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Abstract

By combining techniques from geometric hashing and structural indexing, we have
developed a new representation for recognition of free-form objects from three di-
mensional data. The representation comprises descriptive spin-images associated
with each oriented point on the surface of an object. Constructed using single point
bases, spin-images are data level shape descriptions that are used for efficient
matching of oriented points. During recognition, scene spin-images are indexed
into a stack of model spin-images to establish point correspondences between a
model object and scene data. Given oriented point correspondences, a rigid trans-
formation that maps the model into the scene is calculated and then refined and ver-
ified using a modified iterative closest point algorithm.

Indexing of oriented points bridges the gap between recognition by global proper-
ties and feature based recognition without resorting to error-prone segmentation
or feature extraction. It requires no knowledge of the initial transformation between
model and scene, and it can register fully 3-D data sets as well as recognize objects
from partial views with occlusions. We present results showing simultaneous rec-
ognition of multiple 3-D anatomical models in range images and range image reg-
istration in the context of interior modeling of an industrial facility.

KEYWORDS: 3-D object recognition, oriented point, structural indexing, range
image registration, free-form surface, polygonal surface mesh, 3-D modeling.
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1 Introduction

An important problem in robotics is the automatic recognition of objects. By definition, recogni-
tion is the process that associates new observations with previously stored knowledge. In robotics,
the purpose of object recognition is to assign a high level meaning or definition of an object to some
data sensed in the environment of a robot. It is easier to reason using terse high level descriptions
than copious low level data, so, for reasoning and planning tasks, high level descriptions are more
desirable. By providing these high level descriptions, object recognition facilitates the planning of
complicated robotic tasks.

If a model of the object is known a priori it can be stored in computer memory for recognition. This
form of recognition is termed model-based object recognition, and it is a popular form of object
recognition because it has many useful properties. Since models are known a priori, their represen-
tations can be generated and stored before recognition, thus substantially increasing the speed of
recognition and the number of objects that can be recognized. Another advantage of the model-
based approach is that recognizing a complete model from partial scene data fills in gaps in incom-
plete scene data. Furthermore, high level information not used in recognition (e.g., appearance, ma-
terial type, importance, etc.) can be stored with a model and then associated with the scene data
when a model is recognized, enhancing the description of the world.

A common form of model based object recognition, recognition by localization, has the following
stages. First a representation of the shape of the model is created and stored. Next the scene is con-
verted to the same representation as the model so that the scene can be compared to the stored mod-
el representation. Then correspondences are established between parts of the stored model
representation that are similar to parts of the processed scene. Next, a spatial transformation that
transforms the model into the scene is computed to find the pose of the object in the scene. Finally,
the model is compared directly to the scene data to verify that the match between model and scene
is correct. The object recognition system presented in this paper follows the recognition from lo-
calization paradigm using data from three dimensional sensors.

Three-dimensional object recognition uses the true 3-D shape of objects in its model representa-
tion. Commonly used sensors in robotics for generating 3-D data are multiple camera stereo rigs,
laser rangefinders and structured light range cameras. Three dimensional data can also be acquired
with sonar, tactile, computed tomography and magnetic resonance sensors. 3-D data can come in
the form of depth maps, isolated 3-D points and lines, or 3-D intensity images, depending on the
sensor and sensing algorithm. We use polygonal surface meshes for our 3-D representation be-
cause surface meshes can represent objects of arbitrary shape and topology and the data from most
3-D sensors used in robotics can be converted to a surface mesh.

Another source of variation among 3-D model-based object recognition systems is the means by
which stored models are compared to processed scene data and the subsequent transformation

1



computed. Comparison can be done between global properties of the scene (e.g., volume, surface
fit parameters or moments) or spatially localized features (e.g., edges or corners). Global properties
are very descriptive and can unambiguously identify and localize objects. However, global prop-
erties are difficult to compute when only a partial view of the object is available or the scene con-
tains clutter. Local features are useful when recognizing objects in cluttered scenes where global
properties are difficult to compute. Extraction of features in three dimensional object recognition
usually takes the form of segmentation, edge detection or convolution of an interest operator. Un-
fortunately, methods of feature extraction are susceptible to noise; false features may be generated,
or existing features may not be detected. Furthermore, complicated free form objects are difficult
to model using linear features (points, lines and planes), making the representation of 3-D free form
objects an open research issue.

In this paper we present a new model representation for three dimensional object recognition that
combines the descriptive nature of global object properties with the robustness to partial views and
clutter of local features. Specifically, oriented points are used to create a mapping of 3-D points to

a 2-D image space at each vertex of a surface mesh. By applying the unique mapping at each point
in the surface mesh to all other points in the surface mesh, a spin-image is generated that encodes
the global shape of the object with respect to the current point. At recognition time, spin-images
from points on the model are compared to spin-images from points in the scene; when two spin-
images are similar enough, a point correspondence between model and scene is established. Sev-
eral point correspondences can then be used to calculate a transformation from model to scene for
verification. Since a spin-image is generated at each point in the surface mesh using all other points
on the object, error prone feature extraction and segmentation are avoided. To verify matches be-
tween model and scene, we have developed an efficient iterative closest point verification algo-
rithm which verifies matches and refines transformations from model to scene. Used in
conjunction with our correspondence algorithm, the verification algorithm provides accurate and
efficient recognition. Since we make no assumptions about the topology or shape of the objects
represented, our algorithm can recognize arbitrarily shaped objects; and, since no initial transfor-
mation is required, our algorithm can be used for object recognition in completely unknown envi-
ronments.

1.1 Related Work

A comprehensive overview of model representation in 3-D object recognition is given in [9] and
comprehensive overviews of methods for establishing correspondences and verifying matches are
given in [6][7]. Because of their direct relevance to our algorithm, some review of work in the areas
of geometric hashing, structural indexing and the iterative closest point algorithms is necessary.

The term geometric hashing was first coined by Lamdan and Wolfson [13][14] to describe their
work utilizing a look up table to speed the establishment of correspondences in recognition. Geo-



metric hashing can be broken into two categories: basis geometric hashing and structural indexing
or curve based geometric hashing [10]. In basis geometric hashing, local features are extracted
from the model of an object and basis coordinate systems are generated using tuples of these fea-
tures. Geometric constraints are encoded in a lookup table by computing the coordinates of other
model features with respect to the current basis, and storing an identifier to the current basis at the
location of the coordinates in the lookup table. This preprocessing stage is done for all possible tu-
ples of features on a model and all models in the model library. At recognition time, features are
extracted from the scene and a basis from a tuple of features is generated. The likelihood of this
tuple belonging to a particular model is determined when the other scene features vote into the hash
table. Model tuples receiving a large number of votes in the table are possible matches to the scene
tuple. The reliance on tuples of features makes the combinatorics of basis geometric hashing pro-
hibitive when dealing with large numbers of features.

Structural indexing or curve geometric hashing does not use tuples of features like basis geometric
hashing, but computes local signatures on objects that are stored in a look up table. Usually these
signatures are curves that are processed in some way for easy comparison [17]. In the preprocess-
ing stage, signatures are computed for each model and stored; at recognition time signatures are
computed in the scene and compared to the model signatures to establish correspondences. Struc-
tural indexing is an excellent way to establish correspondences between arbitrarily shaped objects
because it makes no assumptions about the shape of objects.

Possibly the work most relevant to our work in establishing correspondences is that of Guéziec and
Ayache [8] for the matching of 3-D curves. They establish correspondence between two curves us-
ing an indexing scheme that stores all curve points in a lookup table. Their method requires the
extraction of 3-D curves (features) from volume data and then the calculation of sensitive Frenet
frames on the curves. Chua and Jarvis [2] present a method that is similar to ours for recognition
of free-form objects using point correspondences. However, their method establishes correspon-
dences by comparing principal curvatures of points, and therefore requires the calculation of sen-
sitive Darboux frames at every point on the object. Our work requires no curve extraction and
depends only on relatively stable surface normals for calculation of coordinate bases.

Our algorithm for establishing correspondences between arbitrarily shaped models and scenes is a
combination of the basis geometric hashing and structural indexing. Local bases are computed at
each point on the surface of an object using the coordinates of the point and its surface normal; the
coordinates of the other points on the surface of the object are then used to create a descriptive spin-
image for the point. Information from the entire surface of the object is used to generate spin-im-
ages, instead of a curve or surface patch in the vicinity of the point; thus, spin-images are more
discriminating than the curves used to date in structural indexing. Finally, because bases are com-
puted from single points, our method does not suffer from the combinatorial explosion present in
basis geometric hashing as the amount of data is increased.
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The iterative closest point (ICP) algorithm developed concurrently by Besl & McKay [1] and
Zhang [20] has been shown to be an excellent method for registration of free form surfaces [16].
The obstacle to using ICP for object recognition is that it requires an initial estimate of the trans-
formation between model and scene because it is a greedy algorithm that converges to the nearest
local minimum in transformation space. Another problem is handling outliers when one data set is
not a proper subset of the other. Our iterative closest point verification algorithm avoids local min-
imums in pose space and handles the outlier problem by boot-strapping an ICP algorithm with pre-
viously established point correspondences.

The rest of this paper is organized as follows: Section 2 describes the creation of spin-images from
oriented points bases. Section 3 shows how we use spin-images to establish point correspondences
between points and verify matches of model to scene. Section 4 discusses the overall robustness of
our algorithm and Section 5 shows where we plan to go with the algorithm in the future. It should

be noted that this report is the first of three. It discusses the foundations of our algorithm for rec-
ognizing objects by matching oriented points. In subsequent reports we will discuss the control of
mesh resolution for object recognition using oriented points, and provide a detailed analysis of the
use of oriented point matching for object recognition.

2 Spin-Images of Oriented Points

The fundamental shape element we use to perform object recogniticorierdad point, a three-
dimensional point with an associated direction. Oriented points are similar to oriented particles
[18], the main distinction being that the position of oriented points are static, while oriented parti-
cles move about the surface of the object based on forces applied by other particles. For surface
based object recognition, we define an oriented pom the surface of an object using surface
positionp and surface normal. As shown in Figure 1, an oriented point defines a 2-D Ilfpsis

(i.e., local coordinate system) using the tangent ptaheoughp oriented perpendicularly toand

the line£ throughp parallel ton. The two coordinates of the basis ar¢he perpendicular distance

to the line£, andp the signed perpendicular distance to the pfamespin-map Sy is the function

Figure 1: Oriented point basis.
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The term spin-map comes from the cylindrical symmetry of the oriented point basis; the basis can
spin about its axis with no effect on the coordinates of points with respect to the basis. A conse-
guence of the cylindrical symmetry is that points that lie on a circle that is paralhtbcentered

on £ will have the same coordinates§) with respect to the basis.

Except at discontinuities, the surface normal is a well defined axis for a point on the surface of an
object because it can be computed without calculating second-order surface derivatives (it is deter-
mined as the eigenvector with smallest eigenvalue of the inertia matrix of the surrounding points
[4]). If one were to attempt to create an Euclidean three-dimensional basis at a point on the surface
of an object using the surface normal as one of the axes, two axes in the plane tangent to the point
would have to be determined. An obvious choice for these axes would be the directions of principal
curvature on the surface [2], which would result in the construction of the Darboux frame at the
point. However, determination of the directions of principal curvature of a surface require the com-
putation of second-order surface derivatives, so the resulting axes are very susceptible to noise. In-
stead of attempting to calculate a stable 3-D basis at each point, the known stable information
(surface normal) is used to compute a 2-D basis. Although a spin-map is not a rigid transformation,
it can still be used to describe (albeit incompletely) the position of a point with respect to other
points on the surface of an object. Each unique oriented point has a unique spin-map associated
with it. In the next section we will describe how we use this fact to encode the shape of objects in
an object centered fashion.

2.1 Spin-Image Generation

Each oriented pointon the surface of an object has a unique spin-rgag$ciated with it. When

S, is applied tall of the other points on the surface of the objeca set of 2-D points is created.

In this case, the points on the surfacevtdre the pre-image of the spin-map and the resulting 2-

D points are the image of the spin-map. We will use the $eimimage |, ,,to refer to the result

of applying the spin-map 30 the set of points ofi. A spin-image is a description of the shape

of an object because it is the projection of the relative position of 3-D points that lie on the surface

of an object to a 2-D space where some of the 3-D metric information is preserved. Figure 2 shows
three examples of the result of applying the spin-map at a point on the surface of a femur bone to
the other points on a bone to generate three descriptive spin-images.



Since spin-images describe the relative position of points on a rigid object with respect to a partic-
ular point on that same object, spin-images are independent of rigid transformations applied to the
object. Therefore, spin-images can be used to describe the shape of an object independently of its
pose; they are truly object centered shape descriptions.

Suppose we have a method for comparison of spin-images. A simple recognition scheme based on
indexing of the spin-images is then possible. Spin-images in the scene are compared to spin-images
in the model data base; when a good match occurs, a correspondence between the model point and
the scene point is established. With three or more point correspondences a rigid transformation be-
tween model and scene can be calculated and verified. The problem is then to find an efficient way
to compare sets of 2-D points.

Spin-images

as 2-D point sets as 2-D arrays

BA - Bk

a
4 -

Y Y

Figure 2. Points distributed on the surface of a femur bone with three oriented point bas
and the spin-images associated with the three spin-maps shown as point sets and 2-D a
viewed as greyscale images.



Originally we approached the problem of object recognition using oriented points with methods
from geometric hashing [13][14]. Because we knew it would be too inefficient to compare sets of
2-D points using clustering or nearest neighbors algorithms, our initial algorithm used a hash table
to encode geometric constraints between points. Indices to oriented points were stored in the table
in the bins determined by spin-map coordinates of other points on the object. Comparison was done
by choosing a point in the scene, computing bin locations from spin-map coordinates of other
points in the scene, and voting for model points with indices in the computed bins. The model point
with the highest vote was chosen as the point corresponding to the current scene point. Through
our studies, we discovered that the number and density of points being stored in the table (because
we are using all of the points on the surface of our object and not just a small number of feature
points) was defeating the purpose of using a hash table. It seemed that instead of a hash table, a
representation more along the lines of those used in structural indexing would be more efficient
and appropriate [17].

From our work using a hash table it became apparent that an efficient way of storing and comparing
the points of a spin-image is by representing them with a discrete 2-D array instead of as sets of 2-
D points. Since the points on the surface of an object will not be the same for different surface mesh
representations, we are more concerned with the distribution of points in space that describe the
shape of the object than with the position of individual points. By placing the points in discrete
bins, we are reducing the effect of the position of individual points while still maintaining the shape
of the object.

To create the 2-D array representation of a spin-image the procedure described in pseudo-code in
Figure 3 and pictorially in Figure 4 is invoked. First an oriented poor the surface of an object

is selected. Then for each paxin the surface of the object, the spin-map coordinates with respect

to 0 are computed (Equation 1), the bin that the coordinates index is determined (Equation 3), and
then the 2-D array is updated by incrementing the surrounding bins in the table. A simple way to

Creat eSpi nl mage(oriented point O spin_imge SI, surface nesh M

for all points x on M

(a,B) = Spi nMapCoor di nat es( O, x) /1 Equation 1
(i,j) = SpinlnageBin(a,p) /1 Equation 3
(a,b) = BilinearWights(a,p) /1 Equation 4

SI(i,j) =8SI(i,j) + (1-a)*(1-b)
SI(i+1,j) = SI(i+1,j) + (a)*(1-b)
SI(i,j+1) SI(i,j+1) + (1-a)*b
SI(i+1,j+1) = SI(i+1,j+1) + a*b

Figure 3: Pseudo-code for the generation of a 2-D array representation of a spin-image.
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update the table for each pointvould be to increment the bin that the point is spin-mapped to
(Equation 4) by one. However, in order to smear the position of the point in the 2-D array to ac-
count for noise in the data, the contribution of the point is bilinearly interpolated to the four sur-
rounding bins in the 2-D array. This bilinear interpolation of the contribution of a point will spread

the location of the point in the 2-D array, making the array less sensitive to the position of the point.
Once all of the points on the surface of the object have been processed, a 2-D array representation
of the spin-image is generated. Figure 2 shows the 2-D array representations of three spin-images
generated for three oriented points on the surface of a femur bone.

We have chosen bilinear interpolation of the spin-map coordinates of the points because itis a sim-
ple way to reduce the effects of possible noise in the data. The work of Rigoutsos and Hummel [15]
has shown that the statistically optimal method for distributing the contribution of a point in a hash
table for 2-D affine point matching is through gaussian weighting of nearby bins based on some
expected error in the position of the point. However, because of the nonlinearity of the spin-maps
the application of their methods would require computationally expensive searching for bins to in-
crement and a normalization of weights for each point. Therefore, we do not currently use their
method, but are considering it for implementing in future versions of our algorithm.

For the rest of this paper we will also use the term spin-image to refer to the 2-D array generated
from the spin-mapping of points on a 3-D object. If a differentiation between the 2-D array and the
set of points needs to be made, then it will be made clear from context. Before a spin-image can be
generated, some important steps that orient the surface of the object and set the size of the spin-
images must be taken.

First, consistently oriented surface normals (all pointing out) on the object surface must be deter-
mined, so that spin-images constructed from different instances of object are consistent. Since we

3-D Object Spin-image Bilinear
Surface Mesh . Interpolation
[ ] > a J
[
° d _ I(i,j+1)+= (1-a)b
. q |o — - &7
| -] - 1(1,j)+=(1-a)(1-b) ‘
° (| o])Sp(x) a
» [ \l/
- SoX) = (a,B
~N

N 1(i+1,j+1) +=ab
~
!5 i 1(i+1,j)+=a(1-b)

Figure 4: The addition of a point to the 2-D array representation of a spin-image.
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are using a surface mesh representation for 3-D objects, we can compute surface normals as the
normals of best fit planes (in the least-squares sense) fit to the point and all of its connected neigh-
bors in the surface mesh. We ensure consistent orientation of the normals by picking a surface nor-
mal and recursively spreading its orientation to all of the normals of adjacent points. Next the
orientation (inside/outside) of all of the normals on the surface is determined by calculating the sca-
lar products of the surface normal at each point and the vector from the centroid of the object to
the point. If the majority of scalar products are positive, the normals are oriented to the outside.
Otherwise, the normals have been oriented to the inside, so they are inverted. If the object has mul-
tiple connected components, this normal orientation procedure is applied separately to each con-
nected component. To date we have never encountered an object where this heuristic will not
generate outside oriented surface normals although objects can be constructed where it will fail.

In order to ensure that spin-images are large enough to store contributions from all points on the
object while not being larger than necessary, the maximum size of the object in oriented point co-
ordinates must be computed. To determine the maximum sizes, oriented point bases are construct-
ed at every oriented point on the object. Then, for each oriented point basis, the spin-map
coordinates of all the other points on the object are computed. The maxgirandi3| encoun-

tered for all of the oriented point bases are the maximumajzgsBmax Of the object in oriented

point coordinates.

The size of the bins in the spin-images has to be determined as well. Birissizry important

because it determines the storage size of the spin-image and has an effect on the saliency of the
spin-images. The bin size is set as a multiple of the resolution of the surface mesh (measured as the
average of the edge lengths in the mesh) in order to reduce the effects of object scale and resolution
on this decision. Setting bin size based on mesh resolution is feasible because mesh resolution is
related to the size of shape features on an object. The spin-images should blur the position of points
while still representing of the structure of the object. We have found that setting the bin size to be
two to eight times the mesh resolution yields good results. (Analysis of the effects of bin size on
establishment of correspondences is discussed in Section 4 and will also be presented in detail a
forthcoming report.)

Once the bin size and maximum size of the object in spin-map coordinates has been calculated, the
sizes of the spin-imageé {;ximax can be calculated The sizes of the spin-image are

2 a
— B|'T'|aX_|_ 1 _ maX+ l ] (2)

imax b jmax - b

Because the distance to the tangent plane of an oriented point can be both positive and negative,
the size of the spin-image in tRBedirection is twiceB,ox The equations relating spin-map coor-
dinates and spin-image birj) are



(] ejg

where| f | is the floor operator which rourfddown to the nearest integer. Given the bin size, the
bilinear weights used to increment the bins in the spin-image can be calculated

a=a-ib b =pB-jb. 4)

Given the size and number of bins in the spin-images and properly oriented surface normals, a spin-
image can be generated for any point in the surface mesh representing an object.

2.2 Comparison of Spin-images

A spin-image is an object centered (i.e., pose-independent) encoding of the shape of an object be-
cause the spin-map coordinates of a point with respect to a particular oriented point basis are inde-
pendent of rigid transformations. Suppose we have two instances of an object in two different
poses. Because spin-images are pose independent, the two objects will have the same spin-images.
By directly comparing spin-images from one object with spin-images from the other object, point
correspondences can be established between points on one object and points on the other object
that have the same spin-image. The point correspondences can then be used to localize on object
with respect to the other. Implicit in this method of recognition is a method for comparison of spin-
images.

In general, two different surface meshes representing an object will have roughly the same shape,
but will not have the same points on the surface of the object. This can be caused by many factors
including different sensor configurations during data acquisition (e.g., different range images of an
object) and data acquired using different modalities (e.g., CAD model and a range image). Any
point based recognition system that does not extract features cannot make strict assumptions about
the position of points on the surface of the object and still be expected to work robustly.

Spin-images do not make strict assumptions about the position of points on the surface of an object.
The surface normal at each point is calculated as the best fit plane to a point and all of its nearest
neighbors on the surface of the object. This calculation is less sensitive to the position of the points
along the best fit plane than it is to the position above or below the plane. In cases where, locally,
the surface can be represented as a plane (small curvatures with respect to point spacing), the cal-
culation of surface normal is not sensitive to point position. The spin-images are generated by in-
crementing bins in a 2-D array based on bilinearly interpolating the position of a point in spin-map
coordinates. The bilinear interpolation smears the position of the point in space, making its actual
position less relevant to the final appearance of the spin-image. Given many points falling into the
same bin in a spin-image, the overall effect of one point will become less important and the con-
sensus of many points will dominate. The requirements for spin-images to be similar for different
instances of an object are that surface normals between objects be similar and that the points be
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distributed over the surface of the objects in a regular manner. In Section 4 and in a future report,
we will discuss the effects of noise, point distribution and bin size on the construction of spin-im-

ages.
Since spin-images from different instances of an object will not be exactly the same, a meaningful
way of comparing two spin-images must be developed. We would like the method of comparison
to be efficient and tailored to the image generation process. We expect two spin-images from prox-
imal points on the surface of two different instances of an object to be linearly related because the
number of points that fall in corresponding bins will be similar (given that the distribution of points
over the surface of the objects is the same). Since the bin values are directly related to the number
of points falling into the bins, the bin values will be similar. From template matching, the standard

way of comparing linearly related images is the normalized linear correlation coefficient. Given
two spin-image® andQ with N bins each the linear correlation coeffici®{P,Q)is
R(PQ = [ szlqiz_tgpizqi 20 ©)
2 2
DNZ P — (Zpi) EI]NZ G — (Zqi) 0
Ris between -1 (anti-correlated) and 1 (completely correlated), and it measures the normalized er-

ror using the distance between the data and the best least squares fit line to Riprdatdes a
method for the comparison of two spin-images: when R is high, the images are similaR iwhen
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Figure 5: Comparison of spin-images visualized as scatter plots
11



low the images, are not similar. The correlation coefficient imposes an ordering on point corre-
spondences, so good and bad correspondences can be differentiated.

The linear correlation coefficient provides an simple and established way to compare two spin-im-
ages that can be expected to be similar across the entire image. Such is the case when a spin-image
from a complete object is being compared to a spin-image from a different, but complete, object.
However, in many cases the 3-D data available is not complete (as in the case of range images tak-
en from different views), and the spin-images from different incomplete data sets will not be the
same everywhere in the images. A possible way to handle this case is to compare the images using
a robust estimator such as least median of squares. However, we have found that the overall robust-
ness of our method decreases the need for such complex and time consuming estimation. We have
found a simpler method for handling occlusion that involves removing portions of the images from
the image comparison. If the a bin in either of the images does not have a value (i.e., no point fell
in it), then that bin is not considered in the calculation of the linear correlation coefficient. This
technique operates under the assumption that if no value is present in the bin of one image while a
value occurs in the other, then there is an occlusion of a surface in the first data set that is not
present in the second data set. Knowledge of the image generation process is used to eliminate out-
liers.

Since the linear correlation coefficient is a function of the number of bins used to compute it, the
amount of overlap will have an effect on the correlation coefficients obtained. The more bins used
to compute the correlation coefficient, the more confidence there is in its value (i.e., the variance
of the correlation coefficient will decrease with more bins). The variance of the correlation coeffi-
cient should be included in the calculations of the relative similarity between two images so that
the similarity measure between pairs of images with differing amounts of overlap can be compared
(for ranking point correspondences). If the correlation coefficient is used alone, then it is possible
to have two images that have small overlap but are similar only in the area of overlap to have a
higher correlation coefficient than two images that have large overlap but are slightly less similar
in the area of overlap. The two images with more overlap should be given a higher rank, because
there is more confidence in the measured correlation coefficient. An appropriate similarity function
C (derived in Appendix A) which we will use instead of the correlation coefficient to compare
spin-image$? andQ is

C(P,Q = (atanh(R(P, Q))*~AFr= . )

This similarity functions weights the correlation coeffici@@gainst the variance in the correla-

tion coefficient, thus including the amount of overlap in the comparison of two spin-images. The
hyperbolic arctangent function is used to transform the correlation coefficient into a normal distri-
bution where the equation of the variance is easy to calculate. In Equakios & free variable

used to weight the variance of the correlation coefficient against the value of the correlation coef-
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ficient. In practice we set equal to three. Ik is set to zero the similarity function has the same
effect as using the correlation coefficient alone, adisf very large, the correlation coefficient

value become irrelevant and the images are compared based solely on amount of overlap. The sim-
ilarity function will return a high value for two images that are highly correlated and have a large
number of overlapping bins.

Figure 5 illustrates the how spin-images are compared between two different (different points, dif-
ferent connectivity) surface meshes representing a femur bone. On the left, two oriented points
and3B with associated spin-images are selected from Object 1; on the right, a single oriented point
C with associated spin-image is selected from Object 2. PgiatlC are in similar positions on

the object, so their spin-images are similar as is shown by the scatter plot of the images. A scatter
plot of the image data, created by plotting the pixel values in one image versus the corresponding
pixels values in the other image, is a useful way of visualizing if two data sets are correlated; the
distribution of data points will cluster around a line when the two images are linearly correlated.
For pointsz andc, the scatter plot of the image data shows high correlation (R = 0.93) and simi-
larity (C=2.36). Points andcare in not in similar positions on the object, so their spin-images are
not similar. The scatter plot of the image data shows low correlation and (R = -0.08) and low sim-
ilarity (C=-0.08).

2.3 Establishing Point Correspondences with Spin-images

With a way of ranking spin-image pairs based on similarity, a method for establishment of corre-
spondences between oriented points in a model database and a scene data set has been developed;
we call this algorithm Oriented Point Indexing (OPI). First, spin-images are generated for all points
on a model surface mesh and then these images are storsdimimage stack.Next, a scene

point is selected randomly from the scene surface mesh and its spin-image is generated. The scene
spin-image is then correlated with all of the images in the model spin-image stack and the similarity
measures (Equation 6) for each image pair is calculated. The images in the model spin-image stack
with high similarity measure when compared to the scene spin-image produce model/scene point
correspondences between their associated oriented points. This procedure to establish point corre-
spondences is then repeated for a fixed number of randomly selected scene points. The end result
is a set of model/scene point correspondences which can be filtered and grouped in order to com-
pute transformations from model to scene.

Comparison of a scene spin-image with all of the model spin-images can be viewed as an efficient
convolution of a portion of the scene with the model. Every point in the model is compared to the
scene points using the rapid correlation of the model and scene spin-images. This comparison does
not require the calculation of a transformation. A true 3-D convolution of the scene and the model
would require the discretization of six dimensional pose space and then the pointwise comparison

13



of scene to model for each transformation in the discretized pose space. 3-D convolution is too
computationally intensive to be feasible.

A pseudo-code description of the algorithm for establishing a set of point correspondences between
model surface mesh and a scene surface mesh is given in Figure 6. The primary issues that still
need to be addressed when establishing point correspondences are: how to randomly select scene
points, and how to determine correspondences with large similarity.

In our current implementation, we select a small number of scene points using random sampling
of the indices of the scene points in order to reduce the running time of our algorithm. Typical or-
dering of points from 3-D sensors (by raster for range images, by contour for CT, by voxel for
marching cubes) will give us a random sampling over the surface of the scene. In future implemen-
tations, we plan to select scene points in a more intelligent fashion by comparing spin-images of
scene points and using only the spin-images that are significantly different from those already se-
lected. This method will use the shape encoded in the spin-images to ensure a homogeneous sam-
pling of points over the surface of the scene. The number of scene points selected depends on the
number of points and the amount of clutter in the scene. If there is no clutter, then all of the scene
data corresponds to the model, so only a few (~20) scene points need to be selected. On the other
hand, if the scene is cluttered, then the number of scene points should adequately sample the entire
surface of the object so that at least three scene points can be expected to lie on the portion of the
scene data that corresponds to the model. Since this number cannot be directly measured, we set

Ori ent edPoi nt | ndexi ng(surface_nesh MODEL, surface_nmesh SCENE)
For all oriented points mon MODEL /1 make spin-imge stack
Cr eat eSpi nl mage(m MODEL_SPI N_| MAGE, MODEL)
add MODEL_SPI N | MAGE to MODEL_STACK
Sel ect RandontscenePoi nt s( SCENE_PO NTS, SCENE) /1 select scene points
for all oriented points s in SCENE PO NTS /1 conpare wi th nodel
Cr eat eSpi nl mage(s, SCENE_SPI N_| MAGE, SCENE)
Conput eSi mi | ari t yMeasur es( MEASURES, SCENE_SPI N_| MAGE, MODEL_ STACK)
CreateSim |l arityMeasureH st ogram H STOGRAM MEASURES)
Det ect Qut | i er s( QUTLI ERS, H STOGRAM
for all nmodel points min OUTLI ERS
Cr eat ePoi nt Cor r espondence(s, nm

add correspondence [s,n] to list of possible point correspondences

Figure 6: Pseudo-code description of the Oriented Point Indexing algorithm for establishil
point correspondences between a model and scene surface mesh using spin-images.
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the number of scene points investigated to a fraction of the total number of scene points. In prac-
tice, we set this fraction to one half to one twentieth of the total number of scene points.

A simple way to select the best model points matching the current scene point would be to select
the top percent of model points. However, this method is too naive and may select model points
that are not appropriate matches given the similarity information. A better way of selecting the cor-
responding model points is by analyzing the histogram of similarity measures and selecting the
model points that have similarity measures that are much higher than the rest. Essentially, good
matches between the scene point and the model points can be determined by finding the upper out-
liers in this histogram because upper outliers correspond to points that match the scene points very
well. If no outliers exist then the scene point has a spin-image that is very similar to all of the model
spin-images, so definite correspondences with this scene point cannot be established. If corre-
sponding model points were selected as the top percent of model points in the similarity histogram,
this situation would not be detected and unnecessary or incorrect correspondences would be estab-
lished.

A standard statistical way of detecting outliers is to determine the fourth spread of the histogram
(fs = upper fourth - lower fourth = median of largest N/2 measurements -median of smallest N/2
measurements). Statistically moderate outlierslsbf units above (below) the upper (lower)
fourth, and extreme outliers &3& units above (below) the upper (lower) fourth. Figure 7 shows a
histogram of similarity measures for poin{from Figure 5) on Object 2 when compared to all of

the points on Object 1. Four extreme outliers are detected (points with similarity measure greater

Similarity Measure Histogram for Point C
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i outlier |

threshold
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outliers (4)
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0 . median .
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Figure 7: Similarity measure histogram for point ¢ when compared to object 1 (fror
Figure 5).
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than 35above the upper fourth). As expected, the outlier with highest similarity measure is point

4 from Figure 5 and the other outliers are points close fthrough detection of extreme outliers

in the histogram of similarity measures, an automatic method for establishing correspondences has
been created.

2.4 Handling Partial Views and Scene Clutter

Partial scene views are common in 3-D object recognition because many geometric sensors return
a range image than can contain data from only one side of an objects in the scene. In addition, most
models in 3-D object recognition are complete, so the problem of matching a complete model to a
partial scene view is frequently encountered. Because the scene does not have all of the data that
the model has, the scene spin-images will be different from the model scene images which will
make matching of scene and model spin-images more difficult. By comparing spin-images only in
areas of overlap some of the effects of partial views are eliminated. However, to further diminish
the effect of partial views, a threshold on the greatest angle between surface normals is employed.

Suppose there are two oriented poiatsnd 3 with surface normals, andng, respectively, and
that B is being spin-mapped into the spin-imagezoff an object is imaged with a range sensor,
the surface normals of the visible points must be directed in the half of the view sphere centered

Full Model Without Angle Threshold With Angle Threshold
Model Spin-image (A Model Spin-image (A
Scene Spin-image (‘B) Scene Spin-image(B)
Partial Scene View
Scatter Plot Scatter Plot
80 - - 80 - -

401 401

=0.84
=1.45

R
C

% 50 100 150 0 50 100 150

Figure 8. Effect of threshold on angle between surface normals when dealing with part
scene views.
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on the viewing direction. For sonson the surface of the object, the angle betwggandng will

be too large fo to be visible whem is imaged. Assuming that the viewing direction is oriented
along the surface normal g@f(in general this is not true), this angle will be 90 degrees. Using this
assumption, all points that have surface normals with angles greater than 90 degrees with respect
to np should not contribute to the spin-imageadfecause they will never be visible whers. In

the case of partial scene views, applying this angle threshold to the generation of spin-images for
the model and the scene will reduce the differences between model and scene spin-images by re-
ducing the areas of overlap in these images where the two might not agree.

In Figure 8, the effect of using this angle threshold in case of the head of venus with a complete
model and a partial view scene is demonstrated. When the threshold is not used, the model and
scene spin-images for the same point are quite different as demonstrated with greyscale images of
the spin-images, their scatter plot and the associated correlations coefficient and similarity mea-
sure. However, when an angle threshold of 90 degrees is used, the model and scene spin-images
become much more similar as demonstrated with greyscale images of the spin-images, their scatter
plot and the associated correlations coefficient and similarity measure.

Often, the object that is being recognized is located in an image of a scene with clutter, scene data
that is not from the model. Since all of the scene points are used to generate the scene spin-images,
clutter can cause incorrect bin values due to points that are not on the model being spin-mapped
into the spin-image. In other words, clutter in the scene is mapped into clutter in the spin-images.

It is intuitive that the greater the distance between two points, the less likely that the two points are
from the same object. This idea can be incorporated into the generation of spin-images to limit the
effects of scene clutter on their appearance.

The simplest way to diminish the effects of scene clutter is to place a threshold on the maximum
distance that is allowed between the oriented point basis of a spin-image and the points that are
contributing to the image. In our implementation, this maximum distance is determined by the size
of the model in oriented point coordinates. If a scene point is not spin-mapped into the bounds of
the image (as determined by the size of the model spin-images) then the scene point does not con-
tribute to the scene spin-image. Essentially, this distance threshold allows us to place a window on
the scene data that is the size of the model from which the scene spin-images are created (compar-
ing spin images is a 2-D convolution of 3-D data at nodes of the scene and model surface meshes).
Shorter distance thresholds can be employed to further limit the effects of scene clutter. However,
as the distance threshold is decreased, the saliency of the spin-images will decrease as well because
less of the overall shape of the object will be encoded. The problem is similar to that of closing
window size in correlation based stereo. Future work will investigate the effect of the distance
threshold on saliency of spin-images.
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A possibly more effective method for limiting the effects of scene clutter on the comparison of
spin-images would be to weight the bin values by the inverse of distance (or some other appropriate
function) from the oriented point basis when calculating the correlation coefficient of two spin-im-
ages. Using this method, points that are far from the oriented point (and consequently are spin-
mapped into bins that are far from the origin of the spin-image) would contribute less to the calcu-
lation of the correlation coefficient; nearby points would be given more weight than far away
points which could correspond to scene clutter. By giving larger weights to points that are more
likely to be on the object, scene clutter will have less of an effect on the spin-image comparisons.

3 Recognition from Oriented Point Correspondences

In order to establish a transformation from model to scene, at least 3 point correspondences need
to be established. The functioni ent edPoi nt I ndexi ng drastically reduces the number of possi-

ble point correspondences by associating only points in the scene and model that have similar spin-
images. However, the function still finds multiple correspondences between scene and model ori-
ented points. There may be more than one model point corresponding to a scene point because of
noise in the scene data and symmetries in the model which cause multiple outliers to be detected
in the similarity measure histogram. Furthermore, multiple occurrences of the object in the scene
could cause more than one scene point to correspond to a single model point. Therefore, it is nec-
essary to filter the correspondences and then group them into sets that are geometrically consistent
in order to disambiguate between symmetries, multiple object occurrences and incorrect corre-
spondences. Once this grouping occurs, plausible transformations from model to scene can be cal-
culated and verified to determine the presence of an object in the scene. A complete block diagram
of our recognition algorithm described in the following sections is given in Figure 9.

3.1 Filtering Correspondences

If a scene has clutter, not all points in the scene will correspond to the model, or if a scene point
has an incorrect surface normal due to noise in the data, it could be matched to model points to
which it does not correspond. Therefore, some of the correspondences established by detecting out-
liers in the similarity measure histograms may be incorrect. In general, these incorrect correspon-
dences will have low similarity measures and overlap when compared to the rest of the
correspondences. We employ simple thresholds to remove the incorrect correspondences; if the
similarity measure is in the lower percent of similarity measures, or the overlap is in the lower per-
cent of overlaps, then the correspondence is removed. More complicated threshold setting could
be used, but it was deemed unnecessary.
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3.2 Geometric Constraints on Oriented Points

The first step in grouping oriented point correspondences is to determine if two point correspon-
dences are geometrically consistent. All of the information contained in the oriented points (i.e.,
position and surface normal) is used to ensure geometric consistency by comparing the spin-map
coordinates (Equation 1) of corresponding points. Two oriented point correspondgnegsfd

[s,,mp] are geometrically consistent if their spin-map coordinates are within some distance thresh-
old Dy

Hsml (mz) - Ssl (32) H < Dgc
and (7)
[Sin, (M) =S, (1) <Dy

OPI
Generate model
CAD Model surface .Bt.luld Model
models Surface Spin-image Stack
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scone Gse(‘;:ge scene Establish
— —» surface —m Model-scene
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Modelscene  <e— Verify & Reflne N, Plou3|b|§
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Figure 9: Object recognition block diagram.
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This constraint is stronger than simple distance constraints because, by using spin-map coordi-
nates, consistency in distance between points as well as surface normals is checked. Using distance
between spin-map coordinates is also an elegant way to combine the constraints on position and
normals using a single threshold. In general, we set the thre3fjold be between one and two

times the resolution of the model surface mesh.

3.3 Grouping of Consistent Correspondences

With a method for determining geometric consistency, correspondences can be grouped into plau-
sible transformations. Given a €&t {[ m;,5]} of point correspondences, the goal is to partitibn

into groups of geometrically consistent point correspondences. Because we have a ranking of point
correspondences, a straightforward and efficient method of grouping can be employed. First the
correspondences are ordered by similarity measure. Then the correspondence with the highest sim-
ilarity measure is selected and all other correspondences that are geometrically consistent with it
(Equation 7) from the s&@ are determined (call this s&). Next, each correspondenceGnin

order of similarity measure, is checked against all of the other correspondeGcéistivo corre-
spondences are not geometrically consistent then the one with lower similarity measure is removed
from G. The end resultis a reduced set of correspondé&adsch are all geometrically consistent

with each other and from which a plausible transformation can be calculated. The correspondences
in G are removed fror®, and the process is repeated with the remaining correspondénoetih

no more geometrically consistent groups can be made.

Because the correspondences are selected in order of similarity measure, correspondences with the
highest similarity measure are likely to be grouped together. Because the groups of consistent cor-
respondences are removed from theGehe groups of correspondences will be disjoint. There-

fore, this algorithm for grouping correspondences balances the search for all geometrically
consistent transformations (a computationally expensive operation) against the desire to find a set
of transformations that are more likely than others, given high similarity measures of their associ-
ated correspondences.

Given a grougss = {[ m,,5]} of N correspondences between model and scene points, the best trans-
formationT is the one that maps the model pom{do scene points that minimizes

N N
E, = z”si—T(rq)Hz = S s- (Rm +1)]%. (8)

In the case of a rigid 3-D Euclidean transformation, the best roftsfound using a closed form
solution based on quaternions [5][11]. The best translai®then

O < Bl mo
t = s 9
Diz 'O Disz )
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A match between scene and model is a set of point correspondences and the associated transfor-
mation. Matches are ordered for verification based on the number of correspondences in the match.

3.4 lterative Closest Point Verification from Correspondences

The purpose of verification is to find the best match(es) between model and scene by eliminating
matches that are inconsistent when all of the scene data is compared to all of the model data. Ideally
the verification step should be efficient, never eliminate good matches, and refine the transforma-
tion of model to scene if possible. We have developed a method of verification that is a variation
of the iterative closest point algorithm. Not only does this method verify possible matches, but it
also improves the transformation between scene and model.

The iterative closest point (ICP) algorithm concurrently proposed by Besl & McKay [1] and Zhang

[20] is an excellent method for the registration of free form curves and surfaces when the transfor-
mation between model and scene is small. The algorithm iteratively determines the transformation
between a model and a scene by assigning correspondences between closest points, calculating the
transformation, transforming all of the model points based on the new transformation and then re-
peating the process. The ICP algorithm works well even in the presence of large amounts of noise
when the initial transformation is small. Unfortunately, because the algorithm converges to the
nearest local minimum in pose space, it cannot be used when the model and scene are arbitrarily
displaced from each other. Another problem with the generic form of ICP is that it has difficulty

| CPV(rmatch MA, surface_nesh MODEL, surface_mesh SCENE)
VWi | e new correspondences are being created
Apply transformation fromMA to points in MODEL
For each correspondence [s;j,m] in the MA
Access the nearest neighbors to s;, NN(s;) in SCENE
Access the nearest neighbors to m, NN(m) in MODEL

For each s; in NN(s;) find the closest point m in NN(m) and nmake a
correspondence [s;j, m] fromit.

If d(s;,m) <D, add [sj,m] to MA
While transformation error is decreasing
Conput e best transformation from correspondences in NA
Transform nodel based on best transformation
For each correspondence [s;j,m] in MA
Access the nearest neighbors to m, NN(m) in MODEL
Find the closest point m to s; in NN(m)and replace [s;,m] with
[si,m] in the current match if d(s;,m) < d(s;,m) <D

Figure 10: Pseudo-code description of the Iterative Closest Point Verification algorithm.
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registering data sets when one is not a subset of the other because it tries to establish correspon-
dences betweeall the points in one set with some of the points in the other. Our verification al-
gorithm is a formulation of ICP that can handle partially overlapping point sets and arbitrary
transformations because it starts with a transformation generated from point correspondences using
the OPI algorithm.

Given a coarse match between model and scene, the purpose of verification is to determine if the
match is a good one and, if possible, to improve the transformation. The usual procedure is to mea-
sure some distance between the scene and the model; a good match will have a small distance. A
simple way to measure the distance when the model and scene are composed of points is to find
the closest scene point to every point in the model and take the average distance. Difficulties occur
(as stated above) when the sets only partially overlap. Methods are needed to limit the closest point
distance measurement only to those areas in the two sets that overlap. The iterative closest point
verification (ICPV) algorithm does this by growing closest point correspondences from initial cor-
respondences given by the OPI algorithm.

Verification starts with an initial list of point correspondences from which the transformation of
model to scene is computed and then applied to the model points. Next, for each correspondence,
new correspondences are established between the nearest neighbors of the model point and nearest
neighbors of the corresponding scene point if the distance between closest points is less than a
threshold. This step grows the correspondences from those correspondences already established by
finding scene points that correspond to model points. The transformation based on the new corre-
spondences is computed and then refined using traditional ICP by moving the model by the new
transformation and recalculating closest points and recomputing the new transformation until the
transformation error stops decreasing. The growing process is repeated until no more correspon-
dences can be established. The final transformation used is the composition of all of the transfor-
mations computed in the verification algorithm. The ICPV algorithm grows patches of
correspondence between the model and the scene from the initial correspondences. A cascade ef-

Scene
Model
correspondences refined transformation
initial spread to nearest from adding
correspondence neighbors correspondences

Figure 11: lllustration of the spreading of point correspondences and refinement of the mat:
rransformation in the ICPV algorithm.
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fect occurs. If the match is good, a large number of points will be brought into correspondence; if
the match is bad, the number of correspondences will remain close to the number established by
the OPI algorithm. Therefore, a good measure of the validity of the match is the number of corre-
spondences after verification. Figure 11 illustrates how a single point correspondence is spread to
nearest neighbors in the surface mesh and how the current match transformation is refined. A com-
plete pseudo-code description of the ICPV algorithm is given in Figure 10.

Although the OPI and ICPV algorithms can be formulated using various spatial data structures (k-

d trees, surface meshes, volumetric oct-trees), in practice all of the scene and model data are rep-
resented as surface meshes. The approximate nearest neighbors to a point can be efficiently deter-
mined from a surface mesh by using the points that are connected to the point in question by the
surface mesh. The validity of using adjacent points in the surface mesh as nearest neighbors is de-
pendent on the mesh generation process. A possible drawback of using surface meshes in the ICPV
algorithm is that correspondences will not be established between surface mesh regions that are not
connected to regions that contain correspondences.

The threshol®,, in the verification stage (that sets the maximum distance by which two points can
differ and still be brought into correspondence) can be set automatically if the resolution and noise
in the data is known. In the case of no noise and equal spBgisgpuld be set to the resolution

of the mesh. Since the points are not generally distributed equally and noise exists in g data,

is set to between one and three times the resolution of the mesh. This is a compromise between
allowing for noise and preventing correspondences in regions where the data sets do not overlap.
Figure 12 illustrates how initial correspondences established by the OPI algorithm are spread over
the surfaces of two range views (taken with a structured light range camera) of a plastic model of

Scene Views Initial OPI Final Correspondences
: Correspondences
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view 2

Figure 12: The registration of two views of a plastic model of the head of Venus. From left
right are shown: two camera images of the views to be registered, the registration of the vi
(view 1 shaded, view2 wireframe) from OPI correspondences shown as spheres, and a frc
and side view of the registration after the ICPV algorithm with established correspondenc:
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the head of the goddess Venus. The correspondences are established only in the regions where the
two surface meshes overlap, thus preventing a poor registration caused by correspondences being
established between non-overlapping regions.

3.5 Simultaneous Multiple Model Recognition

In order to be versatile, object recognition systems must be able to recognize multiple objects. Gen-
erally this is accomplished by storing representations of many objects in a model database which
is then searched for the appropriate model. For multiple object recognition to be useful, the recog-
nition system must be able to discriminate between different objects automatically. This includes
the ability to determine when an object appears in the scene, when an object does not appear in the
scene and when no objects stored in the model database appear in the scene. The ability to discrim-
inate between different objects is a good measure of how useful a model representation is for object
recognition. Spin-images have significant discrimination power, so they can be readily used for
multi-model object recognition.

The procedure for multiple model object recognition using spin-images is very similar to recogni-
tion of a single object. First a set of points is selected from the scene. Then, for each scene point,
the scene spin-image is correlated with all of the model spin-images for all of the models in the
database. The similarity measure histogram for the scene point is computed and outliers are detect-
ed as in Section 2.3. In general the outliers in the similarity measure histogram will be points on
the model that is associated with the scene point and will not be points that come from some other
model. Once the outliers for every scene point have been computed, the correspondences are fil-
tered as in Section 3.1. The correspondences are then partitioned based on model; geometrically
consistent correspondences and verified transformations are then computed from each patrtition.
Because correspondences are chosen as the outliers in the similarity measure histogram for all
models, the correct model is easily selected from the model database. Of course ambiguity will oc-
cur if two models are very similar in shape. (We are currently investigating ways to measure shape
similarity between models represented by spin-images and our results will be included in a future
report.)

3.6 Results

The combination of Oriented Point Indexing and Iterative Closest Point Verification results in an
object recognition paradigm that can be used to solve many problems in recognition and registra-
tion. To fully demonstrate the effectiveness of our algorithm, we have produced results in two do-
mains: anatomical recognition and interior modeling from range images. Results from anatomical
recognition demonstrate that our algorithm can handle complex and free-form objects, while the
results from interior modeling demonstrate that the algorithm can also handle more simple para-
metric objects and register multiple range views.
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An initial test of our 3-D object recognition system is to recognize an object represented as a 2 1/2-
D surface mesh, generated from a range image of the object, in a 2 1/2-D cluttered scene. Figure 13
shows the result of recognizing a rubber duck in a cluttered scene containing the duck, a shell, a
kazoo, a funnel and a model of the head of Venus. First a model surface mesh of the duck is created
from a range image (generated by a structured light range camera) of the duck by connecting pixels
in adjacent rows, columns and diagonally across rows and columns. This surface mesh is smoothed
using the low-pass mesh smoothing filter of Taubin [19] and then decimated in a way that controls
the length of edges in the mesh [12] in order to reduce the amount of points that have to be pro-
cessed while still preserving the shape of the object. The same procedure is applied to the scene
range image; then the duck model is recognized in the scene using the OPI and ICPV algorithms.
As with all of our recognition results, the number of correspondences established between the mod-
el and scene after the ICPV algorithm is a large fraction of the total number of points in the model,
so the model is considered to be correctly recognized. How large this fraction has to be depends on
the amount of the model that is present in the scene, a quantity that cannot be directly measured.
(Future investigations will look into determining this fraction automatically.) The views of the re-
sulting registration of the duck show that it has been accurately positioned in the scene even in the
presence of scene clutter and occlusion.

A more difficult recognition task is to recognize a a complete 3-D model in a 2 1/2-D data set with
scene clutter. Figure 14 shows the result of recognizing a pipe T-joint model in a range image. The
T-joint model was created using CAD techniques and the range image was generated using a Per-
ceptron scanning laser range finder. This example of recognition demonstrates how models can be
recognized and localized automatically in an industrial facility to aid in the three dimensional map-

Scene

Recognition

front view side view

Figure 13: Recognition of a partial duck model in a partial view with clutter and occlusion
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ping of its interior. Figure 14 also demonstrates that our recognition algorithm works even when
the resolution of the model and scene are different.

The T-joint that is recognized in Figure 14 is symmetric about a plane passing through the axes of
both cylinders making the joint. Symmetries have the effect of increasing the number of point cor-
respondences that have to be processed for recognition because symmetric points on the model will
match the same scene point. Fortunately, during the grouping of geometrically consistent corre-
spondences, the disjoint sets of correspondences that arise from symmetry will be separated. Sym-
metry increase the amount of computation needed for recognition, but it does not prevent
recognition as is shown by the result in Figure 14. (In a future report, we will give a detailed anal-
ysis the effect of symmetry on oriented point matching.)

Another important task in interior modeling is the automatic registration of range images. By reg-
istering and merging range images, more complete scene descriptions are generated. Our algorithm
provides a technique for determining the transformation between range views when it is unknown
or highly uncertain. Figure 15 shows a scene composed of a PVC pipe joint, four graphite bricks,
a piece of plywood and a steel valve placed on a mobile cart. This scene was imaged in three dif-
ferent positions by moving the cart and taking a range image with a laser range finder at each po-
sition. The position of the cart varied each time by approximately 30 degrees of rotation about the
vertical axis. Figure 15 shows the intensity channel of the range scanner for the three scene posi-
tions, a shaded view of the resulting registrations and an oblique and top view of the points in the
three scenes after registration. The top view of the registered points clearly shows that a more com-

Recognition Resolution Difference
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Figure 14: Recognition of a complete pipe T-joint model in a partial view with clutter.
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plete scene description than is available from one range image is generated and that the registration
is correct up to the resolution of the points.

An important test to demonstrate that our algorithm can be used for efficient object recognition is
the simultaneous recognition of more than one complete model in a partial view of a scene.
Figure 16 shows a recognition result where complete femur and pelvis bone models are simulta-
neously recognized and located in a range image of a scene containing a femur and a pelvis. The
complete models of the femur and pelvis were created from CT scans of the objects followed by
contour extraction, contour to surface mesh conversion and surface mesh decimation. The range
image was acquired using a structured light range camera. Figure 16 shows that the femur and pel-
vis are properly recognized and located even when the femur occludes the pelvis and the significant
portions of the model are missing.

Range Views Registration

oblique shaded

oblique points

Figure 15: Registration of three range images.
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A popular result in the biomedical imaging literature is the registration of two skull data sets gen-
erated from volumetric medical scanners [8]. Figure 17 shows the registration of two different sur-
face meshes of a skull created from the same CT data set. The surface meshes were created by
adding small amounts of Gaussian noise to the points in the original surface mesh generated from
the CT scans and then decimating. Since different random noise values were added to the original
surface mesh for each of the decimated surface meshes shown, the decimation will create surface
meshes with different points and connectivity. A close look at the two wireframe data sets in
Figure 17 shows that the two surface meshes are completely different while still approximating the
shape of the skull. This skull data set is especially difficult to register because the inner and outer
surface of the cranium are extracted from the CT data, increasing the complexity of the model and
possibly introducing ambiguities when registering the data sets. Since the two data sets are already
co-registered, any non-identity transformation calculated for the registration will represent the reg-
istration error. For the result shown in Figure 17 the translation is [-0.053 1.981 Mnmi&&nd

the fixed rotation angles are [0.031 -1.092 -1.256] degrees. This corresponds to a translation error

Scene Recognition

front view

side view

Models

femur

Figure 16: Simultaneous recognition of multiple anatomical models in a partial view wit
clutter and occlusions.
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magnitude of 2.656 mm, which is less than half the resolution of the surface meshes (6.4 mm) used
in the registration, and an angular rotation magnitude of 1.665 degrees.

With our recognition algorithm, the registration results cannot be better than the resolution of the
surface meshes because the transformation is based on discrete point matching. To improve the
registration results beyond the resolution of the points in the data sets, we could follow our verifi-
cation algorithm by an ICP registration algorithm that includes facet interpolation in the closest
point computation. For any system that requires very accurate localization (e.g., medical registra-
tion, object recognition for manipulation) this step will be necessary. Furthermore, all of the results
shown in this paper were based on matching a model to subsets of the scene data (usually obtained
by sub-sampling a range image) in order to decrease computation times. For these results, more
accurate registration would be obtained by using all of the data in a final facet based ICP algorithm.

In order to accurately convey the dependence of our algorithm on thresholds and free variables, we
have provided a table of values for each of the results shown. In Table 1, the first free variable (bin
size) is the size of the bins used to create spin images for the model expressed in units of model
resolution (the average length of edges in the surface mesh). The next free vagjgRleqthe
threshold on difference in angle between surface normals used when creating spin iggges. N

the number of scene points selected randomly from the scgpes The percentage of possible
correspondences eliminated based on similarity measure,gidfis the percentage of possible
correspondences eliminated based on overlap when filtering the possible correspondences before
making geometrically consistent matcheg, I3 the geometric consistency threshold aggh is

the threshold on search distance in the ICPV algorithm where both are expressed in units of mesh

resolution.
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Figure 17: Anatomical registration of a skull.
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Table 1: Thresholds and free variables for recognition.

result bin size|  ngle Nsp Tsim Toverlap Dyc Ticpv
duck 3 180 400 50% 50% 2 2
T-joint 3 120 200 50% 50% 1.5 1.5
Range Images 3 180 200 50% 509 2 2
Pelvis & Femur 3 90 400 25% 25% 2 2
Skull 3 180 200 50% 50% 2 2

4 Discussion

Recognizing objects by establishing point correspondences between a model and a scene data set
is not a new idea. Previous methods have relied on the extraction of a small number of feature
points between which correspondences can be established. Many times these features are located
at the positions that are most susceptible to noise on the surface of the object (e.g., edges, corners).
Our method is novel in that it considers all of the points on the surface of an object for establish-
ment of point correspondences, so it does not have to rely on a possibly unreliable feature extrac-
tion method. Furthermore, correspondences are established between stable locations on the surface
of the object making the computed transformation from model to scene more accurate.

4.1 Spin-images

The purpose of a spin-image is to describe a point so that it can be compared to other points. This

description is based on the shape of the object encoded by other points on the surface of the object.
Because the spin-image is created with respect to an oriented point basis, it is an object centered
description that depends on the shape of the object and the position of the point on the surface of

the object. Since spin-images depend only on object shape and are created with respect to a coor-
dinate system on the object, they are pose independent. Therefore, they can be used to establish
correspondences between points on objects in two different positions.

For the two spin-images to be similar, the shape of the scene must be similar to that of the model.
In the case of complete and continuous object surfaces (and hence continuous spin-images) the
spin-images created for corresponding points in the model and the scene will be exactly the same.
However, when the objects are represented as discrete points connected in a surface mesh, the spin-
images from corresponding points will not be the same because the points on the two objects will
usually be in different positions. Fortunately, the way spin-images are generated minimizes the ef-
fects of discretization. During spin-mapping, points are bilinearly assigned to the four nearest bins

in the spin-image, thus smearing their position in space and making the exact positions of the points
less relevant. Since the surface normal at a point is determined from the best fit plane in a neigh-
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borhood of a point, the calculated surface normals of corresponding oriented points will be similar
if the local shape does not have large curvature. Since the connectivity of the surface mesh is only
used when determining the nearest neighbors of a point for the surface normal calculation, it will
also have little effect on the appearance of the spin-images.

It is not necessary for the model and the scene to have the same resolution because of the normal-
ization in the correlation coefficient that is used in the similarity measure when comparing spin-
images. However, the distribution of points on the surfaces of the model and the scene need to be
proportional. In other words, if the model and scene have varying distributions of points over their
surfaces, the variation over one surface needs to be linearly proportional to the variations over the
other. If this is the case, then the local resolutions in the model and the scene will always be pro-
portional. In practice it is desirable to have the same resolution over the entire object (a constant
distribution of points on the surface) so that accurate estimates of registration error can be made.

As noise is added to the scene, the position of the scene points will change, thus changing the ori-
ented point bases in the scene. Figure 18 shows the spin-images for a fixed basis at increasing lev-
els of noise along with the corresponding objects. As noise is added, the appearance of the spin-
images change linearly with the magnitude of the noise; however, they still remain correlated with
the corresponding model spin-image even at high levels of noise (on order of the mesh resolution)
because the contribution of the each point is spread over bins. Excessively noisy points (outliers)
will change only a few pixels in the image, so the spin-images will remain similar. Establishment

of the correspondences is more sensitive to the differences in surface normal between scene and
model than it is to the position of the points. However, surface normals are generally calculated

NO NOISE MEDIUM NOISE HIGH NOISE
noise sigma: 0.00 noise sigma: 0.10 noise sigma: 0.25
correlation: 1.00 correlation: 0.96 correlation: 0.85

Figure 18: How scene noise effects spin images.
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using an average of points on the surface, so they will not be as susceptible to the noise in individ-
ual points.

4.2 Robustness of Correspondence Grouping

The similarity measure calculated for each point correspondence can be used to rank correspon-
dences based on their correctness. In the OPI algorithm, the similarity measure is first used to rank
correspondences between a single scene point and all of the model points in order to chose the can-
didate model points corresponding to the scene point. Once the possible corresponding model
points have been determined for all of the selected scene points, the similarity measure is used to
rank these correspondences. This second ranking is used to eliminate possible point correspon-
dences where the scene data is not close to the shape of the model. Situations where the scene is
not like the model occur when: a point that is not on the object is chosen from the scene, part of the
scene is excessively noisy, a point on the object is too close to clutter in the scene, or a partial view
or occlusion removes data from the scene. By ranking and removing the correspondences of low
similarity measure, many correspondences with scene points that do not match the model can be
eliminated from the list of possible correspondences. This reduces the total number of correspon-
dences and hence the total number of transformations that have to be verified, thus reducing the
running time of the algorithm.

4.3 Computational Complexity

Because oriented point indexing does not construct coordinates frames from multiple points, its
computational complexity is much less than that attributed to methods of basis geometric hashing.
Let S be the number of points selected from the scene, M the number of model points and | the size
of the spin-images. The time to generate the model hash table (which can be done off-line) is
O(M? because a spin-image is generated for every point on the model and each spin-image re-
quires the spin-mapping of every point in the model. The size of the model table is O(MI) because
there is one spin-image for every model point. The establishment of correspondences between the
model stack and the scene is O(SMI+SMlogM) because each scene point spin-image must be pix-
elwise multiplied with all of the model spin-images (O(SMI)) and the M similarity measures of the
correspondences must be sorted (O(SMlogM)). Since logM is usually much less than I, the estab-
lishment of correspondences can be reduced to O(SMI). The iterative closest point verification al-
gorithm is worst case O(M) for each iteration of the algorithm. This assumes that all of the model
points are brought into correspondence with scene points. The computational complexity of the al-
gorithm is not prohibitive as is born out in the recognition times shown in Table 2 for the results
shown in Figure 13 through Figure 17.
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Table 2: Recognition timing statistics.

# scene| spin
#model | total# | * T image | Model o | icpy
model result points scene | d . stack size . .
(M) points selecte size in bytes time time
(S) (1
Duck 1206 2339 400 264 1.3 M 53 s 7s
T-joint 571 3306 200 98 0.2M 19 s 83s
Range Images 2708 2557 200 264 29 M 50s 130s
Pelvis & Femur 2331 2807 400 200 19M 84|s 78 s
Skull 2603 2620 200 200 2.1 M 43 $ 54 s

5 Future Work

We have presented a new representation for 3-D object recognition that is based on indexing of
spin-images generated using oriented points on the surface of an object. The effectiveness of our
new representation comes from its ability to combine the descriptiveness of global shape properties
with the view invariance of local features. We have demonstrated its effectiveness by showing re-

sults from industrial and medical settings where complete models have been recognized in partial
scenes from a library of object models.

However, many issues relating to spin-images need to be investigated. Of particular importance is
the role of resolution on spin-image generation and comparison. We believe that it will be possible
to construct a coarse-to-fine recognition strategy through the control of surface mesh resolution
and spin-image size that will provide faster and more accurate registration. Another avenue of in-
vestigation will be the organization of model spin-images to provide for more rapid recognition. If
the spin-images can be arranged in a tree structure so that only a small number of spin-images from
the model need to be compared to find correspondences to each scene spin-image, then more rapid
recognition will result. The concepts used to generate spin-images can possibly be applied to other
domains in computer vision, namely 2-D scale invariant curve matching and 3-D intensity image
registration. We plan to investigate recognition in these domains as well. Spin-images characterize
the shape of objects and can be used to compare two objects to see if they are similar. We also plan
to investigate methods for comparing the shape of objects using spin-images.

Appendix A: Derivation of Spin-Image Similarity Measure

When spin-images are compared, only the bins where the two images have data are considered
when calculating the correlation coefficient of the scatter plot of the two images. This masking of
pixels is done to account for occlusions in the scene data. As a side effect the correlation coefficient
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will be calculated with different numbers of samples depending on the two spin-images that are
being compared; the more the spin-images overlap, the more samples will be used in the calcula-
tion. It is intuitive that the more samples used in the calculation of correlation coefficient, the more
confidence can be placed in the value calculated. Therefore, correlation coefficients calculated
with many samples should be trusted more than correlation coefficients calculated with few bins.
To incorporate this confidence when comparing spin-images, the variance of the correlation coef-
ficient must be added to the spin-image similarity measure.

When two spin-images are compared, the calculated correlation coefRagedtawn from a sta-
tistical distribution of correlation coefficients with me@mstimated byr. Unfortunately, the dis-
tribution of correlation coefficients is not normal. HowevemRiis transformed into a different
variableV

V = atanh(R)

a normal distributiomN(V oy)) with mean and variance

V = atanh(R) = atanh(R) 0\2/ = N_i?,
results [3].

If all of the comparisons of spin-images had the same number of samples, an appropriate way to
pick the best comparison would be to chose the compartbai satisfies

[l palll
max(E[ V"]
whereE[X] is the expectation of To include the variance (hence, the confidence in the measure-

ment), a feasible similarity measure is one that weighs correlation against the number of samples
used to calculated correlation such as

miaxEE[Viz—ao\z,JE = miaxEE[Viz] —ao\z,E.
Since
o, = E[VV]-E[V?
this reduces to choosing
miaxEE[Vi] 2_ (1—0()0\2/E = miaxgviz— (1—0()0\24%.

Converting back to correlation coefficient and substitulinflL-a), the same relation as in Equa-
tion 6 for the similarity measure between two spin-images is obtained.

U 2 10
C = Datanh(R) —Amm
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