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introduction

The real world provides potentlally huge quantities of nolsy data. The
lower levels of the perception process must extract rellable and meaningful
measurements from this sullled wealth. Much existing work In vision evades the
bulk of the noise problem, either by physically optimizing the nature, lighting and

loration of the vi d scene, or by starting with very high quallty digitized
photography.

This paper Is about a situation in which the nolse could not be ignored. The
routines duerlbod extract very reliable three dimensional Information from

tral lved by an Imprecise vehicle transmitting pictures
Whooo quallty has eauud some vision researchers to hold their (metaphorical)

Tho cart's nolse problems may be unusually severe, but are present to some
degree In all real world sensors and effectors. For this reason our solutions may
be generaily useful as part of the solid foundations of ambitious systems well
beyond robot explorers, as computer vision moves from optimized workspaces
Iinto the Inherently dirty real world.

The underlying theme of the work Is the use of redundancy (which the real
world supplies in profusion) to counter nolse. In many cases | was forced Into this
by performance fallure of other approaches.

Setting

The Cart [1] Is a rickety camera equipped rover, computer controlled over
a radlo link. This report describes a working program that has successfully used
plotures obtained from the cart as it was driven, unguided, through cluttered real
world environments to obtain navigational Information and to bulld corect three
dimensional maps of Its surroundings and to plan obstacle avoiding paths to desired
locations. The program bullds a sparse 3D map of its suroundings, but makes no
attempt to classify the objects It sees, except as obstacles or non-obstacles.
Work underway will enable the program to actively keep the cart on the planned
path.

In 1877 | abandoned as unworkable an approach [2] that tried to obtain
depth Information from a scene exclusively through motion sterec pairs. The
matching errors In our very nolsy pictures, combined with an uncertain baseline
set by vehicle motion, often caused Iincorrect measurements from the routine
which deduced vehicle motion from the peroolvod -hm of 1ut|m In tho scene.
The navigational model quickly b hop attemp
at software fixes proved fruitiess.

New hardware, to extract more nolsy data from the world, has overcome
the problem. The cart Is now equipped with a mechanism that uses a stepping
motor to slide the TV camera horizontally on a 62 cm track In precise 0.26 mm
steps. The cart system uses this arrangement to obtain nine views of the scene,
at 6.4 cm Intervals. These provide a highly redundant nine-eyed stereo baseline
for rellable distance ements even In the presence of much nolse.

Overview

Mapping runs occasionally begin with a camera calibration step (at other
times old callbrations are used). The cart Is placed 3 meters in front of and
pointed towards a 3 meter square pattem of dots on a wall. A program digitizes
the pattemn, and automatically locates the spots and determines the camera's
focal length as well as distortions.

The cart s then placed on a clear path In a cluttered space (environments
have Included a large room cluttered with boxes and old machinery, and an
outdoor roadway with parked cars, trees and signposts). A navigating program Is
begins by reading In a calibration file. It then slides the camera to the left limit of
Its track. A TV image Is digitized, the camera then slides 8.4 cm to the right,
another picture Is taken, and so on for a total of nine Images. The cart sits
Immoblile for about ten realtime minutes while our timeshared KL-10 works on the
pictures for 180 compute seconds. Then It lurches about a meter forward, stops,
and repeats the camera motion.

As the cart moves slowly forward, meter by meter, the program generates
and updates a three dimensional world model of features it has seen, and deduces
the vehicle's motion through them. This model Is displayed in map form. Initlally
the map Is blank. As time (and the cart) proceeds more and more points are added.
The map Includes the cart's past trajectory, and a path to a desired destination
that avoids all known obstacles.

The program s being extended to Issue steering commands, Intended to
keep the cart on its planned obstacle avolding path, before each lurch.

Digitizing (Temporal Redundancy)

quhlllnn over a th nolsy radio link has Its problems, but
galning ad ges Is a lal part of the cart system.

The plctm Is transmitted at 524 MHz, a wavelength of 57 cm.
Reflections from nearby objects sometimes cancel the signal to a recelver. The
programs are able to get their picture through any one of 4 TV receivers. They
measure scanline to scanline nolse on each In tum, and then pick the one with
lowest noise. In future | may simply switch antennas to a single receiver.

Our decade old digitizer extracts a picture 280 samples wide by 240 high
by 4 bits/sample from broadcast standard video. Four bits Is only sixteen grey
levels, and sometimes the nolse level Is high. Summing a number of frames can
Increase the Intensity resolution and average out nolse, but Introduces new
problems. The sync detector on the digitizer tl falls, lally when
the signal Is nolsy, and the picture jitters or "rolis". Adding Improperly registered
plctures results In bluring. The problem has been solved by a program that
digitizes a large number of frames (about 30), and by an efficlent sampling of the
pixels Intercompares them to find the subset of pictures that are most nearly
allke. These are then combined. Since most Images have not suffered sync loss,
the result Is aimost always a tolerable six bit picture.

Picture Reduction (Area Redundancy)

The cart vision programs make extensive use of reduced versions of Input
Images. Digitized pictures are compressed repeatedly by linear factors of two,
four pixels being added to become one, until the whole image has shrunk to a
single pixel. The original image and all of Its reductions are avallable to all
subsequent steps.

The cart before its calibration array, and the digitized spot
pattern, overlayed by an ideal grid distorted by the calibration
polynomial,

Calibration (Redundancy in Regularity)

The cart camera's Image Is distorted by the detalls of Its lens, and of Its
vidicon's scan. Its precision has been enhanced by an automatic focal length and
distortion determining program.

The cart Is parked a precise distance In front a square pattem of spots
around a central cross. The program digitizes an image of the array, locates the
spots and the cross, and constructs a 2D polynomial that relates the position of
the spots In the image to their position in an Ideal unity focal length camera, and
another polynomial that converts points from the Ideal camera to points In the
image. These polynomials are used to comrect the positions of percelved objects
In later scenes.

The algorithm begins by determining Its approximate spacing and orlentation
of the spot array. It trims the picture to make It square, reduces it by averaging
to 64 by 64, calculates the Fourler transform of the reduced image and takes Its
power spectrum, arriving at a 2D transform symmetric about the origin, and having
strong peaks at frequencies corresponding to the horizontal, vertical and haif
diagonal spacing, with weaker peaks at the hammonics. It multiplles each point
[4,J] In this transform by point [-J,1] and points [J-1,j+1] and [i+],J-1],
effectively folding the primary peaks onto one another. The strongest peak In the
90 degree wedge around the y axis gives the spacing and orlentation Information
needed by the next part of the process.

The directional varlance Interest operator described later Is applied to
roughly locate a spot near the center of the image. A special operator examines
a window surrounding this position, generates a histogram of Intensity values
within the window and selects a threshold for separating the black spot from the
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white background. It calculates the centrold and verifies the spot's shape by
measwring the first and second moment. The reglon of found spots Is grown
outward from this seed, using this operator guided by the Fourler determined
orlentation/spacing par t

The Fourler numbers are also used to construct a template for the expected
appearance of the cross In the middie of the array. Each of the found spots Is
matched to this cross template, and the closest match In the central portion of the
picture is declared to be the origin.

Two fourth degree least squares polynomials In two varlables relating the
actual positions of the spots to the Ideal positions are generated and written Into
a file.

The program tolerates a wide range of spot parameters (about 3 to 12
spots across), arbitrary Image rotation, and Is very robust. It has worked without
error on over 50 images. The test pattern for the cart Is a 3 meter square painted
on a wall, with § cm spots at 30 cm Intervals. The program has also been used
successfully with a small aray (22 x 28 cm) to callbrate cameras other than the
cart's.

Choosing Features (Redundancy in Boundaries)

The cart vislon code deals with very simple primitive entities, locallzed
reglons called features. A feature is conceptually a point In the three dimensional
world, but It Is found by examining localities larger than points In pictures. A
feature Is good If It can be located unambiguously In different views of a scene.
A uniformly colored reglon or a simple edge does not make for good features
because Its parts are Indistinguishable. Regions, such as comers, with high
contrast In orthogonal directions are best.

New features In images are picked by a subroutine called the /nterest
operator. It tries to select a relatively uniform scattering, to maximize the
probabllity that a few features will be picked on every visible object, and tries to
chocse areas that can be easlly found In other Images. Both goals are achleved
by retuming regions that are local maxima of a directional variance e.

Directlonal variance |s measured over small square windows. Sums of
squares of differsnces of pixels adjacent In each of four directions (horizontal,
vertical and two dlagonals) over each window are calculated, and the window's
Interest measure Is the minimum of these four sums.

Features are chosen where the Interest measure has local maxima. The
feature Is conceptually the point at the center of the window with this locally
maximal value.

The effects of nolse are alleviated and the processing time Is shortened by
applying the operator to a reduced Image. In the current program original images
are 240 lines high by 256 pixels wide. The Interest operator is applied to the 120
by 128 version, on windows 3 pixels square.

Once a feature |s chosen, Its appearance Is recorded as series of excerpts
from the reduced image sequence. A 8x8 window Is excised around the feature's
location from each of the varlously reduced pictures. Only a tiny fraction of the
area of the original (unreduced) Image |s extracted. Four times as much of the x2
reduced Iimage s stored, sixteen times as much of the x4 reduction, and so on
untll at some level we have the whole Image. The final result |s a serles of 6 by
6 pictures, beginning with a very blurry rendition of the whole picture, gradually
zooming In linear expansions of two to a sharp closeup of the feature.

Finding Features Agaln (Redundancy in Continuity)

Deducing the 3D location of features from their projections In 2D images
requires that we know thelir position In two or more such images.

The correlator Is a subroutine that takes a feature description (such as the
Interest operator produces), and finds the best match In a different Image. Its
search area can be an entire new picture, or a rectangular sub-window.

The search uses a coarse to fine strategy that begins In reduced versions
of the pictures. Typically the first step takes place at the x16 (linear) reduction
level. The 8 by 8 window at that level In the feature description, which covers
about one seventh of the total area of the original picture, Is convolved with the
search area in the comrespondingly reduced version of the second picture. The 6
by 6 description patch Is moved pixel by pixel over the approximately 15 by 16
destination picture, and a comelation coefficlent Is calculated for each trial
posltion.

The position with the best match Is recorded. The 6x6 area It occuples In
the second picture. is mapped to the x8 reduction level, where the corresponding
region Is 12 pixels by 12. The 8 by 6 window In the x8 reduced level of the
feature description Is then convolved with this 12 by 12 area, and the position of
best match |s recorded and used as a search area for the x4 level.

The process continues, matching smaller and smaller, but more and more
detalled windows untll a 6 by 6 area |s selected In the unreduced picture.

The work at each level Is about the same, finding a 6 by 6 window In a 12
by 12 search area. It Involves 49 summations of 36 quantities. In our example
there were 5 such levels.

Slider Stereo (Spatial Redundancy)

At each pause on Its computer controlled Itinerary the cart slides Its
camera from left to right on the 62 cm track, taking © pictures at precise 8.5 cm
Intervals.

Points are chosen In the fifth (middle) of these 9 Iimages, either by the
correlator, to match features from previous positions, or by the interest operator.

The camera siides paraliel to the horizontal axis of the (distortion
comected) camera co-ordinate system, so the parallax Induced apparent
displacement of features from frame to frame In the 9 pictures Is purely In the X
direction.

The coirelator looks for the selected features from the central image In
each of the eight other pictures. The search Is restricted to a narrow horizontal
band. This has little effect on the computation time, but It reduces the probabliity
of Incorect matches.

In the case of correct matches, the distance to the feature Is Inversely
proportional to Its displacement from one Image to another. The uncertainty In
such a measurement Is the difference In distance a shift one pixel in the image
would make. The uncertainty varies Inversely with the physical separation of the
camera positions where the pictures were taken (the stereo baseline).

After the comelation step the program knows a feature's position in nine
Images. It considers each of the 36 possible image pairings as a stereo baseline,
and records the estimated distance to the feature In a histogram of Inverse
distances. Each measurement adds a littie normal curve to the histogram, with
mean at the estimated distance, and standard deviation Inversely proportional to
the baseline, modelling the distance uncertainty. The area under the each curve Is
made proportional to the product of the correlation coefficlents of the matches in
the two Images (In central Image this coefficient Is taken as unity), reflecting the
confidence that the correlations were comect. The area Is also scaled by the
normalized dot products of X axis and the shift of the features In each of the two
baseline Images from the central image. That Is, a distance measurement Is
penalized If there is significant motion of the feature in the Y direction.

Results of a nine-eyed stereo ranging on a single feature. The
small curves are from individual image pairs, the beaded curve is
the final histogram. The feature is 7.1 meters distant.

The distance to the feature Is Indicated by the largest peak In the resulting
histogram, If this peak Is above a certaln threshold. If below, the feature Is
forgotten about.

This adding of normal curves and locating the peak Iin the sum Is an efficlent
way of finding the strongest cluster of mutually agreeing measurements. The
distance measurements from different pairings of Incorrect matches are usually
Inconsistent. When the nommal curves from 38 pairs are added up, the cormrect
matches agree with each other, and bulld up a large peak In the histogram, while
Incorrect matches d themselves thinly. Two or three correct correlations
out of the eight will usually bulld a peak sufficlent to offset a larger number of
errors.
In this way elght applications of a mildly rellable operator Interact to make
a very rellable distance measurement.

Motion Stereo (Redundancy of Rigid Motions)

The cart navigates exclusively by vislon. It deduces Its own motion from
the apparent 3D shift of the features around It.

After having determined the 3D location of objects at one position, the
computer drives the cart about a meter forward.

At the new position It slides the camera and takes nine pictures. The
correlator Is appiied In an attempt to find all the features successfully located at
the previous position. Featuwre descriptions extracted from the central Image at the
last position are searched for In the central Image at the new stopping place.

Slider stereo then determi the di of the features so found from
the cart's new position. The program now knows the 3D position of the features
relative to Its camera at the old and the new locations. It can deduce Its own
movement by finding the 3D co-ordinate transform that relates the two.

There can be mis-matches In the correlations between the central images
at two positions. Before the cart motion |s deduced, the feature positions are
checked for consistency. Although It doesn't yet have the co-ordinate transform
between the old and new camera systems, the program knows the distance
between pairs of positions should be the same In both. It makes a matrix In which
element [1,4] Is the absolute value of the ditference In distances between points
1 and J In the first and second co-ordinate systems divided by the expected error
(based on the one pixel uncertainty of the ranging).

Each row of this matrix Is summed, giving an Indication of how much each
point disagrees with the other points. The Idea Is that while points In error
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disagree with virtuaily all points, correct positions agree with all the other comect
ones, and disagree only with the bad ones.

The worst point is deleted, and Its effect |s removed from the remaining
points In the row sums. This pruning Is repeated untll the worst error Is within the
omror expected from the ranging uncertainty.

After the pruning, the program has a number of points, typically 10 to 20,
whose position error Is small and known. These are recorded in a world model.

From the 3D camera co-ordinates of these sanitized points at both
positions, the program finds a three dimensional rotation and transiation that, If
applied to the co-ordinates of the features at the first position, minimizes the sum
of the squares of the distances between the transformed first co-ordinates and
the raw co-ordinates of the comesponding points at the second position, each
term divided by the square of the a prior/ expected error.

The error expression Is expanded. It becomes a function of the rotation
and transiation, with parameters that are the weighted averages of the x, y and z
co-ordinates of the features at the two positions, and averages of their various
cross-products. These ges need to be determined only once, at the begining
of the transform finding process.

To minimize the error expression, its partial derivative with respect to each
variable is set to zero. It Is easy to simultaneously solve the three linear
equations thus resulting for the vector offset, getting the optimal offset values
for a general rotation. This glves symbolic expressions (linear combinations of
the rotation matrix coefficlents) for each of the three vector components.
Substituting these values Into the emror expression makes It a function of the
rotation alone. This reduced error exp Is used In all the subsequent steps.

Minimizing the error expression under rotation Is surprisingly difficult, mainly
because of the non-linear constraints in the 3D rotation matrix.

The program begins by Ignoring the non-linearities. It solves for the general
3D linear transformation, nine elements of a matrix, that minimizes the least
square error. The derivatives of the error expression with respect to each of the
matrix coefficlents are equated to zero, and the nine resulting simultaneous |inear
equations are solved for the nine coefficlents. If the points had undergone an
eor-free rigid lon and transiation bety the two positions, the result
would be the desired rotation matrix, and the problem would be solved.

Because there are errors In the determined position of the features, the
resulting matrix Is usually not simply a rotation, but Iinvolves stretching and
skewing. The program ortho-normalizes the matrix. and converts Its ©
independent linear el to unavoldably non-linear expressions In thvee
parameters that uniquely characterize a rotation.

This new error expression Is differentiated with respect to each of the
three rotation parameters, and the resuiting expr are equated to zero,
glving us three non-linear equations In three unknowns. These are solved by
Newton's method.

Four or five Iterations usually brings the parameters to within our floating
point accuracy of the comrect values. In the occasional case of
non-oonvergence, the program picks & new starting point, and tries again, wp to
100 times. The rotation with the smallest least square error ever encountered
during such a search Is retumed as the answer.

Since the summations over the co-ordinate cross-products are done once
and for all at the begining of the transformation determination, each Iteration,
Involving evaluation of about a dozen moderately large expressions and a 3 by 3
matrix Inversion, Is relatively fast. The whole solving process, even In cases of
pathological non-convergence, takes one or two seconds of computer time.
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The path planner at work. Point of origin is lower left, destination
is upper right. Obstacles are indicated by circles. This field was
randomly generated. The apparent radius of the obstacles in a real
case would be augmented by the cart's radius,

Path Planning

The features In the cart's 3D world model can be thought of as fuzzy
ellipsolds, whose dimensions reflect the program's uncertainty of their position.
Repeated applications of the Interest operator as the cart moves cause virtually
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all visible ts to be b as ters of overiapping ellipsoids.

To simplify the problem, the ellipsoids are approximated by spheres. Those
spheres sutficlently above the floor and below the cart's maximum height are
projected on the floor as circles. The cart Itself s modelled as a 3 meter sphere.
The path finding problem then becomes one of maneuvering the cart's 3 meter
projected circle between the (usually smalier) circles of the potentlal obstacles
to a desired location.

It Is convenlent (and equivalent) to conceptually shrink the cart to a point,
and add Its radius to each and every obstacle. An optimum path In this
environment will consist of either a straight run between start and finish, or a
serles of tangential segments between the cylinders and contacting arcs (Imagine
loosely laying a string from start to finish between the cylinders, then pulling it
tight).

There are four possibie paths betwesweach pair of obstacles, because
each tangent can approach clockwise or counterclockwise. The program finds a
near optimal obstacle avolding route to the desired goal In O(ns) time, using an
extension of a shortest path In a graph algorithm first glven by Dijkstra [3].
Because our tangent space cannot be modelled exactly as a simple graph,
because of the route dependent arc lengths on the circular part of the paths, the
program finds good paths, but not always the best.

Resuits

Because of a hardware problem with the steering electronics, the program
has thus far driven the cart without steering control, In nearly straight lines only.
During these runs It has bullt correct world maps, and planned (but not executed)
good obstacle avolding paths.

The longest run thus far has been for 14 nine-picture sets, a total distance
of about 10 meters. During this run, made In a large cluttered room, the program
inserted 120 features Into its world model, of which-about half were potential
obstacles, most of the other half being marks on the floor. | was able to find no
errors beyond the known position uncertainties In the resuiting map. The parts of
the room that were In the cart's fleld of view for the bulk of the run are densely
represented, with no possible paths falsely seeming to be obstacie-free. Several
shorter runs gave similarly robust results.

The steering problem Is being repaired, and | expect a long outdoor run, In
which the cart will maneuver around several obstacles, In the near future.

i
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A longer description of this work Is avallable from the author.
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Cart’'s world model at the end of a 14 lurch run, Photo is view
from final position. Features are maked by circles, indicating
position uncertainty, on the ground, 45 degree lines growing out
of circles are height of features above ground. Cart's position is
marked by black square. Forward pointing rays are its field of
view, Tracks behind it are its itinerary, each stop is marked by a
bar. Graph on left Is its estimate of own height above ground. It
shows the Ilimiting accuracy (a few centimeters) of Iits
seolf-position model.
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