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Joint Content-Mobility Priority Modeling for
Cached Content Selection in D2D Networks*

Vinicius F. Silva Vinicius F. S. Mota Daniel F. Macedo
Marcelo Dias de Amorim

Abstract

One key component for efficient opportunistic device-to-device (D2D) deploy-
ment is cache management. It determines which content to store opportunistic
D2D communications. Existing solutions focus on the nature of content or mo-
bility attributes, but most of them neglect their joint influence. Moreover, most
solutions rely on a preloading phase, filling caches with content that the respective
users may not consume, but that may be of interest to other nodes, and increasing
traffic overhead in the core network. Further, a popular file may be a lousy candi-
date for opportunistic D2D because contact opportunities may not provide enough
transfer capacity. To solve this issue, we propose a model that computes prior-
ity values based on both content and mobility attributes. Our approach considers
only files that users have consumed, therefore eliminating a preloading phase. Us-
ing real-world and synthetic mobility traces, we compare our solution with Least
Recently Stored replacement, as well as a state-of-the-art approach that also con-
siders content and mobility attributes. Results show an increase in the global cache
hit rate of almost 80% in scenarios that offer many files, and of around 420% in
scenarios with a few users. The priority model generates 90% lower overhead in
terms of the control bytes. We also apply our solution in a chunk-based adaptive
video streaming application. We observe that our solution leads to higher video
delivery ratios when compared to the baselines.

1 Introduction

In the context of opportunistic device-to-device (D2D) communications, it is crucial to
adopt a cache management scheme that reacts well to the dynamics of the network, and
that raises the probability that nodes both find and retrieve content in the neighborhood.
Several works in the literature propose interesting methods for cache management but
seldom consider content and mobility attributes at the same time [3,7,17]. As a matter
of fact, it is not enough to determine the most popular files to cache if contacts among
nodes do not have enough time to transfer these files when nodes meet. Moreover, most
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solutions also rely on a preloading phase where a device’s cache receives content that
the device may not consume, but its neighbors might. Such a strategy results in traffic
overhead in the core network [3,7,17].

In this paper, we investigate several tradeoffs between file popularity, file size, and
contact time, so devices do not waste transfer opportunities. We propose a model that
computes priority values to files that a user has consumed, giving higher values to
those of small size and high popularity, since their probability of successful transmis-
sion through opportunistic D2D communications is higher, in comparison with large,
unpopular files. The novelty of our proposal is the union of content and mobility at-
tributes to define priority levels on a per-file basis.

Figure 1 illustrates the three steps of our prioritization scheme. The first step occurs
when the device has files A and B in the cache, and downloads file C that it cannot store
due to lack of space. In this case, the device proceeds to the second step, where it runs
the model to assign priorities to all files, including C. In this example, file A receives
the lowest priority, since it is the least popular of all three, despite its median size in
comparison to the other two files. On the other side, file C receives a higher priority
in comparison with file A because it has higher popularity, despite being bigger than
file A. File B receives the highest priority since it is the smallest of all three and has the
highest popularity.

After calculating the priorities, the device then goes to the final step, where it eval-
uates each file from the most to the least priority. In our example, the device ranks files
as B-C-A; therefore, it stores B and C in the cache, and removes A due to the lack of
space.

In practice, our priority model combines two independent evaluations. The first
one focuses on mobility in terms of contact time, to define a file size limit that a device
should transmit successfully through opportunistic D2D communications. On the one
hand, files that are larger than such a limit receive smaller scores. On the other hand,
the second evaluation focuses on the popularity of a file and its respective size, giving
higher scores to popular and small files.

The performance of the proposed model is evaluated through simulations using
real-world and synthetic mobility traces, as well as real metadata collected from a video
platform to generate file requests. We compare the proposed model with a classical
technique that replaces Least Recently Stored files when a device cache is full, as well
as a state-of-the-art approach that uses content and mobility attributes to select the most
popular content in the cache. The proposed priority model increases the global cache
hit rate in almost 80% for scenarios with a large number of files, and by up to 420% for
scenarios with few users. Compared to the state-of-the-art solution, the priority model
reduces by 80% the overhead of control messages and by 90% the overhead of control
bytes. We also evaluate the impact of each component of the model on the hit rate, and
observe that each variant of the model offers different improvements depending on the
characteristics of the scenario. Finally, we apply the priority model in a chunk-based
adaptive video streaming application, once again demonstrating the superiority of the
model in comparison with the baselines.

The rest of this paper is organized as follows. Section 2 presents the network model
as well as the role of each entity of the network. The computation of the priority
model is presented in Section 3. Section 4 describes the simulation setup, while the
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Figure 1: Use case of the proposed priority model. For the sake of illustration, we
consider the priority and popularity of a file in a scale between 0 and 100, and the file
size in terms of chunks with fixed length

the simulation results are presented in Section 5. We postpone the related work to
Section 6, so that the reader gathers enough material to better understand the originality
of our work. Finally, Section 7 concludes the paper and proposes ideas for future work.

2 Network Model

We model the network as a set D = {d|,d>, cd D|} of mobile devices, and we denote
d; as the i-th device in D. Each device has a cache of fixed size of Cpax bytes. We
consider that a content server (CS) has the file set F = {f1, f2,..., fjr|} out of which
nodes request files. Every file is an indivisible data unit of varied size, which does not
change over time. We denote f; as the j-th file in the F set, with a size s; ranging
between 1 and Cy,ux bytes. Figure 2 depicts the network model.

Both the CS and the devices monitor the file requests in the network in discrete
monitoring time intervals. Each device also monitors the D2D contact duration with its
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neighbors. For each request of file f;, the requesting device first searches for it in the
neighborhood, during some predefined time interval. If the device finds f; at any of its
neighbors, it triggers opportunistic D2D sharing. If the device cannot find f; after the
predefined interval, it forwards the request to the CS.

3 Building the Priority Model

The priority for a file f; at the cache of device d;, here denoted (y, 4;, is a real number
with an undefined maximum value. We compute it by multiplying two main terms,
which we call Transmission Potential (TP) and Dissemination Potential (DP), each one
focusing on a different aspect:

ij,d, = TP x DP. (l)

The first term, TP, focuses on the mobility aspect, by relating the size s; of file
f;j to a size threshold M,», which relies on d;’s contact pattern. This threshold is the
maximum file size that d; would be able to transmit successfully through opportunistic
D2D communications. Therefore, files that are larger than ld[ receive lower values
following an exponential factor. We show how we obtain A4, in detail in Section 3.1.
For the time being, we compute the transmission potential as:
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The second term, DP, on the other hand, focuses on the popularity aspect. We de-
note the popularity of file f; for device d; as py, 4, (We derive and explain this variable,
step by step in Section 3.2). As stated before, devices are less likely to share large, un-
popular files through opportunistic D2D communications, then we should give higher
priorities to files that are short and popular at the same time. To make this possible, we

weight the file popularity with its respective size:

pp— _Phid
IOngax Sj

Note that for the largest files (s; = Cpax and logcmaX sj = 1), the resulting value only
depends on the popularity py, 4.
In the following, we present a detailed description on how to derive A4, and p ;-

3

3.1 Deriving a Content Size Threshold for each Device

The value of a size threshold at device d; (A4,) relies on two main attributes: the ex-
ponentially weighted moving average (EWMA) contact time between d; and its neigh-
bors, which we denote as 74, and the device’s achievable throughput through oppor-
tunistic D2D communications, which we denote as €. By multiplying these two val-
ues, we define the heaviest file that d; would be able to transmit successfully to its
neighbors:

Ag; =14, X E. 4

Device d; updates 74, every time it disconnects from a neighbor. The new value of
tg; is a EWMA, weighted with ¢, that depends on its previous value and on the duration
of the latest contact #jgt 4;:

ﬁi:axtlastydi—f—(l—a) X?d," (®)]

The longer the EWMA contact time (7;,), the larger the file that this device should
be able to share successfully with its neighbors through opportunistic D2D communi-
cations.

3.2 Deriving the Popularity of a File in a Device’s Communication
Range

The popularity of file f; at device d;, denoted as py, 4, is a real value that relies on
the number of requests processed in the whole network, as well as those that d; and its
neighbors processed through D2D communications. We compute the EWMA global
popularity py; for file f; in discrete monitoring time intervals. We define it as the per-
centage of devices among D that requested f; in the latest monitoring interval, denoted
as Puast,f;» Weighted with its previous value (using parameter B):
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It is important to note that the global popularity computed in Equation 6 does not
consider the geographic distribution of file requests. Although we find essential to
express a global monitoring that detects file request trends that will raise the file’s
priority, it is also important to consider the device’s point of view in an isolated form,
i.e., how popular each file is in the device’s communication range. In this way, we
avoid computing high priorities to files that are not so popular in one or more devices,
at the same time not denying the trends in the whole network.

To take that into account, we weight the global popularity with a local metric, which
is the EWMA number of requests that device d; and its neighbors processed through
D2D for file fj; we denote this value as 74, r,. We update 74, 7; in fixed monitoring
intervals, weighting by 7 the latest number of requests computed for f; (we denote this
value as rig g, fj), and (1 — ¥) the current EWMA number of requests (Equation 7):

Tdif; = Y X Nastd,.f; + (1= ¥) X Fa 7 (7

By combining the two popularity metrics from Equations 6 and 7, we obtain the
popularity for a file f; in device d;:

Pfyd; = Pf; X Tdy.f;- ®)

4 Simulation Setup

This section describes the simulation setup. We used the ONE opportunistic network-
ing simulator for all experiments [5].

The following subsections explain how we define and generate file requests, as
well as mobility patterns during the simulations, through different content and mobil-
ity datasets (Section 4.1). Next, we list and discuss our simulation parameters (Sec-
tion 4.2).

4.1 Content and Mobility Datasets

We use metadata from YouTube! to obtain realistic content characteristics for our sim-
ulations. The raw dataset contains a daily recording from up to 200 videos classified
by YouTube servers as “trending”, for a set of countries that include the USA, Great
Britain, Germany, Canada, France, Russia, Mexico, South Korea, Japan, and India,
between November 2017 and June 2018. For each day, the dataset presents each trend-
ing video with the number of requests received by YouTube’s servers during that day.
For our experiments, we considered one day of measurements from French YouTube’s
dataset, in November 2017. We consider the trending video set as the catalog of files
that users may request. We use the number of requests of each video to define how
likely devices request it during the simulations.

Uhttps://www.kaggle.com/datasnaek/youtube-new



Considering more realistic scenarios, there is also the impact of video streaming
protocols, such as the Dynamic Adaptive Streaming over HTTP (DASH) [15], which
divides the video in chunks with variable video bitrate. In these scenarios, it is impor-
tant to note that our priority model provides a joint adjustment on the video resolution,
since a real-time selection of video chunks would be done in each device cache, keep-
ing chunks that each device will be able to share in its respective D2D neighborhood.

The raw dataset described above does not provide the real size (in bytes) of each
video or its chunks. Therefore, for simplicity, in most part of our experiments we
consider each video consisting of only one chunk, as well as the dropping of a complete
video/file from cache when replacing it for a new file. We associate the size of each
file to a random value according to a Weibull distribution, based on previous studies of
Pang et al. [10]. Then, we calculate the percentage of views for each video and apply
them in the simulator in the form of a probability distribution. Once we generate a
request, we assign it to a device according to a uniform distribution.

Although we consider a “video download only” behavior in all experiments, our
solution applies to other types of content. It is important to note that we adopt a generic
definition of a file in our network model (see Section 2 for more details). Therefore,
for other types of content, we expect similar performance results.

For the mobility part, we applied two contact traces collected from real devices.
The first one is Infocom06 [12], which comprises 98 users (78 mobile + 20 static) car-
rying devices around office, conference, and city environments. The second trace is
Reality Mining [2], which gathers, among several types of events, proximity informa-
tion from 97 subjects at MIT.

Although contact traces represent a real scenario observed by real devices, these
traces have two drawbacks: 1) lack of details on the users’ mobility profile, an informa-
tion that would help to understand the impact of user mobility on the performance of
our solution; and ii) the impossibility of analyzing the scalability of our solution, since
contact traces have fixed number of users.

To overcome the aforementioned drawbacks, we also evaluate our solution using
a synthetic mobility model called Shortest Path Map Based Movement. In this model,
users start in a random uniform position in the map. During the simulation, they choose
a destination in a map and take the shortest path to it, with random uniform velocities
as well as random uniform wait times between two movements.

4.2 Simulation Parameters

Table 1 lists the parameters that we use in our experiments. We explain some of them
below:

Simulation Time. We set up the time of 86,400 seconds (one day), since the portion
that we consider in the YouTube Trending dataset comprises data for a whole day (see
Section 4.1 for more details).

Number of Files. Considering that the YouTube Trending dataset has 200 files for
each day of measurements, for numbers of files inferior to 200, we consider only the top



Table 1: Simulation parameters

Experiments varying Experiments varying

Parameter the Number of Files the Number of Users

General Parameters

10, with confidence interval of 95% according to

Number of Runs .
Student’s ¢ distribution

Simulation Time 86,400 seconds
Number of Files 10,20,50,100,150,200 200
98 (Infocom06)
Number of Users 97 (Reality Mining) 10,20,50,100,200 (Synthetic)
100 (Synthetic)
Transmission Speed 5 MB/s
Device Cache Capacity 193,277,600 bytes
Request Generation Interval 1,000-85,400 seconds
File Request Frequency One every 8.44 seconds
D2D File Search Delay 50 seconds
File Consumption Time 35.4 seconds

Synthetic Mobility Model Specific Parameters

Map Dimensions 4,500 x 3,400 meters (Helsinki City Map)
Device Movement Speed 0.5-1.5 meters/second (random uniform values)
Wait Time between Two Movements 0-120 seconds (random uniform values)
Communication Range 15 meters

Priority Model Specific Parameters

Popularity Monitoring Interval 10,000 seconds
EWMA Weights (a-f3-7) 0.1

first lines, and calculate the percentage of views only considering this line subset (see
Section 4.1 for more details).

Transmission Speed and Communication Range. We chose Wi-Fi Direct as the
transmission technology, considering its simplicity to use and the support on almost all
mobile devices nowadays. We retrieved both the transmission speed and the commu-
nication range from recent studies made by Reis ef al., where the authors evaluated the
performance of D2D with real mobile devices using Wi-Fi Direct, in different scenar-
ios [11]. The authors measured, among many other performance metrics, the average
throughput for the transmission of files of different sizes. We chose the highest dis-



tance considered by the authors as the devices’ communication range (15 meters), and
the average throughput for the largest file as the devices’ transmission speed (5 MB/s).
In that way, our experiments consider a realistic scenario with limited contacts and
transmission performance. Finally, it is important to highlight that the communication
range of 15 meters is only valid for the synthetic mobility model, since the contact
traces already consider the variable range of real devices that collected the data. It is
also important to note that the transmission speed does not vary in our experiments, due
to limitations inherent to our simulation scenario. Therefore, the transmission capacity
of a node with its neighbors depends on the duration of D2D contact. Thus, the longer
the contact time, the higher the transmission capacity.

Device Cache Capacity. To ensure that all files fit in the device cache, we define
the cache capacity as the size of the largest file retrieved from the YouTube Trending
dataset, which in our case was 184.32 MB (193,277,600 bytes).

File Request Frequency. In a first moment, we consider a scenario where each user
downloads one copy of all available content. However, during our experiments we vary
the number of files and users, comparing the global hit rate between different parameter
combinations. Aiming to do fair comparisons, we set the same file request frequency
for all simulations, considering a scenario with 100 users and 100 different files, which
would generate 10,000 file requests. We do not consider the first and last 1,000 seconds
of the simulation time for warmup purposes either, and we distribute the requests in the
remaining time. Therefore, to generate 10,000 file requests, we must generate one
request every 8.44 seconds.

File Consumption Time. Since all our experiments consider only video content, we
chose the file consumption time basing on Krishnan and Sitaraman’s study, where they
evaluate the behavior of video users, basing on traces that include 23 million views
from 6.7 million viewers. In their results, they state that the user has a median play
time of 35.4 seconds, before abandoning the video [6]. This is a behavior that the
authors call video surfing, where the viewer watches several videos before deciding
which ones he will watch completely. For convention purposes, we assume this viewer
behavior for all experiments.

5 Simulation Results

This section presents the simulation results. The experiments are organized in four
parts: (i) Tuning of important parameters for the priority model (Section 5.1); (ii) Com-
parison of the priority model with a classical technique that considers neither content
nor mobility attributes, and with a state-of-the-art approach that considers them (Sec-
tion 5.2). In this part, we evaluate the global cache hit rate by varying the D2D File
Search Delay (Section 5.2.1), as well as the number of files and users (Section 5.2.2).
We finish this part evaluating the overhead by also varying the number of files and
users (Section 5.2.3); (iii) Investigation of the impact of each component of the priority



model on the hit rate, to demonstrate the importance of a model with all the attributes
that we described in Section 3 (Section 5.3); (iv) Evaluation of the priority model with
a chunk-based adaptive video streaming application (Section 5.4). We compare it with
the baselines by observing the global chunk ratio and the chunk quality rate, when we
vary the number of video files and users.

The performance metrics considered in this section are:

* Global cache hit rate. The percentage of files that devices have requested and re-
ceived through opportunistic D2D communications or found in their cache (files
that devices have downloaded before);

* Number of files consumed per minute by all devices, through each option (D2D,
Server and Cache);

e Control message overhead. The ratio between the number of control messages
sent in the network and the number of files consumed by all devices;

e Control bytes overhead. The ratio between the number of bytes of control mes-
sages sent by all devices in the network, and the total of bytes transmitted (control
+ files).

* Global chunk ratio. Similar to the Global cache hit rate, described above. It
is the percentage of chunks that devices have requested and received through
opportunistic D2D communications or found in their cache (chunks that devices
have downloaded before).

e Chunk quality rate. The percentage of chunks of each quality consumed by
all devices through opportunistic D2D communications and the cache, indepen-
dently of which video each chunk belongs to.

5.1 Parameter Tuning

In this part of the experiments, we evaluate the following simulation parameters: the
popularity monitoring interval and the EWMA Weights. In these experiments, we
consider a scenario with 100 users and 100 different files, and apply the synthetic
mobility model.

5.1.1 Popularity Monitoring Interval

The popularity monitoring interval indicates how frequently the global and local popu-
larity metrics, in terms of the EWMAs (see Section 3.2 for more details), for each file,
receive an update cycle.

We evaluated monitoring intervals between 5,000 seconds (around 1.39 hours)
and 50,000 seconds (around 13.89 hours) with steps of 5,000 seconds, taking into ac-
count the total simulation time of 86,400 seconds (24 hours). According to results
that we present in Figure 3, the hit rate reaches a peak with a monitoring interval
of 2.78 hours, and has a gradual decrease for higher values. Basing on this behavior,
we chose 2.78 hours as the monitoring interval for all experiments.

10
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Figure 3: Varying the popularity monitoring interval

Even though the highest hit rate obtained (for a monitoring interval of 2.78 hours)
was 3.77% superior to the smallest one (for a monitoring interval of 13.89 hours), we
need to consider that our simulations are limited to one day, as well as fixed content
and mobility datasets. Moreover, the results presented in Figure 3 show that, for each
scenario, the popularity monitoring interval has a respective optimal value, therefore
demanding a real-time adjustment of this attribute. We leave such an adjustment as
future work.

5.1.2 EWMA Weights

The EWMA weights (¢, B and 7y) define how relevant the last average values are, in
comparison with the last observed values. As described in Section 3, we employ EW-
MAs to monitor the contact time between devices, as well as the global and local pop-
ularity of each file. In our experiments, for convenience and simplification purposes,
we consider the same value for o, 3, and .

We evaluated values between 0.1 and 0.9 with steps of 0.1. As shown in Figure 4,
the cache hit rate has a gradual increase with the decrease of the weights. For our ex-
periments, we chose the value that got the highest global cache hit rate, which was 0.1
in our case.

5.2 Comparison with the Baselines

In this part, we evaluate the priority model in comparison with two different base-
lines. The first baseline is a greedy, classical technique that we call LRS (Least Re-
cently Stored). It works as follows: when the device downloads a new file, it tries to

11
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Figure 4: Varying weights for the EWMASs

store such a file in its cache. If the available space is not enough, the device removes
the file with the oldest storage time. The user repeats this step until the cleared space
is enough for the new file. Unlike our solution, LRS considers neither the nature of
content, in terms of size and popularity, nor the nature of contacts.

The second baseline strategy is a state-of-the-art approach, called SACC (Social-
Aware Cooperative Caching) [18]. SACC employs a cache replacement mechanism
that computes in real-time a popularity metric for each file. This metric considers social
variables such as the social tie strength, trustworthiness, and encounter probability,
between users that provide a file, and users without the file. SACC replaces files in
the cache based on the popularity. Least popular files are dropped when the cache is
overloaded. In our experiments, we consider that all devices always have the same
file interests and then belong to the same community. Therefore, we define a single
community with all the devices [18].

We evaluate our priority model, LRS, and SACC in terms of the global cache hit
rate, as well as the overhead under different scenarios.

5.2.1 Global Cache Hit Rate: Varying the D2D File Search Delay

The D2D file search delay indicates how long the device searches for the desired file
in the D2D neighborhood before redirecting the file request to the content server. For
the file search delay, we refer again to the study of Krishnan and Sitaraman, who state
that users take up to 50 seconds to give up downloading a video [6]. Basing on such
a limit, we evaluated the file search delay by measuring the global cache hit rate, for
search delay values between 0.5 and 60 seconds, with steps of 0.5 seconds, by applying
Infocom06 and Reality Mining contact traces, as well as the synthetic mobility model

12
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with 100 users, in a scenario with 100 different files.

According to results presented in Figures 5 to 7, users with shorter and longer toler-
ances to search delays have similar performance, with a difference on the hit rate of less
than 1%. Nevertheless, we also observe higher hit rates with longer search delays, for
all scenarios and solutions. This is an expected behavior, since more patient users tend
to find the desired file in the D2D neighborhood with more frequency. Another inter-
esting point to observe is the fact that, for all scenarios, the priority model outperforms
the baselines, besides presenting a more predictable behavior with shorter confidence
intervals.

Since we intend to observe the optimal performance of our solution, and to make
fair and more detailed comparisons with the baselines between different scenarios, for
the following experiments in this section we normalize users with a patient profile,
with a search delay of 50 seconds.

5.2.2 Global Cache Hit Rate: Varying the Number of Files and Users

Figures 8 to 10 show the global cache hit rate when we vary the number of files, with
the application of each contact trace as well as the synthetic mobility model.

For all figures and scenarios above, for our solution, LRS and SACC, we observe
a gradual decrease in the hit rate when the number of files in the network grows. This
is an expected behavior, since a high number of different files reduces the probability
of finding a specific file in the device’s cache or the D2D neighborhood. In these
experiments, the average number of neighbors was 1.63, 0.13 and 0.07, for contact
traces Infocom06, Reality Mining and the synthetic mobility model, respectively.

Still regarding the decrease in the global cache hit rate, when the number of files

13
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Figure 7: Varying the D2D file search delay: synthetic mobility model

varies from 150 to 200, the decrease in the hit rate is smaller than when varying
from 100 to 150 for LRS, SACC, and the priority model. This suggests that scenarios
with more files tend to cause smaller hit rates in the network, and the performance for
all solutions would stabilize, not offering more significant improvements in the hit rate.
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We can also observe the highest differences between our solution and LRS in all
scenarios with 200 files. In these cases, our solution outperforms LRS by approxi-
mately 38.6%, 64.48% and 76.56%, when applying contact traces Infocom06 and Re-
ality Mining and the synthetic mobility model, respectively. By comparing our solution
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with SACC, there is an improvement of 38.2%, 60.46% and 58.33% for the same re-
spective scenarios. The superiority of our solution, in comparison to LRS and SACC,
indicates the importance of computing priority values for file selection in scenarios
with a large number of files.

For scenarios with 10 files, all solutions provide a similar hit rate. In these scenar-
ios, in the beginning, all devices download most of the files through D2D or from the
server; later, they download almost everything from the cache. Therefore, scenarios
with low numbers of available files provide hit rates of above 90%.

Figure 11 shows the number of downloaded files in intervals of 30 minutes, for
each download option (through D2D, from the server and from the cache). These
values reflect one single run of 24 hours for our solution, in a scenario with 100 users,
and applying the synthetic mobility model. In Figure 11, we can observe that after 5
hours of running time, all devices start to consume most of the files directly from their
cache. For the sake of simplicity, we do not present results for LRS and SACC, since
they presented the same file download behavior.

As described in Section 4, we also evaluate the effects of varying the number of
users on the global cache hit rate. To do such an evaluation, we keep fixed the number
of files in 200 and apply just the synthetic mobility model, due to the impossibility of
doing the same with the application of contact traces. In these experiments, the average
number of neighbors was 0.006, 0.015, 0.034, 0.07, and 0.139 for 10, 20, 50, 100
and 200 users, respectively.

Figure 12 shows the global cache hit rate. We observe a gradual decrease over the
hit rate for the priority model when the number of users grows in the network. The
same behavior could also be observed for the SACC mechanism, although with less
intensity and not so predictable as our solution, due to the high variation observed
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through the confidence interval. This is also an expected behavior, since users have
a limited communication range and are also limited to move in the streets of the map
specified in our experiments, a fact that helps to restrain the average number of neigh-
bors in the network. It is also worth noting that each device can communicate through
D2D to only one device at a time. A limited number of neighbors reduces the num-
ber of potential D2D contacts and transmissions in the network, which in turn causes
a “dispute” for the use of opportunistic D2D communications. Such a phenomenon
reduces the probability of a device finding an available D2D neighbor, with the desired
file. As a consequence, the effects of selecting files in the cache with the priority model
and the SACC mechanism also reduce for scenarios with more users, since part of them
are forced to request the desired file to the server.

Reversely, we observe that LRS had a slight increase over the global cache hit rate
with the increase over the number of users. However, we can also observe that the
hit rate starts to stabilize between scenarios with 50 and 200 users, which indicates
an optimal performance and a subsequent decrease for scenarios with even more users,
thus following the same behavior already observed for the priority model and the SACC
mechanism.

Another interesting point is how our solution outperforms LRS and SACC for sce-
narios with 10 users. For that scenario, the hit rate of our solution outperformed LRS
by 423.63% and SACC by 40.41%, demonstrating the importance of having such a
cache selection technique when we have more isolated users. This was our case, since
the synthetic mobility model leads to a normal distribution of users in the map, there-
fore reducing the occurrence of long-time D2D links.

We can also note that the superiority of our solution decreases as the number of
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Figure 12: Varying the number of users: synthetic mobility model

users increases, attaining 44.22% over LRS and 37.1% over SACC for the scenario
with 200 users. We can explain this phenomenon by the fact that each device selects
content basing on their local observations; therefore, we expect differences in the cache
of different devices. If we consider realistic scenarios with many users, where a device
tends to have more neighbors, and a fixed number of files, the effects of selecting files
in the cache is limited, since there is a higher probability of a device finding what it
needs in its neighborhood.

We cannot make the same statement above for realistic scenarios where the num-
ber of users and the number of files vary at the same time. In this section, we also
demonstrated the efficacy of our solution in scenarios with more files. Therefore, it is
important to evaluate the tradeoff between this parameter and the number of users in
the network, to determine in which cases our model provides better performance. A
proper triggering of our model would also help reduce the control overhead in the net-
work, as well as the energy consumption of each device, since the model would cease
to run sometimes with no avail. Defining what we call here “operating regions” (when
and how we should apply our model) is left as future work.

5.2.3 Overhead: Varying the Number of Files and Users

This section discusses the control message and the control bytes overhead of the pri-
ority model, in comparison with our baselines. We describe below how each solution
behaves in terms of the control messages sent in the network.

LRS relies on the storage timestamp of each file that a device consumed. There-
fore, there are no control messages for cache replacement. As a result, the overhead of
LRS comprises only of file requests. Meanwhile, SACC requires to exchange control
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Figure 13: Control message overhead: Varying the number of files

messages with all devices and the server, to discover which device has each file to com-
pute its popularity. Furthermore, SACC requires control messages to update the social
metrics among devices. Similarly, our priority model exchanges control messages to
monitor global and local file popularity, as well as to monitor contact time among users.

Figure 13 shows the control message overhead behavior when we vary the number
of files, for scenarios with 100 users and applying the synthetic mobility model. For
the sake of simplification, we omitted the results for Infocom06 and Reality Mining
contact traces since they provide similar behavior.

As we can see in Figure 13, LRS provides the lowest control message overhead
between all solutions, computing an average of less than one control message per con-
sumed file. Even with the absence of significant overhead levels, LRS shows poor
performance in scenarios with a few users. In terms of the global cache hit rate, our
solution outperforms LRS by at least 38.6% in all scenarios (see Section 5.2.2).

In the case of the SACC mechanism, the control message overhead has a linear
growth, when we increase the number of files in the network. This is because a large
variety of files reduces the chance of a device finding the desired file in the D2D neigh-
borhood or its cache. We observed this behavior in Section 5.2.2, with a decrease in
the global hit rate. Finding fewer files in the cache implies that new files arrive in a
device with more frequency, overloading the cache more often and, therefore, demand-
ing more cache replacement operations. As stated above, for each cache replacement
procedure under the SACC mechanism, the monitoring server must exchange a broad
set of control messages to update a set of social metrics between devices and to collect
information about the files stored in each cache.

Unlike SACC, the priority model exhibits a nearly constant behavior when the num-
ber of files grows. This happens for two reasons. The first one is the constant moni-
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toring costs, since, for each file download through D2D or from the server, the number
of control message exchanges is the same, to update global and local popularity, as de-
scribed in the beginning of this section. The same happens when a cache replacement
occurs, where a device updates the global popularity of its files with just one control
message exchange with the CS. The overhead due to contact time monitoring is con-
stant, in the average measurements for each scenario presented in Figure 13, since the
number of users and their mobility pattern is the same.

The second reason for an almost constant overhead, for the priority model, refers
to the number of file requests generated in the network. It is worth noting that the file
request frequency was the same for all experiments, as described in Section 4. If we
consider an hypothetical scenario where the number of requests is higher, the overhead
of our solution would present a linear grow, since devices always would send a fixed
number of control messages in the D2D neighborhood and to the server, for each file
consumption, to update their popularity monitoring metrics.

Although an increase in the number of files causes a decrease in the hit rate, as also
observed in Section 5.2.2, the use of the priority model allows optimizing the set of
files stored in the cache, reducing the number of cache replacements and also helping
to stabilize the control message overhead of our solution.

Besides being 58.33% superior to SACC in terms of the global cache hit rate in the
scenario with 200 files, as demonstrated in Section 5.2.2, the priority model provides
a control message overhead 87.19% inferior to the value obtained with SACC, for the
same scenario. If we consider the scenario of a dense network with many devices, with
many contact events between them, many replacement operations tend to happen, and
the popularity of each file needs to be updated frequently. As a consequence, many
control message exchanges between devices and the monitoring server also happens in
SACC. Moreover, many of the control messages tend to be big, due to the extended
contact and file-sharing history of many devices, after some operating time.

To understand the impact of the number of users on the overhead, we vary the
number of users, fixing 200 files, and applying the synthetic mobility model. Figure 14
shows the results.

As we can see, LRS presents a constant control message overhead. This is expected
since there are no control message exchanges to replace files in the cache. Although
the low and constant overhead, it is important to remember that LRS attains a hit rate
of around 10%, for scenarios with 10 users, as demonstrated in Section 5.2.2. With
the priority model, and with the cost of less than 2 control messages per downloaded
file, such a hit rate is around four times bigger, as also demonstrated in Section 5.2.2.
For SACC, although being almost three times bigger in comparison to LRS, it has the
cost of around 4 control messages per downloaded file, therefore doubling the control
message overhead in comparison to the priority model, which provided a higher hit rate
as mentioned above.

Considering scenarios with more than 20 users, we can observe a linear behavior
for both SACC and the priority model. In the case of SACC, such growth is due to the
constant increase in the monitoring costs, which demands the collection of monitoring
data from all devices during the cache replacement procedure. Therefore, with the
growth in the number of users, more control messages need to be sent between them
and the monitoring server.
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Figure 14: Control message overhead: Varying the number of users

In the case of the priority model, the growth in the number of contacts between
devices explains the growth in the control message overhead. The priority model de-
mands the exchange of control messages to monitor the contact time. Although the
growth in the number of contacts in the network, the control message overhead of
priority model was around 80% inferior in comparison with SACC, for the scenario
with 200 users, at the same time providing superiority in the hit rate of over 37% over
LRS and SACC, as demonstrated in results from Section 5.2.2.

Figure 15 shows the control bytes overhead when we vary the number of files. As
we can observe, LRS has constant control byte overhead. Indeed, LRS control byte
overhead comprises only of file requests, as stated before.

By comparing the priority model with SACC, the control bytes overhead was al-
most 96% smaller. This is due to the smaller monitoring costs for the priority model,
besides being constant in the most part, as described before.

Another interesting point to observe is that all solutions maintained almost the same
control bytes overhead for all scenarios. We explain this behavior through the decrease
in the global cache hit rate, with the increase in the number of files for all solutions,
a behavior that we demonstrated in Section 5.2.2. Such a decrease causes a growth
in the number of bytes sent between devices and the server, in terms of file requests,
monitoring information, or files, a fact that helps to stabilize the control bytes overhead
between all scenarios. It is also important noting that content replacement procedures
are running in real-time, which aim to reduce the number of file exchanges between
devices and the server. Such a reduction may not be effective, as demonstrated in Sec-
tion 5.2.2 with the reduction in the effects of selecting content in the cache, when the
number of users grows. Moreover, there is the cost of real-time monitoring, a fact that
increases the number of control bytes sent in the network. Both cases described above
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Figure 15: Control bytes overhead: Varying the number of files

1.0*103 3 T T T T T
E LRS E=XXX3
SACC &=™X
Priority Model ==X <
1.0*104 | | .
*105 L _
1.0710 : = < E

1.0106 |- -

Control Bytes Overhead (Ratio of Bytes Sent)

1 0*10-7 @ @ @ @ @
’ 10 20 50 100 200
Number of Users

Figure 16: Control bytes overhead: Varying the number of users

jointly provide a stabilization effect in the control bytes overhead for all scenarios.

Figure 16 shows the control bytes overhead, with the increase in the number of
users. As we can observe, LRS presents a constant behavior for the control bytes
overhead.
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We can also observe an expected linear growth in the control bytes overhead for
SACC. It means that a growth in the number of users means that more connections
tend to happen between users, a fact that increases the monitoring costs of SACC,
demanding the transmission of a more substantial amount of social monitoring data to
the centralized server.

In comparison with SACC, the priority model was able to provide higher differ-
ences in the control bytes overhead, with the increase in the number of users. For the
scenario with 10 users, the control bytes overhead was 34.04% smaller, while for the
scenario with 200 users the overhead was 96.78% smaller. In a similar way as observed
for Figure 14, it is important to add that for the scenario with 10 users, besides pro-
viding a smaller control bytes overhead, the priority model surpassed LRS and SACC
by 423.63% and 40.41%, respectively, in terms of the global cache hit rate.

Another interesting behavior that we can observe in Figure 16 is how the control
bytes overhead decreases for the priority model, with the increase in the number of
users. Between scenarios with 10 and 200 users, the decrease was of 41.47%. We can
explain such behavior by the almost constant growth in the amount of monitoring data
exchanged between devices and the server, with the increase in the number of users
in the network. This phenomenon allies to the faster growth in the number of down-
loads from the server, for scenarios with more users, as demonstrated in Section 5.2.2,
with the decrease in the global cache hit rate. A higher number of downloads from
the server means that fewer control messages are exchanged between devices through
D2D, therefore reducing the control bytes overhead.

5.3 Influence of each Component of the Proposed Model

In this part of the experiments, we evaluate the pertinence of our model by observing
the achievable cache hit rate with variants of it. In practice, we re-run all experiments
from Section 5.2.2, this time focusing on the proposed model.

We vary the priority model in five different ways, as follows:

1. Complete model, as explained in Section 3 and formalized in Equation 1.

2. Dissemination Potential (DP) only (Equation 3): Eliminates the Transmission
Potential (TP) term (Equation 2), which relies on a file size threshold, as de-
scribed in Section 3. It is worth recalling that TP computes the threshold basing
on the EWMA contact time. Therefore, we remove the mobility aspect by re-
moving this term and leave just the evaluation that focuses on the popularity and
size of a file (DP).

3. Transmission Potential (TP) only (Equation 2): Eliminates the Dissemination
Potential (DP) term (Equation 3), which evaluates the popularity aligned with
the size of a file, as described in Section 3. Without the DP term, the device
considers just the mobility aspect, and each file receives a priority basing on its
size in comparison to the size threshold.

4. File popularity only (Equation 8): This model just considers the popularity
variable derived in Section 3.2, therefore considering neither the mobility nor
the size factors. The higher the popularity, the higher the priority of a file.
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Figure 17: Varying the model and the number of files: contact trace Infocom06

5. File size only (s;): We consider this one as the simplest of all variants of our
model, giving higher priorities to smaller files, therefore preserving more files in
the cache.

Figures 17 to 19 show the global hit rate for each model described above, for each
number of files between 10 and 200, with the application of each contact trace and
the synthetic mobility model. When applying traces Infocom06 and the synthetic mo-
bility model (Figures 17 and 19, respectively), we can see that the complete model
outperforms the other ones for numbers of files higher than 50, which confirms our
observations in Section 5.2.2, where we state the importance of the complete model
in scenarios with a large number of files. At the same time, we can observe a similar
performance for all models in scenarios with less than 50 files for all cases. This is
another behavior that we observed in results in Section 5.2.2, where a small number of
files raises the probability of a device finding everything it wants in its neighborhood
or its cache, therefore reducing the effects of a cache selection procedure.

Still considering the Infocom06 contact trace and the synthetic mobility model,
when comparing the hit rate from models DP only and TP only, model TP only leads
to a lower hit rate, mainly for numbers of files smaller than 150. Both terms rely on
the file size, which takes us to the conclusion that the popularity metric (part of the DP
term) gives higher positive effects, in comparison with the mobility aspect (part of the
TP term). Such a phenomenon occurs since most variations in the priority values come
from the nature of the files, as well as the fact that the complete model prioritizes files
that are small and popular at the same time. Moreover, both TP and DP terms rely on
trends of EWMAS (as seen in Section 3), while trends for mobility mostly bases on a
large number of contact events along the time. This is not the case of popularity, which
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Figure 19: Varying the model and the number of files: synthetic mobility model

bases on a limited content set that contributes to a higher trend accuracy, therefore
having more impact on the priority.

We reinforce the importance of file popularity with model Popularity only, which
obtained a cache hit rate similar to DP only for scenarios with many files, but slightly

25



lower (a difference of less than 1% in all cases), thus showing the need to keep the file
size attribute along with popularity at the DP term.

It is also important to note that computing priority, just relying on the TP term, does
not prevent the device from storing a file with size above the threshold (see Section 3.1
for more details), if its other files fit in a similar situation. Therefore, the risk of not
being able to transmit files through opportunistic D2D communications is higher if
we do not consider other aspects (i.e., the DP term) when computing the priority. We
demonstrate this phenomenon by observing model TP only in comparison with the
complete model, being this last one superior in almost all scenarios.

Considering just the model Size only, we got the lowest cache hit rates for most
scenarios, in comparison with the other four models. The use of this model raises the
probability of storing a higher number of files in the device’s cache. This operation
helps to solve, at least partially, the problem of storing only files that the device can
transmit, during their opportunistic D2D links. However, the fact that the device does
not consider the nature of each file prevents it from storing some files that their neigh-
bors may request in the future. Moreover, the model’s low hit rate also shows the need
for a fair evaluation of file sizes from another point of view, an issue that we solve with
model TP only, that defines a size threshold to compare with the size of each file. The
resulting model outperforms model Size Only by up to 108.48% at the hit rate, a peak
value that we obtained with the Reality Mining contact trace. Finally, Figures 17 to 19
demonstrate the critical importance of applying the file size attribute at both TP and
DP terms, considering that model Size only attained cache hit rates superior to 40% of
those the other models obtained.

In the opposite way of Infocom06 contact trace and the synthetic mobility model,
with the application of Reality Mining contact trace (Figure 18), we obtained higher
cache hit rates with variants of the complete model, being this one superior only in
the scenario with 150 files. This complements our observations on the results from
Section 5.2.2, where we expect some scenarios where the complete model does not
make a positive impact on the cache hit rate. The results presented in Figure 18 show
that we can still improve the hit rate of these scenarios with variants of the proposed
model. As mentioned in Section 5.2.2, the definition of a triggering module to select
the most suitable model, for each scenario, is left as future work.

Although all observations above, it is worth recalling that we did not vary the num-
ber of users in these scenarios. Changing this number implies that the network density
is higher, as the target area is limited in the simulations. A higher network density im-
pacts directly in the way our model works, as we can see in Figure 20, which presents
the global cache hit rate for the complete model and its variants, by varying the number
of users in the network.

As we can see in Figure 20, the complete solution outperformed all the other mod-
els, in accordance to results from Section 5.2.2. We observe the highest positive effects
for scenarios with 10, 20, and 50 files, which made the complete model 23.29%, 21.76%
and 15.74% superior to the second-best option, respectively.

Another interesting point to observe in Figure 20 is the fact that model 7P only was
superior to models DP only and Popularity only, for numbers of users inferior to 50,
therefore showing the higher importance of the mobility aspect in these scenarios. We
can explain this behavior by considering that a small number of users reduces the num-
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Figure 20: Varying the model and the number of users: synthetic mobility model

ber of contacts between them. In those cases, their transmission capacity through op-
portunistic D2D communications has more importance, and small files receive higher
priorities than big ones. This does not mean that the file size is enough to obtain a
proper cache selection, as we can see for model Size only, which attained the lowest
cache hit rate in comparison with the TP only model. Even if we combine mobility
attributes to the file size (the case of model TP only), we still attain lower cache hit
rates in comparison with the complete model, a fact that demonstrates the importance
of combining the content and mobility aspects in a single model.

Considering model Size only, we can see an approximation of its cache hit rate to
the other four models, for the scenario with 200 users. We explain this behavior by
remembering that our simulation environment considers a limited area for movements,
as mentioned before. Therefore, when we vary the number of users, we also vary the
network density. If we consider a scenario with a fixed number of files (which was the
case for results of Figure 20), a higher density means a higher probability of finding
what each device wants in the neighborhood. Consequently, the positive effects of
applying a cache selection technique decrease. We complement our observations with
Figure 12, where we present the same behavior for the complete model, along with the
baselines. Therefore, the results presented in Figures 20 and 12 show that a real-time
monitoring of the density of the network has key a role when deciding the right time
to apply the cache selection technique. We leave the study of the tradeoff between our
model and the network density as future work.
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5.4 Use Case: Chunk-Based Adaptive Video Streaming

We now apply the proposed priority model in a chunk-based adaptive video streaming
application. We compare it with the baselines in a similar way as it was done in Sec-
tion 5.2.2, by varying the number of different video files, as well as varying the number
of users.

Instead of having a content server and the devices sharing entire files composed by
only one segment (chunk), we have them sharing chunks of different qualities for each
video, with fixed size and duration for the chunks of each quality. In this way, each
device is able to download, for each desired video, part of the chunks through D2D
communications or read them from its own cache, and download the missing parts
from the server.

For the sake of simplicity, and with the goal of aligning the results of this section
with those obtained in the previous sections, we consider that the device receives the
whole video, independently of the chunk download order or their respective quality,
and the user consumes the video during the time described in the Consumption Time
(Table 1). Therefore, in our experiments all chunks are downloaded before the con-
sumption by the user. For each video download, the device follows the steps below:

1. If there are chunks available in the cache, the device reads them, and downloads
the missing chunks from the server.

2. If no chunk is available in the device’s cache, it searches for chunks in the D2D
neighborhood, during the D2D File Search Delay (see Section 5.2.1 for more
details). If a neighbor is found, the device downloads all the available chunks
through D2D communications and download the missing chunks from the server.

3. If the device does not find chunks in the D2D neighborhood after the file search
delay, it downloads the entire video from the server.

It is important to recall that the main goal of this work is to reduce the burden on
the content server, by optimizing the use of D2D communications and the number of
readings in the device’s cache, at the same time with a small control overhead. There-
fore, in the download steps above, we prioritize the consumption of chunks that are
available in these two communication ways, independently of their respective quality.

It is also important to highlight that the download steps presented above are not the
only possible way to schedule the download of chunks for one video. A finer grain
evaluation on the effects of the priority model, considering other user consumption
behaviors, as well as other chunk download scheduling algorithms, is left here as future
work.

We consider three different qualities of videos: 480p, 720p and 1080p. Since we
intend to run an adaptive video streaming application, we modify our simulation envi-
ronment in order to assume that the connection quality between the user and the server,
over time, follows a Normal distribution [9]. Therefore, we also assume that the server
provides chunks with variable quality according to the same distribution.

In the device cache, we group chunks in chunk blocks of the same quality and
belonging to the same video. For each video, the device may have stored in its cache up
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to three chunk blocks: one block for chunks in quality 480p, and another two for 720p
and 1080p.

Regarding the cache replacement procedure, the evaluation occurs for each chunk
block. We do this basing on the fact that every chunk belonging to the same block has
the same size and duration, and belongs to the same video. Therefore, all them should
have the same evaluation results and may be selected (or removed) at once by the cache
replacement procedure.

In the case of the priority model, priority values are computed for each chunk block,
based on their respective size and the popularity of the respective video. In the case of
LRS, we consider the storage time of a chunk block, thus removing the oldest ones in
order to store a new chunk block when the cache is full. On the other hand, in the case
of SACC, the original model does not specify how to compute popularity for devices
that only have parts of a video [18]. Therefore, in order to compute SACC’s popularity
metric for a video in the closest way as possible to the original model, described in
the beginning of Section 5.2, we consider the ability of a device to provide at least
one chunk of that video. Following this premise, in some cases, SACC computes the
same popularity value when all the devices have different chunks of the same video. In
order to provide a “tie-break” for these cases, we defined a second criterion for SACC,
removing chunk blocks from the biggest to the smallest one, considering the fact that
bigger chunk blocks are less likely to be transmitted through D2D communications.

Due to the nature of chunk-based video streaming, we must add two new param-
eters: the chunk size for each quality (480p, 720p, and 1080p), and the duration of
each video. We define the size of each chunk based on previous studies of Vaca-
Rubio et al. [16], where the authors characterize the chunk size distribution of DASH-
based video streaming services. The authors evaluate chunks with duration of one
and six seconds. For convenience, we consider the chunk size distribution for chunks
with duration of one second, and since the authors provide the average chunk size for
each video quality in more than one bitrate, we chose the chunk size associated to the
highest bitrate, for each quality. Therefore, for the quality of 480p the chunk size is de-
fined as 53.42 KB, and for the qualities of 720p and 1080p the chunk sizes are defined
as 217 KB and 326 KB, respectively [16].

The video duration is another missing parameter in the YouTube Trending dataset.
In this section, we assume that the original file size (see Section 4.1 for more details)
belongs to the highest video quality, i.e., 1080p, in order to compute the video dura-
tion we divide the total size by the size of one chunk. For example, if the video file
has 3,260 KB, and considering a one-second 1080p chunk size of 326 KB, the duration
of the respective video will be of 10 seconds, and for the quality of 1080p the video
will be composed of 10 chunks.

For all simulations, we adopt the same simulation parameters from the previous ex-
periments, described in Section 4.2. However, for simplification purposes, we present
results only for the synthetic mobility model, since we observed similar behavior for
the experiments with contact traces.

Figure 21 presents the global chunk ratio when we vary the number of different
video files available in the network. In the same way as observed in Section 5.2.2,
where we vary the number of complete files, the priority model is superior to the base-
lines for scenarios with more videos. For the scenario with 200 videos, the priority
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Figure 21: Global chunk ratio: varying the number of video files

model outperformed LRS and SACC by 28.46% and 16.64% respectively, a fact that
demonstrates the ability of the priority model in keeping chunks that are more likely
to be transmitted through D2D communications and/or to be read by the device in its
cache.

Similarly to what was observed in the experiments with complete files, there is a
decrease in the chunk ratio with the increase in the number of different video files in
the network, since this reduces the probability of finding the desired video in the cache
or in the D2D neighborhood. However, we also observe a slight increase in the chunk
ratio between scenarios with 50 and 100 videos, for all solutions. Such an increase
can be explained due to the joint nature of the size distribution for the whole video
(according to a Weibull as described in Section 4.1) and the chunk quality delivered by
the server according to a Normal distribution. Since in this experiments we allow the
device to download a video through more than one download option (for example, part
of the chunks through D2D and the missing part from the server), there will have some
scenarios where more chunks will be found. Nevertheless, the decrease tendency on
the chunk ratio, with the increase on the number of video files remains, as stated above
and observed in Figure 21.

Another interesting point to observe in Figure 21 is the fact that the superiority
of our solution over the baselines, was smaller in comparison to the superiority values
observed with the experiments with complete files (Section 5.2.2). This occurs also due
to the possibility of using more than one download option, the dynamic nature of the
video size and the video quality provided by the server, and the chunk size defined for
each quality. These factors, when combined, ended up favoring the performance of the
baselines to some extent, however, even in these conditions the combination of content
popularity and mobility attributes by the priority model, for a chunk-based scenario,
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Figure 22: Global chunk ratio: varying the number of users

was able to provide improvements on the chunk ratio.

Figure 22 presents the global chunk ratio when we vary the number of users in the
network. In the same way as observed in Section 5.2.2 with the experiments with com-
plete files, we observe a gradual decrease in the chunk ratio for the priority model and
SACC, and a gradual stabilization for LRS, with the increase in the number of users.
For the same reasons presented for the experiments of Section 5.2.2, this behavior hap-
pened due to the mobile nature of the nodes, as well as the limited number of D2D
sharings. As observed in the previous experiments, a larger number of users with lim-
ited D2D communication range, as well as the possibility of sharing chunks through
D2D communications with only one neighbor at a time, cause a “dispute” for the D2D
channel, thus reducing the number of available neighbors and consequently the chunk
ratio.

Independently of the “decrease behavior” on the chunk ratio observed above, the
superiority of the priority model over the baselines remained positive in comparison
with the previous experiments, mainly for scenarios with few users. For 10 users,
the priority model outperformed LRS and SACC by 98.88% and 22.52% respectively.
Moreover, in the same way as observed in the experiments varying the number of video
files, the performance of the baselines were closer to the priority model, in comparison
with the results for complete files. This demonstrates the direct influence of the appli-
cation running in the network on the performance of the cache replacement procedure,
which deserves a complete dedicated study, also left here as future work.

Figure 23 shows the chunk quality rates for baselines LRS, SACC and the priority
model when we vary the number of video files. For scenarios with small number of
files, for all solutions, it is possible to observe that the chunk quality rate is similar. This
is due to the fact that the device cache is able to store most videos from the server and
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Figure 23: Chunk quality rate: varying the number of video files

almost everything is read from the cache right after, dismissing the device of searching
for the video through D2D or download it again from the server.

For scenarios with more video files, it is possible to observe an approximate “bal-
ance” between the three video qualities (480p, 720p, and 1080p) for baselines LRS and
SACC. On the other hand, for the priority model, there is an increase in the prioritiza-
tion for chunks of the smallest quality (480p). This can be explained by the fact that
the priority model computes higher scores for chunk blocks with higher popularity and
smaller sizes. Therefore, the smaller the chunk block, and the higher the respective
video’s popularity, the higher the priority. Moreover, smaller chunk blocks tend to be-
long to the lowest qualities due to the smaller chunk size, a fact that also explains the
highest percentages for the quality of 480p.

Although the video qualities delivered by the baselines are better balanced in com-
parison to those delivered by the priority model, it is important to remember that their
respective chunk ratios are inferior to those measured for the priority model, as ob-
served in Figure 21. Additionally, as also observed in the experiments with complete
files, the control message overhead and the control bytes overhead measured by the
baselines are considerably higher as well (see Section 5.2.3 for more details). There-
fore, in order to enable and optimize the use of D2D communications and the number
of readings in the device’s cache, with small increases in the overhead, there will be
the cost of reducing the quality of the video perceived by the user.

Figure 24 shows the chunk quality rates for baselines LRS, SACC and the priority
model when we vary the number of users. For scenarios with 10 users, it is clear that
the superiority of the priority model, in comparison with the baselines, in terms of the
chunk ratio metric (Figure 22) is due to the prioritization of chunks with lower qualities.
It is worth recalling that, for experiments varying the number of users, the number of
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video files is fixed in 200, which means that each device must share its cache with a vast
amount of videos in three different qualities. Therefore, in order to optimize the use
of D2D as well as the readings in the cache, more chunk blocks with smaller qualities
are preserved in the cache by the priority model. This explains a chunk quality rate of
more than 60% for scenarios with 10 users.

In the same way as observed for the experiments varying the number of video
files, the baselines provided a more balanced behavior for most scenarios, although
with the higher overhead costs (see Section 5.2.3) and the smaller chunk ratios, as
seen in this section. The priority model was able to do a similar balance with the
increase in the number of users, but at the same time not denying the dynamics of the
D2D contacts between devices, a fact that still forced the model to prioritize chunks
of smaller qualities. Moreover, with the increase in the number of users, the priority
model was also able to improve the quality of the video, a fact that can be observed
with the increase in the chunk quality rates for 720p and 1080p.

6 Related Work

Computer architecture and Internet service providers researchers have been doing wide
studies focusing on cache management. Classical caching replacement policies, such
as the least frequently used (LFU) and least recently used (LRU), are simple to im-
plement. However, caching to improve D2D communications brings new challenges,
such as mobility of devices, user interest on each file, and limited storage [17]. Indeed,
mobility has a dual role in D2D communication, while it may cause lower connec-
tion times between devices, it may provide cached content to more devices. Different
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from web caching solutions based on content popularity, D2D communications must
consider the popularity jointly with the characteristics of devices’ contacts and content
attributes. For instance, in a network characterized by shorter inter-contact time, pop-
ular but large files in the cache may be unfeasible to transmit between devices. The
above-mentioned caching policies ignore the characteristics of mobility, popularity,
and other content attributes.

The majority of solutions to enable caching in D2D communications, move files
from centralized servers to the cache of selected devices, called cache-enabled place-
ment strategies [7]. These proposed solutions are cluster-based, where centralized
servers group mobile devices and define their cluster centers of each group as cache
for other members of the cluster. On the other hand, several algorithms attempt to find
the content at neighboring devices, called delivery strategies. In such a case, each de-
vice defines which files will remain in cache [7]. Interested readers may refer to [7,17]
for further discussion regarding mobile caching policies on D2D communications.

In our solution, each device has an independent caching process, requesting and
consuming content in parallel. Moreover, the current proposal considers mobility and
content characteristics at the same time, as well as the limited storage of each device.

As mentioned above, mobility in D2D communications allows higher coverage of
the network, but it may cause short term contacts between devices [8]. As a result,
forwarding larger files may be unfeasible. We highlight recent works that also consider
the mobility characteristics and content download profile of neighbor devices, called
social and mobility-aware caching policies [1,4,13, 14, 18-20].

Hosny et al. considers that users with the same mobility pattern must cache the
same content and show that users with random mobility are efficient for caching more
content in the network [4]. Song et al. explore users’ mobility to model the placement
of content on users’ devices as an integer programming problem [14]. Shan et al.
consider the mobility and the social structure of the nodes to propose a cache strategy
basing on clusters of users with the same interests [13, 19]. Zhang et al. consider the
mobility, social structure, and also, the content popularity [20]. Authors propose a user
interest prediction to define content in the devices’ cache.

In a similar way, Ali et al. consider user download profile and user mobility
groups to optimize the device’s cache. Their solution monitors users’ mobility to de-
fine a mobility profile for each one, defining groups of users with similar profiles [1].
Wu et al. considers the social relations among users to propose a community-based
content caching model. By forming user communities with similar content inter-
ests, the authors improve the accuracy of estimation of content popularity, optimizing
the caching process and therefore raising the use of opportunistic D2D communica-
tions [18].

Our proposal considers a priority model for selecting content in the cache after
exceeding its capacity, therefore increasing the chances of serving a file through op-
portunistic D2D communications. Most works mentioned above dismiss cache re-
placement or use classical algorithms when the cache is full. In this case, there is a
probability of dropping shareable content with its neighbors.

Therefore, it is important to decide, with the arrival of new files greater than the
available cache space, which files the device must maintain cached or drop. The solu-
tion proposed by Wu et al. is a step towards such direction, proposing a novel cache
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Table 2: Related work summary
Placement Content Data Mobility Novel Cache

Work

Strategy Based Based Replacement
[4] v X v X
[14] v X v X
[19] v X v X
[13] v X v X
[20] v v v X
[1] v v v X
[18] v v v v
Our Solution X v v v

replacement strategy that relies on content popularity [18]. However, their solution
estimates popularity basing only on information collected by devices in their respec-
tive community, as well as between communities. Our solution considers the history
of content popularity and mobility for the whole network, thus enabling the caching
of files that the device will be able to share with any neighbor, at any region of the
network.

Table 2 summarizes the main features of the works discussed above, as well as
our solution. In common, all these previous proposals consider the mobility of users,
however, all them also rely on cache preloading, which requires centralized decisions.
We provide a distributed solution, based on a priority model that considers content and
mobility attributes for cache replacement.

Our proposal focuses on cache space optimization at each device by considering
just content consumed by the owners’ device, along with a real-time selection of files
to keep cached. Different from cache-enabled placement strategies that preload content
on devices’ cache to optimize the cache hit rate, our solution reduces the overload in
the core network by fetching only content requested by users, which is also one of the
main goals when using opportunistic D2D communications.

7 Conclusion

We proposed a model to compute priority values to content in the cache of mobile
user devices. The priority model combines content and mobility attributes, to deter-
mine in real time which content each device can transmit through opportunistic D2D
communications. In this way, it optimizes the global cache hit rate of the network.

Simulation results showed that our solution provides a global cache hit rate al-
most 80% superior in scenarios with many different files, and around 420% superior
for scenarios with few users, in comparison with the baselines. Compared to the state-
of-the-art solution, the priority model reduces by 80% the overhead of control messages
and by 90% the overhead of control bytes.

Additional results also suggested that there will have specific scenarios where vari-
ants of our solution offer bigger improvements in the hit rate, in comparison with the
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complete model. There will also have scenarios where the complete solution and their
variants will not offer a significant improvement in the hit rate. Therefore, the net-
work should have a monitoring module that would trigger our solution in each user
device in the proper moment, as well as switch to variants of it. We leave the study and
development of such monitoring module as future work.

We also applied our solution in a chunk-based adaptive video streaming applica-
tion, once again demonstrating the superiority of our solution over the baselines. We
observed that our solution, with smaller control overhead, was able to improve the
global chunk ratio which reduces the burden on the content server, although with a
reduction in the video quality in some scenarios. A dedicated study focusing on video
quality is left as future work.
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