DETERMINATION OF VEHICULAR TRAVEL PATTERNS IN AN URBAN
LOCATION USING BLUETOOTH TECHNOLOGY
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ABSTRACT

If a major land-use change, such as construction of a large health campus would be added to
an already developed urban region, it is necessary to determine the origin-destination (OD)
information for vehicles going through the region. For such studies, a relatively cheap
alternative is to detect vehicles with Bluetooth via readers located at the major entry-exit
points around the study region. As vehicles and/or travelers use this technology increasingly
during their travels, this method may result more reliable data. Though it is really simple and
straightforward in detecting movements along highways, use of this approach in urban
locations is more challenging. This paper focuses on developing a methodology to distinguish
vehicular movements and their travel characteristics from Bluetooth data, more specifically
estimation of the OD matrix and corridor travel times. The numerical results were obtained
from a 90-minute test data collected on a Saturday in Ankara, Turkey. The results showed that
a high rate of unmatched MAC addresses was observed as expected in an urban region.
Bluetooth technology use in travel time estimation for an urban corridor was very effective,

-1-


mailto:sule.yucel@issd.com.tr
mailto:htuydes@metu.edu.tr
mailto:aoruc@metu.edu.tr
mailto:mozen@metu.edu.tr

despite the small number of MAC matching. However OD estimation process would benefit
more from repeated data collection and verification via other data sources.

Keywords: Origin-Destination Estimation, MAC address, Bluetooth Technology,

INTRODUCTION

In Etlik, an already developed urban region of Ankara, Turkey (see Figurel), construction of
an integrated health campus with a capacity of 3500 beds has been proposed. The conceptual
design of health complex required the estimation of existing traffic conditions at 10 major
intersections and 4 main arterials around the block (see Figure 2). Furthermore, it was
necessary to estimate the origin-destination (OD) information for the existing travel demand.
In the absence of an updated transportation master plan for the city, current travel patterns
around the campus location had to be determined via non-traditional methods such
simultaneous video recordings at the intersections and Bluetooth technologies. The former
was mainly used to get intersection counts and traffic compositions. MAC address data from
4 Bluetooth devices located as shown in Figure 2 were analyzed to estimate OD matrix
between 4 major intersections (J1, J4, J6 and J7) and 2 urban corridors, (J1-J4) and (J4-J6)
with lengths of 1381m and 964 m, respectively, in the study region.
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Figure 1 The block in Etlik region of Ankara, selected as the location of the new health complek

The main challenge of using Bluetooth in this study was using it to study an urban traffic
region, which is an open-system. Here, “open system” refers to traffic network where all the
possible traffic entry and exit points (streets, parking lot entrances, etc.) could not be
surveyed. As a result the total entry and exit flows within the system do not necessarily match
and could not be verified. This would reflect on the Bluetooth readings such that all detected
MAC addresses would not be utilized to estimate travel patterns. Secondly, in an urban region
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all matched trips would not necessarily be vehicular ones; thus, a filtering approach has to be
included in the methodology to the vehicular ones.
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Figure 2 Locations of Bluetooth readers in the study region

RELATED WORK

Bluetooth is basically a wireless technology using a special radio frequency (2.4 GHz) to
transmit data in short distances, mainly because of low power consumption and the security
issues. Bluetooth protocol uses electronic identifiers, which are named Media Access Control
(MAC) addresses. Bluetooth monitoring has been used in different studies in transportation
field already, including dynamic traffic management applications (1), Intelligent
Transportation Systems (ITS) applications (2). Especially time-stamping and fast data transfer
properties make it a good data collection alternative for real-time traffic management (3, 4, 5,
6, 7). Another interesting application area of Bluetooth monitoring focused on pedestrian
movements, their travel and dwell times (8), and waiting times within airports (9).

Bluetooth Use in Transportation Studies

Travel time measurement and estimation are key issues for real-time traffic management,
which took advantage of Bluetooth technology, first. To estimate travel time of a corridor,
using MAC addresses and time stamps obtained from Bluetooth sensors are generally filtered
and matched. Two corridor applications of this nature were presented for i) a freeway corridor
in Barcelona with 11 entry and 12 exit locations (3,10) and ii) a motorway (with 6 MAC
readers) and an arterial corridor (with 29 MAC readers) in Brisbane (11). As a consistency
check, number of MAC addresses and total traffic volume at a station, called MAC-to-
Volume ratio, was given in (11). Li Jie et al. (12) focused on the reliability of travel time
measurements in urban locations by GPS-accessorized probe vehicle and Bluetooth readers.
The study had two corridor segments of 600m and 935m with 1-hour data collection. The
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results of this rather limited control study showed that travel time estimations by Bluetooth
monitoring has higher uncertainty, raising concerns about belonging of the captured MAC
address to a vehicle, and possible existence of multiple Bluetooth devices in one vehicle.

Quality of travel time estimation based on Bluetooth technology was also assessed in a study
by Haghani et al., in which more than 13,300 hours worth of travel time data was collected
with Bluetooth; in the conclusion, this new technology was found promising method to collect
high quality travel time that could be used as ground truth (13, 14). A similar study focused
on network stratification based on the ground truth determination using Bluetooth (15).
Looking at the issue from a reverse angle motivated some researchers to study travel time
outliers on highways and arterials, measured by Bluetooth technology again (4).

Some other studies focused on measuring travel time via Bluetooth to assess shifts in traffic
assignments due to road closures, workzones (5), or even signal timing optimization (16,17).
Travel time measurements made by Bluetooth probe vehicles were used to capture detour
choices for an unexpected bridge closure northwest Indiana (18).

Use of Bluetooth technology in OD estimation is rather new and limited, so far. In the
Brisbane pilot study, Blogg et al. (11) estimated demand for only two OD pairs; one along the
motorway and the other in the arterial network. The estimates for the motorway OD were
compared with the automatic number plate recognition (ANPR) cameras and loop detector
traffic volumes; for the arterial OD, control data was collected from traffic counts and a
manual video OD survey at the two end stations. MAC address based estimates were found
close to those with ANPR and video OD estimates, while further research on expansion
methods from MAC based results was recommended. Authors concluded with the fact that
MAC data collection was a cost effective way to collect OD in small and controlled networks,
which could be used to supplement OD estimation in large complex networks. In the corridor
study in Barcelona (3, 10), in addition to travel time estimation, a simulation experiment was
conducted to estimate dynamic OD along an approximately 12 km corridor. OD estimation in
urban locations is a more complex and challenging problem due to a) larger number of OD
pairs, b) the availability and complexity of the alternative paths and c) larger number of
Bluetooth device to identify all or the majority of the OD matrix. Barcelo et al (19) also
studied the problem of Bluetooth detector layout problem for urban location studies, which
showed the complexity of the OD estimation from MAC address capturing. Carpenter et al.
(20) also focused on the issue of detector locations to estimate route specific OD matrix,
which is a more important issue for urban locations with more alternative and partially
overlapping paths (18).

Developed Methodology

The logic behind developed methodology bases on use of i) redetection capability of a MAC
address at different locations in a study area, and ii) regional travel characteristics (i.e.
corridor speed) to distinguish potential vehicular movements from others, and iii) travel
patterns (travel routes, OD matrix and corridor travel times). The details of this methodology
can be summarized as follows:

Step 1: MAC address matching: If a MAC address is read only at one reader, it is not
possible to know whether it is from a Bluetooth device on a stationary point or a moving
object traveling through the region. Thus, to generate travel information , the same MAC



address has to be read at least at two locations within the study zone; for example, MAC
address “00:0D:18:A0:0C:68” in Table 1 was observed at J1 and J4 intersections.

Table 1 Excerpts of MAC reading data from four readers

@J1 @J4

"2012-04-07 16:22:05","RO:T1:R9:42:84:C2", " < "2012-04-07 16:24:43","00:EQ:0C:57:4B:3D"," <

"2012-04-0T7 16:22:07","00:0D0:18:A0:0C: 68", "- E "2012-04-07 16:24:43","OU:GD:ﬂ.B:hU:UC:Ed",' E

"2012-04-07 16:22:08","6C:83:36:2E:08:20","- "2012-04-07 16:24:49","00:2F:6D:6D:00:66","
"2012-04-07 16:23:14" "28:D1:AF:4F:F8:R1" " ﬁ
"2012-04-07 16:23:15","00:02:C7:F7:75:B5", " E
"2012-04-07 16:23:15","78:CA:04:09:Cs:8D","

@J6 @J7

"2012-04-07 16:19:24","60:R4:C1:70:66:12" - "2012-04-0T7 16:18:46","3C:8B:FE:4E:FE:1F"," <

"2012-04-07 16:19:25","OD:DE:CT:FT:TS:BE{"%- "2012-04-07 16:18:49","00:02:CT:F7:75:B5"," %

"2012-04-07 16:19:28","00:07:80:98:8C:AB", " "2012-04-07 16:18:52","04:A8:2R:E6:C8: 71", ™

Step 2: Detection of vehicular movement: Observance of a MAC address at consecutive
intersections reveals a movement. However, in urban locations, the movement of a device
with Bluetooth technology can be attributed different occasions (potential pedestrian or bikers
with active Bluetooth device) and only some of them will be related to vehicular movements.
To distinguish the vehicular ones from the others, the easiest way is to get average corridor
travel speeds between consecutive MAC reader locations and used an appropriate lower speed
(or an upper travel time) limit to mark vehicular ones. For example, the first example in Table
1(VEH1) was observed at J1 and J4 with time stamps 16:22:07 and 16:24:43, respectively.
Considering the distance of 1381 m between J1 and J4, this suggests a speed of approximately
32 km/hr, which is more likely to happen in a vehicular movement.

Step 3: OD Estimation: Looking at two consecutive Bluetooth reader data at a time does not
always produce the real vehicular trip information in the region; a vehicle may follow a route
visiting more than 2 reader locations, as in the example of the second vehicle (VEH2) in
Table 1. So, to detect the real OD locations of a vehicular trip in the region, it is important to
detect route of a vehicle with an active MAC address. To detect a trip, time stamps of a MAC
address at consecutive reader locations along the possible route must be checked for
continuity: if the speeds between consecutive readings are above the selected threshold, the
vehicle can be assumed to have a continuous trip. If the estimated travel times are lower than
the threshold, the vehicles must have stopped in between or traveled a longer route, either
case suggesting trip chaining within the study zone or with an out-of-study zone destination.
Only after this careful check of trip continuity in space and time, it is possible to identify
possible start (origin) and end (destination) points of vehicular trips in the region. Eventually,
total number of trips with the same OD points is summed up to get the OD Matrix for the
locations with Bluetooth readers. The size of the OD matrix also determines the minimum
number of Bluetooth readers needed in a study; thus, in OD estimation of highway corridors,
it is necessary to locate Bluetooth readers at all on- and off- ramps.

Step 4: Determination of corridor travel times: As travel times for a MAC address at two
consecutive reader locations is already calculated to detect vehicular movements in Step 2,
analysis of all these travel times between the reader locations reveals information about the
corridor characteristics, such as average corridor travel time, differences between two travel
directions, variability of the speed distribution along the corridor, etc. Travel time
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comparisons among the weekday and weekend days may further give an idea about peak hour
congestion, as well.

CASE STUDY: OD AND TRAVEL TIME ESTIMATIONS IN ANKARA

The OD matrix for the flow between the four selected intersections and travel times along the
two urban corridors around the health campus block (see Figure 2) was goal of the case study.
Before the Bluetooth observations, traffic counts at 10 intersections around the block with the
proposed health campus were taken for two weekdays during morning, noon and evening
periods. These studies showed that major in and out flows were observed at J1, J4, J5, J6, J7
and J10. Total travel time around the block was approximately 8 minutes (for 5.5 km), which
corresponds to an average speed of 40 km/hr during off-peak periods. As for the non-
motorized travel, while there were significant pedestrian activities at the intersections of the
study areas, there was limited pedestrian movement between intersections due to long walk
distances and lack of pedestrian attraction points in between. There is almost no bicycle use in
the City of Ankara.

Bluetooth Data Collection

For a Saturday evening, four available Bluetooth reader devices were located in the center of
the junctions J1, J4, J6 and J7, to capture the major flows expected between these points. The
two major corridors that were studied,(J1-J4) and (J4-J6), and were respectively. These
corridors were main arterial roads with at least 3-lanes in each direction and separated by a
median.

All the devices were Class 1 type Bluetooth sensors (UD 100) from Sena Technologies, Inc.,
and were accessorized with stub antenna (see Figure 4) providing an approximately 300
meters range (see Figure 3). This reading range was appropriate to capture vehicle movements
on roads in the study region where curb-to-curb widths and even at the grade-separated
interchange laid out in an area of approximately 400mx300m. As the focus of Etlik study was
to get the OD for the weekend travel demand, Bluetooth data collection and majority of the
tasks discussed above were performed offline and manually. On the day of the Bluetooth
application at (17:00-18:00), traffic at all the intersections was recorded again. Traffic videos
were deciphered to detect different vehicle types: cars, dolmus (a public transit mode with
minibuses), minivan/buses, large vehicles such as trucks, tankers, etc.).

Figure 3 Class 1 type Bluetooth reader device with antenna (range 300m) used in the Etlik study
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MAC Address Matching results

The results of simple MAC address matching between the 4 reader logs are presented in Table
2. Out of 1917 unique MAC address readings at 4 locations, only 550 were observed at
another location. To have an idea of the sampling capability with Bluetooth technology, it is
helpful to see the MAC-to-volume ratios at the observation points. During the 90-minute
observation period, traffic counts and MAC address detections (for 5 minute intervals) were
studied to generate MAC-to-Volume ratios as done by (11). As expected, the high traffic
counts at J6 resulted in also higher MAC detections, with a MAC-to-Volume ratio of 9.9%.
This ratio is close to those observed at J4 and J7. There were slightly more MAC addresses
detected at J1 with an MAC-to-Volume ratio of 14.4%. These rates are not much different
than reported penetration rates in other studies (11).

Table 2 MAC address matching statistics

Unique MAC address
observations MAC matchings with | Unmatched MAC
at total # | Jl | J4 | J6 | J7 addresses
J1 450 57 | 21 | 8 364
J4 481 | 48 67 | 8 358
J6 612 22 | 92 106 392
J7 374 15 | 23 | 83 253

Total 1917 550 1367

OD Estimation for Etlik Health Campus

MAC address time and location information for 550 matched cases, were further studied as
described in the steps 2 and 3. Considering the 8 minutes travel time to drive around the
block, a conservative upper limit of 5-minute travel time is accepted to identify potential
moving vehicles along study corridors. The 5-minute threshold corresponds to minimum
vehicular speed limits of 16.5 km/hr and11.5 km/hr for the J1-J4 and J4-J6 corridors. Travel
times larger than this were regarded as out-of-region trips between the locations or non-
motorized trips; and were eliminated from the OD estimation.

The remaining MAC address matchings were reviewed manually to seek trip continuity to get
the routes of the vehicles with active Bluetooth. A total of 444 vehicle trips were identified;
394 of them were indicating travel between two reading points, and only 50 of them traveled
through 3 reading points, and none were capture traveling all four station points. Finally, the
estimated OD matrix was found as shown in Table 3. However, since the total numbers of
trips may be misleading due to certain bias in detection and sampling process, it is more
useful to derive the percent distribution of trips at origins. This way, major travel demand
between J1 and J4, can be seen easily. Similarly a large flow is observed from J4 to J6: this
was expected as J4-J6 is a major arterial serving bigger demand originated at the northern part
of the study region destined to the city center in the south. Another major demand between J6
and J7 is parallel to the high transit demand served by the interchange; this was also parallel
to the high traffic counts at the J6 interchange and J7 intersection. Though this high demand is
using only the southeast corner of the study region network, any congestion at these locations
can cause problems in the accessibility of the health campus by the emergency vehicles.



Table 3 Estimated OD matrix and Percent Distribution at Origins for Etlik Study

OD (by counts) OD (by percent distribution at the origin)

oo loi|aa|ae|ar| RV N oo Qui| oa | 36 | 37 Z‘Sn";’
J1l J1 67 23 11 100
Ja Ja 33 59 8 100
J6 J6 12 | 38 50 100
J7 J7 7 21 73 100

Column
sum

Since the study zone was an open traffic system and there were limited number of Bluetooth
reader devices available, it is not totally correct to say that the first and the last observation

points were the true OD points of a vehicle trip in the region. By considering the potential exit
points and the outflow volumes between Bluetooth locations, it is possible to further distribute
the demand among potential destinations at the trip end using the correction factors. To check
potential bias based on shared-ride vehicles, total shares of larger or high occupancy vehicles
(public transit buses, minibuses, minivans, etc.) at the four reader locations were calculated.

The results showed that the shared-ride vehicles constituted only 5-8% (of the total

intersection volumes).

The appropriateness of the 5-minute (300 seconds) threshold value can be verified by

analyzing the travel times of all the selected movements between the reader locations as

shown in Figure 4. The horizontal axis shows the progression of time during the 90-minute
study period and vertical axis shows the travel time of the captured movements in seconds.
On (J4-J6) corridor, estimated travel speeds from the matched MAC time stamps showed that
majority of the movements took much less than 5 minutes. Also, the majority of the
movements on (J1-J4) corridor took upto 5 minutes.

Figure 4 Travel time distributions for the analysis corridors between J1 and J4, and J4 and J6
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Corridor travel time estimations

As the lengths of the two corridors are rather short, most of the travel times were less than 300
seconds (5 minutes). The average travel times along (J4->J6) and (J6—>J4) directions were
found as 110 and 164 seconds. Considering the 964m corridor length, this corresponds to an
average space mean speed of 32 and 21 km/hr. Similarly, space mean speed of (J1->J4) and
(J4->J1) segments were calculated as 23 and 19 km/hr. The higher dispersion of travel times
along both directions of (J1-J4) suggests either more.

RESULTS AND CONCLUSIONS

To summarize, the strength of this method is the tracking capability of a movement including
Bluetooth device over time and space. In uncongested traffic conditions, looking at the
corridor speeds, moving vehicles can be distinguished from the others. However, filtering
based on a simple corridor speed (or travel time) value may not be correct for peak hours.
Instead, time-dependent speed thresholds can be selected to represent traffic regime during
different periods. A key issue is the sampling ratio of vehicles using Bluetooth based
estimations; this depends on the penetration ratio of Bluetooth technology in a region. If more
vehicles are accessorized with Bluetooth devices, more reliable travel data can be generated.
On the other hand, a potential problem is having multiple Bluetooth devices active in one
vehicle: while this may not be a high probability in single-occupant vehicles, it can be critical
in high-occupancy ones, such as transit buses, shuttles, etc. Both cases would harm estimation
of OD matrices, but not corridor travel times. This can constitute a bigger problem in the
future, when the use of Bluetooth devices in the vehicles and by the travelers increases
drastically.

Although it is possible to get an estimate of the OD matrix between reader locations, it is hard
to know the reliability of the data without any other supportive data. More repetitive
observations may help to decrease uncertainty about OD matrix estimation. Validation of the
OD estimation for Etlik is under process using traffic simulation and intersection traffic
counts.

Despite all shortcomings, Bluetooth technology certainly presents an alternative and relatively
easy-and-cheap way of travel study, even for an urban region. For larger applications trip
detection must be automated to handle complex traffic networks.



REFERENCES

(1) C. Antoniou, H.N. Koutsopoulos, “Exploiting Emerging Data Collection Technologies for
Dynamic Traffic Management”, World Conference On Transport Research Society, 2010, p.
1-16.

(2) H. Ahmed, M. El-Darieby, Y. Morgan, B. Abdulhai, “A Wireless Mesh Network-Based
Platform For ITS”, Vehicular Tecnology Conference, 2008, p. 3047-3051.

(3) J. Barcelo, L. Montero, L. Marqués, C. Carmona, “Travel Time Forecasting and Dynamic
Origin-Destination Estimation for Freeways Based On Bluetooth Traffic Monitoring”,
Transportation Research Record: Journal of The Transportation Research Board, 2010, p.19-
217.

(4) D.V. Boxel, W.H. Schneider, C. Bakula, “Innovative Real-Time Methodology for
Detecting TravelTime Outliers on Interstate Highways and Urban Arterials”, Transportation
Research Board: Journal Of The Transpotation Research Board, 2011, p. 60-67.

(5) R.J. Haseman, J.S. Wasson , D.M. Bullock, “Real-Time Measurement of Travel Time
Delay in Work Zones And Evaluation Metrics Using Bluetooth Probe Tracking”,
Transportation Research Board: Journal Of The Transpotation Research Board, 2010, p.40-
53.

(6) N. Van Der Zijp, “Dynamic Origin-Destination Matrix Estimation From Traffic Counts
And Automated Vehicle Identification Data ”, Transportation Research Record : Journal Of
The Transportation Research Board, 1997, p. 1-18.

(7) P. Jiao, L. Huapu, “Study On Estimation of Dynamic OD Flows in Freeway Corridors.
Networking, Sensing and Control ”, Proceedings 2005 IEEE,2005, p. 948-953.

(8) Y. Malinovskiy, N. Saunier, Y. Wang,” Pedestrian Travel Analysis Using Static Bluetooth
Sensors”, Transportation Research Board: Journal Of The Transpotation Research Board,
2012, p. 1-22.

(9) D.M. Bullock, R. Haseman, J.S. Wasson, R. Spitler, “Automated Measurement of Wait
Times at Airport Security ”, Transportation Research Board: Journal Of The Transpotation
Research Board, 2010, p. 60-68.

(10) B.B. Jaime, M.M. Lidia, M. Laura, C. Carlos, “A Kalman-Filter Approach For Dynamic
OD Estimation in Corridors Based On Bluetooth And Wi-Fi Data Collection ”, Conference
Report, 2010.

(11) M. Blogg, C. Semler, M. Hingorani, R. Troutbeck, “Travel Time And Origin-Destination
Data Collection Using Bluetooth MAC Address Readers”, Australasian Transport Research
Forum 2010 Proceedings, 2010, p. 1-15.

(12) L. Jie, Z.V. Zuylen, L. Chunhua, L. Shoufeng, “Monitoring Travel Times in an Urban
Network Using Video, GPS And Bluetooth”, Prodecia-Social And Behavioral Sciences, 2011,
p. 630-637.

(13) A. Haghani, M. Hamedi, K. F. Sadabadi, S. Young, P. Tarnoff, “Data Collection of
Freeway Travel Time Ground Truth with Bluetooth Sensors”, Transportation Research
Record: Journal of The Transportation Research Board, 2010, p. 60-68.

(14) Y. Aliari, A. Haghani, “Using Bluetooth Sensor Data For Ground-Truth Testing Of

Reported Travel Times”, Transportation Research Record: Journal of The Transportation
Research Board.

-10-



(15) J.K. Richardson, B.L. Smith, M.D. Fontaine, S.M. Turner, “Network Stratification
Method by Travel Time Variation”, Transportation Research Record: Journal of The
Transportation Research Board, 2011, p. 1-9.

(16) S.M. Quayle, P. Koonce, D. DePencier, D.M. Bullock, “Arterial Performance Measures
with Media Access Control Readers”, Transportation Research Board: Journal Of The
Transpotation Research Board, 2010, p. 185-193.

(17) C.M. Day, R. Haseman, H. Premachandra, T.M. Brennan, J.S. Wasson, J.R. Sturdevant,
D.M.Bullock, “Evaluation of Arterial Signal Coordination”, Transportation Research Board:
Journal Of The Transpotation Research Board, 2010, p. 37-49.

(18) A.M. Hainen, J.S. Wasson, S.M.L. Hubbard, S.M. Remias, G.D. Farnsworth, D.M.
Bullock, “Estimating Route Choice and Travel Time Reliability with Field Observations of
Bluetooth Probe Vehicles”, Transportation Research Board: Journal Of The Transpotation
Research Board, 2011, p. 43-50.

(19) J. Barcelo, F. Gilliéron, M.P.Linares, O. Serch, L. Montero. “The Detection Layout
Problem”, Transportation Research Board: Journal Of The Transpotation Research Board,
2012, p. 1-18.

(20) C. Carpenter, M. Fowler, T.J. Adler, “Generating Route Specific Origin-Destination
Tables Using Bluetooth Technology”, Transportation Research Board: Journal Of The
Transpotation Research Board, 2012, p. 1-11.

-11-



