Optimal Relay Selection Algorithm
for Combining Distance and Social Information
in D2D Cooperative Communication Networks

Kaijian Li'®®, Jianxin Dai? Chonghu Cheng', and Zhiliang Huang®

! College of Telecommunications and Information Engineering,
Nanjing University of Posts and Telecommunications, Nanjing 210023, China
15651036692@163. com, chengch@njupt. edu. cn
2 School of Science, Nanjing University of Posts and Telecommunications,
Nanjing 210023, China
daijx@njupt. edu. cn
3 College of Mathematics, Physics and Information Engineering,
Zhejiang Normal University, Jinhua 321004, China
zlhuang@zjnu. cn

Abstract. With the rapid growth of mobile data traffic demand, D2D relay
technology is becoming an essential technology for the next generation mobile
network. In order to select the optimal node in a shorter time, a cooperative D2D
relay model considering the physical distance and social information is pro-
posed. And then a threshold based on distance and social information is intro-
duced, which is used to filter out the nodes with poor performance to get a
relatively small candidate relay set. According to the optimal stopping theory,
this paper presents a D2D relay optimal selection algorithm in order to weigh the
consumption of exploration and system performance. The simulation results
show that the algorithm proposed is superior to the traditional algorithm in
system performance and algorithm complexity.
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1 Introduction

The demand for mobile data is growing over the next decade, so it poses a huge
challenge to mobile networks. In general, there are three main ways to improve the
capacity of wireless networks: increasing the spectrum resources, improving the
spectrum utilization and improving the spatial multiplex ratio [1-7]. However, due to
the lack of spectrum resources, the capacity of the wireless communication system
improved by increasing the spectrum is limited, and the price of spectrum is very
expensive. In recent years, with the continuous development of mobile communica-
tions, spectrum utilization continues to increase and has gradually close to the Shannon
limit, so just by improving the spectrum utilization is difficult to meet the huge business
needs. On this basis, the increase in spectral space reuse rate will be the inevitable
choice to improve the capacity of wireless network. D2D (Device-to-Device)
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technology, refers to allowing cell users to directly perform end-to-end communication
under the control of the base station, so it has great potential to solve the problem. D2D
communication can improve the spectral efficiency of the cellular communication
system, reduce battery energy consumption of the mobile device. In contrast, Blue-
tooth, WiFi and other traditional end-to-end communication has many drawbacks.
First, their communication distances are short in many cases they can’t meet the needs
of users. Second, Bluetooth needs to manually set the terminal pairing, and WiFi access
point requires user-defined settings. In addition, both work in the non-authorized band,
which will lead to unstable communications and poor communication quality. In
contrast, the D2D communication technology assisted by the cellular network has a
wider application prospect, and the related research has very important theoretical
significance and application value. D2D relay technology is a key implementation of
D2D communication. When the channel quality between D2D users is not ideal, a
suitable relay user can be found to establish a connection, which enables users to
communicate and greatly improve the capacity of the base station.

In addition, because the energy and storage space of the mobile terminal are lim-
ited, the design of the relay algorithm must be simple enough. Although the base
station can obtain the channel information of all potential relay users, it will not only
increase the burden of the base station, but also take many time slots to complete the
process of finding the relay. Therefore, in the D2D relay network, the choice of optimal
relay and encouraging relay nodes to forward data are worth studying.

Because the carriers and users of mobile devices are people, it forms a mobile social
network. A series of parameters in social networks, such as social relationships, cen-
trality, and communities, can reflect relationships among mobile users. Using the
behavior of people in social networks can help solve the problem of relay selection in
D2D communications. Because, for a mobile user, there are usually family members,
neighbors, friends, or colleagues nearby. Therefore, most of the potential relay nodes of
the user have a social relationship with him, so that they can choose the trusted node to
forward data for themselves, thus improving the information security, and because of
social relations, these relay nodes are more willing to forward data.

There are already many options for D2D relay schemes. In [8], a random selection
scheme is proposed, which does not filter the potential nodes, and then randomly takes
anode as a relay. In [9], a terminal device with energy acquisition function is proposed
as relay, and an optimal relay selection is proposed to minimize the probability of
interruption. In [10], a scheme is proposed to select the relay scheme for D2D users to
maximize the signal-to-noise ratio. In [11], an optimal stopping scheme is proposed
based on the SNR threshold structure. Similarly, the document [12] combines social
information with an optimal stop scheme to stimulate relay users to relay information
through intrinsic factors. However, these schemes have a common drawback that they
must obtain information about each potential relay node, which requires not only a
large amount of signaling overhead, but also a lot of energy consumption.

The rest of this paper is arranged as follows. D2D relay system model will be
proposed in Sect. 2. In Sect. 3, we introduce the algorithm proposed in this paper.
Section 4 presents the simulation results, we give conclusions in Sect. 4.
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2 System Model

In the section, a social networking model to quantify the social relationships between
the users firstly is built. Besides, a D2D relay system model on social relations network
is proposed.

2.1 Social Network Model

Today’s social network architecture has subverted the original network structure, the
architecture of the social layer network has been added to the original network
architecture, which is based on social relationships. As shown in Fig. 1, the scenario
considered in this article is data transmission within a single cell D2D mode in a
cellular network. The model is a two-tier model that includes a social layer and a
physical layer, where the physical layer includes multiple D2D users and cellular users.
D2D users reuse uplink resources of cellular users. Sometimes, even in the same cell,
the distance between the two D2D users is far away, and the connection cannot be
established directly, so communication must be achieved by relay, for example, DUE1
and DUE2 in Fig. 1.

Social domin

Fig. 1. Two-tier model

There may be multiple idle relays between DUE1 and DUE2, which can be used as
potential relays, and we need to select the best nodes as the relay. Suppose there are n
D2D user devices (DUE) in the diagram, which can be represented as a set
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D = {Dy, Dy, ...D,}, and assuming that there are m adjacent users near Dj, the
adjacent user set can be expressed as R; = {R;1, Ri2, ..., Rin}. We exploit an indirect
weighted graph GP = {V, EP} to model the physical relation between DUE D; and its
each neighbor user. In graph GP, we build the vertex set V, and the set of edges
EP = {(Dj, Rij) : ep,r,; = 1, Rij € Ri}, where ep, g,, = 1if R;; can communication
directly with D;. Moreover, in the social layer, social relationships are quantified with
wp, r,;(0p,r,; € [0, 1)) between users, and the greater the wp, g, ;, the stronger the social
relationship between the two users, it also means that they are more willing to forward
data to each other. But in fact, we can’t directly measure the social relationships between
two users, so we have to quantify social relationships. Typically, there are two factors
that directly affect social relationships, namely, time factors and interaction factors. This
paper uses the average length of time Tp, g, between two users to express the time
factor, which can visually reflect the frequency of contact between two users:

f()(f) 5Di:Rij (t) dt
SDiyRi.j

(1)

E(TDi:Ru’) =

where ¢ denotes the observation time, Sp; r;; 18 the number of communications between
two users during ¢.0p, g, () = 1 if D; and R;; communicate within the observation,
otherwise dp, g,;(t) = 0.

According to [13], we get the time factor as follows:

E(TDi JRij )2
202

FDi-,Ri.j = exp(_ ) (2)
where ¢ denotes the length of the previous communication. The second interactive
factor is the number of common friends between two users. The more friends there are
between two users, the more intimate their social relationships are. According to [14], a
common friend index is proposed to represent interaction factors:

_ |kDi n kRLj|
|kDi U kRi.j|

3)

KDi-,Ri,j

where |.| is the cardinality of set, kp, and kg, indicate the friends set of D; and R;;.
Use the combination of two factors, we can indicate social relationships with wp, g, as:

wp,r; = Fp.r, + (1 — 0)Kp g, (4)

ij
where o(o € [0, 1]) is used to adjust the impact of two factors on social relationships.
In different scenarios, the two factors may have different effects on social relationships,
so o« may be different.

In physical layer, the distance between users will affect the quality of communi-
cation. It is obvious that the quality of communication is inversely proportional to the
distance between users, and in the relay selection process, users prefer to select nodes
closer to their own.
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2.2 Social Network Analysis in Specific Scenarios

As mentioned above, distance and social factor are the two major factors that affect the
choice of relay, so we are talking about it in social networks. As shown in Fig. 2, we
consider a single cell model for mixed communication of CUE and DUE. CUE is
represented later with C, while D2D users can be divided into sender and receiver,
represented with DT and DR respectively. Suppose there are N candidate relay nodes
between DT and DR, which can be represented as sets N = {ny, na, ..., ny}. These
candidate relay nodes are the intersection of adjacent nodes of DT and DR, represented
by the shadow part in Fig. 2. Because D2D users reuse the downlink resources with
cellular users, D2D communications will inevitably interfere with cellular users. The

channel gain between the node i and the node j can be represented by |h; _j|2, which
follows the exponential distribution of the parameter A;;. To ensure that the trans-
mission power Ppr does not exceed the maximum interference threshold [, of CUE,
while ensuring that the DT can achieve the optimum QoS, we define transmission

power as Ppr = ‘hlth 7 As mentioned earlier, the stronger the social relationship
C.DT

between the two nodes, they are more willing to help each other. So the SNR received
by the relay node nj(n; € N) from the DT is proportional to the social relationships
weight coefficient between them, which can be expressed as:

Lilhora|?
S“i = wDT;“iM (5)
a?|hepr

where wprp, stands for the intensity of social relationships between DT and node n;,

1

. . . . 2
and ¢? represents Gaussian noise variance. According to [12], |hDT‘ni| = Do
’ ./11’

N potential
relay users

— ™ signal

* interference

Fig. 2. D2D relay network
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where dpr,, is the distance between the DT and the relay node n;, so that it can be
obtained:

Iy,

dpr 0% hc pr |2

Sl‘li = wDT,l’l; (6)
Thus, sequence {S,} is a sequence of ii.d random variables. Assuming

G = ;Cﬁ;—g"h The probability density function of S, can be calculated based on [15],
that is:

lDT,niG

Sn; = Wprn, > - 3
f( ) or (/IDT,n,-Sni + G)2

(7)

Based on the Shannon formula, the channel capacity of S, can be obtained as:
C(Sy) = Wlogy(1 + ) (8)

where W is the channel bandwidth.

In Fig. 2, the quality of the channel between DT and DR is poor and the relay node
must be sought to forward the data, so it is important to find a suitable relay. In order to
find the optimal relay, DT must explore all candidate relays, which is not only inef-
ficient, but also high energy consumption. Therefore, in order to balance performance
and consumption, we propose a D2D relay optimal selection algorithm based on dis-
tance and social information to solve this problem.

3 The Proposed OSRS Algorithm

First, a threshold based on distance and social information is introduced, which is used
to filter out the nodes with poor performance to get a relatively small candidate relay
set, then the optimal relay node is found by the optimal stopping theory.

3.1 Threshold Based on Distance and Social Information

From the formula (6) we can see that the SNR §,,, of the relay n; is proportional to the
ratio of the social factor and the distance ((Z’% So we can first screen the ratio of social
factors and distances, which can not only reduce the number of searches, but also save

energy consumption. We use ¢ to represent the binding threshold:

N WDT n;

p z:] dpr p;
== 9
@ N )

where p (p € (0, 1)) is a percentage value used to adjust the size of ¢. wpr, in the DT
communication list can be obtained, and dpr,, through the base station to obtain.
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Therefore, when the base station gets the relevant information, it does not immediately
traverse all the relays, but instead filters out the nodes with poor performance through
this information. Through ¢, DT filters the nodes based on the following principles:

e Abandon node #; if % <o,

i

. , .
e Reserve node n; if # >

Thus, a relatively small candidate relay set can be obtained from the above filter,
which can be represented as M = {my, my, ..., my}, but then we still need to select
the best relay nodes. Because we have to weigh the consumption and system perfor-
mance, based on the optimal stopping theory, we propose a solution to select optimal
node as relay.

3.2 Relay Selection Algorithm

As can be seen from Fig. 3, Assumed that the total length of a slot is T, and this time can
be divided into two parts: the exploration time and the transmission time. Where the
exploration time it is used to find the optimal relay time, i on behalf of the number of
exploration, each time slot 7 is a time to explore, and the total transmission time for the
T — it. So we define the immediate reword ry, that the DT can achieve from node m;:

Tm; = :utc(Sml) (10)

where 1;(i; € (0, 1)) is a discount factor that decreases as the number of explorations
increases and can be expressed as:

it

=1 = 11
lul T <>

The larger the instantaneous reward, the better the performance of the node. In the
process of probing, we are not sure whether the node is the best node. So a reward

Total probe K Transmission
time ! duration

Fig. 3. A slot of the relay
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threshold expressed as 0, = E{Rn,,, } in each probing stage is set. Here E{Ry, ., } is
reward expected while DT is probing next node. Based on (10), when the user relay
node is explored, the maximum reward that DT can obtain can be expressed as:

Ry, = max{ry,, 0, } (12)

It is clear that when Ry, equals to r,,, we can get the best node m;, and stop
probing, otherwise DT will explore the next potential node m; ;.
When the i-th exploratory phase, DT must make the following choices:

o Ifr, <0

m;°

ignore the node and explore next node
o Ifr, > 9;“, stop exploring and selecting the node as relay to forward data

And the reward threshold {0} 1 is defined as follows:

0;, = —oc (13)

0:1,- = 0;1,-“ /0 S (S )dSm, + 114 /:ml Wlog, (1 + S'?li)f(Smi)dSmi (14)

i1

Proof: We can use reverse derivation to prove this problem. In the last step of the
exploration, DT does not have the remaining nodes to explore, but can only choose the
last node as a relay, so anM = —o0. Then we can obtain:

05, = E{Run,, (C(Sm.,))}

= E{max{r(Sy,), 0, }}
o, (15)
Hiy1 &

=0 A f(SWli)dSlﬂ[ + Wiy /’;’iﬂ W10g2(1 + Smi)f(Sm")dSmi

mi 1

Hit1

For the above proved sequence {0, }f‘i 1» we can also prove that it is monotonically

decreasing. Combine (13) and (14) we can know 0, >0,

. According to Sect. 2,

we have the sequence of {S, }f\il is i.i.d. sequence. So the following can be deduced as:

Oy, = E{max{rm, ,, 0, 1}
= E{max{uy_Wlog,(1+Su, ), 0, }}

myy—1
> E{max{uyWlogy(1+Sm,.,), 0, }}
= E{max{uyWlog,(1 +Sn,), 0,, }} (16)

> E{max{uyWlog,(1+Sp,), 0,,}}
= E{max{rmM, 0:;1,\,1}}
= 0

my—y
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Then we can deduce 6;‘”1 > 6;‘”2 > > anM. So the sequence {B:;i}?il is
monotonically decreasing. According to these analysis, a relay selection algorithm
based on threshold which combine distance and social information is proposed, as
shown in Algorithm 1.

Algorithm 1. Relay selection algorithm based on threshold which combines distance and social information
1.Initialize the D2D transmission system, including DT and DR

2.0btain their neighbor set K, , K,

3.0btain the intersection N of the DT and DR neighbor sets, and obtain their social
coefficients @, , with DT, and obtain their distance d,,, from the DT through the base

station

4.Calculate ¢ by (9)

DT, n,

10)
5.In the set N, select the M nodes that satisfy ——— 2> ¢

DT.n,
6.6, =-
7.for j=M-1 to 1
Calculate 0”,‘ according to (14)
end for
8for j=1 to M

Calculate r, according to (10)
if r, 26, then

Stop the exploration process, the optimal node j is obtained

end if
end for

4 Simulation

The relay selection algorithm over this section will be analyzed. This section considers
the distribution of D2D users and cellular users in a single cell scenario. We first
consider the reward of the relay and compare it with the traditional algorithm. Besides,
we simulate the number of the whole relay exploration. This algorithm is mainly
compared with the social relation based optimal stop algorithm (SARS) proposed by
[12]. The main simulation parameters are given in Table 1.

In Fig. 4, we can see clearly that the reward value provided by D2D increases as the
number of candidate relays increases. Because as the number of candidate relays
increases, the probability of obtaining a better relay increases. In addition, we can find
that the algorithm proposed in this paper is superior to the traditional algorithm in terms



472

K. Li et al.
Table 1. Simulation parameters
Parameter | Value
T 0.01 s
T ls
N 10
A
G 5
2.7
~e-SARS e
28 —e—The algorithm proposed in this paper
o
25 //’/
T24
[7}
o
523
5
3
822
21
2 /
1 2 3 4 5 6 7 8 9 10
Number of potential relays(N)
Fig. 4. Returns of different numbers of potential relays
5.5
—e—The algorithm proposed in this paper
5|—=—SARS R
45 ‘/E
o //
g4 -
o /
‘5 3.5
g —
E 3
=] L —
§25
=
2
15
! 2 3 4 5 6 7 8 9 10

Number of potential relays(N)

Fig. 5. The probing numbers with different number of potential relays
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of relay reward, because the algorithm of this paper has screened some poorly per-
forming nodes according to the social coefficient and distance before the relay
exploration began.

In Fig. 5, we can see that as the number of candidate relay increases, the average
number of explorations increases, and the average number of explorations proposed in
this paper is significantly less than that of traditional algorithms. This is because we
have filtered the poorly performing candidate nodes through thresholds before
exploring the iterations so that we can find the optimal relay nodes faster.

5 Conclusion

In this paper, a threshold is obtained by combining the social coefficients and distances
between D2D users, and an optimal relay selection algorithm is proposed based on the
optimal stopping theory. And the simulation results show that the algorithm is superior
to the traditional algorithm. However, there are some areas that are not fully consid-
ered. For example, only a single cell scene is considered, but not in a multi cell
scenario. This is the future research direction.
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