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Pairwise Three-Dimensional Shape Context
for Partial Object Matching and Retrieval

on Mobile Laser Scanning Data
Yongtao Yu, Jonathan Li, Senior Member, IEEE, Jun Yu, Member, IEEE,

Haiyan Guan, and Cheng Wang, Member, IEEE

Abstract—A novel pairwise 3-D shape context for partial object
matching and retrieval is developed for extracting 3-D light poles
and trees from mobile laser scanning (MLS) point clouds in a
typical urban street scene. Unlike the single-point shape context
describing only the local topology of a shape, the pairwise 3-D
shape context can simultaneously model the local and global geo-
metric structures of a shape in manifold space. By using histogram
descriptors, the pairwise 3-D shape context has such characteris-
tics as invariance to scale, invariance to orientation, and partial
insensitivity to topological changes. Our results show that 3-D
light poles and individual trees can be extracted from the RIEGL
VMX-450 MLS point clouds and the performance achieved using
our algorithm is much more accurate and effective than those of
the other two existing algorithms.

Index Terms—Correspondence, mobile laser scanning (MLS),
object matching, object retrieval, shape context.

I. INTRODUCTION

T ECHNOLOGIES on automated object extraction and de-
tailed 3-D object reconstruction in urban environments

are currently in demand in the fields of photogrammetry, re-
mote sensing, and computer vision. Detailed geometric infor-
mation of 3-D objects plays an important role in modeling
and reconstructing real-world objects. Therefore, accurate and
cost-effective extraction of objects from big data or complex
environments has drawn many researchers’ interest. Much work
has been conducted on the exploration of shape descriptors to
model the relative relationship of a point with its nearest neigh-
bors [1]. However, because of the diversity of objects within the
same category, the different environments of the same object,
and the similarity between the objects from different categories,
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it is challenging to define a general model to describe the
geometric structure of a shape from a specific class of objects.

In general, 3-D shapes are described by the following three
main types of input data: 1) point sets; 2) oriented points; and
3) surfaces (or meshes). Based on the representations of shape
descriptors, shape matching methods are divided into three
broad categories [1]: 1) feature-based methods [2]–[4]; 2) graph-
based methods [5]–[7]; and 3) geometry-based methods [8]–
[11]. Heat kernel maps [12] and persist heat signatures [13]
were developed for matching partial and incomplete shapes.
Instead of using local single-point-based shape descriptors,
pairwise shape descriptors [14], [15] were developed for shape
matching and retrieval. However, these methods required that
the input data must be meshes. Thus, it is challenging to directly
transplant these methods to unoriented sparse 3-D point sets.

In the past decades, light detection and ranging (LiDAR)
technologies have been rapidly developed for the acquisition
of geospatial information. Due to the capability of the LiDAR
systems in measuring the surface topography directly, the high-
density high-accuracy 3-D point clouds acquired by the LiDAR
systems have enriched the corpus of 3-D data and become a
leading source for various applications. Algorithms for object
detection and retrieval (e.g., trees [16], [17], roads [18], and
buildings [19]) from LiDAR point clouds have also been pre-
sented in the literature.

In this letter, we propose a novel pairwise 3-D shape con-
text for partial object matching and retrieval on mobile laser
scanning (MLS) point clouds. Unlike the existing local point-
based shape contexts which only model the local topology of
a feature point, the pairwise 3-D shape context, which is an
object-oriented shape context and defined in manifold space,
can do the following: 1) describe the local topology of a specific
point and 2) model the global geometric structure of a shape
through pairwise combinations. By using histogram descrip-
tors, the pairwise 3-D shape context has such characteristics
as invariance to scale, invariance to orientation, and partial
insensitivity to topological changes. The pairwise 3-D shape
context has been tested in shape correspondence and object
retrieval on the MLS point clouds acquired by a RIEGL VMX-
450 MLS system. The results demonstrate the efficiency and
feasibility of the proposed pairwise 3-D shape context in partial
object matching and retrieval.

II. PAIRWISE 3-D SHAPE CONTEXT

The pairwise 3-D shape context of a point is depicted
by histogram descriptors in manifold space. The histogram

1545-598X © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Model of computing the shortest radial path.

descriptor is constructed automatically as follows: 1) Determine
the region of interest (ROI) between a pair of points; 2) partition
the ROI into bin structures with either equal intervals or log-
polar intervals along the radial direction; and 3) analyze and
normalize the point distributions within each bin.

A. Construction of the ROI

In this section, we present a detailed construction of the ROI.
Given a pair of 3-D points (A,B), we first find the shortest
path from A to B in manifold space, followed by determining
the point region that models the geometric structure between A
and B.

Shortest Radial Path: We define a new method to compute
the shortest radial path that well describes the topology between
two points in manifold space. As shown in Fig. 1, the shortest
radial path from A to B is defined as PAB = [p0, p1, . . . , pn−1,
pn], where A = p0 and B = pn. First, we construct a set of con-
centric spheres (b1, b2, . . . , bn) with equal radial intervals (rs)
centered at point A. Here, p1 ∈ b1, p2 ∈ b2 \ b1, . . . , pn ∈ bn \
bn−1. Next, we recursively construct the shortest radial path
from A to B as follows: 1) Determine pn−1 as the nearest point
to B in bn−1 \ bn−2, i.e., pn−1 = argminp∈bn−1\bn−2

‖p−
B‖2, and denote the direct path from pn−1 to B as Rpn−1B ;
2) compute the shortest radial path from A to pn−1 (PApn−1

);
and 3) concatenate PApn−1

and Rpn−1B to construct the short-
est radial path from A to B. The aforementioned three criteria
are expressed as follows:

PAB=

{
RAB , B∈b1
PApn−1

+Rpn−1B , B∈bn\bn−1∧pn−1∈bn−1\bn−2.
(1)

ROI: After computing the shortest radial path from A to
B, we then construct the ROI for the pair of points (A,B),
within which the distribution of points models the geometric
structure of a specific shape. First, as shown in Fig. 2(a), we
create a scalar field as the initial region, which is given by the
points whose distances to the shortest radial path PAB lie below
a threshold rp. The parameter rp is the relative width of the
initial region. In practice, instead of selecting a specific value
for rp, we select the width relative to the distance along the
shortest radial path and define the width-to-distance ratio (θp)
as follows:

θp =
rp
dAB

(2)

where dAB is the length of the shortest radial path PAB .
Next, we create a filtering region for pruning the initial region.
As shown in Fig. 2(b), the filtering region is defined as the
intersection of the spherical region centered at point A and
the spherical region centered at point B. Finally, as shown in

Fig. 2. ROI construction and bin partition models: (a) Initial region, (b) fil-
tering region, (c) final ROI, and (d) bin partition model with equal intervals.

Fig. 2(c), we construct the ROI by intersecting the initial region
and the filtering region.

B. Construction of Histogram Descriptor

Bin Partition Model: After constructing the ROI, we parti-
tion it into a set of bins describing the local statistical distri-
bution between points A and B. There are two strategies for
partitioning the ROI: 1) Partition the ROI with equal radial
intervals along the shortest radial path, and 2) partition the ROI
with log-polar intervals along the shortest radial path. Fig. 2(d)
shows a bin partition model with equal radial intervals from A
to B. The interval, denoted by rb, is determined as follows:

rb =
LAB

Kb
(3)

where LAB is the Euclidean distance between A and B and Kb

is the bin number. In terms of the log-polar interval, the radius
of the ith bin is defined as

rbi =
LAB

Kb
log2

(
2Kb

i

Kb

)
, i = 1, 2, . . . ,Kb. (4)

Histogram Descriptor: We use histogram descriptors to de-
fine the pairwise 3-D shape context. For a pair of points (A,B),
the corresponding histogram descriptor hAB , whose entries
correspond to the bins of the ROI, is defined as

hAB(k) =
# {p ∈ bin(k)}

Kb∑
i=1

# {q ∈ bin(i)}
, k = 1, 2, . . . ,Kb. (5)

Our construction produces a directional histogram descriptor,
i.e., the histogram descriptor hAB of the pair of points (A,B)
is different from the histogram descriptor hBA of the pair of
points (B,A).

C. Properties of the Pairwise 3-D Shape Context

Invariance to Scale: Given a pair of points (A,B) on an
object, the ROI between A and B is constructed based on the
shortest radial path PAB and the width ratio θp. When the object
is transformed by a scale of δ, the new histogram descriptor
h′
AB becomes

h′
AB(k) =

# {p ∈ bin(k)} · δ2
Kb∑
i=1

# {q ∈ bin(i)} · δ2
=

# {p ∈ bin(k)}
Kb∑
i=1

# {q ∈ bin(i)}

=hAB(k), k = 1, 2, . . . ,Kb. (6)

Thus, the pairwise 3-D shape context is invariant under scaling.
Invariance to Orientation: Given a pair of points (A,B)

on an object, translating or rotating the object does not affect
the construction of the ROI between the points because all
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measurements are taken with respect to the relative relationship
between A and B. Thus, the pairwise 3-D shape context is
invariant under translating and rotating.

Partial Insensitivity to Topological Changes: Since our con-
struction is based on the shortest radial path between two
points, the pairwise 3-D shape context is affected only when
the shortest radial path is unstable. However, the paradigm of
using pairs of points makes this approach partially insensitive to
topological changes. When a local topological change occurs,
most of the histogram descriptors still remain intact because the
local topological change affects only the descriptors related to
points in their vicinities.

III. RESULTS AND DISCUSSION

The point cloud data used in our experiments were ac-
quired by a RIEGL VMX-450 MLS system on Xiamen Island,
China. This system consists of two full-view RIEGL VQ-450
laser scanners, an Inertial Measurement Unit/Global Navigation
Satellite System, a wheel-mounted Distance Measurement In-
dicator, and four high-resolution cameras. The accuracy of the
scanned point clouds is within 8 mm (1σ standard deviation),
and the precision is 5 mm.

A. Shape Correspondence

A variety of methods that use local shape descriptors for
correspondence have been proposed in the literature [20]. In
this section, we test the proposed pairwise 3-D shape context
for correspondence on the MLS point clouds. Given two objects
P and Q, we first sampled a set of points from each of these two
objects, respectively. In our experiments, we used the sampling
method mentioned in [21] to sample N (e.g., N = 20) points
from each object. For a sample point p, its shape context with
respect to pairwise combinations with the remaining sample
points is defined as

Hp =
[
hp
1, h

p
2, . . . , h

p
N−1

]
∈ RKb×(N−1) (7)

where hp
i (i = 1, 2, . . . , N − 1) denotes the histogram descrip-

tor defined in (5).
Consider a point p on object P and a point q on object

Q. Since the shape contexts are distributions represented as
histograms, the cost of matching these two points is naturally
defined using χ2 distance as follows:

C(p, q) = minN−1
i,j=1

1

2

Kb∑
k=1

[
hp
i (k)− hq

j(k)
]2

hp
i (k) + hq

j(k)
. (8)

Then, the cost matrix C ∈ RN×N , whose entry C(i, j) denotes
the cost of matching points i and j, for matching objects P and
Q is constructed. Finally, the one-to-one matching between the
points on object P and the points on object Q is given by

M(π) = minπ
1

N

N∑
i=1

C (i, π(i)) (9)

where π is a permutation of {1, 2, . . . , N}. This is an instance
of the square assignment (or weighted bipartite matching) prob-
lem, which can be solved in O(N3) time using the Hungarian
method [22]. In our experiments, we used the more efficient
algorithm proposed in [23].

Fig. 3. Correspondences computed with the pairwise 3-D shape context.

Fig. 4. Correspondences computed with the single-point 3-D shape context.

Fig. 5. Flowchart of the object retrieval method.

Results With the Pairwise 3-D Shape Context: In Fig. 3, we
present visual examples of correspondences computed using
the pairwise 3-D shape context with rs = 0.3 m, θp = 0.2,
and Kb = 30. The pairwise 3-D shape context can provide
meaningful and correct matches for objects with missing parts,
or even different topologies. Thus, the proposed pairwise 3-D
shape context is suitable for partial object matching.

Comparison With the Single-Point 3-D Shape Context: To
compare the proposed pairwise 3-D shape context with other
local shape descriptors, we conducted several experiments
using the single-point 3-D shape context [24] to compute
correspondences (Fig. 4). By comparing the correspondences
in Fig. 4 with those in Fig. 3, we conclude that the proposed
pairwise 3-D shape context performs better than the single-
point 3-D shape context in partial object matching.

B. Object Retrieval

Fig. 5 shows the flowchart of the proposed object retrieval
method. The point clouds are first preprocessed by filtering
out the ground points and segmenting the off-ground points
into clustered objects [25]. N (e.g., N = 20) points are then
sampled from each object. After the pairwise 3-D shape context
is constructed with rs = 0.3 m, θp = 0.2, and Kb = 30, the
curvature for each sample point p is computed by

σp =
λ0

λ0 + λ1 + λ2
(10)

where λ0, λ1, and λ2 (λ0 ≤ λ1 ≤ λ2) are the eigenvalues
obtained by decomposing the covariance matrix of point p. The
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TABLE I
LIGHT POLE RETRIEVAL RESULTS FOR LIGHT POLE DATA SETS

Fig. 6. Illustration of prototypes for six different data sets.

Fig. 7. Part of Dataset-3: (a) Raw point cloud and (b) extracted light poles.

covariance matrix of point p is constructed using the k nearest
neighbors (p1, p2, . . . , pk) of p as follows:

Cp =
1

k + 1

k∑
i=0

(pi − p) · (pi − p)T (11)

where p0 = p and p = (1/(k + 1))
∑k

i=0 pi is the centroid of
the k + 1 points. The objective function for measuring the
similarity and matching between objects P and Q is defined as

O(P,Q) = min
π

1

N

N∑
i=1

C (i, π(i)) +
1

N

N∑
i=1

|σpi
− σqi |

+
1

N(N − 1)

N∑
i=1

N−1∑
j=1

min
m,n

‖Hpi
(j)−Hqm(n)‖1 . (12)

The first part in (12) corresponds to (9), the second part serves
to measure the local similarity between two objects, and the
last part aims to measure the global similarity between two
objects.

Table I shows the light pole retrieval results obtained from the
three selected data sets with different light pole types, shown in
Fig. 6(a)–(c). In Table I, “Size” denotes the size of the data set
in gigabytes, “Clean” denotes the number of light poles without
any attachments (e.g., traffic signs and advertising boards), “At-
tachment” denotes the number of light poles with attachments,
“Total” denotes the total number of light poles, and “Rate”
denotes the light pole retrieval rate. Fig. 7 presents a part of the
raw point cloud from Dataset-3 along with the extracted light
poles. Table II presents the tree retrieval results for the three se-
lected data sets with different tree types, shown in Fig. 6(d)–(f).
Fig. 8 shows a part of the raw point cloud from Dataset-6
along with the extracted trees. Based on these results, we can
conclude that the proposed pairwise 3-D shape context is able
to model and distinguish the geometric structure of a shape,

TABLE II
TREE RETRIEVAL RESULTS FOR TREE DATA SETS

Fig. 8. Part of Dataset-6: (a) Raw point cloud and (b) extracted trees.

Fig. 9. (a) Photograph of the study area and (b) the point cloud coverage.

Fig. 10. Retrieval results of light poles using (a) our proposed algorithm,
(b) the DoPP algorithm, and (c) the PCA-based algorithm.

even when partial missing or partial topological change exists,
and to achieve a good performance in 3-D object retrieval.

C. Comparative Study

To further demonstrate the efficiency and correctness of the
proposed algorithm in 3-D object retrieval, a study was carried
out to compare the performance of our proposed algorithm with
those of the Density of Projected Points (DoPP) algorithm [26]
and the Principal Component Analysis (PCA) based algorithm
[27] on light pole retrieval. Fig. 9 presents a photograph of the
study area along with the point cloud coverage of this area.
Fig. 10 shows the better retrieval results of the light poles using
our proposed algorithm [Fig. 10(a)] over the other two existing
algorithms [Fig. 10(b) and (c)].

IV. CONCLUSION

This letter has presented a novel pairwise 3-D shape context
for modeling the geometric structure of a shape in a typical
urban street scene. The results obtained from six MLS data
sets demonstrate that the pairwise 3-D shape context has the
capabilities to describe the local topology of a point and to
model the global geometric structure of a shape. By using
histogram descriptors, the pairwise 3-D shape context has the
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properties of invariance to scale, invariance to orientation, and
partial insensitivity to topological changes. The results also
show that the pairwise 3-D shape context can match more ho-
mologous points and achieve better performance in 3-D object
retrieval. A comparative study demonstrates that our proposed
algorithm achieved the highest correctness and efficiency over
the other two existing algorithms. However, due to the pairwise
scheme, the construction of the pairwise 3-D shape context is
slower than that of the single-point-based 3-D shape context. In
practice, parallel computing and multithread techniques may be
used to speed up processing and further improve the efficiency
of 3-D object retrieval from big point cloud data.
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