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Abstract
Automated driving is coming with enormous 

potential for safer, more convenient, and more 
efficient transportation systems. Besides onboard 
sensing, autonomous vehicles can also access var-
ious cloud services such as high definition maps 
and dynamic path planning through cellular net-
works to precisely understand the real-time driving 
environments. However, these automated driving 
services, which have large content volume, are 
time-varying, location-dependent, and delay-con-
strained. Therefore, cellular networks will face the 
challenge of meeting this extreme performance 
demand. To cope with the challenge, by leverag-
ing the emerging mobile edge computing tech-
nique, in this article, we first propose a two-level 
edge computing architecture for automated driv-
ing services in order to make full use of the intel-
ligence at the wireless edge (i.e., base stations 
and autonomous vehicles) for coordinated con-
tent delivery. We then investigate the research 
challenges of wireless edge caching and vehicu-
lar content sharing. Finally, we propose potential 
solutions to these challenges and evaluate them 
using real and synthetic traces. Simulation results 
demonstrate that the proposed solutions can sig-
nificantly reduce the backhaul and wireless bot-
tlenecks of cellular networks while ensuring the 
quality of automated driving services.

Introduction
With the rapid advancement of automated driv-
ing (AD) technology, vehicles with varying lev-
els of automation1 are already on the road. It is 
widely expected that autonomous vehicles, espe-
cially fully autonomous vehicles, will offer safer 
and more efficient transportation [1]. A prereq-
uisite for autonomous vehicles is the capability 
to understand their ambient environments in real 
time. Autonomous vehicles rely on a combination 
of sensors, such as cameras, radars, and lidars, 
to perceive their surroundings and make driving 
decisions. As these onboard sensors are limited to 
line of sight, communication devices are exploit-
ed as extended sensors to help the vehicles see 
beyond the reach of onboard sensors. Specifical-
ly, vehicles can exchange information with nearby 
vehicles and infrastructure through vehicle-to-vehi-
cle (V2V) and vehicle-to-infrastructure (V2I) com-
munications [2]. Moreover, vehicles can access 

automated driving services through vehicle-to-
cloud (V2C) communications [3]. These online 
services provide essential information to enable 
the vehicles to plan precisely and manoeuver cor-
rectly. For instance, high definition (HD) maps,2 
and real-time traffic information and parking guid-
ance are fundamental automated driving services. 
Considering the network coverage, vehicles gen-
erally use diverse cellular network techniques — 
Long Term Evolution (LTE) and fifth generation 
mobile networks — to access service contents 
anytime and everywhere. The automated driving 
services, which have large content volume, are 
time-varying, location-dependent, and delay-con-
strained [4]. Therefore, three main challenges are 
posed to cellular networks to ensure the safety, 
comfort, and efficiency of automated driving. First 
of all, with the rising popularity of autonomous 
vehicles, the wireless and backhaul capacity of 
cellular networks will become the first issue to 
meet the overwhelming content demands. In 
addition, it is challenging for the cellular networks 
to provide end-to-end delay guarantees for the 
cloud-based automated driving services. Third, it 
is crucial to consider the reliability and efficiency 
when the remote cloud collects the context (e.g., 
position, velocity, acceleration) and coordinates 
the behavior of autonomous vehicles.

Mobile edge computing (MEC) is proposed to 
empower the wireless edge [5]. The key concept 
of MEC is to place the computing and storage 
resources at the network edge, that is, base sta-
tions (BSs) and user equipment (UE, here refers 
to vehicles). Therefore, part of the data process-
ing and storage can be pushed from the remote 
cloud to the edge, which is proximate to vehi-
cles. Although the contents of automated driving 
services have large volume, the MEC paradigm 
provides opportunities to enhance the cellular 
networks to ensure the quality of automated driv-
ing. Since the automated driving services are loca-
tion-dependent, co-located vehicles usually have 
shared service demands. The edge intelligence 
or computing capability can exploit the locality 
of service demands to assist the content delivery. 
On one hand, the edge intelligence can use the 
edge storage to elaborately cache the locally pop-
ular contents. On the other hand, the edge intel-
ligence can monitor the status of nearby vehicles 
and coordinate the content delivery via vehicu-
lar networks. In this way, a large number of ser-
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vice demands will be fulfi lled at the mobile edge, 
which largely reduces the wireless and backhaul 
bottlenecks. In the meanwhile, the end-to-end 
delays are reduced when the service demands 
are fulfi lled locally. Since the general computing 
and storage devices are becoming much cheaper, 
MEC will be a cost-effective solution to enable 
cellular networks to meet the requirements of 
automated driving services.

In this article, we propose a two-level edge 
computing architecture to coordinate the con-
tent delivery for automated driving services. 
The edge intelligence at BSs is in charge of 
the caching policies for both BSs and vehicles. 
Meanwhile, the intelligence in vehicles is respon-
sible for cooperatively determining the content 
sharing schemes in vehicular networks. Our 
proposed architecture can adapt to the unique 
characteristics of automated driving services. 
Specifically, the edge caching policies consid-
er the varying distribution of service demands 
and the dynamic topology of vehicular networks. 
The caching policies at BSs are designed through 
revealing the content demand patterns of auto-
mated driving services. The caching policies at 
vehicles are designed through analyzing each 
vehicle's influence on content dissemination in 
vehicular networks. Moreover, the content shar-
ing schemes consider the strict delay constraints 
of services and utilize the broadcast nature of 
V2V communications. Coded broadcast is 
exploited to further improve the efficiency of 
content sharing among vehicles.

The remainder of this article is organized as fol-
lows. The recent literature on content caching and 
delivery is reviewed. Then an edge-assisted content 
delivery architecture for automated driving services 
is proposed. The details of research challenges are 
discussed, followed by potential solutions and their 
application. Finally, the work is concluded, and 
future research directions are discussed.

lIterAture reVIeW
Edge caching is cost eff ective for automated driv-
ing related service content delivery due to the 
locality of service demands. Although not opti-
mized for the automated driving services, some 
general edge caching solutions have been pro-
posed recently to increase the spectral effi  ciency 
of cellular networks. Zeydan et al. [6] exploit-
ed the contextual information to predict users' 
spatiotemporal demands and proactively cache 
popular contents at BSs. Furthermore, consider-
ing the limited contact duration between users 
and small cell BSs (SBSs), Poularakis et al. [7] 
designed a mobility-aware caching policy for 
SBSs. Ji et al. [8] proposed a scheme that ran-
domly caches contents on wireless devices and 
enables device-to-device (D2D) communications 
to deliver the contents. On the other hand, there 
are some studies that investigate the general data 
dissemination problems in heterogeneous vehic-
ular networks. Different network resources are 
scheduled considering the application require-
ments and communication constraints. He et al. 
[9]and Liu et al. [10] applied software-defined 
networking (SDN) to schedule cooperative 
data transmission in heterogeneous vehicular 
networks. Taking into account the spatiotempo-
ral constraints on content delivery, our previous 

work [11] relied on selected infl uential vehicles 
to off load cellular traffi  c to vehicular networks. In 
addition, Wang et al. [12] utilized coalition for-
mation games to cooperatively deliver contents 
among vehicles, which can optimize the perfor-
mance of average delay and power effi  ciency.

the ArchItecture of edge-AssIsted content 
delIVery for AutomAted drIVIng serVIces

In this section, we fi rst propose a two-level edge 
computing architecture for automated driving 
related service content delivery, which is shown 
in Fig. 1. Then we introduce the basic procedures 
for edge intelligence to coordinate content deliv-
ery under the proposed architecture.

tWo-leVel edge comPutIng ArchItecture
To provide online automated driving services 
(e.g., HD map, real-time traffi  c, parking guidance), 
service providers can deploy application servers 
on the cloud. Each service content describes the 
dynamic features of a specific road segment. 
Before traveling into a road segment, vehicles 
should request and completely fetch the corre-
sponding service content. In other words, the 
content delivery is strictly space-constrained. The 
vehicles integrate the information acquired from 
onboard sensors and online services to under-
stand their ambient environments. Since these 
services rely on an always-on network, autono-
mous vehicles are supposed to access the service 
contents through cellular networks.

Based on the concept of MEC, in our architec-
ture, computing and storage resources are added 
to the two-level wireless edge (i.e., both BSs and 
autonomous vehicles). Specifi cally, an edge server 
is implemented at each BS to serve as an agent or 
intermediary between cloud servers and vehicles. 
It can effi  ciently be aware of the context of asso-
ciated vehicles. The storage resources at BSs can 
be used to cache contents for all kinds of mobile 
services (e.g., automated driving, multimedia, aug-
mented reality, news). Therefore, the cache space 

FIGURE 1. The architecture of edge-assisted content delivery for automated driv-
ing services.
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reserved for automated driving services is limit-
ed. Meanwhile, the onboard storage resources of 
vehicles are used as distributed caches, and the 
cache capacity contributed by vehicles in an area 
grows linearly with the density of vehicles. Besides 
the cellular radio interface, we consider that each 
autonomous vehicle also has a dedicated short-
range communication (DSRC) interface, and the 
vehicles can share cached contents with other 
vehicles using DSRC.

The Coordination of Edge Intelligence
Edge intelligence, in this article, is a term for the 
computing capability at BSs and autonomous 
vehicles. Edge intelligence is able to perform 
data processing, analytics, and decision mak-
ing. To illustrate the basic procedures for edge 
intelligence to coordinate content delivery under 
the proposed architecture, we first consider that 
the edge server is responsible for the schedul-
ing of content delivery. The service requests 
submitted by autonomous vehicles are first pro-
cessed by the edge server. The requests can be 
satisfied locally if the requested contents are 
already cached at BSs and/or nearby vehicles. 
Otherwise, the requests are handed over to the 
remote cloud server. There is a gap between the 
large volumes of service content and the limited 
cache capacity at BSs. To bridge the gap and 
improve cache performance, the edge server 
should determine what to cache at a BS. Since 
the service contents are constantly updated, 
the cached replicas at the BS should keep pace 
with their originals in the cloud. To this end, the 
edge server needs to notify the cloud server of 
the caching behavior at the BS. Once a cached 
content becomes out of date, the cloud server 
will push an up-to-date replica to the edge serv-
er. In addition, vehicles only cache the contents 
they are going to consume, so the caching can 
be regarded as content prefetching and will not 
cause any extra storage overheads. To reduce 
the wireless bottleneck of cellular networks, the 
edge server will not directly push all the required 
contents to vehicles. Generally, a content c is 
divided into data chunks {d1, d2, …, dn} that are 
all of the same length l (except for the last chunk 
if l does not divide the content length). The edge 
server only injects data chunks to some select-
ed vehicles and makes full use of vehicular net-
works to further disseminate the content.

To initiate content sharing, each vehicle can 
inform neighbors of its own service demands and 
corresponding delivery deadlines by piggyback-
ing on period beacons. Thanks to the broadcast 
nature of V2V communications, the demands of 
multiple vehicles can be fulfilled by one trans-
mission. To offload more data traffic from cellu-
lar networks, the vehicles should cooperatively 
determine who should share cached contents and 
what to share. Moreover, to make the edge serv-
er aware of the content delivery progress, vehi-
cles should acknowledge the edge server when 

they receive each content from other vehicles. 
Lastly, the edge server will inject all remaining 
data chunks to the vehicles with impending deliv-
ery deadlines.

Key Research Challenges
Driving safety, comfort, and efficiency largely 
depend on timely and complete content delivery 
for online automated driving services. In this sec-
tion, we discuss the content placement challenges 
at the wireless edge and the content sharing chal-
lenges among vehicles, respectively.

Content Placement at the Wireless Edge
The contents of automated driving services have 
large data volume. However, the cache space 
at BSs specific to automated driving services 
is limited, and only some of the service con-
tents can be cached. Content placement policy 
will have a great impact on cache performance, 
which is evaluated by cache hit ratio. A high-
er cache hit ratio means a larger reduction of 
duplicate transmissions on backhaul as well as 
end-to-end delay. The best content placement 
policy is to place the most popular content in 
the cache [7]. The popularity of a content is the 
ratio of the number of requests for the content 
to the total number of requests. However, we 
notice that the content popularity of automated 
driving services varies with time as a result of 
the dynamic traffic flow. Conventional online 
caching policies, such as least recently used 
(LRU) and least frequently used (LFU), may not 
perform well for automated driving services 
because they usually lag behind the changes in 
real popularity. In other words, recent content 
popularity cannot accurately reflect the popu-
larity in the near future. To optimize the cache 
hit ratio and reduce the backhaul bottleneck, 
the edge server should have the ability to pre-
dict the short-term content popularity. Thanks 
to the location-dependent nature of automated 
driving services, the content popularity may be 
predictable by revealing the potential patterns 
of service demands.

Caching at vehicles can facilitate the con-
tent sharing among vehicles and alleviate the 
burden of cellular networks. Additionally, the 
location-dependent nature of automated driv-
ing services imposes strict spatial constraints on 
content delivery. The service content should be 
completely fetched before the space-constrained 
deadline; otherwise, the quality of automated 
driving will deteriorate. It is challenging for the 
edge server to optimize (minimize) the data 
chunks transmitted through cellular networks 
while meeting the content delivery deadlines. 
Both the dynamic topology of vehicular net-
works and the spatial distribution of data chunks 
have a great impact on content dissemination 
speed [11]. To make the caching more benefi-
cial to the V2V dissemination, the edge server 
should inject/place appropriate data chunks to 
appropriate vehicles at appropriate times. Intu-
itively, the edge server supervises the progress 
of content dissemination and promptly injects 
data chunks to some influential vehicles to boost 
the content dissemination. Influential vehicles 
are those that can meet more content demands 
of other vehicles. Therefore, it is critical to find 

To initiate content sharing, each vehicle can inform neighbors of its own service demands and  
corresponding delivery deadlines by piggybacking on period beacons. Thanks to the broadcast nature 

of V2V communications, the demands of multiple vehicles can be fulfilled by one transmission.
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these influential vehicles in highly dynamic vehic-
ular networks.

Content Sharing through Vehicular Networks
As co-located vehicles usually have shared con-
tent demands, the performance of content deliv-
ery as well as the quality of automated driving 
services will benefit from the broadcast nature of 
V2V communications. Although carrier sense mul-
tiple access with collision avoidance (CSMA/CA) 
is applied in 802.11p, the request to send/clear to 
send (RTS/CTS) handshake is disabled in broad-
cast mode. As a result, V2V broadcast suffers 
from a severe hidden terminal problem, which 
causes potential collisions. A medium access con-
trol (MAC) mechanism is needed to avoid the 
simultaneous broadcasts of multiple vehicles col-
liding at receivers.

The space-constrained deadlines make the 
content demands possess different urgency levels, 
even for vehicles that require the same content. 
Therefore, in a particular area, broadcasting dif-
ferent data chunks will have different gains for 
offloading the cellular traffic. To maximize the 
total amount of data transmitted through vehicu-
lar networks, which content to broadcast, when, 
and by which vehicle should be carefully planned. 
As the edge server knows the real-time positions 
and content demands of the associated vehicles, 
it can coordinate their transmissions to maximize 
the transmission gain and ensure no collisions 
among associated vehicles. However, a single 
edge server cannot realize the collisions of vehic-
ular broadcasts across BSs. Frequent interactions 
between edge servers in adjacent BSs are needed 
to completely avoid the collisions. Moreover, the 
sophisticated control messages between the edge 
server and its associated vehicles will cause extra 
overhead for cellular networks. Therefore, it is 
better for vehicles to distributedly and coopera-
tively determine their content sharing schemes.

Potential Solutions and Application
In this section, we first present potential solutions 
to the above-mentioned research challenges, 
which include the content placement at the wire-
less edge and the content sharing through vehic-
ular networks. Then we evaluate the proposed 
solutions using a real trace set in Beijing as well as 
a synthetic trace set.

Content Placement at the Wireless Edge
The popularity of service contents should be 
predicted to optimize the caching performance 
(i.e., cache hit ratio) at BSs. As automated driv-
ing services are location-dependent, the content 
demands of vehicles largely depend on their 
travel paths. Fortunately, urban traffic presents 
obvious patterns [13], which means that the con-
tent demands also have potential patterns. For 
example, the content request behavior may be 
correlated with the hour of the day, day of the 
week, weather, and so on. The cumulative con-
tent request logs can be used to learn content 
demand patterns and predict short-term content 
popularity. Time series analysis is widely used 
to model the data points taken over time that 
have an internal structure (e.g., autocorrelation, 
trend, or seasonal variation). Therefore, the time 
series analysis can be used to model the con-

tent requests. Furthermore, the content request 
time series possesses a seasonal component that 
repeats every week. We adopt a seasonal auto-re-
gressive integrated moving average (SARIMA) 
model. The model makes full use of the weekly 
relationship between observations for the same 
day of the week in successive weeks. Once the 
content demand popularity is forecast, the edge 
server can greedily cache the most popular con-
tents to improve the cache hit ratio. In addition, 
tools from machine learning can also be used 
to predict the content popularity. For example, 
an artificial neural network (ANN) can take into 
account features such as the hour of day, day of 
the week, and content requests in previous inter-
vals and nearby regions.

As for the content placement at vehicles, it is 
determined by the influence of vehicles on con-
tent dissemination. By collecting periodic posi-
tion reports3 from vehicles, the edge server can 
construct a contact graph to represent the snap-
shot of communication opportunities between 
vehicles. Then the contact graph can be used to 
derive a proper content placement solution. Let 
V be the set of vehicles associated with the BS 
and CTGc = (Vc, Ec) be the contact graph whose 
vertex set Vc  V consists of all vehicles requiring 
content c. For two vertices v1, v2  Vc, an edge 
(v1, v2)  Ec exists if and only if v1 and v2 are in 
the transmission range of each other. An exam-
ple of the contact graph is shown in Fig. 2. More-
over, by gathering the acknowledgments from 
vehicles, the edge server knows the distribution 
of data chunks on the contact graph. The edge 
server injects data chunks {d1, d2, …, dn} of con-
tent c according to the contact graph CTGc. A 
data chunk should be injected to the vehicles that 
are influential enough to meet the demands of 
other vehicles. To find these influential vehicles, 
we can utilize the dominating set of the contact 
graph. A k-hop dominating set (kHDS) of CTGc 
is a subset Dc  Vc such that every vertex in Vc 
\ Dc is within the k-hop neighborhood of some 
vertex in Dc. For instance, {v5, v9, v10} is a two-
hop dominating set of the contact graph in Fig. 
2. To reduce the cellular traffic, the edge server 
prefers to inject each data chunk to a k-hop min-
imum dominating set (kHMDS). However, it is 
NP-hard to find a kHMDS for a general graph. A 
tree-based heuristic method [14] can be exploit-
ed, which extracts a spanning tree of the graph 
using breadth-first search and finds the kHMDS 
for the tree in polynomial time. In addition, the 
edge server is supposed to periodically check the 
progress of content delivery. When the vehicles 

FIGURE 2. A snapshot of the contact graph CTGc and the spatial distribution of 
content c = {d1, d2, d3, d4}. The injection approach of the edge server to 
achieve two-hop domination is shown.
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vehicles rely on off-board/
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that have cached data chunk d  c cannot k-hop 
dominate the contact graph CTGc, the edge serv-
er should find a kHMDS for the undominated 
component of CTGc and directly inject d to these 
selected vehicles. For example, the contact graph 
in Fig. 2 has been two-hop dominated by vehicles 
that have cached d1. The edge server can inject 
d2 to v1 and v6, inject d3 to v7, and inject d4 to 
v11 to achieve two-hop domination and boost the 
content delivery.

content shArIng through VehIculAr netWorKs
A MAC protocol is needed to achieve spatial reus-
ability of the wireless transmission medium, that 
is, multiple vehicles can transmit simultaneous-
ly without interference. Taking advantage of the 
locality of service demands, we use a space-divi-
sion multiple access (SDMA)-based MAC, where 
it is actually the service contents instead of the 
vehicles that contend for the medium.4 The basic 
idea of SDMA is to partition roads into small divi-
sions and assign each division a time slot. Let the 
maximum transmission range of DSRC be R. The 
divisions assigned with the same time slot should 
be separated by a large enough distance (i.e., 
greater than 2R). In addition, the vehicles in the 
same division are within the transmission range of 
each other. A K-slot schedule is illustrated in Fig. 
3a. As for the space division information, it can 
be a special layer of the HD map. Each vehicle 
can use the combination of GPS and HD map 
to accurately localize itself in a division and use 
the corresponding time slot. However, the vehi-
cles in the same division collide with each other. 
To maximize the gain of V2V dissemination, the 
vehicles in the same division should cooperatively 

determine what to transmit, and by which vehicle.
The coded broadcast is more efficient than 

uncoded broadcast. We can exploit index cod-
ing to forward multiple data chunks in a single 
transmission. For example, as shown in Fig. 3b, 
vehicles v2, v4, and v5 all require data chunks d1 
and d2. In addition, v2 has cached d1 and d2, v4 
has cached d1, and v5 has cached d2. Both v4 and 
v5 are within the transmission range of v2. In this 
case, v2 only needs to broadcast d1  d2 in a sin-
gle transmission, where  represents the bit-wise 
XOR operation. Then v4 can obtain d2 = d1  (d1 
 d2), and v5 can obtain d1 = d2  (d1  d2). To 
seek coded broadcast opportunities, a conflict 
graph is constructed for each source vehicle. We 
use v1 [d1] v2 to denote a potential transmission in 
which v1 transmits d1 to v2. Two transmissions are 
confl icting if they cannot be performed in a single 
coded broadcast. Specifi cally, two transmissions 
v1 [d1] v2 and v1 [d2] v3 are confl icting if d1 ≠ d2 
and at least one of the following conditions holds:
1. d1 has not been cached in v3.
2. d2 has not been cached in v2.
In other words, if two conflicting transmissions 
are combined into a coded broadcast, at least 
one of the receivers cannot decode its required 
data chunk. Particularly, to identify the confl icting 
transmissions, the vehicles are required to broad-
cast the catalog of their cached data chunks by 
piggybacking on period beacons. Let CFGv be the 
confl ict graph of source vehicle v. The vertex set 
U of CFGv consists of all potential transmissions of 
v, and an edge exists between two vertices if they 
are conflicting. In a conflict graph, two vertices 
without a direct edge can be satisfi ed simultane-
ously. Figure 3c shows a confl ict graph, and Figs. 
3d–3f present possible coded broadcast schemes, 
where non-conflicting transmissions are colored 
orange. For instance, in Fig. 3f, v2 [d1] v5, v2 [d1] 
v6, v2 [d3] v1, and v2 [d3] v3 can be combined into 
a single coded broadcast d1  d3.

To maximize the gain of coded broadcast, we 
propose to fi nd the optimal non-confl icting trans-

4 In our scenario, not all 
vehicles need to access 
the medium to broadcast 
contents. With the proposed 
SDMA, in a division, only 
the vehicle holding the most 
desirable content has the 
right to access the medium. 
However, time-division 
multiple access (TDMA) and 
code-division multiple access 
(CDMA) schemes usually 
assign every vehicle a share 
of radio resources, and are 
ineffi  cient in our studied 
location-dependent vehicular 
contents sharing scenario.

FIGURE 3. Content sharing through vehicular networks: a) SDMA-based MAC protocol; b) neighbor table of 
v2; c) confl ict graph of v2; d)–f) possible coded broadcast schemes of v2.

1 2 3 K

Cache Request

v1 d1 , d2 , d4 d3

v2 d1 , d2 , d3 d4

v3 d1 , d2 d3 , d4

v4 d5 , d6 , d1 d2

v5 d3 , d4 , d2 d1

v6 d3 , d4 d1 , d2

v7 d1 , d2 d7 , d8 , d9

R

>2 R

v 2v 1 v 32 v 4
v 5 v 7

21 3
R

v 6

v2 [d3 ]v1 v2 [d3 ]v3

v2 [d2 ]v4

v2 [d1 ]v5

v2 [d2 ]v6

v2 [d1 ]v6

vv
11

6



v2 [d3 ]v1 v2 [d3 ]v3

v2 [d2 ]v4

v2 [d1 ]v5

v2 [d2 ]v6

v2 [d1 ]v6

(c) Conflict graph

v2 [d3 ]v1 v2 [d3 ]v3

v2 [d2 ]v4

v2 [d1 ]v5

v2 [d2 ]v6

v2 [d1 ]v6

(e) Broadcast d1 d2

v2 [d3 ]v1 v2 [d3 ]v3

v2 [d2 ]v4

v2 [d1 ]v5

v2 [d2 ]v6

v2 [d1 ]v6

(a)

(b) Neighbor table

 (f) Broadcast d1 d3

(d) Broadcast d2 d3

By collecting the periodic position reports from vehicles, the edge server can construct a contact graph 
to represent the snapshot of communication opportunities between vehicles. Then the contact graph 

can be used to derive a proper content placement solution.
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missions on the conflict graph by solving a maxi-
mum weighted independent set (MWIS) problem, 
which is NP-hard. Let gu be the gain/weight of 
transmission u in CFGv, where gu is positively cor-
related with the urgency level of u. A set I is an 
MWIS of CFGv if any two vertices in I are not 
adjacent and the total gain g = SuI gu is maxi-
mized. An approximation method in [15], which 
outputs an independent set of weight at least SuU 
gu/(ru + 1), can be used to solve the MWIS prob-
lem, where ru is the degree of u in CFGv. Specif-
ically, vehicle v computes the metric gu/(ru + 1) 
for each vertex u in the current conflict graph, 
where ru is the current degree of u. Then vehicle 
v finds the vertex with the largest metric, removes 
all neighbors of the vertex from the conflict graph, 
and puts the vertex to I. It repeats the above 
procedures until the conflict graph goes empty. 
Finally, I contains the preferred transmissions for 
vehicle v. Vehicle v can combine all the transmis-
sions in I into a single coded broadcast. How-
ever, in a division, only one vehicle can use the 
time slot to broadcast. By finding the MWIS of the 
conflict graph, each vehicle in the division knows 
what it prefers to broadcast. A vehicle with a larg-
er gain g is expected to have priority to broadcast 
in the time slot. To this end, a backoff mechanism 
can be used for vehicles in the same division to 
compete for the time slot. Finally, the vehicle with 
the largest gain should have the shortest backoff 
and win the right to access the time slot.

Performance Analysis
The performance of caching service contents at 
BSs is validated using real taxicab traces in Bei-
jing, China. The taxicab traces contain the GPS 
trajectories recorded by over 12,000 taxicabs in 
November 2012. We select a commercial area 
of about 2  2 km2 to simulate service requests 
from vehicles. The data in the first three weeks 
are used to train the SARIMA model. Then the 
content popularity of the fourth week is fore-
cast using the trained model. Figure 4 shows the 
caching performance for the content requests in 
the fourth week. It can be seen that the popu-
larity-prediction-based method outstrips LRU and 
LFU for different cache sizes.

As the temporal resolution of the above taxi-
cab dataset is unable to simulate the commu-
nications between vehicles, we use a synthetic 
trace set generated by the Simulation of Urban 
Mobility (SUMO) software to validate the perfor-
mance of vehicular caching and content sharing. 
The scenario is a 1.8  1.8 km2 area with a grid 
road network (total length of roads is 10.8 km). 
We make realistic assumptions on the channel 
models for the cellular links and the V2V links. 
The cellular data rate is set to 30 Mb/s, while the 
vehicular data rate is set to 12 Mb/s. The maxi-
mum radio range of vehicles to establish reliable 
communications is 200 m. In the simulations, 
vehicles do not transceive data simultaneously on 
the cellular interface and the vehicular interface. 
Therefore, the simulation results can be applied 
to other techniques that enable V2V communica-
tions (e.g., LTE-V2X and 5G-V2X). The amounts of 
data offloaded to the vehicular networks for dif-
ferent traffic densities and different content sizes 
are shown in Fig. 5. It can be seen that more ser-
vice data can be offloaded to vehicular networks 

when more vehicles are involved. Although the 
proportion of data traffic offloaded to vehicular 
networks declines as the content size grows, the 
total amount of offloaded data still increases.

Conclusion and Future Directions
In this article, we have studied the key issues of 
edge-assisted content delivery for automated driv-
ing services. We have demonstrated that content 
caching at the wireless edge and content shar-
ing through vehicular networks can significantly 
reduce resource utilization while improving the 
quality of automated driving services. Specifically, 
time series analysis has been utilized to forecast 
the service content demands and cache the pop-
ular contents at BSs accordingly. Dominating set 
has been exploited to cache contents at influential 
vehicles. An SDMA-based MAC and index cod-
ing enabled broadcasting have been proposed to 
improve the efficiency of content sharing among 
vehicles. To fully leverage the power of the wire-
less edge, further research issues are discussed as 
follows.

Edge-assisted service content prefetching: 
Some automated driving related services are 
delay-sensitive. An edge server can prefetch con-
tents that are not cached at BSs from a cloud 

FIGURE 4. Performance of caching at BSs.
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FIGURE 5. Performance of caching and content shar-
ing among vehicles.
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For the contents that are not cached at BSs, the edge server can prefetch these contents from cloud 
server for the coming vehicles. To make the prefetching effective, the edge server should take into 

account the mobility of vehicles, network conditions and its available storage capacity.
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server for coming vehicles. To make prefetch-
ing effective, the edge server should take into 
account the mobility of vehicles, network condi-
tions, and its available storage capacity.

Edge-assisted data gathering and utilization: 
For automated driving, the service contents are 
usually generated and consumed locally. If the 
service contents are managed by the edge serv-
er instead of the remote cloud sever, the ser-
vice latency can be reduced and the backhaul 
resource can be saved. Specifically, the edge serv-
er allocates sensing tasks to associated vehicles 
and gathers sensing data from them. The edge 
server is responsible for guaranteeing the accura-
cy, completeness, timeliness, validity, and consis-
tency of the sensing data.

Edge-assisted computing: The computing 
capability of the edge server is more powerful 
than that of vehicles. To process data efficiently 
and accurately, autonomous vehicles can offload 
certain computing tasks to the edge server. The 
vehicles should determine which computing task 
to offload based on the communication cost, the 
QoS requirements of the task, network condi-
tions, and the available computing capability on 
the edge server.
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