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Abstract—1In this paper, we propose a two-level adaptive
resource allocation (TARA) framework to support vehicular
safety message transmissions. In particular, three types of
safety messages are considered in urban vehicular networks,
i.e., event-triggered messages for urgent condition warnings,
periodic messages for vehicular status notifications, and mes-
sages for environmental perception. Roadside units are deployed
for network management, and thus messages can be trans-
mitted through either vehicle-to-infrastructure or vehicle-to-
vehicle connections. To satisfy the requirements of different
message transmissions, TARA framework consists of a group-
level resource reservation module and a vehicle-level resource
allocation module. Particularly, the resource reservation module
is designed to allocate resources to support different types
of message transmissions for each vehicle group at the first
level. To learn the implicit relationship between the resource
demand and message transmission requests, a supervised learning
model is devised in the resource reservation module, where
to obtain the training data we further propose a sequential
resource allocation (SRA) scheme. Based on historical network
information, SRA scheme offline optimizes the allocation of
sensing resources, i.e., choosing vehicles to provide perception
data, and communication resources. With resources reserved for
each group, the vehicle-level resource allocation module is then
devised to distribute specific resources for each vehicle to satisfy
the differential requirements in real-time. Extensive simulation
results demonstrate the effectiveness of TARA framework in
terms of the high packet delivery ratio and low latency for
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message transmissions, and the high quality of collective envi-
ronmental perception.

Index Terms— Safety message transmissions, collective percep-
tion services, two-level resource allocation, vehicular networks.

I. INTRODUCTION

O ENHANCE the driving safety of connected vehicles,

cooperative awareness messages (CAMs) are required
to be periodically exchanged among vehicles to report
their real-time driving status, e.g., ID, position, speed, and
direction [2], [3]. To further improve the intelligence of
autonomous vehicles, the collective perception (CP) service
has been proposed by the ETSI group [4]. By provisioning
CP services, vehicles can generate, send, and receive collective
perception messages (CPMs) to share the perceived environ-
mental information. Besides, if a vehicle detects an accident,
event-triggered messages (i.e., decentralized environmental
notification messages (DENMs)) should be generated and sent
out to warn its neighboring vehicles about the accident [5].

We consider the dissemination of CAMs, CPMs, and
DENMs in an urban scenario. One promising technique to
enable vehicular networking is the cellular-V2X (C-V2X)
communication, which can use the existing cellular infrastruc-
ture to relay the packets and achieve a centralized con-
trol [6]. Particularly, messages can be exchanged among
vehicles via vehicle-to-vehicle (V2V) connections. However,
due to the antenna height limitation, V2V connections can
be easily blocked by obstacles, such as buildings, trucks, and
buses [7], [8]. Vehicle-to-infrastructure (V2I) technologies are
leveraged to deal with the non-line-of-sight (NLOS) link
condition, where roadside units (RSUs) relay messages for
the blocked vehicles [9], [10]. Note that, to support CP
services, the generated CPMs need to be processed by the RSU
before being broadcasted to vehicles. Hence, CPMs should be
transmitted via V2I connections, while DENMs and CAMs
can be transmitted through V2V or V2I connections.

To improve the quality of message transmission, wireless
resources should be properly allocated to avoid transmission
collisions, considering uplink (UL) and downlink (DL) of V2I
transmissions, and V2V transmissions. Moreover, to provision
CP services, not only wireless resources but also sensing
resources are required. The sensing resources are allocated
by choosing a subset of sensing-enabled vehicles as sensing
data providers, named CP seed vehicles. The sensing coverage
of the chosen vehicles can be overlapped, leading to infor-
mation redundancy among the generated CPMs. Therefore,
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the RSU aggregates original CPMs into one integrated CPM
and then broadcasts out. To evaluate the quality-of-service
(QoS) for CPM transmissions, the integrated sensing cover-
age and accuracy are measured. In contrast, the reliability,
i.e., packet delivery ratio (PDR), and delay are critical to
DENM and CAM transmissions. As the resources are dis-
tributed among multiple types of message transmissions, the
differentiated requirements and priorities should be consid-
ered simultaneously when making decisions on the resource
allocation.

In this paper, the C-V2X based urban vehicular network
is considered, where RSUs with cellular technology serve as
network controllers, making resource allocation decisions for
the vehicles. To guarantee the reliability and minimize the
latency of event-triggered DENM transmissions and periodic
CAM transmissions, wireless resource allocation decisions are
made, including the V2I/V2V transmission mode selection
and resource block (RB) allocation. Besides, to support CP
services, both sensing and wireless resources are required for
CPM generation and transmission, in which the selection of
CP seed vehicles is constrained by the availability of wireless
resources. Thus, the quality of CP service can be optimized
via joint CP seed vehicle selection and wireless resource
allocation. It is challenging to solve this multi-dimensional
resource allocation problem, i.e., making the optimal decisions
on the V2I/V2V transmission mode selection, RB allocation,
and CP seed vehicle selection, since the decisions are inter-
coupled in three aspects: 1) the allocation of the sensing
and wireless resources for CP services; 2) the allocation of
the wireless resources for transmitting DENMs, CAMs, and
CPMs; and 3) the V2V/V2I mode selection for the DENM
and CAM transmissions.

Considering the vehicular dynamics in terms of network
topology and message transmission requests, an adaptive
resource allocation scheme is necessary. To address the
aforementioned challenges, we propose a two-level adaptive
resource allocation (TARA) framework for safety message
transmissions, consisting of a group-level resource reserva-
tion module and a vehicle-level resource allocation module,
as shown in Fig. 1. The amount of resources that required
by each type of message transmission is determined by
the resource reservation module. It also guarantees that the
overloaded transmission requests from one type of message
will not affect the others. The reservation strategy should
be designed to optimize the overall QoS satisfaction for all
the types of message transmissions. Based on the reserved
resources for different types of messages, the resource allo-
cation module is devised to satisfy each vehicle’s individual
QoS requirements. The main contributions are summarized as
follows:

1) Multi-dimensional resource management — We study
the joint management of multi-dimensional resources to
support safety message transmissions, which is of signif-
icant importance for future vehicular networks. By ana-
lyzing the impact of message transmission priorities and
network conditions (e.g., resource availability and link
reliability), wireless resources and sensing resources can
be jointly allocated by the proposed TARA framework
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Fig. 1. Tllustration of TARA framework.

to satisfy the differential QoS requirements, the process
of which is shown in Fig. 1;

2) Sequential resource allocation (SRA) scheme — Based
on the historical information, the allocation decisions
of wireless and sensing resources can be made by
SRA scheme according to the transmission priority of
different messages. Particularly, for DENM and CAM
transmissions, vehicles are sorted by their potential gains
obtained by V2I transmission, to guide the selection of
V2I/V2V mode and RB allocation. For CPM transmis-
sions, the CP seed vehicles are selected iteratively, based
on vehicles’ sensing performance;

3) Enabling efficient decisions in real-time — Since SRA
scheme needs to sequentially make decisions based on
message transmission priorities, it is unable to keep pace
with the dynamic vehicular environment. Thus, we pro-
pose TARA framework to achieve real-time decision-
making, consisting of a group-level resource reservation
module and a vehicle-level resource allocation module.
The resource reservation module reserves the resources
to support different types of message transmissions for
each vehicle group, i.e., a set of neighboring vehi-
cles, which allows the resource allocation module to
perform in parallel for different groups and different
message types. The supervised learning-based technique
is applied in the resource reservation module to learn
the implicit relation between the resource demand and
message transmission requests, which is offline trained
based on the data provided by SRA scheme. With the
reservation result, resources are allocated to each vehicle
by the vehicle-level resource allocation module, which
can be achieved in real-time with a low time complexity.

The remainder of this paper is organized as follows.

We review the related work in Section II, and describe the
system model in Section III. We give an overview of the
developed TARA framework in Section IV. SRA scheme is
devised in Section V. To further improve the time efficiency of
resource allocation, a group-level resource reservation module
and a vehicle-level resource allocation module are designed in
Section VI. Simulation results are carried out in Section VII
to demonstrate the performance of the proposed framework.
Finally, conclusion and future work are drawn in Section VIII.

II. RELATED WORK
A. Reliable Safety Message Dissemination

To support the periodic safety message dissemination,
a mobility-aware time division multiple address medium
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TABLE I
COMPARISON OF RELATED WORKS WITH THE PROPOSED WORK

Reference | Supported services Management parameters
[11] periodic message transmission time slot assignment
Safety [12] periodic message transmission MAC protocol design
message [13] periodic and event-triggered message transmission | message length
dissemination [14] periodic and event-triggered message transmission | beacon rate

[15] message transmission in urban scenario RSU deployment
[19] content downloading content caching and delivery
[20] rate constrained and delay constrained services group-level resource reservation

Resource [21] URLLC and eMBB services group-level resource reservation

allocation [22] CAM transmission resource block size for V2V connection
123, 24] CAM transmission vehicle-level resource allocation for V2V
[25] CAM transmission vehicle-level resource allocation for V2I and V2V

Proposed scheme | TARA CAM, DENM, and CPM transmissions vehicle-level resource allocation and group-level
resource reservation for V2I and V2V

TABLE II
COMPARISON OF THREE TYPES OF SAFETY MESSAGES [2], [4], [5]

Message type | Generation interval Priority | Requirement Transmission mode
DENM Event-triggered High High reliability, low latency V2V / V21

CAM Periodic (fixed CAM period, e.g., 100 ms) | Medium | High reliability, low latency V2V / V21

CPM Periodic (adjustable CPM period) Low Sensing coverage and accuracy | V2I

access control (MAC) protocol was proposed in [11] to avoid
slot-assignment collisions, where vehicles on different lanes
of road segments are assigned with disjoint time slot sets.
Furthermore, a hybrid MAC protocol, which is partially cen-
tralized and partially distributed, was developed to improve the
PDR and normalized throughput [12]. In addition to periodic
messages, e.g., the beacon message and the map data mes-
sage [13], event-triggered safety messages are generated and
transmitted by vehicles as well, which is essential for coopera-
tive driving among vehicles. In [14], the beacon rate was opti-
mized to meet the reliability requirements of event-triggered
safety messages and maintain the accuracy of neighborhood
information collected by beacons. In urban intersection scenar-
ios, RSUs deployed at intersections have been widely lever-
aged to enhance the packet transmission [15], [16], where V2I
connections are implemented to complement V2V connections
among vehicles.

B. Adaptive Resource Allocation for Vehicular Networks

To support diversified vehicular applications, slicing
schemes are developed to reserve resources for various ser-
vices [17], [18]. In [19], a service-dependent resource slicing
scheme was developed to satisfy the differentiated require-
ments of content downloading services, through making deci-
sions on the RSU transmission rate and content caching.
In [20], resource slicing was adopted to establish slices
for two sets of applications, the rate constrained and the
delay constrained applications, and resources allocated to
each individual slice were adapted to the user population.
An online network slicing strategy was developed in [21], aim-
ing to maximize the long-term time-averaged system capacity
while satisfying the strict requirements of ultra-reliable low-
latency communication (URLLC) and enhanced mobile broad-
band (eMBB) services.

To further allocate the required resources to each vehicle,
C-V2X mode-3 resource scheduling schemes are investigated
for V2V connections [22]. In [23], vehicles were grouped into
non-overlapping clusters, then the mode-3 resource scheduling
was designed for each cluster to perform sub-channel assign-
ment. Not only the prevention of allocation conflicts but also
the fulfillment of QoS should be considered when allocating
sub-channels to the vehicles [24]. To deal with the NLOS
issue, an RSU relaying system named relay assisted enhanced
V2V was proposed in [25], where the RSU and vehicular
users operate on the same frequency band during the assigned
separate time slots. Specifically, the distributed decisions on
resource scheduling and the V2I/V2V resource separate ratio
are made by vehicles and the RSU, respectively.

C. Discussion

In spite of the aforementioned works as summarized in
Table I, the following issues are insufficiently studied in
literatures, while are essential for resource allocation in RSU
assisted vehicular networks.

1) In existing works, vehicular services are divided into dif-
ferent types, e.g., safety-related and non-safety services.
However, the safety-related services can present differ-
ent traffic patterns and service requirements, as given in
Table II, which is rarely considered;

2) Resource allocation schemes with different levels, which
were studied separately in most existing works, are
jointly investigated in this work. Through joint opti-
mization of the group-level resource reservation and
the vehicle-level resource allocation, the overall per-
formance can be further improved. For instance, the
vehicle-level resource allocation can provide feedback
about resource utilization and QoS satisfaction for adap-
tive resource reservation in real time;
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Fig. 2. Tllustration of: a) vehicular network; b) NLOS case.

3) Safety messages are transmitted via V2V or V2I con-
nections on the same frequency band, which calls
for a resource allocation scheme considering V2I and
V2V mode selections. However, most of the existing
resource reservation/slicing schemes only consider V2I
links, while most of the vehicle-level resource allocation
schemes are developed for V2V links. To bridge the gap,
TARA framework is proposed in this paper, considering
both V2V and V2I transmissions and specific perfor-
mance metrics of multifarious types of messages.

III. SYSTEM MODEL
A. Network Model

As shown in Fig. 2(a), we consider a vehicular network in
the urban scenario, including connected vehicles (CVs) and
RSUs. According to the capability of sensing, the vehicles
are classified into two types, namely the sensing-enabled
CVs (SCVs) and CVs without sensing capability (UCVs).
With vehicular sensors, an SCV can observe the environment
within its sensing range and generate the sensing report, which
includes the information of detected objects. The RSU can
not only relay the packets, but also make resource allocation
decisions for vehicles. A network management controller is
deployed at the RSU, to collect the information (e.g., the
vehicle’s location, request, and sensing reports) and make
decisions accordingly. Without loss of generality, we focus
on the coverage area of one RSU. In our work, vehicles are
clustered as non-overlapped groups. As shown in Fig. 2(a),
vehicles in one square block constitute a group. For the sake
of simplicity, we assume the block’s side length equals the
V2V communication range, hence there is no V2V connec-
tion between vehicles within any two nonadjacent blocks.
Important mathematical symbols are listed in Table III. In this
paper, the subscripts i, j, m, and R represent the i-th time
segment, the j-th vehicle group, the m-th sub-frame, and the
RSU, respectively. The superscripts A, D, P, PU, PD, and
m represent the CAM, DENM, CPM, CPM uploading, CPM
downloading, and the m-th vehicle, respectively.

1) Communication Model: The path loss between two vehi-
cles are modeled separately in line-of-sight (LOS) [26] and
NLOS [8] cases, respectively. For LOS cases, the path loss is

4
PLL (x) = 201og10(%) 1

where x is the distance between receiving and transmitting
vehicles and 1 is wavelength of transmission frequency.

13485
As shown in Fig. 2(b), the path loss for NLOS cases is
PLN (dfa dr, dw)
=375
dt0'957 47[dr NNLOS .
1010g10 ((WT 5 if dr fdba
+ 4097 4rd? NLOS
101og; (dwwr)o'gl 7dy , ifd,>dp
(2)

where d; (and d,) is the distance between the transmitting
(and receiving) vehicle and the intersection-center, d,, is the
distance between the transmitting vehicle and the road-side, w;
is the width of the receiving street, d}, is a reference parameter
called critical distance, and nyros is the NLOS path loss
exponent. Note that, the path loss model for NLOS cases
can be applied to intersections with different corner angles,
in addition to the 90-degree corner [27], [28].

The receiving signal power Pry (dBm) is obtained based
on the transmit power Pry (dBm), path loss, and receiver’s
antenna gain G, (dB),

Prx = Prx + G, — {PLL ). LOS. 3)
PLy (d;,dr,dy), NLOS.
The message can be successfully decoded when Pry is
larger than the threshold of decoding received signal strength.
2) Half-Duplex Problem of Connected Vehicles: The target
receiver set for each transmitting vehicle consists of vehicles
within the targeting message dissemination range, which is
set as the V2V communication range in our work. Taking
into account the half-duplex feature of CVs, they are not
capable of receiving and transmitting packets simultaneously.
In our work, time is partitioned into sub-frames with constant
duration, which is applied as the unit of time in resource
allocation. If a sub-frame is allocated for a source vehicle
to transmit its packets through V2V connections, this sub-
frame should not be reused by the target receivers for packet
transmitting (V2V or V2I UL transmission). Hence, as shown
in Fig. 2(a), to deal with the half-duplex issue, the adjacent
four vehicle groups are allocated with isolated time segments
(Ti, i = 1,...,4). Each time segment 7; consists of #; sub-
frames. Although vehicles in nonadjacent blocks are allocated
with the same time segment, there is no interference among
them due to spatial separation since the side length of each
street block is set to be V2V communication range.

B. Wireless Resource Pool

In this work, the V2V, V2I UL, and V2I DL transmissions
are assumed to share a frequency band of 10 MHz (from
5.89 to 5.9 GHz), which is divided into 50 sub-channels. For
the time domain, one sub-frame is defined as the duration
of 1 ms [29]. As shown in Fig. 3, the wireless resource pool
of T; segment is represented by the combination of 50-#; RBs,
each of which represents the usage of 200 kHz bandwidth
for 1 ms. Hence, the wireless resource allocation can be
performed via allocating RBs to vehicles for packet trans-
missions. The numbers of required RBs for DENM, CAM,

Authorized licensed use limited to: University of Waterloo. Downloaded on August 31,2022 at 23:57:46 UTC from IEEE Xplore. Restrictions apply.



13486

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 23, NO. 8, AUGUST 2022

TABLE III

SUMMARY OF MATHEMATICAL SYMBOLS

Symbols Definition Symbols Definition
Aijm Number of unoccupied RBs in S; ,, avail- Cf J cH Number of supported CPM uploading for group V; ;
able for CPM transmitted by V; ; (the RSU)
Bim Number of groups contending S, for CPM C Threshold of sensing coverage
D, (D) Available (Required) RB number for V2I DL d Distance from sensing block center to SCV
dy Critical distance of NLOS model duw Distance from the transmitter to the road-side
di (dy) Distance between the transmitting (receiv- e (eo) SCV’s sensing error for a given block (Penalty error
ing) vehicle and the intersection-center for not sensed blocks)
G Number of vehicle groups with segment 75 G Potential packet loss under V2V mode of V;';
Gr Receiver’s antenna gain (dB) L5 (Di ) Number of TDSs (packets transmitted in TDSs) in V; ;

M35 (57%5)

Number of vehicles in the target (successful)
receiver set of ;™

N (N7

Number of V2I UL RBs allocated to the vehicles
requesting for DENM (CAM)

NNLOS NLOS path loss exponent PLy, (PLy) | Path loss of the LOS (NLOS) case (dB)
Prx (Prx) | Receiving (transmitting) signal power (dBm) R Sensing range of vehicular sensor
R; ; (Rf J Overall number of DENM and CAM (Num- SP (S84, The numbers of required RBs for DENM (CAM, CPM
ber of CPM) requests raised by V; ; SPU, §PD)y upload, CPM download)
Sim The m-th sub-frame in time segment 75 T: (T The ¢-th time segment (Segment ¢ of n-th CAM period)
t; Number of sub-frames in time segment T} TP (Tfj, TE) | CPM period (Required CPM period of V;,; or RSU)
Vig (ViT5) The j-th vehicle group with time segment 7T; Vs (Vs+) Sorted set of vehicles with message requests (Subset
(The m-th vehicle in V; ;) of V° with positive G}
VP (VPT, | Set of vehicles with DENM requests (Subset vA (VAT Set of vehicles with CAM requests (Subset of VA with
Vb0 of VP with positive or zero G 40y positive or zero G7))
fg Set of messages not under V2I mode in V; ; wq (W) Unit sensing error of distance (CPM update delay)
Wy Width of the receiving street X Number of V2I packets can be transmitted in one TDS
T Distance from receiver to transmitter A Wavelength of transmission frequency
Pi The frequency partition ratio for segment 75
sub-channel sub-channel . The m-th \{ehicle in V; ; is denoted by Vif';., m = I...,K;;j.
r1 [ ’H’H’H’:L T, T, Ty LT, L To deal with the half-duplex problem and avoid the packet
RBP3-rITrIoramr Vg i [ transmission collisions, the following principles should be
) 1 1 11 DL vai[ RBs for . . . .
el s R DL ioefr followed by the wireless resource allocation for vehicles:
vavmode 4o 1ZEITEATE O I
(] Ememmw Bl MENLECEE NIm Rsl:rl 1) V2V and V2I UL for each vehicle group — Considering
rs or £ T4 Lol [T P vaiu the half-duplex feature, separate sub-frames are allo-
B N AR I o cated to vehicles transmitting packets via V2V connec-
10 S N ) Sy O . . .
VMMV TNV 7 5 tions. The number of sub-frames required by one vehicle
Vivik - Vig Vig VaaVaz' o Vi VaiVaz' Vag .
vt sub-frame sub-frame can be calculated based on p; and the size of the packet.
(a) (b) In our work, p; is determined to ensure that each V2V
Fig. 3. An illustration of resource allocation: a) within one vehicle group; transmission can be finished by one sub-frame. For a

b) for V2I connections within the RSU.

CPM uploading (packet transmission from SCVs to the RSU),
and CPM downloading (the integrated packet transmission
from the RSU to vehicles) are denoted by S°, 4, SV and
SPD | respectively. As shown in Fig. 3, in order to prevent
the packet reception collisions, a ratio is defined to partition
the frequency band between V2I DL and V2V transmissions,
denoted by p; (i = 1,...,4) for the vehicle group with time
segment 7T;. Specifically, if one sub-frame is allocated for
V2V transmission in segment 7;, the first 50 - p; sub-channels
are available for V2V, while the remaining sub-channels are
available for V2I DL transmissions. Otherwise, the 50 sub-
channels are available for V2I DL transmissions as long as
they are not occupied by V2I UL.

There are G; vehicle groups being allocated with the same
time segment, 7;, and the j-th group of which is denoted
by V; j, consisting of K;; vehicles, as shown in Fig. 3.

vehicle group, in addition to the sub-frames assigned
for V2V transmissions, the unoccupied sub-frames can
be allocated for V2I UL transmissions. In Fig. 3(a), the
wireless resource allocation for both V2V and V2I UL
transmissions in the vehicle group V  is illustrated as
an example, where multiple vehicles can use the distinct
RBs in the same sub-frame for V2I UL transmissions;

2) V21 UL for vehicle groups with the same time segment —
Within the coverage of one RSU, all the vehicles under
V2I mode transmit their packets to the RSU. Thus, V2I
UL collision may happen among the G; vehicle groups
with the same time segment, 7;. To avoid the collision,
these G; groups should be considered simultaneously
when making resource allocation decisions on V2I UL
transmissions. As shown in Fig. 3(b), for the vehicles
from V;;, j =1,2,...,G;, the V2I RBs allocated to
them shall not overlap with each other;

3) V21 DL for vehicles under the RSU — V21 DL RBs
are required for relaying the packets transmitted via
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V2I mode, such as the DENM, CAM, and integrated
CPM packets. Since the V2I DL and V2V transmissions
are assigned with separate frequency bands, there is no
interference among them. When making V2I DL RB
allocation decisions, only the V2I UL transmissions are
considered to avoid potential collisions. In each time
segment, the RBs beyond the V2V frequency bound are
available for V2I DL transmission, as long as they are
not allocated for V2I UL transmissions. The V2I DL
resource pool consists of the available RBs from the
four time segments, which is shared by all the vehicles
within the RSU coverage, as shown in Fig. 3(b). For
one V2I mode packet, its assigned sub-frames for DL
transmission have to be after that for UL.

C. QoS for Safety Message Transmissions

To evaluate the performance of message transmissions,
we consider differentiated metrics for multifarious messages:

1) DENM and CAM - Both latency and reliability are
critical to DENM and CAM transmissions. The trans-
mission delay of one packet is measured as the time
elapsed between it being transmitted and received. For
the reliability, the PDR is measured;

2) CPM - The performance of CPM transmission is eval-
uated by the quality of CP services. For one SCV,
its sensing coverage area is a circular disk, the radius
of which is the sensing range R. Within the sensing
range, objects can be detected, but the sensing accuracy
degrades with the distance between the object and the
SCV. Given the set of CP seed vehicles, the integrated
sensing accuracy can be calculated by the RSU accord-
ing to the contents, transmission latency, and update fre-
quency of CPMs. On the other hand, the coverage rate,
i.e., the proportion of the perceived street area to the
overall street area, is also evaluated as one performance
metric of CP services. Given a threshold of the coverage
rate, the selection of CP seed vehicles and wireless
resource allocation are performed to guarantee the cov-
erage rate and achieve the optimal integrated sensing
accuracy.

IV. OVERVIEW OF TARA FRAMEWORK

In this work, the requests of the DENM and/or CAM
transmission are sent by vehicles, and then the RSU allocates
a specific bunch of RBs accordingly. To support CP services,
the decisions on both sensing and wireless resource allocation
are also made by the RSU. We propose TARA framework,
including a group-level resource reservation module and a
vehicle-level resource allocation module, to make resource
allocation decisions. In addition, data preparation is also
needed to train the learning-based resource reservation model
offline, as shown in Fig. 1.

A. Training Data Preparation

To prepare training data for the learning-based resource
reservation model, we propose SRA scheme to achieve optimal
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Subsection V-C

DENM & CAM request DENM—> CAM—> CPM
{ V2I DL RB allocation
V2I/V2V mode selection
for DENM = CAM l Remaining resource analysis l

L2
l V2I UL RB allocation l

l Sensing resource allocation ]
¥
V2I UL RB allocation l

v
l V2I DL RB reservation l

| V2IDL RB reservation | l

l V2V RB allocation l

DENM & CAM Resource Allocation
Subsection V-A

CPM Resource Allocation
Subsection V-B

Fig. 4. Sequential resource allocation procedures.

resource allocation decisions, based on the historical informa-
tion on vehicle’s mobility, e.g., location and speed, sensing
capability, and transmission requests. To support CP services
and transmissions of DENMs and CAMs, decisions are made
for sensing and wireless resources, including the RBs allocated
for vehicles and the selected CP seed vehicle set. With the
proposed SRA scheme, the number of RBs allocated to each
message type can be obtained as training data, which indicates
the underlying mapping relationship between the allocated
resources and message transmission requests.

The procedure of SRA scheme is shown in Fig. 4. Con-
sidering the differential priorities of message transmissions,
SRA scheme is devised to allocate the resources for the
DENM and CAM firstly, followed by the CPM resource
allocation procedures. Recall that V2I DL resource pool is
determined by the V2I UL resource allocation results and the
frequency partition ratio p;. Therefore, the V2I DL RBs are
allocated after performing V2I UL RB allocation procedures.
Considering the wireless resources required to transmit one
packet, both V2I UL and DL resources should be allocated for
the V2I mode, which is double of the resources required by
the V2V mode. Therefore, to make efficient resource allocation
decisions, the V2I mode is selected for one transmission only
when the V2V mode cannot meet its requirement. In terms of
the V2I mode selection for DENM and CAM transmissions,
the vehicle with a stronger demand on the V2I resources has
a higher priority. Meanwhile, to support CP services, wireless
and sensing resources are allocated through: 1) analyzing the
CPM uploading capacity available for each vehicle group
based on the RB allocation results of DENM and CAM,;
and 2) greedily selecting the CP seed vehicles based on their
sensing gains. Details of SRA scheme are given in Section V.

B. Resource Reservation and Resource Allocation Modules

Based on the decisions made by SRA scheme, we can
obtain the number of RBs allocated for message transmissions.
In light of the relationship between the number of allocated
RBs and message transmission requests, we leverage the
two-level resource management strategy to enable a parallel
decision-making for vehicles requesting different messages.
To make real-time decisions for different types of requests,
we design the group-level resource reservation module and
the vehicle-level resource allocation module, as shown in
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Fig. 1 and elaborated in Section VI. The learning-based
resource reservation model is trained based on the wireless
resource allocation results achieved by SRA scheme. Based
on the network information, the resource reservation module
distributes resources to support the transmission of different
types of messages for each group. With the reserved resources,
RBs are allocated to each vehicle by the resource allocation
module. In addition, the selection of CP seed vehicles and
required RBs for CPM transmissions are also determined by
the resource allocation module.

V. DESIGN OF SRA

In this section, we present the designed SRA scheme to
achieve the optimal resource allocation result, part of which
is presented in our previous work [1]. In this work, to adapt
to environmental dynamics in terms of the vehicle mobility
and event-triggered DENM requests, the resource allocation
decisions are updated every CAM period, i.e., 100 ms [2].
One CAM period is divided into four time segments, each of
which consists of 25 sub-frames, i.e.,t; =25fori =1,...,4.

A. Resource Allocation for DENM and CAM Transmissions

At each CAM period, the RSU allocates wireless resources
for vehicles requesting DENM and CAM transmissions, which
are denoted by two sets V2 and V4, respectively. Firstly, the
RSU collects the vehicles’ location information and obtains
the target receiver set for each vehicle V’" Considering the
potential NLOS link conditions between V" and its Mm
target receivers, the number of vehicles that can success-
fully receive the packet via V2V connections is denoted by
Sl’"], where S, < M’"] For each transmission, the V2I
mode is selected only when any of the following events
happen:

1) Sub-frame insufficiency — Within one vehicle group V; ;,
the V2V transmissions request separate sub-frames to
avoid the collision. In the case of pure V2V mode,
i.e., all vehicles transmit packets via V2V connections,
at least R; j sub-frames are required, where R; ; denotes
the overall number of DENM and CAM requests raised
by Vi;. If R;; > t;, the sub-frames are insufficient
for V; ; in the pure V2V mode. Recall that multiple
packets can be transmitted in one sub-frame under the
V2I mode. The sub-frame insufficiency issue can be
mitigated through selecting the V2I mode for specific
packet transmissions;

2) NLOS condition — If the NLOS link condition encounters
between transmitting and receiving vehicles, the V2V
connection based packet transmission may be blocked.
To improve the reliability, the NLOS affected packets
should be relayed by the RSU via V2I connections. For
each transmitting vehicle Vif'}, its potential packet loss
under the V2V mode can be estimated by the RSU,
denoted by G}"; = M;"; — §";. As the packet loss can
be avoided via selectlng the V2I mode, Gm is defined
as the potential V2I selecting gain for Vl i a larger

value of which indicates a higher priority of utilizing
V2I resources.
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Fig. 5. An illustration of resource allocation: a) insufficient sub-frame case;

b) sufficient sub-frame case.

The resource allocation can be operated by following steps:

1) Determine vehicles’ priorities — Considering the street
layout and the receiving signal power calculated based
on Eq. (3), the value of ij can be obtained for each

vehicle in VP and VA. The set of vehicles request-

ing DENM (CAM) transmissions with positive G;’fj,

i.e., packet loss will occur if the vehicle is assigned

with the V2V mode, is denoted by VP*+ (VAT) in

which the vehicles are sorted in descending order by

GZ’j. Likewise, the sets of vehicles with G;’jj =0

are denoted by V0 and V49, respectively. Due to the
higher priority of DENM requests, the sorted set is
recombined as Vs = {VPT, vAt, y Do, VAO}, and its
subset consisting of vehicles with positive gain is defined
by Vi = {VP*+, VAT When assigning the V2I mode
for vehicles, the vehicles’ priorities are indicated by their
orders in Vg or v,

2) Calculate the required number of transmitting dominant
sub-frames — For each sub-frame, the RBs can be
allocated for V2V, V2I UL, and V2I DL transmissions,
in which the RBs for V2V and V2I UL transmissions
always occupy lower frequency band as shown in Fig. 3.
To reserve more RBs for V2I DL transmissions, the V2I
UL should occupy the RBs within the V2V frequency
band, unless the group V; ; suffers from the sub-frame
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3)

4)

5)

insufficiency. If the proportion of transmitting RBs is
larger than p;, the sub-frame is defined as a transmitting
dominant sub-frame (TDS). An example of resource
allocation for 77 segment is illustrated in Fig. 5, where
G| =3 and 11 = 8. Since Ry; (Rl,z) > t1 in the case
given in Fig. 5(a), the sub-frames are insufficient for
Vi1 and Vi > under the pure V2V mode. Thus, 5 and 3
requests are required to be transmitted in TDSs for Vi |
and V1, respectively. For vehicle group V; ;, since one
TDS can be shared by at most X (X > 0) V2I UL
transmissions, the required number of TDSs (/; ;) and
the number of requests transmitted in TDSs (D;, ;) can
be calculated by

“)
)

Ii,j = |_max (Ri,j — l‘i,()) /(X — 1)-| ,

—ti—i—li,j,O).

D; max (R,',j

Hence, the RSU assigns the V2I mode for D ;
transmission requests in V; ;, according to their pri-
orities, i.e., the orders in Vg. Then, the set of trans-
missions not assigned with V2I mode is denoted
by V; j,

Asszgn sub-frames for packet transmission — In segment
T;, the first [;); sub-frames are allocated to V; as
its TDSs, the following /;» sub-frames are allocated
as the TDSs for V;>, and so forth. In V; ;, these I; ;
TDSs are assigned for the D; ; transmissions in the V2I
mode. For the remaining transmissions in Vig., each is
assigned with one specific sub-frame, always starting
by occupying the first available sub-frame in 7;. Two
examples of sub-frame assignment for the three groups
in segment 77 are illustrated in Fig. 5(a) and Fig. 5(b),
considering the cases of sufficient and insufficient sub-
frame, respectively;

Determine the available RB pool for V2I DL transmis-
sions — Based on the sub-frame assignment, the number
of available RBs for V2I DL transmission is determined,
denoted by D,. The available V2I DL RBs for T
segment are displayed in Fig. 5. Notice that, the RBs
below the V2V frequency band can be used by V2I DL
transmission only in the sub-frames unoccupied by any
groups in the segment, as the last two sub-frames shown
in Fig. 5(b). Meanwhile, for the transmissions already
assigned with V2I modes, the overall number of required
V2I DL RBs can be obtained as well, denoted by D,;
Select V2I modes for NLOS condition — Since the V2I
UL RBs in segment 7; are shared by G; groups, the
requests in VU, j=1,...,G;, with positive G’"j
jointly cons1dered and ass1gned with V2I modes based
on their orders in VSJr until the resources are depleted,
i.e., D, > D,. In each iteration, the required V2I UL
RBs are allocated to the selected transmission in its
assigned sub-frame, if the RBs are not allocated for V2I
UL transmission yet. Otherwise, this transmission will
be assigned with a new sub-frame unoccupied by V2I
UL. At the end of each iteration, the Vif;, D,, and D,
are updated accordingly;

13489

Algorithm 1 RB Allocation Adjustment to Minimize 7%

1 Input: Initial RB allocation results for DENM and CAM
transmissions; number of CPM transmission requests, R l.P It
2 Output: Modified RB allocation for DENM and CAM
transmissions; required CPM period, T; C iP i and C,g ;
3 Calculate ij, CI};, TZI;, and Tlg);

4 The candidate group for adjustment, C = {V,-, leil} > Tlf };
5 while C is not empty do

6 | Find the group with the largest TP ;in C, V; ;3

7 | for The sub-frame assigned for VZV transmission in V; j,
Si.m do

8 Assuming S; ,,, is modified to V2I mode for V; ;,

calculate the potential ij, j=1,...,G;, and CR;

9 if Existing C iP jor C 1{,’ becomes 0 then

10 | Do not modify the transmission mode of S; ,;

11 else

12 Modify the transmission mode of §; ;, to V2I;

13 Update B; ;. Dy, C , and CP

14 Update Ti}}, TP, and (O3

15 if V; ; is not the group with the largest Tlf; in C then

16 Terminate the modification for V; ;;

17 | Turn to Line 6;

18 | Remove V; ; from C;

—

9 Calculate the required CPM period, TP = max(Tl.I}, TII; ).

[ )
RN
(e Bl i 4

£

[

T

L

[ |

Via! V12 Vi? Vigh VS Vi1tV 12 V113 V11* V115 sub-frame

Viid Vii®
=1 — B3
RB 1 RBs for fd RBs for - / - @

DENM CAM V2IUL  DENM CAM CPM

Fig. 6. An illustration of resource allocation for DENM, CAM, and CPM.

6) Allocate V2V RBs — The V2V mode is selected for
each transmission in VlU and the required V2V RBs
are allocated in its assigned sub-frame.

B. Resource Allocation for CPM Transmissions

1) Wireless Resource Allocation: Given the resource allo-
cation result for DENM and CAM transmissions during each
CAM period, the number of supported CPM uploading for
group V; ; and the RSU, denoted by C;” Fjand € P, respectively,
can be obtained as follows. Recall that CPM packets need to
be uploaded via V2I connections.

o Contending degree of sub-frames — For each group V; ;,
the sub-frames unallocated for V2V transmission can be
used for CPM upload. Hence, the unoccupied RBs in a
non-V2V sub-frame can be potentially allocated for CPM
uploading, which may be contended by multiple vehicle
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groups with the same segment. For the m-th sub-frame
in T; segment, S; ,,,m =1, ..., t;, the number of groups
that contend S;,, for CPM uploading is defined as the
contending degree of sub-frame S; ,,, denoted by B, ,,;
o Supported CPM uploading for each group — For group
Vi,j, if sub-frame S;,, is not allocated for the V2V
transmission, the unoccupied RBs in S;, are available
for CPM uploading, the number of which is denoted by
A jm- The Cf - is calculated as the weighted summation

of Ai,j,m, i.e., CiI,Dj = L(z:;zzl Ai,j,m/Bi,m) /SPUJ;

o Supported CPM uploading for RSU — Besides the limita-
tion of C; P L the RB reservation for V2I DL transmissions
should be considered as well. Thus, the overall available
number of RBs for CPM uploading under the RSU
coverage is determined by the gap between the available
and required numbers of V2I DL RBs, i.e., C{; =
|_(Da — D, — SPD) /SPUJ. Notice that, D, represents
the required number of V2I DL RBs for the DENMs
and CAMs, while STP represents that for the integrated
CPM packet.

Given the number of CPM requests for each group V; ;,
denoted by RlD i the required CPM uploading interval (named
by CPM perlod) is designed as an integral multiple of the
CAM period. The integral multiplier, 77, is calculated by

L RE) k)

(6)

TP =max(T, szR) max({R

where the required CPM period for each group and RSU are
denoted by TlP and TP , respectively. Since a longer CPM
uploading delay results in a larger sensing error, 7* should
be minimized via improving the Cg and C/;. However, the
C ,‘? can be improved only through modifying the selected
V2I mode to V2V mode, which may lead to the packet
loss of DENMs and CAMs. On the contrary, CP i; can be
improved via modifying the selected V2V mode to V2I mode,
which can achieve a larger C; P i without impairing DENM and
CAM transmissions. To be spemﬁc for V; ;, if modifying the
transmission in S; ,, from V2V mode to V2I mode, the impacts
on following aspects are considered:

. CP i Owing to the modification, S;,, can be applied
by Vi,j for CPM transmission, and the B;, is updated
correspondingly. Hence, the Cl’ j is updated with the
added ( i, m/B,m) RBs;

. C; k’ k # j — For other groups belonged to 7; segment,
if S; m is available for CPM transmissions, Ci, i is reduced
due to the larger B; ,. Otherwise, Cl.f’ « 1s not changed,;

o C{; — Since one more transmission is selected for V2I
mode, more RBs are required for V2I DL transmissions.
Thus, the C 1{,’ is reduced with the larger D,.

It Tf; is larger than TP , TP can be reduced through
adjusting the selected V2V mode to V2I mode for the group
with the highest T};. Although the initial RB allocation
results for DENM and CAM transmissions are achieved in
Subsection V-A, we still can adjust the RB allocation to
minimize the CPM uploading interval, as given in Algorithm 1.
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Algorithm 2 Resource Allocation for CPM

1 Input: Initial RB allocation results for DENM and CAM
transmissions; sensing quality maps of SCVs;

2 Output: CP seed vehicle set, V*; required CPM period, T7;

V2I UL RB allocation for V*;

Initialization:

CP seed vehicle set, V¥ = {};

Sensing error for each block, eq; the overall error, Eo;

Phasel: Identify the groups supporting the CPM uploading:

With RP = 1, run Algorithm 1 and obtain C; P

Establish candidate CP seed vehicle set V¢, con51sts of the

SCVs in the groups with positive C; P i

® N v AW

9 Phase2: Select SCVs to reach the coverage rate threshold:

10 while Coverage rate < C do

11 Find the SCV in V¢ with the highest sensing gain;

12 Add the selected SCV to V¥, and remove it from V¢;

13 Update sensing errors for the newly sensed blocks;

14 Calculate the coverage rate and overall sensing error;

15 RiP j

16 Run Algorithm 1 and obtain the required CPM period 77

17 Update the overall error as E,p by considering the additional
error caused by the CPM update latency;

18 Phase3: Select SCVs to improve the sensing quality:

19 Let Epp_; = Ep;

20 while E;p < Epp_; do

21 while Required CPM period = TP do

< the number of CPM requests in each group V; ;;

22 Repeat the steps from Line 11 to Line 14;
23 Update R
24 Run Algorlthm 1 and obtain the required CPM period;

25 Epp <« the achieved minimal overall error with current
CPM period T7;
w6 | TP =TP +1;

27 Fmd the optimal T* with the minimal overall error and the
corresponding V*;

28 Phase4: V2I UL RB allocation:

29 Allocate V2I UL RBs to each vehicle in V¥, according to the
remaining wireless resources in its belonging group.

The procedures of determining which vehicle groups require
to be adjusted are given from Line 3 to Line 4, and the
detailed procedures of RB allocation adjustment are given
from Line 5 to Line 18. Specifically, the CPM uploading
capacity is calculated for each potential adjustment in Line 8.
Then for the cases with non-zero capacity, adjustment will
be performed, as given from Line 9 to Line 14. The output
of Algorithm 1 includes the updated RB allocation for DENM
and CAM transmissions, the CPM period, C; P L and C I}; , which
will then be used to determine the CP seed vehicle selection.

In Fig. 6, an example of DENM, CAM, and CPM RB
allocation for group Vi is illustrated, where R{: | = 2 and
TP = 3. To allocate the V2I UL RBs for CPM trans-
missions, the resource pool is extended to one CPM period
(i.e., three CAM periods), and Tl” denotes the 7; segment
in the n-th CAM period. The RB allocation for DENM
and CAM transmissions is repeated for each CAM period,
obtained by running Algorithm 1. The RB allocation for CPM
transmissions is designed based on the extended resource pool,
such as the CP seed vehicles V1 , and V1 | shall transmit their
CPM packets in T2 and T3 segments, respectlvely
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TABLE IV
SIMULATION PARAMETERS

Packet sizes (RB) | DENM / CAM 15 CPM UL / DL 50 /250
Vehicular network | Number of sub-channels 50 Number of sub-frames for each time segment | 25
parameters Number of time segments 4 Number of DENMs per request 10
Communication RSU c.ommunication range (m) 500 | V2V communication range (m) 200
model Decoding threshold (dBm) =75 Path-loss exponent, nnros 2.69
Receiver’s antenna gain, G, (dB) | 3 Transmission power per RB, Prx (dBm) 23
parameters Carrier frequency (GHz) 5.89 | Critical distance, dp (m) 100

2) Sensing Resource Allocation: The CP seed vehicles are
selected to reach the coverage rate threshold and optimize
the integrated sensing accuracy, represented by the overall
sensing error within the area. To evaluate the overall sensing
error, we divide the street area into small sensing blocks and
calculate the sensing error of each block. Given an SCV,
we can calculate its sensing error for the blocks, which is
dependent on the sensing capability of the SCV. In addition,
since a longer latency of sensing information update results in
a larger sensing error, the CPM period 77 is also considered
for sensing error calculation. For an SCV, its sensing error for
a given block is

_ [wd -d 4w, - TP, if sensed, )

€0, if not sensed,

where wy (w;) is the unit sensing error caused by distance
(the latency of CPM update), d is the distance between the
block center and the SCV, and ey is the penalty error for not
sensed blocks. Thus, for each SCV, its sensing quality map is
built to represent its sensing performance, which is a matrix
of e calculated for all blocks with 77 = 0.

The overall sensing error is obtained by accumulating the
sensing error for all blocks. Based on the sensing quality
maps of CP seed vehicles, the sensing error of each block
is evaluated as the minimal e achieved by the selected SCVs.
We propose an iterated method to select the CP seed vehi-
cles and determine the required CPM period, as given in
Algorithm 2. In each iteration, one SCV is added to the CP
seed vehicle set, which is greedily selected based on the
sensing gain. The sensing gain of one SCV is defined as the
decrement of overall sensing error achieved by adding this
SCV to the CP seed vehicle set. In Phasel of Algorithm 2,
the RSU identifies the vehicle groups with adequate wireless
resources for CPM uploading. Within the qualified groups,
the SCVs are firstly selected to reach the sensing coverage
threshold C in Phase2 of Algorithm 2, in which the greedy
CP seed vehicle selection is operated in Line 11 and the
required CPM period is determined by running Algorithm 1 in
Line 16. After reaching the coverage threshold, the SCVs are
selected to improve the overall sensing accuracy as elaborated
in Phase3. To minimize the sensing error caused by CPM
update latency, the wireless resource allocation is adjusted
(Algorithm 1) to minimize T¥. Hence, the selection of CP
seed vehicles and optimization of wireless resource allocation
are iteratively performed, as given in Line 22 and Line 24,
respectively. Finally, V2I RBs are allocated to the selected CP
seed vehicles to upload CPMs, as elaborated in Phased4.

C. V2I DL Resource Allocation

For the DENM and CAM transmitted under the V2I mode,
SP and S4 RBs are required for V2I DL transmissions, respec-
tively. For CP services, the RSU broadcasts an integrated CPM
packet in each CAM period, which requires S”2 RBs for V2I
DL transmission. As shown in Fig. 4, for a packet transmitted
via V2I mode, the RBs for DL transmission are allocated after
the UL RB allocation. To minimize the packet transmission
delay, DL RBs are allocated to achieve the minimal time gap
away from the allocated UL RBs. Considering the transmission
priority of different message types, the DL RB allocation
performs following the allocation order of DENM, CAM,
and CPM. In addition, considering the diversified receiver
group size Mm] the transmitting vehicle with a larger M
has a higher priority on DL RB allocation. More spe<:1ﬁcally,
DL RBs are firstly allocated for the vehicles with DENM
requests, following the descending orders by Ml’"j Then,
DL RBs are allocated for CAM transmissions in a similar
way, followed by that for the CPM DL.

D. Resource Allocation Analysis for DENM and CAM

To analyze the resource allocation for DENM and CAM
transmissions, we simulate the proposed SRA scheme based
on the taxi GPS trace data set [30], including the vehicle ID,
vehicle position, and the corresponding timestamp. We focus
on a 800 m x 800 m square area, which covers two intersec-
tions. The DENM requests are randomly raised by vehicles,
and a constant number of packets will be transmitted for each
request. The numbers of required RBs for DENM, CAM, and
CPM upload/download transmissions are given in Table IV.
Moreover, the parameters of the vehicular network and the
communication model [31] are given in Table I'V.

Since the traffic density varies during peak and off-peak
hours, the number of message transmission requests raised
within each vehicle group changes accordingly. For one vehi-
cle group, the numbers of RBs allocated for DENM and
CAM transmissions are given in Fig. 7, with respect to the
number of corresponding transmission requests. Both V2V
and V2I modes are considered, and the sum of V2V and
V2I UL RBs allocated for each message type is equal to its
required number of RBs. Since the NLOS condition is severe
at the intersection, V2I transmissions are required by most of
the vehicles in the area, and thus the number of allocated
V2I UL RBs, which is nearly proportional to the number
of requests in Fig. 7(a). As each time segment consists of
25 sub-frames, the insufficient sub-frame condition happens
when the overall number of requests becomes larger than 25,
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Fig. 8. Illustration of the resource reservation module and the resource
allocation module.

i.e., more V2I UL RBs are required at the last point in
Fig. 7(a). If the group is close to the intersection, fewer
vehicles are impacted by NLOS conditions, leading to smaller
V2I resource requirements, as shown in Fig. 7(b). Considering
the limited V2I UL resources, the number of V21 UL RBs
becomes smaller slightly in Fig. 7(b) during the traffic peak
hours, due to more V2I UL resource demands of the groups
shown in Fig. 7(a). However, for the groups far from the
intersection, most vehicles are assigned with V2V modes due
to the good link quality, and hence the numbers of V2I RBs
allocated for DENM and CAM transmissions become zero in
Fig. 7(c). In addition to NLOS conditions, the differentiated
priorities are considered for V2I resource allocation. Thus,
when the V21 resources are scarce, more V2I RBs are allocated
to the DENM transmission with a higher priority, as shown in
Fig. 7(a).

VI. RESOURCE RESERVATION AND RESOURCE
ALLOCATION MODULES

As SRA scheme needs to sequentially make decisions for
vehicles requesting different messages, TARA framework is
proposed to enable parallel decision-making to improve the
time efficiency. To make adaptive resource allocation deci-
sions, a group-level resource reservation module and a vehicle-
level resource allocation module are designed, as shown in
Fig. 8. The resource reservation module distributes resources
for different groups to satisfy their distinct QoS requirements.
With the reserved resources, RBs are allocated to each vehicle
by the resource allocation module.

A. Group-Level Resource Reservation Module

In the proposed resource allocation scheme for DENM
and CAM transmissions introduced in Subsection V-A, the

Number of requests
(®) ©

Resource allocation results changing with the number of requests: a) at intersection; b) close to the intersection; ¢) away from the intersection.
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decision on NLOS-drive V2I mode selection is made iter-
atively for all the vehicles, which requires a large number
of iterations, especially for the peak hours with high traffic
density. To improve the efficiency of the resource allocation
scheme, the numbers of V2I UL RBs allocated for DENM
and CAM transmissions in each group are estimated by the
resource reservation module, enabling the decoupling of the
V2I mode selection among different groups.

As shown in Fig. 8, resource reservation module consists
of three functionalities, two related to submodule formation
(i.e., generation and deletion) and one for determining
the amount of reserved resources for each message type
(i.e., resource demand estimation). Since CAMs and CPMs
are periodically broadcasted, the corresponding submodules
are established as a default setting for each vehicle group
by the resource reservation module. However, as the trans-
mission of DENMs is event-triggered, the DENM submodule
is established and deleted according to service requests. For
each established submodule, the resource demand estimation
function specifies the amount of reserved resources, based
on the information of vehicles’ requests. To be specific, for
vehicle group V; ;, the numbers of V2I UL RBs allocated
to vehicles requesting for DENMs and CAMs are specified,
denoted by Nif’j and ij, respectively.

The update 1s triggered by the detection of an unsatisfied
submodule or a new submodule, as shown in Fig. 8. Here
the unsatisfied message transmission is identified by QoS
measurement results from the vehicle-level resource alloca-
tion module. If one submodule with insufficient resources
is detected, the resource reservation module will first esti-
mate the resources required by this submodule based on
real-time requests. If the remaining resources are suffi-
cient, the resource reservation result is only updated for the
under-provisioning submodule. Otherwise, all the submodules
require an update, including the redundant resource release
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TABLE V
SENSOR PARAMETERS

Coverage range, R (m) 186
Sensing error per distance, wq 0.05
Sensing evaluation block size (m) 3
Sensing coverage threshold, C 0.9
Additional sensing error per period, w; (m) | 1.4
Penalty sensing error, eg (m) 50

and resource supplement for the over-provisioning and under-
provisioning submodules, respectively.

1) Resource Demand Estimation: In light of the analysis in
Subsection V-D, the amount of allocated V2I UL RBs for
DENM and CAM transmissions is closely correlated with
the number of requests. Due to the priorities of different
message types, the mapping relationships between requests
and resources are diversified. On the other hand, the location
of each vehicle group also determines its required amount of
V2I UL resources, e.g., the vehicles approaching intersections
are more likely to suffer from NLOS conditions and require
V2I resources. In order to estimate the V2I UL RB demand,
we model the mapping relationship for resource demand esti-
mation. The severity degree of NLOS conditions in different
street segments is difficult to be quantified, which is essential
for modeling the mapping relationship mathematically. With-
out a precise mathematical model, the learning-based method,
e.g. back propagation (BP) neural network [32], is a promising
solution to this regression problem. Due to the multi-layer
structure, the BP network has the capability to mimic com-
plex nonlinear mapping relationship [33]. In addition, for
unexpected inputs, the mechanism of backward propagation of
errors enables weight adjustment to minimize the estimation
error, which makes the method adaptive to dynamic vehicular
networks. Hence, the BP network based resource demand
estimation is trained for each vehicle group to estimate the
required V2I RBs for DENM and CAM transmissions.

As shown in Fig. 9, for group V; ;, a BP network is trained
to learn the relationship between the input and the output,
consisting of the input, hidden, and output layers. The numbers
of received DENM and CAM requests are utilized as the input,
and the output of the BP network is the allocated V2I UL
RBs for DENM or CAM transmissions. To train the learning
module, we run SRA scheme and record its V2I resource
allocation results, to obtain the training dataset. One sample
of input and output can be achieved during each CAM period.
An advisable configuration is essential for the BP network to
accurately estimate resource demand. We configure the neural
network with different transfer functions and different numbers
of nodes, and find the optimal configuration based on the
experimental results. In doing so, the BP network is set with
two hidden layers of the node number of 11 and 7 with the
transfer functions of tansig and linear, respectively.

B. Vehicle-Level Resource Allocation Module

Based on the resource reservation result, the RB allocation
function determines CP seed vehicle set and the V2V, V21
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Algorithm 3 RB Allocation for the DENM and CAM

1 Input: Vehicles’ locations; DENM and CAM requests; resource
reservation decisions, Ni,Dj and N fj;

2 Output: V2V and V2I UL RB allocation decision;

3 Estimate the potential V2I gain for each vehicle, G;’jj;

4 Phasel: V2I mode selection:
s for Each group belonging to the RSU, V; ; do

6 | VP(VA) < the vehicles with DENM (CAM) requests;
7 | for k=1:LNiDj/SDJ do

8 while V2 is not empry do

9 v <« the vehicle with the highest G J in VP,
10 Select the V2I mode for v, remove v from yD ;
1 | for k=1:LNiAj/SAJ do

12 while VA is not empty do

13 v <« the vehicle with the highest G J in VA;
14 Select the V2I mode for v, remove v from VA;

ju
wn

VP (vA) < the vehicles requesting the DENM (CAM)
transmission are assigned with V2I mode;

6 Select V2V mode for the requests without V2I mode;
17 Phase2: TDS identification:

18 for Each time segment, T; do

19 Calculate the required number of TDSs, /;;

20 for Each group belonging to T;, V; ; do

21 | Calculate D; ; and I; ;;

—

22 if I; > ZJG;] Ii,j then

23 Increase I; ; to satisfy [; = >
corresponding Dj ;3

G

=1 I; j and modify the

24 Dy(Dy) < available (required) V2I DL RB number;
25 while D, > D, do

26 while VIA is not empty do

27 v < the vehicle with the lowest G:" in VIA;
28 Modify the transmission mode to V2V for v;
29 i Update VIA, D,, and D, (Line 18 to Line 24);
30 while VID is not empty do

31 v < the vehicle with the lowest G:" in VID ;
32 Modify the transmission mode to V2V for v;
33 i Update VID , Dy, and D, (Line 18 to Line 24);

34 Phase3: RB allocation:

3s for Each time segment, T; do

36 Let 17 = 1, the first sub-frame available for V2I;
37 for Each group belonging to T;, V; ; do

38 Assign the sub-frames (t1, t+1j — 1) as TDSs;
39 Determine the sequential sub-frames, (t;, tle), allocated
for V2I transmission, where t; =t1r;
40 for The requests in V; j do
41 if The V2I mode is selected for the request then
42 if There are unoccupied RBs in TDSs then
43 | Allocate the V2I RBs in TDSs;
44 else
45 Allocate the V2I RBs in the first unoccupied
L sub-frame within (t; + I; ;, 15):
46 else
47 Allocate the V2V RBs in the first unoccupied
| sub-frame out of (t;, t;);
48 |t < 1+
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Fig. 10. PDR during: a) low traffic; b) medium traffic; c) high traffic.

UL, and V2I DL RBs allocated for each request. Then,
vehicles receive the RB allocation decision and transmit the
generated packets accordingly. At the end of each interval,
the QoS measurement function measures the performance for
message transmissions, according to the collected reports from
vehicles. Comparing with the sequential decision-making in
SRA scheme, the RB allocation decisions for DENM and
CAM transmissions can be made in parallel in terms of groups
and message types, as given in Algorithm 3. In each vehicle
group, vehicles with higher G;.’,'j are allocated with V2I RBs
until the amount of V2I RBs reserved for this group is used
up, as described by Phasel. Hence, the mode selection for
DENMs and CAMs in different groups can be operated in
parallel, which is more efficient than the method introduced
in Subsection V-A. After assigning transmission modes for all
vehicles, the number of required TDSs and requests transmit-
ted in TDSs is calculated in Phase2. With the configuration
of transmission mode and TDSs, the corresponding V2I or
V2V RBs are allocated to each vehicle in Phase3. Based on
the RB allocation result of DENMs and CAMs, the resource
allocation for CPMs and the V2I DL RB allocation follow the
procedures introduced in Subsection V-B and Subsection V-C,
respectively.

VII. NUMERICAL RESULTS

In this section, we perform a trace-driven simulation of the
proposed TARA framework to evaluate its performance, under
the scenario introduced in Subsection V-D. Considering the
impact of traffic, we perform the simulation during the hours
of low (7:10 a.m.), medium (2:30 p.m.), and high (5:30 p.m.)
traffic densities. We assume all vehicles are equipped with
sensors, with the parameters given in Table V [34]. To show
the flexibility of the proposed method, we evaluate the perfor-
mance with varying probabilities of DENM requests.

A. Performance of DENM and CAM Transmissions

Both the reliability and delay are measured for DENM
and CAM transmissions. Here, the reliability of each packet
transmission is evaluated by the metric of PDR. As shown
in Fig. 10, if all the transmissions are supported by V2V
connections, nearly 96% of packets are successfully received
during the low traffic hours, while a higher reliability is
achieved during the medium and high traffic hours, owing to
the decreased distance among vehicles. Since the packets can
be relayed at the RSU, the packet loss resulting from NLOS

0.4
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conditions can be alleviated, and nearly 100% reliability is
achieved by SRA scheme. Different from SRA, the resource
allocation of TARA is based on the results of its resource reser-
vation module. The reliability performance of 98% and 99%
are respectively achieved for the low and high traffic scenarios.
Notice that, for TARA results shown in Fig. 10, the reliability
of DENM transmission degrades with a lower DENM request
probability. This is because the resource reservation module
tends to neglect the small number of DENM requests, and
allocate the majority of V2I resources to CAM transmissions
in this case.

To evaluate the delay of packet transmission, we measure
the sub-frame gap between the allocated UL and DL RBs
for each V2I mode transmission. Due to the simultaneous
transmission and reception, the delay of V2V transmission
is negligible. The average delay of packet transmissions with
varying vehicle densities and DENM request probabilities is
shown in Fig. 11. In the medium and high traffic scenarios,
according to the priority order considered by the V2I DL RB
allocation, a lower delay is achieved for the DENM trans-
mission, comparing with that of the CAM. In the low traffic
scenario, packets are mainly transmitted via V2V connections,
and the high priority of DENM is not reflected by transmission
delay results. Since the V2I DL RB allocation is implemented
after the V2I UL RB allocation, if more V2I RBs are allocated
for the UL transmission, the sub-frame gap between DL and
UL can become larger due to the less options for DL RB
allocation. Thus, the transmission delay increases with the
vehicle density and DENM request probability, as shown
in Fig. 11. Although the average delay achieved by TARA
is longer than that of SRA, it still manages to be lower than
1.5 ms, 6 ms, and 8.5 ms during low, medium, and high traffic
hours.

B. Performance of CPM Transmissions

For CP services, both the coverage rate (CP coverage)
and the average sensing error (CP error) are evaluated as
QoS metrics, under different traffic conditions, i.e., low (L),
medium (M), and high (H) traffic densities. Since the area of
interest is divided into blocks, the sensing error is measured for
each block. In Fig. 12(a), the coverage refers to the proportion
of sensed blocks to the amount of blocks within the area of
interest, which is determined by the distribution of vehicles.
Thus, with more vehicles on the street, the coverage rate
becomes higher. The optimal CPM period is impacted by
the vehicle density and the DENM probability. With a higher

Authorized licensed use limited to: University of Waterloo. Downloaded on August 31,2022 at 23:57:46 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: ADAPTIVE RESOURCE ALLOCATION FOR DIVERSE SAFETY MESSAGE TRANSMISSIONS IN VEHICULAR NETWORKS

13495

15 MDENM-TARA 8 ’iDENM—TARA 12 ’iDENM-TAF{A
- I DENM-SRA % [HIDENM-SRA % 10 [HIDENM-SRA
5 [TICAM-TARA £ 6 |[ICAM-TARA £  [TICAM-TARA
=1 [IcAM-SRA <. [CJcAM-SRA <. g|[ICAM-SRA
& o il &
S S4 S 6
[} [} (o)
Sos g g
[ o2 [
> > >
< < —‘ < 2
0 0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
DENM request probability DENM request probability DENM request probability
(@) (®) ©
Fig. 11. Average transmission delay during: a) low traffic; b) medium traffic; c) high traffic.
100 I TARA-L 5 ITARA-L
IISRA-L @ ISRA-L
T 99 HTARAM E 4 ETARAM
° [CsrRA-M S N [TsrRA-M
© 98 [JTARAH = o3 CITARA-H
® |[JsRAH 3 S [ISRA-H
> =4
g 97 g 52
o .
O 96 z 1
[$)
95 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
DENM request probability DENM request probability DENM request probability
(@ (b) (©
Fig. 12.  Cooperative perception performance changing with DENM request probability: a) coverage rate; b) CPM period; c) average error.

IS

w

;RA
i E ';\RA

20

Running time (ms)
N

oo

4
3.5
3
25
2
s0 15
40 !

20 Number of CAM

40

60
Number of DENM 80 0

Fig. 13. Running time of the resource allocation schemes.

density of vehicles and a higher DENM request probability,
more wireless resources are required to support DENM and
CAM transmissions in each CAM period, which calls for a
longer CPM period as shown in Fig. 12(b). On the other hand,
with a higher density of vehicles, the sensing gain of selecting
one more SCV decreases due to the more compact distribution
of SCVs. Thus, for the condition with a high traffic density
and a low DENM request probability, the optimal CPM period
is 1, since the fact that the sensing gain achieved by selecting
more SCVs is lower than the penalty of a longer CPM update
latency. In Fig. 12(c), the average sensing error for each block
is evaluated. Considering the penalty error for the area out of
sensing coverage, the CP error with different traffic densities
has a similar trend as that of the coverage rate. Meanwhile,
a longer CPM uploading latency leads to a higher CP error,
which can be observed through the similar increasing trends
of the CPM period and the CP error.

C. Time Complexity of Resource Allocation Algorithms

To compare the time complexity of SRA and TARA,
we evaluate the running time of their wireless resource alloca-

tion algorithms introduced in Subsection V-A and Algorithm 3,
respectively. Both are run on an Intel i7-8750U CPU@2.2GHz.
The running time is evaluated with varying traffic density
and DENM request probabilities, i.e., the varying numbers of
DENM and CAM transmissions handled by resource alloca-
tion algorithms. In Fig. 13, an almost linear increasing trend
is observed for the average running time of SRA algorithm,
while the increasing trend of TARA is negligible. Specifically,
in the high traffic density scenario with the DENM probability
of 0.9, the time consumed by SRA is three times longer than
that of TARA. According to the evaluation results, TARA can
make resource allocation decisions more efficiently than SRA,
especially during the traffic peak hours with a large number
of transmission requests. The simulation results indicate the
low complexity of the proposed TARA framework in large-
scale vehicular networks with satisfied delay and CP service
requirements.

VIII. CONCLUSION AND FUTURE WORK

In this paper, we have proposed TARA framework to
support safety message transmissions in RSU-assisted urban
vehicular networks. Specifically, TARA framework consists
of a group-level resource reservation module and a vehicle-
level resource allocation module to enable adaptive multi-
dimensional resource allocation. For vehicles with DENM,
CAM, or CPM requests, the multi-dimensional resource allo-
cation decisions, including the V2I/V2V mode selection,
RB allocation, and the CP seed vehicle selection, can be made
to optimize the distinct performance metrics for different mes-
sage types. The trace-driven simulation results have been pro-
vided to demonstrate the low latency and high PDR achieved
for DENM and CAM transmissions, the high sensing quality
achieved for CPM transmissions, and the robustness of the
framework to adapt to dynamic traffic densities. Moreover, the
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proposed TARA framework can achieve real-time satisfying
performance and be readily applied into large-scale vehicular
networks. For the future work, considering the computation-
intensive vehicular services, we will further investigate the
joint allocation of computing, wireless, and sensing resources
in vehicular networks for efficient service provisioning.
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