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Abstract. Stereo and 3D reconstruction are used by many applications
such as object modeling, facial expression studies and human motion
analysis. But synchronizing multiple high frame rate cameras require
special hardware or sophisticated software solutions. In this paper, we
propose a single camera stereo system by using a setup made of prism
and mirrors. Our setup is cost effective, portable and can be calibrated
similar to two camera stereo to obtain high quality 3D reconstruction. We
demonstrate the application of the proposed system in dynamic 3D face
expression capture, depth super-resolution in stereo video and general
depth estimation.

1 Introduction

The knowledge of depth in a scene has been known to simplify many problems
in computer vision, for example, face and expression recognition [1,2], tracking
[3,4], object discovery [5], 3D video content creation and many other applica-
tions. Stereo systems are easy to setup in cases where the scene is stationary. For
many applications, high frame rate or video cameras are required. Synchronizing
multiple such cameras is a challenging task and requires expensive hardware or
sophisticated software solutions. For newly deployed systems, the above solutions
can be employed. But in systems where cameras have already been deployed,
such as surveillance, changing the existing camera setup is not always practical.
Portability and maintenance of multicamera setups is harder than single cam-
era. On the other hand, the calibration of stereo/multi-view systems provides
true scale reconstruction which is useful and even essential in many real world
applications. A portable, cost effective and single camera system which can be
calibrated like stereo to provide metric reconstruction is hence desirable. In this
paper, we present a solution using prism and two mirrors, which can be used to
turn almost any camera into a stereo camera. The system can be calibrated to
obtain high quality metric reconstruction. The proposed solution is cost effective
and can be easily used as a detachable accessory for a camera lens. An equilat-
eral prism and two first surface mirrors are used to build the system shown in
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(a) (b) (c) (d) (e)

Fig. 1. (a) Our camera setup, (b) 3D reconstruction from a facial expression video
sequence, (c) Disparity map of a sample scene, (d),(e) Two frames from a sequence
of super-resolved disparity maps of a dynamic scene. The stereo video is 640 X 720
pixels, which is super-resolved to 3168 X 2376 pixels using a low frame rate, motion
compensated full resolution still image.

Figure 1(a). The camera used is a Canon T1i DSLR, which can capture HD
video (720p) at 30fps and 15MP still images.

The paper is organized as follows. In Section 2 we discuss existing systems. We
detail the proposed setup in Section 3. We demonstrate the use of the system for
two types of applications which have different needs. In Section 4.1 we show how
the system can be used to perform depth super-resolution of dynamic scenes. We
present calibrated 3D reconstruction results in Section 4.2. Section 4.3 provides
more results and we conclude in Section 5.

2 Previous Work

The idea of converting single camera into stereo using a combination of mirrors,
lenses and prisms has been proposed earlier by many researchers. Figure 2 shows
a schematic comparison of the different existing setups. One of the oldest known
systems, known as the Stereoscopic Transmitter, was built in 1894 by Theodore
Brown. A similar system was proposed by Gluckman and Nayar [6,7], which
used a pair of hinged mirrors placed in front of the camera with the reflecting
surface facing the lens. The scene being imaged was to the back and one side of
the system. The placement of prisms and mirrors at considerable distance away
from the lens, makes the above system less portable. Also the idea cannot be
easily implemented to convert existing single camera systems, like surveillance,
to stereo systems. Many catadioptric stereo systems have been proposed using
hyperbolic [8] and parabolic mirrors [9]. Nene and Nayar [10] provide some
possible configurations using planar, parabolic, elliptic, and hyperbolic mirrors.
Mitsumoto et al. [11] and Zhang and Tsui [12] propose a system which images
the object and its reflection in a set of planar mirrors. Pyramidal arrangement
of planar mirrors was used in [13]. Gluckman and Nayar also proposed systems
using single and three mirror configurations [14,15], where the system was con-
strained to produce rectified images instead of 3D sensitivity (number of levels in
disparity map). Gao and Ahuja [16] used a single camera and a rotating planar
plate in front of the camera, similar to that proposed by Nishimoto and Shirai
[17]. Due to need to capture multiple images with two or more different plate
positions, these systems are restricted to static scenes. In [18], Lee et al. used a
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(a) and (b) Gluckman (’00,’02)

(c) Gluckman(’99,’01)(d) Zhang(’98)

(e) Gao(’04) (f) Lee(’99) (g) Proposed setup

Fig. 2. (a)-(f) Schematic of previous systems. (g) Schematic top view of the proposed
mirror and prism arrangement.

biprism placed 15cm in front of the camera to obtain two views of the scene. The
idea was generalized in [19] using trinocular prisms. [20,21] proposed a setup
using a prism and two mirrors, where the prism edge was used as a reflective
surface. This required the use of specialized prisms and also resulted in a setup
where the prism had to be kept 12-13cm from the lens of the camera. This made
the system less portable and difficult to be used as an add-on attachment for
existing systems. Also, due to use of specialized prism, the system is expensive.
A commercial product, Tri-Delta stereo adapter, works on similar principle as
our system. However the adapter is mounted on the lens and the camera would
be placed such that the lens points towards the top (sky) or bottom (ground), to
image the scene in front of the observer. Our setup contrasts the adapter in the
following manner. The tri-delta is a completely mirror based setup and is com-
patible with only a few point-and-shoot cameras. Our setup is flexible in terms
of baselines and vergence control, which is essential for machine vision studies.
Similar to many previous works, the Tri-Delta would also require changes to the
way a camera is setup with respect to the viewed scene. Also the cost of our
construction is only a fraction of that of the tri-delta. A different approach to
obtain stereo video is used in ’NuView Adapter’ available for video cameras only.
The adapter uses dual LCD shutters, a beamsplitter and a mirror arrangement
to provide left and right views as odd and even fields. Our setup is much easier
to construct, can be used with both still and video cameras and is much more
cost effective.

3 Proposed System

In this paper, we propose a single camera system with the following characteris-
tics:(1) Simple and portable construction: The proposed extension to a camera
can be used as a lens attachment. The prism and mirror setup mount in front of
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(a) (b)

Fig. 3. (a) Raw image captured by our setup. The stereo images are extracted as two
halves of the raw image. (b) Ray diagram illustrating the formation of the two images,
the virtual cameras and baseline.

the lens and hence the entire system is portable. (2) Easy to deploy on existing
single camera systems: Many applications like surveillance and monitoring have
single cameras already in place. The proposed setup can be easily attached to
such cameras to obtain stereo video/images. Unlike many previously proposed
systems, the position of imaged scene with respect to camera does not have to
be changed. (3) Can be calibrated to obtain metric reconstruction: Some appli-
cations only use depth separation or disparity information, while many others
require true scale metric 3D reconstruction (for example, 3D modeling of objects,
person tracking etc). The proposed setup can be calibrated like a two camera
stereo system.(4) Flexible: Baseline and vergence are some of the flexible param-
eters in a stereo setup. As will be explained later, the placement of the mirrors
can be varied to change the baseline and vergence in our system.

3.1 Setup

The setup is made using an equilateral prism and two first surface mirrors. As
shown in Figure 2(g), the prism is placed at the end of the camera lens. The
mirrors are placed at an angle α, with respect to the corresponding prism sur-
face. The distance δ, between the mirror and prism can also be varied. Different
configurations of α and δ can be used to obtain suitable baseline, vergence and
overlap between the left and right images. Intuitively, smaller α and δ are used
when objects being imaged are within a few feet of the camera. A detailed anal-
ysis of the geometry is discussed in the following section. We have attached the
setup to various types of cameras including DSLR, camcorder and network/IP
cameras with wide angle lens. Figure 1(a) shows the setup with a DSLR camera.
In our experiments, we used a prism of edge length two inches and base of one
inch. The mirror is 2 inches by 2 inches.

3.2 Analysis of the Setup

Figure 3(b) shows the ray diagram illustrating the stereo image formation and
virtual cameras. We now derive the conditions on the mirror angle and the
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Fig. 4. Ray diagram showing angles and distances used in the analysis (Section 3.2)

effective baseline of our setup. Figures 3(b) and 4 show the ray diagrams with
angles and distances used in the following analysis. We define the following angles
and distances in the setup: φ is the horizontal field of view of camera in degrees,
α is the angle of incidence at prism, β is the angle of inclination of mirror, θ
is the angle of scene ray with horizontal, x is the distance between mirror and
camera axis, m is the mirror length and B is the effective baseline (Fig. 3(b)).
To calculate the effective baseline, we trace the rays in reverse. Consider a ray
starting from the image sensor, passing through the camera lens and incident
on the prism surface at an angle α. This ray will then get reflected from the
mirror surface and go towards the scene. The final ray makes an angle of θ with
the horizontal as shown in the figure. It can be shown that θ = 150 − 2β − α.
In deriving the above, it has been assumed that there is no inversion of image
from any of the reflections. This assumption is violated at large fields of view.
More specifically, it is required that φ < 60◦. Since we are not using any lens
apart from the camera lens, the field of view in resulting virtual cameras should
be exactly half of the real camera. In Figure 3(b), consider two rays from the
image sensor, one ray from the central column of image (α0 = 60◦, shown in
green) and another ray from the extreme column (α = 60◦−φ/2, shown in red).
The angle between the two scene rays is then φ/2. For stereo, the images from
the two mirrors should contain some common part of the scene. Hence, the scene
rays must be towards the optical axis of the camera rather than away from it.
Also, the scene rays must not re-enter the prism as this would lead to internal
reflection and not provide an image of the scene. Applying the two conditions
above, we can show that the inclination of the mirror is bound by the following
inequality φ/4 < β < 45◦ + φ/4. We can now estimate the effective baseline
based on the angle of scene rays, mirror length and distance of the mirror from
the axis as follows.

B = 2
x tan(2β − φ/2) − m cos(β) − (x + m cos(β)) tan(2β)

tan(2β − φ/2) − tan(2β)
.

In our setup, the parameters used were focal length of 35 mm corresponding to
φ = 17◦, β = 49.3◦, m = 76.2mm and x = 25.4mm. The estimated baseline is
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Fig. 5. Depth super resolution pipeline

(a) HR Image (b) A LR frame (c) LR disparity (d) Final depth map

(e) Frames and corresponding superresolved disparity from a LR sequence

Fig. 6. Super resolution of stereo video

49.62mm which is close to the obtained calibration value of 48.15mm (see Section
4.2). Varying the mirror angle provides control over the effective baseline as well
as the vergence of the stereo system.

4 Applications and Results

We demonstrate the system with three applications with different requirements.
First, we use the system for depth super resolution of dynamic scenes, which
utilizes the high frame rate stereo video capability. Next we apply the calibrated
system for the case of metric 3D reconstruction of dynamic and close range
scenes. Lastly we show stereo results for different distances ranging from close
range (within a feet), medium range (within 5 feet) and far range outdoor scene.
We include results for static and dynamic scenes.

4.1 Depth Super Resolution

In this section we discuss the first application of the system for depth super
resolution. The resolution of depth map and the time taken to capture is inversely
related for most sensors. For example, laser scanners can be used to obtain high
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quality and resolution depth maps but are limited to static scenes due to the
large scanning time required. For dynamic scenes, methods such as stereo/multi-
view or time-of-flight cameras have to be used, which are restricted by the spatial
resolution possible for a given frame rate. Many schemes have been thus proposed
to enhance the resolution of the depth maps obtained by the above systems,
called depth super resolution. In general, the process involves noise filtering,
hole filling at missing pixels and enhancing the spatial resolution of the depth
map. The depth map is usually upsampled using a higher resolution color image
of the scene or using multiple low resolution depth maps taken from slightly
different view points. Some of the works using time-of-flight cameras include
[22,23,24,25]. Most of these works have been only demonstrated on static scenes.
Recently, [24] was extended for dynamic scenes [26]. Many algorithms have been
proposed for the case of stereo systems as well [27,28,29]. In [28], the proposed
joint bilateral filter was used to upsample both the images and the depth maps.
In [29], a hybrid camera setup with low resolution, high frame-rate stereo pair
and one high resolution, low frame rate camera was proposed. But the authors
demonstrated depth super resolution only for a static case. The DSLR used in
our setup is capable of 15MP still image capture at 1fps, during video capture
(720 lines at 30fps).

We perform super resolution for a dynamic scene by applying a cross (or
joint) bilateral filter with the edge information from the high resolution image.
Since that image is only captured at certain instances, we must estimate the
motion and warp it to correspond to each stereo frame. The pipeline is shown
in Figure 5. Unlike other reported systems, we do not use a separate camera
to capture the high resolution (HR) image. The prism setup provides a stereo
image even in the still capture. We use one image as the HR image, thus the
transform between the low resolution (LR) image and the HR image is a 2D
homography. The camera does not use the entire sensor for video capture, since
the aspect ratio is different for High-Definition video capture and still image. To
obtain the homography H, we use a pre-calibration step with a known pattern
in the scene. Using correspondence between the HR image and a LR frame, we
estimate the transform H for suitable translation and scaling of the LR frame
to HR image. This transformation is fixed given the prism-mirror arrangement
and the camera lens zoom, and is thus calculated only once for a given setup.
The HR images were captured at random instances for the sequence and are
thus non-equally spaced in time. For each LR frame we select the HR image
closest in time. We transform the reference stereo frame to the HR image using
H and estimate the motion between this pair. Due to the blur caused by the
motion of the object and interpolation during the transform, pixel based optic
flow schemes do not provide robust results. To maintain high quality edges in the
HR image, the warping has to be correct. Since the motion is rigid in our case,
we perform motion analysis at the object level. We initially capture an image
of the setup without the moving objects. Using this as a reference background
image, we obtain the moving objects in the scene. To eliminate errors due to
shadows, lighting changes or noise, we use dense SIFT matching instead of simple
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Table 1. Calibration results

Errors (mm,mm2) Plane pose

Triangulation error Mean(Variance) 0.0467 (0.0012) 0.0585 (0.0018) 0.0519 (0.0016)

Plane fit error Mean(Variance) 0.4076 (0.0965) 0.4324 (0.1891) 0.3429 (0.0866)

image subtraction at this stage. Another feature matching step is used between
the objects detected in the LR and HR images to obtain the motion for each
individual object. The HR image is then warped to compensate for the object
motion. The background image is used to fill the holes in the warped image.
The LR stereo pair is rectified using the method proposed in [30] and the initial
disparity map is obtained using the Growing Correspondence Seeds method [31].
We then apply joint/cross bilateral filter on the transformed disparity map and
the motion compensated HR image. For the disparity map D and HR image I,
the joint bilateral filter can be written as

D(i) =
1

Wi

∑

j∈N

Gs(||i − j||)Gr(||I(i) − I(j)||)D′
(j)

where i, j are ith and jth pixel and N is the predefined neighborhood for a
pixel. Gs and Gr are the spatial and range kernel centered at the pixel i and
the disparity at i respectively. Wi is the normalization factor defined as, Wi =∑

j∈N Gs(||i−j||)Gr(||I(i)−I(j)||). The image edge constraint ||I(i)−I(j)|| can
be defined in different ways, we use the grayscale value difference at the pixels.
Figure 6 shows results for a scene with a toy car moving. Figure 6(a) shows
a captured HR image, (b) shows left image of a LR stereo frame, (c) shows the
initial disparity map for the image in (b), and (d) the corresponding final super
resolved disparity map. Figure 6(e) shows more frames from the sequence, which
used HR image in (a) for super resolution (motion compensated as required).
Note that we have only showed some intermediate frames from the sequence.

4.2 3D Reconstruction

Here we describe the use of the system for 3D reconstruction which has wide
ranging applications in 3D immersive technology [32], face and expression recog-
nition [1,2], action recognition [33], archeology [34]. Many of the above appli-
cations demand portability without sacrificing the quality of the reconstruction.
Systems with two or more cameras have been proposed for the above, which
have been successful in lab setting. In order to employ the algorithms for 3D
face analysis, action recognition and others in their real environments such as
court rooms or airports, a large change in the camera setup is impractical. Most
environments have existing single camera installations in place. Our setup can
provide a cost effective and simple mechanism to convert those to stereo. As dis-
cussed before, previously proposed single camera stereo systems would require
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Fig. 7. Snapshots from facial expression video. Top: Reference stereo image, Bottom:
Corresponding 3D reconstruction.

change in mounting, cannot be attached easily to the lens of a camera or are
have limits on size of object being imaged.

We calibrated our system using a standard stereo calibration technique [35].
Camera parameters were iteratively refined until the reprojection error con-
verged. In our experiments the RMS reprojection error converged to 0.2 pixels.
The quality of calibration and stereo is measured using triangulation uncer-
tainty and reconstruction error for a known geometry. The stereo triangulation
and plane fitting error for different poses of a plane in the calibrated range is
show in Table 1. The triangulation error is the smallest distance between the
rays from the two cameras. It must be ideally zero, but due to finite precision
in pixel matching, the rays will not intersect. The plane fitting is done using
RANSAC such that more than 90% of the points are inliers. All distances are
in millimeters(mm). The calibration and plane fitting results clearly show that
high accuracy reconstructions can be obtained by calibrating the proposed setup.
Some results from face video reconstruction are shown in Figure 7.

4.3 More Results

Disparity maps for other scenes are shown in Figure 8. We obtain approximately
150 levels of disparity for the outdoor tree image and 90 levels for the indoor
setup. Figure 9 shows disparity maps for an action sequence, with 100 levels

Fig. 8. Disparity maps for general scenes. Left: An outdoor scene and corresponding
disparity map, Right: An indoor scene and depth map.
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Fig. 9. Disparity maps for an action sequence. Top: Sample captured stereo images,
Bottom: Corresponding disparity maps.

obtained between the tip of hand (last image) and background. The quality of re-
sults demonstrate that our setup can be used in applications such as autonomous
navigation in robots [36], scene understanding [5] and action recognition [33].
For robotic applications, our system can be more effective than using multiple
cameras due to limited space and resources on a mobile platform. Our setup
also offers flexibility in terms of baseline and vergence, which allows tuning the
depth sensitivity to match the application needs. It can also be used in other
application such as gesture recognition [37,38] for human-machine interface and
3D immersive technology [32], where the use of a single camera in lieu of multiple
cameras greatly simplifies the setup.

5 Conclusion

In this paper, we proposed a setup with prism and mirrors, which allows a single
camera to be converted to stereo. The proposed setup was shown to have various
key advantages over previous systems. Our setup can be easily attached in front
of any camera. Since the prism is placed close to the lens, the portability of the
system is not affected. Existing single camera setups can be easily converted
to stereo, since the viewing direction of the camera remains unaltered, unlike
many of the earlier works. The cost and complexity of construction is much less
compared to some commercially available stereo solutions. We demonstrated the
use of the system for depth superresolution of stereo video sequences of dynamic
scenes. We also showed that high quality 3D reconstructions can be obtained by
calibrating the camera. Disparity maps for general indoor and outdoors scenes
were provided to show applicability in other areas such as scene understanding,
human-machine interface and action recognition.
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