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Abstract—The provisioning of dynamic forms of services tween end points, and thus, it is natural to associate service
is becoming the main stream of today’s network. In this pa- with sessions. A service performed on a session should
per, we focus on services assisted by network servers andyring some quantifiable gain, and its usage entails some
different forms of associated sessions. We identify two YPeS st The same service may have different gain and cost

of services: transparent, where the session is unaware of theaccordin to the deplovment economic model. For exam-
server location, and configurable, where the sessions need to 9 ploy '

be configured to use their closest server. For both types we PI€: If an ISP deploys a caching service, the gain can be
formalize the prob|em of 0pt|ma||y p|acing network servers either the saving Iin traffic inside its netWOfk, or the reduc-
and introduce approximated solutions. We present simula- tion of delay for the clients. The optimal placement of the
tion result of approximations and heuristics. We also solve service need not be the same for these two optimization
the location problem optimally for a special topology. We criteria, though the service performed is the same.

show, tr_\rough aseres of gxamples, th_at our approaches can One can classify session-oriented services according to
be applied to a variety of different services. o L .
several criteria, which influence the mathematical mod-
eling of the optimization problem. In the following we
|. INTRODUCTION discuss: symmetry, the number of interacting parties, and

Active networks bring the ability to place services an;_ransparency. _ _ . _ '
where in the network. This will enable a model in which N some sessions, the interaction of the parties with the
companies sell the usage of the service instead of the s8RVET IS symmetric, while in others it is asymmetric. Sym-
ware that perform the service itself. This frees users frofietric interaction occur either because the same type of
managing the software (installation, regular updates, eﬂ@_f)ormatlon flows both ways, like in a full duplex confer-
and purchasing an expensive one when the service ne@gigé gateway, or because the ‘cost’ of the flow does not
are limited, and enables them to evaluate various comp&fiange when passing through the server, e.g., when the
tors in a short time period. cost is bandwidth and the service is a protocol conversion.

Another advantage of the service-in-the-network mod@l! €xample of an asymmetric interaction is a video com-
is the ability of Internet service providers (ISPs) to depldy/€SSion server where the cost in the consumed bandwidth.
transparent services in their networks. Such services migjf COSt Of getting the data to the server is much higher
include caching, authentication, security related snoopirfgan the cost of transmitting the data to the player.

DOSA alarms, etc. Naturally, many of the services in the networks are be-

While active networks give us the freedom to deplofVeen two parties: protocol conv_ersions,_application Iay_er
services anywhere in the network, we would like to limgonversion (a language translation service), compression
the number of such service centers, due to maintenafée? Videophone session, and many more. Multi-party
costs and the overhead associated with each deployed $8f¥ices are also growing in numbers: conference calls,
vice (extra filters in the routers, extra delay for filtere§aMes, €tc. However, there are also some services which
packets, etc.). Thus, one would like to place serve?§€m to involve only one party, such as caching. We
wisely, either to make the maximum gain out of the nunglaim that these are special cases of a session where one
ber of servers it can afford to deploy, or to deploy the mirgnd point, the content provider, is fixed and the other end
imal number of servers needed to achieve certain levelRiNt the client, is dynamic. A content caching service is
service. This paper is the first, we are aware of, that looRE€ that benéfits the requesters with the delivery of locally
and this problem. cached content. However, the content origin needs also

The interaction in the Internet is done in sessions b interact with the cache to deliver the content. This is

not more than the case of an asymmetric session where the
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be applied to the general case of session servers, at Itastserver can only serve traffic that flows through it usu-
not in all its forms. ally by intercepting it. In order to provide transparent ser-
Finally, servers may be transparently placed in the neices, one has to place servers so that at least one of them
work such that user need not be aware of their locatide,located on each of the session routes. Therefore, trans-
or even about their existence. Or, they may be placedpairent servers enforce stronger constraints on the server
known locations requiring clients to demand a service decations associated with each individual session. In this
rectly to them. In the sequel we will elaborate about thmase, the goal is to identify the minimum set of server loca-

modeling of these two distinct cases. tions that satisfies the constraint of each session. We view
' the problem of transparent server placement as an instance
A. Service Networks and Server Placement of the set cover problem and discuss it in section VI.
Firstly, we consider overlay networks for providing ser- -
Y y P g B. Applicability

vices. In this types of networks, service providers are If
control of a network overlayed on top of the underlying The algorithms presented in this paper works on gath-
network and configure their application sessions with agred statistics of service traffic, and should result in good
sociated servers. Session configurations usually aim at pcements based on the time of the day, or the day of
timizing a certain metric value, which we refer to as codiie week. Active networks enable the easy migration of
such as the performance or the efficiency of the sessi@esvers according to the usage pattern, and thus can im-
that applications try to optimize. prove the overall performance.

In the example of the conference center where the timeWe believe usage statistics is quite stable and back this
constraint is important, one can see the direct relationsty the study performed by Krishnaat al. [1] for caching.
between the location of the servers and the latency of tinetheir study, they checked the daily client population for
data stream because data coming from sending end-pointedium size web server and found that the day-to-day
has to reach the server before delivered to the receivesirelation was minuscule: 2.7-7.5% of the clients user
In other cases, like in the content adaptation and the vide@pulation appeared in any two out of the 14 days sampled.
compression, the service changes the bandwidth consuidpwever, when the overall demand from a network region
tion of the sessions, and thus, the location of the serva#y@s compared the correlation was very high between the
determines the total bandwidth consumption, which beeekdays. As a result, the cost of placing servers (caches
comes the minimization criterion. While the cost for th& [1]) based on the overall statistics proved effective and
session configuration and the criteria for the optimizatiogsulted in a penalty of 1-10% (compared to the optimal
change with the application, the server placement problglaily placement) for most of the weekdays.
is generalized into a couple of formations. While we are not aware of similar statistics for other

One formation of the optimal server placement in thgervices, it is not inconceivable that it will follow the
overlay service network is described in the following sitsame pattern: low client return rate but fairly constant
uation. Suppose there is fixed budggf,that limits the service demands from sites or regions. For example,
number of servers to be placed in a network. The goalléfge corporations have different cultures: some encour-
the problem is to find: locations for the servers that op-age the use of video conferences, some require data trans-
timize the overall value of the session configuration coation/conversion due to remote sites with different lan-
The problem is closely related to tliemedian problem guage/equipment, etc. The same argument holds for re-
where one needs to plagemedians such that the sum ofions of the world where differences in culture create dif-
the distances between the nodes and their closest medgiant demand for services and difference in the times ser-
is minimized. We discuss the relationship between the twige is required.
problems in Section II. In another form of the problem the o
goal is to identify the minimum number of locations that: ©rganization
guarantee certain constraints on the session configuratiotn the next section, the background of this work is de-
cost specified by the target application, e.g., maximum dailed related to theoretical problems as well as to practical
lay between any pair of clients. This form of the problerservice networks. Then, we illustrate the network model
is closely related to thg-center problem. and the metric formation in section lll, proceed onto the

Transparent servers are servers whose location, ooverlay service networks along with themedian problem
even their existence, is kept unknown to the end-poiritssection IV and section V, and also describe the transpar-
(users). The main advantage of transparent servers is #ratservice networks and the session cover problem in sec-
they require no configuration of the session end-points, yemn VI. In the last section we raise a few issue for future



research and summarize the paper contribution. L

Il. RELATED WORKS

The problem of placing servers for a group of single
clients has several well-known variants that were all stud-
ied extensively. One is the facility location problem, which
is an optimization problem in a set afpoints with an as-
sociated cost for opening a facility (a server in our case).
The goal is to find a set of locations among thpoints to
place facilities so as to minimize the sum of the distances
from each of then points to the nearest facility location
and the cost of opening the facilities. Thanedian prob-
lem is another related problem similar to the facility loca-
tion problem, but but here the number of locations is giveRig. 1. An example for the difference between the session server
k, and we minimize only the sum of the distances between location problem and the-median and-center problems.
each of then points and the nearest facility location. The

center problem resembles thanedian problem, only the . )
optimization criteria is to minimize the maximum distance 10 Show the difference between themedian problem

between any of the points and the nearest server and ourk-session server problem, consider a ring network

In these problems, the service that the facilities provi¢@mPrised of nodes numberedton —1 (n is even, see

is in an abstract and simple form which is described as &/¢: 1)- Suppose we have two sessions (depicted as arcs

assignment of each end point to a server (a facility locl F19- 1): one between nodeand noder/2 — 1 and one
tion) in a metric space or a graph. Then, the objective tefteeNn node — 1 and noden/2 + 1. We would like to
to be optimized is given with the end-point-to-server di§/ace two servers in the network. For @xenedian prob-
tances and, in case of the facility location problem, witff™ thé optimal locations for these two servers are at node
the costs of opening facilities. In this work, we expand tHe@nd noden/2, with gives a cost of 4, since each of the
concept of services in the context of network applicatiof@U Nodes is exactly one hop away from its nearest server.
and discuss the corresponding server placement probleffdS 1S lso the optimal location in tricenter problem.
Another optimization problem which we find useful foiowever, this choice of tvyo Iocqtlons is bad fo'r the session
transparent servers is the set cover problem. In this prg.g_rver problem becaus_e it requires both sessions to make a
lem, we are given sets of elements and a separate grggbour of tWO_ hops, while the. t_WO servers can be placed on
of elements, and we are required to find a minimal sub4Bf WO Session routes, requiring no detours.
such that every element in the group appears at least oncEor some special cases, the session server placement
in the subset. problem was studied in the past. For the case where there
Although all the above problems are intractable, thelgone sender and a large number of receivers such as when
are approximation methods that find in polynomial time @jects need to be cached, the problem was studied ex-
solution which is guaranteed to be within some ratio frofgnsively. Polynomial solutions for trees and other reg-
the optimal. The practicality of the approximations varglar topologies exist [1], [8], but when multiple sources
which is part of this study. Approximation algorithms foRre considered only heuristics were suggested [1], [9]. As
the facility location problem have been proposed with fate show in section IV-A, results obtained for the cache
tors of O(log(n)) (for the greedy algorithm [2]), 3.16 [3], location problem are not always indicative to the general
2.41 [4], and more recently 1.74 [5]. Tthemedian prob- case. Needless to say, not all the variants studied in this pa-
lem is harder to approximate due to the restriction on tR€r are covered by previous work, in particular, transpar-
number of serversk, however, there are approximation§nt server placement, which is studied in its general form
with an extra relaxation on that restriction. For generfere, was studied in the past only for the simple tree and
graphs, Lin and Vitter [6] approximated the cost within ENg cases [1], [8].
factor of (1+4-¢) of optimal by relaxing the restriction of the Choiet al.[10] study a configuration problem for a ses-
number of servers to be up o + %)(lnn + 1)k. Arora, sion through a series of servers that are already placed in
Raghavan, and Rao [7] extended the techniques of Lin ahé network. In their problem an optimal route and servers
Vitter to achieve a polynomial-time approximation for thare in search for a session given a network and the loca-
Euclidean space. tions of the servers. This study was done in the context
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of active networka paradigm that enables the fast deployFhis is the case of asymmetric cost function to the server.
ment of services inside the network. Thus, active netwoNote that the same application is symmetric for one crite-
research, in general, can benefit from the results of aiomn and asymmetric for another.

work where the servers need to be placed optimally. While the costs associated with applications allow
one to determine better locations for placing a server
I1l. M ODEL AND METRIC for each session, the transparent servers add other con-

The network is represented by a graph = (V, E) straints, a route for each session. So, for a unicast ses-

whereV is the set of nodes, anl C V x V is the set SION si = (vi;,vi,), @ route is given as; = {v;, =

of links. The set of sessions, is a collection of tuples %ir» Uiz, - - - Uiy, = Vi, }. The server for the session is to

s; = (vi,,vi,,...), wherev; € V. Each tuples; rep- P€ placed on the route.

resents a session whose end-points are the ngdesn

cases where the sessions are limited to unicast connections

S; contain exacﬂy two nodes. We give some mode”ng ex- In this section, we consider an overlay network where

amples in this section. individual sessions can be configured with a server dynam-
Consider a group communication application such adG&lly- The problem is stated as follows.

conference call. In this case, the session cost is determinetVe assume that there is budget fdk n) servers and

by the average latency of the data delivery from speakergi¥en a set of sessions. The goal is to find tecations

listeners. Assuming(u, v) is the latency from: to v, the for the servers in the network that minimize the costs in-

value of the cost given to a configuration of a conferen¥®lved with serving the sessions. Lef be the cost of

IV. SERVERS INOVERLAY NETWORKS

call sessions; = (v;,, ..., v;, ) With the center at, is serving session with a server located at node When
the length of session routes is used for the cost, the cost is
cost(s;) = > w; - 2d(vs,, ve) defined ag;; = v, €5 d(vj, ,vj). Thee;; values can be
vy €5i calculated efficiently after running an all-pair shortest-path

' _ ' algorithm. Now, letz;; be a variable indicating whether

e.g., if one would like to give equal weight for all sespeger program (IP) solves the server placement problem
sions regardless the number of participants, we can g§tihe sessions:

w; = 1/|s;|. Remember that; is only one group out of

the large group of sessionS, that are served by the same minimize Z Z cijzij  (3)
servers. 5i€5 eV
To demonstrate the difference between symmetric and subject to 4
asymmetric cost consider unicast sessions that uses com- vieS, Yay; = 1 (5)
pression server. When the optimization criterion is the jev
end-to-end delay the cost of a sessigpassing through a
\d delay stopassing g Yy < s (6)
servery, is given by i
VieS,\Vj eV z; <y, 7
cost(s;) = d(vi,,ve) + d(ve, vi,) ' _ J o= Y (7)
Vie S,VjeV z;,y; € {0,1} (8)

where d(v;,v;) is the transmission delay between node wing thi iV P-hard thus it i v d
v; and nodev;. However, if the optimization criterion is Solving this program isV'P-hard thus it is usually done

the bandwidth consumption the cost of sessippassing Y fek'aX‘”Q colnditlion (t83) and allowiné; the; ind_igatC)Irs y
through a server, is given by to take rational values between 0 and 1. Surprisingly, this

integer program has the exact same structure as the stan-
cost(s;) = bwind(v,, ve) + bwowd(ve,viy) (1) dard program for thé-median problem. Note that here,
we haven|S| z;; variables instead af? variables which
whered(v;, v;) is the hop-distance between nodeand are used in the originat-median problem. In the worst
nodew;, andbw;, andbuw,,,; are the data bandwidth rategase, this is only a factor of more variables.
into and out of the compression server, respectively. OneThus, results obtained for tihemedian problem are also
may defined;, (v;, vj) = bwid(v;,v;) anddoy:(vi, v;) = valid for our problem with proper adjustment. Specifi-
bweyed(vi, vj) and rewrite Equation (1) as cally, we can use the-approximation suggested by Lin
and Vitter [6] which finds locations at the cost not more
cost(s;) = din (viy, ve) + doyt (Ve, v4,) (2) than(1 + ¢) of the optimal cost, but it might need a fac-



tor of up to(1 + 1)(Inn + 1) more service centers. This . overiy (000 sessrs, 00 o)
is most likely the best one can hope to achieve forithe ‘
median problem if ar-approximation is desired for the
cost [7].

It is important to note that the result above does not
assume symmetry in the graph distances, év,,v;)
may be different fromd(v;,v;). In addition, the result
above does not require the triangle inequality to hold, i.e.,
d(vi,v;) may be larger thad(v;, vi) + d(vi, v;). Savage
et al. [11] showed that for about 50% of the routes in the
Internet there exists other routes through some other node e - —
which are shorter, or in other words, 50% of the routes in e O amberatserversly 100 10
the Internet participate in some triangle that does not obe! . .
the triangle inequality. It is worth mentioning that in mos'%'nze'twgrieofgztoansoggsncuon of the number of servers, in a
cases the inequality is not violated by a large percentage. If
one wishes to assume cost symmetry and that cost obey the _ o
triangle inequality, better approximations exist [12], [7]. Here,d(u, v) is the hop count. Clearly, the optimization

Also, it is important to note that our formulation abov@©2! is to minimize the total cost.
holds for all the other non-transparent cases discussed ifVe Simulated three algorithnts:
the introductory part of the paper. This includes asymmet-Random where thek session servers are placed ran-
ric costs, e.g., different cost for end-points such as trarfi2mly in the network nodes with even probability.
mitter and receiver in case of bandwidth optimization with Greedy where we greedily select the location that re-
a compression server. (This is not to be confused wiliyces the total session cost the most. We iterate this pro-
the asymmetric link cost mentioned in the previous parg€ssk times.
graph.) For the two server case, when we need to p|acé-Greedy[1] where we first check the best locations for
two types of servers such as an encoder and a decoder!{f servers together and then at each additional step we
can use an indicator variable for each server pair and e&8gck all the possibility to remove one server and add two

T
\ 0-greedy/uniform —+—
= 1-greedy/uniform ---+---
LY 0-greedy/zipf —*—
A 1-greedy/zipf ---%---
random-selection/uniform —a—

random-selection/zipf ---m--- -

14

Normalized cost

session and obtain the same IP structure. new.
« e-Approx [6] first converts the 0-1 integer program for-
A. A simulation study mulation into a fractional linear program by allowing frac-

tiocpal assignments of servers, and computes a solution.

We generated networks based on the newly discoverg : . .
. econdly, using the fractional server assignments and the
power-log law [13]. Our generator is based on the algo-

rithm suggested by Albert and Barabasi [14]. In al th\éalue of e, it bounds the distance between a session and

: a server, and forms a set cover problem where the cover
generated network we picked the parameter tare= o . S
. f each session is defined as a set of servers satisfying the
4,m = 3,p = 0.1,q = 0. For each instance we generate

10n sessions that are randomly generated according to t%ﬁ%undt' Lastly, it Etlppllets thtft greei_y slet ct()v$r algorithm to
models, where is the number of nodes in the network. In € Set cover problem (o obtain a inal Set of Servers.

the uniform model, both session end points were selectedln the first set of simulations, we measured the resulted
uniformly from thé network nodes. In thgipf model, we cost as a function of the number of servers. Figures 2 and 3

selected one end-point uniformly and the other accordiﬁfjesent the cost for networks of 300 and 60 nodes, respec-

to the Zipf distribution (with parameter 0.8) which waé'vely' The number of _sessions was ten times the number
f nodes, and we varied the number of servérs,The

found to reflect better the distribution of service provideP, i )
st is normalized such that 1.0 represents no detours due

say a web server, in the network [15]. Each point in oiP . X
server placement. It is clear theandomis perform-

simulations represents 10 random session distribution _t8n _ _ _
three different networks. total of 30 runs ing much worse tha@reedyand is not a suitable candi-

As the service model, we considered unicast sessioq?ée as a placement algorithm.  The difference between

which requires one server. We set the session cost megirgec_jyﬁnd%-Glreedys qE[ute Ilfrgelz:fortf]mall'netw?rks but N
to be the hop count, i.e., for sessign= (v;, , v;,) the cost IMINISNES Tor 1arger NEWorks. For I€ mirror placemen
is given by problem Jamiret al. [9] report almost no difference be-

!We did not simulated the approximation algorithm presented above
cost(s;) = d(viy,ve) + d(ve, vi,) due to its high computational requirement.



overlay (600 sessions, 60 nodes) serversx, to be a constant factor of the network size and

22 —

; Ggesaylniom varied the number of nodes in the network. Since we found

0-greedy/zipf —*—

AN random selecionnion - in figures 2 and 3 that the reasonable cost-performance
’ trade-off is around 3-4% we selected0.03. The results
e\ ] where we vary the number of nodes between 40 and 500
are depicted in Figure 4. As before, the cost is normalized
such that 1.0 represents no detours due to server place-
ment. We can observe here that for all the tested algo-
rithms the performance improves with the network size.
This is because, the diameter of these networks increases
L e S S e S logarithmically [16] with the number of nodes while we
A e oot B increase the number of servers linearly. It is also visible,
that1-Greedyis improving performance ové&reedyquite

Flg-ni.twgrieo?g;tn? dzsfunctlon of the number of servers, Ir's"i"gnificantly even for the 500 node network.

Normalized cost

Nets=OverlayNetworks, K=0.1, Session=5*Network Size

overlay(k=3% of n, 10*n sessions) 3
2.4 T T

T T T T T T T T
uniform O-greedy —+—
T uniform 1-greedy ——
0-greedy/uniform —— uniform random —*—
1-greedy/uniform ---+--- uniform end points —8—

0-greedy/zipf —«— uniform Ip relax —a—

22 L 1-greedy/zipf ---%-- | 25 zipf O-greedy --
- randomized/uniform —s— zipf 1-greedy --
\ randomized/zipf ---m--- zipf random ----

- zipf end points --
T\ zipfIp relax ---m-—-
Tk

Cost

Normalized cost

k 10 15 20 25 30 35 40 45 50 55 60
500 Network Size

Number of nodes(n)

i , ) Fig. 5. The costs of overlay networks including results of¢he
Fig. 4. The cost as a function of the network size, when the Approxmethod withe = 2 (networks of size varied from 10
number of servers is fixed to 3% of the network size through 60, where the number of servers is fixed to 10% of
the entire network nodes and the session end points follow
tween these two algorithms (and3¥eedy as well) maybe ~ the Zipfor the uniform distribution.)
because they fail to look at smaller networks. All algo-
rithms demonstrate a diminishing return curve: for the first Nets=OveriayNetworks, K=0.1 Session= 5*Network Size
servers we gain much in performance but as the number of [ seedyendpon —— ‘ ‘ ‘ ‘ ‘ |
servers increases this gain diminishes. The same phenom- b
ena was observed for placement of mirrors by Jagtin
al. [9]. Itis surprising, though, that for only a small num- 1
ber of servers, even just twelve, we already improve per-
formance such that the detour overhead is less than 20%
We note that the knee point where the cost curves flatten is
around 3-4% of the number of nodes. ¢
It is clear from the figures that under the Zipf distribu- .| _—~"e—
tion we get much better improvement than when the ses- -
sion end-points are uniformly selected. This hold forall —* * * * % % . *® 2 » ®
three algorithms. The reason for this is that when one end-
point is selected using the Zipf distribution, by placing '9'66'_ 2T Eﬁnr]‘;;nrggrtgftﬁ:rxféz E’ljjrgisryom‘:\%?gmeé?ﬁ:r al-
servers near the few nodes that participate in many S€S-gorithms.
sions (say, popular web sites), we get a good cover of most
of the sessions. Finally we present comparison of theApprox algo-
In another set of simulations, we set the number dfthm against the other methods. Due to the computational
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complexity of this algorithm we bring here (see Figure 5) FC(L)

. . no servers her
simulations for rather small networks. As can be expected, o

thee-Approxperforms better from all the rest for both uni-
form and Zipf distributions. For the Zipf distribution the O-O-O-O-C-O0 000000

EE :
difference diminishes quickly, for as little as 40 nodes it nl ) 0

becomes close to none; for uniform distribution the gap re-

mains evident in all the simulated network sizes. Figure 6 €62
compares the number of servers placed bytApproxal- ci3)

gorithm to the fixed bound& = 0.1n in other algorithms ’

(Note that the approximation may place upltéIn(n)k Fig. 7. The definition o’ (j, k).

servers).

The increase in the number of servers placed byethe | ot FC(1,, 1;) be the extra detour cost on the segment
Approx for the Zipf distribution for networks with more (I, 1;), where two servers are located/gtandl;, and no
than 40 nodes becomes negligible but so is the gain cogarver is located inside the segment. For 1 > [, >
pared to greedy in the performance. For the uniform distji- >  this cost can be easily computed from the input in
bution e-Approxplaces more session-servers which migl@(n2| S|):
explain it performance advantage over greedy. Thus, Wex session whose both end-points are inside the segment
conclude that the greedy algorithms are more efficient agghtribute to the cost the shortest detour between one of
simpler to implement and seem to perform comparably Qe session end-point and the segment edge. Thus, if we
e-Approx havel, > v;, > v;, > l; the cost of sessios; is given by
2 min{d(lo, ?)Z'l), Cl(?)i2 y lz)}

« A session that has exactly one end-point inside the seg-

We can incorporate in the IP formulation for placememhent is not detoured since it is served by eitheor I;.
problem described above additional constraints on the {nA session that contains the segment (whose end-point
dividual sessions. The two most practical are to limit thgre at both sides of the segment) is also served by dither
maximum increase in the cost of a session or to limit thg ;, and thus is not detoured.
maximum cost for any single session. This can be done bW sessions whose end-points are on either side of the
filtering out all thez;; variables that violate the requiredsegment is not detoured through the segment since, in the
condition. For example, to constraint the end-to-end dgorst case, it can be served by the closedt ahdl;. This
lay of a session and assuming represent delay we cansession does not contribute to the cost of detours in this
simply add a condition segments.

Thus, we only need to consider in the calculation of
FC(l,, l;) sessions whose both end points are inside the

Of course, this type of formulation should be used onkegment.
if the constraint is not very restrictive. Too restrictive con- If [, = n —1 we assume in the calculation that no server
straint can render the problem unsolvable. In this case, asts at node: — 1, and similarly if/; = 0 we assume
should use different formulation, based on set cover, thas server at nod@. This is due to the observation that
is presented in Section VI a solution with a server at nodecannot be better than a
solution with this server moved to node since sessions
are, at least, one hop long, and thus a session that has an
end-point at nodé must pass through or terminate at node

We presented an IP formulation for the server placement The same reasoning works for the location of a server
problem of overlay networks in the previous section. Akt noden — 1.
though it is an intractable problem for general networks, We use dynamic programming to build an optimal solu-
for which we gave practical heuristics, we show in this setien to a segment from the optimal solution for shorter seg-
tion an optimal solution for the optimal server placemements. LetC'(/,, k') be the overall extra-cost of detours in

B. Extra constraints

Vie S, jeV, S.t.g;j > Tp Tij = 0

V. OPTIMAL PLACEMENT OF NON-TRANSPARENT
SERVERS ON A LINE

problem in the special case of line networks. the segmen(0, /,], whenk’ servers are located optimally
Consider a line ol nodes numbered from O to— 1. in it, while one is forced to be dt. Figure 7 shows an
The input is the set of sessiors € S, such thats; = example of such a segment. Note that 1 > [, > 0, and

(viy,vi,). A node can accommodate both a session ende do not need to consider the case whére ;.
point and a server. The minimal extra cost for detours is given BY%n —



1, k+1), and what we seek is the location of theervers we define a session cover; for each node; € V as the

in this case. For the base case, it is easy to see that forsall of sessions ¥, such that the corresponding nodge
n—1>12>2,0(1,2) = minp~o FCO(I,I')+ FC(I',0). satisfies the constraints of the sessions:jnIn case of the
Note, that in the calculation of'C(I’,0) we assume no transparent serversg; contains the sessions whose route
server at node 0, the base case calculatiari(6f2) indeed include the node;. For the applications with per-session
calculate the optimal position of two servers, such that onenstraint,sc; contains the sessions whose constraint can
is inside the segment and one is at nédEork’ > 2, we be accommodated by the node Note that the constraint

have: can be determined in the same method asctls¢ metric
was defined in Section Ill.

Claim 1 For &' > 2 andl > k', By selecting a set of session covefs such that
Use;ecse; = S, we find a set of locations that satisfy the

n __ : o /
o, K) = k>ffn£;3_1{c(l , K =D+ FCA D} (9) constraint of all the session ifi. The goal of our prob-

lem is to minimize the sef’, thus minimize the number of
servers. This is an instance of the set cover problem. Al-
segment0,! — 1] and a server & must have the closesty, 4 it is A"P-complete there are good and simple ap-
server tol be placed somewhere in the segmiént — 1] imations that are practical in the context of networks.
and the rest of the servers optimally distributed betwegehnson [17] showed B+ In 7 approximation to the gen-
th!s_server and nod@. Therefore the optimal cost is theeral problem. The approximation is achieved by a greedy
minimum cost of thesé — £ cases. algorithm which starts with a maximal cover for a group of
elements and successively adds remaining maximal covers
for the uncovered elements. This approximation cannot be
improved even if we know an upper bound on the set size
Proof: We showed in claim 1 above that(l,%") [18].
position optimallyk’ servers is the segmeftx, /]. The cal- _ .
culation of FC'(n — 1, 1), assume no server at locatiorf®: Simulation results
n — 1 thus applying claim 1 fo€(n — 1, k + 1) will result We generated the networks as described in Section IV-
is placing onlyk servers, hence the theorem holds. B A, and the routes were selected to be shortest paths. We

The algorithm now is straight forward: first calculatgimulated the following algorithms
C(l,2) forn —1 > 1 > 2. Next for each’ > 2 compute . Random: Where at each iteration a server is placed ran-
C(l', k'), for all k > k' > 2. The complexity of this domly in the network nodes that are part of some session
algorithms isO(n?|S|) to compute theF"C|() values, and route, with even probability. Once a session is covered, its
O(n?-k) to computeC(I', k). Thus overall, the algorithm route is removed from the session pool, to avoid selection
complexity isO(n?|S]). 2 of a node due to a session which is already covered.

This formulation can also be used to improve the dy- End-point Placement EPP): We find the session end
namic programming of the cache location problem sugoint which is most frequently used and place the first
gested by Krishnaet al.[1] from O(n’k) to O(n’k). server at that node. We remove all the session that were
covered, and repeat iteratively.

« Greedy [17]: Where we greedily select the location that

For service networks with transparent servers, we hayptimizes the increase of the cover, the algorithm appears
a stronger constraint on the server locations: a server frafl19].
to be located on the route of every session. Thus the routi-Greedy [1]: Where we first pick the best two locations
ing should be part of the input for this problem, and whaind then at each additional step we check all the possibility
we seek is a minimum number of servers satisfying the remove one server and add two new.
constraint. This approach for solving the server placementrigure 8 shows how the number of servers found by the
problem can also be applied to the situation when the mailyorithms vary as a function of the network size. Unlike
goal of an application is to guarantee strong constraintswith the overlay network case, here the difference between
quality of services to their sessions, e.g., end-to-end del@yeedyand 1-Greedyare negligible to non-existent. For

We formulate both problems as a set cover problemoth session selection processes, the number of servers re-
Given a network grapt = (V, £) and a set of sessios  quired grows sub-linearly with the number of nodBsin-

2Note that if|S| < k there is a trivial solution, thus the lack ofiax ~ dOMfails miserably and requires about half of the nodes
term in the complexity to be servers. Here too, the Zipf distribution requires less

Proof: The optimal placement df — 1 servers in the

Theorem 2 C(n — 1,k + 1) is the optimal cost of placing
k servers in the ling0, n — 1].

VI. TRANSPARENTSERVERS
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Fig. 8. The number of session servers as a function of the net-

work and session size for the greedy, the end-point place- (a) The number of servers found when the constraint on the

ment and the randomized algorithms session hop distance is relaxed by the facta¥ f 1.5 to the
minimum distance

servers, about half foGreedy For the Zipf distribution,
EPP performs very close t&reedyand much better than o Transparent servers(1=300)
Randomwhile for the uniform distributionEPP is only | |
slightly better tharRandom
We also simulated the session cover problem for per-  t ===
session constraint using the same service model with
stretch factor constraint on session hop distance. Formally,
the constraint can be stated as

T
0-greedy/uniform —+—
1-greedy/uniform ---+---

0-greedy/zipf —*— -
1-greedy/zipf ---%---
randomized/uniform —=—
randomized/zipf ---m---

end point selection/uniform —e—

end point selection/zipf ---e---

180 |

f&?d

covers

Number of

cost(s;) < § x d(vj, ,v;,)

whered is a stretch factor. Note, that for this constraint
the transparent location problem is a special case where °; 2 = s s 2
§d = 1. We setd to be 1.5 for our simulation and the o

result is shown in F_lgurg 9. Compar'lng the curves for (b) The number of servers found with different hop distance
Greedyand 1-Greedyin Figure 8 and Figure 9(a) we see  restrictions § values)

that we need less servers #r= 1.5 since the constraint

is relaxed. Figure 9(b) shows how the number of required

servers changes with for a network of 300 nodes. The 101 e
large decrease @ = 1.5 andé = 2 are since we used " reoayiapt —+—

1-greedy/zipf ---%---
randomized/uniform —=—

minimum hop as our cost and the average session length st ®erdomeedio 3 ]
for the tested network was 2. N e placementpt
Figure 9(c) shows the ratio of the cover cost where
0 = 1.5 to the cost wheré = 1. Interestingly, the addi-
tional overhead from relaxing the constraint of the server 2 1o
placement is minuscule, less than 1%, while the gain in re- e
ducing the number of servers is noticeable (about 20% in o e R
Fig. 9(b)). T T

Transparent servers(delta=1.5)

1

1.006

lomalized cost

0 100 200 300 400 500

VIl. CONCLUDING REMARKS Number of nodes(n)

We note, that in our formulation we did not consider the
. . . . (c) The cost of the case éf= 1.5 compared to the transpar-
processing delay at the servers. This was omitted SINCe gt case wheré — 1
it is constant and thus does not effect the location prob-
lems. However, in some cases we need to take this iig. 9. Result with constraints on the length of the sessions
account, e.g., when we define a stretch factor on the delay, usingd
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one needs to add the processing delay to the calculation of for geometric median problemsjiformation processing Letters
cost.

Another issue we did not touched in this paper is tﬁles]
load on the servers. For example, one can add the con-
strainty ;. ¢ z;; < M to the optimization problem of Eq. [14]

(3) to limit the maximum load of any server 3y .

To summarize, this work is the first to identify th
importance of the location problems for session servers.

We formulize two different classes of this problem and

identify many extensions. We presented approximatior&S]
heuristics, and exact solutions to several variants of the
problem, and simulated some of them.

Several architectures have been proposed for deploy-

ing

works [20] and active services [21]. Placing services Elrg]
servers is a critical issue particularly in such networkgg
which should benefit the most from our work. We alsf0]

and dynamically configuring services in active net-

believe that there is more room for further research in this
area.
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