
Evaluation of Surface Reconstruction Methods

Reinhard Klette, Andreas Koschan, Karsten Schlüns and Volker Rodehorst

Computer Vision Group, FR 3-11
Computer Science Department, Berlin Technical University, D-10587 Berlin, Germany

http://www.cs.tu-berlin.de/~cvworld
{klette,koschan,karsten,vr}@cs.tu-berlin.de

Abstract

In this paper we discuss the evaluation problem of surface reconstruction algorithms follo-
wing the methodologies of static, dynamic and photometric stereo analysis. It is important
to  answer such questions as  1) For what kind of surfaces and  3-D objects an algorithm
behaves either well or bad? 2) How accurate are the reconstruction results of an algorithm
under specified circumstances? What measure can be used to evaluate reconstruction accura-
cy? 3) How to compare reconstruction results following different methodologies? 4) What
algorithm can be suggested for a specific application project? and so on. So far we present
some proposals and first quantitative and qualitative results for answering such questions. In
our opinion a methodology for evaluating surface reconstruction algorithms is still at its
beginning.

1.  Introduction
Reconstructed surface patches are approximations of 3-D object faces. They can include
absolute or relative depth information. Isolated measurements of 3-D point positions are
approximate locations of specific surface points. Reconstructed surface patches and isolated
measurements characterise the two typical aims of surface reconstruction methodologies in
computer vision as static, dynamic or photometric stereo analysis.

 An experiment for the performance evaluation of stereo analysis results is described
by specifying its input data and the available ground truth, by defining an error criterion,
by specifying the selected algorithms which are used, and by a discussion of the experimen-
tal results and the conclusions. Two scene spaces PACKAGE and BEETHOVEN are used as
input image sources, cp. Fig. 1.

Quantitative evaluations of algorithms are still a rare case in the computer vision lite-
rature. Accuracy is a relation between ground truth and calculated result. For surface recon-
struction algorithms, the geometrical locations of 3-D scene object surfaces should act as
ground truth, and the reconstructed surface patches or isolated measurements are the calcu-
lated results. If synthetic objects would be used then such a ground truth is known. For
some real objects as the box in PACKAGE scenes, the object sizes can be measured, cp.
Tab. 3. A quantitative evaluation requires an error criterion function, e.g. the average of all
deviations in reconstructed sizes of the box in PACKAGE scenes is such a function. If such
functions are not available then the qualitative visual comparison of reconstructed surfaces
with the given 3-D objects is used as a qualitative error criterion. The used representation
method may influence this evaluation. In this paper, a qualitative evaluation is demonstrated
for different reconstruction algorithms in the second scene space BEETHOVEN.

In this second scene space the ground truth is not available. However, even if the
geometrical surface data would be available then still a proper confidence measure has to be
selected: How to measure geometrical differences between two 3-D surfaces representing
partial views of the same 3-D object? The complexity of this problem increases if only rela-



tive depth values can be reconstructed, i.e. the reconstructed surface patches must be scaled
with some scaling factor.

   

Figure 1: Input pictures of the scene spaces PACKAGE (box, bottle etc.) and
BEETHOVEN (plaster statue, alone or in a desk environment).

For image acquisition a 3CCD-Colour-Camera DXC730P from Sony was used. Gain control
and gamma correction were turned off. Automatic white balancing was used. The digitisa-
tion process was done by a DATACELL s2200-frame grabber in a Sun IPX workstation.
The focal length used with static stereo (Section 2) and dynamic stereo (Section 3) was 23
mm. The focal length used with the shading based approaches (Section 4) was ca. 60 mm.
The scenes were illuminated by one or several slide projectors (dynamic stereo and shading
based approaches) or fluorescent ceiling lamps (static stereo).

The following coordinate systems are used to model the relations between scene
space objects and projected images:

Xw,Yw, Zw( )  denote the 3-D coordinates of object surface points P  in the world coordi-
nate system ,

Xc,Yc, Zc( ) denote the 3-D coordinates of P  in the camera coordinate system ,
f is the distance between the image plane and the projection centre (focal

length),
xu, yu( ) are non-distorted image coordinates of Xc,Yc, Zc( ) assuming an ideal pin-

hole camera,
xd , yd( ) are distorted image coordinates, differing from xu, yu( ) by radial lens dis-

tortion, and
x f , y f( ) are device-dependent  coordinates of xd , yd( )  in the digitised image.

The Z-axis Zc  of the camera coordinate system coincides with the optical axis, and it is
pointing into the scene space. If only relations between camera coordinates and non-distor-
ted image coordinates are discussed then world and camera coordinates are assumed to be
identical. For simplification, x, y( ) and X,Y, Z( )  are used in this case, without indices u , w
or c. All coordinates and parameters are measured at the same scale, e.g. µm. The only ex-
ception are discrete coordinates x f , y f( )  for the digitised image which are given in (sub-)
pixels. Central projections are assumed in Sections 2 and 3, and parallel projections in Sec-
tion 4.

For camera calibration, internal camera parameters as well as geometric relations
between camera coordinates and world coordinates have to be pre-calculated, and these data
have essential influence on the accuracy of the surface reconstruction results. For example,
for describing the affine transform from world coordinates Xw,Yw, Zw( )  into camera co-
ordinates  Xc,Yc, Zc( ),  a rotation matrix R and a translation vector T have to be calibrated.
The method [1] was used.



For solving the evaluation of camera calibration method problem, an extension of
this method was necessary, see [2]. Using this extension of Tsai's method, the accuracy of
calibration results was evaluated. Different real and synthetic calibration objects (planes with

  

Figure 2: Gray coded dense depth map obtained with chromatic block match-
ing (left) and texture mapping for these depth values (right).

calibration points in the latter case) were used for selecting a simple, but sufficient calibra-
tion object. Using synthetic objects it was possible to prove statistically that near-optimum
accuracy is achievable already by three calibration planes, each with about 20 calibration
points (e.g. an "open cube").

2.  Static Stereo Analysis
The key problem in static stereo analysis is how to find the corresponding points in the left
and in the right image, referred to as the correspondence problem. Whenever the corre-
sponding points are found, the depth can be computed by triangulation. Stereo techniques
can be distinguished by either matching edges and producing sparse depth maps, or by
matching all pixels in the entire images and producing dense depth maps.

An evaluation of static stereo approaches was performed for selecting methods for
further study [3]. For such an evaluation it is not suitable to evaluate a selected single pro-
cessing step (e.g. a stereo matching algorithm) without taking into consideration the inter-
dependence of all processing steps. For example, matching is simple if the correspondence
search is reduced to characteristic features like junctions in the image. Although, the
matching problem can be solved perfectly for those features. However, the obtained results
are not suitable for a dense surface reconstruction process. The main emphasis of the inves-
tigations presented in [3] was on stereo matching because this processing step has a great
influence on the quality of the computed results. In addition, the entire correlation and the
mutual dependence of the processing steps within a stereo system were taken into considera-
tion. The experiment can be described as follows:

Input data and ground truth: Correspondence methods are evaluated with regard to their
suitability within a stereo system for the recovery of the surface geometry of 3-D objects in
near distance to the cameras (approximately 1 m). All methods are applied to a series of in-
door images. Gray value and colour images are used as possible input data.
Error criterion: Qualitative evaluations of calculated correspondences based on visualisa-
tions as shown in Figs. 2 and 3.
Algorithms: After investigating 73 different stereo methods, eight selected and two new
matching techniques were implemented.
Results and conclusions: As a result of these comparisons an edge-based approach using
disparity histograms [4] and a technique based on block matching [5] were selected for
further study. The quality of the matching results improves for both techniques if colour in-
formation is used instead of grey value information [6]. As a result the I1I2I3 colour space
suggested by [7] provides the best information for stereo matching. The selection of the
colour measure had no significant influence on the results in this investigation. The



precision of the matching results always improved by 20 to 25% when using colour in-
formation instead of grey value information.

   

Figure 3: Depth values obtained to an PACKAGE stereo image when applying
chromatic Block Matching (left), and points where the edge-based approach
has matched zero-crossings (right). The camera was about 1.80 m away from
these objects, and the baseline distance between both cameras was 11.7 cm.

Dense depth maps obtained with the chromatic block matching method are shown in Figs. 2
and 3 at the left. The edge-based approach allows computations of corresponding points
only at edges, see Fig. 3 at the right. For edge extraction the Marr-Hildreth operator was
used at three resolutions ( σ1 = 1.41, σ2 = 3.18,  and  σ3 = 6.01).  Zero-crossings in the
LoG filtered images constitute the features in the succeeding matching process.

3.  Motion Analysis
Shape from motion is often cited as one of the basic computer vision approaches. Rigid ob-
jects are projected into the image plane assuming a certain camera model. For a time se-
quence of such projections, motion vectors have to be computed. Based on these vectors,
certain shape values of the objects can be determined leading to a (partial) 3-D representa-
tion of the projected objects.

The computation of high-accuracy dense motion vector fields is the most critical is-
sue of surface from motion, cp. [8, 9] for evaluations of optical flow algorithms. Approa-
ches for solving this task can be classified as point-based differential methods, as region
based matching methods, as contour-based methods, or as energy-based methods.

Point-based differential methods use spatial and time gradients of the image irradi-
ance function. The point-based differential methods are favourite candidates for surface re-
construction approaches since complete and dense motion fields can be computed. Several
motion detection algorithms were evaluated [2, 9] using the source code of [8] if offered by
this source. The Anandan method, cp. [8], was selected for further study (note that dense
flow fields are required for shape from motion).

Shape from motion results were evaluated for objects placed on a rotating disc. The
radius of the disc is known, and the camera calibration method is also used for calculating
the rotation axis in camera coordinates. For this case of rotational motion [2], for corre-
spondence calculation the epipolar constraint of static stereo can be adopted.

Dynamic stereo analysis for such a rotating disc allows depth computation for cor-
responding points in consecutive images. Assume that during image acquisition of an object
placed on the rotating disc, projections of a visible surface point W  (in the world coordi-
nate system) are given as points C1and C2  in the image plane of the camera-centred coor-
dinate system at consecutive time slots t  and t + 1. The task consists in calculating the co-
ordinates of W  based on the known pixel positions of points C1and C2 , and based on the



calibration results, e.g. rotation matrix R and translation vector T, cp. Section 1. Solutions
are given in [ 2].

     

      

Figure 4: The plaster statue on the rotating disc, a needle representation of the
optical flow field calculated by the Anandan method, cp. [8], and two represen-
tations of the reconstructed 3-D surface: depth map (below left) and texture
mapping (below right).

Unfortunately, automatic dense flow vector field computation is not available at a quality
level allowing good quality reconstructions of real object surfaces. By adding noise to ideal
motion vector fields of synthetic objects it can be proofed that very small disturbances al-
ready have a great impact on the reconstructed surfaces. In Fig. 4 it is illustrated what qual-
ity of reconstruction could be achieved in case of  a  BEETHOVEN scene.

Dense optical flow field computation does not lead to complete surface reconstruc-
tions at acceptable quality. However, singular correspondences ("sparse flow fields") can be
calculated for real objects with relatively good accuracy, e.g. by edge-based correspondence
analysis, allowing computations of 3-D positions of surface points for the calculated feature
points. Matched point positions of a  PACKAGE scene are illustrated in Fig. 5. A sequence
of four input images was used. The rotation angle between two images was 5°. The camera
was about 1.80 m away from these objects. The rotational disc is shown in the image just for
illustration purposes. The Marr-Hildreth operator was used for edge detection. The known
rotation angle is used within the reconstruction procedure.

4.  Shading based shape recovery



Shading based methods for surface reconstruction consider the imaging sensor as a photo-
metric measuring device. Assuming special reflection characteristics and known illumina-
tion  configurations, the  measured  image irradiances reduce  possible surface orientations

Figure 5: Corresponding points using edge-based motion analysis. Four selec-
ted points in corner positions are illustrated.

to a closed curve on the Gaussian sphere. For Lambertian reflection these curves are circles.
Several approaches exist to achieve a unique surface in spite of this ambiguity in image ir-
radiance. Most approaches require hard limitations to the object world. This implies that
these approaches are theoretically very interesting but not useful in practice.

However shading based methods have the important advantage that they calculate
dense three-dimensional surface features. Surface orientation or relative depth can be as-
signed to each visible surface point in the image, except for sharp discontinuities.

In our work we focus on methods which are independent of the actual surface
albedo. Albedo independence allows the surface to be of an arbitrarily coloured texture.
Hence, no reflection factor measurements are needed for the originally unknown surface.

Using at least three light sources surface orientations together with albedo values can
be measured for each image point independently. This is known as the photometric stereo
method [10]. Algorithms following this methodology calculate surface gradients or normals
from the shading variations in three images, taken of the objects with light sources in differ-
ent positions. Opposite to the binocular stereo techniques (Section 2), the visual sensor is
fixed in the same position and orientation. Opposite to the dynamic stereo techniques (Sec-
tion 3), the illumination changes during picture sequence acquisition. Therefore no match-
ing or registration strategy is necessary.

From the surface orientations the depth can be calculated using integration tech-
niques. Comparisons with several approaches have shown that a FFT-based method [11]
produces the best results. For polyhedral reconstructions also the method described in [12]
can be used for depth calculations.

The inaccurate illumination parameter estimation problem can be solved if the in-
fluence of these parameters on reconstruction can be reduced. Traditionally for the photo-
metric stereo method [10], the accuracy of the orientation determination depends strongly
on the estimation of the light source parameters, i.e. the light source strength and the illu-
mination direction. On the other hand, table look-up techniques exist which need no know–
ledge of these parameters, since the table look-up is built with an calibration object [13].
Table look-up techniques in general have the disadvantage that only objects with surface
materials can be analysed which have exactly the same reflection characteristics as the cali-
bration object. This implies many practical problems, since often it is difficult to generate a
calibration object with a special surface material, and since the albedo of the analysed object
has to be constant. We developed a table look-up technique which is independent of the sur-



face albedo. The light source parameters remain unknown. In comparison to other table
look-up techniques, a further assumption is that the sensor has a linear characteristic.

Figure 6: A needle map representation of a reconstructed gradient image using
an albedo independent photometric stereo technique (on the left), and iso-
depth plots using the approach in [11] (in the middle) and the polyhedron
reconstruction method [12] (on the right) for calculating depth from gradients.

face X Y Z

A 0.054525 0.894764 -0.443198

B -0.836804 -0.244101 -0.490076

C 0.513713 -0.449641 -0.730699

Table 1: Calculated unit normals of three visible box faces.

In Fig. 6 results are shown of photometric stereo analysis of a PACKAGE scene. The  re-
constructed gradient image (needle  map representation on the left) is transformed in depth
maps visualised by iso-depth plots. The cow pictured on the box has a very small albedo,
i.e. close to zero. Therefore (among other regions) in the cow no surface orientations could
be determined.

In Tab. 1 the three determined unit surface normals are listed for the three visible
faces in Fig. 6. The angles between these faces are as follows,

 angle A, B( ) = 92.7°, angle A,C( ) = 92.9° , angle B,C( ) = 87.8°.

The calculated ratios  E3:E1 = 1.6783, E3:E2 = 2.6638, E1:E2 = 1.5872 of the edge lengths
can be compared to the real edge ratios E3:E1 = 1.7579, E3:E2 = 2.6508, E1:E2 = 1.5079.
Using edge E2 as a reference edge the calculated lengths differ by 5 mm (E1) and by 1 mm
(E3) from the ground truth.

Traditionally the photometric stereo method restricts the reflection characteristics of
the analysed surface to Lambertian reflection. This approximate assumption can be used for
many materials. However in general surface reflection is composed of a diffuse and of a
specular component. With the specular reflection component more parameters must be
known in advance to model this hybrid reflection. These are roughness values and weight-
ing factors, for example. Using colour is a good way to get more information about the
scene without introducing more light sources and without making severe restrictions to the
surface reflection properties. We apply the dichromatic reflection model. This model can be
used to separate the two types of reflection components [14, 15]. Moreover, roughness val-



ues and weighting factors can be extracted from the images. Since the photometric stereo
method  additionally recovers  surface albedo values,  illumination independent  surface co-

light
source

relative
strength

estimated ps estimated qs estimated
tilt

estimated
slant

1 1.0 -0.387930 0.059682 171.25 21.43

2 0.56271 0.031802 0.556538 86.73 29.14

3 0.52581 0.389363 0.104828 15.07 21.96

Table 2: Light source parameters of the experiment for reconstructing the sur-
face of the Beethoven plaster statue.

Figure 7: Left: input image of the Beethoven plaster statue illuminated with the
first light source, cp. Tab 2. Right: mesh plot of the resultant depth map.

Figure 8: Visualisation of the reconstructed surface of the Beethoven plaster
statue using texture mapping.

lour descriptors can be obtained. These colour descriptors allow that a set of CIE tristimulus
values can be assigned to each surface element.



The light-source specifications for reconstructing the surface of the Beethoven
plaster statue are given in Tab. 2. The FFT-based integration method [11] is used to cal-
culate a relative depth map from the calculated surface orientations.

The albedo of this object is constant. Plaster has approximately a Lambertian re-
flection characteristic. Therefore no highlight elimination is necessary. The input image il-
luminated from the first light source is shown in Fig. 7 at the left. Fig. 7 at the right is a vi-
sualisation using a mesh plot. The sampling rate of the mesh is three pixels. Therefore de-
tails in the depth map are lost.

The albedo independent table look-up method is used to reconstruct the surface
orientations in areas where three irradiances are available. In areas illuminated from two
light source the surface orientations are projected onto the self-shadow circle of the third
source on the Gaussian sphere. In areas illuminated from one source the orientations are
projected onto the intersection of the two shadowing sources. In Fig. 8 a surface plot is
shown using texture mapping. As texture image the scene illuminated with the second light
source was used.

6 Conclusions
Static and dynamic stereo analysis allow to measure absolute depth values. For the box used
in the experiments, such measurements are given in Tab. 3. The edge sizes allow a direct
comparison with the ground truth. Photometric stereo analysis offers gradient data, see Tab.
1, which can be used for computing a relative depth map. The computed angles were close
to 90˚, i.e. nearly accurate, cp. Section 4.

distance edge length static stereo dynamic

between (ground truth) intensity based feature based stereo

P1 P4 167.0 169.4 171.6 168.7

P2 P5 167.0 166.4 165.5 166.0

P3 P7 167.0 167.1 165.2 167.1

P4 P6 63.0 56.5 57.1 62.0

P5 P4 82.0* 75.4 77.3 88.2

P6 P7 82.0* 71.7 78.7 91.3

P7 P5 63.0 54.4 57.0 61.6

*If the edge detection algorithm did not find the real positions of the vertices P4-P7 (dark box corner
points) because their contrast to the background is too low then the edges of the white label were chosen.

Table 3: The comparison of the 3-D point differences (in mm) with the ideal
size of the box in the PACKAGE scenes (selected points on the box surface).

Altogether these experiments with the box show that approximate surface data can be ob-
tained with these methodologies based on the used calibration. However, for static and dy-
namic stereo analysis some corresponding pairs were interactively selected (without optimi-
sation, just with the aim to be close to the object corners).

For reconstructing surface patches the high error rate of static or dynamic stereo
analysis results is without doubt, cp. Figs. 2 and 4.  The reconstruction of surface patches
using static stereo analysis is possible at a very rough level, and dynamic stereo analysis ab-
solutely fails. However, these rough drafts can be of interest for the navigation in 3-D envi-
ronments, i.e. it is not possible to recognise an object, or to reconstruct the surface in a pre-
cise way, but it can be calculated "that there is something" what a robot may view as an ob-
stacle.

The reconstruction of surface patches was possible by photometric stereo analysis in
good quality, cp. Figs. 7 and 8. This reconstruction process is also very fast and in on-line
only restricted by the time of using three different light source illuminations.



Further approaches exist for reconstructing 3-D surfaces, e.g. structured lightening
[16], or shape from shading [13]. They should be included in comparative evaluations of
reconstruction results. The technical report [17] is a long version of this conference paper.
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