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 ABSTRACT

A recently proposed streaming media file caching algorithm, called Resource Based Caching (RBC), considers the impact of
both file size and required delivery bandwidth in making cache insertion and replacement decisions.  Previous comparisons
between RBC and the least-frequency-used (LFU) policy conclude that RBC provides a better byte hit ratio in the cache.
This paper revisits this policy comparison over a much broader region of the system design space than previously considered.
The results provide more complete insight into the behavior of RBC, and support new conclusions about the relative
performance of RBC and LFU.  A new policy, Pooled RBC, is proposed.  Pooled RBC includes three improvements to the
original RBC policy and has significantly better performance than RBC.  Finally, a new hybrid LFU/interval caching strategy
is proposed.  The new hybrid policy is significantly simpler to implement than RBC and performs as well or better than both
Pooled RBC and LFU.
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1. INTRODUCTION

The design of efficient caching policies for streaming media files is a challenging open research problem for several reasons.
First, video files are typically large. A single file may require tens of megabytes to tens of gigabytes of storage, depending on
the quality and duration of the video. Thus, most of the cached content must be stored on disks, and both the disk cache and
main memory buffering must be carefully managed.  Second, real time media file transfers require a significant amount of
disk and network i/o bandwidth, sustained over long periods of time. This implies that effective caching algorithms should
avoid using too much disk bandwidth to store new content in the cache during periods of high client interest in the current
cache content.  Third, clients may only be interested in receiving parts of files, as they request portions of the videos that
especially interest them.  This implies that partial file caching may be important.  Finally, not much data is available about
client behavior in video-on-demand (VOD) systems, and client behavior may change as streaming media systems become
more powerful and new applications emerge.  Thus, media caching algorithms should be designed to be robust for evolving
client workloads, and should be evaluated over a wide range of current and hypothetical future system workloads.

Several media caching algorithms have been proposed and evaluated in prior work.  Early papers6,8,10,15,18,19 propose and
analyze algorithms for caching intervals of video file data in main memory, so as to satisfy multiple client requests that arrive
close in time. Tewari et al. 31,32 define a new disk-based caching policy called the resource-based caching (RBC) algorithm,
which considers disk bandwidth as well as disk storage capacity, and caches a mixture of intervals and full files that have the
greatest caching gain.  They compare their RBC algorithm against the least-frequently-used (LFU) cache replacement
algorithm that caches the videos with highest request frequencies, and conclude that RBC provides a better byte hit ratio in
the cache.  Rejaie et al. define a frequency-based caching architecture and policy for layered video streams 23,24, and explicitly
leave the task of defining the RBC algorithm for layered video streams for future work23.  In complementary work, several
papers have proposed prefix caching 28 and other selective partial caching17,34 so that variations in media display rate at the
client end can be accommodated in the context of fixed-rate or smoothed variable-rate streaming from the server.
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Motivated by the narrowness of the system design space considered in the previous evaluations of the RBC and LFU caching
algorithms, this paper revisits the comparison of these caching algorithms over a much broader region of the system design
space than previously considered.  In particular, the paper makes the following contributions to understanding streaming
media caching strategies:

• A more complete definition of the RBC policy is provided, based on input from the policy inventors30.

• A small number of key system and workload parameters are identified that can be varied to compare policies over a wide
range of system configurations and client workloads.

• New results are provided that give more complete insight into the behavior and performance of the RBC policy.

• New conclusions are reached about the relative performance of RBC and LFU, partly due to the larger system design
space considered in this paper.

• Four improvements to the RBC policy are proposed.  The new policy with these improvements, Pooled RBC, is
evaluated and Pooled RBC outperforms RBC over the system and workload parameter space examined in this paper.

• A new hybrid LFU/interval caching (LFU/IC) policy is proposed.  A key result of this paper is that LFU/IC is
significantly simpler to implement than the RBC and Pooled RBC policies, and performs as well or better than both
Pooled RBC and ordinary LFU over the entire system design space examined in this paper.

Based on insights derived during the policy evaluations, we conjecture that the generic class of hybrid LFU/IC policies is
quite promising for both current and future VOD systems and client workloads.

Parallel work1 considers a proxy cache that is distributed among N servers in which each video file is partitioned into N
blocks for load balancing purposes.  They use a set of client request traces2 to compare several hierarchical file/block-level
caching policies, including: LFU, FIFO, and LRU-k, under the assumption that the disks always have enough bandwidth to
update and deliver the cache content for any of these caching policies.  LRU-k caches a file whenever it is accessed and, if
space is needed, selects for eviction the file with the largest k-distance, i.e., the largest difference between the current time
and the time at which the kth most recent access was made to the file.  For many of the configurations and traces they study,
the LFU and LRU-k policies have similar performance that is superior to the other policies; in a few cases, LRU-3 is shown
to have better (up to 8% higher) block hit rate than their LFU algorithm.  The LFU/IC policy proposed in this paper is
different than their LFU policy.  First, the LFU/IC policy we envision estimates file access frequency before deciding to
cache a file.  Second, the LFU/IC policy caches intervals as well as files or popular file segments.  However, the k-distance
measure could be a useful practical method of estimating file (or partial file) access frequency in the LFU/IC policy.  We
comment on this further in section 2.1.  Experimental comparison of the LFU/IC and LRU-k policies is left for future work.

The policy comparisons in this paper are performed using simulation with a synthetic workload controlled by a set of
workload parameters that are designed to include workload characteristics reported in the literature2,3,5,7,14.  The synthetic
workload technique ensures that a known (and broad) region of the system design space is evaluated.

The rest of the paper is organized as follows.  Section 2 provides definitions of the LFU, interval caching, and RBC policies.
Section 3 defines the system model and evaluation methodology used in the performance evaluations presented in this paper.
Section 4 shows results that compare the performance of RBC and LFU, and provides insights into the behavior of the RBC
policy.  Section 5 defines the new Pooled RBC and hybrid LFU/IC policies, and provides performance results comparing the
new policies against RBC and LFU. Concluding remarks are provided in Section 6.

2. BACKGROUND

2.1.   The LFU Caching Policy

The LFU caching policy simply caches the files or partial files that are estimated to have the highest access frequency at the
current time.  Two key open questions in implementing the policy are:  (1) for what data granularity should access frequency
be measured, and (2) for a given data granularity, how should current access frequency be estimated in an actual system?

For highest performance, if partial file caching is supported, access frequency should be measured at the granularity of the
data requests that are issued by the clients.  Similarly, access frequencies for different layers of a layered video stream should
be measured separately, as suggested in previous works 23,24.  A key factor in assessing the appropriate granularity for a given
system is to achieve a good balance between the precision and the simplicity of obtaining and maintaining the frequency
measures.



To predict access frequencies for a given data granularity, the simplest cases are such that simple reference counts can be
used, or future access frequencies are known from previous access frequencies.  However, in the more common case, access
frequencies change over time in unpredictable ways.  In this case, precisely how to estimate current access frequencies is an
open question.  One proposed approach is to use reference counts with an aging mechanism such as a periodic right shift of
one bit to form an exponential decaying average usage count 27.  Another proposed approach is to use the reference count,
perhaps weighted by the fraction of the file that is accessed in each request, over the most recent interval of (unspecified)
length t 23,24.  A third approach 32 is to estimate the mean time between requests (i.e., the inverse of the access frequency) each
time a new request arrives, using a weighted average of the most recent inter-request time and the mean inter-request time
computed when the previous request arrived.  We note that, for any integer k, the ratio of k to the time since the kth most
recent client request can also be considered an estimate of file or partial file access rate.  In this case, the distinction between
the LFU policy and the LRU-k policy is that the LFU policy only stores a file in the cache when this measure of access
frequency is among the highest access frequencies for the files and/or partial files that fit in the cache.  LRU-k stores a file (or
partial file) in the cache whenever it is accessed.

Each policy evaluated in this paper (i.e., LFU, RBC, Pooled RBC, and LFU/IC) uses file access frequency estimates for
deciding which data should be stored in the cache.  Since methods for estimating access frequency are an open and active
research topic, we will compare the performance of these policies primarily under the assumption that each policy has perfect
knowledge of access frequencies.  We have verified that the relative policy performance results obtained in this paper are the
same if each policy uses the particular method of estimating access frequency used in the original performance comparison of
RBC and LFU 32, which is the third approach outlined above.  It thus seems likely that the relative policy performance will be
insensitive to improved practical methods for estimating access frequency that may be developed in the future.

2.2.   The Interval Caching Policy

Interval caching policies6,7,8,10,15,18 have been proposed and analyzed for caching partial video streams in main memory.  In
these policies, if two client requests for file i arrive close together in time, then the data delivered to the first client may be
stored in the memory cache until it is delivered to the second client.  More generally the data may be stored in the memory
cache until it has been delivered to several future clients that have requested the file close together in time.  If the data is
deleted when the second client receives it, the cached data is called an interval of data (equal to the amount of data delivered
between the first two client requests).  If the data is deleted when a later client receives it, the cached data is called a run
(equal to the sum of several intervals between consecutive client requests).  The policy in these previous papers caches the set
of smallest intervals or runs that can fit in the main memory cache.

2.3.   The RBC Caching Policy

The Resource Based Caching (RBC) algorithm is a disk caching policy that characterizes each file object by its space and
bandwidth requirements and a measure called caching gain.  RBC tries to efficiently utilize the limited resource, either disk
space or disk bandwidth.  Like LFU, RBC handles other files as well as streaming media files.  However, to simplify the
description of the policy, we assume a workload of only streaming media files.  The development of the RBC policy was
guided by two sometimes incompatible goals:  (1) keep disk space utilization and disk bandwidth utilization approximately
equal, and (2) replace the entity in the cache that is estimated to be needed again farthest in the future.  As we illustrate in
Section 4, the value of the first goal is somewhat unclear; a more intuitive goal is simply to maximize the disk bandwidth that
is used to deliver content to clients.  The second goal leads to optimal policy performance if the estimate of which data is
needed farthest in the future is accurate and the system is not bandwidth-constrained.

In the remainder of this section, we describe the RBC policy as defined in previous literature32, followed by some
clarifications of the policy that are omitted in the previous literature.  Along the way, we propose two changes to the policy
that do not affect the performance results obtained in this paper, but which are perhaps more intuitive than the original
definition of the policy.

2.3.1. RBC as Defined in the Previous Work

RBC uses the parameters defined in Table 1.  When a client request for file i arrives and file i is not fully cached, the RBC
policy follows two steps.  In step 1, the system uses the criteria in Table 2a to select the granularity of file i (i.e., interval, run,
or full file) that should be considered for placement in the cache.  In step 2, the system decides whether the entity selected in
step 1 should be cached, possibly removing other cached entities, as described in Table 3.

RBC keeps two ranked lists of cached entities: one is ranked by space goodness, the other by bandwidth goodness. The entity
(i,x) selected in Step 1 will only be cached if space equal to Si,x and bandwidth equal to Bi,x can be allocated to it. Note that
for full files, this implies that bandwidth equal to the estimated average number of clients that will actively view the file is



allocated to the file for the duration of its lifetime in the cache.  The requisite space and bandwidth can be allocated from
unallocated space and bandwidth, respectively, or by replacing cached entities with lower space goodness and/or lower
bandwidth goodness, following the rules given in Table 3.  An interval or run is deleted from the cache when the last client to
join the interval or run finishes receiving the file.

The criteria used in step 1 of the RBC algorithm are designed to keep bandwidth and space utilization equal when choosing
the granularity of the entity to cache.  Given this goal, however, it is not clear why in the case when Uspace  is greater than Ubw

+ ε, RBC selects the entity with minimum Si,x rather than the entity with maximum space goodness.  We have experimented
with a simpler and more intuitive rule for step 1, given in Table 2b, namely always select the entity with the largest space
goodness, regardless of the values of Ubw and Uspace.  The RBC policy evaluated in section 4 uses the rules for step 1 as
defined in Table 2a; the Pooled RBC policy evaluated in section 5 uses the simplified rule in Table 2b.  Further experiments
have determined that, perhaps surprisingly, the change in rules for step 1 does not affect the performance of RBC.

Table 1: Parameters Used in RBC

Notation Description
Ri,file Estimated average number of clients that request file i during the delivery time for file i
Ri,x Current number of clients receiving but not writing entity x of file i  (x ∈ {interval, run}).
Wi,x Current number of clients receiving and writing entity x of file i to disk  (x ∈ {interval, run ,file})
Ri Bit rate for receiving file i.

Bi,x = (Ri,x +Wi,x)  × ri Bandwidth requirement  of entity x of file i (x ∈ {interval, run , file})
Si,x Size, in bytes, of entity x of file i (x ∈ {interval, run , file})

gi,x = Ri,x × ri Caching gain for entity x of file i (x ∈ {interval, run , file})
Gspace(i,x) = gi,x/Si,x Space goodness measure for entity x of file i
Gbw(i,x) = gi,x/Bi,x Bandwidth goodness measure for entity x of file i

Uspace Current disk space utilization
Ubw Current disk bandwidth utilization

2.3.2. Clarifications of the RBC Policy

The previous literature29,32 omits some key details of the RBC policy.  Fortunately, one of the policy inventors has given us
the missing information needed to perform our policy comparisons30.  In this section, we list some of the most important
details for future reference.
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(1) If  enough unallocated space and unallocated bandwidth:

Cache entity x

(2) If enough unallocated space but bandwidth constrained:

Use bandwidth goodness list to select candidates for
eviction

(3) If enough unallocated bandwidth but space constrained:

Use space goodness list to select candidates for eviction

(4) If  both bandwidth and space constrained:
Let Sfree and Bfree be the unallocated space and unallocated
bandwidth, respectively. Walk on both lists: at each step,
remove entity from bandwidth goodness list if Sfree/Si,x >
Bfree/Bi,x  or from space goodness list otherwise.

(b) Proposed Simplified Step 1

(1) Choose entity x with maximal Gspace(i,x)

Table 2: RBC Step 1 - Select Granularity of Entity (x)
a) Original RBC Algorithm

Table 3: RBC Step 2 - Caching Decision for Entity x



• Runs versus consecutive intervals:

When a new client request could create either a larger run or a new (consecutive) interval in the cache, we learned that
the original policy 29,32 does not consider the possibility of a consecutive interval in Step 1.  We thus implemented that
assumption in the results provided in this paper.  We also implemented a version of RBC that considers both the interval
and the run in Step 1, and did not observe any significant change in performance for the workloads in this paper.

• What happens when a new request to a cached file arrives and all of the file’s pre-allocated bandwidth is already in use?

In this case, RBC 29,32 allocates a new stream from the cache only if there is enough unallocated disk bandwidth or if
enough entities with lower bandwidth goodness can be evicted from the cache in order to allocate a new stream for the
file.  We tried omitting the step that evicts cached entities, which resulted in very slightly better system performance.
The results provided in section 4 are for the original RBC policy, which includes the evictions.  The Pooled RBC policy,
defined in section 5.1, does not evict entities when bandwidth is needed for a cached full file.

• What happens when the policy decides to cache a full file and there are already intervals of the file in the cache?

The original computes the additional resources needed to cache the full file, and if the requisite space and bandwidth can
be allocated the full file is cached.  In this case, the intervals are still kept in the cache as long as the full file is cached,
but if the full file is later evicted from the cache, the intervals will also be evicted. For the results in this paper, we use
the same algorithm for deciding whether to cache the full file.  However, if the full file is later evicted, but the intervals
are still active, we allow the intervals to be retained in the cache (with their original space goodness, bandwidth goodness
and bandwidth allocation).  We experimented with both alternatives and found no noticeable difference in performance.

We point out that the RBC policy is significantly more complex than the LFU policy, in terms of implementation as well as
running time.  For RBC, each cached entity must have an entry on each goodness list.  On each caching decision, possibly
both goodness lists must be searched.  The relative performance of LFU and RBC should be evaluated in the context of these
relative implementation and runtime complexities.

2.4.   Disk Technology Trends

An important factor in relative caching policy performance is the ratio of effective proxy server streaming bandwidth to
storage space, which changes with each new generation of disks.  For example, a Seagate Barracuda model ST15150W disk,
which is just two generations earlier than today’s disks, has a capacity of 4GB and a peak transfer rate that varies from 4.8 to
7.32MB/s, depending on which track stores the data.  In contrast, today’s Ultrastar 72ZX has roughly 18 times the capacity of
the Barracuda (i.e., 73.4 GB), and roughly 5 times more bandwidth than the Barracuda (i.e., peak transfer rate that varies
from 22−37 MB/s) 20.  These two disks illustrate how rapidly disk technology is evolving, and that disk capacity increases by
60% each year while transfer rate increases by only 40% a year 22.  These multiplicative factors create an increasing gap
between disk bandwidth and disk capacity.  The implications of these trends for evaluating relative proxy caching policy
performance are discussed further in Section 3.

3. CACHING POLICY COMPARISONS:  SYSTEM MODEL AND EVALUATION METHODOLOGY

The byte hit ratio for a given streaming media caching policy is defined as the fraction of the total bytes delivered that are
delivered from the cache.  Note that this ratio may be smaller than the fraction of delivered bytes that are found in the cache,
due to the finite disk bandwidth.   We use byte hit ratio as the primary metric for comparing caching policies, as it provides a
direct measure of the savings in remote network and server bandwidth.  We also provide disk space and bandwidth
utilization, as well as graphs of the entities that are cached, to provide further insights into the behavior of the policies.

Throughout the remainder of the paper, we refer to the objects that clients request as files, although any given object might be
a partial file that is accessed more frequently than other portions of the same file.  We also assume that the proxy server is
able to use all of its effective disk bandwidth for streaming data to clients.  That is, the server has sufficient network i/o
bandwidth for streaming data from its memory and disks.  If, instead, network i/o is the bottleneck, the system parameters
defined below could be modified to use network i/o bandwidth instead of disk streaming bandwidth.

Many system and workload parameters affect the byte hit ratio for each of the caching policies.  These parameters include the
file size, delivery rate, and request rate for each of the files that are requested by clients, the number of files, the number of
disks on the proxy, the disk storage space and bandwidth, and the method used to place the cached files on the disks.
Previous studies of caching policies have fixed most of the system and workload parameters (e.g., particular file sizes,
streaming rates, and popularity ranking), and then independently varied a small number of the parameters (such as cache size,



proxy bandwidth, and client request arrival rate).  Furthermore, the parameters have been varied over very narrow ranges of
possible values.  How the policies compare for other proxy systems and workloads is then unknown.

Fortunately, as explained below, it is neither necessary nor desirable to vary each of the system and workload parameters
independently over the range of possible values in order to understand the relative performance of caching policies for the
range of proxy systems and workloads that can occur in practice.  Instead, we define a large region of the system and
workload parameter space that can be explored by varying the five parameters that are given in Table 4 and defined further
below.  Moreover, as explained below, we have run additional simulation experiments to check that the policy comparisons
are similar for other important regions of the system and workload parameter space.

Table 4:  Principal System Model Parameters

Parameter Description

n Number of files accessed

θ Parameter for the Zipf-like distribution used to model the file access probabilities

N Client request rate, in units of average number of requests per average file duration T

C Cache size, expressed as a fraction of the total amount of  file data accessed

B Disk bandwidth, expressed as a fraction of the bandwidth needed to deliver the cached files under LFU

3.1. System Assumptions

To define a broad system and workload parameter space that can be explored efficiently, we make the following assumptions,
augmented with additional experiments as described below.

(1) As in previous studies9,11,12,18,32, we assume a fixed number of files, n, each access is independent, and fixed access
frequencies that are skewed as defined by a Zipf-like distribution with parameter θ  (i.e., pi = P(access file i) = C/i(1 - θ) ).

(2) In most of the experiments, we assume all files have the same size and delivery rate (r), and that each client requests the
entire file, and thus the delivery time, T, is the same for all files.

(3) As in many previous studies of streaming media caching policies11,12,15,32, we assume in most of the simulation
experiments that client request arrivals are Poisson, with request rate λ.

(4) We assume that files are placed on the disks in a way that balances the load on the disks 19,26.

Zipf-like distributions of file access frequencies have been observed in several prior studies of workloads for videos as well
as Web content3,5,9,14.  As discussed in Section 2.1, practical methods for estimating each file’s access frequency dynamically
in an actual system are an open research problem.  Similarly, to our knowledge, it is unknown how file access frequencies
vary over time in streaming media systems.  However, results in section 4 will show that for workloads in which LFU
outperforms RBC, the RBC policy caches mostly full files.  In this case, the assumptions of fixed access frequencies and
perfect knowledge of file access frequencies benefit both LFU and RBC equally.  Thus, more general assumptions of access
frequencies and estimators for file request frequencies are not expected to change the conclusions in this paper.

The assumption of uniform size, and delivery rate for all files greatly simplifies the exploration of the design space and
makes our results easier to reproduce in future studies.  More importantly, we provide results in Section 4 to show that the
relative performance of the policies is the same for the assumption of multiple file sizes and delivery rates as it is for uniform
file size and delivery rate equal to the average values of the respective quantities in the more general workload.

The Poisson arrival assumption allows our new results to be directly compared with the previous results32.  Furthermore, in a
previous study, Poisson arrivals were observed for workloads on six different Web servers 3, and we have recently found that
the arrivals to two streaming media servers that serve course content at different major U.S. universities, measured over
periods during which the request rate is relatively stable, are approximately Poisson.  On the other hand, since inter-request
times at other Web servers have been observed4,21,33 to have a heavier tail than the exponential, we performed additional
experiments with a heavy-tailed distribution of inter-arrival times (i.e., Pareto with parameters α =1.5, k = 1.04).   We found
that the conditions under which RBC performs better or worse than LFU remain the same for these heavy tailed inter-arrival
times as for the Poisson arrivals.  We did not experiment with explicit temporal locality, but prior work has shown that the
simple model of independent requests with a Zipf-like distribution of file popularity is enough to capture the temporal
behavior observed at web proxies 5, especially for large caches 14,16.  Furthermore, we conjecture that it affects performance



similarly to the heavy-tailed distribution of inter-request time (i.e., more of the file intervals that might be cached in the RBC
policy are small).

3.2. System and Workload Parameters

The system assumptions defined above reduce the number of parameters that need to be specified to include: the number of
files accessed (n), the parameter of the Zipf distribution of file access frequencies (θ), the request arrival rate, the cache size,
the uniform file duration (T), the uniform file streaming rate (r), and the total proxy disk bandwidth.  In this section, we
eliminate the average file duration and average file streaming rate parameters by expressing three of the other parameters in
units that account for the effects of file duration and streaming rate.

Specifically, the cache size C is expressed as a fraction of the total file data, which captures the impact of file duration and
streaming rate on cache space.  For given values of B and N (defined below), The performance of a given caching policy will
remain the same if the uniform file size is doubled and the cache size is also doubled (given that each file represents the unit
of data that is requested by the clients).  Thus, it is not necessary to vary absolute cache size, file duration, and file streaming
rate independently to capture the impact of cache size on policy performance.  Instead, the parameter C can be varied
between zero and one.

Similarly, the total client request arrival rate, N, is expressed as the average number of client requests that arrive during the
average time it takes to stream a file to a single client.  For example, N =30 if client requests arrive at the rate of sixty per
hour and the uniform file duration is thirty minutes, or if client requests arrive at the rate of twenty per hour and the uniform
file duration is ninety minutes.  In each of these cases, an average of thirty concurrent streams are needed to deliver the files
to the clients.  Thus, N can be varied to capture the impact of request arrival rate and file duration on total bandwidth needed
to deliver all requested files (measured in units of the streaming rate).  Interesting values of N for evaluating caching policy
performance range at least from one hundred to several thousand.  Lower and higher values of N may also be of interest for
particular servers.

Finally, the total disk bandwidth, B, is expressed as a fraction of r×S*, where S* is the average number of active streams that
are needed to deliver the data that is cached by the LFU policy.   Given that  n × C is the index of the least popular file that
fits in the LFU cache, S* is computed from the input parameters as follows:

 (1)

where pi is the fraction of client requests that access file i.  Given the particular disks that are used for the cache and the
uniform file delivery rate, r, the number of concurrent streams each disk can support can be computed using the calculations
by Ozden et al.19.  The results of such calculations are shown in Table 5 for three recent generations of disks.  The number of
concurrent streams per disk times the number of disks divided by S* is the value of B.  Alternatively, since the load is
balanced across the disks, the ratio of the number of concurrent streams per disk to the number of concurrent streams needed
to deliver all of the content on the disk is also equal to B.  For example, if the Seagate disk caches three two hour MPEG-1
(1.5 Mb/s) movies, and the total request rate for the three movies is ten client requests per hour, twenty streams are needed to
deliver the data cached on the disk and B = 25/20=1.25.  Similarly, if the Ultrastar disk caches eighty-seven thirty minute
MPEG-2 (4 Mb/s) videos and the total request rate for the shows is equal to 120 requests per hour, 60 concurrent streams are
needed to deliver the cached content and B = 42/60 = 0.7.   Note that depending on the duration and delivery rate of the files
stored on the disk and the total request rate for the files cached on the disk, the value of B can be less than or greater than 1.0.

We have verified with simulation experiments that caching policy performance is determined by the values of B, C, and N,
rather than on the particular values of the more basic system parameters that are used to calculate these values.  If B = 1.0, we
expect that a proxy that implements the LFU policy has enough bandwidth to be able to serve most requests for the cached
files from the cache, and will have bandwidth utilization close to 100%.  Thus, we will call systems where B = 1.0 bandwidth
balanced systems. Similarly, in systems where B < 1.0, we expect that a significant number of client requests that hit in the
LFU proxy cache can not be delivered from the cache due to limited disk bandwidth.  Such systems will be called bandwidth
deficient systems. When B is greater than 1.0, in the LFU caching system, bandwidth utilization can be expected to be
approximately equal to 1/B, and thus these systems will be called bandwidth abundant systems.  For the experiments in this
paper, we will consider values of B equal to 0.75, 1.0, and 2.0 as representative of these three types of systems.

The results presented in this paper are for experiments that hold θ constant and vary n.  The frequency of rentals for various
movies in a particular week in video stores follows a Zipf(0.271) distribution9.  We choose the more conservative value of θ
= 0 because the higher skew could favor the interval caching capabilities of RBC as compared with LFU.  However,
additional experiments have shown that the relative performance was the same for θ = 0.271.
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In summary, to explore relative caching policy performance over the entire design space defined in section 3.1, we only need
to vary N, C, B and n.  In the Section 4 we will present results that show how RBC and LFU perform as a function of these
parameters.

Table 5:  Disk Bandwidth  for Particular Disk Models

Disk
Disk Space

(GB)
File Delivery

Rate
Disk Space

(hours of  video)

Disk Bandwidth
 (# of concurrent

 streams)
Seagate ST15150W 4 1.5 Mb/s 6.36 25

Ultrastar 72ZX 73.4 1.5 Mb/s 116.76 108

Ultrastar 72ZX 73.4 4 Mb/s 43.8 42

4. PERFORMANCE COMPARISON: RBC AND FREQUENCY-BASED CACHING

To evaluate the performance of the caching policies considered in this paper, we have implemented a simulator in C that can
simulate any of the policies on a synthetic workload that is specified by the parameters n, θ, N, C, and B.  The simulator can
also simulate synthetic workloads that are specified by the more primitive system parameters given in section 3. The 95%
confidence intervals for all results presented in this paper are within ± 2% of the reported values.

Figures 3a-c show the performance of RBC and LFU for three different values of arrival rate N and n=100 files. There are
two main conclusions to be drawn from these Figures.  First, the relative performance of RBC and LFU is largely insensitive
to the arrival rate♣ Figure 4a shows that the relative policy performance is also largely insensitive to the number of files,
except in the extreme case where only a small number of files fit in the cache (i.e., C = 10% and n < 40).  Relative policy
performance is even less sensitive to n for larger values of C (not shown).  Thus, it appears that the primary parameters that
affect the relative performance of the RBC and LFU policies are B and C.  Second, the LFU policy outperforms RBC when
disk bandwidth is a limited resource (B = 0.75 or B = 1.0); otherwise RBC slightly outperforms LFU (B = 2.0).  Previous
work that compares RBC and LFU 32 considers a small set of workloads and cache parameters for which B is greater than 1.0,
and concludes that RBC has higher byte hit ratio than LFU.  Thus, it appears that our results agree qualitatively with these
previous results32, although we find that when B > 1.0 RBC outperforms LFU by a smaller amount.

 To determine the sensitivity of our conclusions to the assumptions of uniform file duration and uniform file streaming rate,
we ran experiments with a heterogeneous workload in which files are partitioned into 3 different classes defined by the file
length.  A separate Zipf distribution is used to model accesses to files of each class.  Each class has 100 files and each file has
an equal probability of having a playback rate equal to either 1.5 or 4.5 Mbit/s. Class 1 contains 5-minute clips, class 2

                                                          
♣ Generally, the performance of RBC relative to that of LFU improves as the arrival rate increases, which agrees with results in  32, but the
same relative ordering of the policies is observed for the various values of N.
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Figure 3: Performance Comparison of RBC and LFU (n = 100)



contains 30-minute videos and class 3 100-minute videos.  The access frequencies for each of the three classes are: 0.6, 0.3
and 0.1, respectively.  As shown in Figure 4b, with client request arrival rate equal to 15 requests per minute (N = 330), the
relative performance of the RBC policies is as would be expected for n = 300 and N = 330 and uniform file durations and
delivery rates.  That is, the results in Figure 4b are intermediate between the results in Figures 3a and 3b.

To better understand why RBC does not perform as well as LFU when B = 0.75 and B = 1.0, the average fraction of each file
cached by RBC was measured, and is given in Figure 5 for C = 0.25, N = 450 and n = 100.  When B ≤ 1.0 (Figures 5a and
5b), RBC fills the cache with full files, as does LFU.  However, as explained in section 2, RBC only caches a file if there is
enough unallocated disk bandwidth.  As a consequence, when B < 1.0, RBC caches fewer files than LFU and fewer files than
the cache can hold.  Moreover, RBC does not allow unused bandwidth that is currently allocated to one file to be used to
serve a request to another file.  Statistical fluctuations in the actual number of concurrent requests for each file implies that
allocated bandwidth is often not fully utilized, as will be shown in Figure 6.  When more bandwidth is available (Figure 5c),
RBC performs better by choosing to cache intervals and runs instead of some of the least popular files32.  However, it is
important to note that RBC still caches the most popular files and only caches intervals for the less popular files.  Thus, for B
> 1.0, the gap between the RBC and LFU policies is larger for small cache sizes.  As C increases, more files are fully cached,
and interval caching becomes less effective because short intervals occur more rarely for the less popular files.  From
additional experiments that vary B from 1 to 2 for a cache size C = 0.1, we found that RBC yields a higher byte hit ratio than
LFU only if B �������EXW�QR�IXUWKHU�LPSURYHPHQWV�LQ�UHODWLYH�SHUIRUPDQFH�DUH�DFKLHYHG�DV�B increases beyond 1.4.  This is
explained by the results in Figure 5, since there are insufficient numbers of cacheable intervals to use the extra bandwidth.  A
higher arrival rate implies that there are more cacheable intervals, and there is less variation in the number of concurrent
requests for each hot file, reducing the amount of unused allocated bandwidth when B = 0.75 or B = 1.0.  This explains why
the performance of RBC relative to LFU improves as arrival rate, N, increases, as was shown in Figure 3.

Figure 5: Average Fraction of Each File Cached by RBC (N = 450, n = 100, C=0.25)
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Figure 4:  Impact  of System Parameters on the Relative Performance of RBC and LFU

a) Varying number of files n
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Figure 6 shows the fraction of the available disk bandwidth that is used by RBC and LFU to deliver data to clients.  It also
shows the space utilization and the disk bandwidth used for writing intervals into the cache for RBC.  A key observation is
that although RBC tries to equally utilize disk bandwidth and space, the two utilizations are quite different when B ≠ 1.0.
When B ≤ 1.0, RBC allocates all bandwidth to delivering the full files stored in the cache, but uses only about 90% of the
allocated bandwidth to deliver the data, due to the frequent discrepancy between number of active requests per file and
amount of bandwidth allocated to each file.  When B = 2.0, RBC caches a significant number of intervals, which is reflected
in a greater use of bandwidth for writing into the cache, but the intervals are a small fraction of the total data delivered to
clients because they are for the less popular files.  For B ≤ 1.0, LFU uses nearly 100% of the disk bandwidth to deliver data
from the cache. However, LFU can only take advantage of a small amount of excess bandwidth (when B >1), for use when
there are more than the average number of concurrent requests for each file.

5. IMPROVING RBC AND LFU
5.1.   Pooled RBC

We propose a new policy, called Pooled RBC, that allows full files to share their bandwidth allocation.  Whenever a new full
file is added to the cache, its bandwidth allocation is added to the bandwidth pool. When a request for a cached file arrives, a
new stream from the bandwidth pool (if possible) is assigned to that request.  When it finishes delivering the file, the
bandwidth is returned to the pool and can be assigned to a new request, even if that request is for a different cached file.
Pooled RBC uses the simplified step 1 (section 2.2) to select the granularity of the entity to cache. If a request for a cached
file can’t get a stream from the bandwidth pool, Pooled RBC forwards the request to the remote server rather trying to evict
entities from the cache to free up bandwidth.  Otherwise, Pooled RBC operates just like RBC, which in this paper includes
the improvement that allows intervals for a file to remain in the cache when a file is evicted (as explained in Section 2.3.2).

Figure 7 compares the performance of Pooled RBC and LFU and should be compared with Figure 3b. When B = 0.75 or B =
1.0, Pooled RBC performs better than RBC and has a byte hit ratio much closer to the LFU policy.  When B  = 2.0, Pooled
RBC performs the same as RBC, because the partitioned bandwidth allocations in RBC do not hurt policy performance when
there is excess disk bandwidth.  We conclude that Pooled RBC is superior to the original RBC.

Figure 7: Performance of Pooled RBC and LFU (N=450, n = 100)
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Figure 6: Space and Bandwidth Utilization for RBC and LFU (N =450, n = 100)
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5.2. Hybrid Caching Strategies

Pooled RBC slightly outperforms LFU if there is excess disk bandwidth, which is used to cache intervals.  Since LFU is a
much simpler policy to implement, we investigate two hybrid policies designed to improve LFU performance by storing
intervals in a small, separate cache, either in main memory or in a small fraction of the available disk space.

5.2.1. Memory Interval Cache

In this section, we investigate how Pooled RBC and LFU perform if the system is augmented with a main memory cache
managed by the simple policy that stores the smallest intervals6.  By caching intervals in memory, we expect that the
performance of LFU will improve.  Interval caching in memory may also improve Pooled RBC by avoiding the disk writes
required to cache intervals on the disk.

We compare two systems, named LFU/ICmem and Pooled RBC/ICmem, respectively.  In each system, the primary policy, either
LFU or Pooled RBC, is used to manage the disk cache, and simple interval caching is used for the memory cache.  In both
systems, when a request for a file in the disk cache arrives, it is served from disk if possible; otherwise, either policy tries to
cache an interval in memory.  If the requested file is not in the disk cache, then either system first checks whether an interval
can be cached in memory; otherwise, Pooled RBC checks whether an entity can be cached on the disk, and LFU simply sends
the request to the remote server.  When an interval is removed from the memory cache, LFU does nothing while Pooled RBC
checks whether the interval should be cached on the disk.

Figure 8 compares the performance of LFU/ICmem and Pooled RBC/ICmem, for memory cache size, M, equal to 0.25% of the
total file data.  We experimented with M up to 8% of the total file data, and the most significant improvement in the
performance of each system was obtained for M equal to 0.25% of the total data. Memory interval caching improves the
performance of both policies, especially when B < 1.0.   In this case, some of the requests to the most popular files are served
from memory when disk bandwidth is fully utilized. Because LFU stores more entire files than Pooled RBC, it uses the
memory cache to serve requests to the most popular (cached) files more often than Pooled RBC. As a consequence, the
memory cache has a higher byte hit ratio in the system with LFU disk cache. The memory interval cache also improves the
performance of both policies when B ≥ 1.0.   Overall, the key conclusion is that the LFU policy performs as well or better
than Pooled RBC for all values of B and C, when interval caching in memory is added to the policy.

5.2.2. The Hybrid LFU/IC Disk Caching

This section evaluates the performance of LFU if a fraction s of the disk space (e.g. s = 5%) is reserved for caching intervals.
LFU/ICdisk only caches intervals for the files that are not in the LFU disk cache. Figure 9 provides results for the LFU/ICdisk

policy when the disk space s reserved for interval caching is equal to 5% of the total disk space. The performance of Pooled
RBC and LFU is also given in the graphs. In this case, we find that the LFU/ICdisk system performs as well or better than
Pooled RBC at all values of C and B.   For s > 5%, there is no significant improvement and the performance may actually
degrade. For example, s = 10% hurts performance for cache size C ≥ 0.8.

Figure 8: Performance of Hybrid PooledRBC/ICmem and  LFU/ICmem (M=0.25%)
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We have shown that the hybrid LFU/IC policy, with interval caching either on disk or in memory performs as well or better
than Pooled RBC under all values of C and B.  We also note that if a file becomes suddenly very popular, interval caching
can be used to serve some requests from the proxy while enough information becomes available to decide to cache the entire
file in the LFU disk cache, in an actual system with time varying file access frequencies.

6. CONCLUSIONS

This paper has evaluated several policies for caching video files at proxy servers.  In particular, a new comparison of
Resource-Based Caching (RBC) and the least-frequently-used (LFU) cache policy was performed over a much broader
region of the system design space, including the impact of disk technology trends.   This comparison led to new conclusions
about the relative performance of these policies.  Specifically, RBC only outperforms LFU if the system has excess disk
bandwidth and the cache size is small.  In other scenarios, LFU performs at least as well as, if not significantly better, than
RBC.  We also proposed a new policy, Pooled RBC, which contains four improvements to RBC. One of these improvements,
the sharing of allocated bandwidth among the cached files results in a significant improvement in policy performance for
systems that are bandwidth deficient or bandwidth balanced.  However, Pooled RBC and the original RBC share a complex
implementation and high time complexity.  A much simpler and at least equally effective approach is a hybrid LFU/IC policy
with interval caching done in a separate small cache, either in main memory or on disk.  Each of the hybrid LFU/IC policies
performs as well or better than Pooled RBC for all values of the system and workload parameters examined in this paper.

On-going research includes analyzing client request logs for various video on demand servers, and evaluating caching
policies using workload traces from these request logs.  These workload traces include an unknown and dynamically
changing set of file access frequencies.  This research includes investigating alternative practical methods of estimating file
(or block) access frequency, and comparing the LFU/IC policy to the proposed LRU-k policy1.  Another important topic for
future research is developing effective dynamic caching policies for streaming media data that is delivered using recently
defined multicast merging techniques 11,12,13.
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