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Workshop #4: 
Topics in Autonomous Robotics

- Moving Obstacle Detection from a Moving Platform
- Implementing Tactically Aware Obstacle Avoidance and Path Planning
- Feature Registration for the Leader-Follower Operations
- Hardware Acceleration for High Speed Obstacle Avoidance
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Robotic Research
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Outline:
Moving Obstacle Detection from a 
Moving Platform

¹ Motivation for research
¹ Sensors used
¹ Video based approaches
¹ LADAR based approaches
¹ Prediction methods
¹ Planning in an environment with moving 

obstacles
¹ Conclusion

Motivation for this Research

¹ New emphasis in Urban scenarios
¹ Getting closer to deployment.
¹ Higher speeds
¹ More complex environments force 

us to forget in order to be able to 
traverse.

¹ ANS #1 risk: moving obstacle 
detection (Scot Fish’s baby)
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Scenarios:

¹ Sentry
¸ Static sensor placement
¸ Dynamic sensor placement

¹ Motor-pool
¹ Urban scenarios with traffic and 

pedestrians
¹ MULE
¹ Bag over the head issue

Sensors driving the research

¹ Video
¸ Several approaches.  Most common in 

the literature.

¹ LADAR
¸ Two main approaches

¹ RADAR
¸ Mostly used for vehicles

¹ Bumper

Video Based Approaches using static 
sensors

Learn 
Background

Detect
Differences
at pixel level

Cluster
differences

Look for 
familiar 
shapes

R

G

B

Each pixel

Who is doing this?: Davis, Chellappa (UMD)

Davis/Chellappa (UMD) approach
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Comments:

¹ Advantages
¸ Fairly robust, low false alarms
¸ Can be used with FLIR or video
¸ Low/Moderate computational complexity
¸ Cheap to implement
¸ Uses passive sensors

¹ Disadvantages
¸ Requires the sensor to be immobile
¸ Cannot easily recover 3D direction and velocity of travel
¸ Cannot accurately recover height and volume characteristics of 

objects without making many assumptions about the scene.
¹ Target application

¸ Sentry
¸ Force protection
¸ Stationary UGVs

Moving video techniques

¹ Codebook based
¹ Optical flow based
¹ Structure from motion based

Codebook based

Learn 
Background

Detect
Differences
at pixel level

Cluster
differences

Look for 
familiar 
shapes

R

G

B

Each pixel

Image 
stabilization

•Image stabilization can be performed mechanically or in software
•Less time to learn background causes increased level of false alarms

Moving video techniques

¹ Codebook based
¹ Optical flow based
¹ Structure from motion based
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Optical Flow Based

Detect 
features in 
the image

Compare 
features with 
previous 
image

Make 
assumption 
about 
movement of 
the background

Classify things 
that look 
different that 
the background

Who is doing this?: Shim (GDRS), Sarnoff, JPL, many others

The Basic Idea
¹ We should easily recognize the point by 

looking through a small window
¹ Shifting a window in any direction should 

give a large change in intensity

Harris Detector: Basic Idea

“flat” region:
no change in 
all directions

“edge”:
no change along 
the edge direction

“corner”:
significant change 
in all directions

Harris Corner Detector

where I is the grey level intensity. If at a certain point the two 
eigenvalues of the matrix  M are large, then a small motion in 
any direction will cause an important change of grey level. 
This indicates that the point is a corner. The corner response 
function is given by:

where  k is a parameter set to 0.04.

C. Harris and M. Stephens, ``A combined corner and edge 
detector'', Fourth Alvey Vision Conference, pp.147-151, 1988. 
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Harris Corner Detector at Work

Courtesy of Marc Polleyfeys

Optical Flow at MIT (Berthold Horn)

Optical Flow at Princeton (C Decoro) Optical Flow at CMU (Simon Baker)
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Moving video techniques

¹ Codebook based
¹ Optical flow based
¹ Structure from motion based

Structure from Motion and 
Motion from Structure

Track features 
in the image 
domain

Build a 3D 
representation 
of the world

Track features 
in 3D looking 
for moving 
clusters

Caltech structure from motion 
(Jean-Yves Bouguet)

JPL structure from motion 
(Larry Matthies)

…
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Summary moving obstacle detection 
from a moving platform using video:

¹ Advantages
¸ Cheap
¸ Low power
¸ Passive

¹ Disadvantages
¸ High computational complexity
¸ High false alarm rate
¸ Needs clear features and illumination to give any results
¸ Cannot easily recover 3D direction and velocity of travel (except 

structure from motion)
¸ Cannot accurately recover height and volume characteristics of 

objects without making many assumptions about the 
scene.(except structure from motion)

¹ Target application
¸ Applications where a LADARs are not available for 

cost/power/weight/price reasons.

Sensors driving the research

¹ Video
¸ Several approaches.  Most common in 

the literature.

¹ LADAR
¸ Two main approaches

¹ RADAR
¸ Mostly used for vehicles

¹ Bumper

Transit Bus Collision Warning 
Systems (CMU, Thorpe, Stentz, 
Hebert)

CMU approach:

¹ Advantages
¸ Relatively cheap
¸ Low false alarm
¸ Low computation
¸ Can recover speed and direction of moving targets

¹ Disadvantages
¸ It cannot handle slopes well
¸ It relies on the accuracy of the INS solution (i.e. gets 

false alarms with wheel slippage)
¹ Target application

¸ Indoor applications, urban applications with no hills, 
friendly situations where the people are not actively 
trying to foil the system.
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Robotic Research Approach

¹ Uses imaging LADAR as supposed to 
single line

¹ It is map based as opposed to 
image based

¹ Can handle slopes and uneven 
terrain

¹ It is based on transparencies 

Raw Ladar image 3d Delaunay for cleaning up INS drift
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Why it is important to “forget”
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Raw detection with no filtering
Kalman Filtering in the woods 4m/s

RR approach:

¹ Advantages
¸ Can be used with any terrain
¸ Low false alarm
¸ Low computation
¸ Can recover speed and direction of moving targets
¸ Can recover volume and height of obstacle
¸ Every ANS-FCS vehicle (manned or unmanned will 

have this sensor)
¹ Disadvantages 

¸ Requires a LADAR (could be expensive for some 
applications)

¸ It relies on the accuracy of the INS solution (i.e. gets 
false alarms with wheel slippage)

¹ Target application
¸ ANS-FCS
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Visibility Index From a Point

A

Not Visible

Hill Crest

Visibility Index can depend on Range,
Ground Slope, Vegetation, Weather, etc.

• Different vehicle heights can be used to find areas where you are more 
likely to see but not be seen.

• Similar calculations can be used to determine firing locations.

Extensions:

Visibility from a “Road”
The Visibility Index averages visibility from all points on the road, 
weighted by the probability that an adversary is at each location.  

Not Visible

Hill Crests

Visible

“The Road”

Visibility Index Point to Area with Time

Visibility Index from Everywhere
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Blue Force Avoids Contact Blue Force Intercepts Red

Blue Force Intercepts Red with Time Constraint

Fight Movie

Blue finds Reds bad turret 
heuristic, and uses it to its 
advantage
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Location / Sensor Search

¹ A* based planning of position
¹ Specialized ego-graph using exposure and 

enemy PDF
¹ Deeper search than fight (about 40 

meters)
¹ Optimal path search within the ego-graph
¹ Optimal sensor search within the sensor 

vocabulary
¹ 2 second cycles (90% used for sensor 

scheduling)
¹ It adapts to map changes, and visibility 

graph changes.

Competition setup

¹ 1-on-1 or 1-on-2
¹ with apriori map or without apriori map
¹ with correct apriori map, or mutated apriori map
¹ Initial spot report within 150m radius
¹ Initial flag spot report 100m
¹ Sensor range 100
¹ Shooting range 80, with simple kill profile
¹ Sensor field of view 60deg
¹ Slew rate 40deg/cycle
¹ Speed -1 to 5 m/cycle
¹ Ackerman steer with simple acceleration model
¹ 5 bullets
¹ Points:

¸ Kill = 4 points
¸ Flag = 1 point
¸ No flags and no kill = -1 point
¸ Building hit = -1/3 points
¸ Bullets remaining = 1/5 point

¹ 264 matches 15 (or 20) minutes each.
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VTI EET at Post 2

RF Leader

Cat Follower

RF Follower

XUV Follower

Measurement Problems

Picture taken too soon

Picture taken at angle

Blurry Night Photo

Follower
RF   w/o

XUV w/o

XUV w/ GPS

CAT w/o

CAT w/ GPS

Leader
RF w/o GPS XUV w/GPS

2
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Trial Mix, Leaders and Followers
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Note: intra-vehicle reg istration did not 
perform better than cross-vehicle 
registration.  Average absolute displacement  
is smaller for RF->CAT, XUV->CAT runs 
than XUV->XUV runs.
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Standard Deviation of Average Absolute Displacement per Leader-
Follower Pair
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Note: shows accuracy of measured data, 
most within (+,-)20cm
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Outline
¹ Registration 

Overview
¹ EET Results
¹ Future Work

¸ Mapettes
¸ Post Phase II 

Improvements

Leader-Follower Map BuildingSave AM obstacle maps and vehicle position each meter of travel.
Overlay maps, producing large composite obstacle map.
Confidence map is distance off path.

Path length determines map size

Lead 
vehicle

Successive
AM obstacle 
maps

Composite 
map
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Register Follower to Leader’s Map
Register follower’s obstacle maps to large map using 
weighted least square
Weight is combined confidence from leader and follower.

Follower’s 
current obstacle 
map

Problems

• Leader has to finish driving the path before the large map 
can be built.  No “On the fly” path following.

• The large map can get very large, limiting the length of the 
paths.

• Paths that double back erase the map from the earlier 
portion of the path

• The entire AM map is stored each meter while most of the 
map is overwritten by subsequent maps.

Mapette
Save only the portion of the leader’s AM obstacle map that 
scrolls off as the leader moves 1 meter.

Register Follower to New Scrolling Map

Add mapettes to 
scrolling map as 
the follower 
advances.

400 m

120 m
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Scratch space Confidence
And

Obstacle Map

Registration
Map

Outline
¹ Registration 

Overview
¹ EET Results
¹ Future Work

¸ Mapettes
¸ Post Phase II 

Improvements
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Real-time Mapette Sharing

• Transfer mapettes
over data radio in 
real time.

• Add mapettes to 
scrolling map as 
the follower 
advances.

• Queue mapettes on 
both vehicles as 
needed.

Leader

Follower

Integrating Registration on Vehicle 
RCS

¹ Command / Status 
from higher levels

¹ Continuous 
path/map data 
collection

¹ Path/map data 
server

¹ Automated 
registration 
initialization
¸ Requires good 

registration “figure 
of merit”

VIS

ST

visDspL v isDspH

stObsL stObsH

AM 
PLANNER AM

navData
1,024

SEO

FW

seoxyz

PRIM

PLAT

vehStat

VEHICLE

SECTION

Vel Gaze

Color 
Stereo

FLIR 
Stereo

Ladar

navData
1,024

navData
1,024

CLASS PRIM 
 
PLANNER

PRIM 
PLANNER

navData
1,024

BUMP

seoData

Color 
Camera

RSTA Hierarchy 
Not Shown Here. 
- ATR 
- Acoustic 
- FOA 
- Gimbal 
- VFE

OCUOCU MAP (A-PRIORI)

VEHICLE

SECTION

VEH MAP (tbd) VEH 
PLANNER

MMW

FW

Radar

navData
1,024

seoData

AM MAP (nogo, height, c lass , cover 
                water, ?)

Figure of Merit
Is Registration Working?

∆ x

∆ y

Weight Least Square

Approaches:
¹ Local 2nd order derivatives
¹ Convolution value as function 

of time
¹ Tracking multiple hypothesis

∆ x

∆ t

Registration Control from SMI

¹ Set registration 
related parameters 
from SMI

¹ View registration 
diagnostics on SMI
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Integration with Other L/F 
Capabilities
¹ Registration used 

as another 
sensor modality 
to enhance 
Leader/Follower 
performance

¹ Figure of Merits

GPS

Inertial

Radar/Vision

Registration

Filter

Leader’s
Path

Offline Map Sharing 
¹ Archive of path/map 

data for later use
¹ Use remembered 

paths in plan 
generation

¹ Transition between 
two path/map 
segments

¹ Transition between 
on path and off path 
segments

Workshop #4: 
Topics in Autonomous Robotics

- Moving Obstacle Detection from a Moving Platform
- Implementing Tactically Aware Obstacle Avoidance and Path Planning
- Feature Registration for the Leader-Follower Operations
- Hardware Acceleration for High Speed Obstacle Avoidance

Alberto Lacaze
Robotic Research

lacaze@roboticresearch.com



21

Current Prim/AM used in XUV/Strykers
¹ ~10e5 alternatives
¹ Static vocabulary (some caveats)
¹ No backup strategy
¹ Cost evaluation time 180ms
¹ Search time 10ms

¸ 3 hz at 60mph (represent 8 m 
travel) almost half of map is gone

¹ Ego centered
¹ Re-evaluation of all cost in each 

cycle
¹ Previous plan disappears
¹ Poor re-planning strategies
¹ Similar planning cycle times
¹ Thoroughly tested 

Current  software HMP
¹ 10e15 to 10e30 alternatives
¹ Dynamic vocabulary
¹ Embedded backup strategy
¹ Cost evaluation time ~3s (first 

run)
¹ Search time ~150ms (first run)
¹ Relative centered
¹ Re-evaluation of costs only 

with data changes
¹ Previous plan always available
¹ Better re-planning strategies
¹ Different planning cycle times
¹ Tested mostly in simulation

A-priori HMP Demo at FTIG Use of the HMP with current XUV hardware

¹ Run it when we get 
stuck with the 
current planner

¹ The vehicle is 
already stopped, 
plenty of time to 
compute costs

¹ But too slow to 
run as regular 
planner
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Why go to hardware?

¹ Speed, and therefore number of alternatives
¹ Better control in tight environments or fine 

control cases.
¹ Good backup strategy
¹ More stable paths? (same across cycles)
¹ Unified approach for low speed and high speed
¹ Unified approach for off-road and on-road
¹ Faster response time to obstacles in any situation
¹ Better control as pure pursuit may be eliminated?

What is the plan?

1. Create hardware for the 
cost computations

2. Create hardware for the 
planning process

What are FPGAs

¹ Field Programmable Gate Arrays (FPGA)
¹ Group of logic gates highly interconnected (fabric) that by temporarily “burning” some 

of the internal connections it can be made to morph into a custom circuit.
¹ Cost between $12 and $1000 per chip in small quantities
¹ Current FPGAs contain up to:

¸ 200,000 Logic cells (LC).  The can be converted into adders, multiplexers, switches, LUTs, binary 
logic)

¸ 1000 I/O pins with multi gigabit bandwidth
¸ 2 powerPC embedded hard processors (405 core 32bit)
¸ 12 soft 32 bit processors (uses 5-18k LCs)
¸ 200 parallel multipliers
¸ 20 internal clock managers
¸ 10MB of RAM without using LCs
¸ 500MHz clock rates

¹ Each one of the LCs and multipliers can conceivably be performing an operation in 
parallel

¹ Reduces the cost of manufacturing hardware from ~$1million for ASIC to about $20-
30k  (including FPGAs, software and boards).

¹ Easier to modify than ASIC.
¹ Mature development software (ISE 6.3 xilinx). Verilog HDL and VHDL support.
¹ Easy to upgrade to next generation FPGA.
¹ Can be converted to ASIC if very large quantities are needed.
¹ Large customer base (i.e. cell phones, XILINX 1.6Billion revenue, Altera 1Billion 

revenue)

Logic Cell Diagram



23

Can it be done???

Number of operations

Bumper:
4 ORs (obstacles)
4 additions (traversability)

Wheels:
4 comparisons (elevation)
4 comparisons (next mask elevation)
4 ORs (obstacles)

Undercarriadge:
20 additions (traversability)
20 ORs (obstacles)

Wings:
8 aditions (traversability)
8 ORs (obstacles)
8 shifts (weighting)

Totals per mask = 40 additions/compare  +  36 Ors
Grand total for 360 masks = ~15000 unique 16 bit 

operations + memory shifting

Can it be done???

Number of operations available in FPGAs

0009641,72862,208633 FG9004000Spartan-3

00010441,87274,880633 FG9005000Spartan-3

Yes00080123,60080,640768 FF1148LX80Virtex-4

Yes2204160126,91294,176576 FF1152FX100Virtex-4

Yes2204160126,91294,176768FF1517FX100Virtex-4

Yes00096124,320110,592768 FF1148LX100Virtex-4

Yes00096124,320110,592960 FF1513LX100Virtex-4

Yes22441922010,080141,408768 FF1517FX140Virtex-4

Yes22441922010,080141,408896 FF1760FX140Virtex-4

Yes00096125,184152,064768 FF1148LX160Virtex-4

Yes00096125,184152,064960 FF1513LX160Virtex-4

Yes00096126,048200,448960 FF1513LX200Virtex-4

EasyPath OptionPowerPCMGTeMACMultDCMBRAMLCsI/OPackageDeviceFamily

Xilinx

•Each LC is composed of 4 slices
•up to 200K logic cells which 
•Each LC can map an 8 bit carry look ahead adder
•500 Mhz clock
•Max of about 100k 16 bit additions per clock cycle

We can compute all 360 masks at the same time for 
each location map location!!!!

LC

Can it be done???

Computation of number of x,y cells

Assumptions
•100 m x 100 m map
•.5 m cells
•We can get the mapinfo in the chip fast enough 
(will see later)

500Mhz / 40000 cells = 12500 hz/cell

Assuming that we can compute each 360 masks for one cell in 5 cycles
(should only be 2)

We can compute 16 bit cost at for all masks 
in this very large map at 2000Hz

We cannot even do this in  .1Hz using software 

Can it be done???

Memory

Assumptions
•100 m x 100 m map
•.5 m cells

40000 cells * 3 (trav, elev, extra) * 2 = 240KB

We can fit the complete map in the FPGA

0009641,72862,208633 FG9004000Spartan-3

00010441,87274,880633 FG9005000Spartan-3

Yes00080123,60080,640768 FF1148LX80Virtex-4

Yes2204160126,91294,176576 FF1152FX100Virtex-4

Yes2204160126,91294,176768FF1517FX100Virtex-4

Yes00096124,320110,592768 FF1148LX100Virtex-4

Yes00096124,320110,592960 FF1513LX100Virtex-4

Yes22441922010,08
0

141,408768 FF1517FX140Virtex-4

Yes224419220
10,08

0
141,408896 FF1760FX140Virtex-4

Yes00096125,184152,064768 FF1148LX160Virtex-4

Yes00096125,184152,064960 FF1513LX160Virtex-4

Yes00096126,048200,448960 FF1513LX200Virtex-4

EasyPath OptionPowerPCMGTeMACMul
t

DCMBRAMLCsI/OPackageDeviceFamily

These are KB of RAM
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Can it be done???

Bandwidth IN/OUT

Assumptions
•100 m x 100 m map
•.5 m cells

40000 cells * 3 (trav, elev, extra) * 2 = 240KB

600 Mbps - 11.1 Gbps1,2,3,4,...Aurora

2.51,2,4,8,16PCI Express™

3.1251Serial RapidIO™

1.06, 2.12, 3.1875, 10.519 1,1,4,1Fibre Channel

10.3125110 G Base-R

3.125410 Gb Ethernet XAUI

1.251
1 Gb Ethernet 1000BASE-
CX/SX/LX

2.51,4,12InfiniBand™

9.953281OC-192

2.4881OC-48

622 Mbps1OC-12

Baud Rate per channel
(Gbps) 

Channels Serial Standard

Communication standards embedded in the FPGAs

Each FPGA (virtex4) has up to 
24 10G Base R links

Lets assume that we can only implement
only 10 10GBaseR channels

10 * 10Gb * .1 efficiency / 240KB =  5 KHz

IN

Lets assume that we can only implement
only 10 10GBaseR channels

10 * 10Gb * .1 efficiency / 28.8MB =  43 Hz

OUT
40000 cells * 360 * 2 = 28.8 MB

Planning

160 LC  * 360 degs = 57k logic cells

500 MHz / 5 / 40000/ 100  =  25 Hz

Clock Cycles per
Min()

Cells per 
map

Path Length

Summary

¹ It can be done
¹ It will give good advantages
¹ It is cheap

¹ We are working on it.


