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Automotive Sensor Boresighting

» Why? - .

m  Next generation automotive systems:

o Lane Departure Warning, Collision Avoidance, Blind Spot Detection or Adaptive
Cruise Control

0 Require “fusion” of data from sensors: video, radar, laser, global positioning
systems and inertial measurement devices.

Sensors need accurate alignment with the vehicle platform
Significant cost/complexity for manufacturing process
Sensors may be displaced/offset after production

“Soft correction” of the sensor data desirable

» Proposed solution

IMU from BAE Systems, (6-DOF)

Sensor Fusion Engine from Medius
Inc

m 3rd party accelerometers (off the
shelf)

m Celoxica Integration (RC200)
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Sensor Reference Frames
HE

» Sensor Fusion Algorithm generates
m Roll, Pitch, Yaw

m Confidence Estimates Z
Roll
» MEMS Sensors e
m Acceleration
o Capacitance of moving plates X
m Rotation

o Coriolis force indiced vibrations in ring resonators

m 6 DOF IMU (DMU)
m 2 Axis Accelerometer (ACC)
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In Car
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FPGA System
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Design Flow
HE

Specification

Minimal Tool Chain

Similar Languages

Standardised API’'s

Platform Abstraction

External IP (optional) ¢

Implementation

Compile

a

FPGA Processor
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DK - Software Compiled System Design
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Synthesizable ANSI-C for hardware
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ANSI-C blocks are by default sequential
par{..} executes statements in parallel

par block completes when all statements
complete

m Time for block is time for longest
statement

m Can nest sequential blocks in par
blocks

Sequential Block

{/ 3 Clock Cycles Parallel Block
a=1; // 1 Clock Cycle
b=2; par{
c=3; a=l;
} 57 b=2;
c=3;
} 4
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-PGA System Handel-C Code

void main (void)

{ .
// Run everything
par{ // Run Hardware Components

SabreRun (&MyBus) ; // 32-bit Processor
RAMRun (RAM1) ; // RAM Framebuffer
RAMRun (RAM2) ; // RAM Framebuffer

VideoInRun (VideoIn); // Video Input Stream
VideoOutRun (VideoOut) ;// Video Output Stream
seq{
par{ // Enables on Startup
RAMEnable (RAM1) ;
RAMEnable (RAM2) ;
VideoInEnable (VideolIn);
VideoOutEnable (VideoOut) ;

seq{ // main control loop
WaitForSabre(); // Wait for Kalman Result
par{
VideoInProcess (VideoIn); // Capture Video
VideoOutProcess (VideoOut); //Affine Transform/Output
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Affine Transformations
HN

» For the Transformation of Video

\
r'=Ar+B,
— where A is the coordinate rotation matrix for angle ¢

about the z axis

A = (cosé@ -siné

sin@ cosé)

‘ and B is the linear transformation vector for corrections
b, and b, in x and y respectively

B= (b, O
0 b,)
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Affine Transformation Handel-C Code

- -
static macro proc RotateCoordinates (theta,InX,InY,OutX,OutY)
{ ..
par{
// Pipeline step 1 _
GenerateSine (theta, Sin) ; OutX = InX.cos(theta)-
GenerateCos (theta, Cos) ; :
InY.sin (theta)
//Pipeline step 2
mapX = InX - CentreOfRotation[0]; OutY = InY.cos (theta)+
mapY = InY - CentreOfRotation|[1];
temp[0] = Int2fixed (mapX) ; .
temp[l] = Int2fixed (mapY) ; InX.sin (theta)

// Pipeline step 3

FixedMult (temp[1l], -Sin, temp[2]);
FixedMult (temp[0], Cos, temp[3]):

FixedMult (temp[0], Sin, temp[4])

FixedMult (temp[1l], Cos, temp[5])

//Pipeline step 4
mapXback = fixed2Int(temp[2]+temp[3]);
mapYback = fixed2Int(temp[4]+temp[5]);

//Pipeline step 5
OutX = mapXback + CentreOfRotation[O0];
OutY = mapYback + CentreOfRotation[1];

}
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Sabre Processor System Architecture
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Sabre Processor System Handel-C Code

void SabreRun (BusPtr)
{

par{
/* Core components */
SabreRun (BusPtr, DATA MEMORY, PROGRAM_MEMORY);

SabreBusRun (BusPtr) ;
SabreBusMemoryRun (BusPtr, BUS_BASE ADDRESS) ;

/* User defined Peripherals */

//LEDs

SabreBusLEDsRun (BusPtr, LEDS BASE ADDRESS) ;
//Switches

SabreBusSwitchesRun (BusPtr, SWITCHES BASE ADDRESS) ;

// TouchScreen
SabreBusTouchScreenRun (BusPtr, TSCREEN BASE ADDRESS) ;
// Graphical Output to Screen

SabreGuiRun (BusPtr, LINE BASE ADDRESS, ..);
// BMU Interface

SabreRS232DMURun (BusPtr, SERIAL1 BASE ADDRESS) ;
// DMU Interface

SabreRS232ACCRun (BusPtr, SERIAL2 BASE ADDRESS) ;
// Registers for Affine Transform

SabreControlRun (BusPtr, ANGLES BASE ADDRESS) ;
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Testing and Results

» Static tests
m Instruments calibrated using a level test platform.

m Absolute misalignments measured directly using a laser attached to the
boresighted sensor.

m Static roll and yaw tests are more difficult to perform than the pitch tests
since we must orientate the platform and use gravity to generate
components of acceleration in the ACC and DMU accelerometers.

» Dynamic tests
m Calibration
m Misalign by a few degrees
m Start Correction and run for 300s.

» Residuals used to tune the Kalman Filter (noise removal)

m Static Tests : 0.003 to 0.01 m/s
m Dynamic Tests: >0.015

Chappell 16 BOF-S1006 / MAPLD 2004



Results: X AXIs residuals

X Axis - Residuals

Seconds

X Axis - Residuals

— Fllter Residual
——+ Covarance
- Covanance
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Static Test

Dynamic Test
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Results: Dynamic Test

Alignment

Alignment

— Roll Aignment
— Pitch Alignment
Yaw Alignment

Error Covariance

Bl Error

Yaw Covarlance
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Results Summary

Corrected

Test Roll Pitch Yaw Roll Pitch Yaw
No. Est. Est. Est SD SD sD
Degrees | Degrees | Degrees | Degrees | Degrees | Degrees

| -2.152 -1.5088 -2.389 009 008 079

2 -2.199 -1.572 -2.224 011 o1 087
Maneuver Performed | True Angle | Avg Estimated Angle | Filter Confidence
Pitch up 1 degree 978 degrees 011 degrees
Pitch down 1 degree -1.002 degrees 011 degrees
Roll left 2 degrees -2.082 degrees 011 degrees
Roll right 2 degrees 1.986 degrees 011 degrees
Yaw left | degree -1.005 degrees 012 degrees
Yaw right 1 degree 1.073 degrees 012 degrees
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Summary

» Inexpensive accelerometers mounted on (or during assembly
of) a sensor and an Inertial Measurement Unit (IMU) fixed to the
vehicle can be used to compute the misalignment of the sensor
to the IMU and thus vehicle.

» Sensor fusion techniques established in advanced aviation
systems are applied to automotive vehicles with results
exceeding typical industry requirements for sensor alignment.

» Manufacturing cost reduction and ROI

» COTS FPGA board and Celoxica DK Design Suite greatly
simplified the task of creating a real-time proof of concept
system.
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