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Abstract

Prefetching of data is frequently discussed can-
didate technology for mitigation of negative ef-
fects caused by low-bandwidth and high-delay
connections, especially common in mobile wire-
less scenarios. An inevitable side-effect of
prefetching is increased overall transferred data
volume. In this paper this side-effect is inves-
tigated and set in relation to the achieved re-
duction in user waiting time. Simulations on re-
quest /response level have been performed to in-
vestigate the distinct influence of prefetching in
circuit-switched and packet-switched networks
on network costs. Simulation results are pre-
sented and discussed. Results show that while
prefetching can achieve the desired reduction
of waiting time for both circuit-switched and
packet-switched networks, these gains are cou-
pled with pronounced increase in network cost
for packet-switched networks but with slight de-
crease in network costs for circuit switched net-
works.

1 Introduction

Prefetching of content is a technique with the poten-
tial to reduce the long waiting times that users usu-
ally experience when using data services in today’s mo-
bile wireless networks. The perception of a slow net-
work is not only caused by the limited transport capac-
ity (“bandwidth”) of these networks but also by their
substantial latency due to sophisticated and complex
channel-coding schemes that require long interleavers
and time-consuming digital signal processing. In ex-
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treme cases roundtrip times up to seconds are a direct
consequence. Applications with high interactivity like
web-browsing therefore suffer from waiting times after
each click, even for small responses.

While prefetching has been applied for certain applica-
tions like web-browsing with classical fixed dial-up con-
nections to the internet it has also been controversially
discussed for its unwanted side-effect of increasing the
load of the involved HT'TP-servers. However, the max-
imum potential load caused by any of today’s mobile
wireless clients seems negligible compared to the heavy
load from clients connected via digital subscriber line
(DSL) or LANs. For the application of prefetching in
mobile scenarios its influence on the user’s bill is nev-
ertheless of considerable relevance.

In this paper we want to use the results of simulations
to investigate and compare the benefits and costs of
prefetching for both circuit-switched (CS) and packet-
switched (PS) networks. We make this distinction be-
tween CS and PS for their typically distinct structure
of network costs. While the use of CS networks is com-
monly charged on the basis of the duration of a connec-
tion (“airtime”), operators of PS networks use the abil-
ity to charge for the amount of transferred data (“vol-
ume”).

Thorough analysis of performance modelling of
prefetching has been performed by Tuah [1]. Adverse
effects of prefetching have been analyzed and counter-
measures proposed by Crovella in [2]. In [3] probabilis-
tic fundamentals of prefetching have been analyzed. In
contrast to the short-term prefetching investigated in
the paper at hand Venkaterami et al have discussed
long-term prefetching in [4]. Other valuable resources
on the topic are [5],[6] and [7].

We would like to point out the opinion that despite mul-
tiple similarities and interactions between caching and
prefetching, research in these two fields has different
problems to solve — for the scenarios of interest here —
for two main reasons: a) prefetching typically retrieves
documents a few seconds up to a few minutes before



the user requests them. Usually this is close enough
to the instant the user is going to request them that
a major concern of research in caching, the problem of
stale documents, occurs only very rarely. b) mobile de-
vices are limited not only in connectivity but also in
memory resources. Large caches are therefore difficult
to maintain'. Prefetching, as described here, usually
keeps only those few documents in memory that have
a high probability to be requested by the user.

The main benefit and the metric to rate the perfor-
mance of prefetching is the reduction of waiting time
for the user. As we will see, this benefit does not al-
ways come for free, but has repercussions on costs. In
order to solve certain decision or optimization prob-
lems it seems necessary to include the user’s waiting
time into a common cost function together with net-
work costs and energy consumed on the device. In [8]
this approach has been proposed. In the paper at hand
we are aware of the necessity to formulate a common
cost function but evade it by presenting quantitative
results of the saved user time and the necessary costs.
In our further work we will have to continue at this
point and formulate a sensible cost function in order to
implement systems capable of autonomously deciding
in the user’s interest.

2 System Model
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Figure 1: System model overview

With the intention to model a system used for general
request/response oriented applications a system com-
prised of standard components for web-browsing using
the HyperText Transfer Protocol (HTTP) was chosen.
Depending on the user’s selection of a document the
primary request of this document is sent to the server
(typically the request for a .html-file). After arrival
of the corresponding response the secondary requests
(typically requests for embedded elements such as pic-
tures, sounds, animations) are issued. The moment all

IThis argumentation does by no means intend to discard
caching in favor of prefetching, since the reuse of an already trans-
ferred document is of course the most network resource efficient
technique.

responses that belong to the document have arrived,
a timer with the viewing time for this particular doc-
ument is started. The primary request for the next
document is sent the moment the viewing time is fin-
ished. This process is illustrated in Fig.2. We used the
empirical distributions derived by Mah [9] to generate
the sizes of primary and secondary requests, the num-
ber of secondary request per document as well as the
viewing times. The same model has already been used
in [3].
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Figure 2: Snapshot of sample HTTP requests and re-
sponses and viewing times

For the purpose of simulating the effects of prefetch-
ing we had to extend this model to account for the
selection process of documents.

The sequence of user decisions that select the docu-
ments is assumed to be the driving random process of
the system. Each document is assumed to have a num-
ber of N candidate successors. The probability of these
candidates to become selected is distributed according
to Zipf’s Law. Zipf’s Law states that the probability of
the i-th most likely event is proportional to 1/i. This is
also called the strict Zipf’s Law. Many interesting ex-
periments show a slight modification of this law. They
can be more adequately modelled with a probability
proportional to 1/¢* for the i-th most likely event. The
value a then typically takes a value of less than unity.
For a = 1.0 this modified law is equivalent to the strict
Zipf’s Law [10].

The proxy (see Fig.1) is assumed to know of the N
sucessor candidates and their probability with respect
to the currently viewed document. In section 5 we will
briefly describe how a real proxy can obtain a close ap-
proximation of this “genie”-knowledge.

The moment the viewing time starts, the proxy uses
its knowledge and starts to retrieve the objects of the
candidate documents. The proxy immediately stops
these speculative retrievals whenever any of two possi-
ble events occur: a) the viewing time has ended and



a non-speculative request is issued by the client; or b)
no more documents with a probabability higher than
a pre-adjustable threshold py, are available. Requests
and responses are transported by a network with con-
stant transport capacity ¢ and constant delay Ts. Up-
link and downlink channels are independent and have
equal capacity and delay. All servers are parametrized
with the constant delay T's. Their response is created
Ts after the instant the request has fully arrived, inde-
pendently of the response size.

As mentioned in the introduction we differentiate be-
tween circuit-switched and packet-switched networks.
This distinction is only made for the access network of
the mobile wireless network since its costs are assumed
to dominate. For circuit-switched networks we assume
the time a user needs to sequentially work through a
given plan (a given sequence of documents and view-
ing times) to linearly determine the total network costs.
These costs are independent of the volume of the trans-
ferred data. For packet-switched networks the recipro-
cal situation is assumed: Ounly transferred volume (re-
gardless of their having been retrieved speculatively or
not) linearly determines the total network cost. The
length of the period of time the network is in use does
not influence network costs.

We will later discuss these costs in light of the waiting
time the user has to endure while following a certain
plan.

3 Simulation and Results

The simulation has been designed for fast and flexible
adaptation to prefetching controller strategies, traffic
and cost models as well as network models. For the
results presented here, the simulation consists of client,
proxy, network and server. Traffic is modelled at
request/response level using Mah’s empirical distri-
butions. Modifications have been made to limit the
maximum viewing time to 300 seconds for the purpose
of achieving meaningful results in reasonable simu-
lation time. Influences of these modifications on the
results regarding the performance of prefetching are
negligible since all candidate documents have usually
been transferred within 300 seconds. The simulation
operates in a “closed loop”, where the arrival times
of responses determine the beginning of the viewing
times and therefore the timing of the following requests.

3.1 Single Shot Simulation

The candidate documents are drawn from a distribu-
tion following Zipf’s law with parameters N = 7 and
a=1.0.

Two seperate channels for requests and responses (up-
link and downlink) are modelled with identical param-
eters. The transport capacity of each channel is chosen

to be constant at 1-10° bit/s. Each channel introduces
0.1 seconds of delay. The server delay is fixed at 50 ms.
Only two values for py, are used: The no-prefetching
case is simulated by setting p;, = 1.0, whereas for un-
restrained prefetching py, is set to 0.0.

The user plan consists of 100 documents that are identi-
cally chosen for the prefetching and no-prefetching sce-
narios.
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Figure 3: Influence of prefetching on user waiting time,
identical for CS and PS, 100 documents, single trial
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Figure 4: Ratio of user waiting time, 100 documents,
single trial

In Fig. 3 the influence of prefetching is depicted. For
the chosen parameters it takes the user 3343 seconds
to complete his plan consisting of 100 documents if no
prefetching is applied. The same plan is executed in
3263 seconds when prefetching is applied. After these
durations no more documents are requested, resulting
in the flat segment on the right of the curves. We see the
cumulated waiting time the user has to endure with and
without prefetching. While executing his plan without



prefetching the user has to wait for 330.7 seconds. This
can be reduced to 250.4 seconds when prefetching is ap-
plied. In this trial prefetching reduced the waiting time
by 80.3 seconds or 24.3%. The temporal development
of this relative gain is depicted in Fig. 4.

It is interesting to note that the sporadically occuring
increases of the ratio are caused by the fact that in the
prefetching case the user has to wait for a shorter time
for some larger document that add up to the cumulated
waiting time. These effects are only temporary, as in
the case without prefetching the user will also request
these documents.
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Figure 5: Influence of prefetching on network cost for
packet-switched network, 100 documents, single trial
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Figure 6: Ratio of network cost, 100 documents, single
trial

The achieved reduction of user waiting time is ac-
companied by an increase in transferred data volume
V. In Fig. 5 the absolute values of the cumulated trans-
ferred volume are shown. Here, prefetching results in
the upper curve. The cumulated volume for specula-
tive and non-speculative requests and responses nec-

essary for transferring the 100 documents amounts to
6.05 - 107 bits. Whereas without prefetching only non-
speculative requests and responses have to be trans-
ported and amount to 2.88 - 107 bits. The ratio is plot-
ted in Fig.6. We can clearly see that more than twice
the amount of data had to be transported.

For the packet-switched network this directly corre-
sponds to an increase in cost of the same factor. In
contrast to this, the costs for a circuit-switched network
are reduced. The total time necessary to execute the
plan (sequence of documents) has been slightly reduced
by 2.4%, which directly results in the same amount of
saved network costs.

3.2 Monte Carlo Simulations

The results are very sensitive to the outcomes of the
individual random trials that generate the documents’
requests and the viewing times. This is a well known
fact that occurs in simulations of application-layer traf-
fic. For the purpose of obtaining insight into how a
system performs on the average the method of Monte
Carlo simulations can be applied. The following results
are obtained by averaging over 10 trials. All trials have
been initialized with different and random seeds of the
random generators. To keep the high variation of the in-
dividual trials in mind their outcomes are also included
in the respective diagrams. All system parameters are
chosen identical to the single shot simulations. In Fig. 7
the average waiting time of 10 trials with and without
prefetching is shown in addition with the outcomes of
the individual trials. We can see the strong inter-trial
variations. The respective ratios of the the individual
trials and the ratio of the means waiting time are shown
in Fig. 8.

In the single trial experiment described above we seem
to have picked a random sequence of documents and
waiting times that resulted in a fairly representative
perceived performance of the system. For the aver-
age over trials we see a reduction in mean cumulated
waiting time from 383.5 seconds without prefetching
to 290.7 seconds when prefetching is applied. This re-
duction of 24.1% comes with an increase of almost ex-
actly 100% in transferred data volume (3,43 - 107 bit
to 6.88 - 107 bit), which is equivalent to the increase
in network cost for a packet-switched network scenario
(see Fig.9 and Fig.10). The mean time to complete
the plan of 100 documents is reduced from 3284 sec-
onds to 3190 seconds by prefetching, resulting in an
equivalent reduction of 2.8% in network cost for the
circuit-switched network scenario.

According to [3] the reduction in waiting time and
the increase in transferred volume depends on the ran-
domness of the documents. If we assume a distribution
of the probabilities according to Zipf’s Law, this ran-
domness is adjusted with a. In the results presented so
far we have used the threshold probability p;, only to
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Figure 7: Influence of prefetching on user waiting time,
100 documents, average over 10 trials
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Figure 8: Ratio of user waiting time, 100 documents,
average over 10 trials

select between the two extreme cases of no prefetching
(per, = 1.0) and unrestrained prefetching (pg, = 0.0).
By adjusting py, to intermediate values between 0.0
and 1.0 we can smoothly tune the degree of prefetch-
ing. To investigate the influence of a and p, simula-
tions for various a’s have been performed with decreas-
ing threshold probabilities. In Fig.11 the influence of
the degree of prefetching on network cost and reduction
of waiting time is depicted. The results have been nor-
malized with respect to the no prefetching case of the
individual a.

We see the expected result that the benefits of prefetch-
ing grow with increasing a.
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Figure 9: Influence of prefetching on network cost for
packet-switched network, 100 documents, average over
10 trials
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4 Conclusions

The simulation results permit the conclusion that
whenever a network resource is exclusively assigned to
a user, as is the case for the duration of a connection
in a circuit-switched system, prefetching is a sensible
technique that increases the perceived performance of
the system and conserves its resources. More differenti-
ation is necessary for the packet-switched case. When-
ever a network that is capable of dynamically asigning
and sharing its resources among multiple users is op-
erating near its capacity any form of prefetching will
have adverse consequences, due to the overproportional
consumption of these resources by prefetching. How-
ever, prefetching does increase overall system perfor-
mance also for the packet-switched case whenever net-
work resources are not fully employed. This conclu-
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sion also suggests that dynamical pricing schemes that
react on the instantaneous load of the network might
be an interesting approach to stimulate prefetching in
places/times when the network has free capacities. This
would reduce the load in places/times with higher load
and increase perceived network performance even with-
out the need for assigning penalties for use of the net-
work during higher load.

We would like to emphasize our view that the applica-
tion of prefetching offers an additional degree of free-
dom for decision problems of optimum utilization of
system resources. This degree of freedom can be vi-
sualized by the mock-up display presented in [8] and
reproduced in Fig. 12 for the reader’s convenience. The
relations between the threshold probability, the reduc-
tion of waiting time and the network costs govern the
degrees of freedom of the sliders.

5 Further Work

In the presented simulation we made the assumption
that the proxy has knowledge of the candidate docu-
ments and their probabilities. For realistic scenarios
this knowledge cannot be obtained by a single proxy,
as it is not able to foresee the statistics of documents
previously unrequested by its assigned client. Could
we combine the knowledge of a substantial number of
proxies this deficiency would be remedied. We there-
fore suggest an architecture as depicted in Fig.13. The
proxies send log messages of the client’s requests to a
central server component. This central server compo-
nent is then capable of acquiring sufficient statistics in
order to reply with a list of probable candidate docu-
ments. Based on this information the proxy starts to
speculatively retrieve these documents from the orig-
inal HTTP-servers. This architecture can be advan-

willingness to

Figure 12: Mock-up display from [8§]

tageously combined with the split-proxy concept pre-
sented in [11] which additionally allows for handover
between distinct networks e.g. Bluetooth, WLAN or
GSM on the application level.
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Figure 13: Cooperating prefetching proxies with central
statistics server

Initially we plan to use a diagnostic proxy that com-
municates with a central server for the purpose of ob-
taining higher order statistics on the sequence of doc-
uments that users create when browsing especially in
mobile scenarios. It is an important goal of our work to
derive flexible models with adjustable parameters from
these traces. The influence of the inter-document statis-
tics on the ability to estimate document probabilities
will be investigated to further assess the capabilities of
prefetching in real world applications.

Field trials that are taking place in spring 2003 within
the Heywow project will be used to test prefetching
strategies under real world conditions and obtain quan-



titative results on their performance as well as valuable
user feedback on perceived drawbacks and benefits.
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