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Abstract—With the proliferation of portable devices, the
exponential growth of the global mobile traffic brings great
challenges to the traditional communication networks and the
traditional wireless communication technologies. In this context,
converged networks and cache-based data offloading have drawn
more and more attention based on the strong correlation of
services. This paper proposes a novel popular services push-
ing and caching scheme by using converged overlay networks.
The most popular services are pushed by terrestrial broadcasting
networks. And they are cached in n router-nodes with limited
cache sizes. Each router-node only interconnects with its neigh-
bor nodes. Users are served through the router’s WiFi link. If
the services requested are cached in the routers, the user can be
immediately responded; otherwise, the requests can be responded
through the link from cellular stations to the router. In the
proposed scheme, the cache size of the router, the maximum num-
ber of requests each router can serve, and the whole-time delay
are limited. Three node-selecting and dynamic programming
algorithms are adopted to maximize the equivalent throughput.
Analytical and numerical results demonstrate that the proposed
scheme is very effective.

Index Terms—Converged overlay networks, distributed
caching, offloading, popular services pushing and caching.

I. INTRODUCTION

HE GLOBAL mobile traffic grew 63 percent in 2016
wih the proliferation of portable devices; and it will keep
the growth rate of more than 60 percent annually [1]. The
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growth of traffic demand results in the heavy loads and the
long-time crowed backhaul of the cellular networks. Hence,
the bandwidth gain of the emerging novel wireless com-
munication technologies is quickly offset; and the wireless
communication bandwidth resource is still scarce. Improving
the current spectrum resource is one of the main targets of
wireless communication research. Usually, there are two ways
to deliver these services. One way is to increase the band-
width of users by using traditional physical technologies, such
as the fifth generation of wireless communication technolo-
gies. Massive MIMO technology is one of the most efficient
methods to improve the spectrum efficiency; and this tech-
nology can further improve the throughput rate [2]. Another
way is to offload the most popular services, e.g., D2D interest
sharing, WiFi offloading and converged broadcast and cellular
networks [3]-[5]. They can offload the traffic by eliminating
the correlation of the services.

In recent years, converged broadcast and cellular networks
have drawn more and more attention in view of the strong
correlation of services. There are several a6long tailaf prob-
ability distributions to describe the phenomenon that the rich
get richer (Rich-Get-Richer), e.g., Power-Law distribution,
Zipf distribution and Pareto distribution [6]. Easley and
Kleinberg [7] reveals that these models are equivalent.

Converged networks are researched in many literatures. In
the converged networks, broadcast network can be used to
preferentially transmit popular services; and the P2P cellu-
lar channels can respond individual requests. In industry, the
third generation partnership project (3GPP) firstly defines the
multimedia broadcast/multicast services (MBMS); and it fur-
ther introduces Evolved MBMS (eMBMS) as the in-band
convergence standard [8]. It is also one of the promis-
ing technology for forthcoming 5G technologies. Paper [9]
researches the resource management in the dense heterogenous
network (DenseNets). A hybrid unicast-multicast utility-based
network selection algorithm (HUMANS) is proposed based
on eMBMS scheme. The proposed scheme guarantees the
outage percentage, average quality of transmission and more
efficient resource utilization. Paper [10] analyzes the spectral
coexistence between DVB-T2 and LTE networks. Its deriva-
tion and results provide further insight into the cooperation
between the two networks. Paper [11] proposes an LTE hybrid
unicast broadcast content delivery framework. However, the
bandwidth efficiency is not improved since the broadcast
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content still occupies unicast channel in the proposed scheme.
Furthermore, paper [12] proposes a cooperative structure of
cellular network and broadcasting network by using cloud
radio access network; and technical approaches for 3GPP and
ATSC cooperation in physical layer are detailed and the coop-
erative frame structure of DVB-T2 and LTE are designed in
this scheme. In order to deal with the unidirectional transmis-
sion of the broadcast system, the paper also designs dedicated
return channel of broadcast network to enable a seamless
interaction between broadcasters and users. A hit-rate based
scheme and user fairness based scheme have been proposed
respectively in [5] and [13]. Their goals are to maximize the
systemars equivalent throughput.

However, there are two main drawbacks of the traditional
converged networks with centralized cache scheme if com-
pared to distributed cache scheme: the limited storage capacity
of users’ devices and low efficiency of the centralized cache
between users’ devices.

On one hand, WiFi routers can be adopted overcome
the problem of limited storage capacity of users’ devices.
Paper [14] gains the further insight of the WiFi offloading in
heterogeneous networks without considering the broadcasting
which takes the radio access technology as the starting point.
Paper [15] considers the stochastic network with dynamic
traffic; and independent Poisson point processes is used to
model the spatial distribution of access points and users
to reveal the impacts of network features on the network
performance. Moreover, paper [16] proposes a novel pipeline
network coding-based multipath transmission control proto-
col in heterogeneous wireless networks; and in this scheme,
video services are delivered over a muti-path distribution
network which consists of base stations and WiFi router nodes.
Combining the converged broadcast and cellular networks
with the WiFi offloading is a promising method to conquer
the shortcoming of traditional converged networks. This con-
verged overlay network consists of cellular network, broadcast
network and router nodes which are overlapping to each
other. There are places to cache the services under the con-
verged overlay networks, for example, terminals, base stations,
relays, and et al. With the help of WiFi router offloading,
paper [17] researches the multi-layer converged networks in
high-speed scenario. By adding a relay with WiFi router
in the converged networks, the penetration loss and fading
loss caused by high speed mobile Doppler effect can be
overcome.

On the other hand, services can be distributively cached
in the terminals. Distributed caching uses a dynamically scal-
able architecture, with multiple cache nodes sharing the load
and accessing the cache content through addressing devices.
Hence, it can improve the performance such as reliabil-
ity, availability, scalability, and access efficiency [18]. In
the content distribution network, the implementation mech-
anism mainly includes distributed caching based on D2D,
distributed caching based on wireless mesh network and dis-
tributed caching based on network coding [3], [19], [20]. For
wireless mesh networks based caching, paper [19] proposed a
novel heterogeneous network architecture of hybrid LTE and
wireless mesh routing, and proposed a corresponding routing

protocol to realize the deep fusion between two different
networks. For D2D based caching, both paper [3], [21]
research the data offloading based on the incentive mech-
anism by D2D technologies; and reverse auction and the
Stackelberg game theory are employed and researched.
Moreover, paper [22] research the interference cancelation
at receivers in cache-enabled wireless networks; and achieve
lower packet loss rate in the D2D based distributed caching.
For network coding based caching, paper [23] uses the maxi-
mum distance separable code (MDS) to enable any k segments
of n segments to recover the whole content. Paper [20]
uses a special network code stream to deliver individual
information through the common channel in the proxy cache
scenarios.

We combine the two-layer converged broadcast and cellular
networks with WLAN in view of the aforementioned work.
This combination can be traced from the traditional eMBMS
heterogeneous network architecture (HetNets). Paper [24]
proposed a distributed scheme of traffic offloading from
multicast to WLAN in the current LTE and WLAN hetero-
geneous network. Moreover, the promising Software Defined
Network (SDN) centralized approach is proposed to deal with
the issues of resource management, implementation efficiency,
and implementation flexibility to the network. In our proposed
scheme, the services are pushed and distributively cached
in the WiFi routers by broadcasting rather than broadband
networks. As a result, the data traffic can be offloaded to
improve the cache efficiency.

The early work and results of the research are published
in paper [25]; and the paper is included in proceeding of
broadband multimedia systems and broadcasting in 2018
(BMSB2018). A distributed cache scheme based on mesh
WiFi router nodes is proposed to deal with the shortcom-
ings of the centralized cache scheme in traditional converged
networks; and we formulated the model based on the proposed
scheme as an optimal math problem. This problem is based
on the overlapped number of nodes’ requests and is proved
to be NPH problem by a brief deduction. Then, an alternation
based node-selecting algorithm has been proposed to solve the
problem.

The main contributions of this paper are summarized as
follows by compared to the early work:

« Distributively caching model: To overcome the shortcom-
ings of centralized cache in wireless converged network,
such as low cache utilization rate, limited improvement
of system throughput, a distributed caching mechanism
based on wireless mesh network is introduced. Also, We
define the load balancing coefficient to measure the load
balance; and the overlapped number of nodes’ requests
is defined in a strict arithmetic expression. Then, we
give a more generalized mathematic model; and it can
be applied into a more universal scenario.

o Node-selecting algorithms: We formulate the ET objec-
tive of the distributed cache scheme as an optimal
problem; and it is proved to be an NP-complete
(NPC) problem. Two more node-selecting algorithms
are proposed to choose the proper candidate router-
nodes firstly; then, the dynamic programming algorithm
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is adopted to cache the scheduling services to each
router-node. Simulations show the efficiency of the
proposed algorithms.

The remaining contents are organized as follows: Section II
introduces the architecture of the converged overlay networks
and the centralized caching scheme; the system model of the
proposed scheme is given in Section III. In Section IV, the
distributed cache problem is formulated. Numerical simula-
tion results and discussions are shown in Section V. Finally,
conclusions of this paper are drawn in Section VI.

II. ARCHITECTURE OF CONVERGED OVERLAY NETWORKS
AND CENTRALIZED CACHING SCHEME

A. Architecture of Converged Overlay Networks

There are mainly two types of architecture of the wireless
converged networks:

Two-layer converged networks: the early studies mainly pay
attention to the two-layer converged networks, in which cel-
lular station and broadcast station directly connect to the user
layer. In this scheme, popular services are pushed directly to
mobile devices by broadcasting and less popular services are
transmitted by cellular station. Paper [26] makes an exten-
sive exploration of popular services pushing based on the
mobile devices in converged cellular and broadcast networks.
In the proposed scheme, the network capacity and response
time are deduced from the queuing probability model which
theoretically analyzes the characteristic of the networks.

Multi-layer converged networks: more attention are paid to
multi-layer converged networks recently. An extra relay router
is added into the networks and serves as the middle layer con-
necting station layer and user layer. In the multi-layer scheme,
popular services are pushed to the relay router by broadcasting
and the less popular services are delivered through the cellu-
lar unicast channel. Then, the user can request the services
by the WiFi links of the relay router. Paper [17] researches
on the multi-layer converged network in the high-speed-train
scenario. Adding a cache-based relay router in the converged
networks can overcome the penetration loss and big fast fading
by caused high speed movement.

B. Centralized Caching Scheme and Solution

Current researches on cache-based wireless converged
networks mainly focus on centralized scheme. Tt can be
referred that both the above-mentioned architectures are based
on the centralized cache scheme. For two-layer architecture,
each mobile device has no connection with each other; and
services cached on the mobile devices cannot be shared by
the other users. For multi-layer architecture, the cache scheme
has no difference from the two-layer architecture. In fact, the
router caching the popular services can be regarded as a big
terminal holding a group of users.

Since resources for communication are usually scheduled
in the cloud computation center of the wireless converged
networks, the cache scheme is a typical centralized cache
scheme which can be modeled as 0-1 knapsack problem.
Greedy algorithm and dynamic algorithm can be employed to
solve the this problem. The classical and optimal way to solve
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Fig. 1. The diagram of the proposed CON.

this problem is well known as dynamic algorithm; and it can
achieve the best result in the condition that the service size is
an integer. Generally, the dynamic programming method has
two implement ways: recursion and loop. Due to the limitation
of the recursion in terms of efficiency, loop iteration is superior
to it. The concrete realization of loop iteration is a two-layer
circulation; and it reflects the idea from the bottom up. The
computer complexity of loop iteration is O(mC), wherein m
is the size of services and C is the average storage size of a
router or a base station.

III. SYSTEM MODEL AND PERFORMANCE EVALUATION

The diagram and the system model of the proposed con-
verged overlay networks (CON) are respectively illustrated in
Fig. 1 and Fig. 2. There are a broadcast base station (BBS)
with a content set cache, a scheduler, cellular base stations
(CBS) and router-nodes with served users in the proposed
networks.

A. System Model of the Proposed Scheme

The general work flow of the converged overlay networks
is as followed: the scheduler detects popular services from the
Internet service provider (ISP); and it delivers popular services
to BBS in the form of transport stream over IP through the
broadband backbone network. Meanwhile, the BBS pushes the
services to the router-nodes; and the scheduler decides which
services to be cached through the return channel of routers.
Then, the routers provide the pre-cached services for the local
users. If the requested services are not found in the cache, the
requests are switched to CBS through routers.

B. Properties of Services

Researches show that Zipfian distribution characterizes sta-
tistically the popularity of services [5]. A fixed content set
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Fig. 2. The system model of CON.

relative to one scheduling period is considered in the model.
The content set S is composed of M distinct services. The
characters of services are defined as follows:

1) Service Popularity: The probability function of the
Zipfian distribution is given by

(1/i)f
Sy (/)

where m is the number of the services and i represents the
index and rank of the services. In that case, f; is used to
describe the popularity of the i-th service for simplicity.

2) Service Size: Based on the fact that only a small number
of services have a large size, a long tail style distribution is
adopted in [6] to model the size of the services:

e \ P
PX >e¢)= <—> 2)

flsz, M) = (D

Emin
where €,;, > 0, B > 1 and ¢; is the size of the i-th service.
The average size of these services is &; and & = %smin.

C. Performance Evaluation

1) Equivalent Throughput (ET): From the network operator
perspective, the goal of the proposed scheme is to maximize
offloading backhaul traffic. Then, the equivalent throughput of
the proposed network in the limited scheduling time slot is

ET =ETy + ET. = Y _ || Ja;jQj|fi-gi + BesneeNe  (3)
ieS |jeV

where the total throughput equals to the sum of broadcast and
cellular throughput; V is the set of the router-nodes; Q; repre-
sents the set of requests of node j and its neighbor nodes; B
is the bandwidth of each cellular subchannel with the band-
width efficiency 7¢.; N is the subchannel number; and ) a;
jeV

is the router-node occupation number of the service i. in the
formula, ET provided by the routing node is defined as the
sum of the cache value of the routing node to the popular
services, that is, the product of the size of the cached services
and the number of requests for it.

2) Repetition Coefficient (RC): In order to get some insight
of the advantage of distributed caches over centralized caches,
we define the repetition coefficient (RC) to indicate cache

TABLE I
LIST OF SYMBOLS

Parameter | Definition

T The length of the time slot

By Broadcasting bandwidth

Mbe Broadcasting bandwidth efficiency

Becs Cellar subchannel bandwidth

Nee Cellar subchannel bandwidth efficiency

Bwiri The maximum data rate of router-node

Nc The number of the cellar subchannels

n The number of the router-nodes

m The number of the services

Ccj The cache size of router-node j

U The number of users of router-node j

z Zipf factor

B Pareto parameter

d The number of one user requests

T The popularity of service ¢

& The size of service

g The average size of services

Emin Pareto independent variable’s lower bound

q;j The number of requests of node j and its neighbor nodes

Dij The cache potential of node j about service ¢

a;j The flag of whether node j caches service 4

L; The number of requests of node j served by other nodes
The average storage size of nodes

k The scale of nodes n = k2

Vv The set of the router-nodes

N o5 The set of node j and its neighbors

Qj The set of requests of node 7 and its neighbor nodes

N, j The set of local requests of node j

S The set of the services

N bj The neighbor nodes set of the node j

utilization efficiency,

_ } fisi
RC = Zza”'Zﬁ.si(Zaij =5 /" )

ieS jev

ieS jev

where Zﬁ%ﬁ/aqzl)

3) D:lsay éEOSl‘ (DC): As we know, the resource scheduling
problem is just a trade-off between the system throughput and
delay cost. Due to limited node capacity and user request tol-
erance time, this paper only considers that the user requests
can only reach the neighbor nodes through the accessing node.

Then, the DC of the proposed scheme is defined as:

is the weight of service i.

> T aNlfil+ X (U Q)| — T ag[Nj i-2
€S |j ieS

ieSjeVv ] 1%

2| U a0l fi

ieS |jeV

)

where the first part in the numerator is the delay cost of one-
hop services and the second part is the delay cost of two-
hop services. The denominator represents the total number of
requests served by the cache services to normalize the DC.
Then DC can measure the average hop number of user’s one
request for services, representing the average latency degree
of user requests.

4) Load Balancing Coefficient (LBC): Load balancing first
appears in the field of data offloading where traffic index is
usually used to measure the load level of equipment. LBC is
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defined as
Sa- (0] = %) -fr-et
i€eS

/BwiriT (6)
Y\ X ay>1)-fiei [N

ieS \jeNoj

where the formula in parentheses represents the node traffic
load; and the standard deviation of each node traffic load is
denoted as D(.) to represent LBC.

IV. PROBLEM FORMULATION AND SOLUTIONS

In this section, we discuss how to efficiently cache
the pushed services to router-nodes. The proposed cache
scheme is formulated as an optimization problem. We prove
that this problem is an NP-complete problem. In that
case, we propose three algorithms to get the approximate
optimal solution: alternation based node-selecting and odd-
even based dynamic programming algorithm (ABNS-ODP),
alternation based node-selecting and dynamic programming
algorithm (ABNS-DP), degree-based greedy-set-cover node-
selecting and dynamic programming algorithm (DBGNS-DP).
Both algorithm ABNS-ODP and algorithm ABNS-DP divide
services into two sets, while algorithm DBGNS-DP divides
services into multiple sets as much as possible. And DGNS-DP
adds extra computational complexity to improve throughput
performance and outperforms the other two algorithms.

A. Problem Formulation

Fig. 3 depicts the topology of these router-nodes. Note that
there are f; - | Nj| requests for the i-th service in the j-th router-
node, where |N;| = u; - d, and u; means router-node j’s user
number. We assume each user has d requests in the scheduling
time slot. Then, the total requests can be served by the j-th

router-node for services is defined as ¢; = IN;| + Y [Nkl
keNb;
where Nb; means the neighbor nodes set of the node j. The set

of this g; requests is denoted as Q;. The set of the node j and
its neighbors is denoted as No; = jU Nb;. In order to evaluate
the cache potential of the j-th router-node about service i, we
have

pij=aj-|Qj| - fi-&i (7N

where q;; is the flag indicating whether the j-th router caches
the i-th service or not; and S represents the set of the sevices.
Due to the limited bandwidth of the router-node, the maximum
capacity size of the nodes limited by the bandwidth of the node
Bywir; and the scheduling time slot 7. Then, we have

doai- (G =N -fi-ei+ )| D ai>1

ieS ieS \je€No;
x fi- & - |Nj| < BwirT ()

where the left side represents the node’s actual load, includ-
ing the traffic load as request node or source node. Due to the
wireless connection between router-nodes is intrinsic intermit-
tent, there is a big delay for the services transmitted through
three hops or more. Moreover, for the limitation of the nodes
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Fig. 3. The topology of router-nodes.

storage size and serving capacity, the number of users, and the
number of neighbor nodes, one node can serve is limited. In
that case, one-hop and two-hop scenario are only considered.
We intend to maximize the ET in the scheduling time slot T

max ET = Z Uaiij Ji-€i + BesteeNe 9

ieS |jev
s.t. Za,-j- \0j| - fi - & < BwiriT (10)
ieS
Zal;,'s,- =¢ (11)
ieS
a; € (0, 1) (12)

where c; is the storage capacity of router-node j; and V stands
for the set of router-nodes.

Equation (9) represents the total throughput of the CON
where the cellular part can be regarded as a constant.
Constraint (10) shows that the router-node delivery capacity
is restricted by its bandwidth in the scheduling time slot. We
can increase node density to make constraint (10) to be sat-
isfied because the uniform distribution scenario is considered.
Constraint (11) prevents the services cached to each selected
router-nodes from exceeding the storage size of the nodes.
Constraint (12) indicates this optimal problem is a 0-1 pro-
gramming problem. To get further insight, it is obvious that
the problem is similar to the set cover problem (SCP). We
use the reduction method in [27] to prove that the proposed
problem pertains to NPC.

Theorem 1: The cache allocation problem of CON is an
NP-complete problem.

Proof: The formal language of decision problem cor-
responding to the proposed problem (TPP) is: TPP =
{ay}, {fi-ei}. {Q)}, (k) - a; € {0, 1}, select an array of ag;; to
make the value of ET at least k}. Firstly, the proposed problem
is proved to be NP. Given an instance of the TPP, ET can be
calculated to judge whether the value exceeds k in polynomial
time. As a result, TPP is an NP problem. [ |

In order to prove that TPP pertains to NPH, we first prove
SCP < ,TPP, where < , means a problem can be trans-
formed into another problem in polynomial time. Assuming
that {{ay;}, Q;.f1.€1} is an instance of SCP, we construct an
instance of TPP where the number of contents is two. In that
case, if the instance of SCP selects a minimal number of sets
to cover all elements of sets, the instance of TPP uses mini-
mal nodes to cache content 1 and uses the remaining maximal
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nodes to cache service 2 to get a maximal value k, and vice
versa. In conclusion, SCP has a minimal set if and only if
TPP has a maximal value of ET exceeding k. Finally, it can
be proved that TPP is NP-complete by the definition of NPC
in [27].

This optimal cache allocation problem can be solved by the
exhaustive search algorithm. However, the complexity expo-
nentially increases with the nodes scaling up. We propose two
approximation algorithms and a heuristic algorithm; and we
use node-selecting algorithm to choose candidates of router-
nodes and use dynamic programming algorithm to schedule
the services in these algorithms.

B. ABNS-ODP Algorithm

Definition: If a user can access the same services kept in two
or more different router-nodes, we call the the requests of the
user are overlapped; and the router-nodes corresponding to the
overlapped requests are also overlapped. A simple case with
3 x 3 router-nodes is just shown in Fig. 4. For example, when
we choose node 1 and 2 to cache service i, the overlapped
requests are N1 + Np; when we choose node 1 and 3, the
overlapped requests are N, ; when we choose node 1 and 6,
the overlapped requests are zero.

Problem Transformation: Noted that the overlapped area of
each node is relevant to the selecting matrix {a;;}. The over-
lapped requests of node j is defined as L;. So, we use L; to
represents the set union. Then, the proposed problem can be
transformed into:

max ET = Z Zd,’j : (q, - Lj) “ & fi + BesneeNe (13)

jev ieS

s.t. Za,-jei < Cj (14)
ieS
a; € {0, 1}, (15)

Theorem 2: L; is relevant to the selecting matrix {a;;}.
Proof: Gotten from inclusion-exclusion principle, we have:
(@O V---Uai;-10j-1Y

n
a~~ . =
jL_J] iiQj ai(j+1)Qj+] U~"UainQn)Uaiij

= [a; Q) + 1. )1 = |ayQ; N (..

It is obvious that L; is relevant to the selecting matrix
{aj;} in the above equations. Consequently, if the overlapped
requests can be reduced, more utility can be obtained. Based
on this fact, the nodes are selected based on alternation
which not only guarantees smaller overlapped requests but
also ensures the coverage of the whole requests. Therefore,
alternation-based node-selecting and odd-even based dynamic
programming algorithm is proposed, in which alternation
based node-selecting determines the nodes to cache and odd-
even based dynamic programming algorithm is responsible for
allocating services to each selected nodes.

The ABNS-ODP algorithm is shown in Alg. 1. We assume
that the services are sorted in descend order according to their
popularity. The step 2 divides the content set into two parts:
odd index part and even index part. In that case, the candi-
date services parts of odd indexes and the even indexes have

(16)

Algorithm 1 Alternation-Based Node-Selecting and Odd-Even
Based Dynamic Programming Algorithm
Input: Input parameters V, f;, ¢;, ¢j, S, N; Output: A =
(@)
1: Initialization: A =0, |V|=n=k-k, A| = (aiXY)mxkxk =
0
2: Divide S into S,y and S,44
3: for each node j € V do
Transform j into coordinates on XY plane: j = (x — 1)-
k+y
5: if x < |k/2], x4+ y is even then
6: aixy = 1, Vi € Spqa
7: elsex > |k/2]
8
9

»

Aixy = Qik—x)y> Vi € Spad

: end if
10: if x < |k/2], x4+ y is odd then
11: aixy = 1, Vi € Sepen
12: elsex > |k/2]
13: Qixy = QAj(k—x)y» Vi e Seven
14: end if
15: end for
16: for S € (Seven, Soaq) do
17: Use dynamic programming algorithm of the knapsack

problem to get the service selecting factor: x

18: X = zeros(1, m)
19: Calculate X according to x
20: end for
21: for each node j € V do
22: Qixy = djxy 0 X
23: end for
24: Return A

the similar numbers and the similar popularity. Codes in line
3 ~ 15 are used to select nodes. The odd part of services
are cached to the corresponding nodes by step 5 ~ 9, oth-
erwise by step 10 ~ 15. After the nodes selecting, we use
dynamic programming by step 16 ~ 20 to allocate the services
to each node. The time complexity of the proposed algorithm
is O(mC + n).

C. ABNS-DP Algorithm

This algorithm is similar to ABNS-ODP algorithm just as
Alg. 2 describes. However, algorithm ABNS-DP does not con-
sider the problem of load balance and only considers how
to maximize system throughput. Algorithm ABNS-DP divides
the service sets according to the order of service popularity,
while algorithm ABNS-ODP divides service sets according to
the order of parity. The former can ensure that the high pop-
ularity rank services are cached where its ET performance is
better, while the latter has better LDC performance. Dynamic
programming is also used to allocate the services to each node.
The time complexity of the proposed algorithm is O(mC +n).

Fig. 4 is an example of Alg. 1 and Alg. 2 which have the
same nodes division.
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Algorithm 2 Alternation-Based Node-Selecting and Dynamic
Programming Algorithm

Input: Input parameters V, fi, ¢;, ¢j, S, N; Output: A =
(@) e
1: Initialization: A =0, |V| =n = k-k, A| = (aixy)
0

mxkxk —

2: Repeat Alg. 1 steps (3) — (15)
3: B=zeros(IS|+1,C+ 1), Wy =¢; - f;
4: for i = |S| do
5: for j = (1:C) do
6: if ¢; > j then
7: Bi+1,j+1) =BG j+1)
8: else
9: BGi+1,j+1) =
0 max{B(,j+ 1), Wi+
' B(i,j — & + 1))
11: end if
12: end for
13: end for

14: x =zeros(1,m), J =C +1
15: for i = m: — 1:1 do
16: if B(+1,J) > B(i,J) then

17: x; =1

18: J=J—¢;
19: else

20: x; =0

21: end if

22: end for

23: S = S— selected services: the remaining services set

24: Repeat step (16)-(34) with some parameters adaptive to
the S

25: Calculate the final x

26: for each node j € V do

27: Qixy = Qjxy 0 X

28: end for

29: Return A

O The first content set
O The second content set

Fig. 4. An example of 3 x 3 node-selecting algorithm.

D. DBGNS-DP Algorithm

Problem Transformation: As mentioned above, the proposed
problem is similar to SCP. To get further insight, Q; con-
tains the requests of node j and its neighbors that can be
served. Note that No = j + Nb; and the local requests of
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each node is uniform; then, |} a;;Q;| can be substituted for
jev

|>° a;jNoj|.uj.d. Then, the proposed problem is transformed

jev

into:

max ET = Z Ua,:/Noj uj.d fi.gi + BesieeNe  (17)

ieS |jeV

5., > ajei < ¢ (18)
ieS
aj € {0, 1} (19)

It can be observed that the fewer nodes are used to cache the
most popular services; and the higher cache utilization can be
obtained. By parity of reasoning, the fewer nodes are selected
to cache the less popular services, the higher cache utilization
can be achieved for the rest services and the remaining nodes.

The proposed algorithm can be divided into two parts: node
selecting algorithm and content allocating algorithm. For the
node selecting part, how to select fewer nodes to cover the
whole area can be modeled as a set cover problem. Since
the SCP is also NP-complete, a degree-based greedy-set-cover
node-selecting algorithm is proposed. In this proposed node
selecting algorithm, degree means the maximal number of the
neighbor nodes that correspond to Noj;. For the selected nodes,
dynamic programming algorithm is responsible for allocat-
ing services to each node. In each iteration, a degree-based
greedy-set-cover node-selecting algorithm firstly selects the
fewest nodes from the current nodes; and then, dynamic pro-
gramming algorithm is adopted to select proper services to be
cached until the nodes or services are used up.

The details are illustrated in algorithm 3. Steps 4 ~ 9
are used to select the minimal number of nodes by using
the greedy-set-cover algorithm. Then, steps 10 ~ 29 of the
dynamic programming algorithm allocate the services to the
selected nodes in advance. The steps 4 ~ 29 is treated as one
iteration. The loop body of the first "While’ is the iterations.
Steps 30 ~ 33 are the iteration control statements. The time
complexity of the proposed algorithm is O(n® + mC).

V. SIMULATION AND DISCUSSIONS

In this section, the numerical results of the proposed three
algorithms are presented. The default parameter settings are
shown in Table II which are referred from the industrial
standards and convention.

A. Throughput Improvement of the Proposed Scheme

As shown in Fig. 5, the network throughput is improved
with the increasing of Zipf factor. However, the growth rate
becomes smaller with the Zipf factor increasing; and the
network throughput converges on a constant. This is because
the upper bound is mainly determined by the most popu-
lar services; and with increment of Zipf factor, the dominant
factor is converged on the most popular services regardless
of other services. Compared the three proposed distributed-
caching algorithms, it is found that the distributed cache
schemes have big throughput improvements when z is smaller
than 1.5. Among these proposed algorithms, Alg.2 performs a
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Algorithm 3 Degree-Based Greedy-Set-Cover Node-Selecting
and Dynamic Programming Algorithm

Input: Input parameters V, f;, &;, ¢j, S, No; Output: A =
(@)
1: Initialization: A = {a;j}uxn =0, [V =n=4k -k
2: Se =[], No = Noj, U = Uy = l:n, Num = m, Bl = 1:100
3: while U;! =@ or Num! =0 do
4: while U! =@ do

5 Select an No; € No that maximizes |U N Noj|
6: U = U — Noj

7: Se = Se U {Noj}

8 Substitute the selected No; in No for ¢

9 end while

10: x = zeros(1l, Num), J = C+ 1
11: A = zeros(Num+1,C+ 1), W; =¢; - f;,
12: for i = |S| do

13: for j = (1:C) do

14: if epr;) > j then

15: AG+1,j+1) =AGj+ 1D

16: else

17: AG+1,j+1) =

8 max{A®,j+ 1), Wgis)+
' A(i,j—epii) + D}

19: end if

20: end for

21: end for

22: for i = Num: — 1:1 do

23: ifAG+1,J) > A(i,J) then

24: x; =1

25: J=J— EBI(i)

26: else

27: x; =0

28: end if

29: end for

30: Num = Num — sum(X)

31 Calculate BI; through finding position of x == 0
32: BI = BI(BI (%))
33 Calculate U; = |J Noj
jev
34: end while

little better than Alg.1; and the ET curves of them are almost
overlapped. Mover, Alg.3 is optimal among these proposed
algorithms in terms of the ET.

Fig. 6 shows impact of router scales on the network through-
put. It is obvious that with the scale of router nodes becoming
bigger, equivalent throughput has a linear increment. This
phenomenon can be explained that the object function has a
linear correlation with the nodes number. In fact, the scale of
router nodes can’t be infinite since the number of nodes that
a broadcast station can cover is finite.

B. The Delay Cost of the Proposed Scheme

The impact of Zipf factor on the normalized delay and
the comparison of three proposed algorithm with DP in cen-
tralized cache are illustrated in Fig. 7. Obviously, Alg.1 and
Alg.2 have little difference in the normalized delay. It proves

TABLE II
SIMULATION PARAMETERS

Parameter Values
T 1800s
By 3MHz
Tlbe 1bps/Hz
cs 1MHz
Tlce 1bpS/HZ
Nec 20
n (9*9,10*10,11*11)
m 100
cj 1GB
Uj 10
z (0,0.25,0.5,0.75,1,1.25, 1.5, 1.75, 2)
B 2
d 10
BWiFi 375]\/[Bp8
5
4 x10
o
=3
=]
Q.
<
(=2}
=)
o
c
—
<
<@
g
El —*— Alg.1 in proposed distributed cache
w —O— Alg.2 in proposed distributed cache
157 —¥— Alg.3 in proposed distributed cache
DP in centralized cache
4 I I I I I I I I I |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Zipf factor
Fig. 5. The impact comparison of Zipf factor on the network throughput.
5
5 X 10
—%— Alg.1 in proposed distributed cache
—6— Alg.2 in proposed distributed cache
45+ —%— Alg.3 in proposed distributed cache
DP in centralized cache

Equivalent Throughput (MB)
w
(4]

2 I I I
80 85 90 95 100 105 110 115 120 125

Number of router nodes n

Fig. 6. The impact comparison of the router nodes scale on the network
throughput.

that they have similar performances. When the Zipf factor
is below 1, Alg.3 behaves much better than the other two
algorithms. While the Zipf factor surpasses 1, the situation
is reversed. The reason is that the equivalent throughput gain
becomes smaller with the increasing of Zipf factor. Generally,
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Fig. 7. The impact comparison of Zipf factor on the normalized delay.
5
4570
—*— Alg.1 in proposed distributed cache
—6— Alg.2 in proposed distributed cache
—%— Alg.3 in proposed distributed cache
4+ DP in centralized cache

3.5

25

Delay/Equivalent Throughput (hop/Mb)

2 I I I I I I I I I
80 85 90 95 100 105 110 115 120 125

Number of router nodes n

Fig. 8. The impact comparison of the scale of router nodes on the normalized
delay.

the proposed distributed cache schemes outperform the cen-
tralized cache schemes when Zipf factor is between 0 to 0.6.
In other words, the more domain factor focuses on few most
popular services, the little effect resource scheduling has. As
shown in Fig. 8, the normalized delay decrease linearly with
the scale increasing of the router nodes.

C. The Repetition Coefficient of the Proposed Scheme

We can find out that the RCs of distributed-cache schemes
are smaller than that of the centralized-cache scheme from
Fig. 9. This means the proposed distributed scheme have
higher cache utility. For Alg.1 and Alg.2, the RCs are only 50
percents of that of the centralized cache scheme. Moreover, the
RC is constant. The reason is that the nodes only cache half
of the services by using the proposed algorithms. For Alg.3,
the RC is reduced to about 30 percents. Furthermore, the the
RC of Alg.3 has a little increment with the increasing of Zipf
factor since the RC highly depends on a few most popular
services.

In terms of the scale of router nodes, Fig. 10 demonstrates
that the RC is nearly constant when the scale of router nodes
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Fig. 9. The impact comparison of Zipf factor on the repetition coefficient.
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Fig. 10. The impact comparison of Zipf factor on the repetition coefficient.

TABLE III
SIMULATION PLATFORM

Parameter Values
CPU 15 — 6400
Frequency of CPU 2.71GHz
Coreness of CPU 4
Size of RAM 8GB
Version num. of simulation platform | MATLAB R2016b 64-bit(win64)

becomes bigger. For Alg.1 and Alg.2, it can be derived that the
RC is constant. That is because both Alg.1 and Alg.2 divide
the whole nodes into two sets while Alg.3 divide the whole
nodes into as many sets as possible. For Alg.3, the RC is about
30 percents; and it demonstrates that the proposed Alg.3 can
achieve stable cache utilization and it is quite superior to others
two schemes.

D. The Convergence Time of the Proposed Scheme

The complexities of the proposed three algorithms are also
compared; and the convergence time is adopted to evaluate
the performances. The more complexity an algorithm has, the
more computing resources the computer has to allocate. The
parameters of the simulation platform are shown in Table III.
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Fig. 11. The impact comparison of Zipf factor on the convergence time.
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Fig. 12. The impact comparison of the scale of router nodes on the
convergence time.

As shown in Fig. 11, the convergence time curves of the
proposed algorithms are almost stable regardless of Zipfian
factor’s variation. Moreover, the convergence time of Alg.3 is
much longer than those of the other two algorithms which con-
tributes to much better performance than the other proposed
algorithms. However, the complexity of Alg.3 is not so high
since it is a greedy and dynamic programming algorithm. In
terms of the scale of router nodes, for Alg.1 and Alg.2, the
convergence time is almost stable in that both algorithms have
the same complexity. Alg.3 has a linear increment of conver-
gence time. The reasonable explanation is that the complexity
of the Alg.3 is the polynomial of the three order square of n.
While the complexity of the other algorithms is only the poly-
nomial of the one order square of n. This reveals that the scale
of router nodes affects Alg.3 much more than Alg.1 and Alg.2.

E. The Load Balancing Coefficient of the Proposed Scheme

As shown in Fig. 13, the LBCs increase along with the rising
of the Zipf factor. The reason is that the popularity of services
becomes increasingly uneven as the Zipf factor increases; and
it concentrates in a few services which leads to the unbalanced

0.12 T
—*— Alg.1 in proposed distributed cachel

—O— Alg.2 in proposed distributed cache

0.1 |-|~¥Alg.3 in proposed distributed cache 4
DP in centralized cache

Load Balancing Coefficient

Zipf factor

Fig. 13.
coefficient.

The impact comparison of Zipf factor on the load balancing

load between node groups. Although the throughout of ABNS-
ODP is slightly lower than the algorithm ABNS-DP, its LBC
performance is obviously better than that of ABNS-DP. The
reason is that algorithm ABNS-ODP divide services by parity
which can guarantee less nodes load difference than that of
algorithm ABNS-DP. For the centralized cache algorithm DP,
since the load of each node is exactly the same, the load bal-
ance coefficient of the system is 0. From above analysis, we
can conclude that the performance improvement of algorithm
DBGNS-DP is at the cost of the load balance. In the actual
system, it is necessary to make a trade-off between ET, load
balance, complexity, and so on.

VI. CONCLUSION

Due to the storage limitation of routers and user devices, this
paper proposes a novel popular service pushing and caching
scheme by using converged overlay networks. In the scheme,
the deploying routers have the grid topology; and all router-
nodes only connect with their neighbor nodes. The services
scheduling problem is formulated as an optimal problem,
which has been proved to be NP-complete. Then, the three
algorithms: ABNS-ODP algorithm, ABNS-DP algorithm and
DBGNS-DP algorithm are proposed to select routers and
specifically cache services. Simulation results show that the
proposed distributed cache scheme outperforms the traditional
centralized cache scheme in terms of throughput at the cost
of delay.

Further works will focus on the non-uniform case of user
distribution. Moreover, the load balancing problem will also
be discussed.
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