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Figure 1: (a) Image sequence of rolling coin. (b) Multiple
exposure summary. (c) Layer-by-time summary. (d) Shape-
time summary. (Color-based foreground masks were used
in (c) and (d) to isolate the foreground coins from the back-
ground: in (c) to specify the foreground object and in (d) to
remove the unreliable stereo depth for the featureless back-
ground.)

image is constructed to make sense in 3-D. We can see how
the coin occludes itself at other times; these occlusions let
us picture the 3-D relationships between the different spatial
configurations of the coin. To emphasize that the technique
describes shapes over time, we call it “shape-time photog-
raphy”.

1.1 Related effects

In some special cases of natural viewing, we are accus-
tomed to viewing shape-time images. Extrusion processes,
such as squeezed blobs of toothpaste or shaving cream,
leave a shape-time history of the motion of the extrusion
source. Shape-time photographs have some resemblance
to Duchamp’s “Nude Descending a Staircase”, the clas-
sic depiction of motion and shape in a static image. The
comic book Nogenon uses drawn shape-time outlines in its
story [14]. In unpublished independent work, researchers at
Georgia Tech have made graphical displays of data from a
motion-capture system using a shape-time style rendering,
but not using visual input [2].

2 Problem Specification

To make a shape-time photograph, we need to record both
image and depth information. Various technologies can
measure depth everywhere in a scene, including shape-
from-defocus, structured light systems, and stereo. While
stereo range can be less accurate than others, a stereo cam-
era is quite portable, allowing a broad range of photographic
subjects in different locations. Stereo also avoids the prob-
lem of registering range and image data, since disparities
are computed from the image data itself. Fig. 2 shows the
stereo camera we used. The beam-splitter system allowed
us to capture left and right images using a single shutter,
assuring temporally synchronized images.

The simplest version of shape-time photography as-
sumes a stationary camera which photographs N time-
frames of stereo image pairs. (Background stabilization
techniques such as [16] might be used to generalize the re-
sults of this paper to non-stationary cameras). At each po-
sition, we need to select for display a pixel from one of the
N frames captured over all times at that position. We can
then generate a single-frame composite, from one camera’s
viewpoint (left, for our examples), or a composite stereo
image.

Let and denote the values at the th pixel at
time frame recorded in the left and right images, respec-
tively. Let be the distance to the surface imaged at the

th pixel (of the left camera) at frame . Pixel of the left
view shape-time image, , is simply

argmin (1)
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Figure 2: The apparatus for taking synchronized stereo im-
age sequences: Olympus Camedia C-3040 camera, and a
Pentax stereo adapter (connected using a Kenco 41mm -
52mm adapter ring). The digital camera can take 5 full-
resolution shots in a row at 1/3 second intervals. The L/R
split-screen image is visible in this photo on the camera’s
LCD display. Insert: a typical split-screen image recorded
by the camera.

We call argmin the frame assignment at pixel , since
it indicates which time-frame’s pixel is displayed at position

in the shape-time composite image.
With perfect depth data, the frame assignment is triv-

ial to compute; we simply find the frame of minimum
depth for each position. However, substituting the measured
stereo depth, for the true depth in Eq. (1) typically
gives unacceptable artifacts, illustrated in Fig. 3. Equa-
tion (1) for shape-time rendering involves comparisons be-
tween very similar depth values from different frames and
can reveal even small errors in stereo depth. We will need
to estimate the proper frame assignments for each pixel in
much the same way as one approaches other low-level vi-
sion problems: combining local evidence (the measured
stereo depths and their uncertainties) with regularization
constraints (penalties for inconsistent frame assignments
over space). Shape-time composites made using depth mea-
surements other than stereo may also benefit from the pro-
cessing steps below.

3 Algorithm

One might design an algorithm to estimate the time-frame
assignments directly from image data without first comput-
ing stereo depth. Motion coherence over time, as well as
stereo, could then be used to estimate depth, as in [12].
However, we are often interested in sequences with large
motions between frames, which are not amenable to that
integrated approach. To address that more general case,
we chose a modular architecture. We first measure stereo

disparity, , and its uncertainty, , independently
at each time, . (Since we are only interested in ordi-
nal relationships, we treat stereo disparity like depth.) We
then assign the time frame to be displayed at each pixel
based on those depth estimates. This modular approach will
also let us incorporate improved stereo algorithms into our
shapetime system as they are developed in the future. We
can also substitute other depth measurement methods in-
stead of stereo.

Our stereo camera is uncalibrated. We found the fun-
damental matrix by using the web-based automatic point
matching algorithm of Zhang [18]. We rectified the image
so epipoles are along scan lines using the algorthm of [11].

We used the stereo algorithm of Zitnick and Kanade
(ZK) [19] which constructs a 3-dimensional array of match
values in disparity space. The iterative algorithm enforces
global constraints of uniqueness (one disparity value per
point) and continuity (neighboring pixels have similar dis-
parities) by diffusing or inhibiting support among neighbor-
ing match values. After the algorithm has converged, oc-
cluded areas are explicitly identified. A version of the code
is available for download [19].

3.1 Probabilistic formulation

Small errors in depth estimates lead to islands of pixels
where the selected frame switches in the shape-time com-
posite, illustrated in Fig. 3. To remove those spurious frame
switches, we add two assumptions: (1) that a pixel’s time-
frame assignment is likely to be the same as its neighbors,
and (2) that time-frame assignment transitions are more
likely to occur at image edges, because they may be oc-
cluding edges where a frame switch should occur. These
are analogous to assumptions about disparity used in stereo
[6, 15], but we are applying this to estimate the frame of
minimum depth from a collection of frames, not the dispar-
ity.

A probabilistic formulation can combine these assump-
tions with the noisy stereo disparity data to compute the
most probable frame of minimum disparity for each pixel.
We assume that the frame assignments at each pixel form a
Markov random field (MRF) [4, 6, 3, 15]. Let the vector
denote the frame assignments at all the pixel locations, ie,

, where is the number of pix-
els in the image. We seek to define a probability such
that the time-frame assignments which maximize re-
sult in an artifact-free shape-time composite image.

Toward this end, we write as a product of (a) lo-
cal evidence terms, , incorporating stereo dispar-
ity information, and (b) neighbor compatibility matrices,

, encouraging spatially consistent pixel frame as-
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