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Abstract: Travel times have been traditionally estimated from data collected by roadway sensors. Recently, new tech-
nologies, such as cell phone tracking, license plate matching, automatic vehicle identifications and video detection, are
employed for this purpose. In this study, the data collected by TRANSMIT readers, Bluetooth sensors, and INRIX are
assessed by comparing each to the “ground truth” travel times collected by probe vehicles carrying GPS-based naviga-
tion devices. Travel times of probe vehicles traveling on the study segment of 1-287 in New Jersey were collected in
2009. Statistical measures, such as standard deviation, average absolute speed error, and speed error bias, were used to
make an in-depth analysis. The accuracy of each travel time estimation method is analyzed. The data collected by
Bluetooth sensors and the TRANSMIT readers seem more consistent with the ground true data, and slightly outperform
the data reported by INRIX. This study established a procedure for analyzing the accuracy of floating car data (FCD)

collected by different technologies.
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1. Introduction

A ccording to the US Department of Transportation,
Intelligent Transport System (ITS) improves
transportation safety and mobility and enhances produc-
tivity through the integration of advanced communica-
tion technologies into the transportation infrastructure
and in vehicles. In the advent of ITS, a broad range of
communication technologies, including wireless com-
munication, computational technologies, floating car da-
ta (FCD), sensing technologies, inductive loop detection,
and video vehicle detection are applied for real-time
data collection, processing, and management [1]. The
goals of real-time data capture and management re-
search is to systematically capture real-time, multi-
modal data from connected vehicles, devices, and infra-
structure and to develop data environments that enable
integration of high-quality data from multiple sources
for transportation management and performance meas-
ures. In the application of FCD, effective methods were
developed to determine instantaneous and predict future
traffic conditions for disseminating timely information
to road users.
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2. Literature review

The FCD technology employs probe vehicles as
agents for collecting traffic data, such as travel speed
and time. As discussed in “The Travel Time Data Col-
lection Handbook™, the technologies of collecting the
probe vehicle data were classified into five categories:
signpost-based automatic vehicle location (AVL), auto-
matic vehicle identification (AVI), ground-based radio
navigation, cellular geo-location, and GPS. Wikipedia
defined FCD into three categories: floating cellular data,
electronic toll collection (ETC) and GPS-based. The
FCD technology has been widely implemented for travel
time collection in past decades. For example, a signpost-
based system, typically used by transit agencies for
tracking bus locations, relies on transponders attached to
roadside signposts. AVL systems and automatic passen-
ger counter (APC) systems are applied for tracking dy-
namic information, such as vehicle locations, travel
times, and arrival times [2]. With ETC on the eight
bridges crossing San Francisco Bay Area, Wright and
Dahlgren [3] developed a low cost system for measuring
travel times on bridges and roads. By using traffic moni-
toring systems based on wireless location technology
(WLT), Fontaine et al. [4] developed a method to esti-
mate sampling parameters based on localized traffic
conditions in the network. The proposed sampling strat-
egy effectively improved speed estimation.
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The advantages of utilizing FCD include low cost per
unit of data, data continuity, more coverage, automated
data collection with standardized electronic format, all
weather conditions, and no disruption of traffic. However,
the disadvantages may include high startup costs, depend-
ence upon market penetration, permanent infrastructure,
and privacy concerns. Successful applications of FCD in
ITS [5-13] including dynamic routing guidance, variable
message sign (VMS), congestion control strategy, incident
detection and management, and transportation modeling
applications, are greatly dependent on the accuracy and
consistency of real-time information, such as travel time.

In general, the approaches of using FCD for travel
time estimation can be classified into two streams. The
first one is to locate pairs of sensors at fixed check
points to track probe vehicles passing by. The second
one discretely transmits the location of probe vehicles
via information networks, such as GPS-based systems.
Both approaches require a unique identification number
(ID) for each probe vehicle so that its presence can be
identified. The principle of FCD is to track the probe
vehicles based on unique IDs as opposed to traditional
sensing technologies (i.e. loop detectors) detecting traf-
fic without identifying individual vehicles.

3. Objective

In this study four floating car technologies applied to
approximating travel time are evaluated and discussed,
which include data collected by Co-Pilot devices (GPS-
based), Bluetooth sensors, TRANSMIT, and INRIX.

(1) Co-Pilot data is collected with probe vehicles car-
rying a GPS navigation device and positional information
can be transmitted at 0.3-second interval to a server for
travel time estimation. The GPS-based technology can
detect the positions of probe vehicles with higher accu-
racy compared to those collected by other floating car
technologies [14]. In addition, vehicles equipped with
Co-Pilot devices are “active” probe vehicles to be flexibly
dispatched to collect travel time information for specific
corridors during specific time periods. As a result, this
data can be treated as “ground truth” in this analysis.

(2) Bluetooth sensors, installed in the roadside of
transportation network, collect travel time of vehicles
equipped with Bluetooth devices. When a Bluetooth en-
abled vehicle, mostly Bluetooth-enabled mobile phone,
is detected by a pair of sensors, a unique ID in each de-
vice (called media access control address, or MAC ad-
dress) and the time of detection are recorded. These
MAC addresses are used for determining speed and

travel time information for all Bluetooth enabled vehicle.

Observations of multiple vehicles may provide accurate
estimates of traffic conditions, such as a number of
travel time samples between a pair of Bluetooth sensors.

(3) The TRANSMIT system (TRANSCOM’s system
for managing incidents & traffic) uses vehicles equipped
with electronic toll-collection tags (E-ZPass) as anony-
mous probes for travel time collection. Once E-ZPass
vehicles pass transponder readers installed roadside, the
tags are detected by successive roadside readers, thereby
revealing travel time and speed which can be used to de-
termine traffic flow characteristics. By comparing with
real-time and historical data, TRANSMIT can detect in-
cidents and alert operators for emergent responses [15].

(4) The INRIX database collects information about
roadway speeds from 5 million trucks, delivery vans and
other fleet vehicles equipped with GPS devices as well as
consumer cellular GPS-based devices. This system con-
stitutes a hybrid FCD which integrates GPS-based FCD
and fixed sensor data to provide travel time data for major
freeways, highways and arterials across the United States.
The initial INRIX system spans from New Jersey to
North Carolina covering approximately 1 500 center line
miles of freeways and 1 000 center line miles of major ar-
terials. Currently, INRIX has a broad range of real-time,
predictive and historical traffic flow services, including
the new INRIX Nationwide Traffic Alerts, providing
alerts on over 100 000 miles of freeways and the entire
interstate highway system. The INRIX Smart Dust Net-
work and INRIX Traffic Fusion Engine seem capable of
providing a unique platform and estimate travel time by
aggregating and blending traffic data from a variety of
sources including over 750 000 GPS-enabled vehicles and
traditional road sensors for the I-95 Coalition.

This study aims to assess the accuracy of various float-
ing car technologies for travel time estimation. The data
collected by these technologies including TRANSMIT
roadside readers, Bluetooth sensors, and INRIX were
compared with ground truth travel times collected by
probe vehicles carrying Co-Pilot devices. Statistical
measures are used to make an in-depth comparison.

4. Case study

The Interstate 1-287 in New Jersey was selected as a
case study. In order to conduct a comparative analysis,
FCD collected by each technology should cover the
same route link and the same time period. The INRIX
system utilizes an emerging industry convention known
as “traffic message channel (TMC) location codes” to
integrate disaggregated data by road link. Four TMC
links from the INRIX database were selected and ac-
cordingly Bluetooth sensors were located at each TMC
link boundary so that the travel time on the same links
can be collected by Bluetooth sensors along the study I-
287. The Bluetooth sensors were installed along a 15-
mile section of [-287 (see Fig. 1). Probe vehicles with
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Co-Pilot, a GPS-based navigation device, were dis-
patched to collect travel time data along these links.
With Co-Pilot, travel time samples were collected by
a number of probe vehicles traveling on a link of Inter-
state [-287 in New Jersey between April 6 and April 17,
2009. The Co-Pilot data were processed and used to
compare travel time data approximated by the
TRANSMIT roadside readers, Bluetooth sensors and the
INRIX database. The Bluetooth sensors were installed
just over the study 1-287 from April 8 to April 23, 2009.
The study 1-287 is also covered by six TRANSMIT
readers which divide the study 1-287 into 5 links. To ful-
ly cover the TRANSMIT and Bluetooth links, the probe
vehicles were dispatched between the start and end loca-
tions shown in Fig. 2. The daily study time period (7:00
A.M. to 10:00 A.M.) of Co-Pilot data were divided into

twelve 15-minute intervals. Two probe vehicles were
dispatched per time interval.

TRANSMIT, INRIX, and Bluetooth dataset were
logged in the database indexed by time point.
TRANSMIT data is clearly defined as an interval of
time occurring before the reported time point. INRIX
and Bluetooth data lack clear definitions, however, as
the data could represent an interval of time either pre-
ceding or succeeding the reported time point. To miti-
gate this confusion, the estimated speed was based on
the number of vehicles passing the study link within an
interval before the time point reporting the speed. For
example, a 5S-minute mean speed at 7:05 A.M. was esti-
mated based on the detected vehicles between 7:00 A.M.
and 7:05 A.M.

Fig. 1 Locations of Bluetooth Sensors on the study 1-287 (depicted by red boxes)
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5. Statistical indices

To evaluate the difference in travel time data col-
lected by different devices, the travel times were con-
verted to vehicle speed values for each link in order to
be evaluated by the following statistical measures:

(1) Standard error of the mean (SEM)

SEM, denoted as oy, is defined as the standard

derivation of the calculated error, or the difference be-
tween the travel time data collected by technologies to
be evaluated (i.e., Bluetooth, INRIX, and TRANSMIT)
and the ground truth data (collected by Co-Pilot devices),
divided by the square root of the number of data N col-
lected during the evaluation time period 7. If the dura-
tion of a data collection time is of length A, then the
number of time intervals, and therefore data points dur-
ing the evaluation time period is

N=T/A. (1)
Let ¢, and v, denote the estimated speeds based on the
Co-Pilot data and the data from other sources (e.g., INRIX,

Bluetooth sensors, TRANSMIT readers), respectively dur-

ing some time interval 7. The corresponding error is e~v,—c,.
(2) Speed error bias (SEB)
SEB, denoted as eggp is defined as the sum of the

speed errors, (i.e., the difference between the estimated
speeds based on the travel time data collected by Blue-
tooth, INRIX, and TRANSMIT and the data collected
by Co-Pilot devices), divided by the number of data
points (V) taken for a given evaluation time period, de-
noted as T. Thus,

1 N
e =3 2. 2)
=1

Then, the sample standard derivation of speed error is

3)

Hence, SEM can be derived from the sample standard
derivation of the speed error (from Eq. 2) by dividing by
the total number of intervals within the evaluation period:

o

Osem :W. (4)

If the data are assumed to be normally distributed, the
sample mean and standard error can be used to calculate
approximate confidence intervals (c;) for the mean. The

following expression can be used to calculate the upper
and lower 95% confidence limits,

¢, =[e,—1.96x 0. € +1.96x 0o, 1, &)

where ¢, is the sample mean, and o, is the standard
error of the sample mean.

(3) Average absolute speed error (AASE)

AASE, denoted as eaasg, is defined as the sum of abso-
lute speed errors, (i.e. the difference between the estimated
speeds based on the travel time data collected by Bluetooth,
INRIX, and TRANSMIT and the data collected by Co-
Pilot devices), divided by the number of data points N
taken for a given evaluation time period 7. Thus,

1 &
CAASE :N;kz | (6)

6. Analysis of travel time data

With the equations formulated above, the statistical
measures—including SEM, AASE and SEB—were cal-
culated based on two groups of datasets for analysis.

The impact of link length and traffic conditions (e.g.,
congestion vs. un-congestion) on travel time estimation
are assessed based on the observed data.

6.1. Analysis of INRIX and Bluetooth vs. Co-Pilot travel
time data

Figs. 3 and 4 illustrate the relationship of speed ver-
sus time on links 1 and 3 of I-287 northbound, respec-
tively. The traffic condition shown in Fig. 3 is quite sta-
ble, while that shown in Fig.4 indicates significant
change in travel time. To have an in-depth comparison
of the INRIX, Bluetooth and Co-Pilot data, a statistical
analysis is performed. The statistical measures, such as
the SEM, AASE, and SEB are analyzed and summa-
rized in Table 1. Compared to the INRIX data, in gen-
eral, the speed estimation with the Bluetooth data is
closer to the Co-Pilot data, because the SEM, AASE and
SEB are smaller. The SEB of the INRIX data is -
2.84 MPH, indicating that the INRIX data underesti-
mated the speed detected by the probe vehicles.

On link 1, the travel speed has relatively small varia-
tions on both directions over the study time period. By
comparing the trend line of different datasets, the curve
of Bluetooth mean looks more adaptive to variations of
the Co-Pilot data, while the curve of INRIX mean is
more flat instead.

On link 3, the travel speed experienced severe varia-
tions on northbound over the study time period. The
Bluetooth mean data has better fit to the Co-Pilot data.
Though the INRIX data can still reflect the variations of
the speed data, an obvious time lag was observed in the
INRIX data, especially during the speed transition period.

Table 1 provides the statistics of links 14 during the
study period, which matches up with the conclusions
based on the observation of Figs. 3—6. In general, Blue-
tooth data could generate better estimates of the traffic
speed compared with INRIX data. The reason might be
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due to the static nature of the INRIX. INRIX data was
extracted based on archived historical database, while
Bluetooth data was collected in the same time period
when Co-Pilot data was collected.
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Fig. 3 Speed vs. time on link 1 of I-287 northbound
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Fig. 4 Speed vs. time on link 3 of 1-287 northbound

Table 1 Error comparison between Bluetooth, INRIX and
Co-Pilotdata (MPH)

Link Type of SEM AASE SEB
No. devices N S N S N S

Bluetooth 12 1 435 43 062 -2.14
INRIX 1.5 13 678 51 -3.6 -349
Bluetooth 1.3 12 525 4.6 23 252

2 INRIX 1.5 1 598 33 -19 -0.85
Bluetooth 1.6 1.3 492 49 145 -1.16
: INRIX 35 12 112 49 21 -3.76
A Bluetooth 1.1 1.4 4.15 48 -0.6 -098
INRIX 1.1 13 67 72 56 -6.14
Al Bluetooth 0.46 4.65 0.32
INRIX 0.66 6.52 -2.84

6.2. Analysis of TRANSMIT vs. Co-Pilot travel time data

Figs. 5 and 6 illustrate the relationship between speed
and time of link 1 southbound and link 2 northbound on
1-287, respectively, based on the data collected by
TRANSMIT readers and Co-Pilot devices on April 9,
2009.

Fig. 5 shows that the probe vehicle did not experience
the speed variation estimated by TRANSMIT on 1-287
southbound. It might be the small sample size of probe
vehicle that caused the missing of the speed variation.

As shown in Fig. 6, it was found that the travel speed
experienced by probe vehicle fitted well with the speed
estimated by TRANSMIT on link 2 of northbound I-287.
The statistical measures are summarized in Table 2 to
conclude the fitness of TRANSMIT data to Co-Pilot da-
ta for all links of 1-287. The difference between speeds
estimated by TRANSMIT and Co-Pilot devices was
greater on link 1. It was also found that the link length
on the studied links on [-287 did not affect the accuracy
of speed estimation of TRANSMIT.
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Fig. 5 Speed vs. time on link 1 of I-287 southbound
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Fig. 6 Speed vs. time on link 2 of I-287 northbound
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Table 2 Error comparison of TRANSMIT vs. Co-Pilot
data (04/09/2009) (MPH)

Link Link length SEM AASE SEB

No. (miles) N S N S N S

1 6.78 1.55 197 475 741 1.14 -6.59
2 5.79 143 1.13 429 476 -041 2.80
3 4.16 1.14 099 436 3.88 230 1.24
4 3.78 1.11 131 451 566 286 3.17
5 20.76 1.13 1.13 436 451 145 242
All 41.27 0.58 0.69 445 526 099 0.57

6.3. Analysis of travel time data (TRANSMIT, Bluetooth,
INRIX vs. Co-Pilot)

To have a whole picture of the performance compari-
son of these various devices, the statistical measures of
the data collected by these devices are put together in
Table 3. It can be found that the performances of Blue-
tooth and TRANSMIT are better than that of INRIX. In
addition, the performances of Bluetooth and
TRANSMIT are quite similar, except that TRANSMIT
overestimates the speed a little more.

Table 3 Error comparison of TRANSMIT, Bluetooth, INRIX

vs. Co-Pilot data(04/09/2009) (MPH)
Link No. Li?iill‘:;‘;“)gth SEM  AASE  SEB
TRANSMIT 4127 0.45 4.87 0.78
Bluetooth 0.46 4.65 0.32
INRIX 0.66 6.52 284

This section summarizes the findings based on the
analytical results with the data of INRIX, Bluetooth sen-
sors, and TRANSMITS readers against the data col-
lected by vehicle probes carrying Co-Pilot devices. To
have a fair comparison of the accuracy of the INRIX,
Bluetooth, and TRANSMIT data, this analysis was con-
ducted in two parts: INRIX and Bluetooth data vs. Co-
Pilot data and TRANSMIT data vs. Co-Pilot data, since
the locations of TMC is different from the locations of
TRANSMIT readers.

(1) The travel speed estimated with the Bluetooth da-
ta is closer to the speeds of vehicle probes compared to
the INRIX data (see Table 2 and Table 3).

(2) The travel speed estimated with the INRIX data is
biased with negative SEB.

(3) The travel speed experienced by probe vehicles
fitted well with the speed estimated with TRANSMIT,
except on link 1 of 1-287 southbound. The probe vehi-
cles seemed not to catch the speed variation reported by
TRANSMIT.

(4) The link length on the studied links on I-287 did
not affect the accuracy of speed estimation of
TRANSMIT.

There is a data latency found in the INRIX data on
north bound link 3, I-287 (see Fig. 4). This latency issue
should be further investigated. The potential reasons
might be but not be limited to, (1) inconsistency of
speed estimation by time period and sample selection
process, (2) delay in transmitting GPS data to satellite,
cleaning and processing data, and populating results,
and (3) biased samples (% of trucks). Note that the
Bluetooth and Co-Pilot data were not calculated in real
time.

The INRIX data in 2009 seemed offer greater devia-
tion to the ground truth data comparing the Bluetooth
and TRANSMIT data, which could be affected by its
data source, mainly commercial fleets, and the suffi-
ciency of samples size. In order to provide a broader
coverage on USA roadway network, INRIX data are ex-
tracted and generated based on GPS-enabled vehicles
and mobile devices, traditional road sensors, etc. The
historical data and data from commercial vehicles are all
aggregated with the real-time data based on its “data fu-
sion engine”. Therefore, it inevitably led to certain bi-
ases that degraded the accuracy of its estimation under
certain conditions. Both TRANSMIT and Bluetooth data
are generated based on the same vehicle re-identification
method that requires sets of detectors mounted along the
road. A unique serial number for a device in the vehicles
is detected at different locations, thus travel time and
speed can be calculated. This process is done using the
MAC addresses from Bluetooth devices, while
TRANSMIT system uses the radio-frequency identifica-
tion (RFID) serial numbers from the ETC transponders.
TRANSMIT requires shorter range for signal capture
compared with Bluetooth system. Overall Bluetooth and
TRANSMIT system demonstrated the higher accuracy
and reliability than INRIX data.

6.4. Comparison of TRANSMIT and Co-Pilot data under
incident condition

During the study period (e.g. April 6, 2009—April 17,
2009), 21 incidents on [-287 were observed and reported.
Four records of the reported incidents occurred in the
studied area between 7:00-10:00 A.M. The incidents
were observed on two different days (i.e., April 7 and
April 16, 2009). However, Bluetooth and INRIX data
(e.g. 7:00-10:00 A.M.) are not available for the period
between April 6 and April 8 due to severe weather con-
dition and unavailable INRIX data. Therefore, the anal-
ysis of the impact of incidents on travel time was con-
ducted using Co-Pilot and TRANSMIT data. Fig. 7 is a
time-space diagram for a probe vehicle that experienced
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an incident on link 2 of southbound I-287 on April 16,
2009. The X axis represents the vehicle's location by
mile post, and the Y axis represents the time at which the
vehicle is located.
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Fig. 7 Distance vs. time (incident #3, 04/16/09 SB)

Thus, the curve represents the trajectory of the probe
vehicle and its slope stands for the traveling speed. The
red line indicates the time period when the incident oc-
curred, from 9:25 A.M. to 9:45 A.M. It can be observed
that the speed decreased during that time period. Fig. 8
illustrates the speed of the TRANSMIT data and Co-
Pilot data, and the speed decrease during the same time
period on link 2 can also be observed.
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Fig. 8 Speed vs. time (incident #3, 04/16/09 SB)

From Table 4, the following can be found:

(1) Both the data collected by probe vehicles and by
TRANSMIT can reveal the change of traffic speed if the
traffic condition is influenced by the reported incidents,
for example the reported incident from 9:25 A.M. to
9:34 A.M. on April 16 2009, as shown in Figs. 7 and 8.

(2) Based on Table 4, it can be found that the esti-
mate with TRANSMIT data is a little bit worse under

incidents, compared to the case without incident, due to
the larger SEM and AASE. The SEB under incidents is
smaller (-0.05 MPH compared to 1.30 MPH) because of
the offset effect between 7.67 MPH and -7.21 MPH.

(3) There are abrupt speed changes observed around
10:00 AM in Fig. 8 based on the TRANSMIT data.
However, the speed estimates based on probe vehicles
within this time interval do not demonstrate these abrupt
changes. Further investigation shall be conducted.

Table 4 Error comparison of TRANSMIT vs. Co-Pilot data
with and without incidents (MPH)

) SEM AASE SEB
Incident

No. With Without With Without With Without
incident incident incident incident incident incident

1 0.81 1.13 334 476 1.14 2.80
2 2.79 1.13 8.81 476  7.67 2.80
3 1.18 1.13 355 436 -0.82 145
4 2.40 1.45 837 429 721 041

All 1.12 072 6.01 448 -0.05 1.30

7. Conclusions

The mean speed estimates in INRIX and Bluetooth
data are provided on a regular 5-minute basis. The daily
study period using Co-Pilot devices was divided into
twelve 15-minute time intervals from 7:00 A.M. to
10:00 A.M., with two data collectors dispatched per
time interval. An analysis of differences in data between
INRIX, Bluetooth and Co-Pilot data showed that speed
estimation using Bluetooth technology is closer to the
Co-Pilot data compared to the INRIX data. The SEBs of
the INRIX data are consistently lower, indicating that
the INRIX data underestimated the speed comparing to
“ground truth” data collected by GPS probes.

Regarding to TRANSMIT and Co-Pilot data, it was
found that the “ground truth” travel speeds in general fit
well with speeds reported by TRANSMIT. It was also
found that the link length of the study link I-287 did not
affect the accuracy of reported speeds by TRANSMIT.
Both “ground truth” and TRANSMIT speeds were in-
fluenced by incidents. The accuracy of speeds reported
by TRANSMIT was slightly worse under non-recurring
congestion, such as incidents. However, the accuracy of
speed estimates with either Bluetooth or TRANSMIT
data outperformed that with the INRIX data. In addition,
the accuracy of speed estimates with both Bluetooth and
TRANSMIT data were similar, except that TRANSMIT
slightly overestimated travel speed of the study 1-287.

Overall, this study successfully tested the feasibility
of utilizing different floating car technologies for traffic
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data collection. The availability and consistency for pre-
paring different FCDs are described. The accuracy of
each travel time estimation method is validated and
compared. The in-depth analysis and results in the study
can be concluded as follows:

(1) The accuracy of the INRIX and Bluetooth data vs.
the Co-Pilot data and TRANSMIT data vs. Co-Pilot data
were evaluated.

(2) The travel speed estimated with Bluetooth sensors
is closer to the ground true speed when compared to the
INRIX data.

(3) The ground true speed seems to fit well with the

TRANSMIT data.

(4) The link length on the study 1-287 seemed no im-
pact on the accuracy of speed estimation with
TRANSMIT.

(5) TRANSMIT speed estimates were slightly closer
to the Co-Pilot data under regular traffic conditions than
in the event of an incident.

(6) Both Co-Pilot data and TRANSMIT data reveal
speed variations as an incident occurs.

To further investigate the causes of discrepancy in es-
timated travel times based on the studied floating car
technologies, future research shall focus on:

(1) Analyzing INRIX data and methods to process the
data to identify the potential reasons that may cause bi-
ased estimation.

(2) Analyzing Bluetooth data and the detection rates
under various conditions (i.e., traffic, weather, geometry,
and spacing between sensors).

(3) Analyzing the accuracy of TRANSMIT data con-
sidering the link length and those links with rest areas.
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