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Abstract

An open Jackson-type multi-class queuing network model is proposed to study the impact of
multimedia traffic on the overall response times to Web requests for cases with and without a proxy
cache server (PCS). The primary aim of the present paper is to modify the performance model
of Bose and Cheng [1] to a more realistic case when external arrivals are also allowed to the re-
mote Web servers. Numerical results showed that an increase of multimedia traffic percentage
significantly impact the response times for both cases with and without a PCS. Several numerical
examples illustrate the effect of arrival, external arrival rate, multimedia and non-multimedia file
sizes on the mean response times.
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1 Introduction

One of the major reasons the popularity of the Web is the ability to access multimedia content includ-
ing sound, image and video files linked together in the form of hypermedia, resulting in a significant
increase of multimedia traffic. The advent of the Web has prompted new standards and protocols (e.g.,
MIDI, MP3, MBone, VRML etc.) for handling multimedia. Multimedia traffic is characterized by
comparatively much larger file sizes and thus contributes to more network congestion. The focus of
recent researches is to examine the performance of a network containing PCS in the presence of richer
multimedia content.
In this paper a modification of the performance model of Bose and Cheng [1] is given to deal with a
more realistic case when external arrivals are also allowed to the remote Web servers. For the easier
understanding of the basic model and comparisons we follow the structure of the cited work. In Section
2 we construct a multi-class queuing network model to study the dynamics of installing a PCS in the
presence of multimedia content. Overall response-time formulas are developed for both the case with
and without a PCS. In Section 3 numerical experiments are conducted to examine the response-time
behavior of the PCS with respect to various parameters of the model. Concluding remarks can be found
in Section 4.

∗Research is partially supported by Korean-Hungarian Intergovernmental Bilateral Cooperation KOSEF-HAS Cooperative
Programme 2004, Hungarian Scientific Research Fund OTKA T0-34280/2000
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Figure 1: 1

2 An analytical model of PCS involving multimedia traffic

In this section we briefly describe the mathematical model with the suggested modifications. If infor-
mation or file is requested to be downloaded then first it is checked whether the document exists on the
proxy cache server. (We denote the probability of this existence bypa in case of a multimedia file, and
by pb otherwise). If the document can be found on the PCS then its copy is immediately transfered to
the user. In the opposite case the request is transfered to the remote Web server. After the requested
document arrived to the PCS then the copy of it is delivered to the user.

The advantage of a PCS depends on several factors. These factors are: the probability of the ”cache
hit rate” of the PCS, the speed of the PCS, the bandwidth of the firm’s network connection, the speed
of the remote web server and the bandwidth of the remote network of the web server [1], [2].
Fig. 1 illustrates from start to finish the fulfillment of requests for multimedia files, denoted by subscript
a. The notations used in this model are collected in Table 1.
We assume that the requests of the PCS users arrive according to a Poisson process with rate ofλa, and
the exogenous arrivals at the remote web server form a Poisson process too, with rateΛa.
Let Fa the average multimedia file size. We defineλa,1, λa,2 andλa,3, such that:

λa,1 = pa ∗ λa andλa,2 = (1− pa) ∗ λa andλa,3 = Λa + λa,2 (1)

The solid line in Fig 1. represents theλa,1 traffic. That means, the requested file is available on the
PCS and can be delivered directly to the user. Theλa,2 traffic depicted by dotted line, represents those
requests which could not be served by the PCS, because the desired document is not on PCS, therefore
these requests must be delivered from the remote web server. Theλa,2 traffic must establish a one-time
TCP connection at first [9], [1], [2]. We denoteIs this initial setup. Naturally the web server serves not
only the requests of the studied PCS but it also serves requests of other external users.
Therefore, we assume that requests arrivals at the web server form a Poisson process with rateλa,3.
According to [1], ”The remote Web server performance is characterized by the capacity of its output
buffer Bs, the static server timeYs, and the dynamic server rateRs.” The performance of the firm’s
PCS is characterized by the same parametersBxc, Yxc andRxc.
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If the size of the requested multimedia file is greater then the Web server’s output buffer it will start a
looping process until all file’s delivery is completed. Let

qa = min
(

1,
Bs

Fa

)
. (2)

the probability means that the desired file can delivered for the first attempt. According to the conditions
of equilibrium and flow balance theory of queueing networks

qa ∗ λ
′
a,3 = λa,3 (3)

The response time for multimedia traffic (depicted in Fig. 1) is denoted byT xc
a . The process for non-

multimedia files are the same. Then we denoted the response time for non-multimedia traffic byT xc
b .

Then, we get
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(4)

and
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(5)

Then the overall response time is

Txc =
λa

λa + λb
∗ T xc

a +
λb

λa + λb
∗ T xc

b (6)

These equations is follow from the multi-class mean value analyzes specified in Lazowska (1984) [5].
The response timeT xc

a consists of three terms.
The first term is the time to check whether the requested file is on the PCS or not. This is derived form
the waiting time in anM/M/1 queueing system where the arrival rate is Poisson process withλa + λb

rate and the service rate is1Is
.

The second term is the response time in case the requested document exists on the PCS, which proba-
bility is pa. The first item in this term is the waiting time of the multi-class queueing system on the PCS
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which follows from [5], where the numeratorFa
Bxc

∗ (Yxc + Bxc
Rxc

) is the ”service demand”. The second
item in the second term is the traveling time when the requested file goes through the client network
bandwidth.
The third term is the response time when the requested file does not exists on the PCS. That event’s
probability is(1 − pa). This term consists of tree terms too. The first item is the initialization time of
TCP connection between the PCS and the remote web server. The second item is the waiting time of
the queueing system on the remote Web server, whereλj,3/qa = λ

′
j,3 andFa/Ns is the expected time

transferring the requested documents on the server network bandwidth. The third term is the waiting
time of the PCS when the copy of the requested document is transfered to the user.
Eq. (4) represents the response time for non multimedia traffic. When there is no PCS, the overall
response time, T, is given by the same logic for Eqs. (7)-(9):
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and
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Then the overall response time without a PCS is:

T =
λa

λa + λb
∗ Ta +

λb

λa + λb
∗ Tb (9)

Examining Eqs. (4)-(9) could see there are same case when the response time go to infinity. These
case occur when the denominator is zero. Letλb/λa = m the proportion of non-multimedia and
multimedia requests. So, when one of the given equations below is realized then the overall response
time will go to infinity.

λ = 1
Ixc

,

λa,1 = BxcRxc
(Fa+mFb)(YxcRxc+Bxc)

,

λa,2 = BxcRxc
(Fa+mFb)(YxcRxc+Bxc)

,

λa,3 + λb,3 = 1
Is

,

λa,3 = qaqbBsRs

(qbFa+mqaFb)(YsRs+Bs)
,

λ + Λ = 1
Is

,

λa + Λa = qaqbBsRs

(qbFa+mqaFb)(YsRs+Bs)

Now we give a value forλmax and for(λ+Λ)max usingλa,1, λa,2 < λ andλa,3, λa +Λa < λ+Λ.
The given value will not the best limit, but that value could be count using only the server parameters.

λmax = min
(

1
Ixc

,
BxcRxc

(Fa + Fb)(YxcRxc + Bxc)

)
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and

(λ + Λ)max = min
(

1
Is

,
qaqbBsRs

(qbFa + qaFb)(YsRs + Bs)

)

The first equation use only the solutions for PCS and the second equation use the solutions for remote
web server.

3 Numerical results

For the numerical explorations the corresponding parameters of Cheng and Bose [1], [2] are used. The
file sizes are class 0 and class 1 file taken from [1], [2] and [6]. (Fa = 7000 bytes andFb = 1000
bytes) The value of other parameters for numerical explorations were:Is = Ixc = 0.004 seconds,
Bs = Bxc = 2000 bytes,Ys = Yxc = 0.000016 seconds,Rs = Rxc = 1250 Mbyte/s,Ns = 1544
Kbit/s, andNc = 128 Kbit/s.
In all Figures the dotted line plot the case with a PCS and the normal line depicts the case without a
PCS.

3.1 Effect of arrival rate

In Fig 2. the response time is depicted as a function of arrival rate. In this Figure the percentage of
multimedia files is10% and the external arrival rate is 100 requests/s. The cache hit rate in the case of
both multimedia and non-multimedia files is0.25. Whenλ is smaller then60 requests/s the response
time is larger with a PCS than without a PCS. When the arrival rate is greater than60 the response
time is smaller when a PCS is installed. In Fig 3. we used the same parameters, only the multimedia
percentage was20%. In this case the existence of the PCS results a smaller response time whenλ > 25.
When we use a higher cache hit rate for multimedia files (Fig 4,pa = 0.4) the efficiency of PCS is clear.
In this case the response time with a PCS will be smaller than the response time without a PCS for any
value of the arrival rate. In the other hand, when we use a smaller cache hit rate for multimedia files
(Fig. 5, pa = 0.1) the response time with a PCS will be smaller than without a PCS only when the
arrival rate is greater then 60 requests/s. So, we can see that the performance of a PCS depends on a
high scale of the firms behaviour, but when the requests/s from the firm is greater than 60, than there is
enough a small cache hit rate for multimedia files to access a smaller response time.

3.2 Effect of external arrival rate

Now we investigate the effect of external arrival rate. In Fig. 6 the arrival rate from the PCS is 10
requests/s, the percentage of multimedia files is30% and the cache hit rate for both multimedia and non
multimedia files is0.25. We can see that the PCS will be efficient when the external arrivals are greater
than70 requests/s. In Fig. 7 we modified only the arrivals from the PCS to30 requests/s. In this situation
it is enough to have 50 external requests/s that the response time with PCS will be smaller than without
a PCS. When the cache hit rate for non-multimedia files is larger (pb = 0.5) (Fig. 8) then the response
time with a PCS will be smaller, independently of the number of external arrivals. Observations Fig. 6
- 8, we can find that in general the response time with and without a PCS increase when the external
arrival rate is increased. When the arrival rate of the studied firm is modest (10 requests/s) then the
PCS’s benefit will be visible when the external arrival rates are bigger than 70 requests/s. Increasing the
multimedia traffic percentage the existence of a PCS will be more pronounced. For example, in Fig. 7
(30% multimedia traffic) it is enough to have 50 external requests/s to realize a small advantage.

3.3 Effect of multimedia and non-multimedia file size

Fig. 9-11 depict the overall response time as a function of multimedia file size and Fig 12 shows the
effect of non-multimedia file size. In Fig. 9 we use a small cache hit rate for multimedia files (pa = 0.1).
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Figure 2:10% multimedia,Λ = 100, pa = pb = 0.25, Fa = 7000 bytes,Fb = 1000 bytes

The cache hit ratepb for non-multimedia files remains0.25. The percentage of multimedia files is20%.
The arrivals from the PCS is 30 request/s and the external arrivalsΛ = 100 requests/s. Now, we can
see that with these parameters the file size has no considerable effect on the response time. Increasing
the multimedia cache hit rate (pa = 0.25), the response time with a PCS is smaller than without a PCS,
when the multimedia file size is more than 7500 bytes (Fig. 10). When we increase the percentage of
multimedia files from20% to 30% it is enough that the multimedia file size be 6000 bytes to access a
smaller response time with PCS than without a PCS. (Fig. 11).
Examining Fig 12, we can see that there is no considerable effect of non-multimedia file size when the
percentage of the multimedia files is10%.
So, the multimedia file size has considerable effect when the cache hit rate is higher or the percentage
of multimedia file size is at least30%. In these cases increasing the multimedia file size the response
time with a PCS is smaller than without a PCS.
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Figure 3:20% multimedia,Λ = 100, pa = pb = 0.25, Fa = 7000 bytes,Fb = 1000 bytes
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Figure 4:20% multimedia,Λ = 100, pa = 0.4, pb = 0.25, Fa = 7000 bytes,Fb = 1000 bytes
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Figure 5:20% multimedia,Λ = 100, pa = 0.1, pb = 0.25, Fa = 7000 bytes,Fb = 1000 bytes
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Figure 6:30% multimedia,λ = 10, pa = pb = 0.25, Fa = 7000 bytes,Fb = 1000 bytes
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Figure 7:30% multimedia,λ = 30, pa = pb = 0.25, Fa = 7000 bytes,Fb = 1000 bytes

0.196

0.198

0.2

0.202

0.204

0.206

0.208

20 40 60 80 100
External Arrival Rate

Figure 8:30% multimedia,λ = 30, pa = 0.25, pb = 0.5, Fa = 7000 bytes,Fb = 1000 bytes
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Figure 9:20% multimedia,λ = 30, Λ = 100, pa = 0.1, pb = 0.25, Fb = 1000 bytes
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Figure 10:20% multimedia,λ = 30, Λ = 100, pa = 0.25, pb = 0.25, Fb = 1000 bytes
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Figure 11:30% multimedia,λ = 30, Λ = 100, pa = 0.25, pb = 0.25, Fb = 1000 bytes
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Figure 12:10% multimedia,λ = 30, Λ = 100, pa = 0.25, pb = 0.25, Fa = 7000 bytes
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Table 1:Notations
λa: arrival rate of multimedia files
λb: arrival rate of non-multimedia files
Λa: external arrival rate of multimedia files
Λb: external arrival rate of non-multimedia files
Fa: average file size of multimedia files (in byte)
Fb: average file size of non-multimedia files (in byte)
pa: cache hit rate for multimedia files
pb: cache hit rate for non-multimedia files

Bxc: PCS output buffer (in byte)
Ixc: lookup time of the PCS (in second)
Yxc: static server time of the PCS (in second)
Rxc: dynamic server time of the PCS (in byte/second)
Nc: client network bandwidth (in bit/second)
Bs: Web output buffer (in byte)
Is: lookup time of the Web server (in second)
Ys: static server time of the Web server (in second)
Rs: dynamic server time of the Web server (in byte/second)
Ns: server network bandwidth (in bit/second)

4 Conclusion

We modified the multi-class queueing network model of Bose and Cheng [1] to a more realistic case
when external arrivals are allowed to the remote web server. To examine this model we conduct numer-
ical experiments adapted to realistic parameters. In general, when the arrival rate of requests increases,
then the response times increase as well regardless the existence of PCS. But in contrast with [1] when
external arrivals are allowed to the remote web server, the PCS is beneficial with a low percentage of
multimedia traffic and a low multimedia cache hit rate. When we use a high percentage of multimedia
content and a high arrival rate, then the response time gap is more significant between the cases with
and without a PCS.
To compare the two model we examined the effect of the external arrival rate. With low external arrival
rate installing a PCS results to a higher response time. Increasing the external arrival rate, the difference
between response time with and without a PCS is smaller and smaller, then these difference vanished
and the existence of a PCS results a lower response time. Using a low percentage of multimedia files
and a low arrival rates from the firm we can access a slight benefit installing a PCS when the external
arrivals are high. However, a slight improvement of non-multimedia cache hit rate speeds up the Web
access.
Examining our numerical results it is clear that allowing external arrivals we get a more realistic model.
To decide whether to install a PCS or not in order to speed up the Web access will be easier by using
the demontrated numerical results.
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