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Abstract

Current publish / subscribe systems o�er a range of expressive subscription languagesfor con-
straints. However, classicalsystemsrestrict the publish operation to be a single published object
that contains only constants and no constraints. We introduce symmetric publish / subscribe,
a novel generalization of publish / subscribe where both publications and subscriptions contain
constraints in addition to constants. Published objects are matched to subscriptions by comput-
ing the intersection of their constraints. This generalization improves the performanceof classical
publish / subscribe systems and introduces a new class of applications for publish / subscribe.
This paper describesthe core algorithms of our publish / subscribe implementation, evaluates the
performanceof thesealgorithms both analytically and empirically, and documents caseswhere the
additional expressivepower of symmetric publish / subscribecanbegainedwith minimal additional
computational cost comparedto the classicalsystem.
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1 In tro duction

Current publish / subscribe systemssupport two key operations. The subscribe operation allows a
client to register a subscription that contains a constraint. The publish operation allows a client to
senda messageto all clients whoseconstraints matchesa publishedobject. Constraint languagesfor
the subscribe operation include atomic matching (many are listed in [11]), comparisonpredicates
over setsof attribute/v alue pairs [19], XPath expressionsover XML documents [1], and vector space
matches on documents [20]. In all of these systems,clients may only publish objects with �xed
constants.

In this paper we describe a system where both publications and subscriptions consist of con-
straints. The system computes the intersection of publication constraints with subscription con-
straints to determine the match betweenpublications and subscriptions. This generalization leads
to better expressive power than classicalpublish / subscribe systemswhere publications consists
only of constants, not constraints and is analogousto constraint databases[16, 4, 3, 2] that provide
query processingover constraints.

For example, in auction systems,a seller of merchandise typically o�ers a range of options to
buyers. In particular, pricing discounts often vary depending on the size of an order (lot size).
Buyers are interested in simultaneously expressingprice upper bounds and lot sizeranges.

In a typical classicalpublish / subscribe systemsuch as the Java MessagingSystem(JMS), an
exampleauction implementation might assignsellersas publishers and buyers as subscribers. The
seller publishes a lot size and price on a topic (channel) that represents a product category. The
publication is a set of attribute/v alue pairs. For example, the publication

topic = pencils
lotlower = 1000
lotupper = 10000
price = 1.00

represents an o�er to sell a lot of pencils.
Symmetric publish / subscribeenablesthe sellerto expresssuch an o�er directly asa publication

constraint and matchesbuyers' and sellers' constraints directly. In this casethe additional expres-
sive power of symmetric / publish subscribe allows the seller to describe the o�er more naturally
as \ topic = `pencils' AND 1000� lot � 10000AND price = 1:00."

1.1 Con tributions of this pap er

This paper is the �rst known investigation of symmetric publish / subscribe systems.We present a
preliminary investigation of such systemsand report analytical and experimental results on several
basic questions:

� What is the impact of the complexity of the constraint language?

� What is the performancepenalty of symmetric publish / subscribe versesclassicalpublish /
subscribe?

� What is the impact on performanceof the number of matches between publishers and sub-
scribers?
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� How well doesthe system scalewith current technology?

� Doesbatching the processingof publications improve performance?If so, by how much?

In contrast to existing publish / subscribe systems, this system decouplesmatching of pub-
lications and subscriptions from the publish operation. Thus, the system supports four primary
operations: client registration of subscriptions, client registration of publications, the matching of
subscriptions and publications by computing the intersection of their constraints, and noti�cation
of the client pairs as indicated by the match operation. This decouplingallows us to de�ne various
transactional semantics as discussedin Section 7. The decoupling also meansthat batchesof mul-
tiple publications may be easily simultaneously matched against the set of existing subscriptions,
improving the amortized performanceof the publication operation.

Section 2 describes symmetric publish / subscribe in more detail. Section 3 describes our
designof a symmetric publish / subscribe systemand the algorithms usedto add publications and
subscriptions to the system and to compute matches between constraints. Section 4 analytically
evaluates the complexity of our algorithms. Section5 describesthe framework usedto evaluate our
symmetric publish / subscribe implementation in more detail, and section 6 presents the results
of our experimental analysis. Section 7 describes a variety of transactional semantics that could
be implemented using our design,as well as describeshow symmetric publish / subscribe could be
implemented on a larger scalein a distributed cluster environment. Section8 surveysrelated work
and section 9 concludes.

2 Symmetric publish / subscrib e

A symmetric publish / subscribe system consistsof:

� A schemaconsisting of a set of attributes A = f a1 : : : ajA jg.

� A set of comparisonoperators, O = f o1 : : : ojOjg.

� A set of typesT = f t1 : : : t jT jg and an associated domain of valuesD t i = f d1 : : : djD jg for each
type t i .

� An assignment of a type to each attribute.

� A set of clients K .

� A set of constraints C = f c1 : : : cjC jg. Each constraint is a pair (k; e) of a client k 2 K
and a boolean expressione. e is composedof the conjunction, disjunction, and negation of
predicates p 2 P, where P is set of type-safepredicates of the form ai � i vi where ai 2 A,
� i 2 O, and vi 2 D. We additionally require that each attribute must appear at most once
in each disjunctive phrasewithin a constraint.

� A set of four functions:

publish( c, k, z) is a client function that publishes the constraint c of client k with version
z. Version management is discussedwith respect to a distributed implementation of
symmetric publish / subscribe in Section 7.2.
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subscrib e(c, k) is a client function that adds the subscription c for client k.

matc h( C1, C2) is a server function that computesthe match of constraint sets(publishers)
C1 and (subscribers) C2

notify( K � K ) is a server function that noti�es pairs of clients (k1; k2) 2 K � K as deter-
mined by the match function.

The schema de�nes an underlying data model of attribute-v alue pairs. Each attribute has a
single type of integer, 
oat, date, string, point, region, etc. For example, f (x, integer), (y, 
oat),
(thing, string)g is a schema(that is, an instanceof the data model) with three attributes and three
di�eren t types. Publisher and subscriber constraints are type-checked against the corresponding
type.

Publisher and subscriber constraints are conjunctions of comparison predicates where an at-
tribute is compared to a constant. For example, a subscriber constraint may be \ x > 5 AND
y < 5:5 AND thing = `squirrel' ". This constraint is also a legal publisher constraint. In fact, any
constraint can be either a publisher or subscriber constraint; However, the interpretation of the
constraint dependson its role as a published constraint or a subscription.

In addition, we require that each constraint may referencea variable only onceper disjunctive
clause. Thus, redundant constraints such as \ x < 1 AND x � 3", tautologically false constraints
such as \ x < 1 AND x � 3", and complex constraints such as \ x < 1 AND x 6= 0" are disallowed.
Range expressionssuch as \ x > 1 AND x � 3" are explicitly supported with the range operators
for each type. For example, for integers there are four range operators covering the four casesof
open or closedintervals: (�; �), (�; �], [�; �), and [�; �].

Constraints describe point-sets [16], the (possibly in�nite) set of points that satisfy the con-
straint. Thus, the constraint 0 � x � 1 AND 0 � y � 1 where x and y are 
oats describes the
set of all points of a unit squareanchored at the origin. No type conversion is allowed; every value
must be of the type of the attribute in a given predicate.

The match operation determinesthe set of publisher constraints that intersect subscriber con-
straints. A publisher constraint intersects a subscriber constraint if the point-set of a publication
constraint intersects the projections of the point-set of the subscriber constraint. The constraint
c1 de�ned as \ x = 1" contains the single value (1). The constraint c2 de�ned as \ x = 1 AND
y = 1" has the point set containing the single point (1,1). The projection of c2 onto c1 is (1).
The projection of c1 onto c2 is unde�ned. If c1 is a publisher constraint and c2 is a subscriber
constraint, then the constraints match becausethe publisher point-set of (1) intersectsprojection
subscriber point-set of (1,1). However, the opposite doesnot hold. If c2 is a publisher constraint,
then subscription c1 does not match. Another consequenceof the de�nition of matching is the
treatment of half spaces.Consider constraints c1 = x < 1 and c2 = x < 2. These two constraints
match regardlessof the association with publisher or subscriber.

3 Arc hitecture

In this section we show that the system can be e�cien tly implemented as an application program
executing transactions on a relational databasemanagement system (DBMS). The publish, sub-
scribe, and match functions are implemented as application code that executestransactions on the
database.After matching is complete,the processof notifying pairs of clients is straightforward and
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s id s disjunct id �eld val op
1 0 x 6 <
1 0 y 3 =
2 0 x 4 <
2 0 y 2 <

Figure 1: Example instance of a subscription table, integer subs

doesnot require databaseinteraction. Thus, the notify function is not discussedin the remainder
of the paper.

Using a relational DBMS provides all the usual advantagesof relational technology: full power
of indexing and query optimization; clustering, abstract data types,main memory databases;and
24x7 operation, monitoring, performance tuning, backups, archiving, etc. In particular, our im-
plementation of symmetric publish / subscribe bene�ts from (a) the clear ACID semantics for
publications, subscriptions, and matching operations, which enablesa variety of transaction mod-
elsas discussedin Section7; (b) the persistent storageof client state over time that allows durable
subscriptions, persistent messaging,etc.; and (c) the abilit y of a mature query optimizer to adapt
the constraint-matching algorithm to the characteristics of the constraints of each particular work-
load.

3.1 Constrain t Publication and Subscription

Data for each publication is stored in a publication relation, which for e�ciency is partitioned by
data type. For example, if the systemsupported constraints over integer, 
oat and string typesthe
databasewould contain the relations integer pubs, float pubs, and string pubs.

The publish operation takesa constraint Casinput and converts C into an equivalent constraint
C0 that is in disjunctive normal form. Negated atomic predicates are converted to equivalent
predicates in a non-negatedform if possible,and otherwise an error condition is returned to the
publishing client (eg. \NOT integer x < 2" would be converted to \in teger x � 2"). For each
disjunct in C0 a tuple (p id; p disj unct id; count) is inserted into a pub master table which records
the number of atomic predicatesin the conjunctiveclauseof that disjunct. For each atomic predicate
in C0 a tuple (p id; p disj unct id; f ield;value;operator ) is inserted to the appropriate type pubs
table, where p id is the unique identi�er assignedto constraint C and p disj unct id speci�es in
which disjunct the atomic predicate occurs. The subscribe operation similarly takes a constraint
as input and inserts such tuples into sub master and type subs tables. Essentially , the constraint
is encoded into the relation by reifying the variables and embedding the values,and operators.

For example, consider a symmetric publish / subscribe system that implements less-than and
equality over integers. The subscription constraints \ x < 6 AND y = 3" and \ x < 4 AND y < 2"
generatethe relation shown in Figure 1.

Similarly, the publication constraint \ x < 5 AND y = 1" generatesthe relation shown in
Figure 2.

3.2 Constrain t Matc hing

A summary of the match operation is as follows. To compute the constraint intersectionsa query
is issued for each possiblepair of operators and type, grouped by pair of publish and subscribe
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p id p disjunct id �eld val op
3 0 x 5 <
3 0 y 1 =

Figure 2: Example instance of a publication table, integer pubs

constraint and disjunct identi�ers. The query counts the number of matching conjuncts for the
given pair of operators for each �eld and inserts the results into an intermediate answer table.
An aggregatequery is then executed over the intermediate answer table, determining the total
number of conjuncts that matched for each disjunct. For each subscription disjunct this count is
then comparedto the total number of conjuncts for each disjunct in the pub master table. If these
counts are equal for a publication/subscription disjunct pair then the subscription and publication
match, and the result is recordedfor the notify function.

To improve the e�ciency of matching, a multi-attribute index of (id, disjunct id) is declared
for the pub master and sub master tables. Similarly, a multi-attribute index of (op, val) is
declaredfor each type pubs and type subs table where possible. For typeswhere multi-attribute
indexesare not supported, single attribute indexeson op and val are declaredif possible.

Operators can be freely mixed betweenpublication and subscription constraints for a particular
�eld/t ype pair. Rangeand comparisonoperations on strings operate on the lexical ordering.

3.2.1 Generating the in termediate answer table

For each possiblecombination of operatorsand types,the systemissuesan explicit query that counts
the satis�ed intersections for a particular �eld and subscription. The results of this sequenceof
queriesare inserted into a temporary table. Since operators can be freely mixed, a large number
of queriesmay be generated. A rule-basedquery generator generatesall possiblecombinations.

Each query in the sequencehas the samegeneral form. For example, to generatematches be-
tweenpublications using integer less-thanand subscriptionsusing integer greater-than the following
query is issued:

INSERTINTO intermediate_answer
SELECTp_id, p_disjunct_id,

s_id, s_disjunct_id,
p.field, COUNT(p.field)

FROMinteger_pubs p, integer_subs s
WHEREp.op = '<' ANDs.op = '>='

ANDp.field = s.field
ANDp.val > s.val;

GROUPBY p_id, p_disjunct_id,
s_id, s_disjunct_id

Figure 3 shows the intermediate answer table that would be generatedfor the example publi-
cation and subscription above after all such queriesare issued. In this example, the �rst inserted
row correspondsto the match of subscription 2's constraint \ y < 2" with publication 3's constraint
\ y = 1." The secondrow corresponds to the match of subscription 1's constraint \ x < 6" with
publication 3's constraint \ x < 5," while the third row corresponds to the match of subscription
2's constraint \ x < 4"with publication 3's constraint \ x < 5."
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Constraint information Answer
p id p disjunct id s id s disjunct id �eld count

3 0 2 0 y 1
3 0 1 0 x 1
3 0 2 0 x 1

Figure 3: Example intermediate answer table

3.2.2 Coun ting the matc hes for each disjunct within the constrain ts

The intermediate answer table is then usedto count the total number of matchesfor each disjunct
within a publication/subscription combination. If the number of matches equals the number of
conjuncts for somedisjunct, then that publication/subscription combination is noti�ed. This query
is issuedto compute the matching subscriptions from the intermediate answer table:

SELECTp_id , s_id
FROMintermediate_answer agg, pub_master pm
WHEREagg.p_id = pm.id

ANDagg.p_disjunct_id = pm.disjunct_id
GROUPBY agg.field, agg.p_id, agg.p_disjunct_id,

agg.s_id, agg.s_disjunct_id, pm.count
HAVINGsum(agg.count) = pm.count;

This query result is given to the noti�cation system,which then noti�es the appropriate clients.

3.3 Design Alternativ es

The above section describesjust one choice in a spectrum of designalternatives for the implemen-
tation of symmetric publish / subscribe, and in particular the encoding of constraints. Another
option would be not to partition the subscription and publication tables by constraint data type
and instead usesingle subscription and publication relations that could accommodate the variety
of data types. Since databaseschema de�nitions are well-typed, such a relation would require a
distinct attribute column for each type (i.e., integerval, 
oatv al, etc.). The advantage of this design
option is the simpli�cation of the implementation; the disadvantage is the sparsenature of the
encoding sinceeach row of the table would contain mostly nulls.

Another option would beto avoid rei�cation of variablesand map each subscription variable into
its own relation, e.g. \ x = 10" would be encoded into either a relation subscription integer x
or perhapsjust subscription x. Such a choice has the advantage that matching constraints for a
particular variable would be highly optimized sinceeach variable is encoded as part of the schema,
but the disadvantage of greatly increasingthe number of queriesthat must be executedto compute
the match function. Additionally , such a designwould require the schema to adapt any time a new
variable were introduced to the workload, a frequent occurrencefor many applications.

Our choiceto partition the subscription and publication tables by type is a compromisebetween
thesetwo extremes. This designobtains densestorageof constraints without requiring the explosive
number of queriesrequired to perform matching and the frequently-evolving schema of the latter
alternative.
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4 Analysis

To processa set of publication and subscription constraints from scratch, the above method's
response time cost is the sum of the times: (1) to store the constraints, (2) to construct the
indexes,(3) to executethe match operation, and (4) to count the matches. In the following we use
o for jOj and uset for jT j when the context is clear.

For step 1 above, the time to store a constraint and its conjuncts is O(p + s) where p and s
are the number of conjuncts in the publications and subscriptions. The incremental cost of an
additional constraint is O(1).

For step 2 above, the complexity of constructing and maintaining the indexes is O(p logp +
s logs). The incremental cost of indexing a new constraint is O(log p) or O(log s).

For step 3 above, each individual query executesin O(p+ logp+ s+ logs) time sincethe join of
each query is executedas the mergeof two indexes. For su�cien tly large pubs and subs relations,
this mergeis fed into a hash-aggregatefor the group-by and count. Given o operators, t types,and
m conjunct matches, O(o2t) queries must be executed, the answers of these queries are saved in
O(m) time.

For step 4 above, the cost to count answers is O(m + p) sincethe query is executedas a nested
loop join entirely in memory. In practice, this query could be replacedwith application code that
computesthe sameresult.

The total worst-casetime to compute all matches is then O(o2t(p+ logp+ s + logs) + p logp+
s logs + m + p).

This analysis revealsone major di�erence betweenclassicaland symmetric publish / subscribe
systems. In a classicalsystem,additional typesand operators can be addedessentially without any
computational cost. In our symmetric publish / subscribe implementation each additional data
type imposesa high cost becauseof the dominant o2t term.

Publish / subscribe systemstypically operate on-line with a relatively static set of subscribers
and a high volume of publishers and matching operations. In this case,(a) s is indexed onceo�-
line, (b) each match operation is performed on a small number of publishers so p � s, and (c) the
number of matchesis small som � s. The time to compute on-line matchesreducesto O(o2t logs)
time. In practice, the system operates in O(o2tc + o2t(c � 1) logs) time where c is the fraction of
combinations expressedby the o2t combinations where the match query has an empty answer. In
practice c is nearly 1 sincethe vast majorit y of operation combinations are empty.

If type conversion is allowed then the dominant O(o2t) term in the above analysis instead
becomesO(o2t2) sinceevery combination of type and operator pair must be tested.

5 Exp erimen tal Framew ork

This section describesthe framework usedto evaluate our implementation of symmetric publish /
subscribe. Our prototype is basedon the PostgreSQL system and supports all pre-de�ned Post-
greSQL data types. It includes all the standard comparison predicatessupported by PostgreSQL
(=, < , � , > , � , 6=) as well as a subsetof its geometric predicates (overlaps, contains). Publisher
and subscriber constraints may be composedof the conjunction, disjunction, or negationof strictly-
typed comparisonpredicates. For instance, the constraint \in t x < 7" would match \in t x = 5" but
not \double x = 5.0". Our implementation is easily extensibleto include all pre-de�ned predicates
on PostgreSQL types as well as type conversion within constraints, although the latter extension

7



would increasethe complexity of the match operation as mentioned in Section 4.
We implement symmetric publish / subscribe in Java 1.4.2 using PostgreSQL 8.0.1 and the

standard PostgreSQL JDBC driver. All experiments were run on a 1.0 GHz Intel Pentium I I I
with 256 KB cache and 512 MB of memory with a 60 GB 7200RPM IDE disk with 1 MB cache,
running RedHat Linux 7.1. The database was con�gured with sort memory, vacuum memory,
and an e�ectiv e cache size increasedto match the physical memory of the machine. The default
statistics target is 1000 buckets. All experiments are executed with a warm databasecache, an
assumption we expect is reasonablesince a running publish / subscribe system would frequently
executethe match function to incorporate new publications.

We additionally executea small number of experiments on a main-memory DBMS to determine
the e�ect of such an implementation on the performanceof symmetric publish / subscribe. These
experiments use FirstSQL, a Java-basedmain-memory DBMS as the underlying system, with all
experiments executedon the samehardwarecon�guration asthoseusingPostgreSQL.FirstSQL was
con�gured to useall the available physical memory of the machine, to pre-load all data to memory
beforeeach experiment's execution, and to suppressall writes to disk until after the completion of
the experiment so that all experiment activit y occurred in main memory.

We implement the architecture described in Section 3. Our implementation of the match func-
tion contains one signi�cant optimization: rather than execute an explicit query for each valid
combination of operators and typeswe track which operators and typesare actually usedby con-
straints in the databaseand executequeriesonly for those combinations. While this requires one
additional query to determine which combinations are used,for most workloads it savessigni�cant
time by eliminating a large number of queries for which the answer is known to be empty. Our
initial experiments demonstrated that this simple optimization results in up to a factor of 10 im-
provement in the performanceof matching. In an early implementation we also choseto combine
thesemany queriesinto a large singlequery with many conditions ORed together in the \WHERE"
clause. In doing this we learned that the PostgreSQLoptimizer handlesall OR conditions using a
sequential scan of the baserelations, generating a query plan that does not use any indexes and
leading to linear performancewith respect to the sizeof the subscription table for each workload.

Note that the designdescribed in Section 3 works for either a single published constraint or a
batch of publications. In the experiments below the sameimplementation is usedfor the batching
and non-batching cases.The only di�erence is the number of tuples inserted into the pubs relation
before the match operation is executed.

We examine the performanceof our constraint-matching algorithm on a variety of workloads.
In the �rst workload each subscription and each publication is composedof a single atomic pred-
icate using integer equality. These constraints are selected uniformly such that irrespective of
the number subscriptions and publications in the workload, the expected number of matches
between subscriptions and publications is a small constant number (5); we call this the �xed
workload. Speci�cally , the workload generator creates publication and subscription constraints
of the form \in teger x = R" where R is an integer chosen uniformly at random from the range
1::(# subscriptions � # publications=5).

In the proportional workload each subscription and publication is similarly composedof a single
predicate, but such that the expected number of matches is proportional to the number of sub-
scriptions but independent of the number of publications (0:01� # subscriptions ). In this caseeach
publication and subscription is of the form \in teger x = R" whereR is an integer chosenuniformly
at random from the range 1::(100 � # publications ).
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In the large-intermediate-resultsworkload each subscription and publication is composedof the
conjugation of several terms in di�eren t variables, with each term in a publication expected to
match the corresponding term in half the subscriptions. Note that although the probabilit y of any
term in a publication matching the corresponding term in a subscription is high, the probabilit y of
all such terms matching { and thus the probabilit y of the publication and subscription matching
{ may be low. We choose the number of terms in each constraint to be such that regardlessof
the number of publications and subscriptions, the expected number of matches is again a small
constant. Speci�cally , the workload generator creates constraints of the form \in teger x1 = R1

AND integer x2 = R2 : : : AND integer xn = Rn " where each Ri is an integer chosenuniformly at
random from f 0, 1g. The length of the expression,n, is chosenso that the expected number of
matches (# subscriptions � # publications � 2� n ) is at least one but as closeto �v e as possible.

Finally, the �xed geometric workload utilizes PostgreSQL geometric objects { a \b ox" { and
the geometric \overlaps" operator so that a subscription box matches a publication box if the
boxes overlap. These boxes are chosensuch that irrespective of the number of subscriptions and
publications the expected number of matches is again a small �xed constant (5). Speci�cally , each
subscription constraint is of the form \b ox b overlaps(x, y, x + � , y+ � )" wherex and y are 
oating-
point valueschosenuniformly at random from [0; 1] and � is trivially small. Each publication is of the
form \b ox b = (x, y, x+ w, y+ w)" wherex and y arechosenuniformly at random from [0; 1� w] and
the width w is chosensothat the box's total areais 5 / (# subscriptions �# publications ). Sincethese
publications and subscriptionsare chosento be contained within the unit square,the probabilit y of
a point-lik e subscription overlapping a publication box is just the areaof the publication box. This
yields an expected value of 5 matchesregardlessof the number of subscriptions and publications.

For all results in this paper, each data point is the meanperformanceof three executionsof the
experiment.

6 Results

Figure 4 lists the statistics gatheredfrom the executionsof the �xed workload using small (100,000)
and large (1 million) numbers of subscribers. \Subscription generation" includes the generation
of subscriber constraints from the distribution speci�ed by the �xed workload, the parsing and
processingof the constraints by the publish / subscribe system, and the output of the constraints
into a 
at �le. \Subscription copy into db" is the time required to load that �le into the subscriber
table using the PostgreSQL bulk-loading mechanism. No 
at �le is used for the processingof the
publication; in that casethe \Publication generation" phaseincludesthe generationand processing
of the constraints, and the \Publication copy into db" phaseconsistsof directly connecting to the
databaseand updating the relations as necessary. \Index creation" and \histogram generation"
are the time neededto create the indexes and generate the statistics after all subscriptions and
publications have beenentered. \In termediate answer generation" and \�nal aggregation" are the
separatestagesof the matching algorithm asdiscussedin Section3.2. Each of the statistics \totals"
is the sum of the time of the relevant operations.

The dominant cost here is the creation of, indexing of, and histogram generation for the large
subscriber relations. In an actual systemthesecostswould be amortized acrossthe 100000or 1 mil-
lion subscription operations. An actual systemwould alsohave to maintain indexesassubscriptions
and publications are generated,rather than generatethem as a single step after all subscriptions
and publications have been inserted. This con�guration would result in a slightly higher cost per
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Experimental factors and metrics small large
Subscriptions 100000 1000000
Publications 1 1
Workload �xed �xed
Expected number of matches 5 5
Subscription generation (sec) 46.5 449.5
Subscription copy into db (sec) 4.1 74.1
Subscription total (sec) 50.6 523.6
Publication generation (sec) 0.67 0.67
Publication copy into db (sec) 0.07 0.07
Publication total (sec) 0.74 0.74
Index creation (sec) 234.7 438.8
Histogram generation (sec) 218.7 276.2
Preprocessingtotal (sec) 504.7 1239.3
Intermediate answer generation (sec) 0.008 0.008
Final aggregation(sec) 0.009 0.009
Matching total (sec) 0.017 0.017

Figure 4: Performancebreakdown for small and large instancesof the �xed workload.

operation than measuredhere. Given our primary choice of PostgreSQLas the underlying DBMS,
we expect that the times reported are closeto what could be obtained for an industrial-strength
implementation of symmetric publish / subscribe.

A running system,however, alsohasto compute the matchesbetweenpublications and subscrip-
tions quite frequently. Depending on the transactional semantics implemented, the match function
may need to be executed for each new publication and subscription. The overall performanceof
the systemis critically dependent on the performanceof the match function, and thus we focus on
its performancebelow.

Figure 5 shows the cost of executing the match function for each workload as the number of
subscriptions is scaledfrom 100000to 1 million; thesegraphs present the samedata with di�eren t
vertical scalesto emphasizedi�erences in the workloads. The cost for both the �xed and �xed
geometric workloads is negligible and scaleswell with the number of subscribers. Theseworkloads
result in small setsof intermediate results that are generatede�cien tly using the indexes,and the
latency is dominated by the �xed costs of matching rather than the processingof the constraint
data. The cost for both the proportional and large-intermediate-results workloads is much higher
and scalesno better than linearly with the number of subscriptions rather than sub-linearly. For
the proportional workload one could not expect to do better sincethe output size itself is linearly
dependent on the number of subscribers. For the large-intermediate-results workload the inter-
mediate results are themselves linearly dependent on the number of subscribers even though the
number of �nal matchesis constant, soagain the best performanceour algorithm could be expected
to obtain is a linear dependence.

Notably, the match function exhibits complex performance behavior even over such a sim-
ple selection of workloads and experimental factors. This seemingly non-linear behavior is not
attributable to experimental uncertainty. It is the result of resourcelimits on the computer con-
ducting the experiments as well as variations in the query execution plan selectedby PostgreSQL
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Figure 5: Impact of number of subscriptions on responsetime of the match function.

for the various experimental factors. For example, the cost of matching for the large-intermediate-
results in Figure 5 scaleslinearly at �rst. However, as the workload size grows the size of the
intermediate results eventually exceedsthe memory available in the bu�erp ool and the DBMS
must rely on paging data to disk for its computations. This limitation of resourcesand changeof
algorithm causesa dramatic spike the measuredlatency as the workload size increases.

Using FirstSQL as the underlying database, performance is slightly better than PostgreSQL
for the executionsof the workloads that it supports. Our experiments with FirstSQL illuminate
several key observations regardingmain-memorydatabasesand symmetric publish/subscribe. First,
sincethe repeatednature of the match operation e�ectiv ely maintains a warm cache when the total
number of subscriptionsand publications is small, the main-memory databasedoesnot signi�cantly
outperform PostgreSQL for those cases. Second,the size of the workload supported by a main-
memory DBMS is limited by the available memory as one would expect, but this limitation is
reached on smaller workload sizesthan for which a conventional DBMS's performance starts to
degrade. This is becausethe main-memory DBMS maintains all data in memory { including the
baserelations and all index structures { while the bu�erp ool managerof the conventional DBMS
may selectively retain only the data structures needed to execute the actual query. Based on
these observations, we conclude that there is little bene�t from implementing symmetric publish
/ subscribe using a main-memory DBMS except in speci�c applications with small numbers of
publications and subscriptions and predictable workloads. In the caseof our experiments, the
limitations of the main-memory DBMS prevented data collection for all but the smallestworkloads.

6.1 E�ect of Publication Batc hing

During run time the system may bu�er the stream of incoming operations, only occasionally ex-
ecuting the match operation. This technique may increasesystem throughput by amortizing the
�xed costsof processingthose operations acrossthe batch.

Figure 6 shows the e�ect of publication batching on matching time for our various workloads.
In this caseboth the �xed and proportional workloads scalewell. (Recall, the number of matches
generatedby the proportional workload is proportional to the number of subscriptionsbut constant
with respect to the number of publications.) Both the large-intermediate-resultsand �xed geometric
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Figure 6: Cost of publication using batch processingof multiple publications.

workloads scalequite poorly when publications are batched. This behavior is not surprising for
large-intermediate-results sincethe intermediate result sizescaleswith the number of publications
but is unexpected for the �xed geometric workload. For the geometric type it seemsthat the
PostgreSQL optimizer is unable to accurately estimate the cost of various join methods and uses
an index join only for very small numbersof publications. For larger publication batchesit instead
usesa more costly repeated sequential scanof the publication table. In this casebetter statistics
collection or forcing PostgreSQL to use a particular query plan might result in better matching
performance.

Figure 7 shows how matching throughput is dependent on the batching of publications. It is
important to note that this indirect throughput measurement only indicates the performanceof the
matching function and does not necessarilyre
ect the overall throughput of the running system.
(The overall system additionally needs to parse publications, record the constraint information
to the base relations, and maintain the indexes.) As expected from the overall matching cost,
batching is highly e�ectiv e for the �xed and proportional workloads, but mostly ine�ectiv e for the
large-intermediate-results and geometric workloads.

The e�ect of resourcelimitations and the query optimizer is quite signi�cant when considering
the e�ect of batching on publisher throughput. Becauseof the non-linear e�ect of publication
batching on matching performance,overall publication throughput may decreaseif the system at-
tempts to processtoo many publications in a batch. This result is best observed in the throughput
measured from the �xed geometric workload, in which the query optimizer selectedan inferior
execution plan as the size of the publication batch increased. For that workload peak through-
put is achieved when batches of only about 15 publications are used, with throughput decreasing
substantially for larger batches.

In general, the largest bene�t of batching is obtained immediately for all workloads by simply
amortizing the �xed costsof matching over multiple publications. For someworkloads these �xed
costsare very high comparedto the cost per publication, in which caselarge batchesmay be used
e�ectiv ely. As the number of publications per batch increasesthe additional advantage of batching
more publications is eventually outweighedby the cost of processingthe publications, particularly
when the resourcesrequired by matching (or estimatesof resourcesrequired) exceedthe available
hardware resources.
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Figure 7: Publication throughput as the number of publishers increases.

7 Extensions

In this section we consider various transactional semantics that could be implemented with our
symmetric publish / subscribe design and explore how symmetric publish / subscribe could be
implemented e�cien tly to increaseperformancein a distributed cluster environment.

7.1 Transaction Semantics

Classical publish / subscribe semantics consist of the following timeline: (1) a large collection of
subscriptions added to the subscription set over time using ACID semantics for each addition and
the publication set is empty, (2) a publication arrives, (3) in a single ACID transaction, (a) the
publication set is updated with the publication, (b) the match is computed, and (c) the publication
is deleted from the publications set, then the transaction endsand (4) clients are noti�ed. (These
semantics assumeunreliable noti�cation. For reliable noti�cation, the clients to be noti�ed are
written to another table with the transaction boundary of step 3.)

However, many other semantics areattractiv e dependingon the application. Becauseour system
rests entirely on a relational database, other transactions semantics are easily encoded. For the
auction example in the introduction, the following semantics are desirable: publications are used
for o�ers for saleand subscriptions are used for o�ers to buy. Every publication and subscription
contains an identi�er to indicate the product under negotiation and a time stamp that totally
orders publications and subscriptions. (The time stamp is used to resolve the winner of identical
multiple subscription matches that occur during any match cycle.) An additional table is kept
for the current best o�er to buy for any o�er for sale. ACID transactions are used to update the
publications and subscription tables. The systemcontinuously executesa transaction that executes
the matching operation and updates the best o�er table. Outside of this transaction, publishers
and subscribers are noti�ed of any changesin the auction, i.e. noti�cations are sent whenever the
current best o�er changes. [Or, all participants simply observe the current best o�er through a
user interface.] When an auction closes,the publications and subscriptions corresponding to that
auction are deleted. Good performance in this caseassumesindexes on both the publisher and
subscriber tables.
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7.2 Distributed Symmetric Publish / Subscrib e

In this subsectionwe present the design of a distributed symmetric publish / subscribe system.
Partitioning of the servers is accomplishedby modeling this problem as a symmetric publish /
subscribe system. This re
ectiv e modeling trick simpli�es the overall design. Our designsupports
a large number of looselyconnectedclients operating over the internet. Theseclients are supported
by a tightly connectedserver farm consisting of a logical grid of servers and a directory service.
By loosely connectedcomponents, we mean that ACID transactions are not possibleamong the
components. By tightly connectedcomponents, we mean that ACID transactions are possiblevia
standard distributed transaction protocols.

Figure 8 illustrates the distributed architecture. Clients are connected via the internet to a
server farm. The server farm consistsof N rows of M logical (virtual) servers. (Load balancing
is accomplishedby assigningphysical servers to logical servers. From now on, we simply refer to
servers.) Each row consistsof M identical servers. Each row is also assignedone partition from
U =

S
ui . Each ui is a partition, de�ned by a constraint ci that partitions the attributes in U. For

example, c1 = x < 2 and c2 = x � 2 partitions the attribute x. The directory servicecontains the
current version of U and a versionnumber Z . The version number is a counter that is incremented
each time U changes.

In the distributed case,clients now have an addition join function for joining the publish /
subscribe system.

void join() contacts the directory and receives the current (U;Z ) pair.

boolean publish( c, k, z) client function is now implemented as

1. Compute match(( id; c),U) locally at the client. The result is a single pair id; i where i
is the server row responsible for the partition that matchesconstraint c.

2. Execute publish(c, k, z) on any one of the servers on row i . The server will compareits
version with z and return false for the publish function if they do not match.

3. If previous step returns false, executejoin and repeat. Otherwise, return true.

boolean subscrib e(c, k, z) client function is implemented in a similar manner.

Modifying U is straight forward through the new(U,U0) function. This function implements a
recon�guration of the server farm. In a single transaction, sweep through all constraints in the
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server farm, moving them to the correct row depending on the results of the match function.
Since this operation may take sometime, another implementation usesa shadow pagecopy style
of transaction management by making a copy the server farm using the same sweep, and then
atomically 
ipping from the active server farm to the copy in a single transaction. modi�cations of
subscriptions must be disabled during this operation, but not publications.

8 Related Work

A general survey of publish / subscribe appears in [11]. This survey covers many distributed
computing issuesbut doesnot cover content-based matching in depth.

The theory of constraint databasesis outlined in Kanellakis et al. [16]. The particular class
of constraints permitted in this paper doesnot directly map to the taxonomy of that paper since
this systemis basedon operators. However, both papersusepoint-set constraints and overlapping
subclassesof constraints. In particular, Kanellakis et al. describethe connectionbetweenconstraint
representation and spatial data structures.

CCUBE [4, 3] is a constraint database that combines database technology with in-memory
linear constraint evaluation (via Simplex). LyriC [2] is the associated query languageand object
model. The overlap betweensymmetric publish / subscribe and constraint databasefunctionalit y
is an area of ongoing research.

Many works are concernedwith aggregatingsubscriptions in classicalpublish / subscribe sys-
tems for more e�cien t content-based processing. M•uhl [17] describes an algorithm for merging
subscription constraints basedon identical conjuncts. Crespo et al. [7] explore optimization algo-
rithms and cost models for subscription aggregation in a multicast environment. Application of
thesetechniques to symmetric publish / subscribe is an open research problem.

The method of counting matched �eld and value pairs is similar to Yan and Garcia's [19]
counting method for Boolean selective dissemination of information pro�les. The technique of
counting matched conjuncts appears in many works. Conjunctive predicate counting augmented
with cache line analysis and other techniques is described in [12].

Our method of embedding multiple di�eren t types for a single generic value into a relation is
similar to that of Yalamanchi, Srinivasan and Gawlick [18]. This work also describes a powerful
generalization where expressionsare treated as data and the evaluation of expressionscan be
combined with standard SQL processing.However, they do not appear to reify constraints, a key
issuein the choice of a representation, nor do they useindexes,a key issuein performance.

Franklin et al. [1, 8, 10, 9] introducedand exploreda method of compiling subscriptionsinto an
in-memory �nite state machine (FSM). The �nite state machine represents common path pre�xes
of di�eren t subscriptions only once, thus providing a form of common sub-expressionelimination.
Matching a published document with subscriptions is implemented by traversing this FSM. The
�nite state machine methodology inspired several subsequent publications, e.g. [15, 6].

Our work is closely related to and inspired by Fink, Johnsonand Hu's work [13] on an auction
system that matches buy and sell orders. While auction systemsand publish / subscribe systems
di�er in many details, they sharesomefundamental questions,such as index construction and its
relationship to the complexity of the match operation. Fink et al. combine all constraints into
a single large index. Each node of the index corresponds to a constraint attribute. Constructing
this index requires choosing an attribute order and thus introducesa bias into the index search.
The systemdescribed here doesnot exhibit this bias. However, auction systemsand Fink et al. in
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particular compute the best match between a publisher and a set of subscribers. This problem is
an open area of research for symmetric publish / subscribe.

Independently of our work, Fischer and Kossmann[14] analyzea variety of strategiesfor batch-
ing publications for the classicalpublish / subscribe case.Our batching results con�rm that batch-
ing is an e�ectiv e strategy for the symmetric publish / subscribe case.We believe that the various
other strategiesdescribed by Fischer and Kossmanprobably apply here as well.

Our work is similar in somerespects to Chandrasekaran and Franklin's work on stream queries
and data [5] that highly optimizes a particular transaction semantics of publish / subscribe, with
the addition of support of query operations matches,maintenanceof result sets,time windows, etc.
However, this work doesnot considerconstraints for publications.

9 Conclusion

This paper is the �rst reported investigation into symmetric publish / subscribe systems. These
systemspermit publications as well as subscriptions to expressconstraints. The system computes
the intersection of publisher constraints with subscriber constraints to determine matches. This
additional expressive power provides a new area of research and new possibilities for applications
of publish / subscribe systems.

In certain cases,the complexity of the matching algorithm is O(o2t) with o operators and
t types used in constraint expressions,in addition to other factors. We implement symmetric
publish / subscribe as an application on a relational DBMS and evaluate our system, showing
that symmetric publish / subscribe is practical using current technology. Finally, we evaluate the
e�ect of publication batching on performanceand show how the optimal publication batch sizefor
our system is dependent on workload characteristics and hardware resources. Initial batching of
publications may amortize the �xed costsof processingacrossmultiple operations, but processing
too large a batch may degradeperformance.

Overall, our implementation enablesresponse times as low as a few milliseconds for a single
publication, and we demonstrate that throughputs of thousandsof publications per secondshould
be obtainable for some workloads. We show that the performance cost of symmetric publish /
subscribe is highly dependent on the workload, but that this cost is not substantial compared to
classicalpublish / subscribe systemsin someinstances.

9.1 Future Work

Many issuesremain open for this new class of systems. Existing techniques, such as multi-cast
management of noti�cation, subscription merging, or postprocessingmatching tuple setsmay also
bene�t symmetric publish / subscribe. Given that a publication matchesmany subscribers,ordering
subscribers by best match and notifying the top subscriber is a key question in auction systems.

Improving the performanceof the matching function for symmetric publish / subscribe is an
open area of research. One very promising approach is the maintenance of materialized views to
reducethe overhead incurred by the queriesused in intermediate answer generation as well as the
�nal aggregationstep.
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