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8.1 Intro duction

Photo-realistic 3D computer models of real objects and scenesare key componerts in
many 3D multimedia systems.The quality of these models often has a large impact
on the acceptability of applications like virtual walk-throughs (e.g., city guides or
virtual museums), caves, computer games,product preseriations in e-commerce,or
other virtual reality systems. Although the rendering of 3D computer scenescan
often be performed in real-time even on hand-held devices,the creation and design
of 3D models with high quality is still time consumingand thus expensiwe. This has
motivated the investigation of a large number of methods for the automatic acquisition
of textured 3D geometry models from multiple views of an object.

The large body of work devoted to this problem can basically be divided into two
di erent classeof algorithms. The rst classof 3D model acquisition techniquescom-
putes depth mapsfrom two or more views of the object. Here, depth is estimated from
changesin the views causedby altering properties like position of cameras(shape-
from-stereo, shape-from-motion), focus (shape-from-focus, shape-from-defacus), or il-
lumination (shape-from-shading,photometric stereo).For eat view, a depth map can
be computed that speci es for ead pixel the distance of the object to the camera.
Sincethe object is only partially represered by a single depth map due to occlusions,
multiple depth maps must be registeredinto a single 3D surfacemodel.
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camera views

Figure 8.1 Represemation of a sceneby a 3D array of volume elemens (voxels).

This registration processcan often be avoided in a secondclassof reconstruction
methods which relies on a volumetric description of the scene.Iln the simplest case,
the spacecortaining the object or sceneto be reconstructed is equidistantly divided
into small cubical volume elemers called voxels (seeFig. 8.1). If a particular voxel
does not belongto the object it is set transparent, whereasvoxels within the object
remain opague and can additionally be colored. Thus, the ertire sceneis composed
of small cubes approximating the volume of the objects. The ner the discretization
of the 3D space,the more accurate the shape.

One advantage of volumetric represenations for reconstruction purposesis the
simple joint consideration of all available views. Once the camerasare calibrated,
ead voxel can be projected into all views as shovn in Fig. 8.1 and the information
of the corresponding pixels can determine whether the voxel belongsto the object or
not. Instead of fusing multiple depth maps computed, e.g., from pairs of images,the
joint computation leadsto 3D computer models that are consistert with all views.
Sincelesssmoothnessconstraints are incorporated, volumetric methods can often be
well exploited to reconstruct ne structures with multiple occlusions.

This chapter focuseson methods for the reconstruction of volumetric computer
models from multiple camera views. The emphasisis on vision-based applications
wherethe 3D represertation usually describesa colored sampledsurface.The interior
of the object is here of lessimportance. Other applications for volumetric data that
exploit the entire volume for visualization (e.g., computer graphics or medical appli-
cations like computer tomography) are not consideredin the following. The chapter is
organizedasfollows. First, the important classof shape-from-silhouette algorithms is
reviewed. Due to its simplicity, robustness,and e ciency , this method is very popular
in many multimedia applications [Goldlucke and Magnor (2003); Grau (2003); Gross
(2003); Wu and Matsuyama (2003)]. One drawbadk of shape-from-silhouette methods
is their inabilit y to recover concavities in surfaces.If color information is additionally
consideredit is possibleto recover such surfacesas well. Volumetric algorithms that
exploit color information are, e.g., spacecarving algorithms described in Section 8.3
and the image cube tra jectory analysis preseried in Section 8.4.2.
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8.2 Shape-from-Silhouette

Shape-from-silhouette or shape-from-contour is a classof algorithms for 3D scenere-
construction that usesthe outline of the objects to recover their shape. Especially
under corntrolled situations, e.g. in studio scenarios,the silhouette of an object can
be determined very reliably. Therefore, these methods are very robust against light-
ing changesor photometric variations between cameraswhich are critical for other
algorithms basedon the brightnessconstancy assumptions[Horn (1986)].

=

Figure 8.2: Left: Viewing conethrough the image silhouette containing the object.
Righ t: Intersection of multiple viewing cones.

The concept of shape-from-silhouette dates back to the early sewerties [Baker
(1977); Greenleafet al. (1970); Martin and Aggarwal (1983)] and was initially used
for medical applications. The basicidea of theseapproacdesis that any object must be
entirely located somewherewithin its contour. If an object is viewed from a particular
known position under perspective projection the rays from the focal point through
the silhouette contour form the hull of a viewing cone. This viewing cone, illustrated
on the left hand side of Fig. 8.2, de nes an upper bound for the object shape { the
correct object volume is de nitely lessor equal than this rough approximation. In
this consideration, no assumption about the viewing position is made except for the
knowledge of this calibration data. For any viewing position, the silhouette de nes a
viewing conewhich ertirely contains the object. Sincethe object volume is bounded
by all particular cones,it must also reside within the intersection of these viewing
cones.Only points in the 3D spacethat are inside all viewing conesmay belong to
the object to be reconstructed. This is shovn on the right hand side of Fig. 8.2.

The algorithm starts without any restrictions on the object shape. A large bound-
ing volume enclosingthe ertire scenecan be used as initialization. Multiple views
from dierent viewing positions are captured. Each view provides a viewing cone
which is intersectedwith the current object shape approximation leadingto a volume
with increasingaccuracy However, not all possibleshapescan be reconstructed with
shape-from-silhouette methods. The concavity, e.g., on the right hand side of Fig. 8.2
is newver visible in the silhouette (independert from the viewing direction) and cannot
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be recovered. Instead of the true shape, only the visual hull [Laurentini (1994)] canbe
estimated. However, for many practical applications this leadsto su cien tly accurate
represenations. In order to model, e.g., small bumps in the surface,additional infor-
mation like color hasto be evaluated asit is donein space carving or voxel coloring
approaches described in Section 8.3. The ertire procedure of shape-from-silhouette
consistsof the following steps:

Calibration of the camerasto determine position, orientation, and intrinsic cam-
era parameters

Segmemation of the object from the badkground in the captured images to
derive the object contour

Intersection of all viewing cones

The intersection of the viewing conescan be computed exactly with polyhedral
represenations [Matusik et al. (2001)]. But most often, a volumetric discretization of
the spaceis usedasshown in Fig. 8.1. For a particular voxel with given3D position, its
projection into the cameraframesis computed. If the voxel falls outside the silhouette
in at least one view, it is discardedfrom the volume. After all voxels are processed,
the remaining volume elemens approximate the visual hull. Although some alias-
ing e ects may occur, this discrete volume intersection is very popular due to its
low complexity. With current technology, even real-time reconstruction is possible
[Goldlucke and Magnor (2003); Wu and Matsuyama (2003)] enabling new interactive
3D applications in computer vision and graphics.

8.2.1 Rendering of Volumetric Mo dels

Oncea 3D volumeis reconstructed, it canbe viewedfrom di erent directions. For ren-
dering, a color can also be assignedto ead voxel. This color information is extracted
from those cameraviews, where the corresponding voxel is visible. In order to con-
sider occlusionsof multiple voxels, a z-bu er may be added for rendering. Each voxel
is then projected into the image plane and modi es the pixel color if it is closerto
the virtual camerathan the current value stored in the z-bu er. Di erent approaces
can be classi ed by the direction of volume traversal (front-to-back, badk-to-front, or
arbitrary traversal).

The simplestapproadc in voxel renderingis to assumea voxel being in nitesimally
small and to useit to exactly color one pixel. However, dependert on the viewing
distance and the discretization of the image and volume space,this method can lead
to aliasing or holesin the surface.Better results canbe obtained if the nite sizeofthe
projected voxel is considered.Fig. 8.3 shows the projection of a cube into the image
plane that resultsin a 2D polygon of up to 6 cornersthat may cover multiple pixels.
Due to the discrete nature of pixels, special attention must be paid to the boundary of
the polygon in order to avoid aliasing. Sincethe useof 6-sidedpolygonsfor eact voxel
is computationally demanding, the footprint of a voxel can also be approximated by
simpler shapes. For example, the bounding box, spheres,or Gaussianfunctions can
be used for projection leading to techniques like splatting, surfels, and point-based
rendering [Pauly et al. (2003); Rusinkiewicz and Levoy (2000); Westover (1990)].
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Figure 8.3: Left: Voxel projection onto image grid. Righ t: Voxel footprint and pixel
corntribution.
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Figure 8.4: Left: Voxel volume of a Peruvian vase reconstructed from 72 images.
Middle: Triangle meshderived from the voxel volume. Righ t: Textured 3D model.

Often, the voxel volume is not rendereditself but corverted into a triangle mesh
that can e cien tly be handled by a graphics card [Niem and Wingbermehle (1997)].
Modeling the outer surfaceof the cubical structures with polygonsmay leadto rough
surfaceswith discrete steps. Better results can be obtained using marching cubes
[Lorensenand Cline (1987)] or marching intersections [Tarini et al. (2002)] methods
that use a local neighborhood of voxels to derive oriented surface patches. After
smoothing and mesh reduction, e cien t represenations of the 3D objects can be
created. Fig. 8.4 shawvs an exampleof a vasereconstructedwith shape-from-silhouette
techniques and rendered as a voxel volume (left), a reducedtriangle mesh (middle),
and as a textured 3D model.
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8.2.2 Octree Representation of Voxel Volumes

Volumetric descriptionstend to imposehigh demandson memory due to their three
dimensions. Therefore, e cien t represertations of large voxel volumes are essetial.
Mostly, octrees are usedin order to represen the 2D surface with a 3D voxel grid
structure [Chien and Aggarwal (1986); Potmesil (1987); Srivastava and Ahuja (1990);
Szeliski (1993); Veenstra and Ahuja (1986)]. In this case,an octree is a tree that
hierarchically de nes the object shape starting with aroot node that coversthe ertire
bounding volume. Each cube represeried by a node in the tree is then successiely
subdivided into 8 smaller cubes (dependert on the contour information) with the
cube's edgelengths halved. Further subdivision of a cube is stopped if it either lies
completely inside or outside the object.

level O

level 1
level 2

level 3

Figure 8.5: Left: Octree represenation of an object. Righ t: Tree structure de ning
subdivision.

Fig. 8.5 shaws an example for such an octree subdivision. The volumetric object
on the left is de ned by the tree on the right. Each node in this tree species if
one of its sub-cubeslies completely inside (black), completely outside (white), or on
the object surface(gray). In the latter case,the corresponding voxel is further sub-
divided until a maximum layer de ning the highest resolution is reached. This way, it
is assuredthat the object surfaceis accurately modeledwhile regionsoutside or inside
the object can be e cien tly described by large cubes. Fig. 8.6 givesan example of a
3D object represeried with di erent maximum octree levels. For practical scenarios,
drastic memory savings can be achieved comparedto the full 3D voxel volume with
the sameresolution.

For hierarchical shape-from-silhouette, an octree can be constructed bottom-up or
top-down. If reconstruction is started from level 0 with recursively re ning the object,
the spatial extensionof the cube must be consideredfor projection and the footprint of
the voxel asillustrated in Fig. 8.3 needto be computed. The intersection of all viewing
conesin the shape-from-silhouette procedure can be performed as follows [Smolic
et al. (2004)]. A voxel of a particular resolution level that is completely inside the
silhouettes of all views belongsto the object and is not further subdivided. Similarly,
a cube whose footprint is completely outside the silhouette of at least one view is
marked as outside and is not further re ned. All other voxels are subdivided into 8
sub-cubesand the processis cortinued on all sub-cubesuntil a prede ned resolution
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Figure 8.6: Voxel volume of the vasein Fig. 8.4 renderedup to octree level 5, 6, and
7, respectively.

is reached.

8.2.3 Camera Calibration from Silhouettes

For shape-from-silhouettes algorithms, the accuracy of the reconstructed geometry
is considerably a ected by the knowledge of the true camera parameters which re-
guires an accurate cameracalibration. Deviations from the correct valuescan lead to
incorrect 3D models, since valid object parts might be cut o during viewing cone
intersection. As a result, the silhouette of the reconstructed object is always smaller
or equal to the true contour. However, this unwanted e ect can be usedto re ne
the cameraparametersagain. In Grattarola (1992), pairs of imagesare usedand the
viewing coneof oneimage contour is projected into the other image plane, computing
silhouette mismatches. Minimization of thesemismatchesover all cameraparameters
optimizes the calibration. Similarly, Niem [Niem (1998)] minimizes the deviation of
the back-projected silhouette of the reconstructed object to the true silhouette in the
cameraimages.Both approacheshave in common, that a non-linear optimization in
a high dimensional spacehasto be performed.

For the particular caseof turn-table scenarioswhereshape-from-silhouetteis often
used, additional constraints apply that simplify the optimization of cameraparame-
ters. Instead of placing multiple camerasaround the object, a single camerais used
capturing images while the object slowly rotates. The rotation angle between two
shots can usually be accurately controlled, whereasthe position of the camerarel-
ative to the turn-table is in generalunknown and requires camera calibration. The
knowledge of circular motion adds sewere constraints which increaserobustnessand
result in a very low dimensional parameter spacethat hasto be searted. If the size
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of the reconstructed object need not be recovered three parametersare su cien t to
determine the entire extrinsic camera geometry [Eisert (2004)]. Similar constraints
are also utilized in [Fitzgibbon et al. (1998)], where extrinsic and intrinsic camera
parametersare derived from feature point correspondencesinstead of silhouette.

Figure 8.7: Geometry deviations for a turn-table sequence.Left: Original camera
frame. Middle: Silhouette mismatch between original and synthetic view. Righ t:
Silhouette error after re nement.

Fig. 8.7 shows the result from a camera re nement exploiting silhouette mis-
matches.The left hand sideof this gure is an original cameraframe from a turn-table
sequenceof a small tree. Mismatches(white pixels) betweenthe silhouette of the cam-
era frame and the silhouette of the reconstructed object with only inaccurate initial
calibration are depicted in the middle. Thesedeviations can be exploited in order to
optimize the cameraparametersleading to the smaller deviations shown on the right.
Due to the improved cameraparameters,the accuracy of the reconstructed 3D model
is highly increasedby this preprocessingstep making initial cameracalibration less
important or even unnecessary

8.3 Space Carving

In shape-from-silhouette methods, binary masks specifying the 2D object cortours
in the images are used as input in order to estimate the 3D object shape. Color
information is not exploited. This leadsto very fast and robust algorithms but not all
object shapes can be reconstructed accurately. The recovered object is bounded by
the visual hull { small dents and concavities cannot be determined. In the extreme
case,for example the reconstruction of roomsin indoor environments with certered
outwards facing cameras,no silhouette information is available and the reconstruction
fails. This limitation can be overcomeif color information from the imagesis used
in addition to the binary contour masks. Voxel coloring [Seitz and Dyer (1997)],
multi-hypothesis volumetric reconstruction [Eisert et al. (1999)], and space carving
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[Kutulak os and Seitz (2000)] belongto this group of algorithms that exploit color in
order to improve the reconstruction accuracy

Figure 8.8 Re nement of object shape using surfacecolor.

The benet of exploiting surface color information is exemplarily illustrated in
Fig. 8.8. The image shows an object with a small concavity which cannot be detected
using contour information only. Textured surfaces,however, allow to distinguish be-
tweenthe correct shape and the visual hull. Imagine a point M, lying on the visual
hull and being projected on particular pixels of camerasA and B, respectively. Since
the true shape contains a concavity at that position, the pixels in both camerasare
colored from two di erent points on the surface M, and M3 instead of M. If the
surfaceis textured these points and therefore the pixels may have dierent colors.
Thus, point M1 cannot belongto the true object volume and can be removed. Space
carving methods use that phenomenonin order to carve out concavities from the
visual hull like a sculptor from a block of stone until the object surfacelooks correct
in all views.

Shape-from-silhouette approachesreconstruct a binary voxel volume that hasthe
samesilhouettes as in the cameraimages. Similarly, spacecarving or voxel coloring
methods createa coloredvoxel represetation, wherethe volumereprojectionsinto the
image planesshow the samepixel colorsasthe original views. Again, this neednot be
the correct geometryof the object. It is only assuredthat the renderedviewsare photo-
consistent [Seitz and Dyer (1997)]with the cameraviews. There are multiple possible
geometriesthat all lead to photo-consistert views. Since generally no smoothness
assumptions are made, there are di erent voxel con gurations (with mostly local
variations at the object surface) that result in the same projections into the nite
number of available views. The union of all photo-consistert con gurations is called
photo-hul following the concept of the visual hull.

The basic principle of all volumetric color reconstruction methods is quite similar.
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All voxels in the volume are usually processedone after the other. For ead voxel,
its projection into all available views is calculated and, depending on the pixel colors
at the corresponding 2D image positions and considering visibilit y, it is determined
whether the voxel belongsto the object surface or not. If it lies on the surface,
the voxel color is computed from the pixel colors in those views, where the voxel is
visible. In the other case,the voxel is settransparent and the algorithm proceedswith
the remaining volume elemerts until the reconstructed object looks correct from all
available viewing directions. Thus, all available views are consideredsimultaneously
without the needof determining point correspondencesor fusing multiple depth maps
into a common 3D model.

Although the principle of projecting voxelsinto all available viewsis commonto a
wide classof algorithms, there are many di erences in the way how the voxel volumeis
traversed,how visibilit y is considered,and how photo-consistencyis cheded. For the
consistencytest, the voxel is projected into all visible views and the pixel colors are
compared.In the ideal case,all thesecolors should be the same,sincethey represert
the samesurface point. In practice, however, cameranoise, mismatch in calibration
data, or non-Lambertian surfacere ections leadto variations betweenthe views. This
can be consideredby allowing somecolor deviations for the test. If this rangeis too
small, holescan occur in the model, if the threshold is too large, the resulting voxel
object might be too large.

Dependert on the camera con gurations, dierent voxel accesssthemescan be
applied. If the convex hulls of all cameras' focal points lie completely outside the
objects, the voxel volume can be traversedin a single sweep asit is donein voxel
coloring [Seitz and Dyer (1997)]. In this case,a voxel accessorder can be de ned
that assuresthat visibilit y of a voxel can be determined by consideringonly already
processedones. For general camera con gurations, this is no longer possible. Here,
camera views are grouped according to their position and an iterative scheme is
applied on the voxel volume, that carves away voxels at the surface until photo-
consistencyis reached [Culbertson et al. (1999); Eisert et al. (1999); Kutulak os and
Seitz (2000)]. Similar to the shape-from-silhouette methods, many extension can be
applied, for example the use of octreesto deal with large environments [Prock and
Dyer (1998)], or to consider extended voxels for reducing aliasing e ects [Steinbach
et al. (2000)].

Fig. 8.9 shaws examplesof objects reconstructed with the multi-h ypothesis volu-
metric reconstruction method described in [Eisert et al. (1999)]. The top left image
shows one frame of the Penguin sequenceaecordedin CIF resolution. The algorithm
was applied on 65 unsegmetted frames leading to the 3D colored voxel represena-
tion shown on the upper right of Fig. 8.9. Since the bounding box of the volume
does not include the background objects, an inherent segmeiation is achieved. In
the secondexample shovn on the lower row of Fig. 8.9, an indoor sceneof an o ce
is reconstructed from 27 views with no available silhouette information. Although
shape-from-silhouette methods would fail, the use of colors allow a photo-consistert
reconstruction of the room as shown on the right hand side of Fig. 8.9.
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Figure 8.9:Upp er left: Original view of the Penguin sequenceUpp er righ t: Recon-
structed view. Lower left: View of anindoor sequenceLower righ t: Reconstructed
view.

8.4 Epip olar Image Analysis

Similar to spacecarving, epipolar image analysis is a technique for the reconstruction
of object shape using color information from multiple calibrated views of the scene.
Instead of starting from the 3D volume by projecting single voxels into the available
views, epipolar image analysis makes use of particular structures in 2D imagesto
derive 3D information. For that purpose,the sequenceof imagesis usually collated to
form a 3D volume, the so called image culke [Criminisi et al. (2002)]. In this volume,
shown on the left hand side of Fig. 8.10, vertical slicesrepresen the original camera
views.

Sincethe cameramovesduring acquisition of the slices,object points also change
their position in the image cube. For the particular caseof a linear and purely hori-
zortal cameramovemert described in the next section, object point tra jectories form
lines in the image cube which can be detected easily with image processingtech-
niques. 3D information is then derived from the line parameters. Usually, a large
number of views is jointly exploited which allows the inherent consideration of mul-
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Figure 8.10: Image cube represenation of an image sequenceleft: Time slicesrep-
resert cameraimages.Righ t: Horizontal slicesare epipolar images.

tiple occlusionsas well as homogeneousegions. The initial method is restricted to
linear equidistant cameramovemerts but can be extendedto other cameracon gu-
rations as well. Section 8.4.2 describe a generalization to circular setups occurring,
e.g.,in turn-table acquisition or concerric mosaics[Shum and He (1999)].

8.4.1 Horizon tal Camera Motion

The most important caseof epipolar image analysis is the case of an equidistant
linear cameramovemert parallel to the horizontal axis of the image plane [Bolles et
al. (1987)]. This constraint forcesall epipolar lines to be purely horizontal. Moreover,
all epipolar lines of a particular object point coincide and remain at the samevertical
position. As a result, 3D reconstruction can be performed on horizontal slicesthrough
the image cube, since all projections of 3D object points remain in the sameslice
throughout the entire sequenceThesehorizontal slicesshonvn on the right hand side
of Fig. 8.10 are called epipolar images

t pt
reference
EPI-line
A
Xv XV

Figure 8.11: Linear camera movemert. Left: Occlusion of EPI lines Righ t: Line
structure of an epipolar image.
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These epipolar imagesrepresern the trajectories of object points. If the camera
is moved equidistantly, the path of an arbitrary 3D point becomesa straight line,
called EPI line (seeFig. 8.11, right). For eact object point in the image sequence,
exactly one corresponding line can be detected in the epipolar image. In order to
determine depth of the points, the slope of theselines is analyzed.Object points that
are closerto the cameramove faster through the image (large disparities), whereas
projections of points further away changetheir position much slower. Therefore, the
slopesof nearby points are higher than those of distant points and, as a result, they
canbedirectly usedto derive scenedepth. Sincethe shape of a tra jectory is explicitly
known to be a straight line, cornventional edgedetection methods can be applied to
nd them.

Somepoints, however, may not be visible throughout the erntire sequencebut are
occluded by other object parts. The corresponding EPI lines are therefore also partly
occludedas shown on the left hand side of Fig. 8.11. Fortunately, there is a particular
structure in theseocclusionswhich can be consideredfor e cien t occlusion handling.
Object points can only be occludedby others which are closerto the cameraand thus
have a larger slope in the epipolar image. As a result, lines with larger slope always
occludethosewith a smaller one. By searding the epipolar image for lines with large
slopes rst, removing those lines from the image, and continuing the seard with less
tilted lines, occlusionhandling is inherently performed. The entire processof epipolar
image analysisis thus as follows:

Calibrate the camera

Processall epipolar images

In eat epipolar image, seard for lines, starting with lines having large slopes
Remove those lines and contin ue seard for lines with smaller slope

Compute depth of object point from slope of line

Since the ertire length of the line is exploited to determine depth of the corre-
sponding object point, accurate values can be determined even in the presenceof
multiple occlusions.Fig. 8.12 showns someresults obtained with epipolar image analy-
sis. 200 frames of a synthetic image sequenceof CIF resolution are collated to an
image cube. Lines are searded in the corresponding epipolar imagesand depth maps
computed from the slopes. The right hand side of Fig. 8.12 shows one of thesedepth
maps. No ltering, interpolation, and smoothnessconstraints are applied. Still, scene
geometry is recovered with reasonablequality.

8.4.2 Image Cub e Trajectory Analysis

Epipolar image analysisis a robust method for 3D reconstruction that jointly detects
point correspondencedor all available views of an image sequenceOcclusionsaswell
as homogeneousregions can be handled e cien tly. The big disadvantage of the al-
gorithm is its restriction to linear equidistant cameramovemernts, since the sceneis
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Figure 8.12 Left: Synthetic sequenceBoxes Righ t: Estimated scenedepth.

viewed from oneprinciple direction only. Other cameramovemerts, for examplecircu-
lar cameracon gurations important for turn-table or conceriric mosaicacquisitions,
cannot be handled.

One idea to overcome this problem is a piecewiselinear EPI analysis where
small segmeits of the object point trajectory are approximated by straight lines.
This approach can also be applied to other camera movemerts [Li et al. (2001)]
but signi cantly reducesthe amourt of referenceimagesand thus robustnessof the
3D reconstruction.

Figure 8.13: Moche sequencecircularly moving camera. Left: First cameraframe.
Righ t: Image cube represeration with sinusoidal shaped tra jectories.

This restriction to horizontal cameramovemerts is overcomein image cuke tra-
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jectory (ICT) analysis [Feldmann et al. (2003a)] that can deal with circular camera
con gurations as well. For an inwards pointing circularly moving camera, e.g., the
trajectories in the image planes are no longer lines but sinusoidal shaped curve as
illustrated in Fig. 8.13. Instead of searding for straight lines in the epipolar im-
ages,ICT analysis rst discretizesthe object spacesimilar to spacecarving. Either
regular voxel volumes can be built or more e cien t irregular structures [Feldmann
et al. (2004)] can be setup. Given the cameramotion, the trajectory of a particular
3D point through the imagecube is computed. In a secondstep, color constancyalong
the ertire trajectory is evaluated. Trajectory parametersare varied and for the best
matching ICT's the corresponding 3D positions are determined. Occlusion handling
is hereby performed similar to the horizontal caseby using a special seard order.

case 1 case 2 case 3

Figure 8.14: Camera con gurations for three dierent cases.Left: Turn-table setup
(inwards pointing camera).Middle: Concertric mosaic(tangential direction). Righ t:
Concertric mosaic (normal direction).

Although the approad can be applied to arbitrary known cameracon gurations,
we will restrict ourselvesto circular camera motion in the following. Three cases
are distinguished as illustrated in Fig. 8.14: an inwards facing camerafor turn-table
measuremets, and an eccertrically rotating camerafacingin tangential or normal di-
rection respectively. The latter two casesare important for concerric mosaicanalysis
[Feldmann et al. (2003b)].

For such circular motion, an arbitrary 3D point may be described in terms of its
radius R to the certer of rotation, its rotation angle , and its height y. Assuming
perspective projection, object point trajectories through the image cube can analyti-
cally be computed (see[Feldmann et al. (2003b)] for more details). In cortrast to the
horizontal casedescribed in Section 8.4.1, the tra jectories are no longer restricted to
lie in a 2D plane but changein all three dimensions.The projection of the tra jectory
into the X -plane is illustrated for all three casesin Fig. 8.15. Pleasenote that
points outside and inside the cameraradius R, have to be treated di erently.

Given the analytic trajectory description with the free parametersR, , andy,
ICT's are computed for ead 3D object point and a global seart within the image
cubeis performed by evaluating color constancy The parametersof the best matching
ICT's determine 3D positions of valid object points. Similar to the horizontal case,
occlusions may occur which hide parts of the trajectories. For the decision of the
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Figure 8.15: X coordinate for points with varying radius. Left: Trajectory for concen-
tric mosaicswith inwards facing camera. Middle: Tangertially facing camera, and
Righ t: Outwards facing camera.

correct processingorder, two caseshave to be distinguished: First, trajectory parts
corresponding to points lying betweenthe certer of rotation and the cameramust be
evaluated. For these parts, the slope of the curve is always positive and tra jectories
must be processedfrom large to small radii R. Trajectory parts being further away
than the certer of rotation (with negative slope) are processednext with increasing
radius. Each time a matching tra jectory is found, it is removed from the image cube.
This way, it is assuredthat even partly occluded points are robustly found. For
a detailed discussionof correct occlusion handling pleaserefer to [Feldmann et al.
(2003b)].

Figure 8.16:ICT reconstruction of the Tree sequenceleft: Original frame of a tree
on a turn-table. Middle: Reconstructed geometry displayed as depth map. Righ t:
Synthesizedimage from the voxel volume.

Fig. 8.16 shows a result obtained for a turn-table sequencewith an inwards facing
camera. 360 frames in CIF resolution are recorded that form the image cube. A
3D voxel model is created by searding through the image data for best matching
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trajectories. The right hand side of Fig. 8.16 gives an example of a reconstructed
view renderedfrom the voxel dataset. The geometry of the object is illustrated in the
middle image by meansof a depth map. Although a very simple matching strategy
is usedin this particular experiment, also ner details can be recovered.

8.5 Conclusions

Volumetric reconstruction methods haverecertly gainedincreasinginterest sincecur-
rent computers allow the storage of large volumes and reconstruction of objects or
sceneseven in real-time. Compared to depth-basedmethods, a voxel represenation

often hasthe advantage that no point correspondencesand registration of erroneous
data are required. Due to the lack of smoothnessconstraints, very detailed structures
can be recovered provided that accurate calibration information is available. One of
the simplest methods is shape-from-silhouette that is computationally e cien t and
robust against lighting variations. Viewing conescomputed from the contours are
intersected to approximate the visual hull of the object that does not include any
concavities. Higher shape accuracy can be obtained by using surface color informa-

tion instead of the binary silhouette mask. Space carving or voxel coloring meth-
ods try to construct a colored voxel volume whose badck-projections into the image
planesresult in photo-consistert synthetic views. The methods mainly dier in the
way the volume is traversed,how color similarity is computed, and how visibilit y is
determined. Occlusion handling is also elegarily solved by an occlusion compatible
ordering schemein epipolar image analysis where tra jectories of object points in an
image cube are analyzed. Again, all views of the sceneare jointly exploited without

establishing point correspondencesThe classiclinear cameramotion assumption can
also be generalizedto other cameramovemerts enabling the usageof these methods
to a wide range of applications.
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