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ABSTRACT Recently fifth-generation (5G) of cellular networks appeared to enable various smart bandwidth
thirsty applications. Frequency re-usability via device-to-device (D2D) communication is one of the possible
ways to enhance the 5G network throughput. However, despite these technological advancements in
cellular networks, users’ Quality of Experience (QoE) is significantly affected by video quality adaptation
according to future network conditions for video streaming. In this paper, we jointly formulate D2D pair
association, video quality adaptation, and network resource allocation for scalable video streaming in a
D2D communication network. The formulated problem is a mixed-integer linear programming problem
and has a combinatorial nature. Thus, the formulated problem is decomposed into two subproblems: D2D
pair association subproblem and resource allocation subproblem. The D2D pair association subproblem
is a combinatorial optimization problem, to solve it a distributed algorithm is proposed based on two
sided-matching theory. On the other hand, resource allocation subproblem is solved using conventional linear
optimization techniques to get the boundary solution. Furthermore, a fully distributed quality adaptation
scheme is presented using the proposed resource allocation algorithm for layered video. To validate the
performance of our proposal, we perform numerical simulations for various scenarios.

INDEX TERMS 5G, video quality adaptation, video streaming, layered video, H.264/AVC, SVC, D2D
communication, resource allocation, D2D pair association.

I. INTRODUCTION
In the current decade, users’ demand for bandwidth-thirsty
applications, such as mobile video streaming has increased
many folds and this growth is predicted to continue. The
Cisco visual index reports that mobile traffic will grow
3-fold from 2018 to 2021 (from 17EB per-month to 49EB),
78% of which will involve video traffic, while the mobile
traffic will grow twice as fast as the fixed IP traffic [1].
The fifth-generation (5G) of cellular networks has appeared
on the horizon of cellular communication to accommodate
this increasing demand. Since fourth-generation technology
would not support further enhancement in the frequency
domain. Therefore, 5G exploits the frequency re-usability
in the form of massive MIMO techniques and dense het-
erogeneous deployments. Moreover, device-to-device (D2D)
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communication is an integral part of the full-fledged 5G cel-
lular system, and it will assist in enhancing the 5G motive of
frequency re-usability through localized short-range commu-
nication. Meanwhile, end-user mobile devices such as smart-
phones and tablets, equipped with several 10s to 100s GBs of
memory, high processing power, enhanced communication,
and interference rejection capabilities further encourage D2D
communication.

Moreover, future Internet architectures like
Content-Centric/Named-Data Networking (CCN/NDN) have
made the content as network gravity rather than the end-
to-end communication in the current IP-based Internet [2].
In CCN/NDN, any networking node that is equipped with
local storage (cache/content-store), can store the content and
provide it to other users on their requests. Mobile devices
such as smart-phones/tablets can use a part of the storage
memory (which is usually underutilized) as a content store to
cache the contents [3]. This characteristic of the CCN nodes
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highly facilitates the realization of D2D communication.
However, despite all these technological advancements, for
video streaming, the users’ Quality of Experience (QoE) is
mainly affected by the video quality adaptation according
to the predicted network condition in the next time frames.
If the UE selects video quality higher than the available
data-rate, it may face the video stalling and if the selected
video quality is too much lower than the available data-rate,
it will get the uninterrupted video but the quality will be
lower even the higher quality may be affordable. Moreover,
pairing D2D users is having a great effect on user QoE for
video streaming. In a situation, when the requested video is
available in the cache of multiple neighboring users, they
may have different quality of the requested video and may
have different Signal to Interference and Noise Ratio (SINR).
Selecting the optimal one is important for increasing the QoE.
Furthermore, the optimal allocation of network resources
is also important for improving network throughput and
enhancing users QoE. In this paper, we are jointly dealing
with all these three important parameters: (a) Video quality
adaptation (b) D2D pair association and (c) network resource
allocation for a layered video.

A. BACKGROUND AND MOTIVATION
In this section, we present a brief overview of NDN/CCN
architecture and SVC encoded layered video to give a better
insight of our work.

1) CONTENT-CENTRIC/NAMED-DATA
NETWORKING (CCN/NDN)
The current IP-based Internet (mainly consisted of TCP, UDP,
etc.) is location-specific. As we have entered the age of infor-
mation, the future Internet is envisioned to be based on infor-
mation/content. CCN, also called Named-Data Networking
(NDN) [2], a variant of the future Internet architecture,
changes the architecture of the current Internet by making
it content-specific. In NDN, the data is named as variable-
length hierarchical identifiers, like URIs or file system paths
(e.g., a/b/c.mpg) [4]. UE generate requests, called Interest, for
a chunk of the content that carries these hierarchical names
and send it access router. The access router and intermedi-
ate routers/networking-nodes direct the Interests towards the
content provider with the help of these hierarchical names
following the longest prefix matching. On reception of Inter-
est, The content provider produces a packet of the requested
chunk of data and sends it to the requesting UE on the reverse
path. Networking nodes, i.e., routers, cache the data chunk in
its local storage to satisfy similar Interests in the future.

CCN/NDN comprises three primary data structures named
Pending Interest Table (PIT), Content Store (CS), and For-
ward Information Base (FIB). Upon reception of the Inter-
est, the networking node checks PIT to determine any other
similar Interest (by other user(s)) forwarded and the corre-
sponding data not yet received for. If such any entry is there,
the face/port on which the data is received is added to the
PIT entry, and the corresponding data is replicated on all
the requesting faces listed in PIT. IF there is no entry in

PIT for the Interest, next checks CS for a copy of the data,
If found, Interest is discarded, and the data is transmitted
to the requesting UE. Otherwise, the Interest is forwarded
towards the potential content provider following FIB and
making an entry in the PIT. Data packet forwarding is simple.
Received data is replicated on all the faces listed in PIT.When
a node receives a data packet and does not retrieve any entry
for it in PIT, such a data packet is considered outdated and
is discarded. For further details, we will direct interesting
readers to [2].

2) LAYERED VIDEO STREAMING
Widely used advanced video coding (H.264/AVC) [5]
encodes video in different representations of bitrates/qualities
and maintains a separate file/stream for each instance. The
requesting UE is provided a video from the appropri-
ate file/stream according to the network condition and its
device capabilities. A separate stream is maintained for each
requester, even if they are watching the same video with
different quality representations. On the other hand, Scalable
extension of (H.264) also called as Scalable Video Coding
(SVC) [6], provides scalability by encoding the video in
multiple layers and maintaining a single file for the video [7].
SVC video consists of a mandatory base-layer that defines
the outlines of the video and multiple enhancement-layers.
Lowest temporal, spatial, and quality parameters are used for
encoding base-layer. Only the base-layer can be decoded in
basic quality video independent from other layers. Spatial,
temporal and overall quality of the video is enhanced by
decoding base-layer along with enhancement layers. Video
quality is improved when additional enhancement layers are
added to it. There is a very strong dependency among the
layers of the SVCvideo. A layer can be decoded onlywhen all
the lower layers are present. For instance, enhancement-layer
1 can only be useful if the base-layer is present. Similarly,
enhancement-layer 2 can only be useful when the base-layer
and enhancement-layer 1 are already available, and so on.

3) MOTIVATION
SVC video can be extremely useful in future Internet
architectures such as NDN/CCN because of the caching capa-
bility of the networking nodes [8]. For H.264/AVC encoded
video, a networking node cannot satisfy an Interest if the
Interest is for any other representation of the video than
the one present in cache. On the other hand, in the case
of SVC, when a networking node receives Interest for a
video-segment, all the layers present in cache for that video-
segment can be provided to the requester regardless of the
final quality the requester receives. If the requested quality is
lower than the cached one, a subset of the layers are provided,
and if the request is for higher quality than the cached on, all
the cached layers are provided and for the remaining layers,
the interest is forwarded towards the content provider.

In the case of H.264/AVC encoded video, the quality
adaptation mostly occurs at the GOP level, and the quality,
once decided, must be downloaded as a whole. In the case
of SVC, layers of the video are decoupled and for a segment,
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layers can be independently downloaded. A user can improve
the video quality by downloading additional enhancement
layers for a segment until it has been played-out. The
decoupling property of the layers of the SVC video can be
extremely beneficial in the wireless network environment
wherein network condition changes drastically and rapidly
change. A cellular user is having the independence of down-
loading SVC video segments layer by layer if it successfully
acquires network resources and can enhance the quality by
sequentially downloading additional layers as long as the seg-
ment playtime has not been approached. Unfortunately, this
property of the SVC video has not been exploited in cellular
networks by the research community. [9] has jointly consid-
ered resource allocation and quality adaptation for stream
loading in the cellular network environment. However, they
are unable to completely benefit from the layer-decoupling
property of the SVC video by taking the assumption that
the user decides how many layers for each segment are
to be downloaded in advance according to the predicted
throughput in the next time slot, and this decision cannot be
revisited regardless of whether the transmission is successful
or non-successful. This assumption essentially renders their
modified stream loading the same as H.264/AVC encoded
video.

In aD2D communication network, on one hand, pairing the
video requesting UE with such a D2D video provider UE that
possesses the highest quality of the requested video will pro-
vide the opportunity to the requesting UE to get higher quality
video via short range high-throughput D2D link. On the
other hand, making pairs of the UE that can achieve the best
SINR is also important for increasing the system throughput.
Moreover, a situation can occur in which a provider UE
possess in its cache the requested video(s) of more than one
requesting UE at a time, however, it can be paired with only
one at a time, thus one of them has to be droppedwhich should
be paired with the second-best providing UE. Therefore,
making the optimum pairing will greatly affect user QoE.
Furthermore, the Resource Block (RB) allocation to the D2D
pairs is also having great importance. Due to the interference
and distance between the requesting UE and providing UE,
different pairs may achieve different throughput on the same
RB. Optimal assignment of the RBs can affect the system
throughput and hence the user QoE. In this paper, we propose
a mechanism for the SVC encoded layered video that jointly
tackles all these three important factors i.e, the video quality
adaptation that takes full advantage of the layer-decouple
property of SVC video, the D2D pair association, and the RBs
allocation to provide uninterrupted higher quality of videos to
the requesting UE.

B. CONTRIBUTIONS
The contributions of this paper are as follows:

• We propose quality adaptation for the scalable/layered
video that exploits the decoupling property of the
layered video. The quality adaptation is subjected to
the resource allocation. User sends a request for a

layer of the video segment after successfully acquir-
ing network resources and downloading the previously
requested layer of the video segment. The video qual-
ity is improved by downloading enhancement layers of
the video until it is playedout. Moreover, to avoid the
video stalling in the fluctuating wireless environment,
we define a sliding bucket inside which the layers of the
upcoming segments are downloaded in a manner that the
base layers are given the top priority for downloading
and the enhancement layers are downloaded according
to the presented algorithm.

• We formulate joint optimization problem for the D2D
pair association and resource allocation with the objec-
tive of requested video quality enhancement. The joint
formulated optimization problem is a mixed-integer
problem solution for which is a computationally chal-
lenging task as it requires exponential computation for
obtaining the optimal solution.

• To find a feasible solution for the joint optimization
problem, we decompose into two subproblems i.e., D2D
pair association and resource allocation subproblems.
The D2D pair association subproblem is a combinato-
rial optimization problem. We apply matching theory
to solve it with the preferences of video quality and
throughput enhancements. In the solution, we present
an algorithm based on two sided-matching theory that
is guaranteed to give a stable solution.

• The resource allocation optimization problem is solved
using the conventional linear optimization technique to
get the solution at the boundary.

• For performance analysis, we have shown numerical
results for different setups and scenarios. The simulation
results show that the proposed mechanism provides bet-
ter quality video to the users in the available resources.

II. RELATED WORK
This section provides an overview of research that has
been conducted for resource allocation, user association, and
quality adaptation for scalable video streaming in wireless
networks.

Several papers [9]–[19] considered quality adaptation and
resource allocation for video streaming in wireless/cellular
networks. A comprehensive study is presented in [10] for
quality adaptation of video streaming over HTTP. They pre-
sented the cutting edge research for video quality adaptation
on server-side, client-side, and in-network. On the other hand,
the network throughput shows significant variations in the
wireless communication environment. To cope with such
variations, many researches presented quality adaption pro-
posals for the next video segment based on download buffer
as well as the throughput prediction for the subsequent time
frame [9], [11], [12], [16], [18]. The authors of [20] consid-
ered video quality enhancement, and energy efficient caching
in cellular networks. The video quality enhancement part
is constrained by the monetary cost to associate users with
higher bitrates and ignores the limitations of radio resources.
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The authors in [14] and [15] proposed joint optimization
of resource allocation and video quality improvement for
scalable video streaming in wireless access networks. In
[17], the authors presented rate adaptation based on Markov
decision to enhance video quality. They considered a number
of key factors, such as amplitude and switching frequency
of video rate, video playback quality, buffer occupancy, and
buffer overflow/underflow. In [9] the authors extended the
resource allocation scheme presented in [18] for a variant
of scalable video streaming called streamloading. They have
formulated an offline optimization problem for jointly rate
allocation and quality adaptation for streamloading in a wire-
less network. Then, they presented a distributed online algo-
rithm for layer selection for the next segment of the video.
The resource allocation optimization problem is solved by the
base-station following the proposal presented in [18] with the
addition of prioritizing resource allocation to base layer over
the enhancement layers. Recently, in [19], the authors pre-
sented to shift video quality adaptation decision from the
client side to the network edge. They estimate the throughput
in mobile edge and on the bases of that presented a heuristic
quality adaptation decision for enhancing QoE.

On the other hand, resource allocation and pair association
in D2D communication networks have been considered in
many papers [21]–[28]. A comprehensive study has been
presented in [29] for users association in 5G cellular net-
works. In [21], the authors presented joint optimization of
user association and resource allocation in the cognitive fem-
tocell network. In [22], the authors proposed a novel context-
aware resource allocation optimization approach in D2D
communication networks. They have solved the problem via
matching game considering UE and RBs are the players. In
[23], the authors have presented drawbacks of imperfect D2D
pair association in the cellular network. In [24], the authors
presented mode selection and resource allocation in underlay
D2D networks. Similarly, in [26], they have jointly solved
the problem of D2D user association and content caching
in dense small cell networks. The authors of [27] presented
an optimization framework to reduce energy consumption
and video quality adaptation in heterogeneous cellular net-
works. The proposed user association and network resource
allocation are mainly constrained by power consumption. In
[28], the authors proposed wireless D2D caching networks
and contrasting the D2D communication with other conven-
tional approaches for the video contents. For the D2D com-
munication, they considered a traditional microwave band
of 2 GHz and millimeter-wave. The video contents that are
not found in the cache of a device or providing the contents
are not possible via the D2D link are provided through direct
transmission from the base-station. In [3], the authors pre-
sented D2D communications for wireless videos. They have
proactively cache popular videos in UE considering users’
demand and storage capacity of UE. They analyze the optimal
collaboration distance and the trade-off between frequency
reuse and the probability of finding the requested content
in collaboration distance. On the other hand, caching and

FIGURE 1. System diagram.

communication video content in CCN/NDN has also received
the great attention of the research community in recent years
[30]–[32]. The main difference of the aforementioned works
compared to our work is that we are jointly considering the
quality adaptation, resource allocation and pair association in
D2D networks for scalable video streaming which is not been
done to date to the best of our knowledge.

III. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL
For our proposed mechanism, we are considering a cellular
communication network scenario as shown in Figure 1. We
have a total of N UE in the system. Let N = {1, 2, 3, . . .N }
be the layered video requesting UEandM = {1, 2, 3, . . .M}
are the UE having the requested contents in their cache.
The Requester UE n and provider UE m can only commu-
nicate via the D2D link if they are in each other’s trans-
mission range. There are total V videos with the Content
Provider (CP). Each video is divided into S segments, where
S =

{
1L , 2L , 3L , . . . SL

}
. Each segment is comprised l =

{0, 1, 2, . . .L} layers, wherein 0 represents the base layer and
1, 2, 3, . . . ,L represent the enhancement layers. Let f (vl

∗

n,s)
represent the amount of data for lth layer (only one layer) of
the segment s requested by UE n. Combinations of layers
produce different quality levels for the video/segment. We
denote the f (vln,s) as the Quality-Rate tradeoff realization
measured in bits per second, which is a convex function of
the video quality for the segment data rate [33].

Let’s qlnm represent the quality of the video with l lay-
ers that requesting UE n can get from UE m. qlnm can be
represented as follows:

qlnm ∈ {f (v
0
s ), f (v

1
s ), . . . , f (v

L
s )}, ∀m (1)

where f (v0n,s) represents the amount of video data (in bits)
for segment s of video v requested by user n with the base
layer only and f (v1n,s) represents the amount of data with
l enhancement layers and the base layer for segment s of
video v requested by user n. In other words, we can say
that f (vln,s) represents amount of data of video segment s
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TABLE 1. Summary of Notations.

for all the layers up to layer l including the base layer. UE
periodically broadcast content information tables to their one
hop neighbors. Therefore, whenever a UE needs a segment of
the content, it knows the location(s) where it can obtain the
desired content, along with the available number of layers. If
the requested content is cached with multiple UEs, the suit-
able providing UE is selected according to thematching game
results that we discuss in Section IV-C.

TheD2D transmissions take place in the uplink period. The
D2D transmission and cellular users’ transmissions take place
on orthogonal frequencies; therefore, there is no interference
among the D2D transmissions and cellular users’ transmis-
sions. However, the D2D receiver receives interference from
all other D2D transmissions on the same channel. An example
is shown in Figure 1 to explain the interference. UE (a) trans-
mits to (b) while (c) transmits to (d). Both transmitters in
the example are operating on the same channel. Transmission
of (a) causes interference on the receiver (d); similarly,
(c)’s transmission causes interference on (b). We assume
R = {1, 2, . . .R} are the RBs allocated to D2D transmission.
A single D2D pair is allocated fraction of a single or multiple
RBs (r ∈ R).
In the quality adaptation, we restrict UE of very good

SINR from always getting access to the network resources
by requesting data through a limit on the download buffer.
This is achieved with the help of parameter ρ. Detail usage of
the ρ is discussed in Section IV-A. Moreover, for the video
content, users QoE is greatly affected by variability in the
quality of successive segments [18], [34]. We maintain low
variability in quality of the successive segments of the video
by two parameters βmin and βmax , a detailed discussion of
which is given in Section IV-A.

B. COMMUNICATION MODEL
A binary variable anm is used for the D2D pair association
which is defined as follows:

anm =


1, If the requesting UE n is paired with the

providing UE m
0, otherwise.

(2)

After UE n is paired with UE m, they begin the communica-
tion. UE n will continue putting request for RB to download
layers of the video from UE m, according the procedure
presented in Section IV-A.
Subsequent to pairing the D2D users, the requesting UE

need RB(s) for the communication. D2D pairs are assigned
RBs for communicating the selected chunk of the video
within a single frame time. For RB allocation, we use variable
xrmn ∈ [0, 1].Where xrnm denotes the fraction of RB r assigned
to the D2D pair nm. The received SINR 0rmn of the D2D pair
is defined as follows:

0rmn(X ) =
prmnh

r
mn∑

n′ 6=n,
m′ 6=m

hrm′n′P
r
m′n′ + n

2
0

, (3)

where hrmn is the channel gain of the D2D pair mn, and n20 is
the Gaussian noise.

∑
n′ 6=n,
m′ 6=m

hrm′n′P
r
m′n′ is the power gain of all

D2D pairs on RB r other than the pair mn. The transmission
rate of a D2D user on RB r is calculated as follows:

γ rmn(X) = W r log
(
1+ 0rmn(X )

)
, (4)

where, W r is the bandwidth of the D2D pair on RB r .
Different users achieve different rates on the same RB.
We need to ensure that the RB are assigned to the D2D
pairs that are sufficient for downloading the entire layer of a
segment during a frame T . We can represent this requirement
using the following equation:∑

r

xrnmTγ
r
mn ≥ anmf (v

l∗
n,s) ∀n,∀m, (5)

where the left side of eq (5) represents the rate that a D2D
pair mn achieves for the portion of r RB(s), while the right
side is the length of the requested layer of the segment.

C. PROBLEM FORMULATION
We formulate our optimization problem OPT as follows:

OPT :

max
X ,A

∑
n∈N

∑
m∈M

∑
r∈R

anmf (vl
∗

n,s)x
r
nmTγ

r
mn (6)

subject to: ∑
r

xrnmTγ
r
mn ≥ anmf (v

l∗
n,s) ∀n,∀m, (7)∑

n∈N
anm ≤ 1 ∀m ∈M, (8)∑

m∈M
amn ≤ 1 ∀n ∈ N , (9)

xrnm = [0, 1], ∀n,∀m,∀r, (10)

anm = {0, 1}, ∀n,∀m, (11)∑
r

xrnm ≤ R, ∀n,∀m. (12)

Where constraint in eq. (7) ensures that the D2D pair is
assigned a portion of the RB(s) that is sufficient to down-
load the full layer of the segment during one time frame T .

48064 VOLUME 8, 2020



S. Ullah et al.: Quality Adaptation and Resource Allocation for Scalable Video in D2D Communication Networks

FIGURE 2. Proposed Framework.

Constraint in eq. (8) ensures that D2D receiver n can obtain
layer of the video segment from only one D2D provider m.
Similarly constraint in eq. (9) ensures that a D2D provider
m can serve only one D2D receiver at time t . Constraint in
eq. (10) represents the fraction of time for the RB r assigned
to the D2D pair mn. The constraint in eq. (11) shows that the
association variable anm is a binary variable. The constraint
in eq. (12) ensures that the RBs allocated to all the D2D
pairs do not exceed the total available RBs with the BS.
The optimization problem in (6) is based on two variables
X and A, both of which are interdependent. In the following
subsections, we first fix the RB assignment X and solve the
pair association A, similarly, we then fix the latter one and
solve the former.

IV. PROPOSED SVC VIDEO COMMUNICATION
IN D2D NETWORK
In this section, we present our proposed solution to the
problem we formulated in Section III. Our solution is com-
prised of three components:
• Quality adaptation:When a video client nfinishes down-
load lth layer of sth segment, select the next layer for the
same segment or a layer of the next segment of the video
following the procedure presented in Section IV-A.

• D2D pair association: There can be more than one
provider having the requested content; the quality may
differ, or a UE may have content for more than one
requesting UE at the same time. First, we pair the
UE for D2D communication based on the SINR and
video quality according to the mechanism presented in
Section IV-B. The optimization problem in OPT-P is
solved via matching game to achieve this objective.

• Resource allocation: Network resources are allocated to
the D2D pairs, formed as a result of D2D user asso-
ciation, at the beginning of each slot T by solving the
optimization problemOPT-R presented in Section IV-D
to download the requested content f (vl

∗

n,s), which aims to
maximize the network throughput that results in deliver-
ing better quality video to the users.

In our proposed networking environment, the quality adap-
tation and resource allocation is an iterative process and the
active set out of a∗nm and the size of the requested content
f (vl

∗

n,s) depends upon the outcome of the quality adaptation
that is affected by the delivery of the video data requested in

Algorithm 1 Quality Adaptation
1: Initialize: ρ, βmin, βmax
2: for i = 1st segment of ρ to last segment of ρ do
3: request l̂ {Comment: l̂ is next layer of a segment to

already downloaded layers of that segment}
4: end for
5: current_segment = 1st segment of ρ
6: next_segment = current_segment + 1
7: Previous_segment = NULL
8: while (Play-head < First segment of ρ) & (downloaded

layers for 1st segment of ρ < max_layers) do
9: l̂ = last downloaded layer of current_segment + 1
10: while (current_segment ≤ next_segment + βmax) or

(current_segment ≤ previous_segment - βmin) do
11: request l̂
12: l̂ = l̂ + 1
13: end while
14: if next_segment = NULL then
15: current_segment = 1st_segment
16: next_segment = current_segment + 1
17: Previous_segment = NULL
18: else
19: Previous_segment = current_segment
20: current_segment = next_segment
21: if current_segment = Last segment of ρ then
22: next_segment = NULL
23: else
24: next_segment = current_segment + 1
25: end if
26: end if
27: end while
28: if last segment of ρ is not the last segment of the video

then
29: slide ρ to the right
30: else
31: reduce ρ from the left i.e., ρ = ρ − 1
32: end if
33: Go back to step 6 until ρ = 0
34: exit

previous time window(s) and status of the download buffer.
In the quality adaptation, these are controlled by ρ (discussed
in the following section). All three modules of the proposed
framework and their connections are summarized in Figure 2.
Since quality adaptation indirectly affects the formulated
optimization problem, therefore, we discuss it in the fol-
lowing section before going into the detail solution of the
optimization problem.

A. QUALITY ADAPTATION
In this section, we present our layered video quality adap-
tation. To take full benefit of the decoupled layers in
SVC video, we take the quality adaptation decision at the
segment level. A UE can download any layer of the seg-
ment independently. However, for a single segment, layers
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FIGURE 3. (a)(b)(c) shows sequence of segments’ layers download and behavior of the bucket sliding in case of completing the download of all
layers of segments. (d)(e)(f) shows sequence of segments’ layers download and behavior of bucket sliding under the effect of video play-head.

are downloaded in their sequential order; that is, a layer is
requested only if all the lower layers are already downloaded.
To keep fairness among the users, we limit a user to request
layers of segments within ρ segments from the current play-
ing time. If a user has downloaded all the layers for the ρ
segments, it will not be able to put further requests until it
has played out at least one segment from the download buffer.
We assume, in a single request, the UE requests one full layer
of a segment. Upon the successful download of a layer of the
segment, the UE selects next layer of a segment according to
the procedure given in Algorithm 1, which can be a layer of
the current segment or base/enhancement layer for one of the
segments inside the sliding bucket ρ. In algorithm 1, at the
start, UE set the sliding bucket size to ρ segments and start
requesting base layer of the segments within ρ one by one
and slide the bucket ρ according to the following definition:
Definition 1: The bucket is slides either all the layers for

the first segment of ρ are downloaded or the UE has started
playing the 1st segment of ρ. Inside the sliding bucket ρ,
the UE requests layer of the same segment or moves to the
next segment inside ρ according to the following definition:
Definition 2: Request layers of the current segment until

the difference of the current segment and the next segment is
equal to or greater than βmax or until the current segment is
βmin less than the previous segment inside the ρ.
Figure 3 shows an example of how the sliding bucket ρ

slides in case of downloading all the layers of a segment and
under the role of the play-head; that is, the current playing
segment. In this example, we have assigned values to the ρ,
βmax and βmin as 3, 2, and 1, respectively (βmax and βmin
are the difference of the downloaded layers for the adjacent
segments of a video). In Figure 3(a), after completely down-
loading all the layers for the segment 1, the ρ is slide from 1,
2, and 3 to 2, 3, and 4, as shown in Figure 3(b). Similarly, ρ is
slide to segments 3, 4, and 5 after completely downloading
all the layers for segment 2, as shown in Figure 3(c). On
the other hand, sub-figures (d)-(f) in Figure 3 show the role

of play-head in downloading layers of the video and sliding
of the ρ. The play-head reaches to play segment 2 before
downloading the last layer for it, therefore, the sliding bucket
is slide and the download of the last layer of segment 2 is
skipped.

Pseudo code of the quality adaptation is given in
Algorithm 1. Steps 1-4, in Algorithm 1, are the initial phase in
which the UE sets values for ρ, βmin, and βmax and sequen-
tially downloads base layers of all the segments within the
sliding bucket ρ. In steps 5-7, pointers for current, previous,
and next segments are positioned. It is important to mention
here that, in one request, the UE requests a layer of the current
segment only. The next and previous segments are indicated
for the purpose of stopping criteria of requesting layers for
the current segment. The current segment pointer will move
to the next segment in ρ, or to the first segment in ρ if the
current segment is the last segment of ρ, when either the
current segment is βmin lesser than the previous segment or
βmax greater than the next segment. The size/quality of the
segments are measured in terms of the number of downloaded
layers for the segments. The while loop, in line number 8,
ensures that the current segment and selected layer remain
in the boundaries of ρ and maximum layers for the selected
video. In lines 10-13 the UE sequentially requests layers
for the current segment until the limit for βmax or βmin is
exceeded. In lines 14-27 the pointers for current, next and
previous segments are adjusted within the sliding bucket ρ. In
lines 28-32, movement of the sliding bucket ρ is controlled.
The bucket is slide to the right if theUE has started playing the
segment of the ρ or all the layers for the 1st segment of the ρ
are downloaded. The bucket ρ starts reducing when it reaches
the last segment of the selected video. Video downloading is
completed when the ρ size reaches zero.

B. D2D PAIR ASSOCIATION
Content providing UE periodically broadcast tables of the
cached contents along with the respective quality of the
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FIGURE 4. An illustration of D2D pair association.

contents to its one hop neighbors. The one hop neighbor-
ing UE save the received content information in a content
information table. Thus, every UE has knowledge of the
available contents and their respective qualities in the cache
of all one-hop neighboring UE.Whenever the UE needs some
content, it searches the content information table and finds out
all the potential providing UE and associates with a suitable
UE among them to get the content via the D2D link.

Figure 4 illustrates an example of two different requesting
UE competing to associate with the providing UE. In the
example, requesting UE (n1 and n2) request video v1 that is
present in the cache of providing UEm1,m2 andm3 in differ-
ent qualities (qx). Both the requesting UE achieve different
SINR with providing UE, visible in the figure. According to
our solution presented in Algorithm 2, n1 is paired with m3
and n2 is paired with m1. Initially, m1 was the first choice of
both the requesting UE. However, m1 rejects n1 because of
low SINR (-90dbm) and accepts n2 that achieves better SINR
(-50dbm). The n1 is paired with mm that is the second best in
its priority list. We represent the D2D pair association in the
following optimization problem:

OPT− P

max
A

∑
n∈N

∑
m∈M

∑
r∈R

anmf (vl
∗

n,s)x
r
nmTγ

r
mn (13)

subject to: ∑
n∈N

anm ≤ 1 ∀m ∈M, (14)∑
m∈M

amn ≤ 1 ∀n ∈ N (15)

anm = {0, 1}, ∀n,∀m. (16)

Constraint in eq. (14) ensures that D2D receiver n can receive
video segment from only one D2D provider m, and similarly,
constraint (15) ensures that a D2D provider m can serve only
one D2D receiver at time t . Constraint in eq. (16) shows that
the association variable anm is a binary variable.

For the optimization problemOPT-P, n requesting UE need
to be paired with m providing UE in such a way that there is
one providing UE for one requesting UE, as given in con-
straints (14) and (15). Therefore, OPT-P is a combinatorial
problem and is not solvable in a feasible amount of time for

Algorithm 2 D2D Association Algorithm
1: Phase 1: Initilization:
2: input: Pm, Pn, ∀m, n
3: initialize: t = 0, µ(t) , {µ(m)(t), µ(n)(t)}m∈M,n∈N =
∅, Rm

(t)
= ∅, Pm(0)

= Pm, Pn(0) = Pn, ∀m, n
4: Phase 2: Matching:
5: repeat
6: t ← t + 1
7: for n ∈ N , propose m according to Pn(t) do
8: if n �m µ(m)(t) then
9: µ(m)(t)← µ(m)(t) \ n′

10: µ(m)(t)← n
11: P ′(t)m = {n′ ∈ µ(m)(t)|n �m n′}
12: else
13: P ′′(t)m = {n ∈ N |µ(m)(t) �m n}
14: end if
15: Rm

(t)
= {P ′(t)m } ∪ {P ′′

(t)
m }

16: for l ∈ Rm
(t) do

17: Pl (t)← Pl (t) \ {m}
18: Pm(t)

← Pm(t)
\ {l}

19: end for
20: end for
21: until µ(t)

= µ(t−1)

22: Phase 3: Resource Allocation:
23: output: µ(t)

a practical sized large network [35]. Moreover, OPT-P is to
be solved by each D2D pair in such a manner that UE from
both sides; that is, providing UE and requesting UE are paired
with their preferred set of UE. Therefore, we apply matching
theory to solve this optimization problem because it can solve
the combinatorial problem in a distributed manner [24], [36].
Moreover, matching theory enables players (UE) to define
their individual preferences based on local information. The
details of solving the problem via matching theory are in the
following section.

C. MATCHING GAME FORMULATION
In our communication scenario, there is one provider for each
requester and vice-versa. Therefore, we have a one-to-one
matching game. We define our matching as follows:
Definition 3: A matching µ is defined using a function

from the setN ∪M into the set of elements ofN ∪M such
that

1) |µ(n)| ≤ 1 and µ(n) ∈M,

2) |µ(m)| ≤ 1 and µ(m) ∈ N ∪ φ,
3) µ(n) = m if and only if m is in µ(n),

where µ(n) = {m} ⇔ µ(m) = {n} for ∀n ∈ N ,∀m ∈ M and
|µ(.)| represents the cardinality of thematching outcomeµ(.).
The first two properties are because of the constraints (14)
and (15) of problem OPT-P, i.e., the matching has a one-
to-one relation in the sense that a D2D requester n can be
associated with one D2D provider m. Additionally, when a
D2D pair is not allowed to be associated owing to any reason
we have µ(n) = φ.
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1) PREFERENCE PROFILES OF PLAYERS
In this section, we first formulate our pair association as a
two-sidedmatching game. In ourmodel, we have two types of
D2D pairs. The first type is the providers M and the second
type is the requesters N . In the two-sided matching game,
each player on either side needs to rank the players of the
other side in descending order of their priority/preference;
this is called preference profile.

As a result of the content announcement by the providers
in the one-hop neighboring UE, each requesting UE n has
the knowledge of the availability of its required content with
all the potential neighboring providing UE M, along with
the available qualities. Requesting UE n ranks the potential
content providing UE in a one-hop communication range
based on available quality level (number of layers). For the
content requesting UE, the preference of that node is higher
for UE possessing higher quality for the requested content.
The content requesting node n creates the preference profile
as follows:

Pn = qlmn,∀n ∈ N . (17)

The higher quality means more layers in the video and
larger the size of f (vln,s) and thus it will directly affect the
utility function of OPT-P. Similarly, the content provider
prefers to select the UE fromN with the best SINR so that the
requested content is delivered in less time, thereby consuming
less energy in the transmission. The preference profile for the
content provider in D2D pair m is based on the achievable
data rate, which is a function of SINR, expressed as follows:

Pm = log (1+ 0mn) ,∀m ∈M. (18)

2) D2D ASSOCIATION ALGORITHM
In this section, we discuss our D2D pair association algorithm
for our proposed problem in (OPT − P), as shown in
Algorithm 2. In the initialization phase, both the requesting
UE and the providing UE make their preference profiles Pn
and Pm, respectively. In the second phase, stable matching is
performed. The matching criteria is assigned according to the
following definition.
Definition 4:Amatchingµ is considered stable when there

is no blocking pair (m, n), where m ∈M, n ∈ N , such that
n �m µ(m) and m �n µ(n), where µ(m) and µ(n) represent,
respectively, the current matched partners of m and n.
Pseudocode for the proposed game is given in

Algorithm 2. The presented algorithm is a variant of the
‘‘deferred-acceptance algorithm’’, which is guaranteed to
converge to a stable allocation [37]. The output of our match-
ingµ(t) is the association vector of D2D pairs that maximizes
the objective of the optimization problem. The output µ(t) of
Algorithm 2 can be transformed to a feasible allocation vector
A of problem OPT-P.

D. RESOURCE ALLOCATION FOR THE ALLOCATION PHASE
The matching game from the previous section produces
optimal D2D pairs a∗nm. After the pair formation, network
resources are needed for the communication. In this section,

we present resource allocation xrnm to these optimal D2D
pairs. The resource allocation subproblem is given as follows:

OPT− R

max
X

∑
n∈N

∑
m∈M

∑
r∈R

a∗nmf (v
l∗
n,s)x

r
nmTγ

r
mn (19)

subject to: ∑
r

xrnmTγ
r
mn ≥ a

∗
nmf (v

l∗
n,s) ∀n,∀m, (20)

xrnm = [0, 1], ∀n,∀m,∀r, (21)∑
r

xrnm ≤ R, ∀n,∀m. (22)

Where constraint in eq. (20) ensures that the D2D pair is
assigned portion of a single RB or multiple RBs that are
sufficient to complete the download of the requested layer of
the video segment during one time frame T . Constraint (21)
represents the fraction of RB r (in the range from zero to one)
assigned to the D2D pair mn. Constraint in (22) ensures that
the RB allocated to all the D2D pairs do not exceed the total
available RBs with the BS.

The optimization subproblem OPT − R is solved for the
optimumD2D pairs that are selected as a result of the solution
of optimization problem OPT-P presented in Section IV-B.
D2D pair nm is assigned the fraction of an RB that satisfies
the minimum rate requirement for downloading the requested
layer within T .
Constraint (20) satisfies this condition. To efficiently

utilize the available RBs to serve the D2D pairs, we divide the
whole network into several clusters. Moreover, we consider
orthogonal RBs allocation in each cluster such that all the
RBs deliver the same channel gain to theD2D pairs. To satisfy
constraint (22), we state the following proposition.
Proposition 1: We consider orthogonal RBs in every clus-

ter with the same channel gain for a D2D pair nm. As xrnm
denotes the fraction of timewhen the RB r is allocated toD2D
pair nm, we allocate the RB to the D2D pairs in the descend-
ing order of SINR. This implies that the best SINR pair is allo-
cated fraction of an RB first, then the second best, and so on.
When one RB is fully utilized, then the next RB is assigned
to the pairs in the same fashion until all the RBs are finished.
Since, a D2D pair experiences the same channel gain on each
RB, means the same throughput is obtained on every RB.
Therefore, the notation xrnm is replaced with xnm for brevity.

As given in the Proposition 1, the RBs are assigned to the
D2D pairs until either one is finished. Therefore, we can elim-
inate the constraint given in eq. (22). Subsequent to resolving
the constraint (22), the resource allocation subproblem is
given as

OPT− R2

max
x

∑
n∈N

∑
m∈M

a∗nmf (v
l∗
n,s)xnmTγ

r
mn (23)

subject to:

xnmTγ rmn ≥ a
∗
nmf (v

l∗
n,s) ∀n,∀m, (24)

xnm = [0, 1], ∀n,∀m. (25)
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Algorithm 3 Resource Allocation
1: Initialize: A∗, N , M
2: for r ∈ R do
3: Sort the D2D pairs in descending order of SINR
4: for mn ∈ A do
5: while T > 0 do
6: Allocate x∗mn using eq. (26)
7: Set T = T − x∗mn
8: end while
9: end for

10: end for
11: output: x∗mn

FIGURE 5. Example of network topology for the simulation.

The problem OPT-R2 is a constrained maximization prob-
lem, and it has a boundary solution at constraint (24) with
equality. Therefore, the optimal fraction of RB allocated to a
D2D pair is given as

x∗nm =
a∗nmf (v

l∗
n,s)

Tγ rmn
. (26)

The Algorithm 3 presents the procedure of resource
allocation to the D2D pairs A∗nm.

V. PERFORMANCE EVALUATION
In this section, we present MATLAB based simulation results
of our proposed mechanism to demonstrate its effectiveness.
We consider an uplink system of cellular communication
environment wherein, we assume that BS is deployed at a
fixed location and N D2D UE are deployed according to
Homogeneous Poisson Point Process. We assume that the
D2D UE are assigned 3MHz bandwidth. For all simulations,
we have assumed the channel gain is distributed as indepen-
dent and identically distributed Rayleigh random variables
with mean value h(d)= h0(d/15)- 4 where h0 is the reference
channel gain at a distance of 15 meters. Table 2 shows the
parameters used for the simulations unless stated otherwise.
These parameters are tuned in accordance with guidelines
given for modeling the system in [40]–[42]. For all these
experiments, we consider layered videos each of a length
of 200 seconds. The videos are divided into 100 equal-sized

TABLE 2. Simulation Parameters used in Simulations.

segments, and each segment is 2 seconds duration. There are
ten layers in the videos and all the layers are of equal size.
Successful delivery of each layer improves PSNR of the video
by the factor of 5 dB [43], [44]. We consider a low-mobility
network environment like [24], [45], wherein the topology
does not change during a single run of experiment. In real
life, this may be resembled the environment of an office,
bus, train, sports stadium etc. All the statistical results are
averaged over 100 run of random locations of D2D pairs, and
RBs gains.

A. SIMULATION RESULTS AND DISCUSSION
First, we discuss the resource allocation to each pair in the
network and the pairs that do not get resources for the com-
munication and are unable to have the transmission. For this
simulation, we used a network of 160 D2D UE (80 pairs).
Results are shown in Figure 6. In the figure, the x-axis shows
the index of D2D pairs from 1 to 80. The y-axis shows the
fraction of an RB assigned to the D2D pair. We can see in
the figure that as the RBs increase, the number of UE get the
resources for transmission are increased. With 10 RBs 30 UE
can be served, similarly 53 and 71 UE can be served with 20
and 30 RBs respectively.

Figure 7 shows results for the number of layers
downloaded on an average by the D2D pairs in the network
for our proposed matching and quality adaptation scheme.
For these results, we have considered a network of 60 UE
(30 D2D pairs). In the figure, y-axis shows the number of
layers downloaded for the video(s) on average for all the
segments of the video, while the x-axis shows the index
number of the D2D pair. In the figure, we can see that just
three UE are able to watch the videowith seven ormore layers
on an average, these are the UE with high SINR. Some poor
SINR users are able to see the video with around two layers
on an average.

Herein, we present a comparison of our proposed quality
adaptation, D2D pair association and resource allocation with
some other schemes. Figure 8 shows the comparison of our
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FIGURE 6. Fraction of RBs allocation to D2D pairs.

FIGURE 7. Video layers downloaded by each video requester.

proposal with sequential layer adaptation and Constrained
Stream Loading (CSL) layer adaptation. For all the afore-
mentioned schemes, we have kept the bucket size the same;
however, the choice of which layer of which segment to
request is different for every scheme. For the sequential,
the UE requests layers of the segments in sequential order
inside the bucket i.e., first, it requests the base layer of all the
segments in the sliding bucket one-by-one, then the enhance-
ment layer one for all the segments inside the sliding bucket,
and so on. In the CSL, the requesting UE randomly decides
the number of layers for the first segment inside the ρ and then
requests those layers for the segment sequentially, and then
moves to the next segment, and so on. The CSL is fairly sim-
ilar to the proposal in [9]; however, we randomly decide the
number of layers for a segment and they decide the number of
layers according to their predicted rate during the subsequent
time-slot. In the figure, we can see that our proposed scheme
outperforms the other two schemes. The sequential scheme
suffers the most because the layers download is interrupted

FIGURE 8. Video quality comparison for different quality adaptation
schemes.

FIGURE 9. Video quality comparison for different D2D pairing schemes.

by the playhead before all the layers been downloaded and
the bucket slides to the subsequent segment.

Figure 9 shows results for the downloaded video quality
with respect to network size (number of D2D pairs) for
different pair association schemes. In the figure, the compar-
ison of the proposed matching based D2D pair association
is analyzed with random pair association and quality greedy
schemes. As obvious from the name, UE are randomly paired
in the random scheme. In the quality greedy scheme, request-
ing UE associates with the D2D provider that possesses the
highest quality of the requested video. In case a providing UE
possesses the desired video of more than one requesting UE,
one of them is paired and the remaining one is paired with the
second-best in his list. For all the aforementioned schemes,
the quality adaptation scheme is the proposed quality adapta-
tion. in the figure, we can see that the quality greedy scheme’s
performance is nearer to the proposed matching pair associa-
tion; however, it cannot supersedes the proposed matching.
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FIGURE 10. Throughput achievement under different pairing schemes.

The reason for this is, the providing UE have the highest
quality of the requested video; however, the SINR of them
may not be the best and they will not be able to get enough
network resources to download all the available layers before
the playhead interrupts the download. For the random pairing,
the performance is the worst as expected.

Figure 10 shows the throughput comparison of the
proposed matching based pairing with quality greedy based
pairing and random pairing. The throughput shown is per user
throughput on average. Our proposed matching based pair-
ing outperforms the other two pairing schemes. In line with
expectations, the throughput decreases as the network size
increases because the resources are kept the same regardless
of the network size for this experiment.

VI. CONCLUSION
We jointly proposed mechanisms for quality adaptation,
resource allocation and pair association for layered video
in the D2D communication network. The proposed qual-
ity adaptation mechanism exploits the layers decoupling
property of the SVC video and takes the quality adapta-
tion decision on the layer level of a segment. The D2D
association optimization problem is mapped to a one-to-one
matching game and is solved via ‘‘Gale-Shapley algorithm’’
in which the content requesting UE prefers to associate
with the content providing UE that possesses the highest
quality of the requested video. However, the providing UE
prefers to associate with the requesting UE that achieves
the highest SINR so as to spend less energy for the trans-
mission. For the resource allocation, the formulated opti-
mization problem is a linear optimization problem that is
solved on the boundary that guarantees UE are allocated a
fraction of an RB or multiple RBs to download the requested
layer of the segment within the frame duration. We numer-
ically evaluated the proposed mechanism and our experi-
mental results demonstrate the significance of the proposed
mechanism.
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