Similarity matrices for colored graphs *

Paul Van Dooren Catherine Fraikin

Abstract

In this paper, we extend the notion of similarity matrix, which has been
used to define similarity between nodes of two graphs, to the case of colored
graphs, where the coloring is either on the nodes or on the edges of both
graphs. The proposed method tries to find the optimal matching between
the nodes or edges of both graphs but only performs the comparison when
their colors are the same. The proposed cost function nevertheless uses the
connectivity between all nodes and edges of both graphs. We then also show
how to extend this to the notion of low rank similarity matrix, by defining it
as a constrained optimization problem.

1 Introduction

Graphs are a powerful tool for many practical problems such as pattern recogni-
tion, shape analysis, image processing and data mining. A fundamental task in
this context is that of graph matching. The notion of similarity between nodes of
two graphs has been introduced in [1] and it was shown there that it had a signif-
icant potential for such applications. In this paper we propose various extensions
of this definition, analyze their properties and propose algorithms for computing
them.

We first introduce the notion of similarity matrix of two colored (node or edge)
graphs and show how it extends the ideas introduced in [1] and [7]. This exten-
sion can be viewed as a modified graph matching method to compare two graphs
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with nodes that have been subdivided into classes of different type or color. This
paper also unifies preliminary results obtained in [4], [5] and presents them more
formally. The nodes of the same color in the two graphs are compared to each
other, but taking into account the complete interconnection pattern of the graphs.
This is applied to graphs with colored nodes or colored edges and we show that
these problems can still be solved via an appropriately defined eigenvalue prob-
lem, just as in the case of the similarity matrix introduced in [1].

When computing the similarity (or its extensions) of large graphs, the com-
plexity can still be quite high, since one needs to solve an eigenvalue problem of
a dimension that is essentially the product of the number of nodes in both graphs.
In order to reduce the complexity of this problem, we introduced in [3] projected
correlation matrices, which can be viewed as low rank approximations of simi-
larity matrices. We show here that also these ideas can be extended to colored
graphs. The computation of these projected correlation matrices is done via the
constrained optimization of a certain cost function. The method specializes to the
spectral method of Caelli and Kosinov [2] in the case that the graphs to be com-
pared are undirected and contain only one type of nodes. It is also an extension
of the method described in [3] which handles the directed graph case for nodes
of one type only, which in turn is a low rank approximation of the similarity ma-
trix introduced in [1]. Preliminary results on this subject were already presented
in [4], [5] but we unify these results here using an optimization framework that
shows how these problems relate to each other. The computational technique
that we propose is also very similar to that of the above two methods and is es-
sentially a modified power method with special correction applied at each step
of the iteration. Since the basic operation to be performed at each step is that of
multiplying certain bases with the adjacency matrices of the two graphs, the basic
step of the computational procedure can be implemented at reasonable cost for
large sparse graphs.

Notation. In this paper we will consider various linear matrix functions of
matrix (-tuples (Y1, ...,Yy) = M(Xq,..., X;) where X;, Y; € R™i*"_ We associate
with this vector space the following inner product

(Yr,...,Yy), (Xq,..., X)) := Ztmce(YiTX,-)

and the corresponding norm

N—

||(X1//X€)|| = <(X1,...,Xg), (Xll---/X€)> .

For ¢ = 1 (single matrices X,Y € R"*") this is known as the Frobenius inner
product and the Frobenius norm. For / = n = 1 (single vectors x,y € R") this
is the standard vector inner product and the so-called 2-norm. We use vec(X) to
denote the vector containing the successive columns of X, which implies that
|lvec(X)|| = || X]|. Similarly vec(Xj,..., X;) denotes the vector of successive
columns of the /-tuple (X, ..., X,), and we also have that |[vec(Xy,...,X/)| =
|(X1,...,X¢)||. When rewriting linear functions of matrix ¢-tuples into their vec
form, we will need the Kronecker product B ® A of two matrices B € R"*" and
A € 2%t which is a real matrix of dimension ms x nt with subblocks B; ;A for
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i=1,...mandj=1,...n. For properties of Kronecker products, we refer to [6].
We will also use 1, to denote a d-vector of all ones and 1,,, to denote a m x n
matrix of all ones.

2 The similarity matrix with type constraints
In [1] one uses an extremal solution of the non-negative matrix equation
0S=M(S):=ASBT + ATSB (1)

to define the similarity matrix S between two graphs G4 and G with node adja-
cency matrices A and B. This is actually an eigenvector equation, since the right
hand side is a linear map M(S) in the matrix S. This is made more explicit when
rewriting the equation using the vector form vec(S), which stands for a vector
containing the successive columns of the matrix S :

o vec(S) = Moec(S) := (B® A+ BT @ AT)vec(S). (2)

Note that the matrix M := (B ® A + BT ® A7) is a natural matrix representation
of the linear map M(+) and that it is symmetric and non-negative, which means
that the non-negative vector vec(S) is a Perron vector of M, corresponding to the
Perron root (i.e. the spectral radius) p = max,,—pmy |A|, and that S is a Perron
vector of M with the Perron root p = max,s_ x(s) |A|- Since M is symmetric, its
eigenvalues are real and hence it can have only two extremal eigenvalues, p and
possibly —p. On the other hand, M? is also non-negative and its only extremal
eigenvalue is p?, but its geometric multiplicity can be larger that 1. Let P, be
the orthogonal projector on the space of eigenvectors of M? with eigenvalue p?,
then P, is also a non-negative map (satisfying p*P, = M?P,) and any matrix
S = P,(So), with Sy non-negative, will then be a non-negative solution of p*S =
M?(S). We make the definition of the similarity matrix S unique by choosing the
non-negative solution corresponding to So = 1,

Pzpp = szpf S = Po(Limn) /| Pp (L) |- 3)

Note that when M does not have an extremal eigenvalue —p, P, is also a the
projector onto the eigenspace of M corresponding to the eigenvalue p (i.e. pP, =
MP,), and S will then be an extremal solution of (1). It was shown in [1] that the
even iterates of the following recurrence

S0 =Tmn,  Sgp1 = M(SK)/[[M(S)l, k=0,1,2,... 4)

converges to the unique solution (3). This iteration is in fact the power method
applied to the symmetric matrix M defined above, as can be seen from the vec
form of the above recurrence :

vec(So) =1, wvec(Sky1) = Moec(Sy)/||Muvec(Sk)||, k=0,1,2,... )
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and its even iterates will converge to the unique normalized projection of the
vector 1, on the eigenspace of M? corresponding to the Perron root p?. The odd
iterates will converge to the solution of the problem

0*Pp = M*Py, S 1= Pp(MLun)/ [ Pp(My) |

which is also non-negative, but can be shown to have a smaller 1-norm than the
previous one (see [1]). Notice that the matrix iteration (4) is usually more eco-
nomical to implement (see [1] for details).

One way to interpret the above matrix equations is to say that (1) expresses an
equilibrium of the following implicit relation

the similarity between node i of G4 and node j of Gp is large
if the similarity of their respective children and parents is large.

Indeed, rewriting one iteration of (4) as follows:
Skr1 = (ASkB" + A'S(B)/[|(ASB" + AT 5B ()

one sees that its (7, j) element replaces s; ; (this is the similarity between node i of
G4 and node j of Gp) by a scalar times the (i, j) element of ASBT + ATSB (this is
in fact the sum of the similarities of the children and parents of node i of G4 and
node j of Gg). The same can be said about the even iterates and hence about the
similarity matrix defined in (3). The eigenvector equation (3) thus expresses an
equilibrium of the above implicit relation.

Let us now extend this to graphs with ¢ different types of nodes (one can think
of them as having different colors). We will assume that the nodes in both graphs
are relabeled such that those of color 1 come first, then those of color 2 etc. The
corresponding adjacency matrices can thus be partitioned as follows

Ay Ap ... Ay By Bz ... By
| A Axm ... Ay | Bat B ... By
Aél Agz “ e Ag@ Bgl Bgz “ e Bgé

m,'XT}’l]‘

where the blocks A;; € and B;; € %Txnj describe the edges between
nodes of type i to nodes of type j in both A and B.

In this extension we only want to compare nodes of the same color in both
graphs, which means that we define similarity matrices S;;, i = 1, ..., £ of respec-
tive dimensions m; x n;, which we could put in a block-diagonal similarity matrix

Sy 0 ... 0
0 Sy ... 0

- . . c. . (7)
0 0 ... Sy

If we rewrite equation (1) for such a constrained block diagonal matrix, we obtain

oS =TI(ASBT + ATSB) (8)
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where IT is the projector of a matrix to a block diagonal form of the type (7). Since
the right hand side is again a linear map M (S) on the linear space of ¢-tuples
S = (S11,...,Sy), this is still an eigenvector equation and it in fact expresses the
implicit relation

the similarity between two nodes of the same color in G4 and Gp is large
if the similarity of their respective children and parents is large.

We should point out here that the connections between nodes of different colors
are still used in this relation since the children and parents may change color.

In order to make this more explicit we take ¢/ = 2 (two types of nodes) and
thus consider two graphs with partitioned adjacency matrices

Al A ] { Bi1 Bipo }
A — , B =
{ Ay Ax By1 B

with A;; € ™™ and B;; € """, i = 1,2 and j = 1,2. Equation (8) then
specializes to

0 S11 = A11S11 Bl + AL S11B1y + A12SnBl, + AL S5y By

0 S = AyS1 Bl + ALS11Bis + AnSynBl, + AM S0 By )
which in vec notation becomes
vec(S11) | vec(S11)
P l vec(Sx) | M vec(So) (10)

where

Bi1 ® An + Bf; ® Af} Bia® App + By ® Aj)
By1 ® Ayt + B, ® Al Bn® Axn +Bj, ® Ap

(11)

is the matrix representation of the linear map M(-). The diagonal blocks in the
matrix M are related to links staying within the node sets of the same color, while
the off diagonal blocks refer to links with nodes of another color.

Notice that the matrix M is again symmetric for this new problem and hence
we can define a unique solution of the equation (8) via (3) and compute it since
the even iterates of the vector recurrence (4) will converge to it. The general re-
currence is given by

Sep1 = I1(ASBT + ATSB) /||T1(AS; BT + ATS.B)|| (12)
and for the special case of two blocks considered above, this specializes to
7y = AnuSnBii + A{;S11Bi1 + A12SnBl, + A% S1Bx

Zy = AnSnBl + ALS| 1By + AxnSnBl 4+ AL, S By
(S11,S2)+ = (Z1,22)/1|(Z1,Z2)||, (13)

where the subscript ., refers to the next iteration value. Notice that this itera-
tion is more economical than the full matrix iteration (6), since only the diagonal
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blocks are carried along in the calculations. Imposing color constraints makes
the problem thus simpler. A simple special case of such a constraint would be
to choose a separate color for one particular node in both G4 and Gg. These two
nodes would then only be compared to each other and would simplify (but also
affect) the calculation of the similarity of the remaining nodes.

Example 1 The following small example illustrates this. It consists of two
types of nodes (those with full lines and those with dashed lines) both arranged
in a circular ring of five nodes. The constrained similarity matrix for graph A and
graph B (Figure 1) is then given by

7043 0 0 0 0
026 027 0 0 0
S=| 0 043 0 0 0 (14)
0 0 043 026 0
| 0 0 0 027 043 |

As one could expect, the highest similarity score (0.43) is obtained for the pairs

Figure 1: Graph A and graph B with two types of nodes (full and dashed)

of nodes that are at the transition between two types of nodes, i.e. the pairs (1,1),
(3,2), (4,3) and (5,5).

3 Similarity between colored edges

In [7] a definition is given for the similarity between edges of two graphs G4 and
Gg. This similarity measure is based on the following observation:

the similarity between an edge in G4 and an edge in Gp is large
if the similarity between their respective source and terminal nodes is large.

In [7] this is transformed into matrix equations as follows. Let G4(E4, V) be a
graph with m 4 elements in the edge set E4 and 14 elements in the node set V4.
Let s4 (i) denote the source node of edge 7 in this graph, and let f 4 (i) denote the
terminal node of edge i. The adjacency structure of the graph can then described
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by a pair of ny x m, matrices, the source-edge matrix Ag and the terminal-edge
matrix At, defined as follows:
[As];j = 1if sa(j) =i (0 otherwise), (15)
[Ar];; = 1if ta(j) =i (0 otherwise). (16)

The node-node adjacency matrix A of the graph G4 is an n4 X n4 matrix which
is then given by

A= AgAL
while the edge-edge adjacency matrix A, is an m4 x m 4 matrix given by
A. = AL Ar
which says when one edge originates at the terminal node of another edge, i.e.
[AEAT] i = 1 if s4(i) =ta(j) (0 otherwise). (17)
The diagonal element [ALA7r]; = 1 of this matrix is 1 if edge i is a self-loop.

Notice also that D, = ASAE and Dy, = ATA% are diagonal matrices with
respectively the out-degree and in-degree of node i in the ith diagonal entry.

The matrices Hu, := AEAS and Hyp, := A%AT can also be viewed as edge-
edge adjacency matrices, which tell us when two edges start or terminate at the
same node, respectively, i.e.

[HAsLj 1 if s4(i) =sa(j) (0 otherwise), (18)
[HATL]. = 1if ta(i) =ta(j) (0 otherwise). (19)
These matrices are symmetric and have 1’s on the diagonal.

In [7] one then introduces a node similarity matrix X and an edge similarity
matrix Y, which are linked via the matrix equations

cX = AsYBl+ ArYBEL, (20)
cY = AlXBs+ AIXBr. (21)

The right hand side is a linear transformation M (X,Y) of the pair of matrices
(X,Y) and this is therefore again an eigenvector equation, as is easily seen from
its vec form:

vee(X) | 0 Bs ® As +Br® Ar vec(X) (22)
vec(Y) | | Bf®@ Al + Bl @ AT 0 vec(Y) |-

This is clearly again a symmetric map, which can be rewritten as

g R e B B e e

The similarity matrix pair (X, Y) can be uniquely defined using (3) and computed
using the even iterates of (4) which here takes the following form:

(X,Y): = MX,Y)/IMXY), MXY) = (G(Y),67(X), @4
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where G(Y) := AsYBL + ArYBIL, GT(X) := AIXBs+ ATXBy are the linear maps
corresponding to (23). Moreover, the even iterates of (24) are also the iterates of
the normalized map M?(X, Y) which decouples into:

X+ = GG (XN/NGGT XN, Yo =G (GM)/IG (G, (25
but with a scaling that differs from the joint scaling of (24).
Remark 1. Note also that one can obtain from (20) the decoupled equations :

X = G(GT(X)) = As(ALXBs + AT XBr)BL + Ar(ALXBs + ALXBr)BL (26)
oY = G1(G(Y)) = AL(AsYBL + ATYBL)Bs + AL(AsYBI + ArYBL)Br (27)

which can be rewritten as

0?X = AXBT + ATXB + D XDg, + D, XDg,, (28)
Y = AYB!+ AlYB.+ Ha,YHp, + Ha,YHg,. (29)

The equation for X can thus be seen as an enhanced similarity matrix equation since the
first two terms are the adjacency matrix terms appearing also in (1). The additional terms
amplify the scores of nodes that are highly connected. In the equation for Y the first two
terms are also edge-edge adjacency matrix terms while the second terms involve positive
semi-definite matrices with ones on diagonal. Notice that the decoupled equations could
be normalized independently of each other. But this will only yield a relative scaling
between the matrices as a whole, and not between the elements within each matrix.

Let us now try to rewrite this for graphs with edges of ¢ different colors. The
edges can be relabeled such that those of the same color are adjacent in the source-
edge and terminal-edge matrices:

As=[As, ... As ], Ar=[Ag ... Ag],

Bs=[B51 BS[]/ BTI[BT1 BT/J].

The blocks Ag,, At, € R"**™4i and Bg,, Br, € R"<Mei § =1, ..., ¢ thus correspond
to edges of the same type, where m,, and m;,, represent the number of edges of
type i in G4 and Gp respectively.

The edge similarity matrix has to be block-diagonal because we compare only
edges of the same type. This matrix has thus a block diagonal structure with
blocks Y;; of dimension m,, X my,:

Yu 0 ... 0
0 Y 0

= 07 . (30)
0 0 ... Yy

If we rewrite equation (20) for such a constrained block diagonal matrix, we
obtain

cX = AsYBL+ ArYBI, (31)
cY = TI(AIXBs+ ALXBr), (32)
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where I1 is the projector of a matrix to a block diagonal form of the type (30).
Since the right hand side is again a linear map M(X, Y11, ..., Yy) in the (£ 4 1)-
tuple (X, Y11, ..., Yyp) this is still an eigenvector equation and it in fact expresses
the implicit relation

the similarity between two edges of the same color in G 4 and Gp is large
if the similarity of their respective source and terminal nodes is large.

We make this again explicit for the two color case (¢ = 2) and thus consider
two graphs with partitioned matrices

As=[As, As,], Ar=[Ar Ag],

BS:[le Bsz]’ BT:[BTl BTZ]’

and

Equation (20) in partitioned form becomes
0X = AgsY1BS + Ag,YnBL + A, Y1 B + ApYBT,
oYn = A§ XBs + Ar XBr,
oYy = Al XBs,+ AL XBr,, (33)

which is an eigenvector equation (X, Y11, Y22) = M(X, Y11, Y22). By applying
the vec operator, we indeed get an explicit eigenvalue problem

vec(X) vec(X)
o | vec(Yr1) | =M | vec(Y11) (34)
vec(Yan) vec(Yar)
with
Py— 0 G - —_—
M:=1 .1 o | G:=I[Bs, @As +Br, ® Ary, Bs, @ As, + Br, ® Ar,]

which shows again that the linear map M is symmetric. One can then again
apply (3) to define a unique solution, and use the even iterates of (4) to construct
an algorithm to converge to that solution. That iteration essentially consists of
normalizing the right hand sides of (33) to define the updating matrix triple

(X, Y11, Yo2)+ = M(X, Y11, Y2) /|| M(X, Y11, Y22) ||

The even iterates will again decompose into the (separately scaled) iterations:

+=GGTXN/NGGT XN, (Y, Ya2)+ = GT(G (Y1, Y22))/[1GT (G (Y11, Y22)) |-

Remark 2. One can also consider the combination of colored nodes and colored edges.
The matrices X and Y will in this case both be block diagonal, possibly with a different
number of blocks. In order to simplify the discussion, we develop this for the case that
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there are two types of nodes and two types of edges. The matrices X and Y then have the

form
| X1 0 | Yn 0
X_[ 0 Xzz]' Y_{ 0 Yp

and the source-edge and terminal-edge matrices for graphs A and B then become:

Ag = l As, As,, }’ Ar = [ Ar, Ar, } ,

Sx S» AT21 ATzz
Bs,, Bs } lBT Br. }
Be — 1 2 | Br= 11 12 |
° [ B521 BSzz ! B T BTzz

The iteration matrix still has the same structure as for the case of colored edges:

0 G ] G:= [ Bs,, ® As,, + By, ® Ary, Bs), ® Ag, + By, ® Ar,
Gh o]’ Bs,) @ Asy, + Br,, @ Ay, Bsy, ® As,, + By, @ Ay,

which is why we do not analyze this in more detail.

|

Example 2 The two graphs of Figure 2 are very similar in the sense that node
3 of graph A has been replaced by three identical nodes 3, 4 and 5 in graph B. This
is also detected by the node and edge similarity matrices for these two graphs,
which are given by

022 0 0 0 0] Y_{O'SO 0 0

X=| 0 08 0 0 0 o 05 05 05 |- 69

0 0 022 022 022

Notice that the matrix Y is block diagonal, indicating that both edges (1-2) are

@/\@

Figure 2: Comparison between the edges of graph A and graph B

only similar to each other, while edge (2-3) in A is equally similar to edges (2-3),
(2-4) and (2-5) in B and not at all similar to edge (1-2) in B. Clearly we would
have obtained the same results with the colored edge graphs A and B of Figure
3 since now we are imposing the matrix Y to be block diagonal. Clearly the same
can be said about the combined colored node and edge graphs in Figure 3 since
then we are imposing the block diagonal structure in both X and Y. Let us point
out here that matrices X and Y are equal for all three figures only because we
impose a global normalization rather than a normalization of individual blocks
in these matrices.
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Figure 3: Comparison between the colored edges of graph A and graph B

Figure 4: Comparison between the colored edges and nodes of graph A and
graph B

4 Similarity matrices as an optimization problem

In this section we interpret the eigenvalue problems presented in the previous
section as optimization problems, for which the eigenvalue problems yield the
stationary points. The reason for doing that is that we will then see how to extend
these problems to a more general setting. In particular we will show in the next
section how we can cast low rank approximation problems for similarity matrices
as constrained optimization problems.

Every (extremal) eigenvalue equation AS = M(S) can be viewed as a station-
ary point of a quadratic optimization problem on a normed vectorspace :

<$?§1<S,M(S)>. (36)

Here S can be a vector x € R, a matrix X € #"*", or an /-tuple of matrices X; €
Rmixni - Introducing a Lagrange multiplier A for the norm constraint (S,S) = 1,
one obtains the unconstrained problem

max L(S,\) := msax<S,M(S)> +A(1-(S,S)) (37)

and deriving the Lagrangian L(S,A) versus S and A then yields the first order
optimality conditions

VsL(S,A) = M(S) —AS =0, V,L(5,A)=1-(S,S) =0. (38)

The connection with the previous sections is obvious, except that we considered
there the squared map M?. If M has no eigenvalue equal to minus its spectral
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radius then these problems become identical. Since this is almost always the case
(it corresponds to the absence of even cycles in the underlying graphs), we will
make this assumption in the rest of the paper. The more general treatment would
require to consider the squared map M? (which is also linear) and all equations
would just become harder to read.

If we now apply these ideas to the four problems discussed in the previous
section, we find equivalent optimization problems. The combination of colored
edges and nodes is similar and will not be developed further here.

1. The similarity matrix S in (1) is an extremal point of the optimization problem

max 2(S, ASBT) = max (S, ASBT 4 ATSB). (39)
S||=1 S||=1

The first-order optimality condition is indeed (1) with Lagrange multiplier A = p.

2. The constrained similarity matrix pair (S11,S22) in (9) is the solution of the
optimization problem

(s n}@aﬁl\ ) 2((S11,522), (A11511B1; + A1252B15, A% S2Bl, + A2 S11By,)).  (40)
11,°22) [|=

The Lagrange multiplier in the first-order optimality condition is again A = p.
3. The coupled node-edge similarity matrix pair (X, Y) (20) is the solution of the
optimization problem (with A = ¢)

max (X,Y),(AsYBL + ArYBL, ALXBs + ATXBr)). (41)
X, Y)||=1

4. The coupled node-edge similarity matrix triple (X, Y1, Y22) (33) is the solution
of the optimization problem (with A = 0)

max|(x,vy,, Yy )l|=1 (X, Y11, Y22), (As, Y11 BSTl + A Y11 B% + AszYzzBST2 + AT2Y22B%2/
A§ XBs, + Ar, XBr,, A XBs, + Ar, XBr,)).

5 Optimization of projected matrices

The extensions presented in this paper are given without proof. The basic ideas
of the modified optimization problems and their stationary points, the iterative
algorithm and their proofs of convergence can also be found in [3], [4] and [5]. In
this section we make the same assumptions about the underlying linear map M
as in the previous section.

5.1 Projected similarity

In [3] it is suggested to compare two large square matrices A and B, possibly of
different dimension n 4 and np, via projections of the matrices on a k dimensional
subspace where k < min(ny4,ng). The k x k projected matrices Ay and By are
obtained as follows

Ay:=UTAU, U'U=1, By:=V'BV, Viv=1I
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and the isometries U and V are obtained from the optimization of the following
cost function

max 2(Ay,By)= max 2(UTAU,VTBV). (42)
uru=vrv=I, uru=vrv=I,

The first-order optimality conditions can be derived from the Lagrangian

L(U,V,F,G) = (UTAU,VTBV) + (UTATU, VTBTV) + (F, 1 -UTU) + (G, I - VTV)

(43)
where F and G are symmetric matrices of Lagrange multipliers for the isometry
constraints. Partial gradients of L with respect to (U, V) lead to the following first
order optimality conditions

VulL = AU (VIBTV) + ATU (VTBV) —UF =0
VyL =BV (UTATU) + BTV (UTAU) - VG =0

or equivalently
UF = AU(VTBTV) + ATU(VTBV)
VG = BV(UTATU) + BTV (UT AU)

and of course the constraints U'U = VTV = I. It is shown in [3] that F = G and
can be chosen equal to a diagonal matrix A, which finally yields necessary and
sufficient conditions for a stationary point of the optimization problem

UAVT = SVD(AUVTBT + ATuv™B), u'u=vTv =1, (44)

where SVDy(Z) is the best rank k approximation of the matrix Z, and can be
obtained by truncating the singular values decomposition of Z.

This last equation is quite similar to the equation (1) introduced in the defini-
tion of the similarity matrix of two graphs G4 and Gg, except for the restriction
to a rank k matrix. The connection is even clearer when looking at the above
optimization problem (42), which can be rewritten as

max  2(UVT, AUVTBT). (45)
UTu=vTv=I,

Clearly the role of S in (39) is replaced here by the rank k matrix UV with a
normalization now imposed on the factors U and V. For more comments on how
U and V are actually used to compare the individual nodes of the two graphs, we
refer to [3],[2].

In [3] it is also proved that the following iteration converges to such a station-
ary point under very mild conditions :

U, x> = svD (AuUvTBT + ATuvTB + suv?). (46)

The shift s has to be chosen such that > = A + sl is positive definite. The above
iteration then defines an iteration on the product (UVT); = ¢(UVT) that is com-
patible with (46) and converges to a stationary point of (45).
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5.2 Colored projected similarity

Let us revisit the node similarity matrix problem with two types of nodes and
with the following partitioned adjacency matrices:

A:{An Al2} :[Bn B12]
A21 A22 ! B21 BZZ .

Theblocks A; ; € R™*™ and B; ; € R"*",i = 1,2and j = 1,2, describe the edges
between nodes of type i to nodes of type j in both A and B. Since the projections

U and V should not mix nodes of different types, we constrain them to have a
block diagonal form:

[u o0 v oo r_ [ WLvE 0
u_{o Uz]’ V‘{o Vz}' uv _{ 0 WV |’ 47

where U; has dimension m; X k and UZT U; = I, V; has dimension m; x k and
VIV, = L. The optimization problem (42) then becomes

A 2((Wh Vi, UL Vi), (AnUh Vi Bf) + Al Vi B, ApUs Vi B, + Ay Uy Vi BL))
; Wi= Ve Vil

48
which again is very similar to (40) with S;; replaced by the product U; V. {“he)
first-order conditions can be derived from the Lagrangian L(U;, Uy, V1, Vo, Fi, B,
G1 P Gz):

(Uf A1y, V' By i) (u
(U2 AnlUy, V2 By V1) <U2 Axnly, Vz BpVs) +

(Fi, (I = UjUy)) (P, (I = Uz L)) +
(G, (I=V{V1)) + (G (I=V; V2)) (49)

+ T AU, VB VL) +
_l’_
_l’_

where F; and G; are symmetric matrices of Lagrange multipliers for the orthogo-
nality constraints. By setting the partial gradients of this Lagrangian to zero, the
first order conditions are found to be :

U F, = [An U VBl + AL ULV By + AU, V) BL, 4+ AL ULV By |V,

iGi = [B11V1U A 1+ B11V1U A11 + B12V2U A o+ B21V2U2 Azl]Ul,

VoG, = [BypVolr AZT2 + BLWLUT Ay + By Vi ulT A§1 + BLwviul AUy,
where F; = G; are symmetric matrices that can be chosen equal to a diagonal
matrix A;. We finally obtain from the combination of these equations
U A V] = SVD (AU VEBL 4+ AL UL VI By + AUV BL, + AL UL V) Byy), (50)
Uy Ao Vyh = SVD(ApUaVy By + AL UL V) Byy + Aot Uy Vi BY, + AL ULV Byy).(51)
This yields again iteration functions (U; V') + = ¢;(U; V1), i = 1,2 that are based
on the following rank k approximations
Uy 21 VL = SVDy(AnUh Vi BY} + A[Un Vi Byy + AL Vi B, + AJ ULV Byy + sU V),
U 2o V) = SVDy(AnUa VY Bl, + AL ULV, Byy + Ay Vi BY, + AL ULV By + sUL V),
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which converge to a stationary point (U3 VI, U,V!) of (48) provided the two
diagonal matrices ¥; := A; + slj are positive.

5.3 Projected node-edge similarity

We now consider the projected version of the node-edge similarity matrices in-
troduced in (20) and for which the corresponding optimization problem is given
in (41). The matrices X and Y are here approximated by U; V|l and U,V,], respec-
tively, where U; € Rraxk v, e Roxk 11, € RMaxk and V, € R™ <k The matrices
U, Uy, V1 and V; are obtained from the optimization problem

1
A E((ulvlT, ULV, (AsU, V) B + ArU, VI BY, AUy Vi Bs + ALun v Br)).
; Wi= Vo Vie=lg

Optimality  conditions can be derived from the Lagrangian
L(Ull Vl/ UZ/ VZI Fl/ Gl/ FZ/ GZ)/ given bY

(UT AsUo, VIBsV,) + (Uf Arly, VIBrVy) + (52)
(F,(I-U{W)) + (Gi,(I-V{W)) + (B,(I-U;lh)) + (G, (I— V)W)

where F; and G; are symmetric matrices of Lagrange multipliers that are equal
and can be chosen diagonal : F; = G; = A;, i = 1,2. The first order conditions
are then found to be :

UMV = AsUp V) B + ArUL Vi BY,
ULA V) = ATy Vi Bs + ATU, VI By, (53)

which again leads to a simple updating scheme (U; V'), = ¢;(U;V]), i = 1,2
given by

Uy 2 VL = SVDy(AsU V) BE + ArUp V) BT + sy V),
U Tp V), = SVD (AL U VI Bs + ATUL VI Br + sWL V),

which converge under mild conditions to a stationary point (U; V|, UV ) of the
above optimization problem provided the diagonal matrices ¥; := A; + slj are
positive.

5.4 Colored projected node-edge similarity

As explained in (31), the extension to graphs with different types of edges re-
quires a partitioning of the edge-node matrices :

As=[As As, ], Ar=[Ar An],

BS:[le BSZ]’ BT:[BTl BTZ]’
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where the edges of the same type i = 1,2 correspond to the same blocks in all four
matrices. The matrices X, Y7 and Y, are now approximated by low rank matrices :

T
X = ulvlT, Y — |: UZVZ 0 :| .

0 UVy

where the isometries U; and V; matrices have all only k columns, and obtained
from the optimization problem

maxry,_yry,_y, 3 (L V], V), UsV3)

(As,UaV) B + A1, UpVy B + Ag,UsV3 BE, + Ar,UsVy Br, (54)
A§ Uy V' Bs, + Ap Uy VY By, A§ Uy Vi Bs, + AL Uy VY Ary)).

The first order optimality conditions can be derived from the Lagrangian

L(U;,V;, F;, G;), which is given by
(Ul As,Up, V{ Bs, Vo) + (U] A1, Us, V' Br, V) +
(Uf As,Us, VI'Bs, V5) + (U{ Ar,Us, V{ B, Va) + (Fi, I—UjUp) + (G, I— V' Vi) +
(B, 1 —=UjUp) 4+ (Go, I = VI Vo) + (B3, 1—UjUs) + (Gs, I — V3 V3)

where G; and F; are symmetric matrices of Lagrange multipliers which can be
chosen equal to a diagonal matrix A;. The conditions then become :

WAV = Ag UpVy) BS + ArUpVy By 4 Ag,UsV3 BE, + Ar,UsVy B,
U,V = A§ UZV] Bg, + AL U V' Br,,
UzA3V§ = A§ LWV Bs, + Ap U3V By,

which again leads to iterations (U; V) + = ¢;(U;VT), i = 1,2,3 given by

1
US4 Vi, = SVDy(As, Up V) BE +Ar,UpVy BL + As,UsV3 BS + Ar,UsVy BT, +sUr V),
Uy TV, = SVD(A§ UZ Vi Bs, + AL, UZ Vi B, + sl V),
U3 23V4, = SVD(AS, Ui VY Bs, + AL ULV Br, + sUsV3),

and which converge to a stationary point (U; V[, U2V, U3V} ) of (54) provided
the diagonal matrices ¥; := A; + sli are positive.

Example 3 The following small example shows the use of projected similarity
matrices. We created two graphs A and B which are equal to each other up to a
labeling of nodes and edges (see Fig. 5), i.e. there exist permutation matrices P,
P,; and Py, applied to the nodes and two sets of edges of graph A, respectively,
in order to yield graph B:

(1,2,3,4,5,6,7,8,9,10) - (10,7,6,9,2,5,1,8,3,4),

(1,2,3,4,5,6) - (3,2,5,1,6,4),

(7,8,9,10,11,12,13) 22 (7,12,13,9,10,8,11).
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Figure 5: Permuted graphs A and B

Therefore, the source-edge and terminal-edge matrices of A and B must be per-
mutations of each other as well:

P P
Bs = P, [ As, ASZ][PZ}’ Br =P, [ Ag, ATZ}{PZ} (55)

and the projected similarity matrices must then be related as follows:
Vi =Py, Uz =PaVr, Us=PnVs. (56)

Our algorithm managed to reconstruct the exact permutation from the matrices
U; and V; because these matrices did not contain any repeated rows. In such case,
it suffices to order the rows of these matrices in order to reconstruct the permu-
tation. This example is a particular instance of the graph isomorphism problem,
for which there is no polynomial time algorithm yet, while our algorithm seems
to solve the problem. But when the matrices U; and V; have repeated rows, one
has to check all possible permutations of these repeated rows, leading to a combi-
natorial problem. In such a case, one may help the algorithm by assigning a few
pairs of nodes for which the correspondence is known. This can be achieved by
assigning them a separate color thereby forcing the match. This illustrates the use
of separate colors in the similarity matrix problem. We presented in this paper a
few academic examples in order to illustrate the concept of similarity matrix for
colored graphs, but we refer to [1], [4] for a few larger problems.

6 Concluding remarks

In this paper we presented a number of extensions of the notion of similarity
matrix defined in [1] as a tool to compare nodes between two graphs. In [7]
this was already extended to compare edges between two graphs. In both pa-
pers, the definition was made based on a linear map M (S) of a particular matrix.
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We extended this here to matrix /-tuples and showed how a particular linear
map M(Xj,---,Xy) can be used to introduce the notion of similarity matrix be-
tween colored graphs, where either the nodes or edges have different “colors”
or “types”. We then extended this further to allow for low rank similarity matri-
ces, by combining the linear map M (X, - -, X,) with projections on low rank
(-tuples. It is shown in [3] that this has the additional advantage of making the
iterative algorithm particularly efficient since the updating formulas of the iter-
ation will have a complexity that is linear in the dimensions of the graphs, and
quadratic in the rank of the matrices. We are currently investigating the conver-
gence of the iterative schemes described in this paper. We hope to be able to
prove global linear convergence of the projected iterative schemes to local max-
ima of the objective function, and numerous experiments have confirmed this.
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