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Abstract consistency at a single time instant, we instead propose to in-

The motion of a non-rigid scene over time imposes mordegrate the computation of shape and motion using the com-
constraints on its structure than those derived from image®ined images at two time instants. The advantages of this
at a single time instant alone. An algorithm is presented@Pproach are two-fold. First, in addition to recovering shape,
for simultaneously recovering dense scene shape and sceR&r approach computescene flowdefined as the instanta-
flow (i.e., the instantaneous 3D motion at every point in the'€0Us motion for every point on the surface, féedula
scene). The algorithm operates by carving away hexels, oft al. 1999). Knowledge of motion data such as scene
points in the 6D space of all possible shapes and flows thalOW has numerous potential applications ranging from mo-
are inconsistent with the images captured at either time in1ion analysis tasks, to motion capture for character anima-
stant, or across time. The recovered shape is demonstratéPn. Second, integrating the recovery of shape and motion
to be more accurate than that recovered using images alito one procedure should produce superior shape estimates
a single time instant. Applications of the combined scen&ompared to models obtained from images taken at a single
shape and flow include motion capture for animation, re-time instant.

timing of videos, and non-rigid motion analysis. We work in the 6D space of all possible scene shapes
_ at two time instants, and the scene flow that relates them.
1 Introduction We define éhexelas a point in this 6D space, characterized

The image of a rigid object varies in a highly constrainedby the beginning and ending position of a fixed point on an
manner as either the object or camera moves. This simpl@Pject. The shape and motion of a scene is a 2D manifold
observation has led to a large body of techniques for reconil this 6D space (strictly only in the continuous case, and
structing rigid scenes from multiple image sequences. (Se@,nly to well-behaved surface patches and motions). We for-
for example[Waxman and Duncan, 1986, Young and Chel-mulate the problem of simultaneously computing shape and
lappa, 1999, Zhang and Faugeras, 199Zhe problem of motion as one of determining which points in the 6D space
modelingnon-rigid scenes is far less well-understood, anlie on this 2D space-time manifold. Our algorithm operates
unfortunate fact given that much of the real world movesPY carving awayhexels that do not lie on the manifold. In
non-rigidly. A major difficulty is the lack of general-purpose particular, a hexel is carved if it corresponds to points at the
constraints that govern non-rigid motion. Previous researcf0 time instants that are not photo-consistent, i.e., whose
has therefore focused on specific objects and motions, sudifojections do not agree in all images at both time instants.
as global parametric modeldvietaxas and Terzopoulos, This approach is closely related to the occupancy deci-
1993, cardiac motiorlPentland and Horowitz, 1991ar-  sions made by volumetric stereo algorithms suchSastz
ticulated figuregBregler and Malik, 1998 faces|Guenter ~ and Dyer, 199pand[Kutulakos and Seitz, 1999The key
et al, 1999, and curvegCarceroni and Kutulakos, 19p9 component of most volumetric algorithms is the representa-

Rather than making strong assumptions about the contion of the volume of the scene. Many algorithms use the
plexity of the motion, we propose instead to use two veryconcept of alisparity spacéScharstein and Szeliski, 1998
general constraints, namely that (1) a fixed point on an obthe basis for which dates back to the work of Marr and Pog-
ject projects to pixels of approximately the same color ingio [1979. In several other approaches, the scene is rep-
all images at consecutive time instants, and (2) the motiofiesented as a set of rectangular voxX&ken and Medioni,
between frames is bounded. The first constraint is an exterk999 [De Bonet and Viola, 1999 The volume can also be
sion of the notion of photo-consistency, introducefiSeitz ~ represented as the mesh graph defined by these &®@js
and Dyer, 199) to time-varying scenes. The second con-and Cox, 199Bor by sweeping a plane througH@ollins,
straint imposes a weak regularization criterion that improved-994. In this paper we work in a 6D space which represents
reconstruction accuracy wibut penalizing complex shapes the volume of a scene at two consecutive time instants. This
or motions. To enable recovery of dense shape and motioallows us to enforce photo-consistency over both space and
data, we assume that the scene is imaged at each time instéige simultaneously.
from at least two known viewpoints. We demonstrate the validity of our approach empirically

While shape models can be recovered using photoby recovering shape and instantaneous scene flow on real



= i 6D Space of Hexels i =
3D Voxelsat Timet=1 | (Pairsof Voxels; Not All Shown) | 3D Voxelsat Timet= 2

Figure 1:Anillustration of the 6D space of hexels. A hexel can be regarded as a pair ofmmdisg 3D voxels, one at each time instant.

The 6D hexelx',y', 2!, %, 4°, 2?) defines the two voxelgx', y', 2') att = 1 and(s?, y*, 2%) att = 2. It also defines the scene flow

(Axt, Ayt AzZY) = (o — 2!,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.

image data. We compare our shape results to the shape cofor our algorithm. One advantage of the asymmetric defini-
puted at a single time instant by 3D space caryBgjtz and  tion, however, is that the space can be kept smaller, since
Dyer, 1999. These results show that the recovered modeAx usually has a much smaller range of magnitudes than
using our 6D carving algorithm contains fewer outlier vox- The asymmetric representation may therefore be more natu-
els. We also demonstrate that the scene flow that is conral for other algorithms, particularly ones such¥sdulaet
puted is consistent with the motion. al., 1999 that first compute shapeiat= 1 and then compute
The rest of this paper is organized as follows. Section Zcene flow and predict shapetat 2.
introduces the framework for representing shape and mo- A hexel is a 6D vector of the form in Equation (2), anal-
tion in a 6D space and defines 6D photo-consistency. Ouogous to a voxel in 3D. Figure 1 contains an illustration of
6D carving algorithm is presented in Section 3. Section 4he 6D hexel space. The hexel space is the Cartesian prod-
presents experimental results obtained by applying this aluct of the two voxel spaces; i.e., it is the set of all pairs of
gorithm to a set of image sequences from a multi-camer&oxels, one at each time instant. A hexel is a singlgten
3D room. Section 5 concludes the paper with a discussion.that defines one voxel at each time, and the scene flow that

2 The 6D Space of Scene Shape and Flow relates them. Therefore, it does not exist at either time, but

If a scene point moves from' = (z!, ¢!, 21) att = 1 simultaneously at both.
= WYL 2 N A surface that moves continuously frane= 1 to¢ = 2 is
tox? = (22,4, 2%) = (21 + Azl yt + Ayt 2 + Azl at y

f— 9 th ¢ tural f tina th a 2D manifold in the 6D hexel space. The manifold implic-
= < there are two hatural ways of representing the s.pacﬁlyincludes information on the instantaneous motion, in ad-
of pos&blg scene shapes and flows. One possibility is thSition to the shape of the saide. However, manifolds only
asymmetric 6D space of all 6-tuples: exist in the continuous domain. Therefore, when we work
(z', ", 2 Axt Ayt ALY, (1)  withdiscrete hexels, we attempt to find an approximation of
the manifold as a 2D subset of hexels.
Here, the shapg¢s',y', 2') at timet = 1 and the scene 2.1 6D Photo-Consistency
flow (Az!, Ay", Az") uniquely determine the shape attime gy ppose that the scene is imaged by the canfejaghe
t = 2, as above. The second possibility is the symmetric 6Qmage projectiom; = (u;, v;) of a scene point = (z, v, )
space of 6-tuples: by cameraP; is expressed by the relatien = P;(x). The
) images captured by th&" camera at = 1 andt = 2 are
denoted’} (u;) and/?(u;) respectively.
Here, the shapes at the two times uniquely determine the A hexel (z!,y!, 2% 2% y? z?) is said to bephoto-
flow (Azl Ayt Azl = (22 — 2t y? —yt 22 = 21). consistenif (z!,y!, z1) and(«?, y?, z?) project to pixels of
We chose to treat both time instants equally and work irapproximately the same color in all of the images that they
the symmetric space because it turned out to be more naturafe visible in. Note that this definition of photo-consistency

(xlaylazlaxzayzazz)'



is stronger than that introduced [Kutulakos and Seitz, 3D subspace of hexels (which corresponds to all possible
1999 because it requires that the points have the same coloflows for this voxel) has to be searched, and no valid match
(1) from all viewpoints and (2) at both instants in time. The found.

first requirement assumes a Lambertian surface model and We estimate the hexel occupancy function via a 6D carv-
the second assumésightness constancya standard as- ing algorithm; i.e., we initially assume that all of the hexels

sumption for small scene motion. are occupied, meaning that no shape and flow hypotheses
Algebraically, we define hexel photo-consistency usinghave 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 | ) {H@®EE) v | {F@EE))] - Before describing our algorithm we briefly review the 3D
Vis' (x1) Vis?(x2) carving algorithm of Kutulakos and Seitz, 1999
: : gt ®) 2.3 Review: Space Carvingin 3D
Here,Var(-) is the variance of a set of numbers &g’ (x) ' " o )
is the set of cameraP; 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 thaSimple; a voxel |s.carved if its photo-ponsstency IS above a
the hexel is photo-consistent. threshold, otherwise the voxel is retained. The major contri-

Many other photo-consistency functions could be usedution of the paper is its treatment of visibility. As can be
instead, including robust measures. One particularly nic§®en from Equation (3), photo-consistency cannot be com-
property of the variance, however, is that the 6D space-tim@uted until the set of cameras that view the voxel is known.
photo-consistency function can be expressed as a combin&Dis Visibility, in turn, depends on whether other voxels are
tion of two 3D spatial photo-consistency functions. If we carved ornot. In space carving, decisions for the voxels are
store the number of cameras = |Vis' (x)|, the sum of the ordered in a way such that the dgqsmns for all potential oc-
intensitiesSt = 3,1t (P;(x!), and the sum of the squares cluders are made before the decision for any voxel they may

of the intensitiess's" = ¥;[I! (P;(x")]? for the two spaces Occlude. - .
(z',y", "), = 1,2, then the photo-consistency of the hexel A Special case is when the scene and the cameras are sep-

(x', ", 2 2% 2, 22 s f':lrated by a plane. Then the carving decisions can be made
in the correct order by sweeping the plane through the scene
SSY 4+ 857 — (St + 5%) & (ST +57) B in the direction of the normal to the plane. To keep track of
nl + n2 : 4) visibility, a collection of 1-bit masks are used, one &arch

input image. The masks keep track of which pixels are ac-

Hence, the 6D photo-consistency measure in Equation (Rounted for in the reconstruction. Feach voxel considered,
can be represented in memory as a collection of 3D functhe color from a particular camera is only used if the mask
tions, and can be quickly computed when needed from thet the pixel corresponding to the projection of the voxel has
stored representation using Equation (4). not already been set, implying that no other voxel along the
2.2 6D Hexel Occupancy line of sight is occupied. If the voxel is reconstructed (not

The next step is to develop an algorithm to computecarved) the pixels that it projects to are masked out in all of
scene shape and flow from the photo-consistency functiorthe cameras.
In particular, we need to determine which hexels (see Fig- ] ]
ure 1) represent valid shape and flow; i.e., for which tuples3 A 6D Slab Sweeping Algorithm
(1, yt, 2t 2% y?, 2?) there is a poinfz?!, y!, z!) at time Our algorithm is a generalization of the 3D plane-sweep
t = 1 that flows to(z2, y?, 2%) at timet = 2. Thus, the re- algorithm just described. It operates by sweepirgjed (a
construction problem can be posed as determining a binaickened plane) through the 3D volume of the scene. The
hexel occupancy function in the discretized 6D space. slab is swept through the space simultaneously for beth

For each hexel there are therefore two pdtiids; either 1 andt = 2, as is illustrated in Figure 2. (In the figure, the
it is reconstructed or it is carved. If it is reconstructed, theslab sweeps from top to bottom.) For eachipos of the
two voxels that it corresponds to are both reconstructed anslab, all of the voxels on the top layer are considered and
the scene flow between them is computed. In this case, the decision made whether to carve them or not. We assume
hexel can be thought of as having a color; i.e., the color othat the cameras and scene can be separated by a plane, so
the two voxels (which must be roughly the same if they arethe shape and motion are simultaneously recovered at both
photo-consistent across time). If a hexel is carved howevetjmes in a single pass sweeping the slab through the scene.
it does not imply anything with regard to the occupancy of We also assume that there is an upper bound on the mag-
the two voxels; it just says that this particular match betweemitude of the scene flow, and set the thickness of the slab
the two is a bad one. For a voxel to be carved away, an entire be this value. At any particular voxel, we therefore only
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Figure 2:An illustration of the 6D Slab Sweeping Algorithm. A thick plane staib, is swept through the scene simultaneously for both

t = 1 andt = 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 knownilityeofigdxels in

the slab (except for the top layer) needs to be approximated. See Section 3.1 for more details.

need to consider hexels for which the other endpointis either  (Computing the visibility for the voxel in the search re-
in the slab, or above the slab by a distance less than the width  gion is non-trivial: if the voxel is above the slab, the
of the slab. This saves us from having to consider the entire  visibilityis known and was already computed when the
3D subspace of hexels that have this voxel as an endpoint. voxel was inthe top layer. But if the voxel is in the slab,

We describe the algorithm for the voxel = (2!, 4!, 1) at it is impossible to compute the visibility without carv-

t = 1, as is shown in the figure. The steps for 2 are of ing further into the scene. This step is involved and is
course the same, switching the roleg ef 1 and¢ = 2. For described in Section 3.1.)

each posion of the slab, we perform the following steps for 4 Hexel carving decision: The hexel with the best photo-
each voxel in the top layer. consistency value is found. If its photo-consistency is

above a threshold, all of the hexels in the search re-
gion are carved. This also means that the voxels
carved. Otherwise, the best matching hexel is recon-
structed, which means that and the corresponding
voxel at the other time are reconstructed and the scene
flow between them computed. All of the other hexels
are carved (a step which is equivalent to eliminating all
of the other flow possibilities fox*.)

1. Compute the visibility and color statistics: The  vis-
ibility of x' is computed by projecting it into the
cameras. If the pixel it projects to is already masked
out (as in 3D space carvingk' is occluded in that
camera. Otherwise, the color of the pixel is incorpo-
rated into the color statistios', S', and.SS* needed
to compute the photo-consistency using Equation 4.

2. Determine the search region: The search region is ini- . L
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) itis .prOJ'ected |n.to all of the cameras. Thg
the search region are all set equal to twice the max- masks at the prOjec.tloqlpcatlon.s are se;t. (The masks in
imum flow magnitude. This cube is then intersected e cameras for whick™ is not visible will already be
with the known surface above the slab. (See Figure 2.) setand so are not changed by this operation.)
The search region defines a set of hexels to be searcheg, 1 Visibility Within the Slab
each of which corlrepDnds to a possible hypothesis for ¢ js easy to show that it is impossible to determine the
the scene flow ok visibility below the top layer in the slab without first carving

3. Compute all the hexel photo-consistenciesThe com-  further into the slab.
bination ofx' and each voxel in the search region cor-
responds to a hexel. Faeach such hexel, the visib Theorem 1 Apart from the cameras which are occluded by
ties and color statistics of the voxel being searched ar¢he structure that has already been reconstructed above the
computed and combined with those forusing Equa-  slab, it is impossible to determine whetteery of the other
tion 4 to give the photo-consistency value for this hexel.cameras are visible or not for voxels below the top layer



(and that are not on the sides of the slab) until some occuturned out not to be visible in any of the cameras when they
pancies in the top layer or below are known. appeared in the top layer:

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 out to 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 @t the other time (i.e., the one at the other end of the

will be visible. O 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 get an ~ 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 ~ t0 Voxels known to be on the surface.

threshold. This gives us a thickened estimate of the surfacyith this second pass, our algorithm does guarantee the
because of the high threshold. A thickened surface will giveproperty that the flow field is only defined for surface voxels.
an under-estimate of the visibility (at least on the ave)  Note that guaranteeing this property is only possible in an ef-
which is preferable to an over-estimate of the visibility, ficient manner by assuming that if the best matching hexel
which might arise if we chose a lower threshold and mis-in Step 4 turns out to have an endpoint that is not on the sur-
takenly carved away voxels on the true surface. face, then another hexel can mihd in Step 7 that is also
Space carving in the slab only defines the visibility onphoto-consistent (and for which the other endpoint is a sur-
or above the thickened surface. To obtain estimates of thgyce voxel). This assumption is reasonable since the other
visibility below the thickened suace, we propagate the vis- endpoint of the best matching hexel will likely be close to
ibility down below the surface assuming that there are nghe surface to start with, and because theto-consistency
local occlusions between the thickened surface and the truginction should be spatially continuous.
surface. This assumption is reasonable, either if the thick- This two-pass procedure may also be used to model any
ening of the surface caused by the high threshold carving ifhherent ambiguities in the motion field, such asaperture
not too great, or if the range of motions (i.e., the size of theyroblem For example, the aperture problem manifests itself
search region) is small relative to the size of local variationsn the form of multiple hexels passing the photo-consistency
in the shape of the surface. threshold test in Step 4 of the algorithm. Since all of these
3.2 Properties of the Flow Field hexels yield photo-consistent hypotheses for the flow, the
The flow field produced by our algorithm will not, in gen- flow cannot be estimated without motion (smoothness) con-
eral, be one-to-one (bijective). This property, however, isstraints. In our carving algorithm we choose the most photo-
not desirable since it means that the shapes at the two timgsnsistent hexel to yield a unique flow at every reconstructed
must contain the same number of voxels. Contractions andoxel, followed by simple spatial averaging over a small
expansions of the surface may cause the “correct” discretgolume (3x3x3). Further investigation of how to impose
surfaces to have different numbers of voxels. Hence, bijecsmoothness in the motion field, and in carving algorithms
tivity should not be enforced. 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? 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 flok4 image pairs (one dt = 1, the other at = 2). The
field is well defined in this sense. It is possible for a voxelimage pairs are taken from different cameras viewing a dy-
that is reconstructed in Step 4 to later appear in the top layefamic event consisting of a man falling backwards in a
but not be visible in any of the cameras. Such a voxel is noghair. The input image pairs from 3 of the 14 cameras
a surface voxel and should not have a flow. are shown for both time instants (after a simple background
To make sure that flow field is only defined between vis-subtraction step) in Figure 3. The motion is very approx-
ible voxels on the two surfaces, we add a second pass tfhately a rotation, except for the legs (which are moving
our algorithm. We perform the following two operations on outward somewhat faster than the rest of the scene). The

any voxels that were reconstructed by Step 4 and which latdtexel grid was modeled as the Cartesian product of two
3D voxel grids of size 150x150x75. It therefore contains

An under es_tlmate of the vigilly is preferable t_o an over estimate be 1504x752 ~ 2.8 x 102 hexels. The maximum flow was set
cause under-estimates cannot lead to false carving decisions. On the other

hand, mistakenly using a camera could lead to the addition of an outliefO P€ 8 voxels (Corr_eSp_Onding to 20cmin th? scene). There-
color and the carving of a hexelin the correct reconstruction. fore the search region in Step 4 of the algorithm had a max-
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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.
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on an R10000 SGI 02 and uses 250MB of memory.) Fig{Faugeras and Keriven, 190®. Faugeras and R. Keriven.
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