which implies the lemma. Lef” be an optimal broad-
cast schedule for forn processors that uses onjy. Cer-
tainly height(T') < height(T"). However,height(T")
O(poly(lgn)) [3,9].=

Proof sketch of Lemma 3.7: The conditions of the
Lemma attempt to characterize a scheduldor inputs
S, B, n that ends within timg{ . We first explain the mean-
ing of the conditions in the Lemma. In general, these con-
ditions assert that each level (time point) in the schedule is

real-world parameters. This directionwill result in a “multi-
(parameter,cost)” optimization problems.
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Claim 3.4 For inputS = {(ci,g)|li = 1,.. ktl,n > 1 The intuition behind the proof is the following: We first
andt, 1 <t < g + (n — 1), Algorithm A2 computes  show that if the services time is relatively smafl, (=
B(t,n)in O(k*n®l1g qx) stepsm O(poly(lgn)) ) then there is a shallow broadcast tree (this
is shown in Lemma 3.6). Next we show that any shallow
We note here that the dependency is not polynomial broadcast tree can be witnessed (and verified) by examin-
in the length of its description - this is indeed unsettled here, ing a relatively small amount of information, namely pro-
although for practical purposésshould be taken as fairly  portional to the tree depth rather than to the tree size (this is

small, usuallyO(1) (see also Sec. 3.3). shown in Lemma 3.7). The reason for this is that to witness
a schedule, the tree structure is of no importance - the only
3.3. Complexity issues important data is how many services of each type are being

used at each point in time. However, this data ispar-
We have shown that for input = {(c;, ¢;)|i = 1, ..., k} tional to the tree depth rather than to its size.

representing the servicdsiepresenting the setup time, and ~ We now present the formal proof of the theorem.
integersB, n, representing a total budget and number oftar- ~ Proof: The proof will follow from the Lemmata below.
gets respectively, algorithm?2 takesO(k%n3l1g qx.) steps.
This time bound is polynomial in the input length only if Lemma3.6 Let S = {(c;,q)lli = 1,... .k}, g =
n is given in unary and = O(maz(n,lgqs)). We can't  O(poly(lgn)). ThenH (n, B, S) = O(poly(lg n)).
expect a polynomial algorithm whose dependency. iis
poly(lgn) as the output size (the broadcast tree) is of sizeLemma3.7 Let S = {(ci,¢))lli = 1,...,k}, and
d(n). However, the following is an associated decision !, B,n, H as before. Then a broadcast trée ||T]| =
problem whose complexity is unsettled. n, B(T) < B, height(T) < H, exists iff there aré: se-
quences of non-negative integei§ }:=H, i = 1,...k
(representing the number of edges (services) oftgp&me
t), two sequencesn, }i= and{o, }!= (thatrepresent the
number of new processors and available processors at time
t) that satisfy the following conditions:

The broadcast decision problem: Given a sef5 of k ser-
vices, budgeB, a set-up delay, the number of processors
n and the deadling, is there a broadcast scheddleon
n nodes withheight(T) < H,B(T) < B (i.e., can we

broadcast to: processors within timé/ and budget3?) 1.n9=0, op=1 -initial conditions.
Corresponding optimization problems would be to compute
the functionsB(), H (), N (). 2. n; = ¥;Zfe;_, - newnodes attime

We assume thdt < ¢; as we take the setup time to be ) )
included in the delay and may always assume ¢hat H 3.0t =01 +n,_; - nodes become available again
ande; < B, for all i (otherwise theth service cannot be after/ steps of setup time.

used and so can be ignored). Hence the length of the inputis
poly(k,lg H,1g B,lgn) and algorithmA2 does not provide
a poly-time algorithm. Few remarks are due here.

4. Xi=Fel < ny+o; - number of transmissions at time
t.

« Fork = 1 (no optimization is needed) there is a poly- - 1 +ni =n - totalnumber of processors.

time algorithm for the broadcast decision problem [8, 6. Ni=H-lyi=h,..i o
. t=0 i=1%% >

- total budget.
9].

The theorem follows, as from the assumptions of Lemma
3.6 there is a valid broadcast schedilleof time H' =
O(poly(lg n)). A Non-deterministic procedure to verify the
existence of such scheduléis to guessH’, k sequences
{eiyt=H" ;=1 .. k (representing the number of edges

e For k > 1 and general input service st we do
not know any upper bounds for the complexity of the
broadcast decision problem except exponential-time
even fork = 2.

For the restricted problem in which is such thaty, = (services) of typei at timet), two sequencegn, }{=f"
O(poly(lg n)) the broadcast decision problem isinP as and {o; }I=il' (that represent the number of new proces-
stated by the following theorem: sors and available processors at titheand to verify that

the conditions of Lemma 3.7 are met (which can be done in
Theorem 3.5Let S = {(c¢;, ¢i)||li = 1,...,k} beasetof  O(poly(lgn, k,1gB)) time).=
services/ the setup time, an&, n, H, representing a total We now proceed to prove the Lemmata.
budget, number of targets, and deadline respectively. As- Proof (of Lemma 3.6): Given S = {(¢i;,¢)|li =
sume that < ¢, = O(poly(lgn)). Then the broadcast 1,...,k}, n, and a budgeB. Let 7T be an optimal broad-
decision problem is inv P. cast schedule; we prove thatight(T) = poly(lgn)



Figure 3. Switching fast and slow edges for Claim 2.2.

3.2. General Broadcast the remainingn — r processors, starting at the next time
step.=
In this section we present algorithms to compute optimal Algorithm A1.

schedules for the broadcast on a budget and broadcast with form=1,...,n
a deadline. LetS| = k, i.e. there ard: services available. fort = H(m,q),..., H(m, qx)
SinceS remains fixed throughout this section, for the sake compute B(t, m) using Equation (1)

of simplicity we omit it from all the notations.

Clearly, the cost of the cheapest possible broadcaghis
(by using only theith —cheapest— service), and this can be
done in timeH (n, ¢;); the fastest broadcast can be done in Claim 3.3 Algorithm A1 computesB(t, n) in O (kn*(nl +
H(n, 1) using only the fastest service. ) 1g q1.) steps.

We now present our first algorithmi1, that computes
B(t,n) and the corresponding schedul&ifn?(nl +qy))

The corresponding schedul€ can be obtained by
straight-forward adjustments of the above algorithm.

Proof: Each application of Equation (1) takes
RS L9 . ; O(knlgqy) steps Ig ¢x is for the numerical computations
steps. This time is polynomial im, & (this is expected since involving ¢;). In order to computeB(t,m) over all the

the output size i$2(n)). However, it is proportional tgx 1 ange nomore tham (g5, +nl) such application are needed.
(and! < ¢;) which is exponentially larger than its descrip- ,

tion. We then show how to improve algorithal to be-
come polynomial in the description ¢f too.

The algorithms use dynamic programming based on the
following claim.

To improve the algorithm complexity to be polynomial
in lg g5 (rather then iny;) we note that3(¢, m) need not be
computed for any in the rangey,—1 + (m — 1)l < t < gy.

The reason for this is that when< ¢, the kth service can
not be used at all. Thus, the cheapest possible cost will be

Claim 3.2 For everym = 0 and every, cx—1m, which is obtained fot = ¢, _; +(m—1){. Namely,

B(t,m) = oo fort < H(m,qy) B(t, m) = Ck—1m for eacht in.the abqve range.
A similar argument applies té in the rangeq; +
B(t,0) =0fort>0= H(0,q¢) (m— 1)<t <qj41,foreachi =1,... . k—1:
foreachi=1,..,k—1 2
B(t,m) = ming <j<g Ming<,<m—1 g +(m =1l <t<giz1 — B(,m)=cm
¢i+ Bt —qi,r—1)+ B(t —1,m—rY1) we get the following improved algorithm
' - . Algorithm A2
Proof: The first two equalities are by convention. For the g )
third, any broadcast to» processors must start with send- fori=1, . k ,
ing a message using one of theservices, after which the fort = gii, ..., qii + (n = 1)l
receiving processor will broadcast to some other1 pro- form=1,...,n compute B(l, m)

cessors. In the meantime, the origin is free to take care of using Equations (1) and (2).
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Figure 2. Fast transmission edges should precede the slow ones in any trajectory (see Claim 2.1). Nodes
v, u, z,w all are on the same trajectory, in both 7"and 7”.

ty =ts +qs +1 =1, —q; + ¢y + 1. Thus, forany: in H(m, {(e, q)}, me) the optimal broadcast time te nodes
T, (but not in7},, for which the above takes precedence), using a single service with the delay The optimal single

=t —q +qr+1L service schedules and their heights are computed in linear
Finally, the result of moving’ up! steps is that all its  time as in [8, 9].
children have their time improved by(if v" is in 7, this Consider an optimal single service scheddlé for
saving is added to the abovae). broadcasting a message ftprocessors using the fast ser-
So, w.l.o.g. we can assume that all schedules are monovice only. Its height isheight(T7) = H(f,q;) and it can
tone and service-layered. be constructed (in linear time) by the algorithm of [8, 9].
Now using the same algorithm construct an optimal sched-
3. Algorithms ule 7° of heightheight(T?) = H([fsj],qs), for broad-
casting to[fsq] processors using only the slow service.
3.1. Broadcasting with two services Construct the final schedulg by appending a copy of

T* to each off + 1 leaf of 7/ (so that each leaf of /
Let S = {(cs,qr), (es,as5)}, ¢s > ¢ + 1. When the  becomes a root of a copy @f'; some resulting nodes will
number of services is only two it is easy to compute how be unused).
much each servicehsuld be used for an optimal broadcast  Thenheight(T") <H(f,q7) + H([ 771, q5). We show
on a budget schedule: Lt be the number of expensive that an optimal schedule can not be much better:
transmissions and let be the number of cheap transmis-

ion. Th
sion. then Claim 3.1 Let n, S, B, f,s be defined as above. Then

f-Cr+s-C,<B and f+s=n. H(n,S,B)>H(f,qf)—i—H([fsq],qs)—qs—qf.

Substitutings = n — f into the inequality we get ] ] )
Proof: By Claim 2.2 there exists an optimal schedule

[ Cr+n=f)-Co=f-(C;=C)+n-Cs < B T such that ifvi is the latest fast andy the earliest slow
message, then —t, < ¢,. Also, clearlyt,, > H(f, qy), SO

o we want the largest integralsuch that O
S g grR ty, > H(f,qr)—q;. Combiningthese we gét > t, —q, >

f<B_n'Cs H(fan)_Qf_QS-
- Cr =G W.l.0.g., there are[;] processors inZ;.  So,
and for simplicity, we assume in the sequel that equality h¢ight(T:) > H([ 771, 9:), and thereforereight(T) =
holds in the above equation. H(n,S,B)>H(f,q5) —ar —¢s + H([ 71, 05)-®

Next, we consider a linear algorithm to obtain a Thus, schedules withiq, + ¢, from optimal can be com-
nearly optimal schedule. Denote byl (m,q) = puted with only two applications of algorithms of [8, 9].



Broadcast on a budget: givenn, S and budgetB, com- Proof: Let schedulel” be non-monotone. Theh has

pute the fastest schedulg to broadcast to: pro- a trajectory with a slower transmission edge= vu pre-
cessors and satisfying the budgeticight(T) = ceding the fastee; = i, t, < ty, q5 < ¢s. LetT’
H(n,B,S),B(T) < B,||T|| = n; be obtained from" by switching the services of, and
) ] ) ] e; (see Fig. 2). Then, = t, |tu| = |t,,|. Similarly,
Broadcast with a deadline: given », 5 and deadline/, the receiving times of the processorslip, 7!, and outside
compute the cheapest schedillsatisfying the dead- e subtreel,,, T" are the same. For anyin T}, — T,
line: B(T) = B(t,n,S), height(T) <t,||T|| = n; t! =1, — (¢: — q;). Repeating the above, obtain the de-

sired monotone schedule.

In fact, the receiving times can be improved for some
nodes (without delays for the others) by making sure that
even on different trajectories the faster edges are not pre-
ceded too much by the slower ones:

Say, a schedul&’ is service-layeredf whenever inT’
transmissiore; = viv uses servicéey, ¢¢), and transmis-

Given an algorithm to solve one of these problems, eachSiones = ¥y uses(c,,¢;) such thatg, — ¢, > [, then
of the other two can be solved by binary search. ty <lz+4s.

Let p, = p and the path i¥" from the rootr to v con-
tain now # v, such thap,, = p. Then this path is called

trajectory 7, and|r,| is thereceiving timeof p. When- Proof: Let I be a schedule with a faster edge= viv,
ever two schedule¥', 7’ are considered;, ¢’ (resp.r, 7’) -, L

. . S . a setup edgev’ and a slower edge, = #y, such thaty, —
denote times (resp. trajectories) in the corresponding sched- _ :

S . . } q; > landt, = ¢, + ¢, < t,. We prove the claim by

ules. Say, schedul¥’ is arefinemenof 1" (write 77 < T, . .
. . oy S T showing that there is a scheddlésuch that
if for every processop of 1 its receiving timejr, | in 7" is

Broadcast with a deadline and a budget: given services
S, budgetB and deadling, compute a schedul&
to broadcast to the maximum number of processors
N(t, B, S) while satisfying both the deadline and the
budget :||T|| = N(¢t, B, S), height(T) < t,B(T) <
B.

Claim 2.2 Every schedule has a service layered refinement.

no worse than iff": )| < |7 |. o for each processqr in T, its receiving time inZ” is
We denote byl a sub-tree (sub-schedule) Bfrooted I = 17| = (ty — te — qs);

inv.
W.l.0.g we assume thatand theg;s are integral, other- o foreachp in T, but notin7, its receiving time inf”
. . . . H N .

wise some normalization factor may be applied. is|mp| = [7] = (95 — g5 = 1);

We note here that for the sake of generality we consider
S and! to be a part of the input and with unlimited size (in
terms ofn). However, the interesting practical applications
will commonly havel = O(1) as it is a fixed parameter of o for eachp in both 7,. and 7}, its receiving time is
the corresponding system, and typicaliywill be a fixed Il =l = (gs —qr = 1) = L;
set of services too, in which case tés are allO(1).

¢ for eachp in 7, but not inT,, its receiving time is
7l = 1wl =&

« for all other processors the receiving timeg i7" are

2.2. Properties of Schedules the same.

Thus, ifg, > ¢ +1andt, —t, > ¢, thenT” is a refinement
Intuitively, it seems that the faster messages should beof 7". By repeating the above till there are no sughe,
used first to maximize the number of sending nodes as fasibbtain the service-layered refinement/of
as possible. This intuition is only partly correct. For exam-

ple,ifS={(c1 =2,¢1=1), (ca=1,¢2 =2)}andl = 1, Consider the effect of changinf to 7" as shown in
broadcasting to two processors with a budBet 3 is pos- Fig. 3: slow transmission edggy is replaced with a fast
sible in time 2, but only if the root sends a slow message one zy' followed by a setupfy, w NOW receives a slow
first and the fast message second. message frony’ (that is why a setup edgy?y is added);
However, if we consider the messages along any singlesincev no longer sends a message {tpits setup edgev’
trajectory, then the intuition is correct: is no longer needed, 36 can be moved up into; the rest

Say a trajectory immonotonéf the transmission cost does  is unchanged.
not increase when traversing the trajectory from the root Clearly, the nodes/processors outsigeand?;, are not
down. A schedule is monotone if all its trajectories are affected by the change froifito 7”.
monotone. t, =to+qr+ ¢s: te = tw — g5 — (tv — tz). SO,
t, =ty —ty + 1z + ¢q5. Thus, for everyz in T, t, =
Claim 2.1 Any schedule has a monotone refinement. t,— (ty —ts — qs)-



communication model [1, 6, 7]. Using multiple communi-
cation services is reminiscent of thvLTI _MEDIA com-
munication model [9]. None of the previous communica-
tion models, however, is dealing with the quality-of-service
dimension.

The analysis of Lopsided Trees was given in [8]. The

times we compute below can be reduced!tsteps. We
ignore this saving for the sake of simplicity.

A broadcast scheduliadicates where, in what order, and
using which service shoukhch processor forward the mes-
sageM when it receives it. We represent it as a tree (e.g.,
as in Figure 1): the nodes represent processors at different

relation of these trees and broadcast algorithms is discussetimes, and each edge represents either message transmission

in [9]. Algorithms that were given in these works are used
here as building blocks.
A previous work that does take quality-of-service into

or setup (cf. [9]).
More formally: A broadcasschedule? is a directed
tree. Each node in the tree corresponds to some processor

account consider information gathering and searching onp, at a timet, whenp, is receiving and/or sending a mes-

the Internet [10]. Similar to this work, [10] is also dealing
with speed related quality-of-service in the context of data

sage. The root corresponds to processps (the original
sender of the message) at time= 0. Each non-leaf node

gathering. [10] consider sources that have prices and probas has exactly two out-edges:

bilities of providing the answer for the search, and presents

two models: thecost modelwhere the cost of a search is
the sum of the costs of the queried sources, andetvard
modelin which there is a certain delay for each source and
the price is the reward given to the first source which sup-
plies the answer. However, theuLTI _SERVICE model is
drastically different from these two models in the use of
parallelism: In the models of [10] there is unbounded par-
allelism - namely the client can activate as many services it
wants. The task is then finished when the first of services

¢ A transmissioredgee = v, corresponds to a mes-
sage sent, using some servicby processop, attime
t, t0 py (# pu), and received at, = ¢, + ¢;.

e A setupedgee = vu corresponds to some processor
py = py, during time from¢, tot,, = ¢, +1! whenp, is
preparing to send the next message.

In the figures we represent the setup edges with the dot-

successfully ends. Solution is thus a linear schedule of theted vertical lines, while the solid lines depict the transmis-

services. In thewuLTI _SERVICE model, at each point, a

node (client or a commissioned service) may activate only
one service. The parallelism is obtained by the tree-like
structure of the schedule - namely, the fact that commis-

sion edges.

In our model we restrict eachode to have at most one
in-edge, at most one setup out-edge and at most one trans-
mission out-edgé.

sioned services that already have been activated get to acti- ThecostB(7T') of the broadcast is the sum over all trans-

vate other services for the same original task.

2. Model
2.1. Notations and Definitions

Let there ben processors which must receive the broad-
cast message. Since each processor needs to receive
exactly once, exactlyx messages must be sent during
the broadcast. Let the set of available servicesSbe
{(ci, )|l = 1,..., k}, where the-th service costs; for a
point-to-point message transmission with the quality of the
serviceq; denoting (an upper bound on) the transmission
time.

W.l.0.g., we assume that > ¢;4; andg;41 > ¢, for
1 < i < k-1, ie. the services are listed in the order

mission edges of" of the costs associated with the cor-
responding servicesS(7') is the set of services used by
T'. The number of leaves in a scheddlds the number of
processors participating in the broadcggf|| denotes the
number of receiving processors, i.e., the number of leaves
in " minus one.

Define H(n, B, S) min{ height(T') || 7]
n, B(T) < B,S(T') C S} be the minimum time required
te broadcast a messagertgrocessors, given the services
S and budgeB. Similarly, let B(t,n, S) = min{B(T) :
height(T) < t,||T|| = n,S(T) C S} be the minimal
cost of a broadcasting te processors within time bound
t and using service$; and N (¢, B,S) = max{||T|| :
height(T) < t,B(T) < B,S(T) C S} denote the maxi-
mal number of processors to which it is possible to broad-
cast a message within timeand budget3, using services

of decreasing costs and the cheaper services are slower (a Ve consider the following related problems (assume
service which is more expensive and slower than anotherS(1) C S everywhere below):

available one would not be used and can be ignored). Also,
we assume that for any service the delay includes the setup

for the next message, g9 > [ for all . Since the leaves

1Relaxing the last requirement one can obtainLTI _PORT(rather than
SINGLE-PORT) model. Relaxing the bound on in-edges is meaningless,
and allowing multiple setup edges makes sense only in soo&| PORT

do not need to setup for the next message, the broadcastshodels with different and parallel setup times.



taken into account when the related service is provoked. We
thus assume that it takes some overhead stéps for the
client to call a service. In particular,may depend on the
size of some information which the client asks the service
to manipulate; In this paper we consider the distribution of
a single message, hence the setup timdl remain fixed

for all the transmissions throughout the paper.

After the service activation time, the client is free to start
another round, while the submitted message may still be on
its way to its target using the service’s resources. We note
that this mode of service-activation is different from the one
in [10] as it limits the amount of parallelism in calling the
services.

1.2. Broadcasting on a budget

The question we consider in this paper is how to dis-
seminate information to many cooperating clients as fast
as possible using a variety of point-to-point communication
services and a limited budget. We call this problemad-
casting on a budget using multiple communication media
or simply, broadcasting A related problem is to broadcast
when some bound, or, a deadline, is put on the time to com-
plete it, and the objective is to minimize the cost. As it
turns out these two problems can be solved by using the
same tools.

Broadcasting in themuLTI_SERVICE model involves
some characteristic features as follows. In the broadcast-
ing problem clients correspond to processors. The under-
lying services that we consider are message passing sys-
tems, in which any processor can submit to the network
a point-to-pointmessage destined at any other processor.
The service is responsible for delivering the messages from
their sources to their destinations. Each service corresponds
to some communication medium (or, bandwidth) which in-
volves a latency parameter measuring the time it takes the)
communication service provider to deliver a message to its
destination.

The broadcast operation is as follows: There is a given
budget B, and a messagé/ stored initially at a cer-
tain processor, say, processhrand which is to be com-
municated ton other processors. There is a set =
{(ei,¢))|li = 1, ..., k} of k point-to-point communication
services, where; is the cost of using thé&h service, and;
denotes the time within which thigh service is guaranteed
to deliver messag@/ to the indicated (single) destination.

@ @ay, cost)
Gv)) \2,4) ®

@ y
<2y @ @
\E
Figure 1. Atree representing a broadcast sched-
ule for n = 5 processors. The algorithm for
scheduling uses two services of costs 2,4 and
respective delays 4, 2. The arrows between tree
nodes of different id represent sending a mes-
sage, and the vertical arrows represent a setup
time of [ steps between successive message
transmissions by the same processor. Initially,
processor ( transmits the message to processor
2 in step 1 using a service of delay 2 and cost
4, then after a setup time of [ steps it uses the
same service to send the message to processor
1. Meanwhile processor 2 uses the service of
delay 4 and cost 2 to transmit the message to

processor 4, etc. The total cost of this algorithm
is 18 and its total time is max{2{ + 2,/ 4+ 4,6}.

(42)

some related work. In the Sec. 2 we give formal definitions
e(Subsec. 2.1) and general properties of broadcast schemes
in our model (Subsec. 2.2). Section 3 gives algorithms for
computing efficient broadcasting schedules. Subsection 3.1
considers the case of just two services, while Subsection 3.2
solves the general problem for arbitrary number of services.
The complexity issues of these algorithms are addressed in
Subsec. 3.3.

1.3. Related Work

Our communication-oriented service model was inspired

Calling a communication service involves a setup timé of by, and is generalizing, the successflsTAL communi-

steps. While handing another processor the messiagae

cation model that was introduced by Bar-Noy and Kipnis

sending processor may ask the receiving one to be in chargén [3]. Indeed the two models coincide when the budget
of broadcastind/ to a subset of the remaining destinations. is unlimited, or when there is only a single service avail-
Hence the broadcast schedule has a tree-like structure, aable. Querying each service at a time copmwls to the

shown in Figure 1.

SINGLE_PORT communication model [4, 3, 2, 5].

Using

The rest of the paper is as follows. In Subsec. 1.3 we list multiple services has some similarity with thie@LTI _PORT
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Abstract Quality-of-service is a certain quality-related guarantee
(speed, reliability, etc.) that the vendor is committed
In this paper we introduce thetuLTI _SERVICE model to provide for the service at the corresponding price.

of network communication. This model attempts to cap-
ture recent communication teacology trends, such as as-
pects of quality-of-service and their relation to the emerging
technology of automatic pricing, e.g. for Internet services.
ThemuLTI _serviCE model differs from related models by

For example, consider courier vs. regular mail where the
corresponding quality-of-service is the speed of delivery.
There may be some additional associated features that
are characteristic for any specific type of service, and must
; L . AR be described in the context of the shopper’s objective func-
taking communication and service activation time into ac- tion. Optimization becomes more complicated when the
count, thus restricting paral]elism to petter fit reality. Thus, same task is to be performed repeatedly several times, and
our model extends a}nd .refmes previous successful mOdEIﬁwere is a given total budget which is not likely to cover the
for network communication. . best available service for all of these uses (“to which of the

We consider the application of this model to communi- 5qqresses should I use the courier?”). Choice may get even
cation problems, where the services are certain communica-more complicated when the optimization of the global ob-

tion media, or, connection providers, with respective pricing jective function depend in some non-trivial way on the order

policies. We give some insights and an algorithm for opti- 4¢he chosen services, and their corresponding performance
malll d|ss§m|nat|on of information in this model when given (as in the case of broadcasting on a budget, considered be-
a fixed, limited budget. low).
Commonly, a shopper will beated with a set ok ser-
vices Sy, - - -, Sk. To thei'th servicesS; corresponds a pair
1. Introduction (¢i,4:), wheree; corresponds to the cost of using the ser-
vice S;, andyg; is this service performance, or: its guaran-
teed quality-of-service. This model may be used to deal
with the general shopping question, involving the coordina-
tion of several different tasks towards a common goal, and
Many information services are available on the Internet finding service providers for each of these tasks.
with the touch of a fingertip. Currently many of these are  Given a certain task and an allocated budget, the user will
offered free of charge. In part, this is probably due to the have to choose a subset of the service providers and a sched-
lack of reliable pricing infrastructure. Once such pricing ule for their activation which will guarantee that the task
technology is matured it will be integrated with the exist- will be carried satisfactorily while meeting the budget con-
ing information browsing mechanisms, thus extending the straint. For example, the work of Etzioni et. al. [10] may be
current information-fetching device into an ultimate generic viewed in this framework, where the quality-of-service cor-
servicing-and-billing platform. The variety of choices and responds to the probability of scess and the needed time.
the related complexity involved in taking intelligent deci- Alternatively, given a set of performance constraints (e.g.,
sions call for the development of computational models and deadlines) the user needs to select and schedule the services
efficient algorithms for these purposes. to minimize the cost. In this work we considesmmuni-
In the future, the services that will be provided over the cation servicesof which the service quality is commonly
Internet are likely to include the following two parameters: measured bypeed Since the electronic communication
delays of activating these services seem to be very large (as
Price is what the service provider charges per service use, experienced by anyone browsing the Internet), they must be

1.1. Background



