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Abstract—Vehicular ad hoc networks (VANETs) are a spe-
cial case of mobile ad hoc networks (MANETs). The distinctive
characteristics of VANETs include high-speed vehicular nodes
and significant variability in node density. Collecting data from
VANETs is important in monitoring, controlling, and managing
road traffic. However, efficient collection of the needed data is chal-
lenging because vehicles are continuously moving and generating
a significant amount of events and data. The focus of this paper is
on vehicle data collection using 3G/LTE. Initially, a comparison of
proactive and reactive data collection schemes is conducted using
simulation. The results show that proactive schemes produce the
lowest delay and bandwidth usage but the highest loss ratio. To
efficiently use the available bandwidth, an adaptive data collection
scheme is developed and described. This adaptive data collection
scheme is based on a proactive scheme using variable polling
periods depending on the vehicle positions in the network and
travel time to provide accurate traffic and travel time information
to the Traffic Management Center (TMC). Simulation results,
using taxi traces in Qatar, show that the proposed algorithm con-
sumes an acceptable amount of megabytes (≈31 MB) per month
when the basic polling interval is set to 10 s. Furthermore, traffic
simulation results demonstrate that the proposed scheme has a
minimum impact on delay and travel time estimates (relative error
less than 2.5%), but can produce significant degradations in fuel
consumption and emission estimates if computations are made at
the TMC (relative error greater than 28% and 65%, respectively).
These errors can be eliminated if computations are done on the
vehicle.

Index Terms—Mobile communication, data collection, auto-
motive applications, intelligent transportation systems, wireless
networks, traffic information, data aggregation, travel time esti-
mation, vehicle emission estimates.

I. INTRODUCTION

V EHICULAR ad hoc networks (VANETs) share several sim-
ilarities with Mobile ad hoc networks (MANETs). Both

types of networks are often characterized by node movement,
infrastructure-less (ad hoc) operation and self-organization.
However the distinctive characteristics that distinguish
VANETs from MANETs include highly dynamic network
topology that changes rapidly and frequently and higher node
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density. This is mainly due to the higher speeds of vehicular
nodes and variability in node density. A significant number
of efforts are published on data collection techniques since
they make inter-vehicle communications more efficient and
reliable while minimizing bandwidth utilization. In fact, most
VANET applications are based on the dissemination process
[1]–[5] on which information must be propagated over a rather
long distance so that drivers can be alerted in advance. Since
each vehicle in a vehicular environment can detect a hazardous
situation or a congestion zone, the number of messages
pumped through the network might increase dramatically.
Hence, data collection, as a technique aiming at gathering
packets from moving vehicles and aggregating the vehicle
beacons, is regarded as an important approach to circumvent
these problems.

The emergence of V2X (Vehicle-to-Vehicle (V2V) and
Vehicle-to-Infrastructure (V2I)) networks lends significant sup-
port for Intelligent Transportation Systems (ITS) to improve
many applications for different purposes such as safety, traffic
efficiency and added-value services. Typically, such an environ-
ment is distinguished by its mobility and topology dynamics
over space and time. To enable these applications, vehicles
need to broadcast periodic beacons every 100 ms containing
vehicle positional and kinematic data [6], [7]. To allow traffic
data analysis, the obvious solution is to collect these beacons
from the vehicular network through 3G/LTE or Road Side Units
(RSUs) using 802.11p at a centralized Traffic Management
Center (TMC). Subsequently, the latter can perform traffic data
analysis to characterize traffic patterns and detect incidents in
order to take some actions such as controlling traffic lights, alert
police or provide traffic information to drivers using Radio Data
System-Traffic Message Channel (RDS-TMC) or Transport
Protocol Experts Group (TPEG) standards [8].

Qatar Mobility Innovations Center (QMIC) has a mobile
application, named iTraffic [9], that provides current traffic
status and routing information to drivers in Qatar. Currently,
the system is using probe data collected from more than
200 devices deployed along the Qatar road network. Conse-
quently, the system requires the efficient collection of data from
the application users to cover zones without devices. At the
same time the application should consume a minimum amount
of data from the user data plan.

In this paper, the focus is on vehicular data collection through
3G/LTE technology using either a smartphone application or
an embedded component in the car that can send its data to
the TMC. The contributions from this work can be summa-
rized as follows. First, we compare the proactive and reactive
data collection approaches using LTE technology. Then, we
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propose an adaptive data collection system (ADCS) [10] to
collect data while efficiently using the bandwidth. Next, the
protocol performance in terms of bandwidth usage and saving
was analyzed using real taxi traces. Finally, the algorithm was
tested in a simulation environment to quantify the impact of the
data aggregation on the estimates of various measures of effec-
tiveness (MOEs). Our proposed idea deals with non-sensitive
delay and saves bandwidth consumption for emergency traffic
control applications (hazardous situation, congestion zone, etc).
The basic idea of the ADCS scheme is to provide a location
aware adaptive data collection protocol. Our results show that
the proposed scheme reduces the amount of data transmitted
in the network while not adversely affecting the performance
of travel time prediction applications, but potentially impacting
environmental applications.

The remainder of this paper is organized as follows.
Section II presents some related work, followed by a compar-
ison between proactive and reactive data collection schemes.
Subsequently, the proposed adaptive data collection algorithm
is described in Section IV. The impact of the data aggregation
scheme on the estimation of measures of effectiveness (MOEs)
is then quantified. Finally, the paper conclusions are presented
in Section VI.

II. RELATED WORK

Data collection in vehicular networks can be either central-
ized or distributed. Several publications have investigated the
data collection concept by adopting different approaches as
discussed here.

A. Soua et al. in [11] introduced the ADOPEL protocol,
dedicated data collection technique for vehicular networks.
ADOPEL is based on a distributed learning approach where
vehicles adaptively choose the forwarding relays to maximize
the ratio of collected data without losing the way to the des-
tination node. They introduce a data collector node, which
collects data from a random number of neighbors and aggre-
gates it while simultaneously each vehicle uses reinforcement
learning as a learner. Their simulation results corroborate the
effectiveness of the proposed scheme compared to non-learning
versions.

GeoVanet [12] is a routing protocol for query processing in
Vehicular networks. It ensures that the sender of a query can
obtain a consistent answer within a bounded time. In order to
resolve the issue of high mobility and network dynamics, when
a driver submits a query, a mailbox is assigned to the query.
Then, query results are routed to this mailbox instead of the
sender. Consequently, the sender can retrieve the results from
the mailbox. The mailbox can refer to an entity of the fixed
infrastructure or to an area.

Periodic Floating Car Data (FCD) collection using 3G/LTE
networks was tackled in some research efforts, for example
[13], [14]. To enable such an integrated architecture, vehicles are
clustered according to different metrics. Then, some vehicles
act as gateways to report the data of the cluster members.
LTE4V2X [13] proposes a centralized clustering algorithm
while Rémy et al. [14] provides a decentralized clustering
protocol.

Terroso-Saenz [15] put forward an event-driven architecture
as a novel mechanism to derive insight into beacon messages to
detect different levels of traffic jams. The system can be either
in the TMC or distributed in vehicles.

Liu et al. in [16] proposed Compressive Sensing Based Data
Collection (CS-DC) as a scalable and reliable data collection
scheme for VANETs. In CS-DC, the distance and mobility
based clustering protocol is proposed to achieve stable clusters,
which collects local data reliably and achieves data spatial
relevance. Meanwhile, the CS theory is applied to effectively
encode/decode the in-network data in data collection, ensuring
efficient communication and accurate data recovery. More-
over, performance evaluations show that CS-DC can guarantee
desirable performance with higher efficiency, scalability and
reliability.

Another effort carried out by Dieudonne et al. in [17] focuses
on a distributed collection information for VANETs. It collects
data produced by vehicles using inter-vehicle communications
only. It is based on the operator ant allowing to construct a local
view of the network and therefore to collect data in spite of
the network topology changes. A theoretical proof of correct-
ness and experiments confirm the efficiency of the proposed
technique.

Placzek [1] introduced a novel method of selective data
collection for traffic control applications, which provides a
significant reduction in the amount of data transmitted through
Vehicular sensor network (VSN) and observed data are trans-
mitted from vehicles to the control node only at selected time
moments. The offered approach is based on an original concept
of uncertainty dependent data collection. According to the
concept the necessity of data transfers can be detected by the
evaluation of uncertainty of traffic control decisions. The basic
formulas for the uncertainty calculations were derived using a
formal description of generalized traffic control procedure and
this is the means of fuzzy arithmetic.

Cherif et al. [18] presented a demonstration of a platform
for data Collection and Aggregation for vehicular NETworks
(CANET) developed by France Telecom R&D. The aim of this
platform is to collect a set of information issued from different
data sources (sensors, GPS, etc.) and aggregate them in a
reliable manner. The vehicular platform holds: (i) an on-board
computer connected to the Internet via an UMTS PCMCIA
card (ii) a Crossbow sensor which sends temperature, humidity
and acceleration data using ZigBee protocol, (iii) a Holux
GPS receiver which sends GPS data using Bluetooth protocol.
Collected data is then stored in MySQL database and presented
though user-friendly webs interface.

Cherif et al. [3] proposed the Road Oriented Dissemination
(ROD) protocol that consists of two modules: (i) an Optimized
Distance Defer Transfer module, and (ii) Store and Forward
module. The proposed protocol increases the delivery ratio and
optimizes the bandwidth use by limiting the number of vehicles
having to relay each packet. ROD also implements a Store and
Forward module allowing the storage of packets when no relay
is found.

Salhi et al. [4] proposed a novel data gathering and dis-
semination system Clustered Gathering Protocol (CGP) based
on hierarchical and geographical dissemination mechanisms on
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TABLE I
COMPARISON BETWEEN DIFFERENT DATA COLLECTION PROCESS

vehicular sensor networks. Designed for a hybrid VANET
architecture, it allows telecommunication/service providers
(WiMax access point, 2.5/3G base station) to get valuable in-
formation about the road environment in a specific geographical
area. In operated VSNs, providers tend to reduce the traffic load
on their network, using an unlicensed spectrum communication
medium i.e. IEEE 802.11p.

A comparison between the used techniques, in terms of net-
work organization and data aggregation, in these data collection
protocols is given in Table I.

Data collection using V2V communication [11], [12] can
be limited due to slow response times and disjoint networks.
While data collection using 3G/LTE [13], [14] can be costly
for drivers. In this paper, the unique communication technology
available for vehicles to send their data will be 3G/LTE and we
will provide an adaptive algorithm to collect the data and save
the used bandwidth.

The literature provides many works that propose adaptive
data collection techniques to collect data efficiently from dis-
tributed networks. The push/pull envelope optimization pro-
posed in the paper [19] adjusts dynamically the base push/pull
rate and data sampling for each sensor according to the relative
characteristics of sensor requests and sensor data change. The
adaptive data collection approach, presented in [20], gives an
efficient adaptive sampling approach based on the dependence
of conditional variance on measurements varies over time. The
proposed FCD data collection in [21], using mobiles, reduces
the negative impact on the utilization of the LTE air interface as
well as on the energy consumption of the mobile devices. The
main concern of most of these protocols is to reduce the energy
consumption. Conscious that energy is not the main concern
in V2X, and that data collection optimization is a big concern
of telecommunication operators [22] and the role accorded
to application in improving the bandwidth usage [23], we
proposed a location-aware protocol to adapt data collection of
vehicles and tried to test its effects on data analytic algorithms
that compute delay and travel time and fuel consumption and
emission estimates.

III. REACTIVE VS. PROACTIVE DATA COLLECTION

Proactive data collection is considered when vehicles are
configured to report their parameters (speed, heading, position,
fuel consumption, etc.) every period p to the TMC. In cur-
rent V2X standards, a vehicle broadcasts a beacon message
every 100 ms. The reactive data collection is considered when
TMC requests, either periodically or when needed, all or some

Fig. 1. Messages in proactive data collection approach.

selected vehicles to provide their instantaneous parameters or a
historical report.

In our previous works, a Pub/Sub framework [24] was pro-
posed to allow vehicles to publish their periodic data and a
query language [25] was used to provide a Request/Response
framework to collect data from vehicles. Such frameworks can
be easily adapted to 3G/LTE networks. In this work, we focus
on simulating and evaluating proactive and reactive data col-
lection approaches to collect data from vehicles using 3G/LTE
networks.

In order to evaluate both approaches the SUMO traffic sim-
ulation software was initially used to generate a random grid
network of 2 Km × 2 Km and a random traffic flow of vehicles
running at a variable speed between 0 and 60 Km/h. NS-3
was then used to evaluate the communication performance.
Two eNodeB(s) were placed in the network at locations (1000,
500) and (1000,1500), respectively. The TMC communicated to
vehicles through the Internet. The penetration rate was varied to
model different traffic demand levels.

In the proactive simulation, vehicles are configured to send
their data every 100 ms (p = 100 ms) to the TMC in a message
having a 512 bytes payload size. In the reactive data collection,
the TMC requests data from vehicles every 100 ms where the
request and response payloads are of 10 and 512 bytes, respec-
tively. Both simulations were executed for a simulation time
of 60 s.

The evaluation results are shown in Figs. 1–4. Figs. 1 and 2
presents the number of sent, received and lost messages in both
approaches. As expected, the total number of messages sent
in the reactive data collection scheme, which is the sum of
sent requests and sent responses (i.e. the sum of received and
lost responses), is double that sent in the proactive data collec-
tion mode.

Fig. 3 describes the ratio of lost messages in both data
collection approaches. It shows that the Proactive approach
suffers from a greater loss ratio, which may be due to message
collisions when vehicles send data at the same instant in time.
In the reactive data collection scheme, however, requests are
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Fig. 2. Messages in reactive data collection approach.

sent sequentially to vehicles which reduces the probability
of collisions. Note that it is possible to use E-MBMS, the
Evolved Multicast Broadcast Multimedia Services, to broadcast
or multicast requests to vehicles in an attempt to reduce the
number of messages in the network, but losses will be greater as
many vehicles attempt to respond at the same time. In addition,
the used bytes in driver data will remain same. The E-MBMS
is not implemented in the used LTE module of NS-3.

In contrast, Fig. 4 shows that the reactive data collection
suffers from a greater delay which is totally reasonable as
two messages are required to collect the data from vehicles.
As minimizing the used bandwidth is a main concern in our
requirements, the proactive approach is selected. In the next
section, an adaptive data collection algorithm will be provided.
It adapts the period between messages intelligently or after a
TMC request to handle the message loss and performance issue
where the penetration rate is low and more data is required to
estimate and/or predict the traffic status.

IV. PROPOSED DATA COLLECTION MODEL

A. Network Model

The communication network is mainly composed of vehicles
and a TMC. Vehicles are equipped with a system that can read
vehicle parameters and communicate with the TMC using only
3G/LTE communication technologies. In other words, they can
communicate with TMC using the Internet. We assume that
the road network is divided into macro-segments, which are
segments between roadway junctions. This road map is stored
in vehicles along with a free-flow speed estimate associated
with every macro-segment to allow the computation of a base
uncongested travel time when needed. Moreover, vehicles can
run the function FindCurrentMS() to find their current
macro-segment using their GPS coordinates.

B. Proposed Method

The main idea is to have two dynamic timers and a condition
to select the sending frequency of data towards the TMC.

Fig. 3. Loss ratio in proactive and reactive data collection approaches.

Fig. 4. Delay in proactive and reactive data collection approaches.

The first timer Imax defines the maximum time between two
successive messages. It is set by the TMC and can be updated
as needed. The defined value can differ between vehicles in
different zones. Thus it can be reduced when and where more
data are required and increased when and where there is a
sufficient penetration rate or many sources are in a specific area.
The second timer is fired when the travel time of a vehicle along
a specific roadway segment exceeds the maximum estimated
travel time (emax). This will help the TMC to update the
estimated travel time based on the position of vehicles in the
segment knowing the traveled and the remaining distances. The
condition checks if the current macro-segment is different from
the last seen one.

C. Proposed Data Collection Model

We consider a network of vehicles that periodically samples
local measurements (e.g., position, speed, etc.) at an adaptive
rate that is dynamically updated by the TMC. The adaptive
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Fig. 5. Adaptive data collection approach.

data collection algorithm can be described as two distributed
processes running in the TMC and the vehicles.

1) Process at TMC: The TMC collects data from all the
connected vehicles in order to compute the estimated travel
time using real-time and historical data. The algorithm used to
compute the estimated travel time is beyond the scope of this
paper but has been developed in numerous research papers [26].
In addition, the TMC can detect congestion, road derivation,
and new segments.

In order to develop navigation instructions, vehicles can
request the routing information from the TMC along with the
mean and maximum estimated travel time, e and emax, respec-
tively. Otherwise, if the vehicle does not use the TMC routing
service, every time it moves to a new segment, it requests the
relevant information from nearby segments. This information is
required to run the adaptive data collection algorithm. Note that
the TMC should be able to update the vehicular information
whenever it is needed.

2) Process in Vehicle: The vehicle attempts to update traffic
and road status information by collaborating and sending the
required data to the TMC. Thus, sending a beacon every 100 ms
is not the best solution as it consumes the user’s data plan.
Instead, each vehicle uses an adaptive data collection algorithm,
shown in Fig. 5, to aggregate and reduce the amount of data sent
to the TMC.

The algorithm starts when the vehicle is ON and the GPS
signal is available. Subsequently, it initializes some required

variables: once to False and Sc to the current macro-segment.
Next, it evaluates the expression:

(ct − L > Imax ∨ S �= Sc ∨ (Tt > emax ∧ once = False))
(1)

which is used to check if the last message to the TMC was
sent before Imax, or the current segment is different from the
last saved one, or the travel time has exceeded the maximum
estimated travel time. If all the conditions are not satisfied, the
vehicle waits for Ip, the interval period between two successive
checks which may be set to 100 ms by default. Subsequently,
the vehicle obtains its current parameters (e.g., position, speed,
heading, etc.) using the function GetCurrentParams().
Next, it attempts to find the current macro-segment (MS) using
the function FindCurrentMS(). This function may return
a NULL value if it was not able to associate a MS to the
current position, which may indicate that the GPS signal is lost
or there is a new segment. Thus, coordinates are saved and
the algorithm continues to run until finding a MS. Saved new
segment coordinates or a diversion are sent to the TMC to allow
it to update its GIS database, if approved. Subsequently, if the
function FindCurrentMS() associates a MS with the vehicle
GPS coordinates, the algorithm returns to check Eq. (1).

If the new observed segment Sc is different from the previous
one S, the new segment is saved, once is set to False and the
current time ct is saved in L, the Last sent message time. Subse-
quently, a message is sent towards the TMC. The message may
contain among other information: the previous and current MS,
the travel time along the segment, ct, the entry and exit position
in the previous segment, etc. Otherwise, if the maximum period
Imax between two successive messages is exceeded, a message
is sent to the TMC. Otherwise, if the current travel time exceeds
emax and once is False indicating that no messages have been
sent to inform the TMC about this timeout.

V. ADCS EVALUATION

A. Experimental Evaluation

In order to evaluate the proposed algorithm, traces of nine
taxis running in Qatar were collected over a 58 hour period
(≈2.5 days). Each GPS datum is associated with a timestamp,
a macro-segment and the distance of the vehicle from the seg-
ment start and end points. The estimated travel time is generated
by the QMIC backbone every 60 s using data collected from the
deployed sensors in the Qatar road network. Subsequently, the
proposed algorithm runs using these traces for different Imax

values: 60 s, 10 s and 1 s. The evaluation goal is to estimate
the number of messages sent by vehicles and their consumed
bandwidth in the selected period. Note that in this evaluation,
we ignore messages coming from the TMC that contain emax

values because, while this is a requirement of the routing
service, it is optional because a free-flow travel time can be
estimated using the segment length and the free-flow speed
along the segment. The TMC commands to update Imax will
be very few and thus can be neglected without impacting the
results.
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TABLE II
EVALUATION RESULTS

TABLE III
ESTIMATED USED BYTES

Table II provides an overview of the obtained results based on
the taxi traces and QMIC travel time data. The results show that
increasing Imax reduces the number of messages sent by the
vehicles. Depending on the used Imax, the proposed algorithm
can reduce significantly the number of generated messages by
each vehicle as demonstrated in Table II. Using Imax = 10 s
produces efficient results and consumes an acceptable amount
of mega bytes, as shown in Table III. For example a taxi may
consume at most 31 MB per month to report its parameters
to the TMC when Imax = 10 s. Whereas, Imax = 10 s can not
be increased to an infinite value in order to allow the TMC
to mitigate packet losses. In the case of the typical proactive
algorithm, in which a taxi sends a message every 100 ms, the
taxi having the ID 290 would send a total of 513,910 messages.
Thus, consuming more than 3 GB per month to transmit beacon
messages to the TMC which currently costs an average value
of 22$.

B. Experimental Validation

The study evaluates the impacts of the various aggregation
levels on the accuracy of the various measures of effectiveness
(MOEs) estimates. The study uses the INTEGRATION micro-
scopic traffic simulation software to quantify the system-wide
impacts of various field testing. The INTEGRATION software
was used because the simulation model has not only been
validated against standard traffic flow theory but has also been
utilized for the evaluation of many real-life applications. The
model is designed to trace individual vehicle movements from
a vehicle’s origin to its destination at a level of resolution of one
status update every 1/10th of a second. The MOEs considered
in the validation include vehicle speed, delay, fuel consumption
levels, and emissions levels.

The INTEGRATION software is a microscopic traffic as-
signment and simulation software that was developed over the
past three decades [27]–[29]. It was conceived as an integrated
simulation and traffic assignment model and performs traffic
simulations by tracking the movement of individual vehicles

every 1/10th of a second. This allows detailed analysis of
lane-changing movements and shock wave propagation. It also
permits considerable flexibility in representing spatial and tem-
poral variations in traffic conditions. In addition to estimating
stops and delays, the model can also estimate the fuel con-
sumed by individual vehicles, as well as the emissions [30],
[31]. Finally, the model also estimates the expected number of
vehicle crashes using a time-based crash prediction model. The
model has not only been validated against standard traffic flow
theory, but also has been utilized for the evaluation of real-life
applications [32].

The INTEGRATION model updates vehicle speeds every
deci-second using the Rakha-Pasumarthy-Adjerid (RPA) car-
following model [33], [34]. The RPA model, which integrates
a user-specified steady-state speed-spacing relationship (Van
Aerde model), collision avoidance constraints, and vehicle
acceleration constraints, was validated against empirical data
[35]. In order to ensure realistic vehicle accelerations, the model
uses the driver throttle input together with a vehicle dynamics
model that estimates the maximum vehicle acceleration level.
The model computes the vehicle speed as the minimum of three
speeds, namely: the maximum vehicle speed based on vehicle
dynamics considering the driver throttle level input, the desired
speed based on the Van Aerde steady-state car-following model
formulation, and the maximum vehicle speed that the vehicle
can travel at ensuring that it does not collide with the vehicle
ahead of it. The Van Aerde steady-state model was compared
to other steady-state models and has been demonstrated to
be superior to other functional forms in replicating empirical
observations [36]–[40].

The computation of vehicle accelerations within the simula-
tion environment is significant because it ensures that the fuel
consumption and emission level estimates are accurate.

1) Network Description: Fig. 6 illustrates the test network
that was utilized in the study. The total length of the corridor is
1 km composed of 8 links, each 0.25 km in length. The corridor
has three signalized intersections with a fixed-time traffic signal
plan. The free-flow speed was set to 60 km/h and the saturation
flow rate was 1800 veh/h/lane for the entire corridor. The total
cycle time was 60 second and the green/Cycle ratio was set to
0.5. Demand from the start node to the end node was 900 veh/h
and was loaded for 30 minutes. Thus 450 vehicles were injected
into the simulation.

The simulation ran in application level and assumed that
there is no communication delay, interference, and lost package.
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Fig. 6. Test network.

TABLE IV
TOTAL DATA COLLECTED

TABLE V
RESULTS OF DATA AGGREGATION USING ADAPTIVE DATA COLLECTION

The simulation study only focused to identify the traffic related
data quality impacts on the intervals of data collection. The
introduction of communication errors including different com-
munication delays, interferences, lost packages may introduce
additional variability on traffic data quality in this study.

2) Simulation Results: Table IV demonstrates the system
needs to send a total of 43 317 messages at 1 second com-
munication interval. However, if the data are collected every
10 second interval, the system sends only 4552 messages. Thus,
the adaptive data collection can reduce the communication load
and data storage requirements considerably.

Table V explains the traffic operational impacts of adaptive
data collection. The results clearly demonstrate that there is
no significant impact on delay estimation with various data
collection intervals but in case of the speed, as the data col-
lection interval increases the vehicle speed increases by up to
3.59 percent.

TABLE VI
FUEL CONSUMPTION AND EMISSION ESTIMATES

The total delay is computed as:

β∫
α

[
1 − min(uf , ui)

uf

]
Δt

where dk is the delay incurred at intersection k, Δt is the
duration of the time interval, α is the time when a test vehicle
entered the corridor, β is the time when the vehicle exits the
corridor, uf is the free-flow speed, and ui is the vehicle speed
at instant i.

While the adaptive data collection can effectively collect
vehicle speed and delay data, the accuracy of fuel consumption
and emissions is significantly affected by an adaptive data col-
lection method as demonstrated in Tables VI. Fuel consumption
and emissions were estimated using the VT-Micro model [30].
The table explains the aggregated data reduces the accuracy
of the fuel consumption and emission estimates, particularly
when the data are aggregated at 10 s intervals. The 10 s ag-
gregated data produced much smoothed vehicle speed profiles
and reduced sharp acceleration and deceleration operations.
Highest fuel consumption and emissions are typically produced
under high acceleration operations. Thus, the fuel consumption
and emission estimates from 10 s aggregated data produce less
accurate energy and emission results than 1 s aggregated model
estimates. The accuracy could be enhanced if the computations
are done on the vehicle and then the estimates are sent at each
polling interval. This would not reduce the accuracy of the
estimates.

The MOEs are significantly affected by the level of conges-
tion at the three intersections (250 m, 500 m, and 750 m) as
demonstrated in Table VII. Interestingly Roadway Section 8 is
the most congested section based on the delay and vehicle speed
estimates but Roadway Section 3 is the least environmentally
friendly section.

Additionally, Table VIII shows that there is no significant
difference for the delay estimation considering 1 s, 5 s, and 10 s
data aggregation intervals. However, in case of CO emissions,
1 s aggregation results are significantly different than the results
for 10 s aggregation. Again, as was mentioned earlier, this could
be resolved by doing the computation and aggregation in the
vehicle and then just transmitting the data each polling interval.
Such an approach would not result in any degradation of the
system outputs.
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TABLE VII
THE IMPACTS OF ROADWAY SECTIONS USING ENTIRE DATA (1 S INTERVAL)

TABLE VIII
COMPARISON OF ROADWAY SECTION RESULTS

VI. CONCLUSION

The paper presented and compared proactive and reactive
data collection mechanisms. Subsequently, an adaptive data
collection algorithm to collect vehicle data efficiently using
only a 3G/LTE communication network was developed. Sub-
sequently, the system was validated using in-field taxi traces to
evaluate the system performance in terms of bandwidth savings.
Finally, the algorithm was tested in a simulation environment
to quantify the impact of the data aggregation on the estimates
of various MOEs. The results demonstrate that computations
done using 10 s data has minimal impact on delay estimates
(error less than 2.5 percent) and travel time estimates (error
less than 18 percent), however, it has a significant impact on
vehicle fuel consumption and emission estimates (over 38 and
65 percent error, respectively). A potential solution to this
problem would be for an on-board system to aggregate the data
and then send the estimates to the TMC at the polling intervals.
This would ensure that the MOE estimates are not degraded
for different levels of resolution. The results are encouraging
warranting further testing of the algorithm in real world devices
and comparing the travel time estimates at the TMC based to the
ground truth.
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