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ABSTRACT

This paper proposes a highly parallelized 3D node localiza-
tion method based on cross-entropy method for the 3D mod-
eling system. Cross-entropy localization statistically esti-
mates node positions from node-to-node distance information
by sampling, and each sample evaluation and internal compu-
tation of objective function can be processed in parallel. Ex-
perimental results show our GPGPU-based implementation
achieved 5,163x and 61.5x speed up compared to a single
processor and 80-processor implementations. In addition, for
enhancing model reproduction accuracy, this work introduces
a penalty function to mitigate flip ambiguity.
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INTRODUCTION

With advancement in hardware and IT technology, 3D models
are used to improve user experience not only in professional
services/contents but also semi-professional or even amateur
ones. For supporting 3D modeling, a number of commer-
cial 3D modeling software is available. On the other hand,
since 3D modeling is first established for professional use,
those software is designed for professionals in terms of per-
formance and usability, and hence it is not suitable for most
of people. An intuitive scheme of 3D modeling is demanded
by non-expert people.
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Sensing Distance

Figure 1. iClay system for 3D modeling.

For providing an intuitive modeling environment, Shinada et
al. proposed a concept of three-dimensional shape reproduc-
tion system that builds a sensor network by embedding sen-
sor nodes into deformable clay, where this system was named
“iClay” [1]. Figure 1 illustrates iClay system. A number of
Imm?3-class tiny sensor nodes are distributed in the clay and
they construct a wireless sensor network. This system mea-
sures distances between sensor nodes located in the vicinity,
gathers the distance information through the sensor network,
and reproduces the clay shape based on the estimated relative
positions of the sensor nodes. The expected advantages of
iClay system, compared to 3D scanner and laser range finder,
are occlusion-free shape acquisition and real-time object re-
production, which enables us to use iClay as a tangible user
interface and develop new human computer interaction. We
are working for actualizing this system in terms of wireless
power transmission [2], wireless signal transmission [3] and
node localization [4].

To implement a prototype system of iClay, one of major dif-
ficulties is node localization for real-time 3D model repro-
duction since the number of nodes is large and the given dis-
tance estimates include large errors. To overcome these is-
sues, Ukawa et al. proposed to apply cross-entropy method
for 3D node localization [4]. This method statistically esti-
mates node positions based on many samples generated ac-
cording to probability distributions, where a sample is a set
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of node localization result. The probability distributions in-
dicate prospective node locations, and they are iteratively up-
dated by selecting top samples that are the most consistent
with the given distance information, which is helpful to over-
come large distance error problem. In addition, the sampling
based approach is highly compatible with parallel comput-
ing, and [4] showed multiprocessor-based implementations
achieved 22x CPU time reduction. However, this processing
speed is not enough for real-time node localization.

In this paper, we propose GPGPU-based implementation that
can exploit not only sample-level but also node-level paral-
lelism in objective function computation. As the number of
processing elements increases from 80 (multi-processor) to
2048 (GPGPU), the throughput of node localization is im-
proved by 61.5x and now the node positions can be updated
16 times per second. A significant progress was made for
the real-time clay shape reconstruction. Furthermore, we
improved the node localization accuracy by introducing a
penalty term to the objective function for preventing flip-
induced accuracy degradation.

POTENTIAL APPLICATIONS

The advantage of iClay system is that users can construct 3D
model by touching an actual object in real-time. This makes
it possible for users to concentrate on the shape construction
without being bothered by software manipulation. With this
advantage iClay system is intended to be used for, for exam-
ple, kids interactive education and rehabilitation training for
brain disease patients. In one of the firstly mentioned applica-
tions, a computer shows an object shape from several differ-
ent viewpoints on a 2D screen and asks kids to construct the
corresponding 3D shape for developing the capability of ob-
ject recognition in 3D space. By introducing game property,
we expect kids are willing to do exercises with enjoyment.
Related the second application, [5] showed that Semx5cm
block devices whose connected structure can be reproduced
on a computer are helpful to diagnose Alzheimer disease and
[6] showed about developmental coordination disorder.

We will further explore potential applications that take advan-
tage of the real-time interaction with iClay system, and inves-
tigate application-wise requirements for future iClay system
development.

PROBLEM FORMULATION AND CROSS-ENTROPY
BASED LOCALIZATION

Problem formulation

For a sensor network consisting of /N nodes, a set of node-to-
node distance information is given, where d;; is the distance
between the i-th node to j-th node. This distance information
includes measurement error. Also, the measurable range is
limited. When the i-th node is distant from j-th node, d;;
cannot be measured. In this case, d;; is set to 0. Based on
this distance information, the location of ¢; is estimated for
N nodes .

Here, the distance information includes measurement error,
and hence the exact location cannot be computed. What we
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Figure 2. Cross-entropy based localization method.

can do is to compute the most probable locations. In this con-
text, the sum of localization errors (ARMS) between the true
node position and estimated node position should be mini-
mized. The dRMS error is computed by comparing all the
pairwise distances, and is defined as

N N

1
ARMS® = <5 33" (o= pill ~ s — ). (D
i g

where p; is the true position of the i-th node in the absolute
three-dimensional coordinates. g; is also the estimated posi-
tion in the absolute three-dimensional coordinates. ||p; — p;||
means the Euclidean distance between p; to p;.

On the other hand, the true node positions are, of course,
not available during localization, and hence dRMS cannot be
computed. Instead, [4] proposed to use the given node-to-
node distance information d;; instead of ||p; — p;|| while d;;
includes measurement error.
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Now, the node localization problem corresponds to finding g;
which minimizes eval.

Localization with cross-entropy method

[4, 7] showed that cross-entropy method [8] works well for
the localization. Here, the localization method proposed by
Ukawa et al. [4], which is illustrated in Fig. 2, is briefly ex-
plained since the sample-level parallel computing is explicitly
considered in [4]. First, a set of initial solutions are generated
referring to [9], and they are given to the cross-entropy based
iterative estimation.

The iteration loop mainly consists of the following two steps.

e Generate N, samples, each of which is a set of prospec-
tive node positions, according to the present probability
distributions of individual node positions, and compute the
objective function of Eq. (2) for evaluating the consistency
between the set of node positions and the given distance
information.

e Choose Ny, samples that have better consistency and up-
date the probability distributions of node positions based
on the selected samples.
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Figure 3. Solutions converge through iteration.

This iteration is expected to converge to the globally optimal
solution as illustrated in Fig. 3. Initially, the distributions are
wide, and the solution space is widely explored. As the it-
eration proceeds, the distributions of node positions become
tighter, and finally the local optimization is carried out. The
node position distributions are assumed to follow Gaussian
distribution.

Here, it should be noted that the computation of Eq. (2) for
each sample is totally independent. This means that it can
be computed in parallel. This sample-level parallelism is ex-
ploited in [4] on multi-processor computers to reduce CPU
time of cross-entropy based localization.

This cross-entropy based iteration repeats unlimitedly for
coping with the model transformation by an iClay user. [4]
expands the distributions once the model transformation is
detected to explore wider solution space. In this case, the
number of iterations per second is important to reflect the
model transformation in real-time. However, in case of the
multi-processor based implementation in [4], one iteration
needs 3.77 seconds and the real-time model reproduction is
impossible.

Another problem we found in [4] is the poor accuracy of the
model reconstruction due to the flip ambiguity [10]. A mech-
anism to mitigate the flip ambiguity must be introduced in the
node localization.

PROPOSED LOCALIZATION METHOD

This section describes the proposed method that overcomes
the two problems pointed out in the previous section; accu-
racy and computation time per iteration. The following sub-
sections present countermeasures to these two problems.

Accuracy improvement with penalty term

In the objective function of Eq.(2), the information of which
node-to-node distance d;; is larger than 0 is used. On the
other hand, as mentioned in Section 3.1, the node-to-node
distance which is larger than the measurable range D is set to
0. Therefore, d;;=0 includes the information that the distance
between ¢-th and j-th nodes is larger than D.

We use this information to mitigate the flip ambiguity. Let us
show an illustrative example in Fig. 4. Suppose we are local-
izing the i-th node, where d;; > 0,d;;, > 0,d; = 0. Circles
in the figure represent generated samples for i-th node. With
Eq. (2), green samples are regarded as good samples. You can
see the green samples in the left bottom are much distant from
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Figure 4. Flip ambiguity and penalty.

the true i-th node position. This is because we cannot deter-
mine whether the true position and the flip position across the
dotted 7 — k line should be selected only with the informa-
tion of d;;(> 0) and d;,(> 0). This is the problem called
flip ambiguity. This ambiguity often arises in wireless sensor
network localization, and also in iClay system it arises near
the model surface since the nodes are aligned on a plane and
it is easier that the flip across the plane arises. On the other
hand, we have more information of d;; = 0. With this infor-
mation, we can know the green samples in the left bottom are
not good samples since the distance to [-th node is too small.
To exploit this information, we give penalty to these green
samples not to be selected as good samples.

Then, we improve the objective function so that it includes a

penalty term shown below.
ex D—ri i
P D )

1
newevalzeval—!—NZ 4 Z |
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where D is the measurable range. This penalty term is 1 when
r;; = D, and it increases rapidly as r;; decreases below D.
Due to the measurement error, the i-th node in Fig. 4 can ex-
ist within the measurable range D from [-th node. However,
as the ¢-th node and [-th node becomes closer, its possibil-
ity becomes smaller. This tendency can be considered in the
penalty term of Eq. (3).

Parallel computation with GPU

As discussed in Section 3.2, the cross-entropy method has
a good property of sample-level parallelism. When we im-
plement the cross-entropy based localization for a multi-
processor computer, the sample-level parallelism is good
enough to fully utilize the computing power since the number
of processors is generally smaller than the number of sam-
ples. On the other hand, when we implement it with GPGPU,
the number of samples can be smaller than the number of
processing elements. To fully exploit the computing power
of GPGPU, we need to find further parallelism in the local-
ization algorithm.

In the proposed implementation, we decompose the com-
putation of the objective function into N threads, where
N is the number of nodes. This decomposition can be
achieved by unrolling the for loop of summation in the ob-
jective function, and it provides node-level parallelism. Fig-
ure 5 shows the conventional sample-level parallel computa-
tion with multi-processor computer and the proposed sample-
level and node-level parallel computation with GPGPU. In

3)
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the multi-processor computer, Ny, /Neore samples are as-
signed to each processor core, where N, is the number
of generated samples and N, is the number of processor
cores. On the other hand, in the GPGPU implementation,
each sample is assigned to individual blocks, and each block
includes N threads. All the threads can be processed in paral-
lel, and hence massively parallel computation becomes pos-
sible. Note that if the product of Ny, and N exceeds the
number of available processing units Npg, the computation
is folded sequentially into (Nge, X N)/Npg steps.

EXPERIMENTAL RESULTS

This section evaluates the performance improvement in terms
of node localization accuracy and computation time in com-
parison to [4]. The proposed method is implemented with
MATLAB and its parallel computing toolbox for using
GPGPU.

The experimental setup for clay and nodes is determined re-
ferring to [4] as follows. The clay volume is 50 x 50 x 50
mm?, and 343(= 7%) nodes (N=343) are distributed in the
clay. It is assumed that each node can sense the distance to
other nodes in a range of 20 mm, which means D = 20.
The distance information given to this experiment includes
the measurement error according to [1]. The number of gen-
erated samples Ny, is 1,000 and the number of good sam-
ples Nyop is 100.

Accuracy improvement

We localized the nodes in a static object with Eq.(3), where
a static object means its shape is unchanged. The original
shape is a rectangular solid. Figure 6 (a) shows the shape
reconstructed by the true node positions.

Figure 6 (b) and (c) show the shapes reconstructed by the
node locations estimated by [4] and the proposed method, re-
spectively. The proposed method contributes to more accu-
rate shape reconstruction compared to [4], which is especially
found at the edges of the rectangular shape. As explained in
Section 4.1, the nodes near the surface suffer from the flip
ambiguity, and hence the model of the conventional method
(b) fails to reproduce the edges. In addition, the volume of the
rectangular model (b) is much smaller than that of (a). On the
other hand, the localization accuracy of nodes near the sur-
face is improved in (c) by the improved objective function.
The model volume of (¢) becomes closer to that of (a).
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The overall dRMS error is evaluated. Figure 7 shows dRMS
errors of the proposed method and [4] through the cross-
entropy iteration. We confirmed that the proposed method
reduced dRMS error after 400 iterations by 39% compared
to [4], which confirms that the penalty function help mitigate
flip ambiguity and improve the accuracy.

We carried out similar experiments for the shapes of tetra-
hedron and cylinder. Figures 8 (a), (b) and (c) show the re-
constructed tetrahedron shapes. With the conventional local-
ization, the vertexes in (b) are rounded and the reconstructed
shape is much different from tetrahedron. On the other hand,
the vertexes are reproduced by the proposed method in (c).
The dRMS reduction is 36%. The remaining shape deterio-
ration in Figure 8 (c) should be improved by increasing the
number of nodes in the clay. The similar observation was
found the reconstructed cylinder shapes in Figure 9. The
dRMS reduction is 43%.

CPU time reduction

We used NVIDIA GTX980 GPGPU with CUDA-7.5 for the
experiment. The number of processing units Npg is 2,048.
We implemented the parallelized localization method with
CUDA and it is called from MATLAB. As for the conven-
tional method of [4], we implemented it with MATLAB and
it was executed at a computer that has four Xeon E7-8870
2.4GHz CPUs. The number of available processor cores is
80.
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Figure 10 shows the computation times per iteration of [4]
and the proposed method, where the iteration corresponds to
an iteration in the cross-entropy method. The computation
times per iteration of the conventional multi-processor im-
plementation and the proposed GPGPU implementations are
3.77 and 6.10 x 10~* seconds, respectively. We achieved
61.5x speed-up. Compared to the single processor implemen-
tation, 5,163x speed-up was attained. The proposed imple-
mentation performs 16.4 iterations per second, which could
reflect the user shape modification in real-time, whereas only
0.3 iterations can be performed in a second by the conven-
tional implementation.

RELATED WORKS

Reed presented a similar approach that embeds sensors into
a deformable object [11]. It embedded locators that used
magnetic field for sensing in clay and reproduced the digital
model based on information of the absolute coordinate and
the direction of each locator. However, the size of locators
was 7x4x2cm?, and hence the clay shape could not be accu-
rately captured. In addition, the real-time interaction was not
possible.
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Wireless sensor networks are expected to provide a variety of
novel monitoring applications and are intensively studied. In
some applications, node locations are needed to provide ser-
vices, while the absolute locations cannot be directly sensed
and only the distances to neighboring nodes are measurable.
For such applications, node localization based on the node-to-
node distance information is necessary. In most sensor net-
works, this node localization problem is approximated to a
two-dimensional localization problem, since the height varia-
tion is much smaller than the node-to-node distance[12][13].

On the other hand, three-dimensional localization is also
studied [9]. This approach sequentially estimates three-
dimensional node position based on the distance information
between nodes from the nodes that are already localized. This
sequential localization, however, has a problem. Once a flip-
ping mistake happens due to indeterminacy, it is likely that
nodes localized after this mistake have a larger localization
error or localization itself becomes impossible. To minimize
this problem, [9] proposes an approach that a robust set of
nodes which are less likely to cause fatal mistakes are first
searched, and they are used for node localization. This con-
cept of robust node set is first proposed by Moore for 2D
problem [10] and it is extended to 3D problem in [9]. To
find a robust node set, volume test and ambiguity test are per-
formed before coordinate assignment and for each step of se-
quential node localization. The robust node test improves the
node localization accuracy, but searching the next robust node
at every sequential step spends tremendous computation time.
In addition, as the node density becomes sparse, some nodes
cannot satisfy the robust node test and they cannot be local-
ization. Furthermore, this approach is a sequential approach
and is not totally suitable for parallel computing.

CONCLUSION

This work presented a GPGPU-based localization method
that exploits sample-level and node-level parallelism in the
cross-entropy based node localization. Compared to conven-
tional multi-processor implementation that uses only sample-
level parallelism, 61.5x speed-up was attained by exploit-
ing not only sample-level but also node-level parallelism in
GPGPU implementation. This speed-up enables real-time
model reconstruction in iClay system. We also improved the
estimation accuracy by mitigating flip ambiguity. The model
reproduced after the node localization was clearly improved
especially near the edges. The overall RMS error was reduced
by 39% and the fully worked on any other object.
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