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Chaotic Complex-valued Associative Memory with Bias Terms

xYozo Suzuki

Masaki Kobayashi (University of Yamanashi)

Abstract— Complex-valued Associative Memory(CAM) can store multi-level patterns. Chaotic Complex-
valued Associative Memory(CCAM) can recall all stored patterns. The CAM stores not only the training
patterns but also rotated patterns. So, CCAM recall all training patterns and rotated patterns in the recall
process. We introduce strong bias terms to avoid recalling the rotated patterns. By computer simulations,
we can see that strong bias terms can avoid recalling the rotated patterns unlike simple bias terms.

Key Words: complex-valued associative memory, chaos neuron, rotated patterns, bias terms
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Fig. 1: Training patterns
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Flg. 2: The simulation result of C = 0
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Table 1: The simulation result of C = 0

patterns periods
A0 0-6
BO
Co 43-46 68-70 92-94 116-118 140-142 164 -166 188 - 190
Al
B1
C1 51-52 74-76 98-100 122-124 146-148 170-172 194 - 196
A2 14 - 15
B2
C2 55-57 80-82 104-106 128-130 152-154 176-178
A3
B3
C3 36-37 62-64 86-88 110-112 134-136 158-160 182-184
others 17-18 28-29
Table 2: The simulation result of C =1
patterns periods
A0 0-6
BO
Co 38-42 64-66 88-90 112-114 136-138 160-162 184 - 186
Al
B1
C1 47-48 T70-72 94-96 118-120 142 -144 166 - 168 190 - 192
A2 14 - 16
B2
C2 27-30 52-53 76-78 100-102 124-126 148 -150 172-174 196 - 198
A3
B3
C3 33-34 58-60 82-84 106-108 130-132 154-156 178-180
others 17-18 25-26
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Table 3: The simulation result of C = 100

patterns periods
A0 0-1
BO 152 - 154 177 - 181
Co 11-15 36-37 64-65 87-88
Al
B1 147 - 148 195 - 197
C1 69 - 71
A2
B2 143 - 144 190 - 192
C2 25-27 77-78
A3
B3
C3 30-31 81-82
others 4-7 58-59 95-96 108-109 126-127 128-130 134- 135
157 - 158 162 - 163
Table 4: The simulation result of C = 200
patterns periods
A0 0-1 20-22 44-47 81-83 164 - 167
B0 34-36 68-71
Co 54 -58 91-93 114-118 142-145 175-178
Al
B1
C1
A2
B2
C2
A3
B3
C3
others 2-16 26-27 50-51 78-79 94-95 120-121 124-125
134 - 135 147 -148 157-158 171-172 179-180 187 - 188
Table 5: The simulation results of t j 1000
patterns
C |AO|BO|CO|A1|B1|Cl1|A2|B2|C2| A3 | B3| C3 | others
0 1 0 40| O 0 |40 | 1 0 |40 | O 0 | 41 2
1 1 0 40| O 0 |40 | 1 0 |41 ] 0 0 | 41 2
100 1 | 36 | 4 0 | 18] 1 0 | 18 | 2 0 0 2 76
200 | 14 | 12 | 31| © 0 0 0 0 0 0 0 81
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Stability Evaluation on Complex-Valued Associative Memory

by Local Iterative Learning Scheme

* Hiroki Yamamoto, Teijiro Isokawa, Haruhiko Nishimura,
Naotake Kamiura, and Nobuyuki Matsui

(University of Hyogo)

Abstract— Stability of embedded patterns on associative memory is investigated in this paper. The associative memory is composed

of complex-valued Hopfield neural network, in which the state of a neuron is encoded by a phase value on a unit circle of complex

plane. Local iterative learning scheme and Projection rule are used for embedding the patterns onto the network. Retrieval perfor-

mances for embedded patterns are evaluated through storing randomly generated patterns and gray-scaled images and randomly gen-

erated patterns with various resolution of neuron state.

Key Words: Hopfield Neural Network, Complex-valued Neural Network, Iterative Learning, Projection Rule
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Complex-Valued Multilayer Perceptron Search
Utilizing BFGS Method and Reducibility Mapping

% S. Suzumura and R. Nakano (Chubu University)

Abstract—

This paper proposes a new search method for complex-valued MLP, which utilizes the BFGS

method and the reducibility mapping. The complex-valued version of the BFGS method can be formalized by
using Wirtinger calculus. We compared the performance of the proposed method with those of the steepest

descent and the BFGS method.

Key Words: complex-valued multilayer perceptron, steepest descent, BFGS, reducibility mapping
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Construction of Neural Networks without Critical Points
based on Hierarchical Structure

*Tohru Nitta (National Institute of Advanced Industrial Science and Technology, AIST)

Abstract - A critical point is a point on which the derivatives of an error function are all zero.
It was proved in 2000 that the critical points caused by the hierarchical structure of the real-

valued neural network could be local minima or saddle points.

In the case of complex-valued

neural networks, most of the critical points are saddle points unlike those of the real-valued neural
network. Several studies have demonstrated that those kind of singularity has a negative effect
on learning dynamics in learning machines. In this paper, the decomposition of high-dimensional
NNs into low-dimensional NNs equivalent to the original NNs yields the NNs which do not have

critical points based on the hierarchical structure.
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Quaternion
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Union between Neural Networks and Modular Type Fuzzy Inference Model

«Hirosato Seki (Kwansei Gakuin University)

Abstract— This paper firstly surveys neuralnet work-type SIRMs fuzzy inference model which unifies neural
network and SIRMs fuzzy inference model, and its applicability. Moreover, the neuralnet work-type SIRMs
model is shown to be superior to the conventional model by applying it to identification of two nonlinear
functions, medical data and Iris data. Finally, this paper proposes a meuralnet work-type modular fuzzy
model which generalize single-input rulemodules of the neuralnetwork-type SIRMs model to multiple-input

rule modules.

Key Words: Approximate Reasoning, Neural Networks, Modular type fuzzy inference model
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2 0.0687 0.0351 0.0776 0.0344
3 0.0733 0.0280 0.0900 0.0296
4 0.0701 0.0320 0.0802 0.0295
5 0.0884 0.0365 0.0896 0.0320
6 0.0677 0.0370 0.0688 0.0339
7 0.0675 0.0376 0.0705 0.0452
8 0.0728 0.0269 0.0791 0.0274
9 0.0614 0.0291 0.0702 0.0276
10 | 0.0799 0.0265 0.0845 0.0274
S ] 0.0735 0.0320 0.0799 0.0316
Table 5: JEARIEEIE 1 109 % i Kl 12)
= Hv AR
Case | SIRMs | NN-SIRMs | SIRMs | NN-SIRMs
1 0.4676 0.1949 0.3382 0.1429
2 0.3001 0.1516 0.3308 0.2219
3 0.2632 0.1295 0.2777 0.1135
4 0.2448 0.1660 0.2991 0.1411
5 0.4666 0.2801 0.3146 0.2198
6 0.6039 0.4339 0.5798 0.3707
7 0.5556 0.4404 0.5606 0.4683
8 0.4082 0.2122 0.4465 0.1985
9 0.4214 0.3859 0.5387 0.3534
10 | 0.3954 0.1839 0.3579 0.1804
SEYE | 0.4127 0.2578 0.4044 0.2410

Table 6: JEHEBIEL 2 ICK 9 2 flfiaR A 12)

— 4 0 A

Case | SIRMs | NN-SIRMs | SIRMs | NN-SIRMs

0.0354 0.0271 0.0302 0.0295

0.0357 0.0333 0.0296 0.0280

0.0335 0.0279 0.0263 0.0274

0.0375 0.0312 0.0299 0.0295

0.0354 0.0287 0.0281 0.0279

0.0383 0.0329 0.0301 0.0289

0.0349 0.0298 0.0277 0.0284

0.0348 0.0282 0.0291 0.0272

0.0349 0.0300 0.0279 0.0282
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0.0329 0.0305 0.0276 0.0290

Y| 0.0353 0.0300 0.0287 0.0284

Table 7: FFHEEIEL 2 1T 0T B e RaaeE 12)
= Fy A

Case | SIRMs | NN-SIRMs | SIRMs | NN-SIRMs

1 0.1163 0.1163 0.1644 0.1190

0.1392 0.1493 0.1437 0.1305

0.1156 0.1258 0.1180 0.1144

0.1049 0.1124 0.1455 0.1025

0.1295 0.1229 0.0776 0.1159

0.1510 0.1169 0.0920 0.1218

0.1193 0.1069 0.1208 0.1116
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0.1174 0.1409 0.0908 0.1350

9 0.1453 0.1157 0.1230 0.1098

10 0.1119 0.1472 0.1119 0.1228

S | 0.1250 0.1254 0.1188 0.1183
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Table 8: BEIRIGT — Z K9 2 AR 19)

Table 10: BT —RIHT % FHliFazE 19

—/A H T AR — A o AR
Case | SIRMs | NN-SIRMs | SIRMs | NN-SIRMs Case | SIRMs | NN-SIRMs | SIRMs | NN-SIRMs
1 0.1180 0.1172 0.1204 0.0970 1 0.0465 0.0389 0.0584 0.0447
2 0.1131 0.0985 0.1124 0.0885 2 0.0334 0.0310 0.0460 0.0359
3 0.1154 0.0423 0.0975 0.0659 3 0.0359 0.0290 0.0457 0.0334
4 0.1254 0.0904 0.1229 0.0757 4 0.0488 0.0380 0.0529 0.0424
5 0.1045 0.0746 0.1099 0.0787 5 0.0488 0.0333 0.0567 0.0455
6 0.1079 0.0686 0.1134 0.0746 6 0.0582 0.0325 0.0585 0.0448
7 0.1155 0.0665 0.1203 0.0963 7 0.0371 0.0357 0.0534 0.0428
8 0.1161 0.0583 0.1152 0.0730 8 0.0360 0.0342 0.0550 0.0427
9 0.1201 0.0634 0.1150 0.0662 9 0.0371 0.0384 0.0631 0.0535
10 0.1179 0.0631 0.1104 0.0607 10 0.0387 0.0387 0.0600 0.0513
FYg | 0.1154 0.0743 0.1137 0.0777 EF T 0.0420 0.0350 0.0550 0.0437
Table 9: BT — ZITHT % IEER (%)) Table 11: HRHT— R B IEER (%)'3)
— A AT AT =M 7 A
Case | SIRMs | NN-SIRMs | SIRMs | NN-SIRMs Case | SIRMs | NN-SIRMs | SIRMs | NN-SIRMs
1 86.3 84.9 90.4 84.9 1 94.7 94.7 96.0 93.3
2 91.8 82.2 93.2 87.7 2 96.0 96.0 97.3 96.0
3 95.9 97.3 95.9 100.0 3 100.0 100.0 100.0 100.0
4 86.3 83.6 87.7 86.3 4 97.3 97.3 98.7 97.3
5 93.2 90.4 93.2 94.5 5 98.7 97.3 98.7 98.7
6 87.7 94.5 91.8 93.2 6 98.7 97.3 98.7 98.7
7 91.8 93.2 90.4 90.4 7 97.3 100.0 98.7 97.3
8 87.7 93.2 90.4 94.5 8 96.0 96.0 97.3 97.3
9 91.8 91.8 94.5 91.8 9 93.3 93.3 93.3 92.0
10 90.4 91.8 94.5 94.5 10 93.3 93.3 94.7 96.0
SEET 90.3 90.3 92.2 91.8 REZ] 96.5 96.5 97.3 96.7
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An Analysis on Evolutionary Ensembles of Neural

Networks: a Motivation behind Low Dimensional
Networks

«Danilo Vasconcellos Vargas, Hirotaka Takano and Junichi Murata (Kyushu University)

Abstract— The accuracy of ensembles have been shown to depend on the base classifier’s accuracy and
diversity. However, choosing good base classifiers to compose an ensemble is still a difficult task. The
base classifier’s accuracy-diversity trade-off composes a complex space to search. Moreover, searching for all
possible classifiers is naturally unfeasible and some assumptions have to be taken. In this context, we present
a motivation behind low dimensional classifiers. The experiments are conducted on varying levels of difficulty
(time constraints and addition of irrelevant variables) and different datasets. Based on these experiments,
it is verified that an evolutionary ensemble made of a certain portion of low dimensional neural networks
can be more robust and accurate than high dimensional ones. Throughout the experiments the influences
of diversity, base classifier’s accuracy as well as the effects of the ensemble and evolution are analyzed and
empirically evaluated. Thus, the use of low dimensional base classifiers is justified as a reasonable assumption
for the construction of ensembles, which enables ensembles to achieve the maximum observed accuracy as
well as surpass high dimensional ones in robustness and learning speed.

Key Words: Network Evolution, Ensembles, Homogeneous Ensembles, Classification, Multilayer Percep-

tron.

1 Introduction

The research on ensembles of classifiers has been
motivated by the idea that weak learners can produce
a strong learner (1), (2), (3). But how can we choose
weak learners to create a better ensemble? Are some
weak learners better than others?

In the literature the effect of joining the classifiers
by a majority vote was shown to relate strongly to
the accuracy of the base classifiers and diversity (4),
(5), (6). Therefore, using a multiobjective search for
classifiers with both high accuracy and diversity was
justified. But using both the base classifier’s accuracy
and diversity to choose or search for classifiers has
turned out to be non trivial because there is some
complex trade-off (constraint) between accuracy and
diversity (7). Moreover, searching through all possible
settings of classifiers is naturally unfeasible, therefore
some restriction is imposed over the search in some
form, such as choosing a particular classifier type or
limiting the number of dimensions'.

This paper presents an answer to these questions.
In the context of homogeneous evolutionary ensem-
bles, we show that some “low dimensional weak learn-
ers” can produce more robust and accurate results
than other weak learners. The “low dimensional weak
learners” are classifiers made of a low number of di-
mensions and with a relatively low accuracy when
evaluated alone, but present high accuracy and low
variation of accuracy when joined in an ensemble.
This happens even when the number of maximum it-
erations in the learning process are steeply decreased
(say, from 1000 to 20 iterations) or a large number
of irrelevant variables are added to the problem (for
example, twenty irrelevant variables added to four rel-
evant variables).

In summary, these ensembles of low dimensional
learners have important advantages when contrasted
with high dimensional ones. We highlight the follow-
ing:

e Fast Learning Process - When compared to
ensembles of high dimensional networks, their

IDimensions will be used throughout this article to refer to
the number of variables used by a classifier

search space is smaller, allowing them to reach
good solutions in a small amount of time;

e Robustness against Irrelevant Variables - They
can overcome the existence of irrelevant variables
better than higher dimensional learners;

e Robustness against Number of Learning Itera-
tions - Since they are less affected by overfitting
and underfitting, decreasing the number of learn-
ing iterations has only minor effects;

e Flexibility - They keep the same behavior over a
set of different datasets;

e Accuracy - When compared to high dimensional
models, they have equivalent or better accuracy.

To complement the study, an analysis is drawn
based on the empirical tests which summarizes and
explain the results. Lastly, the effect of the evolu-
tion and ensemble are evaluated separately, explain-
ing their individual influences over the experiments.

2 Evolutionary Ensemble of Multi-
layer Perceptrons

This paper uses for the analysis an evolutionary en-
semble of multilayer perceptrons (8) with a majority
voting mechanism. The reason for the evolutionary
choice instead of more typical ensemble settings is
that the evolutionary ensemble is less sensitive and
therefore presents also less variation in accuracy (for
details see Section 5). Actually, the simple evolution-
ary ensemble used here is similar to removing the less
accurate base classifiers. Therefore, the analysis con-
veyed here can be extended to the typical ensemble
settings with minor modifications (see Section 5).

Having said that, the evolutionary process is de-
scribed in detail in Table 1 which consists of the sim-
ple selection of a number of classifiers, hereby called
“number of predated” (pred), to be excluded for each
evolutionary cycle (iteration). For the selection pro-
cess, the accuracy of the single neural networks are
compared on an unseen 20% of the training sam-
ples, using the remaining 80% of the training samples
for the actual training. And the excluded classifiers
(“predated classifiers”) are the ones which achieved
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Table 1: Evolutionary Ensemble Construction Algo-
rithm

1. Generate an initial ensemble with nmod classi-
fiers each having m randomly chosen variables.

2. Separate the training dataset into two parts:
one with 20% and the other with 80% of the
samples.

3. For each evolutionary cycle until the maxcycies
is reached do the following:

(a) Train all the classifiers using 80% of the
training samples.

(b) Evaluate the classifiers using the unseen
20% of the training samples.

(c) Select the pred least accurate classifiers
and remove them from the ensemble.

(d) Add to the ensemble new pred classifiers
each with m randomly chosen variables.

4. Final ensemble.

Table 2: Parameters
Multilayer Perceptron
[~0.1,0.1]
5e — 14

Initial weights
Weight decay
Hidden nodes
Maximum iterations 1000
Output units logistic function

Evolutionary Ensemble

Number of models (nmod) 10
Evolutionary cycles (mazcycies) 20
Number of predated (pred) 1

the worst accuracy on the unseen 20% of the train-
ing dataset. The same samples were used to train all
neural networks, therefore no increase in diversity is
caused by the evolution. At the same time, the accu-
racy measured over the 20% of the training samples
is not biased by the samples (they do not vary for
all classifiers) and therefore the selection is also not
dependent on the samples.

3 Experiments
3.1 Settings

All experiments, when not stated otherwise, use evo-
lutionary ensembles as described previously. The en-
sembles have a fixed number of neural networks and
all the neural networks have the same number of vari-
ables m (< M, where M is the total number of inputs)
but the inputs themselves may differ from network to
network (they are chosen randomly). The tests will
be conducted by varying the number of dimensions
m (inputs) and every test will be repeated over 100
trials with different 80/20 train/test splits. Moreover,
throughout the tests the parameters are kept mostly
the same, they are described in Table 2. For the im-
plementation we used the nnet package from R (9)
which is a feed-forward neural network having a single
hidden layer and back-propagation as learning algo-
rithm.

The experiments were conducted over the following
datasets from the UCI machine learning repository
(10): Glass, Wine, Iris, Ionosphere and “Pima Indi-
ans Diabetes” (which we will refer to as “Diabetes”).
All datasets were divided into 80% for training and
20% for testing. Therefore, taking the evolutionary
selection into account, which also separates the train-

ing dataset into a portion to evaluate the networks
and another portion to train them. Each single neu-
ral network was trained in an effective 64% of the total
samples.

3.2 Relation of the Accuracy of Ensembles
with the Dimension

Here, the objective is to identify the behavior of the
ensemble accuracy when we vary the dimension used
by the single neural networks (“weak learners”) as
well as to make a comparison between the accuracies
of the ensemble and the single networks. Figure 1
show the results for some datasets, where the first and
the second rows contrast the accuracy of the averaged
individual neural networks with that of the ensemble.

All the datasets observe the same effect, the indi-
vidual neural networks accuracy increases slowly over
the increase of dimensions while the ensemble accu-
racy increases steeply. Therefore, the use of an ensem-
ble reduces the importance of the number of dimen-
sions. Note that the dimensions used in the ensemble
is potentially the same as the original dataset. How-
ever, the number of dimensions required for search-
ing for a good hypothesis (learning process) for each
low dimension classifier is smaller and therefore the
combination of low dimension classifiers present in
the ensemble make the number of dimensions in the
learning process relatively less important. Moreover,
the accuracy decreases on the high dimension portion
(specially on the Wine and Ionosphere dataset). This
effect is directly related with the diversity of the en-
sembles as we will show in the next section.
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Fig. 2: Behavior over the Iris (with additional 20 ir-
relevant variables) and Wine (using single neural net-
works with only 20 iterations and 3 hidden nodes)
datasets (respectively the first and second column).
The first row shows the ensemble accuracy and the
second shows the average accuracy of the same indi-
vidual neural networks evaluated alone over the test-
ing dataset.

Although Figure 1 brings some overall behavior, it
still lack some insight of how the accuracy would be-
have under irrelevant attributes and time constraints
(low number of iterations). That is, in real world
problems not rarely the classifiers face a high number
of irrelevant attributes and/or have to give reasonably
good solution under tight time constraints such as real



time problems. To test these situations, in Figure 2
we increase the difficulty of the datasets by adding 20
irrelevant variables in the Iris dataset and limiting the
number of iterations to 20 and the number of hidden
nodes to three for the Wine dataset.

Figure 2 shows the behavior of a certain low dimen-
sional portion agreeing with Figure 1 in that some
low dimensional ensembles are the most robust and
accurate. The reason why the high dimensional part
performs poorly can be justified based on underfitting.
Still, the behavior of the low dimensional ensembles
with as low as two variables is unexpected. For ex-
ample, ensembles made of two or three variables can
achieve around 93% accuracy in the Iris with 20 ad-
ditional irrelevant variables while in the Wine dataset
they obtained the maximum accuracy observed.

Since the unique factor which changes from the first
row to the second row of all the figures is the ensemble
effect of adding all networks in a voting ensemble, the
explanation for this behavior can only be linked to this
effect. As for the evolution, it was applied for both
the first and the second row, being at first glance not
relevant for the behavior that makes the low dimen-
sional networks a promising alternative. But before
analyzing this effect further it is important to consider
the influence of diversity.

3.3 The Influence of Diversity

Diversity and accuracy has been regarded as the
most important characteristics to be considered when
choosing classifiers to compose an ensemble. There-
fore, we analyze in this section the behavior of diver-
sity with relation to the accuracy.

There are a vast number of measures of diversity in
the literature (11), (12). From those, this work will
use Shannon’s diversity index Dgp, (13) (exactly the
same as the entropy). That is, given a set of classi-
fiers Pop with a set of classes Cl, any sample can be
classified into different classes by different individual
classifiers in Pop. Let us denote the number of clas-
sifications of a sample into class i by ¢;. Let us define
the fraction of classifications as p; = \PCTp\ Then it

follows that:

ted

Dana =Y piln(p;). (1)
i=1

Shannon’s diversity was computed for every sample
and then the diversities were summed over all samples
and divided by the number of samples.

Using the above diversity measure, Figure 3 was
drawn over the Diabetes and Wine datasets. From
Figure 3, it can be seen that diversity decreases with
the increase in the number of variables used. This was
expected, since the number of possible combinations
of variables for a fixed dimensionality increases as the
dimensionality of a neural network decreases. More-
over, the final portion of the diversity in both figures
differ. In the Diabetes dataset the diversity decreases
to a minimum amount and stays constant, however,
in the Wine dataset the diversity continues decreas-
ing towards zero with the increase in the number of
variables. This explains the decrease in the ensemble
accuracy for the Wine dataset in the highest dimen-
sional ensembles.

The diversity of the lower dimensional classifiers are
one of the reasons for their advantages. This property
is, however, inherent to their inferior accuracy and
lower number of dimensions. It should be easy to see
that higher dimensional classifiers will have less diver-
sity, but sometimes it is forgotten that the diversity
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Fig. 3: Diversity behavior over the Diabetes and Wine
datasets (respectively the first and second column)
and its relation with accuracy and number of vari-
ables per model. The first row shows the ensemble
accuracy, the second shows the average accuracy of
the same individual neural networks evaluated alone
over the testing dataset and the third shows the di-
versity.

Number of Variables per Model

is closely related to the accuracy and high accurate
models will have similar output, differing minimally
in the diversity. Actually, this fact makes the lower
accurate individuals more prone to receiving a higher
benefit from using them in an ensemble.

4 Empirical Analysis of the Ensem-
ble’s Accuracy

Throughout the experiments it was observed that in
the accuracy curve the number of variables per model
can be divided into three parts: A, B and C. Discon-
sidering the problem dependent decrease in accuracy
of part C, the empirical diagram shown on Figure 4
can be drawn.

o
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Number of Variables per Model

Fig. 4: Empirical diagram showing the three concep-
tual divisions.

With the exception of Part B, all of the parts have
some sort of disadvantage. In one hand Part A has
the following problem:

e Few Information Available - The information
available through their few inputs are not suf-



Table 3: Change of Evolutionary’s Parameters

Evolutionary Ensemble
Number of models 10
Evolutionary cycles 20
Number of predated 1
Modified Evolutionary Ensemble
Number of models 20
Evolutionary cycles 40
Number of predated 4

ficient for the classifier to learn.
On the other hand, Part C has:
e More Susceptible to Overfitting;
e More Susceptible to Underfitting;

e Slower Learning Process - Their higher complex-
ity (high number of weights) needs more itera-
tions to arrive at the same level of accuracy as
that of lower complexity ones;

e Require High Classifier Complexity.

Therefore, part B benefits from a suitable com-
plexity which enables them to learn the problem at
hand when joined in an ensemble at the same time
their relative simplicity allows for a more robust clas-
sifier (overcoming overfitting/underfitting and irrel-
evant variables). Moreover, their lower complexity
speeds up the learning process.

5 Evaluating Evolutionary and En-
semble Effects

Two effects take place in the analyzed evolutionary
ensemble:

e Ensemble Effect - The effect of adding single net-
works together by a voting mechanism.

e Evolutionary Effect - The influence of evolving
networks together. In this context, the evolution
process is described by generations of evaluating
and predating some of the less fitted networks. 2

The question we want to study here is what role
does the removal of some of the lowest accurate clas-
sifiers plays on the ensemble. Previously, the figures
were divided between the accuracy of the ensemble
and the accuracy of the individual classifiers. There-
fore it was possible to note the ensemble effect. This
time, we separate the figures between the accuracy
of the ensemble with and without applying evolution.
In this way, the effect of evolution and ensemble are
shown separately.

In these tests, the ensemble setting without evo-
lution possess the same number of trained neural
networks used throughout the evolutionary method
which is 30 (number of models 4+ number of predated
* evolutionary cycles ). In other words, the ensem-
ble without evolution use 30 neural networks in the
majority voting mechanism while the evolutionary en-
semble uses 30 neural networks to evolve itself, how-
ever, the final ensemble is composed of only 10 neural
networks.

It can be observed in Figure 5 that by adding evolu-
tion to the ensemble scenario it may decrease the vari-
ation in the accuracy while increasing the accuracy
in some portions of the spectrum, i.e., in comparison

2Naturally, the simple evolutionary effect spotted here is
somewhat similar to just removing the less accurate base clas-
sifiers as mentioned previously.

with evolutionary ensemble some of the boxplots with-
out evolution had a high variation of the accuracy and
presented behaviors which differ slightly from dataset
to dataset. Although the differences are small and the
overall behavior is preserved, the evolution effect still
plays a role in decreasing the sensitivity of the num-
ber of dimensions used and consequently from dataset
to dataset.

The reason behind the variation in accuracy of the
ensemble without evolution can be spotted in Fig-
ure 6. As expected, the diversity of the typical en-
semble is higher than the evolutionary ensemble, be-
cause the evolutionary ensemble decreases the diver-
sity when it removes the lower accurate classifiers. In
these experiments, it is interesting to note the relation
between the diversity over the Wine dataset (lower
right of Figure 6) and its accuracy (lower left of Fig-
ure 5) for the typical ensemble. In the Wine dataset
the diversity remains at a very high value which seems
to be connected with the unusual high accuracy vari-
ation and many outliers at the high dimensional por-
tion of the spectrum.
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Fig. 6: Effects of evolution and ensemble on the di-
versity. Tests made over the Glass (left) and Wine
(right) Datasets with the upper row having the orig-
inal results from the evolutionary ensemble and the
lower row having a typical ensemble settings without
evolution. The number of neural networks trained by
both methods are the same and equal to 30.

6 Conclusions

This paper concerns with the question of how to
choose “weak learners” to compose an ensemble. To
answer this question, experiments were conducted
on different datasets and varying levels of difficulty
(time constraints and addition of irrelevant variables).
From these experiments we observed:

e Regarding Base Classifier’s Accuracy - By ana-
lyzing the behavior of the base classifier’s accu-
racy, the high dimensional ones was seen to pos-
sess the highest accuracy as a base classifier. But
when analyzed as an ensemble, a part of the low
dimensional ensembles showed more robustness
and at least the same accuracy as the high di-
mensional ones (even surpassing them in some
scenarios).



e Regarding Diversity - A series of tests showed
that the diversity increased with the decrease in
the base classifiers’ dimensions. Therefore, it was
related to the decrease in accuracy for the high
dimensional ensembles. Moreover, recall that the
diversity is closely related to the accuracy and
high accurate models will have similar output,
differing minimally in the diversity. In other
words, the smaller the accuracy the higher the
gain of using an ensemble.

e Regarding Evolution and Ensemble Effects - The
evolution and ensemble effects were analyzed sep-
arately. Evolution was seen to relate strongly
with the decrease in the ensemble’s accuracy vari-
ation, while the diversity added by the low accu-
rate base classifiers (not present in the evolution-
ary ensemble since they were predated) in the
typical ensemble increased its sensibility while
not confering benefits in accuracy.

Thus, it was shown that if the number of dimen-
sions of an ensemble is varied, a certain portion of
the low dimensional neural networks appears as the
most promising one. This knowledge can be used to
aid the construction of ensembles. In other words,
it can shrink the search space of the possible clas-
sifiers to a smaller search space of promising low di-
mensional classifiers. Therefore, we conclude that low
dimensional base classifiers are better weak learners,
in the sense that ensembles made of them benefit from
higher robustness, accuracy and learning speed when
compared to ones using high dimensional base classi-
fiers.
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Fig. 1: Behavior over the Wine, Diabetes, Ionosphere and Glass datasets (respectively the first, second, third
and fourth column). The first row shows the ensemble accuracy and the second shows the average accuracy of
the same individual neural networks evaluated alone over the testing dataset.
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Fig. 5: Effects of evolution and ensemble on the accuracy. Tests made over the (from the left to the right) Wine,
Diabetes, Glass and a modified Wine (using single neural networks) Datasets with the upper row having the
original results from the evolutionary ensemble and the lower row having a typical ensemble settings without
evolution. The number of neural networks trained by both methods are the same and equal to 30.
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Abstract—

The adiabatic quantum computation (AQC) and the neuromorphic AQC (NAQC) can be

applied to the prime factorization problem, database search problem, and various combinatorial optimization
problems. Especially, the NAQC, the AQC with efficient energy dissipation and design method for a final
Hamiltonian in consideration of the analogy with an artificial neural network, can be applied to optimization
problems if its cost function can be expressed in a quadratic form. However, there are few reports that
have successful operations on real quantum bit devices. In this paper, we study possibilities of executing the
NAQC on two real quantum bit devices based on Si and Diamond.
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Identification and Realization of A Class of Discrete Event Systems by Neural
Networks — High Order Connections and Sparse Realization

«Y. Kuroe and Y. Mori (Kyoto Institute of Technology)

Abstract— In analysis and design of a system, the first target is to obtain an appropriate model of the
system. Because of the complex dynamics of discrete event systems (DESs), it is difficult to obtain a model
of unknown DESs from given input and output data. This paper discusses an identification and realization
method of a class of DESs by neural networks. We consider a class of DESs which is modeled by using
finite state automata. In identification and realization of systems by using neural networks, it is essentially
important to develop a suitable architecture of neural networks. We already proposed two neural network
architectures: one is a class of recurrent neural networks and the other is a class of recurrent high-order
neural networks, which are capable of representing DESs with the network size being smaller than the
existing neural network models. In this paper we present an identification method of DESs, which makes it
possible to obtain sparse realization, that is, to obtain networks with simpler structure. It is shown through
numerical experiments that presented method makes it possible to obtain simpler neural networks which can

exactly simulate target DESs.

Key Words:
network, identification, realization
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Table 1: Results of identification of DES by RNN

Example 1 Example 2 Example 3
the number of the minimum value of the minimum value of the minimum value of
dynamic neurons J ] J1 [ J ] Ji [ J ] Ji [ b
Nyg=1 0.2036 [ 0.01288 | 19.07
Ny =2 0.1971 | 0.01451 | 18.26 | 0.2417 | 0.01112 | 23.06 | 0.6266 | 0.03517 | 59.15
Ny =3 0.2169 | 0.01423 | 20.26 | 0.2378 | 0.01208 | 22.57 | 0.6293 | 0.03682 | 59.25
Ny =14 0.4296 | 0.03044 | 39.91 | 0.2860 | 0.01078 | 27.52 | 0.8281 | 0.0400 | 78.81
Table 2: Results of identification of DES by RHONN
Example 1 Example 2 Example 3
the number of the minimum value of the minimum value of the minimum value of
dynamic neurons J [ J1 [ J2 J [ J1 [ 2 J [ J1 [ J2
Ny=1 0.324 | 0.02367 | 30.03
Ny =2 0.3827 | 0.02668 | 35.61 | 0.8075 | 0.07141 | 73.61 | 0.6211 | 0.04945 | 57.17
Ny=3 0.4429 | 0.02757 | 41.54 | 0.7719 | 0.05963 | 71.23 | 0.7317 | 0.04947 | 68.22
N,=14 0.4999 | 0.0289 | 47.10 | 0.8101 | 0.06173 | 74.84 | 0.8297 | 0.05250 | 77.72

1,0/0
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Fig. 4: Example 1: DES accepting the sequences con-
sisting of only "1’
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Fig. 5: Example 2: DES accepting the sequence (10)*.
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Table 3: The maximum absolute values of the tolerances to the threshold values obtained for RNN

Example 1

Example 2

FExample 3

the maximal absolute
value of the tolerances

the number of
dynamic neurons

the maximal absolute
value of the tolerances

the maximal absolute
value of the tolerances

Nqg=1 0.01652

Ng =2 0.01899 0.03851 0.05948
Nag =3 0.02226 0.1316 0.05345
Ny =4 0.01910 0.04568 0.03796

Table 4: The maximum absolute values of the tolerances to the threshold values obtained for RHONN

Example 1

Example 2

Example 3

the maximal absolute
value of the tolerances

the number of
dynamic neurons

the maximal absolute
value of the tolerances

the maximal absolute
value of the tolerances

Ng=1 0.02408

Ng =2 0.02895 0.1618 0.06824
Ng =3 0.03020 0.1458 0.07415
Ng =4 0.03456 0.1339 0.08534
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Table 5: The number of zero-valued parameters ob-
tained for RNN in Example 2

the value the maximal absolute | the number of zero
of p value of the tolerances | valued parameters
0 0.000004519 0
0.00001 0.001022 150
0.0001 0.003291 150
0.01 0.1570 150

Table 6: The number of zero-valued parameters ob-
tained for RHONN in Example 2

the value the maximal absolute | the number of zero
of p value of the tolerances | valued parameters
0 0.000004162 0
0.00001 0.003898 104
0.0001 0.01285 110
0.01 0.1382 104
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Nowadays, internet is becoming more and more popular, and it provides a convenient way for
Therefore, enormous information is added everyday.
information, the result includes unnecessary information not only necessary information.
users who are not good at searching information to find necessary information.
make User intention model based on Machine learning.

If the user searches
So, it is difficult for
For solving this problem, we

If we use this model for retrieval system, we get good
In this paper, we try to make this model, and investigate a proposed method that is good or not.

User intention modeling, Machine learning, Support vector machine
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A discussion on feature extraction of human meotion

* Kanta Tachibana (Kogakuin University)

Abstract— This paper discusses feature extraction of human motion in daily life through our two progressing
works. The first one aims to support successful aging of elder people by e-Rowing. In this study we extract

Fourier coefficients from time series force and power data of rowing machine. This helps to compress data and
visualize exercise history of the person. The second study aims to reduce physical and mental cost in office.
Conventional manipulation of computers with a mouse and a keyboard is not very natural. Toward manipula-
tion with gesture, we identify gestures suitable to computer manipulation. Vector features are extracted from

motion data captured with Kinect.

Key Words: complex Fourier coefficients, 3d vector features
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Figure 2 : information flow in e-Rowing system
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Figure 3 : force and position measured by e-Rowing

ZOROEE, YV AFvIEoTarta—4
FEMET D Z & & BHE9. Microsoft £ Kinect 13 RGB
AT LWEE YR L, AMEROBELZBYCX
DEMIT NA AL LTHEB SN TS, Kinect DX
Picky, arBa—F~OT = AF ¥y ARGk
HOERYOOH B, Kinect R EE—a Xy I TF
¥ UAT LEANT, BEDOY 2 AF ¥ 2l 55

e-Rowing DB

ZOHFZETIE, TOUEE LAk
Rz ATF KL, B Lz
v o — X EELAN DO LB DEWWETD
HoedE, oF0, BEHEIN
T EEFMTS. AFETIE, O
FHEIZHOWTIRRD,

2 RMT—4% 0%

JE A E ST — 7 ORI A &
LC, BEOMETIIEET —2 %
KBICE— 3 o x v I TF ¥ TG
L 7= S8 FE D AR (Y,
Oy, ) ARWVDHIZEY S, BRI OEERS
NI {8 % Fourierfi#fir+ 2025 23 ->7-. LasL, 3k
HTIHRIEOAIZER LTEBY, MMATERS A TH

F—v 3 R T CRIENLE -SRI A FE A G
THDOTIEAR L, AIFZETide-RowinglZ &> TH &AL
EOFH AT 5. AT, Zh b ORI
T — 2 2 )FfET 5 7=, FourlerBHi CEH SN HHE
S&Fourierf?# & FIH 7 %. Fig. 31Ze-Rowing THHHI L 7=
A— MEEER T — & OFlZ 7. b DHIEEE DT
THENWEQEE D KT A THD T N> RANLE R
FNENERTRYT. [[A—OEBE TH AT )b
57, NTHANAY RMLEIZHIELDENRH D Z &N
SIND.

NS OFT =205, BN N RV E [m]
ZHEENIC IIN1Z 7 8 v b LTSRN D72 < (Fig. 4
HHNE, 2077 7128 A E N ERO A I
MEFRT. ZOLIRT T 7L, EIE~OLREH 72
TA4— KRy 7 L LTHDRLODOOESTHD. £
T2, NV RAALEO Sy (N2 RVEEE) [m/s] & F1[N]
DOFENRRT—[W]TH Y, U —OWiRI(Fig. 4 Tl
LIEX FORME LS RTLEEZD.

O LMEmD ], N RANLE, U —DRT
— & f(t) % Z AL E N FourierZHi L, #FEFouriertREX

a, —jb 1 ("
Cp = — jnz—f f(t) exp(—jnt) dt € Z
2n )_,

2

5%, —HEXE{a,, b, ER|n=01,..,N}&—#l
BT, —EORBAEE I K%, LI, Eiht
via T, WEnZ LI, MRS
FPHENO T v v N &35, #iFEFourierfRik D &
XX ZEMT —F & LTT—Z_R—RRBFL T
BIFIE, MELE 577, FourleniZEHuZ L - THH
M7 R T — 2 L Z DXL > 2 ETTTE 5.



work profile

Z
[«]
Q
-
S
0 500 1000 1500
handle position [mm]
rowing power
PN
=
py
=
™
[
B
o
2,

0 200 400 600 800
time [msec]

1000
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Visual-Lifting Stabilization [2E D ZE&H1TD
BRI IR EEAE S
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Dynamic Reconfiguration Capability of Bipedal Walking
Based on Visual-Lifting Stabilization

«Y. Kobayashi, M. Minami, A. Yanou and T. Maeba (Okayama University)

Abstract—

In this paper, we propose a new index of dynamic manipulability for humanoid robot to

estimate dynamic ability to change configuration by using remaining redundancy, while prior task is being
controlled, e.g., face and eyes being directed to some object. Several indexes have been proposed so far to
measure statical and dynamical capability of robot manipulator. For example, Dynamic Manipulability (DM)
ellipsoid describes a distribution of hand acceleration produced by normalized joint torque. On the other
hand, Reconfiguration Manipulability (RM) ellipsoid denotes a distribution of each link velocity produced
by joint angular velocity. This paper shows new index of Dynamic Reconfiguration Manipulability (DRM)
combined DM and RM, and we have adopted the DRM to a humanoid robot, exhibiting how the DRM
indicates directly the configuration-changeability of walking humanoid robot.

Key Words: Dynamic Reconfiguration Manipulability, Humanoid robot, Bipedal walking
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QO : Number of link

[J : Number of joint

Head Table 1: Physical parameters
vz Upper body Link l; m; d;
Head 0.24 | 4.5 0.5
Upper arm

' Upper body | 0.41 | 21.5 | 10.0
Middle body | 0.1 | 2.0 | 10.0
/ Lower body 0.1 2.0 10.0

Lower arm

Middle body Upper arm 0.31 2.3 0.03
Lower body Lower arm 0.24 1.4 1.0
"™\ Hand Hand 018 | 04 | 20

Waist 0.27 | 2.0 10.0
Upper leg 0.38 7.3 10.0

\ Waist

Upper leg

Lower leg Lower leg 0.40 3.4 10.0
e Foot Foot 0.07 1.1 10.0
Total 1.7 63.8

Fig. 7: Definition of humanoid’s link, joint and angle number
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Fig. 8: State, gait’s transition and emerged walking gait
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Fig. 9: State transition of walking in one step
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Dual Nature of Constraint Motion and Lyapunov-stable Position/Force Control
Method

«Fujia Yu, Mamoru Minami and Akira Yanou (Okayama University)

Abstract— In the model of the constrained dynamic system of a robot, constrained forces are included and
expressed as an algebraic function of states (instantaneous process) and a redundancy existing in constraint
dynamics (constraint redundancy). Using these results, a force and position control law is proposed by taking
the advantages of the redundancy of input generalized forces to the constrained forces and instantaneous
process without involving any force sensor. Then proof confirming by Lyapunov method that the exerting
force equals instantaneously and constantly to desired one and that the motion of robot’s hand in a mov-
able space converges to desired hand’s position. The effectiveness has been confirmed by a 2-link robot in

simulation.

Key Words: Position/Force control, Lyapunov stability, Constraint condition

1 Introduction

It is well known that robots, particularly articu-
lated types, are very dexterous and have large oper-
able space. Hence, it will have a promising future to
introduce such kinds of robots more extensively into
manufacturing. For example, the tasks of the grind-
ing or cutting of the deeply located surfaces within
a cabinet might be too difficult to machine. Fur-
thermore, for some auxiliary machining operations,
it may cost too much for an expensive machining cen-
ter to do. Therefore, employing robots in such areas
will be a satisfactory alternative. On the other hand,
comparing with a machine tool, the characteristics of
robots on stiffness, damping and vibration-proofing
are somewhat poor. In order to take the advantage
of the dexterity of robots, much sophisticated design
and control strategies have to be developed.

We think that a paper V) had classified contact-
ing tasks of robots practically. The following clas-
sification is along with the statements in V. Robot
force control method can be largely classified into
impedance control and hybrid control. In impedance
control, a prescribed dynamic relation is sought to be
maintained between the robot end-effector’s force ex-
erting to an object constraining the end-effector and
position displacement toward the direction vertical to
the object’s surface '*). In hybrid control, the end-
effector’s force is explicitly controlled in selected di-
rections and the end-effector’s position is controlled
in the remaining (complementary) directions 13),

The hybrid control approaches can be further classi-
fied into three main categories 1: (A) explicit (model
based) hybrid control of rigid robots in elastic con-
tact with a compliant environment, e.g., -3 in
which the end-effector force is controlled by directly
commanding the joint torques of the robot based on
the sensed force error; (B) implicit (position/velocity
based) hybrid control of rigid robots in elastic contact
with a compliant environment, e.g., 9, in which the
end-effector force is controlled indirectly by modifying
the reference trajectory given into an inner loop joint

position/velocity controller based on the sensed force
error; and (C) explicit (model based) hybrid control of
rigid robots in hard contact with a rigid environment,
e.g., 13,17,

Nakamura have used the following matrix equation
below in 9, so both constraint condition and the dy-
namics can be represented simultaneously. This equa-
tion means that determining the constraint force F,
does not include time integration like g. In this equa-
tion g express the angular acceleration, and F), ex-
press the constraint force. Furthermore, he extended
the dynamics representation method into the concept
of dynamics filter 7, 8.

i)
F,

M gt
oC
aqr Y
_ | T %MqT— Ng—-G-JTF,
~4"192 (25 )a

(1)

Furthermore, many researches have discussed on
the constraint-combined force /position hybrid control
method. To ensure the stabilities of the constrained
motion, those force and position control methods
have utilized Lyapunov’s stability analysis under the
inverse dynamic compensation where force control
strategies have been explained intelligibly in papers
D.3) But these stability proofs are trying to di-
vide the procedure into two different parts 9, 10):
lim; o0 F,, = Fpq and lim;_, o 7 = 74, here F,, and
F,,, are the actual constraint force and the desired
constraint force, while r and r,4 are the actual hand
position of the manipulator and the desired one.

In '2 it is written that “If contact is modeled
by means of geometric constraints, then the contact
forces cannot be expressed as algebraic functions of
the state variables q, g.” The g, q express the angle
and angular velocity of the joints. We do not think it
is right, because the contact force has been calculated
in (2). (2) is derived from (1), which has been pointed
out by Hemami '® in the analysis of biped walking
robot, denotes clearly the algebraic relation between
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the input torque 7 of the robot and exerting force to
the working object F,, have algebraic relation, when
robot’s end-effector being in touch with a surface in
3-D space:

F, =a(q,q) + A(q)J F, — A(q)T. (2)

Where a(q, ) and A(q), J, are scalar function and
vectors defined in following section. (2) exhibits vec-
tor 7 determining F,, has a redundancy against con-
straint force F,, since F,, is scalar.

In this paper, the third category (C) of contact-
ing situation that assumes rigid link manipulator and
hard contacting with nonelastic environment. From
(2) we can know that the force transmission pro-
cess is an immediately finished process for a rigidly
structured manipulator just as the acceleration be-
ing determined immediately by state variables and
input generalized forces. Exploiting (2), we design a
new controller whose stability is guaranteed by Lya-
punov method, which exerting force F,,(t) = F,4 and
lim; o 7 = 4. The effectiveness has been confirmed
by a 2-link grinding robot model in simulation.

2 Analysis of Grinding Task

There are four kinds of grinding processes in com-
mon use, called respectively vertical surface grind-
ing, horizontal surface grinding, internal grinding and
cylindrical grinding. A grinding machine usually can
only perform one or two of these processes because of
kinematic limitation. However, all of the four kinds
of tasks can be finished by a single robot manipu-
lator for its dexterity in movement. To do so, the
grinding wheel has to contact with the workpiece. A
set of contacting surfaces, especially the surfaces be-
ing machined, will form constraints to the motions
of the grinding wheel. As for vertical surface grind-
ing operation shown in Fig.1(a), the grinding wheel
in contact with a surface of the work-piece is not free
to move through that surface, which forms a position
constraint. And also, the wheel cannot freely apply
arbitrary force tangent to the surface in case of no
disturbing force like friction existing, which forms a
set of force constraint. Situations of constraints for
other kinds of grinding tasks are shown in Fig.1(b),
(c) and (d).

In general, the desired grinding position trajectory
is given by processing drawings for each grinding pro-
cedure, which the grinding allowance is considered.
As for grinding forces F,, F; and Fs, the desired
values should be determined carefully for different
grinding conditions. Generally speaking, the grind-
ing power is related to the metal removal rate (weight
of metal being removed within unit time), which is
determined by the depth of cut, the width of cut, the
linear velocity of the grinding wheel, the feed rate and
so on. There are many empirical formula available for
the determination of grinding power, and the desired
force trajectory can then be planned according to the

U A

brs044 A

V77224 2 YILLII77 7777777777777,

Fn Fn
(a) Vertical Surface Grinding
feed feed

AR A, A,

Fu
(c) Internal Grinding
feed
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(d) Cylindrical Grinding

Fig. 1: Types of Grinding Tasks

power. The normal grinding force Fj, is exerted in the
perpendicular direction of the surface. It is a signifi-
cant factor that affects ground accuracy and surface
roughness of workpiece. The value of it is also related
to the grinding power or directly to the tangential
grinding force as

Fy = Ko F, ®3)

where, K; is an empirical coefficient, F}; is the tangen-
tial grinding force. This relation gives us an estimated
value of F; given that K; and F,, are known.

The axial grinding force F is proportional with the
feed rate, and is much smaller than the former force.

Eq. (3) is based on the situation that position of
the grinding cutter is controlled like currently used
machining center. But when a robot is used for the
grinding task, the exerting force to the object and the
position of the grinding cutter should be controlled
simultaneously. The F,, is generally determined by
the constrained situation, and it is not suitable to
apply (3) to grinding motion by the robots.

3 Modeling

Hemami and Wyman have addressed the issue of
control of a moving robot according to constraint con-
dition and examined the problem of the control of



the biped locomotion constrained in the frontal plane.
Their purpose was to control the position coordinates
of the biped locomotion rather than generalized forces
of constrained dynamic equation involved the item of
generalized forces of constraints. And the constrained
force is used as a determining condition to change the
dynamic model from constrained motion to free mo-
tion of the manipulators. In this paper, the grinding
manipulator shown in Fig. 1, whose end-point is in
contact with the constrained surface, is modeled ac-
cording with Lagrangian equations of motion in term
of the constraint forces, referring to what Hemami '®)
and Arimoto 9 have done:

d ,0L oL
@(@) - (371)
=+ (o) N S P = () # |

(9'r'T T
aﬁ)(ﬁﬁwnggnﬂrﬁﬁwﬂ>@

where, J. and J, are defined as:

= ’r-i-(

0C
_ 9qt _ oC Ha(JH
_ _ 90 590,
| G| ot o
J:a—’;, Jr=gr
0q I+

7 is the position vector of the hand and can be ex-
pressed as a kinematic equation,

r=7(q). ()

q is n(> 2) generalized coordinates. Then this manip-
ulator does not have kinematic redundancy. In this
research we only discuss the problem under only one
constraint condition, so C' is a scalar function of the
constraint, and is expressed as an equation of con-
straints,

C(r(q)) =0, (6)

F,, is the scalar express the value of the constrained
force associated with C' and F; is the scalar express
the value of tangential friction force.

Constrained Force Condition
Eq. (13)

2

Dynamic Equation
Eq. (7)

Constrained Dynamic Equation Eq. (18)

Fig. 2: Model of Constraint Dynamic System

In ) (4) can be derived into :

M(q)i + 5 M(@)a + N(q,8)i + G(a)
—r I (QF, - I (@F,  (7)

here we express M (q) as M and N(gq,q) as N for
short. M is an n X n matrix, IN is a n X n skew-
symmetrical matrix. G is a n row vectors. T is n
inputs.

From the constraint condition (6) we can get

oC . .p.0C OC

3‘TTq =—q [%(&TT)]Q- (8)

The equation (7) and (8) can be combined as follows
which is the same equation of (1):

Py
aoC
L
T—qu Nq—G—JtTFt
= aC 1. (9)
q [aq (aqT )]q
This equation is also used by Nakamura in ©, 7 and

8) it is easy to see that when the matrix on the left
side is invertible, there exist a 7 which determines the
g and F,, satisfying (7) and (8) respectively. And as
below, the inertia matrix combined with constraint
condition is guaranteed to be non-singular.

M —Jt
det 5C 0
aqT

det M - det (o - %M‘%—J{))

ocC oC

— “1( S N\T
= T det M - det(aqTM (57) ) > 00)

which means that the matrix is invertible since

90 (r(q))/0q" # 0. We define:
A OC ., oC

T

Y )T 11

me 2 (oM () ()
The inverse matrix can be calculated as follow:
- -1

M —Jt
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mot | or I

From (9) and (12) the constraint force F,, being iden-
tical to (2) can be solved like:

0C | 1p1(9C 7

Fn:[(aqu)Mfl(aqT) e || H
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Fig. 3: Dual nature of manipulator under constraint condition
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a(q,q) + A(q)J F, — A(g)T, (13)
where, a(g,q) is a scalar representing the first term
in the expression of F,,, and A(q) is an n line vector.
As shown clearly in (13) that dimension of 7 is larger
than the dimension of F,,, and F}, can be realized in
the range space of A(q). This means 7 has a kind of
redundancy against F,. We named this redundancy
appearing always in constraint dynamics of manipu-
lator as constraint redundancy. a(q, q) and A(q) are
defined concretely as follow:

NN 8 oc, ..
+(£)M‘1(—M' +Nqg+G)},  (14)
4 -1 oc -1
A@ 2 g M), (19
(13) is written as follow for short:
Fn:Fn(qaiI7T7Ft)' (16)

From (9) and (12), we can get that:

1.
Gg=M"1(t— 3Ma-Ng-G- JIF+JIF,). (17)

Inserting F,, (9) into (17), the state equation of the

system excluding the constrained force (as F,, > 0 )
can be rewritten as

M(q)i+ 3 ¥(a)i + Nla. @) + Gla)

= Jl(@)alq.q) + (I - JLA)T + (JTA—I)J]F(18)

which is denoted as a model of the constraint dynamic
system in Fig. 2.

1.
1(§M(1 + Ng+ G(q)+J'F,)} Solutions of these dynamic equation always satisfy

the constrained condition (6). The forward descrip-
tion of contacting dynamics has been represented by
(7) and (6). The fact that the solution g of (7) have to
satisfy (6) make us anticipate that F; should be sat-
isfied simultaneously and instantly regardless of the
motion g, q, and any 7. The algebraic solution has
been derived as (13). Then the dynamics of the ma-
nipulator whose solution g, g always satisfy the con-
straint condition (8) derived from (6) has been trans-
lated into (18). In the Fig. 3, the backward relation
of (13) and (18) are described in the right hand half.
(13) exhibits clearly the comment “If contact is mod-
eled by means of geometric constraints, then the con-
tact forces cannot be expressed as algebraic functions
of the state variables q, ¢,” in pp.55 '?) is not correct
and contradicting to. The backward description of
constraint dynamics has been long ignored by robotic
researchers, but we had proposed the force sensorless
position/force control based on using this backward
description directly . Here two descriptions on left
and right side are equivalent, then it can be called a
“dual system.” In this paper , we propose a new con-
troller with Lyapunov -stability over non-constraint
motion and with instantaneous achievement of desired
contacting force.

4 Force and position controller

In this paper, we propose a controller whose con-
vergence is guaranteed by Lyapunov method and in-
troduce the calculate method of it.

4.1 Controller
Let S be a column full rank matrix spanning the

T
null space of dC'/dq, we can get ST (80/8qT) =0,
ie.
STyt =0 (19)
It is possible to find an auxiliary vector p satisfies

q=Sp, (20)



in the manipulator situation, p is the end-effector po-
sition except the constraint direction, and

G=Sp+ Sp. (21)

From the definition of A in (15) and S in (19) we
know that [A”, 8]7 is reversible, i.e. there certainly
exist B (n x 1 vector) and D (n x (n — 1) matrix)
satisfies

$a-()] e

$lo-[2] e

respectively. Here I,,_; is a (n — 1) x (n — 1) identify
matrix. B means selection matrix of range space of
0C'/0q, which corresponds directly to the range space
of A(q) as shown in (15) and null space of dC/dq™.
And D is vice versa.

Before propose the controller we will put forward
three assumptions:

(a)The constraint condition is known and expressed
by C(r(q)) = 0.

(b)The tangential grinding force can be calculated
by (3).

(¢)The dynamic parameters of the system are
known.

The following is a controller guaranteeing that the
closed loop satisfies the exerted constrained force Fj,
be identical to the desired force F, 4 regardless of time
and the robot’s motion along with the free motion
directions.

7 = B(Fpa — a) + D[ky(py — p) + ka(py — D)]
+JLE, (24)

Here on the right side, the first term is to realize the
desired constrained force, the second term is to control
the pose of the manipulator, while the third item is
to compensate the friction, with an assumption of F}
being able to be gotten correctly. This assumption
can be materialized by using F;, and (3). The block
diagram of the system is given in Fig. 4.

Because (2) is a algebraic function of the input
torque, when we substitute (24) into (13), we can get

F, = a(q,q)+ AB(F,q—a)
+ AD/k,(py —p) +ka(py — )]  (25)

from the definition we know that AB =1 and AD =
0 so

F, = F,q, (26)

here (26) does not include the variable of time ¢ as
a time differential manner, meaning the output force
always equals the desired one.

4.2 Calculation of the variables

From definition of Jacobian matrix J we can get
r=Jq (27)
there exists P which satisfies:
p=PJg=1Jq (28)
Define PJ as J, taking (28) into (20) we can get
JSp = p. (29)

J is a row full rank matrix of (n — 1) X n, so it is
possible to find a S which satisfying JS = I,,_; is
a solution of (29) i.e. JS = I satisfies (20), and
JS =1, and (19) can be combined into one matrix

equation:
:I _ In—l
e &

Here we define J = [jT,JCT]T. J expresses range
space of robot’s hand motion not being constrained by
object, and J. represents constraint direction, which
is orthogonal to row vectors of J. Then J is reversible,
so S can be calculated as follow:

S=J" [ I”O” ] : (31)

By using S, we can calculate B and D in (22) and
(23), and calculate the input 7 in (24).

5 Stability Analysis

Premultiply 87 we can get
R 1.
S'MSp+S"MSp+S"(;M+N)Sp
=8"r+8"J F, - STI[F,  (32)
Substituting (24) into (32) we can get
. 1.
STMSp+STMSp+ ST (§M +N)Sp
=kp(pa —p) +ka(pa —p)  (33)

here we set the desired end-effector is static which
means p,; = 0, so closed loop dynamics is

STMSp+ STMSp+ ST%MSI" — ky(pa — )
= —STNSp — kqp (34)
set Lyapunov argument as:
V= %pTSTMSp + %(pd —p) kp(pa—p)  (35)
SO
V=p"S"TMSp+p"STMSp
78T INISp — ki (b~ p) (36)
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from (34), (36) can be transformed to

V=-—p'STNSp—kip™p (37)
because N is a skew symmetrical matrix,
pTSTNSp =0, so

V=—kap'p (38)

because V < 0 and V > 0, from (38) we can see if and
only if p = 0, V = 0, which means that submitting
p = 0 into (35) we can get p; — p = 0 from Lasalle
theorem we know that

tlim P =Py, tlim p=0 (39)

Because the constraint system satisfies that
C(r(q)) =0,

tlim T =174 (40)

So the system will converge to the desired pose at
last.

6 simulation

In this section I will introduce some simulations
have been done to check the controller in 2-link condi-
tion as Fig. 5. To a 2-link manipulator the variables
in (18) can be calculated as follow:

| i+ Ja+208cosqx  Ja 428 cosqe

M = Jo + 283 cos qo Jo (41)

L. . —(241G2 + G1)Bsin g2
Mg+ Ng = 5o 42
sMa+Ng [ 2Bsin g (42)
here J; = I1 + (mq + 4mo)l3, Jo = Iy + mal3 and
B = 2molqls and I, m, [ are the initial moment, mass
and length of the links. Jacobian matrix J is.

J— [ —sing; —sin(q1 + ¢2)

—sin(q1 + gq2) (43)
cos q1 + cos(q1 + q2)

cos(q1 + q2)

In the simulation we set the constraint condition as:

C(r(q)) =y—-06=0 (44)
woli] L] @
SO
< { cos qioi(zg;zqqfl q2) ] (46)
Jr = { - sin— qjiri((ﬁnJ(rq(wi)L ) ] (47)

from the varibles above we can calculate a, A and m,
defined in (14) (15) and (11) and calculate F}, by (18).
For 2-link manipulator, S and dC/dq in (19) are

both 2 x 1 vectors, we can get ST (80/8qT) =0, i.e.
sty =o (48)
This S also satisfies the follow equation,

where p,, is the end-effector position on x-axis, here
we define the two elements of S as [S1,S2] and J. =
[Je1, Jea], also the two angles of the joints are define
as ¢; and ¢y respectively, so (49) can be written as

B[E e

from the definition of Jacobian matrix we can know

[J11, J12] { g; } = Pu (51)
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Fig. 7: Simulation result when k, = 1000, kg = 300, 24 = 0.06t[m] and F,q = 5[N]

here [J11, Ji2] is the first line of Jacobian matrix and
also the J in (28). To get S satisfies JS = I, take
(50) into (51), we can get

S
[11, J12] [ Y } =1 (52)
2
so J in (31) is
y_ | Ju Ji2
J= |: Jcl Jc2 :| (53)
and
1 1 J(:Q
-7 _ JeaJ11 = JarJ
S=J [O]_ _211J01112 (54)
Je2J11 — Jer iz

Because there are only 2 links, B and D in (24)
can be simplified as follow

(55)

(56)

Then we did some simulations to check the con-
troller, first we set the desired as a step input, in this
simulation zq = 0.5[m], F,q = 5[N] k, = 1000 and
kq = 300,100, 30 respectively, the result is shown in
Fig. 6, the constraint force and y-position are coin-
cide and all z-position can converge to the desired
position.

In the second simulation I will show the data of the
simulation when k, = 1000, kq = 300, x4 = 0.06¢[m]
and F,,q = 5[N]. From Fig. 7 (a) we can see that the
system will output the desired force. And from (b)

and (c) we can see that the controller can control the
end-effector move along the desired trajectory.

In the third simulation we make the desired force
as a function of time, in this simulation k, = 1000,
kq = 300, z4 = 0.06t[m] and F,q = 6 + sint[N] the
result is shown in Fig. 8, from the simulation result
we can see that however the force changes, the end-
effector tracks the desired position on r—axis while
moves along the constraint line on y-axis. Just as
it is explained, the surface constraint dynamics ex-
press the system by the equation of dynamics and
constraint condition, but this is only a condition but
not a limitation. In the hidden constraint dynamics,
the constraint condition is combined into the dynam-
ics equation, so no matter how much the input tau is,
it just effect the constraint force, and the end-effector
motion on the tangent direction, but the end-effector
always moves along the constraint line of plane. This
is the reason why we call the two dynamics dual sys-
tem.

7 Conclusions

In this paper we designed a constraint-combined
force/position controller for the continuous shape-
grinding system, and prove the convergence of the
controller in a new way by Lyapunov method, the
output force of the system can always equal to the
desired one. At last we did some simulations to con-
firm the controller. In the future we will apply it into
experiment.
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Decoupling Control of Hand Trajectory Tracking and Constraint Motion using
Redundancy with Bracing Elbow

-Optimization of reaction force and position of bracing elbow based on energy consumption-

M. Ttoshima, T. Ozaki, T. Maeba, M. Minami and A. Yanou
(Okayama University)

Abstract— Considering that human can do accurate task with small powers by contacting elbow or wrist
on a table, we thought that manipulators can save energy and do a task more precisely like human by
bracing itself. Bracing redundancy exists in the motion of the manipulator with contacting of its elbows.
Although dimensions of motion are decreased by constraint, these dimensions can change to the dimensions
that control force. Based on this fact, we propose a method to control position/force of the manipulator by
using the bracing redundancy. That is, this paper shows that the dimension of position and force can be
used effectively, simultaneously can do hand’s trajectory tracking and control reaction force of the elbow by

simulations.

Key Words: Constraint motion, Redundancy with bracing elbow, Position/Force control method
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Acoustic imaging using wide-band beamformer based on Complex-Valued Neural
Networks

«Kotaro Terabayashi and Akira Hirose (University of Tokyo)

Abstract— In traditional adaptive array acoustic imaging, only narrowband signal has been used because of
the narrowband characteristics of beamformers based on the Huygens’ principle. In this paper, we propose a
new acoustic imaging method which is suitable for ultra wideband signals. We use a wideband beamforming
technique based on complex-valued neural networks to expand power inversion adaptive array (PIAA) method
for high resolution and low speckle noise. We show computer simulation results.

Key Words: Wideband, Beamformer, Acoustic imaging, Power inversion adaptive array (PIAA), Complex-

valued spatio-temporal neural network (CVSTNN)
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Fig. 4: Tapped delay line(TDL).
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Hardware Implementation of complex-valued Neural Network
*Y. Maeda, M. Ando and H. Ito(Kansai University)

Abstract—Recently, complex-valued neural networks draw the attention because of their rich capability for
information processing. Then implementation methodology including learning scheme is important and inter-
esting. This paper describes a Field Programmable Gate Array (FPGA) implementation of a pulse density com-
plex-valued neural network system with learning capability using the simultaneous perturbation method. De-
tails of the system design with learning scheme are explained.
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architecture TEST of BO is
begin
process(sw,sjwj)
begin
if(sw >= sjwj)then
output_pulse 1 <='0";
output_pulse <= sw xor sjwj;

else
output_pulse 1<= sjwj;
output_pulse <='0";
end if;
end process;
end;

Fig. 6: Subtraction of pulse.
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Solution of Inverse Problems Using High-Dimensional Network Inversion

* T. Iura and T. Ogawa (Takushoku University)

Abstract— Recently, the neural network model for handling the high dimensional numbers has been proposed
and studied in the field of artificial neural networks. The quaternion is focused in a number of fields such as
computer graphics, because we easily express the algebra in three-dimensional space using quaternion. On the
other hand, the problem which searches for a cause from an observed result is called an inverse problem, and
has been studied in various fields. The network inversion has been studied as a neural network based solution
for inverse problems. In this paper, the extension of the network inversion to high-dimensional neural networks
is examined by the computer simulations of the complex-valued and quaternion network inversions.
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Table 1 Network parameters for inverse mapping problem.

Network CVNN QNN
Number of input neurons 1 1
Number of hidden neurons 5 10
Number of output neurons 1 1
Training rate & 0.01 0.01
Input correcting rate &, 0.01 0.01
Max. number of training epoch 10000 10000
Max. number of estimating epoch | 10000 10000
Training error to be attained 0.001 0.001
Estimation error to be attained 0.001 0.001

&
—4— estimated input ---=-- given output

(a)

—o— estimated input

---m-- given output

(b)
Fig.1 Estimated results of inverse mapping, (a) by com-
plex-valued network, and (c) by quaternion network.
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Fig. 2. 2DOF robot arm for inverse estimation of angles, (a)
2D model and (b) 3D model.

Table 2. Network parameters for inverse kinematics.

Network CVNN QNN
Numberof input neurons 2 2
Number of hidden neurons 10 20
Number of output neurons 1 1
Training rate & 0.01 0.001
Input correcting rate &, 0.01 0.001
Max. number of training epoch 100000 | 50000
Max. number of estimating epoch 20000 10000
Training error to be attained 0.0001 0.001
Estimation error to be attained 0.00001 | 0.00001

Table 3. Estimated angles by complex-valued network.

correct angles (deg.) estimated angles (deg.)

0, 4, 0, 0,
0 0 0.00 0.00
0 30 11.36 2442
0 60 14.50 49.11
0 90 35.93 60.50
30 30 17.14 40.86
30 60 39.97 48.16
30 90 48.99 65.58
60 60 53.64 65.84
60 90 65.51 76.65
90 90 90.00 90.00

Table 4. Estimated angles by quaternion network.

correct angles (deg.) estimated angles (deg.)
[ 9, 0, 0,
30 30 32.77 29.43
60 30 49.01 26.11
90 30 72.77 26.97
30 60 35.36 55.85
60 60 57.52 55.75
90 60 83.73 52.34
30 90 35.18 80.97
60 90 55.79 84.79
90 90 82.11 84.86
30 120 33.59 110.24
60 120 58.61 123.21
90 120 90.00 135.95
30 150 32.08 134.88
60 150 62.37 137.72
90 150 89.82 140.81

6 BHYIC

ARFZECIIERTTZERNC 31T D Wi EfRE D 7= 912,
BEHRECN e e & O IRTTENTYETR LTz @ik ot % >
RO = A= g U EER L. £72, 2Thoo
EEAZRT 72012, ROt ZEMICs T 2 W B4R R
o aARy N7 —AWEEEREO Y I 2 L— 3 v
ATl A%OMBELE LT, HEREERC Tk
(2072 D EBEOWRIE~DISHRZE T b, Fiz,
WO R B R EMEEM DO 1= DIEANLIEDOREY <2,
HEERSE DM EDOT DD FHFROMF R EREZLNS.

SEH

1) Nitta, T.. An extension of the backpropagation algo-
rithm to complex numbers, Neural Networks, vol.10,
no.8, 1392/1415 (1997)

2) Nitta, T: A quaternary version of the back-propagation
algorithm, Proc. IEEE Int. Conf. on Neural Networks,
vol. 5, 2753/2756 (1995)

3) Grotsch, C. W.: Inverse problems in the mathematical
sciences, Informatica International (1993)

4) Linden, A. and Kindermann, J.: Inversion of multilayer
nets, Proc. Int. Joint Conf. on Neural Networks,
425/430 (1989)

5) Valova, 1., Kameyama, K. and Kosugi, Y.: Image de-
composition by answer-in-weights neural network, IE-
ICE Trans. on Information and Systems, vol. E78-D, no.
9, 1221/1224 (1995)

6) Lu, B. and Ito, K.: Regularization of inverse kinematics
for redundant manipulators using neural network inver-
sions, Proc. of IEEE Int. Conf. on Neural Networks,
2726/2731 (1995)

7) AN, A ERVRIEOMIED T2 OEHR R > b
U—UA "=V a, [F55m DI, vol. J88-D-II,
No.9, 1954/1962 ( 2005)

8) Fukami, S., Ogawa, T. and Kanada, H.: Regularization
for complex-valued network inversion, Proc. SICE
Annual Conf., 1237/1242 (2008)



Fourier-Mellin Transform with Quaternions

* Eckhard Hitzer (University of Fukui)

Abstract—

In this contribution we generalize the classical complex Fourier Mellin

transform [3], which transforms functions f representing, e.g., a gray level image defined
over a compact set of R2. The quaternionic Fourier Mellin transform (QFMT) applies to
functions (e.g. color a image) f : R* — H, for which |f| is summable over R* x S' under
the measure d@%. R? is the multiplicative group of positive and non-zero real numbers.
We investigate application relevant properties of the QFMT.

Keywords: Fourier-Mellin transform, quaternion algebra, invariant shape recognition,

color image processing

1 Introduction

The Fourier-Mellin transform is an excellent tool in
order to achieve translation, rotation and scale invari-
ant shape recognition. It has recently been extended
to the algebra of quaternions H in the form of the
quaternionic Fourier-Mellin Transform [11], which in
principle also allows a non-marginal processing of
color images. A further extension to Clifford algebras
Cl(p,q), p+ g = 2 has also recently been completed
[12]. In this contribution we discuss the quaternionic
Fourier-Mellin Transform following [11].

This contribution has the following structure. We
begin with a brief introduction to the algebra of
quaternions H, and explain the two-dimensional or-
thogonal planes split of quaternions together with
its geometric interpretation. Then the quaternionic
Fourier Mellin transform (QFMT) is introduced
with brief anekdotal comments on Robert Hjalmar
Mellin’s biography, basics of quaternion-valued func-
tions, the QFMT definition, and an overview of
its main properties: inverse QFMT transform, lin-
earity, quasi-complex forms of the QFMT, modu-
lus and magnitude identities, modulation, symme-
try properties, derivatives and power scaling, as
well as Plancherel and Parseval theorems. Finally
the symmetry and kernel structures of the following
four two-dimensional transforms are compared: com-
plex FMT, complex Fourier transform, quaternionic
Fourier transform, and the QFMT. Color versions of
the figures (showing maxima and minima in red and
blue colors, respectively), can be found in the elec-
tronic copy of this contribution on [5].

2 Quaternions

Gauss', Rodrigues and Hamilton introduced the 4D
quaternion algebra H over R with three imaginary

1By reading this paper you agree to the terms of the Cre-
ative Peace License [10].

units:
1] =—ji =k, jgk=—-kj =1, ki = —ik =7,
=52 =k*=ijk=—1. (1)
Every quaternion

g=q¢+at+qi+akel, ¢.,q¢,q9,q0 €R (2)

has quaternion conjugate (reversion in CZ;:O)

q=qr — ¢t —q;J — aik, (3)

This leads to norm of ¢ € H, and an inverse of every
non-zero q € H

gl = Vag = \/q% +a; + ¢ +ap |pal = Ipllal,

_ q q
¢ ' = T2 T = (4)
lql*  qq

The scalar part of quaternions is symmetric

Se(q) = ar = n(g+d), Sclpg) = Se(ap).  (5)

2

The inner product of quaternions defines orthogonal-
1ty

Sc(pq) = prar + pigi + g5 + prar € R. (6)

2.1 The (2D) orthogonal planes split

(OPS) of quaternions

We consider an arbitrary pair of pure quaternions
f,g, f2 = g> = —1. The orthogonal 2D planes split
(OPS) is then defined with respect to a pair of pure
unit quaternions f, g as

1
¢+ = 5(a+ fag). (7)
We thus observe, that

fag=q+ —q-, (8)

Wohlarta—FT—vatib £ 0T Y VU ARFES (2012459 7 28 H - fif] L)
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g—-plane

Figure 1: The map f()g rotates the ¢_ plane by 180°
around the ¢ axis plane. (Basis for g # +f.)

i.e. under the map f()g the g+ part is invariant,
but the g_ part changes sign. Both parts are two-
dimensional, and span two completely orthogonal
planes. For f # +g the ¢4 plane is spanned by the
orthogonal quaternions {f — ¢g,1 + fg}, and the ¢_
plane is spanned by {f 4+ g,1 — fg}. Vice versa, in
general any two 2D orthogonal planes in H determine
a corresponding pair f,g.

Lemma 2.1 (Orthogonality of two OPS planes).
Given any two quaternions q,p and applying the OPS
with respect to two linearly independent pure unit
quaternions f,g we get zero for the scalar part of the
mized products

Sc(p+q-) =0, Sc(p-q4+)=0
= g =g * + lg-I> (9)

2.2 Geometric interpretation of map

fQg

The map f()g rotates the g_ plane by 180° around
the g4 axis plane, see Fig. 1. This interpretation of
the map f()g is in perfect agreement with Coxeter’s
notion of half-turn in [2].

We obtain the following important identities:

eo‘fqieﬁg — qie(5¢a)g — e(ﬂ?ﬂ)fqi’

g€ H, a,5€R. (10)

For g # +f theset {f—g,1+fg, f+g,1—fg} forms
an orthogonal basis of H interpreted as R*. We can
therefore use the following representation for every
q € H by means of four real coefficients q1, g2, q3,q4 €
R

=1+ fg) +q@(f —g)+a(l— fg)+aqlf +(9)5
11

a2 = Sc(q(f —g9)™"),
qs = Sc(q(f +9)71).

a1 = Sc(q(1+ fg)™h),
g3 = Sc(q(1— fg)™1),

Figure 2: Simplex/perplex split of [15] with gray line
f=9g=(+37+k)/V3 Top left: Original. Top
right: g_-part (luminance). Bottom right: qy-part
(gi <> g;) (chrominance). Bottom left: Sum.

In the case of f =1,g = j we obtain the coefficients

1 1
Q= 5(% +aqr), 2= 5(%‘ —qj),
1 1
63 =50 —a)s a=g50i+qe). (12)

The OPS with respect to a single pure unit quaterion,
e.g., f =g =1 gives

(¢t1iqi), q+=q;3+ak = (g + ai)d,

(13)

a+ =

N =

q— = qr + q;1,

where the ¢, plane is 2D and manifestly orthogonal
to the 2D ¢_ plane. The above corresponds to the
simplex/perplex split of [4], see an application in Fig.
2 from [15].

3 The Quaternionic Fourier
Mellin transformations
(QFMT)

3.1 Robert Hjalmar Mellin (1854
1933)

Robert Hjalmar Mellin (1854-1933) [13], Fig. 3, was
a Finnish mathematician, a student of G. Mittag-
Leffler and K. Weierstrass. He became the director of
the Polytechnic Institute in Helsinki, and in 1908 first
professor of mathematics at Technical University of
Finland. He was a fervent fennoman with fiery tem-
perament, and co-founder of the Finnish Academy of
Sciences. He became known for the Mellin transform
with major applications to the evaluation of integrals,
see [14], which lists 1624 references. During his last



Figure 3: Robert Hjalmar Mellin (1854-1933).
age: Wikipedia.

Im-

10 years he tried to refute Einstein’s theory of rela-
tivity as logically untenable.

Definition 3.1 (Classical Fourier Mellin transform
(FMT)).

V(v,k) eRxZ, M{h}(v, k)=

2m
/ h(r, )r=™ —Mdedr (14)

where h : R2 — R denotes a function representing,
e.g., a gray level image defined over a compact set of
R2.

Well known applications are to shape recognition
(independent of rotation and scale), image registra-
tion, and similarity.

3.2 Inner product, symmetric part,
norm of quaternion-valued func-
tions

The quaternion H-valued inner product for

quaternion-valued functions h,m : R?2 — H is

given by

(h,m) = / h(z) m(x)d*x, with d*x = dxzdy,
R2

(15)

Tt has a symmetric real scalar part

1
(hym) = S[(h,m)+(m, h)] = | Se(h(x)m(z)) d’=
R2
(16)
which allows to define a L?(R?; H)-norm
AP = () =ty = [ (@) e

R2

1A% = (A1 + [1h-]> - (17)

A quaternion module can be defined as L?(R?; H) by

L*(R*H) = {h|h: R* = H, ||h| < c0}.  (18)

3.3 The quaternionic Fourier Mellin
transformation and its properties

We now define the generalization of the FMT to
quaternionic signals.

Definition 3.2 (Quaternionic Fourier Mellin trans-
form (QFMT)). Let f,g € H : f2 = g> = —1 be
any pair of pure unit quaternions. The quaternionic
Fourier Mellin transform (QFMT) is given by

)eR X Z,

/ [

where h : R? — H denotes a function from R2
into the algebra of quaternions H, such that |h| is
summable over R x St under the measure d@%. R%
is the multiplicative group of positive and mnon-zero
real numbers.

h(v, k) = M{h}(v, k) =

0)e=9k0gp 2" (19)
T

For f =14, g = 7 we have the special case

V(v,k) €Z xR, hv,k) = M{Rh}(v, k) =

2m
/ / rh(r,0) —Wded

Note, that the 4+ split and the QFMT commute:
M{hy} = M{h}y.
The QFMT can be

(20)

Theorem 3.3 (Inverse QFMT).
inverted by

= M7Hn}(r,0) =
/ er” (v, k) e9* do. (21)
X kezZ
The proof uses
1 k(6—6") / fv _ _fvinr
%Zeg 560 -9, r’? =e ,
kEZ
1 2

o ), eFv =) gy = §(In(r) — s). (22)

We now investigate the basic properties of the
QFMT. First, left linearity: For a,8 € {q | ¢ =

@+ arf, @, a5 €RY,

m(r,0) = ahy(r,0)
— (v, k) = ahy (v, k) +

+ Bhg (7"7 9)

Bha (v, k). (23)

Second, right linearity: For o/, 8" € {¢ | ¢ = ¢ +
999, 9r;qg € R}a

m(r,0) = hy(r,0)a’ + ha(r,0)5

— (v, k) = hi(v, k)’ + ho(v, k)5 (24)



The linearity of the QFMT leads to
MR} (0, k) = M{h— + hy b, k)
= M{h_}(v,k) + M{hi}(v, k),
which gives rise to the following thoerem.

Theorem 3.4 (Quasi-complex FMT like forms for
QFMT of hy). The QFMT of hy parts of h €
L?(R% H) have simple quasi-complex forms

(25)

1 o) 2
M{hi}=— / hirigve—gk"da@
0

21 T

0
27
:i /OO/ r_f”eifk‘ghideﬁ.
27T 0 0 T

Theorem 3.4 allows to use discrete and fast soft-
ware to compute the QFMT based on a pair of com-
plex FMT transformations.

For the two split parts of the QFMT, we have the
following lemma.

(26)

Lemma 3.5 (Modulus identities). Due to |q|*> =
lg_ |2 + |qo|? we get for f : R? — H the following
identities

[n(r,0)]2 = |h(r, )% + |hs (1, O) 2,

(MR} (v, k)[* = [M{A_} (v, B)* + M} (v, k)
(27)

Further properties are scaling and rotation: For
m(r,0) = h(ar,0 + ¢), a >0, 0 < ¢ < 2m,

m(v, k) = a’ h(v, k)ed*?. (28)

Moreover, we have the following magnitude iden-

tity: .
[m(v, k)| = [h(v, k)], (29)

i.e. the magnitude of the QFMT of a scaled and ro-
tated quaternion signal m(r,0) = h(ar, 0+ ¢) is iden-
tical to the magnitude of the QFMT of h. Equation
(29) forms the basis for applications to rotation and
scale invariant shape recognition and image registra-
tion. This may now be extended to color images,
since quaternions can encode colors RGB in their
1, J, k components.

The reflection at the unit circle (r — 1) leads to

m(r,6) = h(:.,0)

— (v, k) = h(—v, k). (30)
Reversing the sense of sense of rotation (6 — —0)
yields

m(r,0) = h(r,—0) = (v, k) = h(v, —k).
(31)

Regarding radial and rotary modulation we assume
m(r,0) = /% h(r, ) es*o? vy € R, kg € Z.
(32)
Then we get

(v, k) = h(v — vy, k — ko). (33)

3.4 QFMT derivatives and power

scaling
We note for the logarithmic derivative that ﬁ =
r% =ro,,
M{(rd)"h} (v, k) = (fv)"h(v,k), neN. (34)

Applying the angular derivative with respect to 6 we
obtain

M{ogh} (v, k) = h(v, k)(gk)"™, neN.  (35)
Finally, power scaling with Inr and 6 leads to
M{(nr)™0" B} (v, k) = f™ O Oph(v, k) ",
m,n € N. (36)

3.5 QFMT Plancherel and Parseval
theorems

For the QFMT we have the following two theorems.

Theorem 3.6 (QFMT Plancherel theorem). The
scalar part of the inner product of two functions
h,m:R? = H is

(hym) = (h, 7). (37)

Theorem 3.7 (QFMT Parseval theorem). Let h :
R? — H. Then

IRl = 11211, 1801* = 1A% = A | + -], (38)

4 Symmetry and kernel struc-
tures of 2D FMT, FT, QFT,
QFMT

The QFMT of real signals analyzes symmetry. The
following notation will be used?. The function he.
is even with respect to (wrt.) r — 1 < Inr —
—Inr, ie. w.r.t. the reflection at the unit circle, and
even w.r.t. 0 — —0, i.e. w.r.t. reversing the sense of
rotation (reflection at the § = 0 line of polar coordi-
nates in the (r, #)-plane). Similarly we denote by he,
even-odd symmetry, by h,. odd-even symmetry, and
by hye 0dd-odd symmetry.

Let h be a real valued function R? — R. The

QFMT of h results in
h(0, k) = hee(v, k) 4 heo (v, k) + hoe (0, k) + hoo(v, k) .
N N N N—|—

real part g-part fg-part

(39)
The QFMT of a real signal therefore automatically
separates components with different combinations of
symmetry w.r.t. reflection at the unit circle and re-
versal of the sense of rotation. The four components
of the QFMT kernel differ by radial and angular
phase shifts, see Fig. 4. The symmetries of r — 1/r

f-part

2Tn this section we assume g # £, but a similar study is
possible for g = £f.



real part fpart

Figure 4: Four components of the QFMT kernel (v =
2,k =3).

(reflection at yellow unit circle), and 0 — —0 (re-
flection at greem line) can be clearly seen in Fig. 5.

Figure 6 shows real the component of the QFMT
kernel for various values of v, k, demonstrating var-
ious angular and radial resolutions. Figure 7 shows
the real component of the QFMT kernel for v = k =4
at three different scales. Similar patterns appear at
all scales. Figure 8 shows the kernels of complex 2D
Fourier transform (FT) e~ #(“+v) j ¢ C, and the
QFT e~®%e=3v 4 5 ¢ H, taken from [1], which
treats applications to 2D gray scale images. Cor-
responding applications to color images can be found
in [15]. The 2D FT is intrinsically 1D, the QFT is
intrinsically 2D, which makes it superior in disparity
estimation and 2D texture segmentation, etc.

Figure 9 compares the kernels (real parts) of 2D
complex FMT and the QFMT. Obviously the 2D
QFMT can analyze genuine 2D textures better than
the 2D complex FMT. Finally, Fig. 10 compares the
kernels of the QFT (top four) and the QFMT (bot-
tom four). The scale invariant feature of the QFMT
is obvious. Compared with the left side of Fig. 9, the
QFMT is obviously the linear superposition of two
quasi-complex FMTs with opposite winding sense, as
shown in Theorem 3.4.

5 Conclusion
The algebra of quaternions allows to construct a va-

riety of quaternionic Fourier-Mellin transformations
(QFMT), dependent on the choice of f,g € H,

real part

Figure 5: Symmetries of four components of the
QFMT kernel (v =2,k = 3).

Figure 6: Top left: High angular resolution. Top
right: High radial resolution. Bottom: High radial
and angular resolution.
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Figure 7: Illustration of QFMT scaling.

f? = g*> = —1. According to Figure 9, the QFMT is
to be expected to lead to a better analysis of scale
invariant patterns than the FMT, similar to the bet-
ter performance in pattern analysis of the QF T com-
pared to the complex 2D FT [1]. Further variations
of the QFMT would be to place both kernel factors
initially at the left or right of the signal h(r,0). The
whole QFMT concept can easily be generalized to
Clifford algebras Cl(p,q), based on the general the-
ory of square roots of —1 in Cl(p, q), compare, e.g.,
[12] for the case of p + ¢ = 2.

The modulus of the transform is scale and rota-
tion invariant. Preceeded by 2D FT or by QFT, this
allows translation, scale and rotation invariant ob-
ject description. A diverse range of applications can
therefore be imagined: Color object shape recogni-
tion, color image registration, application to evalua-
tion of hypercomplex integrals, etc.

Future research may be on extensions to higher
dimensional Clifford algebras Ci(p,q), to windowed
and wavelet transforms, discretization, and numerical
implementations.
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They do it to get a crown that will not last,
but we do it to get a crown that will last
forever.
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Complex Signal Processing and Optimization on Manifolds

xYasunori Nishimori
(National Institute of Advanced Industrial Science and Technology (AIST))

Abstract— Complex independent subspace analysis task can be cast as an optimization problem on complex
flag manifolds, and we adapt the Riemannian optimization method such as Riemannian gradient descent
and conjugate gradient method to this class of complex manifolds. Riemannian optimization method was
originally proposed for real manifolds, and yet update rules for optimization on complex homogeneous spaces
are directly obtained from the real counterparts by a correspondence between real and complex matrices.

Key Words: Complex independent subspace analysis, Natural gradient, Conjugate gradient method, Com-

plex flag manifolds
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THIBICRGENESHEIIENS.
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> dj=N (3)
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85 % 0 I AX—ICIE S BERED 2 DOES5EHEHY
NI EE T, MLV IAXR—ICBT % 2 DDES

EHREHNICIERIRZ 5 T 5 L0 S HERNERET )V
ERETS. EBIC, dy1 = N—n T, (r+1)FHD
DIAR—ICEENBEENNIT TV /A XTHS
CEZIET B L. EHEMNTE D 2L T (cISA) DX
A7, BIENTREESH 5. (N —n) DAY
2T A RO n HOBIES s1,..., s, 2. [B
FDTNR, NI —DORNEZRNTETT 5 LW
SHIEICES. b Kb NBEDN N =n OHET
H%.

IR ZE R oA 72 iR < Te&DIT, SRIMNTERG 2
O O%E L RKIC, XTRLEE L TREARESD
iz 0 IChiZ CHEk L THL.

z=DBx, E,[z2"] =1In (4)
9 B L EFMILIR 2 2 it < T &,
y=WHz=wH"BAs (5)

TRINDZHAIRT NIV, BHNARGE U TR
RETIVDSEMZN T2 X5 =2 ) —175 W &K
HETEICIFETS.

W = Wy, Wa,...,W,] € CV*n (6)

WHW =1,,W; € CN*4 (7)

P> T, EHIMATER 22 T &id. HE

Va7 4 —7 2IVERKSt(N,n; C) FOEBEED R
{fEFTEICE T ENS.

St(N,n;C) = {W e CN*"|[WH"W =1,} (8)
RV 274 =T 2IVERIKT N = n OENILZZR
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O X FEEEE LT, Hyvirinen, Hoyer D57 ER
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Wi, ..., wjd,;) FTZEMINIESSY L7 & DD/ 8T —IC B
T AHMERBEERTHD.

COIARNEBIE, LUFDOESCEW, (j=1,...,7)
ANDILZZY) —ZHUCE U TOREN 2> T3 T
LICHERET 5.

W —
W diag [Uy, U, . ..

fit> TR FEBOREILIE, HEY 2T+ —T )b
ZRkIE St(N, n; C) ZROAEMERIfR ~ THI>THRLMN
BERE ETITbND T LIcE%.

Wy ~ Wy

7Ur]= Uj € U(d]') (10)

<— dU; € U(dz) s.t. Wy =W, dlag [U17U2,. --:Ur]
(11)
ComEMEEERZREE TN, DL
N T Fln,dy,...,d;C) & FERIT &IiTT
%. Fl(n,dy,...,d,;C) FFEZEM &L T
UN)/U(dy) x --+ x U(d,) x UN — n) &I[A%
T.r=1DEENERTIAR VAL RS 5,
EEDT T ARV ERKIE BRI 25722 M
PR, 82— VBRI B B I 22 R 4 TRl
THOWHNTVS.
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ZEkR FORE(LREZ R 7edic, Z—Ty M ek
%ZRRCEY)IR ) — < VEHEZEA L, @EOL1—
7))y RZEM ETERIN T X /M4 DK EMNREE
H2, V= UM KM E & THRER U el kit e
) —= VR s 2 EMERFICT B,

V=< VEtm b, ZRA M OXSOBZEM T,M
THLMCERE N2 IERLZIEEENE g, « T,M x
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dr DM C Z#&Z 5. TOME LT, Ful p 05 ORI
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EOWUNER dr 2B T2 ) —= VEHRDWAEEIC /T
5D TH5.
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MBS B 7zdic ) —~ UphEZ2 R U TR E R Mk
EHR AL 2E Z 2, TORBICARAE LA T
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d
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TV 5. JRFTRERRE R B Ie DITIZ ZRRK FICEEED
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=R TR HE{E D DX-NES O
OMSEM KHEB— N GRETERY)
Applying DX-NES to High Dimensional Function Optimization

«N. Fukushima, Y. Nagata and I. Ono (Tokyo Institute of Technology)

Abstract— The Distance-weighted Exponential Natural Evolution Strategy (DX-NES) is a powerful method
for black-box optimization where no algebraic expressions of objective functions are given explicitly. DX-NES
consists of a natural gradient method and some heuristic techniques. DX-NES shows high performance on
a set of several benchmark functions that includes ill-conditioned, non-separable and multimodal functions.
However, these results were obtained in relatively low-dimensional objective functions with less than 100
decision variables. In this paper, we modify some internal parameters of DX-NES in order to apply DX-NES
to higher-dimensional objective functions and investigate the increasing rate of the number of evaluations
and the wall-time as the dimension of benchmark functions increases.

Key Words: black-box optimization, evolutionary computation, natural gradient

1 (FU®IC

HZ 5 NTHRZFEO N TIEDO HiNZ i B < il
Te Rz TE RS 2 LS R, BEAFZEOPEZEICH
DEXRTELHIBOTHENICEHNS. DX
i3 B L (BOETE) & KIdN S, BIRURE
eid, WSR2z 9 ERE Q c R O R T, HWY
BEEL f (DFHIGfE f(x)) Zi/IME S 5fE x € Q@ (o
i) ORFEZHEETZMEE LTERLENS.

FIFICHIN 5 BIBmE b o BB, A
BIE 21350750 black-box ZRBITH D, SRR R
HRE 2 HTZTEHEZ. TODXS & black-box 7x
HIB S i b d 2 721, ELFHRORSHAD T
TEIENT )V T XL (Genetic Algorithm), iE{LHERS
(Evolution Strategies), 727 #{k (Differential Evolu-
tion) R TR L (Particle Swarm Optimization)
L DHEMMEREIN TS, FEELMREEL
7z Distance-weighted Exponential Natural Evolution
Strategy (DX-NES)%) I$HE(LHRSICIET 2 L TH O,
HE(LHRIE DO H T state-of-the-art 72 FED—D & U THI
505 CMA-ES> ¢ 7 & HARTREFRMREZ /RS T &
HRBINCHEZRLTVS 3, LhLaNS, ThET
D% OELFHEICET 29T L [k, DX-NES O
M 100 ZoeLA D iRt H BIEIS R L
TOHTUNEBNICHERRE N TWiEh - 7.

LTI, WL DO F—7 TR
7 2000 FTHP LTV o7z L T, DX-NESIC KB
BN T % X TICR B RO R[5 & FATIE-H
MEDXSITHEINT 2 72illEd 5. Xz, ThIcHf
Y THMNBEEMDMEZOTOS AN L GREE N TV
DX-NES O/ 8T A— 2 OHES il Z, mReDya
T DX-NES DWIERIICEIES % K 5 ICHBET 5.

A X ORERIELL T OMED Th 5. £, H2HiTH
Burad bic DWW TIANS. I, 3 3 HiTld DX-NES
D7 IV T XLIZDNTOFHHIZITY, 25 4 HiT DX-
NES OWE ST X — 2 OHESEE 2 & 20t HINBIEIC
HUTERMBNGEREL KD XD ICHRET 5. TL
T, 5 Wi T/EIUTHEIC DX-NES Zi#Hd 501 <D
D OFHREERZTTS. RIS, %6 HiTAm DL
DELDZITS.

2 B#EEL

B &E L, HRREZ2HcdTERKQ CR O
T, BRIBEES (X723 TOFHBES(x)) ZHIMEd
e L TR K5 1icER LT NS,

minimize f(x)

where x€Q, f:Q —=R. (1)

TOEZE, f(x¥) < f(x), ¥x € Q=3 x* 1 (K
1) &g e KiIdN, x* OEYZIER N(x*) IS LT
f(x*) < f(x), Vx € N(x*) Ziii7z 9 f# x* (3BT
e Xidns.

FREIC BN 5 BImsE b O HINBIEZ, 2 DREL
RN f(z) =22+ + 1 DX S ICHIRMICE A BN
750 black-box BAETH 5 T LW Z L.

black-box B DmE b2 NE#EICT 5 1EE & LT,
B4 — )L (ill-condition), Z#HE&FMH (non-
separablity), ZI&% (multimodality) W& 5. &
A —)UEE BINBIENC N 9 2 SR OZ R T &
RELHZZMHETH S (Fig. 1). ZREHKAFIEEfED
ZEBNC IR AR E S 2 Tesd, HAVBEEUZ
WIPRINC U S B Te DICHEBDOZ Bz R I 2L S &
BT EWREIRMETH S (Fig. 2). ZIEMIIEFREN
ISR D Rl fE S 2 METH 5 (Fig. 3, 4).

S — UM BB 2 B 2 R D HIN Bz
BIRNICERER T 5 72 0ICid, RBE(ETFEM 2R DT
T4 VI UTREN 2 E T S5 ENER LY. E
7o, ZIEHBIBIC OV TR ZRRRIERTIVTF AR —
R EIC K O JR i e g 5 BN D % .

3 DX-NES

Distance-weighted Exponential Natural Evo-
lution Strategy (DX-NES) %) (& black-box 7 H
Bz (b g 5 7e D DZ RiERRIETH D, Exponen-
tial NES(xNES)? & Xidh 2 (b FiEOw Rk e
LTEEOPRRELETFETHS. ThHDFFE
I NESYO & XiEN 2 s b OMHAICET 5.

DURTIE, NES OffHA & xXNES 12 DWW THIH L7
%12, DX-NESICH1F % xNES » 5 DY R FZFHIIL,
%I DX-NES O 7))LV 3V XL k7ZRY.
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Fig. 2: An example of
non-separable function.
(Rosenbrock function)

Fig. 1: An example of
ill-conditioned function.
(1-tablet function)

Fig. 4: An example of
multimodal function.
(Rastrigin function)

Fig. 3: An example of
multimodal function.
(Schaffer function)

3.1 NES : Natural Evolution Strategy

NES (& HHYBIE DR iE f(x) ZEHERIMET 51K
HYIC, mEADINTA—=R 0I1C K > TRE ZHEREL
B p(x | 0) ZH AL THRLN EIFHEE T (0) 25
/MET %, F7bbH, NESIE (1) DD DI FOR
B b

minimize J(0) =/ f(x) p(x|0) dx
where BER’”,S;EQ, Q=R
2175 T & T black-box 7% HIBIR D it b 217 5.

NES (&, #r7iczBmai(biiE (2) 2 <ichizco
T, BRAER? ZFHT 5. ARAREIRER R
HEOUREE LTI LHSEN TS Newton iEICEIE
LIeFETHY, 207V ZLERDKSI1CES.

(2)

1 G35 A—%2 0©) &y, i g =029 3.

2. BUEDIRS A —% 09 J& b T HATH EEAM E 0 L) e
Vol (0)|g_g ZalHT 5.

3. T RA=RZRDXSITHHTS.
6L =01 —F 1 (O)VeJ ()], ()
TTT, > 01FEEE, F(6) I Fisher fHHTHI
0) = [ Vonlx | 6) (Voplx | )" plx | 0)dx
THY, F1(0)VeJ(0) ZERAEE XIZNS.

A4 TEME Iz S AUk, 25 T g =
g+1ELTRATFY T 2ARS.

ZOkE, HHBEEL f A black-box DT, AT
7" 3. O (3) XOWARFFHGE D LB Vo J (0) IEFEHTHIIC

Fig. 5: A typical behavior of xXNES(DX-NES). The
shape of normal distribution (red dashed -circle)
changes from the left figure to right ones. Note that
the deeper color the area has, the better obejective
function value the area has.

SHETERV. L, W mEOLE %
Vol(6) = /f@ww@|mw

= /f p(x | 8)Velup(x | 0)dx

Ex[ f(x)Velnp(x | 0) ]
CIRMHEDOIICAEIE TE 50D T, Y7 baikic
J:*)/ﬁ(@i?hjﬁiﬂ‘%a_c‘:b‘f%é

VoJ (60 X;f x;)Velnp(x; | 0) (4)
CTT, x; & p(x|0)IHED NMEDY > TIVENTfR
TH%.

%9 % xNES % DX-NES (3R & LTEZE
BIEHOEZROTWS. COEE, R NES
DiE L DWWFEICIBNT Fig. 5 DX ST, 3HDOHLL
(CHEART B V) DTN TV &I
BOERITINC T, Z ORICHERANNERT % &0 D
X R

3.2 xNES : Exponential NES

xNES 138540 & U CEEZBIEH 2 V5 NES
D—DL LTREEINLFETH 2. 2ERIEHI
ZHWBZ LI KD, xNES 2L T B FlfiZ
PEK < KNS UTARESEERE L, BT —)UIEREE
M7 2 R DRBIEIC 38\ C LEly B 7 MERE A R T

3.2.1 Exponential Parametrization

ZEBIEHDMHOREZ/NT A—2{LIFFHXNS
Jbm e R? EHDEITI C e R ZffioEDTH
%7, xNES TRREDHBATINCEE T 280 DI85 A—
ZALIT DUV TIX exponential parametrization®) & K iE
NBINTA—=2{LZ175.

exponential parametrization Tl&, C DD DI
C = exp(M) ZHi 7z MY M 237 X—2 & LT
(3) ROFEHZ1TS5. TTT, exp() IFTFIEEIEET
HY, exp(M) =32 MF/EITHD. TDKH%HRT
A—=2{tZ1T5 &, )3T A—ZEH O T EA 15
OVIEEMEASFREDMRIN S L. £z, HOEdT5] C 7%
SO Z T 5 2Ty T A4 X o € R E5HD
FEARZ il d 2 IEFREZHITE B € R™<™ IS Tl
VICHEHTAHTENTES. TDOLE, C=0B(0B)T
MDdet(B)=1Td5.

Ye; — nAC @cko CHEHIT S L, EHOWIKRT C OFYIE
ﬁﬁ%h%;&#%
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Fisher 16751 & HIRFRIMEDO LIRC OHEE X (4) 1

0 = [m" vec(M)T|T 2 & IEBI 15 OO e K
B 1 (x —m)TC71(x — m)
pix|m, €)=~ e . )

TR LT R 5 &, 27 7 3. OB (3)
ELFDES 125 Y .

m@t) = m@ 44, 9BOGs
U(ngl) = O'(g) €xp (naGa/z) ;
BUTY = BWexp(1Gg/2) -

ZZ7T, Dm Mo, B EZTNZTNDERTDINT A—RIT
WSS B8R 2 RY. X,

A A
f(xi) fxi) r
—; 3 zi,GM:—; 3 (ziz; —1I),
GU == tl"(GM)/TL 5 GB = GM — GUI .

THO, z; = (CY)~V2(x; — m9) 1¥fi# x; Z1EH
HTHEHEE LI Rb, Tk n x n HATTHTH 5.
3.2.2 fitness shaping

finess shaping'® &, HHBIEODREAMEIC 0 LT H
SFRIIBEIE g 2O T foow (%) = g(f(x)) D& 312
WEmMATLETE, MM LEVWKIICT S
DICEAETN TN 5.

finess shaping TiZ, (4) 2UTIHBWT — f(x;)/ )\ ZiTHih
1 £ (xs) DNER j0rq DRI CTHE 2 BB wr,
NEEZWZLEHEMTbNS. UKD, FHlifED
RO IAFIEENV A KM E NZ L 7R 5D T, L&d
ODBE’\JF%%I’\U)ETWSHL’C xNES (32 z2H9 %.

EAREBUL, Z =1 w’ank =1¢ f(xi) < f(xj) &

W*>wm*%%tb MWMMMMd<MmﬁO
wgf—oump%V%8&%$9k RETd % & Bk

BEMEBND T EDFERMICHN> TS 4 6, xXNES
%DXNE&NiEmm1m%¢$£%ﬁﬁmm6h%

3.2.3 fitness baseline

fitness baseline® 9 [ ZHATF M DL & #EE I %
FRICERBIED S EEEG K T LT, HEBDOY 2%

ABT L TEEWmSTHHMATHS. xNES T,
EHEENDS L 23 LT umk — L L LT3
3.3 DX-NES

DX-NES (& xNES Ok EiEE L TEE SRR L
FiETHS. L% T, DX-NES TEIENh Tk
BAOEMICOWTIRNS,

3.3.1 distance-weight

IR 2 5 4 % & &, xNES Tl Z2#is
% T & TREOWFHli i 2R Dl T OMERE 2 b &
VR E IR MV EBHIEES L TLD RN
P 72 R DR C ORERE L 2 N E & 2 258 H %
'£9%. xNES TIIHIEDRHOFRNELS 72D
<, OO WERN/INE 755 & FKHT TN
7 RIVHBEI L D5 { R BBENFE LTV D,

distance-weight 1, Fig. 1 EXPHRKID X 5157
DGR ML & (JRh) @O ED BN TV 2

*2vec(M) I& n x n {75 M DFINT b ILEETHICUANT n? x 1
PRI PV THS.

RN FT, COBEGHEZIZE JITHMOBILNER
R E g5 HHATHS.

IR BV & REEDEEN TO 2R R T, M
IHAAPERNCHG NG B &N T FIVDOEFRD N
/) CABERE B> TS, ZT T, RETTEN
ZBEPHEICIHNT, AAEENC N L T D Bk
REBF ZNHTNE LHES NIz L ZICE, fitness
shaping TEA E Nz EABIE wink ORDOICLLF
IS~ d EHABAEY (distance-weight) 2 %

dist __ wi}j‘?}‘ exp(a||zi,,q ) (5)

W exp(] 2., )

Z T T, W3RZRE o > 013 distance-weight DIERREE
DOFRE ZHIHT Z2NEISTA—=RTHD, ||z &ZFNZ
NORDFINYT M VIS DINT ) C AR ||z =
V(i — m@)T(CW) 1 (x, - m©) THB.

exp(al|z;||) DEIE~/NT J © ABREED Z TSN
7 MV SEENTATEICE R ENTfRE ERE LK S.
Z DS, WRFFHEEO LR 2 H#EE T HFHCiEZ NS
@ﬁﬁf)“‘iﬁéﬂ’@@‘ &Y, DHEEZEEDFENT -
IVONLED B3  BEN T TN EZE L9 <& %.

TDEE, Hiffi TRz K 51T wisnk WY wiank =
0 (i > \/2) ZiilzLTn3 L&, A D T i oD T
FHIEHEIC0 £75 D, distance-weight {1 & D FHMifiE D H
WRD BTN LR,
3.3.2 BEHE

A Cab X7z K 1S, IERD MO EEIHINT B &
PR MVOEFRROS NS /Y AEEHIAREL &
5. ZD71z8, distance-weight DYIHEZ DD
FIHEICIE, FERNT MIVOBEFEDSINT /J E R
B & BE & DR 21T, Z O BEZB A 2 &
FC distance-weight ZFHW\ 5 Z EWHAARTH 5.

LU, FENT MVOTEFRIEY VTV bHEE
SNBETHOEENTENTVEDT, KbDICH
E/XR p,® L XIENZRY MILEFIHT .

HE(L SRS IE O CHREE (L E NI ER T R LD
TR GBI > TINEFEI LT ML TH
D,%ﬁ@w%mfu?®$5tﬁﬁéhé

pY T = (1—co)p? + /o 2—cauaf§:wﬁf‘z
<_<_'( Co \FHENNZADEERTHS. ifl Lot =

/S0 (w w2 (3, EEHEE NIRRT VO TR
%z*ﬂwmawk%éﬁ Wik DFFIT K 0 2T
3728, %ﬂ%ﬂfﬁ{tﬁ'%t&bkﬁj\éﬂ“(%% C
D& E, distance-weight IC X > THEIL/ SAHREIT 5
ez Ted), NI A—ZEHREOFAED L E LiE->
THEABEHZ wk ICEEENS.

B e 11 EE’JE@?&?’J‘%@IB@@Z@ & ZDHEL/SAD
EE ||po|| O O

NGRSV
BIN(O, D = V2=

1 1
‘/ﬁ<14n+21n?
WD
3.3.3 ZEEFROYVEZ

DX-NES Tl&, RII/RT 2 DDEZ JFITIHEDINT
BRORINTIE U R ROY) D B2 217> T 5.
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Algorithm 1 The DX-NES Algorithm

1 Input: neN, XeE, f:R*"=5R, m®cR" ¢ cR, BO R

2: p§0)<—0, g+ 0

3: while stopping condition not met do

1. if ||po|| > € then n{ =qymove ) — ymove
11:  else if

12:  else ngg) = peonv, 17](357) =15 end if

X2j+1 4 m(g) + U(Q)B(Q)Z2j+1

= wi*'k end if

4: forjel,..., A/2do

5: Zyj (*N(O, I) ) Zoj41 & —Zoj , Xoj l’l’l(g) +J(g)B(g)Z2j R
6: end for

7. sort {(z;,x;)} with respect to f(x;)

8: pE,gH) —(1- cg)pg,-g) + Vo (2 = Co ) et Z?:l wgank Z;

9: if ||po|| > € then w!” =wdst else w!?

”pa” 2 0.1€ n((,g) = n(STtag7 17](351) — n]s;ag then

130 Go S (0P —1/N)z;, Gy 0w —1/X\) (22T 1), Gy« tr(Gm)/n, Gp  Gum—Gol

K2

14 mEt) & mO 1 cOBOG gw+n¢,gwhmp(ngn;Jg)v

15: g4g+1
16: end while

B+ « B exp (n,ngB /2)

DY FAIE, MPBHLTWEEEEZS
THEWVWEZICHETZEDTHS. nHEOBETICIEE
BTSN B2z R T I X V. OB
BN — IR ZE 2R D T XK D BARWRITDZE
MEixsizd, TMBBHLTWENE XD &R
FHEEO LB ZREE X SHETE D EZADBND. T
D7z, DX-NES TlEMOBEIHICHEE E N b)kd
ZEHLT, PEBZRKEILTVS.

oY BEZIX, 2HOUNDICETSEDTH
%. DFHOFIXNT MV INT J E AFREEOEK T
FEAEBEIL TRV E XTI, DfROIEND HiE
FNCRELES>TWBEEADBND. £oT, 7D
I i S 572, AT TV A X (DO
D) DFEREZRKEL LTINS,

DLED 2 DO FEFDOYID EZICIZ, distance-weight
DY B Z DI=DICHN TS AZRIHT 5. H—D
Y10 Z (i OBEHIE L RIS, € < |po| (FBEh)
DEEE |po|| < e DHEEICKYI>TITS. H_0OYH
ZU3 ||po|| < 0.1e (INR) DIE L 0.1 < ||po| < € (I
) DAY > TIT5.

3.3.4 WHZEEE

A RHME O A T T ANV aiE THEET % & %,
ZOHEED TR TS0, IERDHICHED
fi# x; T BERICH A EEZ -V 5.

R BIEIF IERI DA DGR T B U U TRt
MIEMEICH B 2 DOz —HIC U T2 T %75
ETHY, ERENMOFBROMEI= (FH, &£
[, ) IGTeDIEHAD M ER UL 75 5.

3.3.5 DX-NES D41k

D EOWNEZE STz DX-NES D7 )V31) ALD%
1A% Algorithm. 1 IZ/R”9.

I—P =Dk U7 HBEE & 2 OHIER S
A—R, — KB TERT BMROY > T IVEZ AT LT
(117H) %, ZFONWZzIEICT7 )TV X LONEIREE
MHEE NS (217H). 7TV XLDAA 2 )b—
TN (3-16 17H) T, BTN EINSETUT
DFIEMNREENS. £, MHEREZHCTER

Table 1: The default settings of internal parameters
given at ). All internal parameters, except for sample
size A, are determined from the dimension of objective
function n and sample size A.

’ index \ default setting ‘
rank max (0,log (3 + 1) — log(4))
7 A .
> j—; max (0,log (3 + 1) —log(4))
A
! (0.9 + 0.151og(n)) min (1.0, \/2)
Mm 1.0
ymeve 1.0
nStas 05(1.0+ A
7 A+ 2n
conv 1.0
e + A+2n
move 7/\ +2n min | 1,0 \/X
s X+ 2n? + 100 oV
stag A
B A+ 2n2 + 100
c L Meff +2.0
7 Vnn + peg + 5.0

BLEUCHE S MR (4-6 17H) 4, ROFMEA
HIN&IC, FHMEMEOFINECHE> TNV — kSN
% (T17H). Xic, L SA%ZEH (8147H) L, ik
ISAD L2 /) LN I EHAHEIR & 2 ERZENFNOY)
DBEZZITS (9-1217H). RIS, /8T A—ZDEH
BEEE (1317H) LT, RS A—RZHH (1417H)
L, KEEZEA 7V AT (1517H).

4 WE/NS A—H DHER(E

DX-NES Tl&, —REBICHT ZMOY > T IVEN DL
WNDETDNERINT A—RITHERENEZ 5N TV
3., T TT, WEIST A—=Z ORI, Kockin B
100 LU RO HIBEE CRMiimIg 7z TE 2 &0 Dix<
FTEHEICRESNT WS, ZDz®, 500 Kok
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Z % HMBEEIRH LT, W DDhDOHNE T A—ZIC
B U T2 MR G- X S N Tz

AREITIE, TREROERZHNTHEINT X—2
OHESHEICEEZINA %, 75d, ZHZIA BRI E
DI TeNEI ST A—ZITDNW T Table 11TRT
4.1 distance-weight DYLIRHREL

distance-weight Z 12 3 Fif& T, —Z& BAEHEERTT
O EIMAIEZE D 2 MICE H U TILEGRE o ZT9E
9 %. distance-weight (&% KIBICIT %Y > T IVEN
AEOBETERINTWED, BRICY Y T IV
HIRKDGEICRH U TINETE 5. YV VU IR
K& LT distance-weight Z A 7z & & OREHEER AR
DI 03, 1&, Elzexp(alz])] =0 KD,

o El2exp(alz))
dit = “Efexp(alz)

1 <y 22 +alsl)d
—— zexp | —— alz z
V2r J s 2

1 e 22

a2>
aexp (—
2 2
= 1+Oé2 + \/>

W1+eﬁ(;%)

Lix%. TOLE, ol I exp(a?/2) ZHNT TG
HN5 B8 g(a) = i, exp(a?/2) 1T, TIRFZER TS
5 NTLRIFEODRE aopy ZATIT 2 L, BEXRITH
ICBNT y = glaep) =~ 0.024n x> Tz,

LIRTIE, ZotHin lcBI 2ERBORELE LT
a =g 1(0.024n) ZHWVS. TTT, W g XA
B TEETERVDT, g(a)—0.02dn=0,7%% a
% Newton 7572 > TEMEMNC RO THWS.
4.2 ERIEZERITHIOFFER

CNFETORAK D IEFEEEATH O H g 1,
YT IVENICBI U THFEIM U DDt n ICBIL T
BT 28 h(n, \) & T EA RIROBIE sig(-)
DEBIEL sig(h(n, \)) ZFIHT % & BOEREZ RS
TENDMNS TS, EROFEROFEIE T DJFA
WKHES>TED N > 0 ICBWTEZYTH- 1N, Kot
HnDKEL -T2 ED N = n {HETOMEDMERE
T F [ FHTRTICIE > TWVAERWNWT & 72 TR
KOMERR LTz, ZD18, [EREEHI 7D E=HE ng
DOHELEE 2 DL IR ENEEIET 5.

tanh 1 A + L6
60.1n2 + 2n n + 50’

1 A
stag
= tanh | =——— .
I8 an <2n2+6n)

4.3 EE/NSRADFBE

ERTTICIBNT, EL/SADYEEHK o, HHEFEN/NE
LI TV TFORICEEL -,
"~ 2log(n+ 1) n+ peg +5.0

(6)

move

B =

Co

5 SRE&
AHITIE, W OMDOEARNEFEREICON TR
Rt NF—2 MRV 3 DDOEEREFTS.

Table 3: The characteristics of benchmark functions.

ill-conditioned | non-separable | multimodal
Sphere X X X
k-tablet o) X X
Ellipsoid o) X X
Rosenbrock o o b
Schaffer X X o
Rastrigin X X o)

5.1 DX-NES ) GPU £#&

H BB O Rl ER R 2R 7z DX-NES HIADFHA
Bl O3+ \n?) k- THL, SXThEICBNT
KEOFIFERR A0 L 5%, /2721, DX-NESIZH
U % SRR R R R Z FF O I T DR & 1T5EE)
BAE DETR IR O TAFIEHHR & OB V. £ T,
FEREITHICHT=> T, NF~— 7O
HEEDz2TONH% GPU ETI715.

GPU 7l oIV 7BREE LT, HETEKRY
@D TSUBAME2.0 D G F a2 —F1H ./ — K& MATLAB
2012a & Parallel Computing Toolbox (CUDA) ZF|H
Uiz, Bt/ —RDARY ZIF RO LS 123 12,

e OS : SUSE Linux Enterprise Server 11 SP1
e CPU : Xeon 5670 2.93GHz 4Core/8Thread
e MEMORY : 21GB ™
e GPU : Tesla M2050
515GHops(f5#5/%), GDDR5 3GB

5, FIHHERIEROIEE L LTI, Padeitfbl™ % H]
WEEHIRFEETH B expm BIED AV MATLAB 1A
HETHEINTVS. LA L, MATLAB 2012a @ expm
BIEUE GPU ZHKR— F L TWAEWDT, Algorithm. 1
an3ﬁauﬁwémp@§GBp)@%%%Gmn:
R BEITIIRHN DT S BN D 5.

AL TIE, G WM TAITH S L ZFIH LT,
G 5% 79 Gp/2 = VDVT L1751 D 0%t
T DITHERBIR A L TE5 0% D ZHVT,
exp (' Gs/2) = VDVT &9 5 fEEN TS,
ZDLE, Gg MEMICHIICES RNV EAH S
& LTHFMTIE 217> TV 5.

5.2 RUFI—VBHEMBITMORE

TR Table 2 1T/RT 4 FFFHO HIEPERIEL (Sphere,
Rosenbrock, Ellipsoid, k- tablet) & 2 FEFHD 2R
# (Schaffer, Rastrigin) ZHW\%. N5 DK OH
IZiE, Table 31T/RT KD IR —) Uk, ZHK
171k, 2EMEZF DR EEN TS, Rosenbrock
BB Dol 1E xope = 1 TH D, TN OBIET
& Xopt =0 THB. 2TORIBICIHBVTRERIC B
%A ELE f(xopt) = 0 £72%. 7535, k-tablet BH%K,
Rosenbrock %%, Schaffer B9, Rastrigin BIEIC DL
T, 20T CORMEEREZ Fig. 1-4 T/RLTWS.

Table 2 IZ/Rd K5I, HMOHHINT XA =2
Rosenbrock A%z RV TIEER T NIV ERSEIRD 5
HENTAIE L 52 K OICEE LTz, 753, Rosenbrock

"BPIBHINICIE 12Core/24Thread. ¥ 3 7 A7 Y 2 — I HVHlKE.

ARSI 5AGIB. Y3 7 AT Y 2 — I VIR,

"SHERRE IV CRIBURELIT 37715 TH D, Taylor JEFDIL
RERZTIENTES.
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Table 2: The difinition of benchmark functions and initial parameters of distribution. 0,3 and 55 are the
n-dimensional vectors in which all elements are 0,3 and 55 respectively. I is n-dimensional unit matrix.

Unimodal ‘ The difinition of objective function \ Initial parameters
Sphere fx) =20 5 m=3 0c=2 B=1
k-tablet(k=n/4) fx)= Z?Zl z3 + Z;l:kﬂ(lOO:rj)Q m=3, 0c=2 B=1I
h 2
Ellipsoid f@y:zglﬁmﬁima m=3 0=2 B=1
Rosenbrock f(x) = Z;l;ll (100241 — 27)2 + (z; — 1)?] m=0,0=2 B=1I
Schaffer f(x)= Z;:ll(acf +22,,)0% (sin® [50(2? + 22,,)°'] +1.0) | m =55, 0 =45, B=1
Rastrigin f(x) =100+ Y7, [25 — 10 cos(27z;)] m=3 0c=2 B=1I
10° 2days )74
—©— sphere ]days 93/“
2 —E— k—tablet w 12hours
g X clipsoid 5 10° o M
(—5 107 rosenbrock pL-) g é Thours : ) :
3 = T
5 2 £
= o] = 2
310 : g 10
£ | 30
< - © - schaffer
rastrigin
103 1 2 3 1 3 100 1 2 3 4
10 10 10 10 10 10 10 10 10 10
dimension dimension dimension

Fig. 6: The average numbers of evaluations (left), iterations (center) and wall-time (right) on unimodal functions
for dimension n = 20 — 2000 and on multimodal functions for n = 500 — 2000. The sample sizes are set to A = n
on unimodal function, A = 800, 1000, 2000 on schaffer function and A = 4000, 6000, 8000 on rastrigin function.
Note that the number of iterations equals to the number of evaluations over each sample size.

R Tl iR 1 LRI WM E IS X T B L7z )
LT3 D, DX-NES Ot o@iE cnfhid R
FABEIC IR U, ZORICHREMR xop = 1 N[
o TREIT 5728, SZEMICIITFEINY bz iRiE
fRh SEEL T L T3 T Eick .

5.3 BTRHORELRTEHEMOTE
FROFMEELAS (—RABIT T BIRDY > T IVEL )
x (HMBIE DI n) x10° ENCERES RN,
TIWENT RO DI BEFHIE foest DY fatop = 10710
LIRiCk -7 &, DX-NES BaEfRad i Lz & H
I Uit 279 %.
FIFHERNCTDOWTIE, GPU T3 A7)V I XL
DEANTNEBI ST A —ZFEOHHAI D> % R 72 BR
L, AAVINV—THHBENTRTIBZETIIhh-
7z wall-time 259 C & &9 %, &3, HA{EREIZ
6,7 REENNSTED, FD 90% LA EIE GPU 7N

A ZDOYHHEICER TN TN 5.
5.4 EER : RITH & FHUEES, R1ES, TR
5.4.1 BHEEREREHE

AT, XotHEREL LTV EZIC, DX-
NES W Ei{b25¢ 179 % £ TICAE & 3 2 RO =]
B, REBEFATHRBNEDX S ICHB LT hE
HET 5.

FDEDIT, 4 DORERESICBNT, oz
n = 20,40, 80,500, 1000, 2000 & U TZNFNIERZTT
5. 712721, Rosenbrock IZ DWW T I EHERFNORMEX
D n =2000 COEEZEMT 5. £z, 2 DDZIENE
REEICDUWTE n = 500, 1000, 2000 & L THERZTTS

YT ZHUEMERIE T A =n & L, ZIEMERIEK
T 1017217 T 10T L b IR ZFHERTE S
REE Uz, BARICIZ, n = 500,1000, 2000 iIZH LT
Schaffer BIECTIE A = 800, 1000,2000 & L, Rastrigin
BEECCLE A = 4000, 6000, 8000 & LTV 5.

542 HRLER

HIgPERIEIC BT 5 5 el & ZIEMREIC BT 2
10 BT O FHm Y, IR IEE & g Tk
DITTEICH T B HER 2 Fig. 6 1ITRT.

Sphere BE° DO ZIEMEEIETIE, JotEBOE M
WA U CHEERHlEE & AR ESIEZ TN O(n) ~
O(n?) & O(yn) ~ O(n) DA—Z—THEIML T\ 5.
ZD—J3 T, k-tablet, Ellipsoid, Rosenbrock B Tl&
O(n?) ~ O(n3) & O(n) ~ O(n?) DA —2—TFIFE
fiil=1 28 & P AR SIS 5.

%748 O BB BV T &K D £ < OFEERHE £
RGN E L IR B, %BEOHNBEE e
THEAT—IEZELTED, MFEMCHRERZFER
T B 7DIIEHTBATHIDOFE A - BFEXNT L2
BT 220 8ENH5CHB. FHle LT, Fig 11ImRd
k-tablet BIBIDS AT, ZDDEHFENRY MILIRZEHR
ZNROKE G RESAZR L KD LDD, K
SEATENS NS A A T 4 A i i S 5 [EE il
KO BRI KEL ARDB X DI, HoBdTh =228
T 5008 HH 5. Rosenbrock BTl Fig. 2 1I/RT &
INCFHIE D BEWEMNEH L T2 78, HICEA
NY MV RER UG 3080 H 5. ZDdic, X
TCEUCHT BN 1 Rosenbrock FAEIMN —HF K& <
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A Study on Particle Swarm in High Dimension Function Optimization

D. Yasuda, «T. Hatanaka and T. Uchitane (Osaka University)

Abstract— We consider a stagnation in Particle Swarm Optimization due to a premature convergence and a
lack of diversity in particle position or velocity. A stagnation is often observed in search process of PSO espe-
cially in high dimensional function optimization, even if there are not any local optima. Several approaches
have been proposed to prevent or break such stagnation, however almost of them treats a stagnation as
an event that particles are trapped in local optima. In this paper, we discuss a stagnation in PSO search
process and propose a monitoring method for a stagnation and a simple technique to prevent a stagnation.
Numerical examples are presented to show the proposed methods work well.

Key Words: Particle swarm, high dimension function, stagnation, local optima
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Table 2: FARICIE S N7z FAE

Fig. 16: gbest DZH) Fig. 17: gbest DZEH)

w0

Fig. 18: rank D24 Fig. 19: rank D%H)
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{ERTEDSE AL, R 24 X 720 Sphere BI%L
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12, TOXK D BIRRDEMHEENT N IVDH %D
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T DK D BB DEZHENT MV SRS 517
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¥, RFEIRIIE (C) 22500201 DOBIKZ 2T
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Quantum-Inspired Particle Swarm Optimization and Its Performance

* K. Tazuke, N. Muramoto, N. Matsui and T. Isokawa (University of Hyogo)

Abstract— Quantum-inspired Particle Swarm Optimization (QPSO) is an extension of Particle Swarm Optimi-
zation method in which quantum mechanics concept is introduced. In the standard PSO, a state of each particle
in multidimensional search space is represented by its velocity and position. By updating the state iteratively in
referring to each best position and the global best position of the particle ensemble, we can obtain the optimum
solution in the search space. In QPSO, instead of the velocity and position of each particle, a state of particle is
represented by a wave function. Hence, the update rule in this method is different from standard ones and it us-
es a rule based on a potential field. In this paper, we report that QPSO outperforms PSO in solving the various

minimum search problems.
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begin
k=0
initialize S’
while (k < Max_Iteration) do
begin
i<—0
while (i < population) do
begin
update v/ by equation (6)
update x;* by equation (7)
if (/i > foest) Dbesi i
if (> favest) Dgvest i
i—itl
end
k—k+1
end

end

Fig. 1: Procedure of PSO
3.1 QPSO DEE

QPSO X PSO DAl # DR FIZ &1 NFEDOIR D B %
MAT-FHETHDH. PSO TR+ DOHLEILE DRI 1D
N E I L > CIREEN DD, & IFETIE, ki
T-ONLiE &R A ENERERIC X 0 IEMEICIRE T X
VAR

ZD71=, QPSO IZEITF 55k OIREEIL, (riE &
RO VI EEIRE w (x, 1) | otoﬁamm& ki
TN DAEC BT DRI, EOR A PMFEET D

%%@ﬁ?VV%N?K@ﬁ¢5%$%E%ﬁ

32 QPSODFILITY XL

QPSO 1% TRi-HEOFHML) , THHE , ThRiro
M 12 L FATEN, LBOWIIZ PSO L FIU Th
%. L L, QPSO TIThi 7 OIRREN BB w(x, 1)
&:io“@&ai)kﬂ B ONLEITZE ORT > v L

RIS D720, WEONERN PSO L3R s, £2
THBMLHOFEZ LA NI T3 5. £7- Fig. 212
QPSO DT LAY X LT,

(I )RFHOEH

QPSO DRI FREDTFIET DR T v X NGET VX
HFERRT v e L, ZRnbELNDHEIREK
DOMeRBERKAZE T Vo FETEE T L, &
griIwAcRbEh D 2.
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if j>0.5

begin
k<=0
initialize S°
while (k < Max_Iteration) do
begin
i<—0

|calculate Mpes USING €quation (10)|

while (i < population) do
begin

|update x/" by equation (8)|
if (f; >ﬁ)est) PhestiXi

if (fl >fébest) p gbest(_xi
i—itl

end
k—k+1
end

end

Fig. 2: Procedure of QPSO
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Table 1: Benchmark functions

Benchmark function Domain
F(x) =) (x} —10cos(27x,) +10) [-5.12,5.12]
i=1
1 n n x
F(x)=——» x> =] Jcos(=%)+1 600,600
2 (%) 4000;, H ) [ ]
Fy(x)=>(100(x,,, —x))* +(x, =) | [-3.03.0]
i=1
F,(x)=4189829n— > x,sin(/|x[) | [-500,500]
i=1
F,(x) =20+ e—20exp(-0.2 l}:ﬁ)
= [-32,32]
- exp(l Zcos(27zx,.))
nis
F(x)=> O x)’ [-32,32]
=1 j=l

4.3 KERER

Table 2 |25/ IMEHRIR O FEBFE R 2779, Table 2 1T
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TREO BRI O Y, SEREEEOR/IME, %L
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PSO £V QPSO OFB/INSVME E 72> T 5. sd Bt
flRE%IC L 0 #3523, PSO LV QPSO D JiAv/ &
WMHEZ & o2 TWn 5.

72, min (28T H A F, ZBRV T QPSO D773
INSUVMEE & 5 TWD D, B F IZEBWTIRoTE &
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1 0,

T3
o
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(d) F
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BTnD. E6I1Z, Fig.4, 5, 6, 7775 QPSO 1347
W R TR E N E L, PSO L 0 /hSWi/h
EEE-S>TWDZ ENDND.

5 #ER

A CTIE, A/ MEBERRIEIZ LV QPSO D HAR)
7eMEREA A L7-. Table2 12XV, B OIIRNICEIR
72< QPSOMPSO LV H/hSWE/IMEEZ1GD Z LR T
X7, e, BUMEBRROBEZR D701, R
W% RD D &, PSO LD QPSO DI H/INSVMHE & 72
STV, DI ENE QPSO DEN, X523/
&L, BENSVERNTEDLZ NG,

XD, MEREEEISEORRBREFTNDL Z ik
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Ehmotz. ZOFERIZEY, QPSO DIEAMEREN
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QPSO O {726 Z b DEN-RERIE, QPSO F
EOJFD PSO (2 L TRFMRIZE £ 63 K78
RAETREL LTWAZ LITX 5. QPSO TDOZ DEhE
1%, B OIRENFEEREH CTE X D, ATy yb
Bl BE D D MR RIS CAIE ST SN D78
REALEOFERIAN Y 2L O Z LICERT L L0 &
Zzonb.

INLOHRNEELZHOLNIT D E L DI,
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1) I Kennedv, R. Eberhart : Particle Swarm Optimization, Pmc.
IEEE int. Conf. On Neural Network, 1942/1948 (1995)

2) SunlJ, Feng B, Xu W : Particle Swarm Optimization with
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Fig. 3: Benchmark functions
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Table 2: Fitness for minimum search problem

fitness
func | dim | itera PSO QPSO
avg min sd avg min sd
10 | 1000 | 16.6318 0.9950 14.8661 10.3629 0.9950 5.9665
Fy ] 20 ]2000| 69.3211 9.5116 31.4196 26.8692 6.5923 18.5478
30 | 3000 | 162.1034 63.7483 44.9918 50.7747 11.9398 21.6905
10 | 1000 | 3.7208 1.9690.E-02 | 15.4136 | 8.0063.E-02 | 1.0265.E-02 | 4.1311.E-02
F, | 20 | 2000 | 51.4918 7.0499.E-14| 563866 | 1.8505.E-02 [ 0.0000 2.3688.E-02
30 [ 3000 139.0126 | 2.7381.E-11| 99.9549 | 1.1405.E-02 ( 0.0000 1.2737.E-02
10 | 1000 | 4.1635 0.3256 28.2484 0.5922 3.0847.E-04 | 0.9482
F3 | 20 |2000| 115.5930 0.6632 61.1348 2.1354 2.1415.E-05 1.3153
30 | 3000 | 468.8171 4.6525 801.7907 16.0793 1.4917.E-03 | 26.1875
10 | 1000 [ 927.8362 118.4385 332.5275 686.7333 118.4385 273.0858
F4 ] 20 [ 2000 | 2259.0931 833.6198 588.2512 | 1787.1090 | 473.7536 478.4056
30 | 3000 | 3879.1649 | 2262.4652 | 862.2587 | 2861.5412 | 1763.8355 579.9196
10 | 1000 | 2.5332.E-09 | 3.8426.E-11 | 3.1941E-09 | 3.4284.E-15 | 3.1086.E-15 | 1.2986E-15
Fs | 20 | 2000 1.1261 1.7336.E-08 |  5.8066 6.7324.E-15 | 2.2204.E-15 | 2.8652E-15
30 | 3000 | 6.5624 1.1165.E-06 | 8.2366 2.5278.E-14 | 6.6613.E-15 | 5.2028E-14
10 | 1000 | 10.2402 7.7810.E-07 | 87.3406 | 2.1000.E-06 | 1.5588.E-09 | 6.0510.E-06
Fe | 20 [ 2000 | 881.8388 0.8119 662.2683 | 3.6012.E-02 | 7.6251.E-04 | 4.8087.E-02
30 | 3000 | 2678.1946 814.5751 1175.5738 2.8487 0.3325 1.9508
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Fig. 4: Fitness values over iteration for minimum search Fig. 5: Fitness values over iteration for minimum search
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Keyboard Arrangement Problem for a Mobile Phone by Ant Colony Optimization

«A. Ishitani, K. Sakakibara and I. Nishikawa (Ritsumeikan University)

Abstract— Keyboard Arrangement Problem (KAP) for a mobile phone, where keyboard is optimally ar-
ranged depending on input documents by an ergonomic input load evaluation. Our goal is KAP for a software
keyboard for a personalized use. First, we formulate KAP for a hardware keyboard on a mobile, and apply
basic ACO. Extension to a software keyboard is straightforward by adding a load term corresponding to
a flick motion. Next, ACO is improved by an adaptive pheromone evaporation for the balance between
exploration and exploitation during the search. We also compared the obtained arrangements for different

categories of the input document.

Key Words: Ant Colony Optimization(ACO), fi@hciE, V7 bU = 7F—FKR—F, #omiE(t, #EarinR
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bN%. MEOHEMNRE LT, 2—FOREDEN
F—FR— FEBEICHDR I FDF—HR— FAEFENK
MENT T EERDORERYF &R Tz,

CHUTKHLUT, IEFEN LIEAY— T+ TIEY 7
FY L7 F—R—FWMEHEN TS, TOF—FHK—F
32y F IRV FICFREN, Xy FBIEICE>TAD
EFHE0DT, VI b7 T7WEEE»S QWERTY
F—HR— 7 F—HF—R—REE LIzt DIcY]
DEBEZTHES TENTES. 20D, "—FRyx7
F—R—RFOX S ITFHERSITF—A— FEEICS Uz
RIS 2R, FAIEZFTICERL, 21—
P OELELHRBICTHIHIETEEY T MY 27 F—
R—REETNGEE U2 ED TN 5.

AR TR KAP IS I 2Rt ik LT, QAP T
DEMEN VIR UIEHE TN TS Ant Colony Op-
timization(ACO) ZH\%. T THWS ACO DY
VIV XL, ACO 72 KAP N U7z Egger 5D

W 2 Z5E1C, Ant Colony System(ACS)?) &I
WL, &56ic, 7NVdY ALORBEERET 3.
ZFT T, BRIV X LEKEY—IL A
(TSP:Traveling Salesman Problem) IC#MHd % & T
PEREZ R L7z, BRI, Bz 20 AJsEIT
LCigb Nz —R— FEEZ g, #at L.

2 F—R—REEMHEKAP)

AT, Fig. 1R MR THEHON TV
N—Roz7 () BXOVYIbox7 () F—FR—
RIicxd % KAP Z2# 2 %. KDEEX, T4—Fv—
TF Y THRENTOVEN—FY 27 F—1K— FDf,
HEAY— 74 TSN TS Y T b7 F—
R—ROHITHS. NSO RHAITNEL, AN
FHTEZERZVOENBRENT VWS, 20D, T
VEFANCH B D B TENTRRZ VI, RKE
NEZHDEEINS. DFD, —DDORZVHRIENIC
HBOF—ZH-oTHD, REVEHEFELTH LR
B ETANTBF—Z2HHIL TS, RBLLTTI,
F— ANKIF—BOBEES ED LT .

1 2
P ¥3€
4 5
7 8

E T
an 0

Fig. 1: Examples of mobile keyboard with 3x4 but-

tons.

2.1 N—RUzxz7FF—KR—RIZHTSKAP
AT, T4 —F v =T ik E ORI T
HENTWAEN—FRT 27 F—KR—FRIZH3 % KAP %
FB9 %, TTTIE, Fig 2189 &SI, UbHAVA,
HBVZIGET VT 7Ry hOB LT ERET S, K
BIHREE N LTS —RNEF—R—FEETDH 3.
UBh7EE, ROEIORT LI, TVF—0FD
59FEFTD 10 RE T 46 XFZEEL, a5 26 3L
T, KMOAFIRT LIS, TUF—2FDSE 9FE
TOJVREVICHIET 5. FARZ NIREWIC DD
F—Z2FioTHD, FF—ICA—XTFHHEEN, £

Wohlarta—FT—vatib £ 0T Y VU ARFES (2012459 7 28 H - fif] L)

PG0013/12/0000-0125 © 2012 SICE
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NZFNARZ VOFTHEIBUCIGCTXRIE NS, XTI,
FIURZ NCED Y TENTZADDF—I, FTHEE
—[E) S ABEETORNEIS, EhSHFICEDYTEN
TeXXFhRENTVS. B2, TH) Z AT 3IciE
TUF—1FDRE 72—, W] OAINTIEFE TR
22 nfTHd % T & 2R

LIEXD, 22TOKAP IZOHHE 46 SLFE% 50
F—I, HHWVIE, 57 26 LF 2 40 F—ICHET S
HEvRELREE x5, k5, ] ZZ0F—IcED
YELHEINTWERWT EBRT

HwSas|rEirz|aLyez abc™ | def**

resoTe | BicanoldosE] | ghi*™ | jkI* | mno*™

gaons| P&~ [5hanz] | pgrs* | tuv™ | wxyz*

b

Fig. 2: Examples of hardware mobile keyboard.

THUTH LT, UFODOfEGE#HR LY. —
DOHIE EXFRAT T NHDF—IEEEI NS &
Wil —OHE IEF—Ici3mAk—XFEhEE S
Nad1 LHOHKNTHS.

F 7z, FHMBEAIC I AR T2 R M2 iV, X
EDOATIDOBITIRICh D B A ZERNCT 52 2l ko
T, AEROm EEENS. CTTRARELT, A
NS ZIR0OBEHEE TR EEZ 50, Zhn
FNATICEICHBT B 070 & S 7O MBI
IAkAFZ T 5. TOX S ICHHIEN A I CEITHKFET S
TehS, ANXEORHEIC IS U T HEREEE N
TeF—FR—REENELNEZNICHEHT 5.

Z TRtz anBE v TEL, Tom/IME

vy 1 HEXFRANSIUIAR, RO AI1T 57280
DIROBENCE S ZAMT, F—ROIROBB)E
HEDHRD B

v =Y Fij-Dyy i Tjg (1)

4,9:P:9
CCT, i,j 3 F, pgldF—2EKL, 3,y 13X
FiF—plliBET 2 ENERT MHORE
ZHTHS .

S 1, if letter ¢ is arranged to key p,
P 0, otherwise.

CD oy, ZAVD E, D DORRIZMELLT
DTEEINS :

inp =1 for Vi,
p

inp < 1 for Vp.

$7e, Fy BHBEETHD, ASITHORTYL
S DI SCT § A LT LT .

Dy, FHEOBEFEHTH O, F—p 2FFORE Y
WoF—q ZFDOREZ VETOEMIERHC L > T
DIFTHEZS

Dy = \/(xm
mEnZEFNEFNF—p & qZFHORETHD,
T & Y EARZ Y m ORI X THEDIEIETH 5.

PEED, Eq (1) TRTOF—EXFORBED
FIZDOWT, ANXEICHT B I50OBEE M 2K
DB,

- xn)Z + (ym - yn)2

vy 1 XFDAINCEELT, FOXEMNEE S NIcF—
D AN E IR R Z v OFTHEEE Am & L, LA
TOXTkDS -

vy =Y Ai- Py (2)
i,p

TTT, A @3 XFi DANXxERTOHEAE,
P, &F— p DASNTRHETZ AR 2 > OFTHEEEL T
H%.

LV (& Bas. (1),(2) ORBOEHIGRIC LD,
DFORTHAS :

V=my-v1+7 v (3)

Ty, i, BiHIEEICHT 2EATHS.
2.2 V7 bhuz7F—KR—RIIxTSKAP

RIZ, AR—F T+ VR ETHHINTVS Xy FIR
IV EDY T N7 27 F—R— RIHd % KAP i
T5. Wi TR UIzNN— R 27 F—FKR— R LRI,
Fig. 1 (£i) OV T+ 727 F—R—REWNRIC, U5
MWx, HEIVEFEFOZLF2IET 5. Fig. 3138
EE N LTV E—REF—R—REETHS. HN—
R 2 7F—R—REDENIE, —DDRX PR
MICH > TVWBHDDF—%, —DIFX v /I, KD
DD TV v ZICED YU TBETHS. Xy TIER
22 E—EMTEEREL, N—RYz7F—R—FR
TORZ Y DO—EFTRICHY T2 (K> TEk, i
2y T Ko T, [ UF 727D E Al HE
KE%%). 7Uv 7k, RERVICNEDS, ZTOF
F EFREAGOWT N —HICEZE58ERIEL, /N—
R 27 F—R— R T m~HRBEOFRTASIITES
F—7, TNTHEFICKE, b, £, FCEDHHTS
ckicliz. Uz, USHEEEICH LT, F—K
49 LT3 CNETUF—0FBTFRIV v I %ET 3
AR R FISKIVIEED S I3 AT 28, TDRER
VDRF—EENETEINETHS.)

KTiE, 2y AN T B F—Id R 2 ohgic, 7
U ZICHY T % F— 138 A MY T B EIORE
Nz, ANoFIELT, IH) ZANTSIETY
F—1FOREVEZ YT L, W] OATEETR
RUBERRICTVYIT 5.

VI 27 F—R—FKRIZHNT B KAP IE, N—F
VL7 F—R—REWURTEY T ETY w7 LS HHE
M3 728, FHHEEEICIZIEOBEIARTH S Eq. (1)
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> El c f
WHZ|EhriF|lLEE ba*|led
B Z %
) A S 1 | o
S feTlic BRI EA[h g *|k | nm
& D IF *
s K % r v y
HFED|I* P IDSsn||lgp s|ut X W z
b S ) *
A
b

Fig. 3: Examples of software mobile keyboard.

ORI, Fiz, TORCHBIZEOBNHEE
ZUNCZEETHIET, TV 7 ANTHIET S !

Dy = \/(xm — )%+ (Ym — Ymr)?
+\/($m’ - xn)Q + (ym’ - yn)2

erZl, m' iEF—p OATNCRE R 2y TETIET
Vw JEIEIC K > TREN LT2RDIENETHS. T C
T, v TORAEMEIEEDSEV. DFED Dy,
X, F—p B ANTZEDICERY TEZETT VI A
N3 20BN, Z0%, TORMENSF—
q DIRZ VI TORHREONTHS.

3 ACOICLBHEKRLEEFDHUER

AETIE, £9 ACO ZHW-KAP ZFHBHL, 2
BaRT. RRT7)V3Y X L&, Egger 5 KAP
OIS ACO 7))V Y X2 #BEICLTE
v, Dorigo 5HM#Z L7z Ant Colony System(ACS)?)
ZHIZ, A U< Dorigo 5D ASgite®, Stiizle 5D
MAX-MIN AS®, Bullnheimer 50 ASgan® 2l
EbElZEDTHS. {7V X LEHHITRT L,
ACS X, RFIC 7 2 OEVEFEHTS. ASpute 13,
A TEMHED @ W37 ) Iic kb2 T
EUEHEREE . MAX-MIN ASZ, 7z EVE
FEIC FRRME, FRRMEAZRT 5. Z LT ASpank &, 7
OE 2V ZFEHT %7V 72 RO FHBE A B WA PE I BRE
5.

3.1 KAP D ACO DiERA

KAP &, 8O LT 2B BOF—— 73 DhidiE
9% QAP ThH5. —f%icid NP HE=ETH D, 7
K7 & O B iRE TG R R R 2 g %,
THUTH LT, ACO IZ QAP TOHEZEN -V T U
HENTED, KAP OEITHIETE Egger HIC KD
ACO OHEENRENT NS 2,

LIRS, ACO @ KAP "OEHEE T, F306
WK NIEDT YD ZOEBEEIN T EWVWF—R—F%
o, ZFNFNOF—R—FRiZiE N, [flDF—»"H 0,
2.1 HiC/R U Tz HiIZRIFIC e > T N, HD T2 BLiE g
52LT, B7VE D0 (F—FKR—FidE) =4
KT 5. BliEd 2 XFONEFE, KRELED X FEN5E
MERTEIRNEN, EOF—ICEDXTREET M,
LURD Eq. (4) DR pyy, ICHE> TIROHNS

o [Tip}a[mp]ﬁ 4

SN SR T W

pip 1, XFiDF—p \OEEICHNTET aEViE
& 7, &, ZOFHEME n;)p ICK>TEHEADBNS. QIF,

NENARBEOF—HEETHS. DED, pyp EXFED
FREREINTOENF—p e QIC, XFiZhliEdT %
ERTHO, 11y & nip OFMENKE VR, ZOHERD
EMB. £, o, BIEENTN 74y, mip ODEEZTID
%. nip FRFMGFHMEETSH D, ZORRTRES N
TWBF— L FOMAFTDRICHLTDH, Eq. (3)
TH5EZ26NM%.

R iy IHES T 1 ZRLE T 2F— p ZIRET %
RS, 7z uEYDRFNGEEHZ{75. T
B hZRASUL LT, 7o' ViRE 5, 2,

Tip = Plocal * Tip

ICHE> THHTT . TTT procal(< 1) ERAATEILIREL
THo, 70 VREEZRDVEES. ThCXST,
HBTVH—EER L 23— CTFOMBEDLEIE, Z
D%, o7 VICERE U AL, EEDZEE
PEAET C &ic/x 5.

ENPEDOT VA, &N, LFDOF—\DEEZIEZ
&, BT VUNERU TR 7z BB B > TR
b. TOW%, XFiktF—pDHBHELRIINTE T
OEVIRE 7, 2, UFCXOEHT 5.

Sit: 7rOEVORIEE LT, T OEVIE 5, &
Tip ‘= Pglobal * Tip

ZHE> THOE RS, poba (< 1) BRULFHTEH
3. Cogity, MAORARILERED, 2T
DSCF i & F— p DB EDRITH L TIFDNS.

I . 7 e rOHRIE, FHlEO W EZ AR L
e b M IEOT Y — F 7 VIS L TDOIHTHN
%. Mik&BHOTZY — 7 UDERLTeF—HR—
FEENS, F—p EZICHBEINCF i D
FHAGDERTIEH LT, ZOT7 2 HEVRESR
AT -q(k) ZIHEMEES. 22T, Arid7
EVHEEZGA B3 A—2THD, q(k) 3T
U— 7Y DIERIC S CTfRET, NELDEWT
VIFERWNREETS.

BIE . 7 xOEMEOEIER, 7 zaEVREIC BR
i, PRRMEZRITBHIETELS. HBHTz0E
VRN ERER 72 TIREZBA 726, £0
IREEAELE FRRE X 72 FRRMEICEEE NS,

FEIOEHREREIC VT, Kb, BRI E-S T
T rOEVEEE RRICHES S, HERIE, R
DEWIRZTERT AE S fRICEN T s aT ViBEER 5
ZB T ET, TOEDEMNER (4) I K DFERTND
T T 5. BIER, FEIREDHRL & 0B E 2 02|
5.

PLEiCE s, F—R—FEEOER, 7Hl, 70
EVOEHE—DOMR L L, EEIHROBOIKRLIC
X o ThufRZ RET 5.

3.2 ACO [CkBFIEHEER

HIETCRRIH L 72 ACO IC & % KAP OFH Rk SRS R
ZRY. KEITHS KAPE, "—FUxz7F—FK—
RIS LT, OB, FRIEFEETIVT 7y hD 2
O TZEET SMETH 5. HBRICHWZAS
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EE, Wall Street Journal HASZERDELED 5 Bt
Lic. ZORHICHLT, ETPREZZTLETOXT
FOOMWNEERLICER UK 7,321 XF, ZTHhHHEIC
O—FROICER LT 5,656 XFx, TNEFNOH5
Wiz, FRIFEFETIVT 7y FOBEEICHEHT 2 A
NXEET B, 5B, y,wpEEVINhE 1 &L, i
TR RRIC BB IR E Liah o Tz,

ACO OFEREEAME, 7TUVDOE N =30, 7z E
VHIHE = 0.09, 7 o EUHEREE AT = 0.20, 7
1 E Y SUEFREL pgiobar = 0.95, 7 1€ EIRIA
Tmax = 1.00, 7 2 TE Y FHRAE 7pin = 0.09, FER p;,
DFREIWCHNBINTGA—R a=3,=1, TU—F7
VOB M =4, BT, AL kISHT 2158 q(k) i,
q(1) = 1.00, ¢(2) = 0,50, ¢(3) = 0.20, ¢(4) = 0.10
ELTz. F—eXFORIZ, UL EZRET G
¥ N; = 50,N, = 46 THbH, 777Xy h &
TEHEEE N, = 40, N, = 26 £75%. R iz
13 procal = 1.00,0.99,0.98, - - -, 0.94 DFEICFHRE LT,
TNOORREEIKT S, 58, poca = 1 IZRATR
EhEnC LIS 5. R, —ilfrott%e
10,000 tHAR L LT, HikfriT-o7z.

BRI 2R, Fig. 4 BXU Fig. 513, ZhZNn0
SN ORLE, HET7 VT 7y N OBLEMEIC NS
B EFHED HA T I TH 5. KOk I,
Meih I R RAMIETH O, FIMREFTIKESNIRE
fROFHBEIC NS % kM TO 2R, A&tk
;& Plocal @{EC&LC%%%%‘ZT‘\‘éhTQ\% Flg 6 Li, E
O SDERCEME, FHIEREET IV T 7\ S EdiE RS
R LU TELNIEREBIETHS. WIND ploca = 0.98
TIS5N, FAMiElE 7,488.7 5K U 3,506.7 TH - 7z

10500 |
Ploca=1.00 —
2 Ploca=0-99
Ploca=0.98 e
g I Plocal=0.97 ]
©
i Plocal=0-96
% 9000 e
§ : pIoca|=0.94
@ 8500 @
8000 [

7500

00 4600 000 8000 10000
Generation

Fig. 4: Search process for Hirakana KAP by ACO.

0

6500

=1.00 —

Plocal
! Ploca=0-99
ploca|=0-98 ,,,,,,,,
g | plooa|=0.97 ““““““ |
©
z Ploca=0-96
§ - Ploca=0-95
§ Ploca=0.94 -~
o 4500
4000 [
= 2000 4000 6000 8000 10000
Generation

Fig. 5: Search process for English KAP by ACO.

I3BHH|ENZRS | bOBRA

ihwbq|kpgvl

WE T2 |AeO U | D B &DK estnc Oajud

Sctiiad EAe] ETcaad I Mokl 1V il kel

Zwwn

Fig. 6: Optimal arrangements obtained for Hi-
rakana(left) and English(right) KAP.

X X D, U%b\ﬁﬁa%(l:iﬂ.LTCi Plocal 'fﬁb\ 1.00 »
5 098I FRBICONT, HFEEBEICRLUTERETL
1.00 15 0.97 12 FARBICDONT, WINEERIEREN
Do T3, ploca TEDRE SIS ED E, UL
EEETCii@LC?ﬁ%Q chéj]%fﬁfggy Plocal = 0.95,0.94 T
&, RATRIED R (proca=1) HE & D ERENTE L L
TW5. %?Eﬂlﬁf%, Plocal EROMEL D ETSHICT
FTaMaEom LIRS EW. DLEXD, HRIR
WRIFTRUBREICHATE U, RE DY) 7R e E H b Bl
TENThB.
3.3 BRICBIFZ2ECMLBASIE

iii 3.2 HiDFER 221 T, RATSIUREZRR DR
TSI E R 2 7)) ALERET S, ki,
TRV XLOHREFMOzdIc, KAP
LHIC QAP T%H5 TSP ICE T LT, FHEkss5
#1195, TSPICHEMA LTz ACO T, &7 VIX TSP IC
W9 2D EME UTHERT S, BRgO—F&FH
OFRTITFEMERTEITN, KIS B 7z Eq. (4) O
Hopip WS TPUET 2, T T i BBHEDOEH, p
BRICKZEBHITHS. £z, mp EEH i ST p
K COEMEICNTZ T aEVREZRL, 7, &
#Brh 0, p O, Q IIAKRETOESTHS. &
fiTiX attd8”) L LTHISN DS 48 #HiD TSP = 1%
& Uiz, ThUCSHd 2 BENORdERME T 33,523.71 T
H%.

3.3.1 TSP MO ACO DEHA

ACO DOFERSAE, 328 EFUL, 7VDEN =
30, 7oA EVHMAE = 0.09, 7T UHiRE AT =
0.20, 7z EVRULREL pgiobar = 0.95, 7z HEY
FRRAE oy = 1.00, 7 22 E Y FIRE 7in = 0.09,
i pyp OREICHNEINTA—R a=3,=1, T
V—=hr7VDE M =4, BXU, BN kT SH%
B oq(k) &, q(1) = 1.00, ¢(2) = 0,50, ¢(3) = 0.20,
q4) = 0.10 & L7z, Fiz, RASIEHREIZ poca =
1.00,0.99,0.98, - - -, 0.94 DFAEICEE L TLHS 5. T
T CHRERE LIz 48 #Biid TSP T, 318 TE&R L
Ny, N, 3\ hE N, =N, =48 L5, &, AHi
TOIFIERI—AITORRTDH 5.

FHEEIER DL L LT, Fig. 7T IC&HRORERT
itz "9, RIFTRUEIREL procal 2 1.00 B RIFTE,
0.96 £ TIRERIFZFZELICRLTWVWS. Z0D7z0
I, SHRTENE TICHE SN BZ DR
R EHERTER S NZEND S, Firkbik, ¥
ICZNZMA 2T L TERREZEERL, KB ARE
friciEd e ZHIETEDOTHS. Lo T, Ffrkibh’
MBI EHED L, ploca = 0.95 TOFRRICH SN S
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90000

=1.00 —
=0.99
=0.98 e
=0.97 -
=0.96
=0.95
=0.94 ...

Plocal
80000 1 Plocal
Plocal
70000 14 Plocal
i Plocal

60000

1 Plocal

Evaluation Value

Plocal

50000

40000 |

30000

0 2000 4000 6000 8000 10000

Generation

Fig. 7: Search process for TSP by ACO.

Ko, HRRRICK D REMHNENT S EHEHNL
BED 5. T HIT procal = 0.94 T, BIEINEELT
BRMTZTOIERY. FTTUT T, BROLENE
L EREE O BYNC NS Y AE BB LS, RK
HAREEBSINCZ L E R 2 7)Y X LERERT 3.
3.3.2 EISHEBAISIEIC K 2 ZEIREDFIE
BoNTHRTREDYEREMRZIRFLDD,
ADMWEE LR OMHIEZHN E UT, EEREHEAD
IERE W RIS X RS LRBE A S 4 5. X
9, HHRE CIcEoNcR B2 Y EREEE L, 7
OfFZER LT V) DM 2 h7, EE REHEAND
IWRERZRTIEEL 5. ZOIKE &, JzaE®y
HEREOWRE L TEET 2 — 7 VU DI M %=Lt
L, URD IRREIC/HET S -

IRRE (A) B > M: EErsEfflc L THD, ##iR

JEM R L, ZRMEDMEL.

K& (B) E < M: BEREMRANDEPNDEL, &
FREMEL, ZEMED .

IRAE (A) D & Efaprxitzimed R proca ZIHADEE
%), JREE (B) D X555 ((REZEENT %) . CC
TR 2 214 0.001 & Uiz, FRFHCTY —
MifE CEEREME T Y —IEOMRE) ZiHMRAATE
Fig. 8 \OEIGHRIATA LD R R 2 RT. K,
LE#RD 72 8IC Fig. 7 T b MRED R A - T2 RFTxUbiR
éﬁ Plocal = 0.96 @%ﬁ%%/ﬁl\bﬁfﬁbﬁ: i@ﬁ\ﬁ"ﬂl’f\
BRI EEZ 2T LT, EHICENEERMTZ T
5. HEINC ST A—2EZEE L DD, Kb RVfE
MESNT=C eV nh5b.

90000

Plocal=0-96 —
80000 Adaptive Local Evaporation
$ 70000
©
>
S 60000
[
g
K
£ 50000
40000 e
30000 g 2000 4000 6000 8000 10000

Generation

Fig. 8: Search process for TSP by ACO with adaptive
local evaporation.

4 XEDOEHICKU/+F—1KR—REE

ARETIE, AJICEDORICIE e —R— FRE
2 5. AGEE LT, HAGEY (B—<FA

1), Wz, C++7a Py S LDV —Ad—RD=D%
v, VI b2 7F—R—RFA\DHEGETILT 7w

FOFEEEE LTESNSF—R— FEEZR L
2. BN E, UTFIORTERELD, KAPICX->
T, AXFESUlzF—R— REEN RSN .

ACO DIFEREEME, 7V DN =30, 7T
B = 0.09, 7xzoEVHERTR AT =0.20, 70TV
SULIREL pglobal = 0.95, 7 2 HE Y FRME 7y = 1.00,
7 2 BE Y FRRE Tpin = 0.09, FEH p;, OREICHN
B9 A—=Ra=303=1, TU—rT7VDEM =4,
BXC, WAL kSxHd 258 q(k) &, ¢(1) = 1.00,
q(2) = 0,50, ¢(3) = 0.20, ¢(4) = 0.10 £ L. F—&
X7, VI U7 F—KR—FKEDN, =40 D
F—IcH LT, HWBETIVT 7y kN, = 26 X772l
B9 5. &k, BROMREKIZ 10,000[EE L. £/
T T TlE, 3.328iTHEALLEONENIET LI
VN3 1AV
41 O—YFXE (O—<7FRYDBFEXE)

HAFEXHEOH—SF AT 2 KAP 25 Z 5.
AINTHW=DE, Wall Street Journal HAGERRDEL
HeO— T AU 29587 5,656 X553 X
HETH5. 2ou—x7PETHIEEEDEWVCT,
Bz L LT Ta(738 1), i(632 [H]), o(624 [E]), u(534
[m]), n(485 [)] TH D, BHEOEmOEEESCTFRIE To
—u(136 [a]), n = o(127 [A]), k = a(114 [A]), i = n(119
[A]), a—i(110 [)] TH o1z,

Fig. 912 ACO TELNERERIER/RT. HEH
AW ER DO T NCEH T 5. £3HEN R
KD To—=ul &, lo) DXy T D, [FA—KREXZDT
Vw7 F—ic lu) BPEEINZ. 2huckDd, BB
Fhchh B ami3olcixs. li—-nl &l BT v
F—lcil@EE N, 7V v ZRICTENKE KX IC [n)
MREINTWS, £z fa—i) &, Ta)] DZYTOD
%, fefiEz i 1 BEiEeizR2 i [ HEdEE
NTWV3. ITNHDOHE, FBEORBENCHH S EMIE 1
THs. TOXIIC, FEOES OB CTHIATIL
RTWVF—ICHE SN, RS, 585 DO EHEE
FHf Tn—o, k—al) ITBLTIE, oy & DR
EEEHLETHRTHS. T5& In] &, n—i(99[]),
n—s(60 )] THBD, s i] DEBEEINTNST
VE—2FDREADT ) Yy I F—IC, [k 1 Tk—
u(70 [81), k = i(68 [a]), k = o(62 [A]) | TdH 27, I,
i, o] DENICEIFOBENER 1 TANTEEHRAEVIC
REINTWS. 20X, ESHBEED S CE
W UTC, BB TR 2 RS XD 2 5545,
FNOZAEMCER LEKENMELON TV, Th
X, ADOREZHWAO—<F (O—<FHRODOH
ARGE) ICF s Rz L b 5.

4.2 HEEXE

PEELED AT 2 KAP &2 %. AJICH
WzDl&, New York Times Dt 5HS Lz
5,656 XFMERBYETHS. TOXETHEHEE
DENICFIE Te(686 [01), (484 [1]), a(465 [a1), i(436
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Fig. 9: Optimal arrangement obtained by proposed
ACO for a Romanized Japanese document.
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Fig. 10: Optimal arrangement obtained by proposed
ACO for an English document.
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Fig. 11: Optimal arrangement obtained by proposed
ACO for an C++ source code.
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Optimization of an Image-based Fuzzy Controller
for Arbitrary Trajectory Tracking by a Genetic Algorithm

«T. Kato, K. Watanabe, and S. Maeyama (Okayama University)

Abstract— This paper proposes an image-based fuzzy controller for arbitrary trajectory tracking of a mobile
robot, which determines control inputs from camera images captured by a camera mounted on the robot.
Especially, variations of a target trajectory on an image plane are referred as state variables to improve the
tracking performance. Then, a genetic algorithm is used to optimize the present fuzzy controller because
the tuning of the controller becomes complicated due to the added state variables. The improvement of the
tracking performance is confirmed by evaluating some simulation experiments.

Key Words: Image-based visual servo control, Fuzzy control, Genetic algorighm, Trajectory tracking
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Fig. 1: World coordinate and image coordinate
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