachCe ¥
T «— SYMMETRYTYPES(C)
foreach T € .7, append(|T],C)
end for
M |M] «— M [Cy] + POINTPAIRS (£?)
# «— empty /loutput symmetries
for each cycle listL in .# for a symmetry typd
2(L) — matrix of minimal tolerances for each
consistent incomplete cycle pairlinfor T
¢ «— CLUSTERCYCLES(L, Z(L))
for each complete cluster” in ¢
if Emin(-) < Emax(-"), & — S U{(Emin(¥), )}
end for
end for
return %

Figure 3: Incomplete symmetry detection algorithm

condition (12) and an unambiguity condition (13) to distirigh .
from other cycles of the same type 4A.

Thus, a point subse? C & has an(approximate) incomplete sym-
metry (€, 0) of symmetry typeT if

(11) 7 =U1<1<nb, wheresi N6y = 0 for all| #k, and eacls;
is determined by a cyclée, gy) of type T with at leastTyin
points, and for eacf#], o restricted tdC is oj;

(12) ||IP—Q| =¢ ||lo(P) — a(Q)|| for all P,Q € . and=; is an
equivalence relation on each distance 8¢t );

(13) no cycle@™ of typeT in &\ . exists such that (12) is true
for €* U % at tolerance less thanfor any 1< 1 <n.

In particular, two cycless:,%> are said to beconsistent if they
satisfy (11) and (12): for example, the points in Figure 1iilave an
incomplete six-fold rotational symmetry formed by two cistent
cyclesé1 = (Py,...,Ps) andé, = (P, ..., Pio).

4 Algorithm overview

We now give an overview of our algorithm for detecting incdetg
symmetries of a point se¥’ based on the above concepts. See Fig-
ure 3. The algorithm first detects all cycles#f, and then clusters
these cycles to find incomplete symmetries. It takes as ianet

of points # € E¢; no two input points may have the same position.
The algorithm outputs all incomplete symmetries as p@rs+})
where ¥ is a set of cycles, ang is the minimum tolerance of the
incomplete symmetry.

The first step (Lines 01-07) builds on our previous work for de
tecting complete permutation cycles which induce a symyratr

a point subset [Li et al. 2006]. We extend our earlier aldponitto
detect all incomplete cycles (Line 01). For each cycle, wedsts
symmetry types and then add it to lists of cycles having trairse-
try type (Lines 02—-06). Due to their approximate nature, axethto
consider more than one symmetry type per cycle. Furthernadire
point pairs in the input set trivially indud#l andC, symmetries,
so we add all pairs to the corresponding lists (Line 07).



In the second step we cluster cycles of the same symmetry type

so that all cycle permutations in a cluster are induced bystime

isometry (Lines 08-15). We have to handle each symmetry type p, \ *

separately (Line 09); the same cycle may have to be considere
multiple symmetry types. Only merging cycles with the sagres
metry type greatly reduces the number of possibilities tusater,
and it ensures that only proper incomplete symmetries destbel.

To cluster cycles, a similarity measure between cycles @tdme
symmetry type is required. It is set Bgin (61U %2) (Line 10), as
this gives the actual maximum matching error when mappisg di
tances between the points# U %> onto each other as determined
by the combined permutation involvirj , %>. Details are given in
Section 5.2.

We then cluster the cycles by combining them pairwise in iorde
of similarity (Line 11). This process involves construgtia graph
whose nodes are the cycles and whose edges are introduaeiéin o
during clustering of consistent cycles. The graph’s cotepfecon-
nected components are constructed using a similar clogtatgo-
rithm to that in [Mills et al. 2001a]. To decide if a componerithas
an incomplete symmetry, we must check g}, () < Emax(-*")

for (Line 13). Otherwise, condition (12) may not be fulfilleshd
hence no symmetry can be found fof or sets containing it, so
we omit. from further consideration. Condition (I3) is automat-
ically satisfied for.” from the clustering order. Specifically, if a
cycle¢* € &\ .7 exists such tha®* U4 for a cycle% of .7
has an incomplete symmetry at tolerance less #an(.~), then
Emin(€* U%) < Emin(-#) < Emin(¢i U i) for any other cycle

in . This means that™, %} have been merged before péir, .
Thus, ¢* must be contained i¥. Hence,.” has an incomplete
symmetry at tolerancEn,(-). The symmetries detected do not
only include the maximal complete graph components, but iéds
valid complete subsets, which generally have smaller synyra-
erances in the approximate case.

5 Algorithm details

We now give further algorithmic details concerning cyclésdtion
(Section 5.1), and cycle clustering (Section 5.2).

5.1 Cycle detection based on point expansion

First we discuss how to detect cycles in an input pointgetStart-

ing from an approximate isosceles triangle, we add points an
complete cycle has been found, or no further expansion aint
ists. To avoid accumulating errors during the expansiortgss,

selection of expansion points is based on our cycle defmitio

We first illustrate this idea in 2D fo€,, n > 3. Let¥ ={R, 1<

| < c} be a point sequence for a cydle, o) of type Cn. As =¢
is an equivalence relation on the $&(%’) of all distances between
the points in¢, its distance equivalence classes are

% ={lIR —Pusr)modnll 1 A, P14r) modn € €'} for 1 <r <R,
whereR= min(c, |[n/2|) — 1. Correspondingly we have
(dr+1—Dr)

Emin(¢) = (Dr—dr), Emax(?)=__min

ax =
1<r<R 1<r<R-1
with dr = min(4 (¥¢)), Dr = max(% (¢)). Therefore

Emin(%) < Emax(¥), 1

(a) Expansion from (b) Expansion from (c) Expansion from four
three points in 2D three points in 3D points in 3D

Figure 4: Cycle symmetry type is determined by the expansion
point selection from a seed set.

if =¢ is to be an equivalence relation 61(%). This forms the core
constraint that a cycle must fulfil for our point expansiogaithm.
Efficient computation oEy,jn (%) andEmax(%) is discussed in [Li
et al. 2006].

Thus, we select an initial seed sgt= {P1,P,, P} satisfying this
condition, generating a cycle. Moreover, it is required foaany
possible expansion poi in €, ¢ U{P} also satisfies Eq. (1).
However, more than one such point i## may exist. In order
for the resulting cycle to be unambiguous (see (C2)), we shoo
the one among the candidate points minimising the correbspon
ing Emin(¢ U{P}). This adaptive tolerance setting strategy avoids
adding any points that may violate the unambiguity conditidile
also ensuring that we always find any expansion point whighmi
exist. Note that a fixed tolerance, either chosen globalafiocy-
cles, or locally based on the initial seed set, would notajicoper
cycle generation as different cycles may have differerreoices,
and tolerances must be based on all points in a cycle rathertiy
three consecutive points within it.

Expansion continues until either no further expansion fpexists

or a complete cycle is found. A cycl€ with ¢ points describes
a complete cycle if|P: — Pi|| =¢ ||R —R41]| for 1 <1 <c—-1.
For each resulting cycle, complete or incomplete, its urigoity
condition is then verified to ensure that no single poirtican be
replaced by a point ii?? \ ¢ based on the corresponding minimal
tolerance. An efficient algorithm for doing so for compleseles

is given in [Li et al. 2006]; the incomplete case can be hahdle
similarly.

We discuss how the point expansion process giveiCfpcan also
be used for symmetries of other types, by analysing poskb&e
tions of expansion points in the exact case. First constue2D
case. Expansion from the seed set of three points is dortelglig
different from later expansions. Satisfaction of Eq. (¥)40J {P}
requires the fourth poink, to satisfy ||P4 — Ps|| = ||P, — Ps|| =
[IPL— Pol|, ||Ps — P2|| = ||PL— Ps||: see Figure 4(a). However, two
points, P4 and P, in Figure 4(a), may satisfy this equation. Fur-
ther expandingdpy, P>, P3, P4 produces an isometry of typ&, while
expandingPy, P, Ps, P; givesZ. We have to consider both possibil-
ities. Note also the special caarises ifP, P>, P; are collinear.

Turning now to 3D, and considerirg= 0, the fourth poinf, can

lie anywhere on a circl€ (rather than in two locations): see Fig-
ure 4(b). Different locations d?; induce cycles of different types.
If P1, P, P3, andP; are all coplanar, all other expansion points in
this cycle must be coplanar. In this case, a cycle of @peor Z

or T can be found. Other locations & on the circleC give a
regular tetrahedron, when all distances involved are equ&, or
W, depending on the next expansion pd#t As illustrated in Fig-
ure 4(c),Ps can lie on either side of the plane definedmyPs, P,.

If Ps lies on the same side 4%, the corresponding cycle iSy;
otherwise it isW. In the approximate case, all fourth potential ex-
pansion points and the two locations for the fifth points nhest
considered similarly.



Having detected each cycle, we still need to decide its sytnyme
types: one reason is that cycles of the same type are mergetto
erate incomplete symmetries. The type is uniquely detexthfor

a complete cycle fo€, andS, from the number of points. Other
cycles may have more than one symmetry type in the approgimat
case. It is important not to rule out any possible symmetpg typo
soon, and lose information. The cycle merging process hathrs
to rule out inappropriate symmetries. Therefore, insteaitying

to find the optimal isometry determined by the point mappigg-[
gert et al. 1997], we determine symmetry types by considetie
relative locations of the centres of the circles formed hghezon-
secutive triple of points ir¥’. For example, in 2D, foCp these
centres lie on the same side of all edges joining consecptirgs,
whereas they lie on opposite sides for successive triptes.fo

5.2 Finding incomplete symmetries using cycle clus-
tering

To find incomplete symmetries, cycles of the same symmepg ty
are clustered. In this section, we discuss the computatiadheo
minimal and maximal tolerances for a set of cycles.

Firstleté1 ={R :1<I1<c1}, 62={Q : 1<I < ¢y} describe two
cycles (Emin(%1),01) and (Emin(%2),02) of the same symmetry
type, with extremal tolerance&yin(%1), Emin(62), Emax(41) and
Emax(62). Let @ = 61U %>. To take a concrete case, we assume
that the symmetry type i€ in 2D and both cycles have the same
ordering. Other symmetry types can be handled similarly.

Cyclesé1,%> are consistent iEmin(4¢) < Emax(¢). Condition
(12) imposes conditions on values Bfin(%'),Emax(¢). By def-
inition, Eyin(%¢) is the minimal tolerance such thfP — Q| =¢
lo(P) — o(Q)| for all P,Q in ¥. This is already satisfied for
P,Q € 61 at Emin(%1) andP,Q € %, at Enin(62). Verifying it for
pointsP € %1 andQ € %> can be achieved by finding the maxi-
mal differencee” between suitable matching distances given by the
combined permutation fo¥; and %%, using a similar method to
that described for a cycle in Section 5.1, by first setting qupi&-
lent distance groups determined by the cycle permutatiGosse-
quently, we hav&min(¢) = max(€*, Enin(61), Emin(%2)). For the
maximal tolerance, &7 and%> are cycles=¢ remains an equiv-
alence relation o%(%1) and2(%2) simultaneously for tolerances
smaller tharEmax(61 U %2) = min(Emax(%1), Emax(¢2)).

Computation of the minimal and maximal tolerances for a poin
set containing more than 2 cycles can then be derived.4Let
Ui<i<n%i, N> 3. ThenEmin(¢) = maxlgl;ékgn(Emin(Cgl U%k)),
Emax(%) = mini<j<n(Emax(%)).

6 Experiments

This section demonstrates results obtained by our algorftbm
3D points derived from approximate CAD models, showing iis u
ity for design intent detection. The algorithm was impleteenin
Matlab using a 3.4GHz Pentium 4 computer with 1GB RAM.

For simplicity, we used the vertices instead of full repreatve

Model 2] S %n Tc [ 701 ] Te
Figure 5 135 | 4915] 204 | 698s| 12 | 14s
Figure6(a)| 76 | 3200| 62 | 251s| 12 | 13s
Figure 6(b)| 438 | 6220 | 1045 | 476s| 63 | 24s

cycle detection for Figure 6(b) done by decomposing it infra8ts

Table 1: Summary of results for the example models

(a) Model (b) Symmetries

Figure 5: Symmetries of the MISUFA model

(a) Spinner Model (b) Monster model

Figure 6: Monster and Spinner models

(a) Symmetries

Figure 7: Symmetries of the Spinner model

the number of incomplete symmetries detected, taking fime
The MISUFA model in Figure 5 came from Cadalog, Ircttp:
//www . ohyeahcad. com/, and the other two from the National De-
sign Repositoryhttp: //wuw.designrepository.org/.

Five of the symmetries detected in the MISUFA model are shiown
Figure 5(b). The model has no global symmetries. The localin
plete symmetries detected by our algorithm include Ggsymme-

point sets. We do not show mirror symmetries as they can eas-tries (dark lines), twdsg (light lines) and ond (dark lines); each

ily be seen in the models and are very simple for our algorithm
to detect. While our algorithm does not require any usemeefi
tolerances, for efficiency, we do not consider tolerancestgr
than five percent of the longest distance between pointseirinth
put point set. The results are summarised in Table| 27| is

the number of pointsS, the number of seed sets for cycle detec-
tion, C, the number of cycles detected, taking tiffie and||.7 ||

consists of two cycles. The rotational symmetries are als/arts

of the model; the (incomplete) translational symmetry desti@tes
evenly spaced circular arcs on the thread. Two rotatioeetdn
symmetries are also present. Various local incomplete stmes
are detected for the Spinner model in Figure 7(a). Note tfad-
rotational symmetry consisting of two cycles at the leftd aight-
hand ends. See also the incomplete symmetry arising frorg-mer



(b) 2D top view

(d) Close-up view

(c) Side view

Figure 8: Symmetries of the Monster model in Figure 6(b)

ing three incomplete cycles (in green, running from leftitght)
each consisting of four points. Other detected symmeteesal
the structure of various holes.

The final test concerned the Monster model in Figure 6(b).nfo i
prove the speed of cycle detection, we first divided the eierh
points into 8 regions using horizontal planes. (This isightfior-
ward for a user to do and is a reasonable approach as planaresym
tries dominate in engineering. Furthermore, a C++ implematemn
would be likely to be much quicker than our Matlab prototype.
Note that symmetry detection still considetcycles at the same
time. Several of the detected symmetries are shown in Fdi(e8,
(b), (c) and (d). Cycles having the same symmetry are drawimein
same colour. These includeGg symmetry of 5 cycles (from the
small cylindrical holes), £, symmetry of 5 cycles (from slots in
the big cylinder), &4 symmetry of 8 cycles (from the four blends
in the corners) an@ symmetries (from the side slots).

Our experiments on these and other models show that alnlost al

expected symmetries are detected by our algorithm. Sorm®apu
symmetries are also detected, which is unavoidable foroagpr
mate models. In future we intend to consider further mettods
distinguish between intended and unintended symmetrigstuer
regularities. We are also considering model decomposttiore-
duce the computational requirements. The time taken depend
the number of initial seed sets found. Incomplete cyclesbeade-
termined inO(ps) time for a set withp points andsinitial seed sets.
The cycle clustering algorithm také{(c?logc) time for ¢ cycles.
Setting a coarse user-predefined maximal tolerance greatiices
the initial number of seed sets. Note also precomputing afitp
distances and storing them also improves efficiency.
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