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When studying Web cache replacement strategies, it is often assumed that documents are static.
Such an assumption may not be realistic, especially when large-size caches are considered. Because
of the strong correlation between the efficiency of the cache replacement strategy and the real state of
the cached documents, one may expect dramatic changes of the cache performance when there is a
possibility of hits on out-of-date documents. The authors’ aim in this study is to outline using simulation
the impact of some cache coherence techniques such as the invalidation protocol, the TTL_based
strategies, and prefetching on the efficiency of the cache replacement strategies. Using a simple
cache model, they will show that the cache hits recorded when using some replacement strategies are
more likely to be performed on out-of-date documents. They will show also the impact of the workload

used on the outcome of the simulation.
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1. Introduction

The problems in Web caching result from the fact that we
can never dispose of an infinite memory space and thus the
cache manager has to start removing sooner or later docu-
ments from its local storage to make room for newly re-
quested ones. Although the problem of selecting the next
document to be removed has been widely discussed in the
literature [1-3], it is still not clear yet which one of the
most commonly discussed strategies leads to the best per-
formance. In a previous study, we pointed out that if the
documents are considered static, whatever the replacement
strategy used, we get the same performance when assum-
ing a relatively small Web cache size (512 MB) [4]. But as
one may expect, this is a very optimistic result; in real situ-
ations, the documents are not static—they could be modi-
fied at any time and without any warning by their owners.
This means that part of the documents forwarded from the
cache to the end-users are out of date. Regarded from this
point of view, caching does not only imply storing the
maximum number of documents in the cache but also the
documents that are more likely to be up to date.
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The document lifetime, which seems to have a major
importance in the evaluation of the cache performance, is
unfortunately impossible to predict with precision. Often,
estimates of this parameter are used, and the accuracy of
these estimates is yet under discussion. In some studies, the
uniform distribution is assumed good enough to approximate
accurately the document-updating process as it was suggested
by Liu and Cao [5], while in other studies a multimodal
distribution is proposed as a better approximation [6].

Several techniques have been proposed to optimize the
document-replacement process within simple and proxy
caches [5, 7-9]. In most of these studies, the cache size has
been identified as having always a positive impact on the
cache performance. The common characteristic of all these
studies is the fact that they all assume that cached docu-
ments are static. For the studies that focus on the Web
cache coherence, the number of stale hits performed by
these replacement strategies could be unacceptably high [6,
10]. These studies propose different techniques to solve the
problems of the stale hits. Two categories of methods have
emerged as a potential solution for the problem of Web
cache coherence—the strong cache coherence [11] and the
weak cache coherence [10]. The cost and the efficiency of
the two categories are still a controversial issue. The strong
coherence strategies guarantee that no stale hits are per-
formed by the cache server, while the weak strategies mini-
mize the probability of these stale hits. The replacement
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Figure 1. Information stored in the cache model

strategies used with a weak cache coherence while increas-
ing the hit ratios of the cache server may also increase the
stale hits. If weak cache coherence is considered, the
replacement strategies should be compared not only on the
increase of the hit ratios but also on the quality of these hits.

In general, Web caching is initiated by the end-user
requests, some proposed methods suggest that Web caches
should be also active in the process of the dissemination of
the documents. The motivation behind this approach is the
fact that cache servers have access to both the access his-
tory and the state of the cached documents; the cache can
thus perform some statistics to predict network traffic.
Methods such as push-caching [12] or document refreshing
(prefetching) [11] are simple examples of server-initiated
strategies.

Using a simple simulation model and real workloads, we
compare in this article five replacement strategies, namely,
the LRU (the least recently used document is removed
first), the LFU (the least frequently used document is
removed first), the SIZE-based (the large-size document is
removed first) [7], the WM (the weighted method com-
bines several parameters to choose the next document to be
removed) [1], and the NNC (a method derived from the
nearest neighbor classifier that uses the similarity between
two documents to select the document to be removed) [4].

The rest of the article is organized as follows: In Section
2, we present the model of the Web cache we are propos-
ing to approximate the cache behavior. In Section 3, we
discuss the impact of both the cache size and the cache
coherence on different document replacement strategies.
Section 4 deals with the impact of prefetching on the cache
performance. Finally, Section 5 concludes this study.

2. The Simulation Model

To compare the document replacement strategies discussed
in the previous section, we have built a simple model of a
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Web cache. The model uses a heap as the priority data
structure to store the cached documents. When a document
is cached, it is assigned a priority number, which allows it
to be inserted at the right position in the heap. The priority
number assigned to each document depends on the cache
replacement strategy being used. This approach has al-
lowed us to use the same implementation of the cache
model for all the cache-replacement strategies. For perfor-
mance reasons, we do not store the real documents in the
cache, only the size of the cached documents is stored. For
each document, the following header is kept in the heap:
the identifier, the size, the entry time, the last modification
time, and the time-to-live (Fig. 1). Before entering the
heap, the documents are kept in a buffer where the header
is created. The three first fields of the header are extracted
from real access log files, while the two last fields, if not
defined, are assigned values from predefined tables for the
time-to-live or generated using the probability distributions
discussed in Section 2.2. The warm-up phase is identified
either when a cache becomes full for the first time or when
the hit rate remains within a predefined interval as it was
suggested by Arlit and Williamson in [7].

2.1 The Main Components of the Model

Figure 2 shows the simulation platform we have imple-
mented to study the behavior of the cache. One part of this
model, called Web cache server, implements the main func-
tions of a cache server, mainly the replacement and the
cache coherence strategies. The other part, called frace
generator, generates the requests forwarded to the cache
and receives messages from the cache to check the state of
the documents. It keeps track of all the requests it has gen-
erated in the past. Besides generating the requests to be
sent to the Web cache server, the trace generator is in
charge of the document-updating process. It includes a pe-
riodic process that marks each document as modified to
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simulate document updates. The document remains in this
state until a “get-if-modified” is received from the cache; at
this time, both the trace generator and the Web cache server
have the same version of the document and then the invali-
dation flag is turned off. The trace generator plays the role
of the origin server for each document included in the log-
file. The trace generator introduces two important factors
that could indeed impact the results of the simulations—
the distribution used to update the documents and the fre-
quency at which they are updated.

2.2 Simulating Document Updates

The distribution that approximates the document-updating
process is quite difficult to define. Some Web traffic analy-
ses stated that documents may remain unchanged for a long
time and then start being modified frequently within a short
period of time [13]. It has also been shown in other studies
that popular documents have small size [9]. Therefore, we
can assume that the age and the size of the documents can
be used to approximate the document-updating time.

Heuristic for the document updating process. If large-size docu-
ments are not frequently modified (most of these documents
are images, audio files, or video streams), and if very small
documents are likely to be static in regard to the statistics [9,
14], we can assume that the document-updating process
could be approximated by a normal distribution on the size of
the documents. Thus, only documents belonging to the inter-
val defined by the standard deviation are more probable to be
modified.

We have added to the trace generator a process that peri-
odically changes the last modification time of one of the
documents contained in the access log-file. The new pro-
cess, called the document-updating process, has two main
parameters: the frequency of polling the list of documents
and the probability distribution used to select the docu-
ments from the list. In the experiments presented in this
article, we have used two probability distributions, namely,
the uniform and the normal distributions.

2.3 The Frequency of Document Updates

The second parameter of the document-updating process is
the frequency at which the documents are updated. It can
also have a great impact on the accuracy of the simula-
tions. This parameter should be tuned to reflect a typical
document update frequency on the Internet. In our model,
the trace generator is simulating updates of documents on
behalf of a large number of Web servers. The docu-
ment-updating process is performed in a separate process
executed in parallel with the process generating requests
sent to the cache. The relationship between the two pro-
cesses could be fixed before starting the simulation. For in-
stance, if the same frequency is used for both the incoming
requests and the document-updating process, we have
found out that it implies that a document is modified every
4 seconds, whereas polling the updating list at a frequency
equal to 1/100 of the incoming requests leads to one docu-
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Figure 2. Web cache model

ment update every 100 seconds. The probability of select-
ing a document when using the first polling frequency is
equal to 3.3%, while this probability decreases to 0.1%
with the second one. This range of frequencies overlaps
with the one presented in Web traffic analysis performed
by Bestavros [9], where it is stated that the average docu-
ment update probability is between 2.5% and 0.5%.

2.4 Performance Metrics

The performance metrics used in this Web cache analysis
focus on the document hit-ratio and the byte hit-ratio. These
two metrics are the most commonly used in the literature.
Because this article does not aim at studying the cache re-
placement strategies, only the document hit-ratio “DHR” is
used. In this article, we focus mainly on the quality of the
cache hits, that is, the percentage of hits performed on
up-to-date documents. This DHR records the hit ratio ob-
tained for a predefined cache configuration and it reports
the percentage of hits over the total received requests.

2.5 The Workloads

The workloads used in this study are part of access
log-files provided by the Web server of the Computer Sci-
ence Department at the University of Amsterdam WINS
(wins.uva.nl), and the proxy server NLANR
(ircache.nlanr.net). These traces, of which some character-
istics are shown in Table 1, present two types of work-
loads. The WINS workload contains external requests to
documents provided by the wins.uva.nl server. This work-
load exhibits a strong document locality of references. The
NLANR workload involves requests coming from different
Web servers that use NLANR as a proxy.

3. The Experiments

In this section, we present some of the experiments we
have performed to point out the relationship between the
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Table 1. Workload characteristics

Transferred Number of
Workload Duration Data Requests
WINS 1 month 4.2 GB 737,750
NLANR 1 day 2.5GB 261,135

cache replacement strategies and the methods used to
maintain the cache coherence. The experiments compare
the cache hits recorded with five cache replacement strate-
gies when both the weak and the strong cache coherences
are considered. The parameters modified in these experi-
ments are the cache size, the document updating distribu-
tion, and the input workload.

3.1 Maintaining Cache Coherence Using TTL

The TTL-based strategy is one of the methods that aims
only for a weak cache coherence. Each document is as-
signed a TTL_value (time-to-live), and unless this time
elapses, the document is considered up to date [11]. Even
if the HTTP protocol has provided a new header field
where it is possible to specify the expiration date for each
document, the usage of the optional field is still very low.
We have thus used the setting of the TTL_values defined
by the Harvest Cache where the TTL_values are fixed ac-
cording to the document type [6].

Figure 3 represents the hit ratio recorded for all the
cache replacement strategies when the documents are con-
sidered static. In this case, the increase of the size of the
cache can only have a positive impact on the hits. When
more space is provided, more documents can be stored and
thus more hits are recorded.

A completely different behavior is shown when the doc-
uments are not static. Figure 4 shows a dramatic change in
the outcome of the simulation results. When considering
the possibility of caching out-of-date documents (Fig.
4(a)), increasing the size of the cache does not lead to
higher cache hits. A large percentage of the recorded hits
are in fact hits on out-of-date documents. When increasing
the cache size, the hit ratios recorded for the five replace-
ment strategies show a transient phase for small-size
caches. For these caches, the hits either drop dramatically
to reach a minimum value (LRU, SIZE-base, and WM) or
increase then drop (LFU and NNC). Depending on the
replacement strategy, the important transitions of the hits
are recorded for cache values varying between 32 MB and
256 MB. Even if the document-replacement strategies pre-
sented in this study are based on different parameters that
represent different characteristics of the cached documents,
similar behavior of the cache has been recorded—small-
size caches perform, in general, higher hit ratios. The uni-
form approximation of the time the documents are updated
has increased the percentage of hits on out-of-date docu-
ments, which is likely to happen on large-size caches. The
document-updating process can have an important impact
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Figure 3. The document hit ratio when considering static
documents

on the outcome of the simulation. To show this impact, we
have repeated the same experiments using the normal dis-
tribution (Fig. 4(b)).

This time, only the SIZE-based strategy, the WM, and
the NNC have significantly decreased the hits for
large-size caches, but still the highest hits are recorded for
small-size caches. The normal distribution, which updates
more frequently relatively small-size cached documents,
has affected only the replacement strategies that use the
size when removing the documents. In the current setting
of these strategies, large-size documents are removed first,
thus more documents are stored in the cache and for a lon-
ger period of time, which has increased the hits on
long-term cached documents.

We have performed the same experiments using another
workload with a very low locality of references. This
workload contains a large number of documents that are
requested only once; most of the cache-replacement strate-
gies cannot prevent the one-timer documents to enter the
cache. These documents are often stored instead of more
popular documents [15]. With the new workload, higher
hits rates are shown for large-size caches (Fig. 5). Due to
the large number of one-timer documents, around 78% of
the workload, the document-updating process had only a
minor impact on the cache hits.

In this experiment, the replacement strategies that have
considered the time the documents entered the cache (the
LRU and the NNC) show higher hits. With the LFU strat-
egy, the few popular documents, around 20% of the work-
load, have been kept for a long time in the cache, which
has reduced the hits for large-size caches. The SIZE-based
and the WM strategies, which focus more on the size of
the documents, are the only strategies that allow the cache
hits to increase for large-size caches.

The experiments presented in this section have shown
that when considering hits on out-of-date documents, the
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Figure 4. The DHR recorded a weak cache coherence (WINS workload)

number of hits performed by the cache depends very much
on the nature of the traffic traversing the cache. One out-
come of these experiments is that caches submitted to a
traffic having a strong locality of reference do not need to
be very large, while the caches submitted to a traffic hav-
ing a weak locality of reference can still produce better hit
ratios when their local storage increases. It is also shown in
these experiments that some cache-replacement strategies are
more likely to perform hits on long-term cached documents,
and these strategies do not use the time the documents have
been stored as a parameter when removing documents.

3.2 Maintaining Cache Coherence
Using Invalidation Protocol

The invalidation protocol allows for maintaining a strong
cache coherence; it is initiated by the origin servers (the
servers that contain the original copies of the cached docu-
ments). This method has the disadvantage of overloading
the origin servers and generating a large amount of useless
traffics; these side effects are not addressed in this study
(see [16] for more information on this topic). Our interest
in this article is to measure the impact of the invalidation
protocol on the cache-replacement strategies for different
values of the cache size. By reproducing the same condi-
tions of the experiments discussed in Section 3.1, we will
be able to measure the percentage of false hits performed
using the TTL_values to maintain the cache coherence.
This is possible because the invalidation protocol does not
allow any false hit. What one can expect is an increase in
hit ratios, especially for large sizes of cache. The invalida-
tion protocol updates the content of the large caches where
documents can remain cached for a long period of time.
One cache miss on a specific document introduced by the
invalidation protocol can cause a number of correct hits on
the subsequent access to that document.
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Figure 5. DHR recorded using a weak cache coherence (NLAN
workload)

The cache hit ratios shown in Figure 6(a) confirm these
facts. When these ratios are compared to the results
obtained without invalidation (Fig. 4(a)), a clear increase in
the hit ratios of large cache size is recorded. When we use
the normal distribution, two types of hits are outlined (Fig.
7); the LRU and LFU replacement strategies allow the
cache to record the maximum hit ratios when small-size
caches are considered, while the other replacement strate-
gies show higher hit ratios for large-size caches. For most
of the replacement strategies, a cache of 64 MB seems to
be the point where the number of hits is likely to change
dramatically. The invalidation protocol can also be less
efficient on large-size cache configurations, a phenomenon
we could not clearly see with the uniform distribution.
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If a workload with a weak locality of reference is used,
the invalidation protocol does not have a significant impact
on the cache hits. The evolution of the hit ratios is quite
similar to the one shown in the previous experiment. The
rate of documents successfully invalidated is less than 10%
for large-size caches [16]. This means that a large number
of invalidation messages are sent to the cache while the
documents have been already removed. Besides that,
because of the large number of one-timer documents con-
tained in the workload, most of the invalidation messages
could not produce the expected subsequent hits. A large
number of the prefetched documents fall into the category
of one-timer documents.
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The efficiency of the invalidation protocol is tightly
related to the workload used. The experiments presented
here show an increase of the cache hits when using the
invalidation protocol, but only when the workload has a
strong locality of reference. This improvement in the cache
hits was recorded for the five cache-replacement strategies
and for all values of the cache size. However, applying the
invalidation protocol when the traffic exhibits a weak
locality of reference did not provide any improvement in
the cache hits. Using the invalidation protocol when the
cache is submitted to the traffic with a weak locality of ref-
erence will be equivalent in terms of hits to the weak docu-
ment coherence presented in the previous section.

4. Improving the Performance Using Prefetching

In the previous section, we pointed out that increasing the
number of hits does not always imply better performance.
A hit on a recently received document is more likely to be
a better one than a hit on a long-term cached document.
One method to avoid false long-term hits is to prefetch
some cached documents before they are really requested
by the end-users. To avoid overloading the cache and the
network traffic, prefetching can be done during the nights
when the Internet traffic is low [1]. Documents that are out
of date or will very soon become out of date are checked
and if necessary prefetched. Prefetching allows for the in-
crease in the probability of a good hit on long-term cached
documents.

Figure 8 shows the impact of documents prefetching on
the hit ratios. Better performances are achieved for all the
replacement strategies, especially for large-size caches for
which the hit ratios are again very high. We recorded
almost the same hit ratios as if we were to consider static
documents. The maximum cache hits are recorded for
large-size caches; the monotonic increase of the number of
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hits with the increase of the size of the cache suggests that
hits on long-term cache are no longer false hits, which
proves that the pre-fetching mechanisms succeeded in
keeping this category of documents up to date. The docu-
ment-updating process does not have any more significant
impact on the cache hits; similar hit ratios have been
recorded for both of the two distributions (uniform and
normal). Prefetching has improved dramatically the hits
when the SIZE-based and the WM strategies are used that
outperform all the other strategies; this suggests that with
the SIZE-based strategy and the WM, the cache performs
most of its hits on long-term cached documents.

The use of the workload with a weak locality of refer-
ence did not reduce the impact of the prefetching method.
Figure 9 shows an important increase of the cache hits.
Once again, the SIZE-based and the WM strategies have
benefited the most from prefetching. Actually, more docu-
ments have been prefetched when the SIZE-based and the
WM strategies are used, because both remove large-size
documents first. However, the number of successfully
prefetched documents remains still quite high.

5. Conclusions

Improving the Web cache performance does not imply only
increasing the hit ratios, but it also involves improving the
quality of the hits. Studying the document-replacement
strategies without considering the cache coherence yields
the same quality for all the cache hits when different re-
placement strategies are used. We have shown in this study
the existence of two categories of replacement strate-
gies—one that performs its hits on recently requested doc-
uments such as the LRU and others that perform the major
fraction of the hits on long-term cached documents. For the
first category, large cache size will contain a large number
of documents on which only few hits are recorded. For the
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Figure 9. The DHR when prefecthing is used (NLAN workload)

second category, the larger the cache, the better the hit ra-
tios. However, it is likely that a large number of the hits are
performed on out-of-date documents. In some of the exper-
iments presented in this article, it is shown that having
large-size caches does not lead to the highest hit ratios.
Under certain conditions, small-size cache behaves a lot
better. We have also shown that the outcome of the simula-
tion shows different behavior if the workload presents dif-
ferent characteristics; for instance, a workload with a
strong locality of reference can be better handled by small
cache size, while a workload with a weak locality of refer-
ence can still benefit from large-size caches.

The quality of the hits can be improved using a very
simple method that consists of prefetching the cached
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documents when they become out of date before they are
requested by the end-users. The results of these experi-
ments show a dramatic increase in the hit ratios when
large-size caches are considered. These experiments have
confirmed the difference in quality of the hit ratios we
pointed out in the first set of experiments. In the last exper-
iments, the replacement strategies that have benefited the
most from the documents prefetching are those that were
reported as recording a large number of hits on long-term
cached documents.
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