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Struvtural descnption of objects comprised descriptions of the parte and spatial
reladivns Lebween the parts. This papor peosents a Hoplield net basged schame for
matching structural shoape descriplions. The current forumilation of U matching
scheme is gencral zncugh Lo take care of partial misnatch between the individual
parts and spatial constraints between these parts. In addilion, & Lasfommation of
the shape descripbions has Leen engpeated with which shape descriptions sintaining
saymunctrical spatial consiosinls belween e parts can be matched ueing synumelris
interconmection weights fe the Hopfield not. The Hopficld net based {ueramlation
las been extended to coneider the problem of lindipg the best match of the test
shape descriplions with cne of Uiee stored prototypes, The matching scheme has hesn
experimentally applicd for recopnition of hand-touls anul syodols. T both cases, the
network produced encouraging recognilinn resuls.

Aryunods: Shape matching, neursl network, spatial constraints.

1. INTRODUCTION

An object can be described In terms of the descriplion of ils parts and spalial
relalions Letween the parts, Soeh o deseription explicitly represents the spatial or-
ganisation of the primitives forming the ohjects. Ohject descriplions formed in this
way arc categorised as structurnl oljert descriptions.! Structural descriptions are
rotation and translation invariant. Only when parts of an ohject undergo chanpges
andfor are physically rernoved do structural descriptions need madification.  Be-
cause of Lhese Invarianl characleristics objecls as well as agher level entities, ke
real world secnes or images, can be cffectively represented nsing structural deserip-
tirms. If the eomstituent ohjects of a scene are also deseribed in the same way, we
gel a hierarchic siruclural descriplion of the scone,

Structural deseriptions are useful for many computer vizsion problems like shape
matching, ' siereo matchiog,® ele, Structural descriptions of 2-T0 ar 3-T shapes are
relalively less aflected due to oceluston, distortion or deformations. Hence, recog-
nition or matching schemes based oo stroctural descriptions are robust againgd
acelngion and distortions.? Slructural object descriptions can be cquivalently repre-
ganted in terms of directed or undirected praphy in which the sot of nodes represent
the primitives and Lhe arcs roprosend the spatial relations hevween the primitives.
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Attributes associated with the nades and the ares provide the descriplive power
to the graphs. These graphs are commonly referred 6o as attributed relational
graphs.® Recognition schemes based on inexact matching of the grapls have also
l:cen developed.® Stouckural description of the images (loft and right) can be used in
a sterea matehing procedure® The number of features or primitives invalved w sech
a matching schoeme will in general much smaller than the traditional fealure {(viz
edge points cotnets) based methods. Also, the malches abtaimed with the strucknral
elescriptions will be more reliable. Bul a prieri kuowledge of the problem domain
is required for construction of a slonctural description of an irmnage w tering of the
known primilives and apatial relations, It is clear fromn the abave discussion that
development of cffeclive computational schemes for matching stenctural deseripbHons
are of prime importance for solving a large clasy of computer vision problems,
Structural object descriptions can be matched by findiog a mapping between the
primibives such thal Lhe spatial constraints are preserved belween them. This is
nothing but 4 conztraint satisfaction problem which can be solved using brute foree
hackiracking trec search, Severw] Iock-ahead operalors have heen suggested! for
increasing cliciency of the tree search algorithim. Bat, in the warst case, its time
complexity is exponential to the sige of the deseriptions invelved. In the case of
inexacl matching, when a mapping is to be found s as to maximize the match be-
tween Lhe cormon portions of the two stroctural deseriptiong, the problem hecomes
harder.! In Wis case, it s a consteaint optimisation problem. Hopfisld nets™ pro.
vide au efficient eomputational paradigm for solving Lhese types of problems %12
The Hopfield net 42 a reenerent nelwark with all the weurons counected o cach
ather via weighled links. The ncuronal units ¢am have cither hinary or continuous
valued activation functions. Each unil, in addilion lo the wputs from other vearens,
can receive external input or bias. 'The nelwork response is dynamic, Corresponding
Lo a new nput, the output of the ncurons are caleulated and are fod back, In the
nexl teration ontputs are caleulated using the moddied nputs, This pracess is
repeated. When the network is stable, sncesssive dlerations prodluce smaller and
srialler ontputs changes unkil eventually the autputs hoeome comstant, "The nebwork
is stable il Lhe welghts are sytnmetric and there are no sell-exciling leops. Syrumetric
links between the neyrons imply thal the weight wyy between any two nenrons »;
andl s along the forward path is Lhe same as thal of fhe kink along the reverse path
{i.e. ). A funetion is defined fur these networks which normally decreases each
tirne the newwork changes stale (e, ench time oukputs of the neerons change LVheir
value), This function i called Lhe energy Munclion of the netwark. Eventually, this
funclion reaches a minimum when the nelwork reaches a stable state. The hasic
chararieristic of the nerwork to setile bo a minimurn of its onergy function throagh
iterative updating of ils units, which con take place in parallel, can be efeclively
harpessed for obtaining a good, if nob oplital, solulion to the structural matehing
prolilem at various levels of canplesity, Despite the fact that the Hoplield nels are
nob guaranboed & provide the optlinad solulions, rapid computational capebility
of Lhe network provide an importanl mechani=m for tackling the computational
complexity involved in solving the siructural matching problems. 11 woplemented
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in bardwares, Lhe solulion s not expected bo Lake rmore than a low time constanka.
Also, the time reepuired for eonvergence changes little with the sige of Lhe problem.
In this paper a scheme for solving the structural malching problem with Tiopfield
nels has been presenled. In the present formulation, the Hoplisld ned can Ge conzinl-
ercd av & two-dirnensional arrey in which oulgut of Lhe {1, 73th unit represonts the
degree of similarity between Lhe fth primitive and the jih primitive of two shapes,
Weights associated with Lhe links indicate, on ihe busis of Lhe spalial constrainls
botweon the prisuitives, the comnpatibility belween the possible maldies represented
Iy the corresponding nnits. This architecture = similar to that presented in Hef 12
But, in Lheir work, Lin ¢! gl have not considerced bhal case of asymrmetrie spalial
relations like bottom, right, loft, cto, These relations are specificd with a definite
sense. For example, if & primitive A is to the left of a primitive B, then it is
obvious Lhat B iz not having Lthe same spatial relalion with respect lo A. Other
works!®H
weighls of the network will nol remain symmetric and consequently convergence is

alvo have not lackled this problem. For the asymimmelric spallal relalions,

not guaranteed under all possible eonditions. In this paper, a transforination for Lhe
struetural descriptions has been propescd to eireumvent this problem. With this
Lrausfonnalion all Lypes of spalial relations can be used in the struclural deserip-
tians. In addition, the energy funclion of the nel has been formulated in Lhe most
general fashiom to take care of all the problans of inexact matching of the deserip-
Liony. Also, Lhe Lechnique has been extended to tackle the problemn of sinmlbaneous
matching of one descriplion wilh a number of stored protypical deseriplions. The
prosent scheine can aluo take care of partial misioatch betweaen the parts and spatial
relations,

Z. MATCHING PROBLEM

In this seclion, we have considered the problem of finding a mwatch between s candi-
date shape and the protolype so that the correct correspondence can be cstablished
between similar primitives of the two, Individual pritmitives of the shapes are con-
sidercd to be low-level geomelric tokens, like lines, ares, snbjarts of different shapoes,
ehe,, whicl are characilarized by a sat of property-valne pairs, Correspondonce can
be established between those primitives of the two shapes which possess an ap-
proximately equivalent set of property-value pairs. In addilion, spatial constraints
Letwieco Lhe primitives in one shape wust be preserved among Che matched primi-
tives in the other shape, Spatial consiraints or the relationat featnres between the
prismitives can also be characterised by a sel of properly-value pairs and aceord-
ingly matehing criterion can be formulaied. Also, in many cases, lwo shapes do
nol malch completely; only portions of the given vhapes may malch, The weural
neiwork based matching scheme proposed in this paper has been motivated by the
abuve mentioned considerations. For matchiog stroetural deseriptions of the lwo
shapes, having A primitives each, an artificial neural net with & » N nenral units
have heen used. Bach neuwral wnil represents a possible match hetween individual
primitives of the two shapes under consideralion. This representation is natural
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because each primitive of the candidate shape can be mapped onto any one of the
primitives of the protolype. The lowesl energy state of the netwark in aceordance
with an appropriasiely defined energy functiom, will represent the best mapping
between the primitives of the candidate and prototype shapes, which satislies all
the problem dependent constraints.

Let us assumne Lhal Lhe encrgy funcilon has the following forn:

Fofi+b+E&+E4+ 8. {1

Each term an ihe right hand side of Eq. (1) represents the contribution due to
individual constraints. The term £ ensures that any prumilive in the candidate
shiape cannot match with more Lhan one primitive o the prototype and viee versa.
Henee, £ is defined in Lhe [ollowing form:

E1= A2 S S Vi + B2 S S T, (2)
pooi 1 it r 0

2y rET
Here, A and B are positive constants,

Vi tepresonls the state of Lle (1, 7)th penron, and henee it can take values be.
bwoen 0 and 1.

The first sum in £ iz zero f and only if there 15 o more than one non-zero entry
in each column. The second term is gero 3f the same condition holds good for cach
ow,

The term £z guarantiees that the total number of primitive matched is equal 1o
N. 5o, & has the following form:

£ =02 (Zzp:v,, - N)g. (3)

€7 is a positive constant, When iwo shapes containing N primilives are perfectly
matched, this torm becomes zero. I the shapes contain dilfereud nnmbers of primi-
Lives, say X and ¥, the parameter N st be sct to min{ X, V') because Lhe welwork
can find match fur the maximom of mind X, ¥') primitives. Even in the vase for par-
tial match, a tninitnurn vahie of this term ensures the maximum possible numbes
of matches belween Lhe prinntives. This problem ecan alsa be tackled by incloding
durnmy primitives i the descriptions containing a lesser number ol primitives,

As meniioned before, primitives of the candidale and prololype shapes are char-
acterised by a set of prssible attribotes or properties and valucs of these attribates.
Two primitives can be considered Lo Le matched if they have a nearly identical set
of attributes aud virmlar values for those attributes. This criterion iy caplared by
the £y term of the energy function which is given by

A o
Ea=D{23 3 Vi 33 Wila)(Pli,a.B)(1-LCip, a, 8))+C(p,a, 0){1-P(i. 0, 8]}) .
i F

s=1 =]
(1)
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Here, [N 15 a positive constant,
Wila) iz the priocity or weighl of the aliribule ¢ {or the primitive
{this is aszumed to be known a priavd),
¢t iz the variable representing individual attributes assumed Lo be

indexed from 1 1o A,
b i= the index for individual elements of the possible vahie sels of

the attribules. The valoe sets have heen assumed to be finite
and discrete. Cardinality of Lhe largest set is assumed to be 8
P(i.a,b) is the selector fanction which can be either 1 or 0.
Pi, e, by = 1 if the primitive 7 of the prototype possesses
atbribute ¢ with the value b,
Pli a,b) = 0 otherwise.
Clp o, b s the corresponding selector funclion for the primilives of
the candidare shape,

This termy wil]l beeoime zero when property-value pairs for the matched primitives
of Lhe candidate as well as the prototype shapes are exactly identical. In the case
of inexact mateh, if we expect a partial match of the primitives of the protatype
shape anong the prisitives of the candidate this term can be modified inlo

o=1 =1

A B
Ea=DJ23 3 Vo D3 Wila)(P(i, e, 8] ~ Clp,,8))). (5)

Hers, for example, mismateh of a primitive {say, ©) of the randidate shape (i
Clu,a b)) being 1 and P{w, 0, 8) being 0) doss not affect the value of the terin, Similar
madification can be incarporated when only consistent tmatehes of the primilives of
the candidate shape iz being looked for,

Bul, & being zero does not ensure corrcet match becanse nonc of the lerms
of the energy fanetion so far cousidersd guarantees existence of identical apatial
conslraints between the matched primitives of the candidale and the prolobyvpe
shapes. This condition is imposed by the term £ of the encrgy function.

T
£q = E}2 ZEZ 3 ¥V Y WIOIRR(L 1,0)(1 - €C(p. ¢,1))

=1

+ COL {1 — RRip,q.4))) .

Huere, B is a positive constant,

# b5 the tndex for relational atiribotes,

W1} s the priority of the {th spatial relation,

TR, 4,1 is the selector [unclion which takes values cither 0 or L,
RR(L, §,8) = 1if the #th relalivn exists belween Lhe ith and jth
primnitives of the prototype.

RR(i, §,.t) = 0 olherwise,

EC(p, g, t) is the correspanding selectar function for the primitives of

the candidate shape.
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It iz obvious from Lhe above formulation of the term £4 Lhat anly binacy relatinnal
constraints bave been taken into account.  Also, as described for £, this term
becormes zera only for perfecl malch hetween the shapes. Modifications sicuilar
to those for the term £ ran also be incorporated here. This term cao be eastly
modified m the following way to accompiodate k-ary relational constrainis:

Ty
Ea=EfkY 9 3 3 % Y Vip Viam e 9 WIRR(, 2, o )

T # Ik P11 Pz P

{1 - C(:':plsI}Ew e :p#:t}} +E€(ﬁ'|, Pay --a Pb,“{l '_R‘R'{i]:l i'J: Sy H:H‘”}]

If the constants 4, B and ' are sofficlently large as compared to I snd E,
Lhe low encrgy state is expected lo give a good matck between Lhe candidate and
prototype deseriptions.

Based on the gnergy function it = straightlorward to determine the input bias
and copneciion weights for the nearal network. The roellicienis of Lhe quadratic
terms correspond Lo the weights in the connection matrix and thoss of the linear
tertis cotrespond to the input bias to the neurons, ‘I'he counection weights are
given by,

mhibitory connections within each column

et e,
Tipae = "hﬂ’w#q“ = aij} — Rl - 15,,,-.} -
e — Sy

indyibritory comnections within each o klobel inhibikion

T
—E 3T WIORRG, 5 8(1 = CCp, ¢,£)) + CC(E 5,0(1 - RR(p,q.0}) (6}

i=1
- ;
SR

inhibition Ly the binary congtraints between the primilives

where, b;; =1 fi=j
=1} otherwise.
The input bias to each neuron is given by

T = & D23 S W) Pl e, B)(1 — C(p, 2, b)) + (Clp, 8, b1 — P(i,a,1)) .

& = 5 a=1usl
excilption bias - !

bimx by Lhe attribu;ea_of the primitives

(7)
In this mapping it is interesting to note that the aliribuies of the primitives
contribule to the input bias of the neurons and the relational constraints condribute

to Lhe whibitory conpeclions between Lhe neurons.
it is clear [rorm the ahove formulation of the structural iatching problem thas
the weighls assaciated with the links connecting the neurons are delermined by the
pature of the relational constrainis. For symmetbric spatial telations, weights will be
symimebric, Bul if we consider asymmeiric spatial relations, vz, right, left, above,
cte, RE(L 7,0) # RR{j 1,1} and CC{p, ¢, 1) # CClq, p, t). Consequently connection
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weights wili be no lowger symcoeinic. Bud the Hoplichd oeb s not guaranteed lo con-
verge to the mininum energy state for asymmetric connection strengths, Although
il has been observed for practical simulation problems that if the difference hetween
T and T; is sufficiently low and the gain is also not high, then the network nlti-
mately converges to a minimum energy stale, and the lime taken for convergence
15 very high. Hence, it s required to identify s modified atrategy so Lthat shape de-
seriptions involving asyineteic spatial relations can be reliably matched wilth ihe
Hopfield net using the above forrmlation. To the next section, a schetne s suggested
[or mapping the problem Lo the Uopfield net, which has symmetric interconnection
weights even for shape descriptions involving asyvmmetric spatial telations,

3. SBATE MATCHING WITH ASYMMETRIC SPATIAL RELATIONS

Ay discussed in the previous sections, it 1s clear that with the corrent problem for-
muiation the Hopfield net cannot be effcctively nsed in most of the shape matching
problems hecause asymmetric spatial relations, niz. rvight, left, np, ete., botwoen
parts of the ohjecls are very common in general. ln this section we deseribe a
technigque for transforming structural descriptions of the shapos. With thiy irany-
furination, the shapes described in terms of asymmetric spatial relations can he
matched officiently using the Hoplield net with syiuwelric iolerconneclion weights.

A structnral deseription of & shape can be cquivalently represented by an al-
iribuled relational graph® The nodes of thizs graph represent individual primitives
snd direcled arce are the representation of the spatial relations hetween the prin-
tives. A node ny; and an are e, are associated with altribute sels A;, and A4,
respectively. The st A, containg atlribules desenbing geonwine properties of the
promitives and the elementy of the set A, . describe the spatial relations batween
the pritnitives linked by the are g3, Asynunelric spatial relations between the
primitives can be most natnrally reprosented using this graph. Synuenetric relations
belween the nodes n; and 1 can also be represented in this framework by associ-
ating the same relational attributes with both the cdges, cjp and egy. Consider the
example of a simple attriboted, relational graph shown in Fig, 1.

ni 2

Fig. 1. Example of an asymmctric apatial relation.

Fur the given example, the dirceted are between nl and n2 indicales ihat ihe
primitive 02 is o Lhe left of nl. Nowr, et s yeplarce the dirceted are between nl and
n2 by an undirecied edge connecting the two nodes. This edge can be assoriated
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with an attribute which would indicale the type of the spatial association betwecn
the nodes. Consequently, hoth the sets, A, , and A, will have ideniical elements.
Ta encode the exact sense ol Lhe spatial relation, additional attributes must e
included in the attribute act of the corresponding nodes. Since, the primilive ol
is to the left of 02, A, wil have an additional attribnate which will be indicative
of the spatial relation “Lelt” while Anz will have an addilional attribule indicative
of “Right”, i.c. the spatial relation of n2 with respect to nl. In this fashion, all
the: directed edges between the nodes in an atiributed relational graph can be re-
placed by undirected symmeiric edges. Edges will be assaciated with the types of
spatial relations. Types of spatial relalions, heneeforth the {th type of the spatial
relation being indicated by the symbol 7, will not have any scnse of direction or
asymmetricity attached 1o them. For each type of spatial relations, two relational
attributes [Lhe Eih relalional attribute being indicated by rg) will be considered for
indicating the exact sense of Lhe spaiial relation hetween the nodes. If a relational
attribute rp indicales an sasymanaciric spatial relation of the node »n; with node wy,
then we say that the spatial relation of the node n; with the node #»; can be in-
dicaled by the dual of the relational attnbuie rg represented as 7 For the given
example, il /p = Left them 7z = Right. The transformalion lechnigue discussed
here is a general purpose procodure by which any albribuled relationsl graph can
be transformed oo au undirected graph.

Lot s congider an attribuled relaiional graph ¢ = (V, &7, where V' is the sel of
nodes apd F s the set of ditected edges. The graph & can be transformedd inta an
undireeted graph v = Ve, Ev) by following the pracedure described above. Now,
in the graph (7, corresponding to cach node n;, the modified altribute sei 4T, will
be AusU A, The sel dry; contains additional relational alicibules. Bach clement
of Arn: 18 a tuple {rz, ) where rp bu the relational attribute for the kb Gype of
the spatial relation (the dual of the kth relation can be indicated by using 7 or
Ly associaking a different index, say 7. with it) and ¢z is the number of nodes wilth
which the node n; hay the Elh spatial relation. The counl e must be mainiained
becaus: s pode have the same relation with move than one node. The graph G
can be effectively used for reproscenting structural deseriptions if and only is the
transformation T is uuiyue. Otherwise, a transformed graph Gy can ambignonsly
represent more than oo description. Consequently, any natching strategy which
uses Lhe transformed graph for representing siruclural deseriptions is bound to make
inconsistent conclusions, In the following, we formally establish the proporties of
the transformations and Wdentify the eonditions onder which e lechnigue hecomes
an elfeclive representakional scheme.

Theorcn 3.1, Translormmation T cannol produce any olbier aticibuted graph other
than & from O

Troof. The proof is straighiforward becamse (7 always has a unique undirecied
strocture and for any particular wode, the total romber of arcs of a particular Lype
goitg to or coming from that node s always tixed, O
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Now, we necd to shaw thad theee exists an mverse transformation procedure which
will produce a directed sttributed relational grapl which is the same as that of the
original graph . To start with we present the inverse transformation algorithm.

ALGORITIEM Inverse-trapsform{ G7)

for all nodes 0y € Vo
for all edge-types T; assoviated with the edges coming ont from the node 5y
if edges of the type 7, have not yet heen associated with direclions
call label(n,, T;, f1
f*is a flag; it is set true by the procedure label
if the laheling is successfully accomplished ¥/
endif
endfor
endfor

Procedare label(ng, Ti. £
1. Put in chedce sct the waple {ry, ¢, ), (77, 67) € Ary,
A¥ ri and 7 are the relational aticibotes of & wode corresponding to an cdge
of type T,
2. fur all edpes (n;, 1) of type F; emanating from n;
2.1 Choowse an atiribule, say r; (or 7;), from the cheice set which has not
yeb heen chosen for that odge
2.2 if no altribute exists in the cheice set which can be chosen for the rdge
(n; n;)
2.2.1 f = Faflure; relurn
2.3 If the set Arg; of the node nj has a Luple, say {7, o) {or {rs, 00, )), wilh
er; for e ) = 1,
2.3.1 agsociate the dircetion from w; to ay (or roin w; bo ng) Lo the edge
{ni, n5)
2.8.2 Decremnent ey (or ¢, of the node n;
2.3.3 Call label (n;. 75, £)
2HAI{f = foilure) go to 2.1
235 N (f = suceess) decrement o, {or o077 a5 the casc may he); go to 2
2.4 elze go to 9.1
3. eud for

4, f = sucecess, retorn.

Theormm 3.2, The algorithm inverse-iransform produces a graph &F whersin all
the spatial eonstrainls specified in the graph & are preserved.

Proof. In the process of obtaining the graph Gy from the graph & = (V, E),
accorduly to the transformalion procedure deseribed in this scction, no nodes aor
edges are eliminated. Also, in the algorithun inverse-translorm no edge or vertex is
being eliminated in any step, Thercfore, VY| = |V] awd [EY| = ||, 1n other words,
according to both the graphs € and G Uhe set of nodes thal are spalially related to



s i _ L.BASAKET AL.

each other are Identical. Alse, nformation about the type of the relalions between
the nodes = proserved in the transformed graph €7 and copsegquently in &°. Tn
the: process of transformalion, only the sdges are atripped of their direclions and
the algorithm inverse-translorm reassociates the directions with the edges such thai
the sense of the waymunctric spatial relations are preserved. Lel us assume that the
algorithm produces a graph & in which direction of at least one adge (n; . n;} is
different, fram that in the graph €. Let the cdge be of type 7, The procedure febel
has associated the opposile dircetion with the edge (5 #2;) bacause corresponding to
that direction Lhe conditions specified in Step 233 of the procedure were satisfied
by ihe luples of the attribule set of the node ny and further recursive calls to
the procedure label for associsting dircctions with the edges of Lype Ty contimmed
successfully. The scyuenee of recursive calls gol lertnivated only after associating
directiony with all the reiated edges {i.e. the edges belonging to the paths of type %
i the graph (37 which pass through the node ng) withont violaling the constraints
in Step 2.3.3. These constrainls can be satistied only if Lhere existy a sequence of
uodes (0,00, Byg b0, T Witk me, = D and o 2 0 for each such node for
commpenzating the choice of wrong ditection for the sre {ng, 15}, Again, for the given
sequence of nodes the romprnsation must Lake place without atiecting the directions
af the ullier cdges rommected Lo the nodes, This implies thal lor those edges correct
labels arc avaibable m vhe choice set, This can happen only when error can be
compensated by iolerchanging directions of the edges (s, m) and (nr,nipq] for
all the nades in the sequence. This is possible ooy if f; = ne. In olher words, all
the abiove conditions will be true, in the case where thers oxists a directed cycle
curresponding to a particular type of spalial relation in the origimal graph & The
algerichm verse-lransform, therelore, can associale the wrong direction ta an edge
in a cyele such thal the direction of the cvcle as a whole becomes oppositely defined.
As a conseguence, tho spatial constraimt hielwern the primicives in the graph 7 is
preserved in the graph 67 in terms of spatial relations having an opposite sense. Iu
ihe ahsence of a cyele, the nitial assumplion will turn cut to be false because m
the conrse of recursive calls, as deseribed before, it will eneounler a siluation where
either ¢, or ¢y will become zeto and hence the initial wrong direction cannot
be compensated, S0 ultimately Lhe procedure label will backtrack and the initial
mistake will be rectified. Therefors in the graph G* all the constraints hriween the
primitives as specified o Lhe graph (7 are preserved. L

Ay a consequence of tlie ahove theorem, asyminctric spatial relatious can be
taken rare of without using asymmelric connecetion weights belween the acurons.
The relative significauee of the relational constraimts will be used for calenlating
symmetric mterconneetion weights, The asymmetric nature of the spatial relations
will be matrumental in determining the input bige of the nenrons. For Lhe neurons
invalved, seleclor Dunctions corresponding to the associated primitives will indicate
the presence or absence of the relational attribute or its dual.

Beeause of measurement crror, random struclural allerations or oeclusions, strue-
tural entities may not always match perfectly, This poassibility has been aleeady
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comsidered while formulating the enevgy function of the Hopfield net. Bot mismatch
between relational attribules of the primitives has not been laken care of in that
formulation. 1f the term £4 takes care of Lhe difference between ordinary atiribotes
of the primilives, then we peed to include another tertn £ in the energy function
caleulation for Laking into account mismatch belween the relational attributes of
the primitives, In this rase, a diflerence in the aurnher of other primitives which
satisfy a particular ype of spatial relation with the primitives will be of significance.
The term £ is defined o the following way:

Eo= Ff2Y 3 Vi SO W e(ck — e b+ ofel” — o). {8)

ie

flere, ¥ iz a positive eonstant,
f iz the index for relational aitributes,
Wi(t) is the priority of the {th relational attribule,
e} is the number of ik relational attributes associated with the,
ih pritoitive of the candidale shape (here, duals of the primilives bave
becen comsidered tn be appropriately indexed),

ci' is the number of fih relational attribules agsariated with the
Jth primitive of the prolotype shape

o) iv & fimetion which is defived in the following way:
g(E}y=ZZ2 =10
c(Zy=0F 21

The fimetion o{ ) has been [ormmlated in the above fashion Lo take care of the
[ollowing siluations, When the fanction a'(r.‘i"—r:‘:"] in £z becowmey gero, 1t enables us
i ignore relalional constraints which are present in the input candtdate stroctnral
dleseription in addition to those which Lave Leen gatisfiad for the protolype under
romsideration.

4. SIIAPE MATCHING WITH MULTIPLE PROTOYTYFIZS

The problem of malching a prototype to a candidate structural descriplion can be
cxtended Lo the problemn of tinding the bast maleh for & caodidate strictiuce in a
library of multiple slored prototypes. Let thers L M prototypes, each having a
maximmm af & primitives. Lel us assume that the inpet candidate shape possesses
N primitives only. 5o, as discussed i Sec. 2, we need to nse M x & % N peurows
with which we can consider all possible matches between the primilives, ‘These
neurons are basically arranged as a slack of two-dimensivoal arrays, where each
plane represents the matehing with a single protolype. S0, the neuron (4,7, p) is ON
if Lthe fth primitive in the candidate structure matches the fth primitive of the pth
pEatody .

The basic constramts invalved in the process of shape matching can be mathe-
matically furmulated as follows:
{1) If Vi = 1 then ¥ip, = V5 k and ¢ #£ p. This condition inhibits matehing of

the primitives of Lthe randidate shape to primitives of dilferent prototypes,
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{2} In a column or a row of a single plane of neurons, activalion of only one neuron
can becorne 1. This implies that one primitive of the candidate ¢an match only
one prituitive of the prototype and wice versa,

To take rare of the copstraints, in the actual petwork implemeniation, shapes
having a lesser number of the primitives are to be appeonded with duruny primitives.
These dununy primilives can match with only other dominy primitives with mini-
wam cost; but matchiog of the dummy primitives with any of the valid primitives
ineurs maximam contribation to the energy funetion. The use of Jummy primitives
crnahles us to tackle the problemn of missing primitives in this framework. Bascd on
the above mentioned constraintz, the energy function for the nel is rodelined in the
Followring way:

E=A2) 3 2.3 VarViro + B2} 30303 Vi Vimp
i ¥ ! r [ I m p

|
By I#m

rR R ) (ST )

R
r#Eq

+D;*z(z‘_;z‘;zp;um_w)z

A R
+E2IODTY Ve 30 ST Wil (Pl L (1 - Clp,a, b))
i i P

a=1h=1

T
FF23 TSNS " Vi Vi 3 Wi (O(RRAG, 5,2, 23(1 — €0, 4.1))
£ U i=|

Mm@

™
+02Y %Y Vi Y Wiltha(el — &)+ o — b))
[ | P =1

Symbols occurring in the above squation have the same mcaning as those in
Sce. 2. Based on Lhe above equation we can caleulate the interconmection weights
andl the lnpul biss of Lhe newrons of Lhe Hopfield nel.

5. EXPERIMENTATIONS AND DISCUSSIONS

To establish the eflecliveness of the malching mechanism developed i the previ
ous sertions, we have considered the application of the technique {or solving prob-
lems of differsnl dormains. 'Io the following subsections, we have suramarised ony
uhservations,
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The network has been simulated on micro-VAX (supporiing Ultra-32 operating
system). The states of the neurons in the IHopficld net have been synchromously
updated in the sequential simulalion code, This is done because simulation of the
asynchronons updating requires very small discrete time steps and conseguenily,
the time required for convergence becornes very large. On the other hand, in syn-
chronous updating, since Lhe offect of updating the state of one neuron is com-
municated to others anly after completion of the updating of all the neurons for
a particnlar time instant, we can use relatively larger lime steps. In the preseal
case, for all the simalations, the size of the step was chosen to be 0,001, The initial
glates of the neurons are chosen in such a way that the tolal sum of the outputs
of the neurows in the initial state is the same as that for Lhe linal state. The total
autput in the initial state must be uniformly disicibuled over all the nenrons. As
the network is updaled, depending on the interconncclion pattern, the omtpub of
some of ithe neurond becormes | and that of the others gradually diminishes. Since,
in the final state, only N nenrons corresponding to the consistent match of the &
primtitives of the inpot candidate shape will be finally ON, we bave for the simple
single-layored model: 37 Zj Vip = W. Hence, initial states are set as

U:(0) = Voo + 8Ly (9

where Do = g7 {1/N) and |815]| < (L1870, ‘Uhe term 607 intzoduces a pertuchation
in the initial states of the neurons such Lhat the nelwork s preveoled [rom getting
stnck at initial conliguration. In the case of the mulliple-layersed model, the total
number of neurons becoming O35 i the fioal state must be &, Hence, 1nitial values
can b chusen according to the fallowing cquation: Uen = g "{1/M + N). "The
transfer Tunction g{-) is chosen as

g{w) = 1/(1 + exp{—=/T}) (10}

whete the parameter T controls the gain of the neurons, With this teansfer function,
Uap = =T log{ N - 1) for single laycred networks and Epo = =7 log{ M & — 1} for
multiple-layered networks. If the value of T is large, the gain is small and the rate
of convergence will be slow. On the other hand if T' is chosen to be small, then
the nelwork is highly prowe to gel sluck at spuriows local energy minima, thereby
providing wrong results,

The quality of the experimental observaticons are definitely dependent on the
interconnection weights among the nevrons iy the network. Interconnection weights
in turn are dependent on the valies of the parameters A4, B, O, {3 E F 7. The
parameters A, B, (') I} detereine the relalive weighlage of the domain constraints
while the parameters E, F, &7 determine the relative significance of the spatial
constraints among Lhe primitives. If the valoes of 4, 8 €7, I are mnch greatler than
those of I, F 7 mismatch will necur becaose spatial constrainis are violaled nnder
sich circumstances. On the conteary, if the valnes of £, F, 7 are comparatively
higher, then matches are obtained wherein demain constrainta are violated. For
cxample, with such a choice of parametera, o the final result a single peimilive of
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the test shape may be found to be in correspondence witk more than one primilive
of the prototype. After carcful cxperimentation, Lhe final parameters for Lhe present
unplementation ware chosen lo be 4 = 200, B = 200, & = 200, £ = 200, & = &00,
Fo= 500, €& = 500, All the weighta of the attributes, relations and relational
attriboles were taken as unity.

5.1. Recognition of Planar Shapes

Siructaral shape deseriptions are uselul reprosentations of a vaziety of shapes which
can be easily decomposed into primitive parts having discernible spatial relations
between them, Hand tocls (orm a class of objects which can he efficiently vepre-
sented using structural descriplions. Tn rabotic applications, it shoold be possible
for the vision system to identily these objecls despite partial distortions in their
shapes. Also, recognition syslema mnst be capable of diseriminating between sev-
eral similar hand tools, The scheme proposed in this paper for matching structnral
descriptions can be effectively used for this problem. As a case study, we have
considered the problem of lnding the closest mateh for & given hand tool among
a et of similar hamd tools known & prisri. For the hand tool, different kinds of
hatiners bave been considered. Hammers bave been considered to be compased
of subpasts, cach of which can be characterised in terins of their shapes, relative
aire, and color. Parts have been founel to hbave any one of the following shapes —
iriangle, rectangle, trapezium. Parts of similar shape can vary in size. With re-
spect to the size, we have classified the parts into three distinet classes - small,
medinm and large depending on their relative areas. Since qualitalive doscriptors
of the relative areas have heen used, the descriptions have becore seale invariant.

Various types of joins among the paris have been used a9 spatial relation between

the parts, Tostesd of specific numeric parameters, use of the basic nature of jons

as relational features has enabled us to oblaio invariant shape descriptions despite
minor variations in the shape, Different types of joins considered for the presend
problein are ihe following:

{F1. X. Y} join of one end of either the primitive X or ¥ with the primilive ¥ ail
the midpoint of ¥ or X in an orthogonal fashion. Exact sease of Lhe relation
will be captured by the relational label of the edge connecling the nodes which
represemt bhe primitives X and ¥ oin the corresponding relational altribuled
graph of the shape under consideration,

{72, X, ¥ joio of the end peint of the primitive X with that of ¥

73, X, Y} placenent of the primitive X or ¥ at the middle of ike oilier between
both the cnds,

Corresponding to lhese types of lhe spatial associations between the primitives,

lahels of the edges of the altributed graphs wsed for representing the hammers are

Ky, fe, £y, The duals of theso relations are indicated ay Ry, ey, R respoctively,

The hand tools have boeon assumed ta be huilt of seven lypes of primitives. They

are:
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LY {{shape, rect), {size, medinm), {calar, Llack)}

L2 {(shape, rect). {size, medinm}, (color, yellow)}
L3 {{shape, rect), (zize, small), {color, yellow)}

L4 {{shape, rect), {size, small}, (color, black)}

L5 {{shape, iriangular), {size, small}, {color, yellow)}
L8 {(shape, trapezium), {sige, small), {color, white)]
L7 {(shape, triangular], (size, small}, {colar, white)}

L3
£l

[ bz e

L3
HAMMEIL 1
L7
Ll R3
Ri Lz
Lz
L1 R1 L&
L6 ﬁ \_\
L?

HAMMER %

Fig. 2. badel hand toola.

Individual prototype and tost shapes and the corresponding atiribuled relalional
graphs are shown in Fig. 2. In the figurss and the tables, the ith instance of the
Jth type of the priunitive has been indicaled as Lij. B, the single fnstacce of
» particular lype of the primitive (say. kih tvpe) has been denoted simply as L
Pununy primitives have been indicated as L2,
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L3
L1
s L¥g
RT
L2
s
HAMBMER. 3
L7
L1
R3 _EHH“\kju
i itz

L7

HAMMER 4

Fig- 2. Cont'd.

The Hopficld net based matchiog scherne has been applied for finding the correci
mateh of distorted and undistorted instances of the hammers among the stored pro-
Lotypea, In the first sei of expreriments, we tried to find a match fur the undistorted
Hammer 1. We have found (see "Tables 1 and 2} that primitives of Hammer |
matched with Lhe correct counterparts of the stored model when simultaneous
tatching with all the models was attempted. Only maltiple non-gero nenronal
autput in the sarme row hag een observed for Lhe different instances of the identical
type of Lhe primitives. [n this case also, magnitude of the oulput of the newrons
corresponding to Lhe wrong matches decreased with ihe increase in the number of
iteralions [see Talle 2). Matching sequentially with the individnal protolypes has
alza yielded a maxinmitn number of matched primitives for the correct model but
there are inslances of false matches with the prumtives of the other models {see Ta-
hle 3). Rul, in simultancous matching using multi-layercd netwark, there were no
false matches with the primitives of the other objecis becawse domain constraints
had inhilited these ruismatches, This is an imporcant, cbgervation which indicates
appropriateness of ihe present technique for matching cven sitmlar shapes. This
technique was alsa gsed for finding malch for distorted harmmers (in fact, hamers
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wilh missing parts). These hammers are shown in Fig. 3. Even wilh distorted
hamtners correct recognition resulls were oblained (see Tables 4 and 5}

5.2. Recognition of Benpgall Characlers

Struetural descriptions of the characters eneade spatial relalions between the in-
dividual primitives, The present sechnique of matehing the siruciural shape de-
scripbions can be therslore applicd for the characier recognition problems. As =
case sbudy we have cobsidered the problem of recognition of Hengali characiers,
This prehlem also has not received much attention in the past.!® Bengali characters
have pol features distincl [rom genceal Devnagari scripts. In geveral, as evideni
from Fig. 4, spatial consteaints hotween straight or curved segments which meel at
junctionz characterise different Bengali characters. 'This feature can be effsctivaly
exploited by defining appropriate types of Lhe wpatial relations and making use of
them for canstruciing the Hopfield nel [or malching,

Table 1. batching Hamuner 1 with mmltiple prototypee
simultaneously {after 50 ileratios).

Condidate Protolype

Iaomwer 1 [Namnmer 1

L1 Lk L} L4 L4

IA | 0599 0.0 nao 0.0 0.0
Lz T} LTI (R (VR £
L3 43 LERT] 1.4 (K] £
L' a0 00 o0 0837 hTET
LE4 (.0 00 00 0.TI00 0.0

Match seore e prinilives of alher shapes s 2eto,

Truble 2. Matding Hamimeer 1 wilh sultiple protobyes
simudthneonsly {after 100 iberations}.

Candidete Fratotype

Harnumer 1 Harmmer 1

L1 L2 L3 Lia F24

Ll 10 00 DO 0D .0
£ 00 1O DO 0D 0.
i3 00 no Lo 00 0.0
L4 LU T T X B (% R RS b
134 0.0 G0 00 052 08939

Match score for primmitives of othor shapes is zero.
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Talile 3. Matdhing Hanuner 1 with individual protaiypes
wsing sgle layuced network (156 iterations)

tanrfidate Prototype

Hagzaer 1 tlammer 1

1.1 L2 L L'a Lig

L1 10 0.0 LLE 1) 0.0 0.0
L2 0.0 i.0 LIX 1) n.n 0
L3 .0 a0 (1) an 131
L4 0g ] 0.0 1.0 0513
L2 an G X 0.488 1.0
Candidate Prreloal yoe
Hamimer 1 Ilaanimer 2
L1 L2 Le L7 Le
L1 0.002 0.0 nn n.n N
L2 [0 1.0 [LX 1] ENF] [1X1]
La 0.0 nao 0.7 .0 LIK]]
f4 0.0 0.0 (¥ L0 o.n
Lis 0.0 0.0 0a wa o
Clandidate Frohnlypee
Tlammer 1 Haunmer 3

L1 L2 L3 L5 25

Ll 1.0 040 ELE o.u LLAL]
) g 14 0n.a n.n LLAI]
La oo o 1.0 o4 .
14 an 0.0 0 .0 0.0
125 .o 40 nu B0 0.1
Cancdilale I'rototype
1lananer 1 Haroreer 4

I Lz Ls Le Lu

i a7 no 0.0 u.n 4
L2 0 10 0w no a0
L3 0.0 00 0900 .0 Q.
L' 0a vl oG 00 %1}

125 0.6 o 04 o0 0
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b
B2 ///:[L, a
L
|

DISTOWTED NMAMMER |

L3

L

DISTORTED ITAMMER 5
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Fig. 3. Distorted hand tooks.

o

L3
1

B3 _
L R
A2
G

1
R

Table 4. WMatching distocted Haoner 1 {priviilive L4 missing) with

toulifpe prototypos ﬂin:!l]tmqmrrm]y — Claar 1 {.ﬁfter a0 i.l.ml.j::-ns}l.

Candidate F'nﬂul}'pa

Distod+sd Hammner 1 Hanwoer |

L L L L4 L34

L1 LR 0.0 o.n LLX]] LX)
.2 0.0 [EREIE) K] 0.a LI )]
L3 1.6 0.0 3050 .0 L
FEF | o 0.0 0.0 oo 0.5rK
Lr aflsl 0.0 0.0 0900

a.da

Match wcore for ather shapses is z2ero.

U
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Table 5. Malching distorted Hummee 3 {prinitive {25 mising] with
multipls prototypes suonltateously — Case I {after 50 iarations}.

Candidade Frotaotype
1tistarted Hanuner 3 Haarmajer 3

11 L L3 L5 L5

Li asE 00 0.0 n.o o0

i) n.o 008 00 no 0.0

L3 o0 0.0 (5900 ] 0.0

L's 0.0 00 n.a 0481 09549

£ a.0 0.0 0.0 0 0.7

Matdh seore [ur nther shapes is zero,

For the problem of Bengali character recoguition, the types of the spatial relations
considered are:

T(X, Y} X is connecled ta ¥ end-toend and makes an angle less than or equal
to B degrees; X ig ta the |oft of ¥

T X, ¥) The end of ¥V is conmected to any point in the tight half of X and V
miakes an angle of kss than 90 degrees with the left half of X

Ta(X.Y): The end of ¥ is connecterd ko any point in the right half of X and makes
an angle of approcunately 90 degrees,

T X, ¥): The end of X is conneried to the end of ¥ and the angle hetween them
ig lesy than 90 degrees.

Tof X, YY) The end of X is comected to any point i the righe half of ¥ and the
angle between them is less than 90 degrees. The convex part of X [aces the
righi half of ¥

Tl X, ¥): Same as thal of Ty cxcept that the angle between X and Vs groater
than %) dagrees,

Corresponding Lo these types of spatial relations appropriate relational labels and
their duals can be specified in 4 manner similar Lo that in the previous scclion, The
characters have been [und te be huilt with the following primitives:

L1 {{shape, lincar}, (size, large)}
L2 {{shape, lincar), (size, medium]}
7.3 {{(shape, arc), (size, medium]}
.4 {(shape, circular), (size, unall}}

"The prototype characlers and their models have been shown in Flig. 4.

Ty thiz case, we tind to find Lhe match for a known characler (BCHARL) in a
sel of charseters specified in Fig, 4. With the mullilayered network archilecture we
ol Lhe hest resnlts (see Table 6). Also, matching experiments were done with the
distorted samples of BOHARL and BOCHAR2 (slhowa in Fig. 5). In these distorted
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BCITAR 1

HiHAR 2

BCHAHM 3

Fig. 1. Bengali clisractens,
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ar
]_1 2
124
iz
ECHAR 4

BCHAR &

Fig. 4. Cont'd,

samples individual primitives were modified. As a resulb, two additional lynes of
primilives were found in these samnples. They are:

L5 {(shape, arc), (size, small]}
L {{shape, arc), {size, lurge)}

Tn the tezl exammples, hiccause of inodification in the shape of the character’s priruo-
tives, some of the spatial relations between the primilives were changed. Hesults
show that even though the characters coosidercd were very similar, the network has
correctly fomnd bhe malches despite distortions (sec Tables 7-10}. In this case also
a multi-layered network was uscd. Hence, this representation and matching scheme
is potentially useful fur developing character Tecognition systems.
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Table . Matching Bengali charactes HOHARD with all the characters simaltansously {after
100 iterstione).

Candidate Frotatype
BCHARI BCIIARD BCIIARZ
£t L flp fz La LP g1 B LR s RPx La
L1 1 o0 00 ol 00 00 cd 04 o0 U0 00 D
FA o 10 00 oG 000 04 v o 00 00 340 D0
FAY noo nno1o o0 0d 040 (2% T TR T X VI o T S+ NN s
42 e oo 0| 1o 00 00 GO R0 04 R0 o og
L3 (AL w0 SO R T B W1 B 1 o0 o0 DO 00 0O Dw
Lt an 0o GR 00 040 1.4 o4 uo a0 0d 0 0o o
Candidate Pracotype
BCIIATL] BCIIARS BOHARA
FR % T -3 TR T - S I T E'1 L L'z L*z LE LD
L1 14 I T X TS 1 S #X VR I (I 0E% 00 0O0C 00 00 90
L4 0.0 00 90 0.0 o0 e o4 oS3 00 DG D0 0o
L2 (TSN 1 N (B v 1 S 17 ) S i1 1) o0 Dg o U Dg D0 D
L3 [ (R 11 S 1 %1 T+ L1 1 X 1 o 00 oo 00 04 D
L# 0o 4 0.0 0.0 GO G A1V & B TS [ TR & ) NI BT N s
Le O 08 D 00wl g o 0o mh oG 00 a0
Cendidate Pratotype
B{THARI HOHARE
S R /5 R S S -l T % B
Tl 1.2 L3 A Ly 1@
Li LT w0 BT T S P ¢ B LT S K T
L® on 1.0 0o 0o oG 00
L'z 0.0 00 e 00 0f o0
Lz 0.0 00 00 D0 ok O
£ (Y # Y T 1 S V1 B 0 (R
LB 0.0 00 08 0D L0 00
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FIiltST DISTORTED
BCIALL 1

SECOND DISTORTED
HiHAR 2

FIRE! DISTORTED
HHAH 3

SECOND DISTORTEL
BCHAR 3

Fig. 5 Dhistorted Hengali charactors.
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Tulde 7. Matcte of fival fistoeted] BOHARI f.u]'t.m— 150 'Ili,-.rnl.'ml'lﬂ:].

Candidate Friototrpe
TEST BCLIARL BCHARI1

My LMz KEp p3 LP

fA3 | 1.0 1.0 0.0 0.4 [ RE R 841

L 0.0 1.0 0.0 0.0 0o 00

iz 0.0 0. 140 0.0 0.0 D

s 00 0o KT} 1.0 00 00

L5 fh.01 oo iK1 LIXI ] 0.0 L]

FAY a4 0.0 0.0 0.0 oo LE

Match wee is wera lor pramitives of all other charactera,

Table & Matdh of cecond disteried BOHARD [after 150 iterasdions )

Candidats Frotutype
TEST BOHARI BCHARL

L1 B Rlz g*2 L3 LT

| AN 1.4 0.0 n.ao 0.0 0.0 0.0

FA 0.0 1.3 o0 %) o.n 0.0

L 0.0 0. 1.0 0. (HE VR Y 4|

L%z 0.0 L} 0o 1.0 0.0 n.a

L Lilli] n.o LN 1.0 .0 LLNH]

Lo 0.0 0.0 00 an 46 10

biatch score is vero for pomitives of all other characters.

Table 9. Mateh of Aesl distorted BCITARS (alter 50 itereations},

Candidate Prototype
TEST BCOHARI BCTIATE

RS Y F¥ R AT SR £ LT

L 1.0 0.0 0.a oo 0o 1]

| 0.0 1.0 0.} (R 0.0 0.0

Kla o0 0o 1.0 o.n n.n iy

L3 a0 0.0 o L0 n.o Xl

Li 0.0 0.0 0.1 01 0&TF B0

fic a.a 0. 0.0 e 00 Lo

Match score is e fe primilives of all ot charsclers,
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Talde 10, hMatch af second distoried ECHART {afier 150 ierations).

Canlidate Pmtutype
TEST BCHARS BCIl1AR3

L1 L1 Lz L%z  r3  LE

L' 1.0 a0 Q.o ok 0o an

L33 00 003z 00 oG a0 08

113 00 [ 1.0 an a0 6

2z TX T 18] 10 00 0w

L5 o0 o 0.0 (s S 1 1Y)

fi iy (18] a0 vl 1w

Malch scorm is zero [or poimitives of all other chamoiers,

6. CONCLUSION

In this paper, u schemw [or malching structural descriptions weing Hopficld oot has
been presenied, The matching scheme s bascd on an appropriate formmiation of
the energy function for the Hopfield net, Vhis energy function iz general encugh to
accommodate passibilities of partial mismatches between the primitives and spatial
relations, Also, the differential eriticality factor can be associated with the at-
tribites of the primitives and spatial relations. A transformalion scheme has been
presented for transforming struclural deseriplions containing asyounelric spalial ro-
lations so Lhat the ITopfisld nel constructed with the transformed descriptions will
not have asymunetric interconneclion weighls. Couscquently, the present achome
can be applied for gencral slructharal description matching problems invelving real-
istic asymmetric spatial relations like right, left, an, above, stc. The present scheme
of malching a test description simeltancausly with all the pratotypes eliminates the
possibilities of Talse matches mnong similar shages. This fact has been established
by the experumental resully presented in this paper. Bence, the proposed methad-
ology ran be adopled for developing recognition systems in a variety of application
domaing like robot vision, doounent processing and onavigation, ete.
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