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Abstract—Caching is widely known to be an effective method
for improving I/O performance by storing frequently used data
on higher speed storage components. However, most existing
studies that focus on caching performance evaluate fairly small
files populating a relatively small cache. Few reports are available
that detail the performance of traditional cache replacement
policies on extremely large caches. Do such traditional caching
policies still work effectively when applied to systems with
petabytes of data? In this paper, we comprehensively evaluate
the performance of several cache policies, which include First-
In-First-Out (FIFO), Least Recently Used (LRU) and Least
Frequently Used (LFU), on the global satellite imagery dis-
tribution application maintained by the U.S. Geological Sur-
vey (USGS) Earth Resources Observation and Science Center
(EROS). Evidence is presented suggesting traditional caching
policies are capable of providing performance gains when applied
to large data sets as with smaller data sets. Our evaluation is
based on approximately three million real-world satellite images
download requests representing global user download behavior
since October 2008.

I. INTRODUCTION

Today, we are in an era of data explosion. Google has
recently reported that the massive amounts of data accessible
via the Internet has rapidly increased from 5 exabytes in
2002 to 281 exabytes in 2009 [1]. On the one hand, an
increasing demand of data-intensive applications requires con-
sistent innovation on storage technologies for efficient sens-
ing, storing, and sharing information. For instance, Amazon
developed its specialized distributed database management
system, Dynamo [2], to fit the needs of its expansive e-
commerce services. Facebook designed a custom object store
infrastructure, Haystack [3], to both service the half million
photo requests per second and consistently maintain the more
than 1.5 petabytes of image data.

On the other hand, many legacy systems and applications,
employing older, more traditional storage technologies, are
facing or will soon face the challenge of dealing with vast
amounts of data at petabyte level. Whether or not traditional
technologies can survive in such large systems deserves a
much more comprehensive level of research. For example, in
an environment where only a small subset of a large amount
of data is required, making use of a small, high-speed interme-
diary storage device as the cache for performance gains [23],
[29] is a well-researched area in computer science. However,

most existing cache performance studies evaluate fairly small
files populating a relatively small cache. Few reports discussed
the performance of traditional cache replacement policies on
extremely large systems. Do traditional caching policies still
work effectively when applied to real world applications with
petabytes of data?

In this paper, we comprehensively evaluate the performance
of three traditional caching replacement policies, which in-
clude First-In-First-Out (FIFO), Least Recently Used (LRU)
and Least Frequently Used (LFU), on the global satellite
imagery distribution application maintained by the U.S. Ge-
ological Survey (USGS) Earth Resources Observation and
Science Center (EROS). This application is a collaborative
effort between USGS and the National Aeronautics and Space
Administration (NASA). Starting from 1972, NASA’s Landsat
program has succeeded in archiving over 4 petabytes of
satellite imagery of Earth over the past 39 years. These satellite
images contain critical information about Earth’s topographic,
climactic, and geographic conditions past and present. Before
2008, the workload of USGS EROS storage center was rela-
tively low because only a small group of researchers could
afford to access these costly satellite images. However, in
October 2008, EROS decided to make their vast amounts of
satellite data freely available to global researchers through
the EarthExplorer [4] and the Global Visualization Viewer
[5] web portals. This new policy caused dramatic changes in
workload due to rapidly increased global download requests.

In order to provide fast and reliable satellite imagery distri-
bution service to global researchers, the USGS EROS proposed
to house its massive satellite images in long term archived
(LTA) format using a Tiered Storage System (TSS). Table I
outlines the tiered storage components in the USGS EROS
satellite imagery distribution system. All satellite images are
first stored in the tape system in their raw format, which is also
referred to as raw data. Once a satellite image (a.k.a. a scene)
is requested, its raw data will be found at the tape system
and then loaded to the SATA system for image processing
and optimization. The processed images will then be fetched
to the FTP server for user download. Since the proposed size
of the FTP server (100 TB) is merely one percent of the size
of the tape system (10 PB), the FTP server may be viewed
as a cache for the tapes. In addition, the penalty of missing
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a scene in the FTP server is significantly high (usually about
20 - 30 minutes) because finding and processing a satellite
image from its raw format to a download-ready format is very
time consuming. Therefore, effectively caching popular scenes
on the FTP server will play a critical role in improving the
performance of the EROS satellite image distribution system.

TABLE I
USGS EROS LONG TERM ARCHIVAL (LTA) STORAGE ARCHITECTURE

Tier Model Capacity Hardware Bus Interface
1 Sun/Oracle F5100 100 TB SSD SAS/FC
2 IBM DS3400 1 PB HDD SATA
3 Sun/Oracle T10K 10 PB Tape Infiniband

The organization of the remainder of this paper is as
follows. In Section II, we present the background related to
caching strategies and the EROS system. Section III explains
caching algorithms implementation and the experimental test
bed. Section IV provides a comprehensive analysis of the
experimental results. Section V discusses the related work and
Section VI concludes our study and discusses future research
directions.

II. BACKGROUND

A. Traditional Caching Strategies

In this study, we implement three well-known and widely
used cache replacement algorithms.

1) First in First out (FIFO): FIFO is the simplest cache
replacement policy, which evicts the earliest entry in cache
when cache replacement happens. No action is taken on cache
hits, i.e., if an entry in cache gets requested again, its position
does not change. FIFO is known to be a less effective caching
policy in many applications. We consider FIFO as the baseline
policy in this paper. Other policies can be evaluated by their
improvement compared to FIFO.

2) Least Recently Used (LRU): LRU has a small but critical
difference than FIFO. First entry in the cache still gets evicted
first except when there is a cache hit. In case of a cache hit, the
entry is removed from its current position and re-inserted back
to the cache. Thus, such an entry becomes the last entry in
the cache. LRU leads to the least recently used entry being the
first removed. This policy has proven to be effective where the
most recently requested entries are more likely to be requested
again (temporal locality). While many variations of LRU have
been introduced [6], [7], [8], [9], [10], we have implemented
it in its pure form as described above.

3) Least Frequently Used (LFU): LFU is another com-
monly used cache replacement algorithm. LFU exploits the
overall popularity of entries rather than their recency. LFU
caches sort their entries by their overall popularity. The least
popular item is always chosen for eviction. In EROS system,
each satellite image is required to stay in cache for a minimum
of 7 days because users who requested the image may not
be able to download it immediately. This policy makes our
implementation of LFU slightly deviate from its original form.
If many requests for the least popular satellite image in cache

Fig. 1. Flowchart of the download request process at EROS.

occur within less than 7 days, it is not removed. Therefore,
in our implementation of LFU, the least popular image that
is requested within more than 7 days is removed first. The
LFU policy has been shown to be effective in cases where the
popular items tend to be requested frequently.

B. EROS System Overview

Fig. 1 illustrates how the EROS satellite image distribution
system processes download requests. Global users of the sys-
tem are able to send requests for a set of one or more satellite
images from either the USGS EarthExplorer [4] web portal or
the Global Visualization Viewer [5] web interface. Following
submission , users are provided with a link to a publicly
accessible FTP server from which they may download their
requested images. However, the raw satellite imagery used
to generate download-ready scenes must first be processed
according to each individual user’s specifications, which may
impose significant delay between a user requesting a scene
and being able to access it.

Once a user submits a set of requested images, each image
is individually tested to determine if it is present in the FTP
server, which acts as a cache for processed scenes. If a scene is
present in the FTP server at the time it is requested, no further
processing is required and a download link is generated for the
satellite image files and sent to the user. If, however, a scene
does not exist within the FTP disk, a request is sent to the
image processing system, which must retrieve the relevant raw
data from the magnetic tape and apply appropriate filtering and
processing to create the download-ready satellite image that a
user requests.

C. EROS Data Format

Every time a user requests for a satellite image, a scene
acquisition record will be appended to the log file. To date,
EROS provided us a log file with a total of 3,958,831 records
of global user download requests spanning a three year period
of time from October 2008 to October 2011. Each line within
the file represents an individual request for a processed satellite
image file, as would be stored in the cache. Every line in the
log file stores three comma-separated values, as shown in Fig.
2.
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Fig. 2. Excerpt of several lines from the logs provided by EROS.

The initial entry for a line in the log contains a scene-
acquisition ID (SAID), which is itself a container for nine
attributes defining the requested image, detailed in Fig. 3.
Within a SAID, the first three characters tell which satellite
and sensor captured the image being requested. Following
the satellite designation, the next six digits establish the
geographical location being imaged in the format defined by
the Worldwide Reference System [11], a global grid system
specified by NASA. Following the geographical coordinates,
a further cluster of seven digits provides the date that a satellite
image was acquired. A SAID’s last five characters store the
terrestrial station responsible for receiving the raw data, as
well as a version notation.

The latter two values in each line within the log file
represent the user responsible for the request submission as
well as the date and time at which the request was submitted.
Each user must login one of the aforementioned web portals
using the unique identification number assigned to him/her
by the EROS satellite imagery distribution system before they
can send requests. We utilize the unique user id to monitor
abnormal request patterns on a by-requestor basis and take
such instances into special consideration. For example, we
noticed that the number of satellite images requested by
different users varies significantly. Therefore, we group users
to two categories - aggressive users and nonaggressive users.
We will describe the behavior of aggressive users and discuss
the impact of aggressive users on the system performance in
later sections.

III. EXPERIMENT ENVIRONMENT DESCRIPTION

In order to properly utilize the data provided by EROS, we
build a simulator that will provide an environment as similar
as possible to the real-world environment in which the data

Fig. 3. Detail of an SAID within the logs provided by EROS.

was generated. This ensures that the historical file requests are
processed in a style consistent with their natural environment
and the resulting measurements accurately reflect real system
performance. Additionally, we also make some assumptions
to simply our simulation without the loss of generality.

A. Simulation Assumptions

We attempt to recreate the effects of the procedures followed
at EROS when processing the provided data. The major
constraints and assumptions included in the simulator are as
follows:

• In our simulator, cache misses are assumed to be pro-
cessed instantaneously and we assume the processing
time of a satellite image from its raw format to download-
ready format is 20 minutes in average. In other words,
we assume that a scene missed in the FTP server will
be available for download in 20 minutes. If a scene can
be found in the FTP disk (i.e. a cache hit) after the
initial request, the waiting time is negligible (zero). In
the real-world system, after a satellite image is requested
but missed on the FTP server, a work order will be
generated and placed in a job queue to be scheduled.
In addition, the processing time of satellite imagery may
vary as well. For example, the processing time of a
satellite image captured by Landsat 7 is longer than a
satellite image captured by Landsat 4 or 5 because the
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Landsat 7 satellite images can provide higher resolution.
Therefore, the actual processing time of a satellite image
maybe longer than 20 minutes in the actual EROS system.

• The EROS system implements a ”cache clean-up” policy
in order to prevent the FTP server from reaching 100%
capacity by removing a fixed percentage of entries in
the cache once a threshold capacity is exceeded. Our
simulator will initiate a clean-up procedure once the
cache usage reaches 90% of its maximum capacity, at
which point the cache is cleared until its usage is reduced
to 45% of maximum capacity.

• Due to the fact that satellite images are not always
immediately available, we cannot assume that a user will
access a satellite image the moment it becomes available.
Email notifications are sent to users immediately once
the requested satellite images are populated to the FTP
server, but the user may not be able to instantly begin
download of the file. Therefore, we allow 7 days for
users to download requested images through the e-mailed
download link. As a result, each requested image is
guaranteed to stay in the FTP server for a minimum of a
7-day period, regardless of clean-up policy.

• Real-world satellite image sizes vary on an image-by-
image basis from 200MB to 300MB. In our simulator, we
assume that the size of each satellite image is identical
(250 MB).

B. Aggressive vs. Non-Aggressive Users

To utilize the unique user ID attribute contained within
the log file provided by EROS, we find that satellite image
requests originate from 63,447 unique users, resulting in an
average of 59.6 satellite images requested per user with a
standard deviation of 1192.9. We investigate the very large
standard deviation and observe that there are disproportion-
ately small amounts of users that generate a substantial portion
of overall requests to the system. We term these high-volume
users aggressive users, the top nine of which are surprisingly
responsible for 17.5% of the all requests, as shown in Fig. 4.

Fig. 4. Aggressive user proportions.

C. Data Pre-processing

We observe the high frequency of identical user ID and
SAID combinations from the data provided by EROS. Such
a high incidence of identical pairings implies that users often
submit identical requests repeatedly. The proximity of these
identical queries, in combination with the seven-day hold
policy, ensures that these duplicate requests will never require
additional processing time due to the fact that the ”original”
image is guaranteed to remain accessible in the cache for seven
days. As a result, we remove all duplicate requests from the
provided log file when a user requested an identical SAID
within seven days of another such request. After we clean the
EROS log file, it contains 2,875,548 total requests. Duplicate
requests represent 27.7% of all requests in the original log
obtained from EROS. With a reduced overall amount of
requests, the top nine aggressive users noted previously are
now responsible for 12.3% of all requests. Although aggressive
users can still be seen to generate a substantial number of
image requests, cleaning the data did provide a 5.2% decrease
in the ratio of aggressive user requests to other requests,
suggesting that high-volume users could be more likely to
repeat previous behavior.

D. Cache Replacement Policy

We implement three fundamental cache replacement poli-
cies - First In First Out (FIFO), Least Recently Used (LRU),
and Least Frequently Used (LFU). As the cache will not reach
100% capacity, its contents will never require replacement at
the block level (as is typical with traditional caches). Instead,
replacement policies are used to order the entries in the
cache such that when a clean-up occurs, the portion of the
cache that is removed contains satellite images that least fit
the implemented replacement policy. In our simulation, we
simulate cache sizes of 30TB and 60TB to monitor the effect
that cache size has on overall cache performance. The given
size constraints result in a set of results modeling caches
capable of containing 120,000 and 240,000 satellite images
(the size of each satellite image is assumed to be 250MB).

IV. EXPERIMENTAL RESULTS

In this study, we conduct a comprehensive performance
evaluation of three traditional caching policies on the EROS
satellite image distribution system using over 3 million real
world download requests. Our experimental results are first
analyzed to note how the differing caching policies would
affect hit ratio over time. Due to the unique implementation
of a ”clean-up” policy, there is no difference in the hit ratio
between replacement policies until the first occurrence of a
”clean-up”, triggered once the cache reaches 90% capacity.
The first ”clean-up” happens at the same point for all three
cache policies, but subsequent ”clean-up”s no longer coincide
across multiple policies. Hit ratios decrease for LFU, LRU,
and FIFO after a ”clean-up”, naturally, because the cache is
forcibly partially purged. Apart from studying the variance in
hit ratios as a function of cache properties, we take interest
in user behavior as well. Aggressive users’ impact on cache

230



Fig. 5. Monthly hit ratios for all replacement policies using a 60TB cache, aggressive users included.

performance is investigated and we find that their inclusion
has a noticeable impact on the hit ratio of the tested caching
policies.

A. Monthly Hit Ratio Comparison

We conduct a detailed examination of the performance of
the 60TB cache across the tested caching replacement policies
using both the cleaned and unclaimed EROS log file. We graph
the results in Fig. 5, which illustrates the hit ratios of all cache
requests on a month-by-month basis. The dashed vertical line
represents the month in which the first clean-up occurred,
typically coinciding with a drop in hit rate due to the removal
of many satellite images from the cache. We do, however note
that there is no observable evidence that clean-up consistently
leads to a drop in next month’s hit rate. We suspect the absence
of a drop in hit ratio coinciding with clean-ups may be because
the cache policies are effective at preserving images tending
to be requested again.

In Fig.6, the monthly hit rate of each of the three cache
replacement policies is shown individually. Hollow bars repre-
sent months in which a “clean-up” occurred. Hilighting months
in which “clean-ups” occur, we find that all replacement
policies examined will execute a “clean up”, on average, once
every 1.8 months. Several brief periods were observed wherein
FIFO and the pair of LRU and LFU will exhibit differences

in their respective lengths of time between ”clean-ups” being
initiated, however differences in ”rest times” were marginally
small (two months at maximum). In addition, we confirm that
LRU and LFU behave extremely similarly, with “clean-up”
taking place in the same month for the two policies across all
resultant data sets.

B. Impact of Aggressive Users

Upon aggregation of the results of our range of simulations,
we first determine the hit ratio of each simulation for each
combination of cache size and replacement policy, the results
of which can be observed in Fig. 7. Across all cache sizes,
FIFO preforms the worst, followed by LFU, with LRU pre-
forming the best of the three. Furthermore, we observe that
as cache size grows, performance improves as well for all
three cache replacement policies tested. The results we observe
appear consistent with previous research and do not exhibit any
unexpected behaviors.

Using the smaller log file with duplicate requests removed,
we calculate the same hit ratio evaluation on a second set
of simulations, using the same cache policy and size com-
binations as above, the results of which are depicted in Fig.
8. We once again note that FIFO is the worst preforming of
the three cache replacement policies examined, but with the
reduced data set (requests from aggressive users have been

231



Fig. 6. Monthly hit ratios for all replacement policies using a 60TB cache,
aggressive users excluded. Months in which ”clean-ups” are denoted by
hollow bars.

eliminated), LFU now outperforms LRU.
In Fig. 9, we observe the variation amongst monthly hit

ratio for the different cache replacement policies. It should
be noted that the exclusion of aggressive users results in a
measurably lower variance for all replacement policies. This
seems to suggest that aggressive behavior destabilizes monthly
hit rates. Processing users deemed as aggressive in a manner
separate from users considered unaggressive may then produce
improved performance.

In addition, we find that the LFU cache replacement policy
maintains the lowest standard deviation of monthly hit rates
whether or not aggressive users are considered. Similarly,
FIFO maintains the highest range between monthly hit ratios
regardless of the inclusion or exclusion of aggressive users.
Overall, we find that using the LFU cache replacement policy
provides us with the most reliably consistent monthly hit ratio
whether or not aggressive users are processed in the same
manner as other users.

C. Impact of Cache Size

When cache size is shifted from 30 terabytes to 60 terabytes,
we record an 11-12% increase in hit ratio, depending on the
replacement policy utilized. This shift is demonstrated in Figs.

7 and 8. FIFO, LRU, and LFU all exhibited the same positive
shift in hit ratio by an approximately equal amount, suggesting
that none of the three policies is more strongly affected by
changing cache sizes.

Fig. 7. Average monthly hit ratio with aggressive users included.

Fig. 8. Average monthly hit ratio with aggressive users excluded.

Fig. 9. Average variance in monthly hit ratios for a 60TB cache.

V. RELATED WORK

Caching is one of the most popular technologies to improve
I/O performance. The basic idea of caching is to access data on
storage components with higher speed, thereby avoiding the
penalty of accessing low speed storage components. Caching
has been widely accepted and commonly used in many sys-
tems and applications, which include web proxy server and
web applications [12], [35], [36], database applications [13],
data compression applications [16], file systems [14], and
operating systems [15]. In a large system that supports data-
intensive applications, it is a wise decision to store the
majority of data on cheaper low-speed storage components and
develop effective caching policies to achieve the twin goals of
maximizing performance and minimizing cost. For example,
in the EROS satellite imagery distribution application, solid
state disks (SSDs) are used to serve as the cache of tapes.
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Caching replacement policy is one of the key factors to
determine the effectiveness of a caching policy. There are a
number of cache replacement policies have been proposed in
past research, which include First-In-First-Out(FIFO), Least
Recently Used(LRU) [6], [7], [8], [9], [10], Least Frequently
Used(LFU) [17], Most Recently Used (MRU) [18], Frequency
Based Replacement(FBR) [19], Least-kth-to-last Reference
(LRU-k) [20], Least Frequently Recently Used (LFRU) [21]
and the Two Queue (2Q) algorithm [22]. Since FIFO, LRU
and LFU are the three fundamental cache replacement policy
(others are derived from them), we only evaluate the per-
formance of these three policies in our study. Moreover, the
implementation of these three cache replacement policies in
our study is different from typical implementation because the
cache replacement occurs at the file level instead of the block
level. This is primarily because the FTP server, which stores
satellite image files, is considered as a huge cache of tapes.

VI. CONCLUSIONS AND FUTURE WORK

After observing and analyzing the results generated from
the real-world data provided by EROS, we can make the
conclusion that traditional approaches to caching can be used
to successfully improve performance in environments with
large-scale data storage systems. We find that a ”clean-up”
policy that removes approximately half of the entries in a cache
can be successfully implemented without significant decrease
in hit ratio. By properly selecting a replacement policy to select
items for deletion, we believe that it is possible to virtually
eliminate the penalty induced for partially emptying a cache.
Of the cache replacement policies tested, we find LFU to be
the most tolerable of the ”clean-up” policy in terms of resulting
reduction in hit ratio.

Throughout the course of evaluation, the FIFO cache re-
placement policy frequently resulted in a markedly lower hit
ratio than either LRU or LFU, although there are a small
subset of data points wherein FIFO had a superior hit ratio.
The LRU cache replacement policy garnered the highest ratio
of all tested replacement policies, but we find that it results
in a higher standard deviation in monthly hit ratios than an
LFU policy. The Least Frequently Used cache replacement
policy results in the best average monthly hit ratio when
excluding aggressive users, and is outpaced by only 0.29%
when aggressive users are included with LRU. Furthermore,
we find that LFU results in the lowest standard deviation for hit
ratio, implying that it would be most suitable for applications
requiring a consistent hit ratio.

Doubling the size of cache available resulted in, at most, a
12 percent gain in hit ratio. When employing caches with sizes
as large as 60TB, many hard disks must be linked together to
provide the required amount of space. Such constraints of scale
require us to consider the environment in which the system
being studied will operate and the costs involved. We suggest
that these additional requirements may reduce the value of the
performance gain by simply expanding cache size.

Having established that traditional caching approaches may
be successfully applied to large-scale caches and data sets,

we believe that a more thorough examination of specialized
caching policies would allow us to focus on the optimization of
large-scale cache sizes. We observed a relatively small change
in hit ratio by doubling the size of cache used, suggesting
that shrinking overall cache size in tandem with employing
a more effective caching policy would save substantial space
and reduce the number of active disks needed to serve as a
cache.

Prefetching is another technology that has the potential
to significantly increase cache performance [24], [25], [26],
[27], [28]. In fact, prefetching can be more effective than
simply loading the cache with the popular documents [33].
An effective prefetching policy can assist a cache to improve
its hit ratio by as much as 50 percent [32]. Intelligently
preloading data enables the realization of performance gains
without a higher cost, as a cache that uses prefetching can
be equally effective as a cache twice its size that does
not [30]. The use of an effective prefetching scheme has
been shown to significantly reduce the difference amongst hit
ratios of different cache replacement policies, reinforcing the
significance of a well-formed prefetching algorithm [33].

To further reduce the size of cache needed and the waiting
time required for requested satellite images, historical data
on image requests may be mined to generate an intelligent
prefetching scheme. By preforming pattern analysis on the log
of download requests, we could establish a correlation amongst
request behavior and adaptively queue images for processing,
eliminating the EROS system’s wait time and reducing the
miss ratio in cache. Previous research [30], [31], [32], [33],
[34] suggests that data mining techniques has the potential
to successfully improve performance of storage systems. As
future work, we plan to explore the impact of data mining
based prefetching techniques on the hit ratio of FTP servers
in EROS system.
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