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ABSTRACT

In this paper, I describe the vehicle-to-vehicle-to-infrastructure (V2V2I) architecture, which is
a hybrid of the vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) architectures.
The V2V2I architecture leverages the benefits of fast queries and responses from the V2I
architecture, but with the advantage of a distributed system with no single point-of-failure
from the V2V architecture. In the V2V2I architecture, the transportation network is broken
into zones in which a single vehicle is known as the Super Vehicle. Only Super Vehicles are
able to communicate with the central infrastructure and all other vehicles can only
communicate with the Super Vehicle responsible for the zone they are currently traversing. I
describe the Super Vehicle Detection (SVD) algorithm for how a vehicle can find or become a
Super Vehicle of a zone and how Super Vehicles can aggregate the speed and location data
from all of the vehicles within their zone to still ensure an accurate representation of the
network. I perform an analysis using FreeSim to determine the trade-offs experienced
between accuracy and bandwidth based on the number of edges that comprises a zone, in
addition to describing the benefits of the V2V2I architecture over the pure V2I or V2V
architectures.

I. INTRODUCTION

Much of the research in intelligent transportation systems (ITS) assume that vehicles will be
able to communicate speed and location data to roadway infrastructure and to other vehicles.
Two primary architectures have been proposed for these purposes — a vehicle-to-infrastructure
(V2I) architecture and a vehicle-to-vehicle (V2V) architecture.

The V2I architecture allows vehicles to communicate with some roadway infrastructure to
allow at minimum the speed and location of the vehicle to be transmitted to a central server.
This server will maintain the speed and location of all vehicles and will aggregate this data for
ITS applications, such as determining the fastest path from a vehicle’s current location to its
destination or identifying the location of an incident, among other applications. Taking the
Los Angeles freeway system as an example, based on the California Department of
Transportation’s Annual Average Daily Traffic in 2003 [18], there could be potentially up to 1



million vehicles in the freeway system at any given time. With that many vehicles
transmitting speed and location data simultaneously, as well as requesting other ITS
applications, the amount of data that is sent to the central server will exceed current wired or
wireless bandwidth limitations. In addition, a central server has the limitation of being a
single point-of-failure.

The V2V architecture, on the other hand, is quite fault-tolerant because of the highly-
distributed nature of the network. As vehicles come into the network, they become nodes that
communicate with other vehicles that are close in proximity to them. However, if a vehicle
would like to know the fastest way to get from its current location to its desired destination,
there is a substantial amount of data that must be transmitted from other vehicles. Queries
must be sent to vehicles along all potential paths from the source to the destination, and speed
and location data must be received by the requesting vehicle so that it can accurately
determine the fastest path based on the real-time data [19]. This is a substantial amount of
data which is not currently capable of being transmitted based on current wireless bandwidth
limitations.

The new architecture I am proposing is a hybrid of the V2I and V2V architectures, which is
the vehicle-to-vehicle-to-infrastructure (V2V2I) architecture. In this architecture, vehicles
still communicate with each other, similar to how they communicate in the V2V architecture.
However, the road network is broken into zones, in which one vehicle is designated as a Super
Vehicle. The Super Vehicle will receive data from all of the other vehicles within its zone,
aggregate the data, and then transmit the aggregated data to the central server. In addition, the
Super Vehicle will transmit the data to other Super Vehicles in adjacent zones. Queries for
ITS applications can be sent to the central server, but if there is some sort of failure, the V2V
architecture consisting of Super Vehicles can be used.

The remainder of the paper is organized as follows. In section II, I provide a description of
the related work and the ITS architectures that exist. Section III gives an overall description
of the V2V2I architecture, and section IV provides the Super Vehicle Detection (SVD)
algorithm used by vehicles for discovering and becoming Super Vehicles and an algorithm for
aggregating speed and location data to ensure an accurate representation of the network.
Section V describes the benefits of the V2V2I architecture and shows the trade-offs
experienced between accuracy and bandwidth based on the number of edges in a zone, and the
conclusion is given in section VI.

II. RELATED WORK

Many papers have been written on vehicle-to-vehicle [2] and vehicle-to-infrastructure
communication. As for V2V communication, secure mobile computing has been discussed in
[4], and vehicle ad-hoc networks (VANETS) have been proposed in [4] and [19]. With V2I
communication, much research has already been conducted utilizing the current data gathering
methods of inductor loops and estimating the speeds based on the occupancy, number of
vehicles, and average length of a vehicle [5]. Further, using this data to attempt routing of
vehicles along fastest paths has been done in [6].

Many applications based on speed and location data from vehicles have also been proposed,
such as incident identification, characterization of traffic flows [1], fastest path retrieval, and
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trip planning [3]. Many papers have been written on traffic prediction [7, 8], and many
simulators exist that attempt to implement these and other ITS applications. A good overview
of traffic simulators is presented in [9], and the work discussed in this paper utilized FreeSim
[9-11] due to the fact that V2V and V2I communication are built into the framework, and
FreeSim is open source, free, and easily extensible for other applications and architectures,
including implementing the V2V2I architecture (which, because of this work, is now also
included in FreeSim).

Representing a transportation network as a graph and determining fastest paths from one node
to another has been discussed in [12]. Static graph algorithms, such as Dijkstra’s [13],
Bellman-Ford’s [14, 15], and Johnson’s [16] algorithms were extended to enable dynamic
edge updates and constant queries by Demetrescu and Italiano in [17]. Miller and Horowitz
added to the dynamic nature of the graph algorithms and customized the algorithms for ITS
applications by utilizing a pre-processing step in [12].

Throughout all of these applications, it is assumed that the data is gathered either via a V2I or
a V2V architecture. However, the feasibility of a hybrid of these two architectures has not yet
been discussed. Combining these architectures and utilizing the benefits of both provides a
new paradigm for ITS applications known as the V2V2I architecture.

III. V2V2I ARCHITECTURE OVERVIEW

The vehicle-to-vehicle-to-infrastructure (V2V2I) architecture combines the advantages of both
the vehicle-to-vehicle (V2V) and the vehicle-to-infrastructure (V2I) architectures, specifically
the fault tolerant behavior of the V2V architecture and the fast queries and accuracy of the
V2I architecture. A diagram of the V2V2I architecture is shown in Figure 1.

In any ITS architecture, two types of applications must be supported: (1) gathering of speed
and location data and (2) queries on this data. In the V2I, V2V, and V2V2I architectures, the



transportation network is modeled as a graph. The weight of an edge in the graph represents
the amount of time to traverse that edge based on the current speeds. Algorithms for
dynamically updating the weights of the edges to enable fast query on the graph have been
proposed by Demetrescu and Italiano [17] and Miller and Horowitz [12].

For gathering speeds and locations in the pure V2V architecture, all of the vehicles report
their data to the other vehicles that are “close” to theml, and those vehicles can choose to
propagate this data to other vehicles. The query for a fastest path based on the current speeds
would have to be propagated through the network to all of the vehicles along any potential
fastest path, which would require a substantial amount of data. The number of vehicles that
must be sent a fastest path query in a V2V network to ensure accurate routing can be
infeasible at times [19].

This problem can be ameliorated by the pure V2I architecture, in which all of the vehicles
report their speed and location through some roadway infrastructure to a central server, which
aggregates all of the speeds for each edge to enable responding to queries about the edges at a
later time. When a vehicle wants to determine the fastest path from its current location to a
desired destination, it queries the central server, which should have an accurate representation
of the transportation system at all times. However, one limitation to the V2I architecture is
that it contains a single point-of-failure, meaning that if the central server fails, or the link to
the server fails, there is no way to retrieve any data. In addition, there is a large amount of
data that must be received by the server when all of the vehicles are sending speed and
location data, as well as querying for fastest paths (or other information). The V2V2I
architecture attempts to reduce these limitations while leveraging the benefits of the V2V and
V2I architectures.

In the V2V2I architecture, the transportation network is broken into zones, each of which
consists of one or more edges. The zones are pre-configured, so each vehicle, as well as the
central server, knows which edges are in which zones. Each zone has one vehicle, known as
the Super Vehicle, which is responsible for communicating the speed data of the zone to the
central server, as well as communicating this information to the Super Vehicles that are in
adjacent zones. The physical size of a zone needs to be small enough such that two vehicles
that are at the furthest points from each other within the zone can still communicate with each
other. This is necessary in case one of those vehicles is the Super Vehicle that needs to get
the data from all of the vehicles within the zone. In addition, a zone should be small enough
so that the Super Vehicles of adjacent zones can communicate with the Super Vehicle of the
zone. This will allow for the architecture to revert to a V2V structure in the event of a failure
with the centralized components.

All of the vehicles within a zone will send their speed and location over a wireless link to the
Super Vehicle of the zone. The Super Vehicle will aggregate this data and send the
aggregated speed and location to the central server. Note that the Super Vehicle does not have
to send only one speed and location to the central server. The data sent to the server, as well
as the frequency of the data sent, can be configured based on the application needing the data.
The aggregation algorithm used will determine how accurate the data will be at the central
server when compared to the V2I architecture, which assumes every vehicle is transmitting its
speed and location to the central server.

! Vehicles that are “close” to another vehicle will receive a message sent over a wireless link from that vehicle.



IV. SUPER VEHICLE DETECTION ALGORITHM

Since vehicles are continually changing zones in the network, the Super Vehicle of a zone will
change frequently. The Super Vehicle Detection (SVD) algorithm can be used to find the
Super Vehicle for the zone, or if one does not exist, create a Super Vehicle.

Initially when a vehicle enters a zone, it will make itself a Temporary Super Vehicle, which
means it will act like a Super Vehicle and start aggregating speed data that it receives, but it
will not respond to queries from other vehicles trying to determine the Super Vehicle for the
zone. It will then send a Find Super Vehicle message for the zone to see if a Super Vehicle
already exists. If it receives a response, it will remove its responsibility as a Temporary Super
Vehicle. While it is waiting for a response (which may never come if a Super Vehicle does
not exist), it may receive other Find Super Vehicle messages from other vehicles entering the
zone. If a Temporary Super Vehicle receives a Find Super Vehicle message, it ignores it.
After a random duration of time, the Temporary Super Vehicle will send a Temporary Find
Super Vehicle message, which is a second try at finding a Super Vehicle. If another vehicle is
a Super Vehicle or a Temporary Super Vehicle, it will respond with a Super Vehicle
Response, which will make the sending vehicle remove the Temporary Super Vehicle
responsibility from itself. If no vehicle responds after a short duration, the sending vehicle
will make itself the Super Vehicle for the zone. When the Super Vehicle leaves the zone, it
relieves itself of that responsibility, and a new vehicle that enters the zone will become the
Super Vehicle by following the above algorithm.

To show that this algorithm will always find a Super Vehicle for a zone, two cases need to be
considered: (1) when a vehicle enters a zone in which a Super Vehicle already exists, and (2)
when a vehicle enters a zone in which a Super Vehicle does not already exist. Assume the
following abbreviations — SV is a Super Vehicle, TSV is a Temporary Super Vehicle, V1 and
V2 are vehicles, Z is a zone, FSV(Z) is a Find Super Vehicle message for zone Z, SVR(Z) is a
Super Vehicle Response message for zone Z, and TFSV(Z) is a Temporary Find Super
Vehicle message for zone Z.

For case 1, assume that V1 is a SV for zone Z, and V2 is entering the zone. Following the
above algorithm, V2 will become a TSV as soon as it enters the zone Z and will send a
FSV(Z) message. V2 will receive the FSV(Z) message and respond with a SVR(Z) message.
Once V2 receives the SVR(Z) message, it will remove the TSV responsibility from itself.

For case 2, there are two scenarios that must be considered — (1) when a vehicle enters the
zone by itself, and (2) when more than one vehicle enters the zone simultaneously. In
scenario 1, V1 enters the zone Z and becomes a TSV. It will immediately send a FSV(Z)
message, though it will receive no response. After a short wait, V1 will send a TESV(Z)
message, for which it will also not receive a response. After another small duration, V1 will
become a SV for zone Z.

For scenario 2 in case 2, there is no SV for Z, but V1 and V2 both enter the zone at the same
time. Since the vehicles are operating independently of each other, a race condition is
possible and is avoided in the above algorithm. V1 and V2 both enter Z at the same time, so
V1 and V2 both become TSVs. They both then send FSV(Z) messages. V1 receives the



FSV(Z) from V2, and V2 receives the FSV(Z) from V1. Since V1 and V2 are both TSVs,
they both drop the FSV(Z) messages. They will then wait a random amount of time before
sending the next message. Assume that the amount of time V1 waits is less than that of V2,
so V1 then sends a TFSV(Z) message. V2 receives the TFSV(Z) message, and since it is a
TSV for Z, it will become the SV for the zone and send the SVR(Z) back. Once V1 receives
the SVR(Z), it will remove the TSV responsibility from itself.

In scenario 2 of case 2, there is a possibility that both V1 and V2 will wait for the same
random amount of time before sending the TFSV(Z) message. In that case, both of the
vehicles will transition from TSVs to SVs, and the zone will have two SVs until one of the
vehicles leaves the zone. Although this will double the amount of data being sent to the
central server from this zone during this time, it is a rare occurrence and does not affect the
accuracy of the data transmitted.

V. V2V2I ANALYSIS

Using the V2V2I architecture over the V2V and V2I architectures provides many benefits,
including reducing the bandwidth requirement for the roadway infrastructure (which includes
the central server), and allowing fault tolerance in the event of a hardware failure of one of the
centralized components. However, reducing the bandwidth needed by the central server
means that less data is being transmitted to it. In fact, instead of every vehicle transmitting its
speed and location to the central server (as is the case with the V2I architecture), in the V2V2I
architecture, only one vehicle per zone will transmit speed and location data. Even though the
Super Vehicle in each zone can run its own aggregation algorithm and transmit as much data
as it would like, I performed a feasibility analysis using FreeSim [9] assuming that only one
speed was transmitted from each zone every 30 seconds. The transportation network graph I
used consisted of 100 edges from the California Department of Transportation’s (CalTrans)
District 7, which includes the greater Los Angeles area. The edges were being updated based
on 30-second loop detector data obtained by CalTrans from 7:00a.m. to 10:00a.m. on Friday,
November 3, 2006, which includes the time popularly referred to as “rush hour”. The
transportation network is shown in Figure 2.

Every 30 seconds, all of the edges in the graph were updated with a new speed based on the
data obtained from CalTrans’ loop detectors. After the edge updates completed, I determined
the fastest path from the Start Node to the Destination Node, as shown in Figure 2. There are
six possible paths that a vehicle could traverse, with a summary of these paths and distances
provided in Table 1. The fastest path during the three hour block was either path 1, path 2, or
path 5. Paths 3, 4, and 6 never became the fastest path primarily because they included a long
segment of the 405S, which is notorious for having heavy traffic, and November 3, 2006 was
no exception, where the average speed on that freeway was lower than the average speed on
any of the other freeways shown in Figure 2.

The simulation was run six times using the V2V2I architecture, with each execution
containing a different number of edges per zone, ranging from one to six. The execution with
one edge per zone is equivalent to the V2I architecture, since one speed is reported for each
edge (or zone) every 30 seconds. Because of this, I used the execution with one edge per zone
as the baseline against which I compared the other executions. For each execution, I chose
edges that were adjacent and on the same freeway to include in a zone. With 100 edges, for
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the case with two edges per zone, there were 50 zones; for the case with three edges per zone,
there were 33 zones; for the case with four edges per zone, there were 25 zones; for the case
with five edges per zone, there were 20 zones; and for the case with six edges per zone, there
were 17 zones. Graph 1 shows the time to traverse the fastest path based on each
configuration of edges per zone. Note that the fastest path changes based on the current
speeds in the network to path 1, path 2, or path 5.

Looking at the graph, as the number of edges per zone increases, it appears as if the time to
traverse the fastest path becomes more inaccurate. In contrast, with four edges per zone, the
time to traverse the fastest path over the three hour period only differs by an average of 39
seconds, whereas with two edges per zone it differs by 59 seconds, with three edges per zone
it differs by 60 seconds, with five edges per zone it differs by 131 seconds, and with six edges
per zone it differs by 194 seconds. This can best be explained by the algorithm used for
aggregating the speed data for a zone. The average speed for the number of edges was found
by adding up the speeds and dividing by the number of edges in the zone. If there were four
edges in the zone, then the average speed was most likely higher than two of the speeds and
lower than two of the speeds. However, if there were three edges, the average speed was
either higher than two of the speeds or lower than two of the speeds. In either case, the speed



GRAPH 1. TIME TO TRAVERSE FASTEST PATH WITH DIFFERENT NUMBER OF
EDGES PER ZONE AVERAGED EVERY 5 MINUTES ON NOVEMBER 3, 2006 FROM
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used for that zone would have more of an effect on the fastest path algorithms used since the
overall difference in speeds on the edges would be greater. In addition, the length of the edge
was not taken into account in the aggregation algorithm, which would definitely provide more
accuracy for the speed used in a zone.

Table 2 shows an analysis of the number of paths that were correct based on the number of
edges per zone. The fastest path was calculated from the Start Node to the Destination Node
every 30 seconds for each execution based on the different number of edges per zone. I
compared the paths at each time for the three hour block of data gathered from CalTrans to
determine the accuracy of each of the executions. The one edge per zone, or V2I, execution
was considered the base case against which all of the other executions were compared. The
case with two edges per zone and six edges per zone were the most accurate, with fewer than
14% of the 361 paths incorrect, followed closely by the three edges per zone with 14.7%
incorrect, and four edges per zone with 18.0% incorrect. The case with five edges per zone
was rather inaccurate, with almost a third of the paths being incorrect.

At first glance, these results appear to contradict with the results displayed in Graph 1, which
show that the four edges per zone has the smallest average difference with the V2I data. This
can be explained by looking at the fastest paths obtained by the four edges per zone execution,
which differ in time from the actual fastest path by an average of less than 40 seconds. So
even though the fastest path was incorrect 18.0% of the time, the path provided by the four



TABLE 1. SIX POSSIBLE PATHS THAT A VEHICLE COULD TRAVERSE FROM
THE START NODE TO THE DESTINATION NODE IN FIGURE 2

Time to
Distance | Traverse at

#1 (miles) 65mph Path
(mm:ss)

1]15.63 14:26 5S-170S-101S

2| 18.40 16:59 405S-118E-5S-170S-101S

3121.65 19:59 405S-101S

4122.16 20:27 55-118W-405S-101S

5124.63 22:44 55-134W-101S

6 | 27.40 25:18 405S-118E-5S-134W-101S

TABLE 2.  V2V2I FASTEST PATH PERCENTAGES BASED ON THE NUMBER OF
EDGES PER ZONE WITH 361 TOTAL PATHS

Edges Incorrect | Incorrect Correct | Correct
per Fastest Fastest Fastest | Fastest
Zone Paths (#) | Paths (%) Paths (#) | Paths (%)
1 0 0% 361 100.0%

2 49 13.6% 312 86.4%

3 53 14.7% 308 85.3%

4 65 18.0% 296 82.0%

5 118 32.7% 243 67.3%

6 48 13.3% 313 86.7%

edges per zone execution only differed by an average of 39 seconds from the actual fastest
path obtained in the V2I architecture. Further, with six edges per zone, the amount of time to
traverse the fastest path was significantly different, though the path itself was correct. This
shows the inaccuracy of the six edge per zone configuration for determining the amount of
time to traverse a path, though finding the fastest path is still rather accurate.

In the section of the Los Angeles freeway system used for this analysis, there were an
estimated 100,000 vehicles during the time period captured [18]. Given 100 edges, there were
approximately 1000 vehicles on each edge. With only one of the vehicles on each edge
transmitting the speed and location to the central server every second, the amount of
bandwidth saved was 1/1000. Assuming that 1 byte of data is needed to represent the speed, 8
bytes to represent the location, and 40 bytes of packet overhead, using the pure V2I
architecture with every vehicle transmitting their speed and location every second would
require 37.4 Mbps. Using the V2V2I architecture with two edges per zone, the bandwidth is
reduced to 19.1 Kbps, and using four edges per zone reduces it to 9.6 Kbps. With accuracy
that rivals that of the V2I architecture, the bandwidth required by the infrastructure and
mobile components can be drastically reduced using zones in the V2V2I architecture.

VI. CONCLUSION

In this paper, I presented a new ITS architecture called the vehicle-to-vehicle-to-infrastructure
(V2V2I) architecture, which is a hybrid of the vehicle-to-vehicle (V2V) and the vehicle-to-



infrastructure (V2I) architectures. The V2V architecture provides fault tolerance in a highly
distributed environment, whereas the V2I architecture provides fast queries and accuracy
given an abundance of speed and location data. The bandwidth requirement for the V2I
architecture may make it unappealing, especially when bandwidth-intensive ITS applications,
such as fastest path or traffic prediction algorithms, become more prevalent. Using Super
Vehicles in the V2V2I architecture, the bandwidth requirement on the central server can be
reduced by a factor proportional to the number of vehicles in each zone, while still retaining
much of the accuracy of the V2I architecture. The algorithm for discovering and becoming a
Super Vehicle of a zone was presented, and the entire architecture and analysis using live data
gathered from the California Department of Transportation was analyzed and simulated using
FreeSim [9]. Intuitively, if there are fewer edges in a zone, the fastest path is more accurately
obtained, but ironically, the amount of time to traverse a path in the four edge per zone
execution proved to be closer to the amount of time to traverse the fastest path in the V2I
execution when compared to the other edge per zone configurations. Even though the fastest
path may have been different in the four edge per zone execution, the average difference in
the amount of time to traverse that path compared to the amount of time to traverse the actual
fastest path was smaller than with other executions. On the contrary, the six edge per zone
case was able to accurately produce fastest paths, though the time to traverse the path was
substantially different from the actual amount of time. Based on how accurate the fastest path
data needs to be, the amount of bandwidth required can be substantially reduced using the
V2V?2I architecture.
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