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

lacaze@roboticresearch.com
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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

2 Urban scenarios with traffic and
pedestrians

1 MULE
1 Bag over the head issue

O meaionSEs

Sensors driving the research

1 Video

Several approaches. Most common in
the literature.

2 LADAR
Two main approaches
1 RADAR
Mostly used for vehicles

O meaionSEs

Video Based Approaches using static

sSensors
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Background B

Each pixel
Detect Look for
Differences ———f C_Iuster ——— familiar | —
at pixel level differences shapes

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

2 Advantages
Fairly robust, low false alarms
Can be used with FLIR or video
Low/Moderate computational complexity
Cheap to implement
Uses passive sensors
2 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.
2 Target application
Sentry
Force protection
Stationary UGVs

O meaionSEs

Moving video techniques

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

O meaionSEs

Codebook based

Image
stabilization

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

1 Codebook based

a

2 Structure from motion based
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Optical Flow Based

Detect Compare Make Classify things
features in features with assumption that look
the image —— previous —— about ——{ different that
image movement of the background
the background

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

O meaionSEs

The Basic Idea

2 We should easily recognize the point by
looking through a small window

2 Shifting a window in any direction should
give a large change in intensity

O meaionSEs

Harris Detector: Basic Idea

i &

“flat” region: “edge’: “corner”:
no changein no change along ggnificant change
all directions the edge direction inall directions
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Harris Corner Detector

C. Harris and M. Stephens, ~~A combined corner and edge
detector”, Fourth Alvey Vision Conference, pp.147-151, 1988.

2
M=[ ® ®E
@& &
where 1 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:

R = det M — k{traceM)?

where k is a parameter set to 0.04.
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Harris Corner Detector at Work

g’eunﬁﬁéﬁ Courtesy of Marc Polleyfeys

Optical Flow at MIT (Berthold Horn)
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Optical Flow at Princeton (C Decoro)

AR VI
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Optical Flow at CMU (Simon Baker)
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Structure from Motion and
Moving video techniques Motion from Structure

+ Codebook based
* Optlcal ﬂOW based Track features Build a 3D Track features

in the image representation in 3D looking
s domain of the world for moving

clusters

- -
Caltech structure from motion JPL structure from motion

(Jean-Yves Bouguet) (Larry Matthies)
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Summary moving obstacle detection
from a moving platform using video:

2 Advantages
Cheap
Low power
Passive

2 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 motiong)

2 Target application

Applications where a LADARs are not available for
cost/power/weight/price reasons.

O meaionSEs

Sensors driving the research

1 Video

Several approaches. Most common in
the literature.

1 RADAR
Mostly used for vehicles

O meaionSEs

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

Luser scunner

O meaionSEs

CMU approach:

a2 Advantages

Relatively cheap

Low false alarm

Low computation

Can recover speed and direction of moving targets
2 Disadvantages

It cannot handle slopes well

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

2 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

2 Can handle slopes and uneven
terrain

1 It is based on transparencies

O meaionSEs

O meaionSEs

Raw Ladar image

3d Delaunay for cleaning up INS drift

O meaionSEs
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Raw detection with no filtering

——— — - — —

RR approach:

2 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)

2 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)

2 Target application
ANS-FCS

N et
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Visibility Index From a Point

Hill Crest
~_

I, “ .
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.

Hill Crests
“The Road”
Not Visible
N Visible
N— Visibility Index can depend on Range,
Ground Slope, Vegetation, Weather, etc. .
Not Visible
Extensions:
« 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.
SN neaintszs SN neaintszs
Point to Area with Time

Visibility Index

O e iE28E5
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Blue Force Avoids Contact

Blue Force Intercepts Red

O e iE28E5

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

+ A* based planning of position

2 Specialized ego-graph using exposure and
enemy PDF

2 Deeper search than fight (about 40
meters)

2 Optimal path search within the ego-graph

2 Optimal sensor search within the sensor
vocabulary

2 2 second cycles (90% used for sensor
schedulinggl

It adapts to map changes, and visibility
graph changes.

N et

Competition setup

1-on-1 or 1-on-2

with apriori map or without apriori map

with correct apriori map, or mutated apriori map
Initial spot report within 150m radius

Initial flag spot report 100m

Sensor range 100

Shooting range 80, with simple kill profile
Sensor field of view 60deg

Slew rate 40deg/cycle

Speed -1 to 5 m/cycle

Ackerman steer with simple acceleration model

BoE R R R BB R BB R BB

5 bullets

Points:
Kill = 4 points
Flag = 1 point

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

+ 264 matches 15 (or 20) minutes each.

N et




VTI EET at Post 2

RF Follower

Cat Follower XUV Follower
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Measurement Problems

Picture taken at angle

Picture taken too soon

Blurry Night Photo
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Trial Mix, Leaders and Followers

Leader
Follower RFw/o GPS | XUV w/GPS
RF w/o 2
XUV w/o 1
XUV w/ GPS 2 2
CAT wio 3 T
CAT w/ GPS 2 2 ]
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Average Absolute Displacement per Leader-Follow er Pair

08

0.6
0.36

04 0.28

0.2 0.21 0.24

0.2
02 RF->RF RF->XUV RF->CAT XUV->XW XUV->CAT
-04

-0.6

Average Absolute Displacement (m)

08
Note:intra-vehicleregistration did nct
1 performbetier
registraion. Average absolute displacement
Leader->Follow er Pair issmller for RF->CAT, XUV->CAT runs
than XUV->XUV runs.
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05

04

Std Dev of Avg. Abs. Displacement

Standard Deviation of Average Absolute Displacement per Leader-
Follower Pair

RF->RF RF->XW RF->CAT XUV->XUV XW->CAT

Leader->Foll Pair
most within (+-)20cm
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Average Displacement (m
- o o o o
b o > 8 b o kR o B ok

Average Leader-Follower Displacement per Post over all runs

0.02 i 0.02

- 4 .
-0.06

-0.16

Post #

9-"8 AESEARLH

Outline
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2 Registration
Overview
+ EET Results
+ Future Work
Mapettes

Post Phase |1
Improvements

Save AM ébesf’a%%#ﬁﬁg% \Mﬁ’%lg%g‘ﬁgn each meter of travel.

Overlay maps, producing large composite obstacle map.
Confidence map isdigance off path.

— Path length determines map Sze——

9-"8 AESEARLH

Lead
vehicle

Successive
AM obstacle
maps

Composite
map
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Register Follower to Leader’'s Map
Regigter follower’ sobgtacle mapsto large map usng
weighted least square
Weight iscombined confidence from leader and follower.

Follower’'s
current obstacle
map

O meaionSEs

Problems

¢ Leader hasto finish driving the path before the large map
canbebuilt. No“Onthefly” path following.

* Thelarge map can get very large, limiting the length of the
paths.

» Pathsthat double back erase the map fromthe earlier
portion of the path

¢ Theentire AM map is gored each meter while mos of the
map isoverwritten by subsequent maps

O meaionSEs

Mapette

Save only the portion of the leader’s AM obstacle map that
<crollsoff asthe leader moves 1 meter.

S'_'@ AESEARLH

Add mapettesto
<crolling map as
the follower
advances

—120m—

O meaionSEs

17



Scratch space

O nedions

Confidence
And
Obstacle Map

N el

T EARE
Registration
Map
Outline
1 Registration
Overview
1 EET Results
2 Future Work
Mapettes
Post Phase 11
[ Improvements
N meiERRES N meiERRES
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Real-time Mapette Sharing

 Transfer mapettes
over dataradioin
real time.

* Add mapettesto
<crolling map as
the follower
advances.

* Queue mapetteson
both vehiclesas
needed.

<\

Leader

Integrating Registration on Vehicle
RCS

+ Command / Stat
from higher leve

2+ Continuous
path/map data
collection

2 Path/map data
server f

1 Automated
registration
initialization

Requires good
registration “figure

- . of merit”
SN neditizn SN neditizn
Figure of Merit
Is Registration Working? Registration Control from SMI
Approaches: ) )
= Local 2" order derivatives 2 Set registration
= Convolution value as function related parametel
of tlm_e ) _ from SMI
2 Tracking multiple hypothesis
) 2+ View registration
Weight Least Square _Ax diagnostics on SV
Ay ]
|
" 3
AX :Al
N mestBBES N mestBBES
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Integration with Other L/F
Capabilities
2 Registration used
as another
sensor modality
to enhance GPS
Leader/Follower ) Leader's
Inertial . Path
performance —| Filter
2 Figure of Merits  Radar/Vision —

—s

Registration

O meaionSEs

Offline Map Sharing
x Archive of path/map

data for later use

+ Use remembered
paths in plan

generation =
2 Transition between N
two path/map =
segments =]

2 Transition between -t

on path and off path
segments

O meaionSEs

Workshop #4:
Topics in Autonomous Robotics

- Moving Obstacle Detection from a Moving Platform
- Implementing Tactically Aware Obstacle Avoidance and Path Planning

- Feature Reiistration for the Leader-Follower Oierations
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Current Prim/AM used in XUV/Strykers

a1 ~10e5 alternatives

2 Static vocabulary (some caveats)
2 No backup strategy

2 Cost evaluation time 180ms

2 Search time 10ms

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

2 Ego centered

2 Re-evaluation of all cost in each
cycle

2 Previous plan disappears

2 Poor re-planning strategies

2 Similar planning cycle times

2 Thoroughly tested

O meaionSEs

Current software HMP

10e15 to 10e30 alternatives
Dynamic vocabulary
Embedded backup strategy

Cost evaluation time ~3s (first
run)

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

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

BOR BB

BOR

b

BOR BB

O meaionSEs

A-priori HMP Demo at FTIG

O meaionSEs

Use of the HMP with current XUV hardware

2+ Run it when we get
stuck with the
current planner

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

a2 But too slow to
run as regular
planner

O meaionSEs
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Why go to hardware?

2+ Speed, and therefore number of alternatives

2 Better control in tight environments or fine
control cases.

2 Good backup strategy

+ More stable paths? (same across cycles)

2+ Unified approach for low speed and high speed

2+ Unified approach for off-road and on-road

2+ Faster response time to obstacles in any situation
2 Better control as pure pursuit may be eliminated?

9-"8 AESEARLH

What is the plan?

1 Create hardware for the
cost computations
2. Create hardware for the

planning process
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What are FPGAs

+  Field Programmable Gate Arrays (FPGA)
* Group of logic gates highly intefconnected (fabric) that by temporatily “buring” some
of the internal connections it can be made to morph into a custom circuit.
4 Cost between $12 and $1000 per chip in small quantities
. Current FPGAS contain up to:
250,000 Logic cells (). The can be converted nto aders, muliplexers, swiches, LUTs, binary
1000 1/0 pins with multi gigabit bandwidth
2 powerPC embedded hard processors (405 core 32bit)
12 soft 32 bit processors (uses 5- 18k LCs)
200 parallel muttipliers
20 internal clock managers
10MB of RAM without using LCs
500MHz clock rates
* Each one of the LCs and multpliers can conceivably be performing an operation in
parallel
< Reduces the cost of manufacturing hardware from ~$1million for ASIC to about $20-
30k (including FPGAS, software and boards).
Easier to modify than ASIC.
Mature development software (ISE 6.3 xilinx). Verilog HDL and VHDL support.
Easy to upgrade to next generation FPGA.
Can be converted to ASIC if very large quantities are needed.
Large customer base (i.e. cell phones, XILINX 1.68illion revenue, Altera 18illion
revenue)

BoEoE Rk
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Logic Cell Diagram

N
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Can it be done??? Can it be done???

Number of operations Number of operations available in FPGAs
Xilinx
Bumper: famty e paige 40 ici b oow  ma sws MO eassec Sxeanoum
4 ORs (obstacles) weet oo s w0 mess  sos 2 s, o B B v
4 additions (traversability) e paso s el ames s ° ° ° -
wees  va e me  mos s 2 s, o o o v
Wheels: e - D N =
4 comparisons (elevation) et v mes we s am  w w0 o . -
4 comparisons (next mask elevation) weexca bao e e wose  amo 12 s o o o e
4 ORs (obstacles) T B e
wees  pao mum sm s e 2w 4w B e
Undercarriadge: wcs e ews me  mew  ame 2 @ o 3 o ver
20 additions (traversability) Swws om  we e mme w4 w0 o .
20 ORs (obstacles) mens w0 raw  wn wam  um 4 om0 o o
Wings: +Each LC is composed of 4 slices

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

~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

Totals per mask = 40 additions/compare + 36 Ors
Grand total for 360 masks = ~15000 unique 16 bit Lc We can compute all 360 masks at the same time for

T operations + memory shiftin T each location map location!!!!
R nestsES P Y Y R nestsES P
Can it be done???
Computation of number of x,y cells Can it be done???
Memory
Assumptions Assumptions
+100 mx 100 m map +100 mx 100 m map 40000 cells * 3 (trav, elev, extra) * 2 = 240KB
«.5 mcells «.5 mcells
*We can get the mapinfo in the chip fast enough
(will see later) l These are KB of RAM
Famly  Oewce package 10 ics  sa 0ou MY sic MOl Poweer  Svean oun
500Mhz / 40000 cells = 12500 hz/cell s S -
Assuming that we can compute each 360 masks for one cell in 5 cycles e e e e e ‘:‘; 2o om -
(should only be 2) e e
We can compute 16 bit cost at for all masks T e e =
in this very large map at 2000Hz e R R R S R R
We cannot even do this in .1Hz using software We can fit the complete map in the FPGA
S nesinzEs S nesinzEs




Can it be done???

Bandwidth INIOUT Planning
Assumptions .
-1opo mx 100 m map Each FPGA (virtex4) has up to
«5mecells 24 10G Base R links .
160 LC 360 degs = 57k logic cells
Communication standards embedded inthe FPGAs IN
40000 cells * 3 (trav, elev, extra) * 2 = 240KB
Lets assume that we can only implement 500 MHz / 5/ 40000/ 100 = 25 Hz
. . e only 10 10GBaseR channels
e . own 10* 10Gb * .1 efficiency / 240KB = 5 KHz Clock”  Cyclesper  CelISPer  paii i engin
- 10 u Min() map
PY— . s ouT
) i s 40000 cells * 360 * 2 = 28.8 MB
I e o Lets assume that we can only implement
e 00 ven- 113 opm only 10 10GBaseR channels
10 * 10Gb * .1 efficiency / 28.8MB = 43 Hz
SN neaintszs SN neaintszs
Summary

1 |t can be done
2 It will give good advantages
1 It is cheap

1 We are working on it.

O meaionSEs
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