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Executive Summary

Background

The Intelligent Vehicles Lab (IV Lab) at the University of Minnesota has been developing GPS-
based driver assistive technologies for more than 15 years. These Driver Assistive Systems
(DAS) can help drivers navigate through difficult weather and traffic conditions. The system has
been deployed in several locations in Minnesota and Alaska. Under U.S. DOT’s Urban
Partnership Agreement (UPA), 10 transit buses in the Twin Cities metro area were equipped with
DAS. Since these 10 buses are operated in an urban environment, an augmentation system was
developed to help DAS guide a vehicle during GPS outages when it travels under bridges,
overhead signs, etc. The augmentation system is based on a commercial-off-the-shelf 2D optical
velocity sensor used to measure vehicle velocities with respect to the ground. The results were
good and the augmentation system has been working for more than 2 years. However, each
optical velocity sensor costs around $20,000. The goal of this proof-of-concept research is to
develop an inexpensive alternative sensor that can eventually be used in the augmentation system
to guide a vehicle when GPS signals are not available.

Objectives

The main objective of this study is to develop an inexpensive 2D velocity sensor for GPS
augmentation applications. The sensor should be able to measure vehicle velocities with respect
to the ground consistently and reliably.

Key Findings

Several different technologies were researched and an optical mouse sensor that can do image-
based motion estimation based on the theory of optical flow was selected as the alternative
inexpensive speed sensor. A sensor based on the Avago ADNS-3080 mouse sensor chip with
modified optics was constructed and evaluated both in the lab on a simulated moving roadway
and in the field on real roads.

The main results of the evaluations are listed as follows:

e ADNS-3080 mouse sensor can measure speed up to 48 MPH (21.5 m/sec) and angles
all around from 0° to 360°.

e Speed output of the ADNS-3080 mouse sensor was linearly proportional to the actual
speed measured. The coefficient of determination (R?) in the linear regression
analysis was close to 1 for both in-lab testing and on-road evaluation.

e There exist deadbands for the ADNS-3080 mouse sensor near the X (horizontal) and
Y (vertical) axes. To avoid deadbands, the sensor was physically rotated 45° in the
sensor box before mounting on a vehicle.

e Excluding deadbands, in-lab testing showed that the ADNS-3080 mouse sensor had a
mean angular measurement error of 1.245° with a standard deviation of 1.418° when
the resolution was configured to 400 cpi and the mouse sensor was placed at 9” (229
mm) above the “road” surface. The standard deviation decreased when the resolution



of the sensor was set at 1600 cpi. It had a mean angle error of 1.575° with a standard
deviation of 0.236°.

e Performance did improve when the ADNS-3080 mouse sensor was placed at 4 (102
mm) above the road surface. However, the sensor and/or the illumination lamp could
easily suffer damages if they were located too close to the ground in a real life
situation. Therefore, it was decided that the sensor should be mounted at 9” (229 mm)
above the ground on a vehicle in the field evaluation.

e Performance of ADNS-3080 mouse sensor in the field was not as consistent as
performance observed in the lab. In speed analysis, the coefficient of determination
(R?) was lower. In angle analysis, both the mean angle measurement error and
variance were larger.

The ADNS-3080 mouse sensor showed promising results that it has the potential to replace the
more expensive optical speed sensor currently used on UPA buses. However, more research is
needed to improve the performance of the sensor in the field on real roads.



Chapter 1. Introduction

1.1 Background

In urban and suburban environments, GPS outage is a common problem in GPS-based vehicle
guidance applications. A GPS outage can be attributed to driving in downtown through a series
of tall buildings, passing under bridges, overhead signs, etc. An outage can last from seconds to
minutes. In the U.S. DOT’s Urban Partnership Agreement (UPA) project, the Intelligent
Vehicles Lab (IV Lab) developed a vehicle-based GPS augmentation system (VBAS) to guide a
vehicle when GPS signals are lost. The VBAS system is based on a commercial-off-the-shelf 2-
D optical velocity sensor, Correvit S-350, to measure 2D ground velocities and heading angles.
The system demonstrated a less than 3.94” (10 cm) lateral positional error after a bus driving
under an overpass bridge [1].

1.2 Correvit S-350 Sensor

The Correvit S-350 Aqua sensor is manufactured by Corrsys Datron [2]. It is a 2-axis non-
contact optical velocity sensor. It measures velocity between the sensor and the road surface and
uses a halogen lamp to illuminate the roadway surface in the field of view of the sensor. Figure
1.1 shows a S-350 sensor and Table 1.1 shows the specifications of the sensor.

=
e

d

Figure 1.1 Correvit S-350 Aqua speed sensor.

1.3 Correvit Sensor Performance

The Correvit speed sensor has been in service on UPA buses since 2009. In-lab testing showed
that the sensor was accurate to within 0.1 m/sec (with a standard deviation of 0.164 m/sec) on
speed measurements [3]. On angle measurements, the sensor had a mean error of 0.747° (with a
standard deviation of 1.084°) [3]. The Correvit sensor is very durable and has had a zero failure
rate since 10 of them were installed and put in service on UPA buses in 2009.

1.4 Project Goal: Inexpensive 2-D Speed Sensor

The Correvit S-350 speed sensor can provide accurate measurements of vehicle velocities and
slip angles. However, each unit costs around $20,000. This study is aimed at developing a sensor
which is relatively inexpensive compared to the Correvit sensor and is still able to be used in the
VBAS system to measure vehicle velocities to augment GPS vehicle guidance in the event that
GPS signals are lost.



Table 1.1 Performance specifications of Correvit S-350 Aqua speed sensor.

Parameter Unit of measure value
Update Rate Hertz 250
Speed Range km/h 0.5 -250
Distance Resolution mm 2.47
Distance Measurement Accuracy % <+/-0.2
Velocity Resolution m/s 0.6175
Velocity Measurement Accuracy % <+/-0.2
Angle Range Degrees +/- 40
Angle Resolution Degrees <+/-0.1
Angle Measurement Accuracy Degrees <+4/-0.2
Working range mm 350 +/- 100

1.5 Literature Review

Inertial navigation system has been used in aircraft, guided missiles, and spacecraft for decades
[4]. Recent developments on inertial measurement units (IMUs) allow IMUs to be integrated into
GPS-based vehicle guidance systems. IMUs allow the guidance system continue to function
when GPS signals are not available. In a vehicle guidance system, IMUs measure accelerations
and rotational rates. Using initial conditions, equations of motion are integrated to produce
estimates of vehicle position, velocity, and orientation.

IMU suffers from integration drift associated with the bias from accelerometers and rotational
rate sensors. The small bias error in acceleration can soon be compound into a large positional
error, resulting in an “out of lane” condition within several seconds.

Image based motion detection based on the theory of optical flow has been developed since
1940s [5]. It is used by robotics researchers to do object detection and tracking. By comparing a
sequence of ordered images, one can compute motion (i.e., displacement and velocity) of an
object in the image frames.

Figure 1.2 shows an object moving toward bottom right (in the field of view) in two consecutive
image frames from time t to t+A4t. By comparing sequence of images, motion detection
algorithms can determine the direction that the object is moving between adjacent frames and
compute vectors describing that relative motion [6].

Image i+1

-n-..

(x+AX, y+Ay)

t t+AL

Figure 1.2 Motion of an object from time t to t+A4t in consecutive images.

Since 1980s, this technique has been applied to input pointing devices (i.e., computer mice) for
computers [7]. Today, an optical mouse is capable of capturing thousands of successive images



per second. By comparing overlapping parts of sequential images, an optical mouse can calculate
relative movement with corresponding Ax and Ay values. These values are stored in registers and
are accessible by a host computer or microcontroller to translate the movement of an optical
mouse to the movement of cursor on the computer screen.

The use of optical mouse sensor as a low-cost 2D velocity sensor has been mentioned in several
studies. In [8], an optical mouse sensor was used to estimate the motion of a robot in a rough
terrain environment under low speed (< 0.62 ft/sec or 0.19 m/sec). In [9], the sensor was used as
a speedometer on a skateboard. The results showed that the sensor can measure speed up to 20
MPH (8.9 m/sec) with an error up to 10% of the measured speed. In [10], two optical mouse
sensors were used to measure the velocity and yaw rate of a moving vehicle. Their results
showed non-linearity in velocity measurement and about 6°/sec of error in yaw rate measurement
in experimental runs. In [11], an optical mouse sensor was fitted to do positional control of a
flying model helicopter. Since the camera lens used in an optical mouse sensor is designed to
focus on the surface only few millimeters below the sensor, the optical imaging system needs to
be modified with a different lens for each application in order to create focused images on the
Sensor.

1.6 Selection of Optical Mouse Sensor

Several different factors need to be considered before selecting an optical mouse sensor for this
study. These factors include frame rate, image size, resolution, and cost.

Frame Rate

The frame rate is the number of images that an optical mouse sensor can take per second. For a
given image sensor, one with a higher frame rate indicates its ability to detect a small movement,
therefore, capable of tracking at higher speeds. An optical mouse sensor usually has a
programmable frame rate between 500 frames per second (fps) to more than 6400 fps.

Image Size

A typical optical mouse sensor uses an imaging sensor with 18x18 pixels. A high performance
mouse sensor has a 30x30 pixel imaging sensor. If two sensors are configured to run at the same
frame rate, the 30x30 pixel sensor is capable of providing a larger image and be able to track at a
higher speed than the 18x18 pixel sensor.

Resolution

Resolution of an optical mouse sensor indicates the level of surface details that can be captured
by the sensor. Mice used for office applications usually have a lower resolution of 400 counts per
inch (cpi). A higher resolution of 1600 cpi is usually desired in applications where measurements
of fast and accurate movements are required (i.e., gaming applications). In this study, it was
found that a more sensitive sensor (at 1600 cpi) would be helpful to detect more detailed surface
texture especially when the distance between the sensor and the road surface was increased.



Cost

As optical mice became popular and mainstream, the cost of sensor chips decreased. A raw
sensor chip can be ordered from an internet retail store for less than $5 [12]. An integrated
optical mouse sensor breakout board with a camera lens mount and communication interface can
be purchased for $40 [13]. To speed up the development process and prevent circuit design
errors, integrated optical mouse sensor breakout boards were used in this study.

Avago Technologies provides the most comprehensive array of optical mouse sensors. Table 1.2
compares features of several such sensors [14]. From the list, it was determined that ADNS-
3080, a high performance gaming mouse sensor that is capable of accurately tracking fast
motion, would be used in this study.

Table 1.2 Comparison of optical mouse sensors.

Sensor ADNS-2610 ADNS-2051 ADNS-3080
Feature Units Entry level Mid range High performance
Image size pixels 18x18 18x18 30x30

Frame rate fps 1500 500 ~ 2300 500 ~ 6469
Resolution cpi 400 400/800 400/1600

1.7 Optical Property

The integrated ADNS-3080 breakout board comes with a M12x0.5 pitch lens mount. The system
can be paired with different focal length of lenses if desired. To achieve a clear and focused

image, the following equation is used to calculate the required focal length f of a lens (Figure
1.3):

1_1+1
fn n

object
o
@
>
Image of object

- rl r2

Figure 1.3 Optical property of lens.



However, in reality, M12 lenses can only be purchased with certain stock sizes of focal lengths.
Furthermore, since the sensor is going to be used as a 2D speed sensor on a moving vehicle, Iy
should not be less than 9” (229 mm) from the road surface (to prevent the sensor from hitting the
ground). The above equation can be used as a guideline to adjust and fine-tune the distance
between the lens and the ADNS-3080 sensor (I2). More details will be discussed in Chapter 2,
including image sizes of different lenses and effects of speeds on overlaps of consecutive image
frames.

In this study, several lenses with different focal lengths were tested. Distances between the lens
and the road surface were also varied in lab testing to compare results and test the sensitivity of
the ADNS-3080 sensor. More detailed are discussed in Chapter 2.






Chapter 2. In-Lab Evaluation of ADNS-3080 Sensor

2.1 ADNS-3080 Mouse Sensor

The Avago ADNS-3080 was selected as the mouse sensor to be evaluated. Key features of the
sensor include:

Large image size of 30 x 30 pixels;

Programmable frame rate from 500 to 6469 frames per second (fps);

Either self-adjusting or manual frame rate and shutter speed;

Burst mode for fast data transfer;

Adjustable resolution either 400 or 1600 cpi;

Four-wire Serial Peripheral Interface Bus (SPI) port for data communication.

According to the specification sheet, additional circuits including resonator, voltage regulator
and power control need to be implemented for the ADNS-3080 chip to function. To speed up the
development process, an integrated ADNS-3080 breakout board (Figure 2.1) was purchased
from the DIY Drone store [13].

Figure 2.1 Integrated ADNS-3080 breakout board (dimensions: 33x25 mm).

The integrated ADNS-3080 board has all the necessary circuits and can be interfaced directly
with a microcontroller. The breakout board also includes a M12x0.5 lens mount and the lens can
be easily changed if required.

2.2 mbed Microcontroller

The mbed NXP LPC1768 microcontroller (Figure 2.2) is a single board microcontroller. It is
based on an ARM Cortex M3 processor and runs at 96 MHz. The microcontroller has 512 KB of
flash, 32 KB of RAM, and analog and digital input/output ports. It also has several
communication interfaces including Ethernet, USB, CAN, SPI, and I’C.

An on-line compiler is used to generate program binaries. A C/C++ SDK is available to allow
high-level programming of peripherals. Once a program binary is generated, the built-in USB
drag ‘n’ drop interface is used to upload the binary code to the microcontroller. Figure 2.3
shows a NXP LPC1768 microcontroller on a baseboard interfaced with an integrated ADNS-
3080 breakout board.
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Figure 2.3 mbed NXP LPC1768 microcontroller interfaced with an ADNS-3080 sensor
board.

In this project, the mbed microcontroller is used as a conduit between the host computer and the
ADNS-3080 sensor. It has direct access to all data registers on the ADNS-3080 sensor. The
microcontroller initializes, configures and reads motion data from registers on the ADNS-3080
sensor and then send data out to a host computer via Ethernet. The mbed microcontroller board
also provides power to the ADNS-3080 sensor.

Figure 2.4 shows a flowchart of the communication process. The ADNS-3080 sensor has an
internal buffer that can cache motion data internally. The mbed microcontroller is programmed
to read motion data from the ADNS-3080 sensor every 200 psec (i.e., 5000 Hz), and compute
and accumulate overall motion data in its memory. It then sends data to the host computer and
reset the memory for motion data every 10 msec (i.e., 100 Hz). Please note that the ADNS-3080
sensor does not have much internal memory buffer. Therefore, the microcontroller needs to read
data fast enough before the ADNS-3080 internal buffer overflows.

As a part of the communication protocol, the ADNS-3080 sensor also outputs surface quality
readings, which indicate the number of features that the sensor can pick up from the surface. A
high surface quality number (usually greater than 100) shows that the sensor can pick up large
number of surface details, which can enhance its ability to track reliably.
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Figure 2.4 Flowchart of communication between the microcontroller and the ADNS-3080
sensor.

2.3 Testbed

A testbed, which simulates a moving roadways, is used to evaluate the ADNS-3080 mouse sensor
in the lab. Figure 2.5 shows the setup. The testbed is based on a rock tumbler with a Baldor 74
horsepower DC motor. The motor is controlled by a Baldor BC-141 SIH controller board. The
controller has analog voltage input ports, which allows direct control of motor speed from a host
computer. The DC motor drives rotating shafts and two pulleys with a belt connecting between
the two pulleys. The pulleys have a diameter of 4.63” (117.5 mm) and the motor can spin up to
5000 rpm, thus providing a simulated roadway with speed up to 69 MPH (31 m/sec).

In an optical mouse, a light-emitting diode (LED) is used as a light source to illuminate the
surface underneath the mouse. The light source creates highlights and shadows on the surface to



allow the camera to pick up detailed surface texture. A Philips halogen light bulb with aluminum
reflector is used in the testbed as a light source (F in Figure 2.5). After adjustment, the mouse
sensor produces high surface quality readings, an indication that the sensor picks up large
numbers of features from the surface and tracks reliably.

Figure 2.5 ADNS-3080 sensor testbed (where A: DC motor, B: motor controller, C: moving
roadway, D: servo motor, E: ADNS-3080 sensor, F: illumination light source, G: magnetic
pickup speed sensor, H: optical encoder speed sensor).

The speed of the simulated roadway (i.e., belt) can be measured in two ways. The first method is
to use an embedded magnet in the front pulley and a magnetic pickup circuit (G in Figure 2.5).
When the roadway moves, the magnetic pickup would generate a voltage whenever the
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embedded magnet passes through. The time, T, between two rotations (i.e., two voltage pulses) is
measured by a microcontroller and the speed of the simulated roadway can be calculated using:

7D
SROAD = ?

where D is the diameter of the pulley (4.63”, or 117.5 mm).

The second method is to use an encoder connected to a rotating shaft (H in Figure 2.5). The
encoder is a US Digital H15 single-ended encoder with 360 counts per revolution. The speed of
the simulated roadway can be calculated by measuring the encoder counts for a specific time
period. This is a more accurate way of measuring the speed of the simulated roadway as the
encoder provides 360 counts per revolution while the magnetic pickup circuit only provides one
count per revolution. Currently, a microcontroller is programmed to read the encoder every 20
msec (50 Hz), and the speed of the simulated roadway can be calculated using:

- (counts} it
360

Sroan=MD xR

where R is revolutions per second, dt is 20 msec, and D is the diameter of the pulley (4.63” or
117.5 mm).

In addition to the moving roadway, the mouse sensor is mounted on a servo motor, which rotates
the sensor with respect to the moving roadway to simulate a vehicle slip angle. Together with the
moving roadway, the mouse sensor can be evaluated at different slip angles and different
roadway speeds. The slip angles are controlled by a 1,000,000 counts per revolution encoder
embedded inside the servo motor. This 1,000,000 counts per revolution encoder provides a

0.00036° resolution and is used as a reference to compare against angle measurements made by
the ADNS-3080 mouse sensor.

2.4 Image Calibration

The lens and LED light source that are included in the ADNS-3080 kit are designed to allow the
ADNS-3080 sensor to detect and measure motion 0.08” (2 mm) above the surface. However, in
this project, the ADNS-3080 sensor is to be used as a speed sensor on a vehicle. Therefore, the
optic component of the sensor needs to be modified and calibrated in order for the ADNS-3080
sensor to function correctly at the desired height above the roadway.

Figure 2.6 shows three different settings that were used on the testbed to evaluate the ADNS-
3080 mouse sensor. To achieve good surface quality numbers (i.e., high quality focused images),
a light source (F in Figure 2.5) is used to illuminate the roadway surface. Figure 2.6 (A) shows a
raw image dump of the ADNS-3080 sensor with a Sunex DSL300 17 mm lens. After adjusting
the focal length, the sensor can detect an area of 0.39” x 0.39” (9.9 x 9.9 mm) at 4 (102 mm)
above the roadway surface. This is equivalent to a 0.013” x 0.013” (0.33 % 0.33 mm) per pixel
resolution. Figure 2.6 (B) shows an image snapshot of the ADNS-3080 sensor with a 25 mm lens
from Edmund Optics and the sensor can detect an area of 0.51” x 0.51” (12.9 x 12.9 mm) at 9”
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(229 mm) above the roadway with a 0.017” %< 0.017” (0.43 x 0.43 mm) per pixel resolution.
Figure 2.6 (C) shows an image captured by the ADNS-3080 sensor with a Sunex DSL300 17
mm lens and a detected area of 0.75” x 0.75” (19 x 19 mm) at 9” (229 mm) above the surface
with a 0.025” x 0.025” (0.64 x 0.64 mm) per pixel resolution.

A B

diameter: 9.9mm diameter: 12.9mm

ADNSI080ImageGrabber
apen |1

Lens: 17mm Lens: 25mm Lens: 17mm
Distance to surface: Distance to surface: Distance to surface:
4" (102mm) 9" (229mm) 9" (229mm)
Resolution: 0.013" x  Resolution: 0.017" x Resolution: 0.025" x
0.013" per pixel 0.017" per pixel 0.025" per pixel

Figure 2.6 Raw images from ADNS-3080 sensor.

Assuming that the moving roadway is running at 48 MPH (21.5 m/sec), configuration shown in
Figure 2.6(a) has a 66% overlap between consecutive image frames. Configurations in Figure
2.6(b), and (c) have a 74%, and 82% overlap between consecutive frames, respectively. At 48
MPH (21.5 m/sec), all three configurations meet the requirement of 65% overlap between
consecutive frames for tracking [10]. With a 17 mm lens at 9” (229 mm) above the moving
roadway (Figure 2.6(c)), the ADNS-3080 sensor can theoretically track up to 95 MPH (42.46
m/sec).

2.5 Experimental Design

The performance of the ADNS-3080 mouse sensor was measured at various moving roadway
speeds and different slip angles to evaluate sensor measurement error. Tests were conducted with
the following parameters:

Frame rate of ADNS-3080 sensor: 6469 fps

Shutter speed of ADNS-3080 sensor: self-adjust (i.e., automatic)
Resolution of ADNS-3080 sensor: 400 cpi

Camera lens on ADNS-3080 sensor: 17 mm (M12, F4.2)

Data output rate from mbed microcontroller: 100 Hz

12



e Distance from ADNS-3080 sensor to moving roadway: 9” (229 mm)

2.6 Constant Speed, Constant Angle Tests

The purpose of the tests was to understand the relationship between the outputs of the ADNS-
3080 mouse sensor and the speed of the moving roadway. The tests were designed to test if
ADNS-3080 sensors can output consistent motion data over a wide range of speeds and at
different slip angles. A wide range of speeds were conducted in the tests (Table 2.1). For every
moving roadway speed, the servo motor moved from -45° to 45° with an increment of 3°, and it
stayed for 2 minutes to allow data collection at each encoder angle position.

Table 2.1 Speeds conducted in constant speed, constant angle tests.

Test bed DC motor speed Actual moving roadway speed
200 rpm 2.75 MPH (1.23 m/sec)
350 rpm 4.81 MPH (2.15 m/sec)
500 rpm 6.89 MPH (3.08 m/sec)
750 rpm 10.31MPH (4.61 m/sec)
1000 rpm 13.76 MPH (6.15 m/sec)
1250 rpm 17.20 MPH (7.69 m/sec)
1500 rpm 20.65 MPH (9.23 m/sec)
1750 rpm 24.09 MPH (10.77 m/sec)
2000 rpm 27.51 MPH (12.30 m/sec)
2500 rpm 34.40 MPH (15.38 m/sec)
3000 rpm 41.29 MPH (18.46 m/sec)
3500 rpm 48.16 MPH (21.53 m/sec)

The output of the ADNS-3080 mouse sensor (4AX and Ay) was used to calculate speed of the
moving roadway. Ax, Ay is motion at each time interval of 10 msec. Since the mouse sensor had
twice the data output rate than the encoder, mouse sensor speed measurements were averaged
between encoder measurements (Figure 2.7). This would ensure that both data sets had the same
number of data points. The data was then curve-fit using a linear regression model against the
actual speed of the moving roadway (measured by the encoder).
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Figure 2.7 Averaging of mouse sensor data for linear regression analysis.

The linear regression model was performed forcing the y intercept to be zero. Thus, the
relationship can be expressed using the following equation:

Sroad = B X Smouse

where S, .4 18 the speed of the moving roadway, S,,,uselS the speed measurements of the
ADNS-3080 sensor (in dimensionless counts of AX and 4y). Please note that S,.,,4 can either be
in MPH or m/sec and the value of the speed constant f would change accordingly.

The results are shown in Figure 2.8 and Appendix A. For the entire ranges of slip angles and
moving roadway speeds (measured in m/sec), the ADNS-3080 sensor had an overall mean speed
constant () of 0.069214 with a standard deviation of 0.000629 (or 0.91% of the mean).
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Figure 2.8 Calculated speed constants of ADNS-3080 sensor, representation for two of four
operational quadrants.

The output of the mouse sensor (Ax and Ay) was also used to calculate angular measurements.
The results were used to compare against the slip angles generated by the servo motor. The data
was averaged over the 2 minute data collection period for each moving roadway speed and each
slip angle position. The results are shown in Figure 2.9 and Appendix B.
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Figure 2.9 Calculated angle measurements of ADNS-3080 sensor.

It was noticed that there is a deadband in the data between -10° and 10°. This feature is by design
from the manufacturer of the mouse sensor to prevent the mouse from “wandering” near the
center position when there is little or no movement. Outside of the deadband, the mouse sensor
had an overall mean angular measurement error of 1.245° with a standard deviation of 1.418°.

Sensor Behavior in Deadband

Additional tests were conducted to study the behavior of ANDS-3080 sensor in the deadband. In
the tests, the servo motor moved from -10° to 10° with an increment of 1°, and it stayed for 2
minutes to allow data collection at each encoder angle position. Three different moving roadway
speeds were tested: 750 rpm (10.31 MPH or 4.61 m/sec), 1500 rpm (20.65 MPH or 9.23 m/sec),
and 2500 rpm (34.40 MPH or 15.38 m/sec). Figure 2.10 shows the results.
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Figure 2.10 ADNS-3080 sensor behavior in the deadband.

It was observed that the sensor had low (or no) sensitivity between -5° and 5° at lower speeds
(750 rpm and 1500 rpm). As the speed increased to 2500 rpm, the insensitivity region grew to
—10° and 10°. To avoid deadbands, the mouse sensor should be physically rotated before
mounting on a vehicle to be used as a velocity sensor.

2.7 Linear Speed Tests

The purpose of the tests was to understand the relationship between the measurements of the
mouse sensor and the actual speeds of the moving roadway. In the tests, the servo motor was
fixed at a specific slip angle while the speed of the moving roadway was decreased from 4000
down to 0 rpm (55.05 ~ 0 MPH or 24.61 ~ 0 m/sec). The duration of each test run was 900

seconds at a deceleration rate of 0.09 ft/sec” (0.027 m/sec?). The tests were designed to find out if

there is a linear relationship between the output of the mouse sensor (4Ax and Ay) and the actual
speeds of the moving roadway. The measurements of the mouse sensor were recorded and the
tests were repeated for the servo motor to change the slip angle from -45° to 45° with an
increment of 9°. A linear regression analysis, which forcing the y intercept to be zero, was then
performed on each data set and the relationship can be expressed using:

Sroad = BX Smouse
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where S, .4 18 the speed of the moving roadway in MPH or m/sec, S,,,use1S the speed
measurement of the ADNS-3080 sensor (in dimensionless counts of Ax and A4y). Please note that
the value of speed constant 3 would change based on the unit of S, 4.

The results of the linear regression analysis are shown in Table 2.2 and Appendix C. Please note
that since measurements made within the deadband were neither reliable nor accurate, they were
excluded from the results.

Table 2.2 Results of the speed analysis of ADNS-3080 sensor.

Encoder angle B (in m/sec) R’
-45° 0.073249 0.999667
-36° 0.0736103 0.999367
-27° 0.073221 0.999657
-18° 0.073444 0.999626
18° 0.074054 0.998737
27° 0.073129 0.999619
36° 0.073362 0.999485
45° 0.073481 0.999363

2.8 Swept Angle Accuracy Tests

The purpose of these tests was to understand how accurately can the mouse sensor measure
angles. The servo motor was programmed to sweep through a range of angles and measurements
made by the mouse sensor were compared with encoder readings on the servo motor. Several
different rounds of tests were performed to measure the angle accuracy of the mouse sensor
under different scenarios:

1. The mouse sensor was tested for a full 360° sweep with a 3° increment (i.e., 120 discrete
angle positions).
2. Tests with a 1° increment with 20° range sweep were conducted.
3. Tests were performed with different configurations to see if any or combinations of
different configuration parameters would affect the performance of the mouse sensor:
a. Different mouse chip data rates (100 Hz, 20 Hz),
b. Different sensor resolutions (400 cpi, 1600 cpi),
c. Different distances from the mouse sensor to the moving roadway (9” or 229 mm,
6” or 152 mm, and 4” or 102 mm),
d. Lenses with different focal lengths (17 mm (F4.2), 25 mm (F2.5)).

Details and results of each test are described in the following sections.
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Round 1

In this test, the servo motor moved from -180° to 180° with an increment of 3°, and it stayed for
1 minute to allow data collection at each encoder angle position. Three different moving
roadway speeds were tested: 750 rpm (10.31 MPH or 4.61 m/sec), 1500 rpm (20.65 MPH or 9.23
m/sec), and 2500 rpm (34.40 MPH or 15.38 m/sec). In this test, the mouse sensor had a data
output rate of 100 Hz. The sensor was located at 9” (229 mm) above the moving roadway with a
17 mm lens and the resolution was set at 400 cpi.

Please note that data within deadbands (every 90°) was removed from the table and the figure. At
750 rpm, the mouse sensor had a mean sensor error of 1.396° with a standard deviation of
0.030°. At 1500 rpm, the mouse sensor had a mean sensor error of 1.390° with a standard
deviation of 0.018° and at 2500 rpm, the sensor error was 1.442° with a standard deviation of
0.024°. Table 2.3 summarizes the results, Figure 2.11 shows the plot, and Appendix D show the
detailed results for each encoder angle tested.

Table 2.3 Summary of angle measurements at different moving roadway speeds (750 rpm,
1500 rpm, 2500 rpm).

Moving Roadway | Mean Sensor Standard
Speed Error deviation
750 rpm 1.396° 0.030°
1500 rpm 1.390° 0.018°
2500 rpm 1.442° 0.024°
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Figure 2.11 Results of angle measurements at different moving roadway speeds (750 rpm,
1500 rpm, 2500 rpm).

Round 2

In this test, the servo motor moved from -130° to -110° with an increment of 1°, and it stayed for
1 minute to allow data collection at each encoder angle position. Three different moving
roadway speeds were tested: 750 rpm (10.31 MPH or 4.61 m/sec), 1500 rpm (20.65 MPH or 9.23
m/sec), and 2500 rpm (34.40 MPH or 15.38 m/sec). The mouse chip microcontroller was also
reconfigured to allow either 100Hz or 20Hz data rate output to compare the results. Other
settings remained unchanged: the sensor was located at 9” (229 mm) above the moving roadway
with a 17 mm lens and the resolution was set at 400 cpi.

At 100 Hz data output rate, the mouse sensor had a measurement error of 1.536° (with a standard
deviation of 0.304°), and at 20 Hz data rate, the error was 1.499° (with a standard deviation of
0.090°). Table 2.4 summarizes the results and detailed results are shown in Appendix E.

Table 2.4 Summary of angle measurements at different data rates.

Data Rate Mean Sensor Star.lde.lrd
Error deviation
100 Hz 1.536° 0.304°
200 Hz 1.499° 0.090°
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Round 3

In this test, the mouse sensor was lowered to 4 (102 mm) above the moving roadway to enable
the sensor to pick up more surface texture details. The data rate was changed back to 100 Hz as
there was no significant gain in (mean) angle measurements between 100 Hz and 20 Hz data
output rate. Other settings remained unchanged: the sensor was equipped with a 17 mm lens and
the resolution was set at 400 cpi.

At 750 rpm, the mean sensor error was 1.421° (with a standard deviation of 0.273°). At 1500
rpm, the error was 1.478° (with a standard deviation of 0.332°), and at 2500 rpm, the error was
2.019° (with a standard deviation of 0.208°). Table 2.5 summarizes the results and detailed
results are shown in Appendix F.

Table 2.5 Summary of angle measurements at 4” (102 mm) above the moving roadway

Moving Roadway | Mean Sensor Standard
Speed Error deviation
750 rpm 1.421° 0.273°
1500 rpm 1.478° 0.332°
2500 rpm 2.019° 0.208°

Round 4

In this test, the resolution of the mouse sensor was increased from 400 to 1600 cpi. The distance
between the sensor and the moving roadway remained at 4 (102 mm). Other settings remained
unchanged: the sensor was equipped with a 17 mm lens and the data rate was set at 100 Hz.

At 1600 cpi, the mean sensor error was 1.219° (with a standard deviation of 0.157°), 0.938°
(with a standard deviation of 0.139°), and 0.969° (with a standard deviation of 0.109°) for the
speeds of 750 rpm, 1500 rpm, and 2500 rpm, respectively. Table 2.6 summarizes the results and
detailed results are shown in Appendix G.

Table 2.6 Summary of angle measurements at 1600 cpi and 4’ (102 mm) above moving

roadway.
Moving Roadway | Mean Sensor Standard
Speed Error deviation
750 rpm 1.219° 0.157°
1500 rpm 0.938° 0.139°
2500 rpm 0.969° 0.109°
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Round 5

The performance of the mouse sensor was improved when the resolution was changed to 1600
cpi. However, since 4” (102 mm) was too close to the roadway and not practical to be
implemented on a vehicle. Therefore, in this test, the height of the mouse sensor was raised back
to 9” (229 mm) and the sensor resolution remained at 1600 cpi. Other settings stayed unchanged:
the sensor was equipped with a 17 mm lens and the data rate was set at 100 Hz.

At 750 rpm, the mean sensor error was 1.885° (with a standard deviation of 0.366°). At 1500
rpm, the error was 1.445° (with a standard deviation of 0.202°) and the error was 1.396° (with a
standard deviation of 0.140°) at 2500 rpm. Table 2.7 summarizes the results and detailed results
are shown in Appendix H.

Table 2.7 Summary of angle measurements at 1600 cpi and 9” (229 mm) above moving

roadway.
Moving Roadway | Mean Sensor Standard
Speed Error deviation
750 rpm 1.885° 0.366°
1500 rpm 1.445° 0.202°
2500 rpm 1.396° 0.140°

Figures 2.12 ~ 2.14 show aggregated plots of results for tests conducted from Round 2 to Round
5.

speed = 750 RPM
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Figure 2.12 Results of angle measurements at speed = 750 rpm with different mouse sensor
resolutions (400cpi, or 1600cpi) and sensor distances (4” or 97).
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Figure 2.13 Results of angle measurements at speed = 1500 rpm with different mouse
sensor resolutions (400cpi, or 1600cpi) and sensor distances (4 or 97).
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Figure 2.14 Results of angle measurements at speed = 2500 rpm with different mouse
sensor resolutions (400cpi, or 1600cpi) and sensors distances (4 or 9).
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Round 6

In this test, the 17 mm (F4.2) lens on the mouse sensor was replaced with a 25 mm (F2.5) lens.
Other settings remained unchanged: the sensor was located at 9” (229 mm) above the moving

roadway and the data rate was set at 100 Hz with a resolution of 1600cpi.

With a lens with longer focal length (i.e., more zoom power), the mean sensor error was 2.063°
(with a standard deviation of 0.414°), 1.439° (with a standard deviation of 0.345°), and 1.501°
(with a standard deviation of 0.322°) for the speeds of 750 rpm, 1500 rpm, and 2500 rpm,
respectively. Table 2.8 summarizes the results and detailed results are shown in Appendix I.
Figure 2.15 shows the plot.

Table 2.8 Summary of angle measurements with 25 mm lens and 9” (229 mm) above

Angle differential, degrees

moving roadway.

Moving Roadway | Mean Sensor Standard
Speed Error deviation
750 rpm 2.063° 0.414°
1500 rpm 1.439° 0.345°
2500 rpm 1.501° 0.322°
25mm lens
1600cpi @ 9"
5
4
3
2 e=li=>750 rpm
1 1000 rpm
@500 rpm
0
-105
-1
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Encoder angle, degrees

Figure 2.15 Results of angle measurements with 25 mm lens at a 9” distance to the moving

roadway.
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Round 7

In this test, the lens was changed back to 17 mm and the height of the mouse sensor was lower
down to 4” (102 mm). Additional moving roadway speeds were tested to see if the mouse sensor
performed better at lower speeds (less than 1500 rpm). Other settings remained unchanged: the
sensor had a resolution of 1600 cpi and the data output rate was set at 100 Hz.

Table 2.9 summarizes the results and detailed results are shown in Appendix J. Figure 2.16
shows the angle differential plot.

Table 2.9 Summary of angle measurements with 17 mm lens and 4 (102 mm) above
moving roadway.

Moving Roadway | Mean Sensor Standard
Speed Error deviation
350 rpm 1.326° 0.271°
750 rpm 1.144° 0.160°
10000 rpm 1.246° 0.123°
1200 rpm 1.971° 0.269°
1500 rpm 0.906° 0.159°
17mm lens
1600cpi @ 4"
5
4
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o 3
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-qc)_ @ 350rpm
E 2 e 7 50rpmM
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g 1000rpm
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= e 1200rpM
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Figure 2.16 Results of angle measurements with 17 mm lens at a distance 4” to the moving
roadway.
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Round 8

In this test, the lens was changed to 25 mm and the height of the mouse sensor was raised to 6”
(152 mm). This was to test the hypothesis that the mouse sensor should have similar performance
with 17 mm lens at 4” (102 mm) above the moving roadway and 25 mm lens at 6” (152 mm)
above the moving roadway because the coverage area of the camera for both configurations are
about the same. Other settings stayed unchanged: the sensor had a resolution of 1600 cpi and the
data output rate was set at 100 Hz.

Table 2.10 summarizes the results and detailed results are shown in Appendix K. Figure 2.17
shows the angle differential plot.

Table 2.10 Summary of angle measurements with 25 mm lens and 6 (152 mm) above
moving roadway.

Moving Roadway | Mean Sensor Standard
Speed Error deviation

350 rpm 1.720° 0.428°
750 rpm 1.439° 0.200°
10000 rpm 1.566° 0.435°
1500 rpm 0.837° 0.136°

25mm lens
1600cpi @ 6"

e 350 rpm

== 750 rpm
1000 rpm

@500 rpm

Angle differential, degrees

-105

Encoder angle, degrees

Figure 2.17 Results of angle measurements with 25 mm lens at a distance 6” to the moving
roadway.
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2.9 Discussion

In Section 2.6, the ADNS-3080 mouse sensor was evaluated over a wide range of moving
roadway speeds from 200 rpm (2.75 MPH or 1.23 m/sec) to 3500 rpm (48.25 MPH or 21.57
m/sec) and over a wide range of yaw angles from -45° to 45°. In the speed analysis, it was found
that the mouse sensor has a mean speed constant () of 0.069214 with a standard deviation of
0.000629 (or 0.91%) if measured in m/sec. In the angle analysis, it was found that the mouse
sensor has a deadband between -10° and 10°. It was later observed that the deadband exists in
every quadrant. This feature is by design to prevent the mouse from drifting to the left or right
when the mouse is moved up or down, or vice versa. However, this feature is not desired when
the mouse sensor is planned to be used as a velocity sensor on a vehicle. To avoid the deadband,
the sensor can be physically rotated. Since a speed sensor on a vehicle does not need to have the
full 90° range of measurement, the mouse sensor was rotated 45° and thus creating a velocity
sensor with an effective range of 70° (Figure 2.18). Excluding the deadband observed in the
testing, the mouse sensor was found to have a mean sensor error of 1.245° with a standard
deviation of 1.418° (at 400 cpi).
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Figure 2.18 Rotation of mouse sensor to avoid the deadband.

In Section 2.7, a different test was performed to find the relationship between the measurements
made by the ADNS-3080 mouse sensor and the actual speeds of the moving roadway. After the
linear regression analysis, it was found that the values of the coefficient of determination (R?)
were all greater than 0.999 under all conditions tested. This indicates that the measurements of
ADNS-3080 mouse sensor are linearly proportional to the actual speeds of moving roadway. The
results found that the mouse sensor has a speed constant () from 0.073221 to 0.074054, which
is similar to the findings in Section 2.6.

From Section 2.6, it was found that the angle measurements of ADNS-3080 mouse sensor can be
off as much as 5° in the worst case scenario. In Section 2.8, different parameters of the sensor
were changed to find out if the performance of angle measurement can be improved:
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e Data showed that there was no significant performance change if the data output rate of
the mouse sensor was changed from 100 Hz to 20 Hz (mean sensor error of 1.536° vs.
1.499°).

e Data showed that there was no performance improvement when the mouse sensor was
moved closer to the moving roadway in order for the camera to detect more surface
texture details. The distance between the mouse sensor and the moving roadway was
moved from 9” (229 mm) to 4” (102 mm), and the field of view was decreased from
0.75” x 0.75” (19 x 19 mm) to 0.39” x 0.39” (9.9x9.9 mm) (with the same camera
resolution), however, the result was no better than what was found in Section 2.6 and
the mean sensor error at 4” (102 mm) was 1.639°.

e Data showed that the performance of the mouse sensor improved when the resolution of
the sensor was increased from 400 to 1600 cpi. At 4” (102 mm) above the moving
roadway, the mean sensor error was improved from 1.639° to 1.042°. More importantly,
the standard deviation was decreased from 0.271° to 0.135°. This means that the mouse
sensor is performing at a higher consistency (because of a lower standard deviation),
thus producing more reliable results.

e Data showed that the error of the mouse sensor decreased when the sensor was moved
back to 9” above the moving roadway. At 9” above the moving roadway, the mean
sensor error was at 1.575° and the standard deviation was 0.236°. This result still
compared favorably than the results when the resolution of the mouse sensor was set at
400 cpi because the standard deviation was decreased from 1.034° to 0.236°.

e Data showed that there was no performance improvement when the 17 mm lens was
replaced with a 25 mm lens. With a 25 mm lens, the mouse sensor covered a smaller
area of 0.51” x 0.51” (12.9 x 12.9 mm), and can detect more surface details than a 17
mm lens. However, this change was not beneficial to the performance of the mouse
Sensor.

e Additional tests with 17 mm lens at 4” above the roadway and 25 mm lens at 6” (152
mm) above the roadway did not show much improvement in mouse sensor performance.
The mean sensor error was 1.319° with 17 mm lens at 4” (102 mm) above the roadway,
and 1.391° with 25 mm lens at 6” (152 mm) above the roadway.

Please note that the small differences in all mean sensor measurement errors could be partially
due to sensor mounting bias. Best efforts were made to make sure that the sensor was mounted in
parallel to the moving roadway. However, a small mounting bias could translate into differences
in mean sensor measurement errors. The standard deviation of sensor measurements should also
be used as a performance indicator. A small standard deviation number shows that the sensor is
tracking reliably and consistently.

In summary, the ADNS-3080 mouse sensor seems had better and more consistent performance
when the resolution was set at 1600 cpi. The performance did not change much with a longer
focal length lens (i.e., higher zoom power). The performance did improve slightly when the
mouse sensor was moved closer to the moving roadway. However, to prevent the mouse sensor
and the light source from hitting or scraping the ground on a moving vehicle, it was found that
the mouse sensor should not be mounted lower than 9” (228 mm) above the ground on a vehicle.
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Chapter 3. Field Evaluation of ADNS-3080 Sensor

3.1 Equipment Setup

A 47%x27x4.25” (100 mmx*50 mmx 107 mm) weather-proof aluminum box was constructed to
house the ADNS-3080 mouse sensor and the mbed microcontroller. Figure 3.1 shows the box.

top view bottom view

microcontroller ADNS-3080

Figure 3.1 ADNS-3080 sensor box for field tests.

The sensor box was mounted at the front grille of a vehicle beneath the license plate. The
distance between the ADNS-3080 mouse sensor and the ground was 9” (229 mm) (to match the
setup with the in-lab testing). A housing with a Philips halogen light bulb (same one that was
used in the testbed) was attached to the sensor box and hanging in front of the sensor box to
provide illumination. Figure 3.2 shows the setup.

Figure 3.2 Field testing equipment setup.
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3.2 Experimental Design

Similar to the in-lab testing, field testing was designed to evaluate the performance of ADNS-
3080 mouse sensor on different types of road surfaces, including paved asphalt roads and
unpaved dirt roads. Tests were conducted with the following parameters:

Frame rate of ADNS-3080 sensor: 6469 fps

Shutter speed of ADNS-3080 sensor: self-adjust (i.e., automatic)
Resolution of ADNS-3080 sensor: 1600 cpi

Camera lens on ADNS-3080 sensor: 17 mm (M12, F4.2)

Data output rate from mbed microcontroller: 100 Hz

Distance from ADNS-3080 sensor to moving roadway: 9” (229 mm)

In the field evaluation, a NovAtel SPAN system was used as a reference for vehicle positions
and velocities. The SPAN system includes a dual-frequency GPS receiver and a Honeywell
HG1700-AGS58 IMU. By integrating GPS and IMU together, the system can provide accurate
position and velocity data even when a vehicle passes under a bridge and GPS signals are not
available for a short period of time. When the SPAN system has a clear view of the sky, it can
utilize GPS correctional signals from IVLAB’s Virtual Reference Station (VRS) network and
maintain a positional accuracy of 1 (2.5 cm) or better. If GPS signals are lost, it was found from
previous testing that the SPAN system can maintain a positional accuracy of less than 4” (10 cm)
after 20 seconds of GPS outage [15]. Figure 3.3 shows a NovAtel SPAN system mounted on top
of a vehicle.

Figure 3.3 NovAtel SPAN system mounted on top of a vehicle.
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3.3 Field Evaluation on Paved Asphalt Roads

The field evaluation on paved asphalt roads was conducted between Kasota Avenue and Energy
Park Drive between Minneapolis and St. Paul in Minnesota. The route was about 4.1 miles (6.6
km) long and it is shown in Figure 3.3. The weather was sunny and to partly cloudy and the road
condition was dry.

Broadwal ™ RO E ) .
7 University of - £ 1}
> = = z
S @ pig-city Minnesota £ 7 3
=) JRaty s sstri 5 .
s s :J, Industrial 5 E Falcon =
= B . '
“ " E Hennepin Ave Larpenteur Ave W 5 = Heights Larpentedr Ave W
S =
Cap B z
G Como Ave SE (z20) g
i = :
St ! ) Como A College’  Minnesota State 3 i
Holmes, Dinkytown & %,6 Park Area Fairgrounds 2 como Golf
=

& b Cowse
Murray “'a

<
uins &
4 w2 Field Area

(=) narg Bugeug

Como
Regional Park 4

5
&

Bohemian =
Flatst Yniversity of
Minnesota

Langford

o Minnzapalis (z80) Energy Park
2 Prospect SR = 0
3 Park South St.
2 Anthony =
£ Ver =
H iy Ug z ‘—f @
- ! ! = =1
s Frankiin Ave 5 5 il
2 5]
i5) E Franklin Ave %, ar & El
& %, %% - (51)-¢Hamire Z
4 Seward S'O, B, . i e Midway e
% Y < T [ East Midv
B East 25th Street B
31; s University Avi
% 5 (1—,?_ O L
= 4 52 @
o S e 5
DR 1 e =g &
)

iy =

Figure 3.4 Route of field evaluation on paved asphalt roads (Source: Google Maps, ©2012
Google, Sanborn).

Data Analysis

By using the method described in Section 2.7, a linear regression analysis, which forcing the y
intercept to be zero, was performed to find the relationship between speed measurements of the
ADNS-3080 mouse sensor and the SPAN system. The SPAN system had a data output rate of 10
Hz, which was only one third the data rate of the mouse sensor. Therefore, the mouse sensor data
was averaged between outputs of each SPAN data point (i.e., the same method as described in
Figure 2.7) before linear regression analysis was applied.

The result of the linear regression analysis can be expressed using the following equation:

Sspan = B X Smouse

where Sgp 4y 1S the speed output of the SPAN system in MPH or m/sec, S,,,usels the speed
measurements of the ADNS-3080 sensor (in dimensionless counts of Ax and A4y). Please note
that the constant S would have different values for different speed units.

Two data runs were performed and the results of the linear regression analysis are shown in
Table 3.1 and Figure 3.5. Please note that the £ constant found in the field evaluation was
different from the £ constant found in Section 2.7. This was mainly due to the resolution change
from 400 cpi to 1600 cpi in the mouse sensor and the camera lens was re-adjusted in order to
focus on the road surface better.
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Table 3.1 Results of the speed analysis of ADNS-3080 sensor on paved roads.

20

15

Data run B (in m/sec) R-Square
1 0.035619 0.983492
2 0.035499 0.981289

field evaluation data run 1

+ adns fitted speed
- first order fit of speed

300 200 500 600

ADNS3080 speed output

15

1] 100

field evaluation data run 2

A

+ adns fitted speed
first order fit of speed

200 300 400
ADNS3I080 spead output

500

600

Figure 3.5 Results of field evaluation of ADNS-3080 and fitted speed data on paved roads.

Angle measurements of ADNS-3080 mouse sensor were also analyzed to compare against

heading angles computed from the SPAN data. Since the ADNS-3080 sensor was rotated 45°
inside the field sensor box, a rotation matrix was applied so that the calculated angle
measurements of ADNS-3080 matched with the local vehicle coordinate system (and the SPAN
coordinate system). Results of angle analysis of the two data runs are shown in Table 3.2 and

Figure 3.6. Please note that the computed angles from the SPAN system were used as reference
and the angle differential AB; is calculated as:

Table 3.2 Results of the angle analysis of ADNS-3080 sensor on paved roads.

AB; = ADNS30800; — SPAN®;

Data run AD A0
(mean) (standard deviation)
1 -1.859409° 1.374962°
2 -1.633810° 1.211004°
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Figure 3.6 Results of field evaluation of ADNS-3080 and angle measurement (differential)
data on paved roads.

3.4 Field Evaluation on Dirt Roads

Field evaluation of ADNS-3080 mouse sensor was also conducted on (unpaved) dirt roads inside
the UMore Park in Rosemount, Minnesota. Two data runs were performed and the entire route
(Figure 3.7) has a total length of 11.1 miles (17.86 km). The weather was mostly sunny and
sometimes partly cloudy and the road condition was dry.

Figure 3.7 Route of field evaluation on unpaved dirt roads (Source: Google Maps, ©2012
Google, Sanborn).

Data Analysis

By using the same method described in Section 3.3, results of the speed analysis are shown in
Table 3.3 and Figure 3.8 and results of the angle measurement analysis are shown in Table 3.4
and Figure 3.9.
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Table 3.3 Results of the speed analysis of ADNS-3080 sensor on dirt roads.

Data run B (in m/sec) R-Square
1 0.035594 0.967441
2 0.035084 0.920351
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Figure 3.8 Results of field evaluation of ADNS-3080 and fitted speed data on dirt roads.

Table 3.4 Results of the angle analysis of ADNS-3080 sensor on dirt roads.

AO AB
Data run .
(mean) (standard deviation)
1 -3.076189° 2.744785°
2 -2.203083° 2.915702°
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Figure 3.9 Results of field evaluation of ADNS-3080 and angle measurement (differential)
data on dirt roads.
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3.5 Discussion

Field evaluation of ADNS-3080 mouse sensor showed that speed measurement of the sensor was
linear to the speed output of the NovAtel SPAN system. Overall, the mouse sensor had a speed
constant 3 of 0.035, which is consistent with the value found in lab testing. On paved roads, the
coefficient of determination (R?) was greater than 0.98 for both data runs. On dirt roads, the
coefficient R-square was greater than 0.92. The results show that ADNS-3080 mouse sensor can
be used to compute speeds of a vehicle outside of the lab on real roads.

The results show a much larger variation in angle measurements of ADNS-3080 mouse sensor in
the field than in the lab. Also, the ADNS-3080 mouse sensor did worse in angle measurements
on dirt roads than on paved roads. The hypothesis is that dirt roads have much different surface
texture details than paved roads and the moving roadway in the lab. The moving roadway in the
lab has a very homogeneous surface texture, which allows the ADNS-3080 mouse sensor to
track easily. Paved roads have either an asphalt or concrete surface and it is common to have
both types of surfaces on a single stretch of road. Dirt roads, the most difficult for ADNS-3080
mouse sensor to track of all, have unpredictable surface types with different colors of sand and
different types of gravel. With heterogeneous types of surface texture details, the ADNS-3080
mouse sensor had more difficulty to track consistently and reliably, thus the higher degree of
error in measurement.

Another factor that affects measurements of ADNS-3080 mouse sensor was the illumination of
surface. In an indoor controlled environment like the lab, one halogen lamp was enough to
illuminate surface of the moving roadway such that the ADNS-3080 mouse sensor can have high
readings of surface quality. High surface quality readings indicate that a high number of surface
texture details are visible by the mouse sensor and is key for the ADNS-3080 mouse sensor to
track consistently and reliably. Outside of the lab, the illumination is affected by the angle of the
sun, shadow of the vehicle (in the sun), etc. The result is inconsistency in illumination and higher
variability on surface quality readings and motion tracking. More research is needed to find an
optimal light source for the ADNS-3080 mouse sensor to eliminate the sun effect and provide
good lighting for the mouse sensor to maintain high surface quality readings.
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Chapter 4. Conclusions and Recommendations

4.1 Conclusions

A low-cost speed sensor based on a $5 Avago ADNS-3080 mouse sensor chip was designed and
developed to replace the $20,000 Correvit S-350 sensor for GPS augmentation applications.
Speed and angle measurements from the velocity sensor are required inputs to the augmentation
system to guide a vehicle when GPS signals are not available. Therefore, the replacement
velocity sensor needs to be able to measure vehicle speeds and slip angles consistently and
reliably.

Key findings of the study include:

1.

In-lab testing showed that the ADNS-3080 mouse sensor can consistently and reliably
measure speed up to 48 MPH (21.5 m/sec) and angles all around from 0° to 360° using a
17 mm (F4.2) lens.

In speed analysis, data showed that the speed output of the ADNS-3080 mouse sensor
was linearly proportional to the actual speed measured. The coefficient of determination
(R?) in the linear regression analysis was greater than 0.999 in the lab, and greater than
0.98 on paved roads, and greater than 0.92 on unpaved dirt roads. If measured in m/sec,
the mouse sensor had a speed constant () of 0.075 when the resolution was set to 400 cpi
and a speed constant () of 0.035 when the resolution was set to 1600 cpi.

In angle measurement analysis, data showed that the ADNS-3080 mouse sensor had a
deadband of approximately 20° (+10°) near the X (horizontal) and Y (vertical) axes. This
is a feature by design to keep the mouse from drifting to the left or right when the mouse
is moved up or down, or vice versa. It helps the mouse move straight lines quickly (either
horizontally or vertically) if so desired. To avoid the deadband, the ADNS-3080 mouse
sensor was physically rotated 45° in the field sensor box before mounting on a vehicle.
Excluding the deadband, the ADNS-3080 mouse sensor was found to have a mean
angular measurement error of 1.249° (with a standard deviation of 1.418°) when the
sensor was located at 9” (229 mm) above the moving roadway with a 17 mm (F4.2) lens
and a resolution of 400 cpi.

Several different attempts were made to try to improve the accuracy of angular
measurements of ADNS-3080 mouse sensor:

a. At 400 cpi, the accuracy of the mouse sensor did not improve when the output
data rate was modified. Nor was there performance improvement when the mouse
sensor was moved closer to the road surface.

b. Performance of the mouse sensor improved when the resolution was increased
from 400 to 1600 cpi. The standard deviation of angular measurements was
decreased to 0.135° when the sensor was 4” (102 mm) above the road surface, and
0.236° at 9” (229 mm) above the surface.

c. The mean angular measurement error did improve when the mouse sensor was
moved closer to the road surface at 4” (101.6 mm). However, at this height, the
mouse sensor and the illumination lamp could easily be damaged on a moving
vehicle. Therefore, the sensor was mounted at 9” (229 mm) above the ground on a
vehicle in the field evaluation.
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d. Lenses with longer focal length provided little or no benefit to the mouse sensor.
No performance increase was found when the 17 mm lens was replaced with a 25
mm (F2.5) lens. Changing distances between the mouse sensor and the road
surface with the 25 mm lens also showed no accuracy improvement over the
original configuration of 17 mm lens at 9” (229 mm) above the road surface.

6. Performance of ADNS-3080 mouse sensor in the field was not as consistent as
performance observed in the lab.

a. In speed analysis, it was found that the speed constant () remained the same at
0.035. However, the coefficient of determination (R”) was reduced from 0.999 in
the lab to 0.991 on paved roads, and to 0.968 on unpaved dirt roads.

b. On paved roads, the ADNS-3080 mouse sensor had a mean angle measurement
error of -1.747° with a standard deviation of 1.293°. On unpaved dirt roads, the
mean error was -2.640° with a standard deviation of 2.830°.

In summary, the ADNS-3080 mouse sensor shows great potential to replace the more expensive
Correvit S-350 speed sensor. The speed measurement is consistent and reliable both in the lab
and in the field. At 1600 cpi, the angle measurement of ADNS-3080 has a mean error of 1.575°
(with a standard deviation of 0.236°) in the lab compared with the accuracy of the Correvit
sensor of 0.747° (with a standard deviation of 1.084°). However, the sensor does not do as well
in the field and has mean angle error about -2.7° with a larger standard deviation of 2.1°. More
research is needed to improve the performance of ADNS-3080 mouse sensor in the field.

4.2 Future Work

The potential of ADNS-3080 mouse sensor to be used as a velocity sensor for DPGS
augmentation applications has been explored in this study. Even though the results are
promising, it is not ready to be deployed in the field yet. The following recommendations are
made to improve the field performance of the sensor:

1. High surface quality readings are a key to consistent and reliable tracking by the ADNS-
3080 mouse sensor, and they require good illumination of surface that allows the mouse
sensor to detect surface texture details. In the field evaluation, it was found that it is
difficult to maintain high surface quality readings under all weather conditions.
Depending on the position of the sun in the sky and the direction of vehicle travel,
sunlight can cause inconsistency in illumination and higher variability on surface quality
readings and motion tracking. More research is needed to find an optimal light source
(either single or multiple lamps) to eliminate the sun effect and provide good illumination
on the surface so that the mouse sensor can maintain high surface quality readings.

2. Multiple ADNS-3080 mouse sensors can be installed at different locations of a vehicle
and a software program can be developed to average and/or filter sensor output. The
distance between the mouse sensor and the ground surface varies on a moving vehicle
due to rolling and pitching of the vehicle body. This may increase errors in measurement
of speed and angle. A multiple-sensor implementation would help to reduce the effect,
and thus increase the accuracy of the output.

3. ADNS-3080 is a LED-based mouse sensor. Recently, Avago has introduced laser-based
mouse sensors. These new sensors have twice the frame rate (11750 fps) and 4 times the
resolution (5670 cpi) than the ADNS-3080 mouse sensor. With much improved
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resolution and higher frame rate, the laser-based mouse sensors can measure speeds and
angles more accurately. Effort should be invested to develop a prototype to evaluate.
With experiences from developing the ADNS-3080 based speed sensor, the time required
to create a prototype system can be shortened.
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Appendix A: Results of Constant Speed, Constant Angle Tests



Encoder angle -45.00° -42.00° -39.00° -36.00° -33.00° -30.00° -27.00° -24.00° -21.00° -18.00° -15.00°
Road speed B B B B B B B B B B B

200 (1.23 m/sec) 0.069183 0.069347 0.069018 0.069143 0.06913 0.068781 0.069167 0.068717 0.06879 0.069169 0.068538
350 (2.16 m/sec) 0.069186 0.069336 0.069027 0.069152 0.069263 0.068878 0.0692 0.069329 0.068954 0.069241 0.068456
500 (3.07 m/sec) 0.06912 0.069253 0.068927 0.069173 0.069114 0.069194 0.069148 0.069393 0.06933 0.069434 0.068401
750 (4.61 m/sec) 0.069113 0.069198 0.069077 0.069434 0.069316 0.068771 0.069209 0.069124 0.069368 0.069315 0.068538
® 1}10:1?5%) 0.068976 0.068991 0.069051 0.068968 0.069009 0.069046 0.068854 0.068863 0.068902 0.069339 0.06861
7 6]?;2:15)sec) 0.068741 0.068761 0.068978 0.06875 0.068868 0.069029 0.06892 0.069042 0.068889 0.068541 0.068715
© 2]7-5r(T)15)sec) 0.068722 0.068896 0.068531 0.068715 0.069091 0.068975 0.06895 0.069098 0.069097 0.068923 0.068675
(10 E;L;rsnolsec) 0.068659 0.068613 0.069239 0.068866 0.068553 0.068852 0.069146 0.068957 0.06901 0.069222 0.069188
(12 2280210/580) 0.068425 0.068875 0.069162 0.069374 0.068836 0.068505 0.069258 0.069188 0.068859 0.068908 0.069084
(15 4235?‘r10/sec) 0.068372 0.069539 0.069401 0.069101 0.06863 0.069404 0.069022 0.068711 0.069896 0.069814 0.069365
a8 53(??n0/sec) 0.068301 0.069412 0.069414 0.070857 0.070726 0.069926 0.06852 0.068596 0.070365 0.07047 0.069824
@1 5375?1356(:) 0.070981 0.070857 0.068226 0.068224 0.068954 0.070905 0.07008 0.069207 0.068882 0.070698 0.070132
Mean () 0.068981 0.069256 0.069004 0.069146 0.069124 0.069188 0.069122 0.069018 0.069195 0.069422 0.068960
Std (B) 0.000706 0.000579 0.000337 0.000630 0.000554 0.000649 0.000365 0.000254 0.000482 0.000627 0.000567

Please note that the constant 3 is for when the road speed is measured in m/sec.
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Encoder angle -12.00° -9.00° -6.00° -3.00° 0.00° 3.00° 6.00° 9.00° 12.00° 15.00° 18.00°
Road speed B B B B B B B B B B B

200 (1.23 m/sec) 0.068548 0.069105 0.069273 0.068494 0.068981 0.069621 0.068626 0.068995 0.069333 0.068876 0.069151
350 (2.16 m/sec) 0.06857 0.069113 0.069616 0.068658 0.069121 0.069693 0.068717 0.069012 0.069226 0.068836 0.069185
500 (3.07 m/sec) 0.068673 0.069122 0.069682 0.068566 0.069074 0.069676 0.068698 0.068969 0.069285 0.068894 0.069293
750 (4.61 m/sec) 0.06879 0.069089 0.06932 0.068616 0.069065 0.0697 0.068478 0.068996 0.069411 0.068885 0.069272
® 1}10:1?5%) 0.069112 0.069516 0.070189 0.069057 0.069421 0.069944 0.069744 0.069198 0.069666 0.069842 0.068901
7 GJ?;Zria)sec) 0.068778 0.069247 0.06889 0.068602 0.069006 0.069742 0.06886 0.068594 0.069091 0.069521 0.068582
© 2]7-5r(r)15)sec) 0.068742 0.068844 0.069282 0.068596 0.069006 0.069765 0.068357 0.068586 0.069463 0.068517 0.068774
(10 E;Igrsnolsec) 0.069017 0.069208 0.068889 0.068749 0.069012 0.069679 0.069166 0.068361 0.069083 0.070176 0.070626
(12 2280210/580) 0.069068 0.069054 0.069786 0.068782 0.069159 0.069842 0.069666 0.068754 0.069637 0.070482 0.068261
(15 4235?‘r10/sec) 0.069506 0.070951 0.069585 0.069465 0.069774 0.070513 0.071541 0.07166 0.068404 0.069225 0.070326
a8 53(??n0/sec) 0.069546 0.070217 0.070131 0.069729 0.069955 0.071052 0.072166 0.068412 0.068977 0.069863 0.070814
@1 5375?110/sec) 0.069431 0.069483 0.069967 0.069497 0.069643 0.070519 0.070416 0.068543 0.069584 0.071184 0.072329
Mean () 0.068981 0.069412 0.069550 0.068901 0.069268 0.069978 0.069536 0.069006 0.069263 0.069525 0.069626
Std (B) 0.000357 0.000597 0.000434 0.000428 0.000342 0.000459 0.001245 0.000877 0.000351 0.000804 0.001170

A-2




Encoder angle 21.00° 24.00° 27.00° 30.00° 33.00° 36.00° 39.00° 42.00° 45.00°
Road speed B B B B B B B B B Mean () Std (8)
200 (1.23 m/sec) | 0.069253 0.069208 0.06929 0.069072 0.069404 0.06927 0.069383 0.069304 0.069331 | 0.069081 0.000285
350 (2.16 m/sec) | 0.069384 0.069315 0.069337 0.069202 0.069462 0.069331 0.069426 0.069467 0.069489 | 0.069167 0.000297
500 (3.07 m/sec) | 0.069674 0.069444 0.069356 0.069449 0.069554 0.069429 0.069524 0.069487 0.069522 | 0.069221 0.000329
750 (4.61 m/sec) | 0.069861 0.069824 0.0695 0.06944 0.06954 0.069757 0.069567 0.069553 0.069706 | 0.069253 0.000370
® lior?\(/)sec) 0.069101 0.069137 0.069183 0.069378 0.06951 0.06978 0.069605 0.069457 0.06952 0.069286 0.000375
I 6é2n5ﬁ?sec) 0.068838 0.068997 0.069188 0.069334 0.069416 0.069671 0.069623 0.069473 0.069355 | 0.069034 0.000341
© Z%Sng?sec) 0.069641 0.070105 0.069261 0.06951 0.069665 0.06893 0.068818 0.069339 0.06919 0.069034 0.000412
(10 8137ﬁﬁolsec) 0.068852 0.069304 0.069689 0.069463 0.068724 0.069276 0.070046 0.069195 0.069162 | 0.069161 0.000484
(12 22802?/sec) 0.068952 0.069496 0.069515 0.068344 0.069686 0.07012 0.069452 0.069237 0.068898 | 0.069183 0.000513
(15 423?cr)nolsec) 0.070563 0.068627 0.069016 0.06982 0.069032 0.069851 0.069995 0.069881 0.068625 | 0.069600 0.000832
(18 sg(r)no/sec) 0.070797 0.067874 0.068092 0.070927 0.071559 0.071257 0.06962 0.06971 0.069026 | 0.069875 0.001067
@1 gfﬂ?/sec) 0.068882 0.069551 0.070652 0.071547 0.068 0.068155 0.068038 0.072068 0.07181 0.069885 0.001232
(23 1347?T?/sec) 0.069253 0.069208 0.06929 0.069072 0.069404 0.06927 0.069383 0.069304 0.069331 | 0.069081 0.000285
(24 ég(r)nolsec) 0.069384 0.069315 0.069337 0.069202 0.069462 0.069331 0.069426 0.069467 0.069489 | 0.069167 0.000297
Mean (£) 0.069483 0.069240 0.069339 0.069623 0.069462 0.069568 0.069424 0.069680 0.069469
Std (B) 0.000658 0.000573 0.000573 0.000842 0.000819 0.000737 0.000534 0.000776 0.000796
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Appendix B: Angular Measurements of ADNS-3080 Sensor



Encoder angle -45.00° -42.00° -39.00° -36.00° -33.00° -30.00° -27.00° -24.00° -21.00° -18.00°
Road speed 0 0 0 0 0 0 0 0 0 0
200 (1.23 m/sec) -43.569° -39.656° -37.286° -33.589° -31.524° -27.366° -25.189° -22.083° -18.483° -16.453°
350 (2.16 m/sec) -43.461° -39.724° -37.273° -33.669° -31.53° -27.488° -25.14° -22.263° -18.538° -16.377°
500 (3.07 m/sec) -43.253° -39.784° -36.821° -33.689° -31.4° -27.33° -25.18° -22.324° -18.643° -16.345°
750 (4.61 m/sec) -43.287° -39.882° -37.333° -34.056° -31.492° -27.848° -25.659° -22.089° -18.795° -16.416°
1000 (6.14 m/sec) -43.372° -39.962° -37.381° -35.034° -31.676° -27.674° -25.074° -22.176° -19.445° -16.776°
1250 (7.63 m/sec) -43.539° -40.055° -37.361° -34.862° -31.595° -27.836° -25.254° -22.559° -19.338° -15.959°
1500 (9.27 m/sec) -43.415° -40.22° -37.51° -34.149° -31.067° -28.552° -25.818° -22.113° -18.926° -16.395°
1750 (10.83 m/sec) -43.526° -40.386° -37.306° -34.377° -31.457¢ -28.216° -25.228° -22.699° -19.83° -16.131°
2000 (12.28 m/sec) -43.446° -40.342° -37.259° -34.341° -31.453° -28.626° -25.275° -22.146° -19.561° -16.659°
2500 (15.43 m/sec) -43.494° -40.765° -37.391° -34.194° -31.566° -28.497° -25.418° -22.407° -19.066° -16.367°
3000 (18.50 m/sec) -43.473° -40.683° -37.263° -34.46° -30.982° -27.74° -25.951° -22.92° -19.476° -16.209°
3500 (21.57 m/sec) -43.475° -39.509° -38.156° -34.663° -31.557¢ -28.861° -25.396° -22.282° -19.322° -16.068°

Encoder angle -15.00° -12.00° -9.00° -6.00° -3.00° 0.00° 3.00° 6.00° 9.00° 12.00°
Road speed 0 0 0 0 0 0 0 0 0 0
200 (1.23 m/sec) -12.994° -9.577° -8.766° -4.751° -0.001° 0° 0.001° 6.297° 9.127° 13.21°
350 (2.16 m/sec) -12.871° -9.597° -8.748° -5.116° 0° 0° 0° 6.286° 9.118° 13.287°
500 (3.07 m/sec) -12.722° -9.56° -8.671° -5.121° 0° 0° 0° 6.167° 9.138° 13.339°
750 (4.61 m/sec) -12.827° -9.613° -8.701° -4.607° 0° 0° 0° 5.77° 9.149° 13.369°
1000 (6.14 m/sec) -12.937° -10.352° -9.426° -4.653° 0° 0° 0° 3.259° 9.042° 13.2°
1250 (7.63 m/sec) -12.575° -10.059° -9.052° -1.238° 0° 0° 0° 3.179° 9.336° 13.455°
1500 (9.27 m/sec) -13.183° -9.848° -8.803° -4.984° 0° 0° 0° 6.127° 9.187° 13.452°
1750 (10.83 m/sec) -12.965° -10.584° -9.443° -0.842° 0° 0° 0° 2.98° 9.849° 13.496°
2000 (12.28 m/sec) -13° -10.255° -9.281° -4.123° 0° 0° 0° 2.993° 8.932° 13.079°
2500 (15.43 m/sec) -13.947° -11.106° -3.719° -0.002° 0° 0° 0° 0.198° 2.381° 12.959°
3000 (18.50 m/sec) -13.372° -10.969° -8.905° -0.015° 0° 0° 0° 0.058° 9.359° 13.984°
3500 (21.57 m/sec) -12.99° -10.731° -9.633° -1.371° 0° 0° 0° 2.728° 10.21° 13.213°
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Encoder angle 15.00° 18.00° 21.00° 24.00° 27.00° 30.00° 33.00° 36.00° 39.00° 42.00° 45.00°
Road speed 0 0 0 0 0 0 0 0 0 0 0
200 (1.23 m/sec) 16.56° 19.459° 22.149° 25.536° 28.27° 30.992° 34.528° 36.908° 40.432° 42.839° 46.519°
350 (2.16 m/sec) 16.501° 19.529° 22.211° 25.503° 28.3° 31.103° 34.506° 36.997° 40.362° 42.907° 46.546°
500 (3.07 m/sec) 16.496° 19.613° 22.312° 25.594° 28.323° 31.087° 34.547° 37.057° 40.238° 42.985° 46.702°
750 (4.61 m/sec) 16.554° 19.695° 22.282° 25.465° 28.462° 31.301° 34.472° 37.482° 40.568° 43.161° 46.728°
1000 (6.14 m/sec) 16.233° 19.523° 22.462° 25.492° 28.436° 31.412° 34.732° 37.682° 40.464° 43.291° 46.639°
1250 (7.63 m/sec) 16.457° 19.612° 22.74° 25.494° 28.496° 31.569° 34.647° 37.507° 40.475° 43.389° 46.485°
1500 (9.27 m/sec) 16.671° 19.808° 22.183° 25.225° 28.212° 31.351° 34.521° 37.418° 40.571° 43.583° 46.558°
1750 (10.83 m/sec) 15.477° 18.882° 21.985° 25.063° 28.275° 31.586° 34.484° 37.645° 40.453° 43.298° 46.483°
2000 (12.28 m/sec) 16.32° 19.39° 22.585° 25.827° 28.717° 31.815° 33.787° 37.169° 40.344° 43.73° 46.552°
2500 (15.43 m/sec) 16.059° 18.987° 22.51° 25.317° 28.592° 32.031° 34.697° 36.828° 40.541° 44.093° 46.518°
3000 (18.50 m/sec) 16.867° 20.155° 22.102° 26.184° 29.486° 29.791° 33.686° 37.62° 40.182° 44.148° 46.529°
3500 (21.57 m/sec) 15.186° 18.856° 21.767° 24.77° 28.516° 32.462° 34.176° 37.743° 41.635° 42.011° 46.497°
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Appendix C: Results of Linear Speed Tests of ADNS-3080 Sensor
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Appendix D: Results of Angle Measurements at Different Moving
Roadway Speeds



rpm = 750 rpm = 1500 rpm = 2500
Encoder ) Angle_ ] Angle‘ . Anglel ) AngIeA ] Angle‘ ) Angle_
Angle (°) dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal dlfferent‘l,al dlfferenotlal
(mean, °) (std, ©) (mean, °) (std, °) (mean, °) (std, ©)
-168 0.419126 0.190788 0.316786 0.12801 2.246273 0.052675
-165 1.885176 0.152285 1.766905 0.097588 2.009699 0.042578
-162 1.88849 0.167089 1.610501 0.082786 1.452432 0.04731
-159 1.24527 0.129076 1.129213 0.067861 1.695598 0.054803
-156 1.337196 0.115258 1.423984 0.066025 1.948257 0.044254
-153 0.91813 0.121223 1.60562 0.061215 1.465125 0.075642
-150 0.806426 0.146237 1.375355 0.057138 1.101312 0.04935
-147 2.167234 0.152957 1.190174 0.075608 1.610821 0.055206
-144 1.611846 0.118476 1.281286 0.074519 1.463736 0.041496
-141 1.158254 0.116437 1.381649 0.068367 1.607241 0.049769
-138 1.107197 0.159125 1.201785 0.088111 1.081268 0.059803
-135 1.753271 0.263124 1.838014 0.07779 1.952899 0.060243
-132 1.376649 0.104171 1.403087 0.057986 1.404803 0.044312
-129 1.452418 0.135812 1.462738 0.081412 1.25215 0.041268
-126 1.09235 0.166861 2.245393 0.081489 1.366612 0.051227
-123 2.595093 0.176676 1.511268 0.060506 1.866869 0.049399
-120 2.529598 0.13871 0.866391 0.062427 1.496825 0.058253
-117 1.146309 0.121882 1.686921 0.073786 0.879636 0.042879
-114 1.311389 0.129256 1.869156 0.068375 1.706823 0.048593
-111 1.132411 0.161146 0.611872 0.076526 1.771046 0.044205
-108 0.192721 0.165768 0.51298 0.102454 0.713405 0.051477
-105 3.038157 0.187888 2.700776 0.104023 1.310344 0.086532
-102 2.122385 0.141831 1.96695 0.08057 2.114202 0.109244
-78 0.559448 0.181244 0.428523 0.098565 1.714835 0.062201
-75 1.857097 0.148429 1.604767 0.078988 1.911494 0.042295
-72 1.444269 0.135295 1.806288 0.081385 1.337176 0.044017
-69 1.513636 0.115386 1.198432 0.071113 1.497596 0.047146
-66 1.607838 0.110807 1.327248 0.07264 1.912368 0.044547
-63 0.650093 0.129434 1.697304 0.062001 1.331242 0.075141
-60 0.613063 0.179201 1.315421 0.069307 1.192104 0.046739
-57 1.529992 0.12869 0.924693 0.092402 1.67993 0.049267
-54 1.313911 0.137972 1.354025 0.074634 1.546692 0.040008
-51 1.214419 0.111648 1.320978 0.066951 1.350349 0.047094
-48 1.76817 0.143947 1.241207 0.089048 1.053637 0.064445
-45 1.10209 0.159586 1.672701 0.065927 1.908401 0.05788
-42 1.388791 0.112951 1.281405 0.070017 1.437843 0.046376
-39 1.286082 0.14675 1.405715 0.084205 1.151288 0.041337
-36 1.067004 0.190834 2.168329 0.081867 1.309596 0.051726
-33 2511621 0.185535 1.391602 0.06062 1.81691 0.047266
-30 2.506079 0.132368 0.83176 0.064401 1.516261 0.059738
-27 1.060729 0.131504 1.66543 0.070023 0.692397 0.047003




rpm = 750 rpm = 1500 rpm = 2500
Encoder ) Angle_ ] Angle‘ . Anglel ) AngIeA ] Angle‘ ) Angle_
Angle (°) dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal dlfferent‘l,al dlfferenotlal
(mean, °) (std, ©) (mean, °) (std, °) (mean, °) (std, ©)
-24 1.31158 0.136738 1.896513 0.071042 1.505113 0.056197
21 1.184348 0.205545 0.679259 0.081553 1.670306 0.045769
-18 0.279927 0.15127 0.661818 0.082056 0.651521 0.050047
-15 2.733426 0.201848 2.528262 0.106629 0.80437 0.098406
-12 1.869666 0.163655 1.708085 0.087247 1.883823 0.122631
12 0.238513 0.227512 0.11813 0.150777 1.922962 0.053395
15 1.557062 0.158296 1.690733 0.107264 1.759717 0.04362
18 1.396735 0.154424 1.240604 0.096377 1.45829 0.043876
21 1.366242 0.125126 0.914206 0.086111 1.614316 0.08074
24 1.553857 0.117856 1.454626 0.070787 1.962674 0.042609
27 0.965961 0.127359 1.358691 0.066757 1.524789 0.103017
30 0.939469 0.14808 1.484614 0.076106 0.908695 0.052471
33 1.453925 0.132621 1.734319 0.092919 1.743719 0.066687
36 1.274945 0.11948 1.159308 0.06843 1.114594 0.041312
39 1.236919 0.103843 1.48776 0.064813 2.036307 0.044992
42 1.210014 0.144953 0.94828 0.074886 0.563668 0.068046
45 1.816721 0.132384 1.806937 0.074435 2.144372 0.056348
48 1.409422 0.126181 1.207199 0.088463 0.66139 0.040837
51 1.265445 0.113156 1.674424 0.075189 1.499496 0.044616
54 0.675018 0.138363 1.324287 0.083145 1.372716 0.082605
57 1.878376 0.145222 1.173272 0.067226 1.756794 0.044539
60 1.878997 0.146851 1.168617 0.06704 1.620657 0.090147
63 1.461285 0.154401 1.289117 0.078355 0.61933 0.044189
66 1.880701 0.124834 1.908214 0.063904 1.520531 0.088483
69 0.60692 0.139737 1.140626 0.086748 1.345834 0.047872
72 0.411565 0.160866 0.821325 0.088896 0.762754 0.042782
75 2.842315 0.181016 2.630287 0.126926 0.298212 0.052786
78 2.061381 0.182289 1.801688 0.093712 2.518154 0.163237
102 0.053081 0.264611 -0.231287 0.15429 1.769991 0.040539
105 1.590462 0.152932 2.162007 0.120978 1.634333 0.041737
108 1.412211 0.155661 1.015532 0.089509 1.572836 0.051053
111 1.017698 0.146818 0.860926 0.091077 1.266965 0.105547
114 1.341041 0.116492 1.596704 0.082898 2.029766 0.042849
117 1.128712 0.108861 1.228495 0.064655 1.377098 0.103608
120 1.070665 0.135339 1.572832 0.070616 0.922017 0.053717
123 1.543866 0.134003 1.922541 0.097406 1.873072 0.077721
126 1.330469 0.118158 1.03455 0.073281 1.111968 0.046619
129 1.319866 0.118512 1.475394 0.079113 2.148509 0.046449
132 1.221117 0.139662 0.963139 0.080945 0.567479 0.062556
135 1.69719 0.139239 1.866364 0.075823 2.218526 0.057928
138 1.314348 0.122521 1.277971 0.078164 0.733822 0.047638
141 1.335661 0.131148 1.69389 0.074878 1.492289 0.044629




rpm = 750 rpm = 1500 rpm = 2500
Angle Angle Angle Angle Angle
iched(e"r) differential differential differential E:C?:;r) differential differential
9 (mean, °) (std, ©) (mean, °) 9 (mean, °) (std, ©)
144 0.701144 0.157033 1.39807 0.080387 1.318656 0.083064
147 2.023475 0.150234 1.229048 0.0602 1.782435 0.04425
150 1.997272 0.141419 1.098991 0.07073 1.678841 0.079138
153 1.495282 0.147192 1.401316 0.073031 0.631735 0.040868
156 1.830222 0.125068 1.892736 0.076025 1.44272 0.07672
159 0.461459 0.140478 0.920074 0.086874 1.434424 0.044103
162 0.351235 0.163576 0.745187 0.087523 0.494326 0.050076
165 2.490532 0.185977 2.422534 0.117361 0.002822 0.067807
168 1.652815 0.157754 1.69574 0.087815 2.024407 0.164559
overall 1.395891 0.030199 1.389658 0.018140 1.441865 0.024061
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Appendix E: Results of Angle Measurements at 1° Increment and
Different Data Output Rate



Data
rate

100Hz

20Hz

speed rpm =750 rpm = 1550 rpm = 2500 rpm = 750 rpm = 1550 rpm = 2500
Encoder _Angle‘ »Angle_ »Angle_ _Angle‘ »Angle_ »Angle‘ »Angle‘ »Angle_ »Angle‘ »Angle_ »Angle‘ »Angle_
Angle () dlfferentLal dlfferen:lal dlfferentlal dlffererltlal dlfferentlal dlfferen:lal dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal

(mean, °) (std, ®) (mean, °) (std, °) (mean, °) (std, ®) (mean, °) (std, ®) (mean, °) (std, ®) (mean, °) (std, ®)

-130 1.236179 0.407608 1.322316 0.230732 1.297503 0.137676 1.273725 0.115642 1.277983 0.069848 1.298908 0.038055

-129 1.420968 0.440054 1.50093 0.252314 1.251282 0.143848 1.410016 0.143582 1.467222 0.07653 1.246895 0.037146

-128 1.744917 0.45369 1.661382 0.278886 1.311285 0.166482 1.658738 0.156645 1.679381 0.094156 1.309223 0.041866

-127 1.593814 0.48913 2.048295 0.328053 1.467954 0.192348 1.418836 0.156936 2.107343 0.094595 1.466844 0.047467

-126 1.087594 0.508746 2.236852 0.30334 1.374662 0.163609 0.886607 0.168867 2.211544 0.08448 1.369392 0.053417

-125 0.836224 0.519719 2.115909 0.266334 1.267836 0.171853 0.678687 0.182655 2.078752 0.0747 1.267039 0.04782

-124 1.524705 0.528189 1.846809 0.23496 1.616767 0.164611 1.525239 0.183652 1.808773 0.070199 1.618041 0.046854

-123 2.628151 0.573155 1.487691 0.217538 1.857158 0.159679 2.582342 0.176002 1.481157 0.065526 1.869339 0.0509

-122 2.982458 0.554861 1.154707 0.220542 1.933903 0.163212 2.927446 0.169237 1.155679 0.058456 1.946759 0.049643

-121 2.889857 0.515365 0.938322 0.234967 1.848535 0.170095 2.887691 0.141812 0.944583 0.062489 1.853871 0.050755

-120 2.517585 0.492399 0.907193 0.241984 1.485715 0.164979 2.554089 0.134669 0.904225 0.063246 1.480071 0.05906

-119 1.993441 0.457336 1.087108 0.258401 1.042869 0.167827 2.041272 0.114803 1.070402 0.063457 1.050867 0.057946

-118 1.489734 0.446451 1.427639 0.24395 0.85852 0.154889 1.496713 0.112913 1.391584 0.062603 0.869462 0.049129

-117 1.168291 0.471908 1.815625 0.256023 0.882652 0.143736 1.148137 0.123084 1.76315 0.069593 0.879277 0.042437

-116 1.027261 0.469088 2.066921 0.26466 1.116212 0.145863 0.999773 0.133062 2.025048 0.067791 1.122502 0.040602

-115 1.128997 0.47561 2.083964 0.263289 1.480743 0.161216 1.003874 0.137026 2.067981 0.066496 1.486764 0.056458

-114 1.617928 0.459023 1.854622 0.245928 1.709574 0.178512 1.292016 0.126163 1.863479 0.064393 1.716242 0.053231

-113 1.955379 0.472683 1.452464 0.250454 1.974269 0.174989 1.624247 0.124531 1.470349 0.062043 1.972699 0.048017

-112 1.968475 0.510163 0.984075 0.269205 1.997502 0.164142 1.562117 0.137831 0.998807 0.066094 2.000939 0.046593

-111 1.152194 0.565199 0.570856 0.280558 1.770148 0.152399 1.045203 0.174221 0.572012 0.06653 1.777288 0.041008

-110 1.021823 0.517672 0.300783 0.305904 1.367942 0.135976 0.811735 0.293756 0.297462 0.073939 1.375077 0.039414

mean 1.665998 | 0.4918118 1.469736 0.259429 1.472049 0.160854 1.563262 0.152718 1.458900 0.070341 1.475119 0.047515
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Appendix F: Results of Angle Measurements at 4’ above the
Moving Roadway



Data rate = 100 Hz, sensor resolution = 400 cpi, distance to moving roadway = 4"

speed rpm =750 rpm = 1500 rpm = 2500
Encoder _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_
Angle (°) dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal

(mean, °) (std, ©) (mean, °) (std, °) (mean, °) (std, ©)
-130 1.541557 0.203939 2.411891 0.155641 1.719912 0.142378
-129 1.800926 0.251928 2.117808 0.126247 1.904759 0.163493
-128 0.891883 0.349723 1.785665 0.115345 1.899561 0.14077
-127 0.784497 0.388605 1.428832 0.114118 1.753176 0.098111
-126 1.582222 0.362461 1.072565 0.130452 1.710695 0.160041
-125 2.127623 0.275179 0.724809 0.157566 1.895505 0.191839
-124 2.33641 0.253631 0.461976 0.215802 2.119836 0.13032
-123 2.137431 0.243489 0.540695 0.321312 2.081745 0.107098
-122 1.575797 0.275472 1.145035 0.386822 1.982609 0.125736
-121 1.039815 0.244651 1.935755 0.237647 1.770794 0.126211
-120 1.053807 0.22046 2.267388 0.310398 1.536306 0.11571
-119 1.233489 0.211708 2.035681 0.40779 1.337693 0.126329
-118 1.426742 0.210126 1.671241 0.454087 1.367161 0.185176
-117 1.641773 0.237903 1.510118 0.560646 2.07484 0.27423
-116 1.754044 0.296479 1.112025 0.48933 2.65854 0.365086
-115 1.564242 0.390954 1.04617 0.578324 2.552298 0.403061
-114 1.169234 0.370059 0.82721 0.54687 2.406347 0.412174
-113 1.061834 0.282201 0.651617 0.508815 2.269622 0.359706
-112 1.031034 0.240498 0.676889 0.459332 2.078187 0.280259
-111 1.00635 0.217554 1.883444 0.423992 2.204064 0.226124
-110 1.072803 0.213949 3.729888 0.263314 3.067653 0.225104
mean 1.420643 0.273379 1.477938 0.331611 2.018633 0.207569

F-1




Appendix G: Results of Angle Measurements at 1600 cpi Sensor
Resolution



Data rate = 100 Hz, sensor resolution = 1600 cpi, distance to moving roadway = 4"

speed rpm =750 rpm = 1500 rpm = 2500
Encoder _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_
Angle (°) dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal

(mean, °) (std, ©) (mean, °) (std, ©) (mean, °) (std, °)
-130 1.205457 0.128749 0.118044 0.193532 1.69658 0.065318
-129 1.302883 0.144569 0.511137 0.154059 2.223409 0.066536
-128 1.308537 0.175065 0.801393 0.117335 1.53757 0.151395
-127 1.094434 0.201876 1.006692 0.103195 -0.029215 0.159214
-126 1.137495 0.188083 1.1979 0.101223 0.39496 0.151542
-125 1.189665 0.143512 1.418235 0.117044 1.067133 0.111716
-124 1.171713 0.122937 1.222267 0.199772 1.756626 0.095713
-123 1.135617 0.12141 -0.116351 0.171208 1.593197 0.203241
-122 1.135366 0.140724 -0.247882 0.206018 0.131293 0.124093
-121 1.076157 0.171069 -0.026334 0.188848 0.397833 0.104604
-120 1.039202 0.161152 0.241711 0.17624 0.799054 0.069106
-119 1.088159 0.14304 0.534697 0.159988 1.10789 0.061805
-118 1.205939 0.13712 0.879391 0.144219 1.19226 0.096246
-117 1.352191 0.138172 1.247326 0.126437 0.285174 0.107653
-116 1.417527 0.141716 1.533157 0.112671 0.100432 0.123224
-115 1.421533 0.151221 1.691372 0.109608 0.388393 0.127468
-114 1.379069 0.161807 1.729795 0.114474 0.853501 0.117482
-113 1.310189 0.17537 1.729741 0.117804 1.267635 0.090415
-112 1.226326 0.185599 1.62682 0.11292 1.456708 0.072979
-111 1.164298 0.186938 1.35427 0.096367 1.292523 0.085469
-110 1.234432 0.182049 1.243474 0.099471 0.83413 0.10147
mean 1.218866 0.157246 0.937945 0.139163 0.968908 0.108889
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Appendix H: Results of Angle Measurements at 1600 cpi Sensor
Resolution, Height at 9”



Data rate = 100 Hz, sensor resolution = 1600 cpi, distance to moving roadway = 9”

speed rpm =750 rpm = 1500 rpm = 2500
Encoder _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_
Angle (%) dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal

(mean, °) (std, ©) (mean, °) (std, ©) (mean, °) (std, ©)
-130 1.671973 0.392019 1.266848 0.18382 1.253005 0.102267
-129 1.983489 0.400823 1.535777 0.22656 1.102943 0.106208
-128 2.246052 0.346795 1.849895 0.263076 1.057295 0.131744
-127 2.139946 0.312888 2.090254 0.30016 1.114934 0.152494
-126 1.782401 0.293265 2.294331 0.298648 1.179149 0.127608
-125 1.293511 0.305392 2.183215 0.267234 1.384162 0.125664
-124 1.285692 0.4099 1.866405 0.214985 1.544584 0.105798
-123 2.656998 0.554332 1.547736 0.169294 1.566012 0.101081
-122 2.990222 0.522943 1.225442 0.145494 1.459792 0.113733
-121 2.855493 0.442547 0.992611 0.148548 1.273159 0.130921
-120 2.48514 0.37184 0.909034 0.167577 1.078535 0.156785
-119 2.013096 0.342659 1.047253 0.198655 0.950097 0.160016
-118 1.580291 0.33161 1.581991 0.197622 0.877993 0.138983
-117 1.251883 0.330481 1.968297 0.207656 0.901901 0.125722
-116 1.054615 0.326209 2.07326 0.201412 1.196986 0.137971
-115 1.197119 0.332179 1.946768 0.170611 1.751801 0.18485
-114 1.814439 0.360571 1.665635 0.15743 2.059766 0.205983
-113 2.110064 0.326345 1.232131 0.14434 2.201267 0.200097
-112 2.131205 0.336198 0.742069 0.164665 2.121797 0.17744
-111 1.788287 0.333272 0.305953 0.187277 1.831215 0.145718
-110 1.246259 0.319215 0.021085 0.233108 1.402815 0.116757
mean 1.884675 0.366261 1.445047 0.202293 1.395676 0.140373
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Appendix I: Results of Angle Measurements at 1600 cpi Sensor
Resolution, Height at 9” with 25 mm Lens



25 mm lens | Datarate = 100 Hz, sensor resolution = 1600 cpi, distance to moving roadway = 9”
speed rpm =750 rpm = 1500 rpm = 2500
Encoder _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_ _ Angle_
Angle (°) dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal dlfferentlal dlfferenotlal
(mean, °) (std, ©) (mean, °) (std, ©) (mean, °) (std, °)
-130 1.159929 0.727603 0.567835 0.204363 -0.945822 0.339429
-129 3.726235 0.44482 0.579783 0.431776 -0.291721 0.536244
-128 4.318326 0.303348 2.622254 0.654946 2.611029 0.573503
-127 4.196488 0.271631 4.006539 0.283864 3.892898 0.242754
-126 3.760698 0.261297 3.718607 0.166717 3.636972 0.139192
-125 3.21091 0.212374 3.179375 0.154262 3.111291 0.119968
-124 2.555524 0.183892 2.5431 0.137253 2.493941 0.111958
-123 1.821778 0.203948 1.825099 0.125126 1.806311 0.125948
-122 1.055805 0.206879 1.07867 0.12273 1.0953 0.132857
-121 0.307468 0.230626 0.361024 0.138294 0.393333 0.117281
-120 0.016704 0.444796 -0.304524 0.153051 -0.250026 0.11919
-119 0.52707 0.610568 -0.861259 0.171513 -0.787847 0.131221
-118 1.304819 0.620615 -1.265976 0.185976 -1.12334 0.163492
-117 1.987201 0.597835 -0.653877 0.490563 -0.322236 0.531696
-116 3.300572 0.4892 2.811067 0.525317 2.963295 0.430155
-115 3.2632 0.45219 3.306145 0.456871 3.647201 0.363889
-114 2.710351 0.458951 2.907845 0.46095 3.150245 0.444595
-113 2.042392 0.464984 2.121709 0.5018 2.941699 0.41436
-112 1.637748 0.513727 1.318086 0.71141 2.05465 0.668382
-111 0.684251 0.477955 0.68056 0.768707 1.33003 0.557966
-110 -0.269058 0.512847 -0.314153 0.392147 0.117094 0.498572
mean 2.062781 0.413813 1.439424 0.344649 1.501157 0.322031
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Appendix J: Results of Angle Measurements at 1600 cpi Sensor
Resolution, Height at 4” with 17 mm Lens



17mm lens Data rate = 100 Hz, sensor resolution = 1600 cpi, distance to moving roadway = 4”
speed rpm =350 rpm =750 rpm = 1000 rpm = 1200 rpm = 1500
Encoder ) Angle_ _ Angle_ ) Angle_ _ Angle_ ) Angle_ ) Angle_ ) Angle_ ) Angle_ _ Angle_ ) Angle_
Angle ) dlfferentloal dlffererltlal dlﬁerentLaI dlffererltlal dlfferemloal dlfferenotlal dlfferemloal dlffererltlal dlfferentloal dlffererltlal
(mean, °) (std, °) (mean, °) (std, °) (mean, °) (std, °) (mean, °) (std, ©) (mean, °) (std, °)
-130 1.164274 0.217822 1.227503 0.134332 1.024845 0.127988 1.551713 0.095575 -0.895658 0.102091
-129 1.070297 0.234547 1.133186 0.145776 1.227599 0.119945 2.155615 0.092142 -0.305763 0.097862
-128 1.013346 0.268016 0.97249 0.171094 1.398334 0.123849 1.268371 0.18891 0.401095 0.107587
-127 0.977474 | 0.297983 0.951343 | 0.167112 1.537373 0.141431 0.549911 0.127696 1.063073 0.114893
-126 0.867142 0.314686 1.037469 0.147128 1.431357 0.130612 1.204494 0.129579 1.657421 0.101879
-125 0.793003 0.363281 1.179577 0.128746 1.103942 0.13942 1.76484 0.121267 2.207162 0.099106
-124 1.1324 | 0.386004 1.226967 0.128174 1.188486 0.116952 2473772 0.116458 2.575476 0.110532
-123 1.861781 0.319288 1.267529 0.143309 1.214007 0.102256 3.057454 0.113998 0.668001 0.187825
-122 1.803635 0.273636 1.396189 0.158714 1.218883 0.109664 | 3.522352 0.116818 || -0.330654 0.120047
-121 1.696602 0.259886 1.357987 0.126939 1.277691 0.129079 3.776293 0.132827 0.184479 0.120556
-120 1.631226 0.258408 1.258156 0.114764 1.273381 0.142196 3.846874 0.170919 0.754464 0.1219
-119 1.628822 0.275372 1.184715 | 0.112239 1.270098 0.145884 1.994259 0.448997 1.341006 0.120564
-118 1.755808 0.263902 1.139814 | 0.127031 1.287722 0.128919 || -0.891657 0.478995 1.958126 0.127562
-117 1.700641 0.248857 1.14605 | 0.150017 1.240821 0.109584 | -1.085596 0.348129 2.539462 0.128531
-116 1.528254 0.233111 1.16938 0.174396 1.159721 0.10655 -0.30011 0.351526 2.955522 0.121335
-115 1.375432 0.223675 1.170247 0.189562 1.215304 0.120052 0.548403 0.338519 3.20663 0.122167
-114 1.305208 0.230283 1.133857 0.193281 1.224723 0.123234 1.938861 0.565466 2.325549 0.312805
-113 1.232598 0.249854 1.066291 0.201504 1.204491 0.120566 2.76168 0.377378 | -0.766082 0.397769
-112 1.188358 0.257421 0.966302 0.208259 1.183962 0.114312 3.595559 0.346505 -1.652001 0.18644
-111 1.119448 0.256355 0.852217 0.220378 1.201523 0.113563 4.289587 0.40578 -0.94913 0.207025
-110 1.000023 0.262379 1.184015 | 0.222569 1.284491 0.119792 3.376138 0.584049 0.095095 0.325816
mean 1.326 0.271 1.144 0.160 1.246 0.123 1.971 0.269 0.906 0.159




Appendix K: Results of Angle Measurements at 1600 cpi Sensor
Resolution, Height at 6” with 25 mm Lens



25mm lens

Data rate = 100 Hz, sensor resolution = 1600 cpi, distance to moving roadway = 6"

speed rpm = 350 rpm =750 rpm = 1000 rpm = 1500
Encoder _ Angle_ _ Angle_ _ Angle_ _ Angle‘ _ Angle‘ ‘ Angle_ ‘ Angle_ ‘ Angle_
Angle (%) dlfferentlal dlffererlual dlfferentlal d|fferen°t|a| d|fferentLa| dlfferenotlal dlfferentlal dlfferenotlal

(mean, °) (std, ©) (mean, °) (std, °) (mean, °) (std, 9) (mean, °) (std, °)

-130 0.805669 0.418193 3.174505 0.203815 1.157648 0.08455 1.791453 0.072274

-129 0.216624 0.380639 2.896857 0.143605 0.659442 0.092079 1.367032 0.067703

-128 0.036481 0.47971 2.52416 0.130621 0.138532 0.112292 0.871978 0.076021

-127 1.042002 0.868994 2.140461 0.125646 -0.385299 0.126752 0.373837 0.082964

-126 1.331968 0.763633 1.730091 0.124161 -0.517824 0.320697 -0.096032 0.098745

-125 1.1717 0.687002 1.384959 0.183339 1.456064 1.011079 -0.458525 0.140258

124 1.291623 0.804042 2.016576 0.404684 2.853551 0.244377 0.457812 0.303134

123 3.067234 0.541795 3.326005 0.237174 2.54922 0.237279 2.619595 0.27209

-122 3.144198 0.23725 3.111848 0.122312 2.258644 0.258069 3.006169 0.093362

121 2.740539 0.238782 2.68947 0.09845 2.072529 0.327398 2.619596 0.072079

-120 2.377671 0.281691 2.20015 0.093327 2.311631 0.639749 2.176825 0.068339

-119 2.425216 0.426246 1.690903 0.093214 3.026418 1.345544 1.715783 0.069675

-118 3.120126 0.349313 1.175106 0.094839 1.706509 1.668052 1.24247 0.074026

-117 2.920788 0.230514 0.677708 0.103051 0.024737 1.068064 0.787964 0.082336

-116 2447714 0.238766 0.242361 0.115711 -0.543645 0.661455 0.393985 0.09818

-115 1.952759 0.247077 -0.12421 0.128941 2.931874 0.500033 0.055779 0.110131

114 1.499955 0.287105 -0.496744 0.138747 3.010257 0.105825 -0.252917 0.118652

-113 1.23493 0.349524 -0.767707 0.180302 2.631006 0.088928 -0.575059 0.130236

-112 1.260921 0.469448 -0.851807 0.322781 2.228478 0.087884 -0.908776 0.145862

111 1.11088 0.390681 -0.11843 0.635417 1.840738 0.082389 -0.997165 0.24872

-110 0.912194 0.302194 1.590316 0.524278 1.484668 0.079909 1.395077 0.425708

mean 1.720 0.428 1.439 0.200 1.566 0.435 0.837 0.136
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