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ABSTRACT Supporting ultra-reliable and low-latency communications (URLLC) is crucial for vehicular
traf ¢ safety and other mission-critical applications. In this paper, a novel proximity and quality-of-
service-aware resource allocation framework for vehicle-to-vehicle (V2V) communication is proposed.
The proposed scheme incorporates the physical proximity and traf ¢ demands of vehicles to minimize the
total transmission power over the allocated resource blocks (RBs) under reliability and queuing latency
constraints. A Lyapunov framework is used to decompose the power minimization problem into two
interrelated sub-problems: RB allocation and power optimization. To minimize the overhead introduced
by frequent information exchange between the vehicles and the roadside unit (RSU), the resource allocation
problem is solved in a semi-distributed fashion. First, a novel RSU-assisted virtual clustering mechanism is
proposed to group vehicles into disjoint zones based on mutual interference. Second, a per-zone matching
game is proposed to allocate RBs to each vehicle user equipment (VUE) based on vehicles' traf c demands
and their latency and reliability requirements. In the formulated one-to-many matching game, VUE pairs
and RBs rank one another using preference relations that capture both the queue dynamics and interference.
To solve this game, a semi-decentralized algorithm is proposed using which the VUEs and RBs can reach
a stable matching. Finally, a latency-and reliability-aware power allocation solution is proposed for each
VUE pair over the assigned subset of RBs. Simulation results for a Manhattan model show that the proposed
scheme outperforms the state-of-art baseline and reaches up to 45% reduction in the queuing latency and
94% improvement in reliability.

INDEX TERMS5G, Lyapunov optimization, matching theory, power optimization, ultra-reliable low latency
communications (URLLC).

I. INTRODUCTION two types of safety messages: decentralized environmental
Vehicular communication is emerging as a promising enablemnoti cation message (DENM) and cooperative awareness
for intelligent transportation systems (ITSs). In modern message (CAM) [2], [3]. In order to exchange these mes-
vehicle-to-vehicle (V2V) applications, e.g., automatic brak- sages, ultra-reliability and low-latency communications
ing, safety concerns and lane change alerts, still pose substa(iJRLLC) is critical [4]. URLCC applications with closed-
tial challenges for vehicular networks [1]. These applicationsloop control, such as vehicle collision avoidance, end-to-end
typically require efcient proximity-aware cooperative or round-trip latency requirement is around 1ms while
among by exchanging safety messages among vehicles tihe overall packet loss probability is below:999% for
reduce the risk of traf c accidents. ETSI has standardizedsmall packet sizes, e.g., 20 bytes or even smaller [5] [7].
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5G species a queuing latency of:I25ms in order to approach is presented by exploring the spatio-temporal
satisfy 1 ms end-to-end latency bound [8]. To this end,aspects (in terms of load and vehicles' physical proximity)
URLLC requirements become essential part of the nextof V2V networks to minimize the total network cost which
generation vehicular networks. captures the tradeoffs between load (i.e., service delay) and

Ef cient radio resource management (RRM) techniques successful transmissions. Reh al. [18] proposed a geo-
are essential to satisfy the stringent URLLC quality- location based resource reuse and user selection approach in
of-service (Qo0S) requirements. Dynamic and exible which two different distributed power control schemes are
RRM techniques in V2V networks offer the possibility introduced for various applications in vehicular networks.
to adapt to the localized service requirements and, hencé) centralized resource allocation scheme based on vehicle
need to be carefully designed. Legacy solutions for V2V locations is presented in [19]. In our previous work [20],
communication rely on ad hoc communication over thewe studied the problem of power optimization in V2V com-
IEEE 802.11p standard and backend-based communicatiomunication considering latency and reliability aspects. How-
over the long term evolution (LTE) cellular standard [9]. ever, this work differs signi cantly from [20] in many folds:
Nevertheless, due to a dynamic nature of vehicular comd) We group VUESs into dynamic zones instead of a xed
munication, legacy solutions suffer from several drawbacksnumber of zones, leveraging the spatial and temporal nature
such as network scalability, ef cient resource managementof V2V communication, ii) We propose a novel algorithm
unbounded delay, lack of reliability guarantees, and vary-based on matching theory for dynamic allocation of RBs to
ing QoS requirements [1], [10], [11]. On the other hand, VUEs inside each zone, whereas [20] assumes proportional
the performance of the LTE system for vehicular com- fair (PF) allocation of RBs, iii) Contrary to [20], we propose
munication is often unsatisfactory, particularly for URLLC an interference estimation based on the history of VUES traf-
scenarios [4], [11]. Therefore, seeking optimal RRM solu- ¢ demand and their geographical information. Furthermore,
tions to enable V2V communication are strongly desirable. we examine the latency and reliability constraints to analyze

the queue dynamics in more details as discussed in Section Il.

A. RELATED WORK Moreover, a performance analysis framework is proposed
RRM has a signi cant impact on the performance of vehic- for optimizing a platoon's operation while jointly taking
ular networks. A vehicular network RRM mechanism must into account the delay of the V2V network and the stability
be carefully designed with particular attention to interferenceof the vehicle's control system [24]. However, the works
mitigation due to resource reuse while satisfying stringentin [16][19] fail to take into account the stringent latency
URLLC requirements [6], [21]. In particular, the high mobil- and reliability requirements. Meanwhile, the work in [24]
ity of vehicles brings challenges in channel quality acqui- assumes resource allocation to be pre-determined, rather than
sition. Problems pertaining to RRM and network modeling optimized. The state-of-the-art contributions in the resource
with URLLC metrics have been recently studied for many allocation of V2V communication is summarized in Table 1.
types of networks including vehicular and device-to-device
networks [11] [24]. B. MOTIVATIONS AND CONTRIBUTIONS

Sunet al.[11] proposed a centralized heuristic QoS-basedAlthough interestingly, none of the aforementioned works
RRM scheme by solving sum-rate maximization problem butconsider the stochastic nature of trafc arrival and
without considering for the traf c queue state information data queue dynamics while satisfying stringent URLLC
(QSI) at vehicles. A heuristic location-dependent resourcerequirements [11] [19]. Meanwhile, the majority of existing
allocation for V2V is proposed in [12], where orthogonal V2V works [11] [19] assume that full global channel state
resource blocks (RBs) are allocated to different geographicainformation (CSl) is available at all network entities, which
areas. However, the work in [12] relies on a full buffer traf ¢ is impractical for vehicular networks. Due to the fast-varying
model which can lead to severe queuing latency. A resourcehannel conditions and topological environments, frequent
sharing algorithm while incorporate matrix spectral radiusexchange of local information and control signaling can
to bound the accumulated interference is proposed in [13]incur tremendous overhead and leads to a degradation in the
The objective of RRM algorithm in [13] is to maximizes the network performance [9], [11], [19].
number of concurrent V2V transmissions while ensuring reli- Motivated by the above shortcomings, the main contri-
ability constraints. In [14], a low-complexity outage-optimal bution of this work is a fresh start architecture for latency
distributed channel allocation scheme is proposed based oand reliability-aware resource allocation for V2V communi-
a bipartite matching formulation for V2V links. The work cations. Unlike existing works, our proposed approach con-
in [15] proposed a spectrum sharing and power allocationsiders RBs allocation and power control jointly such that the
scheme subject to the outage probability based on signal-tanterference is minimized while taking into account both the
interference-plus-noise ratio (SINR). geographical information and the queue dynamics. To capture

Additionally, Xing et al. [16] use dynamic programming the dynamic traf c demands, each vehicle user equipment
to search for an optimal clustering solution that minimizes (VUE) is assumed to be equipped with a traf c queue buffer
the number of resources consumed by vehicular ad hoc neto store the stochastic data arrivals. For better resource utiliza-
works (VANETS). In [17], a distributed resource allocation tion and to reduce queuing latency and maximum reliability,
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TABLE 1. Summary of resource allocation techniques in the existing V2V literature.

we exploit QSI together with the conventional physical layer TABLE 2. Summary of notations.
metrics. We propose a Lyapunov based stochastic optimiza-
tion framework [25] to jointly optimize resource allocation
and power allocation while satisfying the queuing latency
and reliability requirements. The problem is formulated as
a network power minimization wherein the main objective
is to minimize the Lyapunov drift-plus-penalty function that
captures the tradeoff between the transmit power and sta-
bility of the system queues. Due to the dynamic nature
(e.g., CSI, QSI, network topology, etc.) of V2V networks,
performing dynamic resource allocation requires the knowl-
edge of the entire network state information which incurs
signi cant overhead. Therefore, the main optimization prob-
lem is decomposed into two interrelated subproblems that
are solved in a semi-distributed fashion at the roadside unit
(RSU) and VUE level.
First, by exploiting the spatial-temporal information of
vehicles, the RSU groups vehicle pairs into a number of zones
based on their location and traf ¢ patterns. Then, in order
to allocate RBs to each VUE pair, we formulate a per-zone
one-to-many matching game in which VUEs and RBs are the
players, which rank one another based on a set of preferences
that account for interference, QSI and traf c demands. The
aim of the matching game is to nd a suitable and stable
allocation between VUEs and RBs. Furthermore, the goal of
the matching game is to associate the VUESs to a feasible set
of RBs while satisfying latency and reliability constraints.
To solve this game, we propose a distributed algorithm that | , )
is guaranteed to converge to a two-sided stable and ParefymPli €d using the Lyapunov framework and a semi-
optimal matching between VUEs and RBs. Subsequentlyfj'St”bUted approach is presented in Section Ill. Follow-

once the stable and optimal RB allocation solution is found,!n9 the semi-distributed approach, a novel zone formation
every VUE optimizes its transmit power over allocated RBs mechanism is detailed in Section IV. Section V discusses the

while satisfying latency and reliability constraints. Simula- Proposed matching algorithm and power allocation scheme.
tion results validate the effectiveness and performance of thd N performance of the proposed framework is analyzed in
proposed approach as compared to a baseline in terms é‘recn_on VI. Finally, Section _VII conclude_s the_paper. The
latency and reliability. The results show 94% improvement in Notations used throughout this paper are listed in Table 2.

reliability and 45% reduction in queuing latency as compared
to baseline. Il. SYSTEM MODEL AND PROBLEM FORMULATION

The rest of this paper is organized as follows. Section Il A. NETWORK AND TRAFFIC MODEL
describes the system model and presents the opti¥We consider a V2V network following the Manhattan mobil-
mization problem. The optimization problem is further ity model as illustrated in Fig. 1. The V2V network is

VOLUME 6, 2018 63845




































M. I. Ashrafet al.: Dynamic Resource Allocation for Optimized Latency and Reliability in Vehicular Networks

[10] X. Cheng, L. Yang, and X. Shen, "D2D for intelligent transportation [34] S. Bayat, Y. Li, L. Song, and Z. Han, “Matching theory: Applications
systems: A feasibility study[EEE Trans. Intell. Trans. Systol. 16, no. 4, in wireless communicationsJEEE Signal Process. Magvol. 33, no. 6,
pp. 1784 1793, Jan. 2015. pp. 103 122, Nov. 2016.

[11] W. Sun, E. G. Strom, F. Brannstrém, K. C. Sou, and Y. Sui, “Radio [35] E. A. Jorswieck, “Stable matchings for resource allocation in wireless
resource management for D2D-based V2V communicatitEEE Trans. networks," in Proc. 17th Int. Conf. Digit. Signal Process. (DS®orfu,

Veh. Techno).vol. 65, no. 8, pp. 6636 6650, Aug. 2016. Greece, Jul. 2011, pp.18. o o

[12] M. Botsov, M. Kligel, W. Kellerer, and P. Fertl, “Location dependent (36] r?wéanZIee?,Z%; l\jétﬁhle\l/lri)lﬁilﬁl %?IIggengdinl;;logiBaggnthfggtzabll|ty of

fET;‘?@?;ﬂ'Sf&‘%ﬁmﬁﬁ"igfg'fggi'dme communicationg2Me. 1571 pe '3 "UiNNER  Final Channel Modelslocument GELTICICP5.026,
! o . o Jun. 2010, pp. 1 107.

[13] S. Zhang, Y. Hou, X. Xu, and X. Tao, "Resource allocation in D2D- [3g] Study on scenarios and Requirements for Next Generation Access Tech-
based V2V communication for maximizing the number of concurrent nologies, Technical Speci cation Group Radio Access Network, Study
trangmlssmns,“ inProc. IEEE 27th Annu. Int. Symp. Pers., Indoor, Mobile on LTE-based V2X Services, Release ddcument TR 38.885, 3GPP,
Radio CommunSep. 2016, pp. 1 6. Feb. 2016.

[14] B. Bai, W. Chen, K. B. Letaief, and Z.-G. Cao, “Low complexity outage [39] LTE-based V2X Services Work ltedocument (RP-161894), 3GPP TSG
optimal distributed channel allocation for vehicle-to-vehicle communica- RAN Meeting # 73, Sep. 2016.
tions," IEEE J. Sel. Areas Commuynol. 29, no. 1, pp. 161 172, Jan. 2011.  [40] M. Molina, O. Mufioz, A. Pascual-Iserte, and J. Vidal, " Joint scheduling of

[15] L. Liang, G. Y. Li, and W. Xu, “Resource allocation for D2D-enabled communication and computation resources in multiuser wireless applica-
vehicular communications,"lEEE Trans. Commun.vol. 65, no. 7, tion of oading,"in Proc. IEEE PIMRGCWashington, DC, USA, Sep. 2014,
pp. 3186 3197, Jul. 2017. pp. 1093 1098.

[16] W. Xing, N. Wang, C. Wang, F. Liu, and Y. Ji, “Resource allocation .
schemes for D2D communication used in VANETSs,"fmoc. |IEEE 80th Ml:erAhMl\gAD IKRA';A IASHRAF -re(t:‘elved tf:e
Veh. Technol. Conf. (VTC-Fallyancouver, BC, USA, Sep. 2014, pp. 1 6. -1ech. degree In telecommunication systems

[17] M. 1. Ashraf, M. Bennis, C. Perfecto, and W. Saad, ~Dynamic proximity- from the University of Oulu, Flnland, in .200.8‘
aware resource allocation in vehicle-to-vehicle (V2V) communications," and the M.Sc. degree (Hons.) in communications
in Proc. IEEE Global Commun. Conf. Workshopec. 2016, pp. 1 6. network (Gold Medal) from Bahria University,

[18] Y. Ren, C. Wang, D. Liu, F. Liu, and E. Liu, “Applying LTE-D2D to Pakistan, in 2004. He was a Research Engineer
Support V2V Communication Using Local Geographic Knowledge," in at CWC, Oulu, from 2006 to 2011. From 2011 to
Proc. IEEE 82nd Veh. Technol. Conf. (VTC FaBep. 2015, pp. 1 5. 2012, he worked as Senior Software Engineer at

[19] M. Wilhelm, T. Higuchi, and O. Altintas, ~Geo-spatial resource allocation Nokia, Oulu. He worked as Research Scientist
for heterogeneous vehicular communications: PosterPrioc. 17th ACM at Centre for Wireless Communications (CWC),
Int. Symp. Mobile Ad Hoc Netw. Compuilul. 2016, pp. 399 400. Oulu, from 2012 to 2017. He was with Nokia Bell-Labs, Espoo, Finland dur-

[20] M. I. Ashraf, C.-F. Liu, M. Bennis, and W. Saad, “Towards low-latency ing summer 2017. Currently he is working with Ericsson Research, Finland
and ultra-reliable vehicle-to-vehicle communication,"fmoc. Eur. Conf. and pursing his Ph.D. from CWC, University of Oulu, Finland. His research
Netw. Commun. (EUCNC)un. 2017, pp. 1 5. interests lay in the eld of URLLC, Industrial 10T, V2X communication,

[21] C.She,C.Yang,andT.Q.S. Quek, “Radio resource management for ultrab2D communication, radio resource management, heterogeneous networks,
reliable and low-latency communicationsE£EE Commun. Magvol. 55, social-aware networks, and matching theory.
no. 6, pp. 72 78, Jun. 2017. , .

[22] M. Mozaffari, W. Saad, M. Bennis, and M. Debbah, “Unmanned fcr:r,ENN';:iEganL#Ls(ii;?lzlr;celjﬁ\c/j;l?tf.?-isciﬁgfrlie
aerial vehicle with underlaid device-to-device communications: Perfor- Taiwan in 2009. and the M.S degreé in comm‘u-
mance and tradeoffsJEEE Trans. Wireless Communol. 15, no. 6, S S N .
pp. 3949 3963, Jun. 2016. n|gat|on_s engineering from Nathnal Chiao Tung

[23] O. Semiari, W. Saad, S. Valentin, M. Bennis, and H. V. Poor, Un_lversny, Hsinchu, in 2(_)11' He 1S curr_ently pur-
“Context-aware small cell networks: How social metrics improve wireless suing th_e Ph.D. degree W'th t_he Un|ver5|ty‘of QU_IU'
resource allocation,'"EEE Trans. Wireless Communol. 14, no. 11, Ouly, Finland. In 20_12, he joined Academia Sinica
pp. 5927 5940, Nov. 2015. as a Research Assistant. In 2014 and 2016, he was

[24] T. Zeng, O. Semiari, W. Saad, and M. Bennis. (2018). “Joint communi- a Visiting Researcher with the Singapore Univer-
cation and control for wireless autonomous vehicular platoon systems." sity of Technology and Design, Singapore, and
[Online]. Available: https://arxiv.org/abs/1804.05290 the University of Houston, Houston, TX, USA, respectively. His research

[25] M. J. Neely,Stochastic Network Optimization with Application to Com- interests include mobile edge computing, ultra-reliable low latency commu-
munication and Queueing Systen8an Rafael, CA, USA: Morgan &  nications, software-de ned networking, and green communications.
Claypool, 2010. _ ] MEHDI BENNIS (SM'15) received the M.Sc.

[26] J. D. C. Little, "A proof for the queuing for'mula.' D W," Oper. Res. degree in electrical engineering jointly from EPFL,

[27] \/f\OI'.I'ginlgézézfi.ai?jsvisgéigg%é?ggs::teig o‘;:;liztlgr?t;d control frame Switzerland, and the Eurecom Institute, France,
work for 5G network slicing with effective isolation," iffroc. 52nd Annu. !n 2?02% and the ETD Clilelgree n spect_rur’gozgar-
Conf. Inf. Sci. Syst. (CISS¥ar. 2018, pp. 1 6. ':g or future mobile cellular systems In S

[28] M. J. Neely, “Energy optimal control for time-varying wireless net- rom 2002 to 2004, he was a Reseqrch Englneer
works," IEEE Trans. Inf. Theoryvol. 52, no. 7, pp. 29152934, Wlth IMR.AEUROPE’ Where_he_was |nvqlved in
Jul. 20086. |nves_t|ga_t|r_19 adaptive equahzapqn algorithms for

[29] M. J. Neely, "A Lyapunov optimization approach to repeated stochastic m0b|I_e digital TV. In 2.004’ he JO'T‘ed t_he Centre
games," inProc. 51st Annu. Allerton Conf. Commun., Control, Comput. for\l\{lrelgss Communications, Unlve_r_sny of Oulu,
Monticello, IL, USA, Oct. 2013, pp. 1082 1089. Fl_nland, as a Research Scientist. In 2008, h_e was a \ﬁsmng Researcher

[30] K.Seong, M. Mohseni, and J. M. Ciof , “Optimal resource allocation for with the Alcatel-Lucent Chair on Flexible Radio, Supélec. He is currently
OFDMA downlink systems," irProc. I[EEE Int. Symp. Inf. Thear@eattle, an Associate Professor with the University of Oulu and the Academy of
WA, USA, Jul. 2006, pp. 1394 1398. Finland Research Fellow. He has co-authored a book and authored or co-

[31] U. von Luxburg, “A tutorial on spectral clusteringStatist. Comput. authored over 100 research papers in international conferences, journals, and
vol. 17, no. 4, pp. 395 416, 2007. book chapters. His main research interests are in radio resource manage-

[32] A. E. Roth and M. A. O. Sotomayoflwo-Sided Matching: A Study in ~ ment, heterogeneous networks, game theory, and machine learning in 5G
Game-Theoretic Modeling and AnalysiSambridge, U.K.: Cambridge  networks. He received the prestigious 2015 Fred W. Ellersick Prize from the
Univ. Press, 1992. IEEE Communications Society, the 2016 Best Tutorial Prize from the IEEE

[33] Y.Gu, W. Saad, M. Bennis, M. Debbah, and Z. Han, “Matching theory for Communications Society, and the 2017 EURASIP Best Paper Award for the

VOLUME 6, 2018

Journal of Wireless Communications and Networks. He serves as an Editor
for the IEEE TrRansacTioNs ONWIRELESS COMMUNICATION .

future wireless networks: Fundamentals and applicatidB&E Commun.
Mag. vol. 53, no. 5, pp. 52 59, May 2015.

63857






	INTRODUCTION
	RELATED WORK
	MOTIVATIONS AND CONTRIBUTIONS

	SYSTEM MODEL AND PROBLEM FORMULATION
	NETWORK AND TRAFFIC MODEL
	PROBLEM FORMULATION

	PROBLEM DECOMPOSITION USING LYPUNOV OPTIMIZATION
	

	

