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In this paper, we describe a new method for shape r —H R T
construction from a set of silhouette images. Vépgpse a "y Iy "y e
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tage of the modern Graphics Processing Units (GRS,
proposed CSG-like method achieves a fast full rettoo-
tion of VH, rather than rendering a looking of ttEl from
a virtual viewpoint, in an interactive frame rateor each
viewpoint, the viewing edges are computed sepyrated
parallel manner. Subsequently, the edges are metged
gether to generate the final surface-based Visuall H
(VH) The method was tested on several datantﬂjing Figure 1. The VH reconstruction scheme
real data and the results will be presented in traper.

Y ) Y o Y ) Y )
Viewing edee| | Viewing edge| | Viewing edge | | Viewing edge

extraction extraction extraction extraction

Y Y Y Y
Viewing edge merging and VH surface reconstruction

to substitute the voxel representation for less orgrand
. computation demand. For the same purpose, Marching
1 Introduction Intersections (MI) was proposed by Rocchini [2] @s
re-sampling method for surface management and edlapt
later by Tarini et al. [1] for volumetric shape oestruc-
tion.

Surface-based methods also target an exact regonstr
tion of the VH, but as a 3D polyhedral surface. The
surface vertices and faces are estimated by imténgehe
generalized cones generated from the occludingooosit
of the silhouette images, rather than all the siétte
points. Baumgart [4] was the first to propose sadirat-
egy, and later Koenderink [15], Cippola [16], andyBr
[17]. This class of methods produces visual artifese
VH and requires much less computations and memory,
comparing to the previous one. However, intersactio
the 3D space is very sensitive to numerical in§tas,
especially between complex objects. In this paper, we
propose a new surface-based VH reconstruction &t
of silhouette images. The reconstruction is basedo
modification of the direct CSG methd@é,10] often used
in image-based rendering. We propose a fast deytr |
traversal method based on which, the viewing edgies
celeration of IBVH was proposed through texture sued from the occluding contours are computed émhe

mapping-based visual cone trimming [9] or directnCo view in a parallel manner. For each viewpoint, gemer-

. : ; lized cones from the other viewpoints are drawn in the
structive Solid Geometry (CSG) rendering [6,7,85peed a : . . .
up the processing. 3D space. A multi-pass rendering using an off-gtrise

Applications such as object modeling and 3D digital performed to traverse the depth layers of the dregame

o . ; and extract only the line segments which lie tacafies. A
L S ) ecorstuclorof ne e ShaPe.  modifcaton s mace o he det CSG i ordeakow 2
metric representation of the object. Volume carving I?;éﬁgﬁrao\?e{ﬁgl \nggﬁ]pthe:jaygs rzr;r?elrdtehn;:?qﬁ%g;x-
methods split up the 3D space into a 3D grid of voxels.th debth of the sh gf 9 ,d ired Vi JM ahg
These voxel are tested for their belonging to itibsiette 1€ aepth or thé shape rom a desired view. Morg
cones and labeled as volume voxels if so. Thissctds ~ V/€Wing edges in our method are computed only wieze
methods, however, suffers from the extensive coatipt ~ 10¢@! occluding points occur. This scheme is desigto
load and the memory overhead. This approach was fir run completely in the Graphics Processing Unit (GRU
proposed by Martin and Aggarwal [12]. Later on,reet and only one readback from the GPU memory is requir

representation was proposed by Chien and Aggan@l [ at the end of the process to recover the viewingeedWe

Acquiring the 3D shape of a real object is a keyésin
a variety of modeling and 3D multimedia application
The straightforward estimation of this shape canobe
tained from the silhouette images of the objecemakom
different viewpoints. This concept was first intvagd by
Baumgart [4] and given the name of Visual Hull (VH)
later by larentini [3]. Based on this concept, ti¢ is the
maximal approximation of the object that reproduttes
silhouettes of all viewpoints.

Estimating the 3D shape from silhouette images was
motivated by the ease of obtaining silhouette irsags-
pecially in indoor environments with known camera
parameters, and by the ease of implementation.r&leve
methods have been proposed for VH reconstructidioan
rendering. Depending on the application, the VHI sl
processed differently. For visualization applicaipsuch
as new viewpoint synthesis or interactive renderihg
exact reconstruction of the VH is not required. Im-
age-based VH (IBVH) technique [5] suffices to gexter
the VH looking from a desired view. Hardware-based
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Figure 2: Direct CSG Vs. our traversal method in ZBe traversed depth layers are drawn in greehnedbnes. The
points shown in red are the tested points. The Baiets are the saved points and those boundeddy eircle are
tested and saved. The number of tested pointgishe direct-CSG method and 3 in ours.

propose a storage method to allow the accumulafidine the local image plane, where the dot product betvwese
extracted edges at each pass in a shared bufteatdt outward normal vector and vector joining the cantea-
on the GPU memory. Next, the viewing edges from all ter and the fragment is negative. Otherwise, tagrfrent

viewpoints are merged together to construct thal f8D in question is a back fragment.
shape after rectification of the 3D positions ddithverti- The CSG-based rendering was proposed by Goldfeather
ces. (See Figure 1) [18] and used later by Guha [6] and Li et al.[10} f

GPU-based view-dependent VH rendering. CSG is based

. . on the representation of a complex 3D object asrmal-

2 Computation of the Viewing Edges ized tree of operations.{,[],\) on primitive shapes. Let
Given a set of N silhouette images associated to a set US consider the complex objezxpressed by the following

of N calibrated camera&, (N J1..N) having C as expression.

center, the viewing edges for each view are the $eg-

ments parts of the rays associated with the oantudi (01 0o, 03)\04 1)

contour points of the silhouette and passing thinotinee ) . )

VH, and hence, lie to the silhouette images ofodttier This object can be represented by the following:tre

views. Usually, the viewing edges are extractedpby- —

jecting each ray from each view to the silhouetsll 85%83 O Bz%ﬂ& )

other views and find the line segments that intersd N P,

silhouettes. This method is expensive in termsrot@ss-

ing time, especially when the number of occluding

contour points is large. To speedup the computstiofr P,and p,are two products of the tree that can be

ten one starts by approximating the occluding aarstwy ~ Processed in a parallel way and merged later omvelf

polygons to reduce the number of points. Howewes t 'efer by f(d, p) and b(d, p) to the number of, re-

approximation yields a loss of details in the retnicted ~ SPectively, front and back faces with smaller deptn a

VH. point P and with respect to a desired viewpoint d, then
In the method we propose, no approximation is appli P belongs to the product if:

Instead of projecting the rays to all cameras, mpley a

CSG-like method. For each viewpoint, the viewinges f(d, p) Ch(d,p) P 3)

from the other cameras are projected to the 3Despac

Next, we traverse the depth layers of the drowmeend

keep only those lying to all viewing cones. Theeigéec-

tions of these layers with the ray issued from the

where | P| is the number of products in the tree.

occluding contour points of the local camera defiaeti- 2.1 Direct CSG-Based Rendering
ces in the VH surface. A viewing edge is a linenseqt A VH reconstructed from a set of viewpoints can be
which is part of a ray and defined by two vertige®r- gy ressed by the intersections of all unions okspeach

secting two adjacent opposite layers. The firshipuiith o which is generated by the outer contours of siti®u-
respect to the camera center belongs to a fromMJaC  ette, and the complements of unions of cones, e#ch
while the other point belongs to a back facing iaye  \yhich is issued from the inner contours (holes)ong
front fragment is a region of a cone projectingfpixel in - gjjhouette. The direct CSG-based rendering [6,20)] loe
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summarized in the following steps:
0 Repeat for all front depth layers:
1. Project the next (first for the first iteratiodepth | ] | ] | |
layer of front faces. el bt
2. Count the front faces separating the traversgthde Figure 5. Viewing edge storage scheme.
layer and the desired view position.
3. Count the back faces separating the traverseth dep
layer and the desired view position.
4. Save the depths of the points that verify (2).
where [/, is areal constant.

2.2 Our CSG-Based Depth Traversal Method We setD in (4) to an appropriate value that deter-
We can see from figure 2(a) that a front face who i mines the depth of each cone face to be drawn.akée t

.....
.....

v Oc, O0,A" o] (4)

candidate to be a valid intersection is always imiately
preceding a back face with respect to the camenrteicef
the target view. This means that only the last sfieces-
sion of front faces can be a candidate, all remgiffiaces

can be skipped. This can be done by rendering & bac

layer and then the farthest front layer with shodepth
than the rendered back layer. Also, only the fifsa list

into account the distanc®,, between the camera and the
farthest point of the 3D covered area as follows:

g ol
f

n

(5)

of back faces is traversed, all the others can be skipped by This setting ensures that each ray intersectsielling

rendering the first front face farther than thedened back
layer and then rendering the first back layer withger
depth than the rendered front layer. The new alyoris
as follows:

1. If this is the fist iteration, render the firstmth layer

cones whatever the position of the object in theeoed
scene. After setting//,, , it becomes possible to find for
each rayr , the farthest pomt\/ from the camera
center C,. "A ‘cone face F," assouated to a ray,"
defined by the ordered vertlces e V ). In order to

of back faces. Otherwise, render the next depth layerbe able to identify the viewing edges sharing thmes
of back faces having depth longer that the renderedvertices, we label each ray with a unique id (cfane), as

front layer (skip all front faces).

shown in Figure 4. This id is passed to the cowe fhur-

2. Count the back faces separating the traverseth dep ing the drawing step as color information. We employ the

layer and the desired view position.
3. Count the front faces separating the traversgdhde

previously described algorithm with the possibilibf
saving all valid edges instead of the only firgemection.

layer and the desired view position and keep theThe straightforward solution for the storage isead back

depth of the last depth with respect to the camera.

4. Save the depths of the points that verifies (2).

5. Render the first front layer having a depth great
than the current back layer (skip all back layesas
rating the two layers).

6. Finish the process if no layer is returned, ol go
to 1.

The advantage of this new algorithm is the reduactd
the number of rendering passes and hence, prdigabfli
missing some layers.

2.3 Application to Viewing edges computing

In the method we propose, no approximation is edpli
An occluding O, with M points (MOL1.M ) i
drawn as a generahzed cone M faces. Each facd-, w
is bound by the raysr and r %M , see Figure 4. We
consider the plnhole camera model and we referyy
to the camera matrix of the came(ét1 by C, to its
center, and byf  to its focal length. Ifo isa pomt of
O, with the coordmates(x,, ) in the |mage plane,
then its local 3D coordinates ar(e)(l X f

Each pomtv of the rayr assocrated to the con-
tour point O has the foIIowmg coordinates in the world
coordinate system:

the data after each iteration. However, the reddisathe
main bottleneck of the GPU. The depth peeling 8%
just proposed to overcome this limitation by offigrithe
possibility to update at each iteration the demthdnly
those intersections which haven’t been set yet. él@w
for us, not only the first intersections are taegetbut
rather all intersections.

2.4 Viewing edges storage

As explained, we are interested in the occluding-co
tour points only. These points are few as comp&udtie
image points. The idea we propose is to save thesd
passing the test to a storage buffer allocated R&EBA
texture in the GPU memory. This buffer is read-backe
all edges extracted. We need for that to add orre mem-
dering pass. This pass consists in drawing a fulken
quad in a projective geometry. Five textures atached
as inputs: two textures for each vertex contairimey 3D
position and the id of the corresponding intersgctiay,
and one texture loaded once at the beginning amnihge
as a lookup table for each point to get the coateis of
the texture point to store. Let us refer BpMapl and
IdMap1the 3D and color maps of the first vertex, and by
3DMap2andldMap?2 to those of the second vertex of the



Algorithm 1 Lookup table initialization
for i =0 to it do

for j to M do

for k =0to 4 do
lut([(i = J + k) mod width, (i=j+ k) div width]
— coordinates(C[j]):

end for

end for

end for

Algorithm 2 Storage kernel
if M it +d <= yxwidth 4+ x < M % (it + 1) %4 then

(a,b) — luplx, y;

if (y = width 4+ ) mod 4 =0 then
storage[x,v]=3DMap1[a.b];

end if

if (y = width 4+ x) mod 4 =1 then
storage[x,v]=IdMap1[a,b];

end if

if (y = width 4+ x) mod 4 = 2 then
storage[x,v]=3DMap2[a.b];

end if

if (y = width + x) mod 4 = 3 then
storage[x,v]=IdMap2[a,b];

end if

end if

edge. The color map contains the id of the inteirsgc
edges. Also we refer byt to the lookup table texture, by
width andheightto the texture and image size, B to
the number of occluding contour points, anditojo the
number of iterationslut is initialized once and load
loaded to theGPU memory. It contains a list of subse-
guent occurrences of the list of the occluding mirach
of which is duplicated four times, as shown in Fegb.
The lookup table initialization is illustrated bylghrithm

1.

The kernel (fragment shader) invoked at point leteel
store the edge vertices, reads the coordinateslfrbend
uses them to locate the information to store fram of
the four vertex textures. This is done only if theoking
point is located within the region concerned by ¢heent
iteration. If the coordinates of this point in tktorage
buffer are (X, y), then the storage is as in Algorithm 2:
The maximum number of iteration that can be praagss
within the storage capacity of one buffer is givsn

widthOheight
40M

MaxIt O

(6)

2.5 Implementation

We implemented the described edge extraction schem
as a multi-pass rendering on GPU. We made use o
OPENGL as an API and C-like shading language (OG) o
NVIDIA to write the shaders. We made use of a Frame
Buffer Object as an off-screen rendering targetead of

the screen. To this FBO, we bind a depth buffer, a stencif‘

buffer, and a shadow buffer. The depth and shaddfer
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Figure 7. Edge surface.

serve to the two-sided buffer test [6], while thensil
buffer is for counting the layers. We bind alsotarage
buffer and a lookup texture to the FBO. At eachdezing
step, appropriate textures are attached as inpat{d)
output(s). In addition, one fragment and/or oneteser
shaders are loaded to the programmable vertexraged f
ment processors in order to achieve one step of the
extraction algorithm. Figure 6 shows the extractddes
using four silhouette images of a bunny taken frém
viewpoints.

3 VH Surface Construction

After been extracted from all views, the viewing edges

are merged together to construct the VH surfacghasn

in Figure 7. A vertex, being the intersection ofotwr
more edges issued for different cameras, can b@uiau
with slightly different 3D position in each camerkhis

fact makes the extracted edges disconnected from each
other. Thus, we need to recover a unique 3D paosfto
each vertex. We compute a unique 3D position as the
mean of its coordinates estimated by all views.rEager
connecting the edges, still some edges remainorisc
nected. This fact is due to the resolution diffeeen
between the cameras. We join these edges to tlsestlo
neighboring vertices (issued from a neighboringnpoff

?he same contour). The VH face generation can be proc-

essed for each camera separately in a step pritieto
rectification of the 3D positions of the verticdhe faces
are generated by connecting the appropriate edgesrg
ted by neighboring contour points. We need to idens
he predefined order of the contours in generatimg
faces. The reconstruction results will be preseirtethe



Table 1: Processing time evaluationrfig.

Bunny Shark Maiko

Points| time| Points tim¢ Points time
Camera 1 887 110 720 109 1109 166
Camera 2 1062| 14( 680 109 1306 172
Camera 3 960 125 1256 140 1209 172
Camera 4 971 125 887 125 1075 1p6
Camera 5 1052 14( 703 109 1316 170
Camera 6| 1066 140 1069 125 1565 156
Camera 7| 1024 141 1159 140 1185 156
Camera 8| 1060 140 966 125 1413 172

Table 1: Comparison with ttreconstruction using
down-scaled images.

640480 320140
Points Time(ms) Points] Time(ms)
Camera 1 1334 172 666 46
Camera 2 1028 140 508 31
Camera 3 973 141 482 31
Camera 4 1242 156 611 31
Camera 5 1302 172 648 47
Camera 6 1121 156 559 32
Camera 7 1093 141 543 31
Camera 8 1061 141 531 32

next section, in addition of the evaluation of theerall

VH reconstruction.

4  Experimental results

Figure 8: VH reconstruction result.

the shark dataset and 1343[ms] fdviaiko, with much
more contour points for each view. In order to gjatilar
contour points, we scaled down the silhouette irmage
Table 2 summarizes the processing time for therreco
structed VH using 8 64880 images and using the same
images but scaled down to 32210. To total processing
time passes from 1250[ms] in the original scalg3t2
ms] in the lower scale. This means that we cou&kdpp
the process 4 times by down scaling the imageéd#if
size (in each direction).

The graph of Figure 9 shows the number of traversed
depth layers of the drawn cones from different neimdf
viewpoints using both traversing methods (DirectGCS

The presented scheme was implemented on a P4 P@ng ours). We can notice that our method requiess |

with 1[GB] memory and equipped with a NVIDIA Ge-
Force 9700 graphics card. We tested the reconitruct

iterations than the native CSG method do to visican-
didate depth layers. Also, the difference incredsemore

scheme on 2 synthetic datasets. We used 2 shapes preameras. In addition, we plot the number of vienédges

vided by Princeton Shape Benchmark [20] to gendlege
silhouettes from 8 viewpoints. We also tested theon-

extracted after each iteration on the graph of freid0. 12
iterations is the number of iteration required tilycam-

struction scheme on real data provided by Matsuyamagras to recover all viewing edges. In our testssatethe

Laboratory of Kyoto University in the form of 8 lsduette
images of a Kimono Lady (Maiko) and the related esmn
parameters. Figure 8 shows four virtual views & th-
constructed VH of the three examples.

Table 1, summarizes the processing time for eaoh ca
era and for each dataset. This can allow us tagetea
about the processing time when the scheme is laistri
tively implemented on multiple PCs, each of which i
connected to one camera. In this case, the processie
is the largest time among all cameras, added tdire
needed for vertex unification, which is 31[ms]. Tpmc-
essing time varies from one camera to another aluket
complexity of the scene that varies with respeceach
viewpoint, yielding different number of depth lageAlso
it is due to the area occupied by each silhouéttéact,
we used scissoring technique to speedup the rewderi
time. Thus, the rendering is allowed only in thgioa
defined by the bounding rectangle of the silhouette

As to evaluate the processing time of the propaded
gorithm, we considered the algorithm proposed by
Matusik [21] which is supposed to be the first tonpute
the VH polyhedral representation in an interacframe
rate. Implemented on a 1[GHz] Pentium Il machirithw
1[GB] of RAM, this method reconstruct the VH in 8§
for 8 viewpoints with 641 contour points in eaclkewi
From Table 1 and if we consider an implementation o
one PC, the processing time varies between 101Pffms

number of iterations to 15 for all models.

5 Conclusion

In this chapter, | presented a new method for shape
from occluding contours. | proposed a CSG-like method
for a fast depth layetraversing and viewing edge com-
puting, rather than just renderinge depth of the shape
from a desired view. The viewing edges adracted for
each camera separately without camera-caprajaction.
This fact allows the system to be implemented idis
tributed system where each camera is connectedet® G
and operates independently of the rest. This desigh wil
provide afaster processing. The proposed reconstruction
scheme doesn't neethy approximation of the silhouette
and, hence, preserves thetails of the shape.

References

[1] .M. Researcher: “Read My Excellent Paper,” So@e=at
Journal, vol.xx, no.xx, pp.xx-xx, 200X.

[2] MVA Conference:

http://www.cvl.iis.u-tokyo.ac.jp/mva/

[1] M. Tarini, M. Callieri, C. Montani, C. Rocchini‘Marching
Intersections: An Efficient Approach to Shape from



The viewing edges extracted at each iteration by each camera

A R .
17001
1600
1500+ i e T
. 1300
2 1200
g 1100+

Viewing edg

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Figure 10: Number of extracted edges within iteradi

Silhouette”, In Proceedings of the Vision, Modelingnd
Visualization Conference, pp. 255-262, 2002.

[2] C. Rocchini, P. Cignoni, F. Ganovelli, C. MontaP. Pingi, R.
Scopigno, “Marching Intersections: an Efficient Respling
Algorithm for Surface Management”, In Proceedingsthaf
International Conference on Shape Modeling and iappl
tions, pp. 296-305, 2001.

[3] A. Laurentini, “The visual hull concept for Bbuettebased
image understanding”, IEEE Transactions on Patteralysis
and Machine intelligence, Vol. 16(2), pp.150-16294.9

[4] B.G. Baumgart: “Geometric Modeling for Computésion”,
PhD thesis, Stanford University, 1974.

[5] W. Matusik, C. Buehler, R. Raskar, S. J. Gaortlend L.
McMillan: “Image-based visual hulls,” In Proceedingf the
ACM Computer Graphics (SIGGRAPH), pp. 369-374, 2000

[6] S. Guha, S. Krishnan, K. Munagala, and S. Venkat: “Applica-
tion of the two-sided depth test to CSG renderintn”
Proceedings of Symposium on Interactive 3D Rendeppg
177-180, 2003.

[7] N. Stewart, G. Leach, and S. John: “An improv&ualffer
CSG rendering algorithm,” In Proceedings of the SIG
GRAPH/Eurographics workshop on graphics hardware, pp.
25-30, 1998.

[8] T. F. Wiegand: “Interactive rendering of CSG dets,”
Computer Graphics Forum, Vol. 15(4), pp. 249-26296.

[9] M. Li, M. Magnor, and H.P. Seidel: “Hardwareeaterated
visual hull reconstruction and rendering,” Rroceedings of
Graphics Interface, pp. 65-71, 2003.

[10] M. Li, M. Magnor, and H.P. Seidel: “A HybridHard-
ware-Accelerated Algorithm for High Quality Renderiof
Visual Hulls,” In Proceedings of Graphics Interfapp, 41-48,
2004.

[11] K.M. Cheung, T. Kanade, J.Y. Bouguet, and Nbller: “A
real time system for robust 3d voxel reconstructdrhuman
motions,” In Proceedings of the IEEE Conference om<Co

w

520

E 4 +

=

o 4

@

T 15

2 +

2 b

g ] +

E L 4

e |1 e e e s ST LT Sttt

[= A L]

g ] |

o H + ¥

S 1 | — Ditect CSG

3 5 | E—— s el g e e p TR I N (i
| — Oyr methgd

0+——+— ; : - ; R

1 2 3 4 5 6 7 B 9 10

MNumber of cameras

Figure 9: Direct CSG vs. Our depth layers traversal
method: Number of depth traversed.

puter Vision and Pattern Recognition (CVPR), \Vol. p.
714-720, 2000.

[12] W.N. Martin and J.K. Aggarwal: “Volumetric deption of
objects from multiple views,” IEEE Transactions Battern
Analysis and Machine intelligence, Vol. 5(2), ppb01158,
1983.

[13] C.H. Chien and J.K. Aggarwal: “Volume/surfacgrees for
the representation of three-dimensional objectsgm@uter
Vision, Graphics and Image Processing, Vol. 36(1), p
100-113, 1986.

[14] R. Szeliski: “Rapid Octree Construction fromdge Se-
quences,” Computer Vision, Graphics and Image Rsing,
\ol. 58 (1), pp 23-32, 1993.

[15] J.J. Koenderink: “What Does the Occluding @amtTell us
About Solid Shape?,” Perception, Vol.13, pp. 321;3384.

[16] R. Cipolla and A. Blake: “Surface Shape frora theforma-
tion of Apparent Contours,” International JournaBdmputer
Vision, Vol. 9, pp. 83-112, 1992.

[17] E. Boyer and M.-O. Berger: “3D surface recounstion
using occluding contours,” International Journal of Computer
Vision, Vol. 22(3), pp. 219-233, 1997.

[18] J. Goldfeather, J. P. M. Hultquist, and H. Faictiast con-
structive-solid geometry display in the pixel pos/graphics
system,” In Proceedings of the ACM Computer Graphic
(SIGGRAPH), pp. 107-116, 1986.

[19] C. Everit: “Interactive order-independent tsparency,”
Technical report, 2002, Nvidia Corporation,
http://developer.nvidia.com.

[20] Princeton Shape Retrieval and Analysis Gro®ginceton
Shape Benchmark’,
http://shape.cs.princeton.edu/benchmark/

[21] W. Matusik, C. Buehler, L. McMillan, and S. Gler: “An
Efficient Visual Hull Computation Algorithm,” Techeal
Memo 623, LCS, MIT, 200




