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Abstract—There are numerous experimental studies on caching
in Information Centric Networks (ICN), but they all have major
limitations including the use of only very few cache policies, often
only one network cache strategy, arbitrary network topologies
as well as unrealistic workloads. The goal of this work is to
overcome these limitations and provide the first comprehensive
experimental study as well as the means for other researchers to
replicate or extend the results.

I. INTRODUCTION

Communication in the Internet has evolved significantly
from when it was invented with the design goals as de-
scribed by Clark [9]. In addition to host-to-host message
exchanges, techniques like multicast and optimizations for
content delivery such as Content Delivery Networks (CDN)
were added. The necessity for such workarounds arose from
the dramatic increase in popularity and the need to support
new applications. While industry is more focused on improv-
ing the existing Internet, researchers have been looking into
alternatives for the TCP/IP architecture for a while now.

One of the explored directions has been Content-Centric
Networks (CCN) [14]. The key idea is to make com-
munication based on requests called interests that result
in responses containing the requested content. The con-
tents all have globally unique hierarchical names like, for
example, umass/cics/people/romanlutz/website.
Hosts can then simply send interests to the closest router
without any knowledge of who has the content or where the
content is stored. The CCN routers resolve interests based on
their Forward Information Base (FIB) that essentially works as
a routing table. As an optimization, routers can cache contents
in order to possibly serve interests directly. These caching
capabilities have sparked a renewed interest in caching in the
research community.

Importantly, it makes sense to re-evaluate existing caching
policies for a number of reasons. First of all, the distribution of
frequencies for contents in CCNss is different from the distribu-
tions we can observe in memory access traces such as the ones
used by Megiddo and Modha [25]. Secondly, it is important
to distinguish between chunk level and object level caching.
While CDNs and other future Internet architectures may cache
whole objects, CCN operates on chunks that together make
up objects. Depending on the intended application, it may
be useful to simulate with either granularity. Finally, cache
networks include multiple nodes and therefore caches which
means we have to simulate the entire network if we want to
find the best policies for the network as a whole. Moreover,
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Fig. 1. An overview of our system.

we might employ more complex cache network strategies to
decide when to use our caching policy at some nodes. All in
all, there is a need for a comprehensive experimental evalu-
ation to determine the most effective combinations of cache
policies and network cache strategies for different workloads
and topologies.

However, this is not a new realization. Previous works such
as [16], [31], [34], [36], [37] have identified the same need,
but all of them suffer from one or more of the following
limitations:

e They do not use real network traces and instead only
generate workloads according to a (Mandelbrot-)Zipf dis-
tribution. These are stationary and fail to capture changes
in popularity.

o They assume very simple topologies such as a single path
between receiver and content source or a tree.

o They use only very simple cache policies such as FIFO,
Random, LRU.

o They use only very simple network cache strategies such
as Leave Copy Everywhere (LCE).

Any of these limitations prevent us from drawing significant
conclusions. The contributions of this work are therefore two-
fold:

« We present the results with respect to the overall cache
hit ratio of simulations with a large variety of different
configurations.

e« We provide the enhanced simulator [23] as an open-
source tool for other researchers to re-use and possibly
extend our results.

Figure 1 shows an overview of the functionality. By pairing
up caching policies with network cache strategies we get a
number of test configurations. These are applied to every
selected scenario which can be either based on synthetic
workloads or traces. Finally, the traces can either be very
specific and assign the requests to nodes in a topology or
- in case the traces do not provide all this information - the
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requests are randomly assigned to designated receiver nodes,
which is the default for synthetic workloads. The simulator
provides all these options in a concise manner and includes
functionality to display, analyze and visualize the results.

The structure of this report is as follows: Section VIII
summarizes related work on cache networks, modeling and
simulations, cache policies, network cache strategies as well
as network measurements.

II. RELATED WORK

There have been a few attempts at simulating cache net-
works before which we summarize below:

Rossi and Rossini [34] conducted a study similar to ours
on cache performance for Content-centric Networks. However,
they did not use real traces, very simple cache policies and
fewer options for the strategy layer. While they argue that
anything but simple cache policies is infeasible in CCNs due
to the line-speed constraint, we would at least like to see how
much is lost in terms of cache performance compared to more
complex policies and whether it is worth trying to build more
efficient hardware that allows for complex policies.

Rossini and Rossi [36] used both a 4x4-torus and the
GEANT topology with YouTube-like file sizes and amounts
as well as popularities following a Zipf distribution (o €
[0.5,2.5]). In their conclusion, however, they mention that a
Mandelbrot-Zipf distribution might be a better fit. The only
caching policies were LRU and a random policy. As an
interesting extension, they proposed that multiple repositories
per content may exist. Depending on the forwarding policy
a node may ask all repositories or only the closest for the
content. Additionally, their model includes locality restrictions
which limit a content’s validity to a certain area. They argue
that a random policy can be used with minimal loss instead of
LRU, where the loss ranged from about 2-5% in cache hit rate.
From their observations they conclude a minimal influence of
the topology as opposed to the importance of the strategy layer.

Rossini and Rossi [37] used a variety of real-world topolo-
gies to evaluate multi-path interest forwarding strategies. Their
workload model is a Mandelbrot-Zipf distribution with o €
{1,1.15},q € {0,5}. As before, they used only simple cache
policies (LRU, FIFO, BIAS, UNIF) and network cache strate-
gies which they call decision policies (LCE, LCD, FIX(P)),
while again referring to the line-speed constraint of CCN.

Kim and Yeom [16] used a workload model with K classes
of objects where the elements within a class have equal occur-
rence probabilities and the probabilities of the classes follow a
Zipfian distribution with a € [1, 2]. They selected one arbitrary
network topology with 14 nodes with caching capabilities.
They varied the cache sizes from 32 to 1024 elements. Apart
from the cache hit ratio they also investigate average response
times, the average hop count and the maximum link load.
The main part of their paper are two optimization algorithms
that operate on a single-path and network-wide basis. The
comparison shows that they outperform LRU.

Psaras, Clegg, Landa, Chai and Pavlou [31] both ana-
Iytically modeled caching in CCNs using Markov Chains
and simulated with ns-2. Their experiments are restricted to

tree topologies. The results indicate that popular contents are
most likely cached in leaf nodes and that sizing the caches
appropriately is crucial for good results.

Internet measurements provide valuable data for simula-
tions. Saleh and Hefeeda [41] measured traffic over nine
months from more than 100 ASes and fitted Mandelbrot-
Zipf models to the data. They found that the Mandelbrot-Zipf
distribution captures the frequencies much better than just the
Zipf distribution. The parameters with the best fit for each
AS were (with a few exceptions) with 0.5 < a < 0.8 and
0 < g < 20. Our own parameters were chosen with regards to
these values.

III. ICARUS SIMULATOR

The icarus simulator [40] provides the foundation that
our simulator is built on. We have enhanced it in multiple
ways including new cache policies, workloads such as the
deterministic trace-driven workload, new methods to select the
cache size (absolute, trace-dependent), additional collectors for
a variety of statistics, optimized I/O for large-scale results
files, libraries for trace analytics as well as the visualization
of results and trace properties. The enhanced simulator is
available as an open-source tool [23].

IV. EXPERIMENTS

The experiments were executed with our enhanced version
of the Icarus simulator. Whenever synthetic workloads were
used, we averaged the results over three experiments. The
cache hit rates were measured as

i=1 i=1

where r; is the number of requests arriving at node ¢ and h; the
number of hits at node <. Let us denote the number of checks
resulting in hit or miss at all nodes combined as r = . | r;.
Note that » may vary from scenario to scenario. For example,
a cache hit in a node close to the receiver prevents the other
caches on the path to the source from having to check the
cache. The number of caches varies depending on the topology.
The overall parameter selections are summarized in Table 1.

Parameter Value(s)

cache size 10° elements for every node

number of contents 10°

number of requests 107

workload model Mandelbrot-Zipf(q, o)

q 0,5,50

« 0.5,0.75,1

network cache strategy ~ LCE, LCD, CL4M, ProbCache+,
RandomChoice

caching policy LRU, 2-LRU, ARC, DSCA, 2-DSCA,
DSCAAWS

topology Path, Tree, GEANT

TABLE I

THE PARAMETERS FOR OUR SYNTHETIC EXPERIMENTS.

The trace-driven simulations use just under 20 million
requests while the cache size, strategies and policies are the
same as with the synthetic experiments. The traces were only
used with the GEANT topology.
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Fig. 2. The topologies used for our experiments.

A. Topology

For the experiments we used three topologies: Path, Tree
and GEANT (Figure 2). Path consists of one receiver, one
source and five caches in between. Tree has a branching factor
of 2 with a depth of 4. That means there is one source, 14
caches and 16 receivers. GEANT is similar to other real-world
topologies and a popular topology to use for cache network
experiments. The topology already defines which nodes are
receivers, content sources and nodes with caching capabilities.
In total, it includes 8 receivers, 13 sources, 19 caches as well
as 13 routers without caches.

B. Content Placement

For every content there is exactly one content source. The
assignment of contents to sources is random and can be
weighted with pre-defined weights for sources, but we chose
uniform assignment for the sake of simplicity.

C. Strategy Layer

While Icarus offers a number of network cache strategies
we selected only five of them:

o Leave Copy Everywhere (LCE) uses the cache policy at
every node to decide whether a content shall be cached.

e Leave Copy Down (LCD) [19] moves the the content
one hop closer to the receiver while also keeping it at the
original location (serving cache or server).

o Cache Less For More (CL4M) [7] uses the concept of
betweenness centrality

ne)

Cg(v) = TugY)

v i;ev;ézjev Tirj
where o; ; is the number of content paths between nodes
i and j. The node v with the largest Cg(v) on the way
to the receiver determines whether or not to cache the
object with its caching policy.

o ProbCache+ [30] tries to estimate the caching capabilities
of the path weighted by the distance to the receiver. Nodes
with a distance = (in hops) from the content source use

their cache policy with a probability of

c—(z—1)

N,
Z;. v (x)(:
- x| -=
Tth;E C

c is the total length of the path from receiver to source,
N; is the cache size of the i-th node from the receiver and
T}, is the target time window, an adjustable parameter.
The first part is the estimated path caching capability, the

ProbCache+(x) =

second part is the cache weight that increases the closer
a cache is to the receiver.

o RandomChoice randomly decides to use the cache policy
of one node on the path from serving cache/server to
receiver.

D. Caching Policy

For each of our experiments all caches were assigned the
same policy. We denote the cache size by n and selected the
following policies:

o Least Recently Used (LRU) keeps the n last requested
contents in the cache.

e 2-LRU uses two levels of LRU caches, the first one
containing only the objects’ metadata. The first time an
element is observed its metadata is stored in the first level.
If it is requested again while its metadata is saved, the
actual object is cached on the second level. This way
contents with only a single occurrence are not cached.

« Adaptive Replacement Cache (ARC) [25] is similar to 2-
LRU, but uses both a real cache and a shadow cache with
metadata on both levels and adaptively sizes the caches
according to the incoming requests.

o Data Stream Caching Algorithm (DSCA) [33] splits the
cache into two parts: an LRU part and a cache with
the top-k elements. DSCA uses a pre-defined window
size, and after every window the top-k elements are
updated based on a Space Saving [26] table. Space
Saving provides guarantees on the top-k elements, but
the number of actually guaranteed contents varies. LRU
is simply used for the remaining slots.

e 2-DSCA combines ideas from 2-LRU and DSCA. Ele-
ments are not automatically cached in the LRU list, but
only upon the second occurrence, which is when they
are already in the Space Saving table. This is a solid
approximation of 2-LRU, while the top-k portion remains
the same as in DSCA.

o DSCA with adaptive window size (DSCAAWS) does not
use a fixed window size, but instead uses a hypothesis
test to determine whether the current window should be
extended or not. As before, whenever a window ends, the
top-k are updated.

Specifically the last two policies are subject to current
research. The simulator offers other options as well, but they
have shown to perform worse in prior experiments or are
currently in an experimental state.

E. Workload

We call the model or trace that describes the stream of
generated requests the workload.

1) Synthetic Workload: The original version of Icarus al-
lowed for a Zipf distribution only. Since other works suggested
a generalization, the Mandelbrot-Zipf distribution, we added
it to the simulator. With parameters « and ¢, the elements are
ranked 1,..., N. The probability for a request to be for the
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Fig. 3.  The probabilities of the Mandelbrot-Zipf distribution for various
values of ¢ and o = 1.

k-th ranked element is then

1
N
=1 (i+q)°

For a normal Zipf distribution, ¢ is set to 0. Figure 3
illustrates the effect of the parameter ¢ introduced in the
Mandelbrot-Zipf distribution. In a log-log plot, the probabili-
ties of the Zipf distribution are a straight line. With ¢ > 0 the
probabilities of the higher ranked elements decrease.

The o parameter indicates how much the performance gain
through caching can be. The higher «, the more skewed
is the distribution and the easier it is to identify the most
frequently occurring elements. The closer o gets to 0, the
more it approximates a uniform distribution, thus reducing the
overall gain of caching.

Parameter values for the Mandelbrot-Zipf distribution were
chosen similar to Rossi and Rossini’s experiments [34] as well
as Saleh and Hefeeda’s measurement results [41].

In terms of the request generation itself, we went with a
total of 10,000,000 requests for 100,000 unique objects. The
measurements do not include a warmup phase where hits and
misses are not counted that is equal to the number of contents.

2) Trace-driven Workload: The simulator offers two ways
of using traces depending on how much information the traces
provide. If the topology of the trace is known it can be used
to assign the requests to the specified receivers. Otherwise,
the simulator has an option of randomly assigning requests to
receivers.

The trace we used is from the Brazilian ISP and media
network Globo. The requests were recorded over a whole
month and include both full files as well as chunks of files
depending on the requested media type. Due to the sheer size
of the trace (198 million requests), we used only a small part
(20 million) for our simulations.

(k+q)

V. RESULTS

The heatmaps in the Appendix illustrate which combina-
tions of caching policies and network cache strategies per-
formed well together. We discuss some of the observations in
the following.

A. Synthetic workloads

Figure 5 shows the results of various Mandelbrot-Zipf
workloads on a path topology with 7 nodes. In all but one
case, the combination of ARC and ProbCache+ had the highest
cache hit rate, sometimes by multiple percentage points. 2-
DSCA with a window size 64 times larger than the number
of monitored elements (2000) combined with LCD had a
minimally higher rate for ¢ = 50 and a = 1. Overall,
ProbCache+ and LCD deliver solid results with any policy.
Other consistently top-ranked combinations are 2-LRU with
RandomChoice, ARC and RandomChoice, 2-DSCA and LCD.

The results for a tree topology with branching factor 2 and
height of 4 are presented in Figure 6. ARC and ProbCache+
outperform every other combination in all scenarios. Other
pairs worth mentioning are 2-DSCA with either LCD or
CL4M.

Figure 7 shows the results for GEANT which are very
different from the previous two topologies. Overall, there are
only a few combinations that actually performed well on all
synthetic workloads, namely ARC, 2-LRU and 2DSCA with
RandomChoice and LCD. ARC and ProbCache+ also provided
good results and as before, ARC is by far the best policy for
ProbCache+. The CL4M strategy consistently performs badly
with every policy which was not the case with the tree and
path topologies.

Overall, RandomChoice and LCE only do well with policies
that have some degree of scan-resistance, that is ARC, 2-LRU
and 2-DSCA. CL4M works best with DSCA or 2-DSCA, but
never shows promising results. ProbCache+ and LCD seem to
work well regardless of which policy is used.

B. Trace-driven workloads

Figure 4 shows the results from the experiments with a part
of the Globo trace. Overall, the relative differences between
the rates are lower compared to the synthetic workloads. The
two main takeaways are that DSCAAWS performs badly re-
gardless of the strategy and the same applies to ProbCache+ no
matter which policy it is used with. LCD achieves remarkable
results with every policy except DSCAAWS and delivers the
overall best results together with ARC.

C. Overall observations

Contrary to the suggestions of previous studies we find that
the topology has a substantial influence on the results. A good
example is CL4M with synthetic workloads which had good
results on path and tree topologies, but performed consistently
badly with on GEANT.

As expected, different workloads make a huge difference.
When comparing the Mandelbrot-Zipf workload with the
Globo trace on the same topology (GEANT), CL4M went
from the overall worst strategy to a solid overall cache hit
rate. LCE showed similarly extreme changes the opposite way.
Only LCD and RandomChoice performed very well on both
workloads.

However, RandomChoice’s success depends heavily on the
caching policy. The results of the path and especially the tree
topologies illustrate the vast difference.
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Fig. 4. The cache hit rates for the trace-driven workload based on the Globo
trace. The underlying topology used was GEANT.

We tried to identify a robust strategy - policy combination
that consistently does well, or at least does not have very
negative outliers. The candidates we came up with based on
the heatmaps are: RandomChoice or LCD with ARC, 2-LRU
or 2-DSCA; ARC with LCE; ARC with ProbCache+.

Finally, one of the stated goals of this work is to estimate the
gain from using more complex policies instead of LRU. For
this we determined the difference between the best LRU result
and the overall best result for every workload and topology.
In absolute percentage points LRU performs between 3 and
8 points worse with synthetic workloads. Since the cache
hit ratios vary a lot, it makes sense to consider the relative
percentage difference. There, the best LRU combinations come
up 5.5% to 31% short of the best values. In case of the Globo
trace the gain is less than 1%.

VI. FUTURE WORK

We see a number of ways to extend the existing work:

« Different workloads models may result in totally different
results. It would be interesting to compare the existing
Mandelbrot-Zipf model with others, especially if they
incorporate changes in content popularity. There is also
the possibility that chunks of objects follow a different
distribution than the whole objects. The Mandelbrot-Zipf
distribution may not be adequate anymore then.

o In order to validate the results of our traces we would
like to use other traces as well.

« It is already possible to use fully specified traces that map
requests explicitly to receivers, but we do not currently
have such rich traces.

e We would like to investigate the possibility of using
different cache policies at different nodes. For example,
it may be beneficial to use some policies closer to the
user than further away and viceversa.

o We are already capturing the individual cache hit rates of
all nodes, but do not use the data for the evaluation. This
might give us an indication on whether different policies
in a network make sense.

o Overall it would be great to have a larger number of
cache policies. Interesting algorithms include Clock with
Adaptive Replacement (CAR) [3] and LRFU [20].

o The same applies to the network cache strategies. In-
teresting new strategies could be Least Benefit [52] or
Move Copy Down (MCD). Hashrouting [39] is another
promising option, but the tradeoff between path stretch
and cache hit rate needs to be accounted for.

o In addition to the cache hit rates, other metrics could
be used such as the average response times, the average
hop count and the maximum link load. However, it is
important to use a realistic configuration for link delays
and request generation. The traces often do not provide
times.

« Since other papers often mention the line speed require-
ment it is necessary to provide a study on the average
computing time a policy takes. For instance, our simula-
tions indicate that LRU, 2-LRU and ARC are significantly
faster (factor 5 — 30) than the DSCA variants. This could
prohibit DSCA from ever getting used in cache networks
and should be factored into the evaluation.

VII. CONCLUSION

Previous studies on caching in cache networks don’t provide
comprehensive evaluations. By extending the Icarus simulator
we provide the first tool capable of extensive experiments with
synthetic workloads and traces that purely aims at capturing
cache hit rates.

Based on the first experiments with the simulator we already
deliver a few interesting insights. Firstly, we reject the idea that
the topology has barely any influence on the results. Secondly,
we are able to confirm the large impact of the workload by
comparing synthetic and real-world workloads. Thirdly, we
provide a number of combinations of caching policy and net-
work cache strategy that have proven to consistently perform
well. Lastly, we evaluated whether the added complexity of
policies such as DSCA and ARC brings the desired increase
in cache hit rate compared to LRU. While there is definitely
a significant improvement with synthetic workloads, we are
unable to confirm the same with the trace. More traces should
allow for a better estimate.

We are looking forward to use this work ourselves and help
others use it as the foundation for future work.
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