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Abstract

Autonomous operation of the 2005 PV High School Road Warrior's Honda MRArried out
by a unique distributed processing architecture based on a eés& single board Pentium D
processors. The navigation suite features a new dead reckoning #&tsoreasures vehicle
displacement every two msec to a precision of one mm. Combine@ RGPS receiver and a
military grade INS, the car's state vector is determineda high degree of precision.
Environmental sensors consist of two SICK Lidars and a pair of Redmeras operating as a
stereo pair all mounted on an inertial platform.



Introduction

The Road Warriors of Palos Verdes High School are pleased um ret the 2005 Grand
Challenge. Most of the team has returned this year witreagttrened set of adult mentors and
participants from individuals formerly members of Team Desigh&igver. A strengthened
financial structure and business management organization hascdliiog/éeam to progress in
both technology and sponsorship. As a result, the team has been ablelop defer more
aggressive technological approach than in the 2004 Grand Challengprojguot is divided into
three groups namely business, software, and hardware. Many mehdarsextensive
computing experience, and include experienced C/C++ programrmerianguage chosen for
the software development. We have had additional help from Industryseepgves most

notably Lambda Tech International who are vision systems experts.

The Navigation sensor suite adds to the usual INS and DGPS catifigua hew sensor called
the ground mouse. This sensor whose sampling time is 2 msec provjgleseati®ent data both
longitudinally and transversally at each measurement point. A ppetotas instrumental in the
team’s performance at the site visit last May. With the delign, sub mm resolution may be
obtainable. Thus, if we know our initial position, with a complete failarthe DGPS receiver,

the car would still be able to find its way from waypoint to waypoint.

The environmental sensor suite consists of two CMOS based caoperasing in conjunction
with two laser range finders providing for both the path and objecttaeiefunctions. The
cameras provide long-range detection in a narrow path whose atireeth be commanded. One
of the lasers provide mid range object detection and the second grauvdend furrow
detection. The Optical sensors are mounted on an isolation platfarelgbaouses the ground
mouse sensor. The optical sensors have a three-degree of freeduwsh ajid each of the lasers

has a two-degree of freedom gimbal.



Vehicle path control is implemented by a three-tier prigsitucture, our three laws of robotics.
When an object of large enough size is detected the route planniwgreothanges the route so
that the highest priority is to avoid the object. At the secovel,l& there is a well-defined path
as detected by the vision system that parallels and has arcaltecated with the planned
corridor, the path is followed. When neither objects nor well-defindts@ae present, the preset
corridor will define the planned route. The corridor is calculateceah time from the RDDF

data to keep a planned route of approximately 1 km distance ahead of the vehicle.

1. Vehicle

1.1 Vehicle Overview

The PV Road Warriors vehicle is a 2005 Acura MDX SUV. The vehidies on 4 tires made
with Kevlar side walls for improved off road endurance and a stdrgdesoline powered internal
combustion engine. Automation of the vehicle is accomplished using setecsnlesigned and
installed by EMC but with our own servo amplifier system repig their electronics. The
gearshift, engine cutoff, remote start and other vehicle cordlolsse actuators from EMC as
well. The system updates the vehicle state vector every 100 wiseb, is adequate for vehicle

control loops.
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PV Road Warriors “Doom Buggy”

=
m
Rl
=
=
=

Length: 187.7“

Width:  76.3"

Height: 71.3"

Fuel Capacity: 30.4 gallons
Weight: 4500 Ibs. Gross
Characteristics: 4WD, Automatic
Transmission

Figure 1- Doom Buggy
1.2 Power Subsystem

The electrical power for the system is comprised of 4 ishlaBeVDC deep cycle storage cells.
The batteries are stored in the trunk area as shown in figlhedo% from where power is
distributed to the front of the car. The batteries are conneatéltetvehicle alternator via an
isolator circuit that allows them to be charged without compromgisiach circuit with noise
feedback through the power supply. A voltage converter is installdoeircdr to provide 24
VDC for the servomotors. Military standard Amphenol power conneeatrarsised to ensure the



integrity of the circuit connections in the presence of a high wiragénvironment. Some
redundancy has been built into the power circuit by utilizing a secgmbwer bus for critical
equipment in case one of the batteries fails. A UPS operitng one of the 12 V batteries

provides 600 Watts of AC power for the processor boards.

The peak power budget is calculated to be approximately 1200-1500 QMattscent power for
computers and other ancillary equipment is expected to be about 600-800Asatresult, the
car's 1200-watt alternator should be sufficient for maintainingesygpower. A new pulley for
the alternator has been installed to increase the quiescent gioavegine idle. An additional fuel
tank with a 10-gallon capacity has been added to ensure that paosle péas long as 10 hours
may be tolerated in case of delays in the race. The vehigl@€sralitioning system is utilized to

provide needed cooling for the electronics.
2. Autonomous Operations

2.1 Processing

All processors in the Doom Buggy are Xeon and Pentium-4 processaosofTthe processors
are dual processors to provide enhanced processing speed for dataermeesations such as
imaging processing. Interprocessor communication is through datallpacks over a 100 Mbit
Ethernet shown in green in the figure. Inter processor image mavameerformed over a
1Gbit Ethernet which is reserved solely for that function andasvae in blue. Between the
speed of the net and the design of the task transfer messagesistheo need for any

sophisticated real time message control.

Figure 3 below shows the system architecture. The largerb®ards represent the 4 Xeon
processors. The smaller boards are PentiumD processors. Servo @etpoisvided to point all
environmental sensors and to control the car. One processor, lagttbéthe figure, provides
main system control as well as execution of the car’s agpand speed control. Digital controls
are provided to allow gear shifting and remote start capabiliig. Hstop is connected to this
computer as well as to the car external to the computer. Thusothputers can read the

pause/run mode to allow the car to enter correct resting states during pigb@auge modes.
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platform and the car. The system actually
navigates to the platform state vector, which has a strauglgressed vibration power spectral
density. The car state needs to be tracked so that sensoexi lofflabf the platform can be

commanded to a required line of sight direction.

The top-level software layout is shown in figure 4 below. The thram mmodules are State
Control, Driver and Shotgun. The State Control, which is on the lefpsab®ssor card in figure
3, provides Health and Safety monitoring, vehicle state control anttmthsck control. This
module controls autonomous startup and shutdown procedures. The Driver modataantpl
all of the servo commands for steering and speed control hasmghvigation sensor processing
and state vector update and determination. The Shotgun is responsibéenging the
environment and warning the driver to change planned paths due to obstrictioegplanned
path. The modules reside on multiple processors and due to the opticakprgcare the most

processor intense function of the vehicle.
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be allowed to switch

in and out of operational states that are under software contral.ingsg is also accepted to

allow manual override of the robot for either manual driving or unel¢aio test conditions. The

CAN bus is also utilized to determine various state paramaiténg vehicle such as engine rpm,

wheel rpm and speedometer readings which can be used to monigaf¢heperation of the

vehicle and take corrective actions when called for.

2.1.2 The Driver

The driver module is provided with measurements from the ground mowssetsvof gyros and
GPS. One set of gyros measures the attitude of the inertifdrpilathat houses the ground
mouse and stereo viewing system. The second set of gyros esetwmiattitude of the car. From
this data an appropriate set of filters are applied to providata vectors for the automobile and
the platform. The state vector data is used with the planned patmation to provide both
steering and velocity commands for implementation by the semstersg. Appropriate checks
are made to insure that the commands fall within a rangethlatar is able to perform
considering both design constraints and vehicle dynamics.

The velocity command takes many dynamic and static conditionsaatimunt in determining
what speed to command the vehicle to go. Looking ahead along the ppathethe safe speed
to execute the planned turn radii ahead are calculated. Theiropssdie propagated back in
time to the current time, and the change in velocity neededath these speeds is calculated.
The critical speed as controlled by a maximum acceptabldeaation command is determined

and the car is ordered to slow down to meet these speed casetlze vehicle reaches the



planned position. If the path ahead is determined to be excessivglydaa to the presence of a
field of rocks, a safe speed is calculated based on the measugbdess. A measurement of the
current road roughness is also done utilizing the acceleromeigra safe speed is calculated
from these measurements as well. Finally, all of these speed®mpared with the government
provided speed guideline for the current segment of the course. Téwdsspe combined to
provide the speed command for the car. In this fashion the car canoreaad curvature, road
roughness and traffic control in a manner quite similar to a human driver.

The driver module also calculates the updates to the platform arstatarvectors. Multiple
measurements of the data is provided by the ground mouse, the GR&) thiJs. The ground
mouse provides both transverse and lateral velocity componentsla3veetlata is combined
using a Kalman filter to provide the required state vectors. TP® (@ceiver may be in one of
several modes depending on signal strength and topographic featowsswiien the system
detects a change from HP mode to WAAS mode for instance, the appeamvariance matrix

is used to take into account the signal degradation.

Finally, the driver module is provided map updates from the ShotdenmBbp takes the form of
a horizontal plane projection of the sensed path ahead of the vehiclmeWheformation

provided on the map represents the newly revised “clear path” datenasd by the stereo
camera system and the lidars. A search for the cleared ®uyerformed utilizing varying

weights for corridor edges, objects in the path and varying bourdaditions at the corridor
edge. Thus the corridor edge where there is vegetation or just more dirt path founadatdbe c
edge will get a smaller avoidance weight then a rock ledge Idf edge. The route now picked
diverges from the position of the robot outwards away from the preyipleshned path. The
new steering and velocity commands are derived from this planougel. A parameter is also
passed from the shotgun to the driver, which deals with road smosttunasse in calculating

the velocity command that the car is to execute.

2.1.3 The Shotgun
The shotgun is the most hardware intense module in the car. Thare thual processor card
devoted to the cameras, and one to the Lidars and sensor fusion functister€becameras are

the primary vision system. They are tasked with providing a measunt of the clear path at



long distance. The cameras operate in a tasked mode so that Maslfi@ited to a small
angular window in the direction that the car is planning to traverdee immediate future and a
window large enough to extend to the horizon line. This is the technised by the brain in
processing the retinal data. The IFOV of the cameras is nat than 16 to 15 azimuth by 8
elevation. This is compared to the human eye whose central detentielope is %azimuth by
5° elevation, albeit the eye maintains 30 million pixels in thisoregLike the human eye, the
sensor is pointed in the direction where the “brain” tells it lingit quality detection is needed.
At 100 meters range where the cameras are needed to provigeanhisafe speed limits, the
field of view is not wider than approximately 40-60 feet.

At the start of the race, the lasers sense the clear paihdistance up to 30 meters. The cameras
are then commanded to clear path for the rest of the visddte fihis allows us to set up the
initial environmental model and determine the initial path for wheatdistance is visible to the
sensors. The velocity filters set the maximum speed the vehiitlee allowed to go by use of
the initial clear range data. The corridor has been calcutateédhe direction that the camera
will have to look at in order to sense the next clear rang®ersecknown and commanded.
Additional scans are taken and the map updated by the shotgun with tteemsaw data. The
lidars provide additional information as to potential objects in the.FRBgolving the difference
between misidentified shadows and objects is accomplished by thelidare The upper lidar
can measure ruts and ditches but is more primarily used to umdetetasides of the road. If
there are rock walls or sheer drops, the top mounted lidar adilyedetect. The weights of the

side boundary for the object avoidance algorithms are adjusted accordingly.

2.2 Localization

The primary sensor used for localization is a proprietary sensor
called the ground mouse. The prototype is shown mounted in
the doom buggy in figure 5 was used during the site visit. The
final unit will be integrated later in August. The ground mouse
was developed specifically for the Grand Challenge. The
ground mouse consists of a narrow spectral filtered light

source, a detector array and a modified Newtonian optic

Figure 5 Ground Mouse



system. The distance of the sensor to the ground is not cdtiealo the optic design so there is
no loss of accuracy due to vertical motion of the car on its suspemsierground mouse takes
measurements every 2 msec and integrates the position changequdgted by the navigation
system. The measurement consists of the longitudinal and transliispgacement of the center
of the ground mouse. As the time is accurately known, the datapeisales the average
velocity in the measurement period as well. Measurements afyttem show an accuracy of a
few mm with the prototype system. The final system, whichahbgher resolution sensor, is
expected to have an accuracy of approximately 1 mm. If the groundenm® correlated with a
GPS location at some initial time and position, then the positiothefcar is well known
thereafter from the ground mouse measurement alone. However, t@aimaicturacy using a
projection of the earth to a locally flat coordinate systeme@ally in the presence of elevated
terrain, the ground mouse is recalibrated to the GPS periodichiyretalibration is performed
only if the GPS system is in the HP mode where 0.5 m accisachieved while the vehicle is
in motion. The ground mouse works in conjunction with the IMU. The thre gytputs are
used to sense turn rate for each of the three angular axesrolimel gnouse uses the yaw rate
output in particular to correct for image rotation during the 2 rssetple periods. Looking at
the power spectral density of the accelerometer output for aswgifailar to open dessert and at
speeds in the range of up to 35 MPH suggests that the traditppralaah of using a Kalman
filter on the navigation sensor suite to provide optimized estiniatasioisy environment does
not contribute any substantive improvements for any period longeathmast a second or two.
Road vibration completely dominates the measurement process and tsigial to noise ratio

does not warrant the use of the traditional approach.

The IMU chosen to track platform position is the Northrop Grumman5iONZhe particular unit
that we have obtained has a drift rate of jpér hour. Thus the angle errors are quite small for
substantial periods of and can be used with the ground mouse data to prghidecuracy state
vectors independent of GPS. With the drift rate of the IMU, thpeebed error over the entire
course would be expected to be of the order of .01 radians if the coarsdimished in 10
hours. This translates into a position error of approximately 2.5 kmcdriteibution of the error
due to the ground mouse errors is completely negligible in coropaiis order to maintain a

destination expectation error of less than 1 meter, the IMU wowd ttebe recalibrated every



300 feet on average. Practically, there is no need to recalibeateften as route planning would
account for these errors whenever a recalibration was perfoithed, over the 100 foot GPS

tunnel outage, the expected propagation state error of the vehicle will be of the drden.of

2.3 Sensor Subsystem

2.3.1 Sensor Suite
The sensor suite consists of two sick lidars mounted on active
2 axis controlled platforms. Additionally there is a 3 axis
controlled stereo camera system which is mounted on the
motion platform internal to the car. Each sensor may be
commanded to point in a desired direction. Figure 6 shows a
CAD design drawing of the motion platform internal to the
car. The high quality IMU (red box in lower right quadrant)
is mounted to the platform and gives precision angle
displacement data for the platform with respect to the normal
coordinate plane. The ground mouse (green structure
Figure & Motion Platform mounted to blue gimbal at lower half of drawing) is a two
axis controlled system. The stereo cameras (blue and red strwattuop of drawing) are

mounted on a 3 axis controlled gimbal system.

2.3.1.1 Lidars

Figure 7 shows the location of the two sick lidars on the vehicle. The lidar mounted onttep of t
vehicle is tasked with sensing road ruts, pits, trenches and
any other road depressions. The lidars are shown hard
mounted to the vehicle. The active platforms will be
integrated onto the lidars during the last week in August.
The locations of devices will be approximately as shown
but with modifications to support the spatial needs of the
motion base. The pitch and roll angle can be commanded

Figure 7- Lidar locations
over a +38interval. The principal sensors for controlling the



pitch and roll angle of the laser are the angle resolvers for eacanakibe IMU hard mounted

to the car. The instantaneous roll angle of the car is cancelled out by commbaerdipgadsing
angle into the servo control. The pitch angle is maintained at a fixed negativeogiovide a
slant range of approximately 30 meters to the road. Ruts are seen as didemtmthe slant
range to the road. The laser is kept clear by running a film past the lesgodeo that the
window is cleaned continuouslylhe lower laser is tasked with object detection in the short to
mid range. We do not expect to see objects further than 30 meters with the lidar and will not
track them within 5 meters of the vehicle. The laser is angled downward so tmatheséze

object is detectable at 30 meters.

2.3.1.2 Optical Sensor

The Redlake video cameras are mounted

about half a meter apart on the same motion

platform as the ground mouse. They are

inside the passenger compartment protected

by the windshield of the car as shown in

figure 8. Unobstructed visibility through the Figure 8- Stereo Camera on 3 axis gimbal.
windshield is provided by the windshield

wiper cleaning system, which is activated periodically odioty windshield conditions by the
main processor.

The mount is an active 3-axis gimbal. Instantaneous angle data is deoivethé IMU mounted
to the motion platform. The angle resolvers on the gimbals provideQBewith respect to the
platform. The required rotations are calculated to bring the L@& the desired inertial
direction. The system is commanded to that direction and the camera sampl€»the IF

2.3.2 Environmental Model

The environmental model is built up each scan of the sensors. It is a 3 dimensiosehtefiosn

of the path toward which the vehicle is moving. The transverse aixihe model is the next
guideline to be encountered. The longitudinal axis is the norntlakgiosition where the car is
planned to cross the next guideline. Local gradients of the road pfanased to detect

obstructions in the path and weight them accordingly.
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Initially, the model is built from the laser scans and augndebyevisual scans based on where
the laser information becomes unreliable. A field of obstaclesiisup which is proportional to
the local gradients with a low number being a high likely clegth. The boundaries have
variable weights based on information from the lidars. Thus roughatemweor other forms of
non critical side information will get a small proportionality dam$ and rock walls or sheer
drops will get high proportionality constants. In this way, the rolémnpng software can
preferentially allow boundary violations (e.g. let the left widrdt onto a shoulder to avoid a
hazard at the center of the road) to avoid hazards or forceethele to avoid an object but

strictly enforce the boundary.

2.3.3 Object Avoidance

Pictured on Figure 9 is a sample test
screen from the object avoidance

algorithm. The 2 dimensional sky view

is updated by transforming the cleared
path data from the three dimensional

environmental model. Objects are shown
as white blobs on the plot below. The

current vehicle position is indicated by

the blue cross hairs. The green bar is the Figure 9- Object Avoidance Result
next guideline to be encountered.

Planning is done for several 100 meters based on a combinasemsdr data and preplanned
corridor placement. On each clock cycle, new objects are added toagmeand the path is

optimized based on current information. There are both smoothing catetigehicle constraint

information built into the path planning process. The red line showplgmned path in the

above example. At each time step, this line may change bwaysichanges from the current
position of the vehicle. Reassessments of the avoidance weightebetijects and the corridor

affect which choice of path will be selected.
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2.4 Vehicle Control
2.4.1 Contingencies

2.4.1.1Missed Waypoints

There is no need for any special consideration for missed wagposing the method of
navigation adopted by the PVRW. As shown in figure 9 above, the waypomtsed solely to
construct a series of guidelines as represented by theagghatched line. They are constructed
using a Bezier spline to construct a smooth path through the bownftarmeed by projecting the
waypoints backward and forward at the corridor distance in thetidimeof the previous and
next waypoints respectively. A corridor is constructed by priojggioints at the local waypoint
accuracy requirement projected in either direction along the femranal. The guidelines are
constructed along these lines spaced approximately 20 cm apadgd@llpaths are within the
bounds of this corridor with some exceptions noted below. The guidéhremjunction with
the shotgun have lain a clear path ahead which is continuously upoiate@w sensor

observations. The robot steers along this planned path and the waypoint has no further meaning

2.4.1.1Car Stuck

There are two preplanned cases of the vehicle becoming “stickdne case, the vehicle
becomes lodged on a feature such as an undetected rock. Withitleefoat wheel control
system of the Honda MDX, such an occurrence is a remote pogsiblieé car has both slip
differential and traction control systems. They allow power to beilolited amongst the four
wheels so that a free wheeling tire gets little power ancers distributed to the wheels with
positive traction. A wheel, which is not turning, will be given more @ogo as to help it to
dislodge. There are however possible geographic features suchaas types of trenches where
if the car where to get stuck in one above the critical size,tllea would be no recovery. On
the other hand, if the vehicle were to come to a situation wheshtitgun could not see a clear
path in front, then a back up procedure is planned. The systemaisieaf storing the previous
30 minutes of data. The vehicle can then execute a reverserbtisn. The shotgun would
search for an alternative route. When found, the car would move forward t@omewly

planned route.
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2.4.1.3 Over- Boundary Obstacle

As described above, there is a weight associated with the boundasll a&s objects. Objects
always have a high weighting to ensure they will not be hit. The boundahe other hand may
be a smaller weight. If there are features such as awaltlon one side and a sheer drop on the
other side, then the weights are as high as objects and if a patit ba cleared, the vehicle will
be “stuck”. If on the other hand, there is shoulder, vegetation or otheritical deatures at the
side of a trall, the vehicle can choose to violate the corridor ir tovg#dan a path around objects
that would otherwise prevent it from moving forward. The larger the distancelimboundary,
the larger will be the weight thus if a boundary needs to be violated, do so at the minimal

distance possible.

2.4.2 Maneuvers braking, starting on hill, sharp tu  rns without boundary violation
2.4.2.1 Speed Control

The speed control algorithm takes many different parameters@acbunt in order to determine
the velocity command that the servo should execute. One of the parameteositimithe speed
is turn profile in the path ahead. The vehicle is programmed witiceeleration limit on turns.
In order to meet this criterion, the maximum acceptable vgladiing any point of the planned
path can be calculated. Based on a combination of the current speethgbda the point and
the maximum acceptable speed at that future point, a braking conmagnioe executed causing
the vehicle to slow down so as to achieve the desired velociha@future turn point. Other
conditions such as road roughness or dynamic stability issues prdukiceown velocity
command. The actual command is the minimum of the speed commarwatedl from a list of

constraints.

2.4.2.2 Starting on Hills

The only potentially stressing condition for the Honda in hill starigni) the vehicle is facing
uphill. The native sensors of the vehicle detect only speed; they dieteat the direction of the
velocity. When the vehicle is commanded to start, it is put in@@éthe break is held. If at this
time the vehicle were to start sliding down hill, the combinatiothefIMU indicating that the

vehicle is pitched upwards and a finite velocity while the braken would indicate sliding
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down hill. If we are not ready to start as yet, the brakehei depressed further to hold the
vehicle. Corroboration of the slide downhill will come from the ground mduysa negative

velocity. Once the velocity command is issued, the PID loop will enforce the progenm

2.4.2.2 Enforcing Boundary on Sharp Turns.

The best technique for avoiding boundary violations on sharp turns is to shail turns as
much as possible. The first issue is to plan a path which miesnsizch turns. The Bezier spline
adopted for the planned corridor removes as much of the “planned sharp darpsssible.
There were no waypoints in the 2004 Grand Challenge course that provigetusha using the
algorithms implemented for 2005. The most likely occurrencestiaap turn is thus likely to be
due to object avoidance. The minimum turn radius of 5.8 meters is aawoingged in the route-
planning algorithm. The speed control algorithm will automaticedlyse the vehicle to slow
down as the turn radius decreases until the minimum of acceptableration and roll stability

is achieved.

2.4.3 Integration of Navigation with Sensing

The interface between navigation and sensing is readily unddrsom the information flow as
shown in figure 5 above. The state vector determined in the driver msdpiessed to the
shotgun that uses position and orientation data to construct and update ¢émeiRibmental
model. The newly sensed data is added into the model and cleat regnewly discovered
blocked regions are marked. This information is transformed into thesk®Dview model
centered about the vehicle as shown in figure 9 above. In this fashidastheés divisible

between the driver/navigation function and the shotgun/environmental sensor tasks.

2.4.4 Manual Operations

The vehicle has two modes of operation both of which are controlletidogomputer. The
computer must be powered up in order for the car to operate. Ignitiontrelied by the state of
a switch on the vehicle control panel. If the ignition switch is ongctdmputer will start up the
engine as part of its initialization sequence. Otherwise, thepuimm will wait to sense the
change of state of the ignition switch to determine of thenengfiould be on or off. If the switch

is turned off while in operation, the brake is depressed to stop litdeyeand the engine is shut
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down. The H&S subsystem ensures that the vehicle is brought barle@alely. On the same
control panel is a switch labeled manual/autonomous. In manual pogigorartis drivable by a

human driver in precisely the same manner as an unmodified vehicle.

2.5 System Test

Testing philosophy for the Doom Buggy required testing as eachstabsys developed, built,
and incorporated into the vehicle. Both performs as designed and inteeféfazation with the
other subsystems are measured. Tests are performed immedbtiverify the performance of
each new feature and to ensure that no existing capabitbmgromised. For example, many
of the inherent capabilities of the vehicle have been verifiedhglunitial autonomous testing
under controlled conditions at PVHS. Velocity control for examge performed in steps from
1 to 35 kph where both servo response time and long term accuracy wasered. Step
function responses over large command changes were also made. afe@l squipment,
including flashers, a siren, four manual external emergency stombutiad the E-Stop supplied
by DARPA have also been installed and tested.

A set of formal operational requirements have also been geddmteach subsystem and for
the vehicle as a whole, which together comprise the set of aegesshicle capabilities to
ensure success at the DGC. Each requirement will be verifigagdine integration and test
phase. Many of the requirements will be verified by analydéhenever possible, specific
requirements will also be verified by testing. A set ofstéms been generated to verify each
subsystem and vehicle requirement. Many of the subsystemwidistse carried out under
controlled conditions to verify the operational requirements for sablsystem. The vehicle
tests will be carried out over a test course that simulag®mvironment anticipated for the
DGC. Reliability will be determined by extrapolation of vehieled subsystem performance
changes during repetitive long-term testing. Once all spe@foirements have been verified,
the vehicle will continue testing under adverse conditions. This additestang will provide a
high degree of confidence that the PVHS entry in the DGCdeithonstrate safe and effective
autonomous operation and will be fully capable of meeting the mhailenges that are
anticipated during the DGC.
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