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Mobile Sensors for Security and Surveillance
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A stereo mosaic representation has been developed for fusing imag-
ing data captured by sensors (cameras) in motion. In addition to
providing a wide Þeld of view, the multiperspective mosaics with
various oblique views represent occlusion regions that cannot be
achieved by using stationary sensors. One or multiple stereo pairs
can be formed from mosaics with different oblique viewing angles
and thus can be used for 3D viewing and 3D reconstruction. This
approach has been applied to a number of important security and
surveillance applications, including airborne surveillance, ground
vehicle navigation, under-vehicle inspection, and 3D gamma-ray
cargo inspection.

KEYWORDS Video surveillance, security inspection, 3D recon-
struction, video registration, push-broom imaging

INTRODUCTION

When something serious happens in a metropolitan area like New York City,
imagine a technology that can fly an airplane with a video camera through
the area, detect, measure, and analyze the static and dynamic objects in the
area, and then reconstruct the scene into multiple three-dimensional (3D)
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panoramic views. This technology is being developed in the City College
Visual Computing Laboratory.

Potential applications of such a technology can be significant. Currently,
traffic monitoring and video surveillance is performed largely by utilizing
overhead stationary cameras that are mounted at various locations. The im-
ages taken from these sources are unprocessed and sent to a control center
for computer processing and/or human interpretation. Limited by the view-
point constraints of those cameras, the images are only available for a few
localized detection areas. But if the images are taken from an airborne cam-
era, a large field of view can be covered. Furthermore, if the video data
are processed such that information about the 3D static and dynamic ob-
jects in the area can be automatically detected, measured, and analyzed,
it will significantly improve the capability of traffic management and video
surveillance in assessing the traffic condition or activities at the scene, and
then developing real-time solutions. The processing of these images can also
potentially improve the visualization by presenting multiple 3D panoramic
views. In fact, sensors in motion are not only found in airborne surveillance,
but also in ground survey and inspection; such as driving a vehicle down
the street with a video camera, scanning the under-body of a vehicle us-
ing cameras, or screening the interiors of a cargo container using X-ray or
gamma-ray techniques.

However, monitoring and detection of scenes and targets through mov-
ing sensors increase the challenges in data analysis and representations. With
a stationary camera, much simpler algorithms can be applied by assuming
the background remains unchanged. With a moving camera, however, ev-
erything in a 3D scene is in motion due to ego-motion of the sensor. The
work at the City College Visual Computing Lab in the last few years has
tried to address this challenging issue. This article is a high-level summary
of the novel mosaic-based approach we have developed for fusing imaging
data from one or more moving cameras/sensors into a few mosaiced images,
which preserve 3D information and generate a wide coverage of a scene (or
an object). The article will focus on the basic concept and potential applica-
tions in security and surveillance; details of the technologies can be found
in our previous technical publications that will be cited through out this
article.

The proposed mosaic approach has been applied to a variety of applica-
tions, including airborne video for urban transportation planning and urban
surveillance, ground mobile robot navigation, under-vehicle inspection, and
gamma-ray cargo inspection (Figure 1). These applications represent very
different imaging scenarios, from far-range to extreme close-range, from a
single camera to an array of cameras, from visible imaging to see-through
imaging. I will show that the same geometric representation can be applied
to all these cases and that this representation has advantages in data com-
pression, depth resolution, field of view and 3D perception.
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FIGURE 1 A few application examples: (a) airborne urban surveillance/transportation plan-
ning; (b) ground mobile robot; (c) under-vehicle inspection; and (d) gamma-ray cargo in-
spection.

STEREO VISION WITH PARALLEL PROJECTION

A normal perspective camera has a single viewpoint (i.e., nodal point), which
means all the light rays pass through the common nodal point. On the other
hand, in orthogonal images with parallel projections in both the x and y
directions, all the rays are parallel to each other. Imagining that we have a
sensor with parallel projections, we could turn the sensor to capture images,
each with a different oblique viewing direction, including both nadir and
oblique angles in both the x and y directions. Here “nadir” means that the
angles in both the x and y directions are zeroes. Thus we can create multiple
pairs of parallel stereo images each with a pair of different oblique viewing
directions, and thus can observe surfaces occluded in a nadir view.

Figure 2 shows the parallel stereo in a 1D case, where two oblique
angles β1 and β2 are chosen. The depth (Z) of a point P can be calculated
as

Z = B
tan β2 − tan β1

(1)

where β1 and β2 are the angles of the two viewing directions, respectively,
and B is the adaptive baselinebetween the two viewpoints. This adaptive
baseline information is embedded in a pair of stereo mosaics with these
two angles, and is proportional to the displacement of the corresponding
image projections of the point P. The baseline is adaptive because, given
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FIGURE 2 Depth from parallel stereo with multiple viewpoints: 1D case.

two angles, a point with larger depth will have a larger baseline than a point
with smaller depth. It has been shown by others (Chai & Shum, 2000) and
by us (Zhu et al., 2003; 2004) that parallel stereo is superior to both con-
ventional perspective stereo and to the recently developed multiperspective
stereo with concentric mosaics for 3D reconstruction (e.g., Shum & Szeliski,
1999; Peleg et al., 2001). The adaptive baseline inherent in the parallel pro-
jection geometry permits depth accuracy independent of absolute depth in
theory. This result can be easily obtained from Equation 1 since depth Z is
proportional to the adaptive baseline B and therefore to the recorded visual
displacement of the corresponding pair in the two mosaics. In contrast, the
depth error of perspective stereo and concentric stereo is proportional to the
square of depth.

We can make two extensions to this 1D case of parallel stereo. First,
we can select various oblique angles (instead of just two) for constructing
multiple parallel projections. By doing so we can observe various degrees
of occlusions and can construct stereo pairs with different depth resolution
via the selection of different pairs of oblique angles.

FIGURE 3 Parallel projections with two oblique angles α and β (around the x and y axes,
respectively). (a) Nadir view (α = β = 0); (b) β-oblique view (α = 0, β �=0); (c) α-oblique
view (α �=0, β = 0) and (d) dual-oblique view (α �=0, β �=0). Parallel mosaics can be formed
by populating each single selected ray in both the x and y directions.
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Second, the 1D parallel projection can be extended to 2D (Figure 3),
with two oblique angles α and β around the x and y axes, respectively,
thus obtaining a mosaiced image that has a nadir view (Figure 3a), oblique
angle(s) only in one direction (Figure 3b and Figure 3c) or oblique angles in
both the x and the y directions (Figure 3d).

PRACTICAL SCENARIOS AND RESEARCH ISSUES

Practical Setups
It is impractical to use a single (stationary) sensor to capture orthogonal im-
ages with full parallel projections with various oblique directions when imag-
ing/covering a large-scale scene. However, in practice, parallel-perspective
panoramic images, with parallel projection in one direction and perspec-
tive in the other, can be generated the same way as pushbroom images in
satellite imaging (Gupta & Hartley, 1997), by using a 1D perspective sensor
moving in the perpendicular direction of the 1D sensor array. Two such 1D
sensors with two different oblique viewing angles consists of a pushbroom
stereo imaging system. A real example of this geometry is gamma-ray stereo
imaging for 3D cargo inspection (Zhu et al., 2005a; Zhu & Hu, 2007).

In fact, we can move one or more conventional 2D perspective cam-
eras to form a 1D or 2D “virtual” array of cameras, to generate parallel-
perspective (pushbroom) stereo or full parallel stereo. In principle, if we
first assume that the optical axes of all the cameras point in the same di-
rection (into the paper in Figure 4a), and the viewpoints of all cameras are
on a single plane perpendicular to their optical axes. Then the perspective
images can be organized into mosaiced images with parallel projections,
each of which is generated with an oblique viewing angle, by extracting
rays from the original perspective images with the same viewing direction
(one ray from each image). For example, extracting a ray as shown in Fig-
ure 3a with the nadir viewing direction from each image at each camera

FIGURE 4 Parallel mosaics from 2D bed of cameras. (a) 2D array; (b) 1D scan array; and
(c) a single scan camera.
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location (in the setup of Figure 4a) will generate a parallel mosaic with nadir
viewing direction. Extracting a ray as shown in Figure 3b with a β-oblique
viewing direction from each image at each camera location (in the setup of
Figure 4a) will generate a parallel mosaic with the β-oblique viewing direc-
tion. If the camera array is dense enough, then densely mosaiced images can
be generated.

There are at least two practical ways of generating images with multiple
(stereo) oblique parallel projections using existing sensors: a 1D scan of a
1D array of perspective cameras (Figure 4b), a 1D or 2D scan of a single
perspective 2D-array camera (Figure 4c).

If a 1D linear array of perspective cameras is available (Figure 4b), the
camera array can be “scanned” over a scene to synthesize a virtual 2D cam-
era array. Then stereo mosaic pairs with oblique parallel projections in both
directions can still be generated, given that we can accurately control or esti-
mate the translation of the camera array. We have actually used this approach
in an Under Vehicle Inspection System (UVIS)1,2 (Dickson et al., 2002).

Even when a single camera is used, we can still generate a 2D virtual
bed of cameras by moving the camera in two dimensions, along a “2D scan”
path as shown in Figure 4c. This is the case for aerial video mosaics3 (Zhu
et al., 2003, 2004), where a single camera is mounted on a light aircraft flying
over an area.

Issues in Video Mosaics
In real applications where parallel-projection mosaics must be generated
from a video sequence (as in Figure 5), there are two challenging research
issues. The first problem is camera orientation estimation (calibration). In
our previous study on an aerial video application, we used external orien-
tation instruments (i.e., GPS, INS, and a laser profiler) to ease the problem
of camera orientation estimation (Zhu et al., 2005b). In the case of under-
vehicle inspection using a 1D array of cameras (Dickson et al., 2002), relative
relations among cameras can be obtained by an offline camera calibration
procedure. However, the motion of the cameras or vehicles should be es-
timated through image matching. Fortunately, there exists a large body of
work in pose estimation of a moving camera using bundle adjustments in
the fields of computer vision and photogrammetry (e.g., Slama, 1980; Triggs
et al., 2000), and even software packages, such as REALVIZ’s Matchmover4

and sba (Lourakis & Argyros, 2004), are available for this purpose. Even if
the camera’s motion has six degrees of freedom, as long as it has a dom-
inant motion direction, seamless mosaics can be generated. The accuracy
of pose estimation is the main issue in bundle adjustments, and is very im-
portant in producing accurate 3D reconstructions using the stereo mosaics
thus generated. However, in applications of 3D rendering where accurate
3D estimation is not the main issue, an efficient image-based camera-motion
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FIGURE 5 Three step approach for generating and using parallel-projection mosaics.

estimation method (Zhu et al., 2004) is used to get an approximation of the
camera orientation parameters, that is, the affine transformation parameters,
and then seamless mosaics can be generated with 3D perception.

The second problem is to generate dense parallel mosaics with a sparse,
uneven, camera array, and for a complicated 3D scene. To solve this prob-
lem, a Parallel Ray Interpolation for Stereo Mosaics (PRISM) approach was
proposed in Zhu et al. (2004). While the PRISM algorithm was originally de-
signed to generate parallel-perspective stereo mosaics (parallel projection in
one direction and perspective projection in the other), the core idea of ray
interpolation can be used for generating a mosaic with full parallel projection
at any oblique angle.

In summary, in the stereo mosaic approach for large-scale 3D scene
modeling and rendering, the computation is efficiently distributed in three
steps (Figure 5): (1) camera pose estimation via the external measurement
units, (2) image mosaicing via ray interpolation, and (3) 3D reconstruction
from a pair of stereo mosaics (Zhu et al., 2005c; Tang et al., 2006), or 3D ren-
dering with multiview mosaics (Zhu & Hanson, 2006). In estimating camera
poses (for image rectification), only sparse tie points, widely distributed, in
the two images are needed for performing bundle adjustment. In generating
dense parallel rays in stereo mosaics, local matches are only performed for
parallel-perspective rays between small overlapping regions of successive
frames. In using stereo mosaics for 3D recovery, matches are only carried
out between the two final mosaics; for 3D viewing, only mosaic selection
and viewing window cropping are needed. We will get into some more
details in real examples provided in the next few sections.
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FIGURE 7 Mosaics: from many narrow FOV images to a few wide FOV mosaics.

degrees-of-freedom (DOF) motion is allowed (Zhu et al., 2004). There are
two consecutive steps in constructing a CB3M representation from a video
sequence on a mobile platform: stereo mosaicing and 3D/motion extraction.

In the first step, a set of parallel-perspective (pushbroom) mosaics (Zhu
et al., 2004; Zhu et al., 2005c)—panoramic images combining all the video
images from different viewpoints—is generated to capture both the 3D and
dynamic aspects of the scene under the camera coverage. If real-time data
of camera positions and orientations are available from a Geographical Po-
sition System (GPS) and an inertial navigation system (INS), the panoramic
mosaics can be geo-located to the world coordinate system. This step turns
thousands of images of a video sequence into a few large field-of-view
(FOV) mosaics that have the same coverage as the original video sequence.
Multiple wide FOV mosaics are generated from a single camera on a single
flight, but the results are similar to those using multiple scan line cameras, or
pushbroom cameras (Gupta & Hartley, 1997), with different oblique angles
to scan through the entire scene (Figure 7). Because of the various angles of
the scanning, occluded regions in one mosaic can be seen from the others.
All moving objects appear in each mosaic, and by switching to different ones
the dynamic aspects can also be viewed. This corresponds to the multiview
stereo viewing shown in Figure 7.

However, the 2D mosaic representation is still a 2D array of image
points, lacking the representation of object contents, such as buildings,
roads, and vehicles and other facilities. Therefore, in the second step, a
segmentation-based stereo matching algorithm (Zhu et al., 2005c; Tang
et al., 2006) is applied to extract parametric representations of the color, struc-
ture and motion of the dynamic and/or 3D objects in an urban scene, and to
create a content-based 3D mosaic (CB3M) representation (Zhu & Tang, 2006).
CB3M is a highly compressed visual representation for very long video se-
quences of dynamic 3D scenes. In the CB3M representation, the panoramic
mosaics are segmented into planar regions, which are the primitives for
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FIGURE 8 Content-based 3D mosaic representation of an aerial video sequence: (a) a pair of
stereo mosaics from the total nine mosaics and a close-up window; (b) the height map of the
objects inside that window; (c) the CB3M representation with some of the regions labeled by
their boundaries and plane parameters (a, b, c, d), and the detected moving targets marked
by their boundaries and motion vectors (sx, sy).

content representation. Each region is represented by its mean color, region
boundary (i.e., object contour), plane equation in 3D space, in the form of

aX + bY + cZ = d (2)

from which its orientation and height can be derived, and motion direction
and speed in the form of a 2D motion vector of speed (sx, sy), if it is a
dynamic object. Relations of each region with its neighbors are also built
for further object representations (such as buildings, road networks) and
target recognition. This second step is depicted in Figure 7 as “multi-view
3D reconstruction.”

Figure 8 shows an example of CB3M from a real video sequence
when the airplane was about 300 meters above the ground. Figure 8a
shows a pair of stereo mosaics (embedded in the red/green-blue chan-
nels of a color picture if viewed in the online color version) that are
used to extract 3D information—similar to the stereo vision of humans,
but with an extended field of view (FOV). A close-up window is marked
in the stereo mosaics, which includes various 3D structures and mov-
ing objects (vehicles). Figure 8b is a “height” map of the scene in
the close-up window generated using the proposed method; the brighter
the pixel is, the higher the object is. Note that the sharp depth boundaries
are obtained for the buildings with different heights and varying roof shapes.
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cover a large field of view of a scene or object. The proposed representation
provides wide FOV, preserves extensive 3D information, and represents oc-
clusions. This representation can be used as both an advanced video interface
for surveillance and security or a pre-processing step for 3D reconstruction
for these applications.

Several practical applications have been investigated, where parallel-
perspective or full parallel projection mosaics can be generated. Related
research issues are discussed in generating and using the parallel mosaics.
In particular, the article presented a general ray interpolation approach for
parallel-projection mosaic generation, and discussed some practical issues
in generating the mosaics. A mosaic-based 3D rendering method, almost
without any computation, allows for very effective 3D rendering of vari-
ous complicated visual scenes, from forestry scenes to urban scenes, and
from very far-range to extreme close-range. A Content-Based 3D Mosaic
representation is also discussed to further extract both 3D and moving tar-
gets from the mosaics. Experimental results were given for four important
applications—aerial video surveillance, ground mobile robot navigation, un-
der vehicle inspection, and gamma-ray cargo inspection.

NOTES

1. http://vis-www.cs.umass.edu/projects/uvis/index.html
2. http://www-cs.engr.ccny.cuny.edu/∼zhu/mosaic4uvis.html
3. http://www-cs.engr.ccny.cuny.edu/∼zhu/StereoMosaic.html
4. http://www.realviz.com/products/mpro/index.php
5. http://www-cs.engr.ccny.cuny.edu/∼zhu/CampusVirtualFly.avi
6. http://www.artbeats.com/prod/browse.php
7. http://www-cs.engr.ccny.cuny.edu/∼zhu/Multiview/indoor1Render.avi
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