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Abstract time instant from at least two known viewpoints.

The motion of a non-rigid scene over time imposes more  While shape models can be recovered using photo-
constraints on its structure than those derived from images consistency at a single time instant, we instead propose to
at a single time instant alone. An algorithm is presented integrate the computation of shape and motion using the
for simultaneously recovering dense scene shape and scengombined images at two time instants. The advantages of
flow (i.e., the instantaneous 3D motion at every point in the this approach are two-fold. First, in addition to recover-
scene). The algorithm operates by carving away hexels, oring shape, our approach computésene flow(defined as
points in the 6D space of all possible shapes and flows thatthe instantaneous motion for every point on the surface,
are inconsistent with the images captured at either time in- see[Vedulaet al, 1999). Knowledge of motion data such
stant, or across time. The recovered shape is demonstrateds scene flow has numerous potential applications ranging
to be more accurate than that recovered using images atfrom motion analysis tasks, to motion capture for character
a single time instant. Applications of the combined sceneanimation. Second, integrating the recovery of shape and
shape and flow include motion capture for animation, re- motion into one procedure should produce superior shape

timing of videos, and non-rigid motion analysis. estimates compared to models obtained from images taken
) at a single time instant.
1 Introduction We work in the 6D space of all possible scene shapes

The image of a rigid object varies in a highly con- at two time instants, and the scene flow that relates them.
strained manner as either the object or camera moves. ThisVe define ahexelas a point in this 6D space, characterized
simple observation has led to a large body of techniquesby the beginning and ending position of a fixed point on an
for reconstructing rigid scenes from multiple image se- object. The shape and motion of a scene is a 2D manifold
quences. (See, for examp[&/axman and Duncan, 1986, in this 6D space (strictly only in the continuous case, and
Young and Chellappa, 1999, Zhang and Faugeras, 11992 only to well-behaved surface patches and motions). We for-
The problem of modelingon-rigid scenes is far less well-  mulate the problem of simultaneously computing shape and
understood, an unfortunate fact given that much of the motion as one of determining which points in the 6D space
real world moves non-rigidly. A major difficulty is the lie on this 2D space-time manifold. Our algorithm operates
lack of general-purpose constraints that govern non-rigid by carving awayhexels that do not lie on the manifold. In
motion. Previous research has therefore focused on speparticular, a hexel is carved if it corresponds to points at the
cific objects and motions, such as global parametric mod-two time instants that are not photo-consistent, i.e., whose

els[Metaxas and Terzopoulos, 1998ardiac motiofPent- projections do not agree in all images at both time instants.
land and Horowitz, 1991 articulated figure$Bregler and This approach is closely related to the occupancy deci-
Malik, 1994, faces[Guenteret al, 1994, and curves sions made by volumetric stereo algorithms suchSastz
[Carceroni and Kutulakos, 1909 and Dyer, 199pand[Kutulakos and Seitz, 1999The key

Rather than making strong assumptions about the com-component of most volumetric algorithms is the represen-
plexity of the motion, we propose instead to use two very tation of the volume of the scene. Many algorithms use the
general constraints, namely that (1) a fixed point on an ob-concept of alisparity spacéScharstein and Szeliski, 1998
ject projects to pixels of approximately the same color in the basis for which dates back to the work of Marr and Pog-
all images at consecutive time instants, and (2) the motiongio [1979d. In several other approaches, the scene is rep-
between frames is bounded. The first constraint is an ex-resented as a set of rectangular voxX€&bken and Medioni,
tension of the notion of photo-consistency, introduced in 1999 [De Bonet and Viola, 1999 The volume can also be
[Seitz and Dyer, 1999 to time-varying scenes. The sec- represented as the mesh graph defined by these G&ys
ond constraint imposes a weak regularization criterion thatand Cox, 199Bor by sweeping a plane througH&ollins,
improves reconstruction accuracy gt penalizing com-  1994. In this paper we work in a 6D space which represents
plex shapes or motions. To enable recovery of dense shapthe volume of a scene at two consecutive time instants. This
and motion data, we assume that the scene is imaged at eachilows us to enforce photo-consistency over both space and
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Figure 1. Anillustration of the 6D space of hexels. A hexel can be regarded as a pair offmmcisg 3D voxels, one at each

time instant. The 6D hexdl', y', 2!, 2%, 4*, %) defines the two voxelgx', y', 2') att = 1 and(«?,y?, 2%) att = 2. ltalso

defines the scene flopAx!, Ay, Az') = (2 — &',y — y', 2% — 2!) that relates them. Estimating instantaneous scene shape

and motion can be posed as deciding which hexels to carve and which to reconstruct. A hexel is reconstructed if the voxels that it
corresponds to are photo-consistent, both separately at the two time instants, and together across time. If a hexel is reconstructed,
the two voxels that it corresponds to are both reconstructed and the scene flow between them calculated as above.

time simultaneously. Here, the shapes at the two times uniquely determine the
We demonstrate the validity of our approach empirically flow (Az!, Ayt Azt) = (22 — 2l y? — yt, 2% — 21).
by recovering shape and instantaneous scene flow on real We chose to treat both time instants equally and work
image data. We compare our shape results to the shape conmn the symmetric space because it turned out to be more
puted at a single time instant by 3D space car{Bejtz and natural for our algorithm. One advantage of the asymmetric
Dyer, 1999. These results show that the recovered model definition, however, is that the space can be kept smaller,
using our 6D carving algorithm contains fewer outlier vox- sinceAx usually has a much smaller range of magnitudes
els. We also demonstrate that the scene flow that is comthanx. The asymmetric representation may therefore be
puted is consistent with the motion. more natural for other algorithms, particularly ones such as
The rest of this paper is organized as follows. Section 2 [Vedulaet al,, 1999 that first compute shape at= 1 and
introduces the framework for representing shape and mo-then compute scene flow and predict shape-at’.
tion in a 6D space and defines 6D photo-consistency. Our A hexel is a 6D vector of the form in Equation (2), anal-
6D carving algorithm is presented in Section 3. Section 4 ogous to a voxel in 3D. Figure 1 contains an illustration of
presents experimental results obtained by applying this al-the 6D hexel space. The hexel space is the Cartesian prod-
gorithm to a set of image sequences from a multi-camerauct of the two voxel spaces; i.e., it is the set of all pairs of
3D room. Section 5 concludes the paper with a discussion. voxels, one at each time instant. A hexel is a singléyen

that defines one voxel at each time, and the scene flow that
2 The6D Space of Scene Shape and Flow relates them. Therefore, it does not exist at either time, but

If a scene point moves from! = (2!, y!, zt) att =1 simultaneously at both
2 _ 2 .2 .2y 1 1,1 1 1 1 '
tox” = (2% y%2%) = (¢’ +Ar’,y' +Ay', 2 + Az ) al A surface that moves continuously fram= 1to¢ = 2
t=2, there are two natural ways of represe”t'”g t.h'e SPaCEig 5 2D manifold in the 6D hexel space. The manifold im-
of possible scene shapes and flows. One possibility is the,jcitly includes information on the instantaneous motion,
asymmeiric 60 space of all 6-tuples: in addition to the shape of the sade. However, manifolds
11 .1 1 1 1 only exist in the continuous domain. Therefore, when we
(2, Ar, Ay, Az). @ work with discrete hexels, we attempt to find an approxi-
Here, the shapéx!, y', z!) at imet¢ = 1 and the scene mation of the manifold as a 2D subset of hexels.

flow (Az', Ay, Az') uniquely determine the shape at time 2.1 6D Photo-Consistency
t = 2, as above. The second possibilityis the symmetric 6D  Suppose that the scene is imaged by the camBras
space of 6-tuples: The image projectiom; = (u;,v;) of a scene poink =
(z,y,2) by cameraP; is expressed by the relatian =
(xt,yt, 2t 22yt 27, (2) P;(x). The images captured by tiié camera at = 1 and



t = 2 are denoted; (u;) and I? (u;) respectively. of the two voxels (which must be roughly the same if they
A hexel (zt,y', 2t 2% y? 2?) is said to bephoto- are photo-consistent across time). If a hexel is carved how-
consistentif (z!,y!,2!) and (z2,4?, 2?) project to pix-  ever, it does not imply anything with regard to the occu-
els of approximately the same color in all of the images pancy of the two voxels; it just says that this particular
that they are visible in. Note that this definition of photo- match between the two is a bad one. For a voxel to be carved
consistency is stronger than that introducedKntulakos away, an entire 3D subspace of hexels (which corresponds
and Seitz, 1999because it requires that the points have the to all possible flows for this voxel) has to be searched, and
same color: (1) from all viewpoints and (2) at both instants no valid match found.
in time. The first requirement assumes a Lambertian sur- We estimate the hexel occupancy function via a 6D carv-

face model and the second assutmeghtness constancg ing algorithm; i.e., we initially assume that all of the hexels

standard assumption for small scene motion. are occupied, meaning that no shape and flow hypotheses
Algebraically, we define hexel photo-consistency using have been eliminated. We then remove any hexels that we

the following measure: can conclude are not part of the reconstruction. The result

gives us an estimate of the scene shape at both time instants
and the scene flow relating them.

var [ | {#®ix)u | {B@i)}] . Before describing our algorithm we briefly review the
Vis? (x1) Vis?(x?) 3D carving algorithm ofKutulakos and Seitz, 1999
: : gt ®) 2.3 Review: Space Carvingin 3D
Here,Var(+) is the variance of a set of numbers &id’ (x) ' " o )
is the set of cameraB; for which x is visible at timet. In space carving the decision whether to carve a voxel is
Clearly, a smaller variance implies a greater likelihood that Simple; a voxel is carved if its photo-consistency is above a
the hexel is photo-consistent. threshold, otherwise the voxel is retained. The major con-

Many other photo-consistency functions could be used tribution of the paper is its treatment of visibility. As can be
instead, including robust measures. One particularly niceS€en from Equation (3), photo-consistency cannot be com-
property of the variance, however, is that the 6D space-timePuted until the set of cameras that view the voxel is known.
photo-consistency function can be expressed as a combit his visibility, in turn, depends on whether other voxels are

nation of two 3D spatial photo-consistency functions. If carved or not. In space carving, decisions for the voxels are
we store the number of cameras = |Vis' (x')|, the sum ordered in a way such that the decisions for all potential oc-

of the intensitiess' = ;1! (P;(x!), and the sum of the cluders are made before the decision for any voxel they may
squares of the intensitiesst = 3,1 (P; (x')) forthetwo ~ ©cclude. .
spacegz!,y', '), t = 1,2, then the photo-consistency of A special case is when the scene and the cameras are
the hexel(z!, y', 21, 22, 42, 22) is: separated by a plane. Then the carving decisions can be
made in the correct order by sweeping the plane through the
SST 4557 — (ST 4+ .57) % (St + 5?) scene in the direction of the normal to the plane. To keep
nl + n2 : 4) track of visibility, a collection of 1-bit masks are used, one
for each hput image. The masks keep track of which pix-
Hence, the 6D photo-consistency measure in Equation (3)e|s are accounted for in the reconstruction. &ach voxel
can be represented in memory as a collection of 3D func-considered, the color from a particular camera is only used
tions, and can be quickly computed when needed from thejf the mask at the pixel corresponding to the projection of
stored representation using Equation (4). the voxel has not already been set, implying that no other
2.2 6D Hexel Occupancy voxel along the line of sight is occupied. If the voxel is
The next step is to develop an algorithm to compute reconstructed (not carved) the pixels that it projects to are
scene shape and flow from the photo-consistency function.masked out in all of the cameras.
In particular, we need to determine which hexels (see Fig- ] ]
ure 1) represent valid shape and flow; i.e., for which tuples 3 A 6D Slab Sweeping Algorithm
(1, gyt 2t 2% y?, 2?) there is a poin{z!, y', z1) at time Our algorithm is a generalization of the 3D plane-sweep
t = 1 that flows to(z?, y?, %) at timet = 2. Thus, there-  algorithm just described. It operates by sweepinglab
construction problem can be posed as determining a binary(a thickened plane) through the 3D volume of the scene.
hexel occupancy function in the discretized 6D space. The slab is swept through the space simultaneously for both
For each hexel there are therefore two patiigs; ei- t = 1 andt = 2, asisillustrated in Figure 2. (In the figure,
ther it is reconstructed or it is carved. If itis reconstructed, the slab sweeps from top to bottom.) For eachitpms of
the two voxels that it corresponds to are both reconstructedthe slab, all of the voxels on the top layer are considered and
and the scene flow between them is computed. In this casea decision made whether to carve them or not. We assume
the hexel can be thought of as having a color; i.e., the colorthat the cameras and scene can be separated by a plane, so
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Figure 2. Anillustration of the 6D Slab Sweeping Algorithm. A thick plane staib, is swept through the scene simultaneously

for botht = 1 and¢ = 2. Occupancy decisions are made for each voxel on the top layer of the slab by searching the other time
instant to see whether a matching voxel can be found. While the set of cameras visible to any voxel above the slab is known, the
visibility of voxels in the slab (except for the top layer) needs to be approximated. See Section 3.1 for more details.

the shape and motion are simultaneously recovered at bott8. Compute all the hexel photo-consistenciesThe com-

times in a single pass sweeping the slab through the scene. bination ofx! and each voxel in the search region cor-
We also assume that there is an upper bound on the mag- ~ responds to a hexel. Feach such hexel, the visibil-

nitude of the scene flow, and set the thickness of the slab ities and color statistics of the voxel being searched

to be this value. At any particular voxel, we therefore only are computed and combined with those fdr using
need to consider hexels for which the other endpoint is ei- Equation 4 to give the photo-consistency value for this
ther in the slab, or above the slab by a distance less than  hexel. (Computing the visibility for the voxel in the
the width of the slab. This saves us from having to con- search region is non-trivial: if the voxel is above the
sider the entire 3D subspace of hexels that have this voxel ~ slab, the visibility is known and was already computed
as an endpoint. We describe the algorithm for the voxel when the voxel was in the top layer. But if the voxel
x! = (z1,yt, 21) att = 1, as is shown in the figure. The is in the slab, it is impossible to compute the visibil-
steps fort = 2 are of course the same, switching the roles of ity without carving further into the scene. This step is
t = 1 andt = 2. For each pdtion of the slab, we perform involved and is described in Section 3.1.)
the following steps for each voxel in the top layer. 4. Hexel carving decision: The hexel with the best photo-
consistency value is found. If its photo-consistency is
1. Compute the V|S|b|||ty and color statistics: The vis- above a thresho|d, all of the hexels in the search re-
ibility of x' is computed by projecting it into the gion are carved. This also means that the vexels
cameras. If the pixel it projects to is already masked carved. Otherwise, the best matching hexel is recon-
out (as in 3D space carvingx' is occluded in that structed, which means that and the corresponding
camera. Otherwise, the color of the pixel is incorpo- voxel at the other time are reconstructed and the scene
rated into the color statistios', S*, andSS' needed flow between them computed. All of the other hexels
to compute the photo-consistency using Equation 4. are carved (a step which is equivalent to eliminating all

L .
2. Determine the search region:The search region is ini- of the other flow possibilities fof )
tialized to be a cube at the other time, centered on the®- UPdate the visibility masks: If x* was reconstructed

corresponding voxel. The length, width, and height of (not carved) it is projected into all of the cameras. The

the search region are all set equal to twice the max- masks at the projection locations are set. (The masks
imum flow magnitude. This cube is then intersected in the cameras for whick' is not visible will already
with the known surface above the slab. (See Fig- be set and so are not changed by this operation.)

ure 2.) The search region defines a set of hexels t0o3.1 Visibility Within the Slab

be searched, each of which copesads to a possible It is easy to show that it is impossible to determine the

hypothesis for the scene flow =t . visibility below the top layer in the slab without first carving



further into the slab. but not be visible in any of the cameras. Such a voxel is not
a surface voxel and should not have a flow.

Theorem 1 Apart from the cameras which are occluded by o make sure that flow field is only defined between vis-

the structure that has already been reconstructed above thepje voxels on the two surfaces, we add a second pass to our

slab, itis impossible to determine whetfaery of the other  algorithm. We perform the following two operations on any

cameras are visible or not for voxels below the top layer yoxels that were reconstructed by Step 4 and which later

(and that are not on the sides of the slab) until some occu-tyrned out not to be visible in any of the cameras when they
panCiES in the tOp Iayer or beIOW are knOWn. appeared in the top |ayer:

Proof: For any voxel below the top layer, if all of the vox- 6. Carve the hexel: Since this interior voxel is one end-

els on the top layer and the sides of the slab turn outto be ~ Point of a reconstructed hexel, that hexel (and this
occupied, none of the cameras will be visible. On the other ~ VOXel) are carved.

hand, if all of the voxels below the top layer turn out not to 7. Find the next best hexel:Find the corresponding voxel
be occupied, all of the cameras that are not already occluded ~ at the other time (i.e., the one at the other end of the

will be visible. 0O hexel just carved) using the flow stored in this voxel.
Without making assumptions, such as that the visibility Repeat Steps 2—4 for that voxel to find the next best
of a point does not change between its initial and its flowed hexel (even if the photo-consistency of that hexel is
position, we therefore have to carve into the slab to getan ~ above the threshold). Since the slab has passed through
approximation of the visibility. We do this by performing a the entire scene once, the search region can be limited

space carving in the slab, but with a high photo-consistency o voxels known to be on the surface.

threshold. This gives us a thickened estimate of the surfacepjith this second pass, our algorithm does guarantee the
because of the high threshold. A thickened surface will give property that the flow field is only defined for surface vox-
an under-estimate of the visibility (at least on the aoe)  g|s. Note that guaranteeing this property is only possible in
which is preferableto an over-estimate of the visibility, g efficient manner by assuming that if the best matching
which might arise if we chose a lower threshold and mis- hexel in Step 4 turns out to have an endpoint that is not on
takenly carved away voxels on the true surface. the surface, then another hexel can berfd in Step 7 that

Space carving in the slab only defines the visibility on s aiso photo-consistent (and for which the other endpoint
or above the thickened surface. To obtain estimates of theis 5 syrface voxel). This assumption is reasonable since
visibility below the thickened sualce, we propagate the vis-  the other endpoint of the best matching hexel will likely
ibility down below the surface assuming that there are no pe close to the surface to start with, and becauseltioto-
local occlusions between the thickened surface and the trugonsistency function should be spatially continuous.
surface. This assumption is reasonable, either if the thick- g two-pass procedure may also be used to model any
ening of the surface caused by the high threshold carving isjnherent ambiguities in the motion field, such as &per-
not too great, or if the range of motions (i.e., the size of the e problem For example, the aperture problem mani-
;earch region) is small relative to the size of local variations fests itself in the form of multiple hexels passing the photo-
in the shape of the surface. consistency threshold test in Step 4 of the algorithm. Since
3.2 Properties of the Flow Field all of these hexels yield photo-consistent hypotheses for the

The flow field produced by our algorithm will not, in  flow, the flow cannot be estimated without motion (smooth-
general, be one-to-one (bijective). This property, however, ness) constraints. In our carving algorithm we choose the
is not desirable since it means that the shapes at the twanost photo-consistent hexel to yield a unique flow at every
times must contain the same number of voxels. Contrac-reconstructed voxel, followed by simple spatial averaging
tions and expansions of the surface may cause the “cor-over a small volume (3x3x3). Further investigation of how
rect” discrete surfaces to have different numbers of voxels.to impose smoothness in the motion field, and in carving
Hence, bijectivity should not be enforced. algorithms in general, is left as future work.

Ideally we want the flow field to be well defined for each .
visible surface voxel at both time instants. That is, the flow 4 EXperimental Results
should be to a visible surface voxel at the other time. The We tested our 6D carving algorithm on a collection of
algorithm described above does not guarantee that the flowl4 image pairs (one dt = 1, the other at = 2). The
field is well defined in this sense. It is possible for a voxel image pairs are taken from different cameras viewing a dy-

that is reconstructed in Step 4 to later appear in the top layernamic event consisting of a man falling backwards in a
chair. The input image pairs from 3 of the 14 cameras are

An under: estlmate of the vigilly is preferable to_an over _estlmate shown for both time instants (after a SImple background
because under-estimates cannot lead to false carving decisions. On thé

other hand, mistakenly using a camera could lead to the addition of an ?UbtraCtion ste.p) in Figure 3. The motion ?S very approx-
outlier color and the carving of a hexel in the correct reconstruction. imately a rotation, except for the legs (which are moving
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Figure 4: Reconstructions obtained using 6D Shape

Figure 3: Input sequence: Person falling back- and motion carving. Both shapes are recovered
wards while sitting on a chair (640x480 simultaneaously using the 6D slab sweeping algo-
images, background subtraction used to rithm

approximately segment foreground)

(a) Close up of shape reconstructed by Space Car

(b) Close up of shape reconstructed by 6D Carvingigure 6: Examples of the computed scene flow, shown as
: . . . needle maps with a sphere drawn at the tip of the flow vec-
Figure 5: Companson with 30 Space C.arymg'tor. The backward motion of the head, and upward motion
The 6D spatio-temporal constraints eliminate ¢ y,q right foot are captured by the scene flow vectors.
artifacts near the feet, and also remove other
stray voxels that don’t have a consistent motion.



