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ABSTRACT

We address the problem of supporting a large number of sglect
subscriptions for wide-area publish/subscribe. Subsorp are
joins over different tables, with varying interests exgesas range
selection conditions over table attributes. Naive schemmash as
computing and sending join results from a server, are iriehtbe-
cause they produce redundant data, and are unable to sheeedi
ination costs across subscribers and events. We proposee§ no
scalable scheme that group-processes and disseminateeialge
mix of multi-way select-join subscriptions. We also prop@ssim-
ple and application-agnostic extensionctntent-driven networks
(CN), which further improves sharing of dissemination costs: E
perimental evaluations show that our schemes can geneadgeso
of magnitude lower network traf ¢ at very low processing to®ur
extension taCN can further reduce traf ¢ by another order of mag-
nitude, with almost no increase in noti cation latency.

1 Introduction

As computing continues to grow more ubiquitous and personal
there is an increasing need for customized, real-time dalia-d
ery. Millions of users want personalized information defied to
their desktops, phones, email and instant messaging slietd.

A publish/subscribe systeis a middleware for matchingvents
which are generated by data sourcgshlisher3, to subscriptions
which specify the interests of usesupscribers Traditional pub-
lish/subscribe systems only suppstatelessubscriptions, de ned
as lters over the contents of individual events. Howevéere

is a pressing demand for ef cient support of more complex-sub
scriptions, such as those that correlate data across hewdtpirces.
These subscriptions astateful—given an incoming event, the sys-
tem needs information beyond the content of this eventfitsel
order to determine whether and how it affects these suligamip
The relational join operator provides a convenient way toedate
data across sources, asdlect-joinsubscriptions are a common
class of stateful subscriptions, as the following examiflistrates.

Example 1. Consider a publish/subscribe system for nancial data.
One source of data is basic stock information, representeal ta-
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ble Stocks (Symbol PER: ::), where attributa®ERrecords price-
to-earning ratio, a popular measure of stock quality. Amsthource
is analyst reports, represented Bgviews(Symbot Rating ;:::).
A stock may receive multiple ratings from different anayst

A subscriber may be interested in cases where a stock'sgatin
and itsPERrespectively belong to two prescribed ranges—for ex-
ample, good ratings (no less th&ron a scale ofl to 10) for stocks
with relatively highPER(betweemd5 and 70). This subscription,
which we denote b} 1, can be expressed assalect-joinquery:

PER? [45:70) STOCKS  / Symbol Rating 2 [6;10) REVIEWS:

This subscription is stateful. Suppose an event comesRER=
60 for a new stock. This event may or may not cause the subscriber
to be noti ed, depending on whether the stock has any ratimy a
above6. To determine whether noti cation is needed, and if yes, to
compute the new join result tuples for noti cation, we mer to
the contents oReviews, which are not part of the event itself.

Challenges Continuing with Example 1, we illustrate the chal-
lenges (and opportunities) that arise in supporting sgtectsub-
scriptions for wide-area publish/subscribe. Suppose tireent
contents ofStocks and Reviews are as follows. For simplicity,
let us rst assume that each incomigocks event is an insertion
into Stocks (i.e., Stocks tracks historical information).

Stocks: Symboll PER[...| Reviews: Symbol[Rating |...
s; | GOOG[51:7]... r; | GOOG| 55
sz | YHOO [51:2] ... r, | GOOG| 6:0
s3 | AMZN |92:8]... rs | GOOG| 7:1
ry | GOOG| 9:5
rz1 | YHOO| 7:5
rao |AMZN | 7:2
ras |AMZN| 7:8

Given aStocks event, a naive approach is to compute, for each
subscription, any change to the result of the select-joaryjlas in
incremental view maintenan¢&3]. If this change is not empty, we
say that the subscription &fectedby this event, and we send the
change to the subscriber in a noti cation message. For sigigsm
X1 in Example 1, computing the change requires joining the new
Stocks tuple with Reviews. For example, on an event inserting
a new GOOG tuplss = hGOOG;52:1;:::i, we would send 1

fsag/ Reviews satisfying the selection conditions Xf; .

The rst obvious problem is that darge server output sizelhe
server has to enumerate potentially many output tupless fitaib-
lem slows down processing, increases server load, and rnaigy
gravates noti cation latency. Upon closer examinations fbrob-
lem is caused by three sources of redundancy:

Result representation redundancyWithin each noti cation
message, the newly inserted tuple is repeated many times, on
for each joining tuple. For example, the noti cation fit,
whens, is inserted repeats's content19 times.



Current-content redundancy This redundancy arises when
some information in the noti cation can be inferred from the
current subscription content. In many application scasarit
is reasonable to assume that a subscription client magsmthe
current subscription content. Thus, information that carirb
ferred from this content need not be included in the noticat
message. For example, becausesfX 1's subscription con-

s4; there is no need to send these joinRgviews tuples again.
The naive approach does not take advantage of this option.

Inter-event redundancyThis redundancy arises when some in-
formation in the noti cation message cannot be recoverechfr
the current subscription content, but nevertheless has pee
viously transmitted to the subscriber due to an earlier eveor
example, suppose th8tocks maintains only a window of re-
cent history. A sequence of neStocks events for GOOG drop
its PERo lower thard5, and the older GOOG tuples; andsa,

ing solutions or simple extensions (discussed in Secti@@pble
to avoid all types of redundancies. Furthermore, thesdisolsido
not mesh well with each other, so it is unclear how to combieert
to simultaneously avoid redundancies of different types.

Design for Practicality Besides the challenges above, there are
important practical considerations. In this paper, we mak®n-
scious decision not to over-complicate the design of digsation
networks for publish/subscribe, e.g., by augmenting naadésese
networks with hard application state or application-spepro-
cessing logic. While complex, stateful networks may be appr
priate in certain scenarios, we argue that they are bestiestan
loosely-coupled wide-area systems, because adding satehastd
logic signi cantly increases system complexity, comptesfailure
and consistency issues, and creates deployment hurdlsteath
we want to reuse common, off-the-shelf network substratedis-
semination because at large scales, such substrates areahost
and less likely to face deployment and maintenance problems

have been expired (i.e., deleted) fr@tocks . Atthis point, the Contributions  We provide a complete solution to supporting a

large number of select-join subscriptions in a publishésuibe sys-
tem. Our goals are to reduce and/or bound bandwidth consompt
noti cation delay, and server processing costs. Insteadesign-
ing a complex dissemination network, we base our solutiom on
simple, well-established type of dissemination subssratehich
we termedcontent-driven network€CN) [6]. We develop novel
server-side processing algorithms and application-agmesten-
sions to statelesSN to support stateful select-joins and to improve
ef ciency. More speci cally, our contributions include:

tent. However, a future event may raise GOOBERo above
45 again, and bring back these joiniRgviews tuples. Ideally,
we would like to avoid resending these tuplesto if possible.

Another serious problem of the naive approach is ldwk of
sharing of dissemination costxross subscribers. A large-scale
publish/subscribe system may have millions of subscribarsl
many of them may be interested in similar join results. For ex
ample, another subscriptiod, may be interested in BERrange
of [50; 80] and a rating range df7; 10], which are different from

but overlap with those oK 1. For insertion ofss, changes toX 1 In Section 3.1, we propose a method to eliminate result repre

sentation and current-content redundancies by rewritahecs-
join subscriptions into select-semijoins. We demonsthaie
these subscriptions can be ef ciently processed at theeserv

In Section 3.2, we show how to further usgformulationto
eliminate inter-subscription redundancy and enable tkeafs
CN. The novel reformulation scheme is computationally ef -
cient, and signi cantly reduces network traf c.

In Section 5, we propose a simple and novel extensioGNo
calledCN , which further improves ef ciency by reducing inter-
event and, more generally, re-dissemination redundancies

Our solution is general. We show how to handle a generic mix
of multi-way select-joins (Section 4). Our solution cancale
extended to multi-attribute equijoin and range-selectondi-
tions; see Appendix C for details.

We have conducted comprehensive experimental evaluation o
our solution and its competitors. We measure the performanc
of server-side processing and dissemination in a simulsigel
area network. Results show orders-of-magnitude impronwéeme
for several relevant metrics. We also include examinatioins
multi-way select-joins and the effectivenessai .

Some of our contributions have applications beyond jointert
estingly, even for simple selection subscriptions, if égezontain
bulky payloads (e.g., a PNG image attributeSitocks containing

only difference is thakX > should additionally gessr>. When no-
tifying multiple subscriptions, we wish to avoidter-subscription
redundancy which increases not only the overall communication
cost, but also server stress and noti cation latency.

There is even more opportunity in improving ef ciency by ide
tifying and avoidinge-dissemination redundangywhich is a gen-
eralization of current-content, inter-event, and intebscription
redundancies. For example, suppose that a third subserjptis,
is interested in th®ERange of[80; 100] and the same rating range
asXy. Thus,ry; andras (reviews for AMZN) are inXs. Later
on, if AMZN's PERbecomess5, X1 should receive,, andrs.
Suppose thaX ; andX 3 share some portion of their network dis-
semination paths; it would be nice if we could avoid resegdire
same contents through the shared path. This optimizatiahles
cost sharing across both events and subscriptions.

The solution to these problems is challenging. 1) Compngssi
individual noti cation messages can avoid result représgon re-
dundancy, but is ineffective at removing other redundanc® We
can remove current-content redundancy at the server bykilgec
the content of each outgoing noti cation against the curigrb-
scription content. However, the overhead is high, and itifis d
cult to scale to a large number of unique subscriptions. &rin
subscription redundancy can be overcome by employing an ef
cientdissemination networlpopular in wide-area publish/subscribe  the company logo, or a text attributeReview carrying the analyst
systems. This network consists of a set of nodes (sometiaikesic report), it would be more ef cient to treat selections asséfjoins
brokers over the Internet, each responsible for a subset of the sub- and apply our schemes; see Appendix | for details.
scriptions. These nodes forward events to each other based o CN , the extension t€N, is also a contribution in its own right,
downstream subscription interests. Each event traverses @ as it can be applied to any type of subscription to improveiehcy
tree of nodes spanning all affected subscribers. Howeradj-t by optimizing the transfer of payloads. Again, this extenshas
tional publish/subscribe systems do not directly supptategul been designed with practicality in mind—it is applicatiagnostic,
subscriptions such as joins, and their stateless naturesriaiif- free of hard state, anshcrementally deployabld.e., CN nodes
cult to implement state- and history-based optimizatiossch as (with the extension) can coexist with regufaN nodes in the same
avoiding current-content and inter-event redundancigblodexist- network, and bring commensurate improvement in ef ciency.



2 Preliminaries

A publish/subscribe system is responsible for deliveriatpdyen-
erated bypublishersto interestegubscriberswhose interests over
data are de ned asubscriptions In large-scale, wide-area pub-
lish/subscribe system, the number of subscriptions it} high,
and subscribers can be located all over the network. Toawiti
publish/subscribe systems assume that events follow sohesra,
and subscriptions are lIters over individual events (e BER2
[45; 70] for a Stocks event).

In this paper, however, we use a publish/subscribe model tha
supports more powerful database-style subscriptions. $%&arae
that a central server maintains a database. Events fronispebs
arrive at the server and are treated as modi cations (issdgletes,
and updates) to the database. A subscription is a (Qevyer the
database. Suppose an incoming event changes the datadi@se st
from D to D% If Q(D% 6 Q(D), and we say that the subscrip-
tion Q is affectedby the event; the task of the system is to deliver
a noti cation message t@'s subscriber, such tha®(D? can be
computed fromQ (D) and the content of this noti cation message.
More details about our system architecture can be found]in [7

2.1 Dissemination Network

To enable ef cient noti cation delivery, we employ dissemina-
tion network like most wide-area publish/subscribe systems (as
discussed in Section 1). Each node in the network is resplerfsir

a subset of the subscriptions, and the nodes collectivelyeia no-

ti cation messages among themselves and to the subscribées
last hop of noti cation delivery, from a node to an affecteabs
scription assigned to it, is handled byreessage dispatcheunning

at the node, which can use any delivery mechanism suitalteeto
subscription client, e.g., IP unicast, email, or instanssage.

A popular technique for building the dissemination netwisrto
use acontent-driven networl(CN), a term coined by [6] to refer
to a class of overlay networks for data disseminati@N has a
clean and simple dissemination interface. Each messageics@
list of attribute-value pairs. A subscription is a lter avindivid-
ual messages, de ned as a predicate involving messagbuaési.
CN ef ciently routes each message to all matching subscniygtio
registered in the network.

Many off-the-shelf overlay networks implement tN inter-
face. One example isontent-based networfCBN) [4], which
allows subscriptions to be arbitrary boolean predicatesiother
example ofCN is Meghdoot[14], based on a structured overlay
called content-addressable netwo(iCAN) [24]. In Meghdoot, a
message contairgsnumeric attributes and each subscription is an
orthogonal range predicate in tdedimensional space. While this
subscription language is more restrictive than CBN, it nihedess
conforms to theCN interface. More details on different examples
of CN can be found in Appendix A. In this paper, we simply treat
CN as a black-box delivery mechanism.

While the simplicity of CN's network interface enables ef cient
and scalable implementations, subscriptions directhpetted by
CN are limited to selections over event tables. THZis,cannot be
directly used for stateful subscriptions such as seldasjovhose
processing requires information beyond individual messag

2.2 Select-Join Subscriptions

In this paper, we consider subscriptions expressed as guottad
range selections over natural joirselect-joinsfor short). These
subscriptions constitute a signi cant portion of worklaaith prac-
tice. The database schema can be modeled as an undijeicted
graph, which may contain cycles. Nodes in this graph represent
tables, and edges represent possible joins between taBlash

select-join subscription corresponds to a connected siplbgof the
join graph, which we refer to as thein signatureof the subscrip-
tion. In addition to the join conditions implied by the joilgsature,
each subscription can specify a local selection for eade tabthe
form of an orthogonal range condition. In general, such alitam
can involve multiple attributes, constrained by differesniges. In
this paper, we assume that subscriptions return all ata#hin the
result (i.e., no projections), and there are no self-joins.

We will start with the scenario, formalized in the example be
low, where all subscriptions have the same binary join digea
but possibly different single-attribute range selectiforseach ta-
ble. In Section 4, we show how to extend our solution to a gener
mix of multi-way joins. The extension to multi-attributeifoand
selection conditions is discussed in Appendix C.

Example 2(Binary Select-Joins)LetX = fX1;X>;:::gbe aset
of subscriptions over tableR(A;B;Pr) andS(B;C;Ps). B is
the join attribute,A and C are local selection attributes, aner
and Ps represent all remaining attributes in the respective table
which we call thepayloadattributes. EactX; is de ned by query

A2IiAR l'e CZIiCS ;

wherel A =[al® ;a"" JandI ¢ = [d™; c"9" | specify the ranges
of X;'s local selection conditions oR:A and S:C, respectively.
Note that Example 1 ts this scenario.

2.3 Strawman Solutions

Select-join subscriptions cannot be handled directlyGiy. We
now present several strawman solutions: The rst one doésis®
CN, while the others leveragéN in straightforward ways.

Enumeration of Unicast Noti cations (Enum-J) Given an in-
coming event, one option is to process all subscriptionseaserver,
compute a noti cation message for each affected subsoripand
unicast this message to the corresponding subscriber. ixaot
tion message contains the relational difference betweanarel
old subscription contents, which, in the case of an insericent, is
the result of the select-join evaluated over the insertptétand the
joining tables. Many processing techniques have been clesd|
e.g., NiagaraCQ [10] in the context of continuous queryesyst

This scheme corresponds to the naive approach introduced in
Section 1 Enum-Jsuffers from large server output size and lack of
sharing of dissemination costs. These problems make theagip
dif cult to scale to a large number of subscriptions.

Relaxation into Single-Table Selections foCN (Rel-Sel) An
n-way select-join subscription can be “relaxed” intoselection
subscriptions, one for each joining table. In ExampleX2,can
be relaxed into two subscriptionsAz,iA R and caic S. All re-
sulting selection subscriptions can then be directly heahdbly CN
(Section 2.1)R andS events are directly injected intoN, which
then routes each event to all matching selection subseniptiThe
subscription client maintains the contents of selectiobsstip-
tions, and joins them to compute the original subscription.
Rel-Selavoids result representation redundancy, and its use of

CN alleviates inter-subscription redundandel-Selmay seem to
avoid re-dissemination redundancy as well, but it is onlgcese
Rel-Selmay transmit far more data than necessary. Clienkfoin
fact receives enough data to be able to maintain the croskigro

a21AR ¢, ¢S, eventhough only the join is necessary. Los-
ing the Itering plower of join conditions can result in mucigher
traf ¢ due to transmission of unnecessary content to subers.

Reformulation as Selections over Join forCN (Ref-J/Ref-J*)
Reformulatior[5] is a method for supporting stateful subscriptions



over the statelesSN dissemination interface. On a high level, re-
formulation works as follows. Instead of injecting an eveinectly

the context) affectedR-semijoins Second, for eacB tuplets =
hb; ¢; i that joins withtgr, the server has to serd to everyS-

into CN, the server reformulates it into one or more messages with semijoinX;° wherea 2 1, c 2 IS, andX® does not already

attribute-value pairs carrying additional informationngouted by
the server. On the other hand, each subscription is ref@atadlas

a lter over the reformulated message€N automatically routes
reformulated messages to matching lters (reformulatellsstip-
tions). The reformulated messages, computed by the seiitler w
full access to the database and subscription de nitionsydhe
state necessary for processing the otherwise statefutsptiens.

We can use a simple reformulation scheme, which weRxeilJ,
to support all select-joins with the same join signatureve@ian
incoming event, the server computes the change to the i&sthié
natural join corresponding to the join signature (with nesgons).
This change is represented by a set of join result tupledidicase
of an insertion event, for example, these are the resultiofrjg
the inserted tuple with the other tables. Then, each joinlrés-
ple is injected intdCN as a message. Each select-join subscription,
on the other hand, is reformulated into a Iter over join ri:snes-
sages according to the subscription's local selection itioms. For
instance, in Example 2, the reformulated messages havertnef
hA B; C Pg; Psi, while each subscriptioK; is simply reformulated
intothe lter A2 1A~ C2 IS,

Again, CN helps us avoid inter-subscription redundancy. How-
ever, result representation redundancy still remainsgtment of
the incoming event is repeated in every reformulated mestaay
the event generates. Als@gef-J does not avoid current-content, or
more generally, inter-event and re-dissemination rednciéa.

Another inef ciency withRef-J, caused by delayed application
of selections (inCN instead of at the server), is thRef-J may
send join result tuples that are not interesting to any gijiisans.
This problem can be solved by checking each outgoing joinltres
tuple to ensure that at least one subscription would bedsted in
it. However, this extension, which we c&ef-J° , increases server
processing cost, and still inherits all other problem&ef-J.

3 Binary Select-Joins

We now present our solutions for the scenario described amnix
ple 2, where all subscriptions are binary select-joins leefvR and

S. We will show how to generalize our techniques to multi-way
joins in Section 4. As a rst step, in Section 3.1, we ignore ths-
semination aspect, and focus on how to ef ciently computéha
server, the minimal information to send to each subscipfio ev-
ery event. Next, in Section 3.2, we show how to retool thetsmiu

in Section 3.1 to further leverageN for ef cient dissemination.

3.1 Enum-SJ: Towards a Semijoin Approach

We saw in Section 1 that two important sources of inef cieacg
result representation and current-content redundanitiregns out
that both can be eliminated by decomposing a select-joiacsih
tion X = A2IA R/ &g caic S into two select-semijoins:
Xf= a2iaRNe cpeSandX® = ¢, cSng 4y 4R
We call themR-semijoin and S-semijoin respectively. Semijoins
are a well-known method in distributed databases [3] fouo&ty
communication when joining across different machines. #ise
join R n S can be regarded as a generalized Iter Bp which
returns only thos® tuples that join with at least or tuple.

The insertion of a tuplér = ha;b;p i into tableR can affect
both R-semijoin andS-semijoin subscriptions. First, the server
has to sendr to everyR-semijoinX R wherea 2 | and there
exists at least one joining tuplehb; ¢; psi such thac 2 1 2. We
call these subscriptiont -affected or simply (when clear from

containts (i.e., beforetr is inserted intoR, ts 62 ,,cSng
a214 R). We call these subscriptiorfts -)affectedS-semijoins

The client for subscriptiod; maintains the contents of boxh®
andX . Upon receiving noti cations t&X R or X 3, it updates the
result of X} /X S, which is equivalent to the origina{; .

As a concrete example, consider the subscripfanin Exam-
ple 1 and the tables showing the current contentStotks and
Reviews in Section 1. Upon the insertion of a neéStocks tuple
sqs = hGOOG; 52:1;:::i, recall that the naive approacBrfum-J)

sition, however, we only need to sesg to X $°°°. Note how
semijoin avoids the multiplicity caused by join, therebjnehat-
ing result representation redundancy; only one copg.ofs sent
no matter how many joinindreviews tuples there are. Further-
more, note that nothing needs to be senkt"** because the
Reviews tuples that join withs, and satisfyX 1's selection condi-

current-content redundancy is also avoided. This examigle-h
lights the fact that having an affecté&tsemijoin does not imply
the correspondin®-semijoin is affected as well.

It is not trivial to compute the changes to a large number of
select-semijoin subscriptions, since every subscriptias differ-
ent selection conditions. It is especially tricky to decidhich
S-semijoins need to receive a joinirsgy tuple, because the deci-
sion involves testing whether they already contain theetuplhe
remainder of this section is devoted to the details of s¢aladain-
tenance oR-semijoins ands-semijoins on an insertion into table
R. Insertion intoS is symmetric; updates and deletions involve
straightforward extensions, which we omit for brevity.

Once the changes are computed, we assume (for now) that the
server unicasts them to each subscription. We call thisrsehe
Enum-SJ We will see how to us€N to avoid inter-subscription
redundancy and further reduce output size in Section 3.2.

3.1.1 Computing Changes ikSemijoins

On an insertiortr = ha;b;pi into R, we need to identify all
affectedR-semijoins. Several techniques exist in the continuous
query processing literature, e.g. NiagaraCQ [10]. For edem
we can rst nd all subscriptions whose local selection citi@hs

on R:A are satis ed bytr, which can be done ef ciently with an
interval tree indexing all# intervals. For each such subscription
Xi, we then probe a composite-key B-tree index3(B;C) to
determine whether there exists at least Srteple withB = band

C 2 1, if yes, the subscription is affected. The problem with this
approach is that its running time is linear in the number dfssuip-
tions whose selection conditions BaA are satis ed, which can be
much higher than the actual number of affected subscrigtion

Processing with Stabbing-Set Index (SSI) We base our solution
on an algorithm from [1], which is especially suited to outtisg
because it exploits the clustering among local selectiogea for
ef cient processing. In publish/subscribe systems, weeexpa fair
degree of clustering among subscription ranges because afsen
share similar interests.

The algorithm is based onsdabbing-set inde¢SS)), which par-

cording to theirl £'s, i.e., their local selection ranges &C. All

subscriptions in th&-th clusterX () must have theit< 's stabbed
by a common poinp'®, called thecluster anchor With clustering
of user interests, we should be able to partittorinto a relatively
smaller number of clusters (i.e., jXj ). Efcient algorithms
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Figure 1: ProcessingEnum-SJ using SSI for clusterX ().

have been developed in [1] to maintain the partitions suel th
is close to the minimum possible. Figure 1 illustrates theofe
subscriptions in clusteX () in the spac&:C  R:A, where each
subscriptionX; is represented as a rectangife 1. The rectan-
gles in each cluster are indexed bg-al R-tree.

On the insertion ofr = ha;b;p i into R, we perform the fol-
lowing steps for each clustet¥). First, by looking up(b; p*)) in
the B-tree index o18(B; C), we can nd the two joiningS tuples
with S:C values (say; andxz) that are the closest possiblepd’
on each side of'*). Figure 1 illustrates this step. Next, we probe
the R-tree index foiX (*) to nd those subscriptions iX ) that
contain at least one of the poir(ts: ; a) and(x2; a).

For each cluster, this procedure returns exactly all adfg&-
semijoins within the cluster. To see why, note that we canesgmnt
tuplesinftr g/S aspointsinth&:C R:A space, and all of them
must lie on the horizontal linR:A = a. An R-semijoin is affected
iff its rectangle contains at least one of these points. &loee, any
affected subscription ixX ) must necessarily contaifp®®; a);
foritto contain atuple iitr g /S , it must further contain at least
one of(x1;a) and(xz; a).

Complexity The space required for auxiliary data structures is
O(jXj + jSj), i.e., linear in the number of subscriptions and the
size of the database. Let be the number of affectedd-semijoins.
Letg= O( max; x jX (K)j) denote the cost of a lookup in an
R-tree indexing all subscriptions in a cluster (excludihg tost
component that is linear in the output size of the lookup).e Th
running time isO( (logjSj + g) + kr). Lethgr be the size of
oneR tuple. The output size, as measured by the total size of all
noti cation messages, i®(kr hr).

3.1.2 Computing Changes $3Semijoins

Given aninsertiong = ha; b;p i intoR, we need to send a joining
S tuplets to anS-semijoinX 3 iff ts is exposedo X 3, i.e., ts
should be i after the insertion but currently is not. It may seem
that we need to examine the content of ¥semijoin to determine
whetherts is exposed to it. Interestingly, we show that exposure
testing is not as hard as it seems—a single index lookup ssf ¢

Theorem 1 (Exposure Test) Given an insertiorir into R, let

a (tr) =maxftA jt2 R*"tB = tg: B t:A tr:AQ,
or 1 ifthe input tomax is empty; and
a"(tr)=minftA jt2 R*"t:B = tr:B*t:A tr:Ag,or

+1 if the input tomin is empty.
In both de nitions,R refers to the state dR before the insertion.
Consider anyts 2 S that joins withtg (i.e.,ts:B = tr:B): ts is
exposed tX ° iffts:C 2 I andtg:A 2 I [a (tr);a" (tr)].

Proof. (Sketch) Iftg:A 621, X 3 is clearly not affected by the
insertion. Lettr:A 2 I. There are two cases: 1) If* 6
[a (tr);a" (tr)], it must contain one of (tr) anda’ (tr). Ei-
ther way, there already exist$ 2 R witht3:A 2 | * andt}:B =
tr:B, such that any5 tuple that should be iX S due to inser-
tion of tg must already be X because ot%. 2) If IA

[a (tr);a" (tr)], there is no othety 2 R with t3:A 2 1* and
t3:B = tg:B. Therefore, any tuple that should be iX ° due to
insertion oftg must not be inX ° currently. |

Applying Theorem 1, we can compute changeS+semijoins as
follows. First, we computa (tr) anda’ (tr), which can be done
ef ciently by looking up (b;a) in the B-tree index orR(B;A).
Next, we process each subscription clustérin turn, in the same
loop where we compute affecté&tsemijoins (Section 3.1.1). For
each affectedR-semijoinX R, if 1A [a (tr);a* (tr)], the cor-
respondings-semijoinX ° is also affected, and its change includes
the set ofS tuples withS:B = bandS:C 2 |1 £, which can be eas-
ily found in a B-tree index or§(B;C). As an optimization, we
do not need to repeat this lookup from the B-tree root for pads
fectedS-semijoin. Instead, we use a single lookup(bfg*’) for
each cluster; to ndS tuples withS:B = bandS:C 2 I ¢ for X;
in this cluster, we simply traverse the B-tree leaves towéett and
right starting from this point.

Complexity The total space requirement (including auxiliary data
structures in Section 3.1.1) B(jXj + jRj + jSj), i.e., linear in
the number of subscriptions and the size of the database.s Let
be the number oS tuples that join withtgr . Recall thatkg de-
notes the number of affectel-semijoins. Letks ( kgr) de-
note the number oftr -)affected S-semijoins(i.e., those with at
least one exposed joinir§ tuple), and les® (  s) be the average
number of joiningS tuples exposed to each affectBesemijoin.
The running time, combined with the algorithm in Section.B,1s
O(log jRj+ (logjSj+ g)+ kg + kss%. The output size, as mea-
sured by the total size of all noti cation messages$esemijoins,

is O(kss’hs), wherehs is the size of on& tuple.

3.2 Ref-SJ: Scalable Dissemination

Enum-SJsuffers from inter-subscription redundancy because i uni
casts noti cations to each subscription. In this sectior, present
Ref-SJ which uses novel reformulation techniques to lever@ge
for sharing dissemination costs. The overall approach ligte the
server reformulate each incoming event il messages carrying
additional information computed by the server, such thatdth-
erwise stateful subscriptions can be reformulated acoghdiinto
stateless lters supported b@N. Assume as before that we insert
anR tupletg = ha;b;pi.

3.2.1 Reformulatingg-Semijoins

We need to sentk to the set of affecte@®-semijoins ef ciently.
Can we characterize this set succinctly without enumegatie set
membership? The answer is yes. To illustrate, let us map Rach
semijoinX } with 1€ = [d*; d"" ] to a point(d® ;d"" ) in a
2-d space, as shown in Figure 2 (a).

Consider just the subset Bf-semijoins whosé{* ranges contain
a; we call these thétr -)selectedR-semijoins. Obviously, every
affectedR-semijoin must rst be selected. Among the selecked
semijoins, it turns out that the affected ones can be segghfedm
the unaffected ones by a skyline, as stated by Theorem 2 below

De nition 1. Askyline (viewing from northwesih 2-d is speci ed
by a set ofskyline pointsf (Xx1;Vy1); (X2;y2);:::gwith the property
that no point lies to the northwest of another point; i.eerthexist
noi;j suchthatx; x; andy; y;. Thesubspace coverdaly
this skyline is the union of northwest quadrants of all sie/fpoints,

e, f(xy)j9i:x XxXi™"y yig.

Theorem 2 (Descriptive Skyline) There exists a skyline (viewing
from northwest)]. such that 1) everir -selectedr-semijoin in the
subspace covered hyis tr -affected, and 2) everig-semijoin not
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in this subspace is ndt -affected. We call a skyline satisfying
these properties descriptive skyline

Proof. (Sketch) LetP be the (duplicate-free) set of points corre-
sponding to all affecte®-semijoins. LeP °be a subset d?, such
thatp 2 PCiff p does not lie to the northwest of any other point
in P. The skyline speci ed byP° satis es both properties. 1) If
a selectedr-semijoinX R} is covered by the skyline, it must lie to
the northwest of some affect®semijoinX X , which implies that
1= 1. Therefore, any joining tuple that satis esX*'s se-
lection condition must satisf¢ X 's too. Hence X ® must also be
affected. 2) This property follows from the constructiorrdt O

For example, Figure 2 (a) shows one such skyline Wiskyline
points (as constructed by the proof of Theorem 2). Using Theo
rem 2, our approach is to rst compute a descriptive skylinéha
server, givertr = ha;b;pri. Suppose this skyline h&s points

Accordingly, anR-semijoin is reformulated as a lter over this
message, which now can directly be handled by stat€ldss
A2 18N (9 1Y) 1E):
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(X2;X2). The justi cation (omitted for brevity) follows the same
line of reasoning as the SSI-based algorithm in Sectiori 3.1.
When all clusters have been processed, the poirf sgteci es
a descriptive skyline with up t@ points, as illustrated by Fig-
ure 2(c). This descriptive skyline can be quite succinctviork-
loads that exhibit a high degree of subscription clusterifighe
running time of the algorithm i®( logjSj).
Improved Cluster-Based Skyline Ref-SJ-Clu™) The skyline

be a contiguous subsequence of skyline points, sorted fourtis
west to northeast. Consider the sawtooth region betweeskijre
line and the diagonal line segment frdop; o1) to (oh; g0 ). If this
sawtooth region contains rR-semijoin that is both selected and
unaffected, we can replace the subsequence of skylinespona
single point(g, ;i) and obtain a simpler descriptive skyline, as
illustrated by Figure 2 (d).

This improvement, which we caRef-SJ-CIud , can be realized
algorithmically as follows. We generate ttef-SJ-Clu skyline
points in order, by processing clusters in the increasirdgonf
their anchors. During this process, we check, for each gaion-
secutive skyline pointgg ; g ) and(q +1 ; G +1 ), whether the trian-
gle they form together witlq ; g +1 ) is disposablei.e., contains

Compared with the approach in Section 3.1.1, which sends out no R-semijoin that is both selected and unaffected. Once we iden

kr unicast messages with a total sizeQfkr hr), this approach
sends out a singlEN message with siz®(hr + k. ), wherek,,
the number of points in the descriptive skyline, can be @ity
much smaller thakg , the number of points covered by the skyline.
Note that in general there can be many possible descrigtize s

lines. We now examine several techniques for computing See-
eral factors in uence our choice. We want to: 1) compute the s
line ef ciently; 2) reduce the number of skyline points, lbese

it affects the reformulated message size; 3) reduce thecdréee
subspace covered by the skyline, because a larger area msg ca
slightly higher dissemination costs for soi@G&l implementations.

Minimum-Area Skyline (Ref-SJ-Sub) This is the skyline con-
structed in the proof of Theorem 2. While it minimizes theari¢
may still have a large number of points. Furthermore, comngut
this skyline requires addition&@(kr log kr ) time after identifying
all kg points, which is not very desirable.

Joining-Tuple Skyline (Ref-SJ-Tup) Suppose there arejoin-

lustrated by Figure 2 (b). While very easy to compute, the lpeim
of skyline points may be large and can even exdeed

Cluster-Based Skyline Ref-SJ-Clu) Here, as in Section 3.1.1,
we again leverage the SSI to exploit the clustering amongaigs
tion ranges. We start with an empty point &t For each cluster

X ) we look for the two joiningS tuples withS:C values (say
x1 andx.) that are the closest possiblep’ on each side gtk .
They can be found by looking ufb; p*’) in the B-tree index on
S(B;C). We add(x1;x1) and(xz; x2) to P. Intuitively, the set

of affectedR-semijoins in this cluster is exactly the set of selected
R-semijoins in this cluster that lie to the northwest(afi; x1) or

tify a maximal consecutive sequence of at least two disgessb
angles, we can replace the corresponding skyline pointssiryge
one. We can locate all disposable triangles using at méstree
lookups (see Appendix B for details). The numbeRef-SJ-Clu
skyline pointsis stilR in the worst case, butin practice we nd the
number to be much lower. Although the algorithm by itself igrm
costly thanRef-SJ-Cly it can be combined with the algorithm for
computing reformulated messages &semijoins (Section 3.2.2)
without increasing the overall asymptotic complexity.

Finally, we note that eveRef-SJ-CIU may not nd a descrip-
tive skyline with the minimum number of points. It is possilib
nd such a skyline, but the running time would becor®¢k2 ).
We leave a more detailed investigation of this alternatéugure
work, since our experiments show tiRéf-SJ-Clu works well in
practice and offers very good compression at low cost.

3.2.2 Reformulating-Semijoins

Given an insertiorir , our overall strategy is to rst nd the set of
S tuples that are exposed to at least &eemijoin; for each such
S tuple, we create &N message containing its content plus some
additional information so thaEN can route it to the exact set of
S-semijoins to which it is exposed.

The algorithm proceeds as follows. Given = ha;b;pi, we
rstcomputea (tr) anda® (tr) by looking up(b; a) in the B-tree
index onR(B;A), as in Section 3.1.2. Next, we computethe
union of | € ranges of all affecte®-semijoins, by iterating through
subscription clusters. For each clusté), we nd the affectedr-
semijoins using two R-tree lookups, as in Section 3.1.1.every
affectedR-semijoinX R with 1A [a (tr):a" (tr)], we add its
1€ range tol . During this process, we maintainas a sequence
of maximal, non-overlapping ranges. Finally, for each ehgn



I, we retrieve allS tuples withS:B = bandS:C 2 I, using a
B-tree index or5(B; C). For each retrieve® tuplets, we inject
the following reformulatedCN message:

hBb;Cts:C; Psits:ps; Aa; A :a (tr); A :a" (tr)i:
An S-semijoin is reformulated as a simple Iter over this messag

A2 1A A AINC2IC:

For one incoming event, the number of noti cation messageﬁi
the number ofS tuples exposed to at least one affeciedemijoin.
The total message size@(s’hs). The running time of the algo-
rithmisO(log jRj+ (logjSj+ g)+ kr logks + ks logjSj+ s9.

3.2.3 Recap and Comparison withum-SJ

To recapRef-SJoperates as follows. When a select-join subscrip-
tion is created, it is decomposed i and S-semijoins, which
are then reformulated into message lters (as describedeic- S
tions 3.2.1 and 3.2.2, respectively) and registered irCiNe

Given an incoming insertiotr into R, the server generates a
message containintgk together with the descriptive skyline (Sec-
tion 3.2.1). When injected int€N, this message is automatically
routed byCN to reach all affectedR-semijoins. Also, the server
generates a series of messages, one for &tlple that is ex-
posed to least on8-semijoin (Section 3.2.2). Every message is
augmented withir:A, a (tr), anda’ (tr), and is automatically
routed byCN to reach any affecte-semijoin that it is exposed to.

Compared witlEnum-SJ not only doeRRef-SJleverageCN for
ef cient dissemination, buRef-SJalso makes it possible to speed
up server processing. Intuitively, the complexity Bfium-SJ as
any method that enumerates all affected subscriptionsynda-
mentally lower-bounded by the number of affected subsorigt
Reformulation-based approaches, on the other hand, oely tte
generate a description of this set, which can be much mom@s®n

4 Multi-Way Select-Joins

We now consider how to handle a general mix of select-join sub
scriptions over multiple tables. Recall from Section 2 thatrepre-
sent the schema as a join graph, and each select-join hasadLsig
corresponding to a connected subgraph of the join graph.

Our approach decomposes eacfvay select-join oven input
tables inton binary select-semijoins (exactly one for each input ta-
ble). The select-semijoin for input tabR is the semijoin ofR
with one of the neighboring input tables Bf (sayS) in the join
signature, i.e., py Rng pg S, whereB is the common join at-
tribute, pr and ps refer to the selection conditions dR and S
in the original subscription. We call this binary selectrgi@in an
RS -semijoin here,RS denotes théorm of the semijoin, wher®
is called thebase tableandS is called theltering table. For exam-
ple, the ve-way select-join whose signature is shown inuf&g3
might be decomposed infasemijoins:RS, SY, TS, US, andvV.
Note that there are three choices of Itering table for badgesS,
corresponding to the three edges incidersto

Instead of the original multi-way select-join subscriptiche
subscription client would maintain the decomposed binatgc-
semijoins, and simply join them together to reconstructchetent
of the original subscription. Note that the client does negahto
apply additional selections, because the semijoins célrapplica-
ble local selections from the original subscription.

Using the techniques from Section 3, we process the decom-
posed binary select-semijoins in groups, where each groofamns
all binary select-semijoins of the same form.

Optimizing Decomposition Given a set of multi-way select-joins
(with different signatures in general), we are faced with fbl-
lowing optimization problem. How should we decompose edch o
these multi-way select-joins such that the resulting gsoopbi-

nary select-semijoin are least expensive to process? \Wetrethe
decomposition decisions we make on the given set of sebats-j
collectively as alecompositiorfor this set.

For some intuition, suppose we want to choose a binary select
semijoin for a base tablR in a multi-way select-join. Consider the
implications of choosing a particular Itering tabf&. 1) On the in-
sertion of tupletr into tableR, tg has to be sent to dlk -affected
RS-semijoins. The associated cost depends on the probabflity
insertion into tableér and the expected numbertpf-affectedR S -
semijoins. Intuitively, we want to choose a “selective’eting ta-
ble S that is expected to lead to fewss -affectedR S -semijoins.

2) On insertion of a tuplés into tableS, each of the joinindR tu-
ples needs to be sent to RIF -semijoins to which it is exposed. The
associated cost depends on the probability of insertiartatilets,
the expected number of joinirig tuples, and the expected number
of ts-affectedR S -semijoins. Intuitively, we again prefer to choose
a“selective” neighboB whose updates impaBt® -semijoins mini-
mally. Note that choosing S -semijoin does not imply a preference
for choosingSR -semijoin, i.e., the choice of Itering table for each
base table need not be reciprocal.

We cost a decomposition as follows. The total cost is the sum
over all resultingsemijoin groups A semijoin group (sayR®)
contains all decomposed binary select-semijoins of theesfanm
(RS-semijoins). The cost of thR® group is the number oRS-
semijoins assigned to the group times a per-semijoin ¢d?F).
We propose two techniques for estimating the per-semijogt for
a group: One is based on periodic simulation of samples of sub
scriptions and events, and the other one is based on a sirage p
metric cost model (see Appendix D for details).

Given a set of multi-way select-joins whose signatures eae/d
from a join graph, we use a greedy algorithm to nd the decompo
sition with the lowest cost. We repeat the following for eacide
R in the join graph. We nd the neighb@® with the lowest(RS),
and chooseR® -semijoins for all subscriptions involving botR
andS. If there is any subscription involvinB for which we have
not yet chosen a semijoin fd®, we repeat the process using the
neighborS° with the next lowest per-semijoin cos(RS"). Af-
ter a choice for base tabR has been made for all subscriptions
involving R, we move on to another node in the join graph.

Under the assumptions of our cost function, it is easy tolsae t
this greedy algorithm nds the optimal decomposition (seg- A
pendix E for a proof). In Section 6, we shall see that optinizra
based on the simple parametric cost model gives good results

Complexity Let e denote the number of edges in the join graph.
The time complexity of the greedy algorithm@{e(log e+ jXj)),
dominated by outputting the result decomposition. The péittie
running time attributed to decision making is or{elog €).

The totapspace required by all our auxiliary data structuee
O(njXj+ ;& jTij), wheren is the average number of tables in
a multi-way join, andg; is the number of edges incidentToin the
join graph. Basically, each-way select-join contributes binary
select-semijoins. For each group of binary select-sensjoive
need two SSIs—one for each of the two local selection ategu
An SSI (including R-trees for its clusters) takes spacedlinie the
number of semijoins in the group. Therefore, the total sgaken
by SSlIs isO(njXj). In addition, for each table, we need one
composite-key B-tree for each of its join attributes (in dona-
tiopwith the local selection attribute). These B-treesetbgr take
O( ;& jTij) space.

Alternative Approaches There are a number of other approaches
to handling multi-way select-joins, suchRsl-SelandRef-J(Sec-
tion 2.3), as well as a non-trivial extension of the semigproach
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to longer select-semijoins of the forRn (S /T / ). In
particular, it may seem that this last alternative, withgteater
Itering power, could be better than our approach of usindyon
binary select-semijoins, because with only binary sesectijoins
we might send tuples participating in a local binary sejeat-but
not the original multi-way query. However, the alternasieave
problems that make them less attractive than our approaehgw
fer the interested readers to Appendix F for details.

5 Reducing Re-Dissemination Redundancy

The techniques in Sections 3 and 4 avoid result representati
current-content, and inter-subscription redundancidschvcover
a signi cant portion of network cost. However, they cannohc
pletely avoid re-dissemination redundancy across everntssab-
scriptions. In Example 1, a deletion fro8tocks could remove
the joining reviews fronX 1's current content. A future update that
brings them back intX ;1 would cause the reviews to be sent again
from the server. More generally, the bits delivered to a nex@enot
available for reuse for a future event, becaG$eis stateless by de-
sign. This problem is exacerbated when tables have largegds,
such as inline text, video, etc.

The re-dissemination problem is not speci c to join subgeri
tions, but is universal for any subscriptions requestingnés’ with
non-negligible payload. Hence, we opt for a genetd;based so-
lution that attempts to avoid retransmitting the same pEthrough
the same link (between any tweN nodes). At the same time, we
aim to maintain the clean, stateless interfac€bf and avoid in-
troducing hard state or complex processing in the nodes.

One straightforward solution to the problem is caching. itiea
is to assign each payload a unique reference, and push mneessag
with the reference, but not the payload, to subscriptiongsorure-
ceiving the message, a subscription client sends a requebet
server for the payload with the reference. The request amejily
are routed over an overlay network that implements caclsio@s
to serve future requests before they reach the server. tumfately,
this scheme fundamentally changes the push-style disagionirof
publish/subscribe to pull (for payloads), which may not beegt-
able to some applications. Moreover, cache misses adddsrnsi
able latency, and new payloads will always result in initathe
misses, potentially causing a high amount of additionall tpai c.

Overview of CN  We now present our solution call&€N . In
order to avoid sending the payload over a link multiple times
extendCN to maintain apayload directoryand apayload repos-
itory at each node. The server assigns a uniduéor each pay-
load (e.g., using a content hash). The payload reposit@gres
tially caches payloads along the push path. The payloadtdire
remembers whether a particular payload has been sent thiaug
outgoing link. Briey, we avoid re-dissemination as follew If

a payload has been sent over an outgoing link, the node eplac
the payload with just the paylod®, and sends this “lighter” ver-
sion of the message instead; otherwise, the message isitlettev
payload. The node responsible for a subscription will replany
payloadID in the message with the actual payload before nally

forwarding the message to the subscription client.

Consider the example in Figure 4. On the rst event, subscrip
tions X1 and X2, both interested in this event, receive the same
payload througlCN (Figure 4 left). Later, if the same payload is
needed again bY 1 andX » due to another event (which joins with
the same tuple as the rst even@N will send the message with-
out the payload (Figure 4 center). Finally, if another evenises a
third subscriptionX 3 to need the same payloa@N will transmit
the payload only along those links that have not sent it presly;
other links will transmit without the payload (Figure 4 righ

One important feature &&N is that both payload directory and
repository in aCN node are soft state whose size can be capped.
We do not assume that ea€@iN node can remember the entire
transmission history. Soft state also aids in failure haugglbe-
cause we do not have to recover any state related to the phyloa

Operational Details A standardCN message, which is a list of
attribute-value pairs, is augmented with three attributiéls special
meanings tcCN . 1) PayloadAttrs specify which attributes in the
message collectively form the payload.IB)is a unique identi er
for the content of the payload in this message S8urcerecords
the last encounteredN node along the dissemination path, which
may have a copy of the payload in its cache. If no sGdh node
exists (e.g., when the message just enters€CtiNe), Sourceis set
to the IP address of the server, which is ultimately respgmador
supplying the content of the payload when necessary.

At eachCN node, the payload directory entries have the form
[ID; Bitmap]. Bitmap is a bitmap with one bit for each outgo-
ing link, which records whether a payload has been prewousl
sent over that link. The payload repository entries havefone
[ID; Payload, where Payload stores the actual payload content.
Both the directory and the repository are indexedDrio support
quick access to a particular entry.

Assume for now that entries in the directory and repositogy a
never purged. The server rst injects the original messagh the
three additional attributes in®©N . Upon receiving a message,
eachCN node checks its directory to see if an entry forlD is
present. If not, it creates a new directory entry withiD and an
empty bitmap. It also adds the content of the payload, iflale
in m, to its payload repository. Link matching is then done just
as in regularCN, to determine the set of outgoing links to which
the incoming message needs to be forwarded. For each mgtchin
link, if the same payload was previously sent over that limk (
dicated by al in the directory entry bitmap), the node sends the
message without the payload (by removing values for atiein
m:PayloadAttrs). Otherwise, the node sends the message with the
payload (reconstructed from the local repository if neaggs and
sets the appropriate bit in the directory entry bitmagltoln ei-
ther case, a node that has the payload in its repository alseis
Sourceto its own address before forwarding the message.

Directory and Repository Maintenance To limit space usage,
CN may need to purge entries from the repository and/or direc-
tory. The choice of which entry to purge is analogous to a each
replacement policy; we use a least-recently-used (LRUgmseh
Further, if a directory entry i4 for all outgoing links, it is okay to
purge the entry from the repository. We next discuss the livagnd
of purged repository and directory entries separately.

Handling Purged Repository EntrieAssume that a message
without the payload arrives at node but there is no repository
entry for the payload at (because it has been purged)nlheeds
to send the payload along some outgoing link or to a subgonipt
client,n must rst obtain the payload by contactimg. Sourcewith
m:ID. In this case, the increase in noti cation latency for sulgsc
tions inn's subtree is the roundtrip time betweerandm: Source



[Method [ Delivery [ Technique] Comment |

Select |[CN/CN Rel-Sel |Inject events irCN/CN w/o joining (Sec. 2.3)

Select- | Unicast| Enum-J |Compute join results for each sub (Sec. 2.3)

Join CN/CN [Ref-J,-J7 [Inject join results i"CN/CN  (Sec.2.3)

Select- | Unicast | Enum-SJ | Compute semijoins for each sub (Sec. 3.1)

Semijoin|CN/CN Ref-SJ  |Inject semijoin results ICN/CN (Sec. 3.2); fou
avors: -Sub, -Tup, -Clu, -Clu*

Table 1: Summary of solutions.

Note that ifm:Sourcehas dropped the entry in the interim period,
n can directly contact the server as a fallback mechanism.

Handling Purged Directory EntriesNhenn receives a message
whose payloadD corresponds to a directory entry purged earlier,
n simply assumes that all bitmap entries @r@s if the payload is
new). Thus, with purging of directory entriesmay send the same
payload again along a link. However, note that the directmgu-
pies very little space (812kB directory can hold tens of thousands
of entries), so the chance of purging a useful directoryyestvery
low in practice, and re-dissemination can be usually avthide

Remarks By design,CN nodes can co-exist with regul@N
nodes. This feature facilitates incremental deploymen€hf,
consistent with our goal of practicality. Regul@N nodes sim-
ply forward the messages they receive without interpretiregad-
ditional attributes special t&€N . A CN node always sends the
payload if its next hop is €N node (we have a simple and ef cient
technique for testing this case, described in Appendix H).

CN differs from traditional caching in two important ways. §ir
traditional caching applies to values of identi able oligcand
hence must deal with coherency issues when values changendin
trast,CN caches just values (of payloads), which identify them-
selves; each different value is a separate cacheable phtfagis
immutable by de nition. HenceCN need not worry about cache
updates. Second, a straightforward caching solution wgatter-
ate lots of initial cache misses for any new payload, addiomy ¢
siderable noti cation latency. In contrastN preserves the push-
style dissemination of publish/subscribe. Disseminatiba new
payload througlCN involves no misses and is identical in com-
munication pattern to dissemination through regaat.

6 Evaluation

Server Setup We have implemented all our novel schemgsum-
SJ, Ref-SJ-Sub Ref-SJ-Tup, Ref-SJ-Cly andRef-SJ-CIu . For
comparison, we have also implementédum-J, Rel-Se| Ref-J,
andRef-J* . Table 1 summarizes the techniques for quick refer-
ence. Enum-Juses SSI [1] for computing select-join results. We
support tuple inserts, deletes, and updates. The impletiemt
writes its output to local disk a70 Mbps speed, which is roughly
similar to a dedicated OC152 Mbps) connection to the Inter-
net. We use main-memory data structures for optimal perdoica,
though it should be easy to replace them with standard |/Ceeit
versions if needed. The experiments are performed on a sebf
core Intel Xeor2:0GHz machines running Linux kernel 2.6.18.

Network Setup We evaluate network performance by implement-
ing a simulator for large-scale networks. The simulatoregates
application-level routing traces that can then be analyzgidg
link-level simulation, which uses20;000-node topology produced
by INET [9], a generator of Internet-like network topologie A
subset 0fL000 nodes form the overlay dissemination network. In
this paper, we focus only on measurements between thede
overlay nodes, because we have observed that |P-levelgeists-
ally follow similar trends as node-level costs.

The vanillaCN we have implemented is based on CAN [24],
which uses a semantic space for routing (Appendix A). A simil
CNhas been used in other systems, e.g., [14, 5]. We also impteme

and report results using o@N extension.

Evaluation Metrics We track both server- and network-side met-
rics. At the server, we measure the average processing téne p
event, including both server processing cost and the owtfpues-
sages to be injected in@N. On the network side, we track: Net-
work traf ¢ per event, which measures the total number of bytes
transferred between overlay nodes. Nymber of overlay hops
per event, which measures the total number of messages &sent b
tween overlay nodes. 3ode stresper event, which measures
the communication load on an overlay node. In this paper,eve r
port stress in terms of the total amount of traf ¢ originaifrom a
node. 4)Hop latency which measures the number of overlay hops
it takes for a noti cation message to reach a subscriptionp k-
tency roughly corresponds to subscription noti catiorelaty, as-
suming uniform network delays between nodes.

Workload For binary select-join®R / S (see Example 2), we
generate synthetic subscriptions as follows. N€t; ) represent

a normal distribution with mean and standard deviation. Refer

to Table 2 for a summary of parameters. We use normal distribu
tions to generate the centers of subscription ranges Rw&rand
S:C. The range centers are located in either low or high portadns
event space, to model corresponding user interests. Raiuijlesw
are derived using normal distributions as well (see Tahle 2)

We experiment with synthetic and real event workloads. The
synthetic event workloads usk)0 unique values of the join at-
tribute. The number db tuples for each join attribute value follows
a truncated Zipf distribution with paramet@18. R tuples are in-
serted for each unique join attribute value, &086 of R insertions
produce at least one join restltThe total number oR tuples in
the database is kept constant by deleting older tuples waeesn
sary. We also experiment with a real event workload basedamk s
data from Yahoo! Finance (see Section 6.1 for details). IFirthe
workloads for our mix of multi-way select-join subscripti® (gen-
eral and star schema) are described in Section 6.3.

Repeatability To verify repeatability across runs, we perform
each experiment multiple (up t0) times, by varying the random
seed for the event workload. We found the variation across ta
be minimal—for more thaB0% of data points, th85%con dence
interval falls within 7% of the respective mean. Given the signif-
icant difference (often orders of magnitude) across thecgahes
being compared, we plot only the mean value across runs.

6.1 Binary Select-Joins, Unmodi edCN

We rst examine the bene ts of our new schemes, without the
added bene ts o€N . Even withoutCN , our techniques can eas-
ily outperform simpler ones. Unless otherwise indicatbése ex-
periments us&00k subscriptions, wittR andS tables havindL6k
and5:1k tuples respectively. Each tuple hB80 bytes of payload.

Varying Number of Subscriptions In this set of experiments,
we test scalability by varying the number of subscriptiorent
100k to 1 million, and measure average costs per event (69r
events). Note that thg-axis is logarithmic for all results.

The results for server processing time are shown in Figuité.
see thatEnum-J is the worst. Even with very ef cient process-
ing techniques, the output size dominates and makes thisitpe
perform badly.Enum-SJis better as it avoids result representation
and current-content redundancies, but it still suffersrfreedun-
dant output across subscriptions. Reformulation-basethtques
are generally more ef cient since they avoid enumeratirfgcéd
subscriptions. The simple reformulatiorRef-J and Ref-J" ) are

!We have derived this parameter from examining our real stock
event workload for the fraction of stocks having at least @img.
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parameter value # subs. | 100k | 300k | 500k % .
domain of attributes [0; 100K] Enum-J [484:8|1464:0(2461:5 L:’ 10t F K 4
number of subscriptiong 100k—1M Enum-SJ | 27:3 | 82:0 | 137:6 g xR
R:A range centers |N(30k =70k; 10k) Ref-J* 13:4 | 14:3 | 14:6 g w2 b ]
R:A range widths N(20k ; 5k) Rel-Sel 0:86 | 0:95 | 0:88 S ’ R B B
S:C range centers | N(15k =85k ; 6k) Ref-SJ-Clu* | 0:38 | 0:38 | 0:39 £ E——
S:C range widths N(6k ; 5k) > 10° | .a==t T T T ]
number of events 44Kk-T4k Table 3: Average server stress (kB). 2 @ Enum-J —x-.-
number ofR tuples in DB 1k-31k S 1wt b Enum-SJ- e |
N1 N(25k =75k; 3k) # subs. | 100K | 300K | 500k s RefJ —a-
distribution ofR:A N(N1; 8K) Ref-5J-Sub| 73:12 | 99:54 |111:84 ] Ref-S3Gill, =
number ofS tuples in DB 100-10100 Ref-SJ-Tup |312:78 |305:88 |302:85 < 10° - . - .
N2 N(50k ; 10k) Ref-SJ-Clu | 29:59 | 38:15 | 42:87 20 4 80 8 100
PR Relative Join Output Rate
distribution ofS:C N(N2; 3K) Ref-SJ-CIU* | 16:88 | 21:96 | 24:68

Table 2: Summary of parameters. Table 4: Average desc

quite fast, withRef-J* being worse as it needs more processing
to skip unnecessary join results. Semijoin reformulatigief-SJ-
Sub, Ref-SJ-Tup, Ref-SJ-Cly Ref-SJ-Clu ) are fast as wellRef-
SJ-Subis slower as it has to compute a skyline of affected subscrip-
tions for each event. The compression techniqueReaffSJ-Clu
andRef-SJ-ClIU create insigni cant overhead abo®ef-SJ-Tup.

Network traf ¢ (Figure 6) forEnum-Jis extremely high as ex-
pected.Enum-SJis better, but degrades quickly with the number
of subscriptions because of inef cient unicasting. Refafation-
based techniques are able to drastically reduce commiovniazdst
by leveragingCN. The simple reformulationsRef-J andRef-J* ),
while better tharEnum-J, still incur unnecessary traf ¢ due to re-
sult representation and current-content redundanciegax&ton
(Rel-Se} is slightly better, but at the expense of disseminating and
adding irrelevant state at subscriptions. Our four semijeifor-
mulations avoid unnecessary dissemination and share aosiss
subscriptions.Ref-SJ-CIU  incurs the lowest traf ¢ overall, giv-
ing at least an order of magnitude improvement over the sivanv
solutions. We also measured the number of overlay hops jeeit ev
(Appendix J), and found that our semijoin reformulatiorhieicues
are at least an order of magnitude better than other schemes.

Figure 8: Processing time; increasing rela-
ription size (bytes). tive join output rate (RJOR).

join attribute value. Hence, witho@N , semijoin reformulations
degrade slightly in performance at low database sizes. Menve
they are still able to easily outperform the other approache

Varying Relative Join Output Rate Relative join output rate
(RJOR is the average number of join result tuples generated for
each inserted event. Like join selectivity, RJOR can imphet
performance of some algorithms. Figure 8 shows the senar pr
cessing cost for increasing RJOR. We control RJOR by varyiag
number of tuples in tabl&. We see thaRef-Jis very good at
low RJOR, but quickly degrades due to output siRef-SJ-Clu
scales well with increasing RJOR. Figure 9 shows the netivafk

¢ for increasing RJOR. Again, semijoin reformulations sches
are clearly superior. The simpRef-SJ-Tup degrades due to in-
creasingS table size, but the other semijoin reformulations do well
even at high RJOR. AlthougRef-J andRef-J* are good at low
RJOR (due to lower result representation redundancy),dbikly
degrade with increasing RJORef-SJ-Clu is usually more than
an order of magnitude better than the strawman techniques.

Results of Real Workload We gather real data from Yahoo! Fi-
nance to model Example 1. We obtain historical price-taviear
ratios PER of 100 random stocks, for a period @fmonths. The

Table 3 compares the node stress at the server across variouERvalues are mapped to the rari§e100k] for use with our sub-

techniques, witrRef-SJ-Clu representing the four semijoin re-
formulation techniques. As expectedef-SJ-CIu  generates the
lowest stress, while enumeration-based techniques cansuters

of magnitude more outgoing bandwidth at the server. Fronieléab
we see that the descriptive skylines generate®RefrSJ-Clu are
the most compact (with fewest number of points), beatingemor
naive skylinesRef-SJ-SubandRef-SJ-Tup) by a wide margin.

Varying Database Size We now examine the effect of increasing
the number oR tuples in the database (older tuples are deleted as
new ones are inserted, to keep the table size constant).reFigu
shows the average network trafc. Other factors being egaal
smaller database implies that a nBwuple is likely to cause more
subscriptions to need the joinir®tuples, because it is less likely
that a subscription already has a differéhttuple with the same

scription workload. Stock ratings (ranging frointo 5) are also
gathered, mapped, and perturbed using a normal distribtaide-

rive 2300 unique stock ratings from the original set480 ratings.
Subscription traces are the same as before. Figure 10 shetws n
work traf ¢, as we increase the number of subscriptioBsium-J

and Enum-SJare very expensive as expected, and degrade with
number of subscriptionsRef-J° performs better than before be-
cause the RJOR is lower (arouBd). Still, Ref-SJ-CId is at least

an order of magnitude better than the other schemes.

Other Experiments We have also experimented with varying
payload sizes and subscription overlap, and evaluated heWast
hop” of dissemination (from overlay nodes to clients) affegur
techniques. See Appendix J for details. Brie y, we con rnetim-
tuition that the savings offered by our schemes over strawsoa
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tory size. mix, general schema.

lutions increase with payload size as well as subscriptiarlap.
Moreover, the consideration of “last hop” strengthens thiectu-
sion on the superiority of our techniques.

6.2 Results of AddingCN

We now examine the additional performance bene ts of usiig,
which can reduce re-dissemination redundancy. We only $hefw
SJ-Clud" andRef-J° (with and withoutCN ) since these perform
the best among their respective variants. We also dRelaSelfor
comparisonEnum-JandEnum-SJdo not useCN or CN .

Effecton Trafc  We set the payload directory to B&2kB, and
vary the repository fron® to 3100 entries. R and S tuples carry
1000-byte payloads. The size & is kept low 600) to ensure that
the cost ofRef-SJ-CIU is signi cant. Figure 11 shows network
trafc. CN reduces re-dissemination redundancyRerf-SJ-Clu
andRef-J* , even with small repositorieRef-J° bene ts more as
it disseminates more unnecessary data, leaving more roo@N\o
to improve. Ref-SJ-CIU is better overall. Even witl repository
size, the directory reduces cost by having only nodes witrcedd
subscriptions pull data from the server. Further, a repogiof just
400 entries reduces server stress (not shown in this gure) by a
factor of 7 for Ref-J° (3 for Ref-SJ-CIU ) compared witrCN.

Effect on Hop Latency Figure 12 shows the average hop latency
across all subscriptions and events. The siZR &f very low 200)

to penalizeRef-SJ-Clu . We see that even at low repository sizes,
the potential extra roundtrip does not increase the homdgtbdy
much. AgainRef-SJ-Clu is impacted minimally at low directory
sizes because it relies less @GN to perform well. Note also that
Rel-Selhas a higher hop latency, since a message needs to reac
many more subscribers dispersed across many nodes.

6.3 Multi-Way Select-Joins

We use a join graph with tabld®, S, T, andU, with S in the
center connecting the other three tables. We experimehtawitix
of 50kR/S ,50kR/S/T ,50kR/S/T /U ,and20k
S /T /U queries (all with selections). Subscriptions and events

h

4

Avg. network tra c per event (bytes)

1
10 Enum-J Rel-Sel Ref-J Ref-SJ-Cld
Figure 14: Network traf ¢; multi-way join

miXx, star schema.

5 6

are generated using normal distributions as before.

General Schema Here,R, S, T, andU havel0, 70, 70, and

30 tuples per unique join attribute value, respectiveignum-J
andRef-J are found to be prohibitively expensive due to the large
number of join results for the multi-way joinsRel-Selis found

to generate23kB traf ¢ per event, around times worse than the
optimal Ref-SJ-Clu  semijoin decomposition. In Figure 13, we
compare the costs of six different random decompositiorithfut

CN ). For the three semijoin groups with as the base table, our
cost model orders their per-semijoin costs gSR) > ¢(SY) >
¢(ST). The corresponding greedy decomposition (rightmost bar)
is optimal and gives arour20% lower traf ¢ than the worst one.

Star Schema Star schemas are common in practice, and their ref-
erential integrity constraints lead to very small RJOR. dntjgular,
each fact table insertion produces exactly one join re§igt.such
“easy” joins, one might expect the strawman solutions tdquer

as well. This experiment, however, shows that our techrsicptid
have a signi cant advantage. We consider the same join gaaph
before, wheres is now a fact table witt25;000tuples and the oth-
ers are dimension tables wittD00 tuples each. Dimension table
tuples havel 00-byte payloads. Figure 14 shows the results. When
the fact table has no payloagef-SJ-CIU is 5, 9, and127 times
better tharRel-Se) Ref-J, andEnum-Jrespectively, because it dis-
seminates the bulky dimension table tuples only when nedriefd

J has to send out complete join results. The advantage is less w
the fact table has equal payloatDQ bytes) because it diminishes
the relative advantage (all schemes have to send the Bulkples

for eachS insertion). Yet we nd thatRef-SJ-CId outperforms
other techniques by a wide margin (even withGN ).

7 Related Work

Continuous Query Systems Continuous query systems (e.g., [21,
10, 15]) can be regarded as a form of publish/subscribe, evtan-
tinuous queries over streams correspond to our subsaniptidia-
garaCQ [10] supports select-join processing at a serve€CQR2]



group-processes lters, and supports dynamic reorderingios
and lters. PSoup [8] exploits set-oriented processing oimg
with arbitrary join conditions. These systems corresparrtum-
J: They ignore the dissemination aspect and do not jointly
timize processing and dissemination. Consequently, tlaeyat
avoid the redundancies intrinsic to producing traditiojodh re-
sults. Cayuga [15] supports queries joining two XML streams
their schemes also ignore dissemination and are optim@a@fue
joins over XML. We focus on relational select-joins, sugpaulti-
way joins, and consider both processing and dissemination.

Publish/Subscribe Systems Several publish/subscribe systems
have made the subscription language more powerful (e.t, 14,

5, 6, 12].).SMILE[19] supports SQL queries, whiRADREJ12]
supports subscriptions that can express correlationsa@eents.
These systems add application-speci c logic and statethemet-
work and do not optimize for group-processing or dissenmigat
select-join subscriptions with varying selection pretésa They
operate similarly tdRef-J, and can reduce only inter-subscription
redundancy. We process queries ef ciently, reduce all sypere-
dundancies, and use a sim@& interface for ef cient dissemina-
tion. Our techniques can be employed by these systems tdehand
a large number of multi-way select-join queries ef ciently ear-
lier work [5, 6], we have used reformulation to support coexpl
queries oveCN. However, [5] focuses on range aggregation, while
[6] tackles subscriptions with value-based noti catiomddions.

Distributed Joins  Distributed join processing systems, which dis-
tribute state across overlay nodes, corresponddbSelif selects
are applied rst. PIER [16] supports SQL queries (includjoms)
over DHTSs, but targets one-time queries and does not ofeifioiz
multiple subscriptions. Idreos et al. [18] support two-wains
over overlay networks by re-indexing queries and routingles

op-

to them. This can incur high overhead because each query enay b

replicated for every unique join attribute value, and selece done
only as post-processing. Ahmad et al. [2] tackle distridijtens,
but they focus on network locality and data locality issugih
the objective of reducing delay. These systems add contplbyi
designing new distributed schemes with application-spéagic
and state in the network. We optimize processing and dissemi
tion of a mix of multi-way select-join queries, and use thasle,
stateless, off-the-sheN interface, making our novel techniques
easy to deploy and manage, yet ensuring very high ef ciency.

Other Related Work Semijoins have been employed by many
systems [3, 25] to reduce communication in distributed lfzdas.
Work on view maintenance (e.g., [20, 17, 23]) also consi{i@Ers.
However, they do not address the problem of simultaneousgly s
porting a large number of select-joins. Moreover, llkaum-SJ
they do not reduce redundancies across queries and updates.

8 Conclusions

A publish/subscribe system needs to optimize both suligmmip
processing and result dissemination, particularly for ptax sub-
scriptions such as select-joins. To develop an end-to-etd s
tion to support a large mix of multi-way select-joins, we ride
ti ed several key redundancies in traditional techniquasd re-
duced these redundancies using novel semijoin-basechefar
tion schemes. The schemes are easy to deploy and mainteém-ye
sure very high ef ciency. We also proposed an extensioN () to
content-driven networks, which further reduces redungandlis-
seminating bulky payloads. Extensive experiments on rehkgn-
thetic workloads validated the bene t of our schemes, andate
strated orders-of-magnitude improvement over standatthigues
for both server and network metrics.
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APPENDIX
A Additional Background on CN

Refer to our introduction to content-driven network&N)? in Sec-
tion 2.1. Many structured and unstructured overlay netwarén
be classi ed a<CN. We next describe several instance<df with
varying degrees of expressiveness in the predicates thgyosu
The appropriate choice &N may depend on convenience and the
desired level of expressiveness (application-dependent)

Content-Based Networks Content-based networks (CBM] are
perhaps the most general incarnationGN. They support mes-
sages with arbitrary attributes and destinations withregts ex-
pressed as arbitrary boolean predicates involving messttagates.
There are many systems that use content-based networkidgsfo
semination, e.g., SIENA [26], Gryphon [34], REBECA [33],He
mes [36], PADRES [12], JEDI [31], XNet [28], etc. Hence, a CBN
is easy to adopt in a large-scale system.

A content-based network can accepessageso be forwarded
to a set of matchinglestinations A message is a set of attributes
following some schema. For example, a mesddgeith a schema
that includesSymbolandPrice as two attributes, might look like
hSymbol “GOOG”; Price : 550;:::i. Destinations, on the other
hand, are predicates over the message attributes. For é&xamp
destination may be expressed &ymbol= “GOOG")” (Price 2
[500; 600]). Notice that the messadé matches this destination,
and thereforéVl would be delivered to this destination.

Operational Details The network is responsible for delivering
every message to all matching destinations. Message delse
performed in a multi-hop manner over an overlay network.iBel
ery consists of two phases. The rst phase is the establishwfe
ow paths through the network, by creating local forwarditadples
at each node. A forwarding table is used to decide which onggo
links a given message should be sent over, and this matching p
cess of amessage at a node is the second phase. Taken tapether
forwarding performed at the nodes causes messages to kel rout
through the network, until they reach all the affected degions.

A CBN uses sophisticated techniques [26, 34] to build canfis
warding tables at the nodes, and to perform forwarding etly.
Figure 15 shows the routing of a message using forwardingsab
for 4 subscriptions with predicates on an attribdte

Content-Addressable Networks Another example oEN, which
supports less expressive subscriptions dsrtent-addressable net-
work (CAN) [24]. A CAN is a decentralized structured overlay net-
work that uses a logical-dimensional Cartesian coordinate space
that is partitioned across all participating peers. Eacr e re-
sponsible for a subspace in the form of a hypercube, callezha
Each zone has knowledge of only its immediate neighborscand
route messages only to them. Routing from a source point &sa d
tination point in the CAN space is carried out in multiple kapntil

the destination is reached.

We can use a CAN to build a structured stateless disseminatio
layer for a publish/subscribe system. Assume that eachcepbs
tion is mapped as a point in the CAN space. For example, sub-
scriptions withk range selection predicates (o\enttributes) can
be indexed as a point in2k-dimensional CAN as follows. Each
range selection predicate is mapped to two dimensions i@ &N
space, one for the low end of the range and the other for the hig

2Terms such asontent-based routingontent-based networking
and semantic multicastapture similar concepts. We choose not
to use these terms because they are often associated wiilcspe
projects and systems, e.g., [26, 35]; we want to capture ademo
class of systems with different designs and varying degoéex-
pressiveness.

end of the range. Figure 16 illustrate&-a CAN. Note that in gen-
eral, a subscription could be mapped as a poird-timensional
CAN space based on the values of @hgubscription-speci ¢ pa-
rameters (not necessarily range predicates).

The CAN space is partitioned into rectangular zones, eatthavi
zone owner—an overlay network node responsible for all the sub-
scriptions in its zone. Partitioning of the CAN space intogs can
use load balancing criteria [14]; for example, the numbes.dj-
scriptions residing in the zone and the number of events laend
by the zone. We inject a message if@dl with additional state
that can be interpreted as de ning an arbitrary compiegion in
CAN space that we wish to cover. Every subscription lyinghimit
the region is considered affected by the message. CAN i@patn
easily be adapted to reach all zones within a speci ed regkor
example,Meghdoot[14] is a publish/subscribe system that uses a
CAN-basedCN, but supports only stateless subscriptions with sim-
ple range predicates.

Expressivenesdf subscriptions are mapped to the CAN space
based on their range predicates, a hypercube region in a @ades
of d dimensions can express a conjunctiondgfredicates, where
each predicate speci es either 1) containment of a subsens
range predicate within a speci ed range, or 2) containmena o
speci ed range within a subscription's range predicater &am-
ple, aCN messagér ::;ULX a, ULY: b, LRX ¢, LRY: ci may
be interpreted as a rectangular regionZid CAN) with upper-left
coordinate(a; b) and lower-right coordinatéc; ¢), shown shaded
in Figure 16. This description identi es every subscriptivhose
range predicate 1) is contained within the rafigidd], and 2) con-
tains the rangge; c|. Equivalently, in a CBN we could rewrite every
subscriptionX; with range predicatflow; ; high ] as the predicate
([low; ; high ] [ULX ULY]) * ([LRX LRY] [low; ; high]).
Note that unlike a CBN, a CAN-bas&N cannot support arbitrary
predicates, including keyword matches and user-de nedtfans.

Other CN Instances Many other networks fall under tH@N um-
brella, including multicast networks (e.qg., [27, 35]) anstdbuted
indexes such as pre x hash trees [29], P-trees [30], SD€Rt82],
etc. However, these mechanisms have limited expressisekes
example, a multicast network supporting multiple multt@g®ups
can be viewed a€N because messages carry a group ID attribute.
Destination interests, implied by group memberships, cameb
garded as message predicates that select particular gbmupA
distributed 1-d range search index (e.g., [29]) is also @taimce

of CN, because we can regard a node responsible for datasitem
as interested in all range search messages satisfying ¢décate
(SL s)~ (s SR, whereSL andS Rare the two message
attributes denoting the left and right endpoints of the cleaange.

B Disposable Triangles inRef-SJ-Clu*

Refer to the discussion on the improved cluster-basedrskfRef-
SJ-Clu") in Section 3.2.1. We can locate all disposable triangles
using at most R-tree lookups. Speci cally, we check whether a
triangle between a pair of consecutive skyline poifgs ¢ ) and
(g +1;q+1) is disposable as follows.

If there is no cluster anchor betweep andg +1 , the triangle
cannot contain any subscription at all (otherwise this stipson
would not belong to any cluster); therefore, the trianglaigiously
disposable.

Suppose there are one or more cluster anchors betgyeand
G+ . For each such cluster anchof), we look up(p(*);a) in
the cluster R-tree. For eadh -selectedR-semijoin returned by
the lookup, we check if that semijoin is alse-affected, by test-
ing whether it contains eithdig ; a) or (¢ +1 ;a). As soon as we
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for publish/subscribe.

encounter a semijoin that is ntf -affected, we can terminate the
process immediately for that triangle, and declare thabgie to be
not disposable. Otherwise, the triangle is reported asodiple.

Because of the above termination condition, for each graup,
examine at most one semijoin that is hetaffected; all other semi-
joins we examine ark -affected. Therefore, the total running time
for locating all disposable triangles@( g + kr), wherekr is the
total number ot -affected semijoins.

C Multi-Attribute Conditions

Multi-attribute equijoin conditions are straightforwahandle, as
we can conceptually treat the set of join attributes as desicgm-
posite attribute. Consider the binary join between taBesnd S

Now, suppose the local selection conditionsRandS are con-
junctions ofdr andds range conditions, respectively. Consider
the case of inserting aR tupletr (the case of inserting & tuple
is symmetric). We extend our semijoin reformulation tecjugis in
Section 3 as follows. A subscription is a hypercube vdith+ ds
dimensions, one for each local selection attribute. Theifgi S
tuples can be mapped as a set of poihgsin a ds-dimensional
space, which we call th&-space whose dimensions correspond to
the local selection attributes 6.

Handling R-Semijoins The reformulation scheme is the same as
before, but the descriptive skyline is in2als-dimensional space
instead of &-dimensional space. For each local selection attribute
of S, there are two dimensions in this space that correspond to
the two endpoints of a range over this attribute. We call 2dis-
dimensional space tH&?-space.

Finding a descriptive skyline becomes more complicatedhén t
S2-space. The joining-tuple skyline (Section 3.2) can beatlye

derived fromJ s—each poin{cy;:::;cyg ) of J s intheS-space is
converted into a skyline point in tH&?-space by simply repeating
each coordinate twice, i.€G1; C1;:::; Cdg; Cdg )-

We next describe how to derive the cluster-based skylinest,Fi
we introduce the concept ofskyline envelope

De nition 2 (Skyline Envelope) Sky(X ; z), theskyline envelope
of pointz with respect to a set of poinds, is the set of all points
Y X such that for each poing 2 Y, no point inX lies within
the minimum hypercube containing both pointandy.

For each cluster of subscriptions whose local selection§ on

computeSky(J s; p), i.e., the skyline envelope qf with respect
to the joiningS tuples in theS-space. Then, for each point in the
skyline envelope, we convert this point from tBespace to th&?2-
space, again by simply repeating each coordinate twice. fdle

network for publish/subscribe.

ber of subscriptions.

cluster-based skyline consists of all such points in $iespace,
obtained from the skyline envelopes of all subscriptiorstis.

Handling S-Semijoins For each joiningS tuple ts, consider
the set of previously joinindR tuplesJr as points in thedg -
dimensionalR-space(de ned analogously as th&-space). We
computeSky(J r;ts), i.e., the skyline envelope 0§ with respect
to Jr in theR-space. The points in this skyline envelope are in-
cluded in the reformulated message fer Each subscription is
reformulated to require that its selection conditions atéssd by
ts andtr, and that its selection conditions éhare satis ed by
none of the points in the skyline envelope. The latter caowlien-
sures that we do not notify subscriptions whose currentergat
already contairts due to joining with some other selectBdtuple.

Discussion While the extension described above is very aggres-
sive in trying to minimize the amount of data to be dissen@dat
it may be less desirable in practice due to dif culties witiglin
dimensional indexing and skyline computation, as well agda
descriptive skylines and lower degrees of user-interasiteting
expected in higher dimensions. Similar to practices initiahl
databases, one solution to tackle the problem of highermbioas

is to choose one selection attribute (per table) for grogegssing
and dissemination. The remaining selection conditionsapmied
by subscribers in a post-processing step. We leave the study
how to choose the best single selection attribute as futor&.w

D Estimating Per-Semijoin Cost

As brie y discussed in Section 4, we propose two methods $or e
timating the per-semijoin cost for a semijoin group in a dapo-
sition of a set of multi-way select-joins.

Periodic Simulation We use a random sample of subscriptions
and events, and simulate processing and disseminationafdr e
possible group. We let each grop® include all RS-semijoins
available for choice (only for the purpose of estimation-efsas-
signments do not collectively form a valid decompositiohe
per-group cost obtained from simulation is divided by theesdf
the group to give a per-semijoin cost for this group. Thisrapph

is general and can adapt to the actual subscription and exeht
loads, but simulation incurs overhead.

Parametric Cost Model To keep model complexity low, we make
a number of assumptions and simpli cations. Consider thecte
semijoin px R ng pgS, with the CAN-styleCN introduced in
Appendix A. Assume that 1) subscriptions are uniformlyrifistted
in terms of their range selection predicates, and 2) theteVvim
cal selection attribute values are uniformly distributegotheir
respective domains.

With a binary join, the CAN space is four-dimensional. Two
dimensions correspond to the left and right endpoint®# se-
lection ranges. We call the projection of the CAN space ohésé



two dimensions th&?-space The remaining two dimensions of
the CAN space correspond to the left and right endpointS:6f
selection ranges, and we call this spaceShespace

All subscriptions lie in what we call theouting areaof the CAN
space, which is the product of its projections ontoRfespace and
the S%-space. The projection of the routing area ontoRfespace
(S2-space) is the area to the upper-left of the diagonal ofRhe

space $2-space, respectively). We assume that the routing area is

divided by a uniform grid into zones, each of which hosts agpr
mately the same number of subscriptions. The cost of digs&mi

respectively, the expected total cost is
1 js 1 2 ,
jsvz PR3 GeEas e

3
where and are constants.

Pr

E Optimality of Greedy Decomposition for
Multi-Way Select-Joins

The greedy decomposition in Section 4 gives the optimal aghoi

ing a message to a region depends on the number of zones dovereUNder our cost model. We prove this claim using a cut-andepas

during routing, and hence is roughly proportional to thefi@n of
the routing area covered by the region.

Our cost model uses the following parameteps:, probability
that a given event is an insertion into taBleps, probability that a
given event is an insertion into tab® jr , expected number d®
tuples having the same join attribute valiie; expected number of
S tuples having the same join attribute value.

The cost of the select-semijoin has two components:

Costdue toinsertion intR. On an insertiortr into R, consider

rst the projection of the affected region onto tRé-space. The
ratio of the area of the affected region to that of the routing
area, inR2-space, is at leadl (whentg:A is one of the two
extreme values of its domain) and at més(twhentR ‘A isright

in the middle of its domain). A§§uming thiat :A is uniformly
distributed, the expected ratiofs, (1 ~ x)x dx)=% = 1

2 3
Next, consider the projection of the affected region onash-
space. The ratio of the area of the affected region to that of
the routing area, irSz-space, is at mosltéSTl, achieved when
the joining S tuples' local selection attribute values divides its
domain intgj s +1 equal intervals. Assuming that the values
are drawn uniformly, the expected ratio turns out toj-lgbgz—,
which can be calculated by

R R Pis 2 is 2
1 s iHgxi+L 21 Xi)7) dxjg  dxa
6 dXjs  dxa '
WhereG is the volumef (X1;:::; Xjg) | X15::15X]g o~
Jifl xi 1g.

Cost due to insertion int&. On an insertiorts into S, we
need to senflx messages, one for each joiniRgtuple. Con-
sider the message for a joinirig tupletr. In the R%-space,
the expected ratio of the area of the affected region to that o
the routing area i51§ as before. In thé&2-space, the affected
region is characterized by a rectangle cornere@aiC;ts:C)
and(c (ts:C);c" (ts:C)), wherec andc® are de ned anal-
ogously asa anda® in Section 3. Suppose there were
existingS tuples with the same join attribute valuetas Their

C values divide a unit-size domain injg>+ 1 intervals with

18, Xi. The new
insertion falls into the-th interval with probabilityx;; when
that hapgens, the expected area of the affected region Bfthe
space is ;' (xi  X)x dx = x{=6. Overall, in theS*-space,
the expected ratio of the area of the affected region to thifieo
routing area turns out to bﬁm computed by

R R P. =
o 15 xp=6+(01 15 xi)°=6) dxjs  dx1 1
o OXjs  dxa A
WhereG is the volumef (X1;:::; Xjg) | X1;:115X]g on

1g.
Since insertions int&k andS occur with probabilitiepr andps

argument as follows. If some tabiR were to select a binary semi-
join RS -semijoin with a per-semijoin cost , wherec; is not the
minimum, i.e.,c; is greater than the per-semijoin castof some
other binary semijoin (saR " -semijoin) forR, then by selecting
RT -semijoin with per-semijoin cost; instead ofR S -semijoin for
tableR, we would be able to reduce the total cost of the decom-
position by(ci  ¢), thus proving that the original choice Bf -
semijoin (with cost;) was suboptimal.

F Alternatives for Multi-Way Select-Joins

Relaxation Each query oved tables can be relaxed intbselec-
tion queries, similar t&Rel-Sel(Section 2.3). However, this scheme
may suffer from excessive noti cations due to the relaxatio

Simple Join Reformulation On any insertion, we can derive and
disseminate all the join tuples produced as a result of thertion,
similar to Ref-J and Ref-J* in Section 2.3. However, the prob-
lem of unnecessary data is exacerbated because eachansetti
some table would generate all the new joining result tupdésn@
with the payload for each joining relation in a result tupl@his
overhead could be quite large in case many tuples satisfjothe
conditions. Furthermore, if there are multiple subscaptsigna-
tures involving the table of insertion, join results needbéogener-
ated separately for every signature. When signaturesajvéel.g.,
R/S/T 1andR/S /T ), additional redundancy can arise
across results for different signatures.

However, if the join is very selective (i.e., the number cfuk
tuples generated due to an event is small), then this saolotay be
viable. UsingCN for routing can somewhat mitigate the problem
of repeated dissemination of payload.

Fully Extending Two-Way to Multi-Way Joins ~ We can directly
extend the reformulation procedure for binary selectgdim Sec-
tion 3 to consider longer semijoins instead of binary semgoWe
brie y outline the approach below, and point out why it maytno
work as well as our binary decomposition approach in Section

We can group-process all join queries having the same jgin si
nature; letQ denote the corresponding join graph. For each table
R 2 Q, removingR from Q would in general resultin a set of (mu-
tually disjoint) connected subgraphs which we call tamainder
graphsof R; we denote this set b . We de ne theRR -semijoin
as a semijoin of the forlrR n ( 1,g / t2r T), with local se-
lection conditions attached to appropriate tables. Bef@®utline
an approach for handlingR -semijoins, we introduce the notion
of aninduced projected partial join

De nition 3 (Induced Projected Partial JoinA tg -induced pro-
jectedT -partial join, whereT is a connected subgraph of the join
graph Q andtg is a tuple from a tableR connected tdl' in Q,

is the natural join overT andftgr g, with no selection predicates
applied, followed by a projection over the local selectidtmibutes
in T. The result tuples of & -induced projected -partial join
can be regarded as points inj& j-dimensional space called the
T -space



Insettioninto R On the insertion of a tuple: into tableR, the
reformulation for anRR -semijoin is a conjunction of predicates,
one for each remainder subgraph2 R. The predicate for each
T is similar to that derived foR-semijoins in the multi-attribute
selection case (Appendix C), with the difference that trecdptive
skyline (in theT 2-space) in this case is computed for the result
tuples of thetr -induced projected -partial join.

Insettion into S Here,S can belong to any one of the remain-
der subgraphs dR. Consider the set of aR tuples that join (di-
rectly or indirectly) with the insertions. For each such joining
tuple, saytr , we generate a message as follows:

For each remainder subgrafih not containingS, we include

in the message a descriptive skyline for the result tuplebef

tr -induced projectedr -partial join (just like the case of in-
sertingtr described above). Correspondingly, the reformulated
subscription includes a condition that ensures that sifigmm
contains at least one point of the descriptive skyline.

For the remainder subgragiy containingS, consider 14 , the

set ofold result tuples of thdg -induced projected’s -partial
join, prior to the insertion ofs. We compute the cluster-based
descriptive skyline for alhewresult tuples of thég -induced
projectedTs -partial join (i.e., those involvinds). Note that
points in this cluster-based descriptive skyline are in Te
space, but by construction of the cluster-based desceistiy-
line, they have same coordinates in each pair of dimenslefis (
and right endpoints) that correspond to the same dimension i
the Ts-space. Therefore, we can “collapse” these points into
a set of pointd in the Ts-space by removing one dimension
from each pair. For each point i, we compute the skyline
envelope of the point with respect dorg . We include bottP

as well as the skyline envelope points for each poinPirn

the reformulated message ftx. Correspondingly, the refor-
mulated subscription includes a condition that ensuressthiea
subscription contains at least one poinPirbut none of its sky-
line envelope points.

Finally, the reformulated subscription also checks thatatis es
its local selection condition oR.

Discussion With the full-extension approach, tiR -semijoins
carry all conditions in the original queries, so every tujpléhese
semijoins participates in the nal result of the originalagies. In
contrast, our binary decomposition approach in Sectionesdmt
offer this guarantee. On the other hand, as with the caseeof th
multi-attribute extension in Appendix C, the higher dimiens
pose practical issues. The reformulated messages are kmge
the reformulated subscriptions contain more complex (@fhostill
stateless) predicates. Processing ef ciency also suffaithough
binary semijoins lose some ltering power, they are simmén-
plement and ef cient in practice. Furthermore, breakingies up
into binary semijoins creates more opportunities for grprgress-
ing and dissemination, while the full-extension approacy rend
up with many more groups and fewer semijoins per groups.

G Forwarding Algorithm for CN

Refer to Section 5. Algorithm 1 shows t¥N forwarding proce-
dure for an incoming message. For simplicity of presentation,
we assume that there is only one attribudayload in Payload-
Attrs. In line 3, QUERY retrieves the payload directory and repos-
itory entries (represented together 3 for m:ID (a new direc-
tory entry is created if necessary). If the payload is presethe
incoming messagen, QUERY also adds the payload to the pay-
load repository. Line 4 identi es the matching outgoing wetk

interfaces just as i€N. In lines 7-11, we check the directory en-
try bitmap (X .Bitmap) for each affected interface. If the payload
was previously sent over that interface, the node stripsptoe
load from the message (line 8). Otherwisemifdoes not already
contain the payload, BrPAYLOAD (line 10) retrieves the payload
(X .Payload from the payload repository at the closest provider
source (n.Sourcg or the server (in the worst case). The retrieved
payload is added to the message (line 11). If the repositony c
tains the payload, line 12 updates tBeurce eld in the outgoing
message to the machine's network address. Finally, theagess
disseminated along the outgoing link (line 13).

Algorithm 1: Forwarding algorithm foCN .

1 FORWARD(messagen) begin
2 p ?; /I placeholder for payload
3 X QUERY(M) ; /I query the directory and repository
4 H GETMATCHES(m) ; /I get the matching interfaces
5 foreachinterfacei inH do
6 m® m;
7 if X: Bitmap[i] =1 then
8 | m%Payload ? ; /I payload sent previously
9 else ifm: Payload = ? then

/I add payload to message
10 if p= ? thenp = GETPAYLOAD (X; m: Source);
11 m%Payload p;
12 if X: Payload 6 ? thenm%Source  local address;
13 DisSEMINATE(m % i) ; // send message along interface i
14 end

H Co-Existence of CN with Regular CN

Recall from Section 5 tha€N nodes can co-exist with regular
CN nodes, which facilitates incremental deployment and adopt
We have developed an ef cient technique 6N to detect that

a next-hop neighbor is @N node, without adding overhead to the
critical path of dissemination. When a payload is sent almmgut-
going linki, the corresponding bit in the payload directory entry is
not immediately set. Instead, it is set only if this node reze

a special acknowledgment from the next hop (indicating that
next-hop node is €N node). Thus, in case the next hop is a plain
CN node, the bit would never get set and the payload would always
get sent along that link. The acknowledgment does not dekst m
sage forwarding at the next hop, and therefore does notaeere
noti cation latency.

| Select with Payload

A stateless selection subscription, supported by trasitigpub-
lish/subscribe systems, can bene t from being expressetjais.
For example, a subscriber may be interested in receivingns ne
feed with all detailed product information for products vgearat-
ings fall within some prescribed range. The event schemal owky
like (ID; Rating ; Photo;:::), where each event reports the new
rating and includes other relevant information, such astupe for
the product. The problem with such a stateless subscripgitmt
new rating event for the same product would have to carry titie/b
Photo (and other attributes) repeatedly, and must be delivered al
the way to interested subscribers. If we represent eacttsptien

as a select-join over two tablétD; Rating ) and(ID; Photo;:::),
our techniques can bring two bene ts:

The use of binary semijoin reformulation directly elimiaatre-
sult representation and current-content redundancietiel ex-
ample above, th@hoto attribute would not be sent to a sub-
scription if the product's previous rating was already witthe
subscription's range of interest.
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CN can provide further bene ts by reducing re-dissemination
redundancy. In the example, assume thatRheto attribute
has been previously delivered to some subscrip¥on and
later needs to be delivered to some other subscriptien Let

X1 and X, share some common path in the overlay dissemi-
nation network. In this case, tihoto attribute would not be
re-disseminated on the common path if it was retaine@€hy

in some payload repositories.

J Additional Experimental Results

In this section, we report additional experimental residtdinary
select-joins on unmodi edCN (to augment Section 6.1).

Number of Overlay Hops When Varying Number of Subscrip-
tions In terms of overlay hops (Figure 17), our techniques are at
least an order of magnitude better. ARkf-SJtechniques use the
same number of hops (they differ only in the size of the slg)lin
Subscription relaxationRel-Se) does worse due to tuples being
unnecessarily sent to overlay nodes. The enumeration itpete
degrade with increasing number of subscriptioRef-J and Ref-

J* also incur a large number of hops.

Increasing Payload Size We increase the payload size (of b&h
ands tuples) froml byte to100kB, and show the effect on network
traf c in Figure 18. Note that thex-axis also uses a logarithmic
scale. As payload size increases, all approaches incutiauli
traf ¢, but the absolute difference in performance is mualger
for larger payloads. With increasing payload size, theedéhces
between the various semijoin reformulations diminish lisegoay-
load size dominates over the description.

Increasing Overlap among Subscriptions We increase the ex-
tent of overlap of subscriptions, by reducing the standaxdation

of the distributions from which thR:A andS:C range centers are
drawn (see Table 2). We set the standard deviatioRférandS:C
ranges tdl3000 2x and7500 x respectively, and vary from

0 to 6000 Figure 19 shows the network traf c. As we increase
overlap, fewer subscriptions are affected by an updateusecaf
the concentration of interests in narrow regioRef-Jis unaffected

by overlap since it sends out joining tuples regardless b$stip-
tions. Ref-J* , which takes subscriptions into account, shows lower
network traf ¢ as the overlap increases, due to fewer affdcub-
scriptions. Enum-J, Enum-SJ and theRef-SJschemes also see
reduced traf ¢ with increasing overlap due to the same reaso
Among theRef-SJ approaches, the performance improvement is
least forRef-SJ-Tup since the descriptive skyline is independent
of subscription clusteringRef-SJ-Sub Ref-SJ-Cly andRef-SJ-
Clu* converge in performance at high subscription overlap due to
very high amount of clustering. FinallRel-Selactually degrades

in performance with increasing subscription overlap bseatdoes
not take the join into account, and more overlap (clustgnngans
that events that fall in the “hot” region &:A (which many events

Figure 19: Network traf c; increasing sub- Figure 20:

Network traf c; considering
last hop.

do) have to be sent to many subscriptions.

Considering Last Hop We have ignored the “last hop” from an
overlay node to a subscriber because we have focused onithe pe
formance of the core publish/subscribe middleware, andribe
delivery mechanism (e.g., unicast, email, IM, etc.) mightiffer-
ent for different clients. We now examine the effect of cdesing
the last hop, assuming direct unicast from overlay nodesi¢ats.
We assume that the same approach (join, semijoin, or rétemjat
is applied until the end subscriberWe see from Figure 20 that
considering the last hop makes semijoin much more atteattian
before.Enum-SJincurs the lowest total traf c because it avoids the
overlay network completely, at the cost of very high sentezss.
Ref-SJ-CId incurs only slightly higher cost, with the important
bene t of sharing dissemination using the overlay network.
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