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Abstract

Computing efficiently a robust measure of similarity or dissimilarity between graphs
is a major challenge in Pattern Recognition. The Graph Edit Distance (GED) is a
flexible measure of dissimilarity between graphs which arises in error-tolerant graph
matching. It is defined from an optimal sequence of edit operations (edit path) trans-
forming one graph into an other. Unfortunately, the exact computation of this mea-
sure is NP-hard. In the last decade, several approaches have been proposed to approx-
imate the GED in polynomial time, mainly by solving linear programming problems.
Among them, the bipartite GED has received much attention. It is deduced from a lin-
ear sum assignment of the nodes of the two graphs, which can be efficiently computed
by Hungarian-type algorithms. However, edit operations on nodes and edges are not
handled simultaneously, which limits the accuracy of the approximation. To overcome
this limitation, we propose to extend the linear assignment model to a quadratic one,
for directed or undirected graphs having labelized nodes and edges. This is realized
through the definition of a family of edit paths induced by assignments between nodes.
We formally show that the GED, restricted to the paths in this family, is equivalent
to a quadratic assignment problem. Since this problem is NP-hard, we propose to
compute an approximate solution by an adaptation of the Integer Projected Fixed
Point method. Experiments show that the proposed approach is generally able to
reach a more accurate approximation of the optimal GED than the bipartite GED,
with a computational cost that is still affordable for graphs of non trivial sizes.

1 Introduction

The definition of efficient similarity or dissimilarity measures between graphs is a key
problem in structural pattern recognition [0, @, [36]. This problem is nicely addressed
by the graph edit distance, which constitutes one of the most flexible graph dissimilarity
measure [35] 3,32, [2]. Given two graphs G and G4, such a distance may be understood as a
measure of the minimal amount of distortion required to transform G; into G2. The graph
edit distance is defined from the notion of edit path which corresponds to a sequence of
elementary transformations of a graph into another. An edit operation is a transformation
performed on the structure of a graph, here restricted to be elementary: node or edge
insertion, removal and substitution. This is illustrated in Fig. [l Edit operations are
penalized by a real non-negative cost function c.(.), and the cost of the edit path is defined
as the sum of all its elementary operation’s costs. An optimal edit path, transforming a
graph G1 =(V1, E1) into a graph G = (Va, F2), have a minimal cost among all edit paths
from G1 to Ga. Its cost defines the GED from G7 to Ga:

k

GED(Gy,Gs) = i (e1). 1
(G1,G2) (elw,e:)flelg(thz);C (e:) (1)
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Figure 1: A possible edit path to transform the graph G into the graph Gs. If we assume
that all the edit operation have an unitary cost, the overall cost of the transformation is
equal to 5.

where P(G1, G2) is the set of all edit paths from G; to Go, and e; is an edit operation. In
this paper, graphs are assumed to be simple and labeled.

Computing the GED is NP-hard, in fact NP-complete, and its approximation is APX-
hard [21]. A common approach consists in representing the problem into a state space where
the optimal solution can be found using for example the A* algorithm, in exponential time
complexity. This is thus restricted to small graphs composed of about 10 nodes. Such a
complexity compromises the suitability of the GED in many practical applications where
the graphs are usually one order of magnitude bigger. However, most of real world problems
do not require the computation of the exact GED, and the use of an approximation is
often sufficient. For this reason, the interest of the scientific community has been focused
on methods providing efficient approximations of the GED, mainly linear and suboptimal
ones.

In [I5], the GED is modeled as a binary linear programming problem for graphs with
labeled nodes and unlabeled edges. The relaxation of the initial problem provides a lower
bound of the GED which however cannot be readily associated to an edit path. An upper
bound is also provided through an approximation of the binary program. The resulting
problem corresponds to a square linear sum assignment problem (LSAP), i.e. a weighted



bipartite graph matching, such that the nodes of graph G1 can be removed, substituted
to the nodes of graph Gs, as well as the nodes of G2 can be inserted. A node assignment
incorporating possible removals and insertions is then defined as a bijective mapping, thus
representing a set of edit operations on nodes. Each edit operation is penalized by a cost.
The cost of an assignment is then defined as the sum of the costs of its corresponding edit
operations on nodes. The LSAP consists in selecting an assignment having a minimal cost,
which can be computed in polynomial time complexity, for instance with the Hungarian
algorithm, see [34] [4] for more details on linear programming and LSAP. The resulting
optimal node assignment allows to deduce, in a non ambiguous way, the edge operations
that define an edit path, mostly not minimal but short. The cost of such a short path
defines an approximate GED.

The same line of research has been followed in [31} [26], but such that labels of edges
are also taken into account in the assignment through the cost of edit operations on nodes,
which is neglected in the upper bound proposed in [I5]. The resulting distance, called
the bipartite GED, has received much attention [37, [7, [33] 10 29] 28| 27, 30, [8, 5]. In
order to select a relevant assignment, a bag of patterns is attached to each node, and each
possible substitution is penalized by a cost that measures the affinity between the bags,
hence taking into account the edge information. Similarly, node removals and insertions
are penalized by a cost measuring the importance of the bags.

The definition of the bags of patterns is a key point, as well as the associated measure
of affinity. Incident edges have been initially proposed in [31][26], and the cost between two
nodes (or bags) is itself defined as the cost of the linear sum assignment of the patterns
within the bags, following the same framework as the one defined for the nodes. The cost of
substituting, removing and inserting the patterns depends on the original edit cost function
ce. The resulting optimal node assignment allows to deduce, in a non ambiguous way, the
edge operations that define an edit path, mostly not minimal but short. The cost of such
a short path defines the bipartite GED.

Remark that this approach assumes that an edit path may be deduced from a sequence
of edit operations applied on nodes only. As we will see in this paper, this is possible because
there is an equivalence relation between assignments and edit paths. Intuitively, this is due
to the strong relationship that exists between GED and morphism between graphs. Under
special conditions on the cost of edit operations, computing the GED is equivalent to
compute a maximum common subgraph of two graphs [T}, [2]. More generally, any mapping
between the nodes of two graphs induces an edit path which substitutes all mapped nodes
together with all their incident edges, and inserts or removes the non-mapped nodes/edges.
Conversely, given an edit path between two graphs, such that each node and each edge is
substituted only once, one can define a mapping between the substituted nodes and edges
of both graphs.

While the bipartite GED provides a good approximation of the GED, it overestimates
it. As shown by several works, this overestimation can only be marginally reduced, for
instance by considering more global information than the one supported by incident edges
[37, 10, 5], or by modifying the resulting edit path by genetic algorithms [29], see [27]
for more details. Although these methods provide an interesting compromise between
time complexity and approximation quality, they are inherently limited to compute linear
approximations of the GED.

To fully describe the GED, both node and edge assignments should be considered si-
multaneously. Indeed, operations on edges can only be deduced from operations performed
on their two incident nodes. For instance, an edge can be substituted to another one only
if its incident nodes are substituted. This pairwise constraint on nodes is closely related
to the one involved in graph matching. It is known that graph matching problems, and
more generally problems that incorporate pairwise constraints, can be cast as a quadratic
assignment problem (QAP) [16] (18| 19, 23| [4]. QAPs are NP-hard and so different re-
laxation algorithms have been proposed to find an approximate solution, such as Integer
Projected Fixed Point (IPFP) [20], or Graduated NonConvexity and Concavity Procedure
[22]. Even if computing the GED is generally not equivalent to solving a graph matching
problem, it should also be formalized as a QAP. To the best of our knowledge, this aspect
has only been considered through the definition of fuzzy paths by [25]. Thus, the strong



relationships between the GED and the QAP have not yet been analyzed.

In this paper, we extend the LSAP with insertions and removals [31], 26] to a quadratic
one. First, preliminary results concerning edit paths are established (Section [2]), allowing
to formalize the relation between the LSAP (Section B]) or the QAP (Section M), and such
paths. In particular, we show that the GED is a QAP when graphs are simple. Then, we
propose an improved IPFP algorithm adapted to the minimization of quadratic functionals
to approximate the GED (Section []). The approach, validated through experiments in
Section [6 generally provides a more accurate approximation of the exact GED than the
bipartite GED, with a computational cost still affordable for graphs of non trivial sizes.

2 Preliminaries

This section introduces some basics about graphs, graph edit distance and edit paths. We
futher introduce different familly of edit paths and show that one of this familly is in direct
correspondence with a familly of mapping functions between the set of nodes of two graphs.

2.1 Graph Basics

Definition 1 (Unlabeled graph) An unlabeled graph G is defined by the couple G =
(V,E) where V' is the set of nodes and E C V X V is the set of edges. FEach edge is an
orded couple of nodes (i,7) with i,j € V. The direction of an edge is implicitly given by
the order of its nodes, i.e. the direction of (i,7) is from i to j.

Definition 2 (Nodes Adjacency) Given a graph G = (V, E) and two nodes i,j € V. i
and j are said to be adjacent iff 3(i,j) € E.

Definition 3 (Unlabeled simple graph) An unlabeled graph is said to be simple iff:
1. It exists at most one edge between any pair of nodes,

2. The graph does not contain self loops ((i,i) & E,Yi € V)

Definition 4 (Labeled simple graph) Let £ be a finite alphabet of node and edge labels.
A labeled simple graph is a tuple G = (V, E, p,v) where

o the couple (V, E) defines an unlabeled simple graph,
e 1 :V — L is a node labeling function,
e v: E — L is an edge labeling function.

The unlabeled graph associated to a given labeled graph G = (V, E, u,v) is defined by the
couple (V, E).

In the following we will only consider simple graphs that we will simply denote by
unlabeled (resp. labeled) graphs. The term graph will denote indifferently a labeled or an
unlabeled graph.

Definition 5 (Undirected graph)

o A simple graph G = (V, E) is said to be undirected iff
Y(i,j) € E 3(j,i) € E.

o A labeled simple graph G = (V, E, pu,v) is said to be undirected iff
V(i,j) € £ 3(j,i) € EAv(i,j) = v(j,i).

Definition 6 (Bipartite graph) A graph G, labeled or not, is said to be bipartite iff
I, Vo CViV(,j) e E,ieVinjeWV)V(ieVaAjeT).

Definition 7 (Subgraph)



o An unlabeled graph G = (V1, E1) is said to be an unlabeled subgraph of Go = (Va, E2)
if Vi C Vo and By € EoN(Vy x V7). The unlabeled subgraph Gy is called an unlabeled
proper subgraph if V1 # Vo or By # Fs.

o IfG1 = (V1,Er,p1,v1) and Go = (Va, Ea, pa, v2) are both labeled graphs then Gy is a
(proper) subgraph of Go if (V1, E1) is an unlabeled (proper) subgraph of (Va, E2) and
if the following additional constraint is fulfilled: pz)y, = w1 and vy g, = v1, where f|
denotes the restriction of function f to a particular domain.

o A structural subgraph of a labeled graph G is an unlabeled subgraph of the unlabeled
graph associated to G.
2.2 Edit operations, paths, and distance

Definition 8 (Elementary edit operations) An elementary edit operation is one of the
following operation applied on a graph:

e Node/Edge removal. Such removals are defined as the removal of the considered
element from sets V or E.

e Node/Edge insertion. On labeled graphs, a vertex/edge insertion also associates a
label to the inserted element.

e Node/Edge substitution if the graph is a labeled one. Such an operation modifies the
label of a node or an edge and thus transforms the node or edge labeling functions.

Definition 9 (Cost of an elementary edit operation) FEach elementary operation x
is associated to a cost encoded by a specific function for each type of operation:

e Node (c,q(x)) and edge removal (ceq(x))
e Node (c,i(x)) and edge (c.i(x)) insertion,
e Node (c,s(x)) and edge (ces(x)) substitution on labeled graphs.

By extension, we will consider that functions cyq and cy; (Tesp. ceq and ce;) apply on the
set of nodes (resp. the set of edges) of a graph. Hence, the cost c,q(v) denotes the cost of
removing node v.

We assume that a substitution transforming one label into the same label has zero cost:

VieLl, cps(l=>1)=ces(l=1)=0
where | — 1 denotes the substitution of label | into ' on some edge or node.

Definition 10 (Edit path) An edit path of a graph G is a sequence of elementary oper-
ations applied on G, where node removal and edge insertion have to satisfy the following
constraints:

1. A node removal implies a first removal of all its incident edges,
2. An edge insertion can be applied only between two existing or already inserted nodes.

3. FEdge insertions should not create more than one edge between two vertices nor create
self-loops.

An edit path that transforms a graph G1 into a graph Gs is an edit path of G1 whose last
graph is Go. If G1 and G5 are unlabeled we assume that no node nor edge substitutions
are performed.

Definition 11 (Cost of an edit path) The cost of an edit path P, denoted v(P) is the
sum of the costs of its elementary edit operations.



Definition 12 (Edit distance) The edit distance from a graph Gi to a graph Gz is de-
fined as the minimal cost of all edit paths from Gy to Gs.

= 1 P
G2 = et o )

where P(G1,G2) is the set of all edit paths transforming Gy into Ga. An edit path from
G1 to Gy with a minimal cost is called an optimal path.

Proposition 1 Given any graph G, and any edit path P of G, the transformation of G by
P is still a simple graph.

Proof: Let G = (V,E,u,v) and G' = (V', E',u/,v’) denote the initial graph and its
transformation by P. Since the insertion of nodes and edges induces the definition of their
labels, function p’ (resp. V') defines a valid labeling function over V' (resp. E').

Let us consider (u,v) € E'. Vertices u and v should either be present in V' or have been
inserted before the insertion of edge (u,v) (Definition [[0} condition [2). Moreover, none
of these nodes can be removed after the last insertion of edge (u,v) since such a removal
would imply the removal of (u, v) (Definition [[0] condition[]). Both « and v thus belong to
V'. Hence E' C V' x V’'. Moreover, according to Definition [I0] condition Bl the edge (u,v)
can not be inserted if it already exists in G and u # v. It follows that G’ = (V/, E', i/, V")
is a labeled simple graph according to Definition @ O

Definition 13 (Independent edit path) An independent edit path between two labeled
graphs G1 and G5 is an edit path such that:

1. No node nor edge is both substituted and removed,
2. No node nor edge is simultaneously substituted and inserted,
3. Any inserted element is never removed,

4. Any node or edge is substituted at most once,

Note that an independent edit path is not minimal in the number of operations. Indeed,
Definition [[3] still allows to replace one substitution by one removal followed by one inser-
tion (but such an operation can be performed only once for each node or edge thanks to
condition B]). We however forbid useless operations such as the substitution of one node
followed by its removal (condition [I]) or the insertion of a node with a wrong label followed
by its substitution (condition [2]).

In the following we will only consider independent edit paths that we simply call edit
paths.

Proposition 2 The elementary operations of an independent edit path between two graphs
G1 and G2 may be ordered into a sequence of removals, followed by a sequence of substitu-
tions and terminated by a sequence of insertions.

Proof: Let R, S and I denote the sub-sequences of Removals, Substitutions and Insertions
of an edit path P, respectively. Since no removal may be performed on a substituted
element (condition [ of Definition [[3]) and no removal may be performed on an inserted
element (condition []), removals only apply on elements which are neither substituted nor
inserted. Such removals operations may thus be grouped at the beginning of the edit
path. Now, since an element cannot be substituted after its insertion, substitutions can
only apply on the remaining elements after the removal step and can be grouped after the
removal operations. The remaining operations only contain insertions.

Let us consider the sequence of elementary operations (R, S,I) the order within se-
quences R, S and I being deduced from the one of P. Such a sequence may be defined
since operations in R apply on elements not in S and I while operations in S do not apply
on the same elements than operations in I. Such sets are independent, leading to the
definition of independent edit paths. However, we still have to show that the sequence
(R, S, I) defines a valid edit path.



1. Since R contains all the removal operations contained in P, if P satisfies condition [
of Definition [0} so does the sequence R.

2. Let us suppose that an edge insertion is valid in sequence P while it violates Defini-
tion [0} condition 2in sequence (R, S, I). Let us denote by (u,v) such an edge. Edge
(u,v) violates condition 2] in sequence (R, S,I) only if either the removal of u or v
belongs to R. In such a case the insertion of (u,v) in P should be made before the
removal of w or v. But such a removal would imply the removal of all the incident
edges of u or v (Definition [[0] condition [l including the newly inserted edge (u,v).
Such an operation would violate the independence of P (Definition [I3] condition [3]).

The sequence (R, S, ) is thus a valid edit path which transforms a graph G into Gy if P
do so. Furthermore, it is readily seen that all the conditions of Definition [I3] are satisfied
by the sequence (R, S, I) as soon as they are satisfied by P. The sequence (R, S, I) is thus
an independent edit path. [(J

Proposition 3 Let P be an edit path between two graphs Gi1 and Gs2. Let us further
denote by R, S and I the sequence of node and edge Removals, Substitutions and Insertions
performed by P, the order in each sequence being deduced from the one of P. Then:

e the graph G1 obtained from G1 by applying removal operations R is a subgraph of G1,

e the graph Go obtained from G1 by applying the sequence of operations (R,S) is a
subgraph of Ga,

e Both G1 and G- correspond to a same common structural subgraph of G1 and Gs.

Proof:

1. Since the sequence R is an edit path, Giisa graph by Proposition[Il Moreover, since
R is only composed of removal operations, we trivially have Vi C Vi and Fy C E.
The fact that E’l Cc Ein Vl X Vl is induced by the fact that G‘l is a graph. Moreover,
if G1 is a labeled graph, since removal operations do not modify labels, labels on Gy
are only the restriction of the ones on G to Vi and Ej.

2. The graph G» is deduced from G, by the edit path (R, S), it is thus a graph. More-
over, G is deduced from Go by the sequence of insertions I. We thus trivially have:
‘72 C V5 and EQ Cc EsnN ‘72 X VQ Moreover, since insertion operations do not modify
the label of existing elements, the restriction of the label functions of G2 to ‘72 and
Eg corresponds to the label functions of G’g.

3. Sub graph G is deduced from G by the sequence of substitution operations S. Since
substitution operations only modify label functions, the structure of both graphs is
the same and there exists a structural isomorphism between both graphs. [

One should note that it may exist several structural isomorphisms between G and Go.
The set of substitutions S fixes one of them, say f such that the image of any element of
Gy by f have the same label than the one defined by the substitution. More precisely, let
us suppose that we enlarge the set of substitution S by 0 cost substitutions so that all the
nodes and edges of Gy = (‘71, El, u1,v1) are substituted. In this case, we have:

{VUE‘:G, pe(f(v)) = L
Ve € Fy, wa(f(e)) = I

where [, and [, correspond to the labels defined by the substitutions of v and e and s and
vo define respectively the node and edge labeling functions of Gs.

Corollary 1 Using the same notations than in Proposition[3, the cost v(P) of an edit path
is defined by:

v(P) = Z cod(v) + Z ced(e) + Z cos(v) + Z Ces(€)

veVi\Vi ecE1\E1 veW eck
+ E cvi(V) + g ceile)
vEVL\Va e€Ex\E>



Proof: The edit path P and its rewriting in (R, S, I) have the same set of operations and
thus a same cost.

From G; to Gi: Operations in R remove nodes in V; \ V; and edges in \El

From G; to Ga: Substitutions of S apply between the two graphs G1 and Go. Let us
consider the set of substitutions S’ which corresponds to the completion of S by 0
cost substitutions so that all nodes and edges of G, are substituted. Both S and S’
have a same cost. The cost of S’ is defined as the sum of costs of the substituted
nodes and edges of Gi.

From G'g to Go: Ope}“ations in I insert nodes of V5 \ Vg and edges of s \ Eg in order to
obtain G from Go. [

Remark 1 Using the same notations than Proposition[3 if both G1 and Go are undirected
we have:

Y(P) = 7o (P) +7e(P)

with
wP) = Y coali)+ Y @)+ Y cuilk)
iEV1\V1 7:6‘71 keV‘Z\VQ
1 .. ..
Ye(P) = ) Z ces((1, 7)) + Z cea((i, ) + Z cei((k,1))
(i,4)€Er (i,4)EE1 \En (k,))EE2\E2

Indeed, if both graphs G; and Go are undirected both (4, j) and (j,7) belong to E; while
encoding a single edge e. The removal or the substitution of the edge e is thus counted
twice in 7. (P). In the same way (k,[) and (I, k) represent the same edge e of Fy\ E5 which
is thus inserted twice in 7. (P). The factor 1 of 4.(P) removes this double couting of edge
operations.

Corollary 2 If all costs do not depend on the node/edge involved in the operations, i.e.
edit cost functions Cyq, Ced, Cvs, Ces, Coi, aNd Ce; are constant, the cost of an edit path P is
equal to:

WP) = (Vil = [Vil)evd + (| Er| = | Er|)cea + Vicos + Eces
+ ([Va| = [Val)ewi + (|1 B2| — | Ea|)ces
where Vi (resp. Ey) denotes the number of nodes (resp. edges) substituted with a non-zero
cost.

Moreover, minimizing the cost of such an edit path is equivalent to maximizing the
following formula:

def. |~ ~
M(P) V1| (coa + coi) + | E1|(Cea + cei) — Vicos — Efces

Proof: We deduce immediately from Corollary [ the following formula:

Y(P) = (Vi = [Vil)eoa + (IE1| = |Er|)cea + Vicus + Ejees
+(|Val = [Val)ews + (| Ba| — | E2l)ees

We obtain by grouping constant terms:

’Y(P) = |‘/1|Cvd + |E1|Ced + |‘/2|C'Ui + |E2|Cei
- |:|‘71|Cvd + |E1|Ced + |‘A/2|Cvi + |E2|Cei - Vfcvs - Efces



Since there is a structural isomorphism between G'l and Gg, we have Vl = Vg and E’l = E’g.
So:

7(P> = |‘/1|Cvd + |E1|Ced + |‘/2|Cvi + |E2|Cei
- |:|‘71|(Cvd + Cvi) + |E1|(Ced + Cei) - Vfcvs - Efcesi|

The first part of the above equation being constant, the minimization of v(P) is equivalent
to the maximization of the last part of the equation. [J

Definition 14 (Restricted edit path) A restricted edit path is an independent edit path
in which any node or any edge cannot be removed and then inserted.

The term restricted should be understood as minimal number of operations. The cost of
a restricted edit path may not be minimal (among all edit paths) if the cost of a removal
operation followed by an insertion is lower than the cost of the associated substitution.
However, such a drawback may be easily solved by setting a new substitution cost equal
to the minimum between the old substitution cost and the sum of the costs of a removal
and an insertion. In this case all non-zero cost substitutions, for nodes and edges, may be
equivalently replaced by a removal followed by an insertion.

Proposition 4 If G; and G2 are simple graphs, there is a one-to-one mapping between
the set of restricted edit paths between G1 and Go and the set of injective functions from
a subset of V1 to Vo. We denote by g, the special function from the empty set onto the
empty set.

Proof: Let P denote an edit path. If no node substitution occurs, all node of GGy are first
removed and then all nodes of G5 are inserted. We associate this edit path to ¢g.

If substitutions occur. We associate to P the function previously mentioned which
maps each substituted node of V; onto the corresponding node of Gs.

Let v denotes this mapping. Let us consider an injective function f # g from a set
‘71 C Vi onto V5. We associate to f the sets of node

e removals: ¢yq(v — €),v € V] — ‘71,
e insertions: c,i(e — v),v € Vo — f(V}), and
e substitutions: ¢,s(v = f(v)),v € V4.

Moreover, since G; and G5 are simple graphs it exists at most one edge between any pair
of nodes. We thus define the following set of edge operations:

e removals: c.q((i,j) — €) such that i or j does not belong to Vi or (f(4), f(j)) do not
belongs to Fs,

e insertions c.;(e — (k,1)) such that k or I does not belong to f(V1) or (f~1(k), f~'(1))
do not belongs to Ej,

e substitutions ces((i,7) — (f(2), (), (,7) € (Vi x Vi) N Ey and (£(3), f(4))) € Ea.

Let us denote respectively by R, S and I the set of removals/substitutions/insertions de-
fined both on node and edges. The sequence (R, S,I) defines a valid restricted edit path
whose image by v is by construction equal to f. The function % is thus surjective.

Let us consider two different edit paths P = (R, S,I) and P’ = (R, S’,I'). Then:

o If R # R'. If node removals are not equal, ¢)(P) and ¢ (P’) are not defined on the
same set and are consequently not equal. Otherwize, let us suppose that an edge (i, 7)
is removed in P and not in P’. Let us further suppose that (P)(i) = ¢(P’)(i) and
Y(P)(J) = ¥»(P")(j). Since (i,7) is not removed in P’ we have (¢(P)(i),v¥(P)(4)) =
(W(P")(%),¥(P")(j)) € Ea. The edge (i,7) should thus be first removed and then
inserted in P which contradicts the definition of a restricted edit path. Therefore,
one of the two following conditions should holds:



L o(P)(i) # $(P") (i) or $(P)(j) # $(P")(j);

2. the set of edge removal operations is the same in P and P’.

If the first condition holds (P) #(P’). If the second condition holds, since R # R/,
the set of node removals is different in P and P’. In this case we get also ¢)(P) #£ ¢ (P).

e If S # 5’. Node substitutions are different if they are either defined on different sets
or do not correspond to the same node mapping. In both cases, ¢(P) # ¢ (P'). If
node substitutions are identical but if S and S’ differ by the edge substitutions, an
edge of G is substituted by P and P’ to an edge of G2 with two different labels.
Since an edge may be substituted at most once in an independent edit path, either
P or P’ is not a valid edit path between G; and G2. Hence S and S’ differ only if
their node substitutions differ, in which case we have ¥(P) # ¢ (P’).

e If I # I (with R= R and S = 5’). If a node k € V3 is inserted by I but not by
I', this means that k is substituted by S’. Hence we contradict S = S’. In the same
way, if an edge (k,l) € E» is inserted by I and not by I’, (k,1) is substituted by S’
but not by S. We again contradict S = 5.

Note that the last item of the previous decomposition shows (as a side demonstration) that
given the initial and final graphs, a restricted edit path is fully defined by its set of removals
and substitutions. Moreover, if the set of removals or substitutions of two restricted edit
paths differ, then the associated mapping is different. The function 1) is thus injective and
hence bijective. [

Proposition 5 Let P be a restricted edit path not associated with o (hence with some
substitutions}i Let us denote by ¢ : Vi — Va5 the injective function associated to P and let
us denote (V1) by Vo. We further introduce the following two sets:

¢(4)) & B2}

{Rlz = {(6,5) € Bxn (Vi x V1) | (o(),
k), o7 (K)) & En}

Iy = {(k)€Exan(VaxVa)| (p~

o The set of substi?uted/removed/mserted nodes by P are respectively equal to: Vl,
Vi\Vi and Vo \ Va.

o The set of edges substituted/removed/inserted by P are respectively equal to:

— Substituted: Ey = (E1 N (‘}1 X Vl)) \ Ri2
with By = p(Ey) = (Ez N (Va x ‘72)) \ Io1

— Removed: By \ By, = (E1 N (((1/1 \ W) x UV x (Vi \Vl)))) URi»
— Inserted: By \ Ey = (E2 N (((v2 \V3) x Va) U (Va x (Va \ VQ)))) U Iy

Proof: Node substitions/removal/insertions are direct consequences of the proof of Propo-
sition M and the bijective mapping between injective functions from a subset V3 C V; onto
V5 and restricted edit paths.

o If (i,5) € E1, {o(i), ()} C Vo and ((i), ¢(j)) € Es. Since (i,7) cannot be removed
and then inserted it must be substituted. Conversely, if (i,j) € F; is substituted, ¢
an j must be substituted ({7, j} C V). Moreover, the edge (¢(i), ¢(5)) should exists
in Ey. Hence (i,7) & Ri and (i,7) € E).

If (k,1) € Ey = @(E}), it exits (4,j) € E; such that k = (i) and [ = o(j). Hence
(k l) ¢ 121 Since (’L ]) ¢ R12, (k l) S E2 and {k l} C ‘/2 Hence (k,l) € (P(El) =
EyN (Vo x Vo) \ Ipy. Conversely, if (k,1) € EaN (Va x Va)\ Iz, it exits (4, ) such that
k= (i) and I = p(j) ({k,1} € V3). Since (k,1) € Es \ I; we have (i,5) € E1 \ Ria.
Finally, {k,1} C Vg implies that {4, j} C Vi hence (4,j) € E1 and (k,1) € Ey = o(E1).
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e Any non substited edge of G must be removed. Hence, the set of removed edges is
equal to F1 \ F1. The remaining equation, is deduced by a negation of the conditions
defining Fj.

e In the same way, any edge of G2 which is not produced by a substitution of an edge
of G7 must be inserted. Hence, the set of inserted edges is equal to Ey \ E2. The
negation of the condition defining F» provides the remaining equation. [

2.3 Linear and quadratic assignment problems

Within this report, an assignment corresponds to a bijective mapping ¢ : X—) between
two finite sets X and ) having the same size |X| = |Y| = n. When these sets are reduced to
the same set of integers, i.e. X =Y ={1,...,n}, the bijection ¢ reduces to the permutation
(p(1),...,¢(n)). Any permutation ¢ can be represented by a n X n permutation matrix
X= (:Ci,j)i,j:L...,n with

xij{1 if j = o(d) @

0 else

More generally, recall that a permutation matrix is defined as follows.

Definition 15 (Permutation Matrix) A n xn matriz X is a permutation matriz iff it
satisfies the following contraints:

n
Vi=1,...,n, Y mi;=1
=1

" 3
Vi:L...,n, inJ—:l ()
j=1

Vi,j=1,...,n, $i7j€{0,1}

These constraints ensure X to be binary and doubly stochastic (sum of rows and sum of
columns equal to 1).

The selection of a relevant assignment, among all possible ones from X to ), depends
on the problem. Nevertheless, each assignment is commonly penalized by a cost, and a
relevant assignment becomes one having a minimal or a maximal cost. In this report, we
consider minimal costs only. The cost of an assignment is usually defined as a sum of
elementary costs. An elementary cost may penalize the assignment of an element of X to
an element of ), or the simultaneaous assignment of two elements ¢ and j of A to two
elements k and [ of ), respectively.

Definition 16 (Linear Sum Assignment Problem (LSAP)) Let C €0, +00)"*" be
a matriz such that c; ; corresponds to the cost of assigning the element i € X to the ele-
ment j €Y. The Linear Sum Assignment Problem (LSAP) consists in finding an optimal
permutation

$ € argmin {Z Cio(i) | © €5n} (4)
i=1

where Sy, is the set of all permutations of {1,...,n}. Equivalently, the LSAP consists in
finding an optimal n X n permutation matrizc

X € argmin ZZ i ;% | X satisfies Eq.[3 5 . (5)
i=1 j=1

Let ¢ =vec(C) € [0, +00)" be the vectorization of the cost matrix C, obtained by con-

catenating its rows. Similarly, let x =vec(X) € {0, 1}"2 be the vectorization of X. Then,
the LSAP consists in finding an optimal vector

X € argmin {ch | Lx =15,, x€{0, 1}"2} , (6)
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where the linear system L)gz 1 is the matrix version of the constraints defined by Eq.
The matrix L€ {0,1}?"%"" represents the node-edge incidence matrix of the complete
bipartite graph K, ,, with node sets X and Y-

o = {1 if (j=14)V (k=1) "

0 else

The system Lx =1, together with the binary constraint on x, selects exactly one edge of
K, n for each element of X U). In other terms, these constraints represent a subgraph of
Ky n, with node sets X and Y, such that each node has degree one. Indeed, the LSAP is
a weighted bipartite graph matching problem.

More details on the LSAP can be found in [34,[4]. In particular, Eq.[@is a binary linear
programming problem, efficiently solvable in polynomial time complexity, for instance with
the Hungarian algorithm [I7, 24, [19] combined with pre-processing steps [14]. In our
experiments, we have used the O(n?) (time complexity) version of the Hungarian algorithm
proposed in [19] [].

Problems that incorporate pairwise constraints, i.e. simultaneously assigning two
elements of X to two elements of ), can be cast as a quadratic assignment problem
[16] 18, [19] 23] 4]. This is the case for the graph matching problem, and for the GED as
demonstrated in Section[dl In this paper, we consider the general expression of quadratic
assignment problems [I§].

Definition 17 (Quadratic Assignment Problem (QAP)) Let D € [0, +00)™ ™" be
a matriz such that dii ;1 corresponds to the cost of simultaneously assigning the elements 1
and j of X to the elements k and | of Y, respectively. The quadratic assignment problem
(QAP) consists in finding an optimal permutation

¢ € argmin Z Zdiw(i)u’w(i) | €S, ;. (8)

i=1 j=1

Equivalently, the QAP consists in finding an optimal n X n permutation matriz

X e argmin i i i idik,jlxi,kxj,l | X satisfies Eq.[3

i=1 k=1 j=1 I=1

Note that 1€ X' is assigned to k€ ), and j€ X is assigned to [ € ), simultaneously iff
xi,k ::ijl =1.
The QAP can be rewritten as a quadratic program:

argmin {XTDX | Lx =15, x€{0, 1}”2}

where x is the vectorization of X, and the right-hand side is the matrix version of the
constraints defined by Eq.

The quadratic term is able to incorporate a linear one. Indeed, any simultenous assign-
ment of the same element 7 € X to the same element k € Y is penalized by the cost diy, ik,
i.e. a diagonal element of D. Since z; 1 € {0,1}, we have d it®; kTi k = dik,ikTi k- Then
the total contribution of diagonal elements to the quadratic cost is given by

i Z dik,ikxi,k = diag(D)Tx

i=1 k=1

n

where diag denotes the diagonal vector. So, if diag(D) # 0, the quadratic functional incor-
porates a linear term which decribes the linear sum assignment between the elements of
X and ). When these constraints are also part of the underlying problem, it is sometimes
more convenient to rewritte the QAP as

argmin {xTDx +cf'x | Lx=13,, x€/{0, 1}”2} (9)
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where diag(D) =0, and c is the cost of assigning each element of X to each element of ).

As the GED, the QAP is in general NP-hard, and exact algorithms can only be used
with sets of small cardinality [4]. Indeed, the cost functional is generally not convex, and
methods based on relaxation and linearization are usually considered to find an approxi-
mate solution. See Section [G] for more details.

3 Bipartite Graph Edit Distance

As already mentionned, the GED can be challenging to compute, even on small graphs. In
order to deal with such a complexity, several methods approximate the GED by computing
an optimal linear sum assignment between the nodes of the two graphs to be compared.
This is formalized through the definition of a specific LSAP [311, 26] that takes into account
edit operations, as described in this section. In particular, we show in SectionB.Ilthat there
is a one-to-one relation between restricted edit paths and assignment matrices.

3.1 Edit operations, assignments and restricted edit paths

Let X and Y be two finite sets, with |X| = n and |Y| = m. Without loss of generality,
we assume that X ={1,...,n} and Y={1,...,m}. Each element of X’ can be assigned to
an element of ). Such a mapping represents a possible substitution. Also each element of
X can be removed, and each element of ) can be inserted into X. In order to represent
insertions, X’ is augmented by m dummy elements Ex = {e1,...,€n}, such that j €)Y can
only be inserted into ) by assiging €; to j. Similarly, the set }J is augmented by n dummy
elements &y ={e1, ..., €, }, such that ¢ € X' is removed by assigning it to €;. In other terms,
it is not possible to assign an element i € X' to an element ¢, € £y with k # ¢, and similarly
any assignment from €; € Ex to k€)Y with k # j is forbidden.

Let X=X U&x and Y=Y UCEy be the two augmented sets, which thus have the same
size n +m. We assume without loss of generality that symbols €; and €; represent integers,
ie. Ex={n+1,...,n+m}and Ey={m+1,...,m + n}. It is now possible to define
assignments that take into account removal, substitution, and insertion of elements.

Definition 18 (e-assignment) An e-assignment from X to Y is a bijective mapping
P: X — Y here a permutation, such that for each element of X one of the four fol-
lowing cases occurs:

1. Substitutions: (i) =7 with (i,7) € X x ).
Removals: (i) =€; with i€ X.

Insertions: ¥ (e;) =7 with j€ Y.

o

Finally ¢¥(e;) =¢€; allow to complete the bijective property of v, and thus should be
ignored. This occurs when i € X and j €Y are both substituted.

Let U (X,Y) be the set of all e-assignments from X to ).

In other terms, an e-assignment is a bijection (or permutation) with additional constraints.
The corresponding (n +m) x (m+n) permutation matrix can be decomposed as follows:

1m €1 €p

1
X sub Xrem \

Xins Xe¢

(10)

where matrix X" € {0, 1}"*™ encodes node substitutions, X™™ € {0, 1}"*" encodes node
removals, and X% € {0,1}™*™ encodes node insertions. Matrix X¢e€ {0,1}™*" is an
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auxiliary matrix (case 4 above), it ensures that X is a permutation matrix. Due to the
constraints on dummy nodes (cases 2 and 3 above) matrices X™™ and X'™* always satisfy:

V(i j) € {L,....n}% i # G, @it =0 (11)
V(i j) € {1, omy? i £ 4, 2l =0.

Definition 19 (e-assignment matrix) A (n+m) X (m+n) matriz satisfying equations
[3 I and[Idl is called an e-assignment matriz. The set of all (n+m) X (m + n) e-assignment
matrices is denoted by Agp m.

The auxiliary matrix X€ in Eq. [0 suggests the definition of an equivalence relation between
e-assignment matrices.

Definition 20 Two e-assignment matrices X1 and Xso, defined by the two sequences of
block matrices (X540, X1em Xins X$) and (X5UP, X5em X XS), are equivalent iff

(X5 = X5) A (XP™ = X5°) A (X9 = X3

The set of e-assignment matrices up to this equivalence relation is denoted by Ay ..

~
n,m

Proposition 6 There is a one-to-one relation between A and the set of injective func-

tions from a subset of X to ).

Proof: Recall that X ={1,...,n} and Y ={1,...,m}. Let X = (Xsub Xrem Xins X¢) =
(Q,R, S, T) denote an e-assignment matrix. If Q =0 we associate to X the application g
from the empty set onto itself (Proposition ). Otherwise, let us introduce the set:

X={ieX|3jey, qy=1}

Since X is a permutation matrix, for any i € X there is exactly one j € Y such that ¢; ; = 1.
We can thus define the mapping:

X =)y
X ( i )

Moreover if px (i1) = ¢x (i2) then we have ¢;, j =¢;, ; =1. Since X is a permutation matrix,
such a case is possible only if i1 =149, and px is thus injective. We can thus associate to
each assignement matrix an injective function ¢x from a subset of X to ). We denote by
X this mapping. We have to show that y is bijective.

Consider an injective mapping ¢ from a subset X onto Y. If © = o, we have x(X) = o
with X = (0pxm;, Lnxn, Imxm, Omxn). Otherwise, the sub-blocks of X are defined as follows:

1 iff 3i e X, with ¢(i) = j,
qij =
0 else

7‘7;77: =

1 iffiex\ X
0 else

_{1 iff j €Y\ [X]
S5, =

0 else

Note that off-diagonal elements of R and S are equal to 0 by definition of e-assignement
matrices (Eq. [T]).

By using the above definition, ¢; ; =1 = 7;; =s;; =0. Hence, if T was filled with 0,
the line corresponding to €; € ¢ (column m +14) and ¢; € X¢ (row n+ j) would be filled by
0 in X, which would thus not be an e-assignment matrix. Moreover, since ¢ is injective,
we have |X| = |p[X]|. Hence the set of indices:

A={(,i)e{l,....m} x{1,...,n} | ¢s; =1}

defines a square submatrix of T, which can be defined as a permutation matrix on A and 0
elsewhere. Now we check that each row and column of X = (Q, R, S, T) contains exactly
one value equal to 1.
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For the rows:

o Ific /?, then (i) = j, ¢;,; = 1 and r; ; = 0. Moreover, since ¢ is an application, we
have ¢; j» = 0 for any j' € Y\ {j}.

o Ific X\ /'%, by definition ¢; ; = 0 for all j € Y and r; ; = 1. There is thus a single 1
in row 1.

e For j € Y with s;; = 1, by definition of S we have j € ¥ \ ¢[X], and thus Vi €
X, ¢i; = 0. Hence there is no i such that (j,i) € A. By definition of T, its row j is
filled with 0.

e For j € YV with s;; = 0, then j € ¢[X] and it exists a unique ¢ € X such that
¢i,; = 1. Hence (j,7) € A. Since T defines a permutation matrix on A, it should
exists a unique k satisfying (4, k) € A such that ¢; ;, = 1. This value is unique on the
row j of T by definition of T.

Hence for each element of X'¢, there is a unique 1 on the corresponding row of X.

The proof for columns is similar. So there is a unique 1 value on each row and each
column of X. Matrix X is thus a permutation matrix. Moreover, since elements of the
blocks R and S are equal to 0 on off-diagonal indices, X is an e-assignement matrix with
x(X) = ¢, by construction.

The application x is thus surjective. Let us show that it is also injective. To this
end, we consider two non-equivalent assignement matrices X = (Q,R,S,T) and X' =
(Q,R/,S",T).

e If Q # Q’, then we may suppose without loss of generality that there exists (i,7) €
X x Y such that ¢; ; = 1 and quj = 0. Since ¢;; = 1, i € Xx, where Xx denotes the
subset of X on which x(X) is defined.

—If g, = 0forall j” €Y thenie€ &\ Xx/. Hence x(X) and x(X’) are not
defined on the same set and are consequently not equal.

— If it exists j' € Y such that ¢; ;, = 1 we have x(X)(i) = j and x(X')(i) = j'.
Applications x(X) and x(X’) are consequently not equal.

e If R # R’ we may suppose that it exists i € X such that r;; = 1 and 7} ; = 0. Hence

i ¢ Xx and i € Xx/. Applications y(X) and x(X’) are not defined on the same set
and are consequently not equal.

e If S # S, let us consider j € Y such that s;; = 1 and s ; = 0. We have j ¢ x(X) [Xx]
and j € y(X')[Xx:/]. Applications x(X) and x(X’) have different set of mappings
and are consequently not equal.

Note that we do need to consider matrix T since this matrix is not implied in the equivalence
relationship. In all cases application x maps two non-equivalent e-assignement matrices to
different injective functions. The application y is thus injective.

Application x being both surjective and injective, it is bijective. O

So, e-assignment matrices on X' and Y€, and injective functions defined on a subset of X
onto ), are in one-to-one correspondence.

It is now possible to link e-assignments to edit paths. Consider two simple graphs G,
and Gg, with node sets V; and V5 respectively. An e-assignment from V; to Vo can be
defined by constructing the sets V¢ and Vi. According to the above proposition, there is
a one-to-one correspondence between e-assignment matrices on V° and V5, and injective
functions defined on a subset of V; onto V5. By using Propositiondl we can connect such a
mapping to a restricted edit path between G; and G5 (Definition[I0]). Up to the equivalence
relation (Definition [20), there is thus a one-to-one correspondence between e-assignment
matrices and restricted edit paths.

This shows that restricted edit paths can be deduced from e-assignments.
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3.2 LSAP for ec-assignments

Let X={1,...,n} and Y={1,...,m} be two sets. These two sets are augmented by
dummy elements as described in the previous section, i.e. X*=XUEy and Y=Y UEy.
An e-assignment from X to ), i.e. a bijective mapping from X' onto )¢, represents a set
of edit operations.

The selection of a relevant e-assignment is realized through the design of a pairwise cost
function adapted to edit operations. To this, each possible mapping of an element ¢ € X'€
to an element j € Y€ is penalized by a non-negative cost ¢; ;. All costs can be encoded by
a (n+m) x (m+ n) matrix (having the same structure as e-assignment matrices) [31], 26]

1...m €1 €p

1
Csub Crem \‘

ins
C Op.n

(12)

where the matrix C¥*P € [0, +00)"*™ encodes substitution costs, C™™ € [0, +00)"*" en-
codes removal costs, and C € [0, +00)™*™ encodes insertion costs. According to cases 2
and 3 in Definition [I8] off-diagonal values of C**™ and CI® are typically set to a large value
w, such that max{c; y(;) | Vi € X,V € U (X,))} <w <400, in order to avoid forbidden
mappings. According to case 4 in Definition [[8 the mapping of any €; to an ¢; should
not induce any cost, so the last block of C is set to the null matrix 0y, ,. The cost of an
e-assignment 1 can then be measured by the sum (see Definition [I8 for the decomposition)

n+m
DoCiwm = D G T D Gt D Cou (13)
i=1 ieX i€X\X JEY—[X]

— N———

substitutions removals insertions

where X ={ieX | Ije), ¥(i)=j}.
An optimal e-assignment is then defined as one having a minimal cost (several optimal
e-assignment may exist) among all e-assignments:

i=1

n+m
) e argmin{ D ciw | P ETL(X, y)} (14)

which is a LSAP (Section 23]). It can thus be rewritten as a binary programming problem

(Eq. B)

x € argmin {c"x | x € vec[A) ]}, (15)
where x = vec(X) € {0,1}("+™) is the vectorization of the e-assignment matrix X associ-
ated with ¢ (Eq.[I0), ¢ = vec(C) € [0, +00) ("™ is the vectorization of the cost matrix C,
and vec[A; ] {0, 1}(m+m) is the set of all vectorized e-assignment matrices. Note that,
using equation [[3] two equivalent e-assignment matrices have a same cost.

The optimal solution of the LSAP defined by Eq. can be computed by any algo-
rithm that solves LSAPs, such as Hungarian-type algorithms. Note that mappings in W,
or matrices in A,, ,,, are much more constrained than bijective mappings or permutation
matrices. These constraints, i.e. forbidden assignments, are satisfied in [3T], 26] through
the large w values in the cost matrix. This is a classical trick used in LSAPs to avoid some
specific assignments of elements [4]. While these assignments are avoided, the correspond-
ing large w values are still treated by the algorithms. A better way to take into account the
additionnal constraints would be to modify the algorithms such that forbidden assignments
are not treated at all. This is the choice we made in our experimentations. This improves
the time complexity.
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3.3 Bipartite GED

It is now possible to define a framework to approximate the GED, based on e-assignments
and the corresponding LSAP [31], 37, 26] [10, 27]. Within this framework, a resulting
approximate GED is called a bipartite GED.

Let G1 and G5 be two graphs, with node sets V; and V5 respectively. The computation
of a bipartite GED from G; to G3 is performed in four main steps detailed below.

Step 1 - construction of the bags of patterns. For each node of each graph a bag
of patterns is constructed. This bag represents a part of the graph connected to a specific
node by some structured subgraphs, such as incident edges [31] [26], subtrees [37] or walks
[10]. A set of bags of patterns is then obtained for each graph. Let B; and B2 be the ones
associated to G and to G respectively. We have thus |By| = |V;| and |Ba| = |Vz|. The idea
is then to find an optimal e-assignment from B; to Ba, according to a given pairwise cost
matrix.

Step 2 - construction of the cost matrix. Each possible mapping of a bag b; € B; to
a bag b; € By is penalized by a cost measuring the affinity between the two bags. This cost
is initially defined as the cost of editing b; such that it is transformed into b;, i.e. the cost
of an optimal e-assignment of the elements of the two bags |31} 26] 10, 27]. Also the bags
of B; can be removed, and the bags of By can be inserted into Bi, which is penalized by a
cost measuring the relevance of the bag. In order to approximate the GED, all theses costs
depend on the original edit cost functions defined in Section They are encoded by a
cost matrix C (Eq. [[2)). Note that in this step |Vi| x |Va| LSAP are solved for computing
the costs of assigning bags of B; to bags of Bs.

Step 3 - construction of an e-assignment between the nodes. Given the cost
matrix C computed in the previous step, an optimal e-assignment from B; to B is then
computed by solving again a LSAP. The computed optimal assignment hence provides an
optimal mapping ¢ € U (V1, V).

Step 4 - construction of a restricted edit path. The e-assignment 1) can be inter-
preted as a partial edit path between the graphs G; and Gs. Indeed, it is only composed
of edit operations involving nodes. Therefore this partial edit path has to be completed
with edit operations applied on edges. This set of edit operations is directly induced by
the set of edit operations operating on nodes, defined by the mapping computed in the
previous step. The substitution, removal or insertion of any edge depends thus on the edit
operations performed on its incident nodes. The cost of the complete edit path is finally
defined by the sum of edit operations on nodes and edges. This cost only corresponds to
an approximation of the GED between G; and G5 since the mapping computed during
Step 3 may not be optimal. Therefore, this cost corresponds to an overestimation of the
exact GED, known as bipartite GED.

The definition of the cost matrix C in Step 2 is a keypoint of the framework. The
initial approach proposed in [31], [26] defines bag of patterns as the corresponding node
itself and its direct neighborhood, i.e. the set of incident edges and adjacent nodes. The
cost of assigning a bag b; € By to a bag b; € By is then defined as the substitution cost of
the associated node ¢ € V1 and j € Vs, plus the cost associated to an optimal e-assignment
between the two sets composed of their incident edges and their adjacent nodes. Using such
bags of patterns can be discriminant enough, in which case the bipartite GED provides
a good approximation of the GED. But this approach lacks of accuracy in some cases, in
particular when the direct neighbourhood of the nodes is homogeneous in the graph. When
considering such graphs, the cost associated to each pair of bags do not differ sufficiently,
and the optimal e-assignment depends more on the traversal of the nodes by the LSAP
solver than on the graph’s structure.

In order to improve the accuracy of the bipartite GED, the information attached to
each node needs to be more global, for instance by considering bags of walks up to a length
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k [1I0], instead of the direct neighbourhood. This approach follows the same scheme as the
one used in [3T], 26], except that patterns associated to a node are defined as walks of length
k starting at this node. Considering bags of such patterns allow to extend the amount of
information associated to the nodes, which leads to a better approximation of the GED.
However, the use of bags of walks induces some drawbacks. First, the set of computed
walks suffers from the tottering phenomenon which leads to consider irrelevant patterns,
especially when considering high values of k. These irrelevant patterns affect the cost of
the e-assignment, and thus the quality of the approximation of the GED. In addition, the
mapping cost between two bags of walks can only be approximated, which induces another
loss of accuracy.

These drawbacks can be avoided by using bags of subgraphs rather than bags of walks,
such as all subgraphs centered on a given node and up to a radius k [5]. The cost associated
to the mapping of two bags of such patterns is defined as the edit distance between the two
k-subgraphs centered on the respective nodes. Despite the fact that we can control the size
of these subgraphs thanks to the parameter k, this approach requires significantly more
computational time than the previous ones. However, the use of accurate sub-structures
allows to obtain a better approximation of the GED.

4 GED as a Quadratic Assignment Problem

The bipartite GED is a good candidate approximation of the GED, but it is based on the
construction of a restricted edit path which generally does not have a minimal cost. Costs
on edges can only be deduced from operations performed on their two incident nodes.
This cannot be taken into account by the approach based on the LSAP, which considers
information about edges separately in each node. To fully describe the GED, the model
must take into account simultaneous node and edge assignments. This can be formalized
as a quadratic assignment problem [31, 26]. In this section, we propose to extend the linear
model to a quadratic one based on e-assignments, and we show that this model corresponds
to the cost of a restricted edit path.

4.1 Simultaneous node assignment and quadratic cost

Let G1=(V4,Eq) and Gy = (Va, E2) be two graphs, and let ¢ € U(VF,Vs) be an e
assignment (Definition [[¥). When a pair (¢,j) € V£ x Vf is assigned by ¢ to a pair
(W(i),¥(f)) € V5 x Vi, one of the following cases occurs:

1. Edge substitution: (1(i),v(j)) € E2 with (4, j) € E1.

2. Edge removal: (¢(i),v(j)) & E2 with (i,5) € Ex.

3. Edge insertion: (¢(i),%(j)) € Ea with (,7) € E1.

4. Finally (¢(i),v(j)) € E2 with (i,7) € E; allows to complete the bijection property.

Each possible simultaneous mapping of nodes 4, € V¢ onto respectively nodes k and !
in Vi, is penalized by a non-negative cost d;; j which depends on the underlying edit
operation described by one of the cases above. The overall edge’s cost associated to a
simultaneous node assignment is then measured by:

n+mn+m

d) =D > disijvis (16)

i=1 j=1

where cost values are defined as follows.

Recall that all mappings from a node of V| to a node of Vi are not allowed. Indeed
(Section B)), i —¢€; with ¢ € V1 and j #14, and reciprocally e, — 1 with [ € V5 and k#1 are
forbidden. Then, a simultaneous node mapping involving at least one of these two cases is
also forbidden. We denote by 4 a forbidden mapping. As in Section[B.2] the cost is set to
a (large) value w in this case.

For any other simultaneous node mapping (i — k,j — 1), with ¢, j € V€ and k, [ € V¥, its
cost depends on the presence or the absence of edges (i,7) € Fy and (k,l) € Fs:
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o If (i,5) € Eq and (k,[) € E5 then d;x ;i is the cost of the edge assignment (i, j) — (k, 1),
i.e. edge substitution.

o If (i,7) € Ey and (k,l) & E5 then d;j j; is the cost of removing the edge (3, ).
o If (i,7) ¢ Ey and (k,l) € E5 then d; j; is the cost of inserting the edge (k,1).

e Else, the simultaneous mapping must not influence the overall cost and so its cost is
always set to 0.

By using the edit cost functions defined in Section 22] the cost of an allowed simultaneous
node mapping is then defined by

Ce(i — ka] — l) = Ces ((Zaj) - (ka l)) 6(i7j)€E16(k,l)€E2
+ ced (4,5) 8¢ jye (1 = O(r,1ye ) (17)
+ cei (k1) (1 =i, jye 5, )k 1) By

where 6. cp=1if e€ E and 0 else, (i,j) — € denotes edge removal and € — (k,[) denotes
edge insertion. Since graphs do not have self-loops, we have d; ;1 =0 for all i € V|® and
ke V5. Remark also that the symmetry of ¢.(i — k,j — 1) depends on the one of edit
operations and the one of directed edges when the two graphs are directed.

Finally, the cost of a simultaneous node mapping is given by

dik,j1 = { “ ) ) L EARYVE-Y (18)
ce(i—k,j—1) else
Let x € vec[Ay,,] C {0, 1}(m+m)* be the vectorization of the e-assignment matrix asso-
ciated to 1. All costs can be represented by a (n+m)? x (n+m)? matrix D = (dig j1 )i k.51
such that dik, jiTikTi = diy(5), 5y (5) if ;5 =25 =1, and 0 else. So each row and each column
of D, and x, have the same organization of pairwise indices, and then the total cost of the
simultaneous node assignment can be written in quadratic form as:

n+m m-+n n+m m—+n

dw)=>" > 3" > dijwinzy = x"Dx,

i=1 k=1 j=1 =1

The cost matrix D can be decomposed as follows into blocks:

D111 e Dlan D11€1 e Dlaem
Dn,l . D D€ .. D™em
D= T (19)
Ders ... Devm | DEver L. DELsEm
Dem,71 e Demwn Dem,7€1 R Dem,7€nL

where each block D%/ € [0, +00) "+ *(m+7) defines the cost of assigning i and j of Vi
to respectively k and [ for all k,le V5, i.e. [Divj]k,l =d; ;- Remark that blocks D% are
organized in four main blocks corresponding to the nature of nodes ¢ and j (dummy nodes
or not). Each block D%J is itself decomposed into four blocks as follows:

JLowgm | jer--jen
i1
v | o |,
L. ) ’ im
D™ o (20)
oy | oy |
’ ’ 1€

where Dllj1 € [0, +o0)™*™, DﬁJQ €10, +o00)™*", DZQJ1 € [0, +00)™*™ and DZQJ2 € [0, +o00)™*".
The different values taken by the elements of D, depending on the values of the indices,
are reported in Table [Tl
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case | block | nodes in Vg A 5), (k1)
- Ces((4,5) = (K, 01))0(i.jyem, Ok ye s +
1 D1".,j1 k,l Ced(@a3)5(i,j)eE1 (1- 6(k,l)€E‘2) +
Cei(ky )(1 = (i j)em, )d(k1) e Bo
i | k€ ced (i, J)0(ij)eE,
2 DL]Q elsej w (e
i, Gi,l Ced(i,j)5 i,j i
3 D2=jl else w (e
i | €ir€j ced (i, J)0(ij)eE,
4 DQYQ elsej w (e
i€ k/’,l cei(k,l)(Skl E,
5| Dri else w e
6| DY | ke 0
e | €l 0
7| Dy else w
e | €ir€ 0
81 Dap else w
k1 i (k1) 0
€k, ) et 5 (k,DEES
9] Diy else w
| ke 0
€kyd ) €5
101 Dy else w
11| DY | el 0
e | 66 0
121 Dy else w
13 Dikiﬂ ka l Cesi (ka l) 5(k,l)6E2
) else w
k,e 0
€k,€1 )
14 D1’2 else w
€1 ,€L G,l 0
151 Do else w
16 | D5 | e € 0

Table 1: Elements of matrix D according to the configuration of its indices. We consider
that ¢,j € Vi, k,l€ Vo, e, €&, and €, €; € E2. Epsilon values without indices mean any
e-value.

Proposition 7 If both G and G5 are undirected, then:
V(’L,k,j,l) S ‘/16 X ‘/26 X ‘/16 X ‘/267 dik’,jl = djl,ik-

Proof: If both G1 and G are undirected, then 0(; jyep, = d(ji)eEr> Ok, )eB = O(1,k)cEs
and :

ces((1,5) = (k1)) = ces((4,7) — (1, K))
Ced(@,j) = Ced(jvi)
Cei(k/’,l) = Cei(lvk)

Hence if none of 7,5,k or | are equal to e, the first line of Table [l remains unchanged.
Moreover, if € € {4, j, k,l}, then permuting indices (i,k) and (j,1) leads to the following
permutations of the lines of Table [I] (after the appropriate renaming of variables):

(2,3)(4)(5,9)(6,11)(7,10)(8,12)(13)(14, 15)(16)
One can check that in each case di ji = dj1,. U

Remark 2 If the rows of matriz D correspond to (i,k) and the columns to (j,1), then
under the hypothesis of Proposition [, D is symmetric and we get DT =D.
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To fully represent edit operations we also need to consider the ones performed on nodes.
This can be measured by the linear sum ¢?'x defined in Section .2} where ¢ = vec(C) €

[0, +00)("+™* represents the cost of edit operations on nodes (Eq. [2):

c?jlkb = cps (1 > k)

rem{cvd(i) if k=i

w else (21)
ins _ Cyi (k?) ifi=k
Cik = w else

4.2 QAP for e-assignments, restricted edit paths and GED

According to the following result, summing the quadratic and the linear costs defined above
leads to the cost of a restricted edit path.

Proposition 8 Let A = D if both Gy and G5 are undirected and A = D + D7 else.

Note that using Proposition [, A is symmetric. Any non-infinite value of %XTAX +c’x

corresponds to the cost of a minimal edit path. Conversely the cost of any minimal edit
1

path may be written as §XTAX + cTx with the appropriate X.

Proof: If %XTAX + cTx is not infinite, x corresponds to a matrix of assignment (Defi-
nition [I0). Hence by propositions [l and ] there is a unique restricted edit path P such
that P and x correspond to the same injective function ¢ from a subset Vi of Vi onto Va.
The edit path P substitutes each node v, belonging to Vi onto ©(v), removes all nodes
belonging to V4 \ V4 and insert all nodes belonging to Va \ ¢[Vi] (Proposition ).
Consider the notations of the proof of Proposition[@ i.e. the matrix X = (Q,R,S,T)
defining x. The three first blocks are defined as: ¢; ,;) = 1 for any i € ‘71, r;i = 1 for any

i€ Vi\Viand s;; =1 for any j € Vo \ ¢[V4]. These blocks are filled with 0 outside these
indices (Proposition [4]).

Let us decompose the cost y(P) of P into a cost 7, (P) related to operations on nodes
and a cost . (P) related on operation on edges:

Y(P) = 7(P) + e (P)

We have according to corollary [T}

Yo(P) = Z coa(v) + Z cos(v) + Z cvi(v)

’UEV1\V1 veW ’UEVQ\Vz

On the other hand, let us denote by CS'P, C™™ and C™ the blocks corresponding to
(Q,R,S) in the cost matrix C defining ¢ (Section B.2)). The term ¢’x is equal to:

n m n n m m
T, sub rem,, ins_ .
cxX= E E Cij Qij+ E E Cij Tig T E E Ci j Si,j

i=1 j=1 i=1 j=1 i=1 j=1
_ sub rem ins
=D it DL Al D b
ieVy 1€Vi\V1 Jj€Va\p[Vi]

=Y asli= @)+ Y cald+ D culd)

7:6‘71 ieVl\Vl jEVQ\QD[Vl]

The first line takes into account that the block corresponding to T in matrix C is equal to
0. Thus, this block does not play any role in the computation of ¢Zx. The last line is due
to the definition of the remaining blocks of C (equation 2T]).
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We have thus v,(P) = ¢”x. Let us show that v.(P) = 2x” Ax. We have:

Z dzk JlTik = Z Z dzk,]lqz kE+ Z Z dlk},]lrl Kkt Z Zdzk,]lsz k

i=1 k=1 i=1 k=1 k=11i=1

= Z Z dzk,lez K+ Z dze,]lrz i+ Zdek,jlsk k

i=1 k=1

= Z dup(z )4l + Z dze,]l + Z dek,]l

z€V1 Z€V1\V1 k€V2\V2

where Vi = ¢[V1] (Proposition[H). In the same way we have:

xTDx:Z[X D} lefZ[TD )+ Z j€+ Z

il JEVI ]€V1\V1 lEV2\V2

We have:

- Z Zdw(z ):de(d Z dzew(ﬂ"' Z dekw(y)

g
£
S
=)
<
2
=
|

j€V1 j€V1 l€V1 l€V1\V1 kEVQ\VQ
= Z digp(i),j«p(j) + Z Ced(iaj) + Z Cei(kal)
(i,5)EV2 (i,5) € E1n(Vi\ V1) x V3 (k,1)EEB2N(Va\Va)x Vs

Z [XTD} je = Z Z dilp(i),je + Z die,je + Z dek,je

jEVI\Vl jeVl\Vl ie‘}l ieVl\Vl kGVQ\VQ

Z Ced(iaj)

(i,j))€E1NVA x (V1 \ V1)

Z [XTD] e Z Z digp(i),el + Z die,el + Z dEk,El

l€V2\V2 l€V2\V2 ievy i€V1\\71 kGVQ\VQ

> ceilk,l)

(k,1)EE2NVa x (Va\Va)

where all substitutions of d;; 11 by the corresponding removal or insertion costs are deduced

from Table [I}
Moreover, we have, using the notations of Proposition

2 .
{i.9) €11 diger = O euner. =1} = B
{(,5) € V12 | 8i,jyers = 1, 0(p(i),0(j))eBs = 0} = R
{(k, D) eVa | do1k)or0)er = 0,0 ner, =1 = Iz
Hence:
SN digirgen = Y, ceslliyd) = (D), 0N+ Y. Cealt i)+ Y ceilk,l)
JEVI iEV; (i,j)€En (i,7)€ER12 (k,1)€I21

Moreover we have:
VAV x ViUV x (B \VA) = (Vi \ Vi) x Vi U Vi x (Vi \ Vh)

Indeed:

WV\V) x ViUV x (V1\ V1) = (V\V)XV1 Ui\ Vi) x (Vi \ Vi) UV x (Vi \ Vh)
= V\ V) x ViUV x (Vi \ V1)

22



Hence by grouping appropriate terms we get:
x'Dx= Y cesl(i,§) = (p(i), 0(4)))
(i,§)€Er
+ S cealing) + > calk,l)
(i,5)€ E1n((Vi\V1) x VaUVA x (V1 \ V1) )UR12 (k)€ Ean((V2\V2) x VaUVa x (V2 \V2) )Ul21

Using Proposition [§] we finally get:

x'Dx= 3 cullivf) = (00, 00) + 3 cali) + Y culkD)

(i,)€Br (4,4)EE1\E1 (k,l)EE2\E>

Using Corollary [l if both G; and G are directed we get ~v.(P) = xTDx. However in this
case:

%XTAX = %XT (D + DT) X = % (xTDx + xTDTx) = % (xTDx + xTDx) = x'Dx

Hence 7.(P) = ix7 Ax.

Using Remark [Tl we get v.(P) = %XTDX = %XTAX if both G; and G are undirected.
Thus v(P) = 3xTAx + cx with A = D if both G; and G» are undirected and
A =D + D7 else. O

Hence, the determination of a restricted edit path with a minimal cost is equivalent to
searching for an optimal e-assignment

n,m

1
X e argmin{ §XTAX +c’'x | x evec[A} ] } (22)
In other terms, for the class of graphs under consideration, i.e. simple graphs, we have

n,m

1
GED(G1,Gs) = min{ §XTAX +cT'x | x€vec[AT, ] } (23)

This is a QAP, see [18] [4] for more details on QAPs. In particular, QAPs are NP-hard
and exact algorithms can solve QAPs of small size only. So, many heuristics able to find
suboptimal solutions in short computing time have been explored.

Remark 3 Note that the functional involved in the QAP defined by Eq.[22 can be rewritten
as a general quadratic term:

1 1 1
§xTAx +cfx = ixTAx + xT diag(c)x = xT <§A + diag(c)) x (24)

where diag(c) is the diagonal matriz with ¢ as diagonal. So the GED can be equivalently
defined by

GED(Gy,G2) = min { x"Ax | x € vec[A}, ] } (25)

n,m

where A = %A + diag(c) represents the cost of both node and edge edit operations. As graphs
are simple, they have no self-loops and then the diagonal elements of A are all equal to 0.
So the diagonal of A is always equal to c.

5 Solving QAPs with the Integer Projected Fixed Point
Algorithm

We propose to compute an approximate GED by finding a solution of the QAP defined by
Eq.[22] and rewritten here as the following binary quadratic programming problem:

of. 1
argmin {S(x) et §XTAX +cf'x | Ax=1,, xc{0, 1}"} (26)
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where Ax=1,,, with x€ {0,1}" and A €{0,1}"*", is the matrix version of the bijectivity
constraints given by Eq. Bl see [4] 34] for more details. Also, we suppose that ¢ € [0, +00)",
and A € [0, +00)™*" is assumed to be symmetric. Note that Eq. 22]is equivalent to Eq. 26|
with additional constraints on x (Eq. [[Il) imposed by w values in the expression of A
(Eq. I8 and Proposition B) and ¢ (Eq. 2.

QAPs are generally NP-hard, which depends on the structure of the cost matrix
A=1A +diag(c) (see previous section), and so most algorithms find approximate local or
global optimal solutions by relaxing the bijectivity constraints on the solution, which leads
to find a continuous solution instead of a discrete one:

argmin {S(x) | Ax=1, x€0,+00)"}. (27)

While this relaxed problem is also NP-hard, several polynomial-time algorithms have been
designed to converge close to a local or global solution in a short computing time. The
ones based on linearization of the cost function S are known to be particularly efficient.
They transform the relaxed problem into a sequence of convex problems, such that a given
initial solution is improved iteratively by decreasing the cost function up to a fixed point.
Then, the final continuous solution is binarized and used as a solution of the QAP. But as
shown experimentally in [20] in the context of graph matching, the continuous optimum
is not necessarily close to the global discrete optimum. To try to overcome this problem,
it seems to be more efficient to try to find a discrete solution as close as possible to a
continuous one, at each iteration, as done by Sof-Assign [I1], 12, I3] or Integer Projected
Fixed Point (IPFP) [20].

We present here an adaptation of the IPFP algorithm, originally proposed for maxi-
mization of a quadratic term [20], to minimization. We also improve the computational
complexity of several steps of the algorithm.

Given an initial continuous (or discrete) candidate solution xq, The idea of [20] is to
iteratively improve (here reduce) the corresponding quadratic cost in two steps at each
iteration:

1. Compute a discrete linear approximation by, of the quadratic cost S around the
current solution xj, by solving a LSAP.

2. Compute the next candidate solution xx11 by solving the relaxed problem, reduced
to compute the extremum of S between xj and by included.

The iteration of these steps converges to an optimum of the relaxed problem, which is
either continuous or discrete but generally not the global one. This last point depends on
the initialization. The whole process is detailed in Algorithm

At each iteration, in the first step, the cost S is linearly approximated. The differential
of S in x;, in the direction h is given by:

DS(x)-h=x}FAh+c’h  (since A is symmetric).
Hence the first-order Taylor expansion of S around the current solution xj, is given by:

S(b) ~ S(xx) + (xf A+c”) (b—xx)

~ S(x0) + R(b) — R(xx) (28)

where R(x) = (x} A+c’)x and b >0. Keeping xy, fixed, S(xx) and R(xj) are constant,
and so the minimization of S(b) is approximatively equivalent to the minimization of R(b):
by € argmin{(xZA—i—cT)b | Ab=1, b>0,}. (29)

This is a linear programming problem with totally unimodular constraint matrix A and
the right-hand side vector of the linear system Ab=1 is integer valued. So, by standard
tools in linear programming, there is an integer optimal solution, here binary and equal to
the solution of the LSAP [34] 4]

biy1 € argmin { (xf A+c’)b | Ab=1, be{0,1}"*"}. (30)
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Algorithm 1 IPFPmin(xg,c, A, kmax)

1: k<0, L« CTXO, Sy %XgAXO + L

2: repeat

3: // Projection of the cost by solving a LSAP
b1y + argmin{(x{ A +c”)b | be A}, }
// Minimize the quadratic cost along the direction by 1
L+ CTka,_l
Sbk+1 = %b£+lAbk+1 + L
a 4— R(karl) — 25+ L
B+ Sbk+1 + Sk — R(karl) — L
10: to «— —a/(2P)
11: if (8<0)V (to>1) then

12: Xk41 bk+1, Sk+1 — Sbk+1’ L+ L
13: else

14: Xk+1 < Xk + tO(karl — Xk)

15: Sk+1 — SE — 042/(46)

16: L+ CTXk_;,_l

17: end if

18: k+—k+1

19: until (xg41 = xk) V (k> Kkmax)

20: if 41 = b1 then return (xg41, Sk+1)
21: Xpq1 ¢ argmin{x} b | beAy }

22: return (Xg4+1, Sk+1)

In our experiments, this problem is solved by the O(n?) version of the Hungarian algorithm
[19, [4], modified such that forbidden assignments represented by w values in A and c are
not treated. The resulting assignment by, determines a direction of largest possible
decrease of S in the first-order approximation. Let us additionally note that the first order
approximation of S(b) is lower than S(xj) since R(bp11) < R(xy). However we cannot
yet conclude since this is only an approximation.

The second step of each iteration of Algorithm [B] consists in minimizing the quadratic
function S in the continuous domain along the direction given by byy;. This can be
done analytically. Let x; =x + t(bg+1 — X)), with ¢ €[0, 1], be a parameterization of the
segment between xj and byyi. The evolution of S on this segment is provided by:

S(x¢) = S(xk +t(br+1 —xx))
= glxn + t(brpr = x1)] T Ay + (b — xp)] + € [x + (b — xi)]
— %foxk +cTxp + tfo(ka —x) + %tQ(ka — xk)TA(ka — Xg)
+tcT (b1 — xp)
S(xk) + txf A(bgr1 — xx) + " (b1 — x)] + 8% (b1 — x)TA(bri1 — xx)
= S(x) + tR(bps1 — xi) + 3% (brg1 — xi) T A(bgy1 — x5
= S(xx) + at + pt*

where
a = R(bs1 — x3) = R(bjs1) — R(xx) <0
R(bgi1) — xf Axp, — c¢''xp = R(byy1) — 2(%X£AX/€ +cT'xp) + cT'xy,
R(bgi1) — 25(xx) + cT'xp
B = 5(brs1 —xx) A(bgy1 — xx)
ibi,  Abyir — x{ Abyir + 3x7 Axy,
= %bZHAka +cTbryr — R(bpy1) + %x{Axk

= S(bk+1) + S(Xk) - R(bk+1) - CTXk
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Figure 2: Illustration of the 3 cases relating S and ¢o.

The main advantage of the above expression for the calculation of ¢, and not used in
the original algorithm [20], is that R(bj41) is already computed by the LSAP algorithm
that computes by11. Moreover S(x;) and c”x;, may be stored from the previous iteration
of the algorithm. Note that since @ = R(byy1) — R(x;) we have o < 0. For j, the
improvement is a bit more tedious. We have indeed to compute S(bg+1). Hence the gain
is not obvious compared to the direct computation of (byy1 — xx)T A(bry1 — xx) as done
in the original algorithm [20]. Note however that S(bg+1) will also be used in a following
step, so computations are factorized. The problem is thus transformed into finding the
optimal value

to = argmin {S(x;) = S(x) + at + Bt* | t€[0,1]} . (31)
The derivative of S(x;) cancels at tg = —a/(23). Then as shown in Fig. 2] we have:
e If >0

— Iftg <1, S(x¢,) is the minimum of S(x;), in particular it is lower than S(xy)
and S(byy1). Moreover:

o a? o?
S(xey) = S(xk) — 25 + 15 S(xk) — 13
— If ¢t > 1, then S’(x;) < 0 V¢ € [0, 1], and the minimal value of S(x;) is S(x1) =

S(karl)-

o If 3 <0, since a <0, S(x;) decreases between ¢ = 0 and ¢ = 1. Its minimal value is
thus S(Xl) = S(karl)-

So, if either 5 <0 or 8>0, but tp > 1, the minima of S(x;) within the range ¢t € [0,1] is
obtained for tg =1, i.e. x4, =bg41 (lines 11-12). Note that in this case the new solution is
discrete. In the remaining case (lines 13-16), S(x;) passes by a minimal value lower than
S(xx) and S(bgt1). In both cases xy, is taken as the solution xxy; for the next iteration.
Hence, as in the original algorithm [20], S(xj) decreases at each iteration, and since A and
c are positive, S is bounded bellow 0 and the algorithm converges.

The whole process is iterated until a fixed point is reached, in which case xj41 is
ensured to be a minimum of the relaxed problem defined by Eq. When a minimum
of the original problem defined by Eq. 26]is requested as for the GED, the discrete vector
closest to the minimum of the relaxed problem is selected. Note that the method [I5]
does not guarantee the solution to be binary. The minimum of the relaxed problem is not
guaranteed to be global. This depends on the initial vector xg, which influences both the
value of the resulting cost and the number of iterations required to reach the convergence.
For the approximation of the GED, we have tested several initializations based on the
LSAP, as described in the following section. We have observed that the exact GED is
often obtained, meaning that the optimal solution of the original problem can be reached
by the algorithm.
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Table 2: Characteristics of the four GREYC’s chemistry datasets.
| Dataset | Number of graphs | Avg Size | Avg Degree |

Alkane 150 8.9 1.8
Acyclic 183 8.2 1.8
MAO 68 18.4 2.1
PAH 94 20.7 2.4

Table 3: Accuracy and complexity scores. d is the average edit distance, e the average
error and ¢ the average computational time.

. Alkane Acyclic MAO PAH
Algorithm d et d e . ¢ d ¢ d ?
A 15 1.29 17 6.02
[26] 35 18 ~107% 35 18 ~107* 105 ~107% 138 ~107°
[10] 33 18 ~107% 31 14 ~107% 49 ~1072 120 ~107?
5 26 11 227 28 9 073 44 6.16 129 2.01
IPF Prondom imit  22.6 7.1 0.007 234 6.1 0.006 652 0.031 63  0.04
IPF Py 224 7.0 0.007 226 53 0.006 59  0.031 62.2  0.04
IPF P ) 205 5  0.006  20.7 3.4 0.005 33.6 0.016 52,5 0.037

6 Experiments

In this section, we present some experimentation results to show the effectiveness of our
quadratic assignment approach with respect to the ones based on LSAPs. To this purpose,
we compare our approach to three methods based on the LSAP and one method to compute
the exact graph edit distance based on A* algorithm. The latter method is used as a
baseline to measure the error induced by approximations. However, A* is restricted to
very simple graphs and it wasn’t possible to compute exact graph edit distances for two
over the four used datasets. The three LSAP methods, i.e. bipartite GEDs, are the ones
proposed in [26] 10, B]. They differ on the definition of the cost between elements, as
already discussed.

The experiments have been performed on four chemoinformatics datasetdl (see Table
for their characteristics) plus one synthetic dataset to test larger graphs. The variety of
these datasets allows to see the behavior of different approaches on four kind of graphs:
acyclic labeled (Acyclic), acyclic not labeled (Alkane), cyclic labeled (MAO), cyclic not
labeled (PAH). Finally, the synthetic dataset is composed of graphs having same charac-
teristics as the ones in MAO dataset but extended up to 100 nodes (details bellow).

Table[3shows the results of our experiments on the four GREYC’s datasets. Note that,
in order to avoid some bias, these results have been computed using random permutations of
the adjacency matrices before computing graph edit distances. Moreover, all experiments
have been computed on the same machine, hence providing comparable computational
times. In order to show the relevancy of our proposal, we compute the average edit distance
(d), the average approximation error (e) with respect to the exact graph edit distance and
the average computational time (t) required to get the graph edit distance for a pair of
graphs. For these three measures, lower values correspond to better results. Indeed, since
approximation approaches overestimate graph edit distance, a lower average edit distance
can be considered as better than an higher one. Due to the computational complexity
required by A* algorithm, the exact graph edit distance has not been computed on PAH
and MAQO datasets which are composed of larger graphs than the ones in Acyclic and
Alkane datasets.

IPFP approach allows to drastically improve the accuracy of the approximation with
respect to LSAP approaches while keeping a reasonable computational time. This ob-
servation can be made on the four datasets, hence showing the consistency of this QAP
approach.

Results shown in Table Bl also highlight the importance of the initialization step. Since

! Available at https://brunl0i.users.greyc.fr/CHEMISTRY/
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Figure 3: Analysis of complexity on a synthetic dataset.

the functional of QAP formulation is not convex, different initializations can lead to dif-
ferent local minima. Obviously, initializations close to the global minimum have an higher
probability to reach it than initializations far from it. This behavior is observed in the
results where better approximations are obtained by using the approach giving the best
approximation considering LSAP framework. Moreover, less iterations are required to
reach convergence since the algorithm is initialized close to the minima. This phenomenon
explains the low differences of computational time between the different approaches. Note
that we didn’t test the method presented in [5] due to its high computational time. In con-
clusion, these results show that the QAP approach is a relevant approach to approximate
graph edit distance and outperforms methods based on LSAP formulation while keeping
an interesting computational time with respect to the one required to compute an exact
graph edit distance.

Figure[3 shows how our IPFP approach scales with the size of graphs. This results have
been computed on a synthetic dataset having same node’s and edge’s labels distribution
and same ratio between the number of edges and the number of nodes as MAQO dataset but
generalized to different graph sizes. For a given number of nodes, a synthetic dataset is
composed of 100 pairs of source and target graphs. Each target graph has been generated
by removing one node and substituting another one from the associated source graph. The
overall edit distance between source and target graphs is then defined by the cost associated
to this two node operations together with the induced edit operations on edges. The graph
edit distance between each pair of graphs is around 10. Given this protocol, we generated
a synthetic dataset composed of 100 couples of graphs for different graph’s sizes, hence
obtaining 10 datasets from 10 to 100 nodes.

In Figure Bl the dashed green line corresponds to the computational time required to
compute an approximation of the graph edit distance, the plain blue line to the average
approximation error and the dotted red line corresponds to the percentage of pairs for
which the exact graph edit distance is computed using IPFP. The x axis corresponds to
the size of the graphs. The y axis on the left of Figure Bl represents simultaneously the
mean execution times and the average error using a same scaling. Hence, for example,
0.5 should be read as 0.5 seconds on the dashed green line and as an average error of 0.5
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on the plain blue curve. The y axis on the right corresponds to the percentage of exact
graph edit distances computed by our algorithm and should be used for the analysis of the
dotted red curve. As we can see, the accuracy of the approximation using IPFP is stable
for all tested sizes. The average error for each dataset remains about 5 to 10 % of the exact
graph edit distance which corresponds to a good approximation. Moreover, the percentage
of perfect approximation shows that we are able to compute the exact graph edit distance
for 75% to 91% pairs of graphs. From a computational point of view, the curve seems to
describe a polynomial function with respect to the size of graphs. Considering a bounded
number of iterations, this observation is conform with the cubic complexity associated to
the algorithm used to resolve LSAP problems, which is used in each iteration of the IPFP
algorithm.

7 Conclusion

We have in this paper characterized the solutions of some LSAP and QAP as edit paths
belonging to a certain family. This characterization has allowed us to solve the graph edit
distance problem through a QAP with a clear definition of the family of edit paths implied
in the minimization process.

The proposed algorithm used to solve the QAP usually provides a permutation matrix,
and hence a value which can be directly interpreted as an approximation of the GED. If
the final matrix is only stochastic, we simply project it on the set of permutation matrices
in order to obtain the desired value.

Our experiments show that the proposed algorithm usually find values quite close from
the optimal solutions within computational times which allow to apply it on graphs of non
trivial sizes. These experiments also show the importance of the initialization step since a
good initialization both improves the final result and reduces the number of iterations.

Our further works should investigate different directions: the initialization step, the
removal within our algorithm of the different instances of € values and finally the defi-
nition of alternative QAP solvers. Such improvements should allow in a near future to
compute efficiently close approximations of the graph edit distance on graphs composed of
a thousand of nodes.
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