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ABSTRACT

We considerthe view selectionproblem for XML content
based routing: given a network, in which a stream of
XML documerts is routed and the routing decisionsare
taken based on results of evaluating XPath predicates
on these documerts, selecta set of views that maximize
the throughput of the network. While in view selection
for relational queriesthe speedup comesfrom eliminat-
ing joins, here the speedupis obtained from gaining di-
rect accessto data valuesin an XML packet, without
parsing that packet. The views in our context can be
seenas a binary represertation of the XML documernt,
tailored for the network's workload.

In this paper we de ne formally the view selection prob-
lem in the context of XML content based routing, and
provide a practical solution for it. First, we formalize
the problem; while the exact formulation is too complex
to admit practical solutions, we show that it canbe sim-
plied to a manageableoptimization problem, without

loss in precision. Second we show that the simpli ed

problem can be reduced to the Integer Cover problem.
The Integer Cover problem is known to be NP-hard,

and to admit a logn greedy approximation algorithm.

Third, we show that the same greedy approximation

algorithm performs much better on a class of work-
loads called 'hierarchical workloads', which are typical
in XML stream processing. Namely, it returns an op-
timal solution for hierarchical workloads, and degrades
gracefully to the logn general bound as the workload
becomeslesshierarchical.

1. INTRODUCTION

In XML content based routing, a stream of XML packets
is sert from a set of data producers to a set of data
consumers. Consumers subscribe to the data by means
of predicates, or lters, typically expressedin XPath,
and then receive a copy of all packets that satisfy those
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lters, independertly of where the packets originated.
Padkets are delivered through a network of routers Lor
sewers, in which ead router receivesand forwards XML
packets, basedon the valuesof somepredicates stored at
that server. This style of routing is called content-basel
routing [3, 17], becausethe packets are routed basedon
their content, and not basedon any destination address.

There are seweral applications of XML packet routing.

In selective dissemination of information (SDI) or pub-

lish/subscrib e systems[8, 18, 19] userssubscribe to text

documents by specifying the predicate that the docu-
ment should satisfy. Early SDI systems were based on
the vector or the boolean model, but recertly Franklin

and Altinel [1] described an SDI system using XML and
XPath. In reliable multicasting of data over mesh-based
overlay network [17], XML content routing is usedto fa-
cilitate intelligent content pruning. In Web services ap-
plications can exchange XML messagesn a style resem-
bling remote procedure calls, typically using the SOAP

protocol [11, 12]. All theseapplications sharea common
framework: XML documents from a contin uous stream
are chedked against a workload of XP ath predicates, and
then forwarded to other servers or clients, sometimesin

a distributed fashion.

The main performance metric in XML content routing
is the global throughput of the system, or the number
of XML packets that the system can deliver in a unit
time. This can be improved in two ways: by improving
the query evaluation at eadh server, and by improving
the network con guration. In this paper we addressthe
rst method.

XPath query evaluation has been studied recertly for
large query workloads [1, 4, 6, 10, 14]. The state of
the art in evaluating large XPath query workloads is
that the complexity is dominated by the time neededto
parsethe incoming XML document. The fastest parsers
today [5] achieve a throughput of about 10MB/s, while
advanced query evaluation techniques surpass this [2].
The only possibleway to further improve the through-
put is to develop evaluation methodsthat avoid parsing.

We have recertly proposed such a method called view

1These are not hardware level routers, but are instead
routers at the application level.



selection for stream processing[13]. The idea is the fol-
lowing: select a small set of linear XPath expressions
(views), let the data producers pre-compute the views
for each XML packet that they generate, and attach
them to the packet in the form of a header. When a
sener receives an XML packet, it tries to evaluate its
workload by inspecting only the valuesin the header. If
it succeeds,then it doesn't need to parse that packet:
we call this casea hit. If it fails, then it needsto parse
the entire packet and evaluate the query in a normal
way: we call this a miss.

The header can be thought of asa binary represertation
of a subset of the XML document. A complete replace-
ment of the XML document with a binary represena-
tion would increasequery performance signi can tly, but
would be platform dependert, preventing the universal
interoperation that the XML standard enables. Our so-
lution consists of adding only a small binary header to
the standard text represertation of the XML packet, al-
lowing applications that do not recognizethis format to
ignore it. In our prior work [13]we have chedked the fea-
sibility of such a technique. We found that a hit takes
about 100times lesstime than a miss, making the tech-
nique attractiv e even if the hit ratio is, say, only 80%
(then it results in a speedup by a factor of 5).

In this paper, we addressthe following problem: select
a view con guration that optimizes the ertire network's
throughput. We call this the View Con gur ation (VC)
problem. We presernt a sequenceof results that, to-
gether, lead to a practical and e cien t solution to the
view con guration problem.

First, we formalize the problem and describe it asan op-
timization problem. In its exact formulation the prob-
lem is unmanageable. Our rst result is to show that
(VC) is equivalent, under certain conditions, to a Sim-
plie d View Con gur ation (SVC) problem. The latter
has a much cleaner formulation, and the fact that the
two are equivalent is rather surprising.

In our secondresult we show that the header minimiza-
tion variant of the (SVC) problem is equivalent to the
Integer Cover (IC) problem, that has been intensively
studied in the past [7, 15, 9, 16], while the dual through-
put maximization problem is a variant of the integer
packing (IP) problem. Both problems are well-known to
be NP-complete, but these reductions are nevertheless
very important in practice given the rich literature on
the (IC) problem (the (IP) problem has beenlessstud-
ied). In particular, Dobson [7] describesa simple greedy
algorithm for (IC) that givesa solution no worse than
log(1+ n) times the optimal. We adapt this greedy algo-
rithm to the header minimization variant of the (SVC)
problem. In the caseof workloads with constant selec-
tivities, n is the largest number of XPath expressions
in any query in the workload. Since n can be around
10 20in practice, the algorithm may generate header
sizesthat are four times larger than needed, which is
unacceptable in practice.

Our third contribution consistsin proving that the same
greedy algorithm performs much better on constant-
selectivity workloads that are hierarchical. We give a
formal de nition of hierarchical workloads, argue that
they are typical for XML packet routing applications,
and prove that the greedy algorithm is optimal in this
case. Next, we study the behavior of this algorithm
on workloads that are small deviations from hierarchi-
cal workloads. We introduce a parameter called the
hierarchy measure of a workload, , s.t. hierarchical
workloads have = 0 and arbitrary workloads have

n. We show that the greedy algorithm always
nds a solution within afactor In(1+ ) of the optimal.
This result generalizesboth Dobson's theorem (the case
when = n) and the result for hierarchical workloads

( =0).

The rest of the paper is organized as follows. In Sec.2,
we develop the background necessaryfor this problem,
then we de ne the problem formally in Sec.3. We show
how to simplify the view con guration problem to a
manageable version in Sec.4. Next we show that the
simpler problem can be reduced to the integer cover
problem, in Sec.5, and describe a greedy approximation
algorithm. In Sec. 6 we prove better bounds for this
algorithm in special cases.Finally we concludein Sec.7.

2. BACKGROUND

We overview here the problem de nition from [13]. An
XML Content Routing Network consists of a network
of servers that evaluate and route a stream of XML
documerts, called packets Each server has a local set
of queries which it evaluates on every incoming packet.
Based on the result of these queries, it decidesto which
neighbor or set of neighbors to forward the packet. Our
goal is to optimize the total throughput of the network,
i.e. the number of packets it can processin a unit of
time, by improving the query processingtime at eadh
sener. We discussnext various aspects of our problem.

The network We denote with S the set of seners, and
we assumethat all XML packets originate outside of
the network, at data producers that send the packets
directly to some server. Given a server s, we denote
with t(s) the averagetime spent by s in evaluating its
set of predicates on a single XML document. We also
denote with gs the averagefraction of all XML packets
produced that eventually reach the server s: since we
assumethat ead server receives at least some packets,
we have 0 < gs 1. The numbersgs, s 2 S either
can be measuredin the network, or can be computed
from other statistics, e.g., the fraction of the packets
that ead server sendsalong ead of its links. Let T be
the inverseof the network's throughput. Then we have:

T = max t(s
s2S gs ( )
Our goal is to minimize T.
The queries Weassumequeriesto be conjunctiv e queries

over the XML packet. For example, the following is such
a query:



g = /news/agency/name/text() like "%Reuters%"
and /news/company/text() = "IBM"

which cheds whether the agencys namecontains the
string Reuters and whether the companyis IBM To sim-
plify the discussion we shall allow only very restricted
XPath expressions, consisting only of tags and child
navigation axes. This allows us to dene a set P =

queries. We assumethat any two path expressions,p;
and p;, i 6 j are independent, i.e. they refer to dis-
joint setsof XML nodes. A query q is a conjunction of
atomic predicates, where an atomic predicate is of the
form pr c, wherep 2 P, r is a relational operator (e.qg.
=; ;<; ;>), and cis a constart.

The workload at a server s consists of a set of con-
1, and the
server s must evaluate all queries in the workload on
every incoming packet d. Based on prior work on XML
stream processing[10] we make the simplifying assump-
tion that t(s) is constant, independert of the workload.
The justi cation is that query processingtime is dom-
inated largely by the parsing time, and the latter de-
pends only on the average document size, and not on
the XPath workload. By choosing appropriate units for
time, we sett(s) = 1, under the assumption that evalua-
tion proceedsin a\standard" way, i.e., parsing followed
by XPath evaluation: we will describe in a moment a
technique under which t(s) < 1.

The views A view, v, is an XPath expressionv 2 P and
a view con gur ation is an ordered set of views,V  P.
The method proposedin [13] to improve the network's
throughput starts by choosing oine a view con gur a-
tion, V, which is then made available to all serversin the
network. During the network's normal operation, the
data producers compute the views in V for each docu-
ment d that they produce, and attach their results to d,
in the form of a binary header, H (d). The header con-
tains byte o sets in the XML document for each XP ath
expression in the view, rather than the actual result,
thus, if k = jVj, then the header size is 2k bytes?.
When we need to evaluate a query containing p 2 V,
we fetch the byte o set for p from the header and read
p's value from that o set in the packet.

Each server s that receivesa packet d attempts to com-
pute its workload by inspecting only the header H (d),
without parsing the packet. When it succeeds,we say
it is a hit; when it is forced to parse the packet and re-
vert to standard evaluation techniques, we call it a miss.
We describe the evaluation, starting rst with a single
conjunctive query g = (p1 r1 €)™ (p2 r2 )~ ::: and
an XML packet d. The query is evaluated in \short-
circuit", i.e. the evaluation stops oncewe nd a con-
junct pi ri ¢ which is false. First, we evaluate the con-
juncts for which p; 2 V, and only then proceedto the
other conjuncts if needed. If for somep; 2 V the cor-

2We assumethat packet sizeis limited to 2°bytes. So,
at most 2 bytes are neededto represert an o set.

responding conjunct evaluates to false, or if the path
expressionsreferred to by all conjuncts in the query are
in V, then we have a hit; otherwise we have a miss.
The entire workload Qs is evaluated by evaluating each
query separately: if all queriesg 2 Qs have a hit, then
Qs has a hit; if at least one query has a miss, then Qs
has a miss.

In prior work [13] we have discussed implementation
techniques for the packets' headers, and have found ex-
perimentally that the processingtime of a hit is about
two orders of magnitude smaller than that of a miss.
Sincethe latter is 1 (it is essemially the parsing time),
the average processingtime of a document t(s) at a
sener s is given by the missratio at that server, denoted
M (V;s), i.e. the fraction of XML packets for which we
have a miss.

To compute the miss ratio M (V;s), we assumethe fol-
lowing statistics to be known. For each XPath expres-
sionp 2 P and eath query g, pg 2 (0;1] denotesthe
selectivity of the atomic predicate with path expression
pin g. We may safely dene 4 = 1 when no atomic
predicate in g refersto p. Furthermore, with ead query
g, we assciate a set, which consists of the XPath ex-
pressions (neglecting the relational operators and the
constants) that appear in that query. We will refer to
this setusing g, thusmaking g P, Whether qrefersto
this set of path expressionsor to the query itself, will be
clear from the context. Then, the missratio for a single
query, m(V;q), the miss ratio for the set of queries at
sener s, M (V;s), the averagetime to processa packet
at server s, and the inverseof the network's throughput
are given by:

_ _ 0 ifqg V
m(V;a) = p2viq pa Otherwise @
42 Qs
t(s) = M(V;s) 3
T = maxg t(s) Q)

The e ectiv eness Clearly, the larger the set V, the

lower the miss ratio m(V; ), and the lower the average
processingtime t(s). But we cannot choose a large V

becausea large header increasesthe packet size, thus
defeating the purp oseof increasing the throughput. In

somepreliminary experiments, partially describedin [13],
we have found that even with a relatively small header
size (10-15), optimally chosen views can result in miss
ratios of about 5%-10%. This, in turn, results in large

speedups over traditional processing (by factors of 10-
20). Clearly, well designedview con guration can im-

prove signi cantly the query processing speed at the

sewrsin a network. The key problem that needsto be
solved is how to choosethat view con guration. This is

the topic of our paper.



3. THE VIEW CONFIGURATION PROB-
LEM(VC)

We give here a formal de nition of the view con gura-
tion problem.

3.1 Problem De nition
We model the view con guration problem abstractly as
follows. We are given the following:

A set of servers S.

For each server s the number gs represerting the
fraction of XML packets that reach the sener s.

For each seners 2 S, asetQs. Wedenote jQsj =
ms, Q = Qs = fah;;:::;0mg, and call the
elemerts of Q queries

path expressions

A relation P Q. We write p 2 q whenewer
(p;a) 2 . When no confusion arises we write q
for the setfpj p2 qg and we write p for the set
fajp2qg

For each p 2 g a number 4 2 (0;1] called sele-
tivity . When p 629, we set pq = 1.

Assuming these parameters to be given, we de ne two
a vors of the view con guration problem:

Throughput  Maximization  (V C-T) Herethe input
is a number k, the header size,and we needto nd
aview conguration V. P s.t. jVj kand T is
minimal, where T is given by Equations (4), (1),

), (3).

Header Size Minimization  (V C-H) Herethe input
is a number Ty, the inverseof the required through-
put, and we need to nd a view con guration
\% Pst T To and jVj is minimal, where
T is given by Equations (4), (1), (2), (3).

There are obvious polynomial-time reductions between
the two problems, basedon binary seard.

4. SIMPLIFYING THE PROBLEM

The view con guration problem dened in Sec. 3 is
dauntingly complex. We show here how it can be re-
duced to a manageable problem, with minimal loss in
precision. We de ne the simplie d view con gur ation
problem (SVC) by the following constraints:

m(V;q = pid (5)
p2V\ g
M(V;s) = max m(V;q) (6)
t(s) = M(V;s)
T = rsnzasx O t(s)

Notice that the last two equations have not changed: we
have included them for readability. The only changeis
in the de nition of m(V;q) and M (V;s). As before, we
consider the two variants, the throughput optimization
problem and the header size optimization problem.

Simplied Throughput Maximization
the input is a number k, the header size, and
we needto nd a view conguration V P st
iVij k and T is minimal, where T is given by
Equations (4), (5),(6), (3).

Simplied Header Minimization (SV C-H) Herethe
input is a number Ty, the inverse of the required
throughput, and we needto nd a view con gura-
tonV Pst T ToandjVjisminimal, where
T is given by Equations (4), (5), (6), (3).

We justify next why a good solution to (SVC) is also a
good solution to (V C). Consider rst Eg. (5) versusEg.
(1). The two equations for m(V; g) are actually identical
when g6 V. We argue that this simpli cation is harm-
lessfor two reasons. The rst is that often aview con g-
uration will not cover completely query g, and then no
error is introduced at all: the header is typically small,
and, thus, V is expected to cover completely only very
few queries. Second, even if some query is completely
covered, the error thusintroducedis |,y 4 pq, Which
is small when the selectivities pq are small. While it is
possibleto quantify this error precisely, we will simplify
our discussionin the sequeland assumethat q6 V for
every query g, hence the migration from Eq.(1) to (5)
intro ducesno error.

The secondsimpli cation replacesEqg. (2) with Eg. (6),
and seemsmuch more ad hoc and mysterious. Surpris-
ingly, we can show that it incurs no loss in precision,
under certain assumptions. Given a VC problem, de-
ne its gap G, to be the following:

g m(Via)
(g0 m(VOq))
V; V° are view con gurations
5;5°2 S;02 Qs;0°2 Qso
g mMV9
and (g0 mM(VO ) 1
The gap is obtained by enumerating all possible values
ofgs m(V;q), for all combinations of senerss, queries
g 2 Qs and view con gurations V, computing all ra-
tios betweentwo such values, and retaining the smallest
such ratio larger than 1. The gap is always well de ned
becausethe number of view con gurations is nite. In
general, the gap becomesvery large when the selectiv-
ities pq are small. For example, in the caseof a VC
problem with constant query selectivities, where there
exists somenumber  s.t. for all p;q either pq = 1 or
mg = , and constant server seletivities, where there
exists someconstant gs.t. gs = g8s2 S,then G = 1= .
Indeed, eath value gs m(V;q) is in this caseequal to
g k. for somek 0, henceall ratios greater than 1
are of the form 1= ", and the gapis 1= .

G = minf

(SV C-T) Here



We can prove that if the gap is large, then (VC) and
(SVC) are equivalent. Recall that ms = jQsj is the
number of queries at senver s.

Theorem 4.1. Suppose that the gap satises G >
ms, for every server s, and any optimal solution V to
the (SVC-T) satises q 6 V for every query q 2 Q.
Then there exists an optimal solution V to the (SVC-T)
which is also an optimal solution to the (V C-T).

Pr oof. For aview con guration V wedenoteTyc (V)
and Tsvc (V) the valuesof T to the (VC) and (SVC)

problems respectively. Similarly, My ¢ (V;s) and Msy ¢ (V;s)

denote the values of M under the two de nitions, Eq.
(2) and (6). We have the following:

Lemma 4.2. Give two serverss; s, and two view con-
gur ations V;VC suchthat gg  Msvc(V;S) < gso
Msvc(V%sY, thengs Myc(V;s) < g0 Myc(V%s9.

Proof. Let o 2 Qs be the query that maximizes
m(V; g); in other words, Msy c (V;s) = maxqzq, m(V; Q) =
m(V; o). Similarly, let ¢ 2 Seo be the query that max-
imizes m(V%d®). Sincegs m(Vimw) < g0 m(V; )

wehavegs m(V;p) & go m(V%qd), where G
is the gap. Then the following holds, where ms = jQsj:
g Mvc(V;s)
= g (1 1 m(v;9))
g2 Qs
g (1 1 mV;o))
g2 Qs
= g @ @ mV;q)™)
g (1 1+ms m(V;q))
= 0 ms m(V;cp)
1
%o ms 5 m(V%a)
< go m(V%id)

Jso Mvc(VO; SO)

The last inequality follows from the fact that m(V % q)
Myc (V%sY, whenever g2 Qq. O

We now prove the theorem. Let V be an optimal so-
lution to the (SVC), and V° be an optimal solution to
the (VC). If Tsvc(V) Tsvc (VY then we are done,
becauseV? is also an optimal solution to (SVC). So
supposeTsyc (V) < Tsvec (VY and we will show that it
leadsto a contradiction. Let so 2 S be the server that
maximizes gs My c(V;s); it follows that Tyc (V) =
Os, Mvc(V;s0). Weshow now that there exists some
query ¢ 2 Qs, for whichgs, m(V; ) = Tsvc (V). In-
deed, by de nition, there exists somes2 S and q2 Qs
sit. Tsve(V)=0gs Msvc(V;s)=gs m(V;q). Sup-
posenow that 8gp 2 Qsy, Os, M(Vi) < gs m(V;q):
this implies that gs, Msvc(V;So) < s Msvc(V;S),
and, by the lemma, that g5, Mvc(V;so) < s

Mvc (V;s), contradicting our de nition of sp. Hence

Tsvc (V) = g5, m(V; ). Nowweturn to VP for which
we assumedthat Tsvc (V) < Tsvc (V9. This implies
Oy Msvc (Vi) = Tsve(V) < gs Msvc(V9s) for
every sewer s. Then, we apply the lemma and prove that
O, Mvc(V;so) < gs Mvc(V;s), for every server s.
But this implies that Tyc (V) < Tvc (V9, contradicting
the fact that V°is an optimal solution to (VC).

5. ALGORITHMS FORSIMPLIFIED VIEW

CONFIGURATION PROBLEM
5.1 The Simpli ed Header SizeMinimiza-
tion
We reduce (SVC-H) to the Integer Cover problem (IC),

and then adapt Dobson's [7] greedy algorithm for (IC)
to solve (SVC-H).

5.1.1 Reductiorto Integer Cover
The Integer Cover (IC) problem is the following. Given
anm n matrix A and n-dimensional row vectors c, u
andb, nd x2f0;1;2;:::;g" such that:

AX b
X u

and cx is maximized. (IC) hasbeenextensively studied,
seee.g.[7, 9, 15, 16]. We prove now that the headersize
minimization problem can be reduced to (IC).

Theorem 5.1. The problem (SVC-H) can be reduced
to (IC) with c=Tandu= 1.

Pr oof. Given a formulation of (SVC-H), let n = jPj
and m = jQj = <25 JQsj. Recall that we denoted
the global workload by Q = faqi;:::;gng. Dene g
to be gs where s is the site holding the query g (i.e.

g 2 Qs). Identical queries belonging to two dierent
sites are treated astwo di erent queries. Then de ne:
aj = log p; i i=1:m;

=100
b = logTo+ logg i=1;:::;m
g =1 j=1::5n
uy = 1 j=L::55n

O

Intuitiv ely, a; is the coveragethat the path expression
p; can provide to query g, and b is the total cover-
age required by the query g. Setting ¢ to 1 for eath
j, meansthat ead path expression, if chosento be a
part of the view con guration, takesup sameamount of
spacein the header. And setting u; equal to 1 for each
j meansthat no path expression can be chosen more
than once. The view con guration selectedis given by

fpix = 1g.

5.1.2 A GreedyAlgorithm
Here we describe a greedy algorithm for (SVC-H). The
greedy algorithm works by including, at ead stage,



the path expressionpjo that provides maximum addi-
tional coverage. In the algorithm below, setting xjo = 1
amounts to selecting the path expression pjo to be in
the view con guration.

Algorithm 1 A Greedy Algorithm for Header Size Min-
imization

1: for j = 1! ndo

2 Xj 0

3: end for

4: for i= 1! mdo

5. for j=1! ndo

6: aj = log p g

7 end for

8 min g, MiN1 j na; s &
9: b =( logTo+ loggi)=min;
10: for j=1! ndo

11: aj aj =min g

12:  end for

13: if for eadh j, a; is an integer then
14: b =dae

15: end if
16: end for
17:

18: while b 6 0 do

19: if foreachj, I, a < lthen

20: for any row i such that a; 6 O has not been
scaled so far, scalerow i to

21:  end if

22: j° jsuchthat [ a; is maximum

23. Xjo 1

24: for i=1! mdo
25: b b aij 0

26: for j = 1! ndo

27: aj min(a; ;b)
28: end for

29: aj o 0

30: end for

31: end while

Lines 6 and 9 perform the reduction from (SVC-H) to
(IC). The restis Dobson'salgorithm [7], and we describe
it next. The main loop is in lines 18-31. At ead step
it picks that xjo to set to 1 that maximizes the sum
. aj . Then it \sets" x;o to 1, by decreasingthe by's.
Valuesof aj that arelarger than b are reducedto b in
line 27: this doesnot a ect the algorithm's correctness,
but is important for the proof of the theorem below.

Lines 10 to 15 handle the casewhen A and b are not
integral. First all entries in A are normalized to be 1
in lines 10-11. Then, line 19, doesthe following. When
the sumin arow i becomes< 1 then one can prove that
all coe cien ts in that row, including b are equal: they
are all substituted with some small number < 1=m.
Valuesin these rows will not contribute to maximizing
i & until all rows have had their coe cien ts adjusted
to . Again, this is important for the theorem below.
Based on Dobson's theorem, we derive the following for
the (SVC-H) problem. Recall that the function H is
dened asH(d) = 1+ 1=2+ 1=3+ :::+ 1=d Ind.

Theorem 5.2. [7] Algorithm 1 returns a solution to
(SVC-H) that is within max; ; nflog( [y aj)+ 1+
H (d; )g of the optimal solution, where d; is the number
of queries in which the path expression p; occurs.

5.2 TheSimpli ed ThroughputMaximiza-
tion Problem
5.2.1 A GreedyAlgorithm

While the header minimization problem corresponds to
integer cover, the throughput maximization problem cor-
responds to the integer packing problem, for which no
good approximation results exist. We introduce here a
new greedy algorithm, which we will show to be opti-

mal in a special case. The algorithm starts o by placing
every path expressioninto the view con guration, and
then it eliminates them one by one, until it is left with

a view con guration of sizek.

Definition  5.3. Given an instance of (SVC-T), let
V P, then we de ne a vector cov(Q;V) 2 R™, called
the coverage vector. The i component of this vector is
givenbycov(g;V) = logg P2\ V l0g pyq; » Where
g = gs and s is site holding the query g;.

Definition 5.4. Given two vectors u;v 2 R™, we
say that u is lexicographically greater than v if there
existl i m suchthat (i) u; = vj;8j < i and (i)
ui > v;. Two vectors are lexicographically equal if they
are equal in all their components.

Algorithm
Maximization
.V = P, the set of all path expressions
while jVj kdo
i® j such that sort(cow(Q;V
graphically maximal
4. V.V fpog
5: end while

2 A Greedy Algorithm for Throughput

wp e

fpjg)) is lexico-

Line 3 is the greedy decision-making step. The function
sort takes a vector and returns a vector whose compo-
nents are sorted in increasing order. Note that, starting
with an empty view con guration and adding path ex-
pressions, one by one, using the same greedy criterion
asin line 3 of Algorithm 2 canresult in a solution whose
approximation ratio can be arbitrarily bad. This is il-
lustrated by the following example:

Example 5.5 There is a single server s with gs = 1,
and with workload consisting of two queriescy = fp1; p29g
and g = fp1;psg With piq; = prg, = oand p,q, =

paigz = 1 (which is lessthan ). The optimal view
con guration of size2 in this caseisV = fpy; psg, which
is also the solution returned by Algorithm 2. However,
if instead we start with an empty view con guration and
add path expressionsto it, one by one, using the same
greedy criterion asthe onein line 3 of Algorithm 2, then
the solution is V° = fp;;p2g. The miss ratio for V is



1, whereasfor VO it is o, which is o by a factor of
o= 1, which can be made arbitrarily large by choosing
o and 1 appropriately.

6. SPECIAL CASES

In this section, we consider the view con guration prob-
lem in some special cases.

6.1 ConstantQuery Selectvities

Recall from Sec. 4 that a (VC) problem has constant
query selectivities if there exists some constant  s.t.
for all p;q, either pq = 1, 0r pgq = In this case
lines 8-15 of the Algorithm 1 will normalize the matrix
A to contain only 0's and 1's and then round the vector
b to an integer.

For this special case Dobson [7] proves a better bound
than the one in Theorem 5.2. When applied to the
(SVC-H) problem this gives:

Cor ollar y 6.1. When the view con gur ation prob-
lem has constant selectivities, then Algorithm 1 returns
a solution to (SVC-H) that is within H(maxi1 ; n jp;j)

of the optimal solution. Here P = fpsi;:::;png is the
set of all path expressions, and jp;j denotesthe number
of queries containing path expressionp;, j = 1;:::;

6.2 Hierarchical Workloads

Definition  6.2. Let 0 be an integer. We say
that a setof setsP is -hierarchical if for every p;p°2
P, one of the following four conditions hold:

p p°or

p° p,or

jp\ pf=0or
i

When = 0, we call P a hierarchical set.

To seean example of a hierarchical workload consider:

gl: /news/region="Europe" and

/news/body/soccer/player="2Zi  dane"
g2: /news/region="Europe" and

/news/body/soccer/player="Be ckhant
g3: /news/region="USA" and

/news/body/baseball/inning/n umberE"4"

All three queries start by inspecting the path expres-
sion /news/region and, depending on its value go on to
inspect other paths. There are three path expressions,
p1 = /news/region , p = /news/body/soccer/player
and ps = /news/body/baseball/inning/num  ber. Thus,
P = fpi;p2;pzg, and the corresponding sets are: p; =

fo;G; 69, P2 = foi; g, ps = fosg. Hence P is hi-
erarchical by the de nition above. Such workloads are
typical in XML routing.

We assaiate the following DAG to a set of distinct sets
P: the nodes are the sets p 2 P and the edgesare
(p;p9) s.t. p p®and there is no other set\b etween" p
and p®. When P contains duplicate sets, ties are broken
arbitrarily . When P is hierarchical, this DAG is a forest,
which we denote f orest(P). When P is -hierarc hical
then this DAG hasthe following structure. De ne P, =
fpjp2P;jpj> gand P, = P Pa. Then P, is
hierarchical and its DAG is a forest, while all nodesin
the DAG Py, are below those in Pa.

The parameter  allows us to measure the degree by
which a workload P of path expressionsdeviates from
being hierarchical. In particular, if m is the total num-
ber of queriesin aworkload, then any P is -hierarc hical
for = m.

Definiton  6.3. Given a forest, we de ne a set of
nodes to be a prefix of the forest if whenever a node
belongs to that set then its parent node (if any) also
belongsto that set.

Header Minimization We rst analyzethe greedyAl-
gorithm 1 on the header minimization problem for hier-
archical and -hierarc hical workloads.

Theorem 6.4. Let P denote the set of all expres-
sions occurring in (SVC-H). If P is hierarchical, and if
the queries have constant selectivities, then Algorithm 1
computes an optimal solution to (SVC-H).

Pr oof. We rst needto prove the following two lem-
mas before we can proceedwith the proof of the theo-
rem:

Lemma 6.5. For a hierarchical workload, there is al-
ways an optimal solution to (SVC-H), which is a pre x
of the f orest(P).

Pr oof. Let V denote an optimal solution to (SVC-
H). Let us assumethat V is not a pre x of f orest(P).
From this solution, we will construct another solution
VO%to (SVC-H) that is a pre x of f orest(P), and is no
worse than the optimal solution.

SinceV is not a prex of forest(P), it means that
there exists pj 2 V sud that pjo = parent(p;)) 2V .
Notice that V%= V [ fpog fpjgisalsoa solution to
the sameinstance of (SVC-H) becausep;o is a parent of
p; in forest(P), which implies that p;  pjo. So, every
query that contains the path expressionp; , alsocontains
the path expressionpjo. Thus p; can be replaced by
pj o in the view con guration without increasingthe miss
ratio for any query. Also, notice that V °is no worsethan
V becausejVY = jV j. Continuing in this manner, we



can construct a view con guration that is optimal and
isalsoa prex of forest(P). O

Lemma 6.6. For a hierarchical workload, the view con-
gur ation picked by the Algorithm 1 is always a pre x
of f orest(P).

Pr oof. The (IC) portion of the algorithm runs on
a matrix A whose entries are always 0 and 1. Given
two path expressionsp;, and p;, s.t. pj, pi,, the
inequality [, a;, > L, &, will always hold, until
Xj, issetto 1. Hence,the solutions picked by the greedy
algorithm form a pre x in the forest. [

Let V°be the pre x of f orest(P) constructed from an
optimal solution, and let V®be the pre x of f orest(P)
returned by Algorithm 1. To prove the theorem, we
needto show that the jV% jV9. Let us assumethe
contrary, i.e. jV% > jvY.

Observe that in any tree of f orest(P), a leaf node cor-
responds to the set of queries, which contains exactly
the path expressions,encourtered from the root of the
tree to the leaf. So, for any query g2 Q, and aprex V
of f orest(P), the set of path expressionsq\ V consists
of the rst jg\ Vj nodeson the path from root to the
leaf corresponding to g. This meansthat there exists a
query G 2 Q sudh that jV,% > jVi% where V\?°= g \ v
and V= g\ V% Otherwise, wewould havejV% V9.

Since, V,° and V,®consist of the rst jV;% and jV;%y nodes
on the path from the root to the leaf corresponding to
g, and jV\% > jV;%, we have Vi° V% which in turn
meansthat there exists p; such that p; 2 V,% but p; 2
V,°. From Lemma 6.6, it follows that before the greedy
algorithm will pick pj, it will pick every node in V°
becauseevery node in V,° is an ancestor of p;. However,
from the de nition of V{%it follows that, oncethe greedy
has picked the nodesin V% the constraints for all the
queries containing the path expressionp; are satis ed,
thus implying that p; is never picked by the greedy
This in turn implies that V%= V% thus contradicting
the assumption that jV°% > jV 9.

Deviations from hierarchical workloads are probably lik ely
in practice, i.e. we may have -hierarc hical workloads
for small > 0. Interestingly, the greedy algorithm de-
grades gracefully with the amount of deviations, as we
show next.

Theorem 6.7. Let P denote the set of all path ex-
pressionsoccurring in (SVC-H). If P is -hierarchical,
for some 0, and if all queries have constant se-
lectivities, then Algorithm 1 returns a solution that is
within a factor of In(1 + ) of the optimal.

Pr oof. We prove a small lemma before we proceed
with the proof of the theorem.

Lemma 6.8. Let P, the set of all path expressions
occurring in (SVC-H), be -hierarchical for some
Let V be the view con gur ation picked by Algorithm 1.
There exists an optimal solution V , suchthat V \ P4
= V\ Py whereP,=fpjp2P;jpj> 0.

Pr oof.
rithm 1 selectsthe nodesin V\ Pa. Let pi; bethe rst
node in this ordering which is not in V. \ P,. Since,
pi, 2V, there exists 2 pi; sudh that pi,;pi,; 5P 4
could not cover the query q. So, there must exist an-
other node p’ 2 V such that q 2 pf . Sincep; and
p both cover g, soclearly jpi; \ pfj 6 0. Also, since
pi; 2 Pa, weknow that jpi;j> . And sincethe greedy
algorithm always picks a node before it picks any of
its children, p; pioj is also not possible. Since P
is -hierarc hical, the only possibility that remains is
pin pi;, i.e. pi; covers every query that is covered
by p, So,we can replace pf in the optimal solution by
pi; to get another optimal solution. Continuing in this
manner we can construct an optimal solution V ° where
V\ Pa=V2%\ P,. O

Now we proceed with the proof of the theorem. For
a workload with constant selectivities, the greedy al-
gorithm runs on integral instances of A and b, and at
ead step picks a column with a maximal sum. In Al-
gorithm 1, let r denote the iteration of the while loop
when for the rst time acolumn j is picked for which the
sum is Before this step all columns picked corre-
spond to path expressionsin P,, and from Lemma 6.8,
we know that there exists an optimal solution that will
contain all these path expressions. After this step, all
the remaining columns in A have a sum which is ,
and by Dobson's theorem on integral (IC), the solution
returned by the algorithm for the sub-problem that re-
mains after the (r 1)% iteration will be within a factor
of In(1 + ) of the optimal for the same sub-problem.
Thus the overall solution produced by Algorithm 1 is
also within a factor of In(1 + ).

Notice that both Theorem 5.2 and Theorem 6.4 are spe-

cial casesof Theorem 6.7. The rst is a special case

when = n: any workload is a -hierarc hical work-

load in this case. The secondis a special case when
=0.

These theorems cannot be extended to queries with-
out constant selectivities, as shown by the example in
Fig. 1. This is a hierarchical workload, with p1 = p2 =

optimal solution hereis the vector x = (1;1;0;0;:::;0).
But the greedy algorithm will rst set x3 = 1, which
decreasesh; to 0 and reduces the rst row in A to
it sets x4 = 1, etc.
The solution returned is (0;0;1;1;:::;1), a factor of
n=2 worse than the optimal. This is consistert with
Dobson's theorem 5.2, where the dominating therm is
max; log ,a; = log2" ) n.

Maximization

Throughput Next we analyzethe greedy
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Figure 1: An example of a hierarc hical workload on whic h the greedy algorithm performs no better

than in the general case

Algorithm 2, for throughput maximization, on hierar-
chical workloads.

Theorem 6.9. Algorithm 2 computes an optimal so-
lution to (SVC-T) whenthe workload is hierarchical and
the queries have constant selectivities.

We need to prove the following two lemmas before we
can proceedwith the proof of the theorem:

Lemma 6.10. For a hierarchical workload, there is al-
ways an optimal solution to (SVC-T), which is a pre x
of f orest(P).

Pr oof. The proofissimilar to the proof of Lemma 6.5.
Once again, let V denote an optimal solution to (SVC-
T), and let usassumethat V isnot apre x off orest(P).
SinceV is not a pre x of f orest(P), there exists p; 2
V  such that pjo = parent(p;) 2V . Consider the view
con guration givenby Vo=V [ fpjog fpjg. Forthe
queries that do not contain p;o, the miss ratio remains
unchanged. For the queries that contain, pjo, we have
two cases: (1) For any query q that also contain pj,
the miss ratio remains unchanged. (2) For the queries
g that do not contain p;, m(V%aq) = o m(V ;q)
m(V ;). Hence,p; can be replaced by pjo in the view
con guration without increasing the miss ratio for any
query. Continuing in this manner, we can construct
a view con guration that is optimal and is a pre x of
forest(P). O

Lemma 6.11. For a hierarchical workload, the view
con gur ation picked by the Algorithm 2 is alwaysa pre x
of f orest(P).

Pr oof. The basicidea of the proof is similar to that
of Lemma 6.6. We will prove that the greedy algorithm
never picks a node beforeit picks all its children. Once
we have proved this, then the statement of the lemma
trivially follows from it.

Let us assumethe contrary i.e. the greedy algorithm
indeed picks a node before it has picked all its children.
Let pjo be the rst such node, and let p; be one of
its children that has not yet been picked. This implies
that the iteration in which p;o is picked, sort(cov(Q; V
fp;jog)) is lexicographically greater than sort(cov(Q;V

fpjg)). This implies that for somequery g 2 Q, cov(g;V
fpjog) > cov(qg;V  fpjg), which in turn implies that

l0g poa; < 109 pgis i€ pog > pg - How-
ever, since pjo is a parent of p;, we know that for all
queriesq 2 Q, pj 0 pj:q- Hencewe have a contra-
diction. [

Now, we go ahead with the proof of the theorem. Let
VO be the pre x of f orest(P) constructed from an op-
timal solution, and let V% be the pre x of f orest(P)
returned by Algorithm 2. And let us assumethat the
throughput with V®is lessthan the throughput with

VO Let g2 Q be the query for which cov(q® V% is
minimum. This coupled with the fact that V°is optimal

implies that cov(q®V?% cov(@® VY. If co(q®V?) =

cov(q”® V%9, then we are done. If however, cov(q® V©) >

cov(g® V9, then it implies that jg®\ V9 > jg®\ V9.
Sothere must exist a p*2 (®A V9 (¢®4 v%. Let p®
be the last such path expressionselectedby the greedy
algorithm. Recall the fact that for any query q 2 Q,
and apre x V of f orest(P), the set of path expressions
g\ V consistof the rst jg\ Vj nodeson the path from

the root to the leaf corresponding to gq. We also know
that VY = jV% = k, there must exist a query g° such
that jg®\ V9 < jg°\ v, i.e. cow(q® V9 < cov(g% V9.

Again there must exist a p®2 (¢°\ V% (q°\ V9.

Now consider the iteration of Algorithm 2 in which p®
was selected. In the sameiteration, p0 was also a candi-
date for being selectedbecausep® endsup being retained
in V% Let V denote the set of path expressions,still a
part of the view con guration when this iteration began.
Observe that p®2 V? the optimal solution. So,8q2 p°,
cov(q; vV fp%) is at least equal to min g2 g cov(q; V9,
i.e. the value of the optimal solution. This is because
8g2p%q\ V° Vv fph.

Also, from the choice of p® it follows that picking p®
to throw out leaves query gq”®with coverage, cov(q; V
fp°Y), which is equal to the value of the greedy solution,
which is lessthan the value of the optimal solution (by
assumption). So, greedy picks p° to throw out, contra-
dicting the fact that the view con guration produced
by greedy contains p°

7. CONCLUSION

We have described an application of the View Con gu-
ration problem to a novel setting, where the views are
path expressionsand the data consists of XML packets.
Although the exact formulation of the View Con gu-



ration problem is too complex for practical purposes,
we have shown that it can be reduced to the Integer
Cover problem, without lossin precision, under gener-
ous assumptions. A greedy approximation algorithm

for the Integer Cover problem can be hence applied to
the View Con guration problem, to produce a solution

that is within afactor of logn of the optimal. Finally we
have shown that the same greedy algorithm results in

much better solutions in the caseof special hierarchical
workloads.
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