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Background

Since the beginning of this contract, our research group has developed a variety of
motion algorithms, and in most cases applied them to real-world image sequences, including
domains of robot arm workspaces. indoor hallways, and outdoor sidewalk/road scenes.
In particular, experiinental investigations of translational motion sequences demonstrated
some degree of robustness. Anandan (ANASSb, ANA8Ta. ANABTb:, ANA88 develuped
an algorithm for determining feature point correspondences between- frames that allowed
the computation of dense displacement fields with associated confidences. This capability
could be used to effectively track points across frames. Lawton LAWS3!, LAWR4 showed
that the {ocus-of-expansion (FOE) often could be extracted from a sensor undergoing pure
translational motion {i.e two degrees of freedom) to within a few degrees of accuracy. Glazer
‘GLAXYa. GLASTL. in his recently completed Ph.D. thesis, developed two algorithms
for the efficient computation of image mations using hierarchical multiresolution methods
operating over image data pyramids.

Bharwani BHA85 ., BHA86! developed a multi-frame algorithm for depth extraction
under known translational motion which iteratively predicts the image motion of a feature
point in future frames, determines correspondence by a search over the limited predicted
area, and then refines the depth estimate using the new match. Snyder SNY86] analvzed
the effects of uncertainty in ‘the location of the FOE and feature points in the image on
the computation of depth, and showed how this analyvsis could be used to quantitatively
provide predictions for constraining the search window used for matching these points in
future frames.

Adiv ADI8Sa, ADI83b], 'ADI85c! developed an algorithm for general sensor motion
(five degrees of freedom) in an environment with objects undergoing independent general
motion, the goal being to recover the motion parameters of both the sensor and any visible
moving objects. This latter problem is much harder. and although there was somce empir-
1cal demonstration of capabilitics, there was an assumption that this algorithm would be
computationally more complex. and perhaps less robust, than the algorithms for transla-

tional motion.
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Over the past several vears, we have developed the notion of a 'schema’ as the hasic
unit of knowledge representation in the VISIONS system. Within the schema system image
interpretation is the process of instantiating a subset of schemas to build a description of
the three-dimensional scene which gave rise to the image. Knowledge is represented in a
3 level abstraction hierarchy of schema nodes by part/subpart descriptions, class 'subclass
descriptions, and expected relationships between schemas; the resultant hierarchical graph
constitutes the VISIONS knowledge network. [HANT8b;, (HANT&c,, HAN87a,, DRAS8TD .

The VISIONS system is organized around three levels of data representation and tyvpes
of processing. At the low-level, the representations are in the form of numerical arrays of
sensory data with processes for extracting the image events that will form the intermedi-
ate representation. At the interm-diate level, the representation is composed of symbolic
tokens representing regions, lines, surfaces and the attributes of these primitive elements
(which might include local motion and depth information). The intermediate representa-
tion is stored in a data base called the intermediate symbolic represcntation (ISR) which
supports grouping (perceptual organization) and information fusion processes that are em-
ploved to develop aggregations of existing tokens to form new tokens. At the high level, the
representation is a set of object hvpotheses and active schema instances which control the
intermediate and low-level processes. Control initially proceeds in a data-directed manner
and later is significantly top-down in a knowledge-directed manner.

Based on our experience with an initial implementation of the schema svstem and a set
of experiments designed to interpret reasonably complex house scenes {HAN86!. [HAN87a,
‘WEYS&6: a new schema system and support environment has been designed and partially
implemented DRA87a;. Two new tools, the Intermediate Symbolic Representation and
the Schema Shell, have heen developed and are currently being tested and extended using
the interpretation of road scenes as a second experimental task domain.

We view the task of perceptual organization and grouping as the extraction of relevant
structure from overfragmented and incomplete descriptions and the construction of more
abstract descriptions from less abstract ones. By this we mean algorithms which have as
input the tokens produced by the low-level system and other grouping operations (region,

lines. flow fields. ) and have as ontput more complex tokens generated by grouping strate-




gies based on the relations between the tokens. The goal of this type of ‘intermediate’ level
processing is the reduction of the substantial representational gap which exists between
the low level image descriptors and the primitives with which tlie high level semantic de-
scriptions are constructed. The process of abstraction thus involves the search for events
which can be more concisely described as a unit and which results in a description which
may be more relevant to the evolving semantic interpretation.

This is the approach taken by Boldt and Weiss [\WEIB6! who developed a scale-sensitive
hierarchical algorithm for grouping collinear line segments into progressively longer seg-
ments on the basis of geometric properties of the hypothesized group as well as the simi-

larity of image features along both sides of the component lines.

1 Visual Motion Analysis

We have continued our analysis of motion, with an emphasis on techniques which will be
of practical use for autonomous navigation. Our effort has been concentrated in several
directions which build on previous work done at the University of Massachusetts: the
computation of the optical flow field and the design of practical, robust algorithms for

determining the siructure of the environment from a mobile vehicle.

1.1 Computation of the Optical Flow Field

In his recently completed doctoral dissertation 'ANA87a] Anandan provides a unified
framework for extracting a dense optical flow field from a pair of images, as well as an
integrated system which is based on a matching approach (see, also, [ANA83ai, "TANA85D)
ANA87a.. ANASTh ). This framework appears to be sufficiently general to encompass
both gradient-based and correlation matching approaches. It consists of a hierarchical
scale-based matching scheme using bandpass filters, orientation-dependent confidence mea-
sures. and a smoothness constraint for propagating reliable displacements. IHis integrated
svstern ANA&Ja for the extraction of displacement ficlds uses the minimization of the
sum-of-squared-differences (SS1)) measure as the local match criterion. and computes con-

fide hee mmeasures based on the shape of the SSD surface. [t also formulates the smoothness
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assumption as the minimization of an error functional and overcomes many of the difficult
problems that exist in other techniques. The error functional consists of two terms. One,
called the approximation error, measures how well a given displacement field approximates
the local match estimates, while the other, called the smoothress error. measures the global
spatial variation of a given displacement field. The finite-element method 1s used to solve
the minimization problem. The approach also gives information for extracting occlusion
boundaries in some situations.

Anandan has also shown AN A84. that the functional minimization problem formulated
in his matching technique converges to the minimization problem used in gradient-based
techniques (e.g. Glazer’s technique discussed later). In particular, by relating an approxi-
matior error functional used in his matching approach to the intensity constraints used in
the gradient-based approaches, he explicitly identifies confidence measures which have thus
far been implicitly used in the gradient-based approach. Finallv. he suggests wavs that
algorithms operating on a pair of frames can be developed into multiple-frame algorithms
and discusses their relationship to spatio-temporal energy models.

Glazer’s recently completed thesis GLA8Tc presents an approach to motion detec-
tion using multi-resolution methods in a hierarchical processing architecture. Two motion
detection algorithins are developed and analyzed. The hierarchical correlation algorithm
ntilizes a coarse-to-fine control strategy across the resolution levels and overcontes two dis-
advantages of single-level correlation: large search arcas, which require expensive scarches.
and repetitive image structures. which cause incorrect matches. The hierarchical gradient-
based algorithm 'GLA8Ta,, GLA8TH | generated over low-pass image pyramids, extends
single-level gradient algorithms to the computation of large displacements. Within ecach
fevel the next refinement of the displacement field is obtained by combining a local inten-
sity constraint and a global smoothness constraint. The mathematical formulation involves
the minimization of an crror functional consisting of two terms, corresponding to the in-
tensity and the smoothness constraints mentioned above. The minimization problem is
solved nsing the finte-difference approach. which leads to a multi-resolution relaxation
algorithm. A formal analysis of the hierarchical gradient algorithm is presented. including

the basic equations for compniing a refined disparity vector, the diserete representations




and computations for solving these equations, and a geometric interpretation of the re-
sulting relexation algorithm. The experimental results show that the two algorithms have
comparable accuracy and a cost analysis shows that the hierarchical gradient algorithm is

less custly.

1.2 The Recovery of Environmental Motion and Structure from
a Mobile Vehicle

Our previous rescarch in motion analyvsis led us to attempt to deal with a real application
subsystem for the CAMU NAVLAB [THOMS8T). The goal was to detect obstacles in the path
of the vehicle at distances bevond the limits of the ERIM range sensor. i.e. at distances
bevond 40 feet. Initial results from Bharwani’s algorith:, *2'1 85 BITA86: implied the
possibilits of extracting usable depth of obstacles at distances between 40 and 80 feet. By
applving an FOE extraction algorithm prior to the depth extraction algorithm, there was
the expectation that an effective subsystem could be developed. To accomplish this in
actual imaging situations ¢n a moving vchicle turned out to be far more difficult than we
expected.

In dynamic imaging situations where the sensor is undergoing primarily translational
motion with a relatively small rotational component (i.e. “approximate” translational
motion), it might seem likely that translational motion algorithms would be effective in
determining depth. Although translational motion is the dominant form of motion and is
approximately constant over a long sequence of frames, therc usually arc local variations
due toirregularitics in the road surface (bumps, holes. and undulations). as well as minor
rotation of the vehicle as it translates. This is oft 'n manifested by changes in the location
of the FOE (i.e. effectively it produces a different translational motion). and in rotational
motions that must be removed if correct values of depth are to be extracted from the
feature displacements. An attempt 1o correct for these effects via a relatively simple
preprocessing “registration” algorithing SNY86  without ntilizing full analysis of the general
motion problem also fed to difficulties. even when the rotations were as small as 0.1" to
0.5 This registration aleorithm consisted of two parts. In the first part. the motion of

distant points was ecod to fid the sotational component of the vehicle’s motion, and in




the second part. this rotational component was subtracted from the full optical flow field.
leaving a flow field that is (in principle) due to pureiyv translational motion.

The basic problem with this registration algorithm was that the rotational parameters
of the vehicle's metion could not be {ound accurately, and hence <ubtraction of the rota-
tional component of the motion from the optical flow field resulted in a flow field containing
a residual rotational component. Our experimentation with the registration algorithm as
a preprocessing step to the Bharwam algorithm led us to conclude that the Bharwani al-
gorithm (as well as any other algorithm assuming purely translational motion) was very
sensitive to this residual rotation. We discuss these issues in vreater detail in the paper
of Dutta, et al. DUTS8. We also explain in this paper the theorctical reasons why it
1s unlikely that algorithms based on vurelyv translational motion will work except in very
particular and restricted environments.

The theoretical and experimental jroblems we encountered with using purely trans-
lational motion algorithms led us to combine the optical flow algorithm of Anandan
ANA&3a and the algorithm of Adiv ADI85a to obtain an algorithm for computing en-
vironmental motion and structure for the case where both translations and rotations are
present. i.c., a general motion algorithm. We applied this algorithm to the same dynamic
image sequences for which the combination of the registration and Bharwani algorithms
farled to recover environmental motion and structure accurately, and found that results
were significantly improved by using the general motion algorithm. In particular, the gen-
cral motion algonthm recovered the depths of objects in an tmage scquence taken from
the CMUNAVLEADB 1o within an average error of 10% (sce \DUTE&S: for further details).

The concliusion we draw fram this analysis is that in many real sitnations general motion
analvsis must be applied in order to determine depth of points. even when sensor motion
is primnarily translational with only small amounts of rotation. One obvious hardware
somtion fat spgnificantly increased cost) is the use of a gyro-stabilized platform or a land
navigation svstem Lo recover transiational and rotaticnal motion so that sensor motion
typreally will be much closer to the case of pure translational motion. In the next sceetion
we discuss alternative approaches for the cxtraction of motion parameters and depth. We

wilb e canionne the aniline of these and the veneral motion algarithm discussed above in




the continuation of our work on the Autonomous Land Vebhicle.

1.3 Alternatives to General Motion Analysis
1.3.1 Stereoscopic Motion Analysis

By carrving out motion analysis with a pair of cameras - stercoscopic metion - the addi-
tional constraints can significantly reduce the complexity of the analysis on a theoretical
level. Balasubramauyarm and Snyvder BAL87a , BAL8TL. have developed an algorithm to
extract the parameters of motion in depth: the single component of translation in depth
{1.e. parallel to the line of sight) and the two components of rotation in depth (i.e. rota-
tions that are not around the line of sight). This 1s achieved by building upon the work
of Adiv for segmenti1g the flov ‘ic’e into rigid independently moving objects "ADI8%a..
and the formulation of Waxman and Duncan WAXS6., which shows that the ratio of the
relative optic flow between a stereo pair of images to the disparity between them is a linear
function of the image coordinates. Experimental results are presented for simulated data
of general motion of both the sensor and independently moving objects. \Vork 1s currently

underway to test the effectiveness of this algorithm on real scenes.

1.3.2  Analysis of Constant General Motion

Another way to introduce additional constraints to the problem of general motion analysis
in an effort to achieve practical. robust algorithms is via Shariat’s formulation: constant
but arbitrary general motion of a rigid object :SITAR6 . This leads to a set of difference
cquations across a sequence of images. relating the positions of a feature in the image
plane to the motion parameters <7 the projected point. The solution obtained is a set
of 5th order non-linear polvnomial cquations in the nnknown motion parameters, whose
solntion requires a Gauss-Newton non-hnear least-sgnares method with carefnlly designed
initial gness schemes. Paviin PAVRY has derived o closed-form solution for the rigid
object trajectory by integrating the differential eqnations desceribing the motion of a point
on the tracked object. The integrated equations are non-hincar only in angular velocity,

and are lincar in all other motion parameters. Phese equations allow the nse of a simple




jcast-square error minimization ¢riterion in an iterative search for the motion parameters.

1.4 Token-Based Approaches to Motion and Perceptual Organi-

zation

The problems cited in Section 1.2 with respect to the extraction of motion and depth
information using traditional optical flow techniques have led us toward the exploration of
snethods for combining the local flow - displacement fields with larger token-like structures.
It is our position that the inherently local measurement of visual motion provided by
optical flow is insutficient to meet the varied requirements of dynamic image understanding.
[he approach we are developing involves computing the correspondence between tokens
of arbitrary spatial scale produced by perceptual organization processes. Such tckens
often map directly 1o environmental structure, and descriptions of their movement often
correlate more closely with the motion of physical objects. than does the local motion
information contained in the displacement field. .\ token match represents more than just
a spatial displacement: also explicit in this representation are the time-varying values of
those parameters which define the token or which can be extracted {from the structure of
the token.

Williams and Hanson WIL88a ,[WIL88b, describe work in progress toward this goal.
The premise of this work is that the structure obtained from perceptual organization
processes can be combined with the local motion information contained in the flow field
to provide a more robust estimate of motion and depth parameters. The approach can be
viewed as angmenting the rather limited use of spatial structure in traditional approaches
with the richer deseriptive vocabulary of spatial structure provided by the perceptual
organizational processes over both space and time. In this sense, the spatially organized
structures isuch as hines. regions. curves, vertices, intersections, rectangular groups, cte.),
which are actively constructed from the image, can be considered to be interest operators
of Targe spatial extent,

In the first pap WILSNa . a method for computing the temporal correspondence
between stratght line seaments is presented. We consider the two frame case herel but the

micthod ic etensible and has bheen extended to multiple frames. A straight line pereeptual




organization process. develooed by Boldt and Weiss ‘BOL&T', "WEIS6!, is applied to both
frames independently to provide straight lines in cach frame. A displacement field is also
computed {rom the two irrmes using the algorithm developed by Anandan ANA8Th..
'ANA8R described above.  After filtering the straight lines on length and contrast to
reduce the line set in both images, the displacement field is used to construct a search
area in frame 2 for cach line in frame 1. Since a one-to-one correspondence between lines
is unlikely, a minimal mapping approach "ULLT9 is used to compute the correspondence
between the frame 1 and frame 2 line sets; such a mapping is called a minimal bipartite
cover. The similarity measure used to compute the cover involves the similarity and spatial
separation of the candidate token matches. By computing the connected components of
the bipa-tite graph. the global matching problem is convenientlv divided into smaller,
individually tractable pieces which reflect the scope of potential interactions: a simple blind
search of the subgraphs is used to extract the bipartite cover minimizing the positional
and similarity discrepancy metric.

The matching results obtained are quite good. The systemn has been run repeatedly
on successive frames of several multi-frame sequences. In the multi-frame case, a directed
acyclic graph is constructed which represents the splitting and merging patterns of line
segments over time. \Work is in progress to analyze the trajectories of the tokens over time.

In the second paper WIL&8b!, a method for computing depth from the line correspon-
dences 1s described using the temporal change in the length of virtual lines constructed
from the intersections of the Boldt lines ‘BOLET . We use virtual lines because the length
of the original lines is not reliable, although their orientation and lateral displacement is
quite precise. This “looming™ method is also generalized to arcas. The method is gener-
allv applicable to structures whose total extent in depth is small compared to the depth of
its centroid (that is. for those cases in which perspective projection can be approximated
by scaled orthographic projection THOMSKT') and which do not exhibit any independent
motion. The technigque does not depend on the complete determination of egomotion pa-
rameters of the sensor. but 11 does require the computation of the translation component
of the sensor i the direction of motion. An analyvsis of the sensitivity of the algorithm

to errors in the measured variables is planned for the near future: experimental results on
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real image sequences have shown that the algorithm may be quite robust.

2 Mobile Vehicle Navigation

The hardware platform for experimentation in mobile robotics at Ulass is a Den-
ning Mobile Robotics vehicle with a B&W television camera and UHF transmitters and
receivers for uphnk and downlink communication to a Gould IP&300 image processing
svstem connected to a Vax 11 750 computer. Plans are underway to utilize a 12-node
Sequent multiprocessor to improve the computational effectiveness of our experimentation
environment.

Arkin . ARKSTa . ARKSTH. ARKS7c¢ used this platform to develop AuRA (Au-
tonomous Robot Architecture). which integrates planning. carwgraphic, perception, mo-
tor. and hormecostatic syvstems into a functional robot navigation system. The svstem is
designed to navigate in the hallways and outdoor environment surrounding our building
at Ullass.

Aura employs a ‘meadow’ map as its long-term memory: the meadow map is used for
global path planning and contains embedded a priori knowledge to guide sensor expecta-
tions used for positional updating. A lavered short-term memory based on instantiated
meadows represents the currently perceived world. A hierarchical path planner produces
a global path free of collisions with all modeled obstacles.

Aura extends the idea of schemas, as currently employed in the VISIONS system,
to include the mobile robot domain. The schema-based path execution system handles
unexpected and dynamic obstacles not present in-the robot’s world model. This motor-
schema based navigation system produces reactive/reflexive behavior in direct response to
sensor events. [n addition, new techniques in the treatment of robot uncertainty, which
expedite sensory processing. were developed. These include the use of a spatial error map
vith associated growth and reduction techniques.

Several computer vision sensor strategies have been developed for use within Aura.
These include a fast line finding algorithin that is a simplified and more efficient version of

the Burns straight line extraction algorithim (at the price of robustness) BURRG . KAHST .




a fast simplified region segmentation algorithm based on the VISIONS region segmentation
system BEVST [ and a depth from motion algorithm -BHA86i. Aura uses both vision and
ultrasonic sensing during path traversal.

We are currently rebuilding Aura to make better use of the information available from
the visual sensors and to more completely integrate the full spectrum of image under-
standing techniques developed in the VISIONS project. In particular, we intend to utilize
some of the depth from motion algorithms discussed above BALS88,, .DUT8R', \WIL88a',
WILS8b : and some of the simpler object recognition strategies of the schema system
‘DRASTa . DRA8Tb ., (HANS8TD;, including strategies for multi-sensor information fusion

‘BELS6. RIS8T.

3 Perceptual Organization (Grouping)

3.1 The Perceptual Organization of Image Curves

Most of our work in perceptual organization .BEL86'. 'BOL87!,/BUR%61,[DOL86;,/DOLES!,
REY84. REYS86b . REY87],'RIS87], WEI85!, WEIg6], \WIL88a ,/\WIL88b| has been fo-
cussed on rectilinear structures (e.g. straight lines, corners, parallel line pairs, and the
like). Of course not all of the world can be described by straight lines. Consequently,
Dolan 'DOL88! has been exploring methods for extending the general technique developed
by Boldt ‘BOL87}, WEI86! to the simultaneous extraction of curves, straight lines, and
corners (including cusps): these are the primitive descriptive elements. The basic opera-
tion cycle consists of linking, grouping, and replacement, which takes place at increasing
perceptual scales, resulting in a hierarchical scale-space description of these important
image events.

The linking stage finds subscts within the set of initial local edge tokens that satisfv the
binary constraints of the particular grouping principles employed. The grouping mecha-
nisms perform a detailed geometric analysis on sets of linked tokens whose extent is within
the current ¢ ales in Dolan’s system. this also entails classification and ranking of the to-
ken sequences as one of the basic primitive clements. Replacement mechanisms encode the

geometry of o surviving group by substitnting a single token for the group. The process
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then repeats at the next scale.

3.2 Extracting Geometric Structure

Reynolds and Beveridge [REY87] have been developing a perceptual grouping svstem
for the extraction of rectilinear structures from an initial set of line primitives obtained
using the straight line extraction algorithm developed by Burns, Hanson, and Riseman
BURS6 . The lines are represented as nodes in a graph. The grouping criteria are the
geometric relations of spatially proximate collinear, spatially proximate parallel, spatially
proximate orthogonal, or any subset of these relations; the relations form the links in the
graph.

Line groups are cenerated using i1 connected components analysis of the chosen ge-
ometric links. Finally, individual geometric structures (e.g. rectangles, collinear lines,
parallel line pairs, corners, etc.) may be identified as subgraphs of the connected compo-
nents. These techniques have been applied to extraction of objects such as road networks
in aerial images.

Object recognition strategles can be represented as relational graphs to be matched
to extracted data. The problems associated with fragmentation, as well as merged and
missing tokens, makes this a difficult problem. However, multiple representations (such as
lines and regions) can be brought together to provide partial redundancy [RIS87]. Thus,
current work overlaps issues of constrained graph matching, perceptual organization, and

information fusion.

4 Database Support for Symbolic Vision Processing

[t is becoming increasingly evident that intermediate-level vision, and the perceptual
grouping processes encompassed, are an extremely important component of any knowledge-
based interpretation system. Our current view is that a major goal of the perceptual
organization processes is to reduce the substantial gap which exists between the extracted
image descriptors and the high level knowledge representations of the objects. The more

abstract the intermediate level tokens are. the more computationally efficient the matching




is between high level descriptions and the intermediate level tokens. where general world
knowledge is used to constrain the set of possible interpretations.

The intermediate level may be viewed as simply a symbolic representation of primitive
image ‘events’ as points, regions, lines, contours, areas, surfaces, etc. and their features,
created by an iconic to symbolic transformation of the image data. However. recent work
In vision has shown it to be much more than a passive level of data representation. Many of
the recently developed grouping operators, for example, function at the intermediate level
by building more abstract structures from the primitive descriptions |BOL87],[DOLS8S],
‘DOL86], [FIS86), (LOWS3}, REY87, 'WIL83bj, {WIT83].

Conscquently, we view the intermediate level as hosting active processes which con-
struct more abstract tokens from less abstract ones. Universally applicable similarity op-
crators and geometric constraints are employved on the evolving spatial structuies. ln order
to facilitate research on image interpretation systems, where data and control are closely
coupled throughout all three stages, mechanisms must be provided for efficient structuring
of the data and processes.

In addition. the complexity of many vision systems requires the cooperation and inter-
action of many researchers and the integration of their subsystems. The applications are far
too large for an individual to solve on his own. Thus, the intermediate level representations

and scftware environment must support, at a minimum, the following:
¢ a single uniform data interface to both high and low levels;
e sharing of data between levels, and between rcsearchers 