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Abstract

In existing content delivery systems user accesses
are popularly used for predicting the request pattern
of contents. In novel web applications such as
publish/subscribe services, users explicitly provide
statements of interest in the form of subscriptions.
These subscriptions provide another source of user
information in addition to access patterns. This paper
addresses the content delivery problem when user-
stated interest is available. Each request by a user is
either based on a notification about the availability
of content that matches the user’s subscriptions, or
general browsing that is not based on the
publish/subscribe  service. We propose two
approaches to content delivery that exploit both
proactive push-time placement and passive access-
time replacement based on the subscription
information, the access pattern of subscribers, and
that of non-subscribers. In our simulation-based
evaluation, the two approaches are compared to an
access-based caching only algorithm and to three
approaches that were proposed for pure notification-
driven accesses in our earlier study [5]. The results
demonstrate  that  incorporating  subscription
information judiciously can substantially reduce the
response time, even when only a small portion of
accesses is driven by notifications and the
subscription  information does not reflect
subscribers’ accesses perfectly. To our knowledge,
this work is the first effort to investigate general
content delivery and caching enhanced by using
subscription information.
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1. Introduction

The information needs of content consumers form
the key to intelligent caching and content delivery
over the Internet. Existing content delivery systems
typically determine these information needs based
on access patterns. However, many content-intensive
web services are based on users’ subscriptions,
which are statements of interest. This explicit user
interest can therefore also be used as a basis for
content delivery. Little exploration of subscription-
enhanced content delivery has been done.

This paper considers an application scenario in
which users may request contents either based on
notifications that match their subscriptions or as part
of general browsing that is not based on the
publish/subscribe service. An example is news
delivery. Many news sites such as CNN provide
notification service that is based on matching the
contents to users’ subscriptions. Users may request
news pages upon receiving the notifications or
browse news sites independent of the notification
service. The two types of accesses are called
notification-driven accesses and non-notification-
driven accesses or general browsing in this paper. In
addition, a user may not read all the pages that
match the user’s subscriptions (and of which they
therefore receive notifications).

Our goal is reducing the response time to end-
users regardless of the type of access they make, by
placing the contents in edge servers that are
deployed close to end-users. Each server connects to
a group of users, aggregates users’ subscriptions,
monitors users’ accesses, and serves as the cache
that is consulted when the requested contents are not
in the client caches.



“Pushing to the edge” is a philosophy taken by
many content delivery systems [1]. Our system has
three important features. First, each content server
performs autonomous placement based only on local
information at the server. Therefore, our
methodology is scalable when content production
and consumption is highly dynamic and globally
distributed. Second, our approach seamlessly
combines proactive publisher-initiated placement
and passive client-side caching. Third, this work
addresses the storage management at edge servers
based on two complementary information sources:
the subscriptions from subscribers and the access
patterns of all users.

Subscriptions form the basis for estimating future
requests from subscribers. This estimation can be
done at content generation time by matching the
content to subscriptions from all users, which creates
an opportunity for early content distribution (the
matching of content to subscriptions may be done in
an intermediary publish-subscribe service that sits
between the user and the content source, and may be
based on the entire content or subsets of the content
or metadata). The proactive placement benefits all
readers of the content, whether they explicitly
provided their interest in advance or not.

On the other hand, subscription information by
itself is insufficient for designing efficient content
delivery algorithms. This is because subscriptions
just imply the static distribution of subscribers’
requests. Moreover, it is unrealistic to assume a
subscriber will read every page that matches the
user’s subscriptions, so subscriptions may not even
reflect the request distribution of subscribers
perfectly. Therefore, the access patterns of users
provide knowledge that is complementary to
subscriptions for estimating the actual temporal and
frequency request patterns.

We developed two approaches that exploit the
type of access, access information, and subscription
information. One approach combines all the
information sources into a single replacement
algorithm for managing the caches, while another
one divides a server cache into two portions and
processes two types of accesses using different
algorithms. Our earlier study [5] presented a set of
content distribution approaches for the case where
all accesses are notification-driven (i.e. general
browsing accesses were not considered in that
study). This study determines which of the new

approaches and adapted versions of the old
approaches is superior for the new scenario.

As no real-world workload is available to us for
this publish/subscribe-based application model, our
evaluation study is simulation-based. We extend the
simulator and workloads that are built in our earlier
study based on the measured behaviour of a busy
news site [22]. The new simulator and the workload
model the relative composition of two types of
accesses and the probability for a subscriber to read
the pages that match their subscriptions. Compared
to a caching approach based only on observed access
patterns, all of our approaches are able to reduce the
miss ratio substantially. Interestingly, this is true
even when only a small portion of accesses is
notification-driven and the probability for
subscribers to follow notifications is low.

The contributions of this paper are as follow:

e Presenting the first study for enhancing
general content delivery by taking advantage
of publish-subscribe information when it is

available;
e Proposing several content delivery
mechanisms based on access type,

subscription distribution, and access pattern,
and comparing them wunder different
scenarios to determine the best one;

e Experimentally demonstrating the
importance of subscription information in
reducing the miss ratio in local cache
servers, even when such information is quite
limited;

e Modeling the hybrid request sequence and
the subscription quality, and incorporating
them into a publish/subscribe workload
generator.

The next section presents our content delivery
strategies, including the new mechanisms proposed
specifically for the scenario of this study as well as
methods from our earlier study originally for pure
notification-driven accesses but also show promise
in this scenario. Section 3 introduces a news delivery
simulator and the workload that models the hybrid
user access and subscription quality. The simulation
results are presented in section 4. Section 5 discusses
related work to Internet content delivery. Section 6
draws conclusions and indicates future directions for
this work.



2. Subscription-based content delivery

There are two obvious opportunities to deliver a
page to a proxy-server. When a page is generated, a
matching engine can determine that the page
matches the subscriptions of some users of a proxy,
and the page can be proactively placed in the
server’s cache. Alternatively, as in conventional
caching systems, a page can be placed on the cache
misses based on the fact of rather than the prediction
or likelihood of users’ accesses to a page. Our
content placement is value-based. A page is given a
value determined from the access pattern, the
subscription information, and/or the type of access.
A content distribution engine can use one or both
placement opportunities, using a combination of the
three information sources.

2.1 Access-based caching: the baseline approach

Caching algorithms passively place pages in a local
server only at cache misses. The value of a page is
purely based on the access pattern of the page. We
use a replacement algorithm called Greedy-Dual*
(GD*) [14] as the baseline algorithm. GD*
determines the value of a page, V(p), from the access
frequency, the access recency, the cost to fetch a
page, and the size of the page, as in equation 1:

1
V(p)= L +(MJ/ﬂ - equation 1
s(p)
Where
L: inflation value to capture the access recency
f ( p) :number of accesses on the page
c p): cost to fetch a page from the publisher
s p) : page size
f: balance factor of popularity and
temporal correlation

In our implementation, the reference count of a
page is discarded when the page is evicted. The fetch
cost is the network distance from the cache server to
the origin publisher. The constant parameter {3 is set
manually according to preliminary experiments.

On a cache hit of page p, GD* increases the
reference count f{p) and recalculates V(p) based on
the current inflation value L. A cache miss results in
a placement of the requested page. If there is no
room for the page, the old pages in the cache are
evicted in the order of the pages’ values; the
inflation value L is set to be the value of the last
evicted page.

By viewing any type of access equally, GD* can
be used in either pure notification-driven content
delivery or in content delivery that allows hybrid
notification-driven accesses and general browsing.

2.2 Single cache and single replacement method

One category of our content delivery strategies
combines subscription information and access
information into a single evaluation function that is
used in both push-time and access-time placement.

2.2.1 Two approaches in our earlier work

Our earlier study for pure notification-driven
access identified two good approaches that combine
access and subscription information. The first
method replaces the frequency factor in equation 1
by equation 2, assuming a page is valuable if many
users’ subscriptions match the page and many users
have requested the page. This approach is referred to
as Subscription-GD*-1 (SG1).

f(p)=s+a
Where

s : the number of subscriptions matching page p
a : the number of accesses of page p

- equation 2

Another approach, called Subscription-GD*-2
(SG2), takes into account the relation between the
subscriptions and the accesses. If every user requests
a page within that user’s interest exactly once, the
difference between the number of subscriptions
matching a page and that of the accesses to the page
is the number of requests of the page in future. SG2
replaces the frequency factor in equation 1 by
equation 3.

f(p)=s-a
Where

s : the number of subscriptions matching page p
a : the number of accesses of page p

- equation 3

Both SG1 and SG2 base their decision on
whether to store a page P at a proxy server S purely
on page value. When there is not enough room at S,
all the pages whose value is smaller than that of P
are candidates for eviction. If the total size of all the
candidates is smaller than the size of P, the
placement algorithm aborts storing P at S. On a
cache miss, failing to store a requested page means
that the proxy server just fetches the page from the
origin site and forwards it to the user without storing
the page in the server’s cache.



SG1 is directly applicable to the application
scenario of this paper, while SG2 needs adaptation.
Equation 3 assumes the number of subscriptions that
match a page is always larger than the number of
accesses of the page up to any point in time. The
assumption holds when all requests are driven by
notifications. However, if only some accesses are
notification-driven as assumed in this study, the
result of equation 3 may be negative, which is
invalid in the evaluation function 1.

A simple way to deal with the invalid case is to
set all negative results to 0 when using equation 3. In
this way, when the number of accesses exceeds that
of the subscriptions, SG2 ignores the frequency
information and evaluates a page purely based on
access recency. To distinguish from SG2, the above
adapted version of SG2 is referred to as Restrictive-
Subscription-GD*-2 or RSG2 in this paper.

2.2.2 First new approach: HUG

Our first new approach in this paper applies the
same placement algorithm at both push-time and
access-time, as do SG1 and RSG2. Different from
SG1 and RSG2, the evaluation function in the new
approach distinguishes the information associated
with two types of accesses. The new approach is
called Hybrid-User-GD* (HUGQG) in this paper, since
it incorporates the type of access into the GD*
framework using equation 1.

HUG analyzes the frequency information of two
types of accesses separately. For notification-driven
accesses, the difference between the number of
subscriptions matching a page and that of
notification-based accesses up to the current time
implies the amount of notification-driven accesses in
the future. In contrast, the number of non-
notification-based accesses in the future is derived
from that in the past, according to the traditional
LFU algorithms. The following equation estimates
the number of future requests of a page using the
sum of two factors each of which is associated with
one type of access. The evaluation function of HUG
is equation 1 after substituting f(p) with equation 4.

f(p): A ys +(S_as)
Where

a s - number of accesses of page p from non - subscribers
s: number of subscriptions matching page p

ag : number of accesses of page p from subscribers

- equation 4

Equation 4 interprets the access frequency of two
types of accesses in opposite ways: a high volume of
past notification-driven accesses indicates low
leftover value of a page for subscribers, while heavy
general browsing implies a strong interest of web
surfers in the page.

2.3 Dual-caches approaches

2.3.1 Previous dual-caches approach

Our earlier study presents a Dual-Caches approach
that divides a server cache into two portions and
uses one portion at push-time and another portion at
access-time placement independently. The approach
is referred to as DC in this paper.

The push-time module of DC uses equation 5 to
evaluate pages and decides whether to store a newly
published page in the local server using the same
replacement policy as SG1 and SG2. The access-
time portion is managed using GD*.

V(p) _ Ss(p)-c(p)

- equation 5
s(p)
Where
f(p): the number of subscriptions matching the
content of page p

c( p)and s(p)have the same meaning as in the equation 1

DC adaptively re-partitions a server’s cache
according to the publishing pattern and the access
pattern. When a page in the push portion (PP) is
requested, the storage of the page is assigned to the
access portion (4P). When the push module fails to
store a new page and some pages in AP have not
been requested since the last replacement in 4P, the
storage of the pages is assigned to PP. To avoid the
imbalance in the partition, the fraction of the storage
assigned to each portion is bounded.

In an environment with hybrid user accesses, DC
still works if it does not distinguish between
notification-driven accesses and general browsing.

2.3.2 Second new approach: DC-TA

The key idea of the dual-caches approaches is
exploiting different information sources in separate
cache portions. DC analyzes the subscription
information only at push-time and the access pattern
only at access-time, hence DC divides a cache based
on the type of operations, pushing and caching.

The access type is also a dimension to partition a
cache space. Our second new approach divides a



server’s cache into two equal portions that serve
notification-driven and  non-notification-driven
accesses respectively. In our presentation this
approach is called Dual-Caches partitioned by Type
of Access (DC-TA).

Using DC-TA, the cache portion that is consulted
for notification-driven accesses is called the
notification-based portion (NP). The other portion
that serves general browsing is referred to as the
browsing portion (BP). NP is managed using SG2
since it is one of the best approaches for pure
notification-driven accesses according to our earlier
study. BP works as a traditional cache using GD*.
The page evaluation in NP is based on the
subscription information and the accesses from
subscribers, while the evaluation in BP relies only
on the access pattern of general browsing.

NP and BP cooperate in locating requests of end
users. If BP holds a page that is requested in a
notification-driven access, the locating algorithm
returns the page from BP. Similarly, a non-
notification-driven request can be satisfied in NP.
The cooperative locating between NP and BP is
carried out in background and thus is transparent to
end-users. From the point of view of users, the two
portions seamlessly form a cache as a whole.

A push-time placement for page p in NP is
always before any request of p, hence p cannot be in
BP yet. The access-time fetching in either portion
occurs only when the page is not found in both BP
and NP. Therefore, the cooperative locating in the
two portions guarantees that no page resides in both
portions at the same time.

However, NP and BP do not have to exchange
knowledge about the two types of accesses beyond
the existence of pages in each portion. In other
words, each portion is read-only for the other
portion. This design is suitable for an integrated
caching system shared by multiple independent
service providers. For example, one portion of a
server’s cache is assigned to a content delivery
service provider such as Akamai [1], and another
portion is licensed to a publish/subscribe service
provider. The locating engine in DC-TA aggregates
only the location information of pages in all the
portions, but leaves other privacy-sensitive
information to each portion.

3. Simulator and workload

3.1 Simulator and workload for news delivery

Because of the difficulty of acquiring real-world
data about the applications considered in this paper,
our evaluation study is simulation-based. Our
simulator mimics news delivery based on analyses
and observations about the real-world data in the
literature. The simulator assumes a single publisher
as a news site and a content delivery system
consisting of 100 globally distributed proxy-servers.
The network topology of the proxy servers and the
publisher is a random graph built using GT-ITM
[12]. Each proxy-server is assumed to be deployed
close to a set of end-users. The workload includes
three traces of a 7-day simulation.

The first trace is a publishing sequence. The
publisher generates 30,147 distinct pages in total
within 7 days. The second trace is an access trace
that includes around 195,000 requests. This trace
records the requested page, the issuing time and the
closest proxy-server of each request. The popularity
distribution of requests follows Zipf-law' with o as
1.5 according to the observation about news requests
in [22]. More details about the methods for building
the publishing and the access traces are discussed in
[5]. For the validation purpose of this study, the
access sequence is assumed to consist of two types
of accesses.

The third trace is the subscription sequence of
end-users. The subscriptions are assumed to be static
information that is known in advance. This
assumption is reasonable since the update rate of
user subscription is usually much lower than the rate
of user access. Given the above assumption, the only
subscription information of interest is the number of
subscriptions matching each page. This information
can be built from the access sequence.

3.2 Generating subscription information

Equation 6 determines the number of subscriptions
that match a page i at a server j based on the total
number of requests to i at j and the correlation
between the subscriptions and the accesses. The
correlation is determined by two factors: the ratio of
the number of notification-driven accesses to that of
all accesses for the page at the server, and the ratio
of the number of the notification-driven accesses to

! R, = /a , the request rate on the page with rank i
1



that of the subscriptions for a page. The first
parameter models the composition of two types of
accesses, while the second one quantifies the
accuracy of subscriptions or subscription quality.

P[j E j .
SF,, =—— - equation 6
S0, ,
Where
SF, ; :number of subscriptions matching page i at server j

P, ; : number of requests to page i at server j
F, .. fraction of notification - driven requests to page i

at server j
SQ, ; :probability for subscribers to read page i at server j

The global parameter F' is the estimate of the
fraction of notification-driven accesses for all
page/server pairs. The global parameter SQ stands
for global subscription quality, and it is the estimate
of the probability for a subscriber to access a page
that matches the user’s stated interest. Given a
distribution and a global parameter F or SQ, one can
generate {F;;} and {SQ,;} for all pages and

servers, and hence build the subscription information
using equation 6.

Given the lack of evidence in literature about the
distributions of {F, ;} and {SQ, ;} as defined, we

explore three different distributions to model { 7, ; }
and {SQ, ;}. The first distribution is a step-wise

function with the disjoint point at the estimate value
of the sequence. The second distribution is a uniform
distribution. The last one is a Gaussian-like
distribution. All three distributions have a domain of
[0, 1]. Since the experiments using the three
distributions yield similar results, we focus our
discussion on the results using a Gaussian-like
distribution to model { 7, ; } and {SQ, ; }.

3.3 Tagging accesses as notification-driven or not

Since HUG and DC-TA require knowledge about
the type of access, each access in our request streams
should be identified as either notification-driven or
non-notification-driven.

Given P ; and F;; as defined in equation 6,

F,

LAY

e accesses are randomly chosen from the
access sequence to page i at server j using a uniform
random number generator. The chosen accesses are
tagged as notification-driven, while others as general

browsing.

4. Experimental results

4.1 Metric and experimental setup

The publishing site usually resides in a different
backbone network; then the communication latency
between users and a local proxy-server is usually
much smaller than that between users and the
publisher. Consequently, a low miss ratio in local
servers can be translated into a small response time.
We use global miss ratio (M) on the 100 servers to
evaluate the performance of an approach using the
following definition:

100

2.M,
i=1

M =- - equation 7

2R,
i=1

Where
M, :number of misses on server i
R, : number of requests on server i

To investigate the importance of subscriptions in
content delivery systems, the performance of any of
our subscription-based approaches is expressed as
the relative reduction in M as compared to the
baseline caching-only approach GD*, as defined in
equation 8. A positive value of [ indicates an
improvement of a method over GD*.

M

I = GD*
Where

I, : the relative improvement of method i
M, : global miss ratio of method i

M ;. . global miss ratio of GD *

- M.
~-100%

GD*

- equation 8

In our simulation, the storage capacity of a cache
is set to be 5% of the total number of unique bytes
requested at the server in the whole simulation. The
performances of the approaches are tested under
different user models that are characterized by the
two global parameters, F and SQ.

4.2 Comparing RSG2 and HUG

Our earlier study experimentally identifies SG2 as
one of the best content delivery and caching
approaches we proposed for pure notification-driven
accesses. RSG2 and HUG, the two variants of SG2,
differ in whether the two types of accesses are



distinguished in the access frequency analysis.
Therefore, the two approaches are same when F is 1,
in which case all accesses are notification-driven.
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Figure 1. Performances of RSG2 and HUG

As shown in Fig. 1, RSG2 and HUG reduce the
miss ratio over GD* in all tested cases. The
superiority of HUG to RSG2 in most cases
demonstrates the importance of distinguishing
access type in evaluating pages.

A larger F indicates that most accesses are driven
by notifications and thus implies more importance of
the subscription analysis. The positive correlation
between F and the performances of RSG2 and HUG
in Figure 1 exhibits that the both approaches are able
to use the subscription information adequately to
enhance content delivery.

Interestingly, higher subscription quality itself
does not always benefits the performances of the
approaches. When F is 0.25, the performances of
RSG2 and HUG degrade with SQ. A combination of
small F and large SQ is likely to result in a small
number of subscriptions using equation 6, which
reduces the importance of subscription information.
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(a) Performances of DC

4.3 Behavior of DC-TA

4.3.1 Comparing DC and DC-TA

Figure 2 shows the performances of the two dual-
caches approaches. Both DC and DC-TA yield better
results in terms of miss ratio than GD* in all cases.
As for RSG2 and HUG, the performances of DC and
DC-TA become worse with SQ when F is 0.25. As
explained before, this is because a combination of
small F and large SQ results in little subscription
information available in the workload.

Under any setting of F and SQ, DC yields high
gains than DC-TA. Recall that the major distinction
between DC and DC-TA is the criterion to partition
pages into two cache portions. DC groups all pages
that have not been referenced in one portion, and
other pages in another portion. In contrast, when a
placement is triggered on a cache miss, DC-TA may
put the new page into either NP or BP according to
the access type. Consequently, DC-TA may evaluate
a page using different methods at different reference
times of the page. We conjecture that the partition
rule based on type of accesses may be one reason for
the worse performance of DC-TA.

4.3.2 Influence of cache partition to DC-TA

Different from RSG2, HUG, and DC, the
performance of DC-TA does not increase with F.
Given a SQ, DC-TA achieves the best or the second
best result when F is 0.5. Since DC-TA uses a 50%-
50% partition on a server’s cache, we conjecture that
the good performances of DC-TA when F is 0.5 are
resulted from the suitable cache partition under this
F value. However, a 50%-50% partition may not be
good for traces with other F values.
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(b) Performance of DC-TA

Figure 2. Comparison of performances of two Dual-Caches approaches



Recall that DC adaptively updates its partition
based on the publishing pattern and the request
pattern over time. The intelligent storage partition
may be another reason for the superiority of DC to
DC-TA in Figure 2. To study the influence of the
cache partition, DC-TA is tested under different
partitions for each F. Based on our preliminary
experimental results, the optimum storage fraction
assigned to notification-based portion are 100%,
100%, 100%, and 75% for F of 1, 0.75, 0.5 and 0.25
respectively. The optimum fraction value of the
notification-driven portion, denoted as OF, is
positively correlated but not equal to F.
Interestingly, OF is always larger than F when F is
less than 1, which means giving higher importance
to the notification-driven accesses and subscriptions
benefits all users in reducing response time.
Particularly, when at least half of the accesses are
driven by notifications (F > 0.5), it is better to use
the whole cache for the push-time placement and the
access-time placement based on subscriptions and
notification-driven accesses only.

DC-TA with Optimum Partition is called ODT in
this paper. Figure 3 exhibits a dramatic improvement
using the optimum partition over using fixed 50%-
50% partition in DC-TA.
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Figure 3. Performances of DC-TA with fixed or
optimum partition

Figure 4 compares DC and ODT. Using the
optimum  partitions, ODT has comparable
performances to DC in many cases. When SQ is
high, ODT yields the same or even better results
than DC. The results in figures 3 and 4 support the
hypothesis that adaptive partition based on access
pattern is important to dual-caches approaches.

70 -

£ F=1(DC)

s = e -

o0l e . - F=0.75(DC)

5 40 — - — -F=0.5(DC)

S 30 - F=0.25(DC)

T

£ 20 1 ———F=1(0DT)

S 10 - _
F=0.75(0DT

0 L) L L L 1

01 025 05 075 1
sQ

Figure 4. Performances of DC and ODT

4.4 Comparing SG1, HUG and DC

The experiments in sections 4.2 and 4.3 demonstrate
that HUG outperforms RSG2, and DC outperforms
DC-TA under most settings of F and SQ. The
following figures compare the performances of HUG
and DC to that of SGI1, one of our previous
approaches for pure notification-driven accesses.
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Figure 5. Performances of SG1, HUG and DC

All of the three approaches reduce the miss ratio
over GD* under all settings of F and SQ. Table 1
summarizes the winners for different F and SQ.

Table 1. Winners for traces at different F and SQ

F
SQ 0.1 |0.25 0.5 0.75 1
0.25 | DC | DC DC DC SGl1
0.5 DC | DC DC HUG/DC | HUG
0.75 | DC | DC DC HUG HUG
1 DC | DC DC HUG HUG

When both F and SQ are high (F > 0.5, SQ >
0.5), HUG yields the highest relative gains over
GD* among the three approaches, hence HUG is
best when most requests follow the users’ stated
interest. DC is the winner for most settings of F and
SQ when either F or SQ is low. As the simplest
approach among the three, SG1 yields comparably
good results in many cases except for when both F
and SQ are high. Therefore, SG1 is suitable when
computational cost is a major concern.

In application of the proposed content delivery
methods, the choice of the three methods should be

made based on the cost of cache misses, the
observed user model in terms of F and SQ, the
affordability of the algorithm complexity, and other
application-specific factors.

5. Related work

Web caching has been widely applied to distribute
content on the Internet. The GreedyDual-Size
algorithm combines temporal locality, popularity,
fetching cost, and page size into an evaluation
function [3]. GreedyDual* generalizes GDS by
balancing the effects of long-term popularity and
short-term reference correlation in requests [14].

In contrast to passive caching, prefetching
techniques are used to proactively pull information
from an original site to a proxy server [7, 9, 26], or
from a proxy to a browser cache [10]. The key to
prefetching is to predict the pages that will be
requested. The prediction is usually based on
observed access patterns [10, 26]. The linkage
information and/or the content information are also
useful in prefetching techniques [4, 9, 20].

Server-initiated multicast achieves proactive
content distribution on behalf of publishers. Based
on global access information, the popular pages can
be automatically pushed to the proxy servers that
request the pages frequently [2, 13].

In existing content delivery systems, caching,
prefetching, and pushing are mainly based on
inferred user interest typically from access patterns.
Our work is distinct in exploiting the stated user
interest in addition to inferred user interest.

Recently, there has been increasing interest in the
placement problem for content delivery networks
(CDN). Kangasharju et al. [15] formulate an
optimum content replication problem as the problem
of minimizing the average number of network hops
to fetch a copy, assuming the locating algorithm
always gets a copy from the nearest server holding a
copy. The optimum placement in an overlay network
with a graph topology has been proved to be NP-
hard, while there exist polynomial solutions for other
topologies such as tree [19, 21]. Cidon et al. [6]
present an optimum solution in a distribution tree,
but the approach assumes a static environment in
which all requests are given precisely in advance and
the network condition does not change.

Kangasharju et al. [15] propose four heuristsics
for content placement, but the best one needs to
exploit global knowledge about the network
topology, the global reference distribution and the



global content image at different times. Qiu et al.
[23] propose several heuristics to choose M replica
sites from N candidates for a given site, also
assuming a relative stable reference pattern at the
candidate sites.

In this paper, each cache server is autonomous in
managing its storage using local subscription and
access information. Therefore, our approaches are
scalable in a globally distributed system that faces
dynamic content publishing and request patterns,
and network conditions.

Karlsson and Mahalingam [17] argue that
caching works at least as well as replica placement
algorithms, if the cache storage is ample and the
replacement algorithm runs periodically rather than
after each access. For combining placement and
caching, Korupolu and Dahlin propose a “static
partition” approach that divides a server’s cache into
two portions and runs placement and replacement
algorithms on the two portions separately [18]. The
approach is analogous to our DC algorithm, but
several major distinctions exist between the two. DC
takes into account stated user interest rather than
being purely based on request distribution. For the
placement portion, our push-time placement is
triggered by content generation and matching the
content to users’ subscriptions, while placement is
called periodically in [18]. Moreover, DC re-
partitions a server’s cache adaptively to the access
and publishing pattern.

An important component in CDN is load
balancing. Load balance is usually achieved by
request redirection [1, 8] using different hashing
schemes [16, 25]. Caching can be wused as
complimentary to request redirection-based CDN.
To the best of our knowledge, the existing CDNs
that work with conventional caching systems still
rely on request patterns only. Gadde et al. [11]
suggest a natural limit to the marginal benefits of
redirection-based CDNss, since the hit ratio in proxy
caches increases dramatically as ISPs serve larger
user communities. A recent experimental study on
content delivery systems also points out the
importance of widely deployed proxy caches as
compared to a separate CDN [24].

6. Conclusion

We proposed several content delivery approaches
for an environment where a publish-subscribe
service exists, and user may request contents based
on notifications that satisfy their subscriptions or by

general browsing. In addition to three approaches
from our earlier study that assumed all accesses are
based purely on notifications (with necessary
adaptation to the new scenario), we presented two
new methods that exploit information about access
type, access patterns, and subscriptions. Our
performance metric is the miss rate in local caching
servers, assuming a lower miss rate can generally be
translated into a smaller response time.

We find that all of our approaches that use
subscription information outperform an access-based
caching-only algorithm. Interestingly, this is true
even when only a small fraction of accesses is
notification-driven and when subscriptions do not
predict subscribers’ accesses very well. Especially,
when users’ stated interest matches users’ access
patterns fairly well, HUG, the new approach
considering the access type, is the best approach;
otherwise, our previous dual-caches approach DC
outperforms our other approaches. As the best
algorithm in our earlier study on pure notification-
driven accesses, SG2 is not the best approach in the
new scenario any more, even after necessary
adaptation.

A major direction for our future work is to
examine the use of subscription information in
cooperative placement and locating schemes for a
distributed system.
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