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Abstract produces an approximate rendering of the optical flow of each
pixel. Workstations equipped with texture mapping hardware can

This paper describes a methodology for using the matrix-vector create a more accurate 0ptica| flow image_

multiply and scan conversion hardware present in many graphics  z gignificant component of MPEG video compression is mo-

workstations to rapidly approximate the optical flow in a scene. yjon compensation, enabling one block of an image to point at a

The optical flow is a 2-dimensional vector field describing the on- ciiar block in a previous (or future) frame. The optical flow

screen motion of each pixel. An application of the optical flow g4 gescribes the location of each pixel in a previous frame, and
to MPEG compression is described which results in improved s provides a good starting point for finding a matching pixel
compression with minimal overhead. block; using this technique reduces the search range necessary to
CR Categories and Subject Descriptors:1.2.10 [Artificial In- achieve a desired level of compression.
telligence]: Vision and Scene Understanding3.3 [Computer
Graphics]: Picture/Image Generatign.3.7 [Computer Graphics]:
Three-Dimensional Graphics and Realishd.2 [Image Process-
ing]: Compression (coding)

Additional Key Words: MPEG; optical flow; motion prediction.

2 Rendering the Optical Flow

When most graphics hardware renders a polygon with local shad-
ing, the colors are computed from lighting information at each

vertex, and then bi-linearly interpolated across the polygon. Like-
1 Introduction

The hardware based transformation, scan conversion and Gouraug
shading interpolation in modern graphics workstations have been
used for purposes beyond their original intent. Another use is
described here, that of “rendering” aptical flowimagée, that is,

an image in which the color of each pixel represents the motion
occurring at that location in the image.

Optical flow has been used in computer vision [5, 8] and video
compression [6]. It could also be useful for temporal anti-aliasing,
providing information for the temporal sampling pattern [12] and
for computing themorph mapas discussed in [2]. After a short
discussion of the optical flow computation itself, this paper out-
lines experiments using the motion information to enhance MPEG
compressioh An application for this technology would be a net-
worked game servein which players with machines containing
low-cost MPEG decompression hardware are connected to a high
speed graphics server over low bandwidth lines.

Computing the optical flow directly f_rom an image sequence Figure 1: Frame from textured test-image sequence.
usually requires expensive search algorithms to match correspond-

ing pixels. The approach taken here assumes the input has a polyg-
onal representation and is being rendered on a frame buffer. The
flow of vertices can then be calculated by taking the difference
between past and present screen coordinates and encoding thi
information in the color channels. Gouraud shading then rapidly

1 The termmotion fieldis sometimes used to distinguish actual motion from ap-
parent motion, e.g., a smooth shiny ball spinning in place in an otherwise static
environment is moving but the motion won't be visible.

2 CAD-based geometrical information has been used in other compression meth-
ods [3], however, with the increasing acceptance of the MPEG standard, there is
interest in improving MPEG encoding itself.

Figure 2: Optical flow image between two frames.



wise, for rendering the optical flow field, the optical flow vector formed by the texture matrix resulting in the indices into the tex-

is computed for each vertex, encoded as a color, and bi-linearly ture map. These are then used during rasterization to pull out the
interpolated across the polygon using the same hardware. This retexture value at each screen pixel. We can modify this process to
quires knowing the transformation matrices which apply to each encode the pixel’'s previous location as its texture value. The op-

point in the previous frame as well as the current frame.

The Gouraud interpolation approach proceeds as follows. For
each object, or group of polygons rendered with the same transfor-
mation matrix, the previous transformation matrices are saved so
differences from them can be computed later. L&tand M’ be
the current and previous transformation matrices from world coor-
dinates to screen coordinates. Ignoring clipping for the moment, a
vertexwv is transformed by multiplying byl/, and dividing byw
for the perspective transformation. The optical flow for a vertex
going from transformatiod/ to M’ is

Avicreen = X (v, M) — X (v, M")

where X (v, M) represents the transformation operator. Unfortu-
nately, Avicreen # X (v, M — M’) sinceM — M’ may produce
a zero perspective divide term, causing division by zero. Us-
ing two 8-bit channelsAv,c;een = (Az, Ay) is coded into RGB
space as:

(R,G, B) = (Az + 127, Ay + 127,127)
clipping large motions at 0 and 255 (i.e., a maximum of 127 pixels
of motion per frame).

A Gouraud-shaded polygon is rendered with these colors at the
vertices. Since the geometry and viewing transformations are the

same as in normal rendering, polygons occupy the same pixels on
€

the screen. The number of polygons remains the same, thus th
optical flow is rendered in a single frame time (Figure 3).

Clipping causes a problem for polygons with some off-screen
vertices. If a vertex is near or behind the viewer, the screen
coordinates (and optical flow vectors) become extremely large or
change sign. To ensure the accuracy of the optical flow vectors,
the renderer may subdivide polygons near the viewer. For the
experiment in this paper, the floor is subdivided into a regular
grid and the pyramids are not subdivided.

However, Gouraud interpolation is only an approximation of
the exact answer, for similar reasons that Gouraud shading base
on scanline order only approximates object space bilinear interpo-
lation (e.g., it is not rotationally invariant). To be more precise,
each pixel would need to be transformed from the current frame
to the previous frame, rather than just the vertices. The function
to compute this transformation ispaojective mapping].

Projective texture mapping normally utilizes an affine trans-
formation from homogeneous coordinates to texture coordinates.

For each polygon, the texture coordinates of the vertices are trans-
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Figure 3: Vector-interpretation of an optical flow.

e/,

tical flow vector will then simply be the difference between this
value and the new pixel location. This process can be accom-
plished using current texture mapping hardware [1] in real-time.

The algorithm runs as follows: the polygon’s previous and
current homogeneous coordinates are used to derive a texture ma-
trix which maps between them. Thus, given the current coordi-
nates, this matrix provides the homogeneous coordinates of the
previous frame, and these are then used by the texture mapping
hardware to find the “texture coordinates”. Each polygon is ren-
dered with anidentity texture which maps texture coordinates
(u,v) — (u,v,0), a color which directly encodes the texture
coordinaté. The result is that each pixel's color encodes the
screen location of that pixel in a previous frame. The optical flow
field, (Az, Ay), is then found by subtracting off the pixel location
from its encoded value. This too can be done in current hardware
with an accumulation buffer:

Awv, , = Screen,, ,

—(z,y)

where(z, y) is simply the identity texture itself. Computing the
optical flow correctly with projective mapping is only practical
with significant hardware support, but clipping and large polygons
will be handled properly.

In general, accurately rendering the optical flow of a polygon is
equivalent in complexity to rendering a texture-mapped polygon,
and any techniques developed for texture map rendering may be
applied to optical flow rendering.

3 Some MPEG Basics

This section focuses on thmotion estimationcomponent of
MPEG. For introductory information on MPEG, see [6, 7, 10].
MPEG exploits the general similarity of adjacent picture frames
by usingmotion vectordor each 16«16 pixelmacroblockto point
another 1& 16 block in a previous or future frame. The MPEG

(0]
ioder records the motion vector itself and thfferenceshetween

previous and current pixels. Since many of the pixels will be
largely the same, the difference will contain many zeros or small
terms, requiring fewer bits to encode.

MPEG has three frame types:

¢ | (intra-coded or reference) frames are compressed without
references to other frames. As a result they consume more
bits, but have less error.

P (or predicted) frames contain motion estimations from the
precedingl frame, along with the difference between the
two blocks. Because the difference is usually small, it com-
presses well.

B (or bi-directional) frames have motion estimations from
the nearesP or | frames in their pasand future. The dif-
ference from the current block to the average of the past and
future blocks is encoded. In additioB,frames are generally
encoded with highequantization which increases compres-
sion at the cost of accuracy.

A typical MPEG sequence will follow a repeating pattern of
these frame types such &sIPPP, or IBBPBB Figure 4 shows
the dependencies in tH8BPBB pattern. An arrow from frame
A to frame B implies that each macroblock in A should contain
a motion vector describing a similar macroblock in B.

3Rendering images larger than 26856 will require a framebuffer with more
than 8 bits per channel to represent the motion vectors with sufficient precision.
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Figure 4: MPEG motion vector dependencies.

The literature on motion searching [9] discusses methods to
reduce the number and/or cost of comparisons between blocks.
Some well-known search techniques are:

¢ Exhaustive- select the best motion vector withirz&/ x 2N
pixel square of pixels (best compression, but slow)

¢ Logarithmid6] — first check the corners, sides, and center of
a2N x2N pixel square range, and recursively (umiil= 0)
repeat the procedure with the best result as the new center
and N decremented (fast, but may overlook good solutions)

¢ Subsampld 3] — rather than comparing whole macroblocks,
only a fraction of the pixels in each macroblock are com-
pared (fast, but may mistake a bad match as a good one)

Under normal circumstances, each algorithm centers its search
range on the origin, assuming equal likelihood of motion in any
direction.

4 Optical Flow and MPEG Compression

Given optical flow information, any of the search algorithms from
the previous section can be improved by centering their search at
the optical flow'spredicted motion This technique should im-
prove any block matching scheme with limited search range.

Modifications to the Berkeley MPEG encoder’s [11] exhaustive
search algorithm were made to measure the effects of shifting the
center of the search range. The motion prediction for a mac-
roblock is taken as thenodeof the associated 616 array of
optical flow data. Thenoderather than theneanis used since,
if a macroblock contains two or more polygons, the polygon with
the largest area is likely to provide a better motion estimate than
an average of the two.

Test data from a 30-frame sequence of motion through an
environment was used (Figure 1). Experiments included flat-
shaded versus textured polygons, and static versus dynamic geom-
etry. The optical flow buffers were rendered with the Gouraud-
interpolation method. Camera motion was the same in all cases.
Compression was measured as a function of search fange

The predicted motion produced modest improvement with flat-
shaded input, however, with textures the motion prediction com-
pressed significantly better than the other methods (Figure 6). As
the search range increases, the two methods converge as expected
(i.e., if searching the whole image, any method could find the best
match).

5 Conclusion

A fast means to compute approximate optical flow images of
polygonal data with minimal changes to the standard graphics
pipeline has been demonstrated. One application of the results,
MPEG compression, has been shown to benefit from this addi-
tional information, particularly for textured scenes.

1 More results are available through the World Wide Web (e.gmosaig.
http://www.cs.princeton.edu/grad/dwallach/sg94
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Figure 5. Compression vs. search range for texture-mapped
polygons with static scenery using an IPPP pattern.
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Figure 6: Textured polygons, dynamic scenery, IPPP pattern.
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Figure 7: Flat-shaded polygons, dynamic scenery, IPPP pattern.



The use of texture mapping hardware to handle the projective
mapping of motion coordinates to colors needs to be investigated
to fully take advantage of current workstation capabilities.
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