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Abstract

Current publish / subscribe systemso er a range of expressie subscription languagesfor con-
straints. Howewer, classicalsystemsrestrict the publish operation to be a single published object
that corntains only constarts and no constraints. We introduce symmetric publish / subscribe,
a novel generalization of publish / subscribe where both publications and subscriptions cortain
constraints in addition to constarts. Published objects are matched to subscriptions by comput-
ing the intersection of their constraints. This generalization improvesthe performanceof classical
publish / subscribe systemsand introduces a new class of applications for publish / subscribe.
This paper describesthe core algorithms of our publish / subscribe implementation, evaluatesthe
performanceof thesealgorithms both analytically and empirically, and documerts caseswhere the
additional expressie power of symmetric publish / subscribe canbe gainedwith minimal additional
computational cost comparedto the classicalsystem.
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1 Intro duction

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

constarts.

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 between publications and subscriptions. This generalization leads
to better expressie power than classical publish / subscribe systemswhere publications consists
only of constarts, not constraints and is analogousto constraint databased[16, 4, 3, 2] that provide
qguery processingover constraints.

For example, in auction systems,a seller of merchandise typically o ers a range of options to
buyers. In particular, pricing discourts 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 system sudc asthe Java MessagingSystem (JMS), an
example auction implementation might assignsellersas publishers and buyers as subscribers. The
seller publishes a lot sizeand price on a topic (channel) that represens 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

represens an o er to sell alot of pencils.

Symmetric publish / subscribe enablesthe sellerto expresssud an o er directly asa publication
constraint and matches buyers' and sellers' constraints directly. In this casethe additional expres-
sive power of symmetric / publish subscribe allows the sellerto describe the o er more naturally
as\topic = “pencils' AND 1000 lot 10000AND price = 1:00."

1.1 Contributions of this paper

This paper is the rst known investigation of symmetric publish / subscribe systems. We presern a
preliminary investigation of such systemsand report analytical and experimental results on se\eral
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 performance of the number of matches between publishers and sub-
scribers?



How well doesthe system scalewith current technology?

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

In cortrast 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 asindicated by the match operation. This decouplingallows usto de ne various
transactional semariics as discussedin Section7. The decoupling also meansthat batches of 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 system and the algorithms usedto add publications and
subscriptions to the system and to compute matches between constraints. Section 4 analytically
evaluatesthe complexity of our algorithms. Section5 describesthe framework usedto evaluate our
symmetric publish / subscribe implementation in more detail, and section 6 preseris the results
of our experimental analysis. Section 7 describes a variety of transactional semartics that could
be implemented using our design,aswell as describeshow symmetric publish / subscribe could be
implemented on a larger scalein a distributed cluster ervironment. Section 8 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 = fa; :::gja;0.
A set of comparisonoperators, O = fo; :::0j0;0.

A setof typesT = ft;:::tj7;g and an asseiated domain of valuesDy, = fd; :::djp;g for eath
typet;.

An assignmen of a type to ead attribute.
A setof clients K .

A set of constraints C = fcy:::¢cjg. 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
predicatesp 2 P, where P is set of type-safepredicates of the form a; ;v; wherea 2 A,
i 2 0,andv; 2 D. We additionally require that ead attribute must appear at most once
in ead disjunctive phrasewithin a constraint.

A set of four functions:

publish( ¢, k, z) is aclient function that publishesthe constraint c of client k with version
z. Version managemen is discussedwith respect to a distributed implementation of
symmetric publish / subscribe in Section7.2.



subscrib e(c, k) is a client function that addsthe subscription c for client k.

matc h(Cy, C,) is a serwer function that computesthe match of constraint sets(publishers)
C: and (subscribers) C,

notify( K K) is a serer function that noti es pairs of clients (ky;ky) 2 K K asdeter-
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 instance of the data model) with three attributes and three
di erent types. Publisher and subscriber constraints are type-chedked against the corresponding
type.

Publisher and subscriber constraints are conjunctions of comparison predicates where an at-
tribute is comparedto a constart. 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 ead constraint may referencea variable only once per 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 ead type. For example, for integersthere are four range operators covering the four casesof
open or closedintervals: (; ), (; 1.[; ), and[; ].

Constraints describe point-sets [16], the (possibly in nite) set of points that satisfy the con-
straint. Thus, the constraint 0 x 1AND O y 1 wherex andy are oats describesthe
set of all points of a unit squareanchored at the origin. No type corversion 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
c; dened as\x = 1" conains the single value (1). The constraint ¢, dened as\x = 1 AND
y = 1" hasthe point set cortaining the single point (1,1). The projection of ¢, onto ¢; is (1).
The projection of ¢; onto ¢, is unde ned. If ¢; is a publisher constraint and ¢, is a subscriber
constraint, then the constraints match becausethe publisher point-set of (1) intersects projection
subscriber point-set of (1,1). Howewer, the opposite doesnot hold. If ¢, is a publisher constraint,
then subscription ¢; does not match. Another consequenceof the de nition of matching is the
treatment of half spaces.Consider constraints ¢c; = X < 1 and ¢ = x < 2. Thesetwo constraints
match regardlessof the assaiation with publisher or subscriber.

3 Arc hitecture

In this sectionwe shaw that the systemcan be e cien tly implemented as an application program
executing transactions on a relational database managemen 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



sid | 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 advantages of relational technology: full power
of indexing and query optimization; clustering, abstract data types, main memory databases;and
24x7 operation, monitoring, performancetuning, badkups, archiving, etc. In particular, our im-
plemenrtation of symmetric publish / subscribe bene ts from (a) the clear ACID semattics for
publications, subscriptions, and matching operations, which enablesa variety of transaction mod-
elsasdiscussedn Section7; (b) the persistert storageof client state over time that allows durable
subscriptions, persistert messaging,etc.; and (c) the ability of a mature query optimizer to adapt
the constraint-matching algorithm to the characteristics of the constraints of ead particular work-
load.

3.1 Constrain t Publication and Subscription

Data for eat 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 cortain the relations integer _pubs, float _pubs, and string _pubs.

The publish operation takesa constraint Casinput and converts Cinto an equivalent constraint
® that is in disjunctive normal form. Negated atomic predicates are corverted to equivalert
predicatesin a non-negatedform if possible,and otherwise an error condition is returned to the
publishing client (eg. \NOT integer x < 2" would be corverted to \integer x  2"). For eadh
disjunct in CPa tuple (p.id; p_disj unct_id; count) is inserted into a pub_master table which records
the number of atomic predicatesin the conjunctive clauseof that disjunct. For ead atomic predicate
in ¥ 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 species in
which disjunct the atomic predicate occurs. The subscribe operation similarly takesa constraint
asinput and inserts suc tuples into sub_master and type _subs tables. Essertially, the constraint
is encaded into the relation by reifying the variables and embedding the values, and operators.

For example, considera 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 shawvn 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 issuedfor ead possible pair of operators and type, grouped by pair of publish and subscribe



p_id | p_disjunct_id | eld | val | op
3 0 X 5
3 0 y 1

| AN

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 eadr 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 ead disjunct. For ead subscription disjunct this count is
then comparedto the total number of conjuncts for ead 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.

Toimprovethe e ciency of matching, a multi-attribute index of (id, disjunct _.d) isdeclared
for the pub_master and sub_master tables. Similarly, a multi-attribute index of (op, val) is
declaredfor ead 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. Range and comparisonoperations on strings operate on the lexical ordering.

3.2.1 Generating the intermediate answer table

For eadh possibleconbination of operators and types,the systemissuesan explicit query that courts
the satis ed intersections for a particular eld and subscription. The results of this sequenceof
gueriesare 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 samegeneralform. For example,to generatematchesbe-
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)
FROMnteger_pubs p, integer_subs s
WHERR.op = '<' ANDs.op = '>='
ANDp.field = s.field
ANDp.val > s.val;
GROUBY 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 | sid | sdisjunct_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 Counting the matc hes for each disjunct within the constrain ts

The intermediate answer table is then usedto court the total number of matchesfor eadh disjunct
within a publication/subscription combination. If the number of matches equalsthe 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
FROMntermediate_answer agg, pub_master pm
WHEREgg.p_id = pm.id

ANDagg.p_disjunct_id = pm.disjunct_id
GROUBY 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 choicein a spectrum of designalternativesfor the implemen-
tation of symmetric publish / subscribe, and in particular the encaling of constraints. Another
option would be not to partition the subscription and publication tables by constraint data type
and instead use single subscription and publication relations that could accommalate the variety
of data types. Since database schema de nitions are well-typed, suc a relation would require a
distinct attribute column for ead type (i.e., integenal, oatv al, etc.). The advantage of this design
option is the simpli cation of the implemertation; the disadvantage is the sparsenature of the
encaling sinceead row of the table would contain mostly nulls.

Another option would beto avoid rei cation of variablesand map eat subscription variable into
its own relation, e.g. \x = 10" would be encaded into either a relation subscription _integer x
or perhapsjust subscription x. Such a choice hasthe advantage that matching constraints for a
particular variable would be highly optimized since ead variable is encaded 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 schemato adapt any time a new
variable were introduced to the workload, a frequernt occurrencefor many applications.

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



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 jTj when the context is clear.

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

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

For step 3 above, ead individual query executesin O(p+ logp+ s+ logs) time sincethe join of
ead query is executedasthe 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(0%t) queriesmust be executed, the answers of these queries are saved in
O(m) time.

For step 4 above, the costto court answersis O(m + p) sincethe query is executedas a nested
loop join ertirely in memory. In practice, this query could be replacedwith application code that
computesthe sameresult.

The total worst-casetime to compute all matchesis then O(0?t(p+ logp+ s+ logs) + plogp+
slogs+ m+ p).

This analysisrevealsone major di erence betweenclassicaland symmetric publish / subscribe
systems. In a classicalsystem, additional typesand operators can be addedessetially without any
computational cost. In our symmetric publish / subscribe implementation ead additional data
type imposesa high cost becauseof the dominant 0%t 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 publisherssop s, and (c) the
number of matchesis smallsom  s. The time to compute on-line matchesreducesto O(0?t logs)
time. In practice, the system operatesin O(0%tc + o’t(c  1)logs) time where c is the fraction of
combinations expressedby the 0t combinations where the match query has an empty answer. In
practice c is nearly 1 sincethe vast majority of operation conmbinations are empty.

If type corversion is allowed then the dominant O(0%t) term in the above analysis instead
becomesO(0%t?) sinceevery combination of type and operator pair must be tested.

5 Exp erimental 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 predicates supported by PostgreSQL
(= <, ,>, ,86) aswell asa subsetof its geometric predicates (overlaps contains). Publisher
and subscriber constraints may be composedof the conjunction, disjunction, or negation of strictly-

typed comparisonpredicates. For instance, the constraint \int x < 7" would match \int x = 5" but
not \double x = 5.0". Our implementation is easily extensibleto include all pre-de ned predicates
on PostgreSQL typesas well as type conversion within constraints, although the latter extension



would increasethe complexity of the match operation as mertioned 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 11l
with 256 KB cade and 512 MB of memory with a 60 GB 7200RPM IDE disk with 1 MB cade,
running RedHat Linux 7.1. The database was con gured with sort memory, vacuum memory,
and an e ectiv e cade sizeincreasedto match the physical memory of the machine. The default
statistics target is 1000 buckets. All experiments are executedwith a warm database cade, an
assumption we expect is reasonablesince a running publish / subscribe system would frequertly
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
experimens use FirstSQL, a Java-basedmain-memory DBMS as the underlying system, with all
experimens executedon the samehardware con guration asthoseusing PostgreSQL.FirstSQL was
con gured to useall the available physical memory of the machine, to pre-load all data to memory
before eat experimert's execution, and to suppressall writes to disk until after the completion of
the experiment sothat all experimert activity 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 ead 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 queriesfor 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-
provemert in the performanceof matching. In an early implementation we also choseto combine
thesemany queriesinto a large single query with many conditions ORed together in the \WHERE"
clause. In doing this we learned that the PostgreSQL optimizer handlesall OR conditions using a
sequetial scan of the baserelations, generating a query plan that doesnot use any indexesand
leading to linear performancewith respect to the size of the subscription table for ead workload.

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

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

In the proportional workload ead subscription and publication is similarly composedof a single
predicate, but suc that the expected number of matchesis proportional to the number of sub-
scriptions but independert of the number of publications (0:01 # subscriptions). In this caseeadh
publication and subscription is of the form \in teger x = R" whereR is an integer chosenuniformly
at random from the range 1::(100 # publications).



In the large-intermeadiate-resultsworkload ead subscription and publication is composedof the
conjugation of seweral terms in di erent variables, with ead term in a publication expected to
match the corresponding term in half the subscriptions. Note that although the probability of any
term in a publication matching the corresponding term in a subscription is high, the probability of
all such terms matching { and thus the probability of the publication and subscription matching
{ may be low. We choosethe number of terms in ead constraint to be suc that regardlessof
the number of publications and subscriptions, the expected number of matches is again a small
constart. Speci cally, the workload generator creates constraints of the form \integer x; = R1
AND integer x, = Ry ::: AND integer x, = Rp" where eath R; is an integer chosenuniformly at
random from f0, 1g. The length of the expression,n, is chosenso that the expected number of
matches (# subscriptions # publications 2 ") is at least one but ascloseto v e aspossible.

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 chosensud that irrespective of the number of subscriptions and
publications the expected number of matchesis again a small xed constart (5). Speci cally, eah
subscription constraint is of the form \b ox b overlaps(x, y, x+ ,y+ )" wherex andy are oating-
point valueschosenuniformly at randomfrom [0; 1]and istrivially small. Each publication is of the
form\box b = (x,y, x+w, y+w)" wherex andy are chosenuniformly at random from [0;1 w] and
the width w is chosensothat the box's total areais5/ (# subscriptions # publications). Sincethese
publications and subscriptions are chosento be contained within the unit square,the probability of
a point-lik e subscription overlapping a publication box is just the area of the publication box. This
yields an expected value of 5 matchesregardlessof the number of subscriptions and publications.

For all resultsin this paper, eat data point is the mean performanceof three executionsof the
experimert.

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 specied 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 mecanism. No at le is usedfor the processingof the
publication; in that casethe \Publication generation” phaseincludesthe generationand processing
of the constraints, and the \Publication copy into db" phaseconsistsof directly connectingto the
database and updating the relations as necessary \Index creation” and \histogram generation”
are the time neededto create the indexes and generatethe statistics after all subscriptions and
publications have beenentered. \In termediate answer generation” and \ nal aggregation” are the
separatestagesof the matching algorithm asdiscussedn Section3.2. Eac of the statistics \totals"
is the sum of the time of the relevant operations.

The dominant cost hereis the creation of, indexing of, and histogram generation for the large
subscriber relations. In an actual systemthesecostswould be amortized acrossthe 1000000r 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 beeninserted. This con guration would result in a slightly higher cost per



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: Performancebreakdownn for small and large instancesof the xed workload.

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

A running system,howewer, alsohasto compute the matchesbetweenpublications and subscrip-
tions quite frequertly. Depending on the transactional semartics implemened, the match function
may needto be executedfor ead new publication and subscription. The overall performance of
the systemis critically dependert on the performanceof the match function, and thus we focuson
its performancebelow.

Figure 5 shaws the cost of executing the match function for ead workload as the number of
subscriptionsis scaledfrom 100000to 1 million; thesegraphs presen the samedata with di erent
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 costsof 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 sizeitself is linearly
dependert on the number of subscribers. For the large-intermediate-results workload the inter-
mediate results are themseles linearly dependert on the number of subscribers even though the
number of nal matchesis constart, soagainthe bestperformanceour 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 experimertal 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 experimertal factors. For example, the cost of matching for the large-intermediate-
results in Figure 5 scaleslinearly at rst. Howewer, as the workload size grows the size of the
intermediate results evertually 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 change of
algorithm causesa dramatic spike the measuredlatency asthe workload sizeincreases.

Using FirstSQL as the underlying database, performanceis slightly better than PostgreSQL
for the executions of the workloads that it supports. Our experiments with FirstSQL illuminate
seweral key obsenations regarding main-memory databasesand symmetric publish/subscribe. First,
sincethe repeated nature of the match operation e ectiv ely maintains a warm cade 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 convertional 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 manager of the convertional DBMS
may selectively retain only the data structures neededto execute the actual query. Based on
these obsenations, we conclude that there is little benet from implemerting 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 experimens, the
limitations of the main-memory DBMS prevented data collection for all but the smallestworkloads.

6.1 Eect of Publication Batc hing

During run time the systemmay 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 constart
with respectto 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 scale quite poorly when publications are batched. This behavior is not surprising for
large-intermediate-results since the intermediate result size scaleswith 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 numbers of publications. For larger publication batchesit instead
usesa more costly repeated sequetiial 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 shavs how matching throughput is dependert on the batching of publications. It is
important to note that this indirect throughput measuremen only indicates the performanceof the
matching function and does not necessarilyre ect the overall throughput of the running system.
(The overall system additionally needsto parse publications, record the constraint information
to the baserelations, 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 decreasef the system at-
tempts to processtoo many publications in a batch. This result is best obsened in the throughput
measuredfrom 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
substartially 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 estimates of resourcesrequired) exceedthe available
hardware resources.
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7 Extensions

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

7.1 Transaction Semantics

Classical publish / subscribe semartics consist of the following timeline: (1) a large collection of
subscriptions added to the subscription set over time using ACID sematrtics for ead addition and
the publication set is empty, (2) a publication arrives, (3) in a single ACID transaction, (a) the
publication setis 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
semartics assumeunreliable noti cation. For reliable noti cation, the clients to be notied are
written to another table with the transaction boundary of step 3.)

Howewer, many other semairtics are attractiv e depending on the application. Becauseour system
rests entirely on a relational database, other transactions semariics are easily encalded. For the
auction examplein the introduction, the following semarics are desirable: publications are used
for o ers for saleand subscriptions are usedfor 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 usedto resolwe the winner of identical
multiple subscription matches that occur during any match cycle.) An additional table is kept
for the current besto er to buy for any o er for sale. ACID transactions are usedto update the
publications and subscription tables. The systemcortin uously 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 sert wheneer the
current best o er changes. [Or, all participants simply obsene the current best o er through a
user interface.] When an auction closes,the publications and subscriptions corresponding to that
auction are deleted. Good performancein this caseassumesindexeson both the publisher and
subscriber tables.
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7.2 Distributed Symmetric Publish / Subscrib e

In this subsectionwe presern the design of a distributed symmetric publish / subscribe system.
Partitioning of the serwers is accomplishedby modeling this problem as a symmetric publish /
subscribe system. This re ectiv e modeling trick simpli es the overall design. Our design supports
a large number of looselyconnectedclients operating over the internet. Theseclients are supported
by a tightly connectedserer farm consisting of a logical grid of seners and a directory service.
By loosely connected componerts, we mean that ACID transactions are not possibleamong the
componerts. By tightly connectedcomponerts, we meanthat ACID transactions are possiblevia
standard distributed transaction protocols.

Figure 8 illustrates the distributed architecture. Clients are connectedvia the internet to a
sener farm. The serwer farm consistsof N rows of M logical (virtual) serwers. (Load balancing
is accomplishedby assigningphysical seners to logical serners. From now on, we simply refer to
seners.) Eadch row consistsof M identical serers. Each row is also assignedone partition from
U = u;. Eadh u; is a partition, de ned by a constraint ¢; that partitions the attributes in U. For
example,c; = x < 2andc, = x 2 partitions the attribute x. The directory servicecortains the
current versionof U and a versionnumber Z. The versionnumber is a courter that is incremerted
ead time U changes.

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

void join() conacts the directory and receivesthe current (U;Z) pair.
boolean publish( c, k, z) client function is now implemened as

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

2. Execute publish(c, k, z) on any one of the senerson row i. The sener will compareits
versionwith z and return falsefor 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,U9 function. This function implemerts a
recon guration of the serer farm. In a single transaction, sweepthrough all constraints in the
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sener farm, moving them to the correct row depending on the results of the match function.
Sincethis operation may take sometime, another implemertation usesa shadav page copy style
of transaction managememn by making a copy the serer farm using the same sweep, and then
atomically ipping from the active sener farm to the copy in a singletransaction. modi cations of
subscriptions must be disabled during this operation, but not publications.

8 Related Work

A general survey of publish / subscribe appearsin [11]. This survey covers many distributed
computing issuesbut doesnot cover cortent-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 papers use point-set constraints and overlapping
subclasse®f constraints. In particular, Kanellakis et al. describethe connectionbetweenconstraint
represermation 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 ass@iated query languageand object
model. The overlap betweensymmetric publish / subscribe and constraint databasefunctionality
is an area of ongoing researd.

Many works are concernedwith aggregating subscriptionsin classicalpublish / subscribe sys-
tems for more e cien t content-based processing. Muhl [17] describes an algorithm for merging
subscription constraints basedon identical conjuncts. Crespo et al. [7] explore optimization algo-
rithms and cost models for subscription aggregationin a multicast ervironment. Application of
thesetechniquesto symmetric publish / subscribe is an open resear& 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 proles. The technique of
counting matched conjuncts appearsin many works. Conjunctive predicate courting augmeried
with cade line analysis and other techniquesis described in [12].

Our method of embedding multiple di erent typesfor a single genericvalue into a relation is
similar to that of Yalamandi, Srinivasanand Gawlick [18]. This work also describes a powerful
generalization where expressionsare treated as data and the ewaluation of expressionscan be
combined with standard SQL processing. Howeer, they do not appear to reify constraints, a key
issuein the choice of a represetation, nor do they useindexes,a key issuein performance.

Franklin etal. [1, 8,10, 9] intro ducedand exploreda method of compiling subscriptionsinto an
in-memory nite state madine (FSM). The nite state machine represens common path pre xes
of di erent subscriptions only once, thus providing a form of common sub-expressionelimination.
Matching a published documert with subscriptions is implemented by traversing this FSM. The
nite state machine methodology inspired seeral subsequeh publications, e.g.[15, 6].

Our work is closelyrelated to and inspired by Fink, Johnsonand Hu's work [13] on an auction
systemthat matchesbuy and sell orders. While auction systemsand publish / subscribe systems
di er in many details, they share somefundamenal questions,suc asindex 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 correspondsto a constraint attribute. Constructing
this index requires choosing an attribute order and thus introducesa bias into the index seard.
The system described here doesnot exhibit this bias. Howewer, 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 researd for symmetric publish / subscribe.

Independertly 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 Kossman probably apply here as well.

Our work is similar in somerespectsto Chandraselaran and Franklin's work on stream queries
and data [5] that highly optimizes a particular transaction semartics of publish / subscribe, with
the addition of support of query operations matches, maintenanceof result sets,time windows, etc.
Howewer, 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 expressie power provides a new area of researtt and new possibilities for applications
of publish / subscribe systems.

In certain cases,the complexity of the matching algorithm is O(0?t) 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 showv how the optimal publication batch sizefor
our systemis dependert 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 enablesresponsetimes as low as a few milliseconds for a single
publication, and we demonstrate that throughputs of thousands of publications per secondshould
be obtainable for some workloads. We show that the performance cost of symmetric publish /
subscribe is highly dependert on the workload, but that this costis not substartial comparedto
classicalpublish / subscribe systemsin someinstances.

9.1 Future Work

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

Improving the performance of the matching function for symmetric publish / subscribe is an
open area of researti. One very promising approad is the maintenance of materialized views to
reducethe overheadincurred by the queriesusedin intermediate answer generation as well asthe
nal aggregationstep.
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