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Abstract to a third party. The former solution can be convenient for

Content Distribution Networks (CDNs) are a class of successa Web site that has a permanent popularity, even although a
ful content delivery architectures used by the most populaminority of content providers can afford the complexity of
Web sites to enhance their performance. The basic idea is ®gtting up and managing a geographically distributed archi-
address Internet bottleneck issues by replicating and cachirigcture. As a consequence, the latter seems the most viable
the content of the customer Web sites and to serve it from theolution, especially when the Web site has to deal with flash
edge of the network. In this paper we evaluate to what extengrowds and short periods of intensive traffic. This outsourc-
the use of a CDN can improve the user-perceived respondeg alternative has created a new markeCohtent Distribu-
time. We consider a large set of scenarios with different nettion Network(CDN) companies. Many have appeared (and
work conditions and client connections, that have not beerlisappeared), and now two or three share the largest part of
examined in previous studies. We found that CDNs can offethe market [9]. The largest companies (i.e., Akamai, Mirror
significative performance gain in normal network conditions,Image, Speedera) provide an infrastructure of thousands of
but the advantage of using CDNs can be reduced by heawgeographically distributed Web farms (calledge serveis
network traffic. Moreover, if CDN usage is not carefully de- mostof which are placed at the edge of the Internet.

signed, the achieved speedup can be suboptimal. The basic philosophy of CDN architectures is to improve
Keywords: Content delivery, Caching, End-to-end perfor- performance by cooperative pro-active caching. With respect
mance, Edge servers. to traditional proxy caches [10], a CDN solution can achieve
much higher cache hit rates. The CDNs must not deal with

1 INTRODUCTION all Web content, because their working set is limited to the

When client requests have to reach the origin server and tHgPntent of the customer Web sites. Moreover, the edge servers
responses must travel backwards, many network and servifork in cooperation with the origin servers, hence they can
bottlenecks may affect the user-perceived Web performancé!S€ mechanisms typical of the reverse proxy technology.
There are three main possible network bottlenecks. The The main limitation of CDN services is due to their costs
first mile that is, the network link between the origin Web that are still expensive. Their performance gain has not been
server and the Internet, can become congested if it is undewidely studied due to the proprietary and closed nature of
provisioned. Thdast milethat is, the connection between CDN architectures: indeed, most studies have been carried
the end user and the Internet, is another known source of peput by CDN companies themselves. Hence, it is of key im-
formance problems. The third critical network point is rep- portance to give independent evaluations of the CDN compa-
resented by thpeering pointsamong Autonomous Systems, Nies claims. Our purpose is to study when this outsourcing
because they are seldom over-sized due to large costs thgglution provides real performance benefits to the end users.
few providers are interested to or can afford. The server side We have developed a new tool (call@®Nperf) that ana-
represents another potential bottleneck, also because of thigzes and compares the user-perceived response time of con-
continuously increasing demand for more complex servicestent delivery achieved with and without the use of CDNs. Our
There are two opposite approaches to face the performan&tudy considers a large set of network and system conditions
problems of Web content delivery. In tikere modela Web  during different periods, covering in all a length of time of al-
cluster, consisting of locally distributed servers [3], can solvemost two years. To the best of our knowledge, no other study
most problems related to the server side, but it is unable tbave analyzed CDN performance for such a long time. This
address network-related issues. allows us to provide some original insights to the performance
The network edge modedims to a complete or partial of CDN-based delivery. Moreover, this paper integrates and
replication of the Web site content over geographically dis-€xtends some recent works [1, 8, 9].
tributed servers. There are two main approaches to the so This paper extends from a different perspective the work
callededge delivery the distributed architecture of multiple by Krishnamurthy et al. [9], which represents to now the most
servers is managed by the content provider or it is delegateextensive study on CDN performance evaluation. First, we



employ the real Web pages encountered in actual Web siteand edge servers is usually a function of network topology
not using a canonical Web page. Second, we evaluate thend dynamic link characteristics. It is likely that CDNs ap-
benefits deriving by the introduction of CDNs comparing theply even more sophisticated algorithms taking into account
page response time measured when using or not the CDN seserver-related factors; however, in our analysis the conse-
vice. Third, we examine the contribution of DNS lookup time quences of these algorithms never emerged.

to the page response time. The Medusa proxy tool [1, 8] has  ag g main focus of this paper is to evaluate the perfor-
been used to evaluate the performance of CDNs limited to thg,5ce impact of CDN architectures at the network level,

Akamai company. Our network-oriented focus consideringye review the most used request routing mechanisms in
different Internet traffic conditions, client locations, and lastcpNs. that can be divided into the classes of DNS-based and
mile bandwidths extends the analysis of CDN performance tQppication-layer mechanisms. The use of the authoritative
a wider range of parameters. DNS server of the Web site as request dispatcher has been
The CDN ability to select the edge server with the mini-jnjtially proposed for locally and geographically distributed
mum latency to the client has been analyzed in [S]; howevenwep-server systems [3]. In the CDN case, the authorita-
the authors analyze only the relative performance of servejiyve DNS server of the origin site delegates to the modified
selection within a given CDN. A performance comparisonaythoritative DNS server of the CDN company the resolu-
of CDNs against traditional Web delivery and peer-to-peetjon for those hostnames whose content is delivered through
file sharing systems has been conducted in [11]. Other pethe CDN. In [9] this approach is referred to fagl-site con-
formance studies have been carried out through simulationgnt delivery being the origin server completely hidden to
Kangasharju et al. show that the retrieval of objects in thegjients. Besides the well-known DNS limitation on request
same Web page from multiple servers may cause a perfotontrol due to the address caching mechanisms, the full-
mance degradation [6]. However, due to the complexity ofsjte content delivery approach has the drawback of a coarse-
the real infrastructure to be modeled, we believe that analytigrained, content-blind routing decision [3, 10]. Moreover,
cal and simulation techniques are well suited to evaluate neWs in the full-site content delivery approach the origin server

research ideas, rather than to analyze the performance of ei completely hidden, it is not possible to compare the user-
isting CDN architectures. A commercial evaluation of CDN perceived performance gain achieved by CDNs.
pe rformance is provided by Keynote Systems [7], whose S€™ Therefore, in this paper we focus on the performance
vice allows to compare the download§ of single O.bJeCtS an(tjavaluation of the alternative class of architectures, where
full pages served or not by the CDN using a global mfrastruc-CD'\IS use DNS-based routing in combination with some
tur;?f me?SL;rf[ehment com_puters. ved as foll Secti application-layer routing mechanism. Another motivation is
.; rest ot this pap(feik:s org_amzet_ as Od%WTf' ec 'Onhzthat this solution has a wider spread usage and a major flex-
provides an overview ol the main routing and delivery mec ‘ibility with respect to the full-site content delivery approach.

anisms adopted by CDN architectures. Section 3 describqﬁ this scheme, calleplartial-site content deliver{g], a client

the evaluation methodology we used to collect and procesrclequest first reaches the origin server, which then applies an

our performance data. Section 4 discusses the main featur%f)plication-layer routing mechanism [10] to redirect subse-

of the CDNperf tool. Section 5 presents our study on aS|gn|f-quent requests to an edge server. Through URL rewriting,

icant set of Web sites whose content is de_hvered by @ CDNyhich is the application-layer mechanism adopted by all Web
Section 6 concludes the paper with some final remarks. sites considered in our analysis (HTTP redirection is the other
commonly used one), the origin server changes dynamically
2 ROUTING AND DELIVERY MECHANISMS the links for the embedded objects within the requested Web
In this section we review the main phases involved in the conPage, so that they point to another node. In such a way, the
tent service from the CDN infrastructure to the consumerscontainer page is returned by the origin server and all (or
We identify three core phases: thelectionphase to deter- Most) embedded objects are served by some other node(s).
mine the edge server/s that is/are considered best suited ' URL rewriting mechanism is typically used in combina-
respond, theequest routingphase in which a proper mech- tion with DNS-based routing [4, 10]. The hostnames of the
anism is used to direct the client request to the target edg@Mmbedded object URLs are rewritten with those of the edge
server(s), and theeliveryphase during which the requested Servers, which are resolved to a corresponding IP address in
content is transferred to the client. a subsequent step by the CDN'’s DNS infrastructure, possibly
The selection and request routing phases may be intePY using muItipIe tiers of proprietary name servers combined
leaved, as a CDN can adopt some complex routing mechdVith very low Time-To-Live values [4].
nism acting at different network levels. The server selection During the content delivery phase, which completes the
phase typically chooses the “nearest” server to the requesservice, all the objects composing the requested Web page
ing client. The evaluation of the proximity among clients are transferred to the client. The number of entities that carry



out the delivery clearly depends on the selection phase antiled distributions. As observed in [1], the overall page per-
the request routing mechanism adopted by the CDN. Undefiormance is the crucial metric which users are most interested
the partial-site content delivery approach, the origin servein and the content providers should also focus on it, as it di-
provides the container page, while the embedded objects arectly correlates with the user perception of the quality of ser-

delivered by one or more edge servers. vice of a CDN system. The page response time, which cor-
responds to the interval between the submission of the page
3 EVALUATION METHODOLOGY request and the arrival at the client of all objects related to

As our goal is to measure to what extent the use of CDNghe page request, includes the DNS resolution time, the TCP
improves the user-perceived response time with respect to@nnection time, all delays at the servers, and the network
non CDN-based service and the performance dependency dransmission time.

different network and site parameters, we investigate the fol- Another problem that may affect a fair performance com-
lowing issues, that have been grouped on the basis of the thrgearison is related to the fact that Web pages have an extremely
phases of CDN service. different number of embedded objects. Hence, we normalize
the CDN page response time with respect to the time when

e Server selectionwe aim to understand how CDN per- g| files are downloaded from the origin server. To this pur-
formance is influenced by external factors such as endpose, our tool retrieves two versions of the same Web page:

user geographical location, network conditions, time ofthe former in which objects served by the CDN infrastructure

the day, day of the week. ~ arerequested to the CDN edge servers, the latter in which re-
* Request routingwe aim to single out the DNS contribu- quests are forced to reach the origin server(s). The metric,
tion to the user-perceived performance. calledspeedupis defined as the ratio between the non-CDN

e Delivery. we aim to determine the number of distinct and the CDN usage case, hengeedup > 1 means a per-
edge servers used for a single Web site, and how thiformance improvement determined by the CDN usage.
number affects the user-perceived performance.

As regards the server selection phase, to analyze the usét- EVALUATION TOOL
perceived impact of the factors external to the CDN infras-The CDNPerf tool, which implements the above evaluation
tructure, we consider three client locations having differentmethodology, consists of three parts, each one related to a
types of network connection, and three measurement periodPecific step of the testing process that is, experiment config-
(covering two years), characterized by a different worldwideuration, request generation, and output analysis and report.
network usage. Indeed, previous studies about CDNs [9] have The main engine of CDNPerf is the browser emulator.
highlighted a considerable variability of the results obtainedThis program is an HTTP client that supports most function-
in experiments carried out during distinct time periods, alsoalities of the HTTP protocol including persistent connections,
due to changes in the CDN infrastructure. On the other hand;huncked encoding transfers, and request redirection. CD-
no previous study has analyzed the hourly and daily deperNPerfis able to recognize CDN-served embedded objects and
dence of measured CDN performance. We conduct the pehence it can download them from both the customer origin
formance analysis using real pages of Web sites that adopervers and the CDN edge servers.
CDN services rather than using a canonical Web page that Given a URL referring to a Web page, CDNPerf down-
reflects the statistical distribution of static objects typicallyloads all its components and records different performance
served by a given CDN [9], or client collected traces [1]. metrics in a log file. After having retrieved the container

DNS redirection impact on CDN performance has beerpage, CDNPerf parses it to identify each embedded object
investigated in recent studies [1, 2, 8, 9], which confirm thatand to determine whether it is CDN-enabled or not. Then, for
CDNs reduce mean response times, but that DNS-based reach identified server (both origin and edge) CDNPerf down-
quest routing techniques add a noticeable overhead. As DNBads each served object by (re)using a persistent connection,
redirection techniques are transparent to the client, it is difand records the DNS resolution time and the TCP connection
ficult to understand their inner mechanism. We measure theetup time (in case of multiple connections due to network
DNS resolution time at the client side and analyze to what exproblems or lack of persistent connection support, multiple
tent the DNS lookup cost affects the page response time amtbnnection times are stored). The retrieval of embedded ob-
how this contribution changes with the network conditions. jects by the origin server is forced using the original URL

As main performance metrics we use the cumulative distrivather than the rewritten one. For each requested object the
bution, the median and 90-percentile of the response time peteol records the total download time and the latency. Finally,
ceived by end users. Indeed, the mean response time, whichughen all the objects in the page have been retrieved, CDNPerf
the most common performance metric, may be not meaningecords the aggregate response time for the whole page (ob-
ful in an Internet context, where response times show heavytained by summing the total download time for all objects),



by distinguishing those obtained by a CDN server and those  closest edge server, and a RTT ranging from 13 to 29 ms

by the origin server. For resources not served by the CDN,  with an average of 22 ms.

the origin server statistics are used for both aggregate times. ¢ Low Quality (MQ) location (in Europe): low connec-
Some characteristics of our browser emulator resemble  tion bandwidth (1 Mbps), 13 network hops to the closest

those provided by the Medusa proxy [1, 8]. Specifically, both edge server, and a RTT ranging from 26 to 120 ms with

tools retrieve two versions of the same Web page, the former  an average of 52 ms.

served by the CDN infrastructure, the latter served only by

the origin server. However, the Medusa proxy ignores DNS Due to space limits, we report the most significant results

refresh effects due to a fairly small inter-request interval ande€lated to medium and low bandwidth for normal traffic, in-

its transformation feature is limited to Akamaized URLs [4]. cluding also the large bandwidth case for high traffic. We de-
To simplify the measurement analysis task of the log filenote the combinations through Normal-MQ and Normal-LQ,

of the experiments, we used a structured format with a syntakligh-HQ, High-MQ, and High-LQ.

similar to YAML. The log is composed by a seriesstnzas For the server side of our tests, we selected the home page

each one describing one URL download attempt. Each stanzf 20 Web sites served by two CDN providers (75% and 25%

is composed of multiple second level entities (one for eactby Akamai and Speedera, respectively), that are indicated

server); the last line contains the aggregate performance dat@mnong their most popular customers. We do not report their
The data analyzer component of CDNPerf is responsibléames for the sake of privacy and also because no previous

for processing the log files and producing the percentiles anguthorization has been asked to.

cumulative distributions of the selected performance metrics .
P 5.1 Overall performance of CDN services

5 EXPERIMENTAL RESULTS The firstimportant test is to verify for which external factors
fhe usage of a CDN service can effectively reduce the user-

Many network and system parameters can affect the perfo . ;
erceived response time.

mance of CDN services. These parameters are in part irf?
ternal to the CDN architecture (e.g., server selection, rout-
ing and delivery mechanisms, server placement, percentage Table 1: Response time and speedup (Normal-MQ).
of objects served from edge servers) and in part are out of theContent _CDN No CDN Speed-up
CDN company control (.g., Internet traffic, bandwidth of the -2 e eC A L e e e L os
client connection). Most of the previous studies have focused cp, 2897 | 12542 | 6195 | 17.194 | 2137 | 1.370
on the former aspects; in this paper, we include the internal ¢72 | 2520 | 15070 | 50m | 1rees | oaes | 1oar
parameters, but their analysis starts from the external aspects. ¢ s 12.243 | 35576 | 11.671 | 16.499 | 0.953 | 0.463
To this purpose, we consider two Interet traffic conditions| &% | 59 | Cora | Siss | sase | 2209 | 2 ou
and three types of client connection to the CDN architecture| ¢ps 5.808 | 11.043 | 5753 | 9.229 | 0990 | 0.8357
The experiments referring to the normal traffic lasted over S5 | Yase | Yorw | 230s | 0645 | sase | 1ou
two distinct periods: nearly two months from October 5,2002 ¢y 4.951 | 8649 | 6648 | 11.501 | 1342 | 1.329
to November 30, 2002 and two weeks at the beginning of ¢'2 | ;502 | o539 | a79s | soes | 1its | oo
February 2004. In these periods, we did not observe any CPu 2390 | 7.586 | 2822 | 7.797 | 1180 | 1.027
special peak of Internet traffic (we excluded December and ¢11° | 3858 | (95, | 3588 | Soos | ook | 1ade
periods of special politics and sport events). We repeated the cpi- 2017 | 6724 | 3453 | 8407 | 1711 | 1.250
same experiments for about one month (from March 14, 2008 gﬁij 2500 | 9909 | 3307 | Ha0 ) 139 | 124
to April 10, 2003) in a worldwide Internet condition charac- | ¢ Pz 1618 | 11.795 | 3.097 | 13.266 | 1.914 1.124
terized by heavier traffic, due to international political events
(i.e., Iraq crisis). The main visible effect was a round-trip
time between the same points clearly higher than that ob- Let us first consider the situation of normal traffic. Dur-

served in the other periods. In all periods, we considered thre#d the two periods referring to the normal traffic we observe
types of client-to-CDN connections. consistent measurements for most of Web sites, although al-

most two years pass between the first and the last experi-

¢ High Quality HQ) location (in USA): very large con- ment. Hence, the first interesting result is that, even if CDN
nection bandwidth (16 Mbps), 8 network hops to the techniques have evolved over this time, the perceived perfor-
closest edge server, and a RTT ranging from 1.6 to 12.fance in terms of speedup is not changed significantly. This
ms with an average of 1.9 ms over 24 hours (measuredonsistency is an important reference point to understand how
in a period of high traffic). CDN performance changes under different system and net-

e Medium Quality MQ) location (in Europe): medium work conditions. Table 1 reports in columns from 2 to 5 the
connection bandwidth (4 Mbps), 11 network hops to themedian and the 90-percentile of the user response time for all




Web sites (all time values are in seconds). Columns 6 and 7 ) . . .

show the speedup for the two performance metrics. For three- Table 2: Speedup (High-LQ, High-MQ, High-HQ).
. ontent High-LQ High-MQ High-HQ

content providers@ P;, C Py and CPyy) we report results provider | median | 90-perc | median | 90-perc | median | 90-perc

only for the first period, because afterward they dismissed ¢ 2652 | 0826 | 2678 | 2201 | 5518 ) 4825

. . L . CP, 1.613 0.991 1.495 1.106 1.436 0.976
partial site distribution with CDN. Table 1 shows the perfor-| cp, 0985 | 1.064 | 0694 | 0752 n/a nla

i CPy 1.183 0.667 1.563 1.743 1.268 0.757
mance for the MQ location, but the speedup values are very Cr 1031 | 0770 | oaas | ossr | 0930 | 0v20

similar for the HQ and LQ locations (for Normal-HQ the re- | cps 1223 | 0780 | 1.269 | 1.000 | 1.461 | 1.268
sponse time is one order of magnitude lower). Table 1 shows ngfo ool B I Ol It S s
that in most of the cases CDN offers a significative perfor{ cp; 1812 | 1.023 | 1679 | 1221 | 2767 | 1.264
mance advantage. Considering the 90-percentile of respon seggg SO0 DS | e | hE | aese | Lsls
time, in 10% of the observed sites the speedup is higher than cp,; 183 | 0717 | 2003 | 1534 | 2275 | 1742
2, up to 2.5 forC'Ps. For 25% of the sites, the speedup is glljif;‘ geaa | 958l | Jre | TEer | Geee | 3o
higher than 1.5, and for 50% higher than 1.3. However, in cps 1.116 0.850 1.026 0.993 1.554 1.269
15% of our observations a CDN service can be slower than ¢ | 1649 | 0750 | 1421 | 1285 | 2768 | 2047
that provided by the origin server. In particular, 105 the

speedup is 0.46 that is, the CDN response time doubles with

respect to that of the origin server. We have identified thattheétudied, but the considerations can be applied to most of

possible cause of this perfofmanc‘? penalty is the high.numbeE e sites. Notwithstanding the performance differences, the
of edge servers used to deliver objects to the same client. figure shows that the cumulative distribution of CDN is far
Let us now consider the situation of high traffic. We antic- steeper: this means that CDN can be effective in reducing
ipate that when the Internet load becomes heavier, the conclyperformance variability.
sions about CDN performance change significantly. Table 2 By comparing Figures 1(a) and 1(b) we have a visual
reports the speedup for High-LQ, High-MQ, and High-HQ: confirmation of the Internet congestion: Figure 1(b) shows
as expected, the response time tends to increase. Moreovemoother curves, that tend to have a higher probability of
by comparing Table 1 and 2, the speedup appears to be gepathological cases with a very high response time. This also
erally lower. In particular, the speedup on 90-percentile isreduces the CDN advantage on 90-percentile, up to the case
reduced by an increase of pathological cases where the CDiNhere CDN services do not achieve any further performance
cannot deal with congestion. For this reason, more than 70%mnprovement. From this figure we can conclude that in case
of the content providers in High-LQ have a slowdown in re- of high network traffic, CDN can still offer some performance
sponse time in case of CDN usage, and the highest achieveghin, but this advantage is much less evident with respect to
speedup is 1.76 fo€'P17. The results of the various loca- the case of low-medium traffic. Even the CDN ability to limit
tions are similar for median values (even if the better conperformance variance is reduced as well.
nectivity in High-HQ offers greater speedup), while, due to
the less predictable nature of congested networks, the resuls2  Hourly dependence of CDN performance

of 90-percentile show some differences, with 18% of con-rha hour of the day and the day of the week are other ex-
tent provugers with a speedup lower than 1 for High-MQ andemg factors that influence CDN performance and that have
nearly 40% for High-HQ. Comparing with the normal traf- ot heen previously examined. Quite surprisingly, we found
fic, we note that few content providers increase their perfory, o most web sites show a similar behavior, hence we report
mance. In many ca_lse.s this can be explained with changes Bhiy two graphs (Figure 2) that show the median response
the CDN usage policy: for example, f61; the performance  (imes as a function of the hour of the day for normal and high
is increased as the usage of edge servers is modified (see Sgegic conditions, respectively. Another premise is in order:
tion 5.3). Moreover, three content provide(sy, C'Fs, and  there s a strict correlation between night hours and week-
C Py) choose to dismiss partial site distribution with CDN 4 days performance, and between daylight hours and week

(hence they are missing in Table 2). However, there are Manyays performance. We focus just on the day hours, but other
sites (such ag’'P;) for which CDN usage (and to a limited qnclusions can be easily obtained.

extent also performance) is comparable in both experiments. In the case of normal traffic, Figure 2(a) shows that CDN

Another advantage of CDN usage verified in our experi-performance are clearly better than the no-CDN case: the
ments is the ability to reduce variance in response time. Figmedian values are about one third of no-CDN, and the CDN
ure 1 shows the cumulative probability distribution of usercurve has less and smaller spikes than the no-CDN one. This
response time for a sample sit@#;) in both network con-  confirms the previous observation that CDN services can ef-
ditions (the data are related to the MQ location). We chooséectively reduce the variance of the response time when the
this content provider because it is the most popular site waetwork load is limited. In Figure 2(a) we consider Normal-
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Figure 1: Cumulative distribution of response time op; . Figure 2: Hourly dependence of performance.

_ _ 5.3 Effects of internal mechanisms

MQ, but same conclusions hold for the (_)ther client Iocatlons.AS internal factors we consider the percentage of objects
We also note that edge servers belonging to the same phySlaryeq by the edge servers and the number of edge servers
cal region tend to show similar access patterns with respect t9sqj to deliver content to the same client. Table 3 shows the
the hour of the dqy. This is the reason for_ the slight increasey mper of embedded objects in each home page (column 2),
of the response time during day hours with respect o night,q the apsolute number and percentage of embedded objects
hours. On the (_)ther hand, the origin server which receive§earved from CDN edge servers (columns 3 and 4, respec-
requests from different geographic locations shows less pree|y)  The last column reports the number of edge servers
dictable and regular response times. used to deliver the respective embedded objects.

In the case of high network traffic (Figure 2(b)), the client  The most interesting result in Table 3 is that the large ma-
location has a significant impact on performance. When conjority of CDNs use only one edge server. The use of multiple
nections have low-medium quality, CDNs are no longer ableedge servers for the content providér®; andC Py is re-
to compensate possible congestion due to the network linkdated to the logical subdivisions of the site content delivery.
Hence, their response time shows a great difference betwedrese sites use a main edge server for most embedded ob-
daytime and night. Moreover, CDNs seem unable to limit ei-jects, and other edge servers for specific functions, such as
ther response time or its variance, thus showing a behaviatynamically generated images and/or advertising banners.
comparable with the no-CDN case. However, it is worth to  The most significative exception is the content provider
note that heavy network load does not automatically result irC' P;, that uses a different edge server for each CDN-served
bad performance. When the quality of the client connection imbedded object. This is an interesting representative case
good (High-HQ), the performance results of CDNs are verythat deserves some further discussion. The first observation is
similar to those shown in Figure 2(a). that this site performs poorly because of different reasons. If
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longs to the same network area, the possible benefits of paral-
lel download are reduced. The poor performancé€'at, to-
gether with the choice of the large majority of CDN providers
to use only one edge server, confirms the results found by
Kangasharju et al. [6], showing that the retrieval of objects
in the same Web page from multiple servers may cause a per-
formance degradation. Itis interesting to observe that the per-
formance ofC P5 shows great improvements in the period of tween the edge servers and the origin server itself. However,
high traffic, when its internal architecture was changed to &his solution requires a careful tuning to avoid congestion at
single server delivery basis. the origin server. The same relationship between the fraction
The relationship between speedup and percentage &ff CDN-served embedded objects and performance has been
CDN-served objects is shown in Figure 3. We report theobserved under different network conditions and from differ-
speedup vs. percentage of CDN-served objects for both ment client locations. Hence, our observations have a general
dian (Figure 3(a)) and 90-percentile (Figure 3(b)). Bothvalidity because they are neither related to geographic loca-
graphs show that: (1) to maximize the CDN performance bention nor to the network traffic conditions.
efits, CDN must be heavily used; (2) heavy usage of CDNs is
only a necessary condition, and it is not sufficient to guaran5-4 Impact of the routing mechanism
tee high speedup. From the first observation, we can concluderevious studies [2, 9] have found that, when sophisticated
that CDNs are a powerful solution to increase Web perforDNS servers are used, the DNS lookup time tends to increase
mance, confirming the results in [8]. with respect to traditional DNS systems and our experiments
CDNs must be used carefully in order to maximize theirconfirm this result. For space limits, we focus on the com-
potential benefits. From Figure 3 we can see that the sitegarison of DNS lookup time in the case of normal and heavy
relaying completely on the CDN infrastructure for the deliv- network traffic. Figure 4 shows the cumulative distribution
ery of embedded objects show large speedup differences. Tiaé the median contribution of DNS lookup time to the page
best performing sites seem to be those with a low percentagesponse time over the various content providers.
of origin-served objects. This apparently counter-intuitive re-  In the case of normal traffic, for any client location (Fig-
sult can be motivated by the fact that, when some objects angre 4(a) refers to Normal-MQ, but the results are very similar
served by the origin server, there is a load distribution befor Normal-HQ and Normal-LQ), we observe that the DNS

Figure 3: Speedup vs. percentage of CDN-served objects.
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Figure 4: DNS lookup time vs. page response time.

Our experiments show that CDNs can offer significative
performance gains, also reducing the response time variance,
over the traditional solution with a centralized, and possibly
far, Web server. However, we found that under heavy net-
work traffic, the CDN benefits are reduced and CDNs can
show heavy time-dependent behavior, with response times far
higher during the busiest hours of the day. We found a strong
correlation between the achieved speedup and the fraction
of the CDN-served site. However, a heavy usage of CDN-
enabled delivery is not sufficient to achieve high speedup. We
also confim two results presented in previous studies: CDNs
achieve better performance when only few edge servers are
used, and the DNS resolution time can be a significative part
of the total response time under normal traffic condition.

We conclude that CDNs are a powerful mechanism to in-
crease the user-perceived Web performance. However, they
are not gpanaceahat allow to arbitrarily improve the perfor-
mance of a Web site: careful site and content distribution de-
sign is required to fully exploit the CDN potentialities. More-
over, in case of critical network conditions, the CDN perfor-
mance can be reduced as well as for every node in a congested
network.
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