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ABSTRACT As an extension of cloud computing, fog computing at the edge of networks provides low
latency, location awareness, and real-time interactions. At the same time, millimeter-wave communications
are able to provide directional multi-gigabit transmission rates with large available bandwidth. Based on the
user mobile trajectories in a region, several activity hotspots that users pass by frequently can be obtained.
By caching popular content at the edge nodes near the hotspots, users can download the cached content
directly at a short distance, and the user experience can be significantly improved. Considering multiple
hotspots in a region, how to efficiently schedule the transmission for the caching at edge nodes becomes a
key problem. In this paper, we focus on the problem of mobility-aware transmission scheduling for caching
at edge nodes near hotspots and utilize the multi-hop relaying and concurrent transmissions to achieve
better performance. After formulating the optimal scheduling problem as a stochastic nonlinear mixed
integer program, we propose a mobility-aware caching scheduling scheme, called Multi-Hop Relaying-
based Caching, where multi-hop D2D paths are established for edge nodes, and concurrent transmissions
are exploited in the scheduling of caching at edge nodes. Extensive performance evaluation demonstrates
that MHRC achieves more than 1 x higher expected cached data amount compared with the state-of-the-art

schemes.

INDEX TERMS Fog computing, millimeter wave communication, caching.

I. INTRODUCTION

Recently, fog computing has received much attention from
both academia and industry as an extension of cloud comput-
ing, and provides low latency, location awareness, real-time
interactions, and mobility support [1]. In fog computing,
computation, storage, and networking services are pro-
vided between end devices and data centers located at the
edge of network. Thus, compute-intensive services can be
offloaded to the edge of networks to save the backhaul
bandwidth and provide better services for users. Therefore,
there is also similar concept known as edge computing.
On the other hand, there is huge bandwidth available in
the millimeter wave (mmWave) band, and multi-gigabit

broadband communication services can be provided by
mmWave communications in the fifth generation (5G)
era [2]-[4]. To overcome high propagation loss in the
mmWave band, directional antennas are utilized to achieve
high antenna gain. Consequently, concurrent transmissions
are exploited to improve mmWave network capacity [5]-[7].
Thus, mmWave communications become an effective way to
realize low latency and high data rate communication in fog
computing systems.

Motivations: To realize fog computing, advanced tech-
niques such as multi-hop D2D relaying transmissions should
be leveraged [8], [9]. By establishing multi-hop D2D
transmission paths to the edge nodes, the advantages of
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D2D communications such as saving power and higher spec-
tral efficiency can be reaped to provide better services for
users [10], [11]. In [7], multi-hop D2D transmissions are
exploited to improve the flow throughput. On the other hand,
due to weak diffraction ability, mmWave links are sensitive to
blockages. Exploiting multi-hop D2D communications can
also improve link connection robustness since the length of
each D2D link is shorter as in [7]. In aregion, there are several
activity hotspots where users including pedestrians or vehi-
cles pass by frequently, such as restaurants, stadiums, tourist
attractions, and cinemas. During staying at the hotspots, pop-
ular content or data can be cached near the hotspots to accom-
modate the mobile traffic demands from users. Through the
multi-hop D2D transmission paths, popular content for users
can be cached via high data rate mmWave communication
at the edges nodes, and when users pass by this hotspot,
the cached content can be downloaded by users from the edge
nodes instead of from the base station. The edge nodes in our
system are deployed near the hotspots, and better user expe-
riences can be achieved through better channel conditions
between edge nodes and users. By caching popular content
at edge nodes in advance, users can obtain more content and
user experience can be improved significantly.

Considering the user mobile trajectories in the region,
the hotspots will have different “hot™ levels, i.e., users will
pass by some hotspots more frequently, while less frequently
for some hotspots. How to cache data near the hotspots to
maximize the user experience becomes a key problem, and
the statistical properties of user mobility should be considered
in the solution.

In this paper, we propose to exploit the multi-hop D2D
relaying in the mmWave band to cache content for mobile
users in a region consisting of multiple activity hotspots.
The base stations host the data centers at the edge of the
network. Furthermore, we deploy relay nodes from the base
station to the hotspots, and multi-hop D2D relaying in the
mmWave band is exploited to improve the expected total
amount of data received during their passing by the hotspots.
The relay nodes deployed near the hotspots are called edge
nodes in the system. The data content is downloaded from
the base station via the multi-hop D2D relaying of relay
nodes and cached at the edge nodes. In a fixed period,
the transmissions for caching at the edge nodes are scheduled,
and afterwards users can receive cached data from the edge
node when passing by the hotspots. Considering the mobile
users pass by the region through different hotspots, we try
to maximize the expected amount of data received by users
during passing by. Our novel contributions are summarized as
follows.

o We formulate the problem of optimal mobility aware
multi-hop D2D relaying in the mmWave band for
caching at edge nodes of hotspots as a stochastic non-
linear mixed integer programming problem to maxi-
mize the expected amount of data received during users
passing by. Under directional transmissions, concur-
rent transmissions are exploited to improve efficiency.
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The probabilities that users pass by the hotspots are
considered into the problem.

« We propose a multi-hop D2D relaying based caching
scheme, called MHRC (Multi-Hop Relaying based
Caching), which establishes the multi-hop D2D trans-
mission paths for edge nodes near the hotspots and
schedules the transmissions for caching at the edge
nodes. The probabilities that users pass by the hotspots
obtained from user mobile trajectories are explicitly con-
sidered in MHRC.

« Extensive evaluations on MHRC algorithm under vari-
ous system parameters are done. MHRC achieves sig-
nificantly better performance in terms of the expected
cached data amount compared with other existing
schemes. With the algorithm parameters optimized,
MHRC is able to achieve more than 1x higher expected
cached data amount.

The rest of the paper is organized as follows. In section II,
related works on directional protocols for WPANs or WLAN's
in the mmWave band are discussed. Section III introduces
the system model, and formulates the optimal problem of
maximizing the expected amount of data received during
users passing by the hotspots as a stochastic nonlinear mixed
integer programming problem. Section IV presents our pro-
posed MHRC scheme. Section V presents the performance
evaluation under various system parameters. In the light of
our results, we conclude this paper in Section VI.

Il. RELATED WORKS

There are some related works on content caching and distri-
bution in fog systems. Many works consider this aspect in the
context of Fog-Radio Access Networks (F-RAN) [19]-[23].
F-RAN extends the concept of C-RAN, and complements
it with part of radio functionalities close to users. Content
can be cached near users to serve users with low latency.
Tandon and Simeone [19] analyze the performance of the
F-RAN system focusing on the trade-off among latency,
caching, and fronthaul capacity metrics. Park ez al. [20] ana-
lyze the performance of hard and soft transfer modes in the
F-RAN system to serve content to users. Hung et al. [21] ana-
lyze which content to cache in the cloud and which content
to cache in the fog stratum based on the content features.
Xiang et al. [22] consider that the content can be cached
over the user equipment. Then they maximize the energy
efficiency by mode selection and resource allocation in serv-
ing content to users. Three different communication modes
are considered, the device to device model, single serving
antenna, and coordination among antennas. Do et al. [23]
consider the management of content in a fog-based content
distribution network to optimize the content distribution from
the data centers to the fog nodes. The authors propose a
distributed proximal algorithm to solve the problem with a
small number of iterations. However, none of the schemes
above exploits the Gbps mmWave communication in the
multi-hop D2D transmission for efficient caching scheduling
in fog computing systems.

69359



IEEE Access

Y. Niu et al.: Mobility-Aware Caching Scheduling for Fog Computing in mm-Wave Band

There are already some works on directional protocols for
WPANSs or WLANSs in the mmWave band [5]-[7], [12]-[14],
[18], [24]-[29]. Cai et al. [24] proposed the REX scheduling
scheme (REX) based on the exclusive region (ER) conditions
that concurrent transmissions always outperform time divi-
sion multiple access (TDMA). Qiao et al. [12] proposed a
concurrent transmission scheduling algorithm to maximize
the number of flows with the throughput requirement of
each flow satisfied. Furthermore, a multi-hop concurrent
transmission scheme is proposed to address the link outage
problem (blockage) and combat huge path loss to improve
flow throughput [25]. Son et al. [14] proposed a greedy
coloring algorithm in the frame based directional MAC pro-
tocol (FDMAC) to exploit concurrent transmissions for high
efficiency. Singh et al. [13] exploited multi-hop relay to over-
come blockage in the multi-hop relay directional MAC proto-
col (MRDMAC). Niu et al. [26] proposed a joint scheduling
scheme for the radio access and backhaul of small cells in the
mmWave band, where D2D communications are exploited to
improve the system performance. In [27], two-hop relaying is
adopted to overcome the blockage problem in the mmWave
WPANS, and concurrent transmissions and relay selection
are optimized jointly to improve the network throughput.
Chen et al. [28] proposed a directional cooperative MAC
protocol to coordinate the uplink channel access of an IEEE
802.11ad WLAN. Based on IEEE 802.11 ad, Chen et al. [18]
proposed a spatial reuse strategy to schedule two different SPs
to overlap with each other, and also analyzed the performance
of the strategy with the difference between idealistic and
realistic directional antennas considered.

Some works are on utilizing the mmWave communications
for wireless backhauling. In [17], an energy efficient schedul-
ing scheme was proposed for the backhauling of small cells
in the mmWave band, where concurrent transmissions are
exploited to reduce energy consumption via power control.
To control the interference between links, the contention
graph and maximum independent set are utilized to
fully unleash the potential of concurrent transmissions.
Zhu et al. [30] proposed the Regret Benefit Ratio Sched-
uler (RBRS) that is able to maximize the number of links
with their QoS requirements satisfied. Furthermore, we also
propose a distributed scheme under CSMA/CA, where the
regret benefit ratio (RBR) is implemented by prioritizing
MAC contention window. In [31], the distributed maximum
QoS-aware (DMQ) scheduling algorithm is proposed for the
mmWave backhaul network of small cells to maximize the
system throughput while satisfying QoS requirements for
each flow.

With large bandwidth available in the mmWave band,
Gbps data rates can be supported in the mmWave band, and
mmWave communications can achieve efficient transmission
for caching in fog systems. Furthermore, concurrent trans-
missions can be exploited to improve caching efficiency due
to less interference in the mmWave band. To the best of our
knowledge, we are the first to exploit multi-hop D2D com-
munications and concurrent transmissions in the mmWave
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band to improve the caching efficiency in the fog computing
system.

Downloading link @ Hotspot
© Relay node
@ Edge node

77777 > Relay link

/

FIGURE 1. Multi-hop D2D caching for hotspots in fog computing systems.

Ill. SYSTEM MODEL AND PROBLEM FORMULATION

A. SYSTEM MODEL

In Fig. 1, we illustrate the multi-hop D2D caching at edge
nodes for hotspots in fog computing systems. Fog extends
the central cloud from the data center to the edge of networks.
The fog consists of the base station (BS) and some relay nodes
(REs). The relay nodes near the hotspots are called the edge
nodes. The base station (BS) communicates with the edge
nodes through the multi-hop relaying via the relay nodes in
the mmWave band.

There is one base station in the system, and several hotspots
in the service region. The base station is denoted by Bs.
System time is partitioned into time slots of equal length, and
K time slots are allocated for content caching at edge nodes
near hotspots. The caching transmission is scheduled by the
base station. For each hotspot, a multi-hop D2D relay path
from the base station to the edge node is established, and the
content is cached through the multi-hop transmission from
the base station to the edge node. We denote the set of relay
nodes including the edge nodes in the system by V. The set
of hotspots is denoted by U. For each user, which may be a
pedestrian or a car, the set of hotspots it passes by is denoted
by Up. We know Uy € U. For each hotspot u € U, we denote
its edge node by s,, and the user stays at the hotspot for t,
time slots.

The system time is partitioned into non-overlapping time
slots of equal length, and the BS synchronizes the clocks
of REs. Equipped with electronically steerable directional
antennas, directional transmissions are supported between
any pair of BS and REs. Besides, we assume all nodes are
half-duplex, i.e., each node has at most one connection with
another node simultaneously. Multi-hop D2D paths are estab-
lished for each hotspot, and we call the nodes on the paths
by D2D relays, which are shown as the orange circles in the
figure. When users pass by the hotspots in this region, users
can download the cached data from the edge nodes (green
circles) near the hotspots (red circles). We also use the red
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circles outside the hotspots to represent how hot the hotspot
is, i.e., the probability that users will pass by the hotspot.
Larger circles means larger probability.

The transmissions for caching at the edge nodes near the
hotspots are scheduled in a frame consisting of finite time
slots. In the system, the BS makes the scheduling decisions
for caching at the edge nodes, and pushes the scheduling
decisions to the relay nodes to establish the multi-hop D2D
paths. With the schedule obtained, the relay nodes start trans-
missions for caching at the edge nodes according to the sched-
ule. The scheduling decisions will be updated periodically
considering the different patterns of users passing by the
region in different periods like weekends and weekdays.

We denote the directional link from node i to j by (i, j).
Then according to the path loss model, the received power at
node j for (i, j), denoted by Pfj (mW), can be obtained as

Pj; = koG (i, NGr(i, Dl " Py, (1)

where P; (mW) is the transmission power, ko is a constant
coefficient and proportional to (f—ﬂ)2 (A denotes the wave-
length), G,(i,j) is the transmit antenna gain of node i in
the direction from node i to j, and G,(i,j) is the receive
antenna gain in the direction from node i to j, /;; (m) is the
distance from transmitter i to receiver j, and y is the path loss
exponent [12].

Since directional transmissions, there is less interference
between links, and concurrent transmissions of links can be
exploited to improve network capacity [12]. If link (, v) and
link (i, j) are scheduled concurrently, the interference power
at node j from node u can be obtained as

Luij = pkoG(u, Gr(u, Plyj ™" Py, @

where p is related to the cross correlation of signals from
different links [12].

We denote the set of links scheduled concurrently with link
(i, )) by C;j. Then the received signal to interference plus noise
ratio (SINR) at receiver j can be expressed as

. koGi(i, )Gy (i )l " Py
PUONoW o Y koGrlu )Gr(u Dl Py
(u,v)eCj;

where W (Hz) is the bandwidth and Ny (mW/Hz) is the one-
sided power spectra density of white Gaussian noise [12].
Considering the reduction of multipath effect for directional
mmWave links [13], the achievable data rate for link (7, j) can
be obtained according to Shannon’s channel capacity as

3

R;j = nWlog,

koG (i, NG (i, Dl Py

+ - - —
NoW +p 3 koG (u, )G(u, j)lyj 7 Py
(M,V)E(C,:,‘

)

“

where n € (0, 1) depicts the efficiency of the transceiver
design [12].
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B. PROBLEM FORMULATION

We define a binary variable bf-‘. to indicate whether link (i, j)
is scheduled in the kth time slot. Then we can obtain the
transmission rate of link (i, j) at the kth time slot as

Rg- = nWlog,

bikoGi(i, NGr (i, ™ Py

NoW +p 3= bl koG (u, )Gy (ut, Dl Py
(u,v)

x |1+

)

&)

For each hotspot u € U, the number of hops of the relay
path for u is denoted by H,,, and the receiver of the jth hop is
denoted by wj(u). The duration of each time slot is denoted
by A. For the jth hop, the maximum amount of data cached
at wj(u) can be obtained as

K
k
Dy = Y Ry, A ©)
k=1

For the hotspot u, we denote the amount of data the user
received by D,,. Then for a particular user, the total amount of
data received during its passing by this region can be obtained

as »_ D,.Then for multiple users, the expected total amount
uely
of data received during their passing by this region can be

obtained as E( )_ D,), where E(-) denotes the expectation
uelUy
operation.

To optimize the user service, the amount of cached data
received during its passing by should be maximized. There-

fore, the objective function to be maximized is E( Y_ D,).
MGU()
We now consider the system constraints. First, due to the half-

duplex assumption, each node has at most one connection
with one neighbor, i.e., adjacent links cannot be scheduled
concurrently, which means that,

bﬁv + bg» < 1, if link (u,v) and (i, j) are adjacent,
Yuv,ijeVUB;. (7)
Second, due to inherent transmission order, the preceding

hops on the relay path for each hotspot should be scheduled
ahead of hops behind, which can be expressed as,

K* K*

k k
Y B s Z D Py
k=1 k=1

Vji>2,uelUy, K*e{l,---,K}, (8

where K* varies from 1 to K.
Third, the amount of data the user receives at the
hotspot cannot exceed the maximum amount of data it can

receive, i.e.,
D, < Rsuufu, Yu € Uy, ©)

where R;,, is the transmission rate from the edge node to the
hotspot u.

69361



IEEE Access

Y. Niu et al.: Mobility-Aware Caching Scheduling for Fog Computing in mm-Wave Band

Fourth, the amount of data the user receives at the hotspot
is determined by the amount of cached data by nodes on the
relay path, and thus D,, cannot exceed the maximum amount
of data that can be cached by each hop on the relay path,
which can be expressed as

D, < Dw]-(u)a 1<j<H, Vuc Up. (10)

Therefore, the optimal multi-hop D2D relay caching prob-
lem for users (P1) can be formulated as follows.

(P1) max E(Z D).
MEUQ

s. t. Constraints(7)—(10). (11

In Problem P1, the parameters for users passing by the
region, Ug and t,, are random variables. Besides, there are
also nonlinear terms in constraints (9) and (10) due to the
equation (5) for transmission rate. We can observe that D,, is
a real variable, and bf.‘j is a binary variable. Therefore, prob-
lem P1 is a stochastic nonlinear mixed integer programming
problem, which is NP-hard [14], [15]. Obtaining the optimal
solution requires full information regarding the statistical
properties of user mobility trajectories, and the exhaustive
search is needed generally, which requires much computation
time. In the next section, we propose a heuristic multi-hop
D2D relay caching scheme to achieve excellent performance
with low complexity.

IV. THE MHRC SCHEME

In this section, we propose a mobility aware relaying based
caching scheme. First, we introduce the relay path planning
algorithm to establish the multi-hop relay paths for edge
nodes near the hotspots. Then, the caching scheduling algo-
rithm is presented to schedule the transmissions for caching at
the edge nodes near the hotspots. In the scheduling algorithm,
the probabilities that users pass by the hotspots obtained from
the user mobile trajectories are explicitly considered, and the
hotspots with higher probabilities are scheduled first. Finally,
the data updating algorithm is proposed to obtain the actual
data amount cached at the edge nodes.

A. MOBILITY-AWARE RELAY PATH PLANNING

For each hotspot u, we first choose its nearest RE as the edge
node s, for the best channel conditions. Then we establish a
multi-hop transmission path from the BS to s, with prede-
termined hop number, borrowing the design ideas of Dijkstra
Algorithm [16]. If the found path’s hop number does not equal
to the predetermined one, we remove the path, and find a new
path with the right hop number.

We denote the BS in the network by B, and the edge
node s, by E. The set of selected paths is denoted by P,
and the hop number for each path p € P is denoted by H,.
For each path p € P, we denote the last node on p by
L,. Besides, we denote the set of visited nodes in planning
by Ny. The selected path from B to E is denoted by p.,
and the predetermined hop number for p, is denoted by H..
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We also denote the minimum distance from E to other nodes
in V by [gy, to indicate whether there exists the path to E.
If Igy equals to infinity, no path exists from By to E with
H, hops.

Algorithm 1 Mobility-Aware Relay Path Planning
Algorithm

1 Input: The set of REs in the cell, V;

2 The predetermined hop number for p,, H,;

3 Function p,=PathPlanning (V, H,, E)

4 Inmitialization: Ny = {B;},P=0,p, =0, gy =0,

Vini = V;

5 while £ ¢ Ny and lgy # oo do

6 for each node i € Ny do

7 Find the relay node v € V with the shortest

distance to node i;

8 | ri=hi,ci=w;

9 Find the node s € Ny with the minimum ry;

10 if s == B, then

1 p =1{Bs — ¢}

12 | P=PUp;

13 else

14 Find the path pg € P with L,, = s;

15 Obtain p by extending pg to c5, p = {po — ¢s};
16 | P=PUp;

17 if c;, == E then

18 if H, == H, then

19 Lp*zp,szNVUE;
20 else
21 L P =0;lg; = 00; Ny = {Bs}; V = V3
22 else
23 LNv=Nvucs,V=V—CS;
24 Update the shortest distance from E to other nodes

L inV,lgy;

25 Return p,.

The pseudo-code of the mobility-aware relay path planning
algorithm is presented in Algorithm 1. The algorithm can
be represented as a function PathPlanning, as in line 3.
The algorithm iteratively searches for the relay path with
predetermined hop number H, until the path is found or there
is no path that can be found, as indicated in line 5. Then
the algorithm extends to find the next node with the mini-
mum distance to one of the visited nodes, as in lines 6-9.
If the visited node is B, a new path from B; to the next
node is generated, and included in P, which is indicated
by lines 10-12. If the visited node is not By, the algorithm
finds the corresponding path that the visited node is on, and
extends the path to the next node, as shown in lines 14-16.
If the newly added or extended path goes to the edge node E,
the algorithm examines the hop number of the path, and if the
hop number is H,, the relay path p, is obtained and returned
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as in lines 17-19. Otherwise, the algorithm sets the distance
of the last hop on p, Ig;, to infinity, which disables the link
being on the relay path. Then the algorithm will search for
the possible path again after setting Ny, V, and P as initial
values. If the newly added or extended path does not go to the
edge node, the next node will be added to Ny, and removed
from V. The minimum distance from E to other nodes in V,
lgv, 1s updated in line 24. Line 25 returns the obtained D2D
path p,.

From Algorithm 1, we can infer that the outer while loop
has no more than 2|V]| iterations, and the inner for loop has
at most |V| iterations. Consequently, the worst case com-
putational complexity of Algorithm 1 is O(|V|?), which is
achievable in practice.

B. CACHING SCHEDULING

After establishing the relay paths from the BS to the edge
nodes for the hotspots by the relay path planning algorithm,
we propose a caching scheduling algorithm to schedule the
transmissions for caching at the edge nodes.

1) CONCURRENT TRANSMISSION CONDITIONS

To improve system performance, concurrent transmissions
are exploited in caching scheduling. On the other hand,
interference between links should be controlled. To enable
concurrent transmissions, we require the interference each
concurrent link suffers should be less than a predetermined
value. Concretely, for a concurrent link set V, the following
condition should be met before link (i, j) is added to V.

Yl <0 -Pr for each (x,y) € VU{G, )},
(u,)EVU{(, )}
(12)

where we use o to characterize the interference threshold.
In this way, the interference among concurrent links is con-
trolled. In the following, if one link cannot be added into one
concurrent link set for concurrent transmissions, i.e., the con-
current transmission conditions are not satisfied, we denote
that this link has contention with links in the set. Due to
the half-duplex assumption, adjacent links will always have
contention between each other, and thus cannot be scheduled
concurrently as in constraint (7).

2) CACHING SCHEDULING ALGORITHM

The caching scheduling algorithm iteratively schedules the
transmissions for links on the relay paths from the BS to the
edge nodes into each time slot. To maximize the amount of
cached data, the algorithm tries to schedule the transmissions
with as much data as possible. If the cached data amount
cannot be scheduled successfully within K time slots, it will
be reduced by multiplying a shrinking factor, which is smaller
than 1. Besides, the algorithm tries to establish relay paths for
edge nodes with as more hops as possible, and if relay paths
with more hops cannot be scheduled successfully, the hop
number will decrease. In each time slot, concurrent trans-
missions of links are enabled if the concurrent transmission
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conditions are satisfied. The algorithm schedules the trans-
missions for caching at edge nodes in decreasing order of the
probabilities that users pass by the hotspots, and the algorithm
terminates until all edge nodes for hotspots are examined.

First, we introduce the notations in the caching scheduling
algorithm. For each hotspot u € U, we denote the proba-
bility that users pass by as f(u), and the probability vector
is denoted by f. The probabilities for users are obtained
via statistics methods from a large amount of user mobility
trajectories in the region. Considering the probabilities are
different in different days, e.g., the probabilities are different
on weekdays and weekends, the probabilities will be updated
every single day. We can also obtain the expected stay time
of users at each hotspot, and for each hotspot u € T,
the expected stay time is denoted by 7,, and the expected
stay time vector of users at hotspots is denoted by t. The
maximum hop number for the relay paths from the BS to the
edge nodes is denoted by H,,. The hop number for the relay
path from the BS to s, is denoted by H,,. For the edge node
sy, the relay path from the BS to s, is denoted by p,,. The hth
hop link on p, is denoted by pﬁ. For pﬁ, the last time slot it
occupies for transmission in the schedule is denoted by kfl’
The start time slot of p for transmission in the algorithm is
denoted by sﬁ, andif h =1, sﬁ is equal to kul] + 1, where kul[
is the last time slot the previous scheduled link Pblq occupies
for transmission. If # > 1, s is equal to k"' + 1. For each
hotspot u, the number of remaining available time slots is
denoted by r,. Correspondingly, the vector for U is denoted
by r. The estimated amount of data cached at the edge node
for hotspot u is denoted by D]/, and the corresponding vector
is denoted by D. In the caching scheduling algorithm, K time
slots are allocated for caching scheduling. In the kth time slot,
the set of links scheduled for transmission in this time slot is
denoted by V*.

The pseudo-code of caching scheduling algorithm is pre-
sented in Algorithm 2. First, the set of links in each time slot is
initialized to an empty set, as shown in line 3. The algorithm
schedules the transmissions for caching at each edge node
in decreasing order of the probabilities that users pass by
the hotspots until all the edge nodes are examined, as shown
in lines 4-5. In line 6, the expected maximum amount of
data that can be received by users passing by the hotspot is
obtained, which is also the initial value of the amount of data
cached at the edge node D). In line 7, the hop number for
the edge node of hotspot u is initialized to the maximum
hop number, H,. In lines 8-34, the algorithm establishes
relay paths with as more hops as possible, and schedules the
transmissions for links on the relay path into appropriate time
slots.

a: RELAY PATH GENERATION

In line 9, the path planning function generates the relay path
of H, hops from the BS to the edge node s, if H, is larger
than 1. Otherwise, D], decreases by multiplying a shrinking
factor B as in lines 35-36, and the algorithm tries to establish

69363



IEEE Access

Y. Niu et al.: Mobility-Aware Caching Scheduling for Fog Computing in mm-Wave Band

Algorithm 2 Caching Scheduling Algorithm

1 Input: The set of hotspots U, the set of REs V;
Probability vector f for U; Expected stay time vector T
for U;

2 The maximum hop number H,,; Interference
threshold o, the shrinking factor g;

3 Initialization: r = 0, D = 0, k=0, P = @; Set VX = ¢J;

4 while |[U| > 0do

5 Find the edge node s, with the maximum f (u);
6 DZ = Rsuu * Tus
7 Hy, = Hy;
8 while H, > 1 do
9 pu=PathPlanning (V, H,, s,);
10 if p, # 0 then
11 Obtain the rate of p}, with the maximum
possible interference, RY;
1 ra=K =Y e gl n=1,
13 if r, > 0 then
14 while 2 < H, do
15 Obtain the start time slot for pz, sﬁ;
16 Obtain the needed time slots for pﬁ,
T,f‘ = %;
17 Set k’=sﬁ, T, =0;
18 while k' <K, Ty < T! andr, > 0
do
19 Set V,k/ = Vk/;
20 Check whether p has contention
with links in V¥';
21 if FALSE then
22 Vt"/ = Vtk/ Upﬁ;
23 Ti=Ts+ 1k =k' +1;
24 else
25 | ru=ra— LK =k +1;
26 if r, > 0 and k' < K then
27 L Go to line 36 for the next hop;
28 else
29 H,=H,—1,
30 Go to line 13 for a new path;
31 | h=h+1;
32 B Update all vk by V,k; P=PUpy;
33 else
3 | Hu=H,—1;
35 if H, == 1 then
% D} = |D} - Bl;
37 if D;; == 0 then
38 L Go to line 46 for the next hotspot;
39 B Go to line 12 with less caching data;
40 uy = Uu,

a | U=U-u

42 Return V¥ for each time slot, and IP for relay paths.
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relay paths with the new D), as in line 39. If D) decreases to 0,
which indicates the scheduling for caching at this edge node
is failed, the algorithm will start to schedule the transmission
for caching at the next edge node of the corresponding hotspot
as in lines 37-38. If the generated path is not empty, the algo-
rithm calculates the transmission rate of links on the path
with the maximum possible interference considered, i.e., the
interference is equal to o - P;. Then the algorithm obtains the
remaining number of time slots for sy, r,,. If the generated path
is empty, H, decreases by 1, and a new path will be generated.
If r, > 0 in line 13, which indicates transmissions on the
relay path may be scheduled successfully by the algorithm,
the algorithm starts the scheduling for links on the relay
path from previous hops to hops behind, as in lines 14-31.
In line 15 and 16, the algorithm obtains the start time slot
and the number of needed time slots for p, s and T".
Then in line 17, the algorithm tries to schedule the trans-
mission for the /4 hop link on p,, pﬁ, and T, is defined to
record the number of successfully scheduled time slots for
pﬁ. As in line 18, the algorithm iteratively schedules the
transmission for pﬁ into multiple time slots until enough time
slots are scheduled or there are not enough time slots for p’.
Inline 19, V,k/ is defined to record the temporary value of V¥ .
In line 20, the algorithm checks whether pﬁ has contention
with links already in this time slot. If there is no contention,
pﬁ will be added to this time slot in line 22; otherwise, pﬁ will
not be scheduled into this time slot, and the next time slot will
be examined in line 25. In line 26, when the transmission for
pﬁ has been scheduled successfully, the algorithm executes
line 31 for the scheduling of the next hop. If the scheduling
for this hop fails, the hop number H, decreases, and a new
path with fewer hops is generated as in lines 29-30. After the
scheduling for hops on py, all V¥ are updated by V¥, and the
generated relay path is included into P as in line 32.

b: SCHEDULING RESULTS OUTPUT

In line 40, the hotspot whose caching transmission has been
scheduled successfully is recorded by u; for the calculation
of r, in line 12 and s" in line 15. The examined hotspot is
removed from U in line 41. In line 42, the scheduling result
for each time slot V* and the set of generated relay paths for
hotspots P are returned.

For Algorithm 2, we can observe that the while loop in
line 4 has no more than |U] iterations, and the while loop in
line 8 has at most H,, iterations. Considering the complexity
of Algorithm 1, the worst case computational complexity for
Algorithm 2 is O(H,,|U||V|?), which can be implemented in
practice.

3) DATA UPDATING ALGORITHM

Due to the factual interference, the transmission rates of links
can be improved, and the actual data amount that can be
cached should be updated. In the following, we propose a
data updating algorithm to calculate the actual data amount
cached at each edge node. For the memory at each edge node,
the amount of data that can be cached at each edge node is
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limited by the transmission rate of the mmWave link between
the edge node and the user, and the stay time of the user.
Besides, the amount of data that can be cached is also limited
by the limited number of time slots for scheduling. Thus,
we assume the memory at each edge node is enough to cache
the data.

The amount of data cached at the edge node s, is denoted
by D'y, and the corresponding vector for all edge nodes
is denoted by D’. First, the algorithm calculates the actual
transmission rate of each link on the relay paths with the
interference between links considered. Then, according to
the scheduling results from Algorithm 2, it obtains the data
amount that can be transmitted by each link on each relay
path, and the minimum value of the data amounts on the same
relay path is recorded as the data amount that can be cached
at the corresponding edge node.

Algorithm 3 Data Updating Algorithm

1 Input: The set of scheduled links for each time slot vk,
The total number of time slots K ;
Set of relay paths P;

Initialization: k = 0, D’ = 0;

while k£ < K do

k=k+1;

for each link i € V¥ do

Obtain its transmission rate with factual
L interference considered, R’ f

W N A N AW N

9 for each node u € U do
10 Obtain p, from P;
11 for each hop pﬁ on p, do

12 Set D', = 0;

13 for each active time slot k do
k

14 | D =D+ Ry - A

15 D), = min{ D', };
h
A

16 Return caching data amount D', for each hotspot u.

The pseudo-code of the data updating algorithm is pre-
sented in Algorithm 3. From line 5 to line 8, the algorithm
obtains the actual transmission rate of links scheduled for
transmission in each time slot. From line 9 to line 15, the algo-
rithm obtains the data amount that can be cached at each
edge node. According to the scheduling results, the algorithm
obtains the active time slots for each link on each relay path,
and the data amount that can be transmitted by this link is
calculated as in lines 13—14. The active time slots means the
time slots when the link is scheduled for transmission. Then
with the data amount that can be transmitted by each link on
the relay path, D', the data amount that can be cached at
the edge node s, can be obtains as D), = min{D',;}, as in

Pl
line 15. Finally, the caching data amount for each hotspot D',
is returned.
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Considering lines 5-8 and the three for loops in the algo-
rithm, the computational complexity of the data updating
algorithm is O(T'|V|/2 + T H,,|U]), which is low and can be
implemented in practice. Therefore, the overall complexity of
MHRC is O(H,,|U||V|?) since the complexity of Algorithm 2
is much higher than that of Algorithm 3. As stated before,
the probabilities of hotspots users pass by will be updated
every single day, and once the scheduling decisions are made
for the hotspots, caching at the edge nodes can be completed
in K time slots. Thus, MHRC can be implemented offline,
and update the scheduling decisions every single day, which
indicates MHRC is feasible in practice.

V. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our proposed
MHRC under different system settings based on real world
mobility scenarios.

A. EVALUATION SETUP
In the evaluation, we collect 100 real world user (pedestrian)
mobility trajectories in a square region of 300m x300m: at the
campus of Beijing Jiaotong University, and the probabilities
of hotspots users pass by and the expected stay time of
users at each hotspot are obtained from the user trajectories.
We assume the BS is located in the center of the area, and
several REs are deployed in the area with Poisson distribu-
tion. In the evaluation, the widely used realistic directional
antenna model is adopted, which is a main lobe of Gaussian
form in linear scale and constant level of side lobes [18]. The
gain of a directional antenna in units of decibel (dB), denoted
by G(9), can be calculated as,

Go —3.01 - ( 20 )2 0° <0 <6m/2;

GOY=1""""" e T T T a3
G, Omi /2 < 6 < 180°,

where 6 denotes an arbitrary angle within the range
[0°, 180°], 6_34p denotes the angle of the half-power
beamwidth, and 6,,; denotes the main lobe width in units of
degrees. The relationship between 6,,; and 0_34p is 6,y =
2.6 - 0_34p. Gp is the maximum antenna gain, and can be

obtained by Gp = 101log (ﬁidfﬂ))z' The side lobe gain,

Gy, can be expressed as G = —0.4111-1n(6_345) — 10.579.
The default evaluation parameters are summarized in Table 1,
and we investigate the performance of MHRC under different
system parameters.

In this evaluation, we compare our proposed MHRC with
other two schemes to show the advantages of multi-hop D2D
caching and concurrent transmissions in our scheme.

1) UNICAST
In the unicast scheme, the BS transmits to the user directly
when the user passes by and stays at the hotspots.

2) CACHUNI
In the CachUni scheme, caching is adopted, but the cached
data is transmitted directly from the BS to the edge node.

69365



IEEE Access

Y. Niu et al.: Mobility-Aware Caching Scheduling for Fog Computing in mm-Wave Band

TABLE 1. Simulation parameters.

Parameter Symbol Value
System bandwidth w 2160 MHz
Background noise No -134dBm/MHz
Path loss exponent 0 2

Transmission power P, 30 dBm
Time slot duration A 1s
Half-power beamwidth 0_34B 30°
Efficiency of the transceiver design n 0.5
Shrinking parameter 154 0.9
Maximum number of hops H,, 8
Interference threshold o 10—10
Rely node number [V] 30
Number of time slots K 5400

The transmissions of caching for the hotspots with the higher
probability are scheduled first.

Considering the objective function of (11), the perfor-
mance metric in our evaluation is the expected amount of
data cached during the users passing by, i.e., E( Y. D).

uely
In the results below, this metric is denoted by E(D) in the

unit of bit. Besides, we also evaluate the energy efficiency
of different schemes, which is the expected amount of data
cached divided by the total consumed energy consumption.

x10'°

=O~-MHRC
=& CachUni
=O- Unicast

E(D) (bit)

FIGURE 2. The expected cached data of the three schemes under
different shrinking factor g.

B. RESULT ANALYSIS

In Fig. 2, we plot the expected cached data of the three
schemes under different 8. From the results, we can observe
that MHRC achieves the best performance in terms of the
expected caching data amount. The gap between MHRC and
the CachUni scheme is due to the multi-hop D2D caching
and concurrent transmission mechanisms in our scheme. For
the unicast scheme, where caching is not enabled, the perfor-
mance is even worse. Since the shrinking factor B represents
the ratio of remaining data amount after the original data
amount cannot be transmitted successfully in Algorithm 2,
when B is small, the estimated data amount for each edge
node decreases too quickly, and the achieved caching data
amount is low. Thus, with the increase of 8, the expected
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caching data amount of MHRC increases. When g increases
to 0.7, the system approaches to saturation, and the per-
formance keeps stable since the data amount will always
decrease to the saturation value. When 8 is equal to 0.9, our
scheme improves the expected cached data amount by about
142% compared with the CachUni scheme.

x10"

=O- MHRC
=& CachUni
= Q- Unicast

E(D) (bit)

=A== A = =A== A= e = =L == A=

FIGURE 3. The expected cached data of the three schemes under
different maximum hop numbers.

In Fig. 3, we plot the expected cached data of the three
schemes under different maximum hop numbers. We can
also observe that our scheme achieves the best performance
among three schemes. With the increase of the maximum hop
number, our scheme achieves higher expected caching data
amount, which indicates multi-hop D2D relaying improves
the performance. When the maximum hop number increases
to 5, the system performance approaches the saturation since
the number of time slots is limited and more hops means more
links to be scheduled.

12

R
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10 15 20 25 30 35 40
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FIGURE 4. The expected cached data of the three schemes under
different transmission power.

In Fig. 4, we plot the expected cached data of the three
schemes under different transmission power. To show the
performance gap between different schemes more clearly,
we show the results with the Y-axis using the logarithmic
coordinates. We can also observe the superior performance
of MHRC compared with other two schemes. The expected
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caching data amount increases with the transmission power,
which is obvious since more transmission power leads to
higher transmission ability, and more data can be cached at
the edge node.

11
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FIGURE 5. The expected cached data of the three schemes under
different relay numbers.

In Fig. 5, we plot the expected cached data of the three
schemes under different relay numbers. Generally, we can
observe that MHRC achieves higher expected caching data
amount with more relay nodes deployed. With more relay
nodes deployed, the distance between relay nodes is shorter
on average, and higher transmission rates of links can be
achieved. Since the relay number only has impact on the
location of the edge nodes in CachUni, the performance of
CachUni is not affected by the relay number too much. When
the number of relay nodes is 40, our scheme improves the
expected cached data amount by about 283% compared with
the CachUni scheme.

0 %107
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Energy Efficiency (bit/J)
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iy ———
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FIGURE 6. The energy efficiency of the three schemes under different
relay numbers.

In Fig. 6, we plot the energy efficiency of the three
schemes under different relay numbers. From the results,
we can observe that the unicast scheme achieves the highest
energy efficiency. This is because without multihop relay-
ing transmission and caching, the unicast scheme consumes
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less energy although less cached data amount is achieved.
Compared with the CachUni scheme, our scheme can achieve
higher energy efficiency, and the results demonstrate the
superior performance of our scheme among caching based
schemes.

=O-MHRC
=& CachUni
12 =0+ Unicast

E(D) (bit)

log yg . . . . . .
20 30 40 50 60 70

FIGURE 7. The expected cached data of the three schemes under
different 6_z45.

In Fig. 7, we plot the expected cached data of the three
schemes under different 6_3;3. We can observe that our
proposed MHRC achieves the best performance in terms
of the expected caching data amount among three schemes.
When 6_34p increases, the antenna gain decreases, and the
transmission rate decreases. Consequently, the expected data
amount decreases.
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FIGURE 8. The expected cached data of the three schemes under
different thresholds o.

We plot the expected cached data of the three schemes
under different interference thresholds o in Fig. 8. The inter-
ference threshold o is shown with the logarithmic coordi-
nates. Since concurrent transmissions are disabled in the
CachUni and the Unicast scheme, their performance does not
change with 0. For MHRC, when the interference thresh-
old is small, the conditions for concurrent transmissions are
rigid, and the advantages of concurrent transmissions are
not exploited fully. Thus, the expected caching data amount
is relatively low. With higher interference threshold, more
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concurrent transmissions can be enabled to improve perfor-
mance, which leads to the increase of the expected caching
data amount in the curve of MHRC. When the interference
threshold increases further, the advantages brought by con-
current transmissions are counteracted by the interference
between links, and the performance of MHRC becomes sta-
ble. To achieve a relatively high performance, the default
value of o is 10710 as in Table 1.
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FIGURE 9. The expected cached data of the three schemes under
different number of time slots K.

In Fig. 9, we plot the expected cached data of the three
schemes under different number of time slots K. We can
observe that our scheme achieves the best performance, and
the expected caching data amount increases with the num-
ber of time slots K. With more time slots available, more
transmissions for caching at the edge nodes can be scheduled,
and higher caching data amount can be transmitted. When
the number of time slots is 10800, our scheme improves the
expected cached data amount by about 133% compared with
the CachUni scheme.
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FIGURE 10. The energy efficiency of the three schemes under different
number of time slots K.

In Fig. 10, we plot the energy efficiency comparison of
the three schemes under different number of time slots K.
We can observe that the results are consistent with those
in Fig. 6. Compared with the CachUni scheme, our scheme
also achieves better energy efficiency.
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C. ERROR ANALYSIS

Since our scheme relies on the trajectories of users, loca-
tions of the hotspots will have impact on the performance.
In this part, we investigate the impact of location error of
the hotspots on the performance. We assume the location
error (Ax, Ay) is added to the locations of hotspots, and

(Ax, Ay) is subject to two-dimensional normal distribution
0 c0

V(o) (5

0 , where Ax is the position error in X-

axis, and Ay is the position error in Y-axis, respectively.
In Fig. 11, we plot the expected cached data of the three
schemes under different location error. We can observe that
the expected cached data decreases with the position error
globally, which is consistent with intuitions. Besides, our
scheme outperforms the CachUni scheme when ¢ is less than
100. Since the unicast scheme transmits to the user directly
without using the positions of hotspots, its performance
doesn’t change with the position error. Thus, our scheme is
robust to the position error.
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FIGURE 11. The expected cached data of the three schemes under
different location error.
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FIGURE 12. The energy efficiency of the three schemes under different
location error.

In Fig. 12, we plot the energy efficiency of the three
schemes under different location error. We can observe that
the energy efficiency decreases with the position error glob-
ally, which is also consistent with intuitions. When the
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position error is less than 100, our scheme always performs
better than the CachUni scheme.

In summary, the above extensive results obtained in the
performance evaluation demonstrate our scheme MHRC is
able to achieve significantly higher expected caching data
amount compared with other two schemes. In terms of
energy efficiency, our scheme still outperforms the CachUni
scheme. The key mechanisms of our scheme are the uti-
lization of multi-hop D2D relaying and concurrent trans-
missions for caching with the user mobility trajectories
considered.

VI. CONCLUSION

In this paper, we proposed a mobility-aware and multihop-
D2D-relaying-based scheduling scheme for caching in
mmWave band of fog computing systems, called MHRC,
where multi-hop D2D paths are established for edge nodes
near the hotspots, and concurrent transmissions are exploited
to improve the system performance. We conduct extensive
performance evaluations under various system parameters,
and the results demonstrate MHRC achieves more than 1x
higher expected cached data amount compared with other
existing schemes. Due to weak diffraction ability, mmWave
links suffer the blockage problem from obstacles, and we will
address the blockage problem in the fog computing system in
the future.

REFERENCES

[1] F. Bonomi, R. Milito, J. Zhu, and S. Addepalli, “Fog computing and its
role in the Internet of Things,” in Proc. Ist Ed. MCC Workshop Mobile
Cloud Comput., 2012, pp. 13-16.

[2] S. Rangan, T. S. Rappaport, and E. Erkip, “Millimeter-wave cellular
wireless networks: Potentials and challenges,” Proc. IEEE, vol. 102, no. 3,
pp. 366-385, Mar. 2014.

[3] M. Elkashlan, T. Q. Duong, and H.-H. Chen, “Millimeter-wave commu-
nications for SG—Part 2: Applications [guest editorial],” IEEE Commun.
Mag., vol. 53, no. 1, pp. 166-167, Jan. 2015.

[4] Y. Niu, Y. Li, D. Jin, L. Su, and A. V. Vasilakos, “A survey of millimeter
wave communications (mmWave) for 5G: Opportunities and challenges,”
Wireless Netw., vol. 21, no. 8, pp. 2657-2676, 2015.

[5] L.X.Cai,L.Cai, X. Shen, and J. W. Mark, “REX: A randomized exclusive
region based scheduling scheme for mmWave WPANs with directional
antenna,” IEEE Trans. Wireless Commun., vol. 9, no. 1, pp. 113-121,
Jan. 2010.

[6] Y. Niu, C. Gao, Y. Li, L. Su, and D. Jin, “Exploiting multi-hop relaying
to overcome blockage in directional mmwave small cells,” J. Commun.
Netw., vol. 18, no. 3, pp. 364-374, Jun. 2016.

[71 J. Qiao, L. X. Cai, X. S. Shen, and J. W. Mark, “Enabling multi-
hop concurrent transmissions in 60 GHz wireless personal area net-
works,” IEEE Trans. Wireless Commun., vol. 10, no. 11, pp. 3824-3833,
Nov. 2011.

[8] Y.-D. Lin and Y.-C. Hsu, “Multihop cellular: A new architecture for
wireless communications,” in Proc. IEEE Conf. Comput. Commun.
19th Annu. Joint Conf. IEEE Comput. Commun. Societies (INFOCOM),
Tel Aviv, Israel, Mar. 2000, pp. 1273-1282.

[9] S. Wang, X. Huang, Y. Liu, and R. Yu, “CachinMobile: An energy-
efficient users caching scheme for fog computing,” in Proc. IEEE/CIC
Int. Conf. Commun. China (ICCC), Chengdu, China, Jul. 2016,
pp. 1-6.

[10] K. Doppler, M. Rinne, C. Wijting, C. B. Ribeiro, and K. Hugl, “Device-to-
device communication as an underlay to LTE-advanced networks,” IEEE
Commun. Mag., vol. 47, no. 12, pp. 42-49, Dec. 2009.

VOLUME 6, 2018

(11]

[12]

(13]

[14]

[15]
[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

(24]

(25]

(26]

(27])

(28]

(29]

(30]

(31]

Y. Zhao et al., “Social-aware resource allocation for device-to-device
communications underlaying cellular networks,” IEEE Trans. Wireless
Commun., vol. 14, no. 12, pp. 6621-6634, Dec. 2015.

J. Qiao, L. X. Cai, X. Shen, and J. W. Mark, “STDMA-based scheduling
algorithm for concurrent transmissions in directional millimeter wave
networks,” in Proc. IEEE Int. Conf. Commun. (ICC), Ottawa, ON, Canada,
Jun. 2012, pp. 5221-5225.

S. Singh, F. Ziliotto, U. Madhow, E. M. Belding, and M. Rodwell, ‘‘Block-
age and directivity in 60 GHz wireless personal area networks: From cross-
layer model to multihop MAC design,” IEEE J. Sel. Areas Commun.,
vol. 27, no. 8, pp. 1400-1413, Jun. 2009.

1. K. Son, S. Mao, M. X. Gong, and Y. Li, “On frame-based scheduling for
directional mmWave WPANS,” in Proc. IEEE INFOCOM, Orlando, FL,
USA, Mar. 2012, pp. 2149-2157.

D. Pisinger, “Where are the hard knapsack problems?” Comput. Oper.
Res., vol. 32, no. 9, pp. 2271-2284, 2005.

E. W. Dijkstra, “A note on two problems in connexion with graphs,”
Numer. Math., vol. 1, no. 1, pp. 269-271, Dec. 1959.

Y. Niu et al., “Energy-efficient scheduling for mmWave backhauling of
small cells in heterogeneous cellular networks,” IEEE Trans. Veh. Technol.,
vol. 66, no. 3, pp. 2674-2687, Mar. 2017.

Q. Chen, X. Peng, J. Yang, and F. Chin, “Spatial reuse strategy in mmWave
WPANs with directional antennas,” in Proc. IEEE Global Commun.
Conf. (GLOBECOM), Anaheim, CA, USA, Dec. 2012, pp. 5392-5397.
R. Tandon and O. Simeone, “‘Harnessing cloud and edge synergies: Toward
an information theory of fog radio access networks,” IEEE Commun. Mag.,
vol. 54, no. 8, pp. 44-50, Aug. 2016.

S.-H. Park, O. Simeone, and S. Shamai (Shitz), “Joint cloud and edge
processing for latency minimization in fog radio access networks,” in
Proc. IEEE 17th Int. Workshop Signal Process. Adv. Wireless Com-
mun. (SPAWC), Jul. 2016, pp. 1-5.

S.-C. Hung, H. Hsu, S.-Y. Lien, and K.-C. Chen, “Architecture harmoniza-
tion between cloud radio access networks and fog networks,” IEEE Access,
vol. 3, pp. 3019-3034, Dec. 2015.

H. Xiang, M. Peng, Y. Cheng, and H.-H. Chen, “Joint mode selection
and resource allocation for downlink fog radio access networks supported
D2D,” in Proc. 11th Int. Conf. Heterogeneous Netw. Qual., Rel., Secur.
Robustness (QSHINE), Aug. 2015, pp. 177-182.

C. T. Do, N. H. Tran, C. Pham, M. G. R. Alam, J. H. Son, and
C. S. Hong, “A proximal algorithm for joint resource allocation and
minimizing carbon footprint in geo-distributed fog computing,” in Proc.
Int. Conf. Inf. Netw. (ICOIN), Jan. 2015, pp. 324-329.

L. X. Cai, L. Cai, X. Shen, and J. W. Mark, “REX: A randomized exclusive
region based scheduling scheme for mmWave WPANs with directional
antenna,” IEEE Trans. Wireless Commun., vol. 9, no. 1, pp. 113-121,
Jan. 2010.

J. Qiao, L. X. Cai, X. S. Shen, and J. W. Mark, “Enabling multi-hop
concurrent transmissions in 60 GHz wireless personal area networks,”
IEEE Trans. Wireless Commun., vol. 10, no. 11, pp. 3824-3833, Nov. 2011.
Y. Niu, C. Gao, Y. Li, L. Su, D. Jin, and A. V. Vasilakos, “Exploiting
device-to-device communications in joint scheduling of access and back-
haul for mmWave small cells,” IEEE J. Sel. Areas Commun., vol. 33,
no. 10, pp. 2052-2069, Oct. 2015.

Y. Niu, Y. Li, D. Jin, L. Su, and D. Wu, “Blockage robust and efficient
scheduling for directional mmWave WPANS,”” IEEE Trans. Veh. Technol.,
vol. 64, no. 2, pp. 728-742, Feb. 2015.

Q. Chen, J. Tang, D. T. C. Wong, X. Peng, and Y. Zhang, “Direc-
tional cooperative MAC protocol design and performance analysis for
IEEE 802.11ad WLANS,” IEEE Trans. Veh. Technol., vol. 62, no. 6,
pp. 2667-2677, Jul. 2013.

S. Singh, R. Mudumbai, and U. Madhow, ‘“Interference analysis for
highly directional 60-GHz mesh networks: The case for rethinking medium
access control,” IEEE/ACM Trans. Netw., vol. 19, no. 5, pp. 1513-1527,
Oct. 2011.

Y. Zhu, J. Li, Q. Huang, and D. Wu, “Regret benefit ratio link scheduler for
wireless backhaul with directional antennas,” IEEE Trans. Veh. Technol.,
vol. 66, no. 11, pp. 10220-10232, Nov. 2017.

J. Li, Y. Zhu, and D. O. Wu, “Practical distributed scheduling for QoS-
aware small cell nmWave mesh backhaul network,” Ad Hoc Netw., vol. 55,
pp. 62-71, Feb. 2017.

69369



IEEE Access

Y. Niu et al.: Mobility-Aware Caching Scheduling for Fog Computing in mm-Wave Band

YONG NIU received the B.E. degree in electri-
cal engineering from Beijing Jiaotong University,
China, in 2011, and the Ph.D. degree in electronic
engineering from Tsinghua University, Beijing,
China, in 2016.

He is currently an Associate Professor with
the State Key Laboratory of Rail Traffic Con-
trol and Safety, Beijing Jiaotong University. From
2014 to 2015, he visited University of Florida,
Gainesville, FL, USA, as a Visiting Scholar. His
research interests are in the areas of networking and communications,
including millimeter-wave communications, device-to-device communica-
tion, medium access control, and software-defined networks. He received
the Ph.D. National Scholarship of China in 2015, the Outstanding Ph.D.
Graduates and Outstanding Doctoral Thesis of Tsinghua University in 2016,
the Outstanding Ph.D. Graduates of Beijing in 2016, and the Outstanding
Doctorate Dissertation Award from the Chinese Institute of Electronics
in 2017. He was a recipient of the 2018 International Union of Radio Science
Young Scientist Award. He has served as a Technical Program Commit-
tee Member for INCMC 2017, ICC 2018, VTC2018, WCNC 2019, and
ICC2019 and the Session Chair for IWCMC 2017 and AT-RASC 2018.

YU LIU is currently pursuing the B.E. degree in
electronic engineering from Tsinghua University,
Beijing, China. His research interests include wire-
less networks, edge computing, and optimization.

YONG LI received the B.S. degree in electronics
and information engineering from the Huazhong
University of Science and Technology, Wuhan,
China, in 2007, and the Ph.D. degree in electronic
engineering from Tsinghua University, Beijing,
China, in 2012. In 2012, he was a Visiting
Research Associate with Telekom Innovation Lab-
oratories. In 2013, he was a Visiting Research
Associate The Hong Kong University of Science
and Technology. From 2013 to 2014, he was Vis-
iting Scientist with the University of Miami, Miami, FL, USA. He is cur-
rently a Faculty Member of electronic engineering with Tsinghua University.
He has published more than 100 research papers and has 10 granted and
pending Chinese and International patents. His research interests are in the
areas of networking and communications, including mobile opportunistic
networks, device-to-device communication, software-defined networks, net-
work virtualization, and future Internet. He received the Outstanding Post-
doctoral Researcher, the Outstanding Ph. D Graduates, and the Outstanding
Doctoral Thesis of Tsinghua University, and his research is granted by the
Young Scientist Fund of Natural Science Foundation of China, the Postdoc-
toral Special Find of China, and the industry companies of Hitachi, ZET, and
so on. His Google Scholar Citation is about 440 with an H-index of 11, also
with more than 120 total citations without self-citations in Web of Science.
He has served as the Technical Program Committee (TPC) Chair for the
WWW Workshop of Simplex 2013 and several international workshops and
conferences. He is the Guest Editor of the Mobile Networks & Applications
(ACM/Springer) and the Special Issue on Software-Defined and Virtualized
Future Wireless Networks. He is currently an Associate Editor of the Journal
on Wireless Communications and Networking (EURASIP).

69370

ZHANGDUI ZHONG received the B.S. and M.S.
degrees from Beijing Jiaotong University (BJTU),
China, in 1983 and 1988, respectively. He is cur-
rently a Professor with BJTU and the Chief Scien-
tist with the State Key Laboratory of Rail Traffic
Control and Safety, BJTU. He is also the Direc-
tor of the Innovative Research Team, Ministry
of Education, and the Chief Scientist with the
Ministry of Railways, China. His research inter-
ests include wireless communications for railways,
control theory and techniques for railways, and global system for mobile
communications—railway. He received the Mao Yisheng Scientific Award
of China, the Zhan Tianyou Railway Honorary Award of China, and the Top
Ten Science/Technology Achievements Award of Chinese Universities.

BO Al received the M.S. and Ph.D. degrees
from Xidian University, China, in 2002 and
2004, respectively. He is currently a Full Pro-
fessor and the Ph.D. Degree Candidate Advisor
with the State Key Laboratory of Rail Traffic
Control and Safety, Beijing Jiaotong University,
China.

He is also the Deputy Director of the State
Key Laboratory of Rail Traffic Control and Safety.
He has authored/co-authored six books and pub-
lished over 230 academic research papers. He holds 21 invention patents.
He is an Institution of Engineering and Technology Fellow. He is an Asso-
ciate Editor of the IEEE TraNsacTIONs oN CoNsUMER ELECTRONICS and an
Editorial Committee Member of Wireless Personal Communications.

PAN HUI (M’04-SM’14-F’18) received the
B.Eng. and M.Phil. degrees from the Department
of Electrical and Electronic Engineering, The Uni-
versity of Hong Kong, and the Ph.D. degree from
the Computer Laboratory, University of Cam-
bridge. He was a Senior Research Scientist and
a Distinguished Scientist for Telekom Innovation
Laboratories, Germany, from 2008 to 2015. He has
been an Adjunct Professor of social computing and
networking with Aalto University, Finland, since
2012, and a Faculty Member with the Department of Computer Science and
Engineering, The Hong Kong University of Science and Technology, since
2013. Since 2017, he has been the Nokia Chair of data science and a Full
Professor of computer science with the University of Helsinki. During his
Ph.D. period, he was with Intel Research Cambridge and Thomson Research
Paris. He has published over 200 research papers with over 12 500 citations
and has around 30 granted/filed European patents. He has founded and
chaired several IEEE/ACM conferences/workshops. He has been serving
on the Organizing and Technical Program Committee of numerous interna-
tional conferences, including the ACM SIGCOMM, IEEE Infocom, ICNP,
SECON, MASS, Globecom, WCNC, ITC, IICAI, ICWSM, and WWW.
He is an Associate Editor of the IEEE TRANSACTIONS ON MOBILE COMPUTING
and the IEEE TransacTioNs oN CLoup CompPUTING, the Guest Editor for the
IEEE Communication Magazine, and an ACM Distinguished Scientist.

VOLUME 6, 2018



	INTRODUCTION
	RELATED WORKS
	SYSTEM MODEL AND PROBLEM FORMULATION
	SYSTEM MODEL
	PROBLEM FORMULATION

	THE MHRC SCHEME
	MOBILITY-AWARE RELAY PATH PLANNING
	CACHING SCHEDULING
	CONCURRENT TRANSMISSION CONDITIONS
	CACHING SCHEDULING ALGORITHM
	DATA UPDATING ALGORITHM


	PERFORMANCE EVALUATION
	EVALUATION SETUP
	UNICAST
	CACHUNI

	RESULT ANALYSIS
	ERROR ANALYSIS

	CONCLUSION
	REFERENCES
	Biographies
	YONG NIU
	YU LIU
	YONG LI
	ZHANGDUI ZHONG
	BO AI
	PAN HUI


