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Dynamic Parallel Access to Replicated Content
In the Internet

Pablo Rodriguez and Ernst W. Biersadkember, IEEE

Abstract—Popular content is frequently replicated in multiple  download session, resulting sometimes in a poor response time
servers or caches in the Internet to offload origin servers and at the end of the download. Rather than trying to choose the
improve end-user experience. However, choosing the best serverg,giast gvailable server, users can experience a better and more

is a nontrivial task and a bad choice may provide poor end user niform performance by connecting to several servers that have
experience. In contrast to retrieving a file from a single server, uni p y Ing v v v

we propose a parallel-access scheme where end users acced¥! €xact copy of the document. Instead of downloqding the en-
multiple servers at the same time, fetching different portions of tire document from one server, a user downloads different parts

that file from different servers and reassembling them locally. of the same document from each of the servers in parallel. Once
The amount of data retrieved from a particular server depends 5| the parts of the document are received, the user reconstructs

on the resources available at that server or along the path from th iqinal d tb blina the diff ¢ ¢
the user to the server. Faster servers will deliver bigger portions 1€ Orginal document by reassembling the difierent parts.

of a file while slower servers will deliver smaller portions. If the In this paper, we propose a parallel-access scheme to down-
available resources at a server or along the path change during the load content from multiple servers at the same time. We consider
download of a file, a dynamic parallel access will automatically two different parallel-access schemes:higtory-based TCP
shift t_he load from congested locations to_Iess loaded parts (_server parallel access, and 2)ynamic TCP. With a history-based
and links) of the Internet. The end result is that users experience - . i -
significant speedups and very consistent response times. More-parallel access, CI'_entS specidy priori W_h'Ch part of a doc-
over, there is no need for complicated server selection algorithms Ument must be delivered from each mirror server, e.g., server
and load is dynamically shared among all servers. The dynamic one sends the first half of the document, and server two sends
parallel-access scheme presented in this paper does not requirethe second half. The portion of a document delivered by one
any modifications to servers or content and can be easily included geer should be proportional to its service rate, thus, a slow
in browsers, peer-to-peer applications or content distribution - . .
networks to speed up delivery of popular content. server W!|| del_lver a small part of the document while a fast
server will deliver a large part of the document. To calculate
the portion of a document assigned to each server, a history-
based parallel access uses a database of previous server rates,
which is refreshed periodically, e.g., every few minutes. A his-
|. INTRODUCTION tory-based parallel-access scheme can speed up the download
8F a document when the network/server conditions are stable
easily predictable. However, when network/server conditions
ﬁange rapidly, server rates are hard to predict and a history-
ed parallel access performs poorly.
ith a dynamic parallel access, on the other hand, a client

Index Terms—Content distribution, HTTP, Internet, mirroring,
parallel access, peer-to-peer, replication, Web.

N ORDER to offload popular servers and improve end-us
I experience, copies of popular content are often stored§
different locations. With network caching, geographicall
dispersed caches store copies of the documents required

their clients. With mirror site replication, documents from a i q tinto a| ber of Il blocks. Th
primary site are proactively replicated at secondary sites. Wi riitions a document INto a 1arge numpoer ot smafl blocks. The
ntfirst requests a different block from each server. Whenever

peer-to-peer applications, users fetch and store content r6 e o S
other peer users in a effort to share the load among nodes atdrRerver finishes transmitting a block, the client issues a new
edge of the network and bring content closer to the users. request for a block that has not yet been requested from any

When a copy of the same document exists at multiple servepiher server. The same process is repeated for each blqck pntil

choosing the server that provides the best response time is Y. I kept b di block t for th
trivial and the resulting performance can dramatically vary dgme all Servers are kept busy sending a bloc _(excep for the
g times between block requests). When the client receives all

pending on the server selected [6], [20]. Even when the fastr%

server has been selected, its performance can fluctuate duri c%lfs, itreassembles them to reconstru_ct the whole QOcument.
ere are several advantages to using a dynamic parallel

access. First, since the block size is small, a dynamic parallel
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several connections to different servers, a parallel access -

more resilient to congestion and failure in the network/server: 286 kbps 995 kbps 7.1 Mbps
than connecting to a single server. Load is automatically shifte

from congested parts of the Internet to other parts with mort

abundant resources. Third, the server selection process

eliminated since clients connect to all available servers witt ™ 2
a document copy. Fourth, the throughput seen by the clier Japan 446 kb 124 Mbps 6 Mo TEMbE | Austria
increases. ldeally, the total throughput seen by the client i =

equal to the sum of the bandwidths from each individual serve 4 Mops

i Australi 5.6 Mbps 66 Mbps
to the client. ustralia [] e ®
A parallel access, however, has some additional overhee 95 1.7 Mbps 86 Mbps O Misor Site

compared a single access. There is an additional overhe#talia O ¢
incurred when opening multiple connections and extra traffic forael 33 Mops
generated to perform block requests. (For a complete discu o

. . Eurécom, France
sion on the costs of a parallel access, see Section VI-A.) To
minimize the impact of these costs, a parallel access mugf 1. Mirror servers for the Squid home page. Client is located at Eurecom,
be employed only with documents of a certain size, e.g., fmance.
the order of several hundreds of kilobytes. In the Web, the
number of objects of this size is relatively small, thus, instedthnsmit their blocks at the same time, there are no servers that
of suggesting a parallel access for general Web downloads, step transmitting before the document is fully received. The rate
propose a dynamic parallel access for other content types sughachieved with parallel access when all servers keep sending
as large documents, software downloads, music, video clips,useful data until the document is fully received is equal to the
images. sum of the individual rates of all servers, i.e, = > ", ;.

Using analytical and experimental results, we evaluakast servers send a larger portion of the document, while slow
the performance of a parallel-access scheme. We study siegvers send smaller portions. To achieve a maximum speedup,
parallel-access behavior under different numbers of serveil® sizew; S of the block sent by servémust be equal ta; S =
different document sizes, and various network/server conditions/ t:p.
including high-speed links as well as congested slow links. A history-based parallel access needs to keep a database
In addition, we use parallel-access implementation to betwith information about the previous rates from the different
understand its advantages and limitations in a real deploymentvers to the receiver in order to estimate the rat® every
scenario and better define the scenarios where a parallel acsesser. Instead of having one database per client, a single
is most beneficial. database could be shared by a group of receivers connected

The rest of the paper is organized as follows. Section thirough a proxy cache. The database is actualized every time
presents and analyzes a history-based parallel accessa lglient connects to a server or can be updated periodically
Section I, we present the dynamic parallel access and demavith an automated probing from the proxy.
strate that it offers dramatic speedups for different document
sizes, numbers of servers, and network conditions. Sectionfv Experimental Setup
considers a dynamic parallel access where a client is connectetlo evaluate history-based parallel access, we have imple-
through a modem link. Section V compares a dynamic paralielented this scheme as a Java client program that takes as input
access with a scheme where the client opens multiple paraigkameters the URLs and uses a database of previous rates
connections to the same server, and also studies the img@sin every mirror server to the client. The Java client performs
of request pipelining. Section VI discusses several importagithistory-based parallel access for the requested document,
issues for the deployment of a parallel access. Section \dthves the document locally, and records the time it took to
discusses related work and Section VIII concludes the paperdownload the document. To calculate the size of every block,
clients need to know the total document siZeTo obtains,
the parallel-access Java client polls the servers using an HTTP
request at the beginning. The document size could also be

A history-based parallel access uses information about theerecorded in a proxy cache or given to the client through a
previous transmission rates between the client and every miriiXS server, thus avoiding additional round-trip time (RTT) to
server. It needs this information to decalpriori which partofa poll the servers.
document should be delivered by each server. The client dividesTo analyze the performance of a history-based parallel-access
a document intd/ disjoint blocks, and requests one block fronscheme, we performed several experiments using mirror servers
every mirror server. Let; be the transmission rate for seréer in the Internet. In particular, we considered several mirror
1 <4 < M and letS be the document size. ¢f;.S is the size servers of the Squid Web page [22]. Fig. 1 shows a network
of the block delivered by servéthenT; = «;S/u; denotes the map with the mirror servers considered and the bandwidth of
download time of this block. To achieve a maximum speeduthie slowest link in every path as given by Pathchar [9]. The Java
all servers must finish transmitting their blocks at the same timgient is always located at Eurecom, France. Since the servers
thus,7; = T forall 4, j € {1, ..., M}. When all servers are situated in different countries and given that the connection

O Client

Il. HISTORY-BASED PARALLEL ACCESS
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20r using an individual connection to every server. We see that
o RuKstria during the night, when network conditions do not vary much,
——  Parallel a history-based parallel access can efficiently estimate the

15+ ——  Optimum average rate offered by every server and allows to significantly

decrease the download time compared to the situation where
the client accesses a single server. However, during the day,
network conditions rapidly change and estimating the rate to
every server by using the previously achieved rates results
in poor estimates. Thus, the download times obtained with a
history-based parallel access can be higher than the download
times when clients access a single server. Similar performance
for a history-based parallel access is also obtained for a dif-
ferent set of mirror servers [Fig. 2(b)]. In Fig. 2, we also show

Time to download (sec)
(=]

(S,

0 S S theoptimum download time, which is defined as the download
0 2 4 6 8 10 12 14 16 18 20 22 time achieved by a parallel-access scheme where all servers
time of day . - . . .
send useful information until the document is fully received.
@ To calculate & posterior) the optimum download time, the
250r average rates obtained from every server after the reception of
—— Japan a document are used.

200l o gg&:ﬁﬂ To improve the performance history-based parallel-access
o —o—  Australia schemes, the database could be refreshed more frequently
) —— Parallel during the day and other more sophisticated estimation algo-
'c'§150 —+—  Opfimum rithms could be used. However, finding the right refresh period
g and a good algorithm to estimate the rates is not an easy task. In
ke Section Ill, we present another parallel-access scheme that does
2100 g i /. not require any past information and does not need to estimate
e SOV N oy et A deaAa ™™ the rates to the servers. Instead, the scheme dynamically adapts
[ NS NPT AN PYAS ) o to the changing network conditions in real time.

SR v T i S SR [Il. DYNAMIC PARALLEL ACCESS
00 2 4 6 8 10 12 14 16 18 20 22 We consider now a parallel-access scheme that uses dynamic
time of day requests between a client and the servers as the download of
(b) the document progresses. With a dynamic parallel access, the
Fig.2. History-based parallel access.§a} 763 kB, M =2.(b)S=763kB, documentis divided by the client inf® blocks ofequalsize. In
M=4 the case of Web access, a block is specified as a range of bytes in

a document, e.g., from byte 100 to byte 200. A block requested
from our institution (Eurecom) into the Internet has a highan be specified using the HTTP 1.1 byte-range header [7]. The
access rate, a parallel-access connection from a Eurecom cliétamic parallel-access scheme proceeds as follows.
to the mirror servers is likely to be bottleneck disjoint. A client first requests one block from every server.

We evaluated a history-based parallel-access scheme every Every time a client has completely received one block
15 minutes, making sure that different experiments did not from a server, the client requests from this server another
overlap. We ran the experiments 24 hours a day during a block that has not yet been requested from any other

ten-day period and averaged over the ten-day period. server.
* When the client has received all blocks, it reassembles
B. Analysis of the Results them to reconstruct the whole document.

We present the performance results of a history-based parafiice a client typically issues several requests to the same server
access where a client at Eurecom requests a document of 763Ikigng the download of a document, TCP-persistent connections
from two servers located in Austria and the U.K., which hava'e used between the client and every server to minimize the
average transmission rates between 80—100 kb/s. The docunf¥gthead of opening multiple TCP connections [17].
requested is the gzipped beta version of the Squid 1.2 softwardn order to best exploit the advantages of parallel access, one
[22]. The database with the previous rates from the client ¢eds to keep all servers busy until all blocks have been re-
every server is updated when the Java client performs a requigyed. In the dynamic parallel-access scheme, this is not the
for the document, that is, every 15 minutes. The client assunt&se.
that the average raje offered by every server will be equalto  « Each server will be idle between two consecutive block
the rate obtained 15 minutes before. transfers (see Fig. 3). This idle time is referred to as

In Fig. 2, we show the download time obtained using a interblockidle time and corresponds to one RTT. One
history-based parallel access and the download time obtained can entirely avoid the interblock idle times pypelining
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Client Mirror Site locally, and records the transmission rate obtained. We eval-
uate the dynamic parallel-access scheme using the experimental
setup described in Section II-A.
Our current implementation of dynamic parallel access does
/ not consider pipelining to reduce the interblock idle times. How-
ever, the implementation reduces the termination idle time as
follows. When there are fewer thad blocks missing, the client
Transmission requests idle servers to deliver a block that is already requested
Block Time of Blocki  from another server but that has not yet been fully received. With

this approach, clients experience a transmission rate that is at
least equal to the transmission rate of the fastest server at the

// expense of some bandwidth overhead. The bandwidth wasted
S M-1i(5/B), whereS/B is the

| "T7----.___getBlock i

. Idle Time in the worst case is equal }o,;_] " ¢
(RTT) block size. The bandwidth wasted on average is much smaller
getBlock j  Tve--al than the worst case scenario since slow servers that did not com-

plete the transmission of their last block are stopped after the
document is fully received.

Fig. 3. Dynamic parallel access: Block request. There are some more ways to minimize the bandwidth
wasted:

requests for different blocks to the same server. A request * The block sizeS/B of the blocks requested from slow
for a new block is made before the previous block is fully ~ Servers can be decreased. More general, by dynamically

received, thus keeping the server continuously busy while ~ adjusting the block size so that all servers finish at
there are still blocks to transmit. We will elaborate more ~ the same time, the bandwidth wasted would be zero.

on this point in Section VI-A. However, this approach requires accurate bandwidth
« Not all servers terminate at the same time. If there are ~ estimations for each connection at runtime, which may
fewer thanM blocks left (whereM is the number of be difficult to obtain [4].

servers contacted) that have not been received, some* Slow servers can be stopped as soon as there are less than
servers will no longer transmit a block. The period of time A blocks missing and request the missing bytes only of
since there are less thawl servers transmitting blocks the last blocks from the fastest server.

until the instant the document is fully received is referred Ve now compare the transfer time of dynamic parallel access
to asterminationidle time. The termination idle time is With the transfer time of an individual access to every server

smaller or equal thanS/B)/u,, whereS/B is the block and the optimum transfer time that would be achieved if there

size andu, is the rate to the slowest server. are neither intrablock nor termination idle times. The optimum
The following points need to be considered when determinirignsfer time provides a lower bound on the transfer time achiev-
the size of the blocks requested. able by any implementation of a parallel-access scheme.

We first consider a dynamic parallel access to download a
63-kB document, which is replicated # = 4 mirror servers
(Fig. 4). The servers are located in Australia, Japan, Slovakia,

« Each block should be small enough to provide a ﬁn%nd Portugal, to ensure disjoint paths. The average rate to these
granularity of striping and ensure that the transfer of {RETVers ranges from 5 to 15 kB/s, however, the instantaneous

last block requested from each server terminates at abBES greatly fluctuate during the course of the day. We have

the same time, thus fully utilizing the server and networ gsenBF_: 3£ blocks. that d . lel p
resources until complete termination of the document rom Fig. & we can see that dyhamic parallel access olers

transfer significant speedups compared to an individual document
» Each block should also be sufficiently large as to keep t ré;\nsgeor fi(;rgtanzyosw:jglg ser\lller. Thg tra;r?[ﬁfe; tlmeE IS reddu_ced
interblock idle time small compared to the download tim om St 0 £0'S during all periods ot tne day. ven during

of a block. ighly congested periods, where the network conditions rapidly

i , change, a dynamic parallel access offers very small transfer

To reconcile the last two points, the document requested Yjgo e also observe that the transfer time of a dynamic
parallel access must be sufficiently large, i.e., in the order Bgrallel access is very close to the optimum transfer time.

« The numberB of blocks should be chosen to be muchi
larger than the numbeM/ of mirror servers that are
accessed in parallel.

several hundreds of kilobytes. Moreover, a dynamic parallel access that would implement
_ pipelining to avoid interblock idle times would have perfor-
A. Analysis of the Results mance almost equal to that of the optimum parallel scheme.

To evaluate the performance of dynamic parallel access, waVext, we consider the situation with two fast servers
implemented the scheme as a Java client. The Java client takdd 8skB/s) and two slow ones (10 kB/s). The fast servers are
input parameters the URLS of the servers with replicated CON1Thege improvements have not been included in our implementation of the
tent, performs a dynamic parallel access, saves the documeiillel-access scheme.
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Fig. 5. Dynamic parallel accesS.= 256 kB, B = 20, M = 4. Fig. 7. Dynamic parallel accesS.= 10 kB, B = 4, M = 2.

located in Greece and Spain, and the slow ones in Austrdiig transfer rate is less than 30 s. The difference between the
and Israel (Fig. 5). The document size is smaller than in tif@nsfer time measured and that of the optimal parallel-access
previous experiments = 256 kB, and we have also reducedscheme is due to the interblock idle times.
the number of blocks td&@ = 20 to avoid that interblock idle
times account for too high a percentage of the total transfer ti
(the document requested is the FAQ from Squid in PostscriptEven though a parallel-access scheme is not intended to
format [22]). be used with small documents, we study the performance of
We can see that a dynamic parallel-access scheme achievetynamic parallel access with small documents of several
a transfer time that is almost half the transfer time of thdlobytes in size.
fast servers (slow servers contribute very few blocks andlin Fig. 7, we see the performance of a dynamic parallel-access
only slightly decrease the transfer time of the documengcheme for a 10-kB document. We consider two mirror servers
The latency benefits may not seem so important if they al@cated in Spain and Greece, and choBse 4 blocks. We see
compared to the case where a client connects to a fast setheat a dynamic parallel access has a download time that varies
(from 4-5 to 2 s). However, if the client chooses the wrongery little with the time of the day and is in most cases lower
server and connects to a slow server, it will end up experiencitigan the download time of the fastest server. Compared to the
transfer times up to 30 s. optimum download time, a dynamic parallel access has a much
In the next experiment, we consider only two mirror servetsigher download time since the interblock idle times account for
located in Austria and the U.K. and perform a dynamic parallalhigh percentage of the total download time.
access for alarge document of 5 MB (Fig. 6). Since both serverdn addition, with small documents the connection setup time
have a similar rate, a parallel access will reduce the transfer timay account for a nonnegligible portion of the total download
by half. The time to download the document of 5 MB from @ime. While a parallel-access scheme speeds up the download
single server can be up to 80 s. Using a dynamic parallel accesag of the document, it cannot affect the connection time. To

Re Performance of Parallel Access With Small Documents
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Fig. 8. Retrieval latency for a parallel-access scheme and for an

IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 10, NO. 4, AUGUST 2002

parallel access. In Fig. 8(a), we consider two slow servers (Japan
2 and Australia) and a fast server (Japan 1). In the case of an in-
dividual access to the fast server, the modem bandwidth is fully
utilized and the download time varies little during all periods of
the day. For an individual access to one of the slow servers, the
rates obtained are about 24 kb/s, which is much lower than the
modem speed of 56 kb/s. In this situation, the modem link is not
fully utilized and the download time fluctuates depending on the
different levels of congestion in the network/servers along the
day. A similar effect can be seen in Fig. 8(b), where there are
two mirror servers, one fast and one slow.

For the dynamic parallel access, we see that the download
time achieved is close to the one of the fastest server, which is
limited by the transmission rate of the modem link. The fact that
the download time obtained with a dynamic parallel access is
always slightly higher than the download time obtained for the
fastest serveris due to the interblock idle times. In Section IV-A,
we study the performance of a dynamic parallel access that uses
pipelining to avoid these idle times.

A. Evaluation of Request Pipelining

In this section, we repeat the previous experiments [Fig. 8(a)
and (b)] and simulate a dynamic parallel access with block
request pipelining. With request pipelining, a new block is
requested from a server before the previously requested block
is fully received. To fully avoid interblock idle times, a new
block should be requested at least one RTT before the current
block is completely received (see Fig. 3). Pipelining therefore
requires a minimum block size. The block size should be such
that S/B > RTT . u. For instance, if the RTT between the
client and most distant server is equal to RET100 ms and
the server has a transmission rate-= 10 kB/s, the block size
must beS/B > 1 kB.

To estimate the improvement offered by request pipelining,

individual-access scheme to every server over a shared bottlenddf€ firstmeasure foreachserver € {1, ..., M} the download

(@S = 256 kB, B = 20, M = 3.(0)S = 763 kB, B = 30,

M = 2.

time ¢r; obtained by parallel access without pipelining and the
average round-trip tim&1'T;. Then, we assume the interblock
idle time to be equal t&RTT;. If server¢ has transmitted

obtain better performances with a parallel access, several smal blocks, we estimate the download time’ with request
documents could be grouped together, i.e., all documents ipigelining astr’ = ¢r; — (nb; — 1)+ RTT;. The estimated time
Web page, to perform one dynamic parallel access to the largér to completely download the document using pipelining is

document.

IV. DYNAMIC PARALLEL ACCESS IN THECASE OF
A SHARED BOTTLENECK LINK

then given asT” = max;c(1, .., M} t75 -

In Fig. 9, we show the estimated download tiffieachieved
by a parallel access with pipelining through a modem link.
We observe that the download time of a parallel access with
pipelining is smaller than [Fig. 9(a)] or equal to [Fig. 9(b)] the

In this section, we study the performance of a dynamiownload time achieved by a single connection to the fastest

parallel access where a client is connected through a modsenver. In Fig. 9(a), the download time of each server is much
link, i.e., a low-speed access link. In this case, the paths fra@maller than the maximum modem link rate, thus, a single
the client to the servers are not bottleneck disjoint. A singkerver connection does not fully utilize the modem link. In this
server may already consume all the bandwidth of the moderase, a parallel access with pipelining can speed up the transfer
link. Therefore, when a client uses another server in parallef, a document compared to a single server connection, and
there is no residual network bandwidth and packets froathieve download times that are even smaller than those offered
different servers interfere and compete for bandwidth. by the fastest server. From Fig. 9(a) it is also important to notice

In Fig. 8, we consider dynamic parallel access for a clietttat the transfer time achieved with a dynamic parallel access
connected through a modem line at 56 kb/s. We show the dowsing pipelining is almost equal to the optimum download
load time achieved when connecting to every server individualiyne. Thus, the additional delay that the Java implementation
and when connecting in parallel to all servers using a dynana€dynamic parallel access introduces is very small.
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Fig. 9. Retrieval latency for a dynamic parallel-access scheme and an

individual-access scheme to every server through a modem link, witig- 10. Retrieval latency for a dynamic parallel-access schenid te 2
pipelining. ()5 =256 kB, B=20, M =3. (b) S=763 kB, B=30, M =2. servers compared to a double parallel connection to the same servgr=a)
256 kB, B =20. (b) S =763 kB, B =30.

We would like to note that it is easy to implement pipelining. ¢ but ller than the t . te ol
It does not require calculation of the exact RTTs but simply a%owﬁsl server,t uthsrrfla ter ¢ anMe ran<sm|sz|(j\r/1[ rate atian
estimate of an upper bound on the RTTs. Using an overedif /€' access (0 € 1astest Server; i, < py = M - py.

mated (too high) RTT, pipelining eliminates the idle times with Next, we lconS|der_ tkg S|tuat|ondwr}ere ther?‘ aSre t.WO mgror
no performance degradation. servers, a slow one in Greece and a fast one in Spain, and per-

form the following experiments: 1) clients retrieve a document
using a single connection to each server; 2) clients retrieve a
V. DYNAMIC PARALLEL ACCESSVERSUSPARALLEL ACCESS document using a dynamic parallel access to both servers; 3)
TO A SINGLE SERVER clients retrieve a document using a dynamic parallel access with
In this section, we compare a dynamic parallel access two connections to the same server.
multiple mirror servers with a parallel access teiagleserver. Fig. 10 shows the download time obtained for the different
For a fair comparison, we consider the situation where a singiehemes and for two different document sizes. For the fast server
client opensM TCP parallel connections to the same servén Spain, the available resources from the client to the server are
and compare this case to dynamic parallel accedd servers. abundant, and, therefore, two parallel connections to this server
Let i, be the rate to the slowest server, gndbe the rate to resultin a reduction of the download time compared to a single
the fastest server. If the residual bandwidth of the path from thennection to the same server. However, when two connections
client to the server is large enough, ahparallel connection are simultaneously opened to the slow server in Greece, the
to a single server with ratg; will have in the best case aresulting download time is sometimes higher than the download
transmission rate equal &/ - ;;. A dynamic parallel accesstime obtained if the client opened only one connection to this
to M servers has a transmission raig = Zf‘il wi, Which is  server. This is due to the fact that the server or network path to
higher than the transmission rate of &hparallel access to the Greece is very instable and variable. Thus, opening two TCP
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20r accessing a single server. However, a parallel access also has
- gref?cji 4 several costs involved that need to be considered.
Grr):g:;e There is the overhead of the extra server access to find out

the document size (this could be done witheaD request [7]).
Note that for large documents the overhead incurred in obtaining
the document size is negligible. Moreover, issuing a first block
request with a predetermined fixed size, which would include
the document size plus some data, and then using a parallel ac-
cess on further block requests, could eliminate this overhead.
There is the overhead incurred by the block request messages.
To reduce this cost, an intelligent block assignment policy can
be used to gradually increase the size of those blocks assigned
to fast servers.
ob— o There is an increase in the overall number of TCP connec-
0 2 4 6 8 10 12 14 16 18 20 22 tions compared to a single server access. However, the duration
time of day of the TCP connections with a parallel access is smaller since
Fig. 11. Retrieval latency for a dynamic parallel-access schenid te 2 each server delivers only a portion of the whole document.
servers compared to a four parallel connections to the same sgeei6 kB,  Also, the connection setup is relatively insignificant when large
B = 20. documents are considered. Finally, using servers in different
time zones (e.g., selecting servers from places in the world

connections to the same server does not ensure better resp¥fge it is night) reduces the impact of opening multiple
times, because the server or the networks may be experienRgnections since idle servers can be selected.
a high load at that time. With a dynamic parallel access to both
servers, on the other hand, the load dynamically shifts to use
resources where they are available, thus keeping the load oo outweigh the costs described in the previous section, a
congested servers/network paths low. As a result, the downlgzafallel access must be applied to large files in the order of
time for a dynamic parallel access to both servers is smaller trggveral hundreds of kilobytes. Examples of such files are large
a parallel access to the slowest server and quite comparable @@aument downloads, software packages, music, video, and
parallel access to the fastest server only. large images. In the Web, most of the files tend to be quite
In Fig. 11, we have considered the situation where the cliesmall, and usually only the root file of a Web page is large
opens four parallel connections to a single server and we coémough to benefit from a parallel access. Nevertheless, parallel
pare the obtained speedup with that of a dynamic parallel accassess can be used to download Web content if several Web
to both servers. We can see that for both servers in Greece ahiects are bundled together into a large file. This technique
Spain, opening four connections to the same server gives be@tows, for instance, to rapidly prefetch all the components of a
performance than opening just one. While opening four colveb page into a Web proxy cache.
nections to the fast server in Spain offers smaller downloadWhen clients access the Internet through slow links, e.g., a
times than a dynamic parallel access to both servers, in the cexglem link, the rate of each server may be higher than the rate
of opening four connections to the slow server in Greece, thgthe client's access link. In this case, performing a parallel
download time is equal to or even higher than a dynamic pa&scess may result in no additional speedup versus an individual
allel access to both servers. access to one server. However, the server rates are usually not
Therefore, while parallel connections to a single server m&powna priori by the client and servers or network conditions
result in high speedups if the fastest server is selected, thagy fluctuate during a download session. A parallel access re-
will also result in little speedup if a slow server is selectedluces the uncertainty of selecting a very slow or instable server
even for a high number of concurrent connections. On the oth&d brings the client’s access link to its full utilization, thus pro-
hand, a dynamic parallel access to both servers automaticaiiging a faster and more consistent experience. One important
achieves very good speedup without any server selection. Mopeint to note in this scenario is that disjoint paths are not a nec-
over, when using multiple connections to the same server, ggsary condition for speedup. Instead, a necessary condition is
links close to the server or the actual server may become cépare or abundant resources (both at the server and along the
gested, and clients will not experience any speedup. Withpath).
dynamic parallel access to different servers, on the other handyVhen clients access the Internet through fast links, it is very
the load is shared among the servers and a higher numbelikstly that the bottleneck capacity is somewhere in the network

-
)]

Spain
Parallel

Time to download (sec)
(=]

)]

When to Use a Parallel Access: Benefits and Limitations

receivers can experience significant speedups. or in the servers themselves. As more and more users access the
same popular content, the likelihood of sharing the same bottle-
VI. DISCUSSION neck rapidly increases. When the bottleneck resources are fully

utilized, all users compete for the same resources and increasing

the number of parallel-access connections per user does not
A parallel access improves the download performance arebult in additional speedups. Though the benefits of a parallel

provides several other performance advantages compareddoess in a shared bottleneck environment are limited, a parallel

A. Cost of Parallel Access
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access still provides a much better experience than selecting &o start a parallel access, the client needs to know the docu-
single server since it avoids the risk of selecting a very sloment size. The document size could be given to the clients when
server. Moreover, a parallel access provides the same averdmgy obtain the list of servers (from a central repository, a mod-
performance t@ll users that share the same bottleneck sincefied DNS, the origin server, etc.). If this is not the case, the
prevents that some users are assigned to fast servers and explgit can obtain the document size with a first initial request
ence low download times, while other users are assigned to vésy a fixed small block.
slow servers and experience high download times. Besides, dhe number of servers that a client connects to does not nec-
parallel access hides sudden changes in server/link performaessarily need to comprise all mirror servers. In fact, most of the
by shifting load from servers/links that are overloaded to othperformance improvement offered by a parallel access can be
parts of the Internet where resources are available. achieved using a few servers [16], [11]. Instead of using all
One way to reduce the probability that all users share th@rror servers, clients can obtain a reduced subset of mirror
same bottleneck and thus improve the speedup offered bgeavers and perform a parallel access in this subset. Obtaining a
parallel access is to use a dynamic parallel access in the consetiset of servers requires some server selection process, how-
of peer-to-peer applications or content-distribution networks. &ver, this scoping process is still much easier than selecting the
a peer-to-peer environment, when a client downloads contéastest server.
from another peer client, the new client becomes itself a serveln the case where there are several slow servers and a few
for future clients. As content becomes more and more popularirror servers with relatively high transmission rates, almost all
it gets replicated in new mirror sites throughout the networklocks will be requested from these fast servers. In this case,
These new mirror sites can be used as new sources to perfarmarallel access may wish to drop the connections from the
multiple parallel accesses that avoid competition for the sarslew servers to conserve server resources without significantly
resources. affecting performance. Moreover, if a server happens to be fast
In summary, we see the greatest potential for dynamic parakglough to use all the bandwidth in the access link of the end
access in the area of peer-to-peer applications such as Napstser, a parallel access may decide to continue only with this
where the size of content accessed is typically large afabt server or continue using multiple servers for load-balancing
the machines storing these copies of the same content @asons and to improve reliability and resilience against possible
distributed over a large geographical area, which helps improsengestion.
path disjointness. An application such as Napster also has th@arallel access to Web documents requires that clients and
advantageous property that the more popular the content, Haevers support range requests as specified in HTTP 1.1 and
more mirror servers there are. This is due to the fact that BEP-persistent connections. However, current server imple-
content becomes more and more popular, i.e., an increasingntations of range requests and TCP-persistent connections
number of clients have been downloading this content, &lave some unpredictable behavior that can affect the perfor-

these clients potentially become mirror servers. mance of a parallel access. For instance, servers are not required
to honor every range request and there may be cases where
C. Deployment Issues servers respond with data that does not cover the requested

These are a number of possible issues that should be con%tﬁ]—ge' Also, servers may choose not to honor range requests

ered when deploying a parallel-access system r certain types of files. Moreover, not all servers support

Concerning the discovery of mirror servers, the most freque[?] rsistent connections and'may decide to closg the connection
approach is to publish a list of mirror servers on the masté ter _eac_:h request transaction. For_a more detayled study of the
Web server. Clients manually select the server that they %chharmes of HTTP 1.1 server implementations, see [12].

lieve will offer the fastest retrieval time. Some search engine he way o solve these problems is by p_lacmg a reverse proxy
in'front of a server or farm of servers that implements persistent

e.g., Golzilla3 provide a full list of mirror servers and rate .
nnections as well as range requests.

them in terms of loss rate and RTT. Several organizations whic

run mirror servers have modified DNS servers or delegate theParaIIeI access only works when the replicated content

DNS resolution to other modified DNS servers that return {5 identically replicated. To T"a"e sure that different servers
the client the IP addresses of the administratively closest mirl%Pre_ exactly the same version O.f a document, Servers could
servers/caches [#]Other recent studies suggest extending DN ovide a hashing tag that determines the current version of the
servers [10] or creating a central directory [8] to return a full li ocument. L

of all servers containing a copy of a certain document. Curre tPa}raIIeI access can be dep!oygd n client browsers, cache
cache-sharing protocols [19], [5] keep local information abo r}1ar|ng protocols, or conte_nt_dlstrlbutlon networks. Moreover,
the location of duplicated document copies in neighbor cach@&ra”el access can be easily integrated in peer-to-peer schemes
When a client requests a certain document and the documerﬁqgh as Napster and Gnuteila.

not found in the local cache, the local cache will redirect the re-

quest to the best neighbor cache with a document copy. VIl. RELATED WORK

Currently there exist several software packages that allow
clients to dynamically pause, resume, and jump from one mirror

“Napster. [Online] Available: http:/www.napster.com. server to another during a document download if the current
3Golzilla. [Online.] Available: http://www.gizmo.net/.

4World Wide Web Consortium. [Online.] Available: http://www.w3c.org. SGnutella. [Online.] Available: http://gnutella.wego.com.
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mirror server is very slow, including Golzilla, Netscape Smafbrmance. The main optimization consists in keeping all servers
Download¢ and Leechftg. Other software packages, such abusy all the time by avoiding the interblock and termination idle
Agiletp g allow to open multiple parallel connections to a certimes. Using these enhancements, a parallel access continues
tain server to speed the download of a certain document.  to offer significant performance improvements compared to a
Choosing the best mirror server has been the subject sifigle server selection even in a high-bandwidth scenario for
research during recent years. Several techniques have baetuments of several hundreds of kilobytes.
proposed, including multicast communication to poll all the Our implementation of dynamic parallel access can be easily
mirror servers [2], dynamical probing, combining server pushtegrated in Web browsers without any modification of the
with client probes[6], and statistical recordkeeping [21]. Theirror servers and no additional buffer requirements at the
work in [21] indicates that the choice of the best server is oftetients (since current Web browsers already support opening
not obvious and that the obtained performance can dramaticattyltiple parallel connections to the same server). It can also
vary depending on the server selected. be included in cache sharing protocols [5], [19] to share the
Maxemchuk’s work on dispersity routing [15] and Rabin’$oad among neighbor caches with the same document copy or
work on information dispersal [18] explored how to improveontent-distribution networks [1] to speed up the download of
document delivery from aingle server alongmultiple paths popular documents into proxy caches.
Using erasure codes, the server takes the original documeniThe dynamic parallel-access scheme described in this paper
breaks it intok blocks, and generatésparity blocks with the has already been integrated into several peer-to-peer applica-
property thaanyk out of thek+h data/parity blocks can be usedions such as Morphetisand OpenCol& which are used to
to reconstruct the origin&l blocks. By transmitting more than download software, music, images, or video. Both applications
blocks, the server reduces the download time and increasesptm/ide a mechanism to identify all the peer servers that store
probability that the receiver is able to reconstruct the originttie same copy of the content, and they perform a parallel access
document even if some of the blocks are lost. to speed up content delivery. More recently, companies such as
Byerset al.[3] proposed to accessultipleservers in parallel. Kontikil! are using a content-distribution network based on end
They used an open-loop multicast distribution where differehbsts to provide efficient content delivery. Kontiki uses a dy-
servers generate different sets of parity blocks and cyclicalyamic parallel-access scheme to eliminate the selection process
transmit parities and originals. Clients can recover the whol¢hile speeding up content delivery and offering a more consis-
document as soon as they receive enougtdifferent blocks, tent user experience.
regardless of which servers the blocks came from [3]. To effi-
ciently encode large documents with small encoding/decoding VIIl. CONCLUSION AND FUTURE WORK

delays, special erasure codes [13], such as Tornado Codes [14],. .
must be used. However, this approach has a major drawbac iven that popular documents are often replicated on mul-

compared to the dynamic parallel-access scheme discusseﬁpllr? S(Trvgrs, we suggfe stedt Fha.t cher(ljts connetctv:/n parallelttz
this paper. It requires the serverseiocode all their documents SEveral mirror Servers for retrieving a document. We presente

and the clients tonstall decodergo reconstruct the encoded® dynamic parallel-access scheme that speeds up document

documents. In addition, some problems still remain unresolveduownloads’ automatically balances the load among servers, and

such as how to stop the servers or how to perform congest% pids _complex server selectlo_n.
control e implemented a dynamic parallel-access scheme and

For these reasons, we propose a parallel-access scheme V\I?]\éqgjatecjt |ts_ perforrganciNfork d|ffer§3_?t numvt\)/ers r? f sedrV(ter:s,t
clients and servers communicate via unicast using TCP. To fp]%cum_en SIzes, and network condrtions. Wve showe a
best of our knowledge. our implementation of dynamic pr:lrallgpm‘rjlm'C parallel access achieves significant _speedups andhas a
access is the first parallel-access system that uses standard rmance that comes very close to the optimum performance

and HTTP protocols to dynamically request different pieces at can be achieved with any parallel-acces; scheme. EV?”
a document from the mirror servers, and does not require y&hen clients are connected through modem lines, a dynamic
encoding of the content ' parallel access offers a download time that is close to the
More recent experiménts based on the parallel-access tz%rl\!vnload time of the fastest server without any server selection.

nigue described in this paper were presented in [16]. Sever. pynamlc parallel_—access_ -sch.eme can be ea5|ly.|mplem(_ented
d does not require modifications of the content in the mirror

tests were performed for a differentimplementations of dynal . trast with the digital fountai h which
parallel access in an environment where the available bandwigfH{ ve's: In contrast wi € digital fountain approach whic
repuires re-encoding of the document [3].

between the client and the servers is much higher (a factor . . : S S

3 to 7) than in our experiments. The results obtained indicat Future versions ofourl_mp_leme_ntatlon willinclude pipelining

that the performance of a parallel access in such scenarios Bﬁﬁeveral bltockﬁ E)O avo:jd |(:Ie_t|mes. dHoweyer, the”elxpected

be smaller than the performance results presented in this pa rovement will b€ modest since a dynamic paralflel access
thout pipelining already gives download times that are very

However, the implementation in [16] can benefit from a series toth i To reduce th ber of it
optimizations used in our paper to significantly improve the pe?—Ose 0 the optimumones. foreduce the number otnegotiations

SNetscape Smart Download. [Online.] Available: http://www.netscape.com/. MusicCity. [Online.] Available: http://www.musiccity.com.
7Leechftp. [Online.] Available: http:/linux.th-heiloronn.de/debis/leechftp/. 1%0penCola  Swarmcast.  [Online.]  Available:  http://www.open-

8Agiletp. [Online.] Available:  http://www.daemon-info.com/Us/prod- cola.org/projects/swarmcast.shtml.
ucts.htm. 11Kontiki. [Online.] Available: http://www.kontiki.com.
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between the client and the servers, clients could keep track ¢fo]
the fastest server during the download of the first blocks and,
instead of using a fixed block size, dynamically increase the%ll
block size for the fast servers. This approach would require more
complexity at the client, but seems a natural extension to ou[r12]
scheme.

The integration of dynamic parallel access into several
existing peer-to-peer applications and content-distributiort!3l
networks is an indication of the importance of dynamic parallel[14]
access for speeding up object download. Audio/video content
is particularly well suited for parallel access since it is usually
static, large, and popular. Easy extensions of the parallel-accegg]
technique described in this paper could also be used to greatiys]
improve audio/video streaming performance.
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