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ABSTRACT There is a fair amourt of study reported on the
performance of Web caching and prefetching for wired Internet
access. In a related matter, statistical characteristics of Web
traffic have been recantly studied by a number of researchers.
In awireless network, the movement of mobile users presents a
scenario of access to the Internet that is substantially different
from the wired network. Requests for content issued by a
mobile user depend on its mohile state (e.g., location, velocity
and direction). Therefore, we need to consider the probability
with which mobile users acaessWeb pages. The performance of
caching and prefetching in the proxy gateways that conrect the
mobile usersto the Internet may be highly predictable.

In this paper, we first present a brief survey of these statistical
properties that have been reported in the literature. Then we
construct a new analytical/numerical model that characterizes
mobile user behavior in a general state-space using a semi-
Markov process representation. Based on the mohility model
and the resultant request model, we analyze the content access
patterns and then obtain estimates of the total average latency,
hit ratio, cache @pacity and bandwidth resources required for
the wireless and wired network. Finaly, we charaterize
dynamic behavior of the aggregate request rate and the
agoregate traffic rate.
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1. Introduction

In a wirdess communications network, the movement of
mobile users presents sgnificant technical challenges for us to

provide efficient wireless aceess to the Internet. For a given

individual mobile user, his or her location, welocity and
direction will vary intime. It is therefore i mperative to take into
accourt dynamic mobile behavior in evaluating performance of
Web caching and prefetching performed by proxy gateways and
in alocating resources to traffic at the wireless and wired

network interface.

In this paper we introduce a new integrated model of mobility
and traffic that differs from existing work [1][2][3]. The model
allows us to exploit recent results in queuing and loss network
theory [4] and to charaderize the macroscopic mobility and

traffic behavior in the wirelessnetwork.

We apply this new model to the important problems of caching
and prefetching performance evaluation and efficient resource
allocation in wireless networks. First, we show how the
mobility information obtained from our model can be used in
constructing request patterns that mobile users access
documents. Second, we show how request information obtained
from the model can be used to evaluate the performance of
caching and prefetching, including the total average acaess
latency, hit ratio, cache capacity and transmisson rate in
wireless and wired networks. Third, by exploiting recent results
in dffusion approximation [5], we obtain the dynamic behavior

of aggregate request stream and aggregate resporse traffic.

The remainder of the paper is organized as follows. Section 2
surveys relevant results that have been reported in the literature.
Sedion 3 develops our integrated model of user mobility and
requirements in the wireless network. Section4 discusses
request patterns with which mobhile users acess documents,

based on the mobility and requirement model. Section5
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discusses the total average access latency, hit ratio, cache
capacity and transmission rate in wirelessand wired networks.
Sedion 6 presents the simulation results. Finally, Section7

concludes the paper.

2. Properties of Web Traffic

There are many fadors that can affect the performance of Web
proxy caching and prefetching. Statistical properties of Web
traffic over the wired Internet have been reported in a number
of papers. They serve as useful references in evaluating the
performance of Web caching and prefetching for the wireless

Internet access
Highly skewed patter n in document access:

Document popularity: The popuarity of Web documents is
highly skewed [6] - [13]. The distribution of document requests
generaly follows a Zipf's law -like distribution where the
probability of requests for the i th most popuar document is
proportional to 1/i%, with a typically taking on some value less
than unity [6][14][15].

Concentration d references: Most accesses concentrate on a
small number of "hot" documents [6][16]. In atypical situation
30 percent of the documents may accourt for 60-80 percent of
the requests.

One-time referencing: Typicaly 1530 percent of the
documents accessed in a log are acessed only once in the log,

regardlessof the duration d the acesslog studied [17].

Temporal locality: This refers to the property that a recently
referenced fileislikely to be referenced again in the near future
[71[18][19][20]. Temporal locality can be measured by the
Least Recently Used (LRU) stack-depth analysis. When afileis
referenced, its current depth in the stack is recorded, and then
the file is moved to the top d the stadk. A high degree of
temporal locality will give a small average stack depth recorded
relative to the maximum stack depth. Conversely, a low degree

of temporal locality will lead to alarge mean stack depth.

Document types: HTML and image documents acourt for
close to 95 percent of the total requests and image documents
are consistently the most frequently requested document type
(6878 percent), followed by HTML documents (about 20

percent) [7] [8][9] [17].
Limits of Caching:

For an infinite sized cadhe, the hit-ratio for a web proxy grows
as a logarithmic function of the client popudation d the proxy
and of the number of requests sen by the proxy [19]-[22]. The
hit-ratio of a web cache grows in a log-like fashion as a
function of the ache size [8] [13] [16] [18] [19] [21] [23] [24].
The fadors that affect the hit ratio include uncachable dynamic
content (e.g., stock quotes, advertising hkanner with norce
URLs), "consistent misses' due to frequent update of
documents, and "compulsory misses' due to oretime

referencing.

Highrate of change: Many potentiall y cacheable Web resources
appear to change more rapidly than they are re-requested,
unless the request stream comes from a very large popuation
[15][25]. This would lead to "cache inconsistency"” if responses
for these resources were alowed to be acded. The correlation
between a document's acassfrequency and its average amount

of modifications per request is generaly quite low [6].
Request process:

Interpage request time: The author of [28] verified that the
aggregate Web page request process can be approximated by a
Poisson process if bandwidth availability is high and page
download time low. This approximation is also fairly good,

even when the mean page download time is not negligible.
Heavy-tailed document size distribution:

Document size distribution: The document size distribution is
heavy-tailed [8]-[11] [17] [26]. A distribution is considered
heavy-tailed if P[X>x] ~ X%, Xx-o, 0<a<2. This means that
the variable X is distributed over a very wide range and that the
larger values of x, even if less probable, may still acourt for a
non-negligible portion o the traffic. The document size
distribution has been foundto be lognamal [12][29]. That is,
after applying a logarithmic transformation to the data, the data
appears to be normally distributed.



3. Mobility Mode
Abstract Mobility State Space

We define the state of a mobile user in terms of a vedor (xy, ...,
X,), where the i th comporent, x, represents a value from a
finite attribute space A. The attribute spaces represent
properties of the mobile user such aslocation, moving drection,
spedd, etc. The set of possible states for a mobile user isan n -

dimensional vector space given by
S=A; x Mk A, ey

where x denotes the Cartesian product. The astrad space Scan
be made as rich as desired by including the appropriate
attributes as components in the state vector. The dynamic
motion d a user, as defined by its time-varying attribute val ues,

can then be described by its trajedory in this space.

We enumerate all possble statesin Sand label themas 1, ..., M
such that the state space S can more ssimply be represented as

foll ows:
S={1,..,M}. 2

We introduce two inactive states in addition to the set of active
states S the source state 0 and the destination state d. A user
enters the system by assuming the state 0. A user exits the
system by assuming the state d. Thus, the user can assume

states in the augmented state-space S = SU {0, d} .

No transitions occur from states j O Sto the source state, i.e., g
= 0. From any such state j, the user next assumes the destination
state d with probability a. No transitions are all owed from the
destination state. Hence, the state d is considered to be the
absorbing state of the Markov chain. Further, no transitions
occur from state O to state d, i.e., apq = 0. The state transitions of
a user are charaderized by a Markov chain with transition

probability matrix:

ddl O O o .. 0 O

O O
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We nate, howvever, that transitions among the states is limited

and we may assume that from a given state transitions can
occur to on the order of ten neighboring states. Such
considerations imply that the transition probability matrix will

be highly sparsein practical applications.

We asaume the dwell time of a user in state m O S to be
generally distributed with mean d,,,. Hence, the state process of
auser isa semi-Markov chain. The transition probabil ity matrix
and the state duration distributions can be estimated by means
of a parameter estimation algorithm discussed in [32].

The aggregate behavior of the system of mobhile users can be

represented by the vector process
N(® = (Ni(t), ..., Nu(®) ), @

where N,(t) represents the number of mobile usersin state m at

timet.

Observe that the above system is equivalent to an open queuing
network with M infinite-server stations correspondng to the
states in S. Clearly, the source and destination stations of the
queuing network correspondto O and d, respectively. Results
from the theory of queuing and loss networks [4] show that the
steady state distribution of N(t) is insensitive to the
distributions of the dwell times at each station.

From
en=a0m+zeqanm, mOS ()

we get the value e,, which can be interpreted as the average
number of visits that a user makes to state m during its sojourn
in the system starting from the source state O until reaching the

destination state d.

Our proposed abstract mobility state space model differs from
other proposed mobility models (cf. [30][31]) in that it leads to
a simple parametric representation of the mobile behavior that
can be related to a general queuing network with multi-class
users in which each service center is infinite server (1S) with
multiple types. This representation allows us to capitalize on
recent results in queuing and loss network theory [4] which
show that the steady-state distribution is surprisingy robust to
all state time distributions and state transition behaviors. This

result in turn implies that to obtain the state distribution of



mobile users, we need only have two sets of parameters: the
mean dwell time, d,, in state m and the expected number of
visits, e, the user makes to state minits lifetime per user class
Thus, only 2 M pieces of numeric data per user class provide
sufficient statistics of the user mobhility, as far as the steady-
state distribution and related performance measures are

concerned.
Departurerate from each state

Let N, denote the expected number of users in state m in
equilibrium (m=0, 1,..., M). The mean departure rate from state

mis given by

A= Nof0n= Ao € m=, 2,..., M, (6)

where A, is the total rate at which mobile users transit from
inactive state O to an active state, i.e., the total rate of entry to

the system, and d,, is the mean dwell time in state m.

4. Accessto Document
Request rate for each document

We @n augment the above mobility model by introduwcing state-
dependent information. Let j =0, 1, ..., J represent a set of user
requirements, where 0 spedally represents no requirement. We
shall suppcse that a mobile user entering state m will require
content of type j from the network with probability c.(j), which
satisfies:

J

Zcm(j):L m=1, ..., M. )
=

Therequest rate for content j is then given by

LRGN

M
Rj = Amcm(j): d

m= m=.

mo 7L (8)

The instantaneous request rate for content j can be defined by
M .

Ri<t)=Z°jj—“)Nm(t>, =1, 0. ©

If the dwell time distributions of the user states are assumed
exporential, N(t) is a Markov process hence the request rate
process Rj(t) defined here @n be viewed as a Markov
moduated rate process (MMRP) as studied in [5]. If we
alow the dwell times to have genera distributions, Ri(t)

becomes what we may term as a semi-Markov modulated rate
process Let X(t) be an M-dimensional diffusion process that
approximates the M-dimensional semi-Markov process N(t).
Under a set of reasonable assumptions [5], X(t) can be
expressed as an M-dimensional Ornstein-Uhlenbedk (O-U)
process Hence, the process Rj(t) can be approximated by a
Gaussian process

R/ =

& Cn(;(]) D(m(t) j:]_, vy J. (10)

m= m

Aggregate request rate
Let R denote the total request rate for the set of J contents.

2 & 1-c,(0)

RZZRjzr:AmJZCm(j):; =2, o

Define the instantaneous total request rate by

Y 1-c,(0)

R(t) = [Ny (t) - (12

Then, the process R(t) can be similarly approximated by a

Gaussian process

< 1-Cn(0)

R(t) = Xn(®) , (13)

m= dm
Access probability for each document
Definetheratio
vy, =R/ /R (14

represent the probability of request to contentj, j =0, 1,2, ...,
J.

Aver age hit rate for each document

Let g be the probability that there is at least one request to
content j during the content's lifetime ;. Suppase we observe k
update intervals for content j. Then there will be on the average
kg, such intervals in which at least one request is made to
content j. The first request in a given update interval will miss a
fresh copy of the content and must fetch it from the origin
server. The mnsequent requests in the interval use the adhed

copy. Thus, the average hit rate for this document is given by



ki
T T

— , =12, (15)
: kR Rk,

where kiR, is the total number of requests to content j during
theinterval k.

5. Performance of Caching and Prefetching

Thetotal accesslatency

Now we derive general expressions for the average latency and
hit ratio of a generic cache and prefetch scheme. Due to finite
capacity of cache, any prefetch scheme cannot cache al the
documents. Suppese that r documents are prefetched to the
cache. By "prefetch” we mean the adion that a proxy Web
server takes by automatically caching and updating any of the
selected r documents as soon as it has expired, and thisadionis
nat driven by the dient requests. Therefore, the average latency

L for a prefetch scheme is given by

L=

-

[l IC+(l h)TIS] ZyJTIC

j 1

=JZy.[hJTJ,C+(1—hJ)TJ,S]—Zy,(l—h,)crj,s—T.‘C), (16)

where y is the aceess probability to content j given by (14), by is
the hit rate for content j given by (15), T, is the time required
to fetch content j from the adhe to the mobile user, whereas Tj
is the time required to fetch content j from its origin server via

the @cheto the mobile user.

Asis e from (16), the average latency consists of two terms:
thefirst termis solely determined by the document request rates
{R}, update intervals {u} and the resporse times {T,, T4,
and represents the latency of a"no-prefetch" cache scheme, i.e.,
the conventional cadiing; the second term of (16) is the
reduction in latency that a prefetch scheme can provide. This
reduction is determined by the number r and the selection o r
documents to be prefetched, thus depends on the specific
prefetch scheme to be adopted.

Thetotal hit ratio

Thetotal hit ratiois given by

MRh +ZRH/ =Zyihj+gyi(l—h;), 17

where R is the request rate to dacument j, R is the total request
rate, h; is the hit rate, and y is the access probability given by
(14).

Obvioudly, the first term is independent of a spedfic choice of
prefetch scheme, which is the total hit ratio of a "no-prefetch”
cache scheme (i.e., the conventional caching); the second term
is the increment of the hit ratio compared with the "no-

prefetch” cadche scheme.
Thetotal cache capacity required

Now we proced to derive expressions for the required cache
capacity and bandwidth. Instead of considering a specific cache
scheme, we generally assume that once a cached content
expires, it is deleted from the @ache. In other words, missing a
"fresh" copy d document j in the ache means that the ade
currently does nat store any bytes of the document. Thus, the
probability that a document is dored in the acheisjust the hit
probability of the document. For prefetching, we assume that
the selected r documents are prefetched into the ache.
Whenever any of the prefetched r contents expires, a fresh copy
will be immediately fetched from its origin server. That is, the
selected r documents are stored in the cache permanently until
changing the prefetching selection. Therefore, the required
cache @padty Cis:

C= zh +Zz —Zth+ZZJ(1—hJ), (19
Jr+1 =

where z is the size of document j. Therefore, the prefetch
r

scheme needs an extra cache apacity of sz (t-hy)
=

compared with the a@ding only scheme. Thus, the
improvements in the average latency L and the hit ratio H are

obtained in exchange for theincrease in cache @pacity.
Thetotal transmission rate required for wired network

The total transmission rate required for transmitting dacuments
from the origin servers to the @ade over the wired network

should be



J r
Biired = z R;(1-h;)z +sz/lli
&

j=rel

J Zj r Zj
=Y a2 S ama) (19
1 My 4= H;

where we used Eq. (15). Therefore, a prefetch scheme needs an
! z
extra transmisson hkandwidth of Z(l—qj)—J over the
= H;
] ]
bandwidth required by a cache only scheme. Thus, the
improvement in the average latency and the hit ratio is achieved

at the expense of increased bandwidth usage.
Aggregate traffic over the wireless networ k

The average transmission rate required for transmitting
documents to the mobile users over the wirelessnetwork shoud

be:
J
Bwneless = Z Rj Z] (20)
=

The aggregate wirel ess transmissionrate is

J

" Zcm(j)Z,
A

Byireless(t) = i R (t)zj = Z q
= = m

where Rj(t) was defined by (8) and can be approximated by a

N, (1) 1

Gaussian process Therefore, the process B, gesdt) Can be

approximated by a Gaussian processof the form:

J

_ v Zcm(j)zj
wareless(t) = ZJ:d—

where X(t) isadiffusion process to approximate Np(t).

Xin(1) (22

6. Simulation Results

In a serving area (about 1 km by 1 km), there are 128 street
segments in a mesh layout. Each street segment is about 100
meters long. Assuming in each street segment, there are two
walking states (in two diredions), two driving states (in two
directions) and one shoppng state. There are in total 640 active
states plus one inadive source state and ore absorbing state.
Ead adive state @n transit to about ten other states in the

neighboring street segments. The mean dwell time for walking

state is about 3 minutes, that for a driving state is 16 seconds,
and that for a shoppng state, 12 minutes. There are 800 mobile
users invalved in the wireless Internet services. There are 20
categories asociated with each street segment, each category
has 20 contents. Therefore, there ae total 51,200 contents for
the serving area. The simulation results for request rate are

shownin Figure 1 and Figure 2.
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Figure 2 Request rate distribution

We assume that the content lifetimes {u} are exporentially
distributed with mean 24 hous. The average time T, required
to request and transfer a ntent from the @ce to the
requesting mobile user is assumed 1s, and the average time T
required to request and transfer a content from the origin Web
server to the requesting mobile user is 1.5, for all j=1, 2,..., J.

For an infinite ache a@pacity, as the total number of active
mobile users increases, the average latency L will decrease and
the average hit ratio H will increase, because the more frequent

access to the ache will increase the re-acessprobability to the



cached documents, as shown in Figure 3 and Figure 4. We set
the total number of prefetch contents as r = 200 and chocse r
documents as prefetched contents. From Figure 3 and Figure 4,
we @n see that the performance of latency and hit ratio can be

significantly improved by performing prefetch scheme.
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Figure 3 Average latency
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Figure 4 Average hit ratio

7. Conclusion

In this paper, we have proposed a new analytical/numerical
model that characterizes mobile user behavior in a general
state-space, based on a semi-Markov process representation.
Based on the mobility model and the resultant request model,
we obtained access patterns to documents and then obtained
estimates of the total average latency, hit ratio, cache @padty
and bandwidth resources required for the wireless and wired
network. Finally, we obtained expressions for the dynamic
behavior of the aggregate request rate and the aggregate traffic
rate.
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