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Partially-observable system identification:

applications and a functional brain model*

Wako Yoshida

Abstract

Natural environments sorrounding humans include unobservable states and dy-
namically change with time. Even in such complicated environments, humans
learn the characteristics of the current environment and determine their optimal
behaviors. Namely, in a partially-observable environment, humans seem to iden-
tify the current environment and solve the optimal decision making problem based
on the identification. In this thesis, I discuss the system identification problem
in a partially-observable environment on the bases of both machine learning and
brain learning.

First, I discuss system identification of nonlinear dynamical systems based on
a statistic method. This learning method uses a Normalized Gaussian network
and is based on an on-line EM algorithm. In experiments, the NGnet is trained
to learn the dynamics of low dimensional chaotic systems, using the time-series
of one observable variable. In order to identify the original dynamical system in
such a partial observation situation, I employ two kind of embedding method.
By using the delay coordinate embedding, which has commonly been used, the
NGnet is able to well identify the system dynamics in the delay coordinate space.
I propose a new embedding method using infinite impulse response filters, which

is called the integral embedding. By investigating the robustness of noise, it is

*Doctor’s Thesis, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DT0061025, March 7, 2003.
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shown that this integral embedding method is more robust to noise than the
previous delay embedding method.

Second, I discuss system identification in a partially-observable environment
and an optimal decision making problem using the identified model. In a ma-
chine learning field, the optimal decision problem in a stochastic environment is
often termed Markov decision process (MDP). If the Markov environment involves
unobservable (hidden) state variables, it is formulated as a partially-observable
MDP. In this thesis, I propose a model-based reinforcement learning (RL) in an
environment with hidden variables. Model-based RL tries to identify the current
environment through the past experiences, and makes decisions using the iden-
tified model. In my method, the environmental model is estimated based on a
Bayes inference with forgetting effect. In order to deal with a dynamic environ-
ment that changes with time, I introduce an action selection scheme based on
the detection of the environmental change. When applied to a maze task with
hidden variables, this method successfully obtains better controls by adapting to
the environmental changes better than the existing method.

Third, I propose a possible information processing model in the brain, which
realizes the model-based RL above. Recent studies have suggested that the RL
algorithm can be associated with the processing of neural systems in the brain.
I propose a brain model for RL, in which the major parts of the RL scheme are
involved in functions of the prefrontal cortex. I assume the dorsolateral prefrontal
cortex executes the maintenance and manipulation of the reward-based environ-
mental model and the anterior prefrontal cortex is related to the estimation of
unobsevable states. I also assume the action selection depending on the current
environmental model is done within the anterior cingulate cortex. In order to ex-
amine this functional model, a human imaging study using functional magnetic

resonance imaging is conducted in this study.

Keywords:
partial observation, system identification, on-line EM algorithm, embedding method,
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True embedded attractor

10

X(t+T) S 5

x(t)

Figure 29 DO UOD0OUO0ODOOO0OOODOOOODLOODOOOOODOO

viodoooooooboboobboboobbo 200bb000on
0000000000 21000000000000000D0D0000 10%000
oboooooo 20000000 000000 NGnetQ OO ooooooooono
0000000 21000000000 (029 00000000NGnet0 000
O000D000000000000000000 10%0000000000000
00000000 4% 000000000000000000000000

gob0O0O00oo0oooob0ooobo0ob0o0obob0bOU NGnetO O
gobobbbooooobbooouoooboboobobbooboobboan
gubbgboobbodab 21bboobbogbboboobobboobobboo
gogdouooobboooobbboobbboooobuooouoboouoobo
gobogdgoboboobobbobobbboboobooobbooobobooan
guodbbodgbbooobuouoobbooobboobooooobodgnoo
godbbogbbobbobbobobboob 20000000 s00000000
21000000000 (NU)ODOOOO0O NGretOOOOOOODOOODOOOO
O00000000000000 (nMSE)DOOOOOOO (omatt.)00O0000O0
00 (around) D00 00O 50,0000 00000000000000 1000000

28



Reproduced orbit (#data=2,000,000, SN&ON=10%)
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Table 2.1
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NU nMSE CD MLE
on att. around

True embedded 1.8354+0.029 | 0.4464+0.005
noiseless 164 | 0.002 0.067 | 1.923£0.008 | 0.36940.011
5% | 124 | 0.020 0.023 | 1.8434+0.044 | 0.406+0.011
system noise 10% || 257 | 0.052  0.056 | 1.79440.046 | 0.324+0.007
15% || 500 | 0.010 0.105 | 1.83640.022 | 0.404+0.004
observation noise 5% | 122 | 0.044 0.133 | 1.73140.018 | 0.697+0.050
10% || 134 | 0.141 0.424 | 1.41940.066 | 1.014+0.053
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Integral embedding
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Reproduced orbit (#data=20,000)
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receptive field
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Table23 DODOOODOOODOOODOODOOOOOODOODOO
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Table24 ODODOOODOOODOOODOODOOOOODODOODOO

NU | nMSE CD MLE
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vi = 1(z)(t) (3.17a)
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(3.17b)
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Table 5.1 MDPOOUODOOOOOOOOUODOOODOO

Brain region statistics MNI

Region BA Pcorrected t'Value (Z) X y Z

Prefrontal cortex

middle frontal gyrus  46/9  0.443 6.15 (4.28) 48 30 22
middle frontal gyrus 8 0.157 711 (4.64) 32 18 48
Parietal cortex

inferior parietal gyrus 40 0.022 885 (5.16) 38 -50 40
Anterior cingulate

cingulate gyrus 32 0.115 738 (4.73) 6 22 38
cingulate gyrus 32 0.529 596  (4.20) -4 18 46
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