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Today, imaging is ubiquitous. In fields from robotics to surveillance to medicine, imaging is the primary
sensor for more and more applications. With the ongoing development of better and cheaper sensors, visual
processing will take a central role in multi-sensor networks and will find yet more medical applications. But
images from real cameras in real environments are complex; to date, success in vision applications has come
by developing explicit models for specific applications. This is time consuming and expensive. Instead, my
research explores data driven tools to simplify video analysis. | develop algorithms that use thousands of
images from a particular sensor, environment or patient, to automatically infer relevant, context specific
representations. The highlights of the last several years include: (a) a geometric theory of structure from
motion for non-parametric camera models, (b) non-parametric, spatio-temporal statistical models of image
variation for extended surveillance applications, and (c) fundamental algorithms for image manifold learning
with a specific focus on cardiac MRI imagery, as well as a collection of smaller research efforts in support
of collaborative projects.

Generalized Camera Geometry. A wide variety of new imaging systems have been proposed for omni-
directional vision; these system designs use fish-eye lenses, cameras viewing spherical or parabolic mirrors,
or multi-camera systems. | developed the first unifying geometric theory for understanding moving images
from all of these camera types and derived tools to design camera systems that are optimized for particular
environments.

Specifically, | derived the structure from motion equations for the generalized imaging model of Nayar
and Grossberg [GNO5]. This gives a corollary to the standard epipolar constraints [2] and | further de-
rived an analytic form for the sensitivity-to-noise of these constraints [4]. These constraints have been
used by others to derive tools for generalized camera calibration [SR04, MP04b, RSL05, CFO05], and
algorithmic optimizations were proposed to solve these constraints within the context of structure from
motion systems [NisO4, MP04a, GAO4, Stu05]. These models have been applied to autonomous nav-
igation and model building in the case of a multi-camera system (treated as a single generalized cam-
era) [CC04, LS04, SR05].

Robust, Real-Time Surveillance. In the area of surveillance, | promote a framework | call “Passive Vi-
sion”, which builds statistical models of scene appearance over long time periods (minutes to days). Within
this model, | have addressed open questions in outdoor surveillance including anomaly detection, tracking,
scene annotation, and characterizing patterns of background motion. My algorithms are explicitly designed
to be pre-processing modules so that can replace naive background subtraction algorithms to immediately
fix problems faced by existing high-level surveillance algorithms in real outdoor environments.

Specifically, | focus on spatio-temporal image derivatives because these measurements of image vari-
ation are easy to compute and somewhat invariant to large lighting changes. For fixed viewpoint surveil-
lance cameras, accumulating image derivative distributions gives a simple characterization of complicated
background motions. This offers novel tools to find anomalies, segment foreground objects in outdoor
scenes [9, 7, 14], and detect global patterns in the local image motions [16]. These local statistics have also
turned out to be robust tools for detecting roads in stabilized aerial video [8, 6].

This work is among the first to consider explicitly the extended surveillance problem as an opportunity
to characterize the local, spatio-temporal statistical variation of the specific scene in view. It demonstrates
that surprisingly simple, local, incrementally updated models are sufficient to detect anomalies in scenes
with complicated background dynamics. The work assumes that the background measurements are drawn
from a stationary stochastic model, and this strict probabilistic interpretation has continued to be developed
by others [MGO05, SS05, TID05]. My study of “Passive Vision” is ongoing, and forms one of two major
future research directions. Preliminary results indicate that both tracking and video coding algorithms are



likely to become more efficient by a factor of 10 when they fully utilize the statistics of motion and image
variation captured by a static camera.

Manifold Learning. Manifold Learning is a tool for organizing high-dimensional data that has just a few
degrees of freedom. A key example of this is medical imagery of parts of the body that move such as
video of a person walking or MR-imagery of the heart or lung, each of which have images which vary in
a complicated but recurring patterns. | have specialized Manifold Learning algorithms to be effective for
imagery, solved several key technical problems to make them effective for data sets that vary cyclically, and
used manifold constraints to make medical image segmentation more accurate and robust.

| was among the earliest popularizers of the Isomap algorithm, using it for pose estimation of unknown
objects [11] and video classification [3]. Although recent work has directly applied our approach to estimate
illumination direction in graphics applications [WMTGO05], classical manifold learning algorithms often fail
on noisy, natural images. With my student Richard Souvenir, | have addressed three major shortcomings.
First, we used Pattern Theory to define application specific image distance functions [5, 12]. Second, we
modified Isomap to find minimal parameterizations for data sets that are sampled from cyclic manifolds
(circles, spheres, tori, and their higher dimensional correlates) [10]. This class of images includes nearly
all periodic, biological data sets and is recognized as a key limitation of current approaches [SR03, WS04].
Third, we developed an Expectation Minimization algorithm to support clustering and parameterization of
data sets that are drawn from multiple intersecting manifolds [13], which is common in motion capture and
animation data, and breaks (to some extent) all current Manifold Learning algorithms.

One application of image manifolds is in segmenting and labeling cardiac MRI data, in which images
vary due to the patient breathing and heartbeat. In recent work my student Qilong Zhang and | have refor-
mulated both Active Contour and Level Set segmentation algorithms to exploit the additional constraints
offered by the manifold parameterization [24, 25]. This reduces by a factor of 30 the amount of time that a
Radiology Fellow takes to measure left-ventricle wall thickness in diagnostic studies, and formal verification
of our segmentation relative to hand-segmented images is ongoing.

Collaborative Projects. | have been privileged to work with fantastic colleagues at Washington Univer-
sity and have collaborated on a number of interdisciplinary research projects. Significant contributions
include (a) tools to allow a multi-sensor robot to recalibrate after vibrations or collisions cause sensors to be
misaligned, and (b) algorithms to extend the lifetime of ad-hoc sensor networks.

To support Media and Machines Laboratory efforts in making robust, fault-tolerant robot navigation
systems, | worked to develop a framework for ego-motion estimation which accepts motion measurements
from arbitrary motion sensors (e.g. cameras, GPS, accelerometer, etc.) and specifies a probabilistic model
of data fusion [23]. | provide accurate priors to support classical Bayesian stereo within this framework
by experimentally measuring stereo match errors across many surface types [1]. Furthermore, combining
data across multiple sensors requires accurate calibration, and in real environments this calibration must
continually be corrected or re-calculated. My student Qilong Zhang and | worked to develop the first multi-
sensor auto-calibration tools [21], with a special focus on a camera and a laser range finder [22]. This
approach has been used by others as the basis for algorithms for auto-calibration of other sensors [DFKO05].

My efforts in sensor networks are to make them last longer with limited power; | focus on graph theoretic
optimizations to schedule sleep cycles in sensor networks that must ensure sensor coverage and communi-
cation connectivity. Our theoretical treatment discovers that when the communication range is at least twice
the sensing range, then the sensing problem dominates (making the optimization problem simpler) [15, 20],
and greedy distributed communications strategies that are efficient have tightly bounded dilation [17, 18].
We also made one of the first efforts to include more accurate probabilistic models of sensing and commu-
nication within the network design problem [19].
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