


traffic estimation server. An estimate manager in the traffic estimation server
monitors the performance of the various algorithms and transmits the resulting
traffic estimates with highest confidence to the traffic report server.

The traffic report server then sends data to information consumers through
a mapping interface on a web site. During the Mobile Century experiment, large
displays were used on the experiment site to show the live traffic estimate. In
the current version of the system, the traffic information is now accessible from
the mobile devices running the traffic data collection client.

The current VTL implementation generates approximately 1KB of update
data for every two minutes per client while driving on a major road. Assuming
an average two hours of driving per day on a major road, we expect the total data
transfer is 60KB per day. The database servers can easily scale to large number
of client updates since the bandwidth and the total data storage demands are
rather small by current information industry standards.

2.3. System Safety Monitoring Requirements
In order to address driver safety concerns, the VTL based system archi-

tecture described previously was augmented with additional experiment safety
monitoring infrastructure. In addition to collecting VTL data, a special build
of the client was created which is also capable of transmitting the three second
trajectory data and a phone ID in the encrypted update. Each phone ID cor-
responded to a unique vehicle ID which was prominently displayed on the sides
and roof of all vehicles in the experiment. The locations of these vehicles were
then monitored by a team of safety officers, through a special mapping applica-
tion running on laptops at the experiment site. If the vehicle left the experiment
site, or appeared disabled, the safety officers were then able to call the drivers via
the phone in the vehicle and provide directions or dispatch emergency services
(stationed on site) as needed. This infrastructure (shown in green in Figure 1)
is not needed or used by the traffic data collection and traffic estimation system,
and is not implemented in a non-research build of the system.

3. Experimental design

The experiment was conceived as a proof of concept of the system described
in the previous section. It was designed with three fundamental goals:

Goal 1 Assess the feasibility of a traffic monitoring system based on GPS-
enabled mobile phones. The system described in Section 2 was shown to
provide sufficient and accurate enough data to deliver precise travel time
and velocity estimations.

Goal 2 Evaluate speed measurements accuracy from GPS-enabled mobile phones
under both free flow and congested traffic conditions. Therefore, the sec-
tion of highway was chosen to encompass both free flow and congested
conditions. A good detector stations coverage was also required for com-
parison purposes.
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Goal 3 Maintain a specific penetration rate of equipped vehicles in the total
flow throughout the day. This feature of the experiment is a fundamental
difference with previous work, and necessary for the proper testing of
traffic flow reconstruction algorithms.

Nicknamed the Mobile Century experiment, the February 8, 2008, field experi-
ment involved 100 vehicles carrying GPS-enabled Nokia N95 phones. All rented
vehicles were driven by 165 UC Berkeley students in 3-hour shifts. Drivers were
instructed to drive as they would normally do, and no other specific instructions
were given to them. The vehicles repeatedly drove loops of six to ten miles in
length continuously for eight hours on freeway I-880 near Union City in the
San Francisco Bay Area, California (see Figure 2). This section of highway has
four (and sometimes five) lanes, the leftmost one being a HOV lane. It presents
interesting traffic properties, which include alternating periods of free-flow and
congestion throughout the day (which thus satisfies the requirements of Goal 2).
In particular, the northbound (NB) direction presents a recurrent and severe
bottleneck between Tennyson Rd. and CA92 during the afternoon. Moreover,
on the day of the experiment, there was an accident during the morning, which
activated a non-recurrent bottleneck at this same location. The section is also
well covered with existing loop detector stations – 25 between Stevenson Blvd.
and Winton Ave. in the NB direction – feeding into the PeMS system [1].

Figure 2: Stretch of highway I-880 CA, used in the Mobile Century experiment.

Based on a realistically achievable penetration rate in the near future7, the
goal of the looping behavior is to achieve and maintain a desirable 2%-5% pene-

7Analysts predict a rapid increase in the market share of GPS phones in the near fu-
ture [31].
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Table 1: Features of the loops used in the experiment.

Loop type North end South end One-way
distance (miles)

AM (long)
Winton Ave Thorton Rd. 9.4

CA92 (San Mateo Br.) Mowry Ave. 8.6
Tennyson Rd. Stevenson Blvd. 9.3

PM (short)
Winton Ave. Alvarado-Niles 4.5

CA92 (San Mateo Br.) Alvarado Blvd. 5.2
Tennyson Rd. Decoto Rd. 5.4

tration rate of the total volume of traffic on the highway during the experiment
(Goal 3). Note that previous studies have reported that data coming from no
more than 5% of the total flow are sufficient to obtain accurate estimates of the
travel time [4], [11], [19]. Given that the total flow expected on the section of
interest is approximately 6000 vehicles per hour (obtained from PeMS) and the
number equipped vehicles is 100, the required cycle time to achieve the desired
rate is 20 minutes. Knowing the expected speed throughout the day and cycle
time is sufficient to determine the length of the loops throughout the day. In
the NB direction of the section of interest, free flow conditions are historically
expected during the morning until 2-3pm, when the recurrent bottleneck be-
tween Tennyson Rd. and CA92 activates. Free flow is expected during most
of the day for the southbound direction. For this reason, long loops (or AM)
loops were designed during the morning and short (or PM) loops were used
during the afternoon. The change was scheduled to start at at 1:30pm. Table 1
presents the main features of the loops used during the experiment, also shown
in Figure 2. Three different loops of almost the same length were used during
the experiment not to oversaturate any of the ramps being used.

The data were collected in two ways during the experiment. First, each
Nokia N95 cell phone was storing its position and velocity log every 3 seconds,
which allows for the computation of every equipped vehicle trajectory. This
data were gathered locally on the phones for analysis purposes, and is not part
of the data gathering process of the system presented in the previous section.
It became available only once the experiment was finished, and is useful to test
the accuracy of the sampling strategy (Goal 2) a posteriori. Second, the privacy
preserving architecture described in Section 2 collected data from the 45 VTLs
deployed between Stevenson Blvd. and Winton Ave. (each VTL covers both
travel directions). These data were used to produce real-time travel time and
speed estimates, and helps to assess the feasibility of the system (Goal 1).

Finally, high resolution video cameras located on Winton Ave., Decoto Rd.,
and Stevenson Blvd. recorded traffic in the NB direction. This video data
is accurate enough to provide exact travel time of individual vehicles through
license plate re-identification.
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4. Experimental results

This section analyzes the main results derived from the experiment. The
analysis is carried out in terms of the three goals of the experiment. Unless
otherwise noted, the rest of this section focusses on the highway segment covered
by the afternoon loops in the northbound (NB) direction. The section consists
of the portion of highway between Decoto Rd. to the south – postmile 21 – and
Winton Ave. to the north – postmile 27.5.

Goal 1: Assessment of the feasibility of a smartphone-based traffic monitoring
system

The data obtained in the experiment using the system architecture described
in Section 2 were processed in real-time. We deployed 30 VTLs during the
experiment in the section of interest. Information collected by these VTLs
was used to produce real-time travel time and velocity estimates, which were
broadcasted for eight hours. Figure 3b illustrates the interface used to broadcast
travel time and speed during the day. The figure shows traffic at a time after
an accident occurred in the NB direction between Tennyson Rd. and CA92.
Figure 3a shows the 511.org traffic display at the same time.

Figure 3: Live traffic feed at 10:52am on February 8, 2008, after an accident on the NB
direction of I880 occurred, provided by the proposed system and 511.org (inside). Numbers
in circles correspond to speed in mph.

As can be seen from the two subfigures in Figure 3, the extent of congestion
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estimated by our algorithm8 and based on the GPS data only match closely the
511.org display, which uses a combination of data sources for velocity and travel
time calculation including loop detectors, FasTrak-equipped vehicles, and speed
radars. However, 511.org only provides speeds in discrete increments (e.g. the
black color represents “stop and go” and red means “heavy traffic”), while our
algorithm generated speeds with a finer scale, which is important because it
allows a more accurate identification of the limit between zones with different
traffic states (i.e. the location of the shockwave). Comparisons with the 511.org
speed map at other times during the experiment showed similar results, which
confirm that the GPS cell phone based technique and the system described in
Section 2 can produce reasonable speed estimates for the section of interest, at
least for the experiment day.

Goal 2: Assessment of the accuracy of the probe data
This sub-section analyzes the data stored in each phone and the type of

information that can be collected by the system described in Section 2. By
nature of the test site, it provides an assessment of GPS data quality in suburban
freeways, and of these data’s values for highway traffic estimation.

Trajectory data
Each phone stored its position (latitude and longitude) and a velocity log

every 3 seconds. We refer to this data as trajectory data since vehicle trajectories
can be reconstructed from them.

Trajectory data were processed after the experiment, in order to conduct a
more detailed analysis of the quality of the data collected by the GPS-enabled
smartphones. Figure 4 shows 50% of the gathered trajectories between Steven-
son Blvd. (postmile 17) and Winton Ave. (postmile 27.5) in the NB direction.
The transition from the AM loops to the PM loops that occurs at 1:30pm can
be clearly seen in the figure, as well as the fact that different vehicles were us-
ing different ramps to get in and out of the highway (as shown in Figure 2).
The propagation of the shockwave generated by the accident is clearly identified
from this plot as well.

The red lines in Figure 4 represent the approximate propagation of the shock-
waves generated by the accident, and are drawn by hand. The information
about the propagation of shockwaves can be used to infer parameters of the
fundamental diagram (assuming triangular relationship), as well as flows and
densities that mobile sensors are not able to capture directly (see Appendix A).
This information can be useful in the absence of loop detectors, since it relates
the sample that provides GPS data with the total driving population.

Using these trajectories, a velocity field can be reconstructed and compared
with the PeMS velocity field using data from the 17 loop detector stations de-

8The algorithm to estimate real-time travel times and velocities is described in [30], and
is out of the scope of the present article.
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Figure 4: Vehicle trajectories in NB direction extracted from the data stored by 50% of the
cell phones. The propagation of the shockwave from the accident can clearly be identified
from this plot. The red lines in the subfigure were drawn by hand by fitting a line through
the points where trajectories change slope.

ployed in the section of interest9 (loop detector locations are shown in Figure 5).
Loop detectors compute the temporal mean speed (TMS) every 30 seconds (con-
sidering all lanes); every 5 minutes the average of the 30-second observations
collected during this time is computed. The PeMS velocity field is shown in
Figure 6a. The method used in PeMS associates an influence area with each de-
tector station. The assumption is that measurements for this area are provided
by the corresponding detector station. The size of the influence area depends on
the proximity of neighbor detector stations. Therefore, the closer the neighbor
detectors are, the smaller the influence area and the better the estimates that
can be obtained using this method.

21.3 21.9

Decoto Rd.

26.8

26.5

26.3

26.0

27.225.8

27.3

22.5

22.3 22.8

23.4 24.0 24.5 24.9

25.2
Alvarado Blvd.

Alvarado-Niles Rd.

Whipple Rd.

Industrial Pkwy. Tennyson Rd.

CA92

Winton Ave.

: loop detector station

Figure 5: Loop detector locations for the NB direction. Numbers indicate postmiles. Traffic
flows from left to right, and loop detectors have been numbered sequentially from 1 (upstream)
to 17 (downstream).

Since equipped-vehicle trajectories are known, the velocity field is computed

9Loop detectors on lanes 1 and 2 at detector station 3 and lane 5 at detector station 6
were not working properly as reported by PeMS.
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using Edie’s generalized definition, in which “the speed of a traffic stream in a
given space-time domain is the aggregate distance traveled divided by the aggre-
gate time spent by all vehicles traversing it” [32]. The corresponding result is
shown in Figure 6b. The qualitative agreement between subfigures a) and b)
is evident – in terms of bottlenecks location, and their spatial and temporal
extent. Note that less than 5% of the total trajectories are enough to provide
a spatio-temporal coverage qualitatively comparable to the one accessible from
17 detectors for this section of highway.
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Figure 6: Velocity field in (mph) using a) 17 loop detector stations, b) vehicle trajectories and
Edie’s speed definition, c) 17 VTLs at the loop detector locations, and d) 30 VTLs equally
spaced.

VTL data
In addition to the trajectory data stored by each phone, VTL data were

collected during the experiment using the system architecture described in Sec-
tion 2. As mentioned earlier, 30 VTLs were deployed during the experiment
in the section of interest. Note that since all vehicle trajectories can be re-
constructed, it is possible to artificially recreate VTL data off-line at different
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locations. This proves to be very useful because it allows a better analysis of the
VTL data by not restricting its locations to the 30 locations deployed during
the experiment.

By placing VTLs on existing loop detector locations (17 in total), velocity
measurements collected by a loop detector every 5 minutes can be compared to
the ones provided by a VTL at the same location. For comparison purposes,
VTL measurements are also aggregated in 5-minute periods, and the TMS is
computed for each period. Using data from the 17 VTLs, the velocity field is
reconstructed using the same method described before for the loop detectors
(see Figure 6c). The velocity map exhibits the same main features captured by
the loop detector velocity field. Even though both sensors provide qualitatively
similar information, there is some discrepancy in the velocity value they report
(suggested by the difference in colors observed at certain times and locations).
The field in Figure 6d was constructed using the 30 VTLs deployed during the
experiment, and it is shown here just for comparison. The different level of
granularity among the plots is explained by the different number of detector
stations deployed in each case (17 loop detectors/VTLs versus 30 VTLs).

Since ground truth velocity is not known, accuracy of VTL velocity mea-
surements cannot be directly assessed. Note that loop detector measurements
are usually considered as ground truth. However, it is known that they include
– sometimes significant – errors. For this reason, we decided not to use them as
ground truth. Instead, travel times between Decoto Rd. and Winton Ave. from
10:45am to 5pm are extracted from high definition video cameras using license
plate reidentification. A total of 4789 vehicles were matched between 10:40am
and 5pm, but only 4268 of them were considered to correspond to vehicles stay-
ing on the freeway all the time (the other 521 matches correspond to vehicles
exiting the freeway between Decoto Rd. and Winton Ave. and re-entering later
between Decoto Rd. and Winton Ave. as well, resulting in unusually high travel
times). These vehicles represent at least 10% of all the vehicles traveling the
entire section between 10:40am and 5pm.

Velocity fields constructed using 17 VTLs and 17 loop detector stations can
be integrated to compute travel time10, which can be used to assess which
velocity measurements are more likely to be closer to ground truth. Figure 7
shows the 4268 travel times obtained by reidentifying vehicles at Decoto Rd. and
Winton Ave, and also the travel times computed by integrating both the VTL
and loop detector velocity fields. The travel times shown in the figure correspond
to those experienced by a vehicle entering the section at the corresponding time
in the x-axis. Note that at 3pm, the left most lane becomes a HOV lane, which
explains the points traveling the section faster than the rest of the traffic after
3pm.

Both estimates replicate the main trend observed in the travel time during
the day. The VTL estimates, however, also adequately reproduce the value

10This a-posteriori travel time estimation method is also known as dynamic travel time or
walk the speed matrix method.
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Figure 7: Travel time (in minutes) between Decoto Rd. and Winton Ave. Dots correspond
to individual vehicle travel times (4268 in total), collected manually using video cameras at
the ends of the section of interest. The time in the x-axis is the entry time to the section of
interest.

of travel times. Loop detector estimates tend to underestimate travel times,
implying that they tend to overestimate velocities. In fact, the VTL estimates
are almost always within one standard deviation of the average travel time
obtained from the video cameras in 5-minute windows (represented by the two
black dash-dotted lines in the figure), while the opposite occurs with the loop
detector estimates.

Travel times computed with the VTL velocity field are in better agreement
with real travel times experienced by the flow during the day than loop detector
travel times. This suggests that the VTL velocity field is more likely to be closer
to the actual velocity experienced by the vehicles, and therefore more accurate,
than the loop detector velocity field. That is, accuracy of this technology is
such that a low proportion of equipped vehicles can often provide more accurate
measurements of velocity than loop detectors – which sample (eventually) all
vehicles. This has to be kept in mind when loop detector data are considered
as ground truth, especially for an assessment of alternative data sources.

Because of the previous considerations, loop detector measurements are not
considered as ground truth in this study. A data analysis is carried out only to
observe the main features of both types of measurements, and not to determine
accuracy of measurements.

For each location, velocity measurements have been classified into three
classes according to the VTL or loop detector velocity reported in the corre-
sponding 5-minute period (vVTL or vloop, respectively): congested conditions
(v(·) 6 40 mph), free flow conditions (v(·) > 55 mph), and the transition be-
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tween both (40 < v(·) < 55). Tables 2 and 3 show the mean velocity, its standard
deviation, and the number of measurements used to compute these quantities in
each class, for each location, and for both VTL and loop detector measurements,
respectively.

The means and standard deviations computed for both sensors show sub-
stantial differences in some cases. For a specific number of observations (more
than 20), loop detectors tend to provide higher velocity measurements – sug-
gesting certain bias on the detector –, but with a smaller variability than VTLs
– which may be explained by the 5-minute aggregation performed in each case.
As expected, higher variability in velocity is experienced during congestion.

Given the differences observed in the mean and variability, the distribution
of velocity measurements is not always similar between VTL and loop detector.
Figure 8 shows velocity histograms at four different locations – detectors 3, 6,
8, and 12. Histograms at the top correspond to VTL velocity measurements,
while the ones at the bottom are loop detector velocity measurements. Both
the free flow and congested mode can be identified at some locations.

Some of the 17 VTLs deployed generate similar velocity profiles as loop
detectors, but some others exhibit significant differences. Figure 9 shows a
time-series of loop detector and VTL velocity measurements for four different
locations with changing proportion or penetration rates during the day11 (see
subfigure e). Locations on the figure correspond to detectors 1, 4, 7, and 17.

Both loop and VTL measurements differ from each other, and the level of
discrepancy varies with time, location, penetration rate, and traffic conditions
(i.e. velocity). Differences between both measurements can be explained by
several factors, among them:

• Loop detectors and VTLs compute instantaneous velocity in different
ways, and they have different measurement errors. While loop detec-
tors use the travel time between dual coils to compute the speed for each
vehicle, VTLs use GPS-computed velocity. Also, different aggregation
methods explain some of the differences in the variability of the measure-
ments (loop detectors compute the TMS every 30 seconds, and the ten
values computed during 5 minutes are then averaged again to obtain the
5-minute average velocity; the VTL compute the TMS using the data
collected during each 5-minute period).

• VTLs collect velocity from a proportion of all vehicles crossing that loca-
tion, while loop detectors collect data from (eventually) all the vehicles.
If this proportion is too small, it might not be statistically representative
of the entire population.

• Selectivity bias in the sample chosen12. Drivers hired for the experiment
are not necessarily a proper statistical sample of the population. The 165

11Penetration rate is the proportion of GPS equipped vehicles in the total flow. The next
subsection describes how this rate is computed.

12This reason applies only for this experimental case.
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Figure 9: Loop detector versus VTL velocity data collected at detectors a) 1, b) 4, c) 17, and
d) 7. Subfigure e) shows the penetration rate at these four locations during the day.

drivers were UC Berkeley students over 21, which may constitute a biased
sample of the driving population. In addition to this, the driving behav-
ior may be biased with respect to the rest of the traffic for other reasons,
including fatigue and gained knowledge of the location and driving condi-
tions (which may be similar to the expertise gained by regular commuters).
A specific bias can be observed at some locations close to the off-ramps
used during the experiment, where VTL velocity measurements are always
lower than the loop detector velocity measurements (Figure 9c). However,
this bias is not observed at some other locations (Figure 9d). Therefore,
the bias is most likely due to i) bias in the detector, or ii) test driver
dynamics before exiting the mainline of the highway.

Table 4 shows the mean and standard deviation of the absolute difference be-
tween loop detector and VTL velocity measurements. For each location, mea-
surements have been classified as before (and according to the VTL velocity
vVTL reported).

Discrepancy between VTL and loop detector measurements is higher for

22



T
ab

le
4:

M
ea

n
an

d
st

an
da

rd
de

vi
at

io
n

of
th

e
ab

so
lu

te
di

ffe
re

nc
e

be
tw

ee
n

5-
m

in
ut

e
V

T
L

an
d

lo
op

de
te

ct
or

ve
lo

ci
ty

m
ea

su
re

m
en

ts
.

V
el

oc
it
y

cl
as

si
fi-

ca
ti
on

is
de

fin
ed

ac
co

rd
in

g
to

V
T

L
ve

lo
ci

ty
(v

V
T

L
).

T
he

nu
m

be
r

of
ob

se
rv

at
io

ns
(i
.e

.
5-

m
in

ut
e

pe
ri

od
s)

on
ea

ch
cl

as
s

is
al

so
pr

ov
id

ed
.

Lo
ca

ti
on

v V
T

L
6

40
m

ph
40

<
v V

T
L

<
55

m
ph

v V
T

L
>

55
m

ph
M

ea
n

St
d.

D
ev

#
ob

s.
M

ea
n

St
d.

D
ev

#
ob

s.
M

ea
n

St
d.

D
ev

#
ob

s.
1

12
.2

5.
8

33
9.

2
5.

8
4

5.
9

3.
5

57
2

9.
4

5.
2

39
17

.0
-

1
2.

0
1.

7
54

3
12

.3
5.

3
39

6.
2

3.
0

3
2.

1
2.

2
52

4
17

.0
5.

9
38

8.
5

2.
2

2
2.

5
1.

7
54

5
5.

8
5.

3
29

3.
5

5.
2

13
4.

1
2.

7
52

6
4.

0
3.

6
39

4.
8

1.
9

6
3.

8
2.

3
49

7
4.

3
3.

4
52

13
.0

3.
0

4
6.

1
6.

0
38

8
8.

9
4.

4
64

2.
1

-
1

4.
3

3.
6

29
9

6.
0

4.
4

69
8.

4
7.

7
5

4.
7

3.
1

20
10

4.
8

3.
7

62
6.

0
4.

3
22

5.
0

4.
0

10
11

5.
0

3.
6

86
6.

2
4.

2
4

10
.9

12
.5

4
12

7.
5

5.
0

90
-

-
0

13
.2

14
.7

4
13

18
.6

5.
0

91
1.

4
1.

6
2

2.
2

-
1

14
11

.1
6.

4
43

4.
4

2.
5

50
5.

3
-

1
15

27
.2

8.
9

16
12

.3
2.

7
77

4.
1

-
1

16
20

.9
5.

1
2

12
.4

4.
0

44
5.

1
3.

2
48

17
22

.8
7.

8
7

14
.7

4.
3

71
6.

5
2.

9
16

23



lower velocities. Differences observed among locations suggest that some detec-
tors are either biased or not computing the velocity properly.

Finally, Figure 10 plots the VTL versus loop detector velocity measurements
for all the observations collected at the 17 locations.
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Figure 10: Loop detector vs. VTL velocity measurements (all locations). Dotted lines are the
±5 mph thresholds.

For velocities below 40 mph, 31% of those observations have an absolute
difference of less than 5 mph. This number reaches 70% for high velocities
(over 55 mph). As mentioned before, loop detector velocity measurements tend
to be higher than VTL measurements, which explain the smaller travel times
computed with the loop detector velocity field – shown before in Figure 7.

Goal 3: Enforcement of a specific penetration rate of equipped vehicles during
the experiment

Penetration rate of equipped vehicles refers to the proportion of equipped
vehicles in the total flow. This proportion can be computed by placing VTLs
on each of the 17 existing loop detector locations and dividing the VTL count
by the loop detector count every 5 minutes.

During the experiment, penetration rate changes over time and space, as
shown in the penetration rate map in Figure 11. Locations that are traveled by
vehicles from the three loops – such as between Decoto Rd. (postmile 21) and
Tennyson Rd. (postmile 26) in the morning and between Alvarado-Niles Rd.
(postmile 23.3) and Tennyson Rd. in the afternoon – experience the highest
proportion of equipped vehicles during the day, while locations at the ends of
the section – such as between CA92 and Winton Ave. during the whole day
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– are traveled by only one third of the equipped vehicles and thus present the
lowest proportions during the day.
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Figure 11: Penetration rate map (in %).

The penetration rates for locations between Decoto Rd. and Winton Ave.
can be seen in Figure 12. Circles in part a) and c) of the figure represent the
average penetration rate along the section of interest during the morning and
the afternoon, respectively. The range corresponds to one standard deviation
below and over the mean. The histograms in part b) and d) include the 17
locations for the morning and afternoon periods, respectively.

During the morning, less than 3% of the 5-minute periods have no observa-
tions, and in the afternoon that number goes down to less than 1%. In addition,
50% of the periods in the morning have a penetration rate of at least 2%, while
in the afternoon only 35% of the periods meet this condition. This suggest that
a continuous flow of equipped vehicles was achieved, which makes most of the
5-minute periods to contain at least one vehicle crossing each location.

5. Conclusions

The Mobile Century field experiment presented in this article was conceived
as a proof of concept for a traffic monitoring system based on GPS-enabled
mobile phones. The prototype system exploits the extensive coverage provided
by mobile phones and the high accuracy in position and velocity measurements
provided by GPS units. The sampling strategy proposed is based on the use of
VTLs, and provides enough data for traffic monitoring purposes while managing
the privacy of participants.

The experiment demonstrates the feasibility of the proposed system for real-
time traffic monitoring, in which GPS-enabled mobile phones can be used as
traffic sensors, providing their velocity at different points on the freeway.

The way in which the experiment was conceived allows the comparison of
the velocity measurements collected by both VTLs and loop detectors, as well
as the computation of the penetration rate achieved during the day.
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Figure 12: a) and c): Average penetration rate over time at existing detector station locations
during the morning and the afternoon. The range is one standard deviation below and over
the mean. Traffic flows from left to right. b) and d): Histogram of the penetration rate
including all the 17 locations during the morning and the afternoon.

Ground truth is not known for this setting. Furthermore, the notion of
speed, travel time is not unequivocal due to the heterogeneity of driver behav-
ior on the highway. However, a comparison of travel times generated by VTL
and loop detector velocity measurements suggests that VTL measurements are
more likely to be closer to the actual velocity observed on the field. For this
reason, loop detector data were not used as benchmark, and only a comparison
with travel times was carried out to assess accuracy of the data. The com-
parison suggests the presence of some bias in the velocity estimation for some
loop detectors, showing sometimes significant differences with the VTL mea-
surements. Because of the different 5-minute aggregation methods used, VTL
measurements exhibit more variability than loop detector measurements.

An average penetration rate between 2-3% was achieved during the experi-
ment, which is viewed as realistic in the near future, considering the increasing
penetration of GPS-enabled cellular devices. It is expected that GPS-enabled
cell phones will penetrate the market rapidly in the near future, and the quality
of measurements will increase with the evolution of GPS technology itself, thus
opening new opportunities for smartphone-based monitoring systems.

In addition to the higher accuracy achieved with this technology, the pro-
posed traffic monitoring system has other advantages over current systems based
on loop detectors. From the standpoint of transportation agencies, the system
comes at almost no installation and maintenance cost. Thus, a traffic monitor-
ing system based on GPS-enabled mobile phones is particularly appropriate for
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developing countries, where there is a lack of resources and monitoring infras-
tructure, and the penetration of mobile phones in the population is significant13
(and rapidly increasing).

Moreover, since the sensors are moving over the transportation system, a suf-
ficient penetration of mobile phones would achieve an extensive spatio-temporal
coverage of the network. Nokia, Navteq and UC Berkeley have now proceeded
with a field operational test which extends this system to the urban network.
The field operational test in the initial phase of the development – called Mobile
Millennium – consists of the free distribution of traffic software such as the one
presented earlier in this article to regular commuters, and the collection of traffic
data (travel times mainly) during months, and will principally cover Northern
California [26] in its initial phase.

A system that fuses both static (loop detectors) and mobile sensors (GPS-
enabled mobile phones) is expected to provide a more accurate estimation of
traffic than each of them individually, as suggested in [11]. Besides real-time
traffic monitoring, the data collected could also be used for traffic state estima-
tion and/or planning purposes. Eventually, if the amount of data received is
large, modeling assumptions can be relaxed and replaced by data.

Finally, note that no processing was done to the raw data presented in
this article beyond usual techniques to provide meaningful statistical features
and displays. A traffic information system such as Mobile Millennium includes
inverse modeling and data assimilation algorithms aimed at circumventing the
potential deficiencies of data sets. Therefore, the potential errors, inaccuracies,
and/or biases observed in the data will be addressed to compute travel time
estimates or other features extracted from it as clearly as shown for the raw
data, with the proper flow models of highway traffic and corresponding inverse
modeling techniques.
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A. Infering parameters from shockwave speed

This appendix shows how the information about the propagation of shock-
waves – presented in Figure 4 – can be used to infer parameters of the funda-
mental diagram (assuming triangular relationship), as well as flows and densities
that mobile sensors are not able to capture directly.

We start by assuming that a vehicle spans sJ feet when stopped at a traf-
fic jam. That is, the jam density is kJ = 5280

sJ
vpmpl. Because of physical
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considerations, this can be seen as a standard value for jam density. For in-
stance, sJ = 26 ft (8 meters) yields a jam density around kJ = 200 vpmpl. The
other two parameters needed to fully characterize the triangular fundamental
diagram correspond to the free flow speed vf and the shockwave speed w, which
are obtained from the data.

The free flow speed corresponds to the speed of the vehicles before or after
the incident (vf = 65 mph in Figure 4). The shockwave speed is the speed of
the second wave traveling upstream in Figure 4, which is w = −15.6 mph (the
slope of the red line in the figure). With this information, we can conclude that
the maximum flow and the critical density are around qmax = 2570 vphpl and
kC = 40, respectively.

From the data, velocity in the queue can also be obtained. Most of the
speeds range from 3 mph to 7 mph, although few vehicles with speed in the
order of 12 mph can be found. The difference in the speed among vehicles can
be explained by the lane used by each vehicle. An average value of vqueue = 6
mph can be used for the speed in the queue. Using the triangular fundamental
diagram obtained before, the speed in the queue is sufficient to characterize the
traffic state in the queue, which in this case correspond to qqueue = 867 vphpl
and kqueue = 144 vpmpl. The flow is very close to the flow reported by PeMS
using loop detectors, which is 850 vphpl.

This information can be used to infer the flow before the accident occurred
using the Rankine-Hugoniot condition, which relates the speed of the shockwave
us (inferred from the data) with the flow and density difference before and after
the passing of the shockwave. Noting that the state after the passage of the
shockwave corresponds to the state of the queue obtained before, we have:

us =
qqueue − qbefore

kqueue − kbefore
(1)

Both the flow and density before the passage can be obtained using equa-
tion 1 and knowing that qbefore = kbefore · vf . In this case, and speed of the
first shockwave is us = −3.6 mph, which yields a traffic state with a flow
qbefore = 1300 vphpl and kbefore = 20 vpmpl. The flow obtained in this way
is similar to the flow of 1100 vphpl collected with loop detectors before the
accident.

Finally, if different values of jam density are tried, the results will change.
For instance, for kJ = 175 vpmpl, qqueue = 760 vphpl and qbefore = 1140 vphpl;
for kJ = 225 vpmpl, qqueue = 975 vphpl and qbefore = 1465 vphpl. However,
the flows are still reasonably close to the flows measured with loop detectors.
Considering that the flows are obtained using data from an unknown proportion
of the total flow, the information is valuable.
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