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Executive Summary
Poor visibility conditions contribute to a large percentage of accidents each year.

Lack of

visibility (which leads to the inability to detect the presence of obstacles and other vehicles on the
road) is of particular concern in areas that experience bad weather conditions for a good part of
the year. Since there have been a number of fatalities suffered as a result of fast moving vehicles
hitting slow moving snowplows, as well as damage due to snowplows hitting abandoned vehicles
and other objects buried in the snow, technologies that detect such objects need to be
investigated.

The primary objective of this project was to provide Minnesota Department of Transportation
(MnDOT) with information that would be useful for planning and designing future safety systems
for snowplows. This project's goal was to evaluate the performance of off-the-shelf commercially
available radar units in snowfall.

An EVT-200 radar, part of the Eaton VORAD collision warning system, was acquired. The radar
was mounted to a Navistar tractor (the host vehicle) and a series of experiments were conducted
using a moving host and a stationary car of known location as a target. We simultaneously
collected range and closure rate data fiom the radar and fiom the other sensors (including a high
accuracy Differential Global Positioning System (DGPS) receiver) resident in the tractor (host
vehicle). The experiments were repeated using various mounting configurations and under
different weather conditions.

The EVT-200 was able to consistently detect a target vehicle under a variety of circumstances. In
particular, the radar is relatively insensitive to small orientation deviations that are caused by
uncertainty in mounting. Furthermore, the ability to detect vehicles in the far edges of its field of
view makes this sensor very robust. We did, however, discover that the sensor was sensitive to
vibration, which caused it to detect vehicles with no relative velocity to the host vehicle and to
sometimes sense a phantom vehicle instead of the desired target vehicle.
indicated that it has fixed this problem with its newer radar units.

Eaton VORAD

Results from a computer based geometric simulation driven by the GPS data collected during the
experiments were compared to the actual experimental data. This comparison revealed that the
sensor is more accurate at higher relative speeds (between host and target vehicle). Furthermore,
the range data became more accurate as the host approaches the target. Fortunately, the areas
where the sensor performs best correspond to the higher risk driving situations (high relative
speed, low range).

The EVT-200 performed well without major signal degradation under light and moderate snow
conditions. Due to the unusually warm winter in 1998, we were unable to test it under severe
blizzard conditions. However, in light and moderately blowing snow (visibility down to less than

0.5 mile) the radar was able to detect the target vehicle through the snow. There seems to also be
a temperature effect that needs further analysis. Given the limited sets of test performed during a
season with relatively few snow events, further tests are warranted.

A prototype Driver Assistive Display (DAD) was developed which demonstrated that the target

vehicle's location (obtained from radar) can be effectively displayed to the snow plow driver in
multiple views. The target was displayed as a red circle which grew in area as it approached the
host vehicle. The target information can be displayed on either a flat panel display or a heads up
display projected onto the windshield. A preliminary rear view 'virtual mirror' prototype was also
developed for lab demonstration purposes. Additional work will be needed before an accurate
implementation on a snowplow is possible.

We recommend that before mounting radar units to a snow plow, a geometric analysis be
conducted using the information learned thus far to determine the optimal mounting location and
orientation to provide the best coverage for the determined region of interest. This is important
due to the small effective field of view of presently available radar and the position of the plow in
front of the truck. Also, it would be desirable to purchase newer radar technology which now
exhibits a wider field of view and provides an. azimuth angle to the target (not available for the
EVT-200). Given a known heading angle to the target, it would then be possible to filter out
reflections from road side clutter.

Chapter 1
1. Introduction
This chapter introduces the rationale behind the evaluation of radar for snowplow applications. It
also provides a brief literature review of different target sensor technologies with a particular
focus on different types of radar. Then, it describes typical applications and research studies
where radar is the main sensing technology. Finally, the objective and goals of the project are
discussed.

1.1 Background
Poor visibility .conditions contribute to a large percentage of accidents each year.

Lack of

visibility (which leads to the inability to detect the presence of obstacles and other vehicles on the
road) is of particular concern in areas that experience bad weather conditions for much of the
year. Drivers of snowplows in particular suffer because most of their driving occurs during
snowfall and blowing snow, with the road and other vehicles around them often covered with
snow.

Not only are the driving lanes hard to discern, but the snowplow operation itself

contributes to severe visibility limitations due to the plume of snow produced by the front blades.

Since there have been a number of fatalities suffered as a result of fast moving vehicles hitting
slow moving snowplows as well as considerable damage due to snowplows hitting abandoned
vehicles and other objects which are buried in the snow, a technology to detect these vehicles and
objects needs to be investigated.

1.2 Available Vehicle Detection Sensors
The sensing of objects and vehicles can be accomplished with different technologies, but most
involve emitting a waveform and measuring return echoes.

The following list of sensor

technologies accomplish range detection in different ways and, therefore, have different
advantages and disadvantages.

1.2.1 Ultrasonic
Ultrasonic distance sensors measure the time-of-flight of a short burst of sound energy to
calculate a range to the target. Typically, a high frequency (40k - 80kHz) signal is sent by a
transmitter and a microphone detects the reflected sound. Measurement of the time interval
between transmitting the pulse and receiving a reflection, along with knowledge of the speed of
sound, can be used to calculate the range to the reflector. Ultrasonic sensors are relatively
inexpensive and are small in size. The major disadvantages are the poor reflectivity of various
targets, the considerable variation with temperature of the sound wave propagation speed in air
and the low maximum sensing range (10 m maximum) [I]. Results are often affected by local
variations in humidity and wind conditions. In particular, the low maximum range makes this
technology inappropriate for higher speed vehicular applications.

1.2.2 Passive Infrared
Passive infrared (PIR) sensors measure the thermal energy emitted by objects in the vicinity of the
sensors. P I . sensors are not very precise, thus, have limited applications. One vehicle-based
application is the detection of a person in the path of a backing vehicle. Again, low maximum
sensing range renders this technology inappropriate for higher speed vehicular applications.

1.2.3 Vision Systems
Vision systems for distance measurement use an electronic imaging camera to view an object as it
moves. Image processing techniques are used to select and measure the distance to targets.
Distance measurement can be derived from detailed prior knowledge of the geometry of the
object to be tracked. Other methods use structured light sources, e.g. a plane of light generated
by a laser, and process the image which consists of the laser beam distorted by the object. Vision
systems provide long range measurements (100 m +) and good directionality. They suffer under
poor weather conditions and the effects of ambient light and are often slowed by significant
computer processing.

The degradation of the performance of this sensor in poor visibility

conditions makes the use of vision systems difficult in snow plow applications.

1.2.4 Laser Radar
Laser based radar sensors emit a frequency modulated beam and measure the time-of-flight or
phase delays for the reflection off the target that returns to the receiver. These sensors have long
range (maximum around 100 m), narrow beams which provide good directionality, and fast
response times [2]. Narrow beams have a small coverage area therefore requiring mechanical
scanning or beam splitting. The perfor&nce of laser radar can be degraded due to dirt on lenses,
heavy raidsnow or thick fog and car exhaust emissions. Laser radar has been used in automotive
applications and may be a candidate for use on snowplows. More research needs to be conducted
on their performance in heavy snow conditions to determine if their performance degradation is
severe enough to rule them out for snow plow applications.

1.2.5 Radar
Radar based sensors emit high frequency electromagnetic waves and measure the reflected (from
a target) signal. Frequency and phase shifts in the returned signal can be used to determine the
range and range rate to the target [3]. Radar comes in primarily three forms: Frequency
Modulated Continuous Wave (FMCW), Impulse, and Spread Spectrum (SS). This technology
provides good resistance to harsh weather conditions, reasonably long range coverage, and the
ability to communicate with vehicles that are under detection [4]. Some disadvantages include the
considerable cost of such units and the inability of some units to indicate the azimuth location of
an obstacle within their wide beam angle. Modem radar units, however, are coming down in
price and providing a more accurate target location (azimuth to target). Radar's unhindered
performance in poor weather conditions and continually decreasing cost make it a good candidate
for snow plow applications.

A more detailed investigation into the current state of radar

technology follows.

1.3 State of Radar Technology
Radar technology has a long history and was first introduced for military applications during
World War 11. More recently, the transition from a cold war economy has forced military
suppliers to look towards the private sector for applications of technology developed for the

military. Recent advances in Millimeter Monolithic Integrated Circuit (MIMIC) technology have
provided further incentive for companies to develop an automotive radar for use in Collision
Warning/Avoidance systems (Section 1.4). MIMIC technology integrates much of the radar
transmitter, receiver, and signal processing hardware onto a one or two piece chip set. As with
any electronic device, massive integration leads to lower manufacturing costs, and therefore lower
product costs.

Moreover, this integration reduces the size of hardware, and facilitates the

integration of the radar components in the vehicle without adversely affecting the vehicle design.
As radar systems become smaller and less expensive, the demand for these systems will continue

to grow [5].

Three primary methods are used to emit and detect radar signals; FMCW, Pulsed and SS. FMCW
is the most common technique for deriving range and range rate to target because it is the least
complicated and therefore the least expensive to manufacture. Pulsed Doppler method involves a
simple configuration, but the speed measurement is more difficult and a wide frequency band is
required [6]. The spread spectrum method is more robust against interference and can provide
inter-vehicle communication as well as ranging in the same unit. It is, however, more complicated
and more expensive [7].

Until recently, radar provided measurement along only one degree of freedom. There was no way
of knowing the lateral position of the reflecting target with a resolution less than the radar beam
width. New developments in radar technology have produced a new generation of automotive
radar that measure an azimuth angle to the target, as well as its range and range rate. The extra
degree of freedom allows much more effective filtering of the road scene for collision
warning/avoidance systems.

1.3.1 Radar Manufacturers
To put the current state of the art into perspective, automotive radar systems from Europe, Japan,
and the United States will be discussed.

Europe - A number of European companies have been involved in automotive radar and vehicle
control. We only list the ones who publish in this area in U.S. technical journals. Phillips [8] has
focused on 94 GHz FMCW radar for automotive applications. Military millimeter wave radar
typically operates at 94 GHz, and therefore equipment which operates at this frequency is readily
available and has been thoroughly studied. Phillips has developed and demonstrated a FMCW
radar unit with an antenna aperture size of 100 mm x 150 mm for automotive applications. This
unit has a cone angle of 1.5 ", and provides a usable range of 128 m.

CelsiusTech Electronics AB of Sweden have developed a FMCW radar which operates at 77
GHz. Their sensor uses mechanical scanning to produce an azimuth scan of k8.5 degrees with a
maximum range of 200 m and an accuracy of 0.3 rn Relative velocities between -100 and +I00
m/s can be detected with a data acquisition rate of 10 Hz [9].

Volkswagen (in conjunction with the Technical University of Braunschweig) have developed a
forward looking 77 GHz FMCW radar with a maximum range of 128 m with an accuracy of 30
cm. The relative velocity of targets can be detected from -80 km/h up to 240 km/h with a
resolution of 2.5 km/h [lo]. This unit supports an impressive data acquisition rate of 100 Hz.

Japan - Few technical papers regarding automotive radar systems have come from Japan. This
may be for two reasons. First, they may not wish to "show their h a n d on what could be a very
important (and potentially high volume) option for automobiles. Second, since W.W.11, the
Japanese defense industry has been essentially nonexistent.

Most of the 70-100 GHz radar

technology today has been developed for military applications under secret or classified programs.
Nevertheless, we were able to find a few citations to companies developing automotive radar.

The Furukawa Electric CO. has designed a 76 GHz spread spectrum radar sensor with a 3-beam
switched antenna for measurement of an azimuth angle to target. This sensor has a maximum
range of 100 m, detects relative velocities between -200 km/h to 200 km/h, and has a data up-date
rate of 20 Hz [I].].

Toyota Motor Corporation has developed a 60 GHz FMCW radar for rear-end collision
avoidance. It provides a maximum range of 100 m [12]. Azimuth is provided by mechanical scan
of the 2" x 2" beam No resolution or accuracy data was provided.

Other radar units have been described by various companies at ITS exhibitions but little to no
technical information is publicly available. These technologies are important to Intelligent (or
Adaptive) Cruise Control and it is obvious that radar technologies are part of the systems which
have begun to appear on the market this year (Toyota, Mitsubishi, etc.).

United States - Raytheon Electronic Systems have developed a FMCW radar that tracks the
range, range rate, and angular location of obstacles in the field of view. This unit operates in the
76-77 GHz frequency range and has a maximum range of 100 m. Range accuracy is quoted at
less than 0.5 m [13]. Relative speed can be tracked between -160 Krnlh and +I60 km/hr with an
accuracy of less than 1.5 Kmlh. The Raytheon unit has an azimuth field of view of 9 degrees and
has a stated azimuth angle accuracy of 0.2 degrees. Data is provided at 20 Hz.

The Northrop Grumman Corporation has developed a 24 GHz FMCW radar with a maximum
range of 100 m with one meter accuracy. Relative speed specifications are 100 mph receding and
200 mph approaching with an accuracy of one mph [14]. This sensor has a 5 degree azimuth
beam width, but provides no azimuth to target data.

HE Microwave Corp. has designed a side zone automotive radar. The requirements of a side
zone radar system differ from a forward looking radar in that the beam azimuth must be much
larger to provide greater coverage of the adjacent lane while the maximum range should be small
to avoid detecting objects on the side of the road. Accordingly, the side zone radar designed by

HE Microwave Corp. has an azimuth coverage of 100 degrees, a maximum range of 5.2 m and a
range rate coverage of G 6 . 7 mls [15].

Eaton VORAD Technologies manufactures an off-the-shelf collision warning system (EVT-200)
that comes with a 24 GHz FMCW radar. The antenna aperture size is 14 cm by 19.5 cm with a

depth of only 3.8 crn A maximum range of 110 m and a maximum closing rate of 160 krnthr are
specified [16]. Range and range rate data is acquired at 10 Hz (no azimuth data). The azimuth
beam angle is four degrees.

Eaton VORAD has also designed a prototype monopulse Doppler radar which has a 12 degree
azimuth field of view and provides azimuth angle to target at a 0.1 degree accuracy. This unit has
two antennas and two receivers but is smaller than its predecessor because it operates at 77 GHz
(aperture area decreases with increasing frequency). Differences in the returning signal power
between the two receivers are used to measure the angle to target. Eaton VORAD plans to sell
the new radar unit (EVT-300) in the spring of 1998.

1.3.2 Laser Radar Manufacturers
Leica [17] has used an infrared (IR) laser radar to develop an Inteligent Cruise Control system.
The transmitterlreceiver package is 9.9 cm x 8.4 cm x 11.0 cm, has a range of 150 m and has a
6
The beam angle is 3", and the system provides
specified accuracy of M.2 m and ~ 1 . krnlhr.
distance and relative velocity to the target at a rate of 10 Hz. UMTRI is evaluating a fleet of
vehicles outfitted with the Leica ODIN sensor as part of an evaluation of adaptive cruise control
[181.
Laser Atlanta Optics have developed a multi-beam laser radar that provides range data on target
vehicles from 3 to 250 feet and closing velocity data from 0 to 120 mph. A custom beam splitter
provides an instantaneous field of view of 0.17 degrees [19]. The total field of view is 11 degrees
azimuth.

-

For their collision avoidance system, Mazda Motor Corp. developed a scanning laser radar with a
wide (23") field of view. The scanning time is 32 rns (31.25 Hz) with an azimuth resolution of
0.17 degrees. The maximum range for this sensor is 120 m.

1.4 Application of Vehicular Radar
Vehicular radar systems can be broken down into five major categories. The first four employ
forward looking radar and are listed in increasing system complexity. The fifth category explains
an application of radar for use in a lateral vehicular control system.

1.4.1 Driver Warning Systems
Driver warning systems indicate a safe following distance to the vehicle ahead and warn the driver
of inadequate following distance or excessive closing rates to the vehicle ahead. Eaton VORAD
produces a system which provides a warning for unsafe vehicle following; a side looking "blind
spot" monitor is also available [20]. This system was originally installed on 2400 Greyhound
buses, and uses a system of green, yellow, and red lights combined with audible signals to provide
the driver additional time to make decisions regarding braking, throttle, and steering actions. A
newer version was developed based on the experience gained from this system deployment. This
latter version has been installed on many truck fleets around the U.S. and Canada.

1.4.2 Intelligent Cruise Control
Intelligent Cruise Control (ICC) uses forward looking radar, mfrared, or laser sensors to
automatically maintain the proper vehicle spacing instead of just regulating vehicle speed as is
done with traditional cruise control. ICC looks ahead to determine distance and closing rates, and
adjusts throttle position to maintain safe headway. If changes in throttle position fail to provide
adequate deceleration, ICC can force the automatic transmission to shift to lower gears, invoking
engine braking.

Eaton VORAD has developed an ICC for heavy trucks called SmartCruiseTM[21]. The system
employs the same radar used in the VORAD T200 collision warning system along with a tractor
equipped with an electronically controlled diesel engine.

1.4.3 Forward Collision Avoidance
Forward Collision Avoidance systems detect obstacles in the forward path of a vehicle and
provides information regarding heading and closing rates for those obstacles. This category
includes driver assistance schemes where the suggested collision avoidance countermeasures are

provided to the driver via a Head Up Display (HUD)and automatic systems where the vehicle
controller processes sensor information to compute and execute the best collision avoidance
countermeasure.

1.4.4 Autonomous Collision Avoidance
Autonomous Collision Avoidance incorporates a radar array placed on the periphery of the
vehicle to provide real time maps of the local environment. With adequate real local maps, the
vehicle control computer can execute collision avoidance maneuvers without external input from
the driver. Such a system can automatically compute and execute merging, braking, and safe lane
change maneuvers in cases where inadequate time is available for a driver response.

1.4.5 Lateral Vehicular Control
The ElectroScience Laboratory at Ohio state University has developed a forward-looking chirp
monopulse radar that provides both road-vehicle guidance and collision avoidance. A frequency
selective surface stripe laid in the middle of the highway lane reflects the forward-looking radar
energy, which is forward scattered from normal roadway surfaces. The backscattered energy is
sensed by the radar and used for automated guidance, while standard obstacle detection
technology can be performed in conjunction with the highway stripe sensing [22].

1.5 Objective of Project
The primary objective of the evaluation of radar for snowplows project is to provide Minnesota
Department of Transportation (MnIDOT) with information that would be useful for planning and
designing the Maintenance Concept Vehicle, a joint effort sponsored by MdDOT, Iowa DOT and
Michigan DOT. This project will investigate how well off-the-shelf radar units function in
snowfall.

After a careful evaluation of radar, the project aims to investigate ways of displaying the
information provided by the radar to snow plow drivers.

1.5.1 Eaton VORAD EVT-200 Radar
An EVT-200 radar was purchased as part of the Eaton VORAD collision warning system which is

available off-the-shelf. We chose this model of radar because it is commercially available and
Eaton VORAD was willing to make the adjustments necessary to provide us with raw range and
range rate data. They were also willing to provide technical support and meet our schedule.

The EVT-200 is a one dimensional sensor that provides range to target as well as the rate of
change of the range to target. It is sold with their collision warning package for trucks, but Eaton
VORAD modified their hardwarelsoftware to allow access to the range and range rate data at 10

Hz. The maximum range specification is 110 m and the maximum closing rate is 160 km/h 1161.
The beam has a narrow azimuth angle of four degrees and the antenna is about the size of a thick
license place (16.4 cm x 20.6 cm x 3.8 cm ).

The EVT-200 measures the speed of moving objects by Doppler shift methods, wherein the
magnitude and frequency shift of an energy wave reflected off a mobile target is proportional to
its relative velocity.

Ranging is accomplished by Continuous Wave Frequency Modulation

(CWFM) methods. The phase shift of the returning signal is used to measure the range to the
target.

1.5.2 Optech Sentinel 100
To determine how well a laser based sensor functions in snowfall, we purchased the Optech
Sentinel 100. This sensor is primarily designed as a level monitor and object positioner. Optech
claims that the radar can perform under adverse conditions; specifically, dust and fog. They sell
the units for mining applications where dust is a major issue. We are interested in determining
whether the sensor performs well under snow conditions.

The Optech is specified to have a maximum range of 250 m for most materials (longer ranges for
very light reflective materials), but does not provide the range rate to target. An accuracy of

~

cm, a resolution of one mm and a repeatability of G cm are specified. The laser based sensor
emits a point source of light and has an extremely small beam divergence (5 rnrad).

The Optech Sentinel 100 measures the distance to the target by the Time Of Flight (TOF)
principle, referring to the time it takes for a pulse of energy to travel from the transmitter to an
observed object then back to the receiver. A high accuracy clock measures the round trip time
between a light pulse emission and the return of the echo resulting from reflectance off an object.
Multiplication of the measured round trip time and the speed of light (1 footlnanosecond)
produces the range to target. The Optech 100 averages a number of theses measurements (the
number of samples can be set by the user) to improve the accuracy of the range measurement.

The radar was mounted in various positions around the truck to better understand its sensitivity to
lateral displacement with respect to target vehicles. The mounting provides six different locations
around the truck (see Figure 2.2) where the radar can be located. It can be positioned in the front
or rear of the host as well as the left, center or right. We only used the front right (FR), front
center (FC), back center (RC) and back right (RR) positions because the results on the left side
can be deduced by lateral symmetry. A picture of the radar mounted on the front in the center
position is shown in Figure 2.3.
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Figure 2.1: Various host - target configurations
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Figure 2.2: Possible mounting locations

Figure 2.3: Radar mounted in the front center (FC) position

2.1.2 Parameters

I

To test the radar's ability to detect other vehicles in a variety of scenarios, we designed the
experiment so that certain parameters can be modified individually. With the flexibility to change
the configuration of the experiment, we were able to test the effect of several key parameters:
speed, yaw, pitch, lane position, and radar location. These parameters were varied one at a time,
while the rest were held at their 'default7values.

The most logical parameter to alter was the speed of the host vehicle. Since Doppler radar
depends on a differential motion between host and target, it made good sense to test if
performance degrades at lower differential speed. We varied the speed of the host vehicle from
30 mph to 5 mph. A snowplow travels at roughly 30 mph when its blade(s) is down. The lowest
speed of 5 mph was to test the ability of the radar to pick up a target vehicle that is 'creeping'
towards the host.

Our goal was also to determine how sensitive the radar is to mounting orientation. In a practical
installation, it is very difficult to mount the radar to a known and small tolerance. We also sought
to find an optimal orientation as well as the effects due to misalignment during installation. To
that end, the mounting was designed to allow precise adjustment and measurement of the radar's

I

orientation. The orientation was separately varied by two degrees of freedom; yaw and pitch.
Yaw is rotation about a vector pointing in the positive Z direction (upward from the road's
surface). It can best be pictured from a bird's eye view as the angle in which the radar is pointing
as measured from the vehicle's longitudinal axis (see Figure 2.4). The pitch is the up and down
angle in the vertical plane. It can best be pictured from looking at a side view. It is the angle in
which the radar points upward or downward (measured from the horizontal plane).
Side View
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Figure 2.4: Definition of positive yaw and pitch angles

Finally, the radar's position on the truck and the truck's lane position were varied as described in
the previous section. Mounting the radar at different locations on the truck can provide insight as
to where is the best location for detecting desired targets (an abandoned vehicle for example). It
is also important to know if the radar unit, pointing straight in the direction of travel, detects
vehicles in adjacent lanes. This situation would create problems for accident warninglavoidance
systems because an object in the adjacent lane would be detected, and its lane position would
therefore be ambiguous resulting in a false alarm or inappropriate response.

2.2 Hardware and Software
The mounting was designed to provide the maximum flexibility in radar position and orientation.
At the same time it also had to be rugged and removable. As mentioned above, we decided it was
important to be able to position the radar at different locations on the host.

This was

accomplished using an eight foot square tube which had holes drilled to provide mounting
locations in the center and at the two comers of the tractor. The bar was used for experiments in
both the front and rear, providing six possible radar locations (see Figure 2.2).

We provided two separate orientation degrees of freedom using two turntables with vernier dials.
The dials provide a resolution of less than one degree. The yaw provided by one of the turntables
is the angle about a vertical axis. Positive yaw is defined as counter clockwise when viewed from
above (see Figure 2.4). Zero is along the forward longitudinal axis of the vehicle. The pitch is
provided by the second turntable and is defined as counter clockwise, as seen from the side view,
and is measured from the horizontal plane (parallel to the road). Positive yaw is defined upward.
A schematic and photograph of the turntables and axis of rotation is shown in Figure 2.5 and

Figure 2.6.
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Figure 2.5: Schematic of mounting apparatus

Figure 2.6: Photograph of mounting system

Software was written to collect data coming from the radar unit's CPU as well as the data from
the other sensors on the Navistar truck (DGPS, gyro and accelerometer). Eaton VORAD
modified their CPU unit so that we could directly receive the range and range rate values.
Accordingly, we wrote software to collect this data using the VxWorks operating system running
on a target Motorola MVME147 processor board connected to a VME bus. The other sensor
data collected includes location from DGPS measurements, and acceleration and yaw rate. The

\

radar provides range and range rate reading at 10 Hz, while the GPS produces location data at
I

five Hz. Since we are using DGPS to compare the radar readings (through simulation, see

i

discussion later), we chose to synchronize data collection around DGPS; in other words, at five
Hz. The data for each experiment was collected in real time and stored for analysis.

,
I

2.3 Computer Simulation
In order to compare the radar results with an analytical or predicted result, DGPS was chosen as
the ground truth. The Novatel DGPS unit aboard the tractor has a longitudinal accuracy of less
than 5 cm with a standard deviation of 35 cm [23]. One can enter the position of the moving host
vehicle (measured by GPS dynamically) and of the target vehicle (measured statically by

1
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positioning the vehicle next to survey nails) into a geometric solid modeling software package.
This type of software allows us to model the shape and specifications of the vehicles and of radar
units as 'solid' entities. The surface facets between intersecting 'solids' can be computed and
then used to calculate the range and range rate between the host and target assuming ideal
behavior. To compare the actual radar readings to the predicted values based on the DGPS
readings, a three dimensional graphical computer simulation was developed using the World Tool
Kit (WTK) C solid modeling library. The simulation used a model of the Navistar tractor and a
mid-size sedan on a straight two lane road. The movements of the host in this virtual world were
controlled directly by the readings from DGPS recorded during the experiment.

A geometric model of radar was developed which calculates the range and range rate of the target
vehicle by determining where the virtual radar beam intersects the vehicle's virtual space. The
simulated radar can be placed at different locations around the truck (in the same way as they are
located in the experiments), but can be oriented in only one degree of freedom (yaw). Pitch
adjustment was not modeled due to the added complexity of adding a third dimension variable to
the radar beam calculations. The two dimensional radar beam f o m a triangular plane and the
range is calculated from the shortest point of intersection between the target and the virtual radar
beam.

The target vehicle was precisely located by using surveyed nails resident at the Mn/ROAD low
volume test track. These survey nails, which line the road at 100 ft intervals, provide accurate
locations in state plane coordinates. The car was placed at a measured offset from a survey nail
for every experiment (see Figure 2.7).

The DGPS data collected in real time during the

experiment along with the location of the target vehicle previously recorded provided the
simulation with the information it needed to place the host and target vehicle in the virtual world.
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Figure 2.7: Location of the target vehicle by survey nail

This simulation was created in order to determine what the radar readings would be in a
'noiseless' idealized world. The actual radar unit receives reflections from the road, signs and
other roadside objects, e.g., the MnlROAD test track has utility cabinets on the side of the road
which may cause reflections. The computer simulation has no roadside objects, thus providing us
with the expected radar readings for the target only. This information can be used to determine
what parts of the signal are unwanted 'noise' and require filtering.

Chapter 3
3. Results
In this chapter we discuss the results of the radar experiments. First, we present the results of the
fair weather experiments and the effects of the parameters characterized in the previous chapter.
Then, the experimental data will be compared with the simulation data. Finally, we will present
the results of the experiments run during snowfall conditions.

3.1 Results Obtained During Fair Weather
It was important to first learn about the performance of the EVT-200 in good weather conditions

in order to have a baseline for evaluating its performance in snow. Furthermore, we wanted to
determine how sensitive the radar is to parameters such as differential speed, yaw, pitch, etc. This
is important so that we can determine potential mounting positions and orientations on a variety
of vehicles given each vehicle's design constraints.

For brevity in figure captions, we shortened the notation for the experimental parameters that
were adjusted during the experiments. The parameters, their abbreviations, and values are listed
in Table 3.1. Many different configurations were used and the numerous abbreviations on the
figures that follow may be difficult to keep track of. It may be helpful for the reader to bookmark
Table 3.1 for future reference.

Table 3.1 : Parameter Abbreviations

3.1.1 The Effect of Relative Speed
The target vehicle was stationary and positioned in the right lane of the two lane Mn/ROAD low
volume test track (Figure 3.1). Therefore, the relative speed between the host and target vehicles
is simply the speed of the host. We varied the speed of the tractor from 5 mph to 30 mph
(roughly the speed at which snowplows operate with their blades down during a snow storm).

It should be noted that we started to collect data when the host achieved the desired testing
velocity. This was the case for all experiments in which the host was in motion. We did not
trigger data collection by a measured predetermined distance from the host, but at a distance that
was greater than the sensor's maximum range. Even though we show the experiment time on the
horizontal axis of the upcoming figures, there is no relationship between each experiment and
absolute time (measured from data collection start time). For this reason, we shifted some of the
data sets by a constant time interval whenever better clarity was achievable (i.e. prevent

overlapping data). The relative time between data points is accurate because we synchronized our
data collection based upon the GPS data acquisition rate of five Hz.

Figure 3.1: Mn1ROA.D low volume test track

To isolate the effect of relative speed, the yaw and pitch angles of the radar were held constant for
each run. The results of the experiment with the radar mounted in the front center position and
traveling in the same lane of the target are shown in Figure 3.2 and Figure 3.3.

First, notice that the radar produces a zero range and range rate when no target is detected. This
is evident at the beginning of the 30 mph experiment (experiment time zero to seven seconds).
The range is also zero when the host comes to a full stop because radar isn't designed to detect
objects with no relative velocity to itself (both host and target vehicle stationary).

The range data collected when the host was traveling at 30 mph is much 'cleaner' than the data at
five mph. This trend held true for all speeds in between 5 and 30 mph (not shown to prevent
cluttering the figure). This result is expected due to the fact that the sensor uses the Doppler
effect to detect targets. Electro-magnetic waves reflected off of moving objects (relative to
source) will return with a shift in frequency and phase. The EVT- 200 uses this fact to obtain the

range and range rate readings, respectively. Small Doppler shifts (relative velocity) provide lower
accuracy due to the precision limits of the circuitry.
The range results for the five mph experiment are more inconsistent at greater ranges than at close
ranges. Targets at large ranges return weak signals due to attenuation of electromagnetic waves
in the atmosphere, specular scattering and scintillation. This compounds the problem by not only
providing a narrow Doppler shift due to the low relative speed, but also a weak signal which is
difficult to discern among signal noise.

30 mph

Time (seconds)

Figure 3.2: Effect of relative speed on range with Pos FC, Yaw 0, Pitch 0, Same Lane

Figure 3.3 shows the range rate reading from the same experiment. Notice that range rate signal
is fairly clean in both experimental runs. This observation holds for all the experiments performed
on the EVT-200. The sensor measures range rate more accurately than range.

The area of the figure where the range rate is constant shows when the host was traveling at a
constant speed towards the target. The area of the figure where the range rate decreases
(absolutely) shows when the host was decelerating in order to avoid a collision with the target
vehicle (acceleration is the derivative of velocity and since the target vehicle is stationary, the
range rate equals velocity).

The range rate readings get noisier as they approach zero Ms. This effect is clearly related to the
low relative speed between the host and target which produces small frequency shifts.
Fortunately, this effect is easy to filter out by determining a cut off range rate reading where the
sensor is no longer effective.

Since the range rate data has less noise and is generally more robust than the range data, we will
henceforth show only the range plots unless there is a specific effect we want to discuss. This will
also cut down on the number of plots in this report, but not limit the amount of information we
wish to present.
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Figure 3.3: Effect of relative speed on range rate with Pos FC, Yaw 0, Pitch 0, Same Lane.

We performed the same experiment, but with the radar on the front right position on the host, the
host in the adjacent (left) lane and the radar pointed two degrees to the right (Yaw 2R). The
results are shown in Figure 3.4. Again, the range readings for higher speeds are better than the
smaller relative speed experiment. At longer ranges, the radar had difficulty consistently detecting
the target vehicle when the speed dfferential between the two vehicles was low. Furthermore, for
the 10 mph experiment, the radar lost lock on the target vehicle between 200 and 300 ft. This
result is difficult to explain because we are not privy to the internal target detection algorithms
used in the EVT-200. We did observe, however, that this behavior only occurred when the
relative speed between the host and target was low and when the radar was not pointed directly at
the target. Both these situations consistently proved most challenging for this radar unit.
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Figure 3.4: Effect of relative speed on range with pos RC, Yaw 2R, Pitch 0,Adjacent Lane

3.1.2 The Effect of Yaw Angle
The radar mount that we used allows the yaw angle of the radar to be independently adjusted and
measured. This was used to see how sensitive the radar is to yaw orientation deviation. This
experiment was conducted to evaluate the effect of inaccurate mounting of the radar in the yaw
direction. Figure 3.5 shows the results when the radar was located in the front center position
and the host vehicle was driven toward the target in the same lane. The yaw was then changed to
two degrees to the right and two degrees to the left. We chose two degrees because the azimuth
cone angle of the radar is specified to be four degrees. Degradation of the signal would logically
start to happen at that orientation because only the far edge of the main lobe would be reflected
by the vehicle.
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Figure 3.5: Effect of Yaw on range with Pos FC, Pitch 0, Speed 30, Same Lane

The results show that there is no simcant

difference in the resulting range data. This result is

somewhat surprising. One would expect that the signal at the outer edge of the main lobe would
be slightly attenuated, causing reflections at long ranges difficult to detect. A possible explanation
of the radar's tolerance to yaw deviations of two degrees is that the beam diverges at a greater
than four degree azimuth angle. We decided not to pursue experiments at a larger yaw angle
because mounting misalignments at two degrees was clearly noticeable to the eye. Maintaining a
mounting tolerance under two degrees should be readily achievable.
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Figure 3.6: Effect of Yaw on range with Pos FR, Pitch 0, Speed 20, Adjacent Lane

The experiment was repeated with the radar located on the front right of the vehicle while the
host traveled in the adjacent (left) lane (see Figure 3.6). We wanted to determine if the radar
would detect a target in an adjacent lane and if yaw deviations affected this detection capability.
When the radar was pointed to the right (Yaw 2R), it detected the target at a longer range and
continuously tracked it down to a range of about 80 ft. When the radar was pointed straight
ahead (Yaw 0), it tracked the target down to around 140 ft. The worst case is when the radar
was oriented with a yaw of two degrees to the left (Yaw 2L). With that orientation, it lost track
of the target vehicle at over 200 ft. Furthermore, it detected objects other than the target vehicle.
This behavior is predictable given the geometry of the radar beam and the orientation of the radar
antenna. It is interesting that the radar could even detect the target vehicle with a yaw of two

degrees to the left, because the radar beam cone is specified as diverging at four degrees in
azimuth. This provides more evidence that the cone angle may be larger than four degrees.

3.1.3 The Effect of Pitch
The mount that we used for the radar also provided the ability to adjust and measure the pitch
angle. A vernier dial was used to measure the pitch angle which was varied fiom zero to six
degrees in the upward an downward direction.

The results of an upward pitch angle are shown in Figure 3.7. As expected, an upward pitch aims
the radar such that it does not detect the target vehicle at large ranges. At a zero degree pitch
angle, the target was first detected at a range of just under 600 ft. At four degrees pitch, the radar
first detected the target at around 500 ft. Finally, at six degree downward pitch, the radar didn't
detect the target vehicle until it was slightly over 200 ft. fiom the host.

It should be pointed out that there are no overhead obstructions (e.g. overpasses, road signs and
the like) at the MnIROAD test track. On real highways, reflections off of these highway features
may cause false target detection readings. For that reason, it is desirable to orient the radar with a
zero or slightly negative pitch. In fact, the installation guide to the Eaton VORAD collision
warning system recommends that the antenna be aligned one degree downward from horizontal
1241.

Time (seconds)

Figure 3.7: Effect of Upward Pitch with Pos FC, Yaw 0, Speed 20, Same Lane

The pitch was also adjusted to point downward and the experiments were repeated with a
negative pitch up to six degrees downward. The results are similar to the upward pitch. As the
pitch angle decreases (greater negative value), the maximum range at which the radar could detect
the target vehicle decreases. This is most likely due to the radar signal reflecting off the pavement
(forward scattering). Another effect observed during these sets of experiments was that the range
was measured to be around 6000 ft for a few data points with a downward pitch of six degrees
(this was not shown in Figure 3.8 because the large scale caused by the 6000 ft readings makes
the rest of the data points indiscernible). We inquired Eaton VORAD about this unexpected
result and they claim to have corrected this in their newer units. It is also very simple to filter out
these very large range readings, so no further investigation was warranted.
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Figure 3.8: Effect of downward pitch with Pos FC, Yaw 0, Speed 20, Same Lane

3.1.4 The Effect of Radar Location
The mounting was designed to allow the radar to be placed in six different locations on the truck
(see Figure 2.2).

Four of these locations were used during the radar experiments because the

other two (front left and rear left) can be inferred by symmetry.

It may not be possible to mount the radar in the direct center (laterally speaking) of a snow plow
due to the large blade mounted on the front. The experimental results of Figure 3.9 show this
effect when the radar is placed at the extreme front right comer of the host and is driven toward a
target in the same lane (worst case). Notice that the radar was able to detect the target vehicles in
both mounting locations. The range reading did show more variation with the radar mounted on
the far right of the host than in the direct center. The center is clearly the best location to mount

the radar for detecting vehicles directly in front of the host, however, the radar still detects
vehicles not directly in its line of sight if lateral mounting offsets are unavoidable.

Time (seconds)

Figure 3.9: Effect of radar location on range for Yaw 0, Pitch 0, Speed 20, Same lane

The data collected with the radar mounted in all four test positions on the host is shown in Figure
3.10. The radar unit can detect vehicles that are moving away fiom it equally well as vehicles that

are approaching it. Of course, vehicles with positive relative speeds (moving further apart from
each other) pose less of a threat than ones with a negative relative speed (approaching each
other). For this reason, a majority of time was spent analyzing the situation where the two
vehicles have a negative relative speed. Furthermore, we performed a majority of the experiments
with the radar on the front of the host because we were able to more easily control the host's
speed and we had better visibility of the target vehicle which made the experiment safer. If we

would have mounted the radar on the back of the host to perform negative relative velocity
experiments we would have had to drive the host in reverse.

The gear ratio when the

transmission was in the reverse limited the speed at which we could perform such an experiment.
Also, it is more difficult to see the target vehicle and radar when it is mounted on back.

It may be desirable to have a radar mounted on the back of a snow plow to measure the velocity
of fast approaching vehicles from behind. As far as the radar is concerned, this situation is the
same as the one we tested extensively, namely, driving a front mounted radar toward a stationary
vehicle. The radar does not know the host's velocity or where it is mounted but just measures
relative velocities from reflecting targets. The results from the front mounting position should be
valid for rear mounting experiments.
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Figure 3.10: Range plots from all four radar locations, Yaw 0, Pitch 0,Speed 30

3.1.5 The Effect of Vibration
Since the principal physical phenomenon behind the EVT-200 is the Doppler effect, vibrations
caused by the host vehicle itself may effect the normal operation of the sensor since vibrations are,
in effect, small displacements (velocity). For example, assume the host is stationary but the
engine is running. Do the vibrations from the engine produce enough relative motion compared
with the wavelength of the electromagnetic wave for the radar to detect another stationary
vehicle? Could the vibration cause the radar to register a target which is not there? To answer
these important questions, an experiment was performed in which the host vehicle was stationary
and the target was moved. The host vehicle's engine was turned off to eluninate vibrations to the
radar antenna.

Up to now, every experiment was performed with the host in motion and the target stationary. In
these set of experiments, the host was stationary in the right lane and the target vehicle was driven
toward it at different speeds. First, a static experiment was performed in which the target vehicle
was parked at about 35 ft in front of the host. Data was collected when the truck engine was
turned on and idling and when the truck engine was turned off (no vibration). The results are
shown in Figure 3.1 1.
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Figure 3.11: The effect of vibration on range - static experiment

It is clear that the radar detected the target vehicle when the truck's engine was on, even though
there was no relative velocity between the vehicles. Conversely, the radar did not detect any
objects when the truck engine was off. The only modified parameter was the vibration and it is
clear that the vibration of the engine was enough to cause the radar to detect the target vehicle
even though the relative velocity between the two vehicles was zero. Another interesting result of
this experiment is in the range rate data, shown in Figure 3.12. The range rate held mostly
constant and at -0.6 ft/s when the radar was subjected to vibration. It is zero when there is no
vibration.

1

-0.7

0

0
+

+
0

Engine on
Engine off

I

I

I

I

I

I

I

I

I

5

10

15

20

25

30

35

40

Time (seconds)

Figure 3.12: The effect of vibration on range rate - static experiment

The same experiment was repeated with the target vehicle moving towards the host vehicle at 10,
20 and 30 mph. The result when the target vehicle was driving toward the host at 20 mph is
shown in Figure 3.13. When the host vehicle's engine was turned off (no vibration), the radar
detected the target at around 600 ft and tracked it all the way until it stopped in front of the host.
When the truck engine was on (vibration), the radar 'wandered' at a range of around 100 ft until
the target was within 100 ft. Only then did the radar switch to tracking the target.

Further evidence of this is shown in the range rate plot in Figure 3.14. With the truck engine off,
the radar detects the target vehicle accelerating towards it at a large range (positive relative
acceleration is indicated by increasing range rate). Once the target reached its desired speed it
maintained that speed for around ten seconds and then decelerated to a stop to avoid colliding
with the host (this is shown by the decreasing range rate). For the vibration (engine on)
experiment, the range rate value was constant at around 1 ftls until the target vehicle approached'

within about 100 ft. The radar then switched to tracking the target vehicle as evidenced by the
range rate value jumping to match the target vehicle's speed.
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Figure 3.13: The effect of vibration on range with target moving at 20 mph

The EVT-200 incorporates a filtering algorithm and a target detection algorithm. We are not
I

privy to the details of the algorithms, therefore, we contacted Eaton VORAD for an explanation.
They stated that a capacitor which was sensitive to vibration was the culprit. They also said they
have fuced this problem and that newer EVT-200 radar units are not sensitive to engine vibrations.

On a snowplow, the blade scrapping along the pavement produces an even harsher vibratory
environment. Future tests on newer units should be conducted to confirm that the vibration
sensitivity issue with the EVT-200 has been resolved.
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Figure 3.14: The effect of vibration on range rate with target moving at 20 mph

3.1.6 Repeatability
It is important for a sensor to produce the same results under the same set of conditions. We
tested the repeatability of the EVT-200 by repeating the same experiment several times. The
results of this experiment are shown in Figure 3.15. The data points in this figure are the average
range of three experiments with the same parameters (speed, yaw, pitch). Note that only ranges
less than 350 ft are considered because the Eaton VORAD specifications only guarantee this
value as the maximum range of the sensor [24]. The vertical lines are the standard deviation of
each averaged data point. Clearly the standard deviation decreases as the range decreases. Table
3.2 quantifies this observation by averaging the standard deviations for a 50 ft range of range
values. The standard deviation is smallest at the 0 - 50 ft range and grows with increasing range.

This observation indicates that the sensor could have more difficulty calculating the range to a
target accurately at longer ranges. We will further investigate this behavior in the next section
when we compare the experimental data to the expected data obtained by a computer model.
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Figure 3.15: Repeatability of range for Pos FC, Yaw 0,Pitch 0, Speed 10, Same Lane. The bar
at each point represents .+I std. deviation.

Table 3.2: Average standard deviation of range for three identical experiments

3.2 Comparison Against Predicted Values Based on Simulation
To compare the radar's measurements with ground truth, Differential Global Positioning System
(DGPS) data collected during the experiments was used to drive a computer simulation that
produces expected range data using a geometric radar model. Knowledge of where the target is
located, host and target geometry, and collected DGPS data are used to arrive at an expected
range for the radar sensor.

A graphical C languaged-based solid geometric modeling library called World Tool Kit (WTK)
was used to create a virtual three dimensional geometrical simulation of the experiment. Actual
DGPS data collected during the experiments was used to drive the simulation. Every DGPS
location in the experiment tells the simulation where to locate the virtual host vehicle. The target
vehicle was located by measuring its offset distance from a known surveyed location (see Figure

2.7).

It should be noted that while the virtual world in the simulation is three dimensional, the radar
beam was modeled in two dimensions. In this solid modeling environment, the radar beam can be
modeled as a 'solid' entity. The range is then calculated by determining which facets of which
objects are 'intersected' by the radar's transmitted beam 'volume'. However, instead of a three
dimensional cone representing the radar beam, a two dimensional triangular plane (parallel to the
ground) was used to detect the target vehicle. Furthermore, to simphfj the geometry and
programming associated with the contours of the target vehicle, an invisible box was placed
surrounding the target vehicle. Intersections between the radar beam and the imaginary box are
used to calculate the range readings of the virtual radar. This compromise is justified by the fact
that we do not know where on the target vehicle the actual reflections of the radar that we were
using occur. The most common reflection locations of radar on vehicles are the bumper, license
plates, transmission housing and tires [25]. Since these lie at different longitudinal distances from
the host we cannot predict for certain what the exact range should be, even though the DGPS has
a longitudinal accuracy of less than five cm [23]. It is reasonable to assume, however, that a
majority of the reflections occur at the bumper and back end of the car because it has a larger
cross sectional area than the tires or transmission housing and it lies roughly normal to the radar's

line of sight. The computer simulation assumes that the reflections occur at the location of the
bumper. The possible uncertainly caused by this assumption is less than the length of the target
vehicle and should be taken into consideration when reviewing the following results.

The simulation results for an experiment with the radar oriented straight ahead and the host
traveling at 10 mph and in the same lane as the target is shown in Figure 3.16. As in the previous
section, we have only displayed data for range values less than 350 ft, which is the maximum
range specified by the manufacturer. The lower subplot is the error between the measured radar
range and the predicted range calculated from DGPS during simulation. The average error for
this experiment was -8.0 ft and the standard deviation of the error was - 10.2 ft. The plot shows
that the experimental range data becomes increasingly divergent from the simulated data as the
range increases. Any error in measuring the target vehicle location or radar mount location would
result in a constant offset and would not explain this growing difference. A weak return signal
caused by attenuation in the atmosphere and a small phase shift (used to calculate range) caused
by the small relative speed between the host and target would seem to be the reasons for these
experimental results.
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Figure 3.16: Experimental vs. simulated range for Pos FC, Yaw 0, Pitch 0, Speed 10, Same Lane

The simulation was run for the same configuration for the host traveling at 30 mph. The result is
shown in Figure 3.17. Notice that the mean error decreased from -8.0 ft to -3.5 ft and the
standard deviation decreased from 10.2 ft to 7.6 ft compared to the 10 mph experiment. The
trend of an increasing difference between experimental and simulated range data at larger ranges
is still apparent, but less prominent. The greater phase shift of the reflected signal due to the
larger speed differential was most likely responsible for the improved results. Nevertheless, the
weak reflection due to atmospheric attenuation and specular scattering offset the wider phase shift
at large ranges.
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Figure 3.17: Experimental vs. simulated range for Pos FC, Yaw 0, Pitch 0, Speed 30, Same Lane

The results for the radar mounted on the front right and the host traveling at 20 mph in the
adjacent lane are shown in Figure 3.18. The mean error was 3.2 ft and the standard deviation was
8.4 ft. It is interesting that the error was roughly the same at longer range and closer range. The
error did increase at ranges greater than 350 ft (not shown because the maximum specified range
of this sensor is 350 ft). The geometry of the radar beam (four degrees azimuth divergence) and
the orientation of the radar (2R) in this experiment are such that the radar was not able to detect
the target vehicle down to very low range as evidenced by both the experimental and the
simulated range data. Thus, it is not possible to predict if the range error would have decreased
further as the range decreased below 100 ft.
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Figure 3.18: Experimental vs. simulated range for Pos FR, Yaw 2R, Pitch 0, Speed 20, Adj. Lane

Figure 3.19 shows the same experimental configuration except the host was traveling at 30 mph.
Consistent with previous results, the mean error and standard deviation decreased due to the
increased differential velocity between host and target.
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Figure 3.19: Experimental vs. simulated range for Pos FR, Yaw 2R, Pitch 0,Speed 30, Adj. Lane

The final results shown in Figure 3.20 demonstrate the sensitivity to the orientation of the radar.
This plot shows the results when the radar is pointed at two degrees to the left while the host is in
the adjacent lane with respect to the target. Since the azimuth angle of the radar beam is specified
to be four degrees, the radar should not have been able to pick up the target vehicle. In the
idealized simulation world, all angles are exact and, indeed, the simulated radar did not detect the
target. In the experimental data, the radar did detect the target. This may be because the actual
cone azimuth is greater than four degrees. Also, any slight miscalibration during the experiment
may have caused this result.
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Figure 3.20: Experimental vs. simulated range for Pos FR, Yaw 2L, Pitch 0, Speed 30, Adj. Lane

3.3 Optech Sentinel 100 Results
The Optech Sentinel 100 laser range finder was placed inside a weather proof enclosure and
mounted directly on top of the radar. The mounting was designed so that the pitch of the laser
can be adjusted independently of the radar. This sensor does not provide range rate to target,
only range.

The host was driven toward the target in the same lane with the laser mounted in the front center
position. The results are shown in Figure 3.21. The laser range finder was able to detect the
target vehicle at around 170 ft and smoothly track it all the until the host vehicle stopped. Notice
that this sensor had no problem detecting the target vehicle at the end of the experimental run,

when the host vehicle came to a halt. This due to the fact that this is a time of flight sensor and
does not rely on the Doppler effect. The fact that the laser didn't detect the target vehicle at long
ranges was probably due to the mounting. The laser unit was mounted above the radar by about
one ft (see Figure 3.22). At zero pitch, the laser was pointing toward the windshield of the target

I

I
I

i

vehicle which may reflect the laser beam upward due to its contour. The Optech comes with a
visible light pointer which can be used to aim the laser beam to the desired target.

The

I

weatherproof enclosure, however, blocked the path of this auxiliary light beam which made
aiming the laser beam difficult. This may seem like a poor enclosure design, but the enclosure

I

I

was designed for a newer product. We purchased it because it was sized correctly to fit the
I

Sentinel 100 and we were under time constraints due to the impending snow fall. A customized

I

enclosure would have taken too long to design and build at the time.

We were unable to fully test the laser sensor and weren't able to test it during snowfall because
the unit malfunctioned right before the winter experiments. We sent the unit back to Optech for
repair. They returned it to us in a week and fixed the problem, but when we assembled the laser
inside the weatherproof enclosure, the enclosure developed a power problem. By this time, we
missed the small time window during which snow fell in the unusually warm Minnesota winter of
1997-98.
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Figure 3.21: Optech range readings for Pos FC, Yaw 0, Pitch 0,Speed 10, Same Lane

Figure 3.22: Optech enclosure mounted above the radar

The reasons we could not start testing this sensor earlier in the winter were that we could not
obtain the weatherproof enclosure until late January and we were evaluating the present weather
sensor in the early part of winter (see the Appendix for weather sensor evaluation). We did not
receive any appreciable snow fall events in February which pushed back the experiments to
March.

3.4 Results Obtained During Snowfall
Snow plow drivers must be out during the worst weather conditions. Additionally, the plume of
snow generated by the front blades creates a difficult visibility problem for snow plow drivers.
Abandoned vehicles buried in snow pose yet another threat to the driver. Our goal was to test the
radar under heavy snow conditions to determine whether it can detect a vehicle covered in snow.
To quantlfy the weather conditions at the time of the experiments, we acquired a Vaisala present
weather detector. Appendix A describes our evaluation of this sensor. We should point out that
our main objective was not the evaluation of the precipitationlvisibihty sensor but the evaluation
of the radar. Given time and o'ther constraints, we performed a very limted comparison of the

PWD11 using only sensors available to us locally.

3.4.1 Experimental Results During Snowfall
A target vehicle was parked at the MnIROAD test track so that it would naturally be covered with
snow during the snowfall season.. A van equipped with the Vaisala PWD-11 (Figure 3.23)
weather sensor was located up the track at approximately 700 ft from the target vehicle. It would
have been preferable to have the weather sensor located closer to the experiment, but the van
might have been picked up by the radar due to its large cross sectional area. The distance was not
deemed to be a problem since the weather is not sigmficantly different over such short distances.

The snowfall experiments were performed in the exact same way as the fair weather experiments.
The host vehicle was driven towards the target vehicle at different speeds. We did not vary the
orientation of the radar for these experiments because our goal was to isolate the effect of snow

on the ability of the radar to detect the target vehicle. Therefore, yaw and pitch were held
constant (zero) for the duration of these experiments.

Figure 3.23: Vaisala weather sensor mounted on van

The data from the Vaisala weather sensor provided instantaneous weather information captured in
the instant weather code, visibility and water intensity fields. Two weather codes are output by
the sensor; National Weather Service (NWS) and WMO SYNOP codes. Table 3.3 lists the
supported weather codes that are pertinent to this experiment. The instantaneous Meteorological
Optical Range (MOR) is also provided by the PWD- 11. The maximum visibility of this sensor is
2000 m. Last but not least, the unit measures the precipitation intensity as rnrn of water per hour
(mm/hr). This measurement indicates how much water mass is in the snow (wet snow vs.

powdery snow).

-

Vaisala Output Weather Codes
NWS Code Weather Type
WMO Code Weather Type
SS
S+

Light Snow
Moderate Snow
Heavy Snow

70
71
72

73

Snow
Snow, light
Snow, moderate
Snow, Heavy

Table 3.3: Vaisala supported weather codes

Through the aforementioned indicators, the instantaneous weather conditions at the time of each
experimental run can be quantified. Henceforth, when we refer to 'light snow' or any other
description of the weather conditions, we are quoting the data provided by the PWD- 11 weather
sensor, as indicated by the weather codes. In the following plots, the instant water intensity and
the visibility are provided in the legend to indicate the instantaneous weather conditions at the
time of the experiment.

The first set of experiments was performed on March 15, 1998. According to the PWD- 11, the
snow was light. Figure 3.24 shows the results of an experiment performed in light snow
conditions with a visibility of 1101 m (0.68 miles) and a water precipitation rate of 1.14 rnmlhr.
The first thing we noticed is that the 'no snow' data collected during the winter of 1998 was not

a s good as the data collected in the fall and summer of 1997 (fair weather). This lead us to
believe there may be an undesirable temperature effect because all other experimental parameters
were the same for both the winter and summerlfall experiments.

Our theory was further

corroborated when we collected data in the summer of 1998. The range and range rate data was
very similar to the fair weather data collected the previous summerlfall. This certainly rules out a
malfunction of the radar unit. Given the time critical nature of our experiments, we decided to
proceed and compare the snowfall data with the 'no snow' data collected in the winter, to
eliminate any temperature effect from the experiment. The comparison of data, both collected in
cold weather, can still be used to determine whether snow affects the performance of the EVT200.

The radar was able to detect the target vehicle through the snow at low ranges. However, at long
ranges, the radar had more difficulty picking up the target. The water precipitation rate of 1.14

rnmlhr was the largest measured by the PWD-11 during the snowfall experiments. The snow was

correspondingly wet.

o

o

x

x

1.14mm/h,1101m
NOSnow

Time (seconds)

Figure 3.24: The effect of light (but wet) snow on range, Pos FC, Speed 30, Same Lane

On March 31, 1998 we were able to perform an experiment in moderate snow. Figure 3.25
shows the result when the visibility was 738 m (0.46 miles) and the water intensity was 0.39
rnmlhr. Again, the radar was able to detect the target vehicle, although it locked onto the target

at a closer range. The visibility of 738 m was the lowest visibility obtained during the snow
experiments. The low visibility along with the low water intensity indicate that the snow was dry
(powdery) but was coming down heavily enough to lead to a visibility of under '/z mile.

The snow may cause a slightly increased attenuation of the radar signal. In addition, the target
vehicle had accumulated snow on it during the duration of the storm which may have caused more

scattering of the radar waves. However, the radar was able to detect the target vehicle in light
and moderate snow conditions.

Time (seconds)

Figure 3.25: The effect of moderate snow on range, Pos FC, Speed 30, Same Lane

The winter of 1998 in Minnesota was unusually warm. We were unfortunately unable to perform
an experiment in heavy snow or blizzard conditions because we did not experience these weather
conditions for a long enough durationjn order to perform an experiment. Clearly data from only
one experiment each for light and moderate snowfall is not enough to be conclusive. However,
the results from light and moderate snow indicate that the radar has the ability to detect the target
vehicle through the snow, although its capability to detect the target at long ranges may be
slightly reduced.

Chapter 4
4. The Driver Assistive Display (DAD)
4.1 Background
During the last few years, the University of Minnesota and the Minnesota Department of
Transportation have been working together to improve the safety of heavy vehicles on highways.
The overall goal has been to investigate how reductions in accidents can be achieved by
integrating emerging sensing and control technologies. The emphasis in this chapter is on the
effective integration of sensory information and its representation in the form of a graphical
display, to assist driver perception and control under varying road and weather conditions.

The design of a Driver Assistive Display System (DAD) requires that one know what information
the device should display, how fast this information should be available, and finally, what aspects
of human driving it will enhance. We have been exploring different approaches for understanding
and improving the driver-vehicle interface.

We have begun to develop a common architecture in which information displays will assist drivers
in performing driving tasks when normal visual cues are not present (due to e.g. low visibility),
and have demonstrated automated guidance systems that replace human steering in the event that
human reaction times are too slow. Such systems should work in tandem within a driver centered
organization, in which sensing and control is focused on the human driver. As more serious
constraints are applied on the driver's ability to "see" and to "react", successive layers of assistive
subsystems would come into play. The following section summarizes the functions of a display
based on radar detected obstacles integrated with GPS-based vehicle position, which is the
primary focus of this chapter.

Obstacles detected by radar must be correctly positioned on the display of the roadway as viewed
from the driver's perspective. Thus, it is first necessary to provide the 'driver with a high fidelity
view of the approaching road.

Based on analyzing the various driver-steering models, we believe that the following information
must be provided to the driver (directly or implicitly) to enable one to track a given roadway
using the displayed visual field of the road.

1.

Preview (Anticipatory information)
The preview requirements vary depending on a variety of driving conditions including speed,
size of the vehicle, the driver's emotional condition, weather conditions, etc. The literature is
not necessarily consistent but it would seem that a minimum of 1.1 to 1.2 seconds of preview
information is necessary for the driver to securely steer the vehicle and stay within the lane.

2. Lateral Position Error
This is the principal variable on which a lateral steering feedback control loop (from a driversteering perspective) is closed.
3. Yaw Angle Error

The yaw (angle about a vertical axis) information helps to reduce the oscillations that may be
introduced by a pure lateral position controller.

The parameters listed above are also incorporated in some fashion into almost all of the successful
automated vehicle guidance systems which attempt to mimic human based steering systems. By
designing systems which make this information available, one can provide the needed sensory
perception to the driver when normal sources of data are occluded (i.e. under poor visibility
conditions). Furthermore, automated systems can be designed around these data sources in the
event that human reaction characteristics are the limiting factor (e.g. steering in very narrow lanes,
in tunnels or bridges, steering control to avoid collision).

Given our human centered approach to driving, it is important to integrate the needed sensory
information and provide it to the driver in the most natural way possible. We feel that the best

way to present the necessary roadway information (while operating under adverse weather
conditions) is by simulating the visual road pattern that would normally exist under favorable
conditions and projecting it on to the windshield. The obstacles detected by the radar are
integrated into this display. In the following sections of this report, we describe a software
architecture based on the requirements for the DAD mentioned in this section.

m
DAD Software Development
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1. Read road database, create linked list
2. Open network socket (andlor pipe), read current (state) record
3. Locate current position, fill preview buffer
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Figure 4.1 : Software organization

4.2 The DAD Software Architecture
Please refer to Figure 4.1, which illustrates the fundamental elements of the DAD software
architecture.

The DAD program has been implemented as a combination of C' language code at the lowest
level, superimposed with high level scripts written in T c U k (Tool Command Language 1
Toolkit). T c U k are a set of public domain C' libraries that are available in a compiled form on

any standard UNIX-like system It is available for many other systems as well. The current design
can be run on Tcl version 7.5 or later, supported with Tk version 4.1 or later. The DAD program
described here is basically a TcUTk application. It was created by starting with the basic TcUTk
application called 'wish' (Windowing Shell), and adding to it the necessary modules/commands for

1

i
I

DAD functionality. New commands based on the functional primitives illustrated in Figure 4.1,
were declared to the Tcl interpreter so that top level code can be written very succinctly using

I

these commands in conjunction with pre-existing TcUTk commands [26].

4.3 Description of Operation
Please refer to Figure 4.1 for a schematic on the organization of the DAD software.

The DAD computes three separate views to assist with navigation. For demonstration purposes,
these have been combined on one screen (see Figure 4.4), but in the final implementation each
should be located appropriately with respect to the driver. The forward view is the primary view
that basically contains all the information (road boundaries, obstacles) in the correct perspective
and calibrated based on the available sensing capabilities. The rear view (bottom of DAD screen)
provides the "rear view mirror" view, also contains the road boundaries, and obstacles in the
correct perspectives, as they should appear in a real rear-view mirror. The plan view (to the right
of the DAD screen) shows the vehicle's position on the road from a bird's eye point of view. The
relative positions of the obstacles corresponding to their appearance in the forward view are also
shown in this view. Several GUI based buttons on the left would provide the driver with control
of the presented data. The description below is based on a demonstration'version and used
previously stored information. It does not operate in real time but uses the data to demonstrate
the general capabilities of the proposed display

4.3.1 Initialization
The program first reads the pre-specified road database file, and allocates memory for all the road
data points in the form of a single linked list. The road database is a text file with 130 lines, and
five fields. It contains the pre-surveyed GPS coordinates of all the survey-nail locations that h e
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the Mn/ROAD test facility. The first field is the number (or tag) of the point. This number is the
survey-nail number on the Mn/ROAD test track. The next two fields contain the GPS coordinates
of the point in State-Plane coordinates; first X, then Y. The last two fields contain the lat-long
(latitude-longitude) coordinates of the same point; first latitude, then longitude. Below is a
clipping from the road database that was used here:

Figure 4.2 illustrates how the road data points are used to generate the road as a set of three
polylines of discrete, connected segments. The road database contains the state-plane format GPS
coordinates of the road centerline. These are directly plotted, and connected while drawing the
road centerline. A road width parameter (W) is used to compute the left and right road (or lane,
as applicable) boundaries. Figure 4.2 shows the road geometry computation around a curve,
which is done based on the road centerline, the road width parameter, and the road orientation at
the particular road data point at which the computation is performed.

Figure 4.2: Road geometry

The X,Y coordinate system shown represents the GPS state-plane coordinate system. The X axis
is along the geographic East direction, while the Y axis is along the geographic North direction.
The yaw (or orientation angle) of the road, (or vehicle) is computed as the angle between the
direction of motion (or direction of the vector connecting the two road data points along the road
centerline), and the positive Y axis (geographic North direction) of the coordinate system.
After the road points have been read into memory, the system proceeds to determine the current
location of the vehicle. This can be done in two ways. In the simulation mode, the system is
initialized at the first point of the road database. In the real tracking mode, the system will be
initialized to the first position update received from the vehicle's sensing system.

4.3.2 Start Tracking
Tracking is the mechanism by which the DAD system updates the graphics on the display screen
to represent the "currentn vehicle state. The information that comprises the state of the vehicle
includes: position (GPS, State-Plane), orientation (degrees from North), and radar range (meters).
The position is the X, Y vector obtained from the GPS system. The orientation is obtained from
the gyro system, and the radar range is the distance of the object from the vehicle, detected and
measured by the radar sensor.

The "current" state is computed by the DAD system in the simulation mode by advancing the
vehicle position to the next point in the road database. In the real tracking mode, the state
information is continuously available through a network socket programmed into the DAD and
interfaced with the vehicle's data acquisition system. The DAD is totally flexible to any type of
network communication, as long as the socket driver programs can be successfully written using
the 'C' language.

4.3.3 Locate Vehicle on the Road
After the "currentn state information is available to the DAD, it proceeds to locate the vehicle on
the road. The location function successively scans through the road data points and finds the
closest road data point to the current position of the vehicle. This is a simple distance function
that computes the Cartesian distance between the current position and the road data point in the
scan.

The next part of this subprogram fills the preview buffer based on the vehicle's location on the
road, as determined above. The preview buffer is an array of a pre-decided number of road points.
The size of the preview buffer determines the amount of road preview that will be displayed from
the current position.

4.4 Compute Geometric Transformations
Please refer to Figure 4.1 for graphical illustrations related to this section. Once the part of the
road to be displayed is identified (preview buffer), it has to be processed using the correct
instantaneous geometric transformation matrices to render the view in the correct perspective as
would be see by the driver of the vehicle.

There are five coordinate systems as illustrated in Figure 4.3, and four transformation matrices to
transform vectors from one system to the other. The "Global Coordinate System" is aligned with
the GPS State-Plane coordinate system, so all positions and orientations specified in the state
vector of the vehicle are in the global system. The "Driver Coordinate System" has its origin at
the head of the driver, and is oriented such that the Z-axis is parallel to the road and in the
direction of motion. The X and Y axes of this coordinate system are arranged in the same format
as that of a typical image processing system, with the X axis going left to right, and the Y-axis
going top to bottom, as seen by the driver. The "Windshield Coordinate System" is similarly
oriented as the driver coordinate system, except that its origin is offset from that of the driver
coordinate system in the X, Y, and Z directions. This offset accounts for the relative placement of
the driver's head from the top left comer of the vehicle's windshield, which is where the
windshield coordinate system is attached.

Note that it would have been possible to directly transform from the global coordinate system to
the windshield coordinate system However, the driver coordinate system has been defined to add
the flexibility of tracking the driver's head position inside of the vehicle and using that information
for adjusting the driver's view. The parameters that define the transformation from the global
coordinate system to the driver coordinate system, are, the instantaneous position and orientation
of the vehicle (and hence the driver).

Global Coordinate System
zg

Rot Xg, 90
Rot Yg, yaw
Translation

Driver Coordinate System

id

xg

Windshield (world) Coordinate System
zw

I

Windshield (car) Coordinate System
Perspective Transf.
Cropping

Screen Coordinate System

Owi

-

,
1,

Ywi

Scaling

Figure 4.3: Geometric Transformations
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There is one more intermediate coordinate system, before the view becomes final in the "Screen
Coordinate Systemn. This intermediate system is a 2-Dimensional, reduced version of the
windshield (world) coordinate system. It is called the "Windshield (car) Coordinate Systemn. The
transformation function from the windshield (world) to the windshield (car) coordinate systems is
a perspective transformation (3-D to 2-D camera type transformation) followed by a cropping
operation, used to reduce the size of the image. From this point on, we have to deal with only X,

Y (image) coordinates.

The windshield coordinate system is based on the logical analog of having the windshield as some
form of a screen upon which an image containing all the necessary visual information about the
road is projected. The image would then have the same coordinate system as has been assigned to
the windshield, i.e. the origin being at the top left comer, the Y axis pointing vertically down, and
the X axis pointing horizontally to the right.

The final system is the "Screen Coordinate Systemn,which is similarly oriented and positioned as
the "Windshield (car) Coordinate Systemn, and the transformation between the two is a scaling
function that appropriately scales the image to be displayed on the electronic viewing screen (of
the computer, or any other viewing device such as a Heads-Up-Display).

4.5 Results
The prototype DAD is presented in Figure 4.4. It is important to note that the actual display is in
color while this document is printed in black and white. Also, this display is a prototype and is
intended to demonstrate the feasibility of the working technology as well as to investigate what
softwarelhardware is capable of handling this type of application. Developing the correct viewing
angleldisplay perspective was not part of the objective of this project. This is being done as part
of a different project entitled "Improving Visibility - Heads Up Displays based on Location
Sensing" presently underway.

The main window of the DAD consists of five major parts. The buttons will provide us the ability
to switch the display into various modes (simulation, real-time, etc.). The buttons have not been
programmed in this prototype and are located for illustrative purposes only.

Figure 4.4: The DAD display

The top of the display shows data collected from on-board sensors. This display is currently
being driven from data that has been collected and stored on the hard drive, but a switch over to
real time presentation of sensor data is possible. The first two columns of data are the X and Y

state plane coordinates (ft) collected from a GPS receiver. The third column is the yaw angle (in
radians measured from north) provided by the gyro. The last column of displayed data is the
speed of the host vehicle.

The remaining three windows of the DAD are drawings of the instantaneous road scene from
three different perspectives. The top center window with the large circle (red in the color display)
is the front view from the driver's perspective. The red circle is a target vehicle which will be
discuss further in the following paragraphs. Notice the road signs with numbers on them We use
these to calibrate and debug the prototype display.

The window just below the front view is the rear view, as seen from the driver's head location
(driver's coordinate system).

This is a 'mirrored' view of the back of the host vehicle. Notice

that the road signs are not inverted in the rear view as one would expect. It is as if the back of the
sign was painted with the backwards number. Again, the road signs are useful as a visual
debugging tool and displaying the numbers in a readable format is used for simplicity.

The final window is a bird's eye view of the road scene. The whole MnIROAD low volume test
track is shown and the host vehicle is represented by a triangle (green) while the target vehicle is
represented by a circle (red). Notice that the target is directly in front of the host vehicle which
matches what is presented in the front view.
In the next three figures (Figure 4.5 - Figure 4.7) we show what happens when the radar is
mounted in the front center of the target vehicle and a target is detected at three different ranges.

-

The radar in this display is simulated, but can be switched to accept a real time data stream sent by
real radar hardware. Notice that the target, drawn as a red circle, grows in area as it decreases in
range from the host. This provides an intuitive visual cue to the driver as to how far away a
detected target is located. This needs to be calibrated based on normal viewing conditions from
the vehicle.

Figure 4.5: The front view with target at a long range

Figure 4.6: The front view with target at medium range
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Figure 4.7: The front view with target at close range

The DAD was designed to work with the EVT-200 radar which the previous chapters have
documented in detail. One characteristic about this sensor that is important to the operation of
the display is that it does not provide information on where within the radar beam's cone angle
field of view the target is located. This ambiguity forces us to make the assumption that the
target is directly in the center of the radar's line of sight. This assumption is not very good at
long ranges, but improves as the range decreases. In fact, using a typical lane width of 12 ft, an
azimuth cone angle of four degrees, and the maximum specified range of 350 ft, the radar beam
covers the width of a highway lane at a range of about 172 ft. This is why the previous figures
showed the target in the center of the lane when the radar was mounted on the front center of the
target vehicle.

We moved the simulated radar to the far right front of the host (orientation is straight ahead, yaw
and pitch angles are zero) to show what happens when it detects a target. As with the previous
mounting location, we assume that the target is in the direct center of the radar's line of sight.
This is shown in Figure 4.8.

Figure 4.8: The radar mounted on the right front of the host

The radar may be mounted in the back of a host vehicle to detect moving targets approaching
from its rear. To demonstrate this scenario, we moved the simulated radar to the back rear of the
host. As can be seen (Figure 4.9), the DAD successfully displayed the target vehicle on the right
side of the road in the rear view window (the background shade for the rear view mirror is
intentionally set to a different level than the forward looking display).

Figure 4.9: Rear view with radar mounted on back right of host

Chapter 5
5. Conclusions and Recommendations
In this chapter, we summarize the results of this phase of the radar evaluation.

Particular

attention is paid to the effect these results have on potential snow plow applications. We then
offer opinions and suggestions on what issues need to be addressed before actual implementation
of radar on snow plows can become a reality.

5.1 Results of Radar Experiments
The EVT-200 is able to consistently detect a target vehicle under a variety of circumstances. In
particular, the radar is relatively insensitive to orientation deviations that are caused by uncertainty
in mounting. Furthermore, the ability to detect vehicles in the far edges of its field of view makes
this sensor very robust. It also seems to perform well under light and moderate snow conditions,
although due to limited snow events in the winter of 1997198 we were unable to collect much
data. We present the particulars of the experimental results in the following two sub-sections.

5.1.1 Fair Weather Results
In order to assess the robustness of this sensor, we designed a set of experiments to simulate
different driving scenarios and manipulated the orientation and location of the radar.

The

isolation of parameters allowed us to better understand how the radar is affected by each
individual parameter. This information can then be used to determine the optimal mounting
orientation and location aboard a snow plow.

The radar detects and measures the range and the time derivative of range to vehicles within its
field of view using the Doppler effect. Hence, it was logical to test the sensor for a variety of
relative velocities between the host and target. The results were as one would expect, namely,
that the radar is able to detect vehicles at longer ranges and with more accuracy and robustness at
higher relative speeds. This result is favorable due to the inherent danger of a fast moving vehicle

approaching a slower/stopped vehicle. Snow plows have a particular problem with running into
an abandoned vehicle which may be buried in the snow. Collisions of this type are particularly
dangerous because the high speed ddferential between the two vehicles can produces collisions
leading to severe injuries or fatalities. The radar performs best during this type of scenario.

The opposite is true with low relative velocities between vehicles. It was discovered that at low
relative speed, the radar was less effective. During the five mph experiment, the range signal was
noisy at long distances but improved at closer ranges. The range rate signal became unpredictable
at very slow speeds. This behavior may not be as critical because collisions at low relative speed
are likely to produce less material damage and injuries to the occupants of the vehicles. It would
however be useful to evaluate radar units capable of better performance at low relative velocities,
if these radar still exhibit good performance at higher relative velocities.

The desired location and orientation of the radar mount should allow the radar to point towards
the region where detection is most desired. What is not as obvious is how practical mounting
inaccuracies and uncertainties affect the sensor's ability to consistently detect vehicles in the
region of interest. To that end, we carefully adjusted and measured the yaw and pitch angle at
which the radar was pointing. We conclude that the radar performs well even with moderate
deviations in the mounting orientation.

Yaw deviations of two degrees produced little

deterioration of the radar signal. A two degree yaw deviation is noticeable to the eye, hence; we
believe practical mounting tolerances less than two degrees are achievable.

The pitch results were as expected. An upward pitch causes the radar beam to miss the target at
longer ranges. Even with a very noticeable upward pitch of six degrees, the radar still detected
the target vehicle at over 200 ft. It should be noted that the MnIROAD low volume test track has
no overhead obstructions (i.e. overpasses and road signs). Upward pitch orientations on typical
highways would almost certainly cause the radar to detect overpasses and road signs that are
common on most roadways.

Therefore, an upward pitch is not desired and should not be

considered for orientation implementation decisions.

A downward pitch caused the same behavior as an upward pitch. Large downward pitches
caused the target vehicle to be detected at lower ranges. Furthermore, very large range readings
sporadically occurred with large downward pitch angles. These large range values were rare and
can be simply filtered out.

The large blade in front of a snow plow may require an unavoidable downward orientation
because the radar must be placed at a high elevation in order to 'see' over the blade. We were
unable to test this situation directly, but preliminary experiments showed that the radar did not
detect the road because the radar signal was forward scattered. The fact that the radar detected
the target vehicle at lower ranges with larger negative pitch angles stemmed from the fact that the
target was not within the sensor's field of view (cone). More testing may need to be done if the
radar must be mounted at a high elevation on the snow plow, but the results of the negative pitch
experiments suggest that if the target is in the radar's field of view, the radar will detect the target
and not the road surface.

It may not be possible to point the radar directly at the detection area of interest due to the large
blade located in the front of the snow plow. We performed an experiment in which the radar was
moved from the center to the extreme right (lateral) side of the target vehicle. The results show
that the radar was able to detect a target vehicle located in the same lane in both (FC and FR)
mounting positions. The range signal was less consistent when mounted on the far right side, but
the effect of lateral offsets is small.

The radar was also mounted in the rear of the target vehicle to determine whether it detects an
object with a positive relative speed (traveling away from it). It did so. Since a vehicle moving
away from the target poses little threat compared to one traveling towards it, we did not pursue
this scenario further. It was investigated in the interest of thoroughness.

The blade scraping along the surface of the road creates an intense vibratory environment. To
explore whether the radar's performance is affected by vibration, we performed an experiment in
which the host vehicles engine was turned off (no vibration). The experiment was repeated with

the truck engine running to induce normal engine vibrations upon the EVT-200. The static
experiment showed that the radar detected a stationary target vehicle when the engine was on
(vibration) but not when the engine was off (no vibration). The vibration caused the sensor to
detect a target when no relative velocity between the host and target existed. We then drove the
target vehicle toward the stationary host. With the engine off, the radar (mounted on the host)
readily detected the target vehicle from over 500 ft all the way until it stopped just a few feet in
front of the host. The vibration experiment produced a different result. The radar produced
range readings that 'wandered' around 100 ft until the target was within this range. Only then did
the radar switch to tracking the target. The range rate reading during this experiment provided
further evidence that the radar was locked onto the vibration because the range rate to target was
constant at 1 ftls until the target approached within 100 ft. The range rate reading then switched
to the closing speed of the target vehicle.

We discussed these results with Eaton VORAD. They stated that they have noticed this type of
behavior and have fxed it by replacing a faulty capacitor. They claim that newer units do not
have this behavior. Returning the radar unit to Eaton VORAD for a new unit did not correct this
behavior. In fact, the new antenna was more noisy than the original. For that reason, we
exchanged the new antennae for the original one that we had used for all our experiments. Future
testing must be conducted to validate that vibrations no longer affect the performance of the
EVT-200.

5.1.2 Simulation Results
The geometric computer simulation validated some of the conclusions obtained from the fair
weather experiments and provided further insight into the EVT-200's performance.

The

simulation showed that the expected range values decrease linearly with time when the host is
traveling at a constant speed. The fact that the low speed experimental range plots showed large
variation (high frequency noise component) while the high speed experimental data was more
linear further validates our conclusion that the sensor performs better at a higher speed
differential.

A quantification of sensor accuracy is difficult to obtain because we do not know exactly where

on the target vehicle a radar reflection occurs. However, the simulation provides a 'reasonable'
expectation of the range value measured from a vertical plane aligned along the front bumper.
The uncertainty is less than the vehicle longitudinal length. This bounded uncertainty cannot be
blamed for the fact that the radar's range became increasingly divergent ,from the simulated data
as the range increases. We conclude that the range measurements becomes more accurate at
closer ranges.

This conclusion doesn't affect the application of this sensor on snow plows because at farther
ranges a reduced accuracy is more tolerable. The snow plow driver has more time to react at long
preview distances. Furthermore, collision avoidance algorithms are much less sensitive when the
target vehicle is far away. Any inaccuracies in the range measurement have a small effect on the
driving trajectory because the corrective signal is small. Moreover, we found that the radar
understated the range at long distances during same lane experiments which produces a
conservative measurement.

The accuracy of the radar signal improves at high relative speed differentials. This effect was
noticed during the speed experiments and was validated with the comparison between the
experimental and simulated ranges at different speeds.

5.1.3 Snowfall Results
The EVT-200 was able to detect a target vehicle through moderate and light snow under the
maximum specified range of 350 ft. Over 350 ft, the radar unit had dfiiculty detecting the target.
Due to the unusually warm winter of 1998, we were unable to test the radar in a severe snow
storm.

We also observed that the unit may be sensitive to temperature. It did not perform as well in cold
temperatures as it did in warm temperatures. The data taken in cold weather was noisy and had

large 'jumps' in range while the data collected in the summer and fall had less noise and a smooth
range profile. To determine whether the unit was malfunctioning, we repeated some of the
experiments in the summer of 1998, after the snowfall experiments. The data was very simrlar to
the one collected in the summerlfall of 1997. Since no other parameter was altered except the
time of year (temperature) of.the experiments, it is likely that radar is sensitive to temperature.

5.1.4 Optech Sentinel 100 Results
Our experimentation with this sensor was limited due to technical difficulties. The laser range
finder and the weatherproof enclosure each malfunctioned just before and during the snowfall
experiments, respectfully. The data we did collect was encouraging. The sensor was able to
detect the target vehicle at 170 ft and 'smoothly' tracked it for the duration of the experiment.
The maximum range of this sensor is stated to be 820 ft. This maximum range is for a reflective
surface that is normal to the beam of light. A car is contoured and may reflect much of the laser
energy away from the sensor if the beam strikes a non-normal surface. More experiments in
which the height and pitch of the. sensor are varied is needed to further assess the suitability of the
Optech Sentinal 100 for automotive applications.

5.2 Issues that Need to be Addressed
We were limited in the amount of driving scenarios in which we could evaluate the radar due to
time constraints and the configuration of the Mn/ROAD test track. Other issues presented by
normal highway environments should be considered. In this subsection, we discuss some of these
issues as well as issues presented by the mounting constraints of a snow plow. We then present
some possible solutions as well as recommend future experiments.

5.2.1 Noise From Reflectors other than Vehicles
The Mn/ROAD test track is unlike ordinary highways in that it has no road signs, overheads or
guardrails. These obstacles may provide good reflective surfaces that cause the radar to detect
them. Since the EVT-200 is a one-dimensional sensor, it is impossible to discern where the actual

reflection took place within the field of view (i.e. no azimuth to the obstacle is determined within
the radar's field of view or cone angle). Experiments on real highways should be performed to
determine whether this is indeed a problem.

The experiments performed during this past year took place on the straight portion of the
Mn/ROAD test track. Highways have curved sections that often contain guardrails that provide a
possible source of reflection. Since the radar detects objects directly in front of the direction of
travel of the host vehicle, its path will be oriented tangentially to the vehicle's path during the
navigation of curves. During such conditions, the radar will be covering areas not directly in its
path causing it to detect objects that are probably not a threat to the driver. Filtering algorithms
have been developed that incorporate steering angle to limit the maximum range during such
maneuvers. However, this can severely reduce the radar performance during curve negotiation.

Another variable that needs to be investigated is the effect of the large pitch caused by a steep hill.
Imagine a vehicle, equipped with forward looking radar, descending a steep hill. Under such
circumstances, the radar may be oriented such that it directly points towards a section of
pavement. The radar may then receive reflections off the road, i.e. a false alarm.

5.2.2 Mounting on a Snow Plow
Mounting a radar unit on a snow plow presents interesting challenges inherent in the location of a
large movable blade directly in front (and on the side for snow plows that have wings) of the
vehicle (Figure 5.1). The blade is in a position that blocks the field of view of a radar mounted in
the most ideal position: where the license plate resides. Thus, it may be necessary to mount the
radar at a height where the radar can 'iook' over the blade in both of its positions (up and down).
This will most certainly introduce a large negative pitch angle so that the radar will have a field of
view coincident with the desired target detection area. The height of the blade is often the same
as that of a typical passenger vehicle. Our results indicated that the radar signal is forward
scattered away (i.e. it does not register a return) for a pitch up to six degrees downward. It
should be noted that the radar was mounted at a height of 25.5 inches above the pavement.

Higher elevations and more extreme pitch angles cause the angle between the radar's line of sight
and the pavement to become large, which may cause backward scattering of the electro-magnetic
wave. This scenario needs to be investigated further.

Figure 5.1 : Snow plow with hoisted wing

Locating the radar at large vertical distances from the road introduce a new problem. The
distance at which target vehicles can be detected is greatly reduced due to the large pitch angle.
Pointing the radar downward causes the signal to eventually reflect off the pavement and
introduces an unwanted limit to the maximum range of detection.

Of coarse, this can be

eliminated by reducing the pitch angle but that will create a blind spot in coverage. Vehicles in
this region are undetectable. This is certainly an undesirable situation.

We discovered during the vibration experiments that the EVT-200 is sensitive to vibrations
caused by the engine. Snow plows have an additional vibratory component caused by the contact

between the blade and the pavement. Eaton VORAD has claimed to have solved the vibration
sensitivity problem for the EVT-200, though experiments should be performed to confirm this.
Also, it should be determined if the harsher vibratory conditions of a snow plow cause any
performance degradation.

5.3 Recommendations
5.3.1 Radar
Recent developments in radar technology have introduced an azimuth angle to the radar's
measurement capability. The added dimension presented by the azimuth angle information means
that we can now obtain information about where the reflecting target is located. This added
information provides many possibilities for filtering out unwanted targets. Road signs and guard
rails can be readily filtered. Furthermore, target vehicles in adjacent lanes can be discerned from
targets in the same lane as the host. This is very important for displaying information to the driver
of the snow plow.

Curved roads present less of problem because filtering can be dynamically linked with steering
angle to ignore objects on the side of the road. Little loss of preview distance occurs because
azimuth filtering does not reduce the maximum usable range of the sensor. Recent sensors have
also increased the azimuth field of view to cover more of the road scene.

Under such

circumstances, only a very tight radius would reduce the maximum usable detection range.

Eaton VORAD is introducing a new radar unit (the EVT-300 due out in the summer, 1998)
which has an azimuth or heading angle associated with the obstacle detection. We suggest
acquisition and testing of this sensor so that we will be able to employ all of the benefits that a
two dimensional sensor provides.

Mounting issues caused by the unique snow plow geometry need to be tested. We recommend
that the next step include mounting the newer radar unit on an actual snow plow. Experiments
can be performed to determine the best mounting location and orientation. It may also be

necessary to have more than one radar unit in order to provide coverage across all the regions of
interest. Further analysis would he needed in order to determine where the most critical areas are
located around a snow plow.

5.3.2 Driver Assistive Display
The prototype display of the radar detected obstacles demonstrated that it was possible to
integrate obstacle position on a moving display of the road.

A parallel study is presently

evaluating a heads up display integrated with a high accuracy GPS based vehicle tracking system.
The sensitivity of the system to the driver's eye location and gaze is being evaluated. Once
completed, it will he possible to directly integrate obstacle locations (as determined by radar or
through other means) within this same field of view, similar in concept to the prototype developed
in this study.
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Appendix A
Vaisala PWD-11 Weather Sensor Evaluation

A.l Vaisala PWD-11 Weather Sensor Evaluation
Accurate characterization of weather conditions is important for correctly documenting the
relationship between the performance of the radar and weather conditions. The Vaisala Present
Weather Detector PWDll is used to document the weather conditions during the radar
experiments. Before the PWDll can be used, it was necessary to ensure that the detector was
calibrated and measuring the actual weather conditions accurately. The visibility measurements of
the PWD11 are compared to that of another Vaisala weather detector, namely the AWOS FD12P.
This appendix will discuss the comparison results of the visibility data of the two detectors and
the precipitation data of the PWDll versus the Universal Recording Rain Gage (URRG). This
section will also discuss the possible explanations for the discrepancies in the visibility data
measured by the PWD11 and the FD12P detectors.

A.l.l Principle of operation of the PWDll
The PWD11, Present Weather Detector (Figure A.l) is a microprocessor controlled sensor that
combines optical forward scatter measurement, temperature sensing and capacitive precipitation
measurement to measure Meteorological Optical Range (MOR), weather type, intensity and
amount of both liquid and solid precipitation. The sensor has a stated visibility measurement
accuracy of +I- 20%.

Visibility (MOR) is determined by measuring the intensity of near infra-red light scattered at an
angle of 45'.

The received signals are first classified by frequency to get a signal distribution.

Using a propriety algorithm, a part of the distribution is selected for signal average calculation.
The difference between the signal average and offset average in Hertz is calculated and used as a
parameter to a calibrated transfer function. The transfer function converts the frequency into
visibility (MOR).

The exact form of the transfer function is defined using an accurate

transmissometer (Vaisala MITRAS) as a reference [27].

The rain detector sub-sensor of the PWDl loutputs a signal proportional to the amount of water
on the sensor plate. The presence of water changes the capacitance of the plate which in turn
changes the output frequency of the oscillator which is measured by the onboard microprocessor.
Intensity of scatter signals measured by the optical sensor is proportional to the volume of the
precipitation droplets. In rain the volume measured by the optical sensor and the rain detector are
the same. But in snow the optical sensor estimates a volume about 10 times larger than that of
the rain detector and this difference is used to distinguished between snow and rain.

Figure A. 1: Vaisala PWD- 11

A.1.2 The experiments
The experiments were conducted at three different locations. The first two experiments compared
the visibility data between the PWDl 1 and two different FD 12P sensors located at the Cambridge

-

Municipal and Anoka county airports. The third experiment compared precipitation between the
PWDll and a Universal Recording Rain Gage (CTRRG) and took place at the Chanhassen
National Weather Station. Both FD12P detectors were calibrated by the airport technical staff on
a regular basis. Similarly the PWD 11 was calibrated before being used in the experiments.

The experimental layout at these airports is illustrated in Figure A.2 and Figure A.3. One of the
objectives of the experiment layout is to setup the PWDll as close as possible to the FD12P
while not interfering with each other. For both the experiments at the Cambridge and Anoka
q o r t s , the distance between the PWDll and FD12P detectors is relatively large due to
requirement that we stay close to an AC outlet (to power the PWDl 1 and other equipment) and
limited access to the FD12P area, located adjacent to the q o r t tarmac.

For each experiment, the PWDl 1 collected data in parallel with the FD12P over a week long
period. Since the FD12P is in use by the airports, it collects data at all times. At the beginning of
each experiment, the time corresponding to the first data sample collected by the PWDl 1 and its
data sampling rate were recorded for synchronizing weather recordings during post experiment
data analysis. Furthermore, only data that covered a precipitation event was analyzed. Due to
technical reasons, the precipitation data at Cambridge and Anoka airports was not obtained from
the FD12P but from a tipping-bucket. The tipping-buckets were located within a few feet of the
FD12P (more discussion on tipping-bucket sensors will follow). The FD12P sensors thus only
provided visibility data.
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Figure A.2: Experiment layout at the Cambridge airport (not to scale)
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Figure A.3: Experiment layout at the Anoka airport (not to scale)

A.1.3 The data
Analysis shows that the visibility data measured by the PWD 11 and the FD 12P were significantly
different for both experiments, especially at the Cambridge airport. The visibility measurements
by the PWD 11 and FD 12P at the Cambridge and Anoka airports are shown in Figure A.4 and
Figure A.5. The difference in visibility data at both airports is greater than 40% of the maximum
acceptable tolerance quoted in the Vaisala operation manual [27]. It is worthy to note that the
visibility data for the two detectors at the Anoka airport have similar trends but with a constant
offset 'between them. Furthermore, the visibility data from the Anoka airport experiment has a
lower offset than the data from the Cambridge airport experiment.
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Figure A.5: Visibility comparison at the Anoka County Au-port

The PWDll produces weather codes which describe the type of weather conditions that were
present at the time of measurement. A comparison of the weather code with the FD12P weather
sensor at the Cambridge airport is shown in Figure A.6. The two sensors had good agreement on
the present weather conditions.

The tipping bucket proved to be an inadequate sensor for comparing the cumulative precipitation
with the PWDll as demonstrated in Figure A.7. The tipping-bucket was designed to measure
heavy precipitation events and did not measure any precipitation during the experiment.

The Universal Recording Rain Gauge URRG located in Chanhassen had the resolution necessary
to measure the water accumulation during an experiment with the PWD11. Results in Figure A.8
show that the two sensors were not at all close in measuring the cumulative precipitation.

Snow Intensity Comparision Between FD12P and PWD11 at
Cambridge Municipal Airport

Time (540pm -1200am of 11.1 3.97)
Both series have lsamplel20mln
Seriesl-PWM 1, Serie2-FCH2P

Figure A.6: Weather code comparison at the Cambridge Municipal A q o r t

Accumulative Precipitation Comparision Between PWD11 and a
Tipping Bucket at Cambridge Airport

Time (540pm -1200am of 11.13.97)
Both series have lsampie/2Omin
(Notice that the tipping bucket registers no precipitation over the perlod)

Figure A.7: Cumulative precipitation at the Cambridge Municipal A q o r t

O n e D a y Cumulative Precipitation C o m parision for
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Figure A.8: Cumulative precipitation at the Chanhassen weather service

A.1.4 Analysis
The reasons behind the large difference in visibility data between the two detectors is unclear,
though a few experimental and sensor design issues may have affected the results. First, it is
possible that the one or both of the detectors are not correctly calibrated or are malfunctioning.
Contradicting this possibility, the airport technical staff c o n b d that both FD12P detectors that
were being used in the experiment were calibrated on regular basis according to the
manufacturer's recommendation and were functioning properly.

The PWDll not only was

calibrated in the factory, but again by us, using the user's guide and the calibration kit before any
experiment was carried out. Furthermore, the PWDl 1 has a self diagnostic program which
produces messages when system malfunctions occur. For these reasons, it would be u&ely

that

calibration or malfunction caused the visibility discrepancies.

The data produced by the PWDll such as visibility, precipitation accumulation and weather
descriptions were consistent with the observed weather conditions. For example, as precipitation

occurred, visibility started to decrease. The question of integrity for both instruments is difficult
to assess by just looking at the data produced by the instrument alone.

One pertinent fact that should be mentioned is that the two sensors were designed for two
different purposes. The FD12P was designed for use at airports with maximum visible range
measured up to 10 miles (16,090 m). These produce visibility resolution of '/4 of a mile (400 m).
It's resolution is 1:40. The PWDll was designed for monitoring road weather conditions and as
such has a much smaller range, 1% mile (2000 m) and a visibility resolution of 1 meter [28]. It's
resolution is 1:2000. Thus the resolution of the PWD 11 is considerably finer even though its
visibility range is more limited. The differences in the two detectors' design and specification may
have had a bearing on why the visibility data measured by the two detectors at Anoka airport has
a very similar trend but a considerable constant offset between them. The difference in their basic
design and function may have contributed to the discrepancies between their visibility data.
However, this factor alone can not have accounted for the large difference in visible range
measured by the two detectors. Another factor which adds to some uncertainty in the FD12P
data is that the visibility data was rounded by the airport staff to fit the airport usage standard.
This may have affected the accuracy of our comparison between the two detectors, but again
cannot explain the large difference.

Factors in the experimental design may also have played a role in contributing to the visibility
discrepancies. Tabler [29] shows that the visual range has a strong relationship with wind speed
as described by the equation V = AU-*,where V is the visual range in meter, A is a coefficient in
the range of 1 x 1 0 ~m s-' to 2 x 1 0 ~m s-' depending on the snow availability and B has a value
around five. Wind speed can greatly vary over moderate distances especially if there is a large
object such as building or tree in the area. The distance between the two detectors at Cambridge
ah-port was relatively large and there were buildings located between them. This can greatly
affect the visual range seen by the two detectors. Beside wind speed, visibility also depends on
the particle diameter, particle frequency and the number of particles passing through a unit area
per second normal to the wind direction. Both particle diameter and frequency is an exponential

function of height and wind speed. The PWDl 1 collected data at a height approximately twice as
that of the FD12P.

According to Schmidt [30], the particle concentration is independent of wind direction. Hence
the orientation of the sensor is not important in calculating the visible range. The fact that the
two detectors measure visibility at different heights and were widely separated with large
structures between them can very well account for the large difference in the visible range
measurements.

Beside the disagreement in visibility range measured by the detectors, precipitation measurement
between the PWD11, the tipping bucket and the URRG also showed discrepancies. The URRG
and tipping buckets are mechanical devices. Both devices were designed for measuring large
quantity precipitation events as compared to the PWDll which was designed for road weather
monitoring and has a resolution for measuring mild precipitation events.

Both mechanical

precipitation sensors use the measured water in a bucket to measure the precipitation amount.
The URRG uses the weight of precipitation in the bucket to draw a corresponding precipitation
graph as a function of time. For the period of time we performed the experiments, the PWDll
registered precipitation while the tipping bucket showed no precipitation accumulation. This was
obvious in Figure A.7. The AWOS personnel c o n f m that the accuracy of the tipping bucket is
less than that of the PWDll and should not be used to compare to that of the PWD11. At one
point, the precipitation graph produced by the URRG showed a vertical jump equivalent to about
a tenth of an inch in zero time. This is a cause for suspicion. Since the electronic means for
detecting water intensity of the PWDll has a much greater resolution than the mechanical
URRG, the results of the precipitation experiment aren't conclusive. A comparable sensor should
be used in the future for comparison.

A. 1.5 Conclusion
The results of the Vaisala sensor evaluation were mixed. We felt that the results from the above
experiments were not sufficient to discount the readings provided by the PWDll sensor. The

I
I

visibility results were not conclusive and the precipitation results were ambiguous considering that
the PWDll had a much higher precision that the instruments with which we made the

i

comparison. The weather code however, agreed well with the sensors at both airports. We
solicited input from Vaisala as to the discrepancies in the results betweeIi the PWDll and the

I

I

AWOS FP12D. There was no response.
I

Given the situation we decided to use the Vaisala present weather detector in the radar

1

experiments because the weather code itself was able to fairly well describe the weather
conditions during the experiment. Furthermore, the offset in the visibility readings did not affect
the relative visibility readings. We will certainly know which experiment exhibited the least

I

visibility. Finally, we were dealing with a strict deadline and a finite window of possible snow

I

storm weather. We did not have the time or resources to perform the needed experiments to
produce more definitive conclusions and still perform the radar experiments.
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