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" 1. Introduction

This report describes research performed during the first two years on the ;\.'

Aoy

e project Vision-Based Navigation for Autonomous Vehicles being conducted under ;‘.)'
¥ l.h

) DARPA support. Our project, to date, has focused on four goals: . N

" 0

LY YY) '4

Qo

7 1) Development of a vision system for autonomous navigation of roads and $s.

b road networks. 3 ;

2) Support of Martin Marietta Aerospace, Denver, the integrating contractor on
DARPA’s ALV program.

2 3) Experimenting with the vision system developed at Maryland on the Martin
Marietta ALV,

g 4) Development and implementation of parallel algorithms for visual naviga-

tion on the parallel computers developed under the DARPA Strategic Com-
: puting Program—specifically, the WARP systolic array processor, the
:: Butterfly and the Connection Machine.

=Y

PR
3

A ’ A

We have constructed, in our laboratory, a simulation facility for developing

our visual navigation system. This facility consists of a robot arm carrying a sen-

1y sor package over a terrain board. Roads and road networks are painted on the

terrain board. The sensor package includes a black and white solid state camera,

a structured light range scanner that provides range data registered with the :
; black and white video data, and position encoders that allow us to control the
N height and attitude of the image sensors with respect to the terrain board. The
simulation facility is described in greater detail in Section 2.1. While the imagery
produced by the sensors on the robot arm is quantitatively different from data

collected by the sensors on the ALV at Martin Marietta, we have found this NN

simulator to be very valuable in designing the control components of the naviga-

tion system; these components account for the larger part of the actual code in

A 1 3 Ry by - AL d R W - - ~ .t -
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the system.

We have also developed a software simulation system for range data
analysis. The simulator generates range images of a three dimensional polyhedral

world. It is described in Section 2.2.

Section 3 of this report provides an overview of our visual navigation sys-
tem. Figure 1.1 is a block diagram of the principal components of that system.
The organization of the system was originally described in Waxman et al. [1].
The vision executive controls the activities of the other modules in the system.

Its principal responsibilities are:

1) Controlling the focus of attention mechanism for image processing (i.e., iden-
tifying subsets of the sensed data likely to contain critical features for navi-
gation and predicting both the photometric and geometric properties of
these features).

2) Using knowledge stored in its visual knowledge base both to verify the model
of its environment constructed on the basis of analyzing previous images and
to extend that model further in the direction of travel.

The vision executive is described in more detail in Section 3.2. The image
processing module (Section 3.3) contains algorithms for extracting structures from
the image data that potentially correspond to objects of interest in the scene,
such as boundaries of roads or obstacles on roads. The geometry module (Section
3.4) contains a variety of methods for reconstructing the three-dimensional
geometry of the scene. The vision executive chooses the appropriate reconstruc-

tion technique either based on a priori knowlrdge about the environment or from
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its analysis of previously sensed data.

During the past several months we have extended the navigation system so
that it can navigate over networks of roads. We have done this by incorporating
a map database (Section 3.5) that includes a map of the roads on the terrain
board. The organization of this database is identical to that of the road network
map compiled by ETL for the Martin Marietta test site. The map is used by an

extended scene prediction module (Section 3.6) to provide the vision executive

with predictions about the appearance of the road(s) in its field of view. These

predictions not only allow the vision executive to control its focus of attention
mechanism, but also to control the viewing directions of its sensors to ensure that

critical scene features are in their field of view (Section 3.7).

The planning module not only develops a prior route plan from the road
map but also plans the local path of the vehicle through the three dimensional
model constructed by the vision executive. Until now, this has been straightfor-
ward since our roads did not contain any obstacles. In more complex environ-
ments, of course, the planning problems become much more severe. We have
developed a path planning system that utilizes a multiresolution representation of
free space, obstacles and unknown space (shadows of obstacles and parts of the
environment beyond the field of view of the sensors) that should be applicable to
relatively complex planning problems. This path planning system is described in

Section 4.

Our experience with the system described in Section 3 has made it clear that

a more flexible framework is needed, principally for specifying the control aspects
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of navigation. For example, our current system has a single strategy for tracking i
the boundaries of the road in an image—the scene prediction module identifies
windows near the bottom of the image that will contain the projections of the
left and right road boundaries, and after the image processing module identifies
the actual locations of the projected road boundaries in those windows. Subse- '% f
quent windows are placed that allow us to continuously track the road boundaries

through the image. However, it would sometimes be advantageous to use some

other strategy for tracking the road. For example, if prior knowledge indicated E* 3
that the stretch of road currently being traversed were straight then one could oy 4

imagine a strategy where after the initial windows were processed subsequent

NPT
Al

windows were placed relatively high up in the image, corresponding to segments

of road relatively far from the vehicle. These and similar considerations have led ’;;
us to design and develop an object-oriented system for visual navigation. A . E
K
description of this system is included in Section 5. E‘Z i
One of the principal goals of the DARPA Strategic Computing Program is to — : ‘
understand how different models of parallel computation can be applied to prob-
oy
lems in artificial intelligence. Towards this end, DARPA has sponsored both the = "
hardware and software development of a variety of parallel machines, including ,33
the WARP|2], the Butterfly(3] and the Connection Machine[4]. The Computer b )
Vision Laboratory currently has both a 16 processor Butterfly and a 128 proces- - 4
sor Butterfly. A WARP is scheduled for delivery sometime during 1987. ‘-: é
In November of 1985, Todd Kushner spent several weeks at Martin '_? a
ORI
Marietta, Denver, installing a version of our visual navigation system on the ALV . S
o
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-4
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(these and other experiments are discussed in Section 7). Based on these experi-
mer.ts, we made certain modifications to the design of that system and then froze
the design during the winter of 1986. Since then we have been working on a
Butterfly implementation of most of the major components of that system. The

Butterfly system performs the following operations in parallel:

1) window i'acement

2) Hough transforms for linear feature extraction (here we assume that the
lowest level of visual processing is done on a machine such as the WARP
and consider only the clustering aspects of linear feature extraction)

3) monocular inverse perspective
4) search for an acceptable scene model

Section 6 contains a description of the Hough transform Butterfly implementa-

tion, as well as some recent work on parallel search algorithms.

Finally, we have conducted a series of experiments both in the laboratory
and on the Martin Marietta ALV. In Section 7.1 we describe recent experiments
that involve navigating the robot arm through and into intersections, and in Sec-

tion 7.2 we describe experiments performed on the ALV both in November 1985

and August 1986.

T, S TR Nt (R P O A S WA AT BF T

] al'q;l‘.’l

%.2%,

7
:

Py

% 5, Y
F ™ =
{% - o

A iuu"

o f

7
.

Lok g% o ‘l'l
s
:’Agl

XA
-ﬂ;l x~

e
=2
e

L5 5%

-

3
\ -

NS
St )
\\.t



ik &

X
2o

2. Simulation Systems

' I

In this section we describe the laboratory facility that we have constructed

©
e

to support the development of algorithms for visual navigation. Section 2.1 con- s

tains a description of the vehicle simulator, Section 2.2 describes the structured

LI
light range sensor, and Section 2.3 describes a range data simulation program. *"" 2
3
2.1 Vehicle simulator T
v
The vehicle simulator is a system which reproduces at reduced scale the
D
interactions between the motion and the resulting changes in visual environment - B
of a full-scale vehicle. r_:; ‘
X
The four components of the system are: AT
;
R
VR
1. A terrain model board, modeling the landscape that the robotic vehicle is DY
likely to encounter; ¥
2. A camera, positioned with respect to the terrain model in the same fashion '7 .
as the vehicle camera would be positioned with respect to the world terrain; % x
3. A structured light ranger, designed to model the laser ranger of the vehicle v,
and give images containing depth information; ;.", 3
4. A robot arm, which displaces the sensors across the terrain board in response ) -
to sensor data analysis software in the same fashion as the propulsion system N
of the full-scale vehicle would displace the vehicle sensors. AR
5
O
More details are now given about these four components of the simulator. #u ;
oz
The robot arm is an American Robot arm, with six independent axes of R
R
movement, waist, shoulder, elbow, wrist (two axes), and tool. The motion of the A |
a1 »
. a
tool plate has an accuracy of 1/1000 inch. RS
N
o
6 ()
=3
-t \.
“
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bRy
The arm is controlled by seven microprocessors; a Motorola 68000 processor t-:
dove
supervises the six Motorola 6809 motion control processors. They interface with =
W
‘l‘au'
the user through the Magix operating system, a UNIX look-alike. The arm can 9
! O
.:"l M
be programmed with a specific robotic language, AR-BASIC, which also includes l'::;::,
i commands for communications with other computers such as the VAX computers "".:::
NN,
2
: of our laboratory. 2 Y
1] v
The terrain model is constructed on a 4' X 4' board. It models several Sf"(;
S
0 by
: paved road surfaces on various straight lines, s-curves, hills and intersection %’
RGN
. . PO
1 configurations. The camera-ranger system is displaced along these road segments :ﬁ&
.
. - e
by the robot arm, whose motions are computed by the programs run on the VAX s:&«'_"
o)
e
computer on the basis of the image and range data that are gathered by the cam- - 2’4
:‘.r\'l"-
era and the ranger and processed by the VICOM image processor. * _'
»-::.\,
The camera mounted on the robot arm is a Sony CCD array black-and- .:‘t
e
white camera. The camera images are input to a VICOM image processor con- W
trolled by a Motorola 68010 processor, or to a GRINNELL image processor con- :s
S
-"‘n\
trolled by a VAX 11/785 computer. "._-':
i -
N ';'\\‘\. \
Mounted on the sides of the camera are three linear compression encoders
¢ .r\..r
[} A
which are used to maintain height, pitch, and roll of the camera in relation to :':{;'
»
A
; the corresponding quantities of the simulated robotic vehicle. The signals from P
these encoders are processed by three of the seven analog-to-digital converters “:
[ gt
3 NN
available with the robot arm hardware. Sl
|\|‘
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. . U
2.2 Structured light ranging system e ]
4
W
The technology of laser rangers small enough to be mounted at the end of a vl
b
robot arm is not available yet. Meanwhile a plane-of-light range scanner has been ;E: /
built to provide similar information and functionality. Its frame is mounted on 2
.f t
™
the end plate of the robot arm, and supports the camera (Figure 2.1). b
&
Figure 2.2 shows more details of the structure of the plane-of-light range "ﬁ ,
scanner and its mounting with respect to the camera and the robot arm. The 150 ::: r
S,
\
W light generator is mounted on the robot arm itself and is not shown. The light < v
! ]
is brought to the scanner by a four foot fiber optic light guide, which flares to a ~
fine line of fibers. The line of light from the fiber optics line is further narrowed ;{j ;
b3 IR
by a 4/1000 inch slit. The diverging light from this slit is refocused to a plane of —_ X
light by a cylindrical lens. The plane of light is redirected out of the box of the =3
. . . . . FANLY
device by a three-inch long mirror, whose angle is precisely controlled by a :::
A
geared-down stepper motor. The stepping motor is connected to the VICOM e >
vl
>-- ‘!
computer through a controller card, and the command “STEP” from a VICOM - :
bt
A
Pascal program rotates the motor one step, giving a mirror angular displacement lﬁ ot
of 0.045 degrees. A full mirror revolution takes 8000 step commands. ~“S &
-
The plane of light intersects an object in a planar world curve, and the -
i
image of this curve is seen from the camera. This image curve has a thickness -
Al :
of several pixels, and the median line of this curve is obtained. Each row of the _4;\' g
At )
image for a given position of the mirror is the image of a straight world line with A .
a specific distance to the axis of the mirror, as shown in Figure 2.2. A two- o= 't
'\_'f. N
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Figure 2.1 ALV simulator
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dimensional lookup table is calculated to give the ranges of all the world lines

within the camera field of view and the mirror field of range. This lookup table

maps the ranges of the intersection lines shown as dots in Figure 2.2.

The range acquisition algorithm is illustrated in Figure 2.3 and proceeds as

follows:

While the mirror is at its home position facing the lens, a camera frame is
grabbed. This is the initial image.

The mirror is moved from its home position to the initial scanning angle.

A camera frame is grabbed, which may contain the image of the intersection
of the plane of light with a world object.

The difference between this image and the initial image is taken. Most of
the information out of the image of the illuminated stripe is removed by this o
differencing operation.

- e

The maximum brightness of the image of the stripe is calculated.

The image is thresholded to set the gray levels to zero out of the stripe (top
right image of Figure 2.3).

Each image column is scanned until a non-zerc pixel corresponding to a

i stripe boundary is found, then scanned further until a zero pixel correspond- s

:: ing to the other boundary is found. The row of the midpoint is calculated. AT
: The range of this pixel is found in the range lookup table at the appropriate b
; mirror step column and pixel row line. The resulting range is placed in the L0

N range image being built, at the row indexed by the mirror steps, and column ":Q‘"
y ~

indexed by the image pixel column.

When all the image columns of a stripe image obtained for a given mirror i

step have been scanned, the row of the range image corresponding to this o
o given mirror step is full, and the mirror is displaced to the next step. The ey
K program loops between items 3 to 8 until the stripe for the maximum step ~ j

angle has been processed.

When the range image acquisition is completed, it is displayed, and the mir-
ror completes its rotation up to its home position facing the lens.

L TR Y » LY W N LT W

M 4 - LR .‘- bJ - » «a m - "
\.‘\’-. \.‘.l,‘.v’ m\’n!l‘n 'n“ R ‘._ " ¢, D‘\, \‘l‘; v AT W% . 3 ‘.l ., . hi f .I'..l‘a .- v ) o

w® At a™ g A N T TN Y
LN ¢ " ( \




b

, |
x

=

\,
et

-
A

152

pixel row j —&

T s

~TR
image column k
L oM
oG
3
range to X

mirror axfs
\24 <4— mirror step i — ¢

“
Ju

o

72

E
|

(

Y

Figure 2.3 Creation of a range table from images of light stripes

»
]
-

-

- Taa®u® ool 7.
. o

.‘0!.'0. » Oyl L&

k q X o 1 ”
IO R X S AT



e

L1 .'.‘.‘\“‘\‘,‘ 6‘\‘.‘. LR

Figure 2.4a Range image in camera system

Figure 2.4b Range image in mirror system
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Notice that this method for constructing the range is different from other w
structured light approaches. Previous work on structured light rangers con- :
structed the range image in the camera coordinate system. Such a range image is s
shown in Figure 2.4.a. This image contains a spool of thread on a ground plane, e
with a vertical plane in the background. In such a range image, pixels between '::E
the images of the stripes are black because no range information could be P
obtained. It would be difficult to eliminate these gaps between the stripes without S-B
also smoothing the significant range discontinuities corresponding to the presence .:S,"E
of object edges. AL
-

In the method proposed here, the problem of the gaps between stripes has e
been eliminated. The image construction method is based on the observation ‘:i:
that if we position a camera with its lens center on the mirror axis, such a cam- ;};
era would see all the stripes as straight lines, even for stripes that the other cam-
era sees as ellipse segments, because the images of the stripes with this new cam- 24l
era are contained in the plane of light which produces them. Straight stripe E’."
images obtained for different mirror steps are parallel and can be compressed to ::.{:
eliminate the gaps and build a continuous range image. Actually, a second cam- n
era is not required, since enough information from the original camera and mirror ;E
position is available to synthesize a range image as seen from the mirror's point NN
of view. After stripe thinning, each straight stripe would be one pixel thick, so ~
.\'.'

that each pixel row of the final image would correspond to a different stripe and \.',-
therefore to a different mirror step. The range from a world point to the mirror e
can be obtained for each straight stripe pixel by the same triangulation procedure ’
<
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which produced the range to the original camera. The range image acquisition
algorithm presented above implements the proposed method and produces a

range image from the mirror point of view.

Figure 2.4b is a range image obtained by this method for the same scene as
Figure 2.4a. The spool looks more compressed because the aspect ratio of the pic-
ture depends on the mirror step angle, and also because the mirror was higher
above the spool than the camera. Consequently the upper face of the spool and
its holes are more visible.

A laser ranger would give a similar picture, because one picture row would
also be obtained for each step of its vertical-scanning mirror. However, there
would not be any shadow behind the spool. A shadow occurs in the structured
light image because a part of the stripe of light was hidden from the camera by

the spool, which prevented range calculation.

11

A » > 9y LSS TRNSIC IS PSR IS JrN

» ‘n - -
R SAOROELAOAN ;
SLACNCACAU AU OUUA TR UG i R o LMOMI R A LA OO T et et e A,

N VA AN
\1"1' 4 '.-;1‘.

-

="t

-
-

.}’v_ N

‘i’f

F o XA g e ]
2

Rz




2.3 Range simulator

As an alternative to driving an ALV or directing a robot arm about a terrain
board, we have developed an image synthesizer that allows us to create a world
of objects and obtain range and visual images from any viewpoint in this world.
The ability to make images from arbitrary positions is exactly equivalent to gath-

ering images from an ALV that is driving through the synthetic world.

The synthesizer can model spheres, parallelepipeds, planar surfaces, cones,
and cylinders. These objects can be translated and rotated in any fashion and
may be positioned so that an object is partially or wholly inside of another object
(an important property when constructing complex scenes from these basic build-

ing blocks).

After each object has been positioned (by multiplying it by a transformation
matrix), a visual image is calculated based on a perspective projection in which
the focal point is at the origin of the coordinate system and the image plane is

placed in front of it at 2 = focal length.

Each pixel in the visual image has associated with it a grey level and a z-
distance. The grey level can be created with the light source at any position.
Surface reflections are assumed to be Lambertian and all objects have an equal
albedo (it would be a simple extension to add variable albedos). No compensa-

tion is made for lowering intensity due to increased distance from the image

plane and the light source.
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From the visual image and the corresponding z distances we can calculate
what the range image would appear to be. This initial range image has pixels
that are spaced at equal intervals on the image plane. However, the ERIM range
scanner produces images that are at equal angular intervals on the image plane so
we convert to this format in order to accurately simulate the ALV's range scan-
ning process. Interpolation of the initial range image is done using an intention-
ally crude algorithm to introduce noise into the system (of course, simply digitiz-
ing the image of the objects has introduced some noise, particularly for objects
that have high curvature such as spheres). The final equiangular range image has
all of the properties of an image produced by an ERIM scanner mounted on an
ALV including the same field of view, eight-bit range values, and 64-foot ambi-

guity intervals.

The obstacle detection algorithms described in Section 3.3.2 are applied to
the equiangular range image and the resultant binary obstacle image is mapped
from spherical coordinates into the cartesian z-z ground plane. The ground
plane map has initially four types of pixels: 1) obstacles or unnavigable terrain, 2)
traversable terrain, 3) areas whose traversability is unknown because they are
hidden by an obstacle (i.e.: shadow regions), and 4) areas whose traversability is
unknown because they are outside of the field of view of the simulated laser sen-
sor. The path planner will treat the ALV as if it were the size of 1 single pixel so

a boundary the width of the ALV’s radius is grown around all olstacle and sha-

dow pixels.
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At the start of the simulation the program requests the coordinates of the
ultimate goal for the ALV. A straight line from the current location to this goal
is plotted and a move along it is calculated. The endpoint of the move is passed
to the path planner which tries to find a path through the ground map from the
current location to the endpoint. The path planner uses a hierarchical algorithm
based on a quadtree division of the ground map. The planner assumes that the

vehicle can only travel through pixels that are marked as traversable.

If the planner fails to find a path to the first endpoint a series of heuristics
are used in sequence to select alternate subgoal locations. Each subgoal is passed,
one at a time, to the path planner until one is found that can be reached. If all
of the heuristics are exhausted without a reachable subgoal being found, the pro-

gram notifies the user and gracefully terminates.

Once the endpoint of the next move is found a transformation matrix is cal-
culated that will place the origin of the coordinate system at this new location.
This matrix, when applied to each object, will result in the next visual and range
images being the scene that an ALV would see if it were driven to the endpoint.
The matrix is fashioned so that the vehicle will be facing the ultimate goal loca-
tion (other constraints on what direction the vehicle should be facing or how long
each move should be are adjustable parameters in the program). If the move's
endpoint is the same as the goal location the program terminates. Otherwise the
transformation matrix is applied, the new visual image is found and the program

begins another pass at moving the simulated vehicle toward its goal.
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¥ Figures 2.5 — 2.11 show some output from a typical simulation in which the r;"
modeled ALV drives approximately 200 feet to reach a goal location. There is no
limitation on the distance from the starting point to the goal in the simulation. o
Figure 2.5 shows the visual images synthesized while traveling past several obsta- "‘"’"
cles. A typical range image is shown in Figure 2.6. Figure 2.7 provides a key for e
Figures 2.8 — 2.11. These latter figures are the ground maps produced from the oy

final range images at each step. Each map covers approximately 65000 square .

e
.
<

feet. The vehicle's current position is always at the center of the map. S
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Figure 2.5 Simulated visual imagery
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3. Visual Navigation System

3.1 Introduction

This section contains an overview of the visual navigation system. This sys-
tem runs on a VAX/VICOM environment, with image acquisition and some low
level processing being done on the VICOM and the remainder of the vision pro-

cessing, planning and navigation being performed on the VAX.

3.2 Vision executive

The principle responsibilities of the vision executive are:

1) controlling the focus of attention mechanism for sensor data processing, and

2) verifying and extending the sensor-based model of the environment.

Both of these tasks involve sensor control (for example, determining the
appropriate pan and tilt for the video cameras), map database analysis and
geometric reasoning about the three dimensional properties of scene objects

identified in the sensor data.

Consider, for example, the verification of that portion of the scene model not
yet traveled—i.e., still in front of the vehicle. Due to limitations of the vision
and navigation systems this model will, to some degree, be inaccurate. Both to
reduce these inaccuracies and to provide an anchor for analyzing previously unex-
plored parts of the scene, the vision executive analyzes those parts of the sensed
data expected to contain components of the scene model. In order to do this, the

vision executive must first decide, before acquiring an image, what parts of the
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scene model it will search for. Then, based on the three dimensional properties of PN
the scene model and a model for the assumed motion of the vehiele through that - -
I-‘.
model, it can determine a viewing angle for the camera that will produce an .
N
. . .o . .
image that will include those components. Currently this is done by tryving to SR
center the field of view of the camera on a point in the center of the road a tixed A~
oY
distance in front of the vehicle. The distance chosen is a function of both vehiele .
o
speed and the extent of the current three dimensional road model. One could e
imagine, of course, more sophisticated strategies for camera control hased on :";
o
other visual goals. The details of the sensor control module are contained in Sec- '.
A
tion 3.7. T
Once the direction of view of the camera is established, the vision executive )
L T 3
can work with the scene predictor to establish the projected positions of key ;
e
3 3 ' .
scene features in the next image frame. In the current implementation, the fol- :
..:',_ :
lowing types of predictions are supported: S )
1) Identify the points on the boundary of the image where the left and right " B
. . .
road edges will enter the image. :
.
N
o L
2)  Given a point z feet in front of the vehicle on the left (right) boundary of
the road, will that point appear in the image and, if so, where? -
N
‘.'h‘ L)
" . . . . PR . 0
T'he vision executive then places rectangular windows around these predictions e
and sends those windows to the appropriate sensor data processing module to
:.~: ’
.. -
extract the corresponding image object (straight edge segments of specitic orienta- MM
. . . . . . An
tion and contrast sign for identifyving road bounduaries).
hamred
‘s
R
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Currently, the “"verification’ stage of processing ends after the first two win-
dows (one on the left boundary and one on the right boundary of the road) are
processed since it is only for these two windows that expectations are generated
concerning image properties such as orientation and contrast. Both to place and
to analyze subsequent windows the vision executive applies either information
derived from a road map, or, in the absence of a map. general knowledge about

the geometry of roads, to generate subsequent predictions about the image loca-

tions of road features.

In the case where map data is available, the vision executive has available to
it a set of precomputed predictions, indexed by world road coordinates, concern-
ing the structure of the road in the immediate vicinity of the vehicle. Due to
uncertainties in vehicle position and the limited accuracy of such map informa-
tion the vision executive can only use this information in a gualitative fashion.
For example, if the map database indicates that the road will be turning to the
right, then the linear segments extracted by the image processing should turn
towards the right in the image. Of more interest is the ease where the map indi-
cates that the vehicle is approaching an intersection. The images of intersections
are quite complex, and the vision execnutive attempts, initiallv, to avold process-
ing the specific part of the image where the intersecting roads actually meet undil
it has identified parts of the image containing the constituent ronds, It does this
by identifying windows predicted to include the intersection, and then searching

around these windows for the intersecting roads. The information potentially

available to the vision executive concerning the structure of the interseetion




e includes the spectral properties of the roads, their widths and the angles between
the roads at the intersections. A detailed example of navigating through an

! intersection on the terrain board is included in Section 7.
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o 3.3 Image processing Wt
.
,’. ';'
. - . " .
3.3.1 Video image processing e
B A
S The image processing module transforms an input image into a symbolic ¥
j"§ representation of the boundaries of the roads in the field of view by extracting e
k) R
. dominant linear features from grey-level or color imagery. Different representa- o
W ot
tions can be used in the image domain: boundary-based and region-based are two .
&,
b N
‘, examples of such representations. We present two kinds of algorithms for e
A, N,
-
-
W extracting roads from imagery, corresponding to these two different representa- _-
tions: linear feature extraction and grey-level or color segmentation. f."
.
:"g ‘\:.
F:O N
3.3.1.1 Thresholding algorithms e
e 2
Y In this section we present algorithms relying primarily on segmenting grey- ‘q:
o Ny
"j scale and color images to locate dominant linear features in the feed-forward
¢
mode of operation. The first uses a prediction of where the road boundaries will e
] .\l \I
- appear in small windows at the bottom of the image, along with a boundary- -
v
al ::(.‘
i: based representation of the linear features in those windows, to collect statistics :,,;
of grey scale or color values on the surface of the road. KN
A Yy
1) .

Initial windows covering segments of the left and right boundaries of the

road are chosen based on projecting the current 3-D road model onto the image

]
P tarara
)

-

{QE plane and determining where the road boundaries enter the image. For these e
L% o
. . . . - - NP
windows we estimate the orientation and position of the projection of the road N
oY
. . . . . 4
E edges using a Hough transform as described in [5]. After the projection of the N2
|.~¢
1.-'
N e
")
20 e
)
5:1 R
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. . . . . . N
' road edges are determined in each window, the two regions of each window a".;
:
‘ separated by those edges, presumably road and non-road, are histogrammed —_—
v
i .'l
separately. A minimum-error threshold for each window is then computed from )
e
these histograms. The thresholds are then each applied to half of the image to Y
segment the image into road points and non-road points. ’
N
"
‘ Processing differs for subsequent windows by constraining the lines in these
3 o~
' L
! windows to connect to the lines in the immediately preceding windows (the road -
[ ‘-
& continuity assumption)—e.g., an endpoint of the line in the previous window :":
N ‘F-.
¥ becomes the pivot, or intercept, of the line in the current window. Furthermore, ..
¥ .S
we constrain the orientation of the line in the current window to be in a small =
k) -
! interval, [6,,,0)], centered about the orientation of the line in the previous win- :'_::'
T
dow. Since the pivot point is fixed, we need only estimate one parameter—the .-
nE
~ direction, 6, of the line through the pivot point. Given the pivot point, (z,.y,) '
)
! W
’ and any road point (z,,y,) in the window, the angle 6 of the road point with :'-" y
respect to the pivot is simply o
N O
Lol
-1
J § = tan ((yv“yp )/ (z, Ty ))- s
| . . . 1\ y
If the values of 8 for road points in a window are accumulated, we would expect oD
the counts to suddenly drop off at a value of @ roughly corresponding to the line Iiﬁ;
IL(' g
segment best fitting the road boundary. The angle corresponding to the accumu- o 1
™
lator value closest to a fixed threshold is chosen as the boundary line. To --
l"‘ 1
prevent the line from overshooting beyond the actual road boundary, the line is )
cut back to the road point furthest along the line from the pivot. Figure 3.1 .
. . . . = 3
shows the algorithm applied to an image in feed-forward mode. K
. .
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Since the determination of the orientation and position of the projection of
the road edges in the initial and subsequent windows using the Hough transform
is expensive, a second algorithm was developed that relies only on the initial win-
dows containing portions of road and non-road around the projection of the
current 3-D road model onto the image. A threshold is calculated for each win-
dow by sampling two populations of the window assumed to contain only road
and non-road pixels, in two small diagonally opposite corners of the window, and
choosing a threshold satisfying a minimum-error criterion for the two samples.
The left and right boundaries of the road in the image are extracted using the
thresholds. Line segments are fit to the border by determining for each window
the road/non-road border point along the top, middle, and bottom window rows
that satisfies the following minimum-error criterion: the total of the fraction of
road points on its non-road side of the window row and the fraction of non-road
points on its road side of the window row is at a minimum. Figure 3.2a shows
the result of applying this algorithm to an image from the Martin Marietta test

site.

Contrast reversal can occur across the road boundary, causing simple thres-
holding segmentation to fail. A third algorithm calculates thresholds by sampling
a population of the window assumed to only contain road pixels, in the lowest

corner closest to the center of the road, and selecting a range of threshold values

centered about the mean of the sample of size equal to a constant number of

standard deviations of the sample. Figures 3.2b and 3.2¢ show the second and

third algorithms applied to an image vhat exhibits contrast rever-al.
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Figure 3.2a The second thresholding algorithm applied to an image
from the Martin Marietta test site
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Figure 3.2b Same algorithim as 3.2a applied to an image
with contrast reversal
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Figure 3.2¢ A third algorithm applied to an image
with contrast reversal
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3.3.1.2 Multiresolution algorithms

To improve region-based segmentation of grey scale and color images, the
image can be blurred to reduce the eflects of background texture and minor vari-
ations on the surface of the road. A better approach, however, is to reduce the
image size if possible. In our experiments, good segmentations were obtained for
road images with 64 by 64 pixels. Another improvement over the above methods
that select left and right boundary road edges separately is to select the left and
right road edges simultaneously constrained by knowledge about the geometric

properties of the road, e.g., road width.

This algorithm for locating dominant linear features in an image at different
resolutions in feed-forward mode of operation uses knowledge about the predicted
location of the road to position a window at the lower middle part of the road
assumed to contain only road pixels. Statistics of grey scale or color in this win-
dow are computed and a range of threshold values are selected about the mean of
the sample of size equal to a constant number of standard deviations of the sam-
ple. The entire image is segmented using these threshold values. An initial win-
dow covering segments of both the left and right boundaries of the road is chosen
based on projecting the current 3-D road model onto the image plane and deter-
mining where the road boundaries enter the image. Line segments are fit to the
borders by simultaneously determining for the window the road/non-road border
points along the top, middle, and bottom window rows that satisfy two

minimume-error criteria: the total of the fraction of road points outside the border

points and the fraction of non-road points between the border points is a
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::: current 3-D road model onto the image at that line.
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W Once a window is processed, the next window is chosen in such a way that
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f the length of both line segments found in this extrapolated window is maximized. :‘_f:_
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ﬁ
K) This is currently done by placing the next window so that its center lies on the ~
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y road centerline projected from the previous window. Processing is automatically o
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3.3.2 Range data processing

A surface may be considered navigable if its slope is sufficiently small. In
the extreme case of an obstacle sticking up from the ground the area will contain
a discontinuous slope that, when digitized, will appear as a very steep slope and
hence mark the obstacle as being an unnavigable area. The slope is measured by
calculating the first derivative of the range with respect to the vertical scanning
angle and the first derivative of the range with respect to the horizontal scanning
angle. These calculations involve nothing more than addition and subtraction
and so can be performed very quickly. Obstacle detection from first derivatives
has the desirable property of being less sensitive to uncertainties in the range

scanner’s orientation than algorithms based on the range itself.

The range scanner is mounted on the ALV approximately nine feet above
the ground and looks out in the direction that the vehicle is traveling. An ERIM
range image is most naturally described in a spherical coordinate system (sce Fig-
ure 3.4) in which the 64 rows of the image are at equally spaced values of the
vertical scan angle, ¢, and the 256 columns are at evenly spaced values of the
horizontal secan angle, §. The image has a 30 degree vertical ficld of view ranging
from approximately 6 degrees beneath the horizon to 36 degrees beneath the hor-
izon. The 80 degree horizontal field of view extends from about 130 degrees to 50

degrees as measured from the z-axis shown in Figure 3.4.

The range at each pixel in a range image is calculated in hardware from the

wave phase difference of a modulated laser beam. This causes the caleulated

ranges to be the true range modulo 64 feet, i.e.: a value of 10 feet may indicate
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that the laser is returning from 10 feet or 74 feet or 138 feet, etc. The resultant

ambiguity must be compensated for by any obstacle detection algorithm.

Due to the ambiguity eflect, output range values are all between zero and 64
feet. They are quantized into three inch units so that the final cutput of the

scanner is a 64 X256 array of 8 bit values ranging from zero to 255.

The geometry of the range scanner results in the following relationships:

r = pcosf (1)
y = psindsing (2)
z = psinf cos¢ (3)

If 8 is held constant then the slope in the z direction is,

ép_ tang 41
Ay _ _p A9 (1)
Az _A_p _1_. — tan¢

p D¢

If ¢ is held constant then the slope in the x direction is,

Ap tand . .

— sing - sin
Ay _ _»p Al ¢ - sing (5)
Az Lp 1 tand

p Af

Excluding the terms in equations (4) and (5) that we know a priori, we see
that the changes in height in the z and 2 directions are a function of Ap/p. If
we used some approximation of p we would have a direct relationship between
the easily calculated Ap for a fixed 8 or ¢ at a pixel ard the slopes at that pixel.
Our experiments with real range data suggest that the following ic an adequate

approximation:
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i P sind sing (6)

where H is the height of the range scanner above the ground. Equation (6)
comes from substituting H for y in equation (2). In hilly terrain this approxima-
K tion is probably not adequate but it works well for many scenes and the deriva-
Y tive algorithm that uses this approximation is less sensitive to orientation errors

than other algorithms of similar simplicity and speed.

Using equation (6) we can calculate what Ap would be at each pixel if the

Ky slopes were zero. The difference between this predicted Ap and the actual Ap
W found in a range image is a measure of the actual slope. Large differences :ﬁ(
e
between predicted and actual Ap's will be formed by edges of objects as well as f::'
Y
v '
:C surfaces with steep slopes. Thresholding the absolute values of these differences :{:‘
rd
Mo
»
yields pixels that are likely to be obstacles. B
'K" \
N
- . . - . a Ty
We estimate the Ap’s at the (1,7 )'th pixel in the image by averaging over a f(;
, oS
v 3x 3 neighborhood: f::
. for the 8 derivative, :
A f+1 _ i+1 _ Rt
5 Ap = Y Rangelkj+1] - Y Rangelky-1] (7) f
k=1-1 k=1-1 '
b
| for the ¢ dertvative, W
' J+1 . J+1 i W
Ap = Range {1 +1,k] 3> Range(t 1.k] (])
k=1 k=71
\:
) The term ‘@ derivative' is used loosely to mean Ap calculated for a known A6
; while ¢ is held constant. Similarly, ‘¢ derivative’ means Ap calculated for a
&
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known A¢ while # is constant.

One could of course simply threshold the actual Ap's without first subtract-
ing the expected Ap’s and assume that large Ap’s indicate surfaces that have
steep slopes and hence are not navigable. This approach however would severely
reduce one’s capability to detect obstacles. A perfectly flat surface will yield a
Ap for the ¢ derivative of about 30 if it is 60 feet away but the same surface at a
range of 10 feet only has a Ap of about 0.9 (these values are the unnormalized
sums of the 3X3 neighborhood calculation shown in equation (8)). This wide
range in Ap’s leaves any thresholding algorithm in a bind. Small threshold levels
would find nearby obstacles but farther away flat surfaces would be falsely
labelled as obstacles. Conversely, larger threshold levels would hide significant
obstacles that were near the range scanner. What is needed is a variable thres-
hold setting. This approach points out another way of looking at the range
derivative algorithm: we are, in essence, creating a variable threshold that
changes across an image based on expected Ap's. While this simplistic view is a
useful description, the derivative algorithm is founded on the mathematical rela-
tionships between Ap and a surface’s slopes and is not a randomly chosen heuris-

tic for setting variable threshold levels.

Once an obstacle is detected one wishes of course to know where it is. This
raises another interesting problem arising from the manner in which the range
was found by the scanner. As the laser beam goes out from the scanner it
diverges in the shape of a cone. The return signal that determines how far the

beam traveled is a sum of all of the ranges within the cone. For example, if half
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) of the cone hits a tree and the other half traveled on to the ground the returning e
w" 8
signal would yield a value that is somewhere between the distance to the tree and ——
Z
¢
R
N the longer distance to the ground. This is called the mixed pixel problem. v
R -
.' b))
To counter this effect we try to avoid mixed pixels that occur at the edge of .
e oy
: obstacles in estimating object location and use the more accurate range values in -
g ob) g
\:_‘.
- Y 3 . 3 . - - - . .' i\
r" an object’s interior area. The location of the interior is determined by the sign of A
P ,‘--_‘v.
the derivative. If an obstacle is sticking up from the ground then a negative 0 .
= \f
! et
2 derivative indicates that the pixel is on the left edge of an obstacle so the range is SN
~7
l\ -
I taken from the pixel that is to the right of the current pixel. The same approach R
can be used with the ¢ derivative for determining if one is at the top (negative \
T e
v - iy I . Sy
! derivative) or bottom (positive derivative) edge. We have found that this stra- _:'
'_‘_.-:
A
- tegy works well for avoiding false ranges due to mixed pixels. ‘
" ~
. The ambiguity interval problem has been approached in two different ways. -
W A
For actual range images taken from the ALV we have found that if the vehicle is R
:':-: not traveling over very hilly territory, simply deleting the upper few rows of the
i image removes most of the pixels that are beyond the first ambiguity interval (>
5 :
64 feet). This does not affect the obstacle detection algorithm significantly
- L
1 because these pixels tend to be very mixed anyway (the beam has spread out into L
oy a relatively wide cone by the time it has traveled beyond 50-60 feet) and so are e
13 &'
of little use for accurate obstacle detection. N
" A
) . . . A
“ A more time consuming but somewhat more precise approach has been to E‘_..,
: . . . »s
examine each column from bottom to top in the image. Whenever adjacent pix- 2
IS
- A
‘ cls go from large values suddenly to very small values it is reasonable to assume by
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that an ambiguity interval has been reached and that all pixels in the column
beyond this point should have 256 added to their ranges. This approach was

used by the range image synthesizer described in Section 2.

Uncertainties in the ALV’s orientation with respect to the ground introduces
errors into calculations of ranges and range derivatives. We have analyzed these
errors and shown that the derivative approach is significantly less sensitive to
these uncertainties than the range difference method which simply computes the
(absolute) difference between observed and predicted ranges. Our der