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Abstract-- Supporting on-demand access to large widely shared
data, such as popular video objects, requir es effective use of
regional (proxy) serversthat store some of the data closetothe
clients. The proxy caching problem is more complex in the
context of continuous media files because of the need to consider
bandwidth aswell as storage constraints at the proxy servers, and
because of the bandwidth sharing possibilities provided by
recently proposed multicast delivery techniques. This paper
develops new models fo deter mining optimal proxy cache content
in such environments. Specifically, the models developed here
provideinsightsfor heter ogeneous systemsin which the proxy
servers have differing client populations and server capabilities.
The new results show that (1) in comparison to previousresults
for systemswith homogeneous proxy workloads, it is even more
often cost-effective to cachejust theinitial segments of many files,
rather than the complete data for fewer of the most popular files,
(2) tominimizetotal delivery cost, even in systemswith quite
strong heter ogeneous features, it is often best for all proxy servers
to store similar data, rather than to closely tailor each proxy
cache content according to local client preferrencesand server
characteristics, (3) when minimizing total delivery cost, a (group
of) regional server (s) with a distinct client workload can
sometimesinfluence the data stored by therest of the serversin
unexpected ways, and (4) when minimizing the delivery cost for
clients of an individual proxy server, the datato be stored at the
proxy server may be quite different than the " socially optimal"
set that would minimize total delivery cost to all clients.

Index terms-- multimedia delivery techniques, Web servers,
proxy caching, optimal cache content.

A. INTRODUCTION

In systems that support on-demand access to wathalyed
data, delivery cost can be greatly reduced thrabhghuse of
regional (or proxy) servers that store some ofdhi close to
the requesting clients. For popular objects, sastpopular
news clips, product advertisements,
content, and the like, significant savings in be#rver and
network bandwidth can also be achieved throughuge of
multicast (or broadcast) delivery
simultaneously. For large objects, such as vidsda,dt is also
advantageous to divide the file into segments,hsb tlients
can receive and buffer some segments ahead of atedl,
bandwidth (i.e., cost) savings because the muttiohghose
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segments is already scheduled for clients who mgqdethe
object earlier [22, 23, 1, 16, 11, 15, 12].

This paper addresses the question of which largmilpo
widely shared data should be stored at the redjmualy
servers, in the context of systems containing onemore
shared remote servers, multicast delivery, segrdeui&ta
objects, and multiple heterogeneous proxy servers. goal is
to achievebroad insights into proxy caching strategiés
such systems, rather than to compute the precisheca
contents for any particular system. We assumaybem uses
the recently proposed partitioned dynamic skysardpdévery
technique [12] outlined in Section B, although oesults are
also applicable to other multicast delivery tecleis;

Most prior work on Web caching as well as distrdalit
video-on-demand (VOD) architectures has largelyiésed on
determining on which server(s) each entire objécukl be
allocated, so as to optimize system cost/performéh@, 2, 4,
7, 6]. Other related work has concerned stratedaes
dynamically caching intervals of data from contineanedia
World-Wide Web objects, so as to satisfy multipbgjuests
that arrive close in time [21]. However, these pyas papers
on whole object placement and interval caching hawoé
considered the impact athared delivery of popular objects
that is enabled by multicast delivery techniquésparticular,
there is a new trade-off between caching the objdwit are
requested most frequently and caching less pomiigcts
that have lower cost sharing when delivered from ribmote
server. Furthermore, for segmented delivery tepkes, the
initial segments for a given object are smaller aade more
frequent multicasts (i.e., higher bandwidth requieat per
byte) with fewer clients per multicast (i.e., lessst sharing of
remote delivery) than the larger later segmentthefobject.

distance emurcat This leads to another key cost trade-off betweerhiog the

entire data for particular objects or caching thigal segments
of many more objects.

Models that include client cost-sharing, as wellsasver
costs for the new multicast delivery techniques, reeded to

evaluate the above proxy design trade-offs. A iprey
optimization model [12] determines what data stobk
stored at homogeneous proxy servers to optimize

cost/performance, under specified bandwidth andage
constraints at the proxy, assuming partitioned dyoa
skyscraper multicast delivery and the capabilitycézhe all,
none, or a specified number of initial segmenteaith object.

! Recent work has established that caching justritialisegments
of objects has a number of other advantages [12, i@6luding
hiding the latency of communication with a remoterver, and
facilitating workahead smoothing of variable-biteraideo.
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We extend this previous model to study systemshiith the
proxy servers differ with respect to their bandWwidand
storage capacities, and with respect to their tliemkloads.

Heterogeneity is an important factor because itucgeadn
many practical systems and it introducesnew tension
between (a) tailoring the data stored at each pewgording
to the local client workload, and (b) maximizingiformity in
proxy cache contents so as to achieve the greptessible
sharing of multicasts of uncached items from thenate
server. In other words, heterogeneity may caudizergence
between the globally optimal cache configuratiars] what is
individually optimal for each regional site. A kegpal of this
work is to create new optimization models thatwalics to gain
insight into how this tension is resolved for vasokinds of
heterogeneity.

A key challenge is to create optimization modeiat thre
tractable and yet allow us to gain the desiredghtsi for
heterogeneous systems. We have created two sudhklsno
which are described in Section C. The models ppdied in
Section D to study proxy server data caching sirese and
the impact of heterogeneity. The insights and giesi
principles derived from the results include:

1. Itis often more cost-effective to store just mitsegments
rather than entire objects at

Heterogeneity increases this tendency.

Even in systems with quite strong heterogeneousires,

caching similar data at all of the proxy serversemf
results in a lower total delivery cost, than doaitoting

each proxy content according to the local clientkiaad

and server capabilities.

When minimizing total delivery cost, a (group ofopy

server(s) with a distinct client workload can sames

influence the data cached by the other proxy serirer
unexpected ways.

When minimizing the delivery cost for the clients &
given proxy server, the optimal set of data toestair that
server may be quite different than the "sociallyiropl"

set that minimizes total delivery cost to all cten

Section E summarizes the contributions of this warkl
discusses on-going and future research.

B. BACKGROUND

B.1 Segmented Multicast Delivery

The conventional approach to on-demand deliveryiadéo
and other continuous media objects is to allocateew
delivery stream (or channel) for each client regues

A simple mechanism for conserving the bandwidthuireql
for a given very popular object entails reserviogne number
of streams or channels for periodic multicasts ha&f bbject.
The starting times on the reserved channels aggettead so as
to bound the maximum time that a client needs tit watil a
new transmission of the requested object commen€Géisnts
that make closely-spaced requests to the same tolbgdch
together while waiting, and are served by the saméicast
transmission.

Recently proposed segmented multicast deliverynigcles
[22, 23, 1, 16, 15, 11, 12] achieve a significanitigtter
bandwidth savings by dividing each hot object ified
increasing-sized segments, and employing transonissi
schedules in which the smaller initial segments ratdticast
more frequently than the remaining larger segmenBy
frequently multicasting the first segment, the tithat a client
must wait to receive the segment (and thus, foewjdto
commence playback), is reduced. Multicasting thegdr
segments less frequently reduces bandwidth usadée

the proxy serverstructure of the transmission schedules ensurességaents

can always be received by the time theyre needed f
playback. Since the larger segments are multicass |
frequently, clients must be prepared to receivéh sggments
ahead of when they are needed, batching togetttbrather
clients that may be at quite different playout p®in This
implies increased client requirements for buffeacgand for
reception bandwidth, as multiple segments may rteebtle
received concurrently.

Most of the segmentation-based delivery technigumgloy
static transmission schedules and are thus onllicapfe to
objects that are steadily extremely popular. Anegtion is
the dynamic skyscraper technique [11], which dymcaity
assigns server bandwidth, in the form of multicast
“transmission clusters”, for segmented deliveryobfects in
response to client requests. Dynamic schedulimgpravide
immediate service to client requests, as well agnsated
multicast delivery for less popular objects, andcontexts
where object popularity varies (for example, witle time of
day).

The dynamic skyscraper technique was recently deikn

Section B.1 describes segmented multicast delivefy) 1o support delivery in environments that haegional (or

techniques and the partitioned dynamic skyscramdivety

roxy) caching. Thigartitioned skyscrapetechnique divides

technique that is assumed in the optimization nM®dejhe segments of each object into two sets, one esethof the

developed in this paper. Section B.2 reviews thevipus
optimization model for determining optimal cachentemt in
partitioned dynamic skyscraper systems with homeges
proxy servers.

Throughout the remainder of the paper, the ternafickel”
is used to denote the collection of server and/etwaork
resources required to support a single (multidaat)smission
stream, at the required data delivery rate.
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first k segments (the “leading segment set”) and one ceatho
of the remaining segments (the “trailing segment’)se
Separate transmission clustered are dynamicallgdaded for
delivery of the leading segment sets and the migaiiegment
sets. Scheduled delivery of the two sets is coatdd so that,
for each client, jitter between playback of eachisavoided.
For each object, a regional server may cache hasteading
segment set, both sets of segments, or neither set.



Allocation of separate transmission clusters totthe sets
of segments provides more efficient bandwidth ugagen in
the absence of proxy servers) by reducing the baitlkdw
allocated in each leading segment cluster and drg@sing the
window for joining scheduled or on-going trailinggsnent
transmissions. The loose coupling also relaxes t
synchronization needed between the remote and nagio
server, in the case where only the leading segreentis
cached at the regional server. For more informagioout the
partitioned dynamic skyscrapter system, the re&lezferred
to [12].

Recent work [14] shows that the average server \iitil
required for partitioned dynamic skyscraper deliyeper
object, grows asymptotically only logarithmicallyitiv the
client request rate, whereas the average bandvédtiired for
the recently proposed Stream Tapping [5] or Graatehing
[17] multicast delivery technique grows asymptdticas the
square root of the client request rate. Howeuss, gtream
tapping/patching schemes also transmit initial ipog of a
popular continuous media object more frequentlyn theter
portions of the object. Thus, systems that useettuelivery
techniqgues would have similar trade-offs with respéo
optimal proxy cache content (discussed in sectipnahd
similar optimal caching strategies (at the levetiefail studied
in section 4) as for systems that use segmentedicasil
techniques.

B.2. Optimization Model for Homogeneous Systems

A previous model [12] determines the proxy cacheteot
that minimizes delivery cost for systems with (dgnitical

Table 1: Parameters of the Homogeneous System M odel

proxy server bandwidth and storage capabilities)

statistically homogeneous regional client worklgads)

partitioned dynamic skyscraper delivery, and (dyaeized
objects. For each object, the proxy servers care stither
none, all, or just the leading segment set of thigat. The
model considers client cost sharing for the muiticdelivery,
as well as the relative cost of remote and proxgvese
resources, in determining the optimal data to shbtée proxy
servers. In this section we provide an overviewhef model
and the results that were previously obtained ftbenmodel,
which provides the starting point for developingrenoomplex

~

Input Parameter Definition
n number of objects
1N hannels | Maximum number of channels at each proxy
server
Neegments | StOrage capacity at each proxy server
P number of proxy servers
B the cost ratio of a proxy server channel and a
remote server channel
Aj total arrival rate of requests for objac{from
all regions)
number of segments in the leading segment set
K total number of segments in the leading and
trailing segment sets
Sj size of thej'th segment (relative to the size pf
the first)
w the largest segment size (in the trailing segment
set)
Output Parameter Definition
Cremote | NUMber of channels needed at the remote sgrver
Cregiona | NUMber of channels needed at the proxy seryer
7 Dregional | Storage needed at each proxy server (measured
in units of 57)
5’iR equals 1 if object is stored only at the remote
server; 0 otherwise
6P equals 1 if only the leading segment set| of
objecti is cached regionally; O otherwise
or equals 1 if objectis entirely cached regionally;
' 0 otherwise

models of systems with heterogeneous proxy server

capabilities and workloads.

To determine delivery cost, the homogeneous modet u
simple analytic estimates of the number of remateves

channels Cgmore) @nd proxy server channelsClgiona)

needed to support a given client workload as ationof the

object segment sets that are stored at the prBegults given
in [12] show that these server bandwidth estimaites very
close to the knee of the curve of mean client wgitiime

versus the inverse of the number of server chanael$ that
the knee of the curve is typically quite sharp $gstems that
use multicast delivery. Furthermore, since thetesgscan

provide immediate service to client requests, trexage client
waiting time is typically very small near the (shpknee of the
curve.
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Table 1 gives the model input and output parametbiste
that the last four input parameters specify thetigaar
configuration of the partitioned dynamic skyscraplefivery
system. The key system constraints in the optitinizaare the
maximum proxy server bandwidthN ,,nee): @nd storage

capacity (Neegmend- The key model outputs are th@

values that specify for each objéctvhether the object should
be fully or partially cached, or not cached, atphexy servers.

Given that S is the ratio of costs for proxy server channels

and remote server channels, and given Ehigt the number of
proxy servers in the system, the specific homogesisystem
model for optimal proxy cache content is definedoéisws:

3



min Table 2: New Parametersfor the Request Rate and Server

QR oP o Cremote(0) * Pﬁcregionm ) Heter ogeneity Optimization M odel
Input Parameter Definition
_ fq fraction of the total requests that are from
subjectto  Cregionai(6) < Nenanners clients belonging to the distinct region
Degional (6) < Neegments Output Parameter Definition
. ) CYoeCrd the component of the remote server “cost”
6" +6° +6' =1, i=12,..,n (as measured in numbers of channels)
apportioned to the distinct proxy server,
eiR"gip'Hir 0{01}, i=12...n and to each other proxy server,

respectively

In the above model we have used the syrbtd represent

g2 equals 1 if object is cached at distingt

the vector with componem@iR,é?ip,é?ir , 1=12,...,n. Note DIR and non-distinct proxy servers according
that the expression to be minimized is the totdiveley cost %2ZER BT 6 the superscriptgandz, respectively R
for all objects to clients in all regions. Howeydividing this — the object is not cached regionalty;-
expression byP gives the cost for delivery to an individual only part (the leading segment set)|is

1 cached regionallyr — the object is fully
region, whose clients collectively pay for- of the remote cached at the respective regional server);

. . . ) P . equals 0 otherwise.

delivery cost, since the regional client populagioare
statistically the same. As intuition suggests, ¢hehe content
that minimizes total delivery cost is the same tas ¢ontent
that minimizes an individual regigncost in the homogeneous  C. OPTIMIZATION MODELS FORHETEROGENEOUS
system. Note that if3 =0, the model computes the proxy SYSTEMS
cache content that minimizes the use of remote eserv We develop two new optimization models that peshidy
bandwith. of heterogeneous systems in which regions may O#fezing

. . . client request rates, proxy server capabilities, abject

As explained above, the required remote server Wiaiti selectioanrequencies. F')I'heygoal is to ch:aate nsoﬂ;h:] are
(Cremore) @nd proxy server bandwidth Clegona) are  analytically tractable and can be used to derisulisnsights
computed using relatively simple analytic expressio and design principles for cache content in suckrbgeneous
involving the total client request rate for eachieab (4, ), the ~ SYystems.

configuration parameters for the partitioned dyitam The model in Section C.1 focuses on the impact of
skyscraper delivery, and the object segment satstie stored heterogeneous regional client request rates anderser
at the proxy. Similarly, the required storage atteproxy capabilities. The model in Section C.2 is desigiwestudy the
server (D,egiona,) is computed by summing over the objecimpact of heterogeneous object selection frequencie

segments that are cached at the proxy serversthEatetails In each heterogeneous system model we assumdathtite
of these equations, the reader is referred to [12]. case of competitive proxy service providers, eatxypserver
Given the model input parameter values, the minincost that does not cache a given segment set shareﬂyaquﬂne

. ) cost of the remote multicasts of those segmentsn évthe
cache content (i.e., thef, values) is computed through o, icasts are used by different numbers of cligntzach
solution of a mixed integer linear program (MIP8]1 region. This pricing policy is motivated by thecfahat a

Previous results of the model [12] showed that fOMPetitive proxy service provider may not wishreport its
homogeneous systems, it is often more cost-efie¢tivcache ClieNnt request rate characteristics.

the initial segments_, of many objects, rather th@ndomplete C1  Heterogeneous Client Request Rates and Server
data for fewer objects. The results also showet the Capabilities

minimum cost cache content depends on key system_I_ i tractabl ¢ ful model .

parameters, including3 and the relative constraints of disk 0 create a tractable yet useil model, one prexyes Is
, i assumed to have a higher or lower client request, @nd

bandwidth and storage capacity at the proxy servefs ,,ssibly also different bandwidth and storage ciapaban all

particular, the results showed that Asincreases or when the gther proxy servers which have the same request aatl

regional server bandwidth constraint is activetf@ minimum server capabilities.

cost cache content, the proxy servers should cestyments of

less popular objects. Letting d denote the distinct server that has higher or towe

client request rate, andd denote any of the other (non-
distinct) proxy servers, Table 2 defines the neputnand
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output parameters for this heterogeneous modehddiition to  distinct proxy servers, under a fixed cache confentthe
these new parameters, the input and output paresrietethe distinct proxy server.

proxy servers Nchannels' Nsegments Cregional* and Dregional)

The following optimization problem minimizes thelidery

each have a superscrigt ¢r nd) to denote the type of servercost of the distinct regional server, with the sgpept O in

(distinct or non-distinct) that the parameter agplto. As

6¥° denoting the fixed allocations assumed for the-non

before, the key outputs of the model are ¢heparameters that gistinct regions:

specify whether each objectis fully or partially cached at

each type of regional proxy server. Note thatdhare nine
such parameters for each object, due to all pasghbirs of

superscripts on thé, values.

Object allocations that minimize total delivery toare
obtained by solving the following optimization ptein:

min  Cremore(6) *
6 IB(Creglonal (0) + (P 1)Creg|0na| (9))

SUbJeCt to Cregmnal(g) Nchannels

Cragional(©) < Nifanness

D'egionai(6) < Negments

Drzgonai(€) < Nggmens
Z yﬂvar}Biy'z =1 i=12...,n
6r*0{01}, vy, zO{R,p,r}, i=12..,n

min

Pl remote(g) + mregmnal (9)

SUbJeCt to Creglonal(g) Nchannels

reglonal (9)

segments
ZﬂRpr}' =1 i=12..n
6Y°0{01}, yO{R,p,r}, i=12...n

The delivery cost expression that is minimizedhe above
model includes only the cost of remote server roadtis that is
apportioned to the distinct region. This costhie sum of

1
(a) E of the channels required to multicast segmentsaie

not cached by any of the servers, and (b) all eftthndwidth
required to multicast segments that are not staedhe
distinct proxy server but are stored at the othexy servers.
The detailed equations are given in [13].

Note that we have used the notatiéh to represent the C.2 Heterogeneous Object Selection Frequencies

vector whose components aré”’*, vy, z[R p r},
i=12,...,n. As in the homogeneous system model,
storage requirements for each type of proxy seraer
computed by summing over the segments stored ttytha of
server. The calculations of required bandwidthtfa remote
server and each type of proxy server use the sapm®ach as
in the homogeneous model, but are more complextaluke
possibility that each type of proxy server may matly cache
different segments. The detailed equations areiged in
[13].

We use the term “socially optimal” to denote thexyr
server cache content that minimizes total delivesgt, as in
the above optimization model.

In this model, the objects and the proxy servees each

hBartmoned intoG equal-sized groups, and each group of proxy

servers has preference(i.e., a larger fraction of the regions
client requests) for a distinct group of object&ach proxy
server has the same request rate for each ofGik) (hon-
preferred groups of objects. Also, thelative selection
frequencies of the objectgithin a groupare the same for all
groups and for all proxy servers.

The new model notation for the system with the a&bov
heterogeneous object selection frequencies is giv@able 3.
Note that although each proxy server may optimatighe
different object segments, due to the symmetrhéregional
client workloads, each proxy server will cache th@me
segments from its respective preferred and noreped

In heterogeneous systems that have asymmetrictcli@foups. This greatly simplifies the model notatiand leads

workloads or diverse server capabilities, the “albgioptimal”
cache content may differ from the “individually opal’ cache
content that would result if a particular (compedj regional
service provider attempted to minimize its own \kty cost.
To assess whether these two types of solutionerditir a
given system specified by the model inputs, we aledve
individually optimal cache content for the distinserver,
under a fixed set of cache contents (e.g., theabbp@ptimal
allocations), for the non-distinct proxy serverSimilarly, we
derive the individually optimal cache content fdretnon-

to an analytically tractable model that again hase rcache
placement variables, ) per object.

The symmetry in the regional client workloads &leplies
that the socially optimal proxy cache content isoathe
individually optimal. This optimal cache contestdomputed
by solving the following optimization problem:
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min

) Cremote(e) + I:)mregional (6)

SUbj ect to Cregional (6) = Nchannels

Dregional(e) = Nsegmems

y,z: -
zyi{Rp,r}gi 1, i=12..n

6’*0{01}, vy,zO{R,p,r}, i=12..,n

D. INSIGHTS ANDDESIGNPRINCIPLES

This section presents results of the optimizatiamdets for
three types of heterogeneous systems:

1) systems withP-1 homogeneous servers and one server
with significantly lighter client request rate,

2) systems withP-1 homogeneous servers and one server
with significantly heavier request rate, and

3) systems with four groups of regional servershegroup
having a higher fraction of requests for its prefdrgroup of
objects.

In each case we are interested in understandingripact

The server bandwidths and storage requirements ajfthe heterogeneity on the optimal proxy cachetemn For

computed using the same approach as in the premodgls.
The complete set of equations is given in [13].

C.3. Solution of the Heterogeneous Optimizatiom&ie

the first two types of systems we are also integksh the
extent to which there is a divergence between th&ypcache
content that minimizes total delivery cost and ¢batent that
minimizes cost for the clients local to each tydeserver.

Although the detailed equations for the heterogeseoThese individually optimal caching strategies anpartant if

models defined above are somewhat cumbersome Hbdh,
the objective functions and constraints in each ehaate
linear functions of the binary variable@. This was a key
element in our design of the models; as these pnablare
tractable mixed integer programs (MIPs) [18].

For the purposes of obtaining solutions to the rsydse
formulated all the optimization problems in the GB&M
modeling language [3] and solved them using a coailzin of
the XPRESS [10] and CPLEX [8] solvers. Both ofsthe
codes use a linear programming [9] based branchbandd
solution strategy.

Table 3: New Parametersfor the Object Selection
Frequency Heterogeneity Optimization M odel

Input Parameter Definition
f

fraction of the total requests from |a

p
region that are for its preferred group |of

objects
G number of groups of objects
Output Parameter Definition
6%7 equals 1 if object is cached at each

proxy server for which the object|s
¥z R p 1} group is the region’s preferred group,
and at each proxy server for which the
object’s group is not the preferred group,
according to the superscripts and z,
respectively R — the object is not cached
regionally; p — only the leading segment
set is cached at a preferring/nan-
preferring regional server;— the object
is fully cached at a preferring/non-
preferring regional server); equals |0
otherwise.

competitive organizations are providing the proxgrvers.
The key insights from the results of the modelsaanmmarized
in section D.4.

In each experiment discussed below, the skyscraper
configuration parameters are set Kel2, W=64, k=5, and

Sj = 1,2244,...). In this system, the leading segment set is

the first five segments of an object, which cormg}s to the
first 6.8% of the data file. Request arrival rasee expressed
in terms of the total number of client requestst thaive
during a unit-segment delivery time. The storaged an
bandwidth capabilities for a regional server aegest in terms
of multiples of a “baseline capability” that is assed to be
2436 segments and 192 chanfels

Obiject selection frequencies (overall, or withigroup of
objects in the model defined in section C.2) arsuamd to
have the Zipf(0) distribution.

In each graph below, the height of the black bareach
object, in order of decreasing object popularihdicates the
percentage of the object are stored at a givenymewver in a
given minimum cost solution.

D.1 One Proxy Server with Light Request-Rate

The system considered here has ten regionaérseand a
total client request rateA() equal to 100 requests per unit-
segment multicast period. One proxy ses/etient request
rate is equal to 1.25; the other nine proxy sereash have
identical client request rate nearly equal to 11.

% This baseline capability is derived by assumingheamject is of
size 1.35 gigabytes and delivery rate equal tonilion bits per
second, and the server has four commodity disks ¢hah have
capacity of 4.35 gigabytes.
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Figure 1 presents the proxy cache content thatnmizeis
total delivery cost for this heterogeneous systeherwthe
relative cost of regional and remote server channgl, is

equal to 0, 0.01, or 0.1. As noted in section &, optimal
proxy cache configuration is sensitive to the valfig3 . Note

that, for this heterogeneous system,

The cache content that minimizes total deliveryt idshe
same for both types of proxy servers.

We have verified that the cache content that mirésithe
delivery cost to clients in either type of proxynes,

while fixing the content of the other type of senas
given in figure 1, yields (nearly) the same cacbetent as
the content that minimizes the total delivery coBhus, in

this heterogeneous system, competitive proxy Sservigjient load.

providers can individually optimize the data stoatdheir
respective servers and arrive at the socially agtitache
configuration.

We have verified that this cache configuration éanty
identical to the optimal cache content for a systeith
ten proxy servers that each have request rate emaal

Thus, when all proxy servers have the same banhsviaitd

most popular objects fairly frequently for the ligserver, so
the greatest global advantage is for the heavyeseno share
the cost of those multicasts and instead cachsafments that
the light server needs very infrequently.

If we minimize the delivery cost for clients of theavy
regional servers while keeping the cached segnagitte light
server as in Figure 2, we find that the heavy ssrvéll fully
cache the most popular objects as they do in treelibe
heterogeneous systémThus, the individually optimal cached
segments for the proxy servers with heavy clieatldliffers
dramatically from the socially optimal.

We also investigated cases where the proxy seritledight
client load has increased storage and bandwidthl equwice
the storage and bandwidth at the proxy servers héhavy
In some cases, for example when bgtals 0.1,
to minimize total delivery cost the light serverchas exactly
the same segments as the heavy servers; the ettages and
bandwidth capabilities are not used. However,
individually optimal solution for the light servewyith the
cached segments in the heavy server fixed as theyfoa
minimizing total delivery cost, shows that a conipet light
server would store additional remote data.

the

storage capacity, the single proxy server withtliglgjuest rate
does not appreciably influence the optimal contehtthe
heavy request rate regions, and the individuallynogd cache
configurations are the same as the socially optim
configurations.

Figure 2 gives the light and heavy proxy serverheac
configurations that minimize total delivery costewhthe light
server has 25% of the bandwidth and storage atptbgy
servers with heavy client request rate. Resuklisshown for
B equal to zero; the results fof equal to 0.01 are very

similar. In this case, the light request-rate semnly stores
the initial 6.8% of the data for about 30 of mostpplar
objects, and the heavy request rate regions sHuollydcache
the least popular objects, rather than the mostilpopbjects

% 100
al S 80

(@)

& 60

ke]

2 40

(&)

8 20

X

o

1 132537 49 61738597 1 13 2537 49 61 73 85 97
Object Popularity Object Popularity
Figure2: Socially Optimal Caching for System
Containing One Light Server with Reduced Storage

(B=0)

that they store in Figure 1. This shows a vergrgjrinfluence
of the light server on the caching at heavy servpeshaps
stronger than one might anticipate. The explanatiy this
socially optimal heavy server caching strategy hat tthe
central server must multicast the trailing segmeett of the
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% If we minimize the delivery cost for the light ser while
fixing the individually optimal cached segmentstla¢ heavy
servers, the light server caching strategy remaéna Fig. 2.



D.2 One Proxy Server with Heavy Request-Rate

The first system considered here has ten proxyeserand Dsocial, both | | Dlight optimal, both
total client request rate equal to 20 requestsupdrsegment 100 -
multicast period. One proxy servers client requese is

: . 80

equal to 10. The other nine proxy servers havealegjient
request rate of about 1 request per unit segmeitticest
period. All servers have the baseline bandwidtth storage
capability.

60
40
20

% Cached Regionally

o

The results for this heterogeneous system ythequal to

0.1 are given in Figure 3. To minimize total deliy cost
(Figure 3a), both types of proxy servers storedhme data.
Furthermore, the caching strategy is similar to dptimal Figure 3: Optimal Caching for System Containing
cache content in a homogeneous system with sinbiitad One Relatively Very Heavy-Rate Server
request rate, but the particular files that aré/fohched are a (A=20, A =10, A, =1, S=01)
"compromise" between the (more popular) files gtaiuld be * “heav » MHliaht '
fully cached if every server had request rate etpual| and the
(less popular) files that should be fully cache@very server have the baseline bandwidth and storage capaditgreas the
had request rate equal to 2. heavy server has twice the baseline server capeili

1 1325374961738597 1 1325374961738597
Object Popularity Object Popularity

Minimizing the light server delivery cost while fing the Results for 8 equal to 0 and 0.1 are presented in Figure 4.

cached segments in the heavy server as in thetselul |, yhe caching strategy that minimizes total defjveost for

optimizing total delivery cost, and then minimiziegch light the heterogeneous system, wh@h=0, each server caches
servers delivery cost under the fixed individuadlgtimal R )
caching strategy for the heavy server, results e tWhat is individually optimal. However, wheif >0, the

individually optimal caching strategy given in Figu3b, heavy server caches exactly what the light sereache; its
which again differs from the socially optimal caufistrategy €xtra storage and bandwidth are not helpful in ceudy cost.
in Figure 3a. Furthermore, if the light server tmc However, the individually optimal solution for thproxy
configurations are fixed at these individually omi values, server with a heavy client request rate, fixinghtigerver
the heavy servers individually optimal strategytascache the caching as in the system that minimizes total éejicost, is
same segments as the light server. In this ctseoissible given in Figure 4c. This result shows that theveey cost for
that continuing to competitively optimize individueegional the heavy-rate region is minimized when additiosegments
server delivery costs may lead to an unstable isolutOne of are cached.

the values of the optimization model is to discowerch

situations in which one might want to devise nevicipg D-3 Heterogeneous Object Popularities
strategies. We consider here systems with twelve regional serve

, partitioned into four groups of three servers, amd hundred
The sgcond heterogeneous system with one heavy;-s.'equobjectsy also partitioned into four groups, ofyfiftbjects each.
rate region has: (1) an overall client request f@@e unit-  gach group of proxy servers has a different pretegroup of
segment multicast period equal to 100, (2) oneoregiclient objects. All non-preferred groups of objects asdected
request rate equal to 20, and (3) each of the otiherregions’ equally often.  Selection frequency within each ugro
client request rate approximately equal to 9. et servers (preferred or not) is modeled by a Zipf(0) disttibn. The

Obeta=0, social, heavy | |I:|beta:0.l, social, both | |I:Ibeta=0.l, heavy optimal |
S 100 3 100 3 100 4
S . 80 5 S 5 80
g2 g > 801 g2
) g 60 (CI).) g 60 - ) g 60
g2 2.9 22
£ @ 40 £ D 40- £ g 40
o o o
2 20 2 20 g 20
o) 5 o)
a 2 a
0 0 0
1 16 31 46 61 76 91 1 16 31 46 61 76 91 1 16 31 46 61 76 91

Object Popularity Object Popularity

Object Popularity

Figure 4: Optimal Caching for System Containing One Relayivétavy-Rate Server
(A =100, A, =20, Ay =10)
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Figure5: Optimal Caching for a Preferred Group (basetiagabilitied
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Figure 6: Optimal Caching for a Non-Preferred Group (biagetapabilities)
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Figure 7. Optimal Caching for a Preferred Group (3 timasdiine capabilities)

total client request rate per unit-segment multiasriod, towards the preferred group (i.ef,p =05 or fp = 075),

A"=100. the proxy servers should store nearly identicad dat both the

Figures 5 and 6 show how the preferred and noreped  preferred and non-preferred objects. This provifiether
groups of objects should be cached to minimizea(tand illustration of the tendency for optimal configuaats to be
individual) delivery cost, for the case in whictckaerver has ones in which the regional servers keep very smukche

the baseline bandwidth and storage capability ghet 0. contents. Furthermore, as can be seen in thetsefod

When 50% or even 75% of the client requests arectid [p = 09, even when heterogeneity is so strong that the
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optimal cache content of proxy servers with difigrpreferred
groups begins to diverge, this divergence occurghe least
popular objects within each group rather than foe most
popular. This reflects the inefficiency that woukssult from
having multicasts of relatively popular objectsnfrthe central
server, if these same objects are cached at omhe saf the
regional servers.

Figure 7 shows the optimal caching strategy fordbgcts
in a proxy servers preferred group, # =0and each server
has three times the baseline bandwidth and staragability.
The corresponding caching strategy for objectsiwith non-
preferred group (not shown), (1) is identical fdwe tmost
popular objects, (2) diverges to a small extent tfw@ least
popular objects forf , =05 or f, =075 and (3) is greatly

at that server may be quite different than the iabc
optimal” set that would minimize overall cost oflidery.
Thus, it may be in the remote provigebest interest to
devise (artificial) pricing formulas to encouragbet
socially optimal caching strategies.

E. CONCLUSIONS

Caching data close to the requesting users canthgrea
reduce the network bandwidth required to achievdevarea
sharing of large, popular data objects. For datd @s video,
effective policies for determining what to cache arucial, as
the storage and server bandwidth requirementsatf shjects
do not permit indiscriminate caching of all reqeelsbbjects.
The issue of what to retain in cache is complicétgdnultiple
constraints (storage capacity and bandwidth), thdticast

different when f_ =09, but only for objects of lesser delivery of partial data streams.

relative popularity, with cache allocations similarnature to
those in Figure 6.

Generally, common caching of intial segments apptabe
a desirable compromise when different regions hdifferent
object selection frequencies. Furthermore, comiitgnan
cache contents is seen to be most critical fortivellg more
popular objects. There is a greater tendency &h vhole
object caching, and no caching at all, for the tlgaspular
objects in heterogeneous systems.

D.4 Summary of Insights and Design Principles

In this paper we have addressed this issue inghiexkt of a
shared central server and multiple regional (prosgjvers,
and multicast delivery of segmented data streanidew
analytic models for determining optimal cache ogunfations
have been developed, which permit investigationnufre
realistic (.e., heterogeneous) systems than in previous work.
Heterogeneity is a crucial issue for proxy cachamit implies
a fundamental conflict between the objectives athazy the
data most useful locally, and of maximizing comniypan
cache contents (and thus cache misses) acrosaaégervers
so as to achieve the greatest possible sharing ubticasts
from a remote server. Results of the new modedsvshat it

1. Itis often optimal to cache the initial segmentsmany . . i o
objects rather than all segments of fewer objdatghe IS qften more cost-ef_fegtwe to cache ]LfSt theahﬂegments of
case of heterogeneous object selection frequerttiese objects, to (;:atche IS|m|Iar setst of Okljtj.eCtSt ‘Zt I?d [h%lonal
is an increased tendency to cache initial segmextter ser\t{ers, ap h to rk()a_y ton rﬁ_ll”no € rrr:.u 'C?S ”e Ivery gme
than full objects, owing to the improved cost-shgrfor port!ons c; OI 0 JS.C StW lie caching locally capending
remote delivery when all servers cache the samaesstg, portions ot cooler objects.
and since the aggregate selection frequency disiwib is In a dynamic environment with changing object
less skewed. popularities, in addition to knowing what might bptimal to
2. Minimizing the total delivery cost often influencesl retain in cachg . for given workload parameters,. each
servers to store the same segments. For examgiegla replacemgnt po.I|C|es are negded that (approxm)amﬂ;ugve
region with light request rate relative to all atmegions SUCE confrllguranolns. On;gomlg _research |n|?ludagald>@!ng
should often cache the set of segments that isnapfior such cache replacement polcies, as well as Igaistg
the heavy request-rate regions. There are alss velsere optmal cache cqntent fo.r.(l). multicast delivergtteiques that
a single region with a heavy request rate may émfbe all permit more flexible partitioning of the data_beeme_the proxy
other light-rate regions to cache a different $aegments and the remote server and (2) layered continuoubantkata.
than they would otherwise cache.
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