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Abstract-The criterion that existing prefetch schemes apply in
prefetching documents from the origin serversinto a proxy Web
server is usually the probability of each document being
accessed in the near future or the popularity of the document.
This criterion is not optimum in minimizing the average access
latency or maximizing the average hit probability because the
factors that affect on the latency and the hit probability also
include the response time and the updating cycle of the
documents. In this paper, we derive expressions for the average
latency, hit probability, cache capacity and required bandwidth
for a general prefetch scheme. A new prefetch scheme that
combines access probability, response time and updating cycle
to determine the lowest average latency or the highest hit
probability is proposed. Finally, some numerical results are
presented. The required parameters of the prefetch scheme can
be simply derived from the log data of the cache. Thus, our
scheme can beimplemented in practice.

|. INTRODUCTION

The World Wide Web traffic is increasing very rapidly.
Cacdhing is a useful technique to reduce the Web traffic and
speed upthe Web access by storing copies of popular Web
documentsin a proxy server close to the end users. Most Web
cacing systems in use today are demand driven, i.e,
documents are fetched or validated only when requested by
users. However, the cadhe hit probability that can be achieved
by such a caching scheme is usualy less than 50%. We can
increase the hit probability by prefetching thase documents
which are very likely to be requested in the near future and
can reduce latency, i.e. the user's waiting time in accessing
the desired documents.

There are many prefetch schemes reported in the literature.
We believe that they can be divided into three types. Thefirst
type is predictive prefetching, which is usualy based onthe
prediction of the access probability that a document will be
requested in the near future. The prediction of the acess
probability can be based onthe dient's access history [1][2],
links between the contents [3], and relationships between the
contents and some other threads such as the dient's mobility
[4]. If its future access probability is high, the document will
be prefetched into the cahe. The second type is popularity-
based prefetching, which depends on haw frequently a given
document has been accessed recently [5][6][7]. The most
popuar documents will be prefetched into the cache. The
third type is interactive prefetching, which is based on the
interadion between the @che server and the dients
[8][9][10][11]. Activities between the cache and the clients
are used to decide whether to prefetch specific documents.
The prefetch decisions can be made either by the cade or the
clients. This type of scheme can take advantage of the idle
time between the moments when the client requests to push
or pull the documents to the dients, and thereby can deaease
the acesstime[12].

As noted earlier, the criterion based on the probability with
which a document is accessd in the near future or the

popuarity of the document is not optimal in minimizing the
average acess latency or in maximizing the average hit ratio.
There are other important factors that should be considered.
For example, if a popular document has a long freshness
lifetime, it needs nat to be prefetched frequently because its
current copy in the cache will remain "fresh” for alongtime,
hence can be acessed many times before it expires. Thus, the
hit probability associated with such a document is high and
the acess latency is low. The latency to access a given
document is also related to the size of the document: a large
multimedia document, for instance, may cause high latency if
it has no copy in the cache when requested, because it takes
much transmission time to transfer such document into the
cate. Therefore, the important factors that we should
consider in minimizing the latency or maximizing the hit
ratio include the accessprobability, the update cycle and the
size of each document.

In this paper, we propose a new prefetch scheme. First, in
Sedion Il, we build a general caching model based on the
cacing mechanism of HTTP/1.1, and use this modd to
derive expressions for the average latency, the hit probability,
the cade capacity and the bandwidth required for a genera
prefetch scheme. In Section 111, based onthe discussion of the
derived expressions, we propose a new prefetch scheme,
which will minimize the average latency or maximize the
average hit probability based on sorting a cmbined
parameters that are extracted from log ceta of the cade.
Finally, in Section IV, some numerical results are presented
to validate our analysis, which confirms that the prefetch
scheme based on the criterion of access probabilities alone
cahnot achieve the lowest latency or the highest hit
probability.

I1.PERFORMANCE OF A GENERAL PREFETCH SCHEME

A magjority of Web servers and clients use the Hypertext
Transfer Protocol (HTTP) [14], which has sverd cade
control feaures. The basic cache mechanism in HTTP/1.1
uses the origin server-specified expiration times and
validators, as described below.

The "expiration" caching mechanism is to expect that
origin servers will use the "Expires header" (or the max-age
directive of the Cache-Control header) to assign future
explicit expiration times to responses. Before the expiration
time is reached the document is not likely to change. If the
origin servers do not provide explicit expiration times, a
HTTP cade can use other header values (such as the Last-
Modified time) to estimate a plausible expirationtime.

The Last-Modified entity-header field value is often used
as a cahe "validator". When an origin server generates a full
response, it atacdes the validator to the response, which is
kept with the cache entry. When a cache finds that a ached
entry that a dient is requesting hes aready expired, it makes
a onditional request that includes the associated validator to



the origin server. The origin server responds with a short
code "Not_Modified" (no entity-body) to validate that the
cadced entry is still usable if the entity has not been modified
since the Last-Modified time; otherwise, it returns a full
response including entity-body. Thus, it avoids transmitting
the full response if the validator matches, and avoid an extra
round trip if it does not match.

In order to determine whether a cahed entry is fresh, a
cade needs to know if its current age has exceeded its
freshnesslifetime. The current age is an estimate of the time
elapsed since the response was generated at the origin server.
The freshness lifetime is the length of time between the
generation of a response and its expiration time. HTTP/1.1
requires the origin server to send a Date header with every
response, giving the time when the response was generated.
The expiration judgement is performed in the cache when a
caded entry isrequested by a dient:

entry_is fresh = (freshness lifetime> current_age) (1)

If the cahed entry is fresh, then the cate sends the entry to
the dient; otherwise, it sends a conditional request with
asxciated validator to the origin server. The validation check
is performed in the origin server:

Not_Modified = ( Validator = Last_Modified time) 2
The achingin HTTP/1.1is shownin Fig. 1, where

Expirationtime is the time a which the origin server
intends that an entity should no longer
be returned by a cache without further
validation.

is the time since the response was ent
by, o succesqully validated with, the
origin server.

freshnesslifetime is the length of time between the
generation o a response and its
expirationtime.
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Fig. 1. Cachingin HTTP/1.1

response time  is the (local) time when the cadce

received the response.

Based onthe HTTP/1.1 caching mechanism, we build an
analysis model of caciing, asshown in Fig. 2. Document n is
modified in its origin server with cycle y.. The first request
from aclient to the cache in a given cycle can not be satisfied
by the cache (i.e., "miss" a fresh copy) and must fetch a copy
of the document from the origin server. The @nsequent
requests in the g/cle are satisfied by the cade with the
caded copy (i.e., "hit" its fresh copy). If arequest arrives at
the cade between the expiraion time and the end d the
cycle, the cahe must validate the cached copy before using it.
The inter-arrival time of requests to document n is governed
by a digtribution f (t). Because origin servers gecify the
expirationtime based onits estimation or schedule to the next
modification time (i.e., the end of the arrent modification
cycle), the interval between the expirationtime and the end of
the g/cle may have astochastic or deterministic distribution.
For reduction d accesstraffic, origin servers intend to reduce
theinterval.

Now we define the variables required in the following
analysis (see TABLE 1).

In the definition of the variables, we assume the total rate R
of accesstraffic to the Internet from a given Intranet is finite,

given by:
R= Z R, 3

andtheratio

Y. =R//R 4)
represents the probability of accessto dacument n, n=1,..., N.

We asame that the inter-arrival time of requests to
document nis exponentially distributed:

f.t)=Re™", n=1, 2,..., N. (5)

Then the probability g, that there is a least one request to
document n during a given modification cycleis given by

n=1,2, ...,N. (6)

Suppae we observe k modification cycles. Then there will be
onthe average kg, such cyclesin which at least one request is
made to decument n. The first request in a given cycle will
missa fresh copy of the document and must fetch it from the
origin server. The mnsequent requests in the cycle use the
caded copy. Thus, the average hit rate for this document is
given by

gn :l_e*R.Hn,
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TABLE |
DEFINITIONS OF VARIABLES

N [the total number of documents residing in various origin servers in
the Internet. n=1,..., N.

u, |the average modification cycle of document n, i.e., the interval
between two successive modifications.

AT, |the average delay imposed by the Internet, i.e., the interval between
the "request_time" and the "resporse_time" of the cade, including
the transmission time of the document, the roundtrip time and the
processng time, as shownin Fig. 1. Because persistent conredions
are the default behavior of any HTTP/1.1 connedion, the time of
establishing a mnnedionis not included.

T,. |the average delay imposed by the Intranet between the request and
the recaving d the resporse from the cade when a "fresh" or
"valid" copy of the document is found in the cade, including the
transmisgon time of the document, the roundtrip time from the
cade to the dient and the processng time in the catie, as siown

inFig. 1.

T, . |the total average delay imposed by the Intranet and the Internet
when thereis no "fresh” copy d document ninthe cade,i.e., T, =
AT +T .

the size of document n.

the average rate of accessto dacument n.

the total rate of accesstraffic to the Internet from the cade, i.e., the
sumof {R}

y, |the accesprobability, approximated bytheratioR /R.

f (t) [the distribution d inter-arrival time of requests to document n,
which is assumed as exporential distribution.

g, |the probability that there is at least one request to document n
during agiven modificaion cycle.

the average hit rate for document n.

the average latency increased when there is no "fresh" copy o
document ninthe cate, i.e, n. =y (1-p,) AT,

the average missing probability of document n,i.e, ¢ =y (1-p,)
the total number of documents that are prefetched to the cade.

the total hit probability.

the average latency for a prefetch scheme.

the required cache caadty.

D00

WOro-8 =

the total transmission bkendwidth required for transmitting
documents from the origin serversto the cade.
kg, g,
p,=1-y =1~ ™
U, R, MR,

whereku R isthe total number of requests made to document
n duingthek cycles, n=1, 2,..., N

Amongthe hit requests, there ae some requests may arrive
duringtheinterva between the expirationtime andthe end o
the gycle. They require the cahe to validate the cached copy.
Since the response with special code "Not_Modified" is a
short message, the transmission time is small. For simplicity,
we omit this delay or assume this delay is included in the
average delay T, when avaid copy of the document is found
in the cache.

Now we derive general expressions for the average latency
and hit probability of a generic prefetch scheme. Due to the
limitation of the cache @pacity, any prefetch scheme cannaot
cace dl documents. Suppose that r documents are
prefetched to the cadche. By "prefetch” we mean the action
that a proxy Web server takes by automatically caching and
updating the r documents once they have expired, and this
adion is not driven by the client requests. Therefore, the
average latency L for a prefetch schemeis given by

L= ZVn[pnTm+(1 pT,.]+ ZvnTm

n=r+1

ZV p.T,. +(L-p)T,.]- Znn ®

where Y, is the access probability given by (4), p, is the hit
rate given by (7), T, is the response time from the cathe, T,
is the response time ‘from the origin server, and n, is defined
by

r’n = yn (1 - pn)ATn ’ n:j.,....,N (9)

As is =en from (8), the average latency consists of two
terms: the first term is Dlely determined by the document

acass rates {R}, modification cycles {1} and response
times {T,, T.}, and is independent of a specmc choice of
prefetch scheme, which is the latency of a "no-prefetch”
cade scheme (i.e., the @mnventional caching); the second

term Znn is the latency reduction that a prefetch scheme

makes. This reductionis determined by the number r and the
selection of r prefetch documents and so depends on the
specific prefetch scheme.

The totd hit probability is given by

P=§ilapn+ZRHQ/R=iynpn+; .

where R, isthe accessrate to document n, Ris the total aacess
rate, y, is the acess probability given by (4), and ¢, is
defined by

¢ = yn (l - pn) 1

Obvioudly, ¢

(10)

n=1, 2,...,N. (11)

is the increment of the hit probability

compared Wlth the "no-prefetch” cache scheme.

Now we proceed to derive expressions for the required
cade apacity and bandwidth. Whenever a request misses a
"fresh" copy of document nin the cate, the cache must fetch
the aurrent version of the document from the origin server.
Thus, the fetching rate for document nin the cacheis (1-p )R.
The freshnesslifetime of the document will be i -t,, where t,
is the origin server's "Date" in terms of HTTP/1.1, i.e., the
time of the first request since the present modification cycle
has started. Thus, the average freshness lifetime of the
document is given by

[t f e /[

wheref () isgiven by (5), and g, is given by (6). The fetched
document will be expededly stored in the cate for the
interval of the average freshnesslifetime.

In a prefetch scheme, the selected r documents are
prefetched into the cache, while the other requested
documents are dynamically stored in the cache & is dorein
the ordinary cadche scheme. Therefore, the required cache
cepacity Cis

c= an“R"(l m%ﬁ—:—%% 5,
:isnpﬁan(l—pn),

M, _ 1
=r-= 12
R 42

(13



where s, is the size of document n, and (7) is used to derive
the last expression. Therefore, the prefetch scheme needs an

extra cache @pacity of s,(1-p,) compared with the

ordinary cache scheme. Thus improvements in the average
latency L and the hit probability P are obtained in exchange
for theincreased cache @pacity.

The total transmisson rate required for transmitting
documents from the origin serversto the cache should be

B= Y RA-P)S, + Y S, /i
:ignZWZa—gn)Z". (19

where we used (7). Therefore, the prefetch scheme needs an

' s

extra transmission kendwidth of (1-9,)— than the
n=. I"ln

ordinary cache scheme. Thus, the improvement in the average

latency and the hit probability is achieved at the expense of

increased bandwidth usage.

1. A NEw PREFETCH SCHEME

We now proceed to derive anew prefetch scheme. First we
discuss the derived general expressions for the average
latency, hit probability, average cache cpacity and average
bandwidth usage of a generic prefetch scheme a follows.

From (8), if we sort {n,, n=1, ..., N} in the descending
order and relabel them as: n,2n,2n.2...2n,, then we chocse
ther documentsthat correspondto ther largest n,, ..., 17,, and
prefetch them into the cache. In this case, the average latency
L is minimized. Obviously, the reduction in the average
latency is determined by three factors. the acess probability,
the hit rate and the response time. The previous prefetch
schemes in the literature cannot achieve the minimum
average latency because their criterion is usualy the access
probability {y} alone. Among the threekinds of parameters,
the average delay AT, imposed by the Internet has significant
effect on the average latency. If it is gnal, that is, the
bandwidth that the cache @nnects to the Internet is fast
enouch and the size of the document is smal, then the
prefetch scheme cnnot be very effective in reducing the
latency.

From (10), if we sort {¢,, n=1, ..., N} in the descending
order and relabd them as: ¢,2¢,>¢....2¢,, then we chocse
ther documentsthat correspondto ther largest ¢,, ..., ¢,, and
prefetch them into the cadche. In this case, the hit probability
P is maximized. Since n,=¢ AT,, the two criteria for sorting
are dmost equivaent if AT,'s are nearly equal. Obvioudly, a
prefetch strategy based on the access probabilities { y} alone
cannot achieve the maximum hit probability.

Equations (13) and (14) show that the average latency and
the hit probability are improved at the expenses of increased
cgpacity and increased bandwidth usage. The maximum
number r of the documents that can be prefetched must
satisfy all of the following constraints:

(a) Increased cache caacity AC:

r

an(l—pn)sAC, (15)

where AC is the redundant cache cagacity that may be
utilized by the prefetch caching, which is the difference
between the given cache cpacity and the part required for the
conventional cadiing. That is, the prefetch scheme can be
performed only when the cache capacity has redundancy.

(b) Increased bandwidth usage AB:

, .
DA

where 4B is the redundant bandwidth that may be utilized by
the prefetching, which is the difference between the possible
bandwidth and the bandwidth required for the conventiond
fetch of documents. That is, the prefetch scheme should not
congest the network or increase bandwidth cost.

(c) Tolerable latency L,

ZnnzAL,

where L, is the lower bound of the average latency, and AL is
the diff erence between the higher average latency necessary
for conventional fetch of documents and the tolerable latency
L,. That is, the prefetch scheme must be efficient enough to
reducethe latency under the limit.

(d) Minimum hit probability required P,

Zq)nzAP.

where AP is the difference between the required minimum hit
probability P, and the average hit probability for conventional
acaessto documents. That is , the prefetch scheme must be
efficient enough to increase the total hit probability over the
limit.

<AB, (16)

17

(18

Therefore, we design the new prefetch scheme as follows:

(A) From the log file of the cahe that record its access
adivities and the headers of responses from origin servers,
determine the acessrates {R}, the total access rate R, the
modification cycles {u}, the document sizes {s}, and the
response times {AT}. For simplicity, the scheme only
cdculates the parameters associated with the potentid
candidates that may be included into the list of the prefetched
documents. The document that has only one acess recrd
(i.e.,, no revigit) in the log a has nat more than one
modification cycle during the statistic period will not treated
as "potential candidate”.

(B) Calculate { y} from (4); {p} from (7); {n} from (9);
{¢} from (11).

(C) The objective of the system performance is to minimize
the average latency L. Sort {n,} in the descending order and
relabd them as: n=nz2nz2....



(D) Determine the number r of prefetching documents,
subject to the mngraints (15), (16), (17) and (18) for given
AC, 4B, AL, and AP.

(E) Chocse the r documents that correspond to the r largest
N, ..., n,. Prefetch the r documents from origin seversto the
cade & soon as the documents has expired in the cadhe.

(F) Repeat the procedures from (A) to (E) with a given
statistical cycle, such as sveral hours, severa days, or
several timesthe expected modification cycle:

We can aso use the hit probability as the performance
objective. The procedure is the same & minimizing the
average latency except that we now sort parameters { ¢}
instead of {n } in step (C).

Note that the prefetch scheme does not need to know the
total number N of documents in origin servers and the
acarate value of the parameters {n} and {¢} over
extremely long statistic period, becaise it neals only their
relative values to sort the documents that have been accessed.
Therefore, it can make statistics over a finite long period and
based onafinite log datathat records the accessed dacuments
ingtead of al documents in the Internet. The reasonable
length of the statistic period is severa times the expected
modification cycle of documents given by (19).

19

IV. NUMERICAL RESULTS

In our numerica analysis, we assume the results from
Bredau et al [15]. They comprised more than 17M requests
traced from sx academic, corporate and |SP environments.
They foundthat the distribution o documents requests from a
fixed group d clients follows a Zipf-like distribution with a
parameter a ranging from 0.64 to 0.83,and showed that the
model where the web requests are independent and
distributed according to a Zipf-like distribution can yield the
asymptotic behaviors that the various observed properties of
hit-ratios and temporal locality are indeed inherent to web
acesss observed by proxies. Hence, we assume tha the
acass digtribution {R} of documents follows a Zipf-like
digtribution, and seled the distribution parameter a=0.75in
our numerical analysis. The total number of accessed
documents recorded by the cache is assumed 50Q000. The
total aacess rate R is assumed as 4400requests per hour. The
modificationcycles{u} are asumed uniformly ranging from
2 to 720 hours. The document sizes {s} are asumed
uniformly ranging from 0.5to 25k hytes. The response times
{T.4 and {T } are related to the document sizes and the
transmission rates as well as the round-trip and processing
times. Because persistent conrections are the default behavior
of any HTTP/1.1 conrection, the time of establishing a
conrection is not included here. We asaume that the average
Intranet transmission rate is 160kbps, and the sum of the
rourd trip and processing time is 10ms, for all documents.
The Internet transmission rates for individual documents
must be different, depending onthe bandwidth of paths from
an origin server to the proxy Web server. We asaime that the
Internet transmission rates for different documents are
uniformly ranging from 4 to 40kbps, and the sum of round-

trip and processing times are uniformly ranging from 50 to
600ms.

The numerica results are shown in Fig. 3 - Fig. 6. From
Fig. 3 we @an seethat the average latency of the conventional
cading (i.e., r=0) is 2.95 seconds. If we use our prefetch
scheme based on the criteria of descending order of {17} of (9)
and prefetch 10% of the acessed documents, i.e., r=50,000,
the average latency L of our prefetch scheme will be 1.993
seaqonds, which means 32.45% reduction compared with the
conventiona cading. It is obvious that the conventional
prefetch scheme that prefetches based on the access
probability {y} only cannot achieve the lowest average
latency, which can achieve only 16.71% latency reduction.

From Fig. 4 we can see that the average hit ratio of the
conventional cading (i.e., r=0) is 0.56.1f we use our prefetch
scheme based on the criteria of descending order of {¢,} of
(12) and prefetch  r=50,000 d@uments, the average hit ratio
P of our prefetch scheme will increase to 0.65. It is obvious
that the ordinary prefetch scheme that prefetches based on the
acass probability {y} only cannot achieve the highest
average hit ratio, which achieves 0.63

As the number r increases, the cahe capacity for any
prefetch scheme increases, as $own in Fig. 6. When
r=50,00Q the edtra cache cagpacity required are 165MB,
400MB and 576MB, respedively for the ordinary prefetch
scheme, the maximum hit probability scheme and the
minimum latency scheme. The expenses of increased
bandwidth usage ae 0.69 KB/s, 3.1KB/s and 2.%KB/s,
respectively for the wnventional prefetch scheme, the
maximum hit probability scheme and the minimum latency
scheme when r =50,000, as shown in Fig. 6. Therefore, the
expenses of increased cache cgacity and kandwidth usage
are omissible than the significant improvements in the
average latency andthe hit ratio.
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Fig. 3. Average latency
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V.CONCLUSIONS

From the analytical expressions and simulation results we
obtained for the average latency, hit probability, cache
cgpacity and required bandwidth for a genera prefetch
scheme, we have confirmed that the conventional scheme that
prefetches documents olely based on their aaess
probabilities {y} is not effective in reducing the average
latency or in increasing the hit probability. The optimal

criterion should be our newly defined parameters {n,} to
minimize the average latency, or the parameters {¢} to
maximize the hit probability. These parameters to be used to
rank order the documents for prefetching are realily
obtainable from the log data of the cache. Thus, our prefetch
algorithm is smple to implement in practical systems.
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