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Fig. I. BTC action selection model. Model is structured with the connections 
between Ctx, BG substructures and Thl. Ctx part of the model consists of point 
neurons while the other structures are modeled as mass models. Basal ganglia 
part consists of Str, GPe, GPi and Stn. 

�4�J�@�a�W�@�R�W�S�V�^�a�K�R�B�S�V�Q�<�X�K�S�R�a�X�V�<�R�W�B�@�V�a�K�W�a�V�@�<�N�K�_�@�?�a�=�^�a�X�J�V�@�@�a�?�K�B�`
�B�@�V�@�R�X�a�T�<�X�J�\�<�^�W���a�%�K�V�@�>�X�a�T�<�X�J�\�<�^�a�X�J�V�S�Z�I�J�a�W�X�V�K�<�X�Z�Q�a���3�X�V���a�<�R�?�a
�I�N�S�=�Z�W�a�T�<�N�N�K�?�a�Z�W�a�K�R�X�@�V�R�<�N�a���(�1�K�����a�K�R�?�K�V�@�>�X�a�T�<�X�J�\�<�^�a�X�J�V�S�Z�I�J�a�3�X�V���a
�I�N�S�=�Z�W�a�T�<�N�N�K�?�Z�W�a�@�]�X�@�V�R�<�N�a���(�1�@���a �<�R�?�a�W�Z�=�X�J�<�N�<�Q�K�>�a�R�Z�>�N�@�Z�W�a���3�X�R���a
�<�R�?�a�J�^�T�@�V�?�K�V�@�>�X�a�T�<�X�J�\�<�^�a�X�J�V�S�Z�I�J�a�3�X�R�a�<�R�?�a�(�1�K�a�:���;���a�:���;���a

�3�K�R�>�@�a�X�J�@�V�@�a�<�V�@�a�X�J�V�@�@�a�W�@�R�W�S�V�^�a�K�R�B�S�V�Q�<�X�K�S�R�a�K�R�a�X�J�@�a�>�S�R�`
�W�K�?�@�V�@�?�a�X�<�W�M���a�$�X�]�a�J�<�W�a�X�J�V�@�@�a�W�@�T�<�V�<�X�@�?�a�R�@�Z�V�S�R�a�T�S�T�Z�N�<�X�K�S�R�W���a
�\�J�K�>�J�a�<�V�@�a�R�<�Q�@�?�a�>�J�<�R�R�@�N�W���a�+�R�a�'�K�I�Z�V�@�a�����a�X�J�@�W�@�a�X�J�V�@�@�a�R�@�Z�V�S�R�a
�T�S�T�Z�N�<�X�K�S�R�W���>�J�<�R�R�@�N�W�a�<�V�@�a�K�R�?�K�>�<�X�@�?�a�=�^�a�X�J�V�@�@�a�?�K�B�B�@�V�@�R�X�a�>�S�N�S�V�W���a
�+�R�a�<�?�?�K�X�K�S�R���a�@�<�>�J�a�>�J�<�R�R�@�N�a�J�<�W�a�X�\�S�a�R�@�Z�V�S�R�a�I�V�S�Z�T�W���a�@�]�>�K�X�<�X�S�V�^�a
�<�R�?�a�K�R�J�K�=�K�X�S�V�^�a�R�@�Z�V�S�R�W���a�\�J�K�>�J�a�<�V�@�a�?�@�R�S�X�@�?�a�=�^�a�Z�T�T�@�V�a�I�V�S�Z�T�W�a
�<�R�?�a�N�S�\�@�V�a�I�V�S�Z�T�W�a�K�R�a�'�K�I�Z�V�@�a�����a�V�@�W�T�@�>�X�K�[�@�N�^���a�&�]�>�K�X�<�X�S�V�^�a�R�@�Z�V�S�R�W�a
�Q�<�M�@�a�>�S�R�R�@�>�X�K�S�R�W�a�S�R�N�^�a�\�K�X�J�K�R�a�X�J�@�a�>�J�<�R�R�@�N���a�4�J�@�^�a�J�<�[�@�a�V�<�R�?�S�Q�a
�>�S�R�R�@�>�X�K�S�R�W�a�K�R�a�X�J�@�Q�W�@�N�[�@�W�a�<�R�?�a�X�S�a�X�J�@�a�K�R�J�K�=�K�X�S�V�^�a�R�@�Z�V�S�R�W�a�S�B�a
�X�J�@�a�>�J�<�R�R�@�N���a�*�S�\�@�[�@�V���a�K�R�J�K�=�K�X�S�V�^�a�R�@�Z�V�S�R�W�a�<�V�@�a�>�S�R�R�@�>�X�@�?�a�X�S�a�X�J�@�a
�@�]�>�K�X�<�X�S�V�^�a�R�@�Z�V�S�R�W�a�S�B�a�@�<�>�J�a�>�J�<�R�R�@�N���a�3�S���a�\�J�@�R�a�<�a�>�J�<�R�R�@�N�a�K�W�a
�T�V�S�Q�S�X�@�?�a�=�^�a�<�a�W�T�@�>�K�F�>�a�W�@�R�W�S�V�^�a�W�X�K�Q�Z�N�Z�W���a�K�X�a�K�R�J�K�=�K�X�@�W�a�X�J�@�a�S�X�J�@�V�a
�>�J�<�R�R�@�N�W�a�=�^�a�K�X�W�a�K�R�J�K�=�K�X�S�V�^�a�R�@�Z�V�S�R�a�I�V�S�Z�T���a�3�S�a�R�@�Z�V�S�R�a�T�S�T�Z�N�<�X�K�S�R�W�a
�K�R�a�$�X�]�a�T�@�V�B�S�V�Q�a�\�K�R�R�@�V���X�<�M�@���<�N�N�a�>�S�Q�T�@�X�K�X�K�S�R�a�:���;���a

�&�]�>�K�X�<�X�S�V�^�a�R�@�Z�V�S�R�W�a�<�R�?�a�K�R�J�K�=�K�X�S�V�^�a�R�@�Z�V�S�R�W�a�<�V�@�a�Q�S�?�@�N�@�?�a�<�W�a
�V�@�I�Z�N�<�V�a�W�T�K�M�K�R�I�a�<�R�?�a�B�<�W�X�a�W�T�K�M�K�R�I�a�T�S�K�R�X�a�R�@�Z�V�S�R�W���a�V�@�W�T�@�>�X�K�[�@�N�^�a�:���;���a
�4�J�@�V�@�a�<�V�@�a80 �V�@�I�Z�N�<�V�a�W�T�K�M�K�R�I�a�<�R�?�a20 �B�<�W�X�a�W�T�K�M�K�R�I�a�R�@�Z�V�S�R�W�a�K�R�a
�@�<�>�J�a�>�J�<�R�R�@�N���a�!�N�N�a�>�S�R�R�@�>�X�K�S�R�W�a�<�V�@�a�V�@�<�N�K�_�@�?�a�\�K�X�J�a10% �V�<�R�?�S�Q�a
�>�S�R�R�@�>�X�K�[�K�X�^���a�3�S���a�@�<�>�J�a�V�@�I�Z�N�<�V�a�W�T�K�M�K�R�I�a�R�@�Z�V�S�R�a�Q�<�M�@�W�a�@�K�I�J�X�a
�>�S�R�R�@�>�X�K�S�R�W�a�K�R�a�X�J�@�a�@�]�>�K�X�<�X�S�V�^�a�R�@�Z�V�S�R�a�I�V�S�Z�T�a�S�B�a�X�J�@�a�>�J�<�R�R�@�N�a
�<�R�?�a�<�R�S�X�J�@�V�a�@�K�I�J�X�a�>�S�R�R�@�>�X�K�S�R�W�a�X�S�a�B�<�W�X�a�W�T�K�M�K�R�I�a�R�@�Z�V�S�R�W�a�S�B�a�X�J�@�a
�>�J�<�R�R�@�N���a�!�R�?�a�@�<�>�J�a�B�<�W�X�a�W�T�K�M�K�R�I�a�R�@�Z�V�S�R�a�Q�<�M�@�W�a�X�\�S�a�V�<�R�?�S�Q�a
�>�S�R�R�@�>�X�K�S�R�W�a�X�S�a�@�<�>�J�a�S�B�a�X�J�V�@�@�a�@�]�>�K�X�<�X�S�V�^�a�R�@�Z�V�S�R�a�I�V�S�Z�T�W�a�S�B�a�<�N�N�a
�>�J�<�R�R�@�N�W���a

�4�J�@�a�"�(�a �<�R�?�a�4�J�N�a�R�@�Z�V�S�R�W�a�<�V�@�a�Q�S�?�@�N�@�?�a�<�W�a�Q�<�W�W�a�Q�S�?�@�N�W�a
�<�R�?�a�@�<�>�J�a�S�B�a�X�J�@�Q�a�<�N�W�S�a�J�<�W�a�X�J�V�@�@�a�>�J�<�R�R�@�N�W���a�$�X�]���a�4�J�N�a�<�R�?�a
�@�<�>�J�a�@�N�@�Q�@�R�X�a�S�B�a�"�(�a �<�V�@�a�>�S�R�R�@�>�X�@�?�a�<�W�a�W�J�S�\�R�a�K�R�a�'�K�I�Z�V�@�a�����a
�4�J�@�a�@�]�>�K�X�<�X�S�V�^�a�>�S�R�R�@�>�X�K�S�R�W�a�<�V�@�a�W�J�S�\�R�a�<�W�a�V�@�I�Z�N�<�V�a�<�V�V�S�\�W�a�<�R�?�a
�K�R�J�K�=�K�X�S�V�^�a�>�S�R�R�@�>�X�K�S�R�W�a�<�V�@�a�W�J�S�\�R�a�<�W�a�T�S�K�R�X���J�@�<�?�@�?�a�<�V�V�S�\�W���a�!�N�N�a
�X�J�@�a�>�S�R�R�@�>�X�K�S�R�W�a�<�V�@�a�W�X�<�X�K�>�a�@�]�>�@�T�X�a�X�J�@�a�S�R�@�W�a�=�@�X�\�@�@�R�a�W�@�R�W�S�V�^�a

Fig. 2. Spiking neural network model of Ctx. There are three channels in the 
Ctx model each for a sensory stimulus and each channel consists of 80 regular 
spiking and 20 fast spiking Izhikevich neurons [9] connectivity of which 
are 10%. Regular spiking neurons are excitatory (upper neuron groups of 
each channel) and they have only connections inside its channel. Fast spiking 
neurons are inhibitory (lower neuron groups of each channel) and they have 
interchannel connections. So, the connections between channels are provided 
by inhibitory neurons of each channel. 
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Fig. 3. The robot used in the study is a humanoid robot platform caUed 
Darwin-Op. The humanoid robot is expected to associate the presented colors 
to the desired predefined actions. The three colors to be associated to the 
actions are red, yellow and blue. The green color is used to indicate reward 
given when the action choice is the desired one. 
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Fig. 4. Model is coded in two parts on the humanoid robot which are 
the simulation of action selection model and learning together with the 
communication to the environment. The action selection model is coded in 
Python using NEST simulator for the spiking neural network part [12]. Getting 
sensory input and actuation part is coded in C++ including learning. This 
diagram shows the communication scheme of the communi caton between two 
modules. 

Fig. 5. This diagram shows the evolution of the task. During task, robot 
tries to learn to associate sensory stimuli to the desired actions. The color 
information is transmitted to the ETC model as a sensory stimulus in order 
to get decision from Ctx. After robot performs the selected action, the green 
card is presented as a reward if the selected action is the desired one. Reward 
causes an expectation error, which is used to update the values of connections 
between neural structures of action selection model. Updating values of 
the connections changes the behavior of dynamical system [4] and so the 
behaviour of the action selection model. Repeating the reinforcement process, 
robot is reinforced to associate the desired input-action pair by changing the 
connections. 
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A. Real Time Implementation of Task on Humanoid Robot 
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Fig. 6. a (upper figure): The selected actions (blue line) and the sensory inputs 
(red line). b (middle figure): Reward (red line) and expectation error (green 
line). c (lower figure): Average firing rates of Ctx channels. The simulated 
time of the spiking neural network last 15150ms for this experiment, but it 
takes 45 minutes in real time, real time factor (the proportion of simulation 
time to the real time) of which is approximately %0.6. 
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Fig. 7. The evolution of connections between sensory inputs (I) and Ctx 
channels (Ch) through the first experiment. 
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Fig. 8. The selected actions (blue line) and the sensory inputs (red line) of 
the second experiment. The first input is red color, the second is yellow color 
and the third is blue color. The sensory stimuli are presented in random order. 
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Fig. 9. Average firing rates of Ctx channels through the second experiment. 
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