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Representing Moving Images with Layers

John Y. A. Wang and Edward H. Adelson, Member, IEEE

Abstract—We describe a system for representing moving im-
ages with sets of overlapping layers. Each layer contains an
intensity map that defines the additive values of each pixel,
along with an alpha map that serves as a mask indicating the
transparency. The layers are ordered in depth and they occlude
each other in accord with the rules of compositing. Velocity maps
define how the layers are to be warped over time. The layered
representation is more flexible than standard image transforms
and can capture many important properties of natural image
sequences. We describe some methods for decomposing image
sequences into layers using motion analysis, and we discuss how
the representation may be used for image coding and other
applications.

I. INTRODUCTION

N image coding system involves three parts: the encoder,
Athe representation, and the decoder. The representation
is the central determinant of the overall structure of the
coding system. The most popular image coding systems today
are based on “low-level” image processing concepts such as
DCT’s, subbands, etc. It may ultimately be possible to encode
images using “high-level” machine vision concepts such as
3-D object recognition, but it will be many years before such
techniques can be applied to arbitrary images. We believe that
a fruitful domain for new image coding lies in “mid-level”
techniques, which involve concepts such as segmentation,
surfaces, depth, occlusion, and coherent motion. We describe
one such representation based on “layers” and show how it
may be applied to the coding of video sequences.

Consider the language used by a traditional cel animator.
First a background is painted and then a series of images
are painted on sheets of clear celluloid (the “cels”). As a
cel is moved over the background it occludes and reveals
different background regions. A similar representation is used
in computer graphics where a set of images can be composited
with the aid of “alpha channels™ that serve as masks to indicate
the transparency and opacity of the overlying layers.

In traditional cel animation one is restricted to rigid motions
of the backgrounds and the cels. In a digital system, however, it
is easy to use more complex motions such as affine transforma-
tions, which include all combinations of translation, rotation,
dilation, and shear. Such representations will be successful
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Fig. 1. The objects involved in a hypothetical scene of a moving hand: (a)

the hand, which undergoes a simple motion; (b) the background, which is
translating down and to the left: (c) the observed image sequence.

insofar as the image model offers an adequate description of
the motions found in the original sequence.

Fig. 1 illustrates the concept. Fig. 1(a) shows an image
sequence of a waving hand moving against a moving back-
ground, shown in Fig. 1(b). Suppose that both the hand and the
background execute simple motions as shown. The resultant
image sequence is shown in Fig. 1(c).

Given this sequence, we wish to invert the process by
which it was generated. Thus we would like to decompose the
sequence into a set of layers which can be composited so as
to generate the original sequence. Since the world consists of
stable objects undergoing smooth motions, our decomposition
should also contain stable objects undergoing smooth motions.

In the representation that we use, following Adelson [1],
each layer contains three different maps: (1) the intensity map,
(often called a “texture map” in computer graphics); (2) the
alpha map, which defines the opacity or transparency of the
layer at each point; and (3) the velocity map, which describes
how the map should be warped over time. In addition, the
layers are assumed to be ordered in depth.

Fig. 2 shows the layered decomposition of the hand se-
quence. The hand and background layers are shown in Figs.
2(a) and 2(b), respectively. The resynthesized sequence is
shown in Fig. 2(c).

Let us note that traditional motion analysis methods fall
short of what is needed. Optic flow techniques typically model
the world as a 2-D rubber sheet that is distorted over time.
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Fig. 2. The desired decomposition of the hand sequence into layers. (a) The
background layer. The intensity map corresponds to the checkerboard pattern;
the alpha map is unity everywhere (since the background is assumed to be
opaque); the velocity map is a constant. (b) The hand layer. The alpha map is
unity where the hand is present and zero where the hand is absent; the velocity
map is smoothly varying. (c) The resynthesized image sequence based on the
layers.

However, when one object moves in front of another, as
moving objects generally do, the rubber sheet model fails.
Image information appears and disappears at the occlusion
boundaries and the optic flow algorithm has no way to
represent this fact. Therefore such algorithms tend to give
extremely bad motion estimates near boundaries.

In many image coding systems the motion model is even
more primitive. A fixed array of blocks is assumed to translate
rigidly from frame to frame. The model cannot account for
motions other than translations, nor can it deal with occlusion
boundaries.

The layered representation that we propose is also an
imperfect model of the world but it is able to cope with a wider
variety of phenomena than the traditional representations. The
approach may be categorized with object-based methods [11],
[15].

II. THE LAYERED REPRESENTATION

As discussed above, a layer contains a set of maps spec-
ifying its intensity, opacity, and motion. Other maps can be
defined as well, but these ones are crucial.

In order to deal with transparency, motion blur, optical blur,
shadows, etc., it is useful to allow the alpha channel to take on

Fig. 3. A flow chart for compositing a series of layers. The box labeled
“cmp” generates the complement of alpha, (1 — a).

any value between 0 and 1. A flow chart for the compositing
process is shown in Fig. 3. Each layer occludes the one beneath
it, according to the equation

Li(z,y) = Eo(z,y)(1 — ea(z,y)) + Er(z,y)en(z,y) (D)

where «; is the alpha channel of layer £, and Ej is the
background layer. Any number of stages can be cascaded,
allowing for any number of layers.

For dealing with image sequences, we allow a velocity
map to operate on the layers over time. It is as if the cel
animator were allowed to apply simple distortions to his cels.
The intensity map and the alpha map are warped together so
that they stay registered. Since the layered model may not
adequately capture all of the image change in each layer, we
also allow for a “delta map,” which serves as an error signal
to update the intensity map over time. The resulting system is
shown in Fig. 4. Only one full stage is shown, but an unlimited
series of such stages may be cascaded.

Once we are given a description in terms of layers, it is
straightforward to generate the image sequence. The difficult
part is determining the layered representation given the input
sequence. In other words, synthesis is easy but analysis is hard.
The representation is nonunique: there will be many different
descriptions that lead to the same synthesized image sequence.
Indeed it is always possible to represent an image sequence
with a single layer, where the delta map does all the work of
explaining the change over time. As our expertise in midlevel
vision improves we can achieve better representations that
capture more of the underlying structure of the scene. Thus,
a layered representation can serve to specify the decoding
process, while the encoding process remains open to further
improvement by individual users.

We will describe some analysis techniques that we have
applied to a set of standard video sequences. In our present
implementations we have simplified the representation in
several ways. The alpha channels are binary, i.c., objects are
completely transparent or completely opaque. The velocity
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Fig. 4. A flow chart for compositing that incorporates velocity maps, 1"
and delta maps, D.

maps are restricted to affine transformations, which others
have found to be successful models for segmenting multiple
motions [3], [10]. There are no delta maps used. In spite of
these simplifications the representation is able to capture much
of the desired image information. Earlier discussions of this
work are contained in [21] and [22].

ITI. ANALYSIS INTO LAYERS

Let us begin by considering the first layer: the background.
Sometimes the background is stationary but often it is under-
going a smooth motion due, for example, to a camera pan.
Background information appears and disappears at the edges
of the viewing frame in the course of the pan. It is, of course,
possible to send updating information on each frame, adding
and subtracting the image data at the edges. However, with
layers it is preferable to represent the background as it really
is: an extended image that is larger than the viewing frame.
Having built up this extended background, one can simply
move the viewing frame over it, thereby requiring a minimal
amount of data.

Fig. 5(a) shows a sequence of positions that the viewing
frame might take during a pan over the background. Fig. 5(b)
shows the image information that can be accumulated from
that sequence. At any given moment the camera is selecting
one part of the extended background [10], [19].

To build up the extended background we may consider the
background to be a continuous function of unlimited spatial
extent [12], [14]. Each image in a sequence captures a set
of discrete samples from that function within the bounds
specified by the viewing frame. The viewing parameters may
change over time: for example the background image may
undergo affine or higher-order distortions. If we estimate these
parameters we can continue to map the image data into our
extended background image.
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Fig. 5(a). The frames in the sequence are taken from an original scene that
is larger than any individual frame. (b) The information from all the frames
may be accumulated into a single large layer. Each frame is then a glimpse
into this layer as viewed through a window.

It is also possible that foreground objects will obscure the
background from time to time. If there are background regions
that are always obscured we cannot know their true content.
On the other hand, since these regions are never seen, we do
not need to know them in order to resynthesize the sequence.
Any regions that are revealed can be accumulated into the
background if we correctly identify them.

To illustrate how an extended view of a layer can be
obtained, consider the MPEG Flower Garden sequence, three
frames of which are shown in Fig. 6. Because the camera is
translating laterally, the flower bed image undergoes a shearing
motion, with the nearer regions translating faster than the
farther regions. The distortion can be approximated by an
affine transformation. Fig. 7 shows the sequence after the
motion of the flower bed has been cancelled with the inverse
affine transformation. When the inverse warp is applied, the
flower bed is stabilized. The remainder of the image appears
to move; for example, the tree seems to bend.

We can generate the entire warped sequence and accumulate
the pixels with stable values into a single image. This image
will contain pixels that belong to the flower bed, including
those that were sometimes hidden by the tree and those that
were sometimes hidden by the right or left boundary of the
viewing frame. Such an accumulated image is shown in Fig. 8.

In the ideal case, it will be possible to account for all the
visible flower bed pixels in every image in the sequence by
warping and sampling this single accumulated image. And in
practice we find the process can be fairly successful in cases
where the region is undergoing a simple motion.

The same process can be used for any region whose motion
has been identified. Thus we may build up separate images
for several regions. These become the layers that we will
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Fig. 6. The MPEG Flower Garden sequence: (a) Frame 0; (b) frame 15;
(c) frame 30.

composite in resynthesizing the scene. Fig. 12 shows the other
layers that we extract: one for the house region; one for the
tree. We will now describe how we use motion analysis to
perform the layered decomposition.

IV. MOTION ANALYSIS

The Flower Garden sequence contains a number of regions
that are each moving in a coherent fashion. We can use the

—

Fig. 7(a). Frame 1 warped with an affine transformation to align the
flowerbed region with that of frame 15; (b) original frame 15 used as reference;
(c) frame 30 warped with an affine transformation to align the flowerbed
region with that of frame 15.

motion to segment the image sequence. In traditional image
processing systems, segmentation means that each pixel is as-
signed to a region and the image is cut apart like a jigsaw puz-
zle without overlap. We do perform such a segmentation ini-
tially, but our ultimate goal is a layered representation whereby
the segmented regions are tracked and processed over many
frames to form layers of surface intensity that have overlapping
regions ordered in depth. Thus, our analysis of an image
sequence into layers consists of two stages: 1) robust motion
segmentation and 2) synthesis of the layered representation.
We consider that regions undergoing common affine
motion are likely to arise from the same surface in the world,

































