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Abstract located anywhere throughout the network. Prior to receiving
XML documents, consumers must have expressed interest in

XML-based data dissemination networks are rapidly galrr]éceiving XML documents by registering XPEs with the net-

ing momentum. In these networks XML content is routed fr(\)/vrp)rk. This problem statement is akin to the well-known pub-
data producers to data consumers throughout an overlay n

ﬁgh/subscribe matching problem. However, the main differ-

work of content-based routers. Routing decisions are basergce here is that in the case of data dissemination networks

on XPath expressions (XPE) stored at each router. To enaﬁ] . . . . .
.thére exists no one single centralized publish/subscribe sys-

efficient routing, while keeping the routing state small, we in- .
troduce an advertisement-based routing alqorithm for XM em, but a network of content-based routers (i.e., a network or
g alg ederation of publish/subscribe systems.) In the dissemination

content, present a novel data structure for managing XP nsétwork, XML documents are routed based on their content

especially apt for the hierarchical nature of XPEs and XML,

S : ar}d not based on IP address information, which is, due to the
and develop several optimizations for reducing the number

; : . letel I ign, not available — all routin i-
XPEs required to manage the routing state. The experlmen(fgfnp etely deco_up ed design, not ava a_b e—al out g dec
evaluation shows that our algorithm and optimizations reduce. . .o exclusively based on content information. Figure 1
. : gorh b T l5)rovides an overview of the dissemination network this paper
routing table size by up to 90%, improve the routing time

i ssumes. In the overlay network depicted in Figure 1 each
roughly 85%, and reduce overall network traffic by about 350B'roker only knows their n}(laighbors (i.e.pin terms ofg}P network

address information.) However, none of the clients — neither
1. Introduction data producers nor data consumers know about each other or
) o ) about the network topology, except the router they connect to.
XML-based data dissemination networks are starting to be- |, the context of XML-based data dissemination. one of
come a reallty. In a dlssemlr_1at|on netwo_rk, data, mark_ed-H.% main challenges is the ability to efficiently deliver relevant
in XML, is routed based on filter expressions stored at N8\ documents to a large and dynamically changing group
mediate nodes that indicate where the XML document is to Bleconsumers Centralized XML filtering [2, 8, 6] and dis-
rquted to. Filter expressipns, often expressed as XPath eXPRBited query-based XML retrieval approaches [9, 5, 15, 14]
sions (XPEs), are submlt.ted. by data consumers Wh'O EXPrR3ve found wide-spread interest, but do not address the dis-
interest in receiving certain kinds of documents. For instanggy, yeq, content-based routing problem articulated above and
gglobqlly_operatlng Insurance company with many branch ofgqressed in this paper. Content-based routing [4, 19, 7] in
fices distributed world-wide is linked by an overlay networliqyinted publish/subscribe architectures, have been studied
of content-based routers that comprise the XML disseming; 1, _xML-based data. Their operational model assumes
tion network. An insurance claim, an insurance bid, or a r€ag of attribute-value pairs joined by Boolean operators. It is
quest for proposal can be submitted anywhere into the overiay ot 411 ohvious how to extend these approaches for semi-
ngtwork (e.g., by a third party insurance b_roker oran onling,ctured data, especially due to the hierarchical data model
client) and be routed toward a currently online, specific expefty
employee, speaking the same language as the requester. Notpr1 this paper, we develop algorithms for dissemination

the latter constraints are expressed as XPE filter expressi8]n§<ML data throughout a network of content-based routers
agallnst which the XML.docume.nt is evaluated in tr.ansn. Thfﬁwards data consumers who have specified their interests
design fully decouples information requesters and informati ough XPEs. Our contributions are: first, we adapt the use
providers, avoids a single point of control and a single pOimi?i?advertbements to optimize data dissemination. While this

f"’?"ufe' qnd increases scalability due to decentralization airaga is common in the publish/subscribe literature [4, 19, 7],
dlstrlt_)utlon. , it is not clear how to extend the concepts to the data model of
This paper addrgsses the XML/XPath routing proble XML. We demonstrate how to use the XML Document Type

I\/_Iort;:l spectlflcally, t)r(1'|\ij3per focutses c;tn ;hfe proble(:jmt of e yefinition (DTD) to generate advertisements about the infor-
;|en y rotu INg an tin th ocu;nenk fm' e i r](c):jnta ala Pl%ation a data producer is going to publish. We distinguish
ucers at one point in the hetwork 1o a set of data ConSUMEsveen a non-recursive and a recursive case depending on

*Middleware Systems Research Group, Technical Report, Oct 2006. the DTD defining the data emitting source. We then develop




Figure 1 shows a scenario for advertisement-based content-
O XM Rout er

— 74 based routing. The subscription routing table (SRT) consist-

r

ing of jadvertisement, last-hopg¢, tuples stores advertisements
in order to route subscriptions. Publications will trace back
along the path setup by subscriptions to interested subscribers.
The publication routing table (PRT) maintains the path infor-
mation. For example, in Figure &¢v, is broadcast in the net-
work, and is stored on each broker of the network with a dif-
ferent last hop. Consequently, subscriptions that matkh
will be routed according to these last hops (esgb; is routed
along the links — 4 — 3 — 1). Note that thesub;, will not be
PRT, PR, forwarded to brokers 2 and 6 since thév, indicates that the
R sub, [ c publisher is from broker 1. Therefore, theb, is routed along
areverse path— 3 —4 — 5 to the subscriber. In the rest of this

) , paper, we use the notatioi¥s) and P(a) to refer to the set
Figure 1. Content-based Routing of publications that match subscriptierand advertisement,
respectively.

The goal of covering-based routing [4, 19] is to remove re-

advertisement-based routing algorithms for both cases. S(icﬁd nt subscriptions from the network in order to maintain
ond, we propose a novel data structure to maintain XPEs @/ ant subscriptions 1ro € hetwo order to mainta

identifying the covering relations among them. We prese Ica:r;pfc;ed gouég'\?ergbli an; rber((j)LliZ? Zhe zet\:’vviﬁrﬁ;ﬁ)ﬁ;c' In
covering algorithms for XPEs to reduce the routing table sigé? » [ 5U0L 5102, SUD2

stored at each router and speed up routing computation in ré/;/(arrdsedr;tg br?:er S'Jhattls; \r/ve t(i:r?ntsiflelzl/vfilmer,nueiznctminin
routers. Third, we present an optimization of merging simil JOKET 5 and gain a compacter routing tab'e € maintaining

XPEs to further reduce routing computation. Finally, we pet.—i:iqn;i:'hr;aorm?“?ugte lr'r\]/aegmbihavé?;’cfeog(?\llle%ieﬁs:f:_
form a detailed experimental evaluation of our approach Onﬁg]ve the sam%s?orzmat as subscz }[i.ons the covering relations
overlay network comprised of 127 XML routers. Our exper- P ' 9

imental results demonstrate the effectiveness of the approgghong advertisements can be defined in the same way.

by reducing the routing table size by up to 90% and improvirb%gl.twct).SUbSi“puonls do nothha\t/r:a corsnr:g relatt;ong, ?.Ut their
the routing time by roughly 85%. ication sets overlap each other, the two subscriptions can

be merged to a more general subscription, which covers the
original subscriptions. Supposeb,,, is a merger okub; and
2. Background sub,, then we have Rb,,) O P(sub;) U P(subs). There are
two kinds of mergers. If the publication set of the merger is
Content-based publish/subscribe systems [4, 19, 7] peactly equal to the union of the publication set of the orig-
vide a flexible and extensible environment for informatiorha| SubscriptionS, the merger iwrfect mergerotherwise,
exchange. Messages in content-based pub/sub systemsfasgsyp,,) > P(suby) U P(subs), it is animperfect merger
routed based on their contents rather than the IP address\ﬂér merging, 0n|y the merger is forwarded into the network.
their destinations. In order to handle a large amount of dyhe merging technique [19] is used for further minimizing the
namic information and reduce the network traffic, many optiouting table size. It is an extension of the covering technique.
mization techniques, such as advertisements [4] and covering
and merging techniques [7, 4, 19], have proven to gain sign-
icant benefits for non-XML based publish/subscribe systenrgs'. Related Work
While conceptually, these ideas apply to XML-based data asA large body of work has focused on developing
well, it is not obvious how to apply these concepts to XMlpublish/subscribe-style matching algorithms for evaluating an
This is the challenge addressed by this paper. XML message against a set of XPEs [2, 8, 6, 3]. However,
In advertisement-based publish/subscribe systems, adadirthese approaches exclusively address centralized matching
tisements are specifications of information that the publishenchitectures, not the distributed, content-based XML dissem-
will publish in the future. Advertisements are flooded in thimation networks we address in this work. While matching is
publish/subscribe overlay. The common assumption is ttzat integral step in a content-based router, other routing opera-
the number of advertisement is much less than that of stiens studied in this paper are equally important in a distributed
scriptions and publications. Advertisements are used to avdita dissemination architecture. Thus, our work complements
broadcasting subscriptions in the network, so that subscnipatching algorithms for the design of a content-based XML
tions are only routed to the publishers who advertise what troaiter.
subscribers are interested in. Subscriptions define filters onAdvertisement-based techniques for optimizing content-
publications. Later on, only matching publications will be désased routing have been developed in the area of distributed
livered to subscribers along the paths built by subscriptioqmiblish/subscribe [4, 19, 7]. It has been demonstrated that

@ Publ i sher/ Subscri be




the network traffic and routing table size can be reduced ing and advertising for XML data not addressed in the earlier
using different routing strategies, including advertising, coepproach. Theoretical properties of XPE containment are dis-
ering and merging techniques. However, the main differencasssed in [17, 10]. They propose their own algorithms to

between these approaches and our approach lie in the subsdepect the covering relations and give the computational com-
tion language and publication data format. Our approachplkexity analysis for these algorithms, but none of them apply
based on the hierarchical, tree-based XPath and XML modativertisement-based routing for XML dissemination. They do
while the traditional content-based routing approaches opeot consider XPE merging either.

ate with attribute-value pairs and predicate constraints over
these pairs. The advertising carried out by XML and XPaE{u

data sources is different and more complex than predicaté-

based languages, for the hierarchical and recursive structur%pon receiving a subscription, a broker matches the sub-

?(flvtlrlied model nededs to bﬁ taken mto_ ac:lcount. 'Aa,D,TD IOf ription against its advertisements. If there is an advertise-
ocument does not have an equivalent in traditional puye v hose publication set is overlapping with that of the sub-

lish/subscribe approaches. Galaatsal. [11] explore XML

Advertisement-based Routing

The d : df XML d & discuss the matching algorithm for advertisement and sub-
N atg summary Is generate rom a AV ocument, so iption, we present the definition and format of advertise-

expressiveness of the data summary is limited to part the DTD. 0 for our approach

Our contribution is to generate a complete advertisement set '

once from a DTD for all related XML documents.

data summaries could be taken as a form of advertiseme(é[ker

. o 4.1. Definition of Advertisement
The query aggregation scheme given in [5] addresses thqp the context of XML/XPath routing, the advertisement is
problem of determining a compact set of XPEs from a givefanerated by exploiting DTD information. The purpose of a
set of XPEs. This problem is similar to the covering and mergrrp is to define the legal building blocks of an XML docu-
ing problem discussed in this paper. We think it could be Usghnt The main building blocks of XML documents are ele-
for the same purposes. However, it should guarantee the edyints surrounded with tags, e.g,root > ... < [root >.

alence between the compact set and the original set. Thal.j3 is the element name in the documents. All elements ap-
the aggregate query set does not introduce false positives (8aring in the XML document must be defined in the corre-

takes XML documents not originally matched) or false neganonding DTD, which determines the structure of elements
tives (i.e., misses XML documents originally matched.) Thesg q their sequence in the document. In this paper, our dis-

are non-trivial extensions to their work. Furthermore, the tr€csion focuses on the main building block: elements. Our

aggregation approach does not address the generation ofaghioach could be easily extended to element attributes and
vertisements from DTDs, which is central to our approach.

content, which we omit due to space limitations.

Recent research has focused on XML data dissemina-In this paper, we use the common interpretation of an XML
tion [14, 9, 20, 15]. Koloniarel al. [14] present a decentral-document as a tree of nodes and consider each path from the
ized approach for XML dissemination in a peer-to-peer ngpot node to a leaf node. Thus, we decompose each XML doc-
work. However, in their approach queries are severely rement into a set of XML paths and each path is represented
stricted in that no wildcards are allowed. Koudgsal.[15] ase = /t1/ta2/.../t,, wWheret, is the XML element name.
propose a flexible routing protocol for XML routers to enabl&éhese paths are extracted from the document before the pub-
scalable XPath query and update processing in a data-shaligtger submits the document to the network. Thus, a publica-
peer-to-peer network. Both approaches are solutions to tia routed in our system is actually an XML path annotated
location problem The location problem states that given a dywith apathldanddocld This is transparent to publishers and
namic collection of XML database servers and an XPath quesybscribers who handle entire XML documents. Publishers
find the databases that contain data relevant to the query. ubmit entire XML documents, commonly referred to as pub-
approach evaluates an XML document against a set of XPhtations, and subscribers submit XPath expressions (XPEs),
gueries, and decides where to route the XML document. Dig@mmonly referred to as subscriptions. We use the terms XPE
et al.[9] deploy XML-based services on an Internet-scale, aatd subscription interchangeably in the rest of this paper.
provides a detailed architectural design of the system. TheWe use the abstract XPath expression without //-operators
NFA used in this work for matching naturally supports a forras the format of advertisement in the context of XML/XPath
of specialized covering as XPEs with a common prefix shatata routing. Note that this is not a restriction of our subscrip-
the NFA path taken while evaluating an input XML messag®n language. Advertisements are a system internal mecha-
against the XPEs indexed. In addition to prefix covering onism, which is not exposed to the application or the user. An
approach identifies all cover relations among the XPEs piadvertisement is described @s= /t1/t2/.../tn—1/tn, Where
cessed and completely eliminates all covered XPEs from thecan be either an element name or a wildcard, @ahds the
routing computation. Moreover, our work introduces mergame length with the publication it advertises. In our approach,



advertisements are derived from the DTD, since the DTD con- Adv sub |overlap

tains all possible paths from the root to the leaves appearing in * *

related XML documents. *
We call an advertisementen-recursivedvertisement if it t

is extracted from a non-recursive DTD. Advertisemerg an t

example of non-recursive advertisement. A DTD is recursive i,
(a)

=+ x|~

N

Z KKK

if it has some element that is defined in terms of itself, directly
or indirectly, e.g., the NITF DTD is recursive. We define an
advertisement as @cursiveadvertisement if it has recursive
elements defined in a DTD. An advertisement may have multi- Figure 2. Adv. and Sub. Relations
ple recursive parts that appear in sequence or are embedded in

each other. We classify the recursive advertisements to three ) ) )
categories as below. Absolute simple XPEs: A simple XPE only contains

Simple-recursive advertisements:There is only one re- parent_—child an_d wildcard operators. F_igure 3 shows the
cursive pattern in the simple-recursive advertisement. It is dB&(ching algorithm for absolute XPE (without //-operator),
scribed as = /t1/to/.../ti—1 (/ti/-./t;)* /../tn, Where the €0~ s = /shi/sla/.../sty, and advertisement, e.ga, =
+ operator declares that elemengs..., t; must occur one or /at1/atz/.../atn, Wherest; is thei-th element fors andat;
more times in the advertisement. Note that this is not part'8th€J-th element for. We will use these notations in all al-
XPath syntax, and advertisements are only used within the s§8rithms in this paper. The algorithm does not have to be ap-

tem, so the extended syntax has no effect to the clients anddjd: If the given XPE is longer than the advertisement (line
plications. In the proposed algorithms, we use a; (a2)*as 1). This observation is exploited because the advertisement

to simplify the expression, where, (1 < k < 3) is a non- has the same length as its publications, and thus, publications

recursive advertisement. - in P(a) will not match all the elements in the longer XPE.
Series-recursive advertisements: A series-recursive N€Xt, the algorithm compares each pair of elements or wild-

advertisement can include more than one recdfdrds in advertisement and subscription (lines 2-3), according

(b)

sive patterns in sequence. For example, the 49.the matching rules shown in Figure 2(b). It returns 0, if
vertisement containing two recursive patterns in Sggme'pair does not overlap; otherwise it returns 1. For exam-
quence can be described as = [t /ts)../t;_; Plegivena = /b/x/x/c/c/dands =[x /c/x /b/c, the

(Jti) oStV it Stia (St ) o Jto) o s of more glgorithm return 0 s_ince the matchi_ng rule§ fa_il to satisfy for
simplified expression with non-recursive advertisements_- 4- AS shown in Figure 2(b), the fifth row indicates that the
a = a1(as)Tas(as)tas. advgrtlsement including an elemmnd the subscription in-

Embedded-recursive advertisements:n an embedded- f:ludlng an_elemerﬁ at_the same p05|.t|on do not overlap. That
recursive advertisement, recursive patterns can be éﬁqpubl!ca}tlons matching the advertisement cannot match the
bedded in others. A possible caseds = /t,/ty/.../ Subscription.
ial/tif St (] [to) ]/ 1) [, o Input: advertisement, and subscriptios
a = ay(az(az)Tag)Tas. The embedded-recursive ad- _ _
vertisement could be more complicated. Output: 1if P(a) [} P(s) # @, 0if P(a) (] P(s) = @

. . . ; If |s| > |a| thenreturn O
_ More types of recursive advertisements can _be easily %(:/aio”,: 1: |s| do
fmed based on th? above t.hree types of adverysements. Vet matching rules are not satisfied fof; andst; then return 0
discuss the matching algorithms for non-recursive and recreturn 1
sive advertisements in Sections 4.2 and 4.3, respectively.
Figure 3. AbsExpr. and Adv. Matching

4.2. Non-recursive Advertisement

In this section, we discuss the algorithms for subscrip- Relative simple XPEs: These expressions are similar to
tion and non-recursive advertisement matching in the cabsolute simple XPEs except for the first operator, that is the
text of XML/XPath. An advertisement matches a subscrip-XPE is relative. The matching could start at any position of
tion s if the publication sets?(a) and P(s) overlap, that is, the advertisement because the subscription is relative. A naive
P(a)( P(s) # ®. Figure 2(a) shows all possible relations benatching algorithm in this case is repeatedly calling Figure 3.
tween two sets. To forward subscriptions, we need to identifyiteration:, take the subscription as an absolute one and start
the first two overlapping cases in Figure 2 (a). In this papéne matching from théth bit of the advertisement. We skip
we focus on the subscriptions including parent-child operattie detail of the naive algorithm because it is straightforward.
(), wildcard operator (*), and ancestor-descendant operaldre complexity of the naive algorithm @(n * k) wheren is
(/). For other operators appearing in the subscription, suchtls length of the advertisement ahds the length of the sub-
attribute filters, our approach can be easily extended to sspription. We propose an optimized version of the matching
port them through simple value comparisons. We discuss #igorithm for relative simple XPEs.
matching algorithm in the following three subscription cases. The matching of relative simple XPE and advertisement is



a string matching problem [13]. We try to match the XRE, in s againsta in order. It returns 1 because it finds each sub-
inside the advertisement, by starting at the first element ofXPE x/a, d/ * /c andb matches different parts,/x*, */d/x*

a that matchest; and continuing (i.e., comparing t, and andb, in a sequentially.

so on) until we either complete the match or find a mismatch.

In the latter case, we must go back to the place from which #We3. Recursive Advertisement _ _
started. The difference between the traditional string matching!" this section, we mainly discuss the matching algorithms
problem and ours is that thecan match any element in OurJ‘or XPE and recursive .advert|sem(_ant. Accordmg Fo the for-
matching rules, as shown in Figure 2(b). To improve this amat of recursive agivertlsement defined in the Section 41 we
gorithm, the KMP algorithm [13] is applied to reduce the thgls:c_uss the matching algorithm for each type of recursive ad-
number of comparisons ©(n). As shown in Figure 4, KMp Vertisement separately.

computes aext table, recording all repeating patternssofo ] , -

avoid backtracking. Figure 5 preforms the matching by taking " ?:Zelmie?ggTsi;(zzz;::fse?g:; bscription

advantage of theest table. Output: 1if P(a) () P(s) # ®,0if P(a) (| P(s) = ®
01: If |s] < |a1az2| then return AbsAdv(a;az, s)

gpfttSUbSiripgloni ( fsizds) 02: Elsetemp« AbsAdv(a1az, /st1/.../st|q;as|)
utput: next table fors (an array of sizés . _
03: If temp= 0then return O

;f Eex(,l) " 1 ”J‘X(Q) <0 04: If |s| < |arasas| thenq — 0
z or i = "i',ol X 05: Elseq — Int((|s| — |a1azas|)/|as]) + 1
g nexti - 1)+ 06: p — Int((|s| — |araz])/laz])

4: While matching rules are not satisfied fer; _; andst;, 07:Forc=gq:pdo
andj > 0doj — nex(j) +1 08: temp<— AbsAdv(as, /Stc*|a2\+\a1a2\+1/'“/5t\3\)
5: nexi(i) « j

09: If temp=1then return 1
10: Ife= pthen temp«— AbSAdV(CLQ, /Stc*lag\+|(L1(L2H—l/"'/8t\s\)

Figure 4. Next Table for Sub. 11: Elsetempe— AbsAQV(az, /stex|a; | +]ayaz|+1/ -/
8t(c41)x|az|+a1az|)
12: If temp=0then return 0
13: Return 1

6: Return next

Input: advertisement, and subscription

Output: matchPosf P(a) (1] P(s) # @, 0if P(a) () P(s) = @ Figure 6. AbsExpr. & Simple RecAdv. Matching

1: If |s| > |a| then return O

2: j « 1,71+ 1, matchPos— 0

i Whl'][e m?‘ﬁhPOFIO andi SJ,“L_dgf et then o We mainly focus on the matching for absolute XPE and
.. matching rules are satisfied fat; andst; thenj + +, ¢ + + recursive advertisements, for the matching of other types of
6
7

Elsej «— nex{j 1,if j =0theny 1,4 . . .
@) —nex(j) + Lif j = 0thenj —1,i4+ XPEs and recursive advertisement can be implemented based
If j = k+ 1thenmatchPos— i — k

- Return matchPos on it. In Figure 6,the matching algorithm for absolute XPE
and simple recursive advertisement calls the Figure 3 if the
Figure 5. Optimized Matching subscription is not longer than the end of the recursive pattern

(line 1). If the subscription is longer, the algorithm estimates

Descendant operators in XPEsDescendant operators in-the maximum number that the recursive pattern would be re-
dicate that more than one element should appear in the maated in the advertisement according to the length of both
ing advertisement. The matching of XPE with descendant cqubscription and advertisement (lines 4-6). Next, the algo-
erators and advertisement is based on the above XPE matchitign tries all possible advertisements according to the max-
algorithms (i.e., Figure 3 and 5). We split a XPE into maxima@num number of repeated recursive pattern(lines 7-12). For
length sub-XPEs that do not contain any descendant operatexample, giveru = /a/ x /c(/e/d)"/ x /c/e ands = /
and match each sub-XPE against the advertisement with gefc/ « /d/e/d/x, first, the algorithm compares/ « /c/e/d
qguence comparisons. We skip the detail of the algorithm aimda with / % /a/c/ * /d in s (line 2), and computeg = 0
briefly describe it as below. The algorithm returns 1 if eacdndp = 1 from lines 4-6. Second, it supposes that the recur-
sub-XPE matches different parts insequentially. First, the sive pattern is repeated only once, compaiase in a with
algorithm guarantees that the advertisement is longer than ¢lié/« in s (line 8) and fails to match. Next, it repeats the
subscription. Next, we match the first sub-XPE against thecursive part/d twice, and continues the comparisons (line
advertisement according to the different types of subscriptidil). Finally, it returns 1 (line 9) when it finds matchess
and, recompute the next available matching position in the adth double recursive patterns in The complexity of the al-
vertisement. The algorithm repeats this process until the egatithm is O(n?), since it actually matches the subscription
of the subscription is reached, or returns 0 immediately ifagainst each possible advertisement without recursive pattern.
finds the rest of the advertisement is not long enough for tAeom a practical point of view, it would be reasonable to limit
rest of sub-XPEs. Forinstance, gives= /a/x/e/x/d/*/c/b the maximum nesting depth of items in a document, which
ands = x/a//d/ = /c/ /b, the algorithm matches all sub-XPEsvould reduce the complexity of processing DTDs.



Input: advertisement = a1(a2)tas(as)Tas, and subscription
Output: 1if P(a) () P(s) # ®,0if P(a) [ P(s) = @

1: If |s] < |a1az2| then return AbsAdv(a;az, s)

2: Elsep = Int((|s| — |a1a2])/]az|) + 1

3:Forc=0:pdo

4:  return SimRecAdv( (az)®tlas(as)tas,s)

Figure 7. AbsExpr. & Series RecAdv. Matching

Input: advertisement = a1 (a2(a3)tas)tas, and subscription
Output: 1if P(a) () P(s) # ®,0if P(a) [ P(s) = @

1: If |s| < |aiazagaq| then return SimRecAdvéiaz(as)Taq, s
2: Elsep = Int((|s| — |a1azaza4|)/|azaszaq|) + 1
3:Forc=0:pdo

next-hop broker is compacted.

Subscriptions are maintained in a tree data structure. The
idea is to store the subscriptions according to the covering re-
lationship among them. A subscription at a node in the tree
covers all subscriptions in its subtree. Since a covering rela-
tion defines a partial order among subscriptions, a tree data
structure cannot capture all the covering relations. A subscrip-
tion node can have only one parent in the tree, but it may be
covered by several subscriptions. We allow each node having
a set ofsuper pointerswhich indicate the covering relations
with nodes outside its subtree, as shown in Fi§@per point-
ersare shortcuts to subscriptions that the node covers. With
super pointers, a node covers its subtree, the nodes with sub-
trees pointed to by its super pointers, and the nodes with sub-

4: return SerRecAdvg; (az(a3)taq)tlas, s)
trees pointed to by its offsprings’ super pointers.

The tree is maintained as follows. When a new subscription
arrives, a breadth first search algorithm is used to search the
ng in order to find a place to insert the subscription. At a

Figure 7 describes the matching of absolute XPE a : o
. ) . 7 .given node the following three cases are distinguished.
series-recursive advertisement. It is implemented by callifig - . .
Case 1 If the new subscription has no covering relation-

Figure 6 recursively. Figure 7 determines how many times.~ ™" o .
the first recursive pattern could be repeated (line 2), aRQiP with the node, the node’s siblings are searched. If neither

calls Figure 6 repeatedly (lines 3-4) to try all possible ad: ””g_ha?s a_co_vering relation Wit.h _the new s_ubscr?ption, the
vertisement formats(a2)“+! in Figure 7 indicates that non_supscnptlon_ is |_nserted as new sibling, After insertion, super
recursive advertisement will be repeated: + 1 times, thus, pointers mglntalned by the parent node are updatgd_. Ifthere. IS
a1(a2)"ag(as) tas can be treated as a simple recursive a8.Super pointer of the parent pointing to a subscription that is

vertisement. The matching of XPE and embedded recursﬂ}go covered by the new subscription, then the super pointer is
advertisement, shown in Figure 8, is similar to Figure 7. Firé?oved from the parent node to the new node.

it determines how many times the outer recursive pattern couldC2se 2 If the new subscription covers the current node, the

be repeated (line 2), and calls Figure 7 (not restricted to tREW subscription is inserted between the current node and its
recursive patterns) repeatedly (lines 3-4). parent. As a result, the new subscription becomes the parent

of the current node, the old parent becomes the new subscrip-
tion’s parent. The old parent’s super pointers are updated and
moved to the new node, if there is a covering relation between

In this section. first we describe a novel data structuvée inserted subscription and a subscription pointed to by the

called subscription treefor maintaining subscriptions. TheSUPET pointer. o

data structure captures the covering relations among subscripc@S€ 3 If the new subscription is covered by the current
tions. It can speed up the publication and subscription mat&?—de' its children are searchgd until the new subscription is
ing as well. In this paper we fucus on advertisement-bag8ge'ted. If the current node is a leaf node, the new node is
subscription routing and its optimization techniques, such '§§€rted as the current node’s child. o .
covering and merging, the matching between XPE and XML Existing super pointers are mamtameq while msertmg. The
data has been discussed in [12]. Second, we present the cdV@f Subscription may cause new covering relations and new

ing algorithms for absolute simple XPEs, relative simple XPES§/Per pointers are added. We can also add new super pointers
and XPEs with descendant operator separately. Last, we ex-
/\b d%
/ | i /ole |

plore the merging technique, and discuss the merging rules in
e 1 bld  /ble | !
g/p <5
b/ o

the context of XPEs.

the other hand, if the arriving subscription covers existing sulwbra J: /alc/d /b/d/a
scriptions, before it is forwarded, the broker needs to unsub-

scribe all the subscriptions that are covered by the new sub- lalbl*
scription. Therefore, the network traffic is reduced by remov-

ing the redundant subscriptions and the routing table in the

Figure 8. AbsExpr.& Embedded RecAdv.

5. Covering and Merging

== <P  Super Pointer

5.1 Subscription Tree
In covering-based routing, if an arriving subscription is
covered by an existing subscription in the routing table, the

Figure 9. Subscription Tree



in proper nodes while searching the tree. However, this deput: two subscriptions; ands>
comes expensive when the subscription tree grows larger. THgut: 1if s1 coverssz, 0if 51 does not coves:
reason we maintain the updated super pointers is for coverind |52/ < [s1/ thenretum 0
. . . 2:Fori=1:]s1|do
based routing. When a subscription arrives, if it is not covergd , -
b isti bscripti but it t of bscris If covering rules are not satisfied fer¢; andsst; then return 0
y an existing subscriptions but it covers a set of subscripgreym 1
tions, we need to unsubscribe the subscriptions it covers and
only forward the new subscription to neighbors. In this case, Figure 10. Absolute Simple XPEs Covering
we need the super pointers to tell us what subscriptions should
be unsubscribed. That means the updating of super pointepst: two subscriptions; ands; (sy is relative,s; is absolute or relative)
can be postponed until that point. With the existing pointer@ytput: matchPosf s, coverssz, 0if s1 does not coves;
we only search branches of the subscription tree that are ;'rde |52] <1‘51|| ”I‘e”‘retri‘ 1°d
.. . Fort=1:|s2| — |81 [0}

tOUCth py e.XIStmg super pomtgrs.. . . .3 If AbsCov(/s1, /sati/.../s2t|s,|) = 1then return matchPos= i

Optimizations for the subscription searching and insertigh 2

) . 4. Return 0
can be performed based on the following two properties of the e

subscription tree. Figure 11. Relative Simple XPEs Covering
Property of Absolute XPE node For all the absolute sim-
ple XPEs which have no wildcard and //-operators, the chil-
dren’s path length is always longer than their parent's path Relative simple XPEs:Figure 11 shows the covering al-
length. The parent is the prefix of its children. gorithm for relative simple XPEs. It calls Figure 10 repeat-
Based on this property, we can perform depth-first searedlly (lines 2-3) to find ifs; contents subscriptios, or not.
for an XPE to find a start node which has the same lengiih absolute XPEs; can not cover a relative XPE, for the
as itself and start breadth-first searching at that level. If ahsolute XPE definitely refers to a smaller matching/3gt; )
absolute XPE has a wildcard or //-operator in the middle #fanP(s2).
the expression, it is one or more levels higher than other simplelt is important to note that the covering algorithm for rel-
XPEs of the same length in the subscription tree. Based on tiitye simple XPEs is also a string matching problem, as we
property we can stop the search earlier. pointed out in Figure 5. The covering algorithm uses covering
Property of Relative XPE node A relative XPE is a child rules that are from subscription and advertisement matching
node of either the root node or another relative node. It willles used in Figure 5, however, a similar optimization can
never be inserted in a subtree rooted by an absolute XPE. Tgsapplied to reduce the complexity of the covering algorithm

property reduces the search space in the subscription tree.from O(k + n) to O(k).
Descendant operators in XPEsFigure 12 shows the cov-

5.2. Covering Algorithm ering algorithm for XPEs with descendant operators. It splits
The key problem is how to determine the relationship b#ie XPE into sub-XPEs without //-operator, and matches each
tween two given subscriptions. The covering relation betwesub-XPE ins; against sub-XPEs ig, with sequence compar-
subscriptions is the containment problem in the context isbns. Line 1 guarantees that is longer thans;. Next, it
XPEs. It has been proven that containment of simple path exatches the first sub-XPE i3 againsts, according to differ-
pressions can be tested in PTIME [18]. It is studied as a parit types ofs; ands; (lines 2, 5, 7). The algorithm moves to
of the problem that checking/finding a prefix replacement ftire next sub-XPE i, if it finds a match, and moves to the
a simple query is in PTIME, in the context of semistructuretext sub-XPE irs; if it does not find a match (lines 10-11 and
database. In this section, we detect covering relations of XPE516). temyp is used to compute the next available matching
containing wildcard, /- and //-operator in PTIME, and presepbsition ins,. Finally, it returns 1 or 0 when it reaches the end
covering rules and algorithms for determining covering relaf s, or s5, respectively (lines 19 and 14). For example, given
tion between single path XPEs. The covering rules used in oyr= / * /a// x /candss = /a/a/ x //c/e/c/d, first, the al-
algorithms are straightforward. We s&yb, containing an gorithm compares the sub-XPE: /a in s; with the sub-XPE
element; coversSub, containing an element, at the corre- /a/a/* in sy (line 2). Second, it moves to the next sub-XPE
sponding position, if; is a wildcard no matter what; is, or x/c in s; and compares it witk in sy (lines 15-16). Next,
t; = m;, where none of; andm; is wildcard. it comparesk/c in s; with the next sub-XPE/e/c/d in sy
Absolute simple XPEs: The covering relation between(lines 10-11), and finally, it returns 1 from line 19 since the
two absolute XPEs (without //-operator) is the simplest casnd of s, is reached and a match is found. Generally speak-
Figure 10 shows the covering algorithm for two absoluiag, a sub-XPE irs; could not match a part of, that includes
XPEs. An important observation is thaf must be shorter a //-operator. For instance, giveh = / * /a// * /c and
thans, if s; wants to coves, (line 1). It is exploited becausess = /a/a/ * //¢/b/d, the sub-XPE:/c in s; does not cover
a shorter XPEs has less constraints on items, and refers to«d/c in so sincex/c refers to a smaller matching set. How-
bigger matching seP(s). Next, the algorithm compares eaclever, there is a special case that the sub-XREn s; could
pair of s1t; andsst; in s; andss, respectively, according tocover a part ok, that includes a //-operator if; ended with
the covering rules. a wildcard and the matched partip ended with/ /¢, wheret



Input: two subscriptions, = s11//...//s1q, andsz = s21//...//s2p

(boths1 andsa can be relative or absolute subscription)

Output: 1if s coversss, 0 if s; does not coves,
01: If |s1]| > |s2| then return O
02: If boths; ands, are absolutéhen

temp«— AbsCov(si1, s21), flag— 0

There was a super pointer pointing to nodle/b/d before
merging. This pointer should be removed because there is no
covering relations between the pointer owner and the merger.
If two nodes are merged, their subtrees become siblings of the
merger. For example in Fig 9, aftéb/d and /b/e are merged

03: If temp=0, and|s11| = |s21|, ands1; ends withs, andp > 2 to /b/*, there children are the new node’s children. The super
thentemp«— AbsCovG11t1/.../s11t)s,,|—1.521), flag— 1 pointer at/b/d/a was not changed. To perform the merging
04: If temp=0then return 0 in the subscription tree, we define several merging rules.

05: Else if s; is relativethen temp«— RelCov(s11, s21), flag < 0
06: If temp=0, and|s21| > |s11], ands11 ends with«, andp > 2

07

thentemp« RelCovi1t1/.../s11)s,,|—1,

8218 sy1 | —[s11|+2/ -/ 521855, ]), Flag — 1

: Else return 0

08:i < 1,7 « 1,tempm < 0, temp; <— 0

09

: While : < gandj < pdo

The subscriptions can be merged if they have only one dif-
ference (e.g., different elements). For instance, two subscrip-
tionss; = a/ * /c/d andsy = a/ % /c/e can be merged into
s = a/ x /c/x. Note that if they differ in one operator, they
should be in a covering relation to each other. The general
form of this rule is:

10: If temp=0thenj «— j + 1, tempy, < 0 ® 51 =01 11...0; t; 041 M 0§42 ti41..0n4+1 tn
11:  If j #p+ 1then ® S2 =01 t1...0; t; 0541 k042 tit1..0n41 tn
temp— RelCoVes1i, s2jt1+tempy /--/s25t]5241), flag — 0 are merged to
12: If ten:jpzfv ?tr;]d|52tj‘ 2 ‘SIE\J Tctergpltv a/ndjli inds with, ® 5 =0111...04 1 041 * 0442 Lit1..0n41 ln
andp > j thentemp« RelCoVs1it1/.../51it s, .| —1» . L
L / /p/s - :‘Izag . 1ol wherem andk are different elements; is either a /-operator
5 | — . i 1) — . .
290 s2 | =ls1ilH2/ /227 |21 or a //-operator, ant} is a wildcard or an element.
18 tempr =0 Another rule is to merge subscriptions with two differences
14: Elsereturn0 ; 9 . p
15:  Elsetemp,, — temp+ tempm, + |s14|-1,i + + (e.g., different operators or different elements). For example,
16:  If i # g + 1 andflag=Othen two subscriptions; = /a/c/*/* ands, = /a//c/*/cthatdo
temp— RelCov614, s25t14tempy, / -/ s25t|52;1), flag — O not cover each other can be mergedte /a//c/ x /. That
17: If temp= 0, and|sa;| > [s1i| + tempm, ands1; ends withs, is, different operators are merged to //-operator, and different
andp > j thentemp« RelCoVe1;t1/.../s1it|sy; -1, elements are merged to We represent the general form of
82551 [s1+2/ -/ 525t|s5;1): flAg — 1 this rule as:
185 Else ifi # ¢ + 1 andflag=1thentemp«— 0, temp;— 1 o 51 = 01 t1.00i ti 0341 M. 0541 b | £j4100m42 tn
19: Else return 1 ® S2 = 01 tl... 0; ti 041 k... 0541 tj /f;+1...0n+2 tn

Figure 12. Descendant XPEs Covering

are merged to
® S =01 tl... 05 ti Oj41 *... 0541 t]' // tj+1---0n+2 tn

wherem, k andt¢; is a wildcard or an element, ang is a

can be either a wildcard or an element (lines 3, 6, 12 and 1/7pperator or a //-operator.

For example, giver; = /a/ * // * /d andsy = /a//b/c/d,

A more general rule is to replace the different parts in two

first, the algorithm compare&:/* in s; with /a//bin s, (line  subscriptions with the //-operator. We generalize this rule to:

3), whereflag = 1 is used to record the current sub-XPE in
s1 matches a part of; with //-operator. Second, it moves to

® 51 =011t1...0it; XPE1 0;41 ti41...0n tn
® 52 =011t1...0;t; XPFE3 0;41 ti41...0n tn

the next sub-XPE/d in s; (lines 15 and 18) and compares itire merged to
with ¢/d in s (line 11). Finally, it returns 1 since a match is e s = o1 t1...0; t; #/ ti1..0n tn
found (line 19).

whereX PF, andX P E, are different XPath expressiorngjs

Itis important to note that the covering detection betwegf\yildcard or an element, anglis a /-operator or a //-operator.
non-recursive advertisements is the same with the coverifigis rule is applied if most parts in two subscriptions are equal,
detection for subscriptions, since the non-recursive advertiggerwise, more false positives will be introduced.

ment has the same format with an absolute simple subscripye periodically apply the above merging rules on the sub-

tion. scription tree to aggregate nodes that could be merged. We
can compute ammperfect merging degregl6] if each broker
5.3. Merging in the network knows the DTD relative to the XML data pro-

If there is no covering relation among a set of subscriptiortijcer. The imperfect degree of a new mergederived from
subscriptions can be merged into a new subscription to createss,..., sy, IS:
a more concise routing table. In this section, we exploit the P(s) — U, P(s:)]
merging rules for XPEs. ¢

In the subscription tree, child nodes of the same parent have |[P(s)]

a better chance to be merged. As shown in Fig 9, nagdé/a, It measures the imperfectness of an individual new merger. If
/a/b/band/a/b/d can be merged and they are represented the publications are distributed uniformly, the bigger the im-
a new node/a/b/* which is a union of the original XPEs.perfect degree, the more false positive are introduced by the

Dimperfect =



new merger. For example, two subscriptieas= /a/ * /c¢/d

andsy = /a/ % /c/e can be merged inte = /a/ * /c/x. If 1000007 —— No Covering(Set A and B)
the corresponding DTD indicates that the elementsc, d, e 800004 —*—90% Covering(Set A)
are allowed at the fourth positio0% false positive will be —+—50% Covering(Set B
introduced at position 4. We need to consider the distribution 60000
of other elements in the subscription, e.g., the probability of 40000 F
. .. )
each element appearing at other positions, to compute the to§§
tal number of false positive introduced. The false positives are g 20000 F o
not delivered to subscribers. It only happens in the network g 0 . - - - -
because of the imperfect merging. Clients are not exposed to 0 20000 40000 60000 80000 100000
the false positives. Nunmber of XPath Queries
6. Evaluation Figure 13. Routing Table Size

In this section, we experimentally evaluate the performance

of our routing and covering algorithms. All algorithms ar@educed by 84.6% and 47.5%, respectively.
implemented in C++. We perform all experiments on a com-

puter with an Intel Xeon 2.4GHz processor with 2GB RAM. Method SetA (ms) | SetB (ms)
For generating the XPE workload, we use the XPath genera- No Covering 13.96 14.23

tor released by Diaet al. [8]. Queries are distinct, and we Covering 2.15 7.47

set the maximum length of an XPE to 10. We use the IBM o )

XML Generator [1] to create the XML document workload. ~ rable 1. Publication Routing Performance

We use default parameters in this generator except that we set i . i
the maximum number of levels of the resulting XML docu- Network Traffic : The network traffic can be influenced by

ments to 10, which is consistent with the maximum length §i€ Proker topology, the distribution of subscribers and pub-
XPEs. We use two different DTDs: the NITF (News IndustryShers, and the routing strategy. In this experiment, we inves-
Text Format) DTD and the PSD (Protein Sequence Databatd@§te the impact of advertisement-based routing and covering
DTD. The performance metrics we measure include routiffgFhniques on network traffic, given a tree-like broker topol-
table size and publication routing time in a single broker, aQ@Y- AS shown in Figure 14, the broker overly network is a

the network traffic in broker topologies with 7 brokers and 1278€ in which each broker is connected to 2 subordinate bro-
brokers separately. kers. We build two overlays for the simulation. One has three

Routing Table SizeOur algorithms exploit the covering re_levels, which consists of 7 brokers. The other broker overlay

lations among XPEs. To verify this fact, we generate two ddggs seven levels with there are 64 leaf brokers, and 127 bro-

sets for NITF which include 100.000 XPEs each. We Vawrs in total. Each leaf broker is connected with a subscriber.
the probability of %" occurring at a location stepi{) and e extend the size of the broker network to show the scal-

the probability of “//” occurring at a location step[{O) to ability of our approach. Publi_shers randomly connect to _the

generate two data setsand B with different covering rates broker overlays. In this experiment, we compare four routing

90% and 50%, respectively. For each data set, we evaluate .

the effect of the covering optimization on routing table size. et e <‘>

The routing table size is the number of XPEs in the table. As m \‘ KC%J /
\

<o
;

shown in Figure 13, for Sed, the routing table size is reduced // <> Publ i sher

dramatically by covering. The subscriptions in Sehave a ‘ ' O Broker
higher degree of overlap. The results suggest that the cover- | a;ers @ P(% (] subscri ber
ing algorithm perform better on data sets with higher degree of e e

overlap. That is, covering technique gains more benefit when E E E . E E

subscribers in a community has similar interests. l e 64 subscribers

Publication Routing Time: In this experiment, we com-
pare the covering-based routing time of each message with the
routing time in the original system, using the above two data Figure 14. Broker Topology
setsA and B. We generate 500 XML documents and extract
23,098 publications from these documents. Table 1 shows #teategies with different optimization techniques, including the
routing time of the publications against 100,000 XPEs. Theuting with neither advertisement nor covering technigide (
measurements are obtained by averaging the time takemd®@no-Cov), the routing with covering onlyio-Adv-with-Cov),
route all publications. Both Set and SetB exhibit bene- the routing with advertisement onlyith-Adv-no-Cov), and the
fits, derived from subscription covering. After applying theouting with both advertisement and covering techniquas-(
covering algorithm, the routing time for Sdtand SetB are Adv-with-Cov). We generate 1,000 distinct XPEs for each sub-



Network Traffic | Network Traffic ment and XPE. Second, we present some algorithms to de-
Method with 7 brokers | with 127 brokers termine the covering relations between to arbitrary XPEs, and
no-Adv-no-Cov 58,138 654,871 a novel data structure called subscription tree to maintain the
no-Adv-with-Cov 50,931 572,890 XPEs in an XML router, which maintains the covering rela-
with-Adv-no-Cov 39,849 398,810 tionship among XPEs. The routing time at each broker are im-
with-Adv-with-Cov 38,492 326,796 proved by up to 85% in the most favorable cases because of a

compact routing table, which is generated by removing redun-
dant XPEs after exploring the covering relationship. Third,
we also propose some rules to merge similar XPEs in order
to further reduce the routing table size. The evaluation results
suggest that the scalability of the system has been improved by
scriber using the PSD DTD, and 50 XML documents for thepplying advertisement-based routing, covering, and merging
publishers. 4,182 publications are extracted from these deschniques.

uments. Table 2 shows the total number of messages in two

broker overlays generated by one publisher. These messag&starences

including advertisements, publications and subscriptions, are

_received by all brokers in the network under di_fferent rout 1] A.L.Diaz and D.Lovell. XML generator, Sept. 2003.

ing strategies. As can be seen, the two advertisement-baggidM. Altinel and M. J. Franklin. Efficient filtering of XML doc-
routing methods significantly reduce the network traffic, be- uments for selective dissemination of information. VhDB,
cause in this case a subscription is not flooded, and it is only 2000. o )
forwarded to brokers that are on a path from the respectild N- Bruno, L. Gravano, and N. Doudas. Navigation-vs. index-
subscriber to the publisher. The introduction of advertisgy, gésggr;%'i‘gguquf.egu'%g‘r:%ﬁ"nghg@E.EL?%gl'f. A routing
ments reduces the network traffic to 68.5% and 75.6% for non-' gcheme for content-based networking. IEEE INFOCOM,
covering-based and covering-based routing strategies, respec-2q04.

tively. Moreover, applying both advertisement-based routing] C. Chan, W. Fan, P. Felber, and M. Garofalakis. Tree pattern
and covering-based routing technique can reduce the overall aggregation for scalable XML data dissemination. VIiDB,
network traffic to 66.2% and 49.9% in the two topologies. The . 2002.

experiment suagests that using advertisement to avoid s %]_ C. Chan, P. Felber, and M. Garofalakis. Efficient filtering of
P 99 9 XML documents with XPath expressions. IIRDE, 2002.

§Cription flooding_and removing redqndant queries by explo[7] G. Cugola, E. D. Nitto, and A. Fuggetta. The JEDI event-
ing covering relations among subscriptions can reduce the net- pased infrastructrue and its application to the development of
work traffic and save system resources. We gain more benefit the OPSS WFMSIEEE TSE 2001.

in a larger broker network. The scalability of the system hd8§l Y. Diao, M. Altinel, M. J. Franklin, H. Zhang, and P. Fischer.
been improved. Path sharing and predicate evaluation for high-performance

XML filtering. ACM Trans. Database Sys2003.
[9] V. Diao, S. Rizvi, and M. Franklin. Towards an internet-scale

7. Conclusion XML dissemination service. INLDB, 2004.
[10] X. Dong, A. Halevy, and I. Tatarinov. Containment of nested

In this paper, we have studied the problem of efficiently XML queries. InTR UW-CSE-03-12-05, U. of Washington
routing XML data through a data dissemination network com- 2003. _ )
prised of an overlay network of content-based routers. It L- Galanis, Y. Wang, S. Je, and E. DeWitt. Locating data
the dissemination network, publishers' DTD files are trany C'fgsein 95, ISibuled sysieme\kDB 2008,
formed into advertisements expressed using XPath-like €x-" expressions. IICDE, 2006.
pressions. An advertisement creates a spanning tree ro¢téil D. E. Knuth, J. H. Morris, and V. R. Pratt. Fast pattern matching
at the publisher. Subscribers specify their XPath filters which _in strings.SIAM Journal on Computing 977. _
are forwarded along the reverse pathsidrsectingadvertise- [14] G. K_olo_nlarl and E. Pitoura. Content-based routing of path
ments, i.e., those may have potentially ir_lteresting XML doch-5] ?\lge}ggjc;gg eﬁr'gé%?ﬁé\%ﬁt’eg% B-.Es?r(i)\?adgtava. Routing XML
ments. Now XML documents from publishers are forwarded * qyeries ICDE, 2004.
along the reverse paths ofatchingXPEs to interested sub-[16] G. Li, S. Hou, and H.-A. Jacobsen. A unified approach to rout-
scribers. In this paper, our contributions are: first, we discuss ing, covering and merging in publish/subscribe systems based
the advertisement-based routing protocol for XML-based data_ on modified binary decision diagram€DCS 2005.

. S : . ] G. Miklau and D. Suciu. Containment and equivalence for a
dissemination network. Advertisements are used to avoid fragment of xpathd. ACM 2004.

fIOO(_jing of XPath queries, f"’md can reduce t_he overall net‘_"’qilﬁ] T. Milo and D. Suciu. Index structures for path expressions. In
traffic up to 75.6% according to the experiment. Advertise- |cpT, 1999.

ments are generated from a DTD file and can be applied for[d8] G. Mthl. Large-scale content-based publish/subscribe systems.
related XML documents. We discuss both recursive and nan- PAh-(E:) glsseftatloéllgllv?mlty O(fj DDar}En%af?t’ 50&2- hbased
recursive advertisements extracted from DTD files. Moreovet, " - =+ =NOEren, 1. Loniey, and L. . LIfiord. Viesh-based con-

. . . tent routing using XML.SIGOP$2001.
we propose a set of algorithms for the matching of advertise-

Table 2. Network Traffic (total number of mes-
sages received by all brokers in the network)
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