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Team Na
me

Location

Land Rove
r LR3

Appro
X. 6 ho
urs

4th Place.

Little

2006 Toyot
a Prius

No offi
cial tim
e.

One of 6 teams to finish course

2007 Chevy
Tahoe

No offi
cial tim
e.

One of 6 teams to finish course







5 Continental ARS300
8 SICK LMS-291
Velodyne HDL-64

2 steered Continental ISF 172 and 2 IBEO ALASCA
XT

Applanix mPOS-LV with dual antenna GPS and IMU
10 Intel Core2Duo blades @ 2.16 GHz in a compact PCI

chassis

Decentralized, multi-process system
coordinated via gigabit Ethernetcommunications layer

Motion planning evaluates over 1000 candidate trajectories
per-second

Multi-sensor fusion generates moving and static obstacle
models

Context-centric reasoning makes tactical decisions







Object Hypothesis Sel

Object Management Global Target Validation
Estimation & Prediction RWM Checking

Model Selection
Global Classification

Measurement

(Obsarvations, Proposals, Eea
Maovement Obsarvation)

Sensor Layer

Local Classification & Propos
Association

Local Target Validation
Feature Extraction

Road World Model &

Instantaneous Map

Lane Driving

VehicleDriver

DistancekKeeper

MergaPlanner

T

1

CurrentSreneReporter

LaneSelector Goalselector

_________ -t N

StateEstimator

Gaal Selection

Data in fram System










Velodyne laser Applanix INS
Riegl laser l

SICK LMS laser

Process name Computer Description

PROCESS-CONTROL 1 Starts and restarts processes, adds process control via [PC
APPLANIX 1 Applanix interface (via IPC).
LDLRS1 & LDLRS2 1 SICK LDLRS laser interface (via IPC).
I[BEO 1 IBEOQ laser interface (via IPC).
SICK1 & SICK2 1 SICK LMS laser interfaces (via [PC).
2 RIECL 1 Riegl laser interface (via IPC).
i VELODYNE 1 Velodyne laser interface (via IPC and shared memory). This module also projects
. the 3-D points using Applanix pose information.
BOSCH Radar CAN 1 CAN bus interface
IBEO laser RADARI-RADARS5 1 Radar interfaces (via IPC).
PERCEPTION 1 [PC/Shared Memory interface of Velodyne data, obstacle detection, dynamic
tracking and scan differencing
RNDF_LOCALIZE 1 1D localization using RNDF
HEALTHMON 1 Logs computer health information (temperature, processes, CPU and memory
usage)
PROCESS-CONTROL 2 Stargt/ restarts processes and adds process control over IPC
CENTRAL 2 IPC server
PARAM_SERVER 2 Central server for all parameters
ESTOP 2 [PC/serial interface to DARPA E-stop
HEALTHMON 2 Monitors the health of all modules
POWER 2 IPC /serial interface to power-server (relay card)
PASSAT 2 IPC /serial interface to vehicle interface board
CONTROLLER 2 Vehicle motion controller
PLANNER 2 Path planner and hybrid A* planner




SENSOR INTERFACE ‘ ‘ PERCEPTION ‘ ‘

NAVIGATION ‘ ‘ USER INTERFACE

Road map ]
RNDF database *  Top level control
pausa’dsable command
IBEO 1 interface | B | Wireless E-Stop
I . _ Lene position &
L mzmm , . RNDF map cormections riving mode |
LOLAS 1 interface | & Repalir Path planner |
| LDLRS 2 Interface _
| . obetacie list | wajectory |
~ Velodyne Interface » Static & Dynamic .= VEHICLE
RADAR Iinterface N YA INTERFACE
*  Steering control |
vehicle state (pose, velocity) j E Passat interface
GPS position ¥ UKF Pose estimation A > p St |
IMU interface
Wheel velocity _
haart baats Linux processes start/siop
I 4 emergency siop
i . hoakh status :
Process controller | »  Health monitor
power orvoll
data
GLOBAL - y e
SERVICES n— ’









2 IBEO Alasca XT
2 === Cameras

4 SICK LMS

1 IBEQ Alasca AQ
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Sensor Interface
Acquire, imestamp, and |-22nsor Dala_

Dynamic Obstacle Predictor

Predict likely paths of dynamic
obstacles, based on traffic rules

Route Planner
Determine list of exits to
achiave checkpoints. Replan
to save time or upon request.

Optimal Blockage/
Request
Route Replan Traffic

- Driving Behaviors
— Produce target points for high-

- level maneuvers (Lane
Change, Passing, Intersection
Precedence, Parking, Merge)

Target Points,
Max Speed, Points
Lane Mgmt, Achiavable?
Direction

v

iog sensor data and Specs
I T . Object Classification
Sensor Interface tnd Shece #| Locate and classify dynamic |-
Acquire, limestamp, and » and static obstacles
log sensor data -
prem e ey Loc:nllzathn
i _GPS/INS :--|---|--#| Compute global position, local
e position, and velocity state  |-=
i"“‘*'.'li“m““l
‘-'-"il".b"i’-icvti‘ci:iﬂ :
¥ -
- Road Detection B
Sensor Interface Sensor Data = Locate drivable area, lanes,
Acquire, imestamp, and and Specs and stop lines
log sensor dala
~————Blind Spots Clear?————p
Perception Focus——p»
Local Position and User Interface
Velocity State — Provide interface to set MDF,
—————Static Obstacles—— RNDF. and Vehicle Mode
————{Dynamic Obslacles——— Sl:ms
———————QObstacle Predictions=——s- — . —
———Lane Position——— i Health Monitor
i L componenls .
Steering Angle H :
and dew"—" hasssssssssnsssssssnsnssssnnnnsnl

= Motion Planner
> Achieve target points, Follow
> roads, Avoid obstacles
N
| i [}

Curvature, Steering Platform
Speed Angle Specs
I

A J

Vehicle Interface

curvature, signals, E-stop

i i
Vehicle-Specific
DBW §i-gnals

:
]
i ]
f : il .
A Ty »
rrsssssssssssmmn

Control vehicle speed and  [—

Turmn
Signals
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Electronic Mobility Controls (EMC) drive-bywire system (AEVIT)
Honda EVD6010 internal power generator
2 Acumentrics uninterruptible power supplies

Quanta blade server computer system (the unbranded
equivalent of Fujitsu Primergy BX600)

Applanix POS-LV 220 GPS/INS
Velodyne HDL-64 LIDAR

12 SICK LIDARSs

5 Point Grey Firefly MV cameras
15 Delphi radars




Perception

Sensors

Road paint

1

1

detection

Fast
Vehicles

Motion
Planner

el

Drivability Map

Hazards ﬁ ‘

Controller

Obstacles ]’:

Cameras

SICK

1—:\:- T _"___4-

Velodyne

IMU, GPS,

Positioning

Odometry




svn: 7877 Oh21mSas, 4.08 mi @ 11.1 mph, 23 checkpoints, Failsafe 0 time 012 log- g2 93 Gas mY
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Ibeo LIDAR scanners (4 lasers)




Sensor Location Type Rate, Hz Field of view, deg Resolution

[beo ALASCA XT Front bumper left Laser 125 150 1 deg
Front bumper center Laser 125 150 1 deg

Front bumper right Laser 125 150 1 deg
SICK LMS-291 Left back door Laser 75 90 0.5 deg

Right back door Laser 75 90 0.5 deg

SICK LMS-220 Back bumper center Laser 375 180 1 deg
Velodyne HDL-64E Roof center Laser 15 360 0.7 deg
Delphi FLR Front bumper left (2x) Radar 10 15 20 tracks
Front bumper center Radar 10 15 20 tracks
Front bumper right (2x) Radar 10 15 20 tracks
Back bumper left Radar 10 15 20 tracks
Back bumper center Radar 10 15 20 tracks
- Back bumper right Radar 10 15 20 tracks
&5 Unibrain Fire-i 520b Back roof center Optical 15 20-30 N/A




1 SICK + Veladyne

1 Ibeo + Velodyne

1 Delphi

1 Delphi

1 Delphi

1 Delphi

e

1 Delphi

1 Delphi

1 Delphi

1 Delphi




-1D Sick
-1.5D lbeo
-2D Velodyne

RADAR

-Delphi mm wave

Local Map

-LIDAR segmentation
-data association
-target tracking

Scene Estimator
-vehicle state wrt lane
-lane occupancy
-target metadata, 1Ds
-acclusion status

Odometry

h J

Pose Estimator

|| -attitude

-rates

-position
-velocity

-health
monitors

-synchro-
nization

Behavioral Layer
-navigation (graph planning)
-situational awareness

-behavior selection

v

Tactical Planner
-reasoning, vehicle monitors
-maneuver planning and evaluation
-road, intersection, zone, blockages

Operational Layer
-path generation
-steering, speed,

transmission control

-obstacle avoidance

-stay in lane

e

Vehicle
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* 64 lasers/detectors
« 360 degree field of view [azimuth)
* 0.08 degree angular resolution [azimuth)

* 26.8 degree vertical field of view (elevation) - +2° up to-24.8' down
with 64 equally spaced angular subdivisions [approximately 0.4']
* <2 om distance accuracy

* 515 Hz field of view update [user selectable)

* 50 meter range for pavement (~0.10 reflectivity)

* 120 mater range for cars and foliage (~0.80 reflectiity)
* >1.333 M points per second

* <0.05 milliseconds latency

HDL-B4E S2




Maximum range 150 m @ only 10 % target
Ranging accuracy 20 mm

Data rate up to 10 000 meas. / sec
Scanning rate up to 100 scans / sec
Scanning range 80°

Perfectly linear scan

Rugged IP64 housing

Integrated TCP/IP Ethernet interface




ACC3

Description

77GHz MMW radar

Range

150m

Field of view

15deg.

Beam size

2.1x4.5 deg

Update Rate

100ms

Track files

20

Max Range rate

+/- 64dml/s

Technology

Mechanically
Scanned

Waveform

FMCW




ALASCA XT

Technical data:

« Scan frequency: 12.5 Hz or 25 Hz

+ Wide horizontal angle: 240° field of view

* Range: 0.3 mto 200 m

« Resolution: range 4 ¢cm, angle 0.1°to 1°

« Eye-safe: laser class 1

+ Full automatic pitch compensation:

- 4 layer in parallel and simultaneous scanning

- Vvertical field of view of 3.2°

« Weather performance:

- Multi Eche Technology (up to 4 echos per laser shot)
- Multi Target Technology (up to 4 targets per laser shot)




Long-Range Radar LRR3

Bosch is already manufacturing the third generation of its
Long-Range Radar (LRR3). It is the heart of predictive systems
such as the automatic distance and speed control ACC
(Adaptive Cruise Control) and the Emergency Braking Assist.
With a monitoring range of 250 m and an opening angle of 30°
the LRR3 represents a significant increase in performance,
compared to earlier generations. At the same time it is more
favorably priced thanks to innovative materials and technology.
The robust sensor can even stand up to the extreme loadings
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l SICK

LMS 221 0D

80 m/30m

max. 180"
0.25%/0.5% 1° adjustable
E3ms/ 26ms/ 13 ms
10 mm/typ. + 35 mm
RS 232 /R5 422

3 x PNP; typ. 24V DC

1 (eye-safe)
-30...+50°C

IP 67

352y 266x 229 mm?*

LMS 291 OD

80 m/30 m

max. 180°
0.25%/0.5%/1° adjustable
Hhims/26ms/ 13 ms
10 mmy/typ. + 35 mm
R5232 fR5422

3 PNP; typ. 24V DC

1 (eye-safe)

50 70

IP 65

165 x210x 156 mm*




PERFORMANCE SUMMARY - GPS Outage (1 km or one minute)

200 200 200 220 220 220
IARTK  DGPS PP IARTK  DGPS

X,Y Position (m) 0.32C 270 2510
Z Position (m) 0.13C 0.350 0.610
Roll and Pitch (°)

True Heading (') 0.060 0.100  0.200
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