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Abstract

:

In the last few years, many routing protocols have been proposed for vehicular ad hoc networks (VANETs) because of their specific characteristics. Protocols that use several metrics have been shown to be the most adequate to VANETs due to their effectiveness in dealing with dynamic environment changes due to vehicle mobility. Metrics such as distance, density, link stability, speed, and position were selected by the authors for the best proposal. Several surveys of routing proposals have been generated to categorize contributions and their application scenarios, but none of them focused on multimetric approaches. In this paper, we present a review of the routing protocols based on more than one metric to select the best route in a VANET. The main objective of this research was to present the contemporary most frequently used metrics in the different proposals and their application scenarios. This review helps in the selection protocols or the creation of metrics when a new protocol is designed.This survey of multimetric VANET routing protocols employed systematic literature-review (SLR) methodology in four well-knownown databases that allowed to analyze current state-of-the-art proposals. In addition, this paper provides a description of these multimetric routing protocols. Our findings indicate that distance and speed are the most popular and versatile metrics. Finally, we define some possible directions for future research related to the use of this class of protocols.
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1. Introduction


The constant mobility of people, the increasing number of vehicles on roads, and the need for infrastructure-less communication technology for intelligent transportation systems (ITS) make vehicular ad hoc networks (VANETs) an important research topic in vehicular and wireless technologies.



Over the past few years, improvements in ITS have been focused on mitigating traffic congestion to reduce toxic emissions and fuel consumption, the enhancement of traffic safety, and offering mobile infotainment to passengers by improving on-road communication and making vehicles aware of their surroundings [1]. To achieve the main communication requirements of both safety and non-safety applications in a VANET scenario, there is a need to enhance vehicular communication and smart communications.



A VANET is a subclass of a mobile ad hoc network (MANET), in which vehicles communicate with each other and with nearby fixed roadside equipment. VANET communications include several models, such as vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I). Figure 1 shows a typical VANET scenario where V2I communications can be used to access location services or obtain traffic statistics. V2V could be employed to alert about emergencies or reach out of coverage nodes through multihop communication.



Due to rapid growth in vehicular communications, there are many studies covering all of its aspects, including channel modeling [2], appropriate scalable design of medium-access-layer (MAC) procedures [3], security and privacy policies [4], reliability and latency improvements [5], integration of VANET-LTE [6], and mainly routing protocols aiming to offer good performance and adaptability to changes in network topology.



Routing protocols are extremely important in ad hoc networks because they are responsible for initiating and maintaining routes to facilitate multi-hop communication and extend the service area of the network. Moreover, VANET routing protocols are designed for different scenarios considering the main characteristics and constraints in vehicular networks, such as mobility of nodes, interference, and bandwidth limitations. As we said, VANET has dynamic topology and, at run time, the network may support any kind of application. So, continuous research is in progress to improve routing decisions while considering the restrictions and challenging issues of VANETs [7].



VANET routing protocols can be classified according to their power-aware and predictive mobility capabilities. This classification looks to distinguish protocols with the efficient utilization of limited resources and quality-of-service (QoS) improvement. In this context, cluster-based routing protocols provide centralized control and they can be very useful to avoid saturation in very crowded networks [8]. Other protocols designed for low-latency applications based on topology or position information are presented in [9]. Finally, for reliable QoS routing, there are different approaches to obtain an optimal protocol according to different parameters [10] such as end-to-end delay [11], security, low collision, and interference [12].



Despite the different application-oriented classifications, standard criteria have been used more often to survey and classify them. Depending on if vehicles use infrastructure (e.g., RSUs) or not to forward packets to the final destination, VANET routing protocols can be categorized as V2I and V2V [8,13]. The former can be seen as a special case of V2V routing protocols, so almost no survey distinguishes between them. A typical classification of routing protocols is presented in [14] and it is based on transmission strategies in which a protocol can be unicast, multicast, broadcast, or geocast. This well-accepted classification of routing protocols was used in the survey of [7,8]. Moreover, unicast protocols were further split based on routing information in topology or position-based in [15,16], and cluster-based in [13].



According to a recent survey [17], unicast routing protocols are organized in the categories of topology, geographic, hybrid, clustering, opportunistic, and data fusion. Altayeb et al. [9] presented a routing-protocol survey with both, based on transmission strategies and routing-information classification. It is clear that the second assortment is a subclassification of unicast protocols.



Geographical routing protocols for VANETs are an important subset of unicast protocols into protocol classification based on routing information because they make their forwarding decision by using local information; therefore, this kind of protocol can react fast to frequent topology changes. As a consequence, many surveys specifically target geographical (also known as position-based) protocols in the literature. In [18], the authors explained the importance of a geographic protocol in VANETs and provided an updated survey. More specific reviews of geographical-routing proposals have been published over the years. In [19] only greedy approaches for geographical routing were presented, while [20] reviewed geographical routing for Vehicular Delay-Tolerant Networks (VDTNs) and group proposals according to the geographical knowledge needed for their operation. The traffic-aware classification of geographical-routing protocols proposed in [21] identified protocols that use surrounding information to improve communication performance.



Surveys of VANET routing protocols along years show that the forwarding criteria, especially in geographical protocols, have evolved from using only one metric to more novel proposals that employ several metrics, like vehicle speed and direction. In this paper, we concentrated on unicast routing protocols designed for VANETs using different metrics in hop-by-hop selection to improve vehicular communications. We present the principal metrics, their importance in vehicular scenarios, and which of them are selected by the proposals explained below.



The rest of this paper is organized as follows: Section 2 presents the main characteristics of VANETs that are relevant in the context of the paper. After that, Section 3 presents the systematic literature-review process used in this survey. Section 4 presents the most common metrics used by researchers in their routing protocols and their multimetric proposals. Next, Section 5 discusses our findings, and Section 6 presents conclusions.




2. VANET Characteristics


In VANETs, vehicles equipped with data wireless devices act as mobile hosts and routers for other nodes. Even though VANETs share characteristics with classical mobile ad hoc networks, such as a short transmission range, self-organization and self-management, and low bandwidth, vehicular ad hoc networks have special characteristics that distinguish them from other types of mobile ad hoc networks as follows [7,22]:




	
Ability to provide continuous power: the node (vehicle) itself can, via a long-life battery, provide continuous power for computing and communication devices compared to the capabilities of typical MANET nodes.



	
High computational capability: operating vehicles can use significantly higher computing, communication, and sensing capabilities compared to other mobile nodes (such as smartphones).



	
Predictable mobility: vehicles have more predictable movements than typical MANET nodes. Vehicles only move over roads. Roadway information is available from positioning systems and map-based technologies. The future position of a vehicle could be estimated as a function of speed and road trajectory. The hour of the day or the specific day of the week is also a determinant parameter to predict vehicle mobility.



	
Large scale: vehicular networks could cover an entire road network including many participants. Its coverage area can range from a neighborhood to an entire city. In highways, a VANET can easily reach tens of kilometers.



	
High mobility: the topology created by vehicles in a VANET is extremely dynamic and includes different configurations. For instance, topology information of a vehicle that leaves an avenue to go to a residential area can dramatically change. In this regard, the density of nodes plays a very important role. If the density of vehicles is very high, as in, during rush hour, topology changes can be minimal. On the other hand, very low vehicle density, such as during week nights, leads to more changes in topology due to high mobility.



	
Partitioned network: vehicular networks are frequently partitioned because of the nature of traffic. In residential and rural areas, there are intervehicle gaps because these are sparsely populated scenarios. This forms several isolated clusters of nodes.



	
Various communication environments: very related to the mobility and partition ratio of VANETs are the communications environments in which they are typically operated. These scenarios can be, most of the time, highways or urban areas; the former are relatively simple and straightforward, while cities include more signal perturbations because of different types of obstacles, such as buildings, houses, and trees.



	
Interaction with on-board sensors: Currently, vehicles are equipped with a good number of on-board sensors that provide information on the vehicle that can be used to make routing decisions (speed, direction) or to monitor surroundings (temperature, wind, humidity, etc.).








All these characteristics should be taken into account when designing a routing protocol or application dedicated to a vehicular network.




3. Systematic Literature Review


We developed a systematic literature-review (SLR) as suggested in [23] to guarantee replicability [24] of this survey in the future. We intend to summarize the information concerning how routing protocols based on multimetrics for VANETs make the best routing decisions. An SLR is a means of identifying, evaluating, and interpreting the available research pertinent to a particular research question, area, subject, or phenomenon of interest; it is composed of six phases: research questions, search process, inclusion and exclusion criteria, quality assessment, data collection, and data analysis.



3.1. Research Questions


According to [23], research questions we had to consider were population, intervention, comparison, and outcomes.



In our case, this survey is useful for VANET researchers who need a robust routing protocol to obtain better results in the development of new emergency- and data-interchange-focused services. More specifically, we targeted the improvement of hop-to-hop decisions in vehicular communications of multimetric routing protocols compared to prior proposals (that usually use one metric for routing decisions). The outcome of our review was to validate how the use of several metrics in a routing protocol improves the decision-making process in vehicular communication.



Based on the mentioned strategy, our Research Questions (RQ) are the following. With them, we aimed to know how important metric selection is in routing protocols for VANETs, and how multimetric use improves path selection.



	
Which are the most used metrics in routing protocols for VANETs?



	
Which combination of metrics is the most used for improved routing decisions?



	
Which are the routing protocols with the most comparatives?



	
Which network simulator is most used currently?







3.2. Search Strategy


It is necessary to determine and follow a search strategy to answer our research questions. The research sources we used were the following repositories with restricted access: IEEE, ACM, Scopus, and Science Direct. The construction of the research questions was used as a base to extract some keywords that were then used to search for primary studies. First, we had the following keywords: VANET, routing, multimetric, metrics, and protocol. Nevertheless, to obtain more specific and concrete results, we decided to link the words and use a search string to increase the number of potential pertinent studies: routing protocol VANET, metrics routing protocol VANET, and multimetric routing protocol VANET. The search covered the time period from 2005 to early 2019, but we then decided to reduce the period to 2009 to obtain better and newer results; these results are presented in Table 1. To improve the search, Boolean expressions were used, the results of which are presented in Table 2.




3.3. Inclusion and Exclusion Criteria


Inclusion and exclusion criteria were based on the research questions. These should be taken into account to guarantee that results can be reliably interpreted and to correctly categorize studies.



We selected the following inclusion criteria to find the relevant publications that answered our research questions:




	(i)

	
Publication date 1 January 2009–1 January 2019;




	(ii)

	
new routing protocol proposal for VANET is presented; and




	(iii)

	
the routing decision was based on more than one metric.









For the exclusion criteria, we used:




	(i)

	
Only already known compared protocols and




	(ii)

	
duplicated documents from the same study.










3.4. Study Quality Assessment


The first search, without any exclusion-criteria, shown in Table 1 and Table 2, returned a high number of documents, several of which were duplicated. After the use of the exclusion/inclusion criteria, many documents were dismissed. All separate authors of this work individually checked the activity of searching for publications to ensure the quality of the place of publication. Quality evaluation was then separately performed to verify the obtained information. After the selection of around 100 documents, only 21 papers fulfilled the requirements of this study (e.g., publication period, new protocol proposal, more than one metrics used in the selection of forwarder nodes) and were selected in this review.



We note that the proposals were presented between 2009 and 2019 and that, between 2013 and 2018, a higher number of proposals were published (see Figure 2a. This figure also shows the simulators used by these proposals.).



We can also observe in Figure 2b that proposals were often evaluated using NS-2, specifically,   71 %   of the analyzed proposals. NS-2 is a highly accepted network simulator in the research community. In comparison with other well-known network simulation tools, NS-2 has several advantages: (1) the code is open-source, research-community-accepted, and facilitates openness to modify the existing mechanism; (2) extensibility and stability; and (3) it can support large simulation scenarios where the number of nodes can be up to 20,000, making the simulation results more realistic [25]. NS-2 was one of the first simulators with these features. It is important to note that the two other simulators also share these characteristics, although they appeared after NS-2.



A summary of the whole SLR process is presented in Figure 3, from the identification of the articles in the four databases until the final selection going through the different selection filters.



The protocols selected as relevant for this study are presented and analyzed in the following sections.





4. Routing-Protocol Proposals Based on Metrics


In this section, we summarize the selected protocols in this SLR. First, we present the metrics most commonly used in these proposals and explain their utility.



4.1. Metric-Based Routing


This section presents some designing factors and strategies adopted in routing protocols that consider more than one metric into the selection of the best route. This summary aims to help new researchers in the area to analyze existing routing protocols for VANETs.



Currently, there are several metrics to improve routing protocols for vehicular communications. We first explain the metrics that have global importance. This means that the values of this kind of metric provide an idea of closeness or path quality to destination.



	
Minimum hop count: counting the number of hops between a source and a destination to a particular path [26].



	
Distance: used to select the node that is closer to the destination as the next hop to be the best candidate node [7]. Basically, it is the distance between each candidate node and the destination node [13].



	
Route cost metric (RCM): this metric was proposed in [27]. It is based on packet-delivery ratios, and also includes information on the level of link stability. Is possible to define the RCM of a link from a source to the destination vehicle by the Bellman equation.



	
Packet reception rate (PRR): gives information about the efficiency of the dissemination scheme and the reliability of the data forwarding [9]. PRR is a metric highly related to the number of data losses in the network.






So-called local metrics provide information about the candidates to next forwarding nodes. They are usually employed to increase the probability of finding the next suitable hop or to recover from path-creation problems (e.g., broken links).



	
Density: In order to find a reliable routing path, traffic density is a c very frequently used metric. Considering the high density in hop-by-hop selection, disconnection could be avoided. Using beacon messages, each node can analyze its own neighboring density based on the number of neighbors and include it to select a more stable route [1]. This is also called the degree of a vehicle, the number of vehicles within the transmission range [28] (see Figure 4).



	
Speed: the speed of each node helps to calculate other metrics, such as movement direction, link quality, or link lifetime. It helps to predict link breakage [18].



	
Link/route lifetime: it is defined as the shortest period during which two nodes can interchange data packets in a link or route [1,22] (see Figure 5).



A stable routing path is provided by a longer link lifetime, which results in a reduction of packet losses. Consider (  x s  ,   y s  ) and (  x i  ,   y i  ) as coordinates of source nodes s and neighbor i, with their corresponding speed given by   v s   and   v i  , where   v s   <   v i  . Let R be the receive range. So, the link lifetime between s and i is calculated using Equation (1).


   L  s , i   = R −      (  x i  −  x s  )  2  +   (  y i  −  y s  )  2      v s  −  v i    .  



(1)







	
Movement direction: the movement of vehicles is an important consideration in routing selection. If the source does not take into account the moving direction of the next possible hop, it could make the wrong forwarding decision by sending packets t vehicles that are moving against the direction of the destination [1] (see Figure 6). This is especially important if vehicles implement carry and forwarding. This means that, during the time that the vehicle carries the packet, it just moves packets away from the destination.



	
Link quality: select the link with the fewest neighboring transmitting vehicles, buildings, and obstructions that affect link quality between vehicles [18].







4.2. Multimetric-Routing Proposals


Some routing-protocol proposals that use more than one of the previously explained metrics are presented below, applying to a specially developed systematic literature review.



Before we begin with routing-protocol proposals based on several metrics, it is important to mention three main routing protocols for ad hoc networks in general, ad hoc on-demand distance vector (AODV) [26], greedy perimeter stateless routing (GPSR) [28], and GeoNetworking protocol [29].



On the one hand, AODV and GPSR are the base in ad hoc network routing in MANET and VANET, which is our study field. They are the most commonly compared protocols with new proposals. On the other hand, GeoNetworking is the standardization effort from ETSI for VANET routing. In this sense, GeoNetworking must be used as a baseline for future proposals.



4.2.1. AODV


AODV is a routing protocol designed for mobile ad hoc networks. It is a reactive protocol, and routes are created only when a node wants to send a packet. It uses traditional routing tables, one entry per destination, and sequence numbers to determine up-to-date routing information. AODV store the routes (source–destination) while the source requires us to send information while the connectivity between nodes is active.



The principal stage of this protocol is route discovery, which works by the source node broadcasting route request messages (RREQ) to the other nodes to find the destination node. Route reply messages (RREP) are sent back to the RREQ source in unicast communication. The full path is formed storing information in intermediate nodes along the route in local routing tables. It also uses error messages (RERR) to notify when a communication break occurs. In this case, a new route-discovery process should begin.“Hello” messages are permanently used for detecting and monitoring connectivity with neighbors [26].




4.2.2. GPSR


GPSR [28] is an efficient routing protocol for wireless and mobile networks that exploits the geographical routing idea.



GPSR is based on two methods to forward data: greedy forwarding and perimeter forwarding. The first algorithm sends packets to the neighbor node closest to the destination, and this is used by default (see Figure 7a); the second method is selected in cases when greedy forwarding cannot be used (there is no closer node than the current one; see Figure 7b). In perimeter mode, GPSR exploits the idea of the right-hand rule to forward packets around voids where no closest neighbor is found.



In this protocol, the decision is based on the hop-by-hop rule, and it does not need end-to-end full-path establishment [11,30,31].




4.2.3. GeoNetworking Protocol


The GeoNetworking (GN) protocol [29] is the routing-protocol standard from the European Telecommunications Standards Institute (ETSI); therefore, it is an important geographic-routing standard. GN is a network-layer protocol that provides packet routing in ad hoc networks. It is a VANET geographic-routing protocol where packets are routed by the VANET based on the geographical position of the nodes and the position of the packet destination, assuming the use of GPS to know their location. Packets are forwarded by different intermediate nodes from origin to destination, establishing multihop communication. In the GN protocol, there are two types of main packet delivery: geo-unicast and geobroadcast. The nodes use a location table (LT) that maintains the position of its neighbors and is used to make forwarding decisions; it also has packet buffers for location-service, store-carry-and-forward, and forwarding algorithms [32]. Several evaluations have been presented in [32], where the authors evaluated the performance of six variants of GeoBroadcast forwarding algorithms in ETSI GeoNetworking; in [33], the authors analyzed the performance of the GN protocol by simulation when provided Internet access from VANETs; in [34], the authors compared the behavior of ITS-G5/802.11p-based protocols for ad hoc networks and the available cellular infrastructure, called Cellular-based Vehicular Communication Systems (Cellular-VCS).



Now, we present the routing protocols designed for VANETs that use more than one routing metric.




4.2.4. Analytical Hierarchical Process (AHP)-Based Multimetric Geographical-Routing Protocol (AMGRP)


AMGRP [35] is an efficient routing protocol that considers multiple metrics, such as link lifetime, mobility, density, and node status under an AHP to obtain good protocol performance.



The forwarding decision in this proposal is very dependent on the use of mobility metrics such as distance, speed, and moving direction. This protocol assumes that each node knows its position and the position of the destination. This is important to prevent making wrong forwarding decisions by sending packets to vehicles that are moving against the destination direction. Suppose source vehicle s is at (  x 0  ,   y 0  ), the destination node is at (  x d  ,   y d  ), and neighbor vehicle i is at (  x i  ,   y i  ); then, the moving angle between source and neighbor i toward destination d can be obtained as shown in Equation (2):


   A  s , i   ( d )   = a r c c o s    (  x d  −  x 0  )   (  x i  −  x 0  )  +  (  y d  −  y 0  )   (  y i  −  y 0  )        (  x d  −  x 0  )  2  +    y d  −  y 0   2        (  x i  −  x 0  )  2  +    y i  −  y 0   2      .  



(2)







The second metric (link lifetime) is calculated as in Equation (3), where R is the radio range, (  x s  ,   y s  ) and (  x i  ,   y i  ) are the source and neighbor location, respectively, and v are the velocities.


   L  s , i   =      (  x i  −  x s  )  2  +   (  y i  −  y s  )  2      v s  −  v i    .  



(3)







If the queue length is small, the node could be congested because more data packets need to be processed. Before selecting the next hop, node status is obtained by calculating the buffer capacity (  Q i  (t)) and can be calculated as follows:


   Q i  ( t )   =    Q  m a x   −  Q i  ( t )     Q  m a x    ,  



(4)




where   Q  m a x    gives the maximum buffer size.   Q i  ( t )    is defined as the number of packets in the buffer queue at time t [35]. Density is also computed to minimize the local maximum; using the hello packet, each node calculates node density to select paths with a high number of vehicles and avoid intermittent connectivity.



Between each metric, there is a relative ranking, with the mobility metric as the most important criterion, node density as the second most important, node status as the third, and finally link lifetime as the least important criterion, as we can see in the values of Table 3. It is important to observe that the mobility metric has higher priority and an important role in the decision of the next-hop selection, in contrast with link lifetime that is least important among the four metrics included in decision criteria. Finally, a total score is assigned to each neighbor from the neighbor list considering the relative weights for the deciding factors to establish an optimal multihop routing path selecting an efficient forwarding node; a difference between path selection in AMGRP and GPRS is shown in Figure 8.




4.2.5. AODV with Predicting Node Trend (AODV-PNT)


AODV-PNT is a novel routing protocol proposed in [36], suitable for vehicular networks, which considers VANET topology features. It is an enhanced version of AODV. This proposal includes two main changes: the routing metric improvements and the estimation of the total weight of the route (TWR). This TWR includes analysis of movement direction, acceleration, vehicle speed, and link quality. Due to frequent topology changes, future TWR was included where it was attempted to calculate a relatively stable relay vehicle over a lapse of time in the future.



The authors calculated the TWR from a source node to the next hop, as shown in Equation (5).


  T W R =  f s   × |   S n  −  S d   | +   f a   × |   A n  −  A d   | +   f d  ×  |  θ n  −  θ d  |  +  f q  × Q ,  



(5)




where,




	
  θ n  ,   S n  ,   A n  : Direction, next-hop node’s speed and acceleration.



	
  θ d  ,   S d  ,   A d  : Direction, destination node’s speed and acceleration.



	
  f s  : Speed weight factor.



	
  f a  : Acceleration weight factor.



	
  f d  : Direction weight factor.



	
  f q  : Link-quality weight factor.



	
Q: Link quality between source and next-hop vehicle.








Note that the TWR is defined by differences of link quality, speed, direction, and acceleration. The next-hop node is best with the least TWR and similar acceleration, speed, and direction compared to the destination vehicle and sound link quality between source node and next-hop node, as shown in [36].




4.2.6. AODV with Multi-RREP (AODV-MR)


A new scalable routing scheme, AODV-MR, was proposed in [27]. This proposal focused on link reliability and stability using an anycast approach. To find an optimal and suboptimal path, it uses a combination of route cost metric (RCM) and minimum hop count, and includes the carry and forwarding mechanisms to deal with broken routes.



RCM calculation of a source–destination link is defined by the Bellman Equation (6):


  R C M =  C  s j   +  C j  ,  



(6)




where   C  s j    is a cost of a hyperlink (s, j); s is the vehicle source, and j is a set of hyperlinks. The remaining any-path cost from j to destination node is   C j  .




4.2.7. Named Data VANET Protocol (NVP)


NVP was presented in [37], a novel routing protocol for VANET based on the named data network (NDN). The authors enhanced the routing path by using a new distance metric in the protocol, preventing the shortcomings of the hop-count-based metric. It also uses an incremental and adaptive broadcast strategy according to vehicle density.



The authors propose a novel transmission-cost-estimation method as follows (Equation (7)):


  C o s t =      (   s e q n u  m t  − s e q n u  m  t − w     c o u n t ( t − w , t )   )     , c o u n t ( t − w , t ) ≠ 0      ∞    , c o u n t ( t − w , t ) = 0       



(7)







Seemingly, the higher the value of the transmission cost is, the worse the link quality is. Due to that, this metric can more accurately calculate link quality between communication nodes compared to the minimum hop-count metric [37]. Taking into account the scenario in Figure 9, we can notice vehicles between the source (s) and destination (D); A, B, and C are the forwarding nodes. However, even when A has the lowest number of hops, that route is not considered due to the block of the building causing packet losses. So path B–C–D was established because it offers better link quality.



Another improvement is the dynamic adjustment of backoff time according to vehicle density due to scenarios in a VANET. The authors separated the scenarios into three categories based on vehicle density: sparse (  0 < N < = 4  ), normal (  4 < N < = 7  ), and dense (  N > 7  ). The new back-off time could be calculated with the following equation:


  w a i t _ t i m e = f a c t o r ∗ m a x ( 0 , d − ( d s t D i s t − j ) ) .  



(8)







In Equation (8), factor represents a waiting factor;   d s t D i s t   represents transmission cost between source and destination. Finally, the authors found the optimal waiting factors of 2.4, 3.6, and 5 in sparse, normal, and dense conditions, respectively.



To evaluate the proposal, virtual urban scenario V-city was designed to generate real-world traffic and set up a coordinative testbed integrating SUMO with NS-3. Simulation results indicated that the proposed protocol was more appropriate for VANET scenarios than AODV.




4.2.8. Multimetric Unicast Data-Dissemination Scheme (MUDDS)


Two important problems were identified in VANETs due to the frequent changes of topology, broadcasting storm (due to high density) and network disconnection (due to velocity). MUDDS was proposed in [38], a new protocol that uses link availability (LA), based on distance, which guarantees fewer hops; and packet reception rate (PRR), which guarantees reliability.



PRR is calculated as shown in Equation (9), where   N s   is the quantity of successfully received packets,   N t   is the total number of sent packets, and   N l   is the number of losses. These lost packets are many due to collisions that can take place in the network. When the network is close to its saturation, the number of collisions increases.


  P R R =   N s   N t   =    N t  −  N l    N t   .  



(9)







The LA was evaluated as shown in Equation (10), where   d i s t a n c  e i    is the space between actual node and selected forwarder,   t i   is the duration of link availability, T total time, and R the maximum achievable transmission range. This metric considers   l i n k  a v a i l a b i l i t y  r a t e  ( l , t )  =   t i  T    as an indicator of link state and link length (distance between sender and possible forwarder). This metric goal is to minimize network-disconnection problems.


     L  A i      = d i s t a n c  e i  × a v a i l a b i l i t y  r a t  e i  =   d i s t a n c  e i  ×  t i   T           0 ≤ d i s t a n c  e i  ≤ R          0 ≤  t i  ≤ R     



(10)








4.2.9. Multimetric Opportunistic Routing (MMOR)


In [39], MMOR was presented, which included multimetrics in the selection of the best opportunistic next forward. To choose the forwarding candidate, it takes into account the distance to the destination, the load of the node, moving direction, velocity, and density. These parameters are key metrics in this proposal when the candidate for the next hop is selected.



After calculating each metric value, the opportunistic forward decision can be computed with these values, combined by Equation (11).


  O p p  (  N i  )  =  Σ  i = 1  5   U i   



(11)







The   O p p (  N i  )   decides each node’s priority. The node with the highest value among the candidates is selected as the best opportunistic forwarding node.




4.2.10. Multimedia Multimetric Map-Aware Routing Protocol (3MRP)


One of the most important applications in VANETs is the efficient management of accidents. When an accident occurs, a vehicle could transmit a short video about the situation through the VANET and alert the emergencies services or other vehicles in the area. In this context in [10], the proposal was an effective routing protocol to operate video-reporting messages in vehicular ad hoc networks; the proposal provides video-reporting messages over VANETs in smart cities, and is called the multimedia multimetric map-aware routing protocol (3MRP). The proposal included five metrics to improve the selection of the best routing path, distance, density, trajectory, available bandwidth estimation, and MAC losses.



When a sender vehicle receives hello messages (HM) from its neighbors in transmission range, the node updates its neighbors’ list with all those vehicles in line of sight (LOS), only considering the neighbors that sent their HM with enough power. Then, the source evaluates and assigns a total multimetric score to each neighbor as a possible candidate for the next forwarding node. As a first step, the authors considered the same weights (  w 1  ,   w 2  ,   w 3  ,   w 4  ,   w 5  ) to each metric (  u  d s t ,  N  g h     ,   u  t r j ,  N  g h     ,   u  d n s ,  N  g h     ,   u  a b e ,  N  g h     ,   u  l o s ,  N  g h     ), respectively, in the multimetric score    u ¯   N  g h     of each neighbor   N  g h   . Finally, a multimetric score was obtained for each candidate node using Equation (12). The final quantification varied between 0 and 5. The neighbor with the highest multimetric value is selected as the best next forwarding node.



As mentioned before, the authors first considered the same rank of importance to all the used metrics, i.e.,   w i   = 1/5, 1  ≤ i ≤  5; as the next improvement, the authors proposed to dynamically actualize the scores of the candidate neighbor vehicles using an algorithm to calculate the self-configured weights of the metrics.


       u ¯   N  g h       =  ∑  i = 1  5   u  i ,  N  g h     ·  w i  =  u  d s t ,  N  g h     ·  w 1  +           u  t r j ,  N  g h     ·  w 2  +  u  d n s ,  N  g h     ·  w 3  +           u  a b e ,  N  g h     ·  w 4  +  u  l o s ,  N  g h     ·  w 5      .  



(12)








4.2.11. Fuzzy-Control-Based AODV Routing (FCAR)


The basic idea of FCAR [40] is to use the percentage of same-directional vehicles and route lifetime as a routing metric to evaluate a path using the method of fuzzy logic and fuzzy control to make routing decisions under multiple selection criteria. The proposal ensures that the route has better stability and is not easily broken.



The basic idea is made up of a series of “  i f − t h e n  ” as conditional declarations. The precursor of the conditional statement is the input, and the consequent is the output. The rule base is very important for the fuzzy-control system; in [40], the authors obtained it through simulation by a mass of tests and adjustments.



Table 4 shows the corresponding six values of the two inputs, there are   3 2   = 9 rules (R1...R9). From the fuzzy membership functions, only four out of the nine were in simultaneous operation.




4.2.12. Multimetric Next-Hop Vehicle Selection for Geocasting in Vehicular Ad-Hoc Networks


Multimetric next hop vehicle selection for geocasting in VANETs was presented in [41]. The authors proposed to choose an optimal next-hop vehicle (ONHV) based on various metrics divided into link-based and node-based metrics. The link-based metrics were link delay, link jitter, and link lifetime; the node-based metrics were velocity and degree. The metrics were individually evaluated, and objective function   O  F i    was then calculated for every   i  t h    (node) in the routing table. The   O F   was calculated as shown in Equation (13).


  O  F i  = M a x  (  w 1  ∗ l i n  k  l i f e t i m e   +  w 2  ∗ l i n  k  d e l a y   +  w 3  ∗ l i n  k  j i t t e r   )   



(13)




where   w 1  ,   w 2   and   w 3   are weighing factors for corresponding link metrics that act as tuneable parameters for application and    ∑  i = 1  3   w i   =1, the node with highest   O F   as ONHV.




4.2.13. Reactive Routing Protocol for VANETs (RRPV)


RRPV [12] was proposed based on the idea of combined metrics as direct-connection reliability, hop count, and cochannel noise. With this selection, it tries to choose an appropriate path which minimizes interference.



When top-count   H P  , average best cochannel noise   B E S  T  C C N    , and average reliability-probability   D C R  P  p a t h    , then the RRPV metric has to be adequately defined as a multiobjective function, as shown in Equation (14).


   m  R R P V    ( p )  =  β 1  ·  m  H C    ( p )  +  β 2  ·  m  C C N    ( p )  +  β 3  ·  m  D C R P    ( p )   



(14)




where p is a considered route, and   m  H C   ,   m  C C N   , and   m  D C R P    are three normalized related terms that can be expressed as follows:


       m  R R P V    ( p )  =      β 1    B E S  T  C C N    ( p )    C C  N  M A X     +  β 2    H C ( p )   H  C  M A X     +           β 3   1 −   D C R P ( p )   D C R  P  M A X          ,  



(15)




where terms in the metric have been normalized in order to be comparable. At this moment, when node   v i   has to select among different routes to a destination, the choice of the best path is made by minimizing the following value:


   m  R R P V    (  p ∗  )  =  min p   [  m  R R P V    ( p )  ]  .  



(16)







The proposal establishes a time of 60 ms as parameter to update the period of calculation of the metric to select the next hop due to high speed and topology changes. This value is optimal in order to guarantee a correct path refresh.




4.2.14. VANET Routing Based on Real-Time Road-Vehicle Density


The basic idea in a routing protocol is to select the shortest route; in VANET, this could be a road with low vehicle density. To improve this, authors in [30] proposed a vehicular routing protocol that considers real-time road-vehicle-density information. Therefore, not only was position information used by vehicles, but also road-vehicle density was calculated. In this way, each vehicle could establish a reliable route to forward the information, as the reader can see in Figure 10.



In the proposed routing scheme, each node keeps the Road Information (RI) to store the path–vehicle density computed from the information in beacons. RI of a vehicle is generated when the vehicle enters the road and is updated upon receiving a beacon from a vehicle moving in the reverse direction. Each node estimates its own total quantity of reverse cars (TRC), and the value of the reverse car in its RI to calculate road-vehicle density and send signalling messages containing the calculated TRC value to its one-hop neighbors. It is possible to calculate the TRC value as shown in Equation (17):


  T R C =  M c  ×   R d   C d    



(17)




where   M c   is the value of the Reverse Cars field (vehicles moving in the reverse direction), moving distance after entering the road is   C d  , and   R d   the length of the road. The value of the reverse-car field is increased by one when a vehicle receives a beacon. Then, the value of density of cars (DC) is modified as follows:


  D  C n  =  R  T R C   + S  T R C   



(18)






  D C = α · D  C n  +  ( 1 − α )  · D  C  n − 1   ,  



(19)




where   R  T R C    is the TRC value of the vehicle, and   S  T R C    the TRC value in the beacon.   D  C  n − 1     is the previously calculated   D C  , and  α  the weight value.



These values are used in the RREP and RREQ schemes, and it finally selects the route with the highest MinDensity.




4.2.15. Pheromone-Based Vehicle to Vehicle (PBV2V) Routing


PBV2V Routing [25] is a bionic V2V routing scheme that introduces the concept of pheromones. All vehicles frequently exchange their position using beacons to vehicles in the same transmission range, as well as their pheromone densities.



In PBV2V, each vehicle receives and updates one broadcast message from each neighbor in every period, denoted by   T  u p d a t e   , and the set of i neighbors is represented by   N i  . For every potential destination d, vehicle i finds the set of neighbors that have the highest pheromone densities, i.e., Equation (20), and the highest pheromone value is    P  i d   M A X   =   a r g max  τ  j d     j ∈  N i     .


   N  i d   M A X   =   j ′   |   τ   j ′  d   =  max  j ∈  N i     τ  j d     



(20)







If   N  i d   M A X    is not empty and    P  i d   M A X   >  τ  i d    , some neighbors must have higher pheromone density (i.e., closer to target d than i). Therefore, i sets its pheromone   τ  i d    as    P  i d   M A X   − 1  . Otherwise, to simulate evaporation, the pheromone density of d is reduced by 1. So, the selection of the transmission path from source to destination is based on pheromone density. This proposal reduces network overhead and search time.




4.2.16. Adaptive Geographical Routing Based on Quality of Transmission for Urban Vehicular Networks (AGQOT)


In [42], AGQOT was proposed. The authors proposed a metric named quality of transmission (QOT) to measure the performance of each road segment, which combines the connectivity with Packet Delivery Ratio (PDR). They also proposed an improved greedy-forwarding strategy to guarantee fast and reliable packet transmission.



The novel metric, the proposed QOT represents connectivity and PDR together on the path segment, and it was evaluated as shown in Equation (21).


       p  q o t   = a ·  p  c o n n e c t i v i t y   + b ·  p  p d r   ,       a > = 0 ; b > = 0 ; a + b = 1 ;     ,  



(21)




where   p  q o t    represents QOT,   p  c o n n e c t i v i t y    indicates connectivity, and   p  p d r    stands for the corresponding PDR when the path composed of vehicles is connected.



For convenience, the weight of each road segment was defined as the negative logarithm of the corresponding QOT, by which these weights across several road segments can be added, i.e.,    C i  = − l o g  p  q u o t    .



Finally, when a packet arrives at one intersection, several adjacent intersections appear as candidates. The one with larger QOT in the set obtains the higher priorities.




4.2.17. Speed Based on Demand Vector (SODV) Link Routing Protocol


In [43] SODV was presented, an AODV-based routing protocol. SODV improves the routing process and makes the selection of neighboring vehicles incresingly relevant by taking into account vehicle velocity in the packet-transmission process.



The authors selected the geometric average velocity to calculate the vehicle’s average velocity because it is more reliable and better reflects reality than arithmetic average velocity. Geometric average velocity is calculated as shown in Equation (22), and the number of nodes is variable from i to n.


  Geometric  average  velocity =   ∏  i = 1  n  n   



(22)







Simulation analysis showed that SODV improved the AODV routing protocol, especially with regard to transmission delay.




4.2.18. Greedy Curvemetric Routing Protocol (GCRP)


GCRP [31] is a new routing protocol designed to select the next hop by using curvemetric distance instead of Euclidean distance. The authors took that each vehicular node acknowledges its position, direction, and velocity using a Global Position System (GPS) receiver, a preloaded digital map of the city that is mainly needed to calculate curvemetric distance. This protocol faces an important challenge in an urban environment due to radio obstacles such as trees and buildings that decrease signal quality and reduce the successful packet reception.



The following expression is used to calculate the curvemetric distance between two nodes:


  c u r v e m e t r i  c  d i s t    (  n i  ,  n j  )  = S h o r t e s t P a t  h  l e n g t h    (  n i  ,  n j  )  ,  



(23)




where   S h o r t e s t P a t h   can be found by using the Dijkstra algorithm. Considering the situation in which the next-hop selection scope is a local optimum, if the forwarding node does not have any vehicle neighbors closer to the destination than itself, the carry-and-forward method is used, in which the forwarding node holds the packet until a new closer vehicle enters its transmission range. Finally, the proposal was evaluated via simulations in urban environments and compared it with GPSR protocol.




4.2.19. Reliable Intervehicular Routing (RIVER) Protocol


RIVER [11] is a position-based and greedy V2V routing protocol for vehicular ad hoc networks. This proposal choose the forwarding path by using traffic monitoring in real-time. RIVER is a geographic protocol that identifies the neighbor location using signaling messages. It also uses traffic monitoring to avoid routes with a sparse density which do not guarantee information transmission. So, traffic monitoring by RIVER can calculate reliable paths to forward data through the network. This proposal is not a shortest-path routing algorithm in a general sense; its edges are weighted with their reliability rating.



In the RIVER model, each node assigns a weight to every edge in its street graph. These weights are used to determine reliable routes based on first-hand observation (including information that each node sends or receives as messages to and from another node) and knowledge (including passive monitoring of known edge lists stored in beacons, probes, and routing packets). A small weight (the minimum weight is zero) indicates greater reliability; a large weight indicates an unreliable edge, and the maximum weight indicates an edge that is known to not be traversable.



When using reliability as a metric path, distance is still taken into consideration. Dijkstra’s least-weighted-path algorithm finds the least-weighted path based on the sum of the path weights. If two paths   P x   and   P y   have equal weights on each edge, but   P x   has more edges (is a longer path) than   P y  , then   P y   is chosen because its total weight is less. The shortest path between these two is chosen.



An example of this is demonstrated in Figure 11. In this figure, all edge weights (shown as w) except for   V s  →  V d   are of equal weight. Shortest path   V s  →  V d   represents an unreliable path where packets would be dropped if transmission were attempted along this path. The other two paths from   V s   to   V d   have equal edge weights along each edge, but the paths are different lengths. For path (  V s  →  V 1  →  V 3  →  V d  ), the total weight is 3. Each edge of the other remaining path (  V s  →  V 1  →  V 2  →  V 3  →  V 4  →  V d  ) is equally reliable, but the total weight is 5, so RIVER chooses the shorter path.




4.2.20. Greedy Perimeter Stateless Routing (GPRS)-Modified (GPSR-M)


The general idea of the GPSR forwarding process is to select the neighbor closest to the destination as the next hop. Due to the mobility of VANETs, that idea may not always be optimal. For this reason, in [44] GPSR-M was proposed that included a mechanism based not only on position, but also on speed, direction, and link quality. In the enhancement, two processes were also included, future-position prediction for establishing if nodes are moving in the same road and direction; and next-hop weight calculation.



The improved mechanism also incorporates a future-position prediction process (getFuturePos), a next-hop weight-calculation process (CalculateW) and a novel process that determines if nodes are moving in the same road and direction (inSameRD). Equation (24) shows how the future position is calculated.


      F u t P o  s x  = P o  s x  + V e  l x  ∗ d t  ( s p e e d )        F u t P o  s y  = P o  s y  + V e  l y  ∗ d t  ( s p e e d )      ,  



(24)




where   d t ( )   is a mapping function that returns the time from 1.0 up to 4.0 s based on the speed parameter. The returned period decreases if the speed increases.



To review if two vehicles follow the same road and have the same direction, a process calculates the vehicle-velocity vector angle, their dot product, and their line distance. With this information, the algorithm computes if they are moving on the same road. GPSR-M calls a   F o r w a r d   procedure when packet transmission is needed. The best next-hop decision is made through the   B e s t N e i g h b o r   procedure that unchains the   C a l c u l a t e W   procedure. The resumed process is presented in Figure 12.




4.2.21. Anchor-Based Connectivity-Aware Routing (ACAR)


Position-based routing protocol ACAR for vehicular ad hoc networks was proposed in [45]. This protocol uses the greedy-forwarding approach and store–carry–forwarding to reduce loss of information. ACAR proposes to make routing more efficient in a fully connected scenario based on position and direction; in a network sparse scenario, selection is based on connectivity (density).



The proposal considers two scenarios: if the network is (1) dense or (2) sparse. In the first case, each vehicle knows the position and direction of itself and its neighbors (assuming the use of GPS). The data packet is then transferred from source to destination using this closest path. In the second case, if there is no neighboring vehicle in the range of the node that ensures connectivity, the store–carry–forward mechanism is started. This method introduces a delay, but it is more admissible than dropping the packet; the workflow is described in Figure 13.




4.2.22. Maxduration-Minangle GPSR (MM-GPSR)


GPSR presents some drawbacks because of the frequent communication with vehicles that could be out of range or construct a path with redundancy. To solve the above problems, MM-GPSR routing protocol was proposed in [46]. The enhancement in greedy forwarding first includes determining the allowed communication area, and then computing and comparing the cumulative communication duration of neighbor vehicles; finally, the neighbor with maximum duration is selected as the next hop. When greedy forwarding fails, the perimeter forwarding process is used. Improvements in this case include calculating and comparing angles from source to neighbor nodes and selecting the neighbor with minimum angle as the next hop to forward data.



In order to improve the greedy-forwarding scheme, the cumulative communication duration between the neighbor nodes in the communication range of the source is calculated by using Equation (25).


   T i  = T  i − 1  +  t i  −  t  i − 1   ,  



(25)




where   T i   is the current cumulative communication duration,   T  i − 1    is the last cumulative communication duration,   t i   is the current time of receiving   h e l l o  ,   t  i − 1    is the time of receiving the last   h e l l o  . The   T i   value is compared with nodes in the communication range of the   s o u r c e  , and the node with maximum   T i   is steady and close to the destination, and is selected as the next hop.



Finally, to solve routing redundancy, enhanced perimeter forwarding takes the positional connection between neighbor and destination nodes into consideration. So, the proposal includes finding a next-hop node that does not deviate from   s o u r c e   to   d e s t i n a t i o n  . To do this, if needed, it draws a line from   s o u r c e   to   d e s t i n a t i o n  , and then draws lines from   s o u r c e   to any neighbor node. Each line through a neighbor node forms an angle with the line through the   d e s t i n a t i o n  , and this angle is named as  θ . By analyzing and comparing the corresponding  θ  of all neighbor nodes of the   s o u r c e  , an optimal next hop is selected.




4.2.23. Connectivity-Aware Intersection-Based Routing (CAIR) Protocol


CAIR [47] is a protocol designed to select a forwarding path as an optimal route that guarantees the best probability of connectivity and lower delay. This is due to constraints of vehicular networks like high mobility, periodic link disconnection, and vehicles with frequently changing density. In this proposal, a vehicle can know its own location and that of its neighbors by sporadically exchanging signalling messages. By using velocity, it is also possible to calculate position prediction, and forwarding nodes can choose the neighbor on the selected path as the next hop whose new predicted position is closest to the destination or the next intersection. CAIR uses a recovery strategy through the idea of store–carry–forward. Equation (26) presents the mechanism for the proposed position prediction.


   (  x c  ,  y c  )  =  (  x i  ,  y i  )  +  ( s · cos θ , s · sin θ )  ,  



(26)




where (  x c  ,   y c  ) is the neighbors’ current position; (  x i  ,   y i  ) is the previous position; s = (  t c  −  T b  ) · speed, where   t c   is current time and   T b   is previous beacon time; and  θ  and speed are direction and moving velocity, respectively.




4.2.24. Distance and Signal Quality Aware Routing (DSQR)


DSQR protocol [48] bases its forwarding decisions on mid-area node selection; it evaluates the direction and distance of neighbor nodes, and also considers link quality to elect the best next forwarder node toward the destination node. DSQR is based on the following metrics:




	
Forwarding region. DSQR uses the distance of nodes and defines the mid (midrea) and border area of the transmission range. To give higher priority to mid-area nodes, it reduces the breaking probability of the next forwarder, packet error, and delay. If there is no vehicle node located within the mid-area, then the source node adopts the carry-and-forward approach; an example is shown in Figure 14.



	
Distance and direction. In geographic protocols, distance is a very important parameter for next-hop selection. Node positions are determined through GPS, where the Pythagoras theorem is utilized for distance evaluation between sources with its neighbor node. In this proposal, using a 3D space for distance calculation was considered, focusing on multilevel flyovers, bridges, tunnels, and over- or underpasses.



	
Link-quality estimation. DSQR considers channel-quality measurement at the MAC. To evaluate channel quality, DSQR uses received signal strength (RSS) and the average link quality (ALQ), using past and current channel quality.








The DSQR initiates forwarding selection by looking for that vehicle node that is located in the mid-area; if there are no nodes in that area, then the source adopts the carry-and-forward approach to hold the packet for a specific time interval.



A summary of these proposals is presented in Table 5, where we can see the protocol, the year of the presentation, the metrics used to select the optimal path, the area of evaluation (urban or highway), if they use carry-and-forwarding as an alternative to dropping information in order to minimize losses, and, finally, which simulators were used in order to be evaluated and compared (including network simulator and mobility generator).






5. Discussion


As we see in the summary of Table 5, several proposals of routing protocols exist for vehicular networks. Recent improvements include metrics that are focused on the characteristics of this kind of network. An assumption of all proposals is the use of GPS due to the mobility present in them; knowing the localization of each node is very important to make the best choice of route. Distance and speed are preferred metrics, because the former can be seen as a progress rate of destination reachability, and the latter accounts for the behavior of the vehicular networks. Then, link life (also called link stability or link quality) is due to a good choice because it follows the route that guarantees perdurable communication to complete the transmission of data. Vehicle density is another metric commonly selected by authors that guarantees the opportunity to have enough options to select the best path. Moreover, Table 5 includes a rough number of operations that the proposed metrics require for a routing decision. Thus, this number of operations, including the “Metrics used” column, is presented as a function of the number of neighbors n. The provided number includes the effort to send or receive any additional signalling needed for it. From our results, metrics like mobility, trajectory, or link quality need more operations because they aim to predict future information. Of course, instantaneous values of these metrics are also possible to use, and usually only need one retrieve operation. In almost all protocols, a node uses a linear-dependent number of operations to make a forwarding decision by means of a weighted multimetric value for each neighbor. If there are not enough neighbors (low density), then some of the routing protocols use a well-known technique called carry-and-forwarding (maintain the packet until a good route could be selected). Other several important considered metrics exist that are mentioned in the summary, such as mobility, hops, direction, acceleration, and trajectory. It is important to study the scenarios and applications before selecting a protocol or in order to improve.



It is important to highlight that all the protocols in Table 5 have only been evaluated using network simulators in order to review behavior at the moment of selecting the next hop or forwarding path. This is mainly because both in cities and rural areas, communication technology is confronted with challenges, as every car must handle communication in a very short time and ensure quality simultaneously, especially when it comes to a real-time request. Conducting real experimentation about novel proposals could present a risk. The simulation is one of the most often used methods for the performance evaluation of VANETs, but by considering the use of a realistic mobility model for evaluation results to correctly indicate the real-world performance of the system [60,61]. However, as seen in [62] ETSI ITS-G5 (GeoNetworking protocol) was implemented and validated in a real environment in order to demonstrate the performance of the communication devices in real V2V with good results. In addition, [63] introduced functionality tests in two vehicular use cases using an information-centric networking protocol support in the ETSI ITS station protocol stack. Real experiments were made in the last few years to advance the implementation of these technologies in new vehicles in order to bring many benefits, like increasing road safety, improving traffic efficiency, and offering cloud services. The next step for these novel proposals is their experimentation in testbeds.



As we see in Table 5, the majority of the proposals were evaluated in urban areas because, due to the presence of obstacles, it is a greater challenge than highways, as there are quick topology changes. This allows the possibility of deploying most of the elements that make up a realistic road, such as traffic lights, stop, multilane roads, and roundabouts. It is also possible to include generating the movement pattern of vehicles in a different typology to be used by the simulator [64]. An urban zone also enables variation analysis of vehicle speed, density, and distance [65]. In the case of highways, routing protocols are not evaluated so deeply because velocities are mostly constants, and the environment normally represents long, sparse, and clear paths [66,67]; many routing protocols use the carry-and-forward method in these cases. Some evaluation in VANETs in highways focuses on propagation modeling, such as in [68].



Related to the research questions in Section 3.1, we concluded that position, direction, and density are the most used metrics, because these are the ones that consider the main characteristics of vehicle scenarios as movement, and consider the presence of other neighbors to make hop-by-hop communication. About the combination, a good proposal of metrics is one such as that proposed in [45], where the authors used position, direction, and density, obtaining good performance in terms of packet-delivery ratio and delay. These metrics are very frequently used and repeated in other proposals, but this special combination has good results in urban scenarios (that are more restricted by the presence of obstacles) regardless of vehicle density of the scenario due to the adaptability provided in the path selection. This helps for a fast-forwarding process for reaching the destination. On the other side, if the goal is to meet an offered QoS over forwarding speed, link quality and stability are some of the metrics that should be included in path selection. In this analysis, in GPSR results, as the protocol with the higher number of comparatives, more than half of the protocols presented were compared with GPSR because GPSR is the base of geographic protocols that are the angular piece in vehicular routing. Finally, in relation to the used simulator, the most used software for analysis is NS-2. Deploying and testing VANETs imply high cost and intensive labor. For this reason, simulations are a helpful alternative preceding actual implementation [69,70]. Many researchers select NS-2 because it is an open-source simulator, has already had many implementations, and it is easy to edit to their needs. NS-2 also allows the use of several mobility generators, such as VanetMobiSim, MOVE, or SUMO, which improve the scenario design, making evaluations more realistic [71,72]. However, several recent investigations have shown a tendency to use Veins and OMNET [73].



As gaps in this literature review, it is important to mention the importance of evaluating new proposals in the same environments, which can include the same simulator and same area (urban or highway) in order to make a fair comparison.



5.1. Nonfunctional Metrics


The main goals of V2V and V2I communications are to improve safety, reduce road traffic, and reduce accidents. So, the main task of a routing protocol is to improve the opportunity to send a message by the best route, delivering data in a faster mode. Nonetheless, an important issue in vehicular communication is if the shared information is correct. In general, all of the traditional aspects of security–privacy, confidentiality, integrity, nonrepudiation, and others, must be applied to VANET communication to prevent compromising traffic safety and causing material damage or even loss of life [74,75]. So, security aspects could be considered nonfunctional metrics. In [76], the authors proposed a communication model to provide vehicle-location privacy. In case that V2I communication is being established, driver privacy must be guaranteed. Trust management is crucial in VANET routing because interchanging false information could cause much damage. Reliable routing and communication are very important, which are analyzed in [77]. Some of these nonfunctional metrics could be introduced in the routing protocols for VANETs in order to guarantee data reliability, as mentioned below.



	
Anonymity/Privacy: the objective is to conceal who communicates to whom to a neighbor who observes the interchange of data of the anonymous communication channel.



	
Trust: it is important to incorporate mutual trust between vehicles, mainly in the routing process, because one or more malicious neighbors may attempt to disrupt route discovery or data transmission in the network.






When V2I communication is established, information about the vehicle (location, route, etc.) is shared. So, some proposals to maintain a level of privacy were presented, such as [76] that proposed the Pass and Run protocol that first passes information through the VANET (considered in this case was a delay tolerant network (DTN)) before reaching an RSU to maintain vehicle-location privacy. In the DTN, metrics such as distance and direction are taken into account from vehicle source to RSU. In [78], a protocol was presented based on Crowd [79], an approach where each vehicle probabilistically decides to directly send a message to a common receiver or to forward it to a peer, who is asked to repeat the process. The objective is to offer privacy in V2V communication. The proposal was evaluated jointly with AODV and GPSR as VANET routing protocols. This potentially opens a new set of routing protocols where there is a tradeoff between speed and secure forwarding.




5.2. VANET Integration with Other Technologies


One of the most viable communication standards by the Third Generation Partnership Project for vehicular networking is long-term evolution (LTE). LTE standard offers high throughput and lower latency. Its downlink and uplink data rates are 300 and 75 Mbps, respectively [80]. LTE technology improves cost and performance efficiency due to the simplification in network architecture (fewer network elements) and advanced algorithms for resource utilization [81]. Nowadays, cellular networks such as 3G or LTE have wide communication range and coverage, which are ideal characteristics for vehicular-network scenarios. Combinations of VANET technology with 3G or LTE form a heterogeneous network that is adopted for data collection and dissemination to/from vehicles to manage road traffic. Based on this idea, [82] proposed a solution based on speed, location, direction, destination, and LTE link quality. In [80,83], LTE was used in VANET scenarios. In [83], a hybrid solution was highlighted that integrates LTE-A (4G LTE-Advanced), which is a less complex and more cost-effective solution compared to other options. Each vehicle could use its LTE-A interface for V2I communications, offering a reduction in mobility signalling overhead. In [80], a hybrid architecture was proposed that combined IEEE 802.11p-based multihop clustering and LTE called VMaSC-LTE. The principal goals in these heterogeneous network proposals are to achieve a high data-packet-delivery ratio and low delay while keeping the usage of the cellular infrastructure. However, they are not focused on routing design because these proposals use infrastructure-based LTE without direct communication among vehicles, so messages pass through the infrastructure.



The development of Fifth Generation (5G) networks made the internet ubiquitous Internet and the growth of new applications possible. This is also possible in VANET by internet of vehicles (IoV) communication that uses network infrastructure to allow cars to be connected to new radio technologies [84]. It is worth noting that the proposals reviewed in this article have tested by using DSRC framework. However, thanks to LTE device-to-device technology [85] that can be implemented in a decentralized fashion, the performance of all proposals could be significantly improved. LTE D2D has been the perfect candidate to improve communication in VANETs. Since LTE D2D offers improvements in terms of capacity, cost reaction, and spectral efficiency, some car manufacturers are using it to provide applications such as remote monitoring, assisted driving, and infotainment. Thus, extensive simulation tests should be performed for routing proposals under the decentralized LTE device-to-device umbrella. This would help VANET communication meet the 5G requirement in terms of throughput and latency [86] because current performance (under DSRC umbrella) is far from this according to the presented results.




5.3. Dissemination


The other insensitive study routing application is dissemination. The goal of data-dissemination algorithms in VANETs is to deliver information to drivers, passengers, and vehicles, typically in emergency situations. So, it is important to consider that information has to be distributed to all the vehicles in the interest area [87,88]. The main challenge when dissemination is used is how information should be distributed, taking into account characteristics in a VANET like mobility. In VANET, communication V2V, V2I, and Vehicle to Roadside (V2R) are allowed, and information dissemination is important. Flooding is the easiest mechanism but generates the known storm problem in dense scenarios. To reduce this problem, protocols were designed based on smart dissemination. The objective in [89] was to define a distributed dissemination protocol that supports high-rate message flows and does not use beacon messages. This proposal took into account metrics like distance, density, and the number of hops, and it is called timer-based distributed dissemination protocol for VANETs. The authors in [90] proposed a warning service to prevent accidents by alerting drivers about accidents and dangerous road conditions using a dissemination mechanism. The proposal used several metrics in the broadcast-dissemination mechanism, such as density, weighted moving average, and vehicle direction. The investigation in [91] presented a decentralized stochastic proposal called Adaptive Distributed Dissemination (ADD), for the data-dissemination problem using two game-theoretical mechanisms. The goal was to disseminate warning messages to all vehicles inside the region of interest (ROI). Metrics like vehicle location, direction, and velocity were also included. The mechanism to carry the stored message was also used in cases of sparse traffic zones.



The dissemination approach can also function as a technique of information distribution in a vehicular network. This method deals with the avoidance of the storm problem in order to accurately send information. Even though it is a novel and challenging topic in VANETs, we did not consider it with deeper analysis because it is out of the focus of our topic, which is routing protocols that select a path hop-by-hop by using several metrics. As future work, it would be interesting to compare between the two approaches, routing and dissemination.





6. Conclusions


VANETs are the main component of communication framework intelligent transportation systems; therefore, they have been extensively studied from both industry and academia in the last twenty years.



It is expected that vehicles will be equipped with advanced onboard units, multiple communication technologies, and sensor platforms. VANETs provide important information to drivers by using vehicle-to-vehicle communications. Since VANETs are a distributed, self-organized network, a key component in their operation to guarantee their minimal dependence in fixed infrastructure routing plays a crucial role.



In this article, we discussed the importance of developing routing protocols in VANETs and summarized some that are especially proposed for this kind of wireless networks. More precisely, we focused on proposals that use several metrics to select the forwarding path, presenting the importance of these metrics in the behavior of vehicular networks, and how their selection can improve in vehicle communication. We presented the characteristics of these routing protocols (i.e., year of release, area of evaluation, metrics used) and how they are evaluated (i.e., simulators and mobility generators).



In general, after analyzing the contents of Table 5, we concluded that link stability (or link lifetime or stability), position, density, and speed are the more promising metrics in routing protocols for VANETs because of geographical constraints. However, the performance of a routing protocol in vehicles’ networks is very related with the mobility model, for that reason, other metrics that provide good performance are direction, trajectory or acceleration that are very related to the mobility of the network.



In a nutshell, depending on the application of VANETs, it is necessary to design specific routing protocols and consider the mobility model to fulfil its requirements. Even though routing in VANETs has received more attention in the wireless-network community, there are still quite a few challenges that have not yet been carefully investigated. New directions in the development of VANET routing protocols include artificial intelligence [92] or trust in communications [93]. As future work, we are gathering statistics of VANET routing protocols reported in the literature to carry out meta-analysis of VANET performance.
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Figure 1. Example of a vehicular ad hoc network (VANET) scenario: accident-information dissemination using vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) to send data to emergencies services. 






Figure 1. Example of a vehicular ad hoc network (VANET) scenario: accident-information dissemination using vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) to send data to emergencies services.



[image: Electronics 08 01177 g001]







[image: Electronics 08 01177 g002 550] 





Figure 2. Multimetric routing protocols proposed for VANETs along time. (a) Bars account for multimetric routing proposals grouped by network simulator. All routing proposals for VANETs over the years are plotted in lines for different network simulators. (b) Distribution of network simulator that used multimetric routing proposals. 
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Figure 3. Systematic literature-review (SLR) selection process. 
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Figure 4. Density example. 
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Figure 5. In this scenario node, s should select neighbor a as next hop, but even if that is not the closest to destination D, b ensures a better link lifetime than a. 
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Figure 6. Node s should select the green vehicle that is moving toward destination D, thus being the node with the correct movement direction in this example. 
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Figure 7. Greedy perimeter stateless routing (GPSR) operation. (a) greedy-forwarding example. b is the x’s closest neighbor to D. (b) In perimeter mode, node x is void with respect to destination D. 
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Figure 8. Path considered by source in analytical hierarchical process (AHP)-based multimetric geographical-routing protocol (AMGRP) and in GPSR to reach destination [35]. 
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Figure 9. Hop-count-based metric without line of sight (LOS) [37]. 






Figure 9. Hop-count-based metric without line of sight (LOS) [37].



[image: Electronics 08 01177 g009]







[image: Electronics 08 01177 g010 550] 





Figure 10. Example with various road-vehicle densities [30]. 
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Figure 11. Example of three potential paths in reliable intervehicular routing (RIVER). 
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Figure 12. Mechanism procedure of greedy perimeter stateless routing (GPRS)-modified (GPSR-M) [44]. 
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Figure 13. Workflow for anchor-based connectivity-aware routing (ACAR) [45]. 
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Figure 14. Mid-area and border-area example [48]. 
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Table 1. Research results using search string.
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	Digital Libraries
	IEEE
	Scopus
	ACM
	ScienceDirect





	routing protocol vanet
	1316
	1598
	34,411
	1153



	metrics routing vanet
	223
	273
	18,407
	4



	metrics routing protocol vanet
	204
	231
	28,592
	761



	multi-metric routing protocol
	47
	65
	52,035
	75



	multimetric routing protocol vanet
	7
	1
	18,206
	4
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Table 2. Rresearch results using Boolean expressions.
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	Digital Libraries
	IEEE
	Scopus
	ACM
	ScienceDirect





	“routing” and “protocol” and “VANET”
	3874
	7147
	92
	1153



	“multimetric” and “routing” and “protocol” and “VANET”
	19
	51
	7612
	4



	“metrics” and “routing” and “protocol” and “VANET”
	1790
	1365
	28,592
	761



	“multimetrics” and “routing” and “protocol"
	42
	328
	17,960
	75



	“multimetric” and “routing” and “protocol” and “VANET”
	1
	50
	18,206
	4
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Table 3. Relative ranking of criteria.
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	Metric
	Value





	Mobility metric
	0.413846



	Node density
	0.256923



	Node status
	0.216923



	Link lifetime
	0.112308
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Table 4. Rule base for fuzzy-control-based ad hoc on-demand distance vector (AODV) routing (FCAR) protocol [40].
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	Route Lifetime (Input)
	Percentage of Same-Directional Vehicles (Input)
	Route Select Probability (Output)





	R1
	Short
	Low
	Weakest



	R2
	Medium
	Low
	Weakest



	R3
	Long
	Low
	Weak



	R4
	Short
	Medium
	Weakest



	R5
	Medium
	Medium
	Weak



	R6
	Long
	Medium
	Normal



	R7
	Short
	High
	Normal



	R8
	Medium
	High
	Strong



	R9
	Long
	High
	Strongest
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Table 5. Multimetric routing protocols in a vehicular ad hoc network (VANET). Number of operations shown with each metric was approximated and based on number of neighbors n, which does not consider any other phase, such as protocol initialization or generation overhead.
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	Protocol
	Year
	Metrics Used
	Area Evaluated
	Carry and Forwarding
	Simulators for Evaluation
	Delay
	% Delivery Ratio





	AHP-based Multimetric Geographical Routing Protocol (AMGRP) [35]
	2019
	Link lifetime (  9 n + 3  ), mobility (  9 n + 21  ), node status (  3 n  ), and node density (n). Total (  20 n + 24  )
	Urban
	no
	OpenStreetMap (OSM) [49], SUMO [50], OMNET++ (INET) [51]
	0.35 s

(250 nodes);

1 s

(50 nodes)
	78%



	AODV with predicting node trend (AODV-PNT) [36]
	2014
	Speed (  2 n + 2  ), acceleration (  2 n + 2  ), movement direction (  2 n + 2  ), and link quality between vehicles (  20 n + 2  ). Total (  26 n + 8  )
	Urban
	no
	SUMO [50], NS-2 [52]
	0.6 s

(55 nodes)
	66%



	AODV with multi-RREP (AODV-MR) [27]
	2014
	Link reliability, link stability and number of hops.
	Urban
	yes
	SUMO [50], NS-2 [52]
	0.6 s

(50 nodes)
	80%



	Named Data VANET protocol (NVP) [37]
	2016
	Distance (TXC) (  3 n  ), number hops (n) and density (n). Total (  5 n  )
	Urban
	no
	SUMO [50], NS-3 [53]
	2.04 s

(500 nodes)
	78%



	Multimetric Unicast Data Dissemination Scheme (MUDDS) [38]
	2012
	Link availability (n), distances (  6 n  ) and Packets Reception Rate PRR (  2 n  ). Total (  9 n  )
	Highway
	no
	NS-2 [52]
	0.15 s

(10–100 nodes)
	-



	Multimetric Opportunistic Routing (MMOR) [39]
	2011
	Distance (  7 n  ), moving direction (  2 n  ), velocity (  3 n  ), load (  3 n  ) and neighbors’ density (  3 n  ). Total (  18 n  )
	Urban
	no
	NS-2 [52]
	-
	-



	Multimedia Multimetric Map-aware Routing Protocol (3MRP) [10]
	2017
	Distance (  27 n  ), density (n), trajectory (  26 n  ), available bandwidth estimation (ABE) (  7 n  ) and MAC layer losses (n). Total (  62 n  )
	Urban
	yes (local buffer)
	OSM [49], SUMO C4R [50], RevSim [54], NS-2 [52]
	1.4 s

(50 nodes);

1 s

(100 nodes)
	40%

(50 nodes);

29%

(100 nodes)



	Multimetric next-hop vehicle selection for geocasting in vehicular ad-hoc networks [41]
	2015
	Link delay (  6 n  ), jitter (  4 n  ), link lifetime (  11 n  ), velocity (  2 n  ) and degree (  4 n  ). Total (  27 n  )
	Urban
	no
	-
	-
	-



	Fuzzy control based AODV routing (FCAR) [40]
	2009
	Route lifetime (  32 n  ) and direction (  17 n  ). Total (  49 n  )
	Urban
	no
	SUMO [50], MOVE [55], NS-2 [52]
	0.17 s

(50 nodes);

0.21

(250 nodes)
	-



	Reactive routing protocol for VANETs (RRPV) [12]
	2014
	Number of hops (n), link reliability (  5 n  ) and co-channel noise (  4  n 2   ). Total (  4  n 2  + 6 n  )
	Urban
	no
	SUMO [50], NS-2 [52]
	1 s

(50 nodes)
	-



	VANET Routing based on real-time road vehicle density [30]
	2013
	Position (n), direction (n) and density (  6 n  ). Total (  8 n  )
	Urban
	no
	NS-2 [52]
	-
	35%



	Pheromone-based vehicle to vehicle (PBV2V) routing [25]
	2013
	Position (  6 n  ) and pheromone density (  4 n  ). Total (  10 n  )
	Urban
	no
	MOVE [55], NS-2 [52]
	-
	-



	Speed based on demand vector link routing protocol (SODV) [43]
	2017
	Velocity (  4 n  ) and number of hops (n). Total (  5 n  )
	Urban
	no
	VanetMobiSim [56], NS-2 [52]
	0.3 s

(40 nodes)
	26%

(40 nodes)



	Adaptive geographical routing based on Quality of transmission for urban vehicular networks (AGQOT) [42]
	2018
	Distance (  6 n  ) and link connection time (  4 n k  ). Total (  n ( 4 k + 6 )  )k number of intervals to approximate an integral
	Urban
	yes
	VanetMobiSim [56], NS-2 [52]
	1 s

(100 nodes);

0.05 s

(140 nodes)
	25%

(100 nodes);

34%

(140 nodes)



	Greedy curvemetric routing protocol (GCRP) [31]
	2018
	Position (n), velocity (n), direction (n) and curvemetric distance (  6 n k  ). Total (  n ( 6 k + 3 )  )k number of vehicles in the forward path
	Urban
	yes
	SUMO [50], OMNET [51]
	1 s

(100 nodes);

0.05 s

(140 nodes)
	25%

(100 nodes);

34%

(140 nodes)



	Reliable intervehicular routing (RIVER) [11]
	2011
	Hops (n) and reliability (n). Total (  2 n  )
	Urban
	no
	NS-2 [52]
	-
	-



	GPRS-modified (GPRS-M) [44]
	2015
	Distance, speed, direction for future position (  24 n  ) and link quality (  2 n  ). Total (  26 n  )
	Urban and highway
	no
	JOSM [57], SUMO [50], Bonmotion [58], NS-3 [53]
	0.02 s

(100 nodes)
	79%



	Anchor-based connectivity-aware routing (ACAR) [45]
	2014
	Position (  6 n  ), direction (  2 n  ) and density (n). Total (  9 n  )
	Urban
	yes
	NS-2 [52,52]
	0.04 s

(100 nodes);

0.02 s

(400 nodes)
	50%

(100 nodes);

100%

(400 nodes)



	Maxduration- Minangle GPSR (MM-GPSR) [46]
	2018
	Maximum cumulative communication duration (  3 n  ) and minimum angle (  18 n  ). Total (  21 n  )
	Urban
	no
	VanetMobiSim [56], NS-2 [52]
	-
	-



	Connectivity-aware intersection-based routing (CAIR) [47]
	2014
	Position (  4 n + 44  ), speed (n) and density (n). Total (  6 n + 44  )
	Urban
	no
	VanetMobiSim [56], IDM-LC, Matlab [59], NS-2 [52]
	0.75 s (80 nodes)
	70%

(80 nodes)



	Distance and signal quality routing (DSQR) [48]
	2019
	Link quality estimation (  6 n  ), and distance (  9 n  ). Total (  15 n  )
	Urban and highway
	yes
	NS-2 [52], MOVE [55]
	0.0031 s

(100 nodes)

(500 nodes)
	65%

(100 nodes);

60%

(500 nodes)











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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