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OPPORTUNISTIC CONTENT
DISSEMINATION IN INTERMITTENT
MULTI-HOP DEVICE-TO-DEVICE NETWORK

Yong Zhang,* Xiaojin Zhou,* Jin Li,** Xiaomei Zhang,** and Mei Song*

Abstract

Multi-hop device-to-device (D2D) transmission can offload traffic
from cellular networks. The nodes in a multi-hop D2D network
cannot constantly maintain connectivity for the entire network.
A hybrid network that includes integrated cellular links and inter-
mittent multi-hop D2D links is a novel architecture. To analyse
content dissemination from one publisher to multiple subscribers
in this new network scenario, a propagation model is established.
First, nodes must be able to receive the requested content within
the timeout and successful delivery probability (SDP) constraints.
The transmission probability from end to end is analysed. The relay
set search algorithm (RSSA), a Dijkstra-like algorithm, is proposed
to determine the node set that can receive the requested content.
Based on the RSSA, the problem is to find the minimum agent set
required to propagate messages to all subscribers under the timeout
and SDP constraints is analysed. A solution of the set cover problem
(SCP) is employed to solve this issue. Our solution is evaluated
based on realistic trace data and the results verify that our solution

can achieve high SDP, low delay, and low computation complexity.
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1. Introduction

Device-to-device (D2D) systems employ a direct commu-
nication interface between pairwise user equipment (UE)
to reduce the use of cellular links and improve spectrum
efficiency. A lot of research has been done to analyse
the performance of D2D systems, which have great advan-
tages in capacity, delay, and power consumption [1]-[3].
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D2D communication mode is considered as a typical fea-
ture of the 5G mobile communication system and will be
employed in future wireless networks [3]-[6].

Some researchers extend one-hop D2D mode to multi-
hop D2D mode due to the short communication distance.
The manner of direct communication between UEs in D2D
systems is similar to self-organizing networks such as ad
hoc and opportunistic networks (OppNets). Since 2013,
multi-hop D2D technology has become a research hotspot
in the D2D field, including performance analysis of the
multi-hop D2D system [7]-[9], interference management
[10], [11], resource allocation [12], [13], routing protocols
[14]-[18], and caching technology [19], [20]. The net-
work architecture in these works has entire network con-
nectivity, just like mobile ad hoc networks (MANETS)
or multi-hop relay networks, which is contrary to actual
conditions.

As we know, it is almost impossible to maintain en-
tire network connectivity because node density is sparse
and the topology changes dynamically in the multi-hop
D2D network [21]. In most cases, the architecture of a
multi-hop D2D network is similar to that of an OppNet
rather than a MANET [21], [22]. In a carry-store-forward
approach, messages can be delivered among users without
maintaining an end-to-end transmission path [23].

In this paper, the issues of content dissemination in
intermittent multi-hop D2D (IMD2D) systems are inves-
tigated. IMD2D networks contain stable communica-
tion links (cellular links) and intermittent links (IMD2D
links), which is a significant change in network topology.
Messages can be concurrently delivered to users through
cellular links. IMD2D links can offload traffic from the
cellular network and improve the capacity of the entire net-
work. Some non-real-time services, such as content dissem-
ination services, can be offloaded to IMD2D links. Based
on this new scenario, a content dissemination algorithm
should be designed for this new network structure.

We investigate content dissemination from one pub-
lisher to multiple subscribers in IMD2D networks. Multi-
hop transmission consumes a lot of cellular resources if the
inband mode is adopted. To avoid the interference prob-
lem between cellular and IMD2D networks, an outband
model is employed. Mobile devices are equipped with a



cellular interface and extra wireless interfaces, such as
Wi-Fi direct. Based on support from the 3GPP core
network, mobile nodes know the encounter probabilities
among them. A global optimization algorithm is proposed
to solve the dissemination issue.

Our main contributions in this paper are described as
follows:

e A novel network architecture is presented that inte-
grates cellular links and intermittent multi-hop D2D
links and a propagation model is established for con-
tent dissemination in this new scenario. The pub-
lisher can select several relay users and transmit mes-
sages to them through the cellular network while relay
users transmit messages to other subscribers through
IMD2D links.

e A Dijkstra-like algorithm is proposed to explore multi-
hop paths and obtain the relay set that can receive the
requested content. We also introduce a solution for the
set cover problem (SCP) of finding the minimum agent
set for message propagation in the IMD2D network.

e Our scheme is evaluated on real-world mobility trace
data. The results show that our scheme can achieve
high SDP, low delay, and low computation complexity,
and effectively offload cellular traffic.

The rest of the paper is organized as follows.
Section 2 reviews the existing work. Section 3 introduces
the IMD2D network model. The problems concerning
content dissemination in IMD2D networks are introduced.
Problem formulation, including the SDP calculation, the
relay set search algorithm (RSSA), and a solution for the
SCP are described in Section 4. Our solution is evaluated in
Section 5 using realistic trace and its performance is
analysed. In the Section 6, we provide a brief conclusion.

2. Related Work

Some researchers have investigated multi-hop D2D
networks with OppNet characteristics.  Hiroki et al.
analysed the requirements of multi-hop D2D networks and
developed a prototype of relay by smartphone to transfer
emergency messages [21]. Yunjin analysed the propagation
distance in a IMD2D system [24] and discussed the size
of the area affected by message dissemination at time ¢.
Yong investigated the performance of the hybrid integrated
cellular network, MANET, and IMD2D [25], and proposed
a dynamic graph optimization framework for theoretical
performance limits. Yong also proposed an optimal mobile
content downloading solution in the hybrid network [26]
for the transmission from many base stations to one con-
tent downloader. However, there is no existing literature
discussing content dissemination from one publisher to
many subscribers in an IMD2D network.

Existing methods that are designed to disseminate
messages from publisher to subscribers in wireless self-
organizing networks seldom take into account the effect
of the cellular network. Currently, service requirements,
routing protocols, buffer utilization, and so on, are the
main factors in designing content dissemination algorithms
in OppNet. Considering various service requirements,
Cenerario et al. [27] propose a content-based dissemination
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protocol to exchange multi-type messages about events in a
vehicle-to-vehicle network based on encounter probability.
Moreover, a joint algorithm designed for routing protocol
and content dissemination is an interesting research field
[28]. Due to the uncertainty of node mobility, Bai et al.
[29] propose a community-based single-copy forwarding
protocol for DTN routing to improve the dissemination
efficiency by exploiting the community structure. Some
researchers also consider energy consumption; Wang et al.
[30] propose a ring-based energy-aware routing algorithm
for wireless sensor networks that considers the hop number,
hop distance, and the residual energy of the next hop node
during the routing process. Sollazzo proposes time-aware
content-based dissemination system for delay tolerant
networks (TACO-DTN), including content dissemination,
routing protocol, and buffer management schemes [31].
Low-speed cellular links are adopted to transmit messages
to special fixed infostations and then messages are deliv-
ered to the special user at a special time. So far, there is
no existing content dissemination algorithm designed for
the IMD2D scenario.

Due to the lack of persistent network connectivity, re-
lay selection also attracts researchers. Using relays can
improve the network coverage extension. Xiao et al. [32]
propose a D2D relay-node selection scheme to select user
terminals as D2D relays merely based on location infor-
mation. The scheme is more feasible and can enhance
data transmission in the network through multi-hop paths.
Node mobility and delay tolerance were investigated in
Kolios et al. [33], where D2D communications are achieved
by store-carry-forward relaying under expired time con-
straints considering multi-hop scenarios and the assistance
of base stations. Al-Hourani et al. [34] study a relay-
assisted D2D scenario in which the communicating de-
vices can select the relays available in the energy-saving
zone to save energy. The simulation results show that a
suitable number of relays can gain substantial energy sav-
ing. Perez-Romero et al. [35] focus on the out-of-band
relaying D2D use case where UE can relay traffic from
other UEs to the cellular infrastructure. The proposed
optimization framework can determine the best connectiv-
ity option for each UE in the D2D scenario for relaying
data. However, the existing research seldom considers the
node mobility and some research even sets fixed relays.
Our work will take node mobility into account in selecting
relays.

In this paper, we will first analyse node mobility to
propose a Dijkstra-like algorithm that can determine the
relay node set and shortest paths. Then, a solution is
introduced for the SCP of finding the minimum agent set
that can cover all subscribers.

3. Network Model

Figure 1 illustrates the IMD2D network. The publisher
owns the direct transmission link to the cellular network.
The publisher can select several relay users and transmit
messages to them through the cellular network. To save
cellular network resources, relay users propagate these
messages to other subscribers using IMD2D links.



The following are definitions and assumptions used in
this paper:

e A proximity server [1] is located in the core network
and can record the neighbourhood history of mobile
users. The neighbourhood history is used to predict
encounter events among mobile users in the future.

e The extra second wireless interface is controlled by
cellular links (i.e., controlled outband D2D communi-
cation model) or is always available (i.e., autonomous
outband D2D communication model).

e Human mobility has spatial and temporal periodical
properties [36]. Therefore, some parts of the mobility
history can be sampled as training data. Other data
can be used to verify our solution.

There are four kinds of users in the network scenario.

e Publisher: the publishers are the users who own the
messages that subscribers want to get. They stably
connect with the cellular network and push messages
directly to relay users according to the subscriber
information. The publisher selects some mobile users
as relay users to forward messages to subscribers.

e Agent: agents are equipped with the cellular network
interface and IMD2D interface. They receive messages
from publishers through the cellular network inter-
face and forward to subscribers through the IMD2D
interface.

e Relay user: relay users are intermediate nodes between
agents and subscribers that take charge of forwarding
messages.

e Subscriber: subscribers are users who want to get
messages from publishers. They submit subscriber
information to publishers before receiving the messages
they want.

The publisher pushes messages to agents through the
cellular network as is shown in Fig. 1. The transmission
links from the publisher to agents exist solidly. Message
delivery is opportunistic in this scenario. Suppose that
the successful delivery probability (SDP) constraint from
agents to subscribers in time Tijy is Pim. Based on this
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Figure 1. Network architecture.
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Figure 2. Opportunistic transmission path.

application scenario, there are two problems that should
be solved:
Problem 1. Find the relay user set, if the agent
set, timeout constraint, Tiim, and SDP constraint,
Piim, are given.
Problem 2. Find the minimum agent set for prop-
agating messages to all subscribers if the time-
out constraint, Niyn, and SDP constraint, Py, are
given.

4. Problem Formulation

4.1 System Modelling

Assume there are N mobile subscribers in this net-
work, which can be described as network graphic
G=(V,E). Each edge (u;,u;) is assigned a weight
Aij(ui,uj €V, (u,u) €E, |V|=N) to represent the
encounter probability. The relay node subset is R={r;},
the subscriber subset is S={s;}, and R,SCV, R=V\S.
Aij = Aj,; due to the undirected graph. The weight graph
can be represented by an adjacency matrix where

/\i,ja if (ui,uj) S
wi; =<0, if (uj,u;) ¢ E (1)
1,  ifi=j

As is shown in Fig. 2, transmission path I', ,, from
ug to uy, in IMD2D can be defined as an edge set includ-
ing L-hop links. Ty, = {(w—1,w)}, {w} CV, 1€]0,L],
Le[l,N —1]. Wei analyses the transmission probability
from wg to ur, along the path Iy, ., within time Ty, [37].
The inter-contact time X; between u;_1 and w; follows the
exponential distribution with probability density function
px, () =N_1,e” -1t Assume an inter-contact time X;
is independent of other edges. Transmission delay ¢ from
ug to uy, is the following hypo-exponential distribution:

L
L
pri () =Y O px, (1) (2)
k=1
here the coefficients C&) = g e
where e coelncients k —S:H;&k )\571157/\k_1yk.

The transmission path weight is

o0

p(Tlim)‘uo*uL = p(t > Tlim)|uo—>uL :/ PThim (t)dt

Tim

L
= ZC}EL)G_)\kfl,leirn7 (3)
k=1



which indicates the timeout probability of a path I'y, .,
with a length L under time limitation Tj;y,.

Property 1: For the path Ty ., P(Tim)lug—urg >
p(ﬂim)‘uo—»u[‘,I .

Proof: Because py, .., (Tiim) is monotonically decreasing
in N, let t=to,r =to,r—1 +tr—1,1,

p(,Tlim)IuOﬂuL = p(t > CZTlim)luo~>u1, = p(tO,L—l + tL—l,L > CZTllrn)

=p(to,L—1>TNim —tr—1,0) > P(to,L—1 > Tiim) = P(Thim) |uo—ur _1

Done.

Property 1 denotes that the timeout probability in-
creases when a path grows, regardless of the length of the
inter-contact time of the new link. Furthermore, the relay
user set can be found using an iterative search method
from agents based on Property 1.

For any node (ug,ur,), let the path Ty, ., be the path
with minimum timeout probability p™®(Tiim)|ue—u, and
length L. For Problem 1, the weight of transmission path
I'yy,u, should meet

pmm(ﬂim”uo—»uL < Plim- (4)

First, only one node in the agent subset is considered
in the following analysis. Note that our solution can easily
be extended to cases in which the agent subset has more
than one node. In the multi-agent case, the result is the
union of the solutions of each element.

Suppose ug is one agent.

Lemma 1: VZ, pminaﬂlim)‘ulﬁul+1 <p1im7ifpmin(Tllim)‘uo—»uL
S Plim and Fuo,uL = {(ulvul—i-l)}:l S [OyL)

Proof:

pmin(z—‘lim”uoﬂuL - pmin(t > T‘lim)‘uOHuL
= p™ ™ (tos +tiir1 + tier,r > Thim)
= p™(t1141 > Thim — toy — ti41,1)
™ (1> Thim ) <P™ ™ (t141 > Thim —to, — ti1,1)
= pmin(j—'lim)‘uo—»uL < Plim
pmin (ﬂim)

U= U1 pmln(tl,l-‘rl > T‘lhm) < Plim
Done.

Lemma 2: pmin (Crlim) |u0~>uL >plima ifpmin (,I‘lim)’ulﬂu,_*_l Z
Plim and Fug,uL = {(ulaulJrl)},l S [Oa L)

Proof: Based on Lemma 1, we have
pmm(ﬂim”uo—wuL > pmln(ﬂim)|ul—>ul+1 Z Plim -
Done.

Lemma 1 indicates that the delay of each link along
the path must meet the timeout constraint requirement if
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Algorithm RSSA (undirected weighted graphic G , initial node, timeout
constraint 7;, , SDP constraint )
Output: Relay Set R

1. Based on G , assign to every node a weight value: set it to zero for the initial
node and to infinity for all other nodes.

2. Set the initial node as current. Mark all other nodes as unvisited. Create a set
of all the unvisited nodes called the unvisited set.

3. Mark the neighbour u, of the current node with (D,,R,). D, is the minimum

weight of the path to the node u, according to (3). R,is the previous node to
u, along the shortest path.

4. For the current node, consider all of its unvisited neighbours and calculate
their weights using (3). Compare the newly calculated weights with old
value D, and select the smaller one. Mark these neighbours with the new
(D,,R).

5. When we are done considering all of the neighbours of the current node, mark
the current node as visited and remove it from the unvisited set. A visited node
is never checked again.

6. If all nodes have been marked as visited or if the smallest tentative distance

between the nodes in the unvisited set and u, is larger than p,, then stop. The

lim *
algorithm is finished.
7. Select the unvisited node that is marked with the smallest tentative distance,

add it into relay set R, and set it as the new “current node,” then go back to
Step 3.

Figure 3. Relay set search algorithm.

the end-to-end delay is less than the timeout constraint.
Lemma 2 indicates that the transmission from source to
destination is excessive if the delay of any link along the
path is longer than the timeout constraint. From Lemmas 1
and 2, the edges whose weights are larger than the timeout
constraint can be pruned from the original graphic G and
subgraph G, with fewer edges, is constructed.

In the following sections, a Dijkstra-like algorithm [38],
called the RSSA, on G is proposed to find the relay set and
the shortest path for Problem 1. Problem 2 is a typical
SCP and is considered NP-hard [39]. It is difficult to find
the agent set due to the computation complexity. The
computation cannot be completed in limited time if we
traverse all the possible combinations of pairwise nodes and
find the optimal value. A greedy algorithm is employed to
solve this problem [40].

4.2 RSSA for Problem 1

Given the pruned graphic G and agent ug, Problem 1
becomes the task of finding the relay set whose nodes meet
(4). So first, the shortest path from wug to other nodes
and their weight should be derived. Here, the RSSA is
proposed to solve this problem. The detailed description
is presented as Fig. 3.

As shown in Fig. 3, RSSA is a classic Dijkstra-like
algorithm. The difference is the path weight calculation
method in Steps 3 and 4. Therefore, RSSA is a feasible
algorithm and its time complexity is O(N?).

4.3 Set Cover Problem

The minimum SCP is known as an NP-hard problem and
can be solved using integer linear programming (ILP). The
SCP is stated as follows. Assume a finite set X and a



family F' of the subsets of X, so that every node in X
belongs to at least one subset f in F. The goal is to
find the smallest subset C C F' whose members cover all
of X. Then, Problem 2 is essentially the same: find
the minimum agent set S CV that covers all subscribers.
We will construct a covering matrix.

For any node u;, the shortest path from u; to other
nodes can be obtained through the RSSA. Let N(u;) CV
be the neighbour set of the node w;. If there exists a
shortest path connecting u; and u;, then u; is a neighbour
of u;, and all the nodes satisfying this condition form the
neighbour set of u;. Moreover, u; is the neighbour of
itself. The neighbour set can be transformed into an n x n
matrix A, where a,; € {0,1} when u; is a neighbour of w;.
Problem 2 becomes the SCP:

n
ming z; s.t.
j=1

Ax >1
ze{0,1}"

()

A common algorithm with lower computation com-
plexity to solve this problem is the greedy algorithm [40].
The greedy algorithm is an iterative algorithm in which
nodes are selected to cover the most uncovered nodes in
each iteration. It has demonstrated a logarithmic approxi-
mation ratio. A greedy algorithm can be adopted to solve
Problem 2.

In summary, our proposed scheme can be described as
follows:

When subscribers request a message, they submit the
information request to publishers. For any node u;, the
shortest path from wu; to other nodes can be obtained
through the RSSA and the agent set that can cover all
subscribers is determined by the greedy set cover algo-
rithm. A proximity server or another network element
that knows all the users’ information runs these algorithms
and obtains the relay set and agent set. According to
the calculation results, the publisher pushes the message
to agents through the cellular network and agents spread
the message according to opportunistic encounters by the
nodes.

5. Evaluation and Analysis
5.1 Simulation Settings

In this section, the performance of our proposed RSSA
scheme is evaluated based on a realistic trace. Our eval-
uation is performed on the Bluetooth trace, which con-
tains the contact history of Bluetooth devices collected by
35 devices on the campus of the University of Calabria in
Rende, Italy [41]. Each device performs a periodic Blue-
tooth device discovery every 180s to find nearby devices.

In the evaluation, all nodes request the same message
and the number of agent nodes is set to 3. We increase the
constraint Ty, from 1 to 10 min and vary the minimum
timeout probability pjjy, from 0.1 to 1. In each simulation
run, the first 50% of the Bluetooth trace is used as training
data; other data are used to verify our solution. The
process repeats 20 times for each set of timeout constraints
T and minimum timeout probabilities piiy,-

461

5.2 Comparison of Schemes and Evaluation Metrics

As we know, there is no existing content dissemination
algorithm designed for the IMD2D scenario. To evaluate
the performance of our solution, we compare it with two
other methods in the set cover procedure. We use (1)
the linear programming (LP) algorithm to solve the SCP
using ILP; and (2) the randomized algorithm (Random) to
randomly choose agents among all of the nodes.
The metrics for evaluation are described as follows:
e Delivery ratio: this metric is the ratio of data requests
being satisfied within a time constraint.
e Computing time: this metric denotes the computation
complexity.
e Average delay: this metric is the average delay in
getting responses to the data request.

5.3 Evaluation Results
5.3.1 The Effects of the Timeout Constraint

Figure 4 shows the impact of the timeout constraint on
the system performance. It is obvious that the greedy
and LP algorithms outperform the random algorithm in
terms of delivery ratio and delay. The reason is that
the agents selected by the greedy and LP algorithms can
maximally cover the network with high SDP. This means
that the greedy and LP algorithms can spread the data
faster to more requesters, whereas the random algorithm
may cover only a small part of the network nodes with
limited propagation range and propagation speed, thereby
resulting in a lower delivery ratio and longer delay.

From Fig. 4(a) and (c), we can see that when the time-
out constraint increases, the delivery ratio and delivery
delay of the three schemes increase correspondingly, be-
cause longer expiration implies that they can transfer more
copies. Moreover, a looser timeout constraint allows nodes
that require more time for successful data transmission to
receive target data within the expiration time.

In addition, we compare the computing time of all
three algorithms, as is shown in Fig. 4(b). Obviously, the
random algorithm saves the most time because it selects
three agents randomly. The greedy algorithm ranks second
and its computational complexity is O(NV), where N is the
number of the nodes in the scenario. The LP algorithm is
the most time consuming with a computational complexity
of O(N?). Combining Fig. 4(a)—(c), the greedy algorithm
is best for our scenario due to its ability to achieve an
excellent delivery ratio and delivery delay, with little extra
computational time.

5.3.2 The Effects of Minimum Timeout Probability piim

In this section, the impact of minimum timeout probability
pim on all schemes is analysed. From Fig. 5(a), we see that
the delivery ratio of the greedy and LP algorithms increases
with larger piin, and exceeds that of the random algorithm.
As mentioned in the previous section, the greedy and LP
algorithms have a high probability of transmitting data
to more nodes. Furthermore, more paths are available
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when the minimum timeout probability py, constraint
becomes looser, causing a higher probability of expanding
the coverage of the selected agents.

Figure 5(c) shows that both the greedy and LP al-
gorithms are inferior to the random algorithm concerning
average delivery delay, but the result ignores the difference
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in the amount of the data successfully arrived according to
all three algorithms. Therefore, it is necessary to sort the
data according to the ascending order of the arrival time of
the data at the destination node and select the time when
the same number of data arrives at the destination node
to compare the average delay. As shown in Fig. 5(d), the



greedy and LP algorithms are obviously better than the
random algorithm when disseminating data to the same
number of nodes. As shown in Fig. 5(b), the greedy
and LP algorithm computational time decreases with the
minimum timeout probability pim. The sparse network
caused by the low minimum timeout probability pi, calls
for more agents to cover all the nodes in the network,
thereby leading to high computation complexity.

In general, the greedy algorithm is the most desirable
in terms of delivery ratio and delivery delay, with little
excess computational time.

6. Conclusion

IMD2D is a more realistic D2D network form. Core net-
work elements make it easy to analyse the mobility char-
acteristics of mobile nodes. The access network provides
stable transmission links from the core network to mobile
nodes, and the D2D link can offload traffic from the core
network and improve network efficiency. The content dis-
semination problem in this novel network architecture is
put forward and interpreted in this paper.

We proposed an SDP calculation method and the
RSSA algorithm. The propagation problem is solved using
a greedy algorithm and an LP algorithm to address the
SCP. Real-life trace data was used to evaluate our proposal.
The evaluation results show that our solution can achieve
high SDP, low transmission delay, and low computation
complexity.
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