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ABSTRACT
In fast growing metropolitan areas, altering physical constructs such as ramps, arterials, highways
and bridges to accommodate larger traffic volumes can be a long drawn process. For that reason,
it is absolutely crucial that the performance of existing infrastructure is optimal. In today’s world,
information technology is the key to efficiency, and the Seattle Department of Transportation
(SDOT) has made extensive use of Intelligent Transportation Systems (ITS) for that very reason.
ITS technologies can make existing transportation grids more efficient, and enable decision
makers, transportation engineers, and commuters alike through data. The most fundamental
element for ITS functionality is data, and one element is travel time data. This document will
detail the implementation of Wi-Fi readers in the Seattle downtown area to collect commuter
travel time data. It will also discuss how this technology will be integrated with SDOT’s overall
ITS network, including older devices. Prior to the deployment of Wi-Fi readers, SDOT used
License Plate Readers (LPRs) to collect travel time information. Although LPRs have been in use
for decades, Wi-Fi readers were shown by SDOT to be a more versatile and cost effective
alternative. Furthermore, SDOT showcased the potential of Wi-Fi readers to perform
sophisticated, real-time analysis along roadways during the addition of protected bicycle lanes on
2nd Avenue. The objective of that particular analysis was to determine if there was an adverse
impact on motorist travel time as a result of the additional bicycle lane. Currently, over two
hundred Wi-Fi readers have been deployed in and around downtown Seattle. These devices will
be a game changer in SDOT’s ability to perform traffic flow analysis, and will soon be integrated
with Seattle’s larger ITS network. Real-time travel information will be relayed to the public on
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Dynamic Message Signs (DMS’s) amongst other things, and will allow the City of Seattle to
effectively respond to changing situations on the road during incidents and events. The
implementation of Wi-Fi readers in Seattle, alongside the overall ITS Strategic Plan can serve as
a model for smart transportation solutions in other growing metropolitan areas.
INTRODUCTION
Seattle Department of Transportation (SDOT) has been deploying intelligent transportation
system (ITS) architecture for traffic management since 1998 and developed its first 5-year ITS
strategic plan in 2003. This was followed by a 10-year ITS strategic plan published in March
2010. The ITS Strategic Plan 2010-2020 is a citywide plan focusing on maintaining and
preserving existing ITS core infrastructure, utilizing it to its fullest capacity, and expanding it to
provide additional geographic coverage. SDOT makes extensive use of several ITS devices such
as CCTV cameras, wireless vehicle detection sensors, License Plate Readers (LPRs) and
Dynamic Message Signs (DMS). These devices work in tandem to provide actionable
information to the public, transportation engineers and high level decision makers.
Travel time data is very important in the transportation sector, and that is especially true for
rapidly growing cities like Seattle. Travel time data is used to inform the public about congestion
levels and helps transportation engineers and urban planners make better decisions for
infrastructure planning and capital project investment. SDOT has used LPRs to collect travel time
data in major arterials over the years and displays that information on DMS’s and on the
traveler’s web page.
LPRs are a mature technology that has been in use for over 30 years. While LPRs are a mature
and proven technology, they are not cost effective. One viable alternative to LPRs are WiFi/Bluetooth readers. Acyclica is a company that specializes in transportation technology;
Acyclica’s Cross Compass readers can calculate travel times by using Bluetooth and Wi-Fi
signatures. Unlike LPRs, the Wi-Fi/Bluetooth readers aren’t necessarily capturing data from
vehicles themselves but rely on wireless signatures from Wi-Fi or Bluetooth enabled devices.
Data sources include smartphones, laptops, tablets and even Wi-Fi or Bluetooth enabled vehicles.
Before the Wi-Fi readers were widely implemented by SDOT, they were installed on a tested
corridor (Denny Way). SDOT conducted a study comparing the performance of LPRs and Wi-Fi
readers side by side. The two most important factors for comparison during the study were
reliability and accuracy.
After SDOT’s study on Denny Way, Wi-Fi readers were installed in major arterials in Seattle. On
a per unit basis, a far greater number of Wi-Fi readers are deployed, as opposed to their
predecessor, the LPR. The primary reason is the substantially cheaper cost and overall ease of
implementation and usage. The greater quantity of Wi-Fi readers allows for precise analysis of
traffic flow on an intersection by intersection basis. Large scale data collection is a game changer
in SDOT’s ability to assess the impact of local events, incidents and capital projects. One
example of this was a travel time analysis performed on 2nd Avenue after the installation of
protected bike lanes. The aim of the study was to assess the impact of protected bike lanes on
general purpose and transit travel times. The information obtained could aid in decision making
for future projects that promote a multimodal transportation grid in the Seattle area. While the
scope of the 2nd Avenue study is modest, the future potential is far reaching. Wi-Fi readers will
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allow transportation engineers, the general public, and decision makers alike to have a vast
amount of data to work with, and this will be incredibly useful when assessing the impact of local
events, incidents, and capital projects. Presently, travel time information collected by LPRs is
presented to the public on SDOT’s traveler’s web page and is also displayed on DMS’s installed
on the road. Wi-Fi readers will soon be incorporated as another data source, and will work in
tandem with existing ITS devices, and those that will be deployed in the near future.
DEVICE COMPARISON
LPRs and Wi-Fi readers are two very different methods of data collection. It is important to
understand how both of these technologies work, and the pros and cons associated with each of
them.
License Plate Reader (LPR)
LPRs operate by collecting license plate information from passing vehicles to calculate travel
time readings. As the process is repeated for several vehicles over a time interval, assumptions
can be made about road conditions on that arterial based on the collected data [1]. The pros and
cons of LPRs are as follows:
Pros



Has matured significantly over thirty years
Collected data is reliable and was considered
the “ground truth” for this analysis
Cons



Figure 1: License Plate Readers [2]

Each unit costs up to $25,000 including
installation
Weather and lighting conditions may affect
ability to read a license plate

In order to calculate the travel time between two points, LPRs capture images of license plates
from passing vehicles. A vehicle that passes by LPRs at Point A and Point B will have a travel
time between those two points associated with it. The LPRs use imaging software to determine if
captured license plate information from those two points match in both locations before assigning
a travel time. If the information matches, the time lapse between the two images are used to
determine the travel time associated with a particular license plate. This process is repeated for
entire groups of vehicles in rapid succession and the license plate information is quickly
discarded. The average travel time of all the vehicles that passes through the LPRs over a given
time interval can be used to determine the travel time, and this information is subsequently
relayed to the public. This information is shared on a real-time basis using SDOT’s Dynamic
Message Signs and on the Travelers Information Map on the SDOT website.
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Wi-Fi Sensors
Bluetooth and Wi-Fi are common element of modern mobile computing technologies. Marketing Land
estimates that 56% of adults in the United States own smartphones and this figure will continue to
increase [3]. Bluetooth & Wi-Fi detectors take advantage of these devices by collecting unique
identifiers referred to as Media Access Control (MAC) addresses. Travel time is then calculated by
matching these identifiers between consecutive sensors on a stretch of roadway. For this report, the
product analyzed was Acyclica’s Cross Compass reader. Some of the pros and cons for Wi-Fi/Bluetooth
sensors are as follows:
Pros




Cheaper to install compared to LPRs ($1,000 - $8,000
per location)
Not sensitive to weather and lighting conditions
Low maintenance
Cons

Figure 2: Wi-Fi/Bluetooth Reader [4]




Bluetooth sensors have low detection rates, unless
combined with Wi-Fi
Future of Bluetooth & Wi-Fi sensors depend on its
prevalence in mobile technology, which is still evolving
[1]

Acyclica’s Cross Compass readers can be set to either detect Bluetooth or Wi-Fi signatures. All of
SDOT’s Cross Compass devices are set to detect Wi-Fi signatures. A Wi-Fi signature from any device
has a unique MAC address associated with it. Travel time data is collected by matching the MAC
address at consecutive points where sensors are located and calculating the detection time between the
instances of capture. Any vehicle with a Wi-Fi enabled device that passes through two consecutive
sensors will have a travel time associated with it. There are several different algorithms that Acyclica’s
Cross Compass readers can potentially use to calculate travel times. It was decided by SDOT staff to use
‘Strength’ travel times. The ‘Strength’ travel times calculates travel times when a predetermined signal
strength threshold is met by a passing Wi-Fi enabled device.
The Wi-Fi reader can be installed on a traffic signal cabinet or any other location that provides a power
supply, reliable internet connection and is in close proximity to moving traffic. An antenna mounted to
the traffic signal cabinet (as shown in Figure 3) detects signals emitted by passing devices. The Wi-Fi
reader scans the collected signals and matches them from point to point in order to determine travel
times. Acyclica uses an algorithm to hash MAC addresses to ensure the privacy of users during the
collection and analysis process. The data is subsequently cleaned and formatted in the ‘cloud’ using
Acyclica’s on-demand servers where it is then presented to SDOT staff on a web based user interface.
Figure 4 illustrates this process on a higher level.
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Figure 3: Antenna mounted to the traffic signal cabinet

Figure 4: Acyclica Information Flow Map
LPR AND WI-FI SENSOR RESULT COMPARISON
Prior to citywide implementation, Wi-Fi readers were tested alongside LPRs in the Denny Way stretch
for both eastbound and westbound directions. This stretch of road has a 25mph speed limit, 1.6 mile
length and extends from Elliot Ave W and W Harrison St and to Denny Way & Stewart St just north of
downtown Seattle. This corridor varies from having two to three lanes in both directions. The
parameters for the test were as follows,




Start time: 0:00 January 12, 2014 (Sunday)
End time: 23:55 January 18, 2014 (Saturday)
Average vehicle travel times over 5 minute intervals compiled

While the statistical comparison between LPRs and Wi-Fi readers was for the duration of one week, this
was part of a larger two month long pilot project. The pilot project involved installing, calibrating and
testing the Wi-Fi readers under various conditions independent of their performance relative to LPRs.
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Seattle Center

Figure 4: Denny Way Testing Corridor (Google Maps)
Significant outlier data from both the LPRs and Wi-Fi readers were removed using preexisting filtering
algorithms. For the purpose of the study, it was decided not to manually remove remaining outliers since
the outliers are important in revealing weaknesses in the respective systems’ filtering algorithms. In
addition to outliers, ‘zeros’ were also removed from the datasets prior to analysis. A travel time of zero
for either the LPRs or Wi-Fi readers indicates that no vehicle (or device) was captured in the past 5
minutes. Zero values were very common during the 12am-6am time frame when vehicle volumes are
minimal. During peak hours, zero values from LPRs may stem from poor weather or lighting conditions.
For the Wi-Fi readers, zero values during peak hours may be the result of poor signal detection or a lack
of Wi-Fi enabled devices passing through. For both the LPR and Wi-Fi reader datasets, zero values were
replaced with the last travel time calculated.
The table below shows a side by side comparison of the SDOT LPR and Wi-Fi reader travel time data
(in seconds) after homogenization and cleaning. Table 1 shows the mean, median, standard deviation
and variance of the travel time data in both eastbound and westbound directions.
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Table 1: Descriptive Statistics of Travel Time Comparison
Statistical Measures
Median
Mean
Variance
Standard Deviation

SDOT License Plate Reader
Westbound
Eastbound
350.0
356.2
31,251.4
176.8

386.0
363.1
22,020.9
148.4

Acyclica Cross Compass
Westbound
Eastbound
356.0
367.7
7,404.7
86.1

390.6
400.5
2,885.8
53.7

Accuracy
It was determined by statistical analysis that the mean values from the Wi-Fi readers are not the same as
the LPR values within a 95% confidence interval for both eastbound and westbound directions. It should
be noted that the median values for both eastbound and westbound directions are more similar by
inspection. In addition, the variances of the LPR data are significantly larger, which may indicate that
the Wi-Fi readers are more consistent.
Correlation
A correlation coefficient of -1 between two data sets indicates there is an inverse relationship while a
correlation coefficient of 1 indicates that there is a direct relationship. The correlation coefficient in the
eastbound direction was found to be 0.38 while in the westbound direction, it was found to be 0.58. The
positive values indicate that both LPR and Wi-Fi reader data follow the same trend overall, and this is
especially true for the westbound direction, which has a correlation coefficient close to 1.
Mean Absolute Error (MAE)
On average, the Wi-Fi reader travel times were 95 seconds apart from the LPR data in the eastbound
direction and 93 seconds apart from the LPR data in the westbound direction. The discrepancy in the
data was more apparent during AM and PM peak hours, and on January 15-16 (Wednesday and
Thursday) 2014 during the testing period. On January 15, 2014, the LPR and Wi-Fi reader data was 118
and 108 seconds apart in westbound and eastbound directions respectively.
Data Fluctuation
For both eastbound and westbound directions, Figure 5 indicates that the travel times collected by the
LPRs are far more erratic than the Wi-Fi readers. This had far reaching implications in the decision to
expand the use of Wi-Fi readers over LPRs as it suggested that there are issues associated with treating
LPRs as the ‘ground truth’. A possible explanation may be an inferior filtering algorithm for outliers in
the LPR data.
Capture Rate
One inherent advantage that Wi-Fi readers have over LPRs is the significantly greater capture rate. For
the duration of one week, LPRs had 229,854 and 226,947 captures in westbound and eastbound
directions respectively. The Wi-Fi readers had 476,309 and 450,888 captures for westbound and
eastbound directions respectively. The sheer number of Wi-Fi enabled devices insures an abundant
sample for analysis, which may result in more consistent readings.
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Conclusions from Experimental Results
The study concluded that the Wi-Fi readers did not have the same mean travel time as the LPRs within a
95% confidence interval. However, it was noted much of the discrepancies in the data was during AM
and PM peak hours. Between 7:30 am to 8:30 am, the difference in travel times between Wi-Fi readers
and LPRs reached 180 seconds; between 5 pm to 6 pm, the difference in the datasets reached 400
seconds. Although the Correlation and MAE tests reveal that the data follow very similar trends overall,
it is apparent that the LPR data tends to fluctuate a lot more when compared to the Wi-Fi reader data.
This fluctuation raised the question of whether LPRs should be treated as the ground truth. Overall, the
study concluded that the Wi-Fi readers were very reliable since the data itself is consistent and has
reasonable min/max travel time values at various points. The Wi-Fi readers have the potential to be
accurate (assuming LPRs are ground truth) assuming the LPR data is cleansed of extreme outliers. The
experimental results, as well as various other factors such as cost and ease of implementation led to WiFi readers full scale implementation by SDOT.
WI-FI READER FIELD IMPLEMENTATION
Nearly two hundred Wi-Fi readers have been deployed by SDOT in selected intersections in downtown
Seattle; figure 6 shows the various intersections Wi-Fi readers are already deployed in. Since the cost of
an individual Wi-Fi reader is substantially lower than an LPR, a much larger quantity can be deployed
on the field. This means that the travel time information collected is no longer strictly defined to longer
corridors like Mercer and Denny. The data collected is now flexible and versatile enough to provide
relatively accurate travel time information on an intersection by intersection basis. This means that
travel times for multiple alternate routes can be provided, along with other invaluable information such
as intersection delay times, and directional traffic volume flow. This will enable rapid, real time decision
making by City of Seattle entities during special events, or incidents. For example, during major events
such as a concert or football game, the Wi-Fi readers can track in real time the proportion of vehicles
making right turns, left turns or heading straight on an intersection as well as the associated delay time.
This will enable Signal Timing Engineers to optimize signal patterns at an intersection and allocate
times accordingly with rapidly changing needs. This enhanced level of situational awareness will not
only benefit traffic flow during short term events, but will also improve decision making for both small
programmatic projects and large scale capital projects. This has far reaching implications for
sustainability as Seattle aims to diversify the various modes of transportation commuters can use to enter
and exit the city. Sustainability is critical since Seattle is one of the fastest growing metropolitan areas in
the United States.
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Figure 5: Map of Wi-Fi Travel Time Reader Locations (190 intersections)
SECOND AVENUE PROTECTED TWO-WAY BIKE LANE PERFORMANCE STUDY
Seattle strives to serve as a model for sustainable metropolitan growth using a multimodal transportation
grid, and one example of that is the utilization of protected bike lanes. Consequently, in-depth travel
time information is invaluable in determining the larger impact of road modifications to support
multimodal transportation. SDOT staff analyzed travel time impact of modifications done to 2nd Avenue
so that transportation engineers, decision makers and the general public are aware of the potential
implications of future projects. Second Avenue is a single direction stretch that goes southbound, and
initially supported one bus lane, three general purpose (GP) lanes, a parking lane as well as a single
southbound direction unprotected bike lane. Figure 7 shows the cross sectional layout of 2nd Avenue
prior to modification.
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P

Bus lane
GP lane
Bike Lane Parking
GP lane
GP lane
Figure 6: Second Avenue Cross Section before Protected Bike Lane Installation
As a part of Seattle’s overall effort to promote multimodal transportation, SDOT decided to rechannelize
2nd Avenue so it can serve bikes heading in both directions, and to add protected barriers for the bike
lanes. Moreover, the modifications were made to yield the following benefits,





Improve experience and predictability for people riding bikes, walking and driving
Improve safety as people are no longer riding bikes in the “door zone”
Reduce conflicts of left turning vehicles and people biking and walking
Fewer people riding bikes on the sidewalk

Figure 8 shows the cross sectional layout of 2nd Avenue after the modifications, note that one general
purpose lane is converted to serve an additional bike lane as well as accompanying protective barriers.

P

Protected Bike Lanes
Parking
GP lane
Bus lane
GP lane
Figure 7: Second Avenue Cross Section after Protected Bike Lane Installation

Figure 8: Before (Left) and After (Right) Protected Bike Lane Installation
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Figure 10: Before and After Protected Bike Lane Installation Travel Time Comparison
A natural concern associated with converting one general purpose lane was a possible increase in travel
times for motorized vehicles. SDOT analyzed the travel time impact before and after the addition of
protected bike lanes (PBL) using Wi-Fi readers, and the accompanying web based user interface. The
analysis averaged the travel time data from 4-8 pm for the duration of around one month before PBLs
were installed. After PBLs were installed, the average travel time from 4-8 pm were calculated for the
duration of one month to determine if it resulted in a significant increase. The travel times calculated
were from 2nd Avenue at Stewart St to 2nd Avenue at James St, a roughly 0.71 mile long stretch in both
data sets. Before the installation of PBLs, it was found that the highest average travel time during the
week for the PM peak hours was just over nine minutes. After the installation of PBLs, it was found that
the highest average travel time for the PM peak hours was little over eleven minutes. It was concluded
that the conversion of a general purpose lane did not have as adverse of an impact as anticipated on
travel times. During the PM peak, the worst increase was on average little over two minutes after the
installation of PBLs and the removal of a general purpose lane. Figure 10 compares the weekday
average travel time from 4-8 pm before PBLs were installed (gray line), and it also shows the weekday
average travel time from 4-8 pm after PBLs were installed (green line). The entirity of the analysis was
performed using Wi-Fi readers and their web based user interface.
The web based user interface enables 24-7 real time monitoring of travel times, and for this particularly
study, SDOT staff chose to look at the PM peak in particular, where optimal performance of arterials is
crucial. While the Wi-Fi readers themselves have been a game changer in SDOT’s ability to collect a
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vast amount of data, the user interface made the data significantly easier to analyze. For this particular
study, the web based user interface allowed SDOT staff to choose time periods of interest, average the
collected data and do a side by side comparison with a previous time frame. The ability to rapidly
collect, analyze and present information in a user friendly format ensures that transportation engineers,
decision makers and the general public are quickly informed about changing road conditions.
SDOT’s travel time analysis on 2nd Avenue demonstrated that multimodal transportation did not have as
adverse of an impact on travel times as originally anticipated. The benefits of a multimodal
transportation grid are far reaching. Enabling bicylists and busses to move freely through Seattle’s roads
will reduce emmissions, provide alternatives for commutors and promote healthy living. In addition,
businesses in downtown will benefit immensely if large numbers of people can enter and exit the city
using a variety of transportation options. The travel time analysis of 2nd Avenue demonstrated that the
adverse impact of promoting multimodal transportation is minimal when compared to the larger
benefits. The 2nd Avenue PBL project is an example of a programmatic project, which is the type of
work SDOT typically performs. In comparison to capital projects, they are significantly cheaper, address
immediete needs, are more maintenance oriented and are done by SDOT staff and crews rather than a
contractor.
SUMMARY
It is imperative that Seattle’s transportation grid can meet the needs of tomorrow, and one way to do this
is by establishing the necessary infrastructure today. While large scale capital projects are necessary for
any rapidly growing metropolitan area, the inherent benefit of a robust ITS network is that it can
optimize the performance of existing roadways. Wi-Fi readers will serve as one important element to
SDOT’s larger ITS network. They are a versatile and cost effective way to collect reliable travel time
data, and can also be used to analyze intersection flow and delay times. The pilot study demonstrated
that Wi-Fi readers are more reliable than LPRs, and have the potential to be just as accurate. Although
LPRs were regarded as the ‘ground truth’, the data they collected was shown to be far more erratic and
inconsistent, which led to disparity during peak hours between the two data sets. Despite the erratic
nature of the LPR data, the average travel times of the two data sets were reasonably close in both
eastbound and westbound directions, especially during off-peak hours. After extensive discussion, it was
decided by SDOT staff to add nearly two hundred Wi-Fi readers in selected intersections. The 2nd
Avenue PBL travel time analysis is but one example of the numerous potential applications for these
devices. In the 2nd Avenue analysis, the collected travel time data showed the implications of expanding
multimodal transportation in the Seattle area. In the near future, travel time data collected by Wi-Fi
readers will play a large role in high level decision making, as well as routine analysis and observations
performed by transportation engineers. Moreover, the general public will be the biggest beneficiary of
this technology, and ITS infrastructure as a whole. Presently, SDOT uses a variety of devices such as
LPRs, CCTVs, DMS’s and wireless vehicle detection sensors installed in the pavement to aid in realtime decision making. The Wi-Fi readers will be an integral element of SDOT’s overall ITS
infrastructure. Travel time data is currently presented to the public on DMS’s and on SDOT’s web page
using the data collected from LPRs. Wi-Fi readers will serve as an invaluable travel time data source for
the sixty or so DMS’s that will be deployed on major arterials by 2020. The inherent advantage over
using just LPRs is that the information provided is far more flexible to changing road conditions and
routes. SDOT strives to inform decision makers and the general public. The incorporation of Wi-Fi
readers into the overall ITS infrastructure is but one example of Seattle’s larger effort to enable smart
growth through a more efficient transportation grid.
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