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PerMIS’00  -- definition of intelligence

PerMIS’01  -- metrics and measures of intelligence

PerMIS’02  -- methods to perform measurements

PerMIS’03  -- large experiments, data collection

History
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FY03 Major Experiments

ARL/GDRS - Demo III TRL-6 experiments

NIST - TRL-6 terrain characterization data collection

DARPA - PerceptOR off-road perception experiments

DARPA - MARS Urban Search and Rescue Arenas

Boeing/FCS - Integrated Combat Demonstration
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FY03 Data Collection

Terrain Characterization Data
High resolution LADAR for geometry
High performance INS/GPS for position
Instrumented trailer for soil mechanics

Woods and fields, desert terrain, snow, urban

Roads and traffic

NIST campus
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TRL-6 Experiments
Nov’02 - Fort Indiantown Gap – Woods and fields

Total of 550 km distance traversed
Over 90% autonomous operation (distance, time)
Quantitative measures of operator interventions

Dec’02 - Tooele Army Depot – Desert sagebrush

Apr’03 - Fort Indiantown Gap – Urban environment

Jan’03 – Fort Indiantown Gap – Woods, trails, snow
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TRL-6 Experiments +
FCS Integrated Combat Demo
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PerceptOR
Off-Road Perception

Team BlitzTeam Raptor
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PerceptOR Goals

• Apply perception systems to dense obstacle 
environments

• Minimal sensor development (off the shelf)

• Develop algorithms while testing in the field
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PerceptOR Status

• Phase II concluded – DEC 02
– Four field tests in 2002

• Phase III initiated
– Focus on Technical Thrusts
– Two Performers

• Team Blitz – CMU Prime
• Team Raptor – SAIC Prime

– (2) Contract tests at their facility in 1st half of 2003
– (2) Government tests in 2nd half of CY 2003
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PerceptOR 
Ph II Communications
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Urban Search & Rescue Testbed

• 3 Robotic USAR Competitions
-- RoboCup 2003, Rome, Italy
-- IJCAI 2003, Acapulco, Mexico
-- U. S. RoboCup Rescue Open 2003, CMU

• Scored competitions
• Analysis of system performance

DARPA MARS
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IJCAI/AAAI ARENAS 
(MEXICO, 2003)

YELLOW ARENA ORANGE ARENA RED ARENA
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IJCAI/AAAI ROBOTS 
(MEXICO, 2003)

ROCHESTER (USA) KEYSTONE (CANADA) UTAH STATE (CANADA)

SWARTHMORE (USA)INEEL (USA) NEW ORLEANS (USA)

1st PLACE 2nd PLACE Technical Award: HRI
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ROBOCUP ROBOTS 
(ITALY, 2003)

ROBRNO (CZECH ) CEDRA (IRAN) IUT-MICROBOT (IRAN)

SINOBI (JAPAN)NAJI (IRAN) KEYSTONE (CANADA) SCARABS (USA)

IUB (GERMANY)

UVA (NETHERLANDS) MITRE (USA) SPQR (ITALY)
ALCOR (ITALY)

3rd PLACE2nd PLACE1st PLACE TechnicalAward:
Mapping
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YEAR-ROUND ARENAS

NIST
MARYLAND,  USA (2000)

Museum of Emerging Science
TOKYO, JAPAN (2002)

Carnegie Mellon University
PENNSYLVANIA, USA (2003)

Instituto Superiore Anticendi
ROME, ITALY (2003)

PREVIOUS COMPETITIONS

AAAI Conference 2000
AUSTIN, TEXAS, USA

IJCAI/AAAI Conference 2001
SEATTLE, WASHINTON, USA

RoboCupRescue 2002
FUKUOKA, JAPAN

AAAI Conference 2002
EDMONTON, ALBERTA, CANADA

American Open 2003
PENNSYLVANIA, USA

Japan Open 2003
NIIGATA, JAPAN

RoboCupRescue 2003
PADUA, ITALY

IJCAI/AAAI Conference 2003
ACAPULCO, MEXICO

2004 COMPETITIONS

American Open

German Open

Japan Open
RoboCupRescue
LISBON, PORTUGAL

AAAI Conference
CALIFORNIA, USA

USAR Test Arena Proliferation
FOSTERING COLLABORATION THROUGH STANDARDS
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HIGH RESOLUTION LADAR 
FOR TERRAIN 

CHARACTERIZATION
NIST HMMWV 

at Tooele Army Depot
Dec. 9-13, 2002

Mike Shneier, Tsai Hong, Tommy Chang,
Harry Scott, Steve Legowik, Gerry Cheok, Chuck Giauque

Intelligent Systems Division
National Institute of Standards and Technology
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Hi Speed 
LADAR

Color 
Camera

Color 
Stereo

Hi Resolution 
LADAR

GPS

INS

Terrain Characterization Testbed
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Terrain Characterization
Testbed at Tooele Army Depot

Terrain Characterization
Testbed at Tooele Army Depot
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Black Course:  Tooele Army Depot
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Ravine 
200x200 m, 16cm grid size,  Overhead View
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Direction of Data
No Data

Estimated Pitch and Roll 
for Ravine1 200 x 200 m
• Surface contour intervals set 

@ 0.2 m.
• Path data begins at 

approximately (0, 60) and 
proceeds to the right.

• Note gap in the path data 
leads to a gap in the roll and 
pitch plots.
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E-STOP 94 on the Dam

E
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E-Stop 94 on the Dam 
View Point 2 LADAR intensity image

WS N

Tree

Tree

CCD Camera Image composite
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E-Stop 94 
View Point 2  Looking Northward

X-section showing slopes of dam
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Ground Slope on the Dam

East Slope:  18°

West Slope:  21°
E W

W EN
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E-STOP 94 on the Dam
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Terrain Analysis Using High 
Performance INS/GPs

ARL/NIST HMMWV 
at Tooele Army Depot

Dec. 9-13, 2002

Harry Scott, Steve Legowik, Mike Shneier, Tsai Hong, Tommy Chang,
Harry Scott, Steve Legowik, Gerry Cheok, Chuck Giauque

Intelligent Systems Division
National Institute of Standards and Technology
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TARDEC Instrumented Trailer 
for Measurement of Soil Mechanics

• Features of TARDEC Trailer:
– Load cell/strain gage on trailer tongue with signal conditioning
– Electronic braking/micro-processor controlled (for rolling 

resistance and ground friction measurements)
– Variable load on trailer axle (bolted steel plates – matches XUV 

loading )
– XUV tires and 12” ground clearance on trailer (highly mobile)

Top View Isometric View Trailer Hitch
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TARDEC Instrumented Trailer
at Tooele Army Depot
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Terrain Characterization 
from the Air

Sebastian Thrun, Geoffrey Gordon

Gates Hall 
Stanford U
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Active Volumetric Mapping

Sebastian Thrun, Geoffrey Gordon Gates Hall, Stanford U



NIST  •  Manufacturing Engineering Laboratory  •  Intelligent Systems Division

Ground Truth at NIST
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Ground Truth at NIST
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Technology Requirements 
for Autonomous On-Road Driving

Analysis of tasks
what? when? why? how? where?

Decomposition into levels based on
range and resolution in time & space

Analysis of knowledge requirements
geometry, dynamics, entities, events, situations

Analysis of sensor requirements
field of view, resolution in time and space
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1)  Analyze Autonomous Driving Tasks & Develop a Task Architecture

DOT
Manual

+

Road Driving Data
Representations

=>
Task Analysis

Steer
Servo

Speed
Servo

Destination
Manager

RoadSegment
Manager

LaneSelect
Manager

LaneSegment
Trajectory
Generator

LaneControl
Manager

Selects Destination

Selects Road Segments

Selects Lane

Selects Pos & Speed In Lane

Creates Trajectory

Servos Steer & Speed

Gaze Control

Driving Task Analysis

100 ms plans

1 sec plans

10 sec plans

1 min plans

10 min plans

2 hour plan
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2) From task architecture, derive finite-state automata
that encode task behaviors

FOLLOW_ROADSEGMENT

  NeedToYieldToEmergencyVehicle   pl_YieldToEmergencyVehicle

  NeedToPullOffOfRoad   pl_PullOffOfRoad

  Not_TwoLaneRoad
  OwnVehicleDesiresToPass   pl_GoAroundVehicleInFront

  TwoLaneRoad
  NormalDrivingConditions   pl_DriveOnTwoLaneRoad

  TwoLaneRoad
  NeedLaneChangeToAvoidObject   pl_GoAroundObjOnTwoLaneRoad

  TwoLaneRoad
  OwnVehicleDesiresToPass   pl_PassVehOnTwoLaneRd

  Not_TwoLaneRoad
  NeedToMoveToLeftLaneForTurn   pl_MoveToFarLeftLaneForTurn

  Not_TwoLaneRoad
  NormalDrivingConditions   pl_DriveOnMultiLaneRoad

  Not_TwoLaneRoad
  LaneRestrictionsNotMet   pl_MoveOutOfPresLane

  Not_TwoLaneRoad
  NeedLaneChangeToAvoidObject   pl_ChangeLaneToAvoidObject

  Not_TwoLaneRoad
  NeedToMoveToRightLaneForTurn   pl_MoveToFarRightLaneForTurn

OwnVehicleDesiresToPass

VehicleInFrontSpeed

OwnVehicleDesiredSpeed

- SignShape, Text

- RoadSurface-concrete,blacktop,gravel,dirt-degree of road surface wetness, how long since rain began, amount of snow or ice on road, pattern of snow/ice coverage-are road
tracks visible

- RoadSurfaceCharacteristics- broken surface, potholes, steel plates, ruts in dirt road

- Basically how far can objects be seen clearly, threshold this to a set of visiblility values to use to set desired speed- will be affected by darkness, weather, smoke, dust etc.

- VehicleDriveability-normal, running badly, damage eg. flat tire;  VehicleLoading- normal, overloaded, pulling trailer, pulling heavy trailer

- Pedestrians, kids, animals near road- bicyclists on or near road - people working near road, need to be able to recognize and classify all of the above

- Construction obj-signs,drums,cones,sawhorses,lights,equipment;  Accident obj-stopped cars,wrong orientations in road, people out of cars, stopped emergency vehicles

- PathIntersectingObjHazards- people in parked cars, signs of parked cars about to move (exhaust, brake, backup, driving lights, initial movement), kids or animals around
parked cars

OWN VEHICLE

VEHICLE IN FRONT

 ( See Data Base Schemas being developed)

51-221, 46-12, 46-24, 46-31, 46-32,
46-33, 46-34, 25-11

36-3, 46-52,49-2, 49-3

36-11

52-37,36-21, 24-23, 24-3

61-1, 61-2, 61-3, 61-4, 72-12, 72-13
72-14, 62-2

51-11, 51-14, 52-4, 52-12, 25-11

46-13, 46-21, 46-23

RoadTractionState  (Dry,Wet,Slippery,VerySlippery)

RoadSurfaceState (Smooth,Bumpy,Potholes)

VisibilityState (Clear,Dusty,Foggy,Smoky,HeavyRain)

VehicleDrivingCondition (Normal,Overloaded,Trailer,RunningRough)

AnimateObjectsState (Pedestrians,Kids,Bicyclists,Dogs,Deer)

CarsStoppedOnRoadside (SourceOfSuddenPathIntersectingObj)

PostedSpeedLimit

OtherSpeedRegulatingConditions
(Accident,Construction,Bridges,Tunnels,Tollboths)

EG. - Vehicle In Front - pres position, derived speed,  dir, and
         accel/decel values, expected next position, speed, and dir

Roads are managed as sets of lane segments (constant curvature arcs) as
far forward as sensors can see, continually update as move closer and
resolution of sensed data improves;

Detected Objects :
   - are classified and their positions relative (normal to centerline of lane) to
         these lane segments calculated;
   - object state values are calculated- speed, accel/decel, path dir,
        expected future positions, speeds, stop point, path direction;
   - estimate own vehicle and obj path converging or diverging or parallel;
        estimate minimum and path times to intercept;
  - establish minimum clearance distance between own vehicle and all entities,
        can be speed dependent;

25-321

All of these data -
Road Descriptions and
Entity Descriptions and States
are newly identified for the
autonomous driving task

DriveOnMultLaneRoad

MoveOutOfPresLane

ChangeLaneToAvoidObject

MoveToFarRightLaneForTurn

MoveToFarLeftLaneForTurn

GoAroundVehicleInFront

DriveOnTwoLaneRoad
GoAroundObjOnTwoLaneRoad

PassVehicleOnTwoLaneRoad

PullOffOfRoad

YieldToEmergencyVehicle

PassVehOnTwoLaneRoad

   S1     ConditionsGoodToPass
   S2  AdjustInitPassingParams()
          lc_ChangeTo_LeftLane
          MovingIntoPassingLane

   S2     ConditionsGoodToPass
             InPassingLane

   S3  AdjustPassingParams()
          lc_FollowLane
          PassingVehicle

   S2     MovingIntoPassingLane
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S3     PassingVehicle
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S6     ReturnedToLane
   S1  SetNormalDrivingParams()
          lc_Follow_Lane
          AbortedPass_LookingToPass

   S5     OKtoReturnToLane
   S6  AdjustReturnToLaneParams()
          lc_ChangeTo_RightLane
          AbortingPass_ReturningToLane

   S4     ReturnedToLane
   S0  Done SetNormalDriveParams()
          lc_Follow_Lane
          FinishedPassManeuver

             NewPlan
   S1  SetPassOnTwoLaneRoadContext()
          lc_Follow_Lane
          LookingToPass

   S3     ClearOfPassedVehicle
             SufficientReturnSpace

   S4  AdjustReturnPassingParams()
          lc_ChangeTo_RightLane
          ReturningToOwnLane

ConditionsGoodToPass

LaneMarking(Type-solid,broken,yllow,white; StartPosition,EndPosition,LanePosition-to right or left)

Indicators of other roads intersecting - signs, control signals- lights,stop signs; other cars moving to the side of own road)

SchoolBus (Position, Speed, IndicatorLightsState, Dir; Pedestrian type-child,teenager,adult,books)

NoPassingZoneSigns (Type, Position)

Construction (Signs,drums,sawhorses,lights,cones,equipment)

RailroadCrossing (Signs,lights,barrier,tracks,train)

Bridge (OverheadStructure,Supports,Roadramps,Signs)

Tunnel (Signs, road going into an object, road going down into the ground)

TollBoth (Bldg,ArchOverRoad,Signs,Lights)

WeatherVisibility (Fog,Smoke,Rain,Snow,Sleet,Dust)

Splash (Spray,WaterDepthOnRoad,RainRate, Size of splash from other vehicles)

Wind (MeasuredWindSpeed,LateralMotion,OtherVehicleMotion)

RoadSurfaceFriction (VehicleSlip,Wetness,OtherVehicleMotion,  SnowOnRoad,IceOnRoad,LiquidOnRoad,LooseGravel,Sand)

RoadIntegrity (Potholes,SteelPlates,Ruts,Broken pavement)

OwnVehicleState (Load,Overloaded,OwnVehicle performance characteristics,Trailer,OwnVehicle malfunction)

RoadVisibility (Hill,Curve,Obstacles)

VehicleInFront size - large enough to block view forward eg large truck

VehiclesInFrontFieldOfView(Position,Heading,Occupancy,Behavior, Speed,Accel,Decel,Potential intersect path and time)

PedestrianState (Position,Heading,Behavior,Speed,Accel,Decel,Type, AssignedIntent, Potential intersect path and time)

RoadInFrontOfVehicleInFront (DistanceToNextVehicleInFront of Vehicle in front)

VehicleInFrontState (Behavior,AssignedIntent, signals, change in speed and direction, apparent tailgating, rapid closure to vehicle in front of it)

VehicleInFrontState (Position,Indicators,Heading,Speed,Accel,Decel, Behavior,AssignedIntent, recent maneuvers-weaving or wandering in lane)

BicyclistState (Bicycle, motor scooter, with people identified around or on it)

VehicleInBackState (Position,Speed,Heading,Accel,Decel,Behavior,  TurnIndicators,Headlights,Horn,AssignedIntent)

OncomingVehicleState(Position,Speed,Heading,Accel,Decel,Behavior,  Headlights,Horn,AssignedIntent)
OnComingTrafficOKtoPass

SituationInBackOKtoPass

SituationInFrontOKtoPass

EnvironmentSafeToPass

LegalToPass

NoTransitOrSchoolBusStopping

NoBridgeInPassZone

NoRailroadXInPassZone

NoIntersectionsInPassZone

LaneMarkingsAllowPass

NoPassZone-NotInEffect

RoadSplashNotSignifcant

WeatherNotObscuringPassZone

WindsNotSignificant

NoTollBothInPassZone

NoTunnelInPassZone

OwnVehicleCapableToPass

RoadSurfaceSuitableToPass

RoadSurfaceNotToSlipperyToPass

NoConstructionInPassZone

NoVehicleEnteringRoadInPassZone

VehInFrontNotBlockingSightInPassZone

NoCurveBockingSightInPassZone

NoHillBlockingSightInPassZone

NoVehicleInFrontAttemptingLeftTurn

NoPedestrianOnRoadSideInPassZone

NoPersonOnBikeInPassZone

VehicleInFrontDrivingNormally

VehicleInFrontNotAttemptingToPass

SufficientReturnSpaceInFrontAfterPass

VehicleInBackNotAttemptingToPass

VehicleInBackNotTailgating

SufficientTime/DistToAvoidOnComingVehicle

NoAbnormalOncomingVehicleBehavior

NoVehicleOnRoadsideReadyToComeIntoLane

VehicleInBackNotClosingRapidly

NoPostalVehicleOrDeliveryVehicleMakingStops

NoActiveEmergencyVehiclesInFront

NoActiveEmergencyVehiclesFollowing

31-132

32-1314

32-12, 34-112

32-111, 34-111

31-1312

51-3, 61-42

31-133, 51-11, 51-14

32-1315

32-1315

32-1313

31-1312

31-1311

32-1511

32-1313, 25-21

32-1312, 25-21

32-135, 32-1351, 32-1352, 32-1353

25-21

31-132

36-162

32-1515

32-1512, 32-153

32-1513, 32-1514

32-136, 32-1521

32-1317, 32-1515, 25-12

31-1325, 36-144

32-134, 32-14, 32-137

36-162

34-1212

34-1211

32-1314

SizeOfRequiredPassZoneOwnVehicleState (Speed, accel/decel, begin-pass-buffer, return-to-lane-buffer, estimated delta speed to vehicle being passed)

VehiclesInFrontFieldOfView but not on own road-side roads, driveways, shoulder

Postal vehicle or delivery vehicle- observed to be making multiple stops or indicating a stop- slowing, signals, brake lights

Vehicle on side of road - exhaust, signals, brake lights, occupied

Emergency Vehicles active in front of own vehicle- siren, horn, lights, rapid speed, weaving around other vehicles, other vehicles slowing or stopping

Emergency Vehicles active in back of own vehicle- siren, horn, lights, rapid speed, weaving around other vehicles, other vehicles slowing or stopping

Vehicle Following state - speed, position, relative distance to own vehicle

Vehicle Following state - relative speed to own vehicle, distance to own vehicle, apparent decel as overtake

RoadVisibility through objects around a curve eg. trees, buildings, fences, earth, bushes, grain fields

OncomingVehicleState(Position,Speed,Heading,Accel,Decel,Behavior), WorldModel derived values for estimated distance and time to pass based on
OwnVehicle's present speed, vehicle in front present speed, estimated max pass speed, time to accelerate to max pass speed, time to decel from max
pass speed, size of buffer distance both behind and in front of vehicle in front

Steer
Servo

Speed
Servo

Destination
Manager

RoadSegment
Manager

LaneSelect
Manager

LaneSegment
Trajectory
Generator

LaneControl
Manager

Selects Lane
<=

Plan Select

Plans

Pass On Two Lane Road

World Model
Situation

Value
Judgment

Behavior
Generation

Driving Task Analysis

Planner

Executor
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PassVehOnTwoLaneRoad

   S1  ConditionsGoodToPass
   S2  AdjustInitPassingParams()
          lc_ChangeTo_LeftLane
          MovingIntoPassingLane

   S2     ConditionsGoodToPass
             InPassingLane

   S3  AdjustPassingParams()
          lc_FollowLane
          PassingVehicle

   S2     MovingIntoPassingLane
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S3     PassingVehicle
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S6     ReturnedToLane
   S1  SetNormalDrivingParams()
          lc_Follow_Lane
          AbortedPass_LookingToPass

   S5     OKtoReturnToLane
   S6  AdjustReturnToLaneParams()
          lc_ChangeTo_RightLane
          AbortingPass_ReturningToLane

   S4     ReturnedToLane
   S0  Done SetNormalDriveParams()
          lc_Follow_Lane
          FinishedPassManeuver

             NewPlan
   S1  SetPassOnTwoLaneRoadContext()
          lc_Follow_Lane
          LookingToPass

   S3     ClearOfPassedVehicle
             SufficientReturnSpace

   S4  AdjustReturnPassingParams()
          lc_ChangeTo_RightLane
          ReturningToOwnLane

ConditionsGoodToPass

LaneMarking(Type-solid,broken,yllow,white; StartPosition,EndPosition,LanePosition-to right or left)

Indicators of other roads intersecting - signs, control signals- lights,stop signs; other cars moving to the side of own road)

SchoolBus (Position, Speed, IndicatorLightsState, Dir; Pedestrian type-child,teenager,adult,books)

NoPassingZoneSigns (Type, Position)

Construction (Signs,drums,sawhorses,lights,cones,equipment)

RailroadCrossing (Signs,lights,barrier,tracks,train)

Bridge (OverheadStructure,Supports,Roadramps,Signs)

Tunnel (Signs, road going into an object, road going down into the ground)

TollBoth (Bldg,ArchOverRoad,Signs,Lights)

WeatherVisibility (Fog,Smoke,Rain,Snow,Sleet,Dust)

Splash (Spray,WaterDepthOnRoad,RainRate, Size of splash from other vehicles)

Wind (MeasuredWindSpeed,LateralMotion,OtherVehicleMotion)

RoadSurfaceFriction (VehicleSlip,Wetness,OtherVehicleMotion,  SnowOnRoad,IceOnRoad,LiquidOnRoad,LooseGravel,Sand)

RoadIntegrity (Potholes,SteelPlates,Ruts,Broken pavement)

OwnVehicleState (Load,Overloaded,OwnVehicle performance characteristics,Trailer,OwnVehicle malfunction)

RoadVisibility (Hill,Curve,Obstacles)

VehicleInFront size - large enough to block view forward eg large truck

VehiclesInFrontFieldOfView(Position,Heading,Occupancy,Behavior, Speed,Accel,Decel,Potential intersect path and time)

PedestrianState (Position,Heading,Behavior,Speed,Accel,Decel,Type, AssignedIntent, Potential intersect path and time)

RoadInFrontOfVehicleInFront (DistanceToNextVehicleInFront of Vehicle in front)

VehicleInFrontState (Behavior,AssignedIntent, signals, change in speed and direction, apparent tailgating, rapid closure to vehicle in front of it)

VehicleInFrontState (Position,Indicators,Heading,Speed,Accel,Decel, Behavior,AssignedIntent, recent maneuvers-weaving or wandering in lane)

BicyclistState (Bicycle, motor scooter, with people identified around or on it)

VehicleInBackState (Position,Speed,Heading,Accel,Decel,Behavior,  TurnIndicators,Headlights,Horn,AssignedIntent)

OncomingVehicleState(Position,Speed,Heading,Accel,Decel,Behavior,  Headlights,Horn,AssignedIntent)
OnComingTrafficOKtoPass

SituationInBackOKtoPass

SituationInFrontOKtoPass

EnvironmentSafeToPass

LegalToPass

NoTransitOrSchoolBusStopping

NoBridgeInPassZone

NoRailroadXInPassZone

NoIntersectionsInPassZone

LaneMarkingsAllowPass

NoPassZone-NotInEffect

RoadSplashNotSignifcant

WeatherNotObscuringPassZone

WindsNotSignificant

NoTollBothInPassZone

NoTunnelInPassZone

OwnVehicleCapableToPass

RoadSurfaceSuitableToPass

RoadSurfaceNotToSlipperyToPass

NoConstructionInPassZone

NoVehicleEnteringRoadInPassZone

VehInFrontNotBlockingSightInPassZone

NoCurveBockingSightInPassZone

NoHillBlockingSightInPassZone

NoVehicleInFrontAttemptingLeftTurn

NoPedestrianOnRoadSideInPassZone

NoPersonOnBikeInPassZone

VehicleInFrontDrivingNormally

VehicleInFrontNotAttemptingToPass

SufficientReturnSpaceInFrontAfterPass

VehicleInBackNotAttemptingToPass

VehicleInBackNotTailgating

SufficientTime/DistToAvoidOnComingVehicle

NoAbnormalOncomingVehicleBehavior

NoVehicleOnRoadsideReadyToComeIntoLane

VehicleInBackNotClosingRapidly

NoPostalVehicleOrDeliveryVehicleMakingStops

NoActiveEmergencyVehiclesInFront

NoActiveEmergencyVehiclesFollowing

31-132

32-1314

32-12, 34-112

32-111, 34-111

31-1312

51-3, 61-42

31-133, 51-11, 51-14

32-1315

32-1315

32-1313

31-1312

31-1311

32-1511

32-1313, 25-21

32-1312, 25-21

32-135, 32-1351, 32-1352, 32-1353

25-21

31-132

36-162

32-1515

32-1512, 32-153

32-1513, 32-1514

32-136, 32-1521

32-1317, 32-1515, 25-12

31-1325, 36-144

32-134, 32-14, 32-137

36-162

34-1212

34-1211

32-1314

SizeOfRequiredPassZoneOwnVehicleState (Speed, accel/decel, begin-pass-buffer, return-to-lane-buffer, estimated delta speed to vehicle being passed)

VehiclesInFrontFieldOfView but not on own road-side roads, driveways, shoulder

Postal vehicle or delivery vehicle- observed to be making multiple stops or indicating a stop- slowing, signals, brake lights

Vehicle on side of road - exhaust, signals, brake lights, occupied

Emergency Vehicles active in front of own vehicle- siren, horn, lights, rapid speed, weaving around other vehicles, other vehicles slowing or stopping

Emergency Vehicles active in back of own vehicle- siren, horn, lights, rapid speed, weaving around other vehicles, other vehicles slowing or stopping

Vehicle Following state - speed, position, relative distance to own vehicle

Vehicle Following state - relative speed to own vehicle, distance to own vehicle, apparent decel as overtake

RoadVisibility through objects around a curve eg. trees, buildings, fences, earth, bushes, grain fields

OncomingVehicleState(Position,Speed,Heading,Accel,Decel,Behavior), WorldModel derived values for estimated distance and time to pass based on
OwnVehicle's present speed, vehicle in front present speed, estimated max pass speed, time to accelerate to max pass speed, time to decel from max
pass speed, size of buffer distance both behind and in front of vehicle in front

Plan

Value JudgmentWorld Model
Situation

Pass on Two Lane Road

Driving Task Analysis
3)  From FSMs, derive decision 

criteria and Value Judgments
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4)  Derive dependencies on 
World Model Situations

Plan

PassVehOnTwoLaneRoad

   S1  ConditionsGoodToPass
   S2  AdjustInitPassingParams()
          lc_ChangeTo_LeftLane
          MovingIntoPassingLane

   S2     ConditionsGoodToPass
             InPassingLane

   S3  AdjustPassingParams()
          lc_FollowLane
          PassingVehicle

   S2     MovingIntoPassingLane
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S3     PassingVehicle
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S6     ReturnedToLane
   S1  SetNormalDrivingParams()
          lc_Follow_Lane
          AbortedPass_LookingToPass

   S5     OKtoReturnToLane
   S6  AdjustReturnToLaneParams()
          lc_ChangeTo_RightLane
          AbortingPass_ReturningToLane

   S4     ReturnedToLane
   S0  Done SetNormalDriveParams()
          lc_Follow_Lane
          FinishedPassManeuver

             NewPlan
   S1  SetPassOnTwoLaneRoadContext()
          lc_Follow_Lane
          LookingToPass

   S3     ClearOfPassedVehicle
             SufficientReturnSpace

   S4  AdjustReturnPassingParams()
          lc_ChangeTo_RightLane
          ReturningToOwnLane

ConditionsGoodToPass

LegalToPass

EnvironmentSafeToPass

SituationInFrontOKtoPass

SituationInBackOKtoPass

OnComingTrafficOKtoPass

NoTransitOrSchoolBusStopping

NoBridgeInPassZone

NoRailroadXInPassZone

NoIntersectionsInPassZone

LaneMarkingsAllowPass

NoPassZone-NotInEffect

NoTollBothInPassZone

NoTunnelInPassZone

NoConstructionInPassZone

RoadSplashNotSignifcant

WeatherNotObscuringPassZone

WindsNotSignificant

OwnVehicleCapableToPass

RoadSurfaceSuitableToPass

RoadSurfaceNotToSlipperyToPass

NoVehicleEnteringRoadInPassZone

VehInFrontNotBlockingSightInPassZone

NoCurveBockingSightInPassZone

NoHillBlockingSightInPassZone

NoVehicleInFrontAttemptingLeftTurn

NoPedestrianOnRoadSideInPassZone

NoPersonOnBikeInPassZone

VehicleInFrontDrivingNormally

VehicleInFrontNotAttemptingToPass

SufficientReturnSpaceInFrontAfterPass

NoVehicleOnRoadsideReadyToComeIntoLane

NoPostalVehicleOrDeliveryVehicleMakingStops

NoActiveEmergencyVehiclesInFront

NoTransitOrSchoolBusStopping

LaneMarkingsAllowPass

NoPassZone-NotInEffect

NoConstructionInPassZone

NoRailroadXInPassZone

NoIntersectionsInPassZone

Behavior

GenerationValue JudgmentWorld Model
Situation

Driving Task Analysis
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5)  Derive World Model Knowledge requirements

Behavior

Generation

Value Judgment

World Model
Situation

NoTransitOrSchoolBusStopping

NoBridgeInPassZone

NoRailroadXInPassZone

NoIntersectionsInPassZone

LaneMarkingsAllowPass

NoPassZone-NotInEffect

NoTollBothInPassZone

NoTunnelInPassZone

NoConstructionInPassZone

PassVehOnTwoLaneRoad

   S1  ConditionsGoodToPass
   S2  AdjustInitPassingParams()
          lc_ChangeTo_LeftLane
          MovingIntoPassingLane

   S2     ConditionsGoodToPass
             InPassingLane

   S3  AdjustPassingParams()
          lc_FollowLane
          PassingVehicle

   S2     MovingIntoPassingLane
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S3     PassingVehicle
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S6     ReturnedToLane
   S1  SetNormalDrivingParams()
          lc_Follow_Lane
          AbortedPass_LookingToPass

   S5     OKtoReturnToLane
   S6  AdjustReturnToLaneParams()
          lc_ChangeTo_RightLane
          AbortingPass_ReturningToLane

   S4     ReturnedToLane
   S0  Done SetNormalDriveParams()
          lc_Follow_Lane
          FinishedPassManeuver

             NewPlan
   S1  SetPassOnTwoLaneRoadContext()
          lc_Follow_Lane
          LookingToPass

   S3     ClearOfPassedVehicle
             SufficientReturnSpace

   S4  AdjustReturnPassingParams()
          lc_ChangeTo_RightLane
          ReturningToOwnLane

ConditionsGoodToPass

LegalToPass

EnvironmentSafeToPass
RoadSplashNotSignifcant

WeatherNotObscuringPassZone

WindsNotSignificant

OwnVehicleCapableToPass

RoadSurfaceSuitableToPass

RoadSurfaceNotToSlipperyToPass

SituationInFrontOKtoPass

NoVehicleEnteringRoadInPassZone

VehInFrontNotBlockingSightInPassZone

NoCurveBockingSightInPassZone

NoHillBlockingSightInPassZone

NoVehicleInFrontAttemptingLeftTurn

NoPedestrianOnRoadSideInPassZone

NoPersonOnBikeInPassZone

VehicleInFrontDrivingNormally

VehicleInFrontNotAttemptingToPass

SufficientReturnSpaceInFrontAfterPass

NoVehicleOnRoadsideReadyToComeIntoLane

NoPostalVehicleOrDeliveryVehicleMakingStops

NoActiveEmergencyVehiclesInFront

SituationInBackOKtoPass
NoTransitOrSchoolBusStopping

LaneMarkingsAllowPass

NoPassZone-NotInEffect

NoConstructionInPassZone

OnComingTrafficOKtoPassNoRailroadXInPassZone

NoIntersectionsInPassZone

Driving Task Analysis

Estimated
~2000 situations

Estimated
~150 FSAs
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PassVehOnTwoLaneRoad

   S1  ConditionsGoodToPass
   S2  AdjustInitPassingParams()
          lc_ChangeTo_LeftLane
          MovingIntoPassingLane

   S2     ConditionsGoodToPass
             InPassingLane

   S3  AdjustPassingParams()
          lc_FollowLane
          PassingVehicle

   S2     MovingIntoPassingLane
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S3     PassingVehicle
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S6     ReturnedToLane
   S1  SetNormalDrivingParams()
          lc_Follow_Lane
          AbortedPass_LookingToPass

   S5     OKtoReturnToLane
   S6  AdjustReturnToLaneParams()
          lc_ChangeTo_RightLane
          AbortingPass_ReturningToLane

   S4     ReturnedToLane
   S0  Done SetNormalDriveParams()
          lc_Follow_Lane
          FinishedPassManeuver

             NewPlan
   S1  SetPassOnTwoLaneRoadContext()
          lc_Follow_Lane
          LookingToPass

   S3     ClearOfPassedVehicle
             SufficientReturnSpace

   S4  AdjustReturnPassingParams()
          lc_ChangeTo_RightLane
          ReturningToOwnLane

LegalToPass

EnvironmentSafeToPass

RoadSplashNotSignifcant

WeatherNotObscuringPassZone

WindsNotSignificant

OwnVehicleCapableToPass

RoadSurfaceSuitableToPass

RoadSurfaceNotToSlipperyToPass

SituationInFrontOKtoPass

NoVehicleEnteringRoadInPassZone

VehInFrontNotBlockingSightInPassZone

NoCurveBockingSightInPassZone

NoHillBlockingSightInPassZone

NoVehicleInFrontAttemptingLeftTurn

NoPedestrianOnRoadSideInPassZone

NoPersonOnBikeInPassZone

VehicleInFrontDrivingNormally

VehicleInFrontNotAttemptingToPass

SufficientReturnSpaceInFrontAfterPass

NoVehicleOnRoadsideReadyToComeIntoLane

NoPostalVehicleOrDeliveryVehicleMakingStops

NoActiveEmergencyVehiclesInFront

SituationInBackOKtoPass

NoTransitOrSchoolBusStopping

LaneMarkingsAllowPass

NoPassZone-NotInEffect

NoConstructionInPassZone

OnComingTrafficOKtoPassNoRailroadXInPassZone

NoIntersectionsInPassZone

NoTransitOrSchoolBusStopping

NoBridgeInPassZone

NoRailroadXInPassZone

NoIntersectionsInPassZone

LaneMarkingsAllowPass

NoPassZone-NotInEffect

NoTollBothInPassZone

NoTunnelInPassZone

NoConstructionInPassZone

Plan

CrossBuck(pos)
Lights(pos, state)
Crossing Gate(pos)
Signs(pos, facing-dir,

text and graphics)
Tracks(pos, dir)
Train(pos, dir)
Lanes(pos, dir, width,

curvature)
PassingZone(veh speeds,

safety buffer, accel)
eg. All attributes must

be recognizable out 
to 600 to 800 feet

ConditionsGoodToPass

6)  Define Entities,
Events, 

Attributes, 
Resolutions, 

and Tolerances

Behavior
Generation

Value JudgmentWorld Model
Situation

World Model
Entities, Events, and 

Attributes

Driving Task Analysis
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FOLLOW_ROADSEGMENT

  NeedToYieldToEmergencyVehicle   pl_YieldToEmergencyVehicle

  NeedToPullOffOfRoad   pl_PullOffOfRoad

  Not_TwoLaneRoad
  OwnVehicleDesiresToPass   pl_GoAroundVehicleInFront

  TwoLaneRoad
  NormalDrivingConditions   pl_DriveOnTwoLaneRoad

  TwoLaneRoad
  NeedLaneChangeToAvoidObject   pl_GoAroundObjOnTwoLaneRoad

  TwoLaneRoad
  OwnVehicleDesiresToPass   pl_PassVehOnTwoLaneRd

  Not_TwoLaneRoad
  NeedToMoveToLeftLaneForTurn   pl_MoveToFarLeftLaneForTurn

  Not_TwoLaneRoad
  NormalDrivingConditions   pl_DriveOnMultiLaneRoad

  Not_TwoLaneRoad
  LaneRestrictionsNotMet   pl_MoveOutOfPresLane

  Not_TwoLaneRoad
  NeedLaneChangeToAvoidObject   pl_ChangeLaneToAvoidObject

  Not_TwoLaneRoad
  NeedToMoveToRightLaneForTurn   pl_MoveToFarRightLaneForTurn

OwnVehicleDesiresToPass

VehicleInFrontSpeed

OwnVehicleDesiredSpeed

- SignShape, Text

- RoadSurface-concrete,blacktop,gravel,dirt-degree of road surface wetness, how long since rain began, amount of snow or ice on road, pattern of snow/ice coverage-are road
tracks visible

- RoadSurfaceCharacteristics- broken surface, potholes, steel plates, ruts in dirt road

- Basically how far can objects be seen clearly, threshold this to a set of visiblility values to use to set desired speed- will be affected by darkness, weather, smoke, dust etc.

- VehicleDriveability-normal, running badly, damage eg. flat tire;  VehicleLoading- normal, overloaded, pulling trailer, pulling heavy trailer

- Pedestrians, kids, animals near road- bicyclists on or near road - people working near road, need to be able to recognize and classify all of the above

- Construction obj-signs,drums,cones,sawhorses,lights,equipment;  Accident obj-stopped cars,wrong orientations in road, people out of cars, stopped emergency vehicles

- PathIntersectingObjHazards- people in parked cars, signs of parked cars about to move (exhaust, brake, backup, driving lights, initial movement), kids or animals around
parked cars

OWN VEHICLE

VEHICLE IN FRONT

 ( See Data Base Schemas being developed)

51-221, 46-12, 46-24, 46-31, 46-32,
46-33, 46-34, 25-11

36-3, 46-52,49-2, 49-3

36-11

52-37,36-21, 24-23, 24-3

61-1, 61-2, 61-3, 61-4, 72-12, 72-13
72-14, 62-2

51-11, 51-14, 52-4, 52-12, 25-11

46-13, 46-21, 46-23

RoadTractionState  (Dry,Wet,Slippery,VerySlippery)

RoadSurfaceState (Smooth,Bumpy,Potholes)

VisibilityState (Clear,Dusty,Foggy,Smoky,HeavyRain)

VehicleDrivingCondition (Normal,Overloaded,Trailer,RunningRough)

AnimateObjectsState (Pedestrians,Kids,Bicyclists,Dogs,Deer)

CarsStoppedOnRoadside (SourceOfSuddenPathIntersectingObj)

PostedSpeedLimit

OtherSpeedRegulatingConditions
(Accident,Construction,Bridges,Tunnels,Tollboths)

EG. - Vehicle In Front - pres position, derived speed,  dir, and
         accel/decel values, expected next position, speed, and dir

Roads are managed as sets of lane segments (constant curvature arcs) as
far forward as sensors can see, continually update as move closer and
resolution of sensed data improves;

Detected Objects :
   - are classified and their positions relative (normal to centerline of lane) to
         these lane segments calculated;
   - object state values are calculated- speed, accel/decel, path dir,
        expected future positions, speeds, stop point, path direction;
   - estimate own vehicle and obj path converging or diverging or parallel;
        estimate minimum and path times to intercept;
  - establish minimum clearance distance between own vehicle and all entities,
        can be speed dependent;

25-321

All of these data -
Road Descriptions and
Entity Descriptions and States
are newly identified for the
autonomous driving task

DriveOnMultLaneRoad

MoveOutOfPresLane

ChangeLaneToAvoidObject

MoveToFarRightLaneForTurn

MoveToFarLeftLaneForTurn

GoAroundVehicleInFront

DriveOnTwoLaneRoad
GoAroundObjOnTwoLaneRoad

PassVehicleOnTwoLaneRoad

PullOffOfRoad

YieldToEmergencyVehicle

PassVehOnTwoLaneRoad

   S1     ConditionsGoodToPass
   S2  AdjustInitPassingParams()
          lc_ChangeTo_LeftLane
          MovingIntoPassingLane

   S2     ConditionsGoodToPass
             InPassingLane

   S3  AdjustPassingParams()
          lc_FollowLane
          PassingVehicle

   S2     MovingIntoPassingLane
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S3     PassingVehicle
             NeedToAbortPass

   S5  SetFallbackAbortPassParams()
          AbortingPass

   S6     ReturnedToLane
   S1  SetNormalDrivingParams()
          lc_Follow_Lane
          AbortedPass_LookingToPass

   S5     OKtoReturnToLane
   S6  AdjustReturnToLaneParams()
          lc_ChangeTo_RightLane
          AbortingPass_ReturningToLane

   S4     ReturnedToLane
   S0  Done SetNormalDriveParams()
          lc_Follow_Lane
          FinishedPassManeuver

             NewPlan
   S1  SetPassOnTwoLaneRoadContext()
          lc_Follow_Lane
          LookingToPass

   S3     ClearOfPassedVehicle
             SufficientReturnSpace

   S4  AdjustReturnPassingParams()
          lc_ChangeTo_RightLane
          ReturningToOwnLane

ConditionsGoodToPass

LaneMarking(Type-solid,broken,yllow,white; StartPosition,EndPosition,LanePosition-to right or left)

Indicators of other roads intersecting - signs, control signals- lights,stop signs; other cars moving to the side of own road)

SchoolBus (Position, Speed, IndicatorLightsState, Dir; Pedestrian type-child,teenager,adult,books)

NoPassingZoneSigns (Type, Position)

Construction (Signs,drums,sawhorses,lights,cones,equipment)

RailroadCrossing (Signs,lights,barrier,tracks,train)

Bridge (OverheadStructure,Supports,Roadramps,Signs)

Tunnel (Signs, road going into an object, road going down into the ground)

TollBoth (Bldg,ArchOverRoad,Signs,Lights)

WeatherVisibility (Fog,Smoke,Rain,Snow,Sleet,Dust)

Splash (Spray,WaterDepthOnRoad,RainRate, Size of splash from other vehicles)

Wind (MeasuredWindSpeed,LateralMotion,OtherVehicleMotion)

RoadSurfaceFriction (VehicleSlip,Wetness,OtherVehicleMotion,  SnowOnRoad,IceOnRoad,LiquidOnRoad,LooseGravel,Sand)

RoadIntegrity (Potholes,SteelPlates,Ruts,Broken pavement)

OwnVehicleState (Load,Overloaded,OwnVehicle performance characteristics,Trailer,OwnVehicle malfunction)

RoadVisibility (Hill,Curve,Obstacles)

VehicleInFront size - large enough to block view forward eg large truck

VehiclesInFrontFieldOfView(Position,Heading,Occupancy,Behavior, Speed,Accel,Decel,Potential intersect path and time)

PedestrianState (Position,Heading,Behavior,Speed,Accel,Decel,Type, AssignedIntent, Potential intersect path and time)

RoadInFrontOfVehicleInFront (DistanceToNextVehicleInFront of Vehicle in front)

VehicleInFrontState (Behavior,AssignedIntent, signals, change in speed and direction, apparent tailgating, rapid closure to vehicle in front of it)

VehicleInFrontState (Position,Indicators,Heading,Speed,Accel,Decel, Behavior,AssignedIntent, recent maneuvers-weaving or wandering in lane)

BicyclistState (Bicycle, motor scooter, with people identified around or on it)

VehicleInBackState (Position,Speed,Heading,Accel,Decel,Behavior,  TurnIndicators,Headlights,Horn,AssignedIntent)

OncomingVehicleState(Position,Speed,Heading,Accel,Decel,Behavior,  Headlights,Horn,AssignedIntent)
OnComingTrafficOKtoPass

SituationInBackOKtoPass

SituationInFrontOKtoPass

EnvironmentSafeToPass

LegalToPass

NoTransitOrSchoolBusStopping

NoBridgeInPassZone

NoRailroadXInPassZone

NoIntersectionsInPassZone

LaneMarkingsAllowPass

NoPassZone-NotInEffect

RoadSplashNotSignifcant

WeatherNotObscuringPassZone

WindsNotSignificant

NoTollBothInPassZone

NoTunnelInPassZone

OwnVehicleCapableToPass

RoadSurfaceSuitableToPass

RoadSurfaceNotToSlipperyToPass

NoConstructionInPassZone

NoVehicleEnteringRoadInPassZone

VehInFrontNotBlockingSightInPassZone

NoCurveBockingSightInPassZone

NoHillBlockingSightInPassZone

NoVehicleInFrontAttemptingLeftTurn

NoPedestrianOnRoadSideInPassZone

NoPersonOnBikeInPassZone

VehicleInFrontDrivingNormally

VehicleInFrontNotAttemptingToPass

SufficientReturnSpaceInFrontAfterPass

VehicleInBackNotAttemptingToPass

VehicleInBackNotTailgating

SufficientTime/DistToAvoidOnComingVehicle

NoAbnormalOncomingVehicleBehavior

NoVehicleOnRoadsideReadyToComeIntoLane

VehicleInBackNotClosingRapidly

NoPostalVehicleOrDeliveryVehicleMakingStops

NoActiveEmergencyVehiclesInFront

NoActiveEmergencyVehiclesFollowing

31-132

32-1314

32-12, 34-112

32-111, 34-111

31-1312

51-3, 61-42

31-133, 51-11, 51-14

32-1315

32-1315

32-1313

31-1312

31-1311

32-1511

32-1313, 25-21

32-1312, 25-21

32-135, 32-1351, 32-1352, 32-1353

25-21

31-132

36-162

32-1515

32-1512, 32-153

32-1513, 32-1514

32-136, 32-1521

32-1317, 32-1515, 25-12

31-1325, 36-144

32-134, 32-14, 32-137

36-162

34-1212

34-1211

32-1314

SizeOfRequiredPassZoneOwnVehicleState (Speed, accel/decel, begin-pass-buffer, return-to-lane-buffer, estimated delta speed to vehicle being passed)

VehiclesInFrontFieldOfView but not on own road-side roads, driveways, shoulder

Postal vehicle or delivery vehicle- observed to be making multiple stops or indicating a stop- slowing, signals, brake lights

Vehicle on side of road - exhaust, signals, brake lights, occupied

Emergency Vehicles active in front of own vehicle- siren, horn, lights, rapid speed, weaving around other vehicles, other vehicles slowing or stopping

Emergency Vehicles active in back of own vehicle- siren, horn, lights, rapid speed, weaving around other vehicles, other vehicles slowing or stopping

Vehicle Following state - speed, position, relative distance to own vehicle

Vehicle Following state - relative speed to own vehicle, distance to own vehicle, apparent decel as overtake

RoadVisibility through objects around a curve eg. trees, buildings, fences, earth, bushes, grain fields

OncomingVehicleState(Position,Speed,Heading,Accel,Decel,Behavior), WorldModel derived values for estimated distance and time to pass based on
OwnVehicle's present speed, vehicle in front present speed, estimated max pass speed, time to accelerate to max pass speed, time to decel from max
pass speed, size of buffer distance both behind and in front of vehicle in front

Steer
Servo

Speed
Servo

Destination
Manager

RoadSegment
Manager

LaneSelect
Manager

LaneSegment
Trajectory
Generator

LaneControl
Manager

Selects Lane
<=

Plan Select

Plans

Pass On Two Lane Road

World Model
Situation

Value
Judgment

World Model
Entities, Events, & 

Attributes

7)  Define Requirements
for Perception 

Sensory
Processing

=>

=>

=>

=>

=>

=>

Behavior
Generation

Driving Task Analysis
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Analysis of knowledge requirements

Knowledge of geometry and dynamics
where are things?
where are they going?
what size, shape, feel?
what relationships to other things?

Knowledge of class membership
what are things?
what are their characteristics?
how can they be expected to behave?
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A LADAR intensity image of cars in parking lot

Image processing requirements
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Max range = 10.977 meters
Min range = 6.85 meters
Minimum range at (693, 372)
Leftmost point = (613, 232)
Rightmost point = (653, 506)

Segment object of interest

Image processing requirements
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Objects on a virtual road
Image processing requirements
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Segmented objects on virtual road

Image processing requirements
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Map View of  Cars Segmented from Pavement
Image processing requirements
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Flash LADAR   128 x 128 range pixels
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Flash LADAR    128 x 128 range pixels
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Real/Virtual Environment
for Software Development

High Fidelity
Simulator

Low Fidelity
Simulator

Components
under test
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Measures as Specifications

Performance requirements => performance measures 

Performance measures => design specifications

Design specifications => technology requirements

Technology requirements => research goals
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Example
Performance requirement = pass on two lane road

Performance measures = accelerations, clearance,
perception range, accuracy, & latency

Design specs = sensor range, resolution, algorithms
for perception & control, computing power

Technology requirements = LADAR specs, camera
technology, INS/GPS, computing hardware

Research goals = lasers, detectors, speeds, materials
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Example 2
Performance requirement = enter thru hole in ceiling

Performance measures = dimensions, speed, mobility,
mapping, target detection, operator workload

Design specs = vehicle performance, sensor specs,
perception & control, computing power

Technology requirements = tether control, camera
technology, 3-D localization and mapping

Research goals = cable dynamics, kinematics, 
materials, image registration
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Summary and Conclusions

We have begun to move from theory to experiment

Several major experiments have been accomplished

Performance measures are being developed

Performance measures are driving specifications

Specifications are driving technology development


