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ABSTRACT
In 2008, Raytheon Company created a partnership with Toyota Motor Engineering and
Manufacturing North America, Inc. (TEMA) to develop the Cooperative Pedestrian Warning
System (CPWS) vehicle safety application. This system detects pedestrians via passive sensors,
maps their current and future predicted locations to an interface grid based on a GPS reference
plane, and sends the location probability information to nearby vehicles. Once a likely pedestrian
collision is detected, a warning is presented to both the vehicle driver and the endangered
pedestrian. The CPWS system is designed with a video analytics-based front feeding Raytheon’s
patent-pending Pedestrian Prediction Logic (PPL) which reports to the GPS reference plane. The
CPWS uses a Dedicated Short Range Communication (DSRC) based 5.9 GHz wireless
infrastructure-to-vehicle (I2V) link for communication between the roadside and vehicle radios,
leveraging technology from the Vehicle Infrastructure Integration (VII) initiative. CPWS was
successfully demonstrated at the 2008 World Congress on ITS in New York City.
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INTRODUCTION
The Cooperative Pedestrian Warning System (CPWS) project is a joint venture integrating the
core competencies of Raytheon Company, Toyota, and Eutecus. The ground-breaking technical
achievement and cooperation of the CPWS project is directly responsible for both its successes
and future potential. CPWS is poised to become a life saving product line not only for the U.S.
transportation industry, but also on an international scale. Although CPWS is re-designated the
Universal Pedestrian Warning System (UPWS) for its next phase, the CPWS team continues its
work in developing the unit described herein and in furthering the technologies necessary for
such a product line in the government infrastructure and consumer markets. The success of the
CPWS demonstrations in NYC prompted Raytheon to extend development into 2009. This paper
describes CPWS as it was demonstrated at the 2008 World Congress on Intelligent Transport
Systems (ITS) in New York City (November 16 through 20, 2008), and provides insightful
information on the design, challenges, evolution, and future plans for this technology.

THE NEED FOR PEDESTRIAN WARNING SYSTEMS
The need for deployment of commercial-grade pedestrian safety systems is apparent given the
compelling statistics for roadway accidents. Pedestrian fatalities are the second greatest source of
traffic fatalities worldwide (5). Although statistics vary, the Insurance Institute for Highway
Safety (IIHS), reporting for the US Department of Transportation (DOT), classified 4,881 traffic
fatalities as pedestrians in 2005, followed by 4,784 in 2006. Of the 41,059 fatalities occurring
from traffic accidents in 2007 within the U.S., 11% totaling 4,654 were classified as pedestrians.
While this does show a slightly declining trend, the rates still remains quite high (2). Note that
these statistics only highlight pedestrian incidents and do not include similar fatal incidents which
are categorized differently, such as “pedalcyclists” and the ever ominous “other/unknown”
category as reported by the US DOT’s Fatality Analysis Reporting System (FARS) (3), which
systems like CPWS could also benefit.
Further examining the details of these fatal incidents, Figure 1 tabulates pedestrian deaths as
distributed by time of day and location of incident. Considering this data, it becomes apparent
that two situations in particular are major issues when considering pedestrian warning systems:
The first is that a warning system must be able to function around the clock and is especially
needed in the nighttime environment. The second is that many incidents occur on major and
minor roadways – locations where municipalities have the authority to equip their roadways with
technology and systems to prevent such incidents. These statistics and their underlying causes
lay the foundations for defining a useful pedestrian warning system.
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Figure 1 – IIHS Pedestrian Statistics

CURRENT SYSTEMS
Current pedestrian safety system capabilities are not broad enough to cover all instances of
pedestrian related accidents. While most technological solutions are not mature enough to be
applied in real world conditions, there is an immediate and compelling need for pedestrian
collision detection and prevention methods in the transportation sector.
Historically, pedestrian safety systems have been quite limited. These most basic systems, and
still the most widely used method of pedestrian safety in the transportation arena today, include a
simple painted crosswalk and electronic “Walk”/”Don’t Walk” sign, sometimes with a blinking
hand to indicate a “halt” condition (1), (4). Often enhancing this outdated system is the addition
of audible tones or voices for the visually impaired, or even in-lane flashing lights which border
the crosswalks, either of which are typically activated by a crosswalk button (4). In even more
advanced installations, simplistic passive and/or active sensors monitor given regions for
pedestrians and automatically activate the crosswalk system (1), (4). Although appropriate for
their intended purpose of managing crosswalk safety, the unacceptable statistics on pedestrian
accidents and fatalities still remain. However well intentioned these so called “next-generation”
systems are, they are not enough. True next-generation systems must include elements that
monitor both the pedestrian and the roadway, dynamically identifying hazards and notifying the
pedestrian as well as the driver. Furthermore, while they must be broad enough to detect all
relevant movement in both the pedestrian space and vehicle roadways, such systems must not
encroach on pedestrian freedom of movement nor anonymity, nor further endanger them with
false or misleading alerts. Requiring any type of “buy-in” by the pedestrian, such as a carried
sensor, is also not feasible in a modern society where privacy is of high importance. Such
limitations and restrictions produce a complex trade-space for evaluation of potential pedestrian
safety system architectures and applicable technologies.
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Currently, deployed and prototype next-generation pedestrian safety systems occur in three
distinct locations: at the crosswalk, distributed along the roadway, and at the vehicle. Most
sensor networks are inadequate for the volume and diversity of real-world pedestrian movement,
especially when considering pedestrian movement away from the field-of-view (FOV) of the
sensor technologies currently deployed. Systems employing these methods are implemented for
their proven reliability and simplistic design, but they are severely lacking in their ability to
assess pedestrian variability and take decisive actions. Such systems rely on the flawed
assumption that all pedestrians will follow the rules and act the same in every situation Systems
need to monitor and warn pedestrians whether or not they elicit a proactive desire to be protected,
and regardless of whether they happen to be in the vicinity of a crosswalk.
A technology versatile enough to account for the variability in pedestrian movement, and that can
account for the collateral objects that clutter a typical street, while not requiring a tedious custom
installation, has not been introduced to date. Research into this topic has spawned several
possible approaches which address the issues in various ways. Not surprisingly though, tat is
where these endeavors remain: in the research state. Within these mostly academic systems,
none are autonomous enough to offer a viable solution for deployable pedestrian safety. Systems
such as that of Senart and his group require the use of an onboard device which the pedestrian
must carry in some way (5). Although integrated into clothing, requiring every participant to be
outfitted is an unreasonable assumption. The notion of a diversified and distributed sensor
network spanning the areas of concern is extremely optimistic and prohibitively expensive, not to
mention that such sensors are severely limited for their primary objective of actually sensing the
object of concern, the pedestrian. Other systems such as Vreeswijk’s Intelligent Intersection
actually are autonomous when considering pedestrian participation, but there are downsides to
these devices as well (6). Distribution of sensors is required in already-cluttered public areas.
Although wireless infrastructure allows for versatility in communication and solar power allows
for an absence of grid power in some cases, infrastructure for mounting, placement of sensors in
vulnerable areas, and vandalism are all necessary considerations. Even though the Intelligent
Intersection technique provides broad detection abilities, locating and ultimately protecting the
pedestrian, there is no way to maintain the system from unforeseen damage, not to mention the
number of sensors needed to protect a large coverage area. However promising the notion of a
given roadside system may sound, the viability of such a system in these aspects is of the utmost
practical importance. Although there has been no movement into the commercial market with
these systems, with most being held at the research stages, innovative ideas continue to be
explored in hopes of finding a truly viable solution.
Automotive sensors have come a long way in recent years, proving that a real-time detection
system is practical. But however advanced and integrated this technology becomes, there are
significant restrictions when considering a vehicle-only based sensor system. Looking at
technologies in the realm of radar and lidar (5), the two most common means of active onboard
detection, both have limited capability. Although they detect objects within their line-of-sight
quite well, these “time-of-flight” systems cannot account for the range of possible situations that
may arise when considering pedestrian movements, especially when a collateral object obstructs
the direct reflection line-of-sight. Regardless of inherent limitations, companies such as Toyota
and others have made valuable advances in detection and the integration thereof into their
onboard computing systems. A vehicle-side system by itself however, is simply insufficient. A
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coordinated effort between roadside and vehicle-based sensors is the most comprehensive and
promising solution available.
The most beneficial aspect of the CPWS system described herein is the synergy of cooperation
between its vehicle and roadside components. The VII initiative initially bridged this gap by
creating a cooperative system of communication between vehicle and roadside, a technology
which CPWS leverages for pedestrian safety. Another asset of the CPWS system is the inclusion
of passive sensors which are easily distributed, away from public reach, which account for
pedestrian variability while not requiring any pedestrian membership or buy-in. Further research
has led Raytheon to capitalize on the successes of the CPWS and evolve that project into UPWS
which is comprised of an infrastructure-only sensor and warning system, which still actively
communicates with participating vehicles, but is in no way reliant on them.

SYSTEM COMPONENTS
With the demonstration of CPWS’s capabilities at the 2008 World Congress on ITS in New York
City, the world saw a unique system for which the enabling technology has only recently become
available. Raytheon and Toyota did not merely present an imagined possibility, we cooperatively
developed, integrated and successfully demonstrated the fully functional, working prototype
CPWS. Partnership for this project began at the end of 2007 between Toyota and Raytheon,
eventually expanding to include technology from video analytics supplier Eutecus at the
beginning of 2008.
The CPWS project can be broken down into three parts, those parts being provided by Eutecus
who customized the video analytics component, Raytheon who designed the overall system
architecture, including the crucial, patent-pending PPL element, and Toyota who engineered the
vehicle onboard system. The CPWS technology is embodied as a system, shown in Figure 2 –
CPWS System View, in which pedestrians are detected by both visual and infrared sensors, and
then mapped onto a series of configurable GPS referenced grids using Raytheon’s PPL. These
grids contain both current and predicted future pedestrian locations. The grids are then
transmitted to and processed by vehicles equipped with a compatible onboard DSRC unit.
Raytheon’s infrastructure-side PPL and Toyota’s vehicle-side collision prediction work in
concert to generate a pedestrian warning when a convergence between vehicle and pedestrian is
imminent. The individual components were integrated together yielding the functional CPWS
system as embodied today.
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Figure 2 - CPWS System View
The first step in the CPWS system is detection of pedestrians using Eutecus video analytics
technology. The video analytics uses a combined or “fused” image generated from Eutecus’
patented Bi-i Fusion platform. This blended image is compiled from thermal and visual cameras
whose configuration is shown in Figure 3 – Camera System. Raytheon chose Eutecus’ video
analytics solution for CPWS because one of the greatest challenges to overcome in video
analytic-based detection is the presence of shadowing effects. Since images are detected
differently depending on the sun’s location, algorithms typically have problems accurately
determining an object’s dimensions and most importantly, its location. For the Fusion platform,
the recommended thermal camera is a Flir 320x240 or CIF resolution integrated micro-bolometer
or Long Wavelength Infra-Red (LWIR) device which provides an image composed solely from
detected black body radiation. Therefore, only objects in the FOV which emit a thermal
signature are “seen” by the device. Since thermal cameras do not register shadows, combining a
higher resolution visual image with that extracted from the thermal camera yields a fused image
that is ideal for video analysis, i.e. one minimizing object shadows. The configurable video
analytics processing then identifies pedestrians among the full set of detected objects, as shown
in Figure 4 – Pedestrian Detection. Capturing and identifying pedestrians only is essential in the
mitigation of incidents as well as false alarms. Tuning the video analytics for optimal
performance in detecting pedestrians is not a trivial task within the complexity of the overall
CPWS system.
Once pedestrians are reliably and accurately detected within the imaging system’s field of view,
their location must be precisely mapped to spatial coordinates. This algorithm-intensive step
consists of a mapping translation between the camera FOV plane and the GPS coordinate system.
Configured in two separate parts, the Raytheon-defined video analytics customization is such that
pedestrians can be mapped to GPS coordinates and forwarded directly to the PPL subsystem
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quickly and accurately. Initially, a GPS reference plane is defined by assigning GPS coordinates
to a previously captured overhead satellite view (e.g. from Google Earth). Next, a series of pointto-point line segments are registered in both the camera FOV and overhead satellite view for the
given location providing a spatial correlation between the two images. This registration defines a
GPS reference plane that the video analytics can use to translate an object’s pixel location to a
highly accurate GPS location. The accuracy of the pedestrian target data acquired through the
customized video analytics frontend must be assured to successfully drive the downstream
system components, and thus the accuracy of the FOV-to-GPS registration is essential to the
performance of the CPWS system as a whole.

Figure 3 – Camera System

Figure 4 – Pedestrian Detection
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The Pedestrian Detection Subsystem (PDS) shown in Figure 5 – Raytheon PDS, provided by
Raytheon, is comprised of a roadside refrigeration rack-mount unit housing the cameras, Eutecus
Bi-i system, PPL components, and DSRC equipment. The PPL component interfaces with the
video analytics frontend which provides a given pedestrian’s latitude and longitude information,
as well as speed and direction for each frame of video. This allows the PPL to populate an
Interface Occupancy Map (IOM) for the present time and at future prediction intervals. The IOM
is a Raytheon/Toyota patent-pending grid structure, shown in Figure 6 – IOM, which
encompasses the location of interest (describing an intersection or roadway segment which
includes the camera’s FOV) giving a probability of occupancy distribution for all pedestrians
detected in the scene. Raytheon’s PPL algorithms can adaptively “learn” pedestrian behavior
based upon historical analysis of the installation location, and can predict pedestrian future
locations as dependent a variety of input parameters. The populated IOM grid is periodically
broadcast over DSRC to any vehicle equipped to receive the mapping. Once received, a vehicle
performs a computational collision analysis based upon its current position, velocity, and other
vehicle parameters to determine a probability of pedestrian collision for comparison against
configurable warning threshold criteria.

Figure 5 – Raytheon PDS
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Figure 6 – IOM
Toyota developed and integrated the vehicle-side system which was installed in a Lexus IS-250
for both the integration and demonstration phases of the project. A Toyota Camry was also used
as a backup vehicle, thus demonstrating multi-vehicle interoperability. The system incorporates a
coupled DSRC component capable of communicating with the Raytheon PDS DSRC hardware.
On the vehicle end of the communication link, the Toyota system interfaces with the vehicle
Controller Area Network (CAN) bus to access a variety of vehicle state information for use in the
onboard collision prediction algorithms. These algorithms successfully predicted collisions in
our NYC test demonstration scenarios, with reported collisions triggering a Pedestrian Warning
Given (PWG) DSRC message sent back to the Raytheon PDS, which then activated a pedestrian
light and siren warning on the PDS unit, shown in Figure 7 – Pedestrian Warning Signal.

Figure 7 – Pedestrian Warning Signal
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All three components – video analytics, PDS and vehicle – performed to a high level of accuracy
and confidence in our critical New York City demonstrations. System latencies were minimal
and despite the pedestrian and driver human factors, CPWS allowed adequate time for driver and
pedestrian reaction to generated warnings. Building on the lessons learned and overall success
experienced in the CPWS prototype and demonstration program, the follow-on system renamed
UPWS is currently under development for test and demonstration in late 2009.
Given the nature of the global automotive industry, a proposed vehicular communication
standard will not be universally adopted in the near future. In light of this potential limitation the
UPWS system will not rely on VII technology. UPWS will function autonomously while still
providing and handling the same IOM data and warning messages over DSRC as were provided
within the CPWS project for participating vehicles.

ISSUES AND CHALLENGES
The CPWS system was successfully demonstrated at live shows in New York City during the
World Congress on ITS. Our successes came only after a series of puzzling issues were resolved.
Technological issues included: the already-discussed shadowing effects and related accuracy
degradation inherent in any video analytics system, the already-discussed registration of GPS
coordinates and real-time transformation of camera FOV to 2D overhead GPS plane view, lack of
maturity in DSRC hardware technology and shortcomings of the equipment, interoperability of
DSRC hardware when cross-integrating units from multiple vendors, DSRC bandwidth and
standardization of message definitions. On the non-technical side, the biggest challenge was the
inevitable test-driver and pedestrian-actor human variability factor in executing the scripted
demonstration scenarios to safely create a detectable probable-collision event.
As previously mentioned, shadowing effects are a driving consideration for video analytics and
the primary drawback to using video detection systems for anything beyond simple security
monitoring applications. Eutecus’ COTS capability overcomes these challenges by analyzing a
fusion composite of both thermal and high resolution visual images. Also, within the video
analytics frontend, registration of GPS parameters and real-time mapping from the camera FOV
to a 2D overhead GPS reference plane presented new challenges. Raytheon-defined video
analytics customization satisfied the CPWS project needs, resulting in easy-to-use registration
menus and a GUI setup environment to quickly and accurately complete these tasks. With
careful registration, the accuracy between reported and known GPS locations can be reduced to
below the half-meter level. Accuracy and precision is critical for video-to-GPS referencing
technology. Having conquered the frontend sensor issues, contemporary DSRC hardware issues
were the next item of consideration.
Still in it’s relative infancy, 5.9GHz DSRC technology is not yet “plug and play.” Issues with the
DSRC components used for CPWS include: inconsistencies among hardware platforms, GPS
card and serial port communication, timing offsets for control and service channel switching, and
internal clock skew to name just a few. For our CPWS demonstrations, all of these issues were
eventually managed to provide a highly available system. However, the work-arounds employed
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are not feasible for a production system. Several interoperability issues between the PDS DSRC
equipment (Kapsch MCNU) and the vehicle-side DSRC equipment (Denso WSU) were
identified, understood and resolved, but true “plug-and-play” solutions which are completely
interoperable between suppliers are necessary for any production offering. The need for device
standardization and certification by OmniAir (as well as IEEE) is becoming more urgent for
DSRC devices. Software services and message definitions are areas where standardization will
be essential to the realization of future cooperative systems. Strict adherence to the latest DSRC
messaging definitions for CPWS will serve to ensure future work proceeds with a minimum of
rework, and that interoperability with new technologies and providers can be readily achieved.
With the CPWS DSRC issues addressed and resolved, only the human-element issues remained.
Although the human element of communication can at times be a substantial issue, there were no
significant problems attributed to miscommunication between the parties involved in the CPWS
collaboration. Minor communication issues did however occur in working outside the
collaboration to plan and execute the demonstrations within the 2008 World Congress on ITS
environment. The primary issue involved the inability of the provided “pedestrian actors” to
follow specific direction to create a collision-probable event and generate the desired pedestrian
warning alert within the operationl limits of the system. It must be reiterated that the CPWS
system is a prediction tool designed to prevent likely pedestrian collisions, while not falsealerting if a collision is unlikely. If the physical scenario created by the pedestrian actor is such
that they will safely pass unharmed in front of or behind vehicle while crossing a given street,
there will be no incident reported and no warnings given by the CPWS system. Timing of the
staged collision scenario is critical to invoking a CPWS alert. Regardless of this difficulty in
working with our assigned pedestrian actors, it was still always possible during the demonstration
trials for Toyota to receive the pedestrian mapping information from the Raytheon PDS and
prove that the system worked as specified, with the vehicle driver notified of the pedestrian’s
presence.
Aside from the human element in executing the demonstration scenarios, all issues encountered
leading up to and during the NYC demonstrations were systematically resolved. At this stage in
its development, the CPWS system performs exactly as intended. Shadowing, DSRC hardware
issues, as well as the human factor, did not diminish the performance of the final product. CPWS
clearly satisfied the hopes and expectations of the collaborating engineers and their companies.

FUTURE WORK
Although our scenarios provided great feedback and proved a viable implementation, certain
features of the original prototype system must be expanded and modified to make it deployable in
the real world. The current production market will require a broadly capable, stand-alone unit
given that automotive DSRC integration will be a very gradual process. There is still a current,
compelling need to detect and protect pedestrians from vehicle hazards in the absence of any
vehicle-side DSRC units.
The planned 2009 UPWS deployment will be a stand-alone unit needing only power. A backhaul
communications link for statistical confirmation and administration will be used, but is not
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required for a deployable system. Since cameras have a limited FOV, multiple sensor units
covering a variety of angles will be used with wireless bridging to aggregate their information
streams. A single IOM, being defined for a given location (intersection or other roadway), will
be used with information from all sensor units aggregated and mapped onto the IOM.
A system such as this should be more readily developed and easily deployed than was CPWS.
With a target real-world deployment date for the next-generation demonstrator at the end of 2009,
the CPWS system will thus complete its transformation into the Universal Pedestrian Warning
System, UPWS.

CONCLUSIONS
Statistics were recorded for the 2008 World Congress on ITS demonstrations and the CPWS team
is proud to proclaim a variety of achievements. In such innovative endeavors as CPWS,
integration issues are commonplace and expected. Technological issues with the CPWS system
were not the only challenges that were faced for the NYC demonstrations. Other environmental
and coordination issues threatened the event from the beginning; freezing temperatures in the
outdoor demonstration “theater”, an uncontrolled public presence in close proximity to the staged
demonstrations scenarios, and unpredictable administrative and scheduling changes were only a
few of the hurdles presented. Although working through such issues is a common practice for
conference demonstrations, achieving successful pedestrian detections in 12 out of 12
demonstration opportunities was an outstanding accomplishment. The CPWS team was
successful at each “performance”, effectively mitigating the staged pedestrian collision scenario
without fail. Although one residual technical issue was revealed in a small portion of the vehicleside outgoing communication software, overall, the trials were won.
Following the successes seen in New York for the ITS show, Raytheon and Eutecus are
continuing a working relationship and moving forward to the new project known as the Universal
Pedestrian Warning System, UPWS. UPWS will be available as an autonomous system,
independent of a vehicle response, but still able to warn pedestrians of impending danger. This
system will expand the CPWS baseline to include several new capabilities. With the intent of
being readily deployable to any intersection or dangerous stretch of road, this system will be able
to detect hazardous situations and issue warnings to pedestrians, while still broadcasting IOM
information over DSRC channels. By 2010, UPWS will be poised to take the lead as the most
effective off-the-shelf pedestrian warning system on the market.
The companies participating in the CPWS project achieved an exemplary level of professional
and technical cooperation. The delivery of a reliable frontend by Eutecus brought a highly
accurate and capable video analytics platform. The Raytheon pedestrian prediction logic and
complete system integration provided the technical expertise of a true Lead System Integrator
(LSI). Finally, the contribution by Toyota set a new standard, bringing a highly respected
automobile company into the truly cooperative ITS arena. Of utmost importance was Toyota’s
commitment and vision for the future of vehicular safety application, as evidenced by the CPWS
dashboard display for the driver as seen in Figure 8 – Dashboard Display.
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Figure 8 – Dashboard Display
However professionally gratifying the ability to work side by side with innovators in industry
may be the triumph of CPWS lies in its potential benefit to the public at large in saving lives
through applied technology. By advancing vehicular safety through a higher reliance on
technology and interest in automotive communications such as DSRC, Raytheon, Toyota, and
supplier Eutecus are essentially saving lives in the process. The past successes and future
direction of Raytheon with CPWS and UPWS is exciting for everyone involved!
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