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Abstract

Content-based subscription systems are an emerging alternative to
traditional publish-subscribe systems, because they permit more
flexible subscriptions along multiple dimensions. In these systems,
each subscription is a predicate which may test arbitrary attributes
within an event. However, the matching problem for content-based
systems — determining for each event the subsetof all subscriptions
whose predicates match the event — is still an open problem. We
present an efficient, scalable solution to the matching problem. Our
solution has an expected time complexity that is sub-linear in the
number of subscriptions, and it has a space complexity that is linear.
Specifically, we prove that for predicates reducible to conjunctions
of elementary tests, the expected time to match a random event is
no greater than O(N'~*) where NN is the number of subscriptions,
and ) is a closed-form expression that depends on the number and
type of attributes (in some cases, A ~ 1/2). We present some
optimizations to our algorithms that improve the search time. We
also present the results of simulations that validate the theoretical
bounds and that show acceptable performance levels for tens of
thousands of subscriptions..
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1 Introduction

Publish/subscribe (pub/sub) is a paradigm for interconnecting in-
formation providers to information consumers in a distributed en-
vironment. Information providers publish information in the form
of events to the pub/sub system, information consumers subscribe
to a particular category of events within the system, and the sys-
tem ensures the timely delivery of published events to all interested
subscribers. A pub/sub system is typically implemented over a
network of brokers that are responsible for routing events between
publishers and subscribers.

The earliest pub/sub systems were group-based. In these sys-
tems, each event is classified as belonging to one of a fixed set of
groups (also known as subjects, channels, or topics). Publishers
are required to label each event with a group name; consumers sub-
scribe to all events in a particular group. For example a group-based
pub/sub system for stock trading may define a group for eachissue.
Publishers post information labeled with the appropriate issue as
the group name, and subscribers subscribe to information regarding
some issue. In the past decade, systems supporting this paradigm
have matured significantly resulting in several academic and indus-
trial strength solutions {2, 7, 8, 9]. A similar approach has been
adopted by the OMG for CORBA event channels [5].

An emerging alternative to group-based systems is content-
based subscription systems [1, 3, 10]. These systems support
a number of information spaces, each associated with an event
schema defining the type of information contained in each event.
Our stock trade example may be defined as an information space
whose event schema is a tuple containing three attributes: an is-
sue, a price, and a volume, of string, dollar, and integer types
respectively. A subscription is then a predicate over these at-
tributes, such as (issue="IBM") and (price<120) and

(volume>1000).

Note that with content-based pub/sub, subscribers have the
added flexibility of choosing filtering criteria along multiple di-
mensions, without requiring pre-definition of groups. In our stock
trading example, the group-based subscriber is forced to select
trades by issue name. In contrast, the content-based subscriber is
free to use an orthogonal criterion, such as volume, or indeed a
collection of criteria, such as issue, price and volume. Further-
more, content-based pub/sub removes the administrative overhead
of maintaining and defining groups, thereby making the system eas-
ier to manage. Finally, content-based pub/sub is more general in
that it can be used to easily implement group-based pub/sub while
the reverse is not true. While content-based pub/sub is the more
powerful paradigm, efficient and scalable implementations of such
systems have not yet been developed.

In order to efficiently implement a pub/sub system, one must
first find an efficient solution to the problem of matching an event



against a large number of subscriptions. We refer to this problem as
the matching problem. One of the strengths of group-based pub/sub
systems is that this problem is straightforward to solve using a mere
table lookup. However, for content-based pub/sub systems, the
matching problem does not have a known, scalable solution.

A simple algorithm for content-based matching is to test all
subscriptions against each event. This naive algorithm runs in
time linear in the number of subscriptions. In practice, pub/sub
systems may be deployed in environments with tens of thousands
of publishers and subscribers, and in general pub/sub systems have
been aimed at providing support for large-scale, widely distributed
applications. Therefore, a linear time solution to the matching
problem is not adequate.

In this paper, we propose an algorithm whose time complex-
ity is sub-linear in the number of subscriptions, and whose space
complexity is linear. Our algorithm initially pre-processes the set
of subscriptions into a data structure that allows fast matching.
Pre-processing makes sense in most pub/sub environments, where
subscriptions tend to change infrequently enough that they can be
considered approximately static, but where events are published at
a fast rate. In such cases, the speed-up gained by pre-processing far
outweighs its cost. Furthermore, our algorithm allows subscription
updates to be incrementally incorporated into existing pre-processed
data.

In the pre-processing phase, our algorithm creates a matching
tree. In the matching tree, each node is a test on some of the
attributes, and the edges are results of such tests. Each lower level
of the tree is a refinement of the tests performed at higher levels,
and at the leaves of the tree we have the subscriptions. With sucha
tree, we can find the subscriptions that match an event by traversing
the tree starting from the root; at each node, we perform the test
prescribed by the node and follow all those edges consistent with
the result (there may be more than one edge). We then repeat these
steps until we get to the leaves. The leaves that are finally visited
correspond to the subscriptions that match the event.

In the case where subscriptions consist of equality tests on the
attributes, the asymptotic complexity of our algorithm is signifi-
cantly better than the one of the naive algorithm. More precisely,
the expected time to match a random event is O(N'~*) where N
is the number of subscriptions, and X depends on the number and
type of attributes (in some cases, A = 1/2). The constants hidden
behind the big-O notation are quite reasonable.

In summary, the main contributions of this paper are as follows:

1. We presenta generic matching algorithm whose performance
scales better than that of the naive algorithm;

2. In the case where subscriptions consist of equality tests, we
show that the matching time grows only sub-linearly in the
number of subscriptions, and that the space requirement is
linear in the number of subscriptions. This is the first match-
ing algorithm with such characteristics.

We also present some optimizations to the matching algorithm,
and show the result of simulations that validate the practicality of
the algorithm.

This paper is organized as follows: In Section 2 we formally
define the matching problem. We give the general version of our
algorithm for this problem in Section 3. This version allows sub-
scriptions that consist of conjunctions of arbitrary tests on attributes.
In Section 4 we present a version of our algorithm specialized for
the case when subscriptions contain only equality tests on attributes,
and show that the asymptotic time complexity of this algorithm is
sub-linear in the number of subscriptions. In Section 5 we discuss
enhancements that speed up the algorithm. In Section 6 we de-
scribe related work, and we conclude the paper in Section 7. In the
appendices, we provide some algorithmic details that were omitted
from our explanations.
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2 The matching problem

An event schema defines the space of possible events, by specifying
attribute names and types. A subscription sub is a boolean predicate
on events. We say that an event e matches a subscription sub if and
only if sub(e) = true. In the matching problem, we are given an
event schema and a finite set Sub of subscriptions.! Subsequently,
we are given an event e, and the goal is to determine all those
subscriptions in Sub that match e. We allow pre-processing of the
set Sub before we are given e.

A solution to the matching problem has two phases: pre_proc-
ess(Sub) and match(pre_processed data, event). The first phase
pre_process(Sub) takes the set of subscriptions Sub and outputs
an internal representation of the subscriptions. The second phase
match(pre_processed _data, event) takes this internal representa-
tion and an event, and outputs those subscriptions that match the
event.

We measure the performance of the solution by three parame-
ters:

o Pre-processing space complexity. The amount of data gener-
ated by pre_process;

e Pre-processing time complexity. The time needed to run
pre_process;

o Matching time complexity. The time needed to run match.

3 The tree matching algorithm

The matching problem can be solved easily by testing an event
against each subscription (in this case, there is no pre-processing).
This naive solution runs in time proportional to the number of
subscriptions. In many applications, the number of subscriptions
can be extremely high — in the order of magnitude of tens or
hundreds of thousands. If events are published at a fast rate, then
events need to be matched at a fast rate as well, and the naive
solution does not perform adequately. In this section, we provide
an algorithm that performs significantly better.

Our algorithm initially pre-processes the set of subscriptions
into a matching tree. We now describe this tree in detail, and then
we explain how it is used to match events. Henceforth, we assume
that each subscription is a conjunction of elementary predicates,
where each elementary predicate represents one possible result of
an elementary test. An elementary test is a simple operation on one
or more attributes of the event e.

That is, a subscription sub is as follows:

sub
Ty

priAprg A= Apry
testi(e) — res;

where the notation test;(...) — res; means that test; produces
result res;. For example, in the subscription (city = New
York) and (temperature < 40), we have two elementary
predicates, pr, and pr,, where

Ty testi{...) — New York
pr, = testy(...) = “<"
testy = “exzamine attribute city"
test; = “compare attribule temperature 40"

We assume that subscriptions with identical predicates are coalesced into a single
subscription.
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Figure 1: Example of a matching tree
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In the matching tree, each non-leaf node contains a test, and
edges from that node represent results of that test. A leaf node
£ contains a subscription sub, instead of a test. Intuitively, sud
is the subscription described by walking the tree from the root to
£ and taking the conjunction of the elementary predicates. More
precisely, for any node v on the tree, we define a predicate pred(v)
as follows?: let the path from the root to v be (test1, res:, tests,
ress, ..., test;, resj, v); then

1)

With this, we require that the subscription sub contained in a leaf £
satisfies:

pred(v) := (testy — resi) A--- A(test; — res;)

pred(€) = sub

where = denotes logical equivalence.
Here are some simple examples of the matching tree. Suppose
subscriptions sub; and sub; share test; as follows:

@

©)]
@

(test: — res1) A (testa — resy)
(test; — rest) A (tests — res3)

sub;
subz

In this case, the matching tree is shown in Figure 1.

The tree can have special “don’t care edges” — which we call *-
edges —that represent the fact that subscriptions reachable through
the edge do not care about the result of a test. These edges are
necessary when some of the subscriptions are independent of that
test. For example, suppose:

(testi — res1) A (tests — resy)
(tests — ress) A (tests — ress)

subs
suby

In this case, the matching tree is shown in Figure 2. When the
matching tree has *-edges, for each node v we define pred(v)
exactly as before (see Equation 1), and we assume by convention
that test; — * is equivalent to true. For example, in Figure 2, we
have that pred(subs) = (test; — *) A (tests — res3)A(tests —
ress) = (tests — ress) A (tests — ress) = suba.

If testy and tests happen to be related, the matching tree could
look different. More precisely, if (tests — ress) = (test; —
res;) then another possible matching tree is shown in Figure 3.
Note that it is still the case that pred(subs) = subs. Intuitively,
this matching tree is better than the one in Figure 2, because to match
an event, in Figure 2 we always need to evaluate test; and tests,
whereas in Figure 3, we only evaluate test; when test; evaluates
to res;.

2If v is the root node, we define pred (v) to be true.
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Figure 2: Matching tree with a *-edge

Figure 3: Matching tree when (test3 — ress) = (testy — resi)



procedure match{ Tree, event)
visit( Tree, root, event)

procedure visit( Tree, v, event)
if v is a leaf node of Tree then output(v)
else
perform test prescribed by v on event
if v has an edge e with the result of test
then visit(Tree, (child of v at the endpoint
of e in Tree), event)
i if v hasa *-edge e
12 then visit(Tree, (child of v at the endpoint
13 of * in Tree), event)

[ R Y N

S

Figure 4: General matching algorithm

In the specialization of the generic matching algorithm that we
consider in Section 4, different tests in the tree will neverbe related.

The algorithm pre_process that creates the matching tree works
as follows. We assume that the elementary predicates in subscrip-
tions are ordered according to a fixed total order. To create the
matching tree, we start with the empty tree, and we process one sub-
scription at a time by examining each of its elementary predicates
(in order), and adding nodes to the tree as necessary. For instance,
the processing of sub; (see Equation 3) would create nodes test:,
test; and sub; of Figure 1; and the subsequent processing of sub;
(see Equation 4) would create the remaining two nodes (note that
test; is not added again to the tree). The details of the algorithm
are given in Appendix A.

The algorithm match that uses the tree to match events is given
in Figure 4. The idea is to walk the matching tree by performing the
test prescribed by each node and following the edge that represents
the result of the test, and the *-edge if it is present. The set of
matching subscriptions will be all those leaves that are visited.
This particular algorithm traverses the tree in a depth-first order,
but clearly other orderings, such as breadth-first, would also work.

4 Matching equality tests

We now consider a version of the tree matching algorithm spe-
cialized to the case where subscriptions consist of conjunctions of
equality tests of attributes against constant values. We analyze the
performance of the tree matching algorithm in this special case, and
show that (1) the time complexity to match events is sub-linear in
the number of subscriptions, (2) the space complexity is linear in the
number of subscriptions, and (3) the time complexity to pre-process
is linear in the number of subscriptions.

More precisely, in this section we assume subscriptions are of
the form

sub:= (attr; = vi) A--- A (atlrg = vk)

where K is the number of attributes in the schema, and each v; is
either a constant or it is *, meaning that any value matches the j-th
predicate.

With this assumption, we can assign each level of the matching
tree to an attribute. For simplicity we assume that the i-th attribute
is assigned to level i. At level ¢, all nodes contain the test “exam-
ine the contents of attribute i”, and edges from the nodes are the
values against which the i-th attribute is being tested. For example,
suppose the set of subscriptions is

suby (attr1 = v1) A (attrs = v2) A (attrs = vs)
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Figure 5: A matching tree for equality tests

(attry = 1) A (attry = *) A (attrs = v3)
(attr1 = v}) A (attrs = 1) A (attry = v3)

S’ubz

sub3

In this case, the subscription tree is shown in Figure 5.

The pre-processing function that creates this tree is straightfor-
ward and is given in Appendix B. The matching function is the
same as in Section 3. We now analyze the performance of the
algorithm.

Pre-processing time complexity

For each subscription that we need to add to the matching tree, we
spend time proportional to the number K of attributes in procedure
pre_process. Therefore, if there are N subscriptions, the total time
spent in pre_process is O(NK).?> Since K is a constant (which
depends on the event schema), the pre-processing time is linear in
the number of subscriptions.

Space complexity

For the space complexity, note that each subscription can add at most
K + 1 nodes to the matching tree, namely, one for each attribute
and one for the leaf node containing the subscription. Thus, the
space required for the matching tree is O(N K), that is, linear in
the number of subscriptions.

Matching time complexity

We now analyze the time required to match an event in procedure
match. We measure the event matching time by counting the num-
ber of tree nodes that are visited during the match. In any reasonable
implementation of the matching procedure match, this number is
proportional to the actual time necessary to match the event, since
the algorithm performs a simple elementary test per node, which is
assumed to take constant time. For example, in a typical implemen-
tation, the attribute is evaluated, and its value searched in a hash
table to determine the successor edge (if any); that successoredge,
if present, and the *-edge, if present, are then followed.

The event matching time is a function of the set of subscriptions:
a large set of subscriptions generates a large matching tree, which
requires a larger time to run the algorithm. The matching time is also
a function of the particular event being matched; indeed, different
events cause different sets of nodes to be visited during matching
— even if the set of subscriptions is kept constant. One way to

3Note that any algorithm that reads all N subscriptions requires time at least N K.



handle this difficulty is to consider the worst case: how long does
it take to match the worst possible event, as a function of the set of
subscriptions? Unfortunately, there are cases where the worst case
performance is linear in the number of subscriptions. For example,
let v be any value and consider a tree that contains only edges
labeled v and *-edges. To match the event whose attributes are all
v, we need to visit all nodes in the tree. Thus the matching time is
equal to the size of the tree. It is easy to see that the size of the tree is
between |.S| and (K + 1)| S| where S is the set of subscriptions and
K is the number of attributes in the schema. Thus, in this example,
the (worst-case) matching time grows linearly with the number of
subscriptions.

In the rest of this section we take a different approach. We
compute the expected time to match a random event, and show that
even with the subscriptions chosen to maximize this expected time,
the expected time is sub-linear in the number of subscriptions.
Although here we assume a uniform distribution on events, the
techmques we describe can be used to analyze other distributions
as well. We also make the simplifying assumption that all attributes
range over the same set of values, but our analysis can be extended
to the more general case where attributes range over different set of

values (thlc extension ig very cumbersome, hnwpvpr\

Henceforth, let:
o K bethe number of attributes in the schema,and K := K +1;
o V be the number of possible values for each attribute;

e S be an arbitrary set of subscriptions.

C(S) the expected time to match a random event against the
set S of subscriptions.

We can obtain an easy upper bound on C(S) by noting that
when we match an event we follow at most two branches for every
level in the tree. Thus, the total number of nodes visited is at
most 2° + 2! + ... 4+ 2% * This bound, however, is unsatisfactory
hanniian it 30 avammantinlin 7 Wa aen intasnctad 10 hartndo that asa
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polynomial in K, V and | S|, and we next show one such a bound
that is sublinear in |.S].

Theorem 1 Supposethat all events are equally likely. The expected
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Since V > 2 and K > 2, we have (VK)/(VK — 1) < 4/3.
Also, since K > 2, we have 1/In K < 3/2. By introducing these
results in equation (5), we derive the following

Corollary 1 C(S) <2K|S|'"* (nV + n K).

We now proceed to prove Theorem 1. Henceforth, let St be
the subscription tree obtained when we pre-process S. For each

node v of this tree, we define nnnlf:n\ to be the number of times that
10CC s wee, Genne co u1e Numoer oI tmes that

this node is visited when we run the matching algorithm with all
the possible V¥ events. Note that this number is always a power
of V. For example, if v is the root node of the tree, then cost(v) is
VE. In general cost(v) VX =2 where ) is the number of non-*
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“This actually gives a bound on the time to match any event, not just on the average
maiching time.
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When all V¥ events are equally likely, then the probability that
a nnde v is visited when matching a random event is clearly equal

to V=¥ cost(v). Thus, the expected number C(S) of nodes of St

visited is:

venodes(Sr)

c(s) = (6)

cost(v)

where nodes(St) is the set of nodes of the tree St.

Lemmal Foranyj:0< j < K, St contains at most V7 (jfl)

1. TrK—
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Proof. Let j be such that 0 _<_ j < K. Anode n has cost V¥ —J
if and only if the path from the root to the node has exactly 7 non-*
edges. Such paths are uniquely determined by (1) the number of
edges in the path, (2) the position of the non-* edges and (3) the
values of the non-* edges. We can bound the number of paths with
j non-* edges by counting the possible ways to specify (1), (2) and
(3). The number n of edges is between j and K; the position of
the non-* edges are j distinct numbers between 1 and n, and so

there are Z.-:,_,-..‘ K (;) = (’]‘:1‘) ways of choosing (1) and (2).
Moreover, we can assign V' distinct values for each non-* edges.
Therefore, the number of paths in St with exactly j non-* edges is

at most V7 (K1)
\J+l)

o)

[}

Corollary2 Forany j : 0 < j
K[KVY)? nodes with cost equal oV
Proof.

1% K, St contains at most
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Lemma 2 St has at most K|S| nodes.
Proof. A subscription is associated with a path with K edges (one
edge for each attn'bute) This path contains K + 1 = K nodes.

Thus, if the tree has |S] subscriptions, it has at most K|S| nodes.
=]

™
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Henceforth, we order the nodes of St by decreasing order of
their cost, and we let () be the cost of the i-th node in the order
(if 4 is greater than the number of nodes, we let f() be zero). By

Equation (6) and Lemma 2, we have that
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Definition 1 Henceforth, let
g(z) == (Az + B)_)‘
where
A VR — 1/R] ©)
B vk (10)
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Lemma 3 f(z) < g(z)
Proof. By Corollary 2 and the definition of f, we have that for

each i such that 0 < 7 < K and for each 7 such that
S ) K[KV]p <j< 5 K[KV]"
A
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By using the definition of g, we conclude that
g( Z R[R’V]p) = VK-
p=0...%

The lemma now follows because g is a non-increasing function.
a

Proof of Theorem 1. We have that

K|S}
VES” f(z)
x=1

R|S)

V5> g(z)

K
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After replacing the values of A and B given in (9) and (10), and
simplifying, we obtain:

C(S)

IA

IA

VEK[(VK|S| = |S| + 1)!™* - 1]
(VK-1)(1-X)
After using the fact that VK|S| — |S| + 1 < VK|S and that

(VEK)'~* = K, and after replacing the value of A givenin (11) we
obtain Equation (5). (a]

c(s) <

5 Optimizations to the general tree matching algorithm

A certain amount of static analysis of the subscription tree can be
used to streamline the search in the above algorithm. An extremely
straightforward and obvious optimization is to collapse a chain of
edges into a single edge whenever the intermediate nodes have
only a *-edge. For example, the edge from node J to node A in
Figure 6 can be rewritten to lead directly to node B. In the simulation
runs discussed later, where some attributes are rarely tested by a
subscription, this simple transformation of the tree led to a 60%
reduction in matching time.

A second optimization allows some successor nodes to be pre-
computed at analysis time, thereby reducing the number of attribute
re-evaluations needed at matching time. This optimization is based
upon the assumption that the parallel subsearches (steps 9 and 12 of
Figure 4) will be performed in some known serial order, e.g. a non-
* edge will be followed before a *-edge. We can then annotate the
search data structure to use the information obtained by traversing
the non-* edges to skip over tests in the *-path which are implied
by tests already performed in the non-* path.

For example, let us suppose that all subscriptions are equality
tests, that each elementary test is a simple evaluation of an attribute,
that the matching tree is the one shown in Figure 6, and that we
always follow non-* paths before *-paths. Suppose that we are

58

Figure 6: A matching tree with successor node annotations

matching the event (1,2, 3, 8,2). We follow the path (a1 = 1,a; =
2,a3 = 3) to node C in Figure 6, and then find ourselves blocked
when a4 = 8 and there is no non-* path to follow. Static analysis
can predict that any search reaching node C must later traverse the
paths labeled (a1 = *,a2 =2,a3 = 3), (a1 = 1,02 = *,a3 = 3)
and (a1 = 1,a2 = 2, a3 = ), if they exist, since these predicates
are implied by (a; = 1, a2 = 2, a3 = 3). The second and third of
these paths exist and lead to nodes G and H. At analysis time, we
designate G and H as successors of C. But the remaining path (to the
dotted node labeled D) does not exist; so instead of D, D’s successors
(the nodes E and F whose paths are (a; = *,a2 = *,a3 = 3) and
(a1 = *,a2 = 2,a3 = *)) are designated as successors of C. (Of
course, the node I, reached from C via a *-edge, is also designated
as a successor.)

More formally, if the path p to a node N ends in n consecutive
non-* segments, the successorset S.S(p) corresponding to that path
consists of the n paths p; obtained by replacing one of the non-*
segments with a *. The successor node set stored in the node at p
contains: for each p; in SS(p), a pointer to the node reached by
path p; if it exists, else the nodes in the successor node set of the
node at p;. If there is a child node reachable from N by a segment
labeled *, this child node is also included in the successor node set.

In the general case, node N2 is a successor of N; iff
pred(N1) = pred(N>) and there does not exist an intermediate
node N3 such that pred(N,) = pred(N,) = pred(Ns).

Even more aggressive static analysis can be performed. For
example, suppose we know at analysis time that we will always
follow a successful test before following *-edges. Then if we have
reached node C and if we are blocked, we know not only that
{a1 = 1,42 = 2,a3; = 3), but also that a4 # 1. This information
allows us to refine the successor set, since we know that at nodes F,
G, and H, the test of a4 will also fail. We replace F, G, and H with
their successor nodes, which in this case is the single node K, the
successor of G.

When this form of static analysis is used, the order of following
nodes at matching time is constrained so that only non-* branches
are followed until a node is reached for which there is no child
node labeled with the value of the tested attribute, or until a leaf is
reached. Then the successor node set is used to determine where



to continue the search. The performance of this approach has been
measured, and leads to increased (but still linear) space, and about
a 20% additional improvement in search time relative to the first
optimization.

The search can be further improved, at the cost of increased
space, by factoring out certain attributes. That is, certain attributes
— preferably those for which the subscriptions rarely contain “don’t
care” tests — are selected as indices. A separate subtree is built
for each possible value of the index attributes. The subtrees do not
include tests for the index attributes. A subscription (minus the
tests for index attributes) is placed into each subtree consistent with
those of its elementary predicates which test the index attributes.

This means that if the subscnptlon has “don’t care” on m of the
index attn’bugeisg, and there are V' values per attribute, it must be

inserted into V'™ subtrees. Therefore, in order for this optimization
to be scalable, the number of index attributes must be kept small

enouch so that V™ is small relative to the number of subscrintions

LROUEL s lal Vo IS S Gis ALAG VO WML LIUIIIUNE UL SuUSVLIpPuUnS.

6 Related Work

As far as we know, there are no other algorithms for the matching
probiem with sub-linear time-compiexity, and linear space com-
plexity. The content-based subscription systems that have been de-
veloped so far have not yet adapted scalable matching algorithms.
SIENA allows content-based subscnphons to a distributed network
of event servers (brokers) [3). SIENA filters events before forward-
ing them on to servers or clients. However, a scalable matching
algorithm for use at each server has not been developed. The Elvin
system [10] uses an approach similar to that used in SITENA. Publish-
ers are informed of subscriptions so that they may “quench” events
(not generate events) for which there are no subscribers. In [10],
plans are discussed for optimizing Elvin event matching by inte-
grating an algorithm similar to the one in this paper. This algorithm,
presented in [4], converts subscriptions into a deterministic finite
automata for matching. However, the main difference between [4)
and our work is that we seek matching algorithms with (worst-case)
space complexity linear in the number of subscriptions, while in
[4], the space complexity is exponential.

Another algorithm for optimizing matching is discuss

At analysis time, one of the tests a;; of each subscription is chosen
as the gating test; the remaining tests of the subscription (if any)
are residual tests. At matching time, each of the attributes a; in the
event being matched is examined. The event value v; is used to
select those subscriptions i whose gating tests include ai; = v;. The
residual tests of each selected subscription are then evaluated: if any
residual test fails, the subscription is not matched; if all residual tests
succeed, the subscription is matched. Our tree matching algorithm
performs this type of test for each attribute, not just a single gating

test dlLﬂUl.lw
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7 Di
In this paper, we have presented a matching algorithm suitable for
a content-based subscription system. For the case where subscrip-
tions contain only cquality tests, the algorithm matches events in
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uniform distribution of events but a worst-case set of subscriptions.
The space requirement for the matching tree is linear in the number
of subscriptions.

In addition to the theoretical analysis of this algorithm, perfor-
mance was also tested with a variety of simulated loads. In these
tests, we assumed an event schema of K attributes, each attribute
having V possible values.

We generated a random mix of N subscriptions as follows:
We assumed that the attributes varied in “popularity”, where pop-
ularity measured the likelihood peare that a particular subscrip-

¢

(]

500 500
~&- operations

~ 400 e Space 7/ 100 2
° O
i / s
g 300 —r 300 8
2 3
s 2
g 200 — — 200 £
a o
O o
* 100 / / 100 §

/ 7]

0 / —— 1 0
0 5 10 15 20 25 30 35 40
1000s of Subscriptions

Figure 7: Performance of matching algorithm under simulated
workload

tion would contain a test for this attribute as opposed to a “don’t
care”. By convention, the first attribute was the most popu-
lar, with @ pcare(1) = p1.  Each successive attribute was pro-
gressively less popular by a degradation factor of D; that is

{2 L 1)\ = Dn {2} Tha valnas tactad in tha enhesrintiane
Peare\t T i] = L'Pearel?;. 10€ YAUSCS (CSICU Il 1€ SUSSCIIPUOHIS

varied according to a Zipf distribution.

We generated random events assuming that the V' possible val-
ues of each attribute were uniformly distributed.

Figure 7 shows a set of simulations for V = 3, K = 30, and the

fartnring antimisatinn far 2 indav atteihitaa fthat ia 27 anhtsaan)
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Values of p; and D were chosen so that the number of matches per
event was held at 100 independent of N. The space was measured
by counting the number of edges plus the size of the successor sets
used by the optimization discussed in Section 5.

ULIICI lucaaulclucul.a ul an dLludl Jqu'Ude plUl.Ul,pr lla-\"e
shown that even with as many as 25,000 subscriptions, we can match
an event in under 4 milliseconds, even with a fairly unoptimized
algorithm.?

The analysis and results above are for the special case where
all attribuie tests are equauty tests. WC also have a version of
the algorithm for inequality and range tests. However, we do not
yet have a good enough definition for “typical” ranges to generate
simulated loads for a performance analysis. Work on a theoretical
analysis of the algorithm with range tests is underway. We are
also working on analyzing the performance improvements of the
optimizations of Section 5.

The authors’ Gryphon pub/sub system [1] uses this matching
algorithm (for both equahty and mequahty tests) to implement a
distributed, high-performance content-based pub/sub system. The
goal of the Gryphon project is to advance the state-of-the-art in
distributed messaging from simple group-based pub/sub, to a full

featured message hrnlwrmo system mcnrnnrann_a content-based

queries and custormzed message transfonnat:ons.
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A The pre-processing aigorithm
We now present in detail the pre_process algorithm that is briefly
outlined in Section 3. This algorithm is used to generate the match-
ing tree, and is shown in Figure 8. The matching tree is represented
by aset T of triples (v, r, v"), where such a triple represents the fact
that is an edge labeled r from node v to node v’. The root of the
tree is represented by a specially designed node called tree_root.
For each node v, v.data represents the data associated with v (this
data is a test if v is not a leaf, and it is a subscription if v is a leaf).
Procedure pre_process processes each subscription in the set
Sub, one at a time, by invoking procedure process_sub. The latter
procedure is responsible for adding the subscription to the currently
existing tree. Initially, we check if the tree already exists, and if
not we create it (lines 7 and 8). Next, we loop over the primitive
predicates in the subscription to check which are aiready present
in the tree (loop in lines 11-25). Finally, we add the remaining
primitive predicates that are not yet in the tree (lines 26-35).
The loop in lines 11-25 starts at the root of the tree (v
tree.root) and proceeds down the tree by successively checking
that the tree contains the primitive predicates t; — r1,...,t; — g
of the subscription. In line 12 we check if the current tree node v
is a leaf, and in that case, we replace that node with a primitive
predicate and we exit the loop by setting found to false. In line 17,
we deal with the case that the current tree node v is the current test
t;. In this case, there are two sub-cases: the tree does not contain an
edge for the current result r; (line 18), and the tree already contains
such an edge (line 19). In the first sub case, we simply exit the loop
by setting found to false. In the second sub case, we follow that
edge on the tree, and continue the loop with the next primitive test.
If v is not the current test t;, we continue searching the tree for
t; as follows: (1) if the test in the current node v is related to result
v’ of test ¢; as we described in Section 3 (that is, (¢; — ;) =
(v.data — 7’) for some edge ' in the tree), then we follow edge
r’ (line 21), (2) if there is some *-edge at v, then we follow that
edge (line 22); or (3) if there are no *-edges at v, then we create a

*.¢dge at v pointing to a node with ¢; and we exit the loop (lines 24
and 28)

aligi oo ).

Once we exit the loop of lines 11-25, we check if there are still
primitive predicates that need to be added to the tree (line 26). In that
case, we add those predicates, followed by the subscription itself
(lines 27-29). Else, we add the subscription to the tree as follows:

if th e 4 Aa laanf An th th 3. t,
if the current node is a leaf node, there is nothing to be done — the

subscription is already in the tree (line 31); else, we follow *-edges
until it is no longer possible, and then add the subscription to the
tree (lines 33-35).

B The pre-processing algorithm for equality tests

Tn thic cantinn wa nracant tha nre nracacc alanrithm cnacializad for
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the case when subscriptions contain only equality tests. The algo-
rithm is given in Figure 9, and is much simpler than the general one.
As in Section A, we assume that the matching tree is represented by
T. Just as before, leaf nodes of T’ contain subscriptions but unlike
bcfulv, non-leaf nodes of T do not contain any uaux, this is because
the test associated with a non-leaf node is implicit by the position
of the node in the tree. More precisely, if a node v is at level ¢ of
the tree, then the test associated with a node in level 4 is always
“examine the contents of attribute ¢”, and the edges leaving v are
possible values of attribute ¢ (or it could be the *-edge).

Procedure pre_process(Sub) works as before: it loops over
each subscription to be added, and invokes process_sub. Function
Jollow takes a vertice v and a value 7, and returns the node v’
obtained by following edge r of node v (if such an edge does not

exm. at nuuc v, un: lUIlLI.lUﬂ duub ll io an IJCC) in pruu:uurc
process.sub(sub), for each ¢ we set 7; to be the value against which

60

attribute 4 is being tested in the subscription (if attribute i is not
being tested, we set r; to *). This is done in line 10. Then, we
simply succesively call function follow on values r 372, ey

(lines 13 and 14). With this, we obtam a leaf node, and then add
the subscription to that node (line 15).
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procedure pre_process(Sub)
for each sub € Sub do process_sub(sub)

procedure process_sub(sub)
let subbegivenby (¢ = ri) AL A {tq — 1q)
{ ¢ is the number of conjunctions in sub }
if tree_root = L
then tree_root — new node; tree.root.data « t;; found « false
else found « true
v « ilree_rool; i — 1
while found and i <= g do
if v is a leaf node then
let w, r’ be such that (w, ', v) € T { edge going into v }
v’ — new node; v'.data — t;
T« T\ {{w,,v)} U {{w,r,v), ¥, *v)}
v «— v'; found « false
else if v.data = t; then
if Bw : (ti,r:,w) € T then found « false
elseletw : (ti,rs,w) €T, v —w;i—i+1
else v.data # t;
if3r,w: (v,r,w) € TA[(ti = ri) = (v.data — r')] thenv — w
elseif Jw: (v, %, w) € Tthenv «— w
else {Bw: (v,x,w) €T}
v — new node; v'.data — t;
T — TU{(v,*v)}; v« v'; found + false
if not found then
while { <= g do
v’ « new node; if i < q then v'.data = t;4 else v'.data = sub
T—TU{(v,ri,v )i —i+1
else { found }
if v is a leaf node then nop { subscription already in tree }

alca
CIST

while 3w : (v,*,w) € Tdov « w
if v is a leaf node then nop { subscription already in tree }
else v’ — new node; v'.data «— sub; T — T U (v, *,v)

Figure 8: The pre-processing algorithm

procedure pre_process( Sub)
for each sub € Sub do process_sub(sub)

function follow(v, r): node
if v : (v,r,v') € T thenreturnv’ A
else v’ «— new node; T — T U (v,7,v"); return v’

BIT PLULLOs.S )]

{ K is the number of attributes in the schema }

let sub be given by (attr; = r1) A... A (attrx =rk) { we set r; to “*” if attribute  is not tested in sub }
if tree_root = 1 then tree_root «— new node

v « tree.root

foam 7 o 1 é¢n I A
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v « follow(v,r;)
v.data — sub

racedurs nrocess_subf{sub)
CEa! C{SuUs

Figure 9: The pre-processing algorithm for equality tests
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