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Abstract

� #DUVTCEVǡ 
 
Distributed Adaptive Control (DAC) is a theory of the design principles underlying 
the Mind, Brain, Body Nexus (MBBN) that has been developed over the last 20 
[GCTU��&#%�CUUWOGU�VJCV�VJG�DTCKP�OCKPVCKPU�UVCDKNKV[�DGVYGGP�CP�GODQFKGF�CIGPV��
KVU�KPVGTPCN�UVCVG�CPF�KVU�GPXKTQPOGPV�VJTQWIJ�CEVKQP��+V�RQUVWNCVGU�VJCV�KP�QTFGT�
to act, or know how, the brain has to answer 5 fundamental questions: who, why, 
YJCV��YJGTG��YJGP��6JWU�VJG�HWPEVKQP�QH�VJG�DTCKP�KU�VQ�EQPVKPWQWUN[�UQNXG�VJGǡUQ�
ECNNGFǡ*�9�RTQDNGO�YKVJ�ŧ*ŨǡUVCPFKPI�HQT�VJG�ŧ*QYŨǡCP�CIGPV�CEVU�KP�VJG�YQTNF��6JG�
DAC theory is expressed as a neural-based architecture implemented in robots and 
QTICPKUGF�KP�VYQ�EQORNGOGPVCT[�UVTWEVWTGU��NC[GTU�CPF�EQNWOPU��6JG�QTICPKUCVKQPCN�
layers are called: reactive, adaptive and contextual, and its columnar organisation 
FGƒPGU�VJG�RTQEGUUKPI�QH�UVCVGU�QH�VJG�YQTNF��VJG�UGNH�CPF�VJG�IGPGTCVKQP�QH�CEVKQP��
Each layer is described with respect to its key hypotheses, implementation and 
URGEKƒE�DGPEJOCTMU��#HVGT�CP�QXGTXKGY�QH�VJG�MG[�GNGOGPVU�QH�&#%��VJG�OCRRKPI�QH�
KVU�MG[�CUUWORVKQPU�VQYCTFU�VJG�KPXGTVGDTCVG�CPF�OCOOCNKCP�DTCKP�KU�FGUETKDGF��
In particular, this review focuses on the systems involved in realising the core 
principles underlying the reactive layer: the allostatic control of fundamental 
behaviour systems in the vertebrate brain and the emergent non-linearity through 
PGWTQPCN�OCUU�CEVKQP�KP�VJG�NQEWUV�DTCKP��6JG�CFCRVKXG�NC[GT�KUǡCPCN[UGF�KP�VGTOU�
of the classical conditioning paradigm and its neuronal substrate the amygdala-
cerebellum-neocortex complex together with episodic memory and the formation 
QH�UGPUG�CEV�EQWRNGVU�KP�VJG�JKRRQECORWU��(QT�VJG�EQPVGZVWCN�NC[GT��VJG�CDKNKV[�QH�
circuits in the prefrontal cortex to acquire and express contextual plans for action 
KU�FGUETKDGF��6JG�IGPGTCN�QXGTXKGY�QH�&#%ŨU�GZRNCPCVKQP�QH�/$$0�KU�EQODKPGF�
with examples of application scenarios in which DAC has been validated, including 
mobile and humanoid robots, neurorehabilitation and the large-scale interactive 
URCEG�#FC��#HVGT����[GCTU�QH�TGUGCTEJ�&#%�ECP�DG�EQPUKFGTGF�C�OCVWTG�VJGQT[�QH�
/$$0� 
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The Science of Brain and Mind

 The Science of Brain and Mind 
 
This book describes an approach to understanding the human mind and brain 
VJCV�VJG�CWVJQTU�JCXGǡDGGP�FGXGNQRKPI�HQT�OQTG�VJCP�VYQ�FGECFGU��+P�VJKU�QRGPKPI�
chapter we try to explain the motivation for our approach by placing it in a wider 
EQPVGZV��5RGEKƒECNN[��YG�GZRNQTG�JQY�VJG�FKHHGTGPV�UEKGPEGU�QH�OKPF�CPF�DTCKPťHTQO�
PGWTQUEKGPEG�CPF�RU[EJQNQI[��VQ�EQIPKVKXG�UEKGPEG�CPF�CTVKƒEKCN�KPVGNNKIGPEG�
#+�ť
UVCPF�KP�TGNCVKQP�VQ�GCEJ�QVJGT�CV�VJKU�OQOGPV�KP�VJG���UV�EGPVWT[��1WT�CKO�KP�FQKPI�
so is to persuade you that despite the fact that our knowledge is expanding at ever-
accelerating rates, our understandingťRCTVKEWNCTN[�QH�VJG�TGNCVKQPUJKR�DGVYGGP�OKPF�
CPF�DTCKPťKU��KP�UQOG�KORQTVCPV�UGPUG��DGEQOKPI�NGUU�CPF�NGUU��#P�GZRNCPCVQT[�ICR�
is building that, for us, can only be bridged by a kind of multi-tiered and integrated 
theoretical framework, Distributed Adaptive Control (DAC), which is developed and 
FGUETKDGF�KP�VJKU�XQNWOG�

A second goal of this chapter is to show that, in bridging this explanatory gap, 
we directly contribute to advancing new technologies that improve the human 
EQPFKVKQP��+PFGGF��QWT�XKGY�KU�VJCV�VJG�FGXGNQROGPV�QH�VGEJPQNQIKGU�VJCV�KPUVCPVKCVG�
principles gleaned from the study of the mind and brain, or biomimetic technologies, 
KU�C�MG[�RCTV�QH�VJG�XCNKFCVKQP�RTQEGUU�HQT�VJG�UEKGPVKƒE�VJGQT[�VJCV�YG�YKNN�RTGUGPV��
9G�ECNN�VJKU�UVTCVGI[�HQT�VJG�KPVGITCVKQP�QH�C�UEKGPEG�CPF�GPIKPGGTKPI�ŧ8KEQŨU�NQQRŨ�
CHVGT�VJG���VJ�EGPVWT[�0GCRQNKVCP�RJKNQUQRJGT�)KCODCVVKUVC�8KEQ�YJQ�HCOQWUN[�
RTQRQUGF�VJCV�YG�ECP�QPN[�WPFGTUVCPF�VJCV�YJKEJ�YG�ETGCVG��ŧ8GTWO�GV�HCEVWO�
TGEKRTQECPVWT�UGW�EQPXGTVWPVWT�Ũ�9G�CKO�VQ�UJQY�DQVJ�JGTG��CPF�KP�VJG�ŧ&#%�
#RRNKECVKQPUŨ�UGEVKQP�QH�VJKU�DQQM��VJCV�HQNNQYKPI�VJG�ETGCVKXG�RCVJ�RTQRQUGF�D[�8KEQ�
can lead not only to better science (understanding), and useful engineering (new 
life-like technologies in form and function), but can also guide us towards a richer 
view of human experience and of the boundaries and relationships between science, 
GPIKPGGTKPI�CPF�CTV� 
 
 
 Matter over Mind 
 
To begin, let us consider some concrete examples of how the science of the mind 
CPF�DTCKP�KU�EWTTGPVN[�DGKPI�RWTUWGF��5KPEG�OKPF�GOGTIGU�HTQO�DTCKP��CP�KORQTVCPV�
VTGPF�VJCV�YG�JCXG�PQVKEGF�KU�KPETGCUKPI�VJGǡHQEWU�QH�TGUQWTEGU�CPF�GHHQTVU�VQYCTFU�
the brain side of the mind-brain duality, seemingly in the hope that this will unlock 
VJG�UGETGVU�QH�DQVJ��9G�ECNN�VJKU�VTGPF�ŧOCVVGT�QXGT�OKPFŨ�DGECWUG�YG�HGGN�VJCV�KV�KU�
FTCYKPI�CVVGPVKQP�VQYCTFU�VJKPIU�VJCV�ECP�DG�OGCUWTGFťDTCKP�RTQEGUUGUťDWV�KP�C�
OCPPGT�VJCV�TKUMU�NQUKPI�UKIJV�QH�YJCV�VJQUG�RTQEGUUGU�CEJKGXGťKPUVCPVKCVKPI�VJG�
OKPF�
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6YQ�EQPETGVG�CPF�UKIPKƒECPV�GZCORNGU�QH�VJKU�VTGPF�CTG�CU�HQNNQYU��+P�������VJG�
'WTQRGCP�%QOOKUUKQP�KPKVKCVGF�VJG�*WOCP�$TCKP�2TQLGEV�
*$2�ťC�FGECFG�NQPI��
Ż��DKNNKQP�GHHQTV�VQ�WPFGTUVCPF�CPF�GOWNCVG�VJG�JWOCP�DTCKP��+P�VJG�UCOG�[GCT��VJG�
75�)QXGTPOGPV�CPPQWPEGF�VJG�$4#+0�+PKVKCVKXGťRTQLGEVGF�VQ�FKTGEV�HWPFKPI�QH����
DKNNKQP�VQ�DTCKP�TGUGCTEJ�QXGT�C�UKOKNCT�VGP�[GCT�RGTKQF��9KVJ�VJKU�NGXGN�QH�KPXGUVOGPV�
and enthusiasm you would hope that great advances in brain science are surely just 
CTQWPF�VJG�EQTPGT��-PQYKPI�UQ�OWEJ�OQTG�CDQWV�VJG�DTCKP��YG�UJQWNF�UWTGN[�CNUQ�
MPQY�OWEJ�OQTG�CDQWV�VJG�OKPF�CPF�VJWU�CDQWV�QWTUGNXGU�

However, although this increased international enthusiasm for brain science is 
GZEKVKPI�CPF�KP�OCP[�YC[U�YGNEQOG��VJGTG�CTG�UQOG�PKIINGU�ǡ.QQMKPI�CV�VJGUG�
flagship projects we are struck by how both initiatives are convinced that an 
understanding of the brain, and hence the mind, will proceed from a very large-
UECNG��U[UVGOCVKE�CRRTQCEJ�VQ�OGCUWTKPI�VJG�DTCKP�CPF�KVU�RJ[UKECN�RTQRGTVKGU��
More precisely both of these projects intend to leverage powerful 21st-century 
VGEJPQNQIKGUťUWEJ�CU�VJG�NCVGUV�JWOCP�DTCKP�KOCIKPI��PCPQVGEJPQNQI[�CPF�
optogenetic1ǡOGVJQFUťVJCV�ECP�OCMG�VJG�EQPPGEVKXKV[�CPF�CEVKXKV[�QH�VJG�DTCKP�
OQTG�CRRCTGPV��6JG[�YKNN�VJGP�CRRN[�VJG�VQQNU�QH�ŧDKI�FCVCŨ��UWEJ�CU�CWVQOCVGF�
reconstruction and machine learning, powered by the accelerating power and 
capacity of computers, to help make sense of what will amount to a tsunami of new 
OGCUWTGOGPVU�

9JKNG�CNN�QH�VJKU�KU�YGNN�CPF�IQQF��YG�UGG�C�UKIPKƒECPV�ICR��9KNN�YG�MPQY�QWTUGNXGU�
once we have all the facts in our database? Where are the theories of brain function 
that are going to explain all of this new anatomical detail? How are we going to 
make the connection between the understanding of the brain at a tissue level and 
the understanding of mind at a psychological level? In this fascination with the 
brain as the physiologically most complex organ in the human body, are we losing 
sight of what is needed to understand and explain the role of the brain in guiding 
and generating behaviour and shaping experience? While many have argued that 
we need better data to drive theory building, we contend that there is already 
a mountain of unexplained data about the brain, and what is needed are better 
VJGQTKGU�HQT�VT[KPI�VQ�OCMG�UGPUG�QH�KV�CNN�

Part of the solution to the challenge of connecting brain physiology to behaviour 
KUťCU�YG�GZRNQTG�HWTVJGT�DGNQY�CPF�VJTQWIJQWV�VJKU�DQQMťEQORWVCVKQPCN�OQFGNNKPI��
either using computer simulation, or, to understand the link between brain and 
DGJCXKQWT�OQTG�FKTGEVN[��D[�GODGFFKPI�DTCKP�OQFGNU�KP�TQDQVU��0CVWTCNN[�VJGUG�
large-scale projects that are exploring the human brain will apply and extend current 
computational neuroscience models and methods so, on the surface, all seems 
YGNN��+P�RCTVKEWNCT��VJG[�YKNN�FGXGNQR�EQORWVGT�UKOWNCVKQPU�VJCV�UGGM�VQ�ECRVWTG�
rich new datasets at an unprecedented level of accuracy using hugely powerful 
massively parallel machines (HBP, for instance, will invest heavily in building these 
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on neuromorphic principles), in an attempt to show how interactions among the 
microscopic elements that constitute a brain can give rise to the global properties 
VJCV�YG�CUUQEKCVG�YKVJ�VJG�OKPF�QT�KVU�OCNCFKGU��1PG�QH�VJG�IQCNU�QH�VJGUG�RTQLGEVU�
KU�VQ�DGVVGT�WPFGTUVCPF�VTGCV�OGPVCN�KNNPGUU��VJWU�UJQYKPI�UQEKGVCN�TGNGXCPEG��
Indeed, this programme of brain simulation has ambitions to match those of the 
corresponding endeavour of brain measurement, so why worry?

Well, our concern lies in the observation that the technical possibility of amassing 
PGY�FCVC�UGGOU�VQ�JCXG�DGEQOG�VJG�OCKP�FTKXKPI�HQTEG��6JG�CPCNQI[�KU�QHVGP�
made with the human genome whose decoding has unlocked new avenues for 
TGUGCTEJ�KP�DKQNQI[�CPF�OGFKEKPG��*QYGXGT��YJKNUV�VJG�IGPQOG�KU�NCTIG�
��DKNNKQP�
DCUG�RCKTU��KV�KU�ƒPKVG�CPF�FKUETGVG�
GCEJ�RCKT�ECP�QPN[�DG�QPG�QH�C�ƒZGF�PWODGT�QH�
known patterns), and the case could be (and was) made that deciphering it would 
EQPETGVGN[�CPF�RGTOCPGPVN[�CFFTGUU�C�MG[�DQVVNGPGEM�HQT�TGUGCTEJ��9KVJ�VJG�DTCKP��
QP�VJG�QVJGT�JCPF��VJGTG�KU�PQ�GSWKXCNGPV�VCTIGV�VQ�VJG�IGPQOGťPQ�VGORNCVG�HQT�DTCKP�
FGUKIP�VJCV�QPEG�YG�JCXG�FGUETKDGF�KV�YG�ECP�UC[�YG�CTG�ƒPKUJGF��6JGTG�YKNN�CNYC[U�
be another level of description and accuracy that we can strive for and which, for 
UQOG��YKNN�DG�VJG�MG[�VQ�WPNQEMKPI�VJG�DTCKPŨU�UGETGVU�HTQO�OKETQVWDWNGU�CPF�%#/�
MKPCUG�VQ�ICOOC�TCPIG�QUEKNNCVKQPU�CPF�H/4+�UECPU��(WTVJGT��YJKNUV�VJG�PGY�VQQNU�
of 21st-century brain science are attractive in terms of their greater accuracy and 
RQYGT��YJCV�YG�UGG�YKVJ�OCP[�QH�VJGKT�TGUWNVU�KU�EQPƒTOCVKQP�QH�QDUGTXCVKQPU�VJCV�
JCF�CNTGCF[�DGGP�OCFG�KP�RTGXKQWU�FGECFGU�CNDGKV�KP�C�OQTG�RKGEGOGCN�HCUJKQP��6Q�
unlock the value of these new datasets, we believe, will require the development of 
multi-tiered explanations of brain function (of which there is more below), and data 
analysis tools will help, but the theory-building activity itself will largely be a human 
GPFGCXQWT�QH�YJKEJ�CDUVTCEVKQP�YKNN�TGOCKP�CP�KORQTVCPV�RCTV�

A key point for us is that description and measurement whilst vital to doing good 
TGUGCTEJ�CTG�PQV�VJG�WNVKOCVG�IQCN�QH�UEKGPEG��4CVJGT��YG�FGUETKDG�KP�QTFGT�VQ�GZRNCKP��
#U�VJG�RJ[UKEKUV�&CXKF�&GWVUEJǡPQVGF�KP�������VJGTG�CTG�CP�KPƒPKVG�PWODGT�QH�HCEVU�
that we could collect about the natural world (and this will include a countless 
number of brain facts), but this kind of knowledge is not, by itself, what we would 
ECNN�WPFGTUVCPFKPI��6JG�NCVVGT�EQOGU�YJGP�YG�CTG�CDNG�VQ�GZRNCKP�VJG�COCUUGF�FCVC�
D[�WPEQXGTKPI�RQYGTHWN�IGPGTCN�RTKPEKRNGU��+P�CUVTQPQO[��HQT�KPUVCPEG��2VQNGO[��
HQNNQYGF�D[�%QRGTPKEWU��)CNKNGQ��0GYVQP��CPF�VJGP�'KPUVGKP�CNN�FGXGNQRGF�VJGQTKGU�
VJCV�UQWIJV�VQ�GZRNCKP�QDUGTXCVKQPU�QH�VJG�OQVKQP�QH�UVCTU�CPF�RNCPGVU��'CEJ�PGY�
theory succeeded in explaining more of the assembled data and did so more 
CEEWTCVGN[�CPF�OQTG�UWEEKPEVN[��(QT�KPUVCPEG��%QRGTPKEWU�GZRNCKPGF�FCVC�VJCV�
JCF�DGGP�RTQDNGOCVKE�HQT�2VQNGO[ŨU�IGQEGPVTKE�EQUOQNQI[�D[�TGRNCEKPI�VJG�GCTVJ�
YKVJ�VJG�UWP�CU�VJG�EGPVTG�RQKPV�CTQWPF�YJKEJ�VJG�RNCPGVU�VWTP��'KPUVGKP�UJQYGF�
VJCV�0GYVQPŨU�NCY�QH�ITCXKVCVKQP�DTGCMU�FQYP�YJGP�ITCXKV[�DGEQOGU�XGT[�UVTQPI��
and was thus able to better (or more succinctly) explain some data on planetary 
QTDKVU��+P�RJ[UKEU�VJG�UGCTEJ�HQT�C�VJGQT[�YKVJ�OQTG�GZRNCPCVQT[�RQYGT�VJCP�IGPGTCN�
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relatively continues, with the hope to one day explain the origin of everything, 
beginning with and including the Big Bang, according to a single set of over-arching 
RTKPEKRNGU�

In comparison to astronomy, how far have we come in developing powerful theories 
HQT�WPFGTUVCPFKPI�DTCKP�FCVC!�6JG�CPUYGT�KU�PQV�XGT[�HCT�[GV��9KVJ�VJG�EWTTGPV�
focus on large-scale datasets there is an interest in discovering principles for sure, 
but there also seems to be an expectation that these will bubble up through the 
accumulation of observations; a process of induction if you will, powered by the 
VQQNU�QH�FCVC�OKPKPI�CPF�EQORWVCVKQPCN�OQFGNNKPI��/QTGQXGT��KP�RNCEG�QH�UVTKXKPI�
for the kind of compact theoretical description seen in physical science, there is 
an increasing focus on models that can capture more of the potentially relevant 
FGVCKN��6JG�DQWPFCT[�DGEQOGU�DNWTTGF�DGVYGGP�ECRVWTKPI�RTKPEKRNGU�CPF�YJCV�ECP�
DGEQOG��KP�VJG�GPF��CP�GZGTEKUG�KP�HWPEVKQP�ƒVVKPI��+P�QWT�CFOKTCVKQP�QH�VJG�GNGICPEG�
and beauty of brain data, and with the power of modern ICT systems to simulate 
it, we can come to believe that the best model of the brain is the most exact 
OQFGN��(QNNQYKPI�VJKU�RCVJ��JQYGXGT��ECP�QPN[�NGCF�VQ�VJG�EQPENWUKQP�VJCV�VJG�DTCKP�
is its own best explanation, an idea satirised by Rosenbleuth and Wiener in their 
EQOOGPV�VJCV�ŧVJG�DGUV�OCVGTKCN�OQFGN�HQT�C�ECV�KU�CPQVJGT��QT�RTGHGTCDN[�VJG�UCOG�
catŨǡ
4QUGPDNWGVJ���9KGPGT�ǡ�������CPF�TGOKPKUEGPV�QH�$QTIGŨU�HCOQWU�UVQT[�QH�VJG�
cartographical institute whose best map was identical to the landscape it described 
CPF�VJWU�NQUV�KVU�WUGHWNPGUU�ǡ

A second way of summarising this concern is that the zeitgeist seems to favour 
OQTG�TGFWEVKQPKUV�FGUETKRVKQPU�TCVJGT�VJCP�VJGQTGVKECN�GZRNCPCVKQPU��6JG�NQIKE�
CRRGCTU�VQ�IQ�VJCV�YG�UVKNN�FQPŨV�MPQY�GPQWIJ�QH�VJG�MG[�HCEVU�CDQWV�VJG�DTCKPťEGNNU��
EKTEWKVU��U[PCRUGU��PGWTQVTCPUOKVVGTU��CPF�UQ�HQTVJťVJGTGHQTG�NGVU�IQ�CPF�ƒPF�QWV�
VJGUG�FGVCKNU��1PEG�YG�MPQY�VJGUG�VJKPIU�YG�YKNN�PGEGUUCTKN[�DGVVGT�WPFGTUVCPF�DQVJ�
DTCKP�CPF�OKPF��*QYGXGT��YJKNG�PGWTQUEKGPEG�VKNVUǡVQYCTFU�OQTG�FCVC�ICVJGTKPI��
it is interesting to note that other areas of biology are becoming more holistic in 
VJGKT�CRRTQCEJ��CFQRVKPI�YJCV�KU�QHVGP�FGUETKDGF�CU�C�ŧU[UVGOUŨ�XKGY��+PFGGF��KP�
systems biology, explanations are sought that go across levels from the molecular 
VJTQWIJ��VJG�EGNNWNCT��QTICPKUOKE��CPF�VJG�GEQNQIKECN��0Q�QPG�NGXGN�QH�GZRNCPCVKQP�
QT�
description) is privileged, and understanding at each level informs and constrains 
WPFGTUVCPFKPI�CV�VJG�NGXGNU�CDQXG�CPF�DGNQY�KV��+P�OWEJ�VJG�UCOG�YC[��CPF�YKVJKP�
the sciences of the mind, parallel complementary explanations can be sought at the 
psychological level (mind) and at the biological level (the brain), and we can allow 
VJCV�VJGTG�OC[�DG�QVJGT�WUGHWN�GZRNCPCVQT[�NGXGNU�DGVYGGP�VJGUG�VYQ��+PFGGF��YG�
contend, as do many others, that useful theories of mind and brain can be motivated 
that abstract away from the biological details of the brain but at the same time 
capture regularities at a level below that of our direct intuitions (what some have 
ECNNGF�ŧHQNM�RU[EJQNQI[Ũ���CPF�VJCV�KP�VJKU�CTGC�UQOG�QH�VJG�OQUV�RQYGTHWN�GZRNCPCVQT[�
KFGCU�OKIJV�NKG� 
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 Cognitive Science Turf Wars

The notion of a multi-tiered understanding of the mind and brain is of course 
PQVJKPI�PGY��+PFGGF��KP�OCP[�YC[U�KV�KU�ECRVWTGF�KP�C�TGUGCTEJ�RTQITCOOG�VJCV�
UKPEG�VJG�OKF���VJ�EGPVWT[�JCU�IQPG�D[�VJG�PCOG�QH�EQIPKVKXG�UEKGPEG�
G�I��
)CTFPGT��������#EVKPI�CU�C�MKPF�QH�UEKGPVKƒE�WODTGNNC��EQIPKVKXG�UEKGPEG�JCU�
HQUVGTGFǡKPVGTFKUEKRNKPCT[�FKCNQIWGU�CETQUUǡVJG�UEKGPEGU�QH�VJG�OKPF�CPF�DTCKP�HQT�
VJG�NCUV�UGXGPV[ǡ[GCTU��RTQOQVKPIǡVJG�EQORNGOGPVCTKV[�QH�GZRNCPCVKQPU�GOCPCVKPI�
HTQO�PGWTQUEKGPEG��RU[EJQNQI[��NKPIWKUVKEU��RJKNQUQRJ[��CPF�EQORWVGT�UEKGPEG��#V�
the same time, however, cognitive science has never really succeeded in building a 
EQPUGPUWU�CTQWPF�C�EQTG�UGV�QH�UEKGPVKƒE�RTKPEKRNGU��+PUVGCF��KV�JCU�UGGPǡUVTWIINGU�
between different communities as to what should be the preferred level of 
description of mind and brain and it has hosted heated debates over the meaning 
CPF�TGNGXCPEG�QH�EGPVTCN�EQPEGRVUǡUWEJ�CU�TGRTGUGPVCVKQP�CPF�EQORWVCVKQP��2GTJCRU�
this is the nature of a healthy science, however, unlike neuroscience, for instance, 
which holds a successful annual conference for more than 30,000 delegates, the 
focus of cognitive scientists is dispersed across dozens of events each favouring a 
RCTVKEWNCT�RGTURGEVKXG�QT�CRRTQCEJ��/QTGQXGT��FGURKVG�KVU�RQVGPVKCN�TGNGXCPEG�VQ�DQVJ�
VJG�UEKGPVKƒE�WPFGTUVCPFKPI�QH�DTCKP�FKUGCUG�CPF�VJG�FGXGNQROGPV�QH�PGY�UOCTV�
VGEJPQNQIKGUǡKV�JCU�UWTTGPFGTGF�OWEJ�QH�KVU�ITQWPF�QP�VJG�HQTOGT�VQ�PGWTQUEKGPEG�
CPF�QP�VJG�NCVVGT�VQ�TQDQVKEU�CPF�#+��(KPCNN[��YJKNUV�PGWTQUEKGPEG�CU�C�EQOOWPKV[�
has been able to mobilise support at the highest levels for endeavours such as 
HBP and the Brain Initiative, funding for cognitive science appears to be flagging 
CV�NGCUV�OQOGPVCTKN[�
VJG�'7��HQT�GZCORNG��TGEGPVN[�UETCRRGFǡKVU�4QDQVKEU�CPF�
Cognitive Systems programme in favour of one solely focused on robotics, partly 
due to the failure, as they saw it, of cognitive systems to address society-relevant 
EJCNNGPIGU���5VCPFKPI�DCEM�HQT�C�OQOGPV��YG�YQPFGT�KH�VJG�EWTTGPV�TGUWTIGPEG�QH�
a more reductionist brain science programme is, at least in part, due to the failure 
of cognitive science to really capitalise on the great start that it made more than 
JCNH�C�EGPVWT[�CIQ��#�EQOOKVOGPV�VQ�KPVGTFKUEKRNKPCTKV[�JCU�VKNN�PQYǡHCKNGF�VQ�NGCF�VQ�
powerful interdisciplinary theories that command broad assent, leaving a vacuum to 
DG�ƒNNGF�D[�GZRNCPCVKQPU�EQWEJGF�CV�QPN[�QPG�NGXGN�

#�HWTVJGT�YC[�VQ�NQQM�CV�VJG�EWTTGPV�UVCVWU�QH�VJG�ƒGNF�KU�VQ�TGEQIPKUG�VJCV��KP�
VGTOU�QH�VJG�UQEKQNQI[�QH�UEKGPEG�CU�FGUETKDGF�D[�6JQOCU�-WJP��EQIPKVKXG�
UEKGPEG�UQOGVKOGU�CRRGCTU�VQ�DG�ŧRTG�RCTCFKIOCVKEŨ��(QT�-WJP��YQTM�YKVJKP�CP[�
given domain of science begins with multiple competing general theories, or 
ŧRCTCFKIOU�ǡDWV�VJGP�RTQITGUUGU�VQ�C�RQKPV�YJGTG�QPG�QH�VJGUG�KU�ENGCTN[�OQTG�
UWEEGUUHWN�VJCP�VJG�TGUV��EQOGU�VQ�FQOKPCVG�VJG�ƒGNF��CPF�CVVTCEVUǡOQTG�CPF�OQTG�
UWRRQTVGTU�VQ�YQTM�YKVJKP�KVťVJKU�VJGP�KU�VJG�PQTOCN�UVCVG�HQT�C�OCVWTG�UEKGPVKƒE�
ƒGNF��#EEQTFKPI�VQ�VJKU�PCTTCVKXG��KV�KU�RQUUKDNG�HQT�CP�CNVGTPCVG�RCTCFKIO�VQ�CTKUG�
DWKNFKPI�QPǡCP[�YGCMPGUUGU�KP�VJG�EWTTGPV�FQOKPCPV�IGPGTCN�VJGQT[��UWEJ�CUǡC�
HCKNWTG�VQ�CFGSWCVGN[�GZRNCKP�MG[�FCVC��CPF�SWGUVKQPKPI�UQOG�QH�KVU�EQTG�RTGEGRVU��
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+H�UWHƒEKGPVN[�RGTUWCUKXG��UWEJ�CP�CNVGTPCVKXG�ECPǡRTQXQMG�C�ŧUEKGPVKƒE�TGXQNWVKQPŨ�
KP�YJKEJ�VJG�EWTTGPV�FQOKPCPV�RCTCFKIO�KU�QXGTVJTQYP�VQ�DG�TGRNCEGF�D[ǡC�PGY�
QTVJQFQZ[��9JKNUV�C�UEKGPVKƒE�TGXQNWVKQP�ECP�EQOG�CDQWV�DGECWUG�VJG�PGY�RCTCFKIO�
KU�OQTG�GZRNCPCVQT[�
KP�VJG�UGPUG�FKUEWUUGF�CDQXG���C�MG[�GNGOGPV�QHǡVJG�-WJPKCP�
CPCN[UKU�KU�VJCV�VTGPFU�KP�UEKGPVKƒE�TGUGCTEJ�CTG�RCTVN[�FGVGTOKPGF�D[�UQEKCN�
CPF�RQNKVKECN�HQTEGUǡTCVJGT�VJCP�RWTGN[�UEKGPVKƒE�QPGU��6JG�FQOKPCPV�RCTCFKIO�
might crumble, for instance, not simply because it is weaker but because it has 
DGEQOGǡWPHCUJKQPCDNG��EQPXGTUGN[�CP�CNVGTPCVG�RCTCFKIO�OKIJV�HCKN�VQ�VJTKXG�PQV�
DGECWUG�KV�FQGU�PQV�QHHGT�DGVVGT�GZRNCPCVKQPUǡDWV�UKORN[�DGECWUG�KV�HCKNU�VQ�CVVTCEV�
GPQWIJ�UWRRQTVGTU�ǡQT�TGUQWTEGU�ǡVQ�OQWPV�C�UGTKQWU�EJCNNGPIGťCU�KP�RQNKVKEU��VJG�
incumbent can have power and influence that allows them to suppress contenders 
CV�NGCUV�HQT�C�YJKNG�ǡ

6JG�-WJPKCP�PCTTCVKXG�CRRGCTU�VQ�YQTM�YGNN�KP�RJ[UKEU��C�FQOCKP�VJCV�-WJP�YCU�
VTCKPGF�KP��CPF�YJGTG�VJG�0GYVQPKCP�XKGY�UWEEGGFGF�VJG�)CNKNGCPǡXKGY�VJGP�
VQ�DG�TGRNCEGF�D[�VJG�URGEKCN�TGNCVKXKV[�SWCPVWO�XKGY��#RRNKGF�VQ�UEKGPEGU�QH�
VJG�DTCKP�CPF�OKPF��VJG�RKEVWTG�KU�OQTG�EQORNKECVGF��(TQO�QPG�XKGY��EQIPKVKXG�
UEKGPEG�UVCPFU�CU�C�FKUVKPEV�UEKGPVKƒE�FQOCKP�UVKNN�NQQMKPI�VQ�ƒPF�KVU�HGGV�
K�G��RTG�
RCTCFKIOCVKE���YKVJ�U[ODQNKE�#+��EQPPGEVKQPKUO��F[PCOKEǡU[UVGOU��CPF�RGTJCRU�
EQIPKVKXG�PGWTQUEKGPEG��CNN�X[KPI�CUǡEQORGVKPI�RCTCFKIOU�YKVJKP�KV��9KVJKP�VJG�
ƒGNF��VJG�PCXGN�IC\KPI�EQPVKPWGU�DWV�YKVJ�VJG�XCIWG�CUUWORVKQP�VJCV�GXGPVWCNN[�
C�EQPUGPUWU�YKNN�GOGTIG�CPF�EQIPKVKXG�UEKGPEG�YKNN�JCXG�EQOG�QH�CIG�ǡ(TQO�CP�
CNVGTPCVKXGǡXKGY��EQIPKVKXG�UEKGPEG�KU�KVUGNH�C�RCTCFKIO�EQORGVKPI�YKVJKP�VJG�DTQCFGT�
FQOCKP�QH�VJG�PCVWTCN�UEKGPEGU�VQ�DGǡWKHbapproach to understanding the mind 
CPF�DTCKP��(TQO�VJKU�RGTURGEVKXG��EQIPKVKXG�UEKGPEGǡTGRNCEGF�DGJCXKQWTKUO�CU�VJG�
FQOKPCPV�RCTCFKIOǡKP�VJG�OKF���VJ�EGPVWT[�CPF�JCU�UWEEGGFGF�VQ�JQNF�KVU�ITQWPF�
VKNN�PQY�FGURKVG�C�NCEM�QH�EQPUGPUWU�CPF�KPVGTPCN�FKXKUKQP��#V�VJKU�RQKPVǡYG�OKIJV�
CUM�KHǡEQIPKVKXG�UEKGPEG�KU�PQY�CV�TKUM�ǡKP�-WJPŨU�UGPUG��QH�DGKPI�QXGTVJTQYP�CPF��
if so, who would be the contender? Surveying the landscape, does the new breed 
QH�CUUGTVKXG�TGFWEVKQPKUV�PGWTQUEKGPEGǡJCXG��CU�KVU�CODKVKQP��VJG�FGUKTG�VQ�TGRNCEG�
the cognitive science consensus in favour of multidisciplinary explanations? Could 
PGWTQUEKGPEG�RQVGPVKCNN[�UWEEGGF�KPǡGNKOKPCVKPI�EQIPKVKXKUV�VJGQTKGU��CPF�CNN�VJGKT�
EQPEGRVWCN�KPVGTOGFKCTKGU��KP�HCXQWT�QH�GZRNCPCVKQPU�EQWEJGFǡFKTGEVN[�KP�VGTOU�QH�
brain states and dynamics? Will a future retelling of the history of science conclude 
VJCV�EQIPKVKXG�UEKGPEG�YCU�C�WUGHWN�CRRTQZKOCVKQP��NKMG�0GYVQPKCP�RJ[UKEU�ǡGHHGEVKXG�
KP�RNWIIKPI�VJGǡGZRNCPCVQT[�ICR�NGHV�D[�RTGFGEGUUQTU�UWEJ�CU�DGJCXKQWTKUO��DWV�
WNVKOCVGN[�PQV�CU�RQYGTHWN�CU�C�HWNN[�HQTOGF�ŧSWCPVWOŨ�PGWTQUEKGPVKƒE�VJGQT[ǡQH�VJG�
relationship between mental phenomena and brain activity (note that this analogy 
has been suggested before in relationship to Connectionism (Smolensky, 1988), 
YJKEJ�PQY�OKIJV�DG�XKGYGF�CU�CPQVJGT�RCTVKCN�UVGR�VQ�C�HWNN�PGWTQUEKGPVKƒECNN[�
grounded account)? 

2  |  DAC Theoretical Framework The Science of Brain and Mind
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We describe this scenario not because we think it is likely, or because we think an 
GNKOKPCVKXKUV�PGWTQUEKGPEG�TGCNN[�KU�VJG�DGVVGT�RCTCFKIO��*QYGXGT��YG�TGEQIPKUG��YKVJ�
-WJP��VJCV�UEKGPEG�KU�C�UQEKGVCN�CEVKXKV[��CPF�VJCV�VJG�ƒGNF�QH�EQIPKVKXG�UEKGPEG�EQWNF�
YCPG��QT�RGTJCRU�KU�CNTGCF[�YCPKPI��9G�YQWNF�NKMG�EQIPKVKXG�UEKGPEG�VQ�YCMG�WR��
OQXG�KVU�HQEWU�CYC[�HTQOǡVWTH�YCTU�CDQWV�RTKXKNGIGF�NGXGNU�QH�GZRNCPCVKQP��CPF�IGV�
back to its core agenda of building powerful multi-tiered theories of the mind and 
DTCKP��9G�YQTT[ǡVJCV�C�PGWTQUEKGPVKƒE�CIGPFC�VJCV�KPETGCUKPIN[�UGGU�VJG�DTCKP�CU�VJG�
best theory of itself is actually a retreat from properly advancing the sciences of the 
OKPF�QT�CP[�UEKGPEG�HQT�VJCV�OCVVGT��.KMG�DGJCXKQWTKUO�UGXGPV[�[GCTU�CIQ��VJG�DTCKP�
CICKP�DGEQOGU�C�DQZ�YJQUG�EQPVGPVU�KUǡWNVKOCVGN[�WPCPCN[UCDNG�ǡVJKU�VKOG�YG�ECP�
FGUETKDG�YJCV�KU�KPUKFG��DWV�YGǡUWTTGPFGT�VJG�JQRG�QH�C�VJGQTGVKECN�GZRNCPCVKQP�QH�
VJG�GOGTIGPEG�QH�VJG�OKPFǡKP�HCXQWT�QH�VJG�CURKTCVKQP�VJCV�KH�YG�EQR[�KV�CEEWTCVGN[�
GPQWIJ�YG�YKNN�UQOGJQY�TGRNKECVG�KPVGTGUVKPI�CURGEVU�QH�OGPVCNǡHWPEVKQP� 
 
 
 Towards a Multi-Tiered Theoretical Framework

5Q�YJCVǡshouldǡC���UV�EGPVWT[�CRRTQCEJ�VQ�WPFGTUVCPFKPI�VJG�OKPF�CPF�DTCKP�NQQM�
like? In the study of mind and brain there is currently no accepted general theory 
CPF�VJG�NCUV�CVVGORV�VQ�FGƒPG�QPG�ECOG�VQ�C�JCNV�KP�VJG�GCTN[�����U�YKVJ�%NCTM�*WNNŨU�
VJGQT[�QH�VJG�DGJCXKPI�U[UVGO�VJCV�HQNNQYGF�VJG�NQIKECN�RQUKVKXKUV�UEJQQN��5KPEG�VJGP��
it has gone relatively quiet in terms of attempts to postulate theories that show how 
a physical system like the brain can give rise to mind and behaviour; at best we have 
UGGP�OKETQ�VJGQTKGU�VJCV�CTG�JKIJN[�URGEKCNKUGF��6JKU�KU�VJG�GZRNCPCVQT[�ICR�VJCV�
PGGFU�VQ�DG�ƒNNGFťC�IGPGTCN�VJGQT[��QT�HTCOGYQTM��EQPPGEVKPI�DTCKP�CPF�OKPF�

In broader terms, what should we look for in such a theory? First, as we discussed 
CDQXG��C�VJGQT[�OWUVǡexplain��KP�VJKU�ECUG��VJG�UEKGPVKƒE�QDUGTXCVKQPU�VJCV�
EQPUVKVWVG�VJG�TGNGXCPV�ŧHCEVUŨ�QH�GORKTKECN�UEKGPEG�EQPEGTPKPI�OGCUWTGOGPV�QH�
the brain and behaviour, and this data must be interpreted in such a way that 
RTQXKFGU�CP�GZRNCPCVKQP�QH�JWOCP�GZRGTKGPEG��5GEQPF��C�VJGQT[�OWUV�OCMG�
VGUVCDNGǡpredictionsǡVJCV�ECP�DG�XCNKFCVGF�YKVJ�CXCKNCDNG�OGVJQFU�CPF�VGEJPQNQIKGU�

OCMKPI�RTGFKEVKQPU�VJCV�TGSWKTG�OGCUWTGOGPVU�VQ�DG�OCFG�YKVJ�UEKGPEG�ƒEVKQP�
VGEJPQNQIKGU�ECPPQV�DG�VCMGP�VQQ�UGTKQWUN[���6JKTF��C�UEKGPVKƒE�VJGQT[�OWUV�DG�CDNG�
VQǡcontrolǡPCVWTCN�RJGPQOGPC��6JKU�OGCPU��HQT�KPUVCPEG�ǡVQ�DG�CDNG�VQ�FGƒPG�C�UGV�QH�
manipulations that constitute an experiment or the principles on the basis of which 
C�WUGHWN�CTVGHCEV�ECP�DG�EQPUVTWEVGF��+P�CFFKVKQP�VQ�VJGUG�RTKOCT[�TGSWKTGOGPVU��YG�
can include that it must be supported by a broad base of observations, generate 
multiple predictions in a range of areas, and display continuity with pre-existing 
MPQYNGFIG�CPF�VJGQTKGU��(WTVJGTOQTG��KV�OWUV�HQNNQY�#FGNCTF�QH�$CVJŨU�FKEVWO�VJCV�
nature is a closed system and all natural phenomena must be explained as caused 
D[�QVJGT�PCVWTCN�CIGPVU�
HQTOWNCVGF�KP�VJG���VJ�EGPVWT[��CPF�1EECOŨU�TC\QT��YJKEJ�
CUMU�HQT�RCTUKOQP[�KP�UEKGPVKƒE�VJGQTKGU�
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Our commitment value of models, particularly those that make useful impact in the 
YQTNF��FGTKXG�HTQO�VJG�FKEVWO�ŧXGTWO�GV�HCEVWOŨťYG�WPFGTUVCPF�D[�OCMKPI��#PQVJGT�
YC[�QH�GZRTGUUKPI�VJKU�KFGC�KU�VJCV�VJG�OCEJKPGǡLVbthe theory concretely embodied 
CPF�QDUGTXCDNG��9G�ECP�EQPVTCUV�VJKU�XKGY�YKVJ���VJ�EGPVWT[�PQVKQPU�QH�JQY�
UEKGPEG�UJQWNF�YQTM�ǡ5RGEKƒECNN[��KP�VJG�ƒTUV�JCNH�QH�VJG���VJ�EGPVWT[��VJG�PQVKQP�QH�
UEKGPVKƒE�VJGQT[�YCU�UVTQPIN[�FQOKPCVGF�D[�C�U[PVCEVKE�HQTOCN�KPVGTRTGVCVKQP�YJGTG�
C�UEKGPVKƒE�VJGQT[�EQORTKUGF�CZKQOU�VJCV�CNNQYGF�VJG�FGFWEVKQP�QH�QDUGTXCVKQPU��
YJKEJ�WRQP�DGKPI�VGUVGF�CICKPUV�TGCNKV[�YQWNF�NGCF�VQ�CP�WRFCVG�QH�VJG�CZKQOU��+P�
this logical positivist view a language of science could be constructed that would 
URGEKH[�CP�QTFGTGF�YC[�VQ�UJCRG�UEKGPVKƒE�RTQITGUU��+P�VJG�UGEQPF�JCNH�QH�VJG�
20th century, however, there was a shift to a so-called semantic, or model-based, 
KPVGTRTGVCVKQP�YJGTG�C�UEKGPVKƒE�VJGQT[�FGUETKDGU�CURGEVU�QH�TGCNKV[�PQV�WPNKMG�C�OCR�
FGUETKDGU�C�RJ[UKECN�NCPFUECRG��*QYGXGT��VJGQTKGU�CPF�OQFGNU�HCEG�VJG�RTQDNGO�QH�
DGKPI�WPFGT�EQPUVTCKPGF��(TQO�VJKU�XKGY��VJGTG�CTG�OCP[�RQUUKDNG�YC[U�VQ�KPVGTRTGV�
QDUGTXCVKQPU��9G�ECP�VJKPM�QH�VJG�OQFGN�CU�C�ƒV�QH�C�EWTXG�VJTQWIJ�C�ENQWF�QH�FCVC�
RQKPVU��6JGTG�KU�C�RTCEVKECNN[�KPƒPKVG�PWODGT�QH�NKPGU�YG�ECP�FTCY��YJKEJ�QPGU�VQ�
retain and which to ignore? In the study of mind and brain we consider that we can 
reduce this search space by imposing the requirements that theories of mind and 
DTCKP�OWUV�DG�CDNG�VQ�TGNCVG�VQ�OWNVKRNG�NGXGNU�QH�FGUETKRVKQPťOKPKOCNN[�VJG�UVTWEVWTG�
and function of the brain, or to its anatomy and physiology, and the behaviour it 
IGPGTCVGU��6JKU�OGVJQF�KU�ECNNGFǡFRQYHUJHQW�YDOLGDWLRQ�bIn more practical terms 
QWT�UVTCVGI[�KU�VQ�DWKNF�EQORWVCVKQPCN�OQFGNU�VQ�GOWNCVG�VJG�DTCKPŨU�CPCVQO[�CPF�
physiology and to embody these models using interfaces to the physical world 

HQT�KPUVCPEG��XKC�C�TQDQV���+P�VJKU�HQTO�QWT�VJGQT[�CU�C�OQFGN�ECP�GZRNCKP�CPCVQO[��
physiology and behaviour, make predictions at multiple levels of description and 
EQPVTQN�C�RJ[UKECN�FGXKEG��+P�CFFKVKQP��KV�KPUVCPVKCVGU�8KEQŨU�NQQR��YG�JCXG�OCFG�CP�
CTVGHCEV�YKVJ�NKHG�NKMG�ECRCDKNKVKGU�VJCV�ECP�RQVGPVKCNN[�DG�FGRNQ[GF�KP�C�WUGHWN�VCUM�

An additional form of constraint and a critical aspect of understanding the mind, 
CPF�PQV�LWUV�KVU�RCTVU��KU�VJCV�YG�PGGF�VQ�FGXGNQRǡVJGQTGVKECN�HTCOGYQTMU�VJCV�
have the potential to inclusively explain all of the interesting capabilities of mind 
and brain including, but not limited to, perception, sensorimotor control, affect, 
OGOQT[��NGCTPKPI��NCPIWCIG��KOCIKPCVKQP��ETGCVKXKV[��RNCPPKPI��EQPUEKQWUPGUU��GVE��
In short, work within particular subdomains, and most work in cognitive science, 
is necessarily of this character, must have the potential to be incorporated within 
the bigger picture, and this evolving idea of the full architecture of the mind and 
DTCKP�UJQWNF�TGXGCN�JQYǡWPFGTN[KPI�RTKPEKRNGU�QRGTCVG�CETQUU�VJGUG�UWDFQOCKPU�
CV�VJG�UCOG�VKOG�CU�KFGPVKH[KPI�VJCV�URGEKƒEǡUWDFQOCKPU�OC[�CNUQ�JCXG�VJGKT�
QYP�URGEKCNKUOU��1EECOŨU�TC\QTťVJGǡTGSWKTGOGPV�VQ�JCXG�CP�QXGTCNN�UWEEKPEV�
VJGQT[ťUJQWNF�DG�CRRNKGF��YKVJ�VJG�CKO�VJCV�VJKU�HTCOGYQTM�KU�CUUGODNGF�CV�C�JKIJ�
level of abstraction whilst retaining the possibility to be a complete explanation 
QH�JQY�VJG�DTCKP�IKXGU�TKUG�VQ�OKPF��0CVWTCNN[��VJG�HTCOGYQTM�YG�CTG�CUUGODNKPI�
FQGU�PQV�CFQRV�CP�C�RTKQTK�XKGY�CDQWV�RTKXKNGIGF�NGXGNU�QH�GZRNCPCVKQP��+PFGGF��KV�KU�C�
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requirement of our commitment to convergent validation that we should generate 
OQFGNU�CV�OWNVKRNG�NGXGNU�QH�CDUVTCEVKQPťUQOG�XGT[�ENQUG�VQ�OGEJCPKUOU�TGXGCNGF�
through the microscope of neuroscience, others very high-level and connecting to 
RTKPEKRNGU�KFGPVKƒGF�KP�GPIKPGGTKPI�QT�EQORWVGT�UEKGPEG��(KPCNN[��YG�TGEQIPKUG�VJG�
XCNWG�QH�FKHHGTGPV�OGVJQFQNQIKGU�HQT�CESWKTKPI�GZRNCPCVQT[�EQPEGRVU��(QT�KPUVCPEG��
we can work inductively and bottom-up, using the powerful data analysis tools 
PQY�DGKPI�FGXGNQRGF��VQ�KFGPVKH[�VJG�ŧIQQF�VTKEMUŨ�
&GPPGVV��������VJCV�JCXG�DGGP�
FKUEQXGTGF�KP�VJG�GXQNWVKQP�QH�PGTXQWU�U[UVGOU��.KMGYKUG��YG�ECP�YQTM�VQR�FQYP�
CPF�FGFWEVKXGN[��IQKPI�HTQO�EQORWVCVKQPCN�CPCN[UGU�
KP�VJG�UGPUG�QH�&CXKF�/CTT�ǡQH�
VJG�HWPEVKQPU�QH�OKPF�VQ�KFGCU�CDQWV�VJG�OGEJCPKUOU�VJCV�ECP�IKXG�TKUG�VQ�VJGO��
Here advances made in engineering and AI furnish us with candidate principles that 
EQWNF�DG�KPUVCPVKCVGF�D[�VJG�DTCKP�CPF�OKPF��9G�FQ�PQV�RTGHGT�DQVVQO�WR�QT�VQR�
down approaches, but rather strive for the completeness of our theory, and to have 
GNGOGPVU�QH�DQVJ�KP�QTFGT�VQ�JCXG�UVTQPI�EQPUVTCKPVU�KP�VJGUG�VYQ�FKTGEVKQPU�ǡ

+V�KUǡKORQTVCPV�VQ�DWKNF�QP�RTGXKQWU�UEKGPVKƒE�CVVGORVU�CV�C�IGPGTCN�VJGQT[�QH�VJG�
OKPF�CPF�DTCKP��+P�VJKU�DQQM�[QW�YKNN�ƒPF�KFGCUǡVJCV�QTKIKPCVGF�YKVJ�VJGǡKPXGPVKQP�
of control and information theory in engineering, digital computers in ICT, and 
U[UVGOU�VJGQT[�KP�DKQNQI[�ǡ#OQPIUV�VJGUG�YG�YQWNF�JKIJNKIJV�VJG�KPUKIJVU�QH�VJG�
early cyberneticians such as Norbert Wiener, Warren McCulloch, Rosh Ashby, and 
9KNNKCO�)TG[�9CNVGTU�YJQ�EQODKPGF�VJG�VJGQT[�QH�HGGFDCEM�DCUGF�EQPVTQN�HTQO�
engineering, with the notion of homeostasis from biology, to produce a theory of 
the brain as a mechanism for maintaining balance that can be applied to diverse 
areas of brain function from autonomic function (the regulation of bodily processes 
such as breathing, circulation and metabolism) and motor control, to cognitive 
RTQEGUUGU�UWEJ�CU�NGCTPKPI�CPF�OGOQT[��&WTKPI�VJG�GOGTIGPEG�QH�EQIPKVKXG�UEKGPEG�
KP�VJG�����U��NGCFKPI�ƒIWTGU�YGTG�CNUQ�EQPEGTPGF�YKVJ�IGPGTCN�VJGQTKGU�QH�VJG�OKPF��
For instance, building on attempts to understand decision-making, Alan Newell 
CPF�,QJP�#PFGTUQPǡDQVJ�GNCDQTCVGF�IGPGTCN�VJGQTKGU�QH�EQIPKVKXG�CTEJKVGEVWTG�
WUKPI�KH�VJGP�TWNGU�
RTQFWEVKQPU��CU�VJGKT�RTKOCT[�DWKNFKPI�DNQEM��6JGUG�OQFGNU�
explored and demonstrated the power of a simple principle, recursively applied, 
in generating mind-like properties, but they also revealed some of the limitations 
QH�RTGOCVWTGN[�UGVVNKPI�QP�C�URGEKƒE�NGXGN�QH�CPCN[UKU��QT�EQORWVCVKQPCN�RTKOKVKXG��
+PFGGF��RCTVN[�KP�TGCEVKQP�VQ�VJKU�OQFGN�QH�VJG�DTCKP�CU�CǡU[ODQN�ETCPMKPIǡU[UVGO��
a view which emerged from computer science and rather arrogantly declared the 
independence of theories of mind from theories of brain, namely, the connectionist 
CTEJKVGEVWTGU�FGXGNQRGF�D[�&CXKF�4WOGNJCTV��,C[�/E%NGNNCPF��)GQHHTG[�*KPVQP��
6GTT[�5GLPQYUMK�CPF�QVJGTU��NQQMGF�OWEJ�OQTG�CV�VJG�URGEKƒE�UVTWEVWTCN�RTQRGTVKGU�
of the brain, particularly its massively distributed nature, as inspiration for their 
OQFGNU�QH�DTCKP�CTEJKVGEVWTG��6JG�GZEKVGOGPV�CTQWPF�VJGUG�OQFGNU�ǡYJKEJ�JCF�VJG�
ECRCEKV[ǡVQ�GZRNCKP�HCEGVU�QH�NGCTPKPI�CPF�OGOQT[�VJCV�YGTG�RTQDNGOCVKE�HQT�U[ODQN�
DCUGF�CRRTQCEJGU��GPEQWTCIGF�ENCKOU�VQ�DG�OCFG�VJCV�VJKU�YCUǡtheǡRTKXKNGIGF�
NGXGN�QH�GZRNCPCVKQP�CV�YJKEJ�VJGQTKGU�QH�OKPF�UJQWNF�DG�EQWEJGF��6JKU�KU�QPG�



22 23

QHǡOCP[�GZCORNGU�KP�EQIPKVKXG�UEKGPEGǡYJGTG�UWEEGUU�KP�CRRN[KPI�QPG�RCTVKEWNCT�
MKPF�QH�GZRNCPCVQT[�RTKPEKRNG�KPǡC�PWODGT�QH�UWDFQOCKPU�NGF�VQ�RTGOCVWTG�
EQPENWUKQPU�QH�VJKU�PCVWTG��.QQMKPI�DCEM��VJKTV[�[GCTU�QP�HTQO�VJG�EQPPGEVKQPKUV�
ŧUEKGPVKƒE�TGXQNWVKQPŨ��VJCV�CRRTQCEJ�JCU�UWEEWODGF�VQ�VJG�UCOG�ETKVKEKUO��DWV�
VJKU�VKOG�HTQOǡEQORWVCVKQPCNǡPGWTQUEKGPEGťVJCV�VJG�OQTG�CDUVTCEV�XGTUKQPǡQH�
DTCKPǡCTEJKVGEVWTG�HCXQWTGF�D[�VJG�EQPPGEVKQPKUVUǡQXGTNQQMGF�ETKVKECN�FGVCKNU�ǡ$WV�VJG�
CPUYGTǡKU�PQV�VQ�IQ�FGGRGT�CPF�FGGRGT�VQ�ƒPF�VJG�RGTHGEV�OQFGN��DWV�VQ�TGEQIPKUG�
VJCV�FKHHGTGPV�UEKGPVKƒE�SWGUVKQPU�ECP�DG�CFFTGUUGF�CV�VJGUG�OCP[�FKHHGTGPV�NGXGNU�

%JWTEJNCPF���5GLPQYUMK���������#�F[PCOKE�U[UVGOU�XKGY��GOGTIKPI�KP�VJG�����U��
CPF�EJCORKQPGF�D[�5EQVV�-GNUQ��'UVJGT�6JGNGP��,GHHTG[�'NOCP��CPF�QVJGTU�CVVGORVGF�
C�U[PVJGUKU�DGVYGGP�EQPPGEVKQPKUV�VJGQT[�
QT�ŧPGYŨ�#+�OQTG�DTQCFN[��CPF�U[UVGOU�
DKQNQI[��*QYGXGT��QPEG�CICKP��VJG�GHHQTV�VQ�FKUVKPIWKUJ�KVUGNH�HTQO�YJCV�JCF�IQPG�
before, in this instance by declaring itself to be non-computational, limited the 
KORCEV�QH�VJG�CRRTQCEJ��/QTG�TGEGPVN[��PGY�DCPFYCIQPU�JCXGǡGOGTIGF�DCUGF�QP�
the notion of the brain as a machine for doing Bayesian inference, or prediction 

OKPKOKUKPI�KVU�QYP�CDKNKV[�VQ�DG�UWTRTKUGF�D[�VJG�YQTNF���6JG�OQUV�CODKVKQWU�
versions of these theories hope to be full accounts of how mind emerges from 
DTCKP��6JG�CVVTCEVKQP�VJCV�YG�JCXG�CU�UEKGPVKUVU�VQ�VJG�RQUUKDKNKV[�QH�WPEQXGTKPI�EQTG�
RTKPEKRNGUǡVJCV�UWEEKPEVN[�GZRNCKP�OCP[�QH�VJG�VJKPIU�YG�YCPV�VQ�WPFGTUVCPF�
CU�
the physicists managed to do in explaining the motion of the stars and planets), 
must be tempered by the recognition that such notions have so far only captured a 
small fraction of the competencies of the human mind and so have a very long way 
VQ�IQ�DGHQTG�VJG[�ECPǡOCMG�CP[�ENCKO�VQ�VJGQTGVKECN�EQORNGVGPGUU��#U�CP�GXQNXGF�
system that must solve many different types of challenges in order to survive and 
thrive, we must also be open to the possibility that there is no one principle, or even 
C�UOCNN�ENWUVGT�QH�RTKPEKRNGU�VJCV�YKNN�GZRNCKP�VJG�OKPF�DTCKP��9G�EGTVCKPN[ǡJQRG�HQT�C�
VJGQT[�VJCV�KU�OWEJ�UKORNGT�VJCP�VJG�DTCKP��DWV�YG�GZRGEV��PGXGTVJGNGUU��VJCV�KV�YKNNǡDG�
GZVTGOGN[�EQORNGZ�

As we have explained in this chapter, we consider that an important element of 
VJGQT[�FGXGNQROGPV�CPF�VGUVKPI�KU�KVU�KPUVCPVKCVKQP�CU�C�OCEJKPG�ǡVJKU�CNNQYU�WU�VQ�
achieve a level of completeness not possible at the purely theoretical level or even 
in simulation, and allows us to test theories whose complexity we cannot easily 
GPVGTVCKP�KP�QWT�QYP�OKPFU��/QTG�GORJCVKECNN[�YG�EQPUKFGT��HQNNQYKPI�8KEQ��VJCV�C�
mark of a good theory of the human mind and brain is that it can be instantiated in 
this way, and an advantage of this approach is that it can also lead to the develop of 
PGY�DKQOKOGVKE�VGEJPQNQIKGU�VJCV�JCXG�XCNWG�VQ�UQEKGV[��6JG�TGOCKPFGT�QH�VJKU�DQQM�
describes an attempt at a framework that seeks to address this challenge, and its 
KPUVCPVKCVKQP�KP�OWNVK�VKGTGF�OQFGNU�
UQOG�GODQFKGF��CU�C�OGCPU�QH�VGUVKPI�TGƒPKPI�
VJG�HTCOGYQTM�ǡ(KPCNN[��KP�VJG�CRRNKECVKQPU�UGEVKQP�YG�UJQY�JQY�VJKU�CRRTQCEJ�
is beginning to lead to technologies for/of rehabilitation, neuroprosthetics, and 
assistive robots, that we hope will show how our approach to the science of the 
OKPF�CPF�DTCKPǡECP�NGCF�VQ�WUGHWN�KPPQXCVKQP�CPF�WNVKOCVGN[�VQ�DTQCF�UQEKGVCN�DGPGƒV� 
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 Footnotes

1  Optogenetics is a technique that uses genetic manipulations to make neurons  
KP�CPKOCN�DTCKPU�GOKV�NKIJV�YJGP�VJG[�CTG�CEVKXG��VJWU�QHHGTKPIǡGZEKVKPI�PGY�
YC[U�QH�ƒPFKPI�QWV�JQY�EGNNU�EQPPGEV�VQ�GCEJ�QVJGT�CPF�QH�KFGPVKH[KPI�JQY�CPF�
YJGP�RCTVKEWNCT�V[RGU�QH�EGNNU�CTG�CEVKXG�FWTKPI�DGJCXKQWT� 
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 Distributed Adaptive Control: 
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̷:RQ̸W�VRPHERG\�WHOO�PH��DQVZHU�LI�\RX�FDQ� 
:DQW�VRPHERG\�WHOO�PH��ZKDW�LV�WKH�VRXO�RI�D�PDQ"̸ 
 
Blind Willie Johnson—1930s blues song

 
6JG�)TGGM�TCVKQPCNKUV�RJKNQUQRJGT�2NQVKPWU�CUMGF��KP�CDQWV����$%��ŧ#PF�YG��YJQ�
CTG�YG�CP[JQY!Ũ�ŧ<QODKGUŨ�YG�CTG�VQNF�D[ǡ&CPKGN�&GPPGVV��QPG�QH�VJG�NGCFKPI�
RJKNQUQRJGTU�QH�VJG���VJ�EGPVWT[�EQIPKVKXG�GTC��QT�ŧ/GCV�/CEJKPGUŨ�CEEQTFKPI�
VQ�/CTXKP�/KPUM[�QPG�QH�VJG�HQWPFKPI�HCVJGTU�QH�CTVKƒEKCN�KPVGNNKIGPEG��+U�VJCV�
KV!�+U�VJCV�YJCV�VJGǡsoulǡQH�JWOCPU�JCU�DGEQOG!�4GFWEGF�CPF�DTWUJGF�CYC[�
KPVQ�C�OGEJCPKECN�WPKXGTUG��*GTG��ŧUQWNŨ�KU�TGHGTTGF�VQ�CU�U[PQP[OQWU�YKVJ�VJG�
OQTG�OQFGTP�EQPUVTWEV�QH�OKPF�
$NKPF�9KNNKG�,QJPUQP��JQYGXGT�ǡYQWNF�FKUCITGG�
YKVJ�VJCV���6Q�DGEQOG�GXGP�OQTG�URGEKƒE�YG�ECP�FGƒPG�ŧOKPFŨ�CU�VJG�HWPEVKQPCN�
RTQRGTVKGU�QH�DTCKPU�VJCV�ECP�DG�GZRTGUUGF�KP�QXGTV�DGJCXKQWT��ŧ$GJCXKQWTŨ�KU�
FGƒPGF�CU�CWVQPQOQWU�EJCPIGU�KP�VJG�RQUKVKQP�QT�UJCRG�QH�C�DQF[�QT�UQOC��
1PEG�DGJCXKQWT�UGTXGU�KPVGTPCNN[�IGPGTCVGF�IQCNU�YG�ECP�URGCM�QH�ŧCEVKQPŨ��6JG�
ŧDTCKPŨ�KU�FGƒPGF�CU�C�FKUVTKDWVGF��YKTGF�EQPVTQNNGF�U[UVGO�VJCV�GZRNQKVU�VJG�URCVKCN�
organisation of connectivity combined with the temporal response properties 
of its units to achieve transformations from sensory states, derived from the 
KPVGTPCN�CPF�GZVGTPCN�GPXKTQPOGPVU��KPVQ�CEVKQPU��6JG�EQTG�XCTKCDNG�VJKU�OKPF�DTCKP�
maintains in a dynamic equilibrium is the integrity of the organism in the face 
QH�VJG�UGEQPF�NCY�QH�VJGTOQF[PCOKEU��VJG�QTICPKUOŨU�PGGFU�CPF�GPXKTQPOGPVCN�
EJCPIGU�VJCV�EQPVKPWQWUN[�EJCNNGPIG�VJKU�KPVGITKV[�CPFǡVJTGCVGPǡUWTXKXCN��CPF�
VJWU�EQORTQOKUGǡTGRTQFWEVKQP��6JG�OKPF�DTCKP�KU�VJG�TGUWNV�QH�C�EGPVTCNKUCVKQP�QH�
mediation following the increasing complexity of the morphology, sensory repertoire, 
UGPUQTKOQVQT�ECRCDKNKVKGU�CPF�VJG�PKEJG�QTICPKUOUǡVJCV�GOGTIGF�FWTKPI�VJG�
%CODTKCP�GZRNQUKQP�CDQWV����/�[GCTU�CIQ��6JG�KPETGOGPVCNN[�VKIJVGT�DK�FKTGEVKQPCN�
coupling between the organism and its environment we observe through the 
progression of phylogeny, implies that in order to answer Plotinus with respect to us 
humans and other animals, we do have to consider as our explanandum the nexus 
QH�OKPF��DTCKP��DQF[�CPF�GPXKTQPOGPV�

The Distributed Adaptive Control theory of mind and brain (DAC) is formulated 
CICKPUV�VJG�DCEMFTQR�QH�VJG�OCKP�FGXGNQROGPVU�KP�RU[EJQNQI[��CTVKƒEKCN�KPVGNNKIGPEG��
EQIPKVKXG�UEKGPEG�CPF�PGWTQUEKGPEG�FWTKPI�VJG���VJ�CPF���VJ�EGPVWT[��+V�CKOU�CV�
integrating across the dominant paradigms and approaches, as opposed to a priori 
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PGICVG�CP[�QH�VJGO��6JG�UVQT[�QH�VJG�UVWF[�QH�OKPF�CPF�DTCKP�KU�GUUGPVKCNN[ǡQPG�QH�C�
UGSWGPEG�QH�RCTCFKIOU�VJCV�CTG�FGƒPGF�D[�PGICVKPI�VJGKT�RTGFGEGUUQTU��6JKU�VTGPF�
starts with the focus on the study of consciousness in the nascent continental 
UEJQQN�QH�VJGǡRU[EJQNQI[�QH�(GEJPGT��*GNOJQNV\��&QPFGTU�CPF�9WPFV�KP�VJG�UGEQPF�
JCNH�QH�VJG���VJ�EGPVWT[��5VTWEVWTCNKUO�YCU�HQNNQYGF�D[�DGJCXKQWTKUO�VJCV�UCY�KVU�
JG[FC[U�FWTKPI�VJG�ƒTUV�JCNH�QH�VJG���VJ�EGPVWT[�CPF�EQPUVKVWVGF�C�FKTGEV�TGCEVKQP�
VQ�UVTWEVWTCNKUO�D[�PGICVKPI�KVU�EQTG�FQIOCU��9KVJ�VJG�YKUJ�VQ�FGXGNQR�C�TKIQTQWU�
experimental science of adaptive behaviour, behaviourism largely rejected the use 
of constructs that were not directly observable, leading to the extreme position 
QH�9CVUQP�CPF�5MKPPGT�VJCV�EQPUVTWEVU�TGNCVGF�VQ�ŧOKPFŨǡJCF�PQ�RNCEG�KP�C�UEKGPEG�
QH�RU[EJQNQI[��+ORQTVCPV�UQWTEGU�QH�KPURKTCVKQP�HQT�VJKU�CRRTQCEJ�YGTG�VJG�
pragmatism of Peirce, James and Dewey, which anchors knowledge in practical 
QWVEQOGU�CPF�CǡUKORNKƒGF�KPVGTRTGVCVKQP�QH�VJG�FGXGNQROGPVU�QH�RJ[UKEU��VJG�OQUV�
UWEEGUUHWN�UEKGPEG�QH�VJCV�GTC�CPF�KVU�OGVJQF�QH�QRGTCVKQPCNKUCVKQP��VJG�FGƒPKVKQP�
QH�RJGPQOGPC�VJTQWIJ�VJG�QRGTCVKQPU�FGRNQ[GF�VQ�OCMG�OGCUWTGOGPVU�QP�VJGO��
Behaviourism in this extreme form rejected mind in favour of the study of an empty 
GODQFKGF�QTICPKUO��$GJCXKQWTKUO�CFXCPEGF�KORQTVCPV�GZRGTKOGPVCN�RCTCFKIOU�
CPF�KPUKIJVU�KP�VJG�UVWF[�QH�NGCTPKPI�ǡKP�RCTVKEWNCT�VJG�RCTCFKIOU�QH�ENCUUKECN�CPF�
operant conditioning introduced by Pavlov and Thorndike respectively in the early 
��VJ�EGPVWT[��$GJCXKQWTKUO�UGTXGF�VJG�CIGPFC�QH�VJG�KFGCN�QH�C�WPKV[�QH�UEKGPEG�
where the psychology of adaptive behaviour could be reduced to the biology of 
VJG�DTCKP��YJKEJ�YQWNF�OCR�VQ�EJGOKUVT[�CPF�RJ[UKEU��*QYGXGT��CHVGT�CDQWV�JCNH�
C�EGPVWT[�QH�VT[KPI��DGJCXKQWTKUO�HCKNGF�VQ�FGNKXGTǡQP�KVU�RTQOKUG�QH�KFGPVKH[KPI�
WPKXGTUCN�RTKPEKRNGU�QH�CFCRVKXG�DGJCXKQWT�ITQWPFGF�KP�VJG�ŧCVQOŨǡQH�VJG�TGHNGZ�VJCV�
would be isomorphic with their physical instantiation in the brain, and to scale up to 
more advanced forms of behaviour beyond salivating, twitching, freezing, pushing 
NGXGTU�QT�RGEMKPI�VCTIGVU��/QUV�KORQTVCPVN[��QTICPKUOU�YGTG�PQV�GPUNCXGF�D[�VJG�
reinforcement they received from the environment, as the empty organism dogma 
RTGUETKDGF��DWV�TCVJGT�KPXQNXGF�YKVJ�UGNH�UVTWEVWTGF�NGCTPKPI�CPF�DGJCXKQWT��(WGNNGF�
by the development of adaptive control systems during the Second World War, the 
OQXGOGPV�QH�VJG�E[DGTPGVKEU�QH�9KGPGT��4QUGPDNWGVJ��/E%WNNQEJ��2KVVU��)TG[ǡ9CNVGT�
and Ashby emerged that proposed a multidisciplinary approach towards adaptive 
behaviour, centring on the mathematical and engineering principles of control 
CPF�KPVGTCEVKQP�UWEJ�CU�JQOGQUVCUKU��HGGFDCEM�EQPVTQN�CPF�PGWTQPCN�QRGTCVKQPU��
Cybernetics included a synthetic component where the emulation of these principles 
YCU�UQWIJV�WUKPI�CTVKƒEKCN�U[UVGOU��OQUV�PQVCDN[ǡVJG�JQOGQUVCUKUǡQH�#UJD[�CPF�
VJG�TQDQV�VWTVNGU�QH�)TG[�9CNVGT��+P�RCTCNNGN��C�UGEQPF�EQPVGPFGT�YCU�DCUGF�QP�VJG�
advances in computing machinery in breaking codes and sorting large amounts 
QH�KPHQTOCVKQP��NGCFKPI�WR�VQ�VJG�EQORWVGT�OGVCRJQT�QH�OKPF�RWTUWGF�KP�CTVKƒEKCN�
KPVGNNKIGPEG�CPF�VJG�EQIPKVKXG�UEKGPEG�QH�VJG�UGEQPF�JCNH�QH�VJG���VJ�EGPVWT[��
Pioneers of this movement starting with Alan Turing had shown that machines 
EQWNF�FKURNC[�HWPEVKQPCN�RTQRGTVKGU�VJCV�TGUGODNGF�JWOCP�RTQDNGO�UQNXKPI��6JKU�
CPCNQI[�KPURKTGF�C�[QWPI�IGPGTCVKQP�QH�WREQOKPI�TGUGCTEJGTU�KP�VJGǡ75�DQNUVGTGF�D[�
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generous government support, to declare the computer metaphor a new science of 
VJG�OKPF��CPF�IKXKPI�TKUG�VQ�VJG�CTVKƒEKCN�KPVGNNKIGPEG�
#+�ǡQH�0GYGNN��5KOQP�CPF�/KPUM[��
CPF�VJG�NKPIWKUVKEU�QH�%JQOUM[��#+�QXGTUJCFQYGF�E[DGTPGVKEU�CPF�JGTCNFGF�C�DTCXG�
new world of the study of the logical operations performed by the disembodied mind, 
which negated behaviourism and its link to empirical investigation at the level of brain 
CPF�DGJCXKQWT��6JKUǡUQ�ECNNGF�HWPEVKQPCNKUV�XKGY��YJGTG�GZRNCPCVKQPU�QH�OKPF�HQEWUGF�
QP�VJG�TWNGU�CPF�TGRTGUGPVCVKQPU�QH�VJG�UQHVYCTG�QH�VJG�OKPF��TWNGF�HQT�C�HGY�FGECFGU��
+V�YCU�GZCEVN[�VJKU�HWPEVKQPCNKUV�XKGY�CPF�VJGǡUQ�ECNNGF�OWNVK�KPUVCPVKCVKQP�KV�KORNKGF��
that severed the link to the study of the brain in order to explain the mind: logical 
operations can be implemented in various physical substrates and the latter does 
PQV�KPHQTO�QP�VJG�RTQRGTVKGU�QH�VJG�HQTOGT��#+�CPF�VJG�EQORWVGT�OGVCRJQT�UVWODNGF�
over its own claims of being able to synthesise intelligence, largely due to a critical 
dependence on the human programmer and the knowledge they implanted in the AI 
system leading to what has been called the symbol grounding problem, or in more 
IGPGTCN�VGTOU��VJG�RTQDNGO�QH�RTKQTU��C�U[UVGO�ECP�HQNNQY�RTGFGƒPGF�TWNGU�QRGTCVKPI�
QPǡRTGFGƒPGF�TGRTGUGPVCVKQPU�CPF�PQV�ŧMPQYŨǡYJCV�KV�KU�FQKPI��VJWU�NCEMKPI�VJG�CDKNKV[�
VQ�WPFGTUVCPF�CPF�CFCRV�VQ�VJG�TGCNǡYQTNF�KP�YJKEJ�KV�KU�GODGFFGF��.CEMKPI�KORCEV�KP�
VJG�TGCNǡYQTNF��VJG�FKUGODQFKGF�OKPF�QH�#+�YCU�HQNNQYGF�KP�VJG�����U�D[�C�RGTKQF�QH�
TGUGCTEJ�KP�YJKEJ�DKQNQIKECN�OGVCRJQTU�IWKFGF�VJG�EQPUVTWEVKQP�QH�CTVKƒEKCN�U[UVGOU�
CPF�VJGKT�CUUQEKCVGF�ENCKOU�QP�VJG�OKPF��UWEJ�CU�KP�DGJCXKQWT�DCUGF�#+��CTVKƒEKCN�
life, genetic algorithms and neural networks and connectionism combined with a 
RJKNQUQRJ[�QHǡGNKOKPCVKXG�OCVGTKCNKUO��YJGTG�VJG�YJQNG�JWOCP�GZRGTKGPEGǡYQWNF�
DGǡFGUETKDGF�KP�ŧDTCKP�URGCMŨ��6JG�ŧPGYŨǡ#+�FKTGEVN[�PGICVGF�KVU�RTGFGEGUUQT�D[�
proposing a non-representational behaviour-based explanation of mind, while 
EQPPGEVKQPKUO�YCU�UGGMKPI�QWV�VJG�ŧUWDU[ODQNUŨǡVJCV�YQWNF�NKPM�UWDUVTCVG�VQ�OKPF��
0GKVJGT�QH�VJGUG�CRRTQCEJGU�JCXGǡJCF�C�NCUVKPI�KORCEV�QP�VJG�UVWF[�QH�OKPF�CPF�
brain beyond facilitating the advancement of computational modelling in the life 
UEKGPEGU��UWEJ�CU�EQORWVCVKQPCN�PGWTQUEKGPEG��6JG�NCUV�UVGR�KP�VJKU�TGITGUUKQP�QH�
the study of mind and brain is the surrender to the seduction of big data or a bottom-
WR�OQFGNNKPI�CRRTQCEJ�FTKXGP�D[�VJG�HQTEG�QH�FCVC��6JG�JWOCP�OKPF�FKUUQNXGF�KPVQ�
RGVCD[VGU�QH�FCVC�

DAC aims at reintroducing necessary theoretical considerations into the study of 
OKPF�CPF�DTCKP�CPF�VQ�EQODKPG�VJGUG�YKVJ�C�YGNN�FGƒPGF�U[PVJGVKE�OGVJQF��VJG�
OCEJKPG�KU�VJG�VJGQT[��+V�KU�HTQO�VJG�RGTURGEVKXG�VJGQT[�VJCV�YG�KPXGUVKICVG�PCVWTG�
CPF�CPUYGT�2NQVKPWUŨ�EJCNNGPIG��&CVC�CU�UWEJ�KU�OGCPKPINGUU�CPF�KH�RWTUWGF�KP�KVU�
QYP�TKIJV�YKNN�UQNGN[�IGPGTCVG�OQTG�PQKUG�KP�QWT�WPFGTUVCPFKPI�QH�TGCNKV[��&#%�KU�
FGƒPGF�YKVJ�VJG�CODKVKQP�VQ�GZRNCKP�VJG�EQPUEKQWU�ǡGODQFKGF�OKPF��QT�VJG�/$$0��
VJWU�EQPPGEVKPI�KV�VQ���VJ�EGPVWT[�UVTWEVWTCNKUO�CPF�KVU�GZRNCPCPFWO�ǡ(WTVJGTOQTG��
DAC adopts from behaviourism the objectives to develop an objective multi-scale 
science of mind and brain starting from its key paradigms of classical and operant 
conditioning, in realising its theories in an embodied quantitative form starting from 
the perspective of control links DAC to the agenda of cybernetics, while scaling 
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up towards high-level cognitive functions such as problem solving, language and 
FGEKUKQP�OCMKPI�KPEQTRQTCVKPI�VJG�CIGPFC�QH�VTCFKVKQPCN�#+��*GPEG��&#%�VCMGU�VJG�
obstacles faced by preceding paradigms as the objectives of its research programme 
YKVJ�VJG�IQCN�VQ�WPKH[�VJGO�TCVJGT�VJCP�PGICVGǡVJG�RTGEGFKPI�RCTCFKIO��6JG�NCVVGT�
YQWNF�DG�FKHƒEWNV�CV�VJKU�UVCIG�DGECWUG�VJGTG�KU�EWTTGPVN[ǡPQ�FQOKPCPV�RCTCFKIO��DWV�
the study of mind and brain exists in a highly fragmented conceptual world of micro-
theories, relatively small research communities pursuing highly specialised questions 
CNN�INWGF�VQIGVJGT�D[�VJG�FTKXG�VQ�IGPGTCVG�OQTG�CPF�OQTG�FCVC��&#%�KU�VCMKPI�VJG�
GZRNKEKV�CPF�ƒTO�RQUKVKQP�VJCV�KH�YG�YCPV�VQ�CPUYGT�2NQVKPWU�YG�JCXG�VQ�IGV�DCEM�VQ�
VJGQTKUKPI�CDQWV�OKPF�CPF�DTCKP�

)KXGP�&#%ŨU�TGUGCTEJ�CIGPFC�QH�UQNXKPI�VJG�EJCNNGPIGU�HCEGF�D[�VJG�FKHHGTGPV�
attempts to explain mind and brain, the question is what should our explanandum 
DG��VJG�RJGPQOGPQP�VJCV�YG�YCPV�VQ�URGEKƒECNN[�GZRNCKP!�&#%�RTQRQUGU�VJCV�VJKU�
UJQWNF�CICKP�DG�VJG�UVTWEVWTCNKUV�IQCN�QH�FGXGNQRKPI�C�UEKGPEG�QH�EQPUEKQWUPGUU��
)KXGP�VJCV�EQPUEKQWUPGUU�NCEMU�C�ENGCT�FGƒPKVKQP��VJKU�OKIJV�UQWPF�UWTRTKUKPI��
UQ�NGVU�URGPF�C�HGY�YQTFU�QP�YJ[�VJKU�KU�C�IQQF�EJQKEG��6JG�GZRNCPCPFWO�QH�
DGJCXKQWTKUO��CNUQ�KPURKTGF�D[�VJG�&CTYKPKCP�TGXQNWVKQP�CPF�VJG�URGEKƒE�F[PCOKEU�
of the 19th-century society of the developing new world, was adaptive behaviour or 
NGCTPKPI��9KVJ�VJG�UYKVEJ�VQ�VJG�EQORWVGT�OGVCRJQTǡVJG�GZRNCPCPFWO�EJCPIGF�VQ�
reasoning, reflecting the outcome of the symbol manipulation that computers are 
DWKNVǡHQT�QT�CTVKƒEKCN�KPVGNNKIGPEG��C�NCDGN�EQKPGF�D[�QPG�QH�KVU�ƒTUV�TGUGCTEJGTU�,QJP�
McCarthy for a 1956 seminal conference at Dartmouth College co-organised with 
%NCWFG�5JCPPQP�CPF�/CTXKP�/KPUM[��9KVJ�VJG�EJQKEG�QH�VJG�PCOKPI�QH�VJG�ƒGNF�CPF�
KORNKEKVN[�KVU�QDLGEVKXGU��VJG�OCEJKPG�OKPF�QH�#+�YQWNF�VCTIGV�C�TCVJGT�KNN�FGƒPGF�
CPF�TGNCVKXGN[�UWURGEV�EQPUVTWEV��+PVGNNKIGPEG�DGECOG�C�EQPEGRV�QH�ITGCV�KPVGTGUV�VQ�
VJG�UEKGPEG�QH�VJG�OKPF�FWG�VQ�VJG�YQTM�QH�)CNVQP�KP�VJG�NCVG���VJ�EGPVWT[��5GGMKPI�
a single scale with which to quantify human mental capabilities, he settled on the 
notion of intelligence as measured through a self-devised test battery and reflecting 
C�UKPING�KPJGTKVGF�HCEVQT��CNUQ�ECNNGFǡg��6JKU�QRGTCVKQPCN�CRRTQCEJ��CNUQ�CFQRVGF�D[�VJG�
behaviourists, was further expanded by Binet who settled the debate on intelligence 
by equating it with a more elaborate test battery that became of great practical value 
in the large-scale assessment required for the assimilation of hundreds of thousands 
QH�TGETWKVU�KP�VJG�CTOKGU�VJCV�HQWIJV�VJG�(KTUV�9QTNF�9CT��$[�TGUQTVKPI�VQ�C�RWTG�
QRGTCVKQPCN�FGƒPKVKQP�QH�KPVGNNKIGPEGǡKVU�QPVQNQI[�YCU�OWTM[�CPF�RTGUWOGFǡVQ�TGUKFG�
in the single underlying gǡHCEVQTǡYKVJ�WPMPQYP�CPFǡCUUWOGF�KTTGNGXCPVǡNKPMU�VQ�PCVWTCN�
RTQEGUUGU��VJWU�EJCNNGPIKPI�VJG�FKEVWO�QH�#FGNCTV�QH�$CVJ��#TVKƒEKCN�KPVGNNKIGPEG�UGV�
KVUGNH�WR�HQT�C�TGUGCTEJ�RTQITCOOG�CPEJQTGF�VQ�CP�KNN�FGƒPGF�EQPUVTWEV��VJWU�OCMKPI�
KV�XGT[�FKHƒEWNV�VQ�CUUGUU�UWEEGUU�QT�HCKNWTG��+PFGGF��PQY�YG�MPQY�D[�WUKPI�DTCKP�
imaging techniques on humans performing intelligence tests that as opposed to a 
UKPINGǡgǡHCEVQT��KPVGNNKIGPEG�CRRGCTU�VQ�FGRGPF�QP�C�PWODGT�QH�KPVGTCEVKQP�EQIPKVKXG�
RTQEGUUGU�
*CORUJKTG��*KIJƒGNF��2CTMKP���1YGP���������*GPEG��VJKU�TCKUGU�VJG�
SWGUVKQP�QH�YJGVJGT�VJG�VCTIGV�QH�VJG�ƒGNF�FGUKIPCVGF�D[�ŧCTVKƒEKCN�KPVGNNKIGPEGŨǡUJQWNF�
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be rephrased in order to align it with the natural processes underlying perception, 
EQIPKVKQP��GOQVKQP�CPF�CEVKQP�KP�C�OQTG�IGPGTCN�UGPUG��+PFGGF��VJKU�FTKHV�VQ�C�OQTG�
HTCIOGPVGF�XKGY�QHǡŧKPVGNNKIGPEGŨǡCPF�KVU�RQUUKDNG�FGEQPUVTWEVKQP�KU�CNUQ�TGHNGEVGF�KP�
VJG�EWTTGPV�UVCPFCTFU�QH�FKCIPQUKPI�OGPVCN�FGƒEKVU�KP�&5/��YJKEJ��CU�QRRQUGF�VQ�
a single factor as used to be the case, stresses a number of capabilities including: 
verbal comprehension, working memory, perceptual reasoning, and cognitive 
GHƒECE[��%QODKPKPI�VJGUG�QDUGTXCVKQPU�KV�YQWNF�UGGO�HQQNKUJ�VQ�KPUKUV�QP�FGXGNQRKPI�
C�UEKGPEG�CPF�VGEJPQNQI[�QH�KPVGNNKIGPEG�

Despite these concerns about the mind as a computation school of thought, a 
message is propagating through different media that we are reaching the limits 
of human-driven advancement and that we are facing a post-human era that 
essentially follows the dystopic scenario of the Terminator�OQXKG�UGTKGU�
-WT\YGKN��
�������#U�YKVJ�VJG�5M[PGV�#+�U[UVGOU�KP�VJG�OQXKGU��OCEJKPG�KPVGNNKIGPEG�KU�
predicted to reach a point where machines will become autonomous and outsmart 
humans, leading to the realisation of the former that the latter are obsolete and/
or a hindrance to the propagation of intelligence and computation into the universe 

-WT\YGKN���������#HVGT�VJKU�ŧKPVGNNKIGPEG�GZRNQUKQPŨǡQT�ŧUKPIWNCTKV[Ũ�CU�KV�KU�QHV�ECNNGF��
%[DGTǡ#TOCIGFFQP�KU�WRQP�WU�CPF�TQDQUCRKGPU�YKNN�GOGTIG�CPF�UWRGTUGFG�
homosapiens terminating the progression of biological evolution and thus forcing 
biological life forms like ourselves to co-opt into a union with machines, which 
YKNN�KP�TGVWTP�RTQXKFG�WU�YKVJ�GVGTPCN�GZKUVGPEG��#NVJQWIJ�VJG�GUVKOCVGU�QH�YJGP�
VJKU�YKNN�JCRRGP�GZCEVN[ǡJCXG�DGGP�ITCFWCNN[�UJKHVKPI�HWTVJGT�KPVQ�VJG�HWVWTG��VJG�
FC[�QH�KVU�TGXGNCVKQP��QT�ŧU�FC[Ũ�
ŧUKPIWNCTKV[�FC[Ũ�ǡKU�PQY�UGV�VQ�QEEWT�CTQWPF�������
6JGǡEQPXKEVKQP�CDQWV�VJKU�EQOKPI�UKPIWNCTKV[ǡJCU�CNUQ�DGGP�ECNNGF�ŧVGEJPQNQIKUOŨ�
because of its merging of anticipated technological capabilities, proposed to be 
the ultimate operationalisation of intelligence, with religious motives such as divine 
RQYGT�QH�C�HWVWTG�VGEJPQNQI[��VJG�TGFGƒPKVKQP�QH�PCVWTG�CPF�VJG�TGXGNCVKQP�QH�C�
TQWVG�VQ�TGCEJ�GVGTPCN�GZKUVGPEG�
G�I��0QDNG���������6JG�GXKFGPEG�WRQP�YJKEJ�VJG�
RNCWUKDKNKV[�QH�VJGUG�DGNKGHU�KU�DCUGF�KU�UECPV�CPF�WUWCNN[�RQKPVU�VQ�/QQTGŨU�NCY��QWT�
putative rapidly-increasing understanding of the brain and assumed unstoppable 
CFXCPEGU�KP�#+�TGUGCTEJ��+PFGGF��C�DTCXG�PGY�YQTNF�CYCKVU�WU�QPEG�QWT�OKPFU�CTG�
CNN�FQYPNQCFGF�VQ�VJG�OCVTKZ��*QYGXGT��YJ[�YQWNF�QPG�DGNKGXG�VJGUG�ENCKOU��YJCV�
is its utility and most importantly how will this be realised? Having ever-increasing 
EQORWVGT�RTQEGUUQTU�CU�UWEJ�FQGU�PQV�CPUYGT�2NQVKPWU�ǡYG�JCXG�QDUGTXGF�
the deterioration of brain science into a mindless collection of ever-increasing 
amounts of data and the failure of the AI research programme pursuing the mirage 
QH�ŧKPVGNNKIGPEGŨ��+P�VJKU�TGURGEV�VJG�UKPIWNCTKV[�OQXGOGPV�CKOU�CV�IKXKPI�KVUGNH�
RNCWUKDKNKV[�D[�ŧFGHGPFKPIŨǡJWOCPKV[�HTQO�E[DGTFQQO��DWV�KV�OCMGU�VJG�SWGUVKQP�QH�
which natural phenomenon to target in a science of mind and brain more salient, 
CPF�KP�CFFKVKQP�ǡTCKUGU�VJG�HWPFCOGPVCN�SWGUVKQP��HQT�YJCV�RWTRQUG�FQ�YG�FGXGNQR�
such a science?
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Through integrating across all prevailing paradigms in the study of mind and brain, 
&#%�UGGMU�VQ�GZRNCKP�C�URGEKƒE�PCVWTCN�RJGPQOGPQP�VJCV�OCP[�DTCKPU�UJCTG��
EQPUEKQWUPGUU��+V�VTCPUNCVGU�VJKU�GZRNCPCPFWO�KPVQ�C�XGT[�EQPETGVG�TGUGCTEJ�
programme by linking it to the multi-faceted nature of consciousness and its 
TGCNKUCVKQP�KP�DTCKPU��.GVŨU�ƒTUV�VCMG�C�NQQM�CV�VJG�OKPF�DTCKP�CPF�KPURGEV�VJG�SWGUVKQP�
QHǡJQY�KV�UGTXGU�ƒVPGUU�KP�CP�GXQNWVKQPCT[�UGPUG��QT�CU�&QD\JCPUM[�RJTCUGF�KV��
ŧ0QVJKPI�KP�DKQNQI[�OCMGU�UGPUG�GZEGRV�KP�VJG�NKIJV�QH�GXQNWVKQP�Ũ�&#%�UVCTVU�YKVJ�VJG�
HWPFCOGPVCN�EQPUKFGTCVKQP��HQNNQYKPI�%NCWFG�$GTPCTF�CPF�+XCP�2CXNQX�ǡVJCV�DTCKPU�
evolved to act, establishing a metastable equilibrium between the organism and its 
GPXKTQPOGPV��$WV�YJCV�FQGU�KV�VCMG�VQ�CEV!�&#%�CUUWOGU�VJCV�VJGǡKRZǡQH�CEVKQP�KU�
TGCNKUGF�VJTQWIJ�ƒXGǡHWPFCOGPVCN�RTQEGUUGU�VJCV�DTCKPU�KORNGOGPV� 
 
 1.       Why: VJG�OQVKXCVKQP�HQT�CEVKQP�KP�VGTOU�QH�PGGFU��FTKXGU�CPF�IQCNU� 
 
 2.       What: the objects in the world that actions pertain to as they can  
� � ����DG�RGTEGKXGF� 
 
 3.       Where:�VJG�MPQYNGFIG�QH�VJG�NQECVKQP�QH�QDLGEVU�KP�VJG�YQTNF�CPF�VJG�UGNH� 
 
 4.       When: the timing of action relative to the dynami CS of the world and  
� � ����VJG�UGNH� 
 
 5.       Who:�VJG�KPHGTTGF�JKFFGP�UVCVGU�QH�QVJGT�CIGPVU� 
 
6JKU�FGƒPGU�VJG�UQ�ECNNGFǡ*�9�RTQDNGO�
ƒXG�SWGUVKQPU��CNN�UVCTVKPI�YKVJ�ŧ9Ũ�ǡUJQTVN[��
where each of the Ws designates a larger set of sub-questions of varying 
EQORNGZKV[��6JG�*�9�RTQDNGO�KU�J[RQVJGUKUGF�VQ�DG�CP�GZENWUKXGǡCPF�UQNKVCT[�
CPKOCNU�GPICIKPI�YKVJ�VJG�RJ[UKECN�YQTNF�UQNXG�VJG�*�9�RTQDNGO�GZENWFKPI�ŧ9JQŨ��
This implies that the more standard constructs inherited from psychology such as 
motivation, perception, emotion, cognition, memory and action are now reorganised 
KP�VJG�EQPVGZV�QH�VJG�VQR�NGXGN�HWPEVKQPCN�IQCN�HWPEVKQPU�VJCVǡDTCKPU�QRVKOKUG��*�9�

DAC proposes that the unifying phenomenon we should focus on both to explain 
OKPF�CPF�DTCKP�CPF�VQ�EQPUVTWEV�KV�KP�CTVKƒEKCN�U[UVGOU�KU�EQPUEKQWUPGUU��6JKU�
phenomenon has become part of the neuroscience agenda due to the initial but 
UGRCTCVG�GHHQTVU�QH�0QDGN�NCWTGCVGU�(TCPEKU�%TKEM�CPF�)GTCNF�'FGNOCP��6JG�&#%�
theory proposes that consciousness is a key component of the solution to the H5W 
RTQDNGO��GURGEKCNN[�FGCNKPI�YKVJ�ŧ9JQŨ��CPF�VJCV�KV�GOGTIGF�FWTKPI�VJG�%CODTKCP�
explosion 560M years ago when suddenly many animal species had to co-exist and 
VJG����DCUKE�DQF[�RNCPU�FGƒPKPI�RJ[NQIGP[��CPF�VJGKT�PGTXQWU�U[UVGOU��GOGTIGF��
'UUGPVKCNN[�VJG�RTQRQUCN�KU�VJCV�VJG�KPVGTCEVKQP�YKVJ�VJG�UQEKCN�TGCNǡYQTNF�TGSWKTGU�HCUV�
TGCN�VKOG�CEVKQP�VJCV�FGRGPFU�QP�RCTCNNGN�EQPVTQN�NQQRU��6JG�EQPUEKQWU�UEGPG�KP�VWTP�
allows the serialisation of real-time processing, its valuation, and the subsequent 
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QRVKOKUCVKQP�QH�VJG�RCTCNNGN�EQPVTQN�NQQRU�WPFGTN[KPI�TGCN�VKOG�CEVKQP�

Irrespective of the validity of this H5W hypothesis on consciousness it is a concept 
VJCV�ECP�FTKXG�C�OQTG�KPVGITCVGF�CRRTQCEJ�VQYCTFU�OKPF�CPF�DTCKP��+P�RCTVKEWNCT��KH�
we look at the state of the art of the study of consciousness we can observe that it 
KU�QTICPKUGF�CTQWPF�ƒXGǡEQORNGOGPVCT[�FKOGPUKQPU��/QTG�URGEKƒECNN[�YG�ECP�UC[�
the content of conscious states or qualia are: 
 
 1.�������)TQWPFGF�KP�VJG�GZRGTKGPEKPI�RJ[UKECNN[��CPF�UQEKCNN[�KPUVCPVKCVGF�UGNH� 
� � �����
0CIGN��/GV\KPIGT��ǡ'FGNOCP��&COCUUKQ�� 
 
 2.    ���%Q�FGƒPGF�KP�VJG�UGPUQTKOQVQT�EQWRNKPI�QH�VJG�CIGPV�VQ�VJG�YQTNF� 
� � �����
1Ũ4GICP�� 
 
 3.       Maintained in the coherence between sensorimotor predictions of  
       the agent and the dynamics of the interaction with the world  
� � �����
*GUUNQY��/GTMGT�� 
 
 4. ������%QODKPGǡJKIJ�NGXGNU�QH�FKHHGTGPVKCVKQP�
GCEJ�EQPUEKQWU�UEGPG�KU�WPKSWG�� 
      with high levels of integration  
� � ����
'FGNOCP��6QPQPK�� 
 
 5.  �����%QPUEKQWUPGUU�FGRGPFU�QPǡJKIJN[�RCTCNNGN��FKUVTKDWVGF�KORNKEKV�HCEVQTU� 
� � ����YKVJ�OGVCUVCDNG��EQPVKPWQWU�CPF�WPKƒGF�GZRNKEKV�HCEVQTU� 
� � ����
$CCTU��%JCPIGWZ�&GJCGPG�� 
 
6JGUG�EQTG�RTKPEKRNGU�QH�VJGQTKGU�QH�EQPUEKQWUPGUU�CTG�ECNNGF�VJG�)TQWPFGF�
'PCEVKXG�2TGFKEVKXG�'ZRGTKGPEG�
)G2G��OQFGN��9GǡRTQRQUG�VJCV�D[�OQXKPI�HTQO�VJG�
explanandum of intelligence to that of consciousness, a new and integrated science 
and engineering of body, brain and mind can be found that will not only allow us to 
TGCNKUG�CFXCPEGF�OCEJKPGU��DWVǡCNUQ�VQ�FKTGEVN[�CFFTGUU�VJG�NCUV�ITGCV�QWVUVCPFKPI�
challenge faced by humanity: the nature of subjective experience1ǡCPF�2NQVKPWUŨ�
EJCNNGPIG�

Now that we have the preliminaries out of the way we can turn to the actual DAC 
VJGQT[��KVU�UVTWEVWTG�CPF�TGNCVKQP�VQ�VJG�RTQEGUUGU�QH�*�9�CPF�)G2G�

 
 
 
 
 
 

2  |  DAC Theoretical Framework Distributed Adaptive Control: A Primer



31

Distributed Adaptive Control: A Primer

Self Model

Internal Simulation (Recursion) Declarative Memory

World Model

Long Term Memory

Sequence / Interval Memory
Working Memory

Event  
Memory Goals Plans

Behaviours

Perception
Internal States 

(valence/salience/arousal)

Action
Shaping/Selection

Sensation Allostatic
Control

Sensors

Needs

Effectors

World
World

Exteroception
Encoding

Self
Interoception 

Evaluating

Action

Selecting

Co
nt

ex
tu

al
Ad

ap
tiv

e
Re

ac
tiv

e
So

m
at

ic

Value/Utility



32 33

 
Figure 1.    7KH�'$&�WKHRU\�RI�PLQG�DQG�EUDLQ�DQG�LWV�FRPSRQHQWV�SURSRVHV�WKDW�WKH�

EUDLQ�LV�EDVHG�RQ�IRXU�WLJKWO\�FRXSOHG�OD\HUV�FDOOHG��VRPD��UHDFWLYH��DGDSWLYH�
DQG�FRQWH[WXDO��$FURVV�WKHVH�OD\HUV�ZH�FDQ�GLVWLQJXLVK�WKUHH�IXQFWLRQDO�
FROXPQV�RI�RUJDQLVDWLRQ��H[RVHQVLQJ��WKH�VHQVDWLRQ�DQG�SHUFHSWLRQ�RI�WKH�
ZRUOG��OHIW��EOXH���HQGRVHQVLQJ��GHWHFWLQJ�DQG�VLJQDOOLQJ�VWDWHV�GHULYHG�IURP�
WKH�SK\VLFDOO\�LQVWDQWLDWHG�VHOI��PLGGOH��JUHHQ���DQG�WKH�LQWHUIDFH�EHWZHHQ�VHOI�
DQG�WKH�ZRUOG�WKURXJK�DFWLRQ��ULJKW��\HOORZ���7KH�DUURZV�VKRZ�WKH�SULPDU\�
IORZ�RI�LQIRUPDWLRQ�PDSSLQJ�H[R��DQG�HQGRVHQVLQJ�LQWR�DFWLRQ�GHͧQLQJ�D�
FRQWLQXRXV�ORRS�RI�LQWHUDFWLRQ�ZLWK�WKH�ZRUOG��$W�HDFK�OHYHO�RI�RUJDQLVDWLRQ��
increasingly more abstract and memory dependent mappings from sensory 
states to actions are generated.

DAC proposes that solving H5W depends critically on the interaction between 
several layers of control that continuously cooperate and compete for the 
EQPVTQN�QH�CEVKQP�
(KI�����6JG�URPDWLF�OHYHOb(6/) of DAC designates the body 
KVUGNH�CPF�FGƒPGU�VJTGG�HWPFCOGPVCN�RTQEGUUGU�ǡH[RVHQVLQJbof states of the 
environment,bHQGRVHQVLQJbof states of the body and its essential variables of 
UWTXKXCN��FGƒPKPIbQHHGVbandbDFWXDWLRQbthrough the control of the skeletal-muscle 
system.ǡ6JG�TeactiveǡNC[GT�
5/��EQORTKUGU�HCUV�RTGFGƒPGF�UGPUQTKOQVQT�NQQRU��
K�G��TGHNGZGU�CPF�UVGTGQV[RGF�DGJCXKQWTUǡVJCV�UWRRQTV�VJG�DCUKE�HWPEVKQPCNKV[�QH�
VJGǡ6/, together with the control signals that drive and modulate the engagement 
QH�JKIJGT�EQPVTQN�NC[GTU�CPF�VJGKT�GRKUVGOKE�HWPEVKQPU��6JGUG�UGPUQTKOQVQT�NQQRU�
are organised in fundamental and opposing behaviour systems that can be 
EJCTCEVGTKUGF�CU�VJG��(U�QH�ƒIJV��HNKIJV��HTGG\G��HGGF�CPF�HQTPKECVG�
)TC[���CPF�
QVJGTU�YQWNF�KPENWFG�UGGMKPI��ECTG�CPF�RNC[�
2CPMUGRR���6JGUG�DCUKE�DGJCXKQWT�
U[UVGOU�GPECRUWNCVG�UGVU�QH�GUUGPVKCN�XCTKCDNGU�FGƒPGF�D[�VJGǡ6/ǡCPF�RWV�KP�RNCEG�
QRGTCVKQPCN�RTQEGFWTGU�VQ�OCKPVCKP�VJGO�KP�F[PCOKE�GSWKNKDTKWO�UWRRQTVKPI�UWTXKXCN��
DAC proposes that the fundamental organisation of these basic behaviour systems 
KU�CNQPI�VYQǡFKOGPUKQPU�QH�CVVTCEVKQP�CPF�CXGTUKQP�CPF�VJCV�VJG[�CTG�FKHHGTGPVKCVGF�
KP�VGTOU�QH�VJGKT�URGEKƒE�VTKIIGTKPI�UVKOWNK�CPF�URGEKƒE�OQVQT�RTQITCOOGU��'CEJ�
QH�VJGǡ5/ǡTGHNGZGU�KU�VTKIIGTGF�D[�NQY�EQORNGZKV[�UKIPCNU�NCTIGN[��DWV�PQV�GZENWUKXGN[��
conveyed through proximal sensors, to ensure fast operation and genetic 
RTGURGEKƒECVKQP��+P�CFFKVKQP��GCEJ�TGHNGZ�CPF�DGJCXKQWT�U[UVGO�KU�FKTGEVN[�EQWRNGF�VQ�
URGEKƒE�KPVGTPCN�CHHGEVKXG�UVCVGU�QH�VJG�CIGPV�QT�XCNGPEG�OCTMGTU��+P�VJKU�YC[�TGCEVKXG�
DGJCXKQWT�UGTXGU�PQV�QPN[�VJG�TGFWEVKQP�QH�PGGFU�CU�RTQRQUGF�D[�*WNNǡDWV�KU�CNUQ�
labelling events in affective terms to serve epistemic functions such as the tuning 
of perceptual systems to pertinent states of the world, shaping action patterns and 
composing goal-oriented behavioural strategies realised at subsequent levels of 
VJG�&#%�CTEJKVGEVWTG��*GPEG��VJG�RTKOKVKXG�QTICPKUCVKQPCN�GNGOGPVU�QH�VJG�TGCEVKXG�
NC[GT�CTGǡVHQVH�DIIHFW�DFWǡVTKCFU�CPF�VJG�CEVKXCVKQP�QH�UWEJ�C�VTKCFǡVTKIIGTU�CEVKQP�CPF�
carries essential information on the interaction between the agent and the world 
VJCV�KU�C�MG[�EQPVTQN�UKIPCN�HQT�UWDUGSWGPV�NC[GTU�QH�VJG�CTEJKVGEVWTG�
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6JGǡadaptive layerǡ
$/��GZVGPFU�VJG�RTGFGƒPGF�UGPUQTKOQVQT�NQQRU�QH�VJG�TGCEVKXG�
NC[GT�YKVJ�CESWKTGF�UGPUQT�CPF�CEVKQP�UVCVGU��*GPEG��KV�CNNQYU�VJG�CIGPV�VQ�
GUECRG�HTQO�VJG�UVTKEVN[�RTGFGƒPGF�TGHNGZGU�QHǡ5/ǡVJTQWIJ�NGCTPKPI��6JGǡ$/ǡKU�
interfaced to the full sensorium of the agent, its internal needs and effector 
U[UVGOU�TGEGKXKPI�KPVGTPCN�UVCVG�KPHQTOCVKQP�HTQOǡ5/ǡCPF�KP�VWTP�IGPGTCVGU�
OQVQT�QWVRWV��6JGǡ$/ǡEQPUVTWEVU�C�UVCVG�URCEG�GPEQFKPI�QH�DQVJ�VJG�GZVGTPCN�CPF�
KPVGTPCN�GPXKTQPOGPV��VQIGVJGT�YKVJ�VJGǡUJCRKPI�QH�VJG�CORNKVWFG�VKOG�EQWTUG�QH�
VJG�RTGFGƒPGF�5/�TGHNGZGU��+V�ETWEKCNN[�EQPVTKDWVGU�VQ�GZQUGPUKPI�D[�CNNQYKPI�VJG�
RTQEGUUKPI�QH�UVCVGU�QH�FKUVCN�UGPUQTU��G�I��XKUKQP��JCRVKEU�CPF�CWFKVKQP��YJKEJ�CTG�
PQV�RTGFGƒPGF��DWV�TCVJGT��CTG�VWPGF�KP�UQOCVKE�VKOG�VQ�RTQRGTVKGU�QH�VJG�KPVGTCEVKQP�
YKVJ�VJG�GPXKTQPOGPV��6JG�CESWKTGF�UGPUQT�CPF�OQVQT�UVCVGU�CTG�KP�VWTP�CUUQEKCVGF�
through the valence states signalled by the 5/, following the paradigm of classical 
conditioning where initially neutral or conditioned stimuli (&6) obtain the ability 
to trigger actions, or conditioned responses (&5), by virtue of their contiguous 
presentation with intrinsically motivational stimuli or unconditioned stimuli (86) 
CU�KPVTQFWEGF�D[�2CXNQX��6JG�$/�GZRCPFU�VJG�UGPUQTKOQVQT�NQQRU�QHǡ5/ǡKPVQ�UGPUG�
valence-act triplets that are now augmented through learning to assimilate a 
RTKQTK�WPMPQYP�UVCVGU�QH�VJG�YQTNF�CPF�VJG�UGNH�
CHHGEV�CPF�CEVKQP���+P�VJKU�YC[�
VJGǡ$/ǡCNNQYU�VJG�CIGPV�VQ�CFCRV�VQ�CPF�OCUVGT�VJG�HWPFCOGPVCN�WPRTGFKEVCDKNKV[�QH�
DQVJ�VJG�KPVGTPCN�CPF�VJG�GZVGTPCN�GPXKTQPOGPV�

1XGTCNN��VJGǡ$/ǡCNNQYU�VJG�CIGPV�VQ�QXGTEQOG�VJG�RTGFGƒPGF�DGJCXKQWTCN�TGRGTVQKTG�
QH�VJG�TGCEVKXG�NC[GT�CPF�VQ�UWEEGUUHWNN[�GPICIG�CP�C�RTKQTK�WPRTGFKEVCDNG�YQTNF��
The behaviour systems of the reactive layer combined with the perceptual and 
behavioural learning mechanisms of the adaptive layer allows the DAC system to 
bootstrap itself to deal with novel and a priori unknown state spaces, in this way 
solving the notorious symbol grounding problem that lead to the demise of classical 
CTVKƒEKCN�KPVGNNKIGPEG�CPF�C�TCPIG�QH�QVJGT�CRRTQCEJGU�
5GCTNG���������*QYGXGT��
VJG�CFCRVCVKQP�RTQXKFGF�HQT�D[�VJGǡ$/ǡQEEWTU�KP�C�TGUVTKEVGF�VGORQTCN�YKPFQY�QH�
TGNCVKXGN[�KOOGFKCVG�KPVGTCEVKQP��K�G��WR�VQ�CDQWV�QPG�UGEQPF��6JWU��KP�QTFGT�VQ�GUECRG�
HTQO�VJG�ŧPQYŨ�ǡHWTVJGT�OGOQT[�U[UVGOU�OWUV�DG�GPICIGF�VJCV�CTG�RTQXKFGF�D[�VJG�
EQPVGZVWCN�NC[GT�QH�&#%�

6JGǡcontextual layerǡ
&/) of DAC allows the development of goal-oriented behavioural 
plans comprising the sensorimotor states acquired by the $/�
(KI�ǡ����6JG�EQPVGZVWCN�
layer comprises systems for short-term, long-term and working memory (STM, LTM 
CPF�9/�TGURGEVKXGN[���6JGUG�OGOQT[�U[UVGOU�CNNQY�HQT�VJG�HQTOCVKQP�QH�UGSWGPVKCN�
TGRTGUGPVCVKQPU�QH�UVCVGU�QH�VJG�GPXKTQPOGPV�CPF�CEVKQPU�IGPGTCVGF�D[�VJG�CIGPV��
The acquisition and retention of these sequences is conditional on the goal 
CEJKGXGOGPV�QH�VJG�CIGPV�CU�UKIPCNNGF�D[�VJGǡ5/ǡCPFǡ$/�ǡ&/ǡDGJCXKQWTCN�RNCPU�ECP�
DG�TGECNNGF�VJTQWIJ�UGPUQT[�OCVEJKPIǡCPF�KPVGTPCN�EJCKPKPI�COQPI�VJG�GNGOGPVU�QH�
VJG�TGVCKPGF�OGOQT[�UGSWGPEGU��6JG�F[PCOKE�UVCVGU�VJCV�VJKU�RTQEGUU�GPVCKNU�FGƒPG�
&#%sU�9/�U[UVGO�
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6JGǡ&/ǡQTICPKUGU�.6/�CNQPI�DGJCXKQWTCN�IQCNU��CPF�YG�JCXG�UJQYP��VJCV�VJKU�
VQIGVJGT�YKVJ�XCNCPEG�NCDGNNKPI�QH�.6/�UGIOGPVU�KU�TGSWKTGFǡKP�QTFGT�VQ�QDVCKP�
C�$C[GUKCP�QRVKOCN�UQNWVKQP�VQ�HQTCIKPI�RTQDNGOU��)QCNU�CTG�KPKVKCNN[�FGƒPGF�KP�
VGTOU�QH�VJG�FTKXGU�VJCV�IWKFGǡVJG�DGJCXKQWT�U[UVGOU�QH�VJG�5/��UWEJ�CU�ƒPFKPI�C�
HQQF�KVGOǡ
K�G��HGGF��QT�UQNXKPI�CP�KORCUUG�
K�G��HNKIJV���)QCN�UVCVGU��CU�VGTOKPCVKQP�
points of acquired behavioural procedures or habits, together with the behavioural 
sequence itself, exert direct control over how decision-making and action selection 
CTG�RGTHQTOGF��&#%�TGCNKUGU�VJKU�UQ�ECNNGF�IQCN�CPF�UGSWGPEG�ƒFGNKV[�D[�KPENWFKPI�
C�OGOQT[�DCUGF�DKCU�VGTO�KP�FGEKUKQP�OCMKPI��KH�UGIOGPVǡnǡQH�UGSWGPEGǡkǡKU�
associated with the executed action it will reduce the activation threshold of its 
CUUQEKCVGF�UGIOGPVU�KP�QTFGT�VQ�KPHNWGPEG�VJGKT�RGTEGRVKQP�FTKXGP�CEVKXCVKQP�

DAC proposes that the H4W challenge is solved through a multi-layer architecture 
VJCV�KPETGCUKPIN[�FGRGPFU�QP�OGOQT[�VQ�DQQVUVTCR�RTGFGƒPGF�PGGF�TGFWEVKQP�
TGHNGZGU�VQ�CESWKTGF�IQCN�QTKGPVGF�DGJCXKQWTU��6JGUG�NC[GTU�CTG�VKIJVN[�EQWRNGF�
CPF�ECPPQV�DG�UGGP�CU�KPFGRGPFGPV�GPECRUWNCVGF�OQFWNGU��4CVJGT��GCEJ�NC[GT�
is predicated on the semantics and/or control signals generated by the other 
NC[GTU��#U�UWEJ�YG�ECP�UGG�VJCV�ŧYJCVŨ�CPF�ŧYJGTGŨ�URCP�C�EQNWOP�QH�RTQEGUUKPI�
UVCIGU�CETQUU�VJG�NC[GTU�QH�VJG�CTEJKVGEVWTG�VJCV�CNN�FGCN�YKVJ�UVCVGU�QH�VJG�YQTNF��
ŧ9J[Ũ�URCPU�CETQUU�VJG�NC[GTU�TGHNGEVKPI�UVCVGU�QH�VJG�UGNH��HTQO�PGGFU�VQ�IQCNU�
CPF�WVKNKV[��ŧ9JGPŨ�KU�GPECRUWNCVGF�YKVJKP�VJG�NGCTPKPI�CPF�OGOQT[�OGEJCPKUOU�
QHǡ$/ǡCPFǡ&/ǡUWRRQTVKPI�VKOKPI�CPF�UGSWGPEKPI��(KPCNN[��ŧJQYŨ�FGƒPGU�C�NCUV�
EQNWOP�QH�RTQEGUUGU�CETQUU�VJG�NC[GTU�QH�VJG�&#%�CTEJKVGEVWTG�VJCV�FGƒPG�CEVKQP�
QTEJGUVTCVKQP�CPF�UGNGEVKQP�

How can this proposal of layers and columns be a theory of consciousness? Well 
PQY�YG�CTG�KP�C�RQUKVKQP�VQ�OCR�)G2G�VQ�&#%� 
 
 1.   ����)TQWPFGF�KP�VJG�GZRGTKGPEKPI�RJ[UKECNN[�CPF�UQEKCNN[�KPUVCPVKCVGF�UGNH�� 
            the 6/�EQPUVKVWVGU�VJG�HQWPFCVKQP�QH�VJG�GODQFKGF�JKGTCTEJ[�

 2. �������%Q�FGƒPGF�KP�VJG�UGPUQTKOQVQT�EQWRNKPI�QH�VJG�CIGPV�VQ�VJG�YQTNF�� 
       the 5/�and $/�DQVJ�GUVCDNKUJ�KOOGFKCVG�UGPUQTKOQVQT�NQQRU�YKVJ�VJG�YQTNF� 
 
 3.       Maintained in the coherence between sensorimotor predictions of the  
       agent and the dynamics of the interaction with the world: the $/�relies  
       QP�RTGFKEVKQP�DCUGF�U[UVGOU�HQT�DQVJ�RGTEGRVWCN�CPF�DGJCXKQWTCN�NGCTPKPI� 
 
 4.       Combines high levels of differentiation (each conscious scene is unique)  
       with high levels of integration: the &/�integrates across all sensory  
      modalities and memory systems and provides selection mechanisms to  
� � ����FGƒPGǡC�WPKSWG�KPVGTRTGVCVKQP�QH�VJG�UVCVG�QH�VJG�YQTNF�CPF�VJG�CIGPV� 
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 5.       Consciousness depends on highly parallel, distributed implicit factors  
      YKVJ�OGVCUVCDNG��EQPVKPWQWU�CPF�WPKƒGF�GZRNKEKV�HCEVQTU��VJG�&/�integrates  
      memory-dependent implicit biases in decision-making and interpretation  
� � ����QH�UVCVGU�QH�VJG�YQTNF�YKVJ�GZRNKEKV�RGTEGRVWCN�UVCVGU� 
 
 
It would be premature to say that DAC has H[SODLQHGbconsciousness but we can 
observe that it does capture the main components of an integrated theory of 
EQPUEKQWUPGUU�YJKNG�CFXCPEKPI�C�EQPETGVG�TGUGCTEJ�CIGPFC�VJCV�RQUGU�URGEKƒE�
SWGUVKQPU�QP�RGTEGRVKQP��GOQVKQP��EQIPKVKQP�CPF�CEVKQPU�UVTWEVWTGF�CNQPI�*�9� 
 
 
 References

&QD\JCPUM[��6��
�����ǡ0QVJKPI�KP�DKQNQI[�OCMGU�UGPUG�GZEGRV�KP�VJG�NKIJV�QH�
GXQNWVKQP�ǡ7KH�$PHULFDQ�%LRORJ\�7HDFKHU����
���R���������

*CORUJKTG��#��ǡ*KIJƒGNF��4���2CTMKP��$���ǡ1YGP��#��
�����ǡ(TCEVKQPCVKPI�*WOCP�
+PVGNNKIGPEG��1HXURQ����
����R�����������ǡ

 Footnotes

1.   The other two being the origins of the universe and of life on which    
� UKIPKƒECPV�RTQITGUU�JCU�DGGP�OCFG�KP�VJG���VJ�EGPVWT[�
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 Control 
 
%[DGTPGVKEU�YCU�QTKIKPCNN[�FGƒPGF�D[�9KGPGT�
������CU�ŧVJG�UEKGPVKƒE�UVWF[�QH�EQPVTQN�
CPF�EQOOWPKECVKQP�KP�VJG�CPKOCN�CPF�VJG�OCEJKPGŨ��+P�VJKU�UGPUG��&#%�DGNQPIU�VQ�VJG�
E[DGTPGVKE�ƒGNF�CU�KV�CKOU�CV�GZRNCKPKPI�DGJCXKQWT�IGPGTCVKQP�KP�GODQFKGF�CIGPVU��DG�
KV�VQ�WPFGTUVCPF�VJG�DTCKP�QH�CPKOCNU�QT�VQ�DWKNF�UGPVKGPV�CTVGHCEVU��$[�DWKNFKPI�EQPVTQN�
U[UVGOU�VJCV�CNNQY�C�UGPUQTKOQVQT�FGXKEG�
K�G��C�TQDQV��VQ�TGCEV�VQ�GPXKTQPOGPVCN�
EJCPIGU�QT�VQ�TGCEJ�C�URGEKƒE�UVCVG��YG�CTG�DQTTQYKPI�RTKPEKRNGU�CDQWV�JQY�UWEJ�
VJKPIU�CTG�CEJKGXGF�KP�DKQNQIKECN�DGKPIU��9G�CTG�CNUQ�EJCNNGPIKPI�QWT�UVCPFRQKPV�KP�
this domain by proposing alternative and improved models that may bring additional 
J[RQVJGUGU�CPF�EQPUVTCKPVU�VQ�QWT�XKGY�CDQWV�YGV�DTCKPU��5RGEKƒECNN[��VJKU�FGCNU�YKVJ�
adaptive control, which builds upon reactive control mechanisms in order to provide 
CP�KPETGCUG�QH�VJG�EQPVTQN�SWCNKV[�VJTQWIJ�GZRGTKGPEG��+P�QTFGT�VQ�TGCEJ�C�U[UVGO�
that can experiment and learn from its own actions, a more basic level of control is 
TGSWKTGF��(TQO�CP�GXQNWVKQPCT[�RQKPV�QH�XKGY�OCP[�DGJCXKQWTU�VJCV�HCEKNKVCVG�UWTXKXCN�

G�I��OQVQT�TGHNGZGU��EQPVCEV�CXQKFCPEG��HQTCIKPI��EQWNF�DG�CEJKGXGF�KP�UKORNG�ŧJCTF�
YKTGFŨ�YC[U�VJCV�YQWNF�TGSWKTG�PQPG�QTǡHGY�NGCTPKPI�ECRCDKNKVKGU��*QYGXGT��NGCTPKPI�
from experience at the lifetime scale is a feature that offers an even greater ability 
to survive, especially combined with mechanisms such as teaching and learning 
HTQO�QDUGTXCVKQP��9KVJQWV�GPVGTKPI�CP[�EQPUKFGTCVKQP�DGVYGGP�KPPCVG�CPF�CESWKTGF�
mechanisms, it is reasonable to assume that the combination of both control system 
NGXGNU�CNNQYU�CP�QXGTCNN�KORTQXGOGPV�QH�VJG�UWUVCKPCDKNKV[�QH�VJG�CIGPV� 
 
 
 Perception-Action System

The main point of any control system is to create a transformation from a 
RGTEGRVWCN�KPRWV�VQ�C�EQOOCPF�VJCV�KU�CFFTGUUGF�VQ�CP�GHHGEVQT��#P�GHHGEVQTǡECP�DG�
a muscle/motor, the release of a chemical substance, or whatever leaves a signal in 
VJG�YQTNF�
G�I��RJ[UKECN�EQPVCEV��NKIJV��UQWPF�UKIPCNU��EJGOKECNU���6JG�RGTEGRVWCN�UKFG�
can be decomposed into: 
 
 1.       Exteroception: perception of signals originating from the outside world,  
� ����������KPENWFKPI�HTQO�QVJGT�CIGPVU�ǡ 
 
 2.  �����+PVGTQEGRVKQP��RGTEGRVKQP�QH�UKIPCNU�QTKIKPCVKPI�HTQO�VJG�CIGPVŨU�QYP� 
� � ����DQF[��UWEJ�CU�RJ[UKQNQIKECN�UWDUVCPEGU�
G�I��JQTOQPCN�NGXGNU��UWICT 
�� � ����NGXGN���CU�YGNN�CU�VJG�YJQNG�NKODKE�U[UVGO�FGUETKDKPI�VJG�GOQVKQPCN�UVCVG�
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Through action, the agent in the world will produce a mixture of interoceptive 
CPF�GZVGTQEGRVKXG�UKIPCNU��6JG�VGTO�RGTEGRVKQP�TGHGTU�VQ�C�IGPGTKE�EQODKPCVKQP�
QHǡGZVGTQEGRVKQP�CPF�KPVGTQEGRVKQP��CPFǡTGRTGUGPVU�C�IGPGTKE�UKIPCN�VQ�DG�WUGF�CU�
CP�KPRWV�D[�C�EQPVTQN�U[UVGO��9KVJ�CNN�KVU�UKORNKEKV[��VJG�EQODKPCVKQP�QH�GNGOGPVCT[�
perception action loops can give rise to what will appear as complex, goal-oriented 
DGJCXKQWT��6JG�$TCKVGPDGTI�XGJKENGU�CTG�C�HCOQWU�GZCORNG�
$TCKVGPDGTI���������6JG�
simplest kind of Braitenberg vehicle had just two perception-action loops, where a 
NKIJV�UGPUQT�YCU�EQWRNGF�VQ�C�OQVQT�EQPVTQNNKPI�C�YJGGN��*CXKPI�VJG�NKIJV�UGPUQTU�KP�
QRRQUKVG�UKFGU�QH�VJG�XGJKENGŨU�HTQPV��CPF�VJG�YJGGNU�UGV�WR�KP�RCTCNNGN��XGT[�UKORNG�
arrangements of the control loops resulted in the robots moving towards or away 
HTQO�C�NKIJV�UQWTEG�QT�GXGP�EKTENKPIǡCTQWPF�KV��#P�GZVGTPCN�QDUGTXGT�YQWNF�VJGP�CVVTKDWVG�
URGEKCN�EJCTCEVGTKUVKEU�VQ�GCEJ�XGJKENG��HQT�KPUVCPEG��VJG�EJCTCEVGTKUVKE�QH�ŧHGCTŨǡVQ�VJG�
XGJKENG�VJCV�YJGP�KV�RGTEGKXGUǡC�NKIJV�YKNN�GUECRG�KP�VJG�QRRQUKVG�FKTGEVKQP��UKPEG�KV�YKNN�
CRRGCT�VJCV�VJKU�XGJKENG�RTGHGTU�VQ�TGOCKP�WPPQVKEGF�KPǡFCTM�RNCEGU�
UGG�(KI����� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.      ([DPSOH�RI�%UDLWHQEHUJ�YHKLFOHV�H[SUHVVLQJ�̷IHDU̸�DQG�̷ORYH̸� 
 
6JGUG�U[PVJGVKE�GZCORNGU�QH�FKTGEV�UGPUQTKOQVQT�EQWRNKPI�FTKXKPI�PCXKICVKQPǡJCU�
KVU�DKQNQIKECN�EQWPVGTRCTV�KP�DCEVGTKCN�EJGOQVCZKU��$CEVGTKC�ECP�QTKGPV�VJGOUGNXGU�
towards food sources or flee poison provided that chemical receptors result in the 
GZEKVCVKQP�QH�VJGKT�KRUKNCVGTCN�QT�EQPVTCNCVGTCN�OQVQT�GHHGEVQTU��VJG�HNCIGNNC�

+

+
+

+
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During the Industrial Revolution arose the problem of needing to automatically regulate 
VJG�RGTHQTOCPEG�QH�OCEJKPGU��#P�GCTNKGT�GZCORNG�QH�CWVQOCVKUCVKQP�YCU�RQUGF�D[�VJG�
UVGCO�GPIKPG�OCEJKPG�YJKEJ�YCU�WUGF�VQ�RQYGT�HCEVQTKGU��6JG�RQYGT�YCU�FGNKXGTGF�XKC�
a spinning wheel and it was desirable that the amount of power stayed as consistent 
CU�RQUUKDNG��VJCV�KU��VJCV�VJG�YJGGN�TQVCVGF�CV�C�EQPUKUVGPV�URGGF��(QT�VJKU��VJG�OCEJKPG�
had to sense its own speed and adjust the amount of fuel needed to increase or 
FGETGCUG�KV�YKVJKPǡC�PCTTQY�TCPIG��6JKU�YCU�CEJKGXGF�D[�C�EGPVTKHWICN�IQXGTPQT��C�
OGEJCPKECN�FGXKEG�VJCV�UQNXGF�VJKU�UGPUG�CEV�RTQDNGO��6JG�RTQNKHGTCVKQP�QH�VJGUG�V[RGU�
QH�CWVQOCVKUCVKQPǡRTQDNGOU��UCFN[ǡHWGNNGF�D[�VJG�VGEJPQNQIKECN�FGXGNQROGPVU�QEEWTTKPI�
during the Second World War, gave rise in the 20th century to the control engineering 
FKUEKRNKPG�CPF�C�DQF[�QH�VJGQTGVKECN�YQTM�MPQYP�CU�EQPVTQN�VJGQT[��(TQO�C�EQPVTQN�
perspective the solution to the problem of the steam engine machine relies in the so-
ECNNGF�HGGFDCEM�EQPVTQN��#�HGGFDCEM�EQPVTQNNGT�EQORCTGU�VJG�CEVWCN�RGTHQTOCPEG�YKVJ�C�
FGUKTGF�QPG�CPF�CRRNKGU�C�EQTTGEVKXG�CEVKQP�VQ�TGFWEG�VJG�OKUOCVEJ�

The minimal requirement for setting up a feedback controller is knowing in which 
FKTGEVKQP�VQ�CEV�KP�QTFGT�VQ�TGFWEG�VJG�OKUOCVEJ�DGVYGGP�VJG�FGUKTGF�CPF�CEVWCN�UVCVG��
+P�EQPVTQN�VJGQT[�VGTOU��VJKU�OKUOCVEJ�KU�TGHGTTGF�VQ�CU�VJGǡGTTQT��.KMGYKUG��QPEG�YG�
FGVGEV�VJCV�YG�CTG�KP�CP�WPFGUKTGF�UVCVG��YG�ECP�TGCEV�VQ�CXQKF�KV��(QT�KPUVCPEG��KH�CP�
QDLGEV�DWTPU�VJG�VKR�QH�QWT�ƒPIGTU��HNGZKPI�VJG�CTO�YKNN�JGNR�VQ�CXQKF�VJG�EQPVCEV�YKVJ�
VJG�UQWTEG�QH�JGCVǡYJGTGCU�KH�VJG�JGCV�KU�HGNV�KP�VJG�DCEM�QH�VJG�JCPF��GZVGPFKPI�VJG�
CTO�YKNN�DG�VJG�EQTTGEV�CEVKQP��#PQVJGT�GZCORNG�QH�VJKU�OGEJCPKUO�KU�HQWPF�KP�VJG�
pupillary light reflex (PLR) which adapts the diameter of the pupil in order to maintain 
the quantity of light hitting the retina and balances the levels of lightness/darkness 
QH�C�UEGPG��6JKU�GZCORNG�CNUQ�KPVTQFWEGU�VJG�EQPEGRV�QH�JQOGQUVCUKU�YJKEJ�KU�VJG�
act of maintaining a system in a desirable state through action upon effectors that 
JCXG�FKTGEV�EQPUGSWGPEGU�CV�VJG�KPRWV�NGXGN��+P�VJG�ECUG�QH�VJG�2.4��C�URGEKƒE�TCPIG�QH�
NWOKPQUKV[�KU�CEEGRVCDNG�CPF�FGUKTGF��+H�VJG�KPRWV�UKVU�QWVUKFG�QH�VJKU�TCPIG�VJG�TGHNGZ�
will either dilate the pupil in order to allow more light in, or on the contrary contract it to 
TGFWEG�GZRQUWTG�

By comparing the perceived state to the target state a feedback controller gets an 
GUVKOCVKQP�QH�VJG�GTTQT��CPF�UWDUGSWGPVN[�CEVU�VQ�OKPKOKUG�KV��+H�VJG�XCTKCDNG�DGKPI�
regulated is an internal state of the agent, like body temperature, blood sugar concen- 
tration, or emotional state, the act of maintaining this process within a physiologically 
CFGSWCVG�TCPIG�KU�MPQYP�CU�JQOGQUVCUKU��#�NKXKPI�QTICPKUO��CU�YGNN�CU�EQORNGZ�
CTVGHCEVU��JCXG�OCP[�JQOGQUVCVKE�OQFWNGU��GCEJ�QPG�EQPVTQNNKPI�FKHHGTGPV�XCTKCDNGU��
This type of formalism, depicted in Figure 2, is present at multiple behavioural levels 
VJCV�ECP�DG�GZVGPFGF�DG[QPF�VJG�UKORNG�TGCEVKXG�OGEJCPKUO��+P�RCTVKEWNCT�KVǡCNUQ�
FGƒPGUǡVJG�HQTOWNCVKQP�QH�VJG�FTKXGU�OGEJCPKUO�VJCV�CEVU�CU�VJG�TQQV�HQT�OQVKXCVKQP�QH�
CWVQPQOQWU�NKXKPI�U[UVGOU�
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Figure 2.     +RPHRVWDWLF�UDQJH� 
 
The feedback control scheme is applied by engineers to deal with many automation 
problems, but more importantly, it is used by living organisms at multiple levels 
QH�DGJCXKQWT��(QT�KPUVCPEG��YJGP�YG�TKFG�C�DKMG��QT�YJGP�YG�UVCPF�WRTKIJV��YG�
have the goal of maintaining a vertical position and we apply corrective actions, 
VJTQWIJ�VJG�DKMG�JCPFNGU��QT�CEVKXCVKPI�QWT�OWUENGU��VQ�UVC[�KP�VJCV�RQUKVKQP��#PQVJGT�
example is when the level of blood glucose rises, the pancreas releases a hormone, 
insulin, which causes the liver to take up glucose from the blood and store it as 
IN[EQIGP��.KMGYKUG��VJG�DNQQF�INWEQUG�NGXGN�KU�OCKPVCKPGF�KP�C�FGUKTGF�NGXGN��'CEJ�
of these reflex arcs is an example of a perception action loop, where a perceived 
state (contact with an intense heat source) causes an action (withdraw the limb) 
VJCV�CV�KVU�VWTP�EJCPIGU�VJG�RGTEGKXGF�UVCVG�
FKOKPWVKQP�QH�VJG�JGCVKPI�UGPUCVKQP���
It is the assumption in feedback control that the action affects the perception that 
ECWUGF�KV��6JG�TGNCVKQP�DGVYGGP�VJGUG�JQOGQUVCVKE�NQQRU�OC[�DG�KPFGRGPFGPV��CPF�
thus feedback loops will be arranged in parallel, with minimal interaction or conflict 
DGVYGGP�VJGO��QT�KP�EQPVTCUV�KP�CǡJKGTCTEJKECN�OCPPGT��YJGTG�C�IGPGTCN�UVCVG�QH�
GSWKNKDTKWO�KU�CEJKGXGF�YJGP�C�UGV�QH�UWDU[UVGOU�CTG�VJGOUGNXGU�CV�GSWKNKDTKWO��+V�
is also possible that a same effector will be included in different loops, and in that 
case there can be conflicts where two homeostatic goals require contradictory 
CEVKQPU��5C[��VJCV�CP�CPKOCN�KU�DQVJ�VKTGF�CPF�EQNF��(QT�VJG�UWDU[UVGO�TGIWNCVKPI�
body temperature, it will be convenient to increase the metabolic rate, for instance 
VJTQWIJ�CP�KPETGCUG�QH�VJG�COQWPV�QH�RJ[UKECN�CEVKXKV[��*QYGXGT��CV�VJG�UCOG�VKOG�
the system controlling the energy storage will push towards the diminution of 
GPGTI[�EQPUWORVKQP�D[�VTKIIGTKPI�TGUVKPI�CEVKXKVKGU�NKMG�NC[KPI�FQYP�QT�UNGGRKPI��6JKU�
type of situation illustrates the necessity of what we will discuss later in this book 
as allostatic control: how to orchestrate the agent objectives in order to maintain a 
IQQF�INQDCN�KPPGT�UVCVG�QXGT�VKOG�

 
 

Under homeostasis Homeostatic range Over homeostasis

Ideal Target Regime Action BAction A
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Reactive controllers perceive the world and react to it in a predetermined way in order 
VQ�OCKPVCKP�VJGKT�RGTEGRVKQP�KP�CP�QRVKOCN�TGIKOG��6JG[�ECP�CNUQ�WUG�CP�GTTQT�UKIPCN�CU�
HGGFDCEM�KPHQTOCVKQP�KP�QTFGT�VQ�CFCRV�VQ�F[PCOKE�GPXKTQPOGPVU��*QYGXGT��VJG�OQUV�
successful control can be achieved by acting in anticipation, instead of in reaction, 
VQ�GTTQT��+H�C�U[UVGO�ECP�RTGFKEV�KVU�QYP�GTTQT�KP�VJG�HWVWTG��KV�ECP�CEV�RTG�GORVKXGN[�VQ�
CXQKF�KV�ǡ9G�TGHGT�VQ�VJKU�CU�CPVKEKRCVQT[�QT�RTGFKEVKXG�EQPVTQN�

Coming back to the spinal reflex that reacts to pain perception with a flexion or an 
GZVGPUKQP�QH�VJG�NKODUťVJG�URKPQ�PQEKEGRVKXG�YKVJFTCYCN�TGHNGZťVJG�IQCN�QH�VJKU�TGHNGZ�
KU�VQ�OCKPVCKP�C�UVCVG�QH�PQ�RCKP��#U�UWEJ��GXGP�DGVVGT�VJCP�TGCEVKPI�TCRKFN[�VQ�VJG�RCKP�
RGTEGRVKQP�KU�VQ�CXQKF�RCKP�CNVQIGVJGT��(QT�KPUVCPEG��KH�C�JGCX[�QDLGEV�KU�HCNNKPI�VQ�[QWT�
HGGV�[QW�YKNN�TGURQPF�D[�TGVTCEVKPI�VJG�HGGV�DGHQTG�VJG�QDLGEV�JKVU�VJGO��6JKU�CEVKQP��
which can be subjectively experienced as a reflex, is anticipatory because it minimises 
the error by avoiding its arise, and to do so, uses information coming from outside of 
VJG�TGHNGZ�CTE��+P�VJKU�ECUG��VJG�XKUWCN�KPHQTOCVKQP�KU�WUGF�VQ�CXQKF�C�RCKP�RGTEGRVKQP�
that otherwise would have caused the activation of the spino-nociceptive withdrawal 
TGHNGZ��(TQO�C�EQPVTQN�RGTURGEVKXG��VJKU�V[RG�QH�EQPVTQN�UEJGOG�KU�EQPUKFGTGF�
HGGFHQTYCTF�UKPEG�KV�RTGFKEVU�GXQNWVKQP�QH�VJG�YQTNF�UVCVG�KP�VJG�HWVWTG�

+PFGGF�ǡCPVKEKRCVQT[�CEVKQPU�ECP�DG�EQPUKFGTGF�CU�TGCEVKXG�CEVKQPU�VQ�RTGFKEVGF�
states: as much as a reflex is a reaction to a perceived stimulus, an anticipatory reflex 
KU�C�TGCEVKQP�VQ�C�RTGFKEVGF�UVKOWNWU��+PFGGF��KP�VJKU�ECUG��VJG�PGWTQPU�VJCV�YQWNF�
have been activated by the pain stimulus, and causing an activation of an agonist-
antagonist set of muscles, are driven by a neural activity, that coming from a higher 
NGXGN�CTGC��ECP�DG�KPVGTRTGVGF�CU�RTGFKEVGF�RCKP��6JG�HQTYCTF�OQFGN��IKXGP�VJG�EWTTGPV�
state and its previous dynamic, predicts a signal that can then be used by the reactive 
EQPVTQNNGTU�OGPVKQPGF�CDQXG�

6JG�XGT[�ƒTUV�UGPUQTKOQVQT�EQPVKPIGPEKGU�WRQP�YJKEJ�CPVKEKRCVQT[�CEVKQPU�ECP�DG�
NGCTPGF�EQORQUG�VJG�RGTKRGTUQPCN�URCEG�QH�VJG�CIGPV��6JTQWIJ�OQVQT�DCDDNKPI��GXGP�
in pre-natal conditions, an agent is able to perceive the effects of its effectors on its 
own body: through self-touch the initial body schema necessary for control of the 
NKODU�CPF�NQECNKUCVKQP�QH�VCEVKNG�UVKOWNK�CTG�DWKNV��6JKU�RJGPQOGPQPǡKP�JWOCPU�JCU�
DGGP�ECNNGF�ŧRTKOCT[�EKTEWNCT�TGCEVKQP�J[RQVJGUKUŨ�D[�2KCIGV�
2+CIGV���%QQM���������KV�
CNUQ�KPENWFGU�VJG�GCTN[ǡKPVGTCEVKQP�QH�XKUWCN�CPF�RTQRTKQEGRVKXG�OQFCNKV[��+PFGGF��VJKU�
self-oriented exploration provides the learning system with very regular sensorimotor 
patterns that are fully observable as they depend only on the agent status (even in 
the visual case if we consider a static environment not involving much movement in 
VJG�NCPFUECRG���/CP[�QH�VJG�GNGOGPVU�EQORQUKPI�VJG�RGTKRGTUQPCN�URCEG�CTG�NGCTPGF�
GCTN[�QP�KP�FGXGNQROGPV��CPFǡCTG�VJGTGHQTG�CEVKPI�CU�EQTG�TGCEVKXG�OGEJCPKUOU�ǡVJWU�
VJG[�DNWT�VJG�NKOKV�DGVYGGP�TGHNGZGU�CPF�CESWKTGF�CEVKQPU�
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Whereas many of the reactive feedback actions can be innate, anticipatory actions 
CTG�CESWKTGF�VJTQWIJ�GZRGTKGPEG��GXGP�KP�ECUGU�YJGTG�VJG[�CTG�CRRCTGPVN[�WPKXGTUCN��
For instance, the well-known system of regulation of blood sugar also has anticipatory 
EQORQPGPVU��'CVKPI�UYGGV�HQQF�FKTGEVN[�VTKIIGTU�VJG�TGNGCUG�QH�KPUWNKP�KPVQ�VJG�DNQQF�
stream that occurs before the autonomic nervous system has time to measure the 
KPETGCUG�QH�INWEQUG�KP�VJG�DNQQF��5Q��GXGP�VJQWIJ�VJKU�KU�C�TGURQPUG�EQOOQP�VQ�CNN�
CPKOCNU�KV�KU�PQV�C�TGHNGZ�CTE�QT�C�HGGFDCEM�EQPVTQN�U[UVGO�ǡ6JG�TGURQPUG��KPUWNKP�
release, does not affect the triggering stimulus, sweet taste in the tongue, but instead 
KV�CNNQYU�C�OQTG�UWEEGUUHWN�EQPVTQN�QH�VJG�INWEQUG�NGXGN�KP�VJG�DNQQF�

Other types of anticipatory control will differ markedly between 
KPFKXKFWCNUǡUKPEGǡVJGUG�CUUQEKCVKQPU�CTG�DWKNV�DCUGF�QP�TGIWNCTKVKGU�QEEWTTKPI�KP�VJG�
GPXKTQPOGPV�VJG[�GZRGTKGPEGǡCPF�VJQUG�OC[�PQV�DG�VJG�UCOG��(QT�KPUVCPEG��QPG�
can imagine that an animal living in an environment where sweet taste only comes 
HTQO�CTVKƒEKCN�UYGGVGPGTU�YKNN�NQUG�VJG�CPVKEKRCVQT[�TGNGCUG�QH�KPUWNKP�UKPEG�PQY�VJG�
UYGGV�VCUVG�YKNN�PQ�NQPIGT�DG�RTGFKEVKXG�QH�CP�KPETGCUG�KP�DNQQF�UWICT��(QT�CP�CIGPV�
to acquire adaptive anticipatory responses it needs to have the capacity to capture 
regularities in the environment, that is, to act in the environment and experience how 
VQ�EJCPIG�VJG�YQTNF� 
 
 
 Learning

.GCTPKPI�KP�CPKOCNU�KU�OCKPN[�CEJKGXGF�D[�C�PGWTCN�UWDUVTCVG�VJCVǡRTQXKFGU�CP�
KPVGTEQPPGEVGF�PGVYQTM�QH�EGNNU�VJCV�ECP�CFCRV�VQ�GZVGTPCN�UVKOWNK�ǡ6JG�RCTCNNGN�
TGUGCTEJGU�KP�DTCKP�NGCTPKPI�OGEJCPKUOU�CPF�VJGKTǡCNIQTKVJOKE�EQWPVGTRCTVU�
EQPXGTIG�D[�ECVGIQTKUKPI�NGCTPKPI�KPVQ�FKHHGTGPV�UWDENCUUGU�YKVJǡFKHHGTGPV�
TGSWKTGOGPVU�CPF�ƒGNFU�QH�CRRNKECVKQP� 
 
 
 Three Different Categories of Learning

%QORWVGT�UEKGPEG�FGƒPGU�VJTGG�FKHHGTGPV�ECVGIQTKGU�QH�NGCTPKPI�RTQEGUUGUǡCEEQTFKPI�
VQ�VJG�PCVWTG�QH�VJGǡKPHQTOCVKQP�CXCKNCDNG�CPF�VQ�VJG�IQCN�QH�VJG�VCUM��6JGUG�CTG�
WPUWRGTXKUGF��UWRGTXKUGF�CPF�TGKPHQTEGOGPV�NGCTPKPI��5WEJ�C�FKXKUKQP�ECP�IWKFG�VJG�
implementation of the learning mechanisms of a cybernetic system and can also 
JGNR�VQ�WPFGTUVCPF�VJG�EQORQPGPVUǡQH�CPKOCN�NGCTPKPI�

9G�ECP�ƒTUV�KPVTQFWEG�VJG�FKHHGTGPV�V[RGU�QH�NGCTPKPI�KPVWKVKXGN[�YKVJ�CP�KPHQTOCN�
example: consider the enormous endeavour of learning a language by being 
KOOGTUGF�KP�KV��CU�C�EJKNF�NGCTPU�KV�QT�CU�CP�CFWNV�OQXKPI�VQ�C�HQTGKIP�EQWPVT[��5WEJ�C�
VCUM�KPXQNXGUǡCNN�VJTGG�NGCTPKPI�UVTCVGIKGU�CV�FKHHGTGPV�UVCIGU�
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6JG�ƒTUV�VCUM�YG�CTG�HCEGF�YKVJǡKU�VJG�KFGPVKƒECVKQP�QHǡVJQUG�OGCPKPIHWN�UQWPFU�VJCV�
CTG�VJGǡEQPUVKVWGPVU�QH�VJG�NCPIWCIGU��VJG�RJQPGOGU��HTQO�YJCV�KPKVKCNN[�EQPUVKVWVGU�
C�UGCONGUU�UVTGCO�QH�URGGEJ��6JKU�YKNN�RCXG�VJG�YC[�HQTǡKFGPVKH[KPI�UQOG�DCUKE�
YQTFU�QH�VJG�NCPIWCIG��6JG�OQUV�KORQTVCPV�TGSWKUKVG�HQT�CEJKGXKPI�VJKU�KU�VQ�UKORN[�
DG�GZRQUGF�VQ�VJG�URGGEJ��VQ�JGCT�KV��.KMGYKUG��VJG�NGCTPGT�YKNN�KPETGOGPVCNN[�CESWKTG�
C�DGVVGT�TGRTGUGPVCVKQP�QH�VJG�NCPIWCIG�UQWPFU��YJKEJ�YKNN�GPCDNG�KFGPVKƒECVKQP�QH�
VJGO�KP�C�UVTGCO�QH�URGGEJ��6JKU�RTQEGUU�KU�CP�KPUVCPEG�QH�CP�WPUWRGTXKUGF�NGCTPKPI�
task since there is only one type of data available, the inputs, and the goal is simply 
VQ�CESWKTG�TGRTGUGPVCVKQPU�VJCV�YKNN�NCVGT�CUUKUV�KP�ECVGIQTKUKPI�VJGO��(QT�KPUVCPEG�
CESWKTKPI�UWHƒEKGPV�TGRTGUGPVCVKQPCN�CEEWTCE[�VQ�NCVGT�FKUVKPIWKUJ�CǡŧVŨ�HTQO�C�ŧFŨ��#P�
important phenomenon to take into consideration at this level is the simultaneous 
NGCTPKPI�QH�OQVQT�TGRTGUGPVCVKQP�TGICTFKPI�JQY�VQ�RTQFWEG�VJGUG�UQWPFU��#U�VJG�
KPHCPV�GZRGTKOGPVU�KP�UGPFKPI�EQOOCPFU�VQ�KVU�XQECN�CRRCTCVWU��JG�YKNNǡRTQFWEG�CPF�
JGCT�UQWPFU��6JKU�YKNN�RTQXKFG�VJG�TGSWKTGF�OCVGTKCN�HQT�NGCTPKPI�CǡOCRRKPI�DGVYGGP�
CǡOQVQT�EQOOCPF�CPF�VJG�RJQPGOG�KV�RTQFWEGU��6JWU��YG�ECP�UGG�VJCV�WPUWRGTXKUGF�
NGCTPKPI�ECP�VCMG�RNCEG�GKVJGT�KP�VJG�RWTG�UGPUQT[ǡFQOCKP�QT�KP�VJG�UGPUQTKOQVQT�QPG�

Secondly, as the learner begins to speak a new language, other speakers, or 
VGCEJGTU�ǡYKNN�GXGPVWCNN[�EQTTGEV�VJGO�D[ǡGZRNKEKVN[�RTQXKFKPI�VJG�EQTTGEV�QWVRWV��6JKU�
OC[�JCRRGP�CV�OCP[�NGXGNU��HQT�KPUVCPEG��EQTTGEVKPI�RTQPWPEKCVKQP�QT�C�XGTD�KPHNGEVKQP��
%QPUKFGT�VJG�ECUG�QH�XGTD�KPHNGEVKQP�ǡVJG�NGCTPGT�YKNN�MPQY�VJG�EQTTGEV�HQTO�VQ�WUG�
VJG�PGZV�VKOG�VJCVǡUCOG�QT�C�UKOKNCT�XGTD�PGGFU�VQ�DG�WUGF�KP�VJG�UCOG�ITCOOCVKECN�
EQPVGZV��+P�EQORWVCVKQPCN�VGTOU�VJKU�RTQEGUU�YQWNF�DG�ENCUUKƒGF�CU�UWRGTXKUGF�
NGCTPKPI��+P�UWRGTXKUGF�NGCTPKPI�VJG�NGCTPGT�KU�RTQXKFGF�YKVJ�GZCORNGU�QH�JQY�VQ�OCR�
HTQO�VJG�KPRWV�VQ�VJG�QWVRWV��+P�VJKU�GZCORNG��YG�JCXG�VJG�XGTD�
G�I��	VQ�GCV	��CPF�VJG�
ITCOOCVKECN�EQPVGZV�
G�I��VJKTF�RGTUQP�UKPIWNCT��RCUV�VGPUG��CU�VJG�KPRWV�CPF�VJG�
VCTIGV�KPHNGEVGF�HQTO�CU�VJG�QWVRWV�
G�I��	CVG	�KPUVGCF�QH�	GCVGF	��

(KPCNN[��VJG�WUG�QHǡNCPIWCIG�JCU�VJG�RTCIOCVKE�XCNWG�QH�CEJKGXKPI�C�EQOOWPKECVKQP�
IQCN��+H�VJKU�IQCN�KU�CEJKGXGF��G�I��VJG�MKF�IGVU�JGT�DCD[�DQVVNG��VJCV�UWEEGUU�YKNN�
reinforce the learner to repeat that same communication when a similar situation 
TGQEEWTU��1P�VJG�QVJGT�JCPF��KH�VJG�EQOOWPKECVKQP�HCKNU��UJG�YKNN�DG�OQVKXCVGF�VQ�VT[�
C�FKHHGTGPV�UVTCVGI[��6JKU�KU�CP�GZCORNG�QH�C�TGKPHQTEGOGPV�NGCTPKPI�RTQEGUU��+P�VJKU�
ECUG��IKXGP�C�EGTVCKP�UVCVG�CPF�C�IQCN�ǡJG�QT�UJG�YKNN�RTQFWEG�CP�QWVRWV��HQT�KPUVCPEG�
CP�CEVKQP��5WDUGSWGPVN[��VJG�NGCTPGT�YKNN�GXCNWCVG�VJG�QWVEQOG�CU�C�UWEEGUU�QT�C�
HCKNWTG��QT�OQTG�IGPGTCNN[��KP�VGTOU�QH�TGYCTF��NCEM�QH�TGYCTF�QT�NQUU�ǡ

One should not confuse these computational descriptions of the general learning 
categories with their particular implementations or algorithms proposed in the 
OCEJKPG�NGCTPKPI�NKVGTCVWTG��(TQO�C�&#%�HTCOGYQTM�RGTURGEVKXG��CPF�OQTG�KP�IGPGTCN�
HTQO�C�E[DGTPGVKEU�RGTURGEVKXG��VJGUG�FGUETKRVKQPU�CPVKEKRCVGǡVJG�V[RGU�QH�RTQDNGOU�
that an autonomous system will have to solve, but not all algorithmic solutions are 
TGNGXCPV�HQT�QWT�CRRTQCEJ�
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Indeed, one can recast some animal learning processes, such as classical 
conditioning or perceptual learning, in terms of supervised and unsupervised learning, 
CPF�VJGP��OQTG�KORQTVCPVN[��QPG�ECP�CUMǡJQY�FQGU�VJG�PGWTCN�UWDUVTCVG�KORNGOGPV�
VJG�TGSWKTGFǡNGCTPKPI�OGEJCPKUOU!�9JCV�HQNNQYU�KU�C�FGUETKRVKQP�QH�VJG�VJTGG�V[RGU�QH�
NGCTPKPI��CPF�JQY�VJG[�CTG�WUGF�YKVJKP�FKHHGTGPV�EQORQPGPVU�QH�&#%�� �  
 
 
 Unsupervised Learning—Perceptual Learning—Cortex

7PUWRGTXKUGF�NGCTPKPI�KPXQNXGU�QPN[�KPRWVU��YKVJQWV�HGGFDCEM��'UUGPVKCNN[��KV�GZVTCEVU�
the prototypes that best represent the input space in terms of its statistical 
RTQRGTVKGU��7PUWRGTXKUGF�NGCTPKPI�JCU�DGGP�RTQRQUGF�VQ�QEEWT�OCKPN[�CV�VJG�
cortical level and creates abstract representations of concepts ranging from pure 
UGPUQTKOQVQT�WPKVU�
G�I��C�JCPF�RQUVWTG��C�EKTEWNCT�UJCRG��GVE���ǡVQ�JKIJGT�NGXGN�COQFCN�
EQPEGRVU�
G�I��C�VQQN��CP�CPKOCN��GVE���

(QNNQYKPI�VJGUG�NGCTPKPI�RTQEGUUGU��C�NGCTPGTǡECP�GHƒEKGPVN[�TGRTGUGPV�C�JKIJ�
FKOGPUKQP�KPRWV�URCEG�
K�G��RGTEGRVWCN�YQTNF��D[�EQORTGUUKPI�KV�KPVQ�C�NQY�FKOGPUKQP�
TGRTGUGPVCVKQP�URCEG��6JKU�NQY�FKOGPUKQP�URCEG�ECP�DG�GZEKVGF�D[�DQVVQO�WR�
RGTEGRVKXG�KPRWV��VJGTGHQTG�CEVKXCVKPI�C�URGEKƒE�RGTEGRVWCN�CTEJGV[RG�
K�G��EQPEGRV��
or used in the top-down direction by recreating the sensory signal associated with a 
URGEKƒE�CTEJGV[RG�

1PG�ECP�HQTOWNCVGǡVJG�IQCN�QH�WPUWRGTXKUGF�NGCTPKPI�CU�VJGǡOKPKOKUCVKQP�QH�C�
NQUU�HWPEVKQP�VJCV�KU�FGƒPGF�CU�VJG�OGCP�FKUVCPEG�DGVYGGP�VJG�KPRWV�FCVC�UCORNG�

G�I�ǡYQTFU��HCEGU��CDUVTCEV�EQPEGRVU�ǡGVE��ǡCPF�VJG�TGRTGUGPVCVKQPUǡQH�VJG�KVGOU�
UVQTGF�KP�VJG�U[UVGO�
VJGUG�TGRTGUGPVCVKQPU�CTG�TGHGTTGF�VQ�CUǡRTQVQV[RGU���#U�CP�
abstract illustrative example, one can imagine that both the input stimuli and the 
RTQVQV[RGU�CTG�EQFGF�CU�XGEVQTU��UWEJ�VJCV�YG�ECP�FGƒPG�C�FKUVCPEG�DGVYGGP�KPRWVU�
KP�VJG�UCOG�YC[�VJCV�YG�ECP�FGƒPG�C�FKUVCPEG�DGVYGGP�VYQ�RQKPVU�KP�C�OCR��6JG�
UOCNNGT�VJG�FKUVCPEG�ǡVJG�OQTG�HCKVJHWNN[ǡVJG�UVQTGF�RTQVQV[RGǡTGRTGUGPVU�VJCV�KVGO��#U�
C�HWTVJGTǡGZCORNG��EQPUKFGT�VJG�FKHHGTGPEG��DGVYGGP��UC[��KPFKXKFWCNǡRGTEGRVKQPU�QH�VJG�
RJQPGOG��V��CPF�VJG�KPVGTPCN�TGRTGUGPVCVKQP�
QT�TGRTGUGPVCVKQPU��QH�VJG��V��RJQPGOG�

In neural terms, we can informally interpret that the prototype(s) of a given 
KPRWVǡCTG�GPEQFGF�KP�VJG�PGWTQPU�VJCV�CEVKXCVGǡVJG�KPRWV�UVKOWNWU��+P�IGPGTCN��VJG�
larger the neural response to a stimulus, both in number of neurons and in the 
KPVGPUKV[�QH�VJGKT�TGURQPUG��VJG�NCTIGT�VJGǡUVKOWNWU�TGRTGUGPVCVKQP�KP�VJG�DTCKP�
QT��KP�
abstract terms, the smaller the distance between the input stimulus and its closer 
RTQVQV[RG���*QYGXGT��VJG�ECRCEKV[�QH�VJG�DTCKP�KU�DQWPF��PQV�CNNQYKPI�KV�VQ�UVQTG�
CP�CEEWTCVGǡTGRTGUGPVCVKQP�QH�CNN�VJG�UVKOWNK�RGTEGKXGF�VJTQWIJ�NKHG��6JWU��UVQTGF�
representations are generalisations that mostly reflect the regularities in the input 
FQOCKP��+PFGGF�ǡOKPKOKUCVKQP�QH�VJG�CXGTCIG�NQUU�HWPEVKQP�UWIIGUVU�VJCV�OQTG�
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HTGSWGPV�KVGOU�UJQWNF�DG�OQTG�HCKVJHWNN[�TGRTGUGPVGF�ǡ+P�QVJGT�YQTFU��C�UWRGTXKUGF�
learning process will provide more representational resources, memory or neural 
VKUUWG��VQ�VJG�OQTG�HTGSWGPVN[�GPEQWPVGTGF�UVKOWNK�

The process known as perceptual learning, which consists of increasing the 
ITCPWNCTKV[ǡQH�VJG�UGPUQT[�TGRTGUGPVCVKQPU��KU�WPFGTRKPPGF�D[�CP�WPUWRGTXKUGF�
NGCTPKPI�RTQEGUU�ǡ%NGCTN[��CP�CPKOCN�TGEQIPKUGU�UVKOWNK�VJCV�KV�JCU�RTGXKQWUN[�
GZRGTKGPEGF�OQTG�CEEWTCVGN[��VJCP�VJG�QPGU�KV�JCU�PQV��+P�JWOCPU��YG�ECP�EQOGǡDCEM�
VQ�VJG�NCPIWCIG�GZCORNG�ǡYJGP�YG�NKUVGP�VQ�UQOG�URGGEJ�ǡYG�FQǡPQV�TGEQIPKUG�VJG�
RJQPGOGU�QH�C�UGEQPF�NCPIWCIG�CU�FKUVKPEVN[ǡCU�YG�FQ�YKVJ�VJG�QPGU�QH�QWTǡƒTUV�
NCPIWCIG��#PF��QDXKQWUN[��YG�JCXG�DGGP�GZRQUGF�OQTG�QHVGP�VQǡVJG�RJQPGOGU�QH�QWT�
QYP�NCPIWCIG�VJCP�HTQO�CPQVJGT�NCPIWCIG�NGCTPGF�NCVGT�KP�NKHG�ǡ

However, frequency alone might be a poor indicator of what needs to be stored in 
OGOQT[��+PFGGF��UQOG�TGNGXCPV�DWV�KPHTGSWGPV�UVKOWNKǡUJQWNF�PQPGVJGNGUU�DG�HCKVJHWNN[�
TGRTGUGPVGF��6Q�CFFTGUU�VJKU�KUUWG�OCVJGOCVKECNN[�ǡYG�ECP�UGV�C�NQUU�HWPEVKQP�YJGTG�
VJG�OGCP�FKUVCPEG�DGVYGGP�KPRWV�CPF�RTQVQV[RG�KU�YGKIJGF�D[�C�TGNGXCPEG�HCEVQT��
Then, our perceptual knowledge will not only reflect our sensory history in terms of 
HTGSWGPE[��DWV�CNUQ�KP�VGTOU�QH�VJG�TGNGXCPEG�QHǡVJG�UVKOWNK�

In computational neuroscience, the cerebral cortex has been associated with 
WPUWRGTXKUGF�NGCTPKPI�RTQEGUUGU��'URGEKCNN[�KPǡVJG�GCTN[�UGPUQT[�EQTVKEGU��GZVTCEVKPI�
RGTEGRVWCNǡCTEJGV[RGU��DWV�CNUQ�CTIWCDN[�KP�VJG�EQTVKECN�OQVQT�CTGCU��UWEJ�VJCV�
TGEWTTGPV�RCVVGTPU�QHǡEQCEVKXCVKQPǡECP�DG�UVQTGF�CU�OQVQT�RTKOKVKXGU�ǡ

Back to perceptual learning, the phenomena of the reorganisation of the cortical 
UGPUQT[�CTGCU��ECP�DG�UGGP�CU�CǡXCUV�WPUWRGTXKUGF�NGCTPKPI�RTQEGUU��(QT�GZCORNG��VJG�
#��CTGC�QH�VJGǡCWFKVQT[�EQTVGZ�KU�VQPQVQRKECNN[�QTICPKUGF�CEEQTFKPI�VQ�VJG�UVKOWNWU�
frequency, in other words, neighbouring neurons respond to stimulus of similar 
HTGSWGPEKGU��&KHHGTGPV�CPKOCNU��OKEG��OQPMG[U�CPF�JWOCPU�EQXGT�FKHHGTGPV�TCPIGU�
of the frequency spectrum, likely reflecting both evolutionary and environmental 
EQPUVTCKPVU��$WV�VJKU�QTICPKUCVKQP�KU�PQV�UVCVKE�CPF�ECP�TCRKFN[�CFCRV��TGHNGEVKPI�
UWFFGP�EJCPIGU�KP�VJG�CPKOCNŨU�GPXKTQPOGPV��(QT�KPUVCPEG��C�OQVJGT�DGEQOGU�TCRKFN[�
CVVWPGF�VQ�VJG�UQWPF�HTGSWGPE[ǡQH�JGT�PGYDQTPŨU�ET[�

Experimental psychologists have reproduced this process of retuning the auditory 
EQTVGZ�VQ�KPETGCUG�VJG�TGURQPUG�VQ�UVKOWNK�VJCV�UWFFGPN[�DGEQOG�OQTG�TGNGXCPV��(QT�
example, in the paradigm of fear conditioning an animal, such as when a rat hears 
C�RWTG�VQPG�UQWPFťVJG�EQPFKVKQPKPI�UVKOWNWU�
&6�ťYJKEJ�RTGEGFGUǡCP�GNGEVTKECN�
HQQVUJQEM��7UKPI�GNGEVTQRJ[UKQNQIKECN�OGCUWTGOGPVU��KV�JCU�DGGP�UJQYP�VJCVǡCHVGT�
XGT[�HGY�VTKCNU�QH�RCKTGF�UVKOWNCVKQP��VJG�TCVŨU�PGWTCN�TGURQPUG�VQ�VJGǡ&6ǡKPETGCUGU�
FTCOCVKECNN[��K�G��DQVJ�VJG�TGURQPUG�QH�KPFKXKFWCN�PGWTQPUǡCPF�VJG�PWODGT�QH�PGWTQPU�
CVVWPGF�VQ�VJGǡ&6bKPETGCUG�
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This mechanism of the relevance-modulated building of sensory representation, or 
sensory maps, has been reproduced in several works inspired by the DAC framework, 
for instance, the reorganisation of the auditory cortex in response when a neutral 
EQPFKVKQPKPI�UVKOWNWU�KU�CUUQEKCVGF�VQ�C�PCVWTCNN[�CXGTUKXG�QPG��#U�VJG�OCEJKPG�
NGCTPKPI�ƒGNF�ITGY��UGXGTCN�WPUWRGTXKUGF�NGCTPKPI�OQFGNU�JCXG�DGGP�RTQRQUGF�YJKEJ�
CNN�HQNNQY�VJG�UCOG�RTKPEKRNG��6JG�JKUVQTKECN�GZCORNG�CPF�OQUV�UKORNG�KPUVCPEG�QH�
NGCTPKPI�KORNGOGPVCVKQP�KU�VJG�*GDDKCP�TWNGǡYJKEJ�KU�DCUGF�QP�VJG�QDUGTXCVKQP�VJCV�
VYQ�PGWTQPU�ƒTKPI�VQIGVJGT�VGPF�VQ�HCEKNKVCVG�VJG�U[PCRUG�DGVYGGP�VJGO�KP�QTFGT�VQ�
KPETGCUGǡVJGKT�EQCEVKXCVKQP�QXGT�VKOG��/CVJGOCVKECNN[��VJG�UKORNGUV�HQTOCNKUCVKQP�QH�
VJKU�RTKPEKRNG�KU�CU�FGUETKDGF�KP�'SWCVKQP�
���YJGTGǡWijǡǡTGRTGUGPVU�VJG�EQPPGEVKQP�
YGKIJVU�DGVYGGP�PGWTQPUǡiǡCPFbM�ǡXiǡTGRTGUGPVU�VJG�CEVKXKV[�QH�PGWTQPǡLbCPFǡXiǡVJG�
CEVKXKV[�QH�PGWTQPǡj�

ǡ�ǡǡ 
 

 Equation (1)

#UUWOKPI�VJCV�C�ITQWR�QH�PGWTQPU�KU�YKTGF�VQIGVJGT�CPF�TGEGKXGǡKPRWV�HTQO�GZVGTPCN�
sources, this learning rule will tend to create clusters of neurons that will be 
UKOWNVCPGQWUN[�CEVKXG�HQT�URGEKƒE�KPRWV�RCVVGTPU��6JGUG�ENWUVGTU�YKNN�CFCRV�CU�OWEJ�
CU�RQUUKDNG�VQ�ƒV�VJG�UVCVKUVKECN�RTQRGTVKGU�QH�VJG�KPRWV�URCEG�CPF�VQ�ECVGIQTKUG�KV�KPVQ�
ENCUUGU��#�UKORNG�GZCORNG�QH�VJKU�RTKPEKRNG�KU�VJG�*QRƒGNF�PGVYQTM��D[�QDUGTXKPI�
VJG�TGEGRVKXG�ƒGNF�QH�C�URGEKƒE�PGWTQP�KV�KU�CNUQ�RQUUKDNG�VQ�TGETGCVG�VJG�KPRWV�UKIPCN�
prototype that it is encoding for, therefore allowing the example retrieval of the whole 
UKIPCN�HTQO�RCTVKCN�EWGU� 
 
 
 Supervised Learning—Classical Conditioning—The Cerebellum

/CVJGOCVKECNN[�ǡUWRGTXKUGF�NGCTPKPI�CKOU�VQ�ƒV�C�HWPEVKQP�VJCV�OCRU�GNGOGPVU�
HTQO�CP�KPRWV�VQ�CP�QWVRWV�URCEG��)KXGP�CP�KPRWVǡXǡCPF�CP�QWVRWVǡY, the goal of 
UWRGTXKUGF�NGCTPKPI�KU�VQ�CRRTQZKOCVGǡFǡUWEJǡVJCVǡ<� �)�;���#U�KP�VJG�RTGXKQWU�ECUG�
QH�WPUWRGTXKUGF�NGCTPKPI��HQT�UWRGTXKUGF�NGCTPKPIǡYG�FGƒPG�C�NQUU�HWPEVKQP�VJCV�
OGCUWTGUǡVJG�FKHHGTGPEG�DGVYGGP�VJG�QWVRWVǡRTQFWEGF�D[�VJG�U[UVGO�CPF�VJG�EQTTGEV�
QWVRWV��VJCV�KUǡJLYHQbVQ�VJG�U[UVGO��6JG�IQCN�QH�VJG�NGCTPKPI�RTQEGUU�KU�VQ�OKPKOKUG�
VJCV�OGCP�FKHHGTGPEG�

Learned anticipatory control can, in some cases, be understood as the outcome of 
CǡUWRGTXKUGF�NGCTPKPI�RTQEGUU��%QPUKFGT�VJG�ECUG�QH�ENCUUKECN�EQPFKVKQPKPI�KPVTQFWEGF�
RTGXKQWUN[��+P�C�ENCUUKECN�EQPFKVKQPKPI�UGVWR��VJG�PGWVTCNKV[�QH�VJGǡ&6ǡECWUGU�VJG�
PCKXG�CPKOCN�PQV�VQ�TGURQPF�VQ�KV��+P�QVJGT�YQTFU��JG�KORNKEKVN[�RTQFWEGU�CP�QWVRWV�VQ�
VJGǡ&6ǡUVKOWNWU�VJCV�KU�C�PQ�CEVKQP��*QYGXGT��CU�VJG�CPKOCN�ENQUGU�VJG�G[G�VQ�OKPKOKUG�



46 47

VJG�FKUVWTDCPEG�ECWUGF�D[�VJG�KPVTQFWEVKQP�QH�CǡRWHH�QH�CKT�RQKPVGF�FKTGEVGF�VQYCTFU�
KV�ǡUWEJ�CEVKXCVKQP�QH�VJGǡUGPUQTKOQVQT�NQQR�DGEQOGU�CP�GTTQT�UKIPCN�KPFKECVKPI�VJCV�VJG�
eyes should have been closed at the arrival of the Unconditioned Stimulus (86���9KVJ�
this in mind, we can interpret the eyeblink conditioning setup as a supervised learning 
RTQDNGO�YJGTG�VJG�KPRWV�KU�RTQXKFGF�D[�VJG�%5��VJG�CIGPVŨU�QWVRWV�KU�YJCVGXGT�CEVKQP�
KU�VCMGP�QT�PQV�VCMGP�KP�TGURQPUG�VQ�VJCVǡ&6��CPF�VJGǡU5�RTGUGPEGǡFKEVCVGU�VJCV�VJG�
EQTTGEV�QWVRWV�UJQWNF�JCXG�DGGP�VQ�ENQUG�VJG�G[G�ǡ6JGTGHQTG��YG�ECP�UGG�VJCV�CESWKTKPI�
an anticipatory avoidance reflex can be seen as the result of a supervised learning 
RTQEGUU��6JG�&#%�HTCOGYQTM�UKVWCVGU�VJKU�MKPF�QH�RTQEGUU�KP�VJG�CFCRVKXG�NC[GT�

In classical conditioning, learning occurs principally in the cerebellum which suggests 
VJCV�VJG�EGTGDGNNWO�UJQWNF�KORNGOGPV�C�UWRGTXKUGF�NGCTPKPI�CNIQTKVJO��+PFGGF��KP�VJG�
cerebellar cortex it is possible to identify all the information pathways that would be 
necessary for carrying all the inputs and outputs involved in a supervised learning 
RTQDNGO��%QOKPI�DCEM�VQ�VJG�G[GDNKPM�GZCORNG��VJGTG�KU�CP�CTGC�KP�VJG�EGTGDGNNWO�YJGTG�
VJG�QWVRWV�QH�C�RCTVKEWNCT�ENCUU�QH�PGWTQPU��VJG�2WTMKPLG�EGNNU�ǡEQPVTQNU�VJG�G[GNKF�ENQUWTG��
6JGUG�PGWTQPU�CTG�RQYGTHWNN[�KPPGTXCVGF�D[�VJG�ENKODKPI�ƒDTGU��QTKIKPCVGF�KP�VJG�KPHGTKQT�
QNKXG��6JGUG�ENKODKPI�ƒDTGU�UKIPCN�VJG�CEVKXCVKQP�QH�VJG�TGCEVKXG�NQQR�QH�VJGǡG[GNKF�ENQUWTG��
VJCV�KU�VTKIIGTGF�D[�VJGǡ86��6JGǡ&6ǡUVKOWNWU�KPHQTOCVKQP�TGCEJGU�VJGUG�UCOG�EGNNU�
XKC�VJG�RCTCNNGN�ƒDTG��C�FKHHGTGPV�CPF�UGITGICVGF�RCVJYC[��(TQO�C�UWRGTXKUGF�NGCTPKPI�
RGTURGEVKXG��VJG�2WTMKPLG�EGNNU�TGEGKXG�CP�KPRWV�
VJGǡ&6ťXKC�VJG�RCTCNNGN�ƒDTGU���RTQFWEG�
an output (through their axons) and receive an additional input signal that indicates the 
EQTTGEVPGUU�QH�VJG�QWVRWV�
XKC�VJG�ENKODKPI�ƒDTGU���1XGT�VTKCNU��VJG�ENKODKPI�ƒDTG�UKIPCN�
YKNN�CFLWUV�VJG�VTCPUHQTOCVKQP�QH�VJG�RCTCNNGN�ƒDTG�KPRWV�KPVQ�CP�QWVRWV�UWEJ�VJCV�VJG�EGNN�
YKNN�TGURQPF�VQ�VJGǡ&6ǡYKVJ�C�VKOGN[�EQOOCPF�VQ�ENQUG�VJG�G[GNKFU�ǡ

+P�VJKU�ECUG��D[�JCXKPI�RTQXKFGFǡVJG�FGUKTGF�QWVRWV��KV�KU�RQUUKDNG�VQ�CFCRV�VJG�VTCPU�
HQTOCVKQP�KP�VJG�TKIJV�FKTGEVKQP��WUKPI�ITCFKGPV�FGUEGPV�HQT�GZCORNG��#V�VJG�NQYGUV�NGXGN�
KV�CNNQYU�VJG�CIGPV�VQ�NGCTP�VJG�UGPUQTKOQVQT�EJCPIGU�KPFWEGF�D[�C�OQVQT�EQOOCPF�ǡ

In general, a supervised learning system can be used to predict the consequences 
QH�C�URGEKƒE�CEVKQP�IKXGP�C�URGEKƒE�EQPVGZV��6JKU�RTGFKEVKXG�OGEJCPKUO�ECP�VJGP�DG�
WUGF�KP�VJG�EQPVGZV�QH�HQTYCTF�EJCKPKPI�
K�G��RTGFKEVKPI�VJG�EQPUGSWGPEGU�QH�UGXGTCN�
UWEEGUUKXG�CEVKQPU��QT�DCEMYCTF�EJCKPKPI�
K�G��KPHGTTKPI�VJG�IQCN��QT�KPKVKCN�UVCVG�VJCV�NGF�
VQ�RNCP�VJG�GZGEWVKQP��

6JG�CTVKƒEKCN�PGWTCN�KORNGOGPVCVKQP�QH�UWRGTXKUGF�NGCTPKPI��GZVGPFU�WPUWRGTXKUGF�
NGCTPKPI�RTKPEKRNGU�UWEJ�CU�VJG�*GDDKCP�TWNG��.C[QWV�QH�PGWTQPU�CPF�EQPPGEVKQPU�ECP�
lead to a situation where the activity of certain neurons depends only on other neurons 
QH�VJG�PGVYQTM�CPF�PQV�FKTGEVN[�QP�VJG�KPRWV�VQ�VJG�U[UVGO��5WEJ�CP�QTICPKUCVKQP�KU�
typically the multilayered architecture deployed by multilayer perceptron (MLP) or Deep 
.GCTPKPI�OQFGNU��+P�UWEJ�C�ECUG�VJG�PGWTQPU�CTG�UGITGICVGF�KPVQ�VYQ�ECVGIQTKGU��VJG�
QPG�CEVKXCVGF�D[�VJG�GZVGTPCN�KPRWV�VQ�VJG�U[UVGO�
+PRWV�NC[GT�ǡXi), and the one receiving 
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pre-synaptic activity from the input layer (or a hidden layer) and post-synaptic activity 
HTQO�C�FGUKTGF�QWVRWV�
1WVRWV�NC[GT�ǡYi���(QNNQYKPI��VJG�RTGFKEVGF�CEVKXKV[�QH�VJG�QWVRWV�
NC[GTǡĸibECP�DG�HQTOWNCVGF�CU�KP�'SWCVKQP�
���YKVJǡł��ǡDGKPI�VJG�CEVKXCVKQP�HWPEVKQP�QH�
VJG�PGWTQP�
G�I�ǡUKIOQKF���6JG�NGCTPKPI�OGEJCPKUO�NKGU�KP�VJG�CFCRVCVKQP�QH�YGKIJVU�CU�
expressed in Equation (3)

 
 
 
 (TXDWLRQb��� 
 
 
 
 
 Equation (3)

The main difference with the previous case of unsupervised learning is the apparition 
of the teaching signal as a difference between the current prediction computed from 
VJG�KPRWV�CPF�VJG�EWTTGPV�TGCN�UKIPCN�QDUGTXGF��6JG�EQGHƒEKGPVǡƘǡTGRTGUGPVU�VJG�URGGF�
of adaptation of the weights and is a parameter common to most of the supervised 
NGCTPKPI�CNIQTKVJOU��+V�ECP�DG�UGV�GKVJGT�KP�C�ƒZGF�QT�CFCRVKXG�OCPPGT��CU�C�YC[�HQT�
GZCORNG�VQ�GOWNCVG�PGWTQOQFWNCVQTU�QH�NGCTPKPI�NKMG�FQRCOKPG�QT�CEGV[NEJQNKPG� 
 
 
 Reinforcement Learning—Operant Conditioning—Basal Ganglia 
 
Reinforcement learning is different from other types of learning in the sense that it does 
WUG�HGGFDCEM�CDQWV�VJG�RTGFKEVKQP��DWV�KV�KU�QPN[�SWCNKVCVKXG�
K�G��IQQF�QT�DCF��CPF�VJGTG� 
fore does not have explicit access to the optimal direction to follow in the landscape of 
RQUUKDNG�VTCPUHQTOCVKQPU��+V�KU�VKIJVN[�NKPMGF�VQ�VJG�EQPEGRV�QH�TGYCTF��YJKEJ�YG�HTCOG�
CU�VJG�IGPGTCN�KORTQXGOGPV�QH�VJG�KPPGT�UVCVG�QH�VJG�CIGPV��/QTG�VJCP�VJG�UGPUQTKOQVQT�
consequences of an action, reinforcement learning can be used to predict an expected 
reward, making it the ideal candidate to deal with action selection at the behavioural 
NGXGN��6JG�OCKP�DTCKP�UVTWEVWTG�FGCNKPI�YKVJ�TGKPHQTEGOGPV�NGCTPKPI�KU�VJG�DCUCN�ICPINKC��
especially the striatum, which receives input from the substantia nigra and occurs in 
FQRCOKPG�TGNGCUG��VJGTGHQTG�KPETGCUKPI�QT�FGETGCUKPI�VJG�RNCUVKEKV[�QH�U[PCRUGU�

4GKPHQTEGOGPV�NGCTPKPI�KU�VJG�OCKP�YC[�QH�FGCNKPI�YKVJ�CEVKQP�UGNGEVKQP��%QPUKFGTKPI�
VJCV�CP�CIGPVŨU�IQCN�KU�VQ�OCZKOKUG�VJG�QXGTCNN�TGYCTF�KV�YKNN�IGV�HTQO�KVU�CEVKQPU�KP�VJG�
future, reinforcement learning provides the predictive mechanism necessary to select 
CEVKQPU�KP�QTFGT�VQ�CEJKGXG�UWEJ�C�OCZKOKUCVKQP�
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Another crucial part of reinforcement learning lies in its ability to work on the output 
of supervised learning; since you can consider the quality of a prediction an intrinsic 
TGYCTF��KV�CNNQYU�[QW�VQ�UGNGEV�VJG�CEVKQP�VJCV�YKNN�OCMG�[QW�NGCTP�VJG�OQUV��5WEJ�C�
process can be used to guide exploratory behaviours like motor babbling to portions 
QH�URCEG�VJCV�CTG�OQTG�NKMGN[�VQ�DGPGƒV�VJG�CIGPV�KP�VGTOU�QH�KVU�TGRTGUGPVCVKQP�CPF�
RTGFKEVKQP�ECRCDKNKVKGU��6JKU�JCU�DGGP�WUGF�VQ�OCMG�DGJCXKQWTCN�RCVVGTPU�UWEJ�CU�
YCNMKPI�GOGTIG�HTQO�OQVQT�DCDDNKPI�ǡ

 
 Machine Learning and the Behavioural Feedback 
 
Historically, machine learning did not evolve to explain the generation of adaptive 
DGJCXKQWT�KP�CWVQPQOQWU�CIGPVU��+VU�IQCN�KPUVGCF�YCU�EGPVTGF�QP�VJG�RTCEVKECN�
development of information processing applications that, for instance, classify 
images automatically, forecast the evolution of the stock market, and produce 
CWVQOCVKE�VTCPUNCVKQPU�ǡCOQPI�QVJGTU�VCUMU�ǡ+PFGGF��VJG�KFGC�VJCV�GODQFKOGPV�
imposes constraints for a learning algorithm is not usually considered in the 
machine learning literature, and, on the other side, the use of machine learning 
VGEJPKSWGU�WUWCNN[�CUUWOGU�TGSWKTGOGPVU�PQV�OGV�D[�C�DGJCXKPI�CIGPV�

(QT�KPUVCPEG��CP�CIGPVŨU�NGCTPKPIǡFGRGPFU�QPǡKVU�GZRGTKGPEG��DWV�UKPEG�CP�CEVKXG�
agent determines his experiences through behaviour, the shaping of the behaviour 
VJTQWIJ�NGCTPKPIǡYKNN�EJCPIG�VJG�CIGPVŨU�GZRGTKGPEGU��5WEJ�C�VKIJV�NKPM�DGVYGGP�
VJG�UVTWEVWTG�QH�RGTEGRVKQP�CPF�DGJCXKQWT�KU�TGHGTTGF�VQ�CU�DGJCXKQWTCN�HGGFDCEM��
+P�CP�CFCRVKXG�U[UVGO��D[�YC[�QHǡDGJCXKQWTCN�HGGFDCEM��VJG�KPRWVU�CV�VJG�QPUGV�
QH�C�NGCTPKPI�RTQEGUU�YKNN�FKHHGT�HTQO�VJG�QPGU�TGEGKXGFǡD[�VJG�GPF�QH�KV��6JKU�
QDUGTXCVKQP��YJKEJ�OKIJV�UGGO�EQORNGVGN[�VTKXKCNǡHQT�VJG�NC[OCP��XKQNCVGU�QPG�QH�
the assumptions usually taken in the machine learning connectionist literature, 
VJCV�KU��VJCV�KPRWV�UCORNGU�CTG�KPFGRGPFGPV�CPF�KFGPVKECNN[�FKUVTKDWVGF�
K�K�F����6JKU�
KU��VJCV�VJG�CNIQTKVJO�FTCYU�KPRWV�UCORNGU�CU�VJQWIJ�VJG[�YGTG�NQVVGT[ǡRGNNGVU�
TCPFQON[�GZVTCEVGF�HTQO�C�DCI��8KQNCVKQP�QH�VJG�UQ�ECNNGF�K�K�F��CUUWORVKQPǡFQGU�
PQV�KOOGFKCVGN[�FKUSWCNKH[ǡEQPPGEVKQPKUV�UQNWVKQPU�CU�CPǡGZRNCPCVKQP�QHǡNGCTPKPI�KP�
DKQNQIKECN�U[UVGOU��*QYGXGT�ǡKV�FQGU�KORNKECVG�VJCV�VJG�ƒPFKPIU�QT�EQPUVTWEVU�HTQO�
VJG�OCEJKPG�NGCTPKPIǡEQPPGEVKQPKUV�NKVGTCVWTG�OC[ǡPQV�DG�VTCPUNCVCDNG�VQ�VJG�FQOCKP�
QH�GODQFKGF�CFCRVKXG�U[UVGOU�

$GJCXKQWTCN�HGGFDCEMǡCHHGEVU�GXGP�VJG�UKORNGUV�NGCTPKPI�RCTCFKIOU��(QT�KPUVCPEG��KP�
an avoidance learning paradigm, such as the conditioning of the eyeblink response 
with a puff of air, an animal learns to produce an adaptive response that anticipates 
C�RGTVWTDCVKQP��*QYGXGT��ENCUUKECN�EQPFKVKQPKPI�KU�CP�WPEQPUEKQWU�NGCTPKPI�RTQEGUU�
VJCV�KU�FTKXGP�D[ǡVJG�UGPUQT[�RGTEGRVKQP�QH�VJG�CKTRWHH�CNQPG��PQV�D[�C�ECVGIQTKECN�
MPQYNGFIG�CDQWV�VJG�UVKOWNWU�RTGUGPEG��CPF�NGCTPKPI�CHHGEVUǡVJGǡRGTEGRVKQP�QH�VJG�
CKTRWHH��+P�VJG�PCKXG�CPKOCN�VJG�RWHH�QH�CKT�TGCEJGU�VJG�WPRTQVGEVGF�EQTPGC��ECWUKPI�
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C�UVTQPI�RCKPǡRGTEGRVKQP��DWV�CU�VJG�CPKOCN�NGCTPU�VQ�CPVKEKRCVG�KV��VJG�ENQUKPI�G[GNKFU�
RTQVGEV�VJG�G[GDCNN�NGUUGPKPIǡVJG�RCKP�RGTEGRVKQP��6JWU��GXGP�KP�VJKU�GNGOGPVCT[ǡECUG�
of supervised learning, there is a sensorimotor contingency that makes it so that the 
UGPUQT[�UVCVGǡUWEEGUUHWNN[�RTGFKEVGF�CV�VJG�GPF�QH�NGCTPKPI�KU�PQV�VJG�UCOG�UGPUQT[�
UVCVG�VJCV�YCU�GZRGTKGPEGF�CV�VJG�DGIKPPKPI�ǡ 
 
 
 Two Phase Model of Classical Conditioning 
 
Even the simplest processes of animal learning might involve different types of 
EQORWVCVKQPCN�NGCTPKPI�RTQEGUUGU��5Q�HCT��YG�JCXG�UGRCTCVGN[�KPVTQFWEGF�TGNGXCPEG�
modulated unsupervised learning in the context of fear conditioning, and supervised 
NGCTPKPI�KP�VJG�EQPVGZV�QHǡENCUUKECN�EQPFKVKQPKPI��DWV�C�ƒPGT�CPCN[UKU�YKNN�TGXGCN�VJCV�KP�
ENCUUKECN�EQPFKVKQPKPI�YG�ECP�CNTGCF[�KPFKXKFWCVG�DQVJ�NGCTPKPI�RTQEGUUGU�

+P�VJG�����U�VJG�2QNKUJ�RU[EJQNQIKUV�-QPQTUMKǡRTQRQUGF�VJCV�VJG�CUUQEKCVKXG�
processes underlying classical conditioning can be separated into a fast non-
URGEKƒE�NGCTPKPI�U[UVGO�CPF�C�UNQY�URGEKƒE�QPG��*G�RTQRQUGF�VJCV�CHVGT�LWUV�C�
HGY�VTKCNU�QH�RCKTGF�VQPG�CKTRWHH�UVKOWNCVKQPU��VJG�PQP�URGEKƒE�NGCTPKPI�U[UVGO�YKNN�
KPFGGF�CESWKTG�VJG�MPQYNGFIG�VJCV�VJGǡ&6ǡRTGEGFGU�C�OQVKXCVKQPCNN[�TGNGXCPVǡGXGPV��
6JKU�ƒTUV�RTQEGUU�YKNN�TGUWNV�KP�CǡPQP�URGEKƒE�RTGRCTCVQT[�TGURQPUG�VQ�VJGǡ&6, such 
CU�HTGG\KPI�VJG�DQF[�RQUKVKQP��#U�RCKTGF�UVKOWNCVKQP�VTKCNU�CEEWOWNCVG��VJG�CPKOCN�
ITCFWCNN[�DWKNFU�C�URGEKƒE�OQVQT�TGURQPUG�VWPGF�VQ�EQWPVGTCEV�VJGǡ86ǡGHHGEV��YJKEJ�
KP�VJG�CKTRWHH�ECUG�KU�VJG�G[GDNKPM�TGURQPUG�

In general, the more salient a stimulus is, the higher its capacity to induce plastic 
EJCPIGU��VJKU�KU��VJG�HCUVGT�KV�FTKXGU�NGCTPKPI��6JWU��DGUKFGU�GNKEKVKPI�C�PQP�URGEKƒE�
TGURQPUG�ǡVJG�ƒTUV�RJCUG�QH�NGCTPKPI�DQQUVU�VJG�KPVGTPCNN[�CVVTKDWVGF�UCNKGPE[�QH�
VJGǡ&6ǡUVKOWNWU��KPETGCUKPI�VJG�PGWTCN�TGURQPUG�VQ�VJG�VQPG��6JKU�KPETGCUGF�TGURQPUG�
may enable learning in cases where the initial response of the sensory cortices to 
VJGǡ&6ǡYCU�KPUWHƒEKGPV�VQ�TGETWKV�VJG�RNCUVKEKV[�OGEJCPKUO�QH�VJG�EGTGDGNNWO�

9JGTGCU�VJG�EGTGDGNNWO�KPVGTRTGVU�VJGǡ86�GXQMGF�CEVKXCVKQP�QH�VJG�ENKODKPI�ƒDTG�
UKIPCNU�VJCV�C�EQPETGVG�OQVQT�CEVKQP�UJQWNF�JCXG�DGGP�RTQFWEGF�ǡCEVKXCVKQP�QH�VJG�
PWENGWU�DCUCNKU��GXQMGF�D[�VJG�UCOGǡ86, broadcasts to the cortex the message 
VJCVǡC�TGNGXCPV�UVKOWNWU�YCU�TGEGKXGF��6JKU�OGUUCIG�KU�EQFGF�D[�VJG�WPURGEKƒE�
TGNGCUG�QH�VJG�CEGV[EJQNKPG�C�PGWTQOQFWNCVQT��VJCV�QPEG�TGCEJKPIǡVJG�UGPUQT[�
EQTVKEGU��YKNN�EQPXGTIG�YKVJǡ&6�GXQMGF�CEVKXCVKQP�ǡ

Therefore, the acquisition of an adaptive reflex requires two concurrent learning 
RTQEGUUGU��6JKU�KU�ECRVWTGF�D[�VJG�FKHHGTGPV�NGXGNU�QH�KORNGOGPVCVKQP�QH�VJG�&#%�
HTCOGYQTM��CU�FGUETKDGF�KP�VJG�ŧ6WVQTKCNUŨ�UGEVKQP�QH�VJKU�RWDNKECVKQP�
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DAC is based on the fundamental assumption that foraging can be explained 
QP�VJG�DCUKU�QH�VJG�KPVGTCEVKQP�QH�VJTGG�NC[GTU�QH�EQPVTQN�ǡTGCEVKXG��CFCRVKXG�CPF�
EQPVGZVWCN�ǡ&#%��YCU�RTQRQUGF�CU�C�OQFGN�HQT�ENCUUKECN�CPF�QRGTCPV�EQPFKVKQPKPI�

2CXNQX��������6JQTPFKMG��������8GTUEJWTG���������6JG�TGCEVKXG�NC[GT�RTQXKFGU�C�UGV�QH�
TGHNGZGU�CNNQYKPI�VJG�U[UVGO�VQ�KPVGTCEV�YKVJ�VJG�GPXKTQPOGPVťWPEQPFKVKQPGF�UVKOWNK�
(86�ǡVQ�WPEQPFKVKQPGF�TGURQPUG�
UR���6JG�CFCRVKXG�NC[GT�KU�C�OQFGN�QH�ENCUUKECN�
EQPFKVKQPKPI�CPF�HWNƒNNU�C�VYQ�HQNF�VCUM��1P�VJG�QPG�JCPF�KV�NGCTPU�VQ�CUUQEKCVG�VJG�
conditioned stimuli (&6�ǡVQ�VJGǡUR�ǡHQTOKPIǡVJG�EQPFKVKQPGF�TGURQPUG�
&5���1P�VJG�
QVJGT�JCPF��KV�HQTOU�KPVGTPCN�TGRTGUGPVCVKQPU�QH�VJGǡ&6ǡWUGF�D[�VJG�EQPVGZVWCN�NC[GT��
6JG�EQPVGZVWCN�NC[GT�KU�C�OQFGN�HQT�QRGTCPV�EQPFKVKQPKPI�ǡKV�RTQXKFGU�VJG�U[UVGO�YKVJ�
UJQTV��CPF�NQPI�VGTO�OGOQT[�UVTWEVWTGU��6JG�UGPUQTKOQVQT�EQPVKPIGPEKGU�HQTOGF�CV�
the level of the adaptive layer are acquired and retained in these memory structures, 
HQTOKPI�DGJCXKQWTCN�UGSWGPEGU��6JG�TGRTGUGPVCVKQPU�UVQTGF�KP�VJG�EQPVGZVWCN�NC[GT�
are constantly matched against the ongoing perceptions allowing for the retrieval 
QHǡUWEEGUUHWN�DGJCXKQWTCN�UGSWGPEGU�KP�UKOKNCT�EQPVGZVU�

6JG�RTQVQV[RKECN�TQDQV�VGUV�ECUG�HQT�&#%��KU�C�HQTCIKPI�VCUM�KP�CP�QRGP�CTGPC��+P�
this task, the robot, equipped with proximal and distal sensors, explores the arena in 
UGCTEJ�QH�NKIJV�UQWTEGU�YJKNG�CXQKFKPI�EQNNKUKQPU�YKVJ�VJG�UWTTQWPFKPI�YCNN��%QNQWTGF�
RCVEJGU�UECVVGTGF�QP�VJG�HNQQT�UGTXG�CU�NCPFOCTMU�HQT�VJG�PCXKICVKQP��+P�VJG�
HTCOGYQTM�QH�ENCUUKECN�EQPFKVKQPKPI��VJG�RTQZKOCN�
G�I��FKUVCPEG�CPF�NKIJV��UGPUQTU�
UGTXG�CU�CXGTUKXG�CPF�CRRGVKVKXGǡ86U��%NQUG�VQ�VJG�NKIJV�QT�CV�C�EQNNKUKQP�CǡURǡKU�
VTKIIGTGF�UWEJ�VJCV�VJG�TQDQV�CRRTQCEJGU�VJG�NKIJV�QT�VWTPU�CYC[�HTQO�VJG�YCNN��6JG�
EQNQWTGF�RCVEJGU�UGTXG�CUǡ&6U� 
 
 
 Reactive and Adaptive Layer 
 
In DAC5, the adaptive layer learns sensorimotor contingencies generated 
by the reactive layer and forms internal representations of the environment 
DCUGF�QP�VJG�ENCUUKECN�EQPFKVKQPKPI�RCTCFKIOǡ
2CXNQX���������#P�WPEQPFKVKQPGF�
UVKOWNWUǡ86bVTKIIGTU�CP�WPEQPFKVKQPGF�TGURQPUGǡURǡ
UGG�(KI�ǡ����#ǡ86ǡGXGPV�CNUQ�
KPFWEGUǡCEVKXKV[�KP�RQRWNCVKQPU�QH�WPKVU�YJKEJ�TGHNGEV�CP�KPVGTPCN�UVCVG�
,6���.GCTPKPI�
EQPUKUVU�QHǡCUUQEKCVKPI�C�EQPFKVKQPGF�UVKOWNWUǡ&6ǡVQ�VJG�86ǡUWEJ�VJCV�CHVGT�NGCTPKPI��
VJGǡ&6ǡQP�KVU�QYP�ECP�VTKIIGT�C�EQPFKVKQPGF�TGURQPUGǡ&5ǡ
UGG�(KI�ǡ����+P�FQKPI�UQ�
KV�EQODKPGU�RGTEGRVWCN�CPF�DGJCXKQWTCN�NGCTPKPI��$GJCXKQWTCN�NGCTPKPI�CUUQEKCVGU�
VJG�FKHHGTGPVǡ&6s to the correct &5U��2GTEGRVWCN�NGCTPKPI�EQORTGUUGU�VJG�JKIJGT�
FKOGPUKQPCNǡ&6ǡVQ�VJG�NQYGT�FKOGPUKQPCNǡ&5�
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Figure 1.     7KH�$GDSWLYH�DQG�WKH�5HDFWLYH�OD\HU��VTXDUHG�ER[HV�VWDQG�IRU�QHXURQDO�
JURXSV��DUURZV�VWDQG�IRU�VWDWLF��VROLG�OLQH���DQG�DGDSWLYH��GDVKHG�OLQH��V\QDSWLF�
WUDQVLWLRQV�EHWZHHQ�WKH�JURXSV��

9G�FGƒPG�VJG�HQNNQYKPI�CDDTGXKCVKQPU�HQT�VJG�CEVKXKVKGU�KP�VJG�FKHHGTGPV�EGNN�ITQWRU�

 
7UWCNN[�VJG�FKOGPUKQPCNKV[ǡ1ǡQH�VJGǡ&6ǡKU�JKIJGT�VJCP�VJG�FKOGPUKQPCNKV[ǡKǡQH�VJGǡ,6��
6JG�FKOGPUKQPCNKV[ǡ0ǡQH�VJGǡ86ǡKU�KP�IGPGTCN�DWV�PQV�PGEGUUCTKN[ǡUKOKNCT�QT�GSWCN�VQ�
VJG�FKOGPUKQPCNKV[ǡKǡQH�VJGǡ,6ǡEGNN�ITQWR��+P�VJG�IGPGTCN�ECUG�VJG�CEVKXKV[�QH�VJGǡ86ǡCPF�
VJGǡ&6ǡEGNN�ECP�DG�C�PQPNKPGCT�HWPEVKQP�QH�VJG�UGPUQT�TGCFKPIU��7UWCNN[��JQYGXGT�ǡVJG�
HWPEVKQP�KU�VJG�KFGPVKV[�HWPEVKQP��9KVJ�VJGUG�FGƒPKVKQPU�VJG�HQTYCTF�F[PCOKEU�QH�VJG�
adaptive and reactive layer can be written as: 
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DAC5

6JGǡ86ǡEGNN�ITQWR�ECP�DG�EQORTKUGF�QH�PGWTQPU�HQT�FKHHGTGPV�XCNWGU�QHǡ86s such as 
CRRGVKVKXG�CPF�CXGTUKXG�UVKOWNK��6Q�UKORNKH[�VJG�PQVCVKQP�VJG[�CTG�CNN�TGRTGUGPVGF�KP�VJG�
XGEVQTǡs��6JG�RTGFGƒPGF�YGKIJV�OCVTKZǡVǡFGVGTOKPGU�YJCV�CEVKQPU�CTG�VTKIIGTGF�D[�VJG�
FKHHGTGPV�UVCVGU�QHǡ86��ǡ+V�EQPPGEVU�VJG�GNGOGPVU�QHǡ86ǡVQ�URGEKƒE�GNGOGPVU�QHǡ,6ǡCPF�
VJWU�XKC�VJG�CEVKQP�UGNGEVKQPǡ$6ǡUGVU�URGEKƒE�CEVKQPU�ǡWǡFGUETKDGU�VJG�CUUQEKCVKQP�QH�
&6ǡVQǡ,6ǡCPF�KU�UWDLGEV�VQ�NGCTPKPI�ǡ 

6JG�UNQY�F[PCOKEU�FGUETKDKPI�VJG�EJCPIG�QH�VJG�YGKIJVUǡWǡHQNNQY�VJG�NGCTPKPI�TWNG�
called correlative subspace learning (&6/�ǡ
&WHH�GV�CN��������� 
 
 
 
 
6JG�RCTCOGVGTǡƔǡKU�VJG�NGCTPKPI�TCVG�CPF�OC[�XCT[�YKVJ�VKOG��.GCTPKPI�KU�FTKXGP�D[�VJG�
two product terms   and ��6JG�RCTCOGVGT�  varies between -1 and 1 
and balances the influence of the two terms  and �QP�NGCTPKPI��9KVJ�C�  of -1 
only  drives learning and for a  of 1 the learning dynamics are determined by  
QPN[��6JG�VGTO� �KU�TGNCVGF�VQ�VJG�CWVQ�EQTTGNCVKQP�QH�VJGǡ&6��9KVJ�VJG�CUUWORVKQP�
that the learning rate �KU�UOCNN�CPF�VJG�OGCP�QHǡxǡQXGT�VKOG�KU�\GTQ��YG�ECP�TGICTF�

�CU�VJG�KPUVCPVCPGQWU�GUVKOCVG�QH�VJG�TGCN�CWVQ�EQTTGNCVKQP��6JWU��YG�ECP�KFGPVKH[�
VJKU�VGTO�YKVJ�RGTEGRVWCN�NGCTPKPI�CU�KV�FGRGPFU�QPN[�QP�VJGǡ&6��6JG�VGTO�����������TGNCVGU�
VQ�VJG�EQTTGNCVKQP�QH�VJGǡ&6ǡCPF�VJGǡUR��#ICKP�KV�ECP�DG�UGGP�CU�VJG�KPUVCPVCPGQWU�
GUVKOCVG�QH�VJG�TGCN�EQTTGNCVKQP��9G�KFGPVKH[�VJKU�VGTO�YKVJ�DGJCXKQWTCN�NGCTPKPI�CU�KV�
EQPVTKDWVGU�VQ�NGCTPKPI�VJG�CUUQEKCVKQP�DGVYGGP�VJGǡ&6ǡCPF�VJGǡUR��ǡ*QYGXGT��YKVJ�
QPN[�VJGUG�VYQ�VGTOU�VJG�YGKIJVU�YQWNF�ITQY�GZRQPGPVKCNN[�CPF�PGXGT�EQPXGTIG��6JG�
PGICVKXG�PQTOCNKUCVKQP�VGTOǡ�:�\ǡFGRTGUUGU�VJG�YGKIJVU�CPF�CUUWTGU�EQPXGTIGPEG� 

The parameter  allows to control the influence of the terms  and  on 
NGCTPKPI��CPF�VJWU�CNNQYU�VQ�DCNCPEG�RGTEGRVWCN�CPF�DGJCXKQWTCN�NGCTPKPI��9KVJ�C�  of 
���NGCTPKPI�KU�QPN[�FTKXGP�D[�VJGǡ&6ǡCPF�VJG�NGCTPKPI�TWNG�EQTTGURQPFU�VQ�VJG�UWDURCEG�
NGCTPKPI�CNIQTKVJO�RTQRQUGF�D[�1LC��#�  of -1 corresponds to purely perceptual 
NGCTPKPI� 
 
6JG�RGTEGRVWCN�TGRTGUGPVCVKQPU�FGƒPGF�D[�VJG�GZVTCEVGF�UWDURCEG�CTG�VJG�UQ�ECNNGF�
RTQVQV[RGU�FGƒPGF�CU� ���6JG�RTQVQV[RGU�CTG�VJG�DCUKE�GNGOGPVU�WUGF�
to store and recall action sequences in the long-term memory of the contextual 
NC[GT�
8GTUEJWTG��������8GTUEJWTG������C���6JG�RTQVQV[RG�EQTTGURQPFU�VQ�VJG�NKPGCT�
RTQLGEVKQP�QHǡxǡVQ�VJG�NGCTPGF�UWDURCEG�FGƒPGF�D[�VJG�YGKIJV�OCVTKZǡW��6JWU�VJG�
prototypes directly depend on the extracted subspace and the parameter  allows 
VQ�EQPVTQN�KH�VJG�RTQVQV[RGU�CTG�FGƒPGF�OQTG�D[�VJG�CWVQ�EQTTGNCVKQP�QH�VJGǡ&6s or 
D[�VJG�EQTTGNCVKQP�DGVYGGP�VJGǡ&6ǡCPF�VJGǡUR��9JCV�KU�VJG�QRVKOCN�DCNCPEG�DGVYGGP�
RGTEGRVWCN�CPF�DGJCXKQWTCN�NGCTPKPI��K�G��YJCV�KU�VJG�QRVKOCN�XCNWG�HQT��  is not clear in 
CFXCPEG�CPF�YKNN�UVTQPIN[�FGRGPF�QP�VJG�VCUM�CV�JCPF�CPF�VJG�UVCVKUVKEU�QH�VJGǡ&6ǡCPF�
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VJGǡUR�ǡ+P�VJKU�YC[��VJG�CFCRVKXG�NC[GT�HWNƒNNU�KVU�VYQHQNF�VCUM�QH�NGCTPKPI�VJG�UGPUQT[�
OQVQT�CUUQEKCVKQPU�CPF�HQTOKPI�KPVGTPCN�TGRTGUGPVCVKQPU��K�G��VJG�RTQVQV[RGUǡeǡHQT�VJG�
RNCPPKPI�U[UVGO�QH�VJG�EQPVGZVWCN�NC[GT� 
 
 
 Contextual Layer 
 
The contextual layer provides mechanisms for memorising and recalling behavioural 
UGSWGPEGU��+V�EQORTKUGU�VYQ�OGOQT[�UVTWEVWTGU��C�UJQTV�VGTO�OGOQT[�
56/���CPF�C�
NQPI�VGTO�OGOQT[�
.6/��HQT�VJG�RGTOCPGPV�UVQTCIG�QH�KPHQTOCVKQP�
UGG�(KI�ǡ��DGNQY)��
6JGUGǡCNNQY�VJG�U[UVGO�VQ�CESWKTG��TGVCKP�CPF�GZRTGUU�UGSWGPEGU�QH�VJG�UGPUQTKOQVQT�
EQPVKPIGPEKGU�VJG�CFCRVKXG�NC[GT�IGPGTCVGU��6JG�CESWKUKVKQPǡQH�KPHQTOCVKQP�KPVQ�
memory is done in two steps: 
 
 1.       Sensorimotor events generated by the adaptive layer are stored in the   
� �����������56/��HQTOKPI�C�DGJCXKQWTCN�UGSWGPEG� 
 
 2.       When a goal state is reached the sequence of sensorimotor events stored  
� ����� �����KP�VJG�56/�CTG�EQRKGF�KPVQ�VJG�.6/�CPF�VJG�56/�KU�KPKVKCNKUGF� 

The information stored in the LTM is then recalled to reach goal states, as follows: 
 
 1.       Whenever a new sensory event is generated it is compared with all the  
� �����������QPGU�UVQTGF�KP�VJG�.6/� 
 
 2.�������6JG�UGIOGPVU�QH�VJG�.6/�VJCV�CTG�UKOKNCT�GPQWIJ�
UKOKNCTKV[�FGƒPGF�D[� 
� �����������C�OCVEJKPI�ETKVGTKC��VQ�VJG�IGPGTCVGF�QPG�CTG�TGVTKGXGF� 
 
 3.       Retrieved segments from memory contribute to compute the selected  
� � ����CEVKQP� 
 
 4.       The selection of segments from the LTM is biased by previous experience  
            to achieve sequential chaining 
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DAC5

)LJXUHb��b   �&RQWH[WXDO�OD\HU�b����7KH�JHQHUDWHGb&6bSURWRW\SHbHbIURP�WKH�DGDSWLYH�
OD\HU�DQG�WKH�H[HFXWHG�DFWLRQbDbDUH�VWRUHG�DV�D�EHKDYLRXUDO�FRXSOHW�LQ�WKH�
670������:KHQ�D�JRDO�VWDWH�LV�DFKLHYHG�WKH�LQIRUPDWLRQ�VWRUHG�LQ�WKH�670�
LV�FRSLHG�LQWR�WKH�/70�DV�D�VHTXHQFH�DQG�WKH�670�LV�LQLWLDOLVHG������7KH�
JHQHUDWHGb&6bSURWRW\SHbHbLV�FRPSDUHG�ZLWK�DOO�WKH�SURWRW\SHVbHbVWRUHG�LQ�
WKH�/70������7KH�DFWLRQbDbSURSRVHG�E\�WKH�FRQWH[WXDO�OD\HU�LV�FDOFXODWHG�DV�D�
ZHLJKWHG�VXP�RYHU�WKH�DFWLRQV�DVVRFLDWHG�ZLWK�WKH�VHQVRU\�HYHQWV�VHOHFWHG�
IURP�WKH�/70� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The STM is the structure that temporarily stores the behavioural sequence that is 
DGKPI�GZRGTKGPEGF�D[�VJG�TQDQV�CPF�VJCV�FKF�PQV�NGCF�VQ�C�IQCN�UVCVG�[GV��+V�KU�C�TKPI�
DWHHGT�HQTOGF�D[�CǡUGSWGPEGǡQHǡ16ǡUGIOGPVU��'CEJ�UGIOGPV�EQPVCKPU�VJG�CEVKQP�
GZGEWVGFǡaǡD[�VJG�TQDQV�VQIGVJGT�YKVJ�VJG�&6�RTQVQV[RGǡeǡVJCV�YCU�IGPGTCVGF�CV�
VJCV�VKOG��9JGP�C�IQCN�UVCVG�KU�TGCEJGF�VJG�EQPVGPV�QH�VJG�56/�KU�EQRKGF�KPVQ�VJG�
.6/�CPF�VJG�56/�KU�KPKVKCNKUGF��6JG�.6/�EQPVCKPUǡ1/ǡUGSWGPEGU�QH�OCZKOWO�UK\G�
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QHǡ16ǡUGIOGPVU��'CEJ�UGSWGPEG�UVQTGF�KP�VJG�.6/�JCU�C�XCNWG�VJCV�TGNCVGU�VQ�VJG�IQCN�
UVCVGU�VJG[�NGCF�VQ�
G��I��
��HQT�CP�CXGTUKXG�UVCVG�UWEJ�CU�EQNNKUKQP��
��HQT�CP�CRRGVKVKXG�
UVCVG�UWEJ�CU�TGYCTF��

The retrieval of the proper action from memory is based on the similarity between the 
EWTTGPVǡ&6ǡRTQVQV[RGǡeǡCPF�VJGǡ&6ǡRTQVQV[RGUǡeOTǡRTGXKQWUN[�UVQTGF�KP�VJG�.6/��6JKU�
similarity is calculated using a distance measurement as follows: 
 
 
  
  
 
6JG�FGITGG�QH�OCVEJKPI�QH�UGIOGPVǡlǡKP�UGSWGPEGǡTǡFGVGTOKPGU�VJG�KPRWV�VQ�KVUǡUQ�
ECNNGFǡcollector: 

 
  
  
6JG�EQNNGEVQT�FGVGTOKPGU�VJG�EQPVTKDWVKQP�QH�VJG�UGIOGPV�VQ�VJG�ƒPCN�RTQRQUGF�
CEVKQP�D[�VJG�EQPVGZVWCN�NC[GT��+VU�CEVKXKV[�FGRGPFU�QP�VJG�FKUVCPEGǡG���ǡDGVYGGP�VJG�
EWTTGPV�IGPGTCVGFǡ&6�HǡRTQVQV[RG�CPF�VJGǡ&6bHOTǡRTQVQV[RG�UVQTGF�KP�UGIOGPVǡlǡCPF�
UGSWGPEGǡTǡCPF�QP�CǡUQ�ECNNGFǡtrigger valueǡtǡVJCV�KU�CUUQEKCVGF�YKVJ�GCEJ�
UGIOGPVǡOTǡKP�OGOQT[�ǡ 

6JG�VTKIIGT�XCNWG�KU�WUGF�VQ�GPUWTG�EJCKPKPI�VJTQWIJ�C�UGSWGPEG��+VU�XCNWG�FGRGPFU�QP�
whether the segment that temporarily precedes it in a sequence was selected in the 
RTGXKQWU�E[ENG��+H�KV�YCU�PQV�UGNGEVGF�VJG�VTKIIGT�JCU�C�FGHCWNV�XCNWG�QH���CPF�VJGTGHQTG�KV�
FQGU�PQV�DKCU�VJG�UGNGEVKQP�QH�VJG�UGIOGPV��*QYGXGT�KH�UGIOGPVǡO��ǡKP�UGSWGPEGǡTǡYCU�
UGNGEVGF�VJGP�VJG�VTKIIGT�XCNWG�QH�UGIOGPVǡlǡKP�UGSWGPEGǡTǡKU�UGV�VQ�C�JKIJGT�XCNWG�VJCP�
���6JKU�OGCPU�VJCV�VJG�EQNNGEVQT�WPKV�CUUQEKCVGF�YKVJ�VJCV�UGIOGPV�YKNN�KPETGCUG�KVU�
value and that therefore the segment will have more probability of being selected in 
HWVWTG�FGEKUKQP�OCMKPI��6JG�VTKIIGT�XCNWG�FGETGCUGU�CU[ORVQVKECNN[�CU� 
 
 
  
 
where ���9JGP�C�UGIOGPV�KU�UGNGEVGF�KVU�VTKIIGT�XCNWG�KU�TGUGV�VQ���

The action proposed by the contextual layer is calculated using the activity of the 
collectors, but only if these collectors satisfy two criteria: (1) Its activity is above 
C�RTGFGƒPGF�VJTGUJQNF�
� ����CPF�
���+VU�CEVKXKV[�KU�KPUKFG�C�RTGFGƒPGF�RGTEGPVCIG�
TCPIGǡHTQO�VJG�OCZKOWO�EQNNGEVQTŨU�CEVKXKV[��G��I��VJG�EQNNGEVQTU�EQORGVG�KP�CP� 
'��/CZ�9KPPGT�6CMG�#NN�
96#��OGEJCPKUO�
#NOGKFC�GV�CN���������KP�YJKEJ�QPN[�VJG�
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EQNNGEVQTU�KPUKFG�YKVJ�CP�CEVKXCVKQP�GSWCN�QT�ITGCVGT�VJCPǡ'��HTQO�VJG�OCZKOWO�
EQNNGEVQTŨU�CEVKXKV[�EQPVTKDWVG�VQ�VJG�CEVKQP��6JGUG�VYQ�ETKVGTKC�ECP�DG�F[PCOKECNN[�
adjusted so that they change their value according to the certainty or uncertainty of 
VJG�TQDQV��G��I��YJGP�VJG�TQDQV�KU�UVKNN�NGCTPKPI�KV�YKNN�JCXG�C�NQY�XCNWG�QH� �CPFǡ'��UQ�
VJCV�KV�ECP�VCMG�KPVQ�CEEQWPV�C�ITGCVGT�PWODGT�QH�RTQRQUCNU��6JG�UGNGEVGF�EQNNGEVQTU�
contribute to the contextual action as: 

 
  
 
where  is the distance measured as the number of segments needed to reach 
VJG�IQCN�UVCVG�HTQO�VJG�EWTTGPV�UVCVG��K��G��FKUVCPEG�DGVYGGP�UGNGEVGF�UGIOGPV�CPF�
VJG�NCUV�UGIOGPV�KP�VJG�UGSWGPEG��6JG�RNWU�UKIP�OGCPU�VJCV�VJG�UGNGEVGF�UGIOGPV�
corresponds to an appetitive goal state sequence whereas the minus sign means 
VJCV�KV�DGNQPIU�VQ�CP�CXGTUKXG�IQCN�UVCVG�UGSWGPEG��1PN[�KH�VJG�EQORWVGF�CEVKQP�  is 
RQUKVKXG�KV�KU�GZGEWVGF��+P�VJKU�YC[��DCEMYCTFU�CEVKQPU�CTG�CXQKFGF� 

6JG�CEVKXCVKQP�QH�VJGǡEQPVGZVWCN�NC[GT�FGRGPFU�QP�VJG�SWCNKV[�QH�VJG�IGPGTCVGF� 
RTQVQV[RGUǡ&6�HǡHTQO�VJG�CFCRVKXG�NC[GT��6JKU�SWCNKV[�KU�CUUGUUGF�D[�WUKPI�C� 
FKUETGRCPE[�OGCUWTG�VJCV�TWPU�CP�CXGTCIG�FKUVCPEG�DGVYGGP�VJG�RTGFKEVGFǡ 
RTQVQV[RGUǡ&6�HǡCPF�VJG�CEVWCNǡ&6�[ǡXCNWG� 
 
 
  
 
where �FGƒPGU�VJG�KPVGITCVKQP�VKOG�EQPUVCPV�CPF�VJG�FKUVCPEGǡG�[�H�ǡDGVYGGP�
CEVWCNǡ&6�[ǡCPF�GUVKOCVGFǡ&6�HǡRTQVQV[RGU��1PN[�YJGP�VJKU�FKUETGRCPE[�OGCUWTG�
falls bellow a certain threshold (FRQͧGHQFH�WKUHVKROG��VJG�EQPVGZVWCN�NC[GT�KU�GPCDNGF�

#P�CEVKQP�UGNGEVKQP�OGEJCPKUO�TGEGKXGU�VJTGG�CEVKQPU��QPG�HTQOǡGCEJ�NC[GT�QH�VJG�
architecture: reactive action (  ), adaptive action (  ) and contextual action ( ����
6JG�ƒPCN�CEVKQP�GZGEWVGF�D[�VJG�TQDQV�KU�UGNGEVGF�VJTQWIJ�C�RTKQTKV[�OGEJCPKUO�KP�
YJKEJ�VJG�OQUV�RTKQTKV[�CEVKQPǡKU�VJG�TGCEVKXG�CEVKQP��VJGP�VJG�EQPVGZVWCN�CEVKQP��CPF�
ƒPCNN[�VJG�CFCRVKXG�CEVKQP� 
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� 6WVQTKCN����)GVVKPI�5VCTVGF
 
 Foraging 
 
(QTCIKPI��K�G��VJG�ECRCDKNKV[�QH�CP�CPKOCN�VQ�UGCTEJ�CPF�ƒPF�HQQF��ETKVKECNN[�FGVGTOKPGU�
KVU�GXQNWVKQPCT[�ƒVPGUU�CU�KV�RNC[U�CP�KORQTVCPV�TQNG�KP�KVU�CDKNKV[�VQ�UWTXKXG�CPF�
TGRTQFWEG��+P�DGJCXKQWTCN�VGTOKPQNQI[��HQTCIKPI�TGRTGUGPVU�C�IQCN�QTKGPVGF�
GZRNQTCVKQP�HQT�TGUQWTEGU�PQTOCNN[�OQVKXCVGF�D[�HQQF�FGRTKXCVKQP��(QTCIKPI�KU�
an advanced, goal-oriented behaviour where prior knowledge of an environment 
and acquired behavioural strategies must be matched to the novelty and hazards 
presented by an unpredictable world and the varying allostatic requirements of the 
DGJCXKPI�U[UVGO�KVUGNH��G�I��GPGTIGVKE�CPF�TGRTQFWEVKXG�PGGFU��6JGUG�EQPUVTCKPVU�
CTG�FGƒPGF�CV�XCT[KPI�URCVKCN�CPF�VGORQTCN�UECNGU��YJGTG�C�UWEEGUUHWN�HQTCIGT�
must simultaneously satisfy local and global constraints, such as performing 
obstacle avoidance while staying on course to reach a known feeding site whilst 
CNUQ�CNNQECVKPI�TGUQWTEGU�EQPUKUVGPV�YKVJ�KVU�CNNQUVCVKE�PGGFU��#U�UWEJ��HQTCIKPI�
TGRTGUGPVU�CP�GZEGNNGPV�VGUV�ECUG�HQT�CP�CWVQPQOQWU�EQPVTQN�U[UVGO�

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1.ǡ��� 6LPXODWHG�DJHQW��UHG�F\OLQGHU�ZLWK�WKH�JUH\�GRW�RQ�WRS��DQG�HQYLURQPHQW�IRU�
WKH�UHVWLFWHG�DUHQD�IRUDJLQJ�WDVN�b



63

6WVQTKCN����)GVVKPI�5VCTVGF

+P�VJG�HQNNQYKPIǡVWVQTKCNU�YG�GZRNQTG�JQY�VJG�FKHHGTGPV�NC[GTU�QH�&#%��EQPVTKDWVGU�
VQ�UQNXKPI�C�HQTCIKPI�VCUM��+P�RCTVKEWNCT��YG�VGUV�&#%��KP�C�TGUVTKEVGF�CTGPC�HQTCIKPI�
VCUMǡ
UGG�(KI�ǡ����6JG�USWCTGF�CTGPC�EQPVCKPU�EQNQWTGF�RCVEJGU�CPF�C�NKIJV�UQWTEG�
XKUKDNG�D[�VJG�FQYPYCTF�RQKPVKPI�ECOGTC�QH�VJG�TQDQV��6JG�NKIJV�KPVGPUKV[�FGEC[U�
with the distance and it is only detectable for the light sensors of the robot at a 
NKOKVGF�FKUVCPEG��6JG�TQDQV�KU�RNCEGF�KP�QPG�QH�VJG�VJTGG�UVCTVKPI�RQUKVKQPU�
ITG[�
EKTENGU��HCEKPI�VJG�RCVEJGU��CPF�VJG�IQCN�QH�VJG�TQDQV�KU�VQ�TGCEJ�VJG�NKIJV��'XGT[�VKOG�
VJG�TQDQV�EQNNKFGU�YKVJ�VJG�YCNN�C�PGY�VTKCN�UVCTVU�CPF�TCPFQON[�TGRQUKVKQPUǡVJG�TQDQV�
CV�QPG�QH�VJG�VJTGG�UVCTV�RQUKVKQPU��6JKUǡVCUM�ECP�DG�FGUETKDGF�KP�VGTOU�QH�ENCUUKECN�
EQPFKVKQPKPI��VJG�NKIJV�UGTXGU�CUǡ86ǡYJGTG�VJG�RCVEJGU�UGTXG�CUǡ&6U��#U�KP�VJKU�
EQPƒIWTCVKQP�QH�VJG�VCUM��CNN�QH�VJG�VQR�RCVEJGUǡJCXG�VJG�UCOG�EQNQWT�CPF�VJG�VCUM�KU�
CODKIWQWU�CPF�ECPPQVǡDG�UQNXGFǡYKVJQWV�VJG�EQPVGZV�IKXGP�D[�VJG�DQVVQOǡRCVEJGU��
6JWU��VQ�UQNXG�VJG�VCUM�KV�KU�GUUGPVKCN�HQT�VJG�TQDQV�VQ�HQTOǡCFGSWCVG�KPVGTPCN�
TGRTGUGPVCVKQPU�QH�VJG�DQVVQO�RCVEJGU��1PN[�UVCDNG�CPF�TGNKCDNG�RTQVQV[RGU�YKNN�CNNQY�
the memory structures of the contextual layer to store and later recall the correct 
CEVKQPU�HQT�VJG�CODKIWQWU�EWGU�

The restricted open arena foraging task isolates a core situation of an open arena 
HQTCIKPI�VCUM�KP�NKOKVKPI�VJG�CIGPV�VQ�URGEKƒE�UVCTV�RQUKVKQPU��(QT�CP�CIGPV�GPFQYGF�
only with egocentric inputs, cues in an open arena foraging task are ambiguous 
and the correct action can only be determined when taking into account the current 
EQPVGZV�
UGG�(KI���#���+H�VJG�CIGPV�EQOGU�HTQO�VJG�NGHV�UKFG�
UQNKF�NKPG��KV�JCU�VQ�
VWTP�NGHV�CV�VJG�TGF�RCVEJ��+H�KV�EQOGU�HTQO�VJG�TKIJV�UKFG�KV�JCU�VQ�VWTP�TKIJV��6JWU��
the red cue is ambiguous but can be disambiguated by the patches the agent 
GPEQWPVGTU�DGHQTG�VJG�TGF�RCVEJ��(KIWTG��$�KU�VJG�XGT[�UCOG�UKVWCVKQP�KP�C�FKHHGTGPV�
EQPƒIWTCVKQP�ǡ9JGP�TGUVTKEVGF�VQ�VJG�VJTGG�UVCTV�RQUKVKQPU�FGƒPGF�KP�ƒIWTG�ǡVJG�CIGPV�
GPEQWPVGTU�VJG�UCOG�UVKOWNK�CU�KP�(KIWTG��#�ǡVJKU�KU�VJG�EQPƒIWTCVKQP�YG�WUG�VQ�VGUV�
VJG�EQPVGZVWCN�NC[GT��(QT�VJG�CFCRVKXG�NC[GT�VJKU�EQPƒIWTCVKQP�KU�PQV�UQNXCDNG�UKPEG�
VJG�CFCRVKXG�NC[GT�FQGU�PQV�JCXG�CP[�EQPVGZVWCN�KPHQTOCVKQP��6Q�DG�CDNG�VQ�VGUV�VJG�
CFCRVKXG�NC[GT�VJG�TGF�RCVEJGU�YGTG�FKUCODKIWCVGF�D[�EJCPIKPI�VJG�EQNQWTU�
(KI��
�%���+P�VJKU�EQPƒIWTCVKQP�VJG�VJTGG�WRRGT�RCVEJGU�UGTXG�CU�EWG�RCVEJGU�CPF�VJG�VJTGG�
NQYGT�RCVEJGU�NQUG�VJGKT�TQNG�CPF�DGEQOG�FKUVTCEVQT�RCVEJGU��6JG�TGUVTKEVGF�QRGP�
CTGPC�HQTCIKPI�VCUM�KP�VJKU�URGEKCN�EQPƒIWTCVKQP�KU�FGUKIPGF�VQ�CUUGUU�VJG�VYQ�HQNF�
VCUM�QH�VJG�CFCRVKXG�NC[GT�U[UVGOCVKECNN[��(QT�DGJCXKQWTCN�NGCTPKPI��VJG�RCVEJGU�
VJCV�ECP�DG�CUUQEKCVGF�VQ�Cǡ86ǡUJQWNF�GNKEKV�VJG�EQTTGURQPFKPI�CEVKQP�
&5���(QT�VJG�
perceptual learning all the different patches, cue and distractor patches, should be 
TGRTGUGPVGF�KP�VJGǡ,6�ǡDWV�QPN[�NGCF�VQ�CP�CEVKQP�KH�VJG[�CTG�CUUQEKCVGF�VQ�Cǡ86��(QT�VJG�
FKUVTCEVQT�RCVEJGU��VJGǡ,6ǡCEVKXKV[�UJQWNF�TGOCKP�UWD�VJTGUJQNF�
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A.                                        B.                   C. 
 
 
 
 
 
 
 
Figure 2.ǡ��  3DWFK�FRQͧJXUDWLRQ�b$�b*HQHUDO�VLWXDWLRQ�LQ�DQ�RSHQ�DUHQD�IRUDJLQJ�

WDVN�b%�b(TXLYDOHQW�FRQVWHOODWLRQ�RI�SDWFKHV�DV�LQ�$�LQ�WKH�UHVWULFWHG�RSHQ�
DUHQD�IRUDJLQJ�WDVN�b&��'LVDPELJXDWLRQ�RI�WKH�SDWFKHV�IRU�WHVWLQJ�WKH�
DGDSWLYH�OD\HU�WKDW�LV�QRW�FRQWH[W�DZDUH� 
 

+P�VJKU�VWVQTKCN�[QW�YKNN�IGV�CSWCKPVGF�YKVJ�VJGǡLTUǡ
$GTPCTFGV���8GTUEJWTG�������ǡCPF�
VJG�)C\GDQ�UKOWNCVKQPǡGPXKTQPOGPV�
-QGPKI�GV�CN����������CPF�NGCTP�JQY�VQ�EQPVTQN�
VJG�TQDQV��+P�VJG�TGOCKPKPI�VWVQTKCNU�[QW�YKNN�CPCN[UG�VJG�DGJCXKQWT�QH�VJG�FKHHGTGPV�
layers and how they have to be tuned in order to solve the restricted open arena 
HQTCIKPI�VCUMU� 
 
 
 Tutorial 
 
Start iqr and Gazebo

)C\GDQ�CPFǡLTUǡYQTM�CU�C�UGTXGT�ENKGPV�CRRNKECVKQP�TWPPKPI�QP�VYQ�UGRCTCVG�
RTQEGUUGU� 
 
In a new terminal window (%VTN
#NV
VǡVQ�QRGP�KV��UVCTV�CP�KPUVCPEG�QH�)C\GDQ�CPF�NQCF�
the world template that will be used throughout the entire tutorial, by typing:

 cd $HOME/iqr-gazebo/DAC_files  

 gazebo DAC_basic_arena.world

)C\GDQ�)7+�YKNN�QRGP�YKVJ�C�EQPƒIWTCVKQP�UKOKNCT�VQ�VJG�QPG�KNNWUVTCVGF�KP�(KIWTGǡ���
During this tutorial and the following ones you will not need to modify any aspect of 
VJG�UKOWNCVGF�YQTNF��PGXGTVJGNGUU��KPVGTGUVGF�TGCFGTU�ECP�ƒPF�VJG�TGHGTGPEG�OCPWCN�
QH�)C\GDQ�CV�VJG�RTQLGEV�YGDUKVG�
JVVR���YYY�IC\GDQUKO�QTI�� 
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Figure 3.  ���*D]HER�*8,�ZLWK�D�IO\�YLHZ�RI�WKH�IRUDJLQJ�WDVN�DUHQD�

1RGP�C�UGEQPF�VGTOKPCN�YKPFQY��UVCTVǡLTUǡCPF�QRGP�VJGǡDACReactiveBug_exǡU[UVGO�
by typing the following command:

 cd $HOME/iqr-gazebo/DAC_files  

 iqr -f DACReactiveBug_ex.iqr

6JGǡLTUǡ)7+�YKNN�QRGP�CPF�VJGǡDacReactiveBugǡEQPVTQNNGT�YKNN�DG�KP�RNCEG�CU�
KNNWUVTCVGF�KP�(KIWTGǡ��ǡ6JG�U[UVGO�KU�PQV�EQORNGVG�CPF�FWTKPI�VJKU�VWVQTKCN�[QW�YKNN�
DG�TGSWKTGF�VQ�ƒIWTG�QWV�JQY�VQ�DWKNF�VJG�ƒPCN�U[UVGO��#�ƒPCN�XGTUKQP�QH�VJG�ƒNG�
(&CE4GCEVKXG$WI�KST) with the complete solution to the system is also provided in 
VJG�UCOG�HQNFGT� 
 
Bug:  is the built-inbOQFWNG�VJCV�KPVGTHCEGUǡLTU�ZKVJ�)C\GDQ��6JG�UOCNN�TQWPFGF�KEQP�
at the bottom right part of the Bug icon indicates that this process is interfacing with 
CP�GZVGTPCN�OQFWNG��#NN�VJG�PGEGUUCT[�EQPPGEVKQPU�VQ�KPVGTHCEGǡLTUǡCPF�)C\GDQ�CTG�
already made for you, but if interested you can have a look at the properties of the 
process by right-clicking the Bug process icon, and selecting Properties from the 
EQPVGZVWCN�OGPW� 
 
Reactive layer: is the process where the mapping between the sensory stimuli and 
VJG�RTG�YKTGF�WPEQPFKVKQPGF�TGURQPUGU�VCMGU�RNCEG� 
 
Selection:��KU�VJG�RTQEGUU�KP�EJCTIG�QH�UGNGEVKPI�VJG�CEVKQP�VQ�DG�GZGEWVGF��6JG�QWVRWV�
QH�VJKU�RTQEGUU�KU�C�OQVQT�EQOOCPF�VJCV�KU�OCRRGF�VQ�VJG�CEVWCVQTU�QH�VJG�TQDQV�
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Figure 4.b     LTUǡ*8,�DQG�WKHb'$&5HDFWLYH%XJbV\VWHP�DV�LW�DSSHDUV�LQ�WKH�GLDJUDP�SDQH�

;QW�ECP�KPURGEVǡGCEJ�RTQEGUU�D[�ENKEMKPI�QP�VJG�EQTTGURQPFKPI�VCD�KP�VJG�VCDǡDCT��
while to change the process parameters you can double-click on the process icon 
QT�WUG�VJG�EQPVGZVWCN�OGPW�VQ�QRGP�VJGǡPropertiesǡFKCNQIWG�
right-click->Properties���
(QT�VJKU�VWVQTKCN�[QW�FQPŨV�JCXG�VQ�YQTT[�CDQWV�EJCPIKPIǡCP[�QH�VJG�RTQEGUUGUŨ�
RTQRGTVKGUǡUKPEG�CNN�QHǡVJG�PGEGUUCT[�EQPPGEVKQPU�YGTG�CNTGCF[�OCFG�HQT�[QW�

0QY��OQXG�VQ�VJG�$WI�FKCITCO�RCPG��;QW�UJQWNF�UGG�UQOGVJKPI�NKMG�VJKU�

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.     The Bug process.

6JG�$WI�RTQEGUU�
(KI����ǡKU�OCFG�D[�CP�CUUGODN[�QH����FKHHGTGPV�ITQWRU�QH�PGWTQPU�
VJCV�ECP�TGEGKXG�KPRWVU�QT�UGPF�QWVRWVU�HTQO�VQ�VJG�)C\GDQ�TQDQV��6JG�TQDQV�
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comes equipped with different sensors (camera, proximity sensors, light sensors, 
OKETQRJQPG��)25��ITKRRGT�UGPUQT��CPF�GHHGEVQTU�
OQVQT��ITKRRGT�CPF�C�URGCMGT���
but to implement the reactive layer of DAC we will only need two of them: the light 
sensors that input to the Light group of the Bug process, and the motor joints that 
GZGEWVG�VJG�EQOOCPFU�TGEGKXGF�HTQO�VJG�/QVQT�ITQWR�QH�VJG�RTQEGUU�

6Q�IGV�UVCTVGF�CPF�ICKPǡUQOG�EQPƒFGPEG�YKVJ�VJG�TQDQV�CPF�CNN�QH�KVU�HGCVWTGU��YG�
YKNN�UVCTV�GZRNQTKPI�VJG�TQDQV�UGPUQTU�CPF�GHHGEVQTU� For more details about the other 
available sensors we point the user to read the iqr-gazebo wiki (JVVRU���EQFG�IQQING�
com/p/iqr-gazebo/wiki/iqrBugFeatures��

The motors: The motors of the robot are controlled via the 9x9 neurons Motor 
ITQWR�
UGG�(KI�ǡ���QH�VJG�$WI�RTQEGUU��6JG�OQXGOGPV�QH�VJG�TQDQV�KU�EQORWVGF�
HTQO�VJG�RQUKVKQP�QH�VJG�EGNN�YKVJ�VJG�JKIJGUV�CEVKXKV[�KP�VJG�/QVQT�ITQWR�NCVVKEG��6JG�
Y axis represents the force applied to each joint to move the robot while the X axis 
TGRTGUGPVU�VJG�4QVCVKQP�CRRNKGF�VQ�KV�

 

 
 
 
 

Figure 6.ǡ��� 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�0RWRU�JURXS�PDSSLQJ��7KH�EODFN�GRW� 
�������������������� UHSUHVHQWV�WKH�VWDWLRQDU\�FRQGLWLRQ�ZKHUH�QR�IRUFH�DQG�URWDWLRQ�DUH� 
� ����������DSSOLHG�WR�WKH�URERW�ZKHHOV�

Light sensors:ǡVJG�TQDQV�KU�GSWKRRGF�YKVJ����NKIJV�UGPUQTU�GSWCNN[�URCEGF�QP�VJG�
TQDQV�DQF[�VJCV�CTG�OCRRGF�KPVQ�VJG�.KIJV�ITQWR�QH�VJG�$WI�RTQEGUU�

Camera sensor:ǡC�EQNQWT�ECOGTC�RNCEGF�KP�VJG�HTQPVCN�RCTV�QH�VJG�TQDQV�CPF�HCEKPI�
FQYPYCTFU�TGEGKXGU�KPHQTOCVKQP�HTQO�VJG�GPXKTQPOGPV��6JG�KPRWV�QH�VJG�ECOGTC�
KU�VJGP�URNKVǡKPVQ�VJTGG�EJCPPGNU�
4)$�KU�VJG�FGHCWNV��CPF�VTCPUOKVVGF�VQ�VJG�VJTGG�
EQNQWT�EJCPPGN�ITQWRU�KP�VJG�$WI�RTQEGUU��6JG�TGUQNWVKQP�QH�VJG�ECOGTC�CPF�KVU�KPRWV�
OQFCNKV[�ECP�DG�EJCPIGF�KP�VJG�2TQRGTVKGU�FKCNQIWGǡ
TKIJV�ENKEM�CPF�UGNGEV�2TQRGTVKGU�
HTQO�VJG�EQPVGZVWCN�OGPW��
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 Exercise 1: Moving the Robot Forward

5VCTV�VJG�UKOWNCVKQP�D[�RTGUUKPI�VJG�4WP�DWVVQP��/QXG�VQ�VJG�$WI�RTQEGUU�FKCITCO�
pane and open the State Manipulation panel of the Motor group (right-click the 
ITQWR�KEQP�CPF�UGNGEVǡState Manipulation PanelǡHTQO�VJG�EQPVGZVWCN�OGPW���6JG�
State Manipulation panel is a tool that is used to directly change the activity of 
UKPING�PGWTQPU�KP�VJG�ITQWRU�

6Q�OQXG�VJG�TQDQV�HQTYCTF�NGHV�ENKEM�VJG�ƒHVJ�EGNN�QH�VJG�ƒTUV�TQY�KP�VJG�OQVQT�NCVVKEG�
ITKF�
UGG�(KI�ǡ����5GV�KV�VQ�C�XCNWG�QH���CPF�ENKEM�QPǡAdd��6JG�EQOOCPF�YKNN�VJGP�DG�
CFFGF�QP�C�NKUV�KP�VJG�TKIJV�RCPG� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.b    6WDWH�0DQLSXODWLRQ�SDQHO�FRQͧJXUDWLRQ�WR�PRYH�WKH�URERW�IRUZDUG�

0QY�[QW�ECP�ENKEMǡSendǡVQ�GZGEWVG�VJG�EQOOCPF��6JG�TQDQV�YKNN�UVCTV�OQXKPI�KP� 
VJG�HQTYCTF�FKTGEVKQP� 
 
6Q�UVQR�GZGEWVKPI�VJG�EQOOCPF�ENKEM�QP�VJGǡRevokeǡDWVVQP�
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Q1.   Which cell do you need to activate to make the robot turn to its left?  
  and to its right?

Q2.  Which cell do you need to activate to make the robot move backwards? 
 
Q2.  How do you control the speed of the robot? 
 
 
 Exercise 2: Make the Robot Move Autonomously 
 
7UKPI�VJG�5VCVG�/CPKRWNCVKQP�RCPGN�KU�PQV�VJG�OQUV�GHHGEVKXG�YC[�VQ�EQPVTQN�[QWT�TQDQV��
9G�YCPV�VJG�TQDQV�VQ�DGJCXG�CWVQPQOQWUN[�KP�KVU�GPXKTQPOGPV� 
 
5VQR�[QWT�UKOWNCVKQP�CPF�ENQUG�VJG�5VCVG�/CPKRWNCVKQP�RCPGN��/QXG�VQ�VJG�5GNGEVKQP�
RTQEGUU�FKCITCO�RCPG�
UGG�(KI�ǡ��� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.     The action selection process. 
 
The action selection process: this process is made up of six different groups that 
FGƒPG�VJG�FGHCWNV�TQDQV�DGJCXKQWT�
K�G��'ZRNQTG�VJG�GPXKTQPOGPV��CPF�CǡRTG�YKTGF�
TGHNGZKXG�DGJCXKQWT�
K�G��#RRTQCEJ��

6JG�OQUV�DCUKE�DGJCXKQWT�QH�VJG�TQDQV�KU�VQ�GZRNQTG�KVU�GPXKTQPOGPV�QP�C�UVTCKIJV�FKTGEVKQP� 
 
To make the robot move autonomously along a straight path we will have to  
EQPUVCPVN[�CEVKXCVG�VJG�GZRNQTCVQT[�DGJCXKQWT�QH�VJG�TQDQV��6JKU�UVGTGQV[RGF�DGJCXKQWT�
can be achieved by feeding the Explore group with a constant input: 
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Create an excitatory connection from the Const Speed to the Explore group��
Click on the redǡ#FF�%QPPGEVKQPǡbutton in the Diagram edit toolbar and then click 
QP�VJGǡ%QPUVǡ5RGGFǡITQWR��0QY�ENKEM�QP�QPG�QH�VJG�[GNNQY�USWCTGU�CV�VJG�GFIG�QH�
VJGǡExploreǡITQWR�VQ�EQPPGEV�VJG�VYQ�ITQWRU��6JG�%QPUV�5RGGF�ITQWR�KU�OCFG�WR�QH�
a single cell that is always active and represents the constant driving force for the 
GZRNQTCVQT[�DGJCXKQWT�

0QY�NGVŨU�VT[�VQ�OCMG�VJG�TQDQV�OQXG�QP�KVU�QYP�

Q1.ǡ� �6JGǡMotor InǡITQWR�KU�CP�KPVGTHCEG�VQ�VJGǡMotorǡITQWR�QH�VJG�$WI�RTQEGUU��
How do you have to connect the Explore group to the Motor In group to make 
the robot move forward? Connect the two groups then run the simulation to 
QDUGTXG�KH�VJG�TQDQV�DGJCXGU�CU�GZRGEVGF�

Before we continue with the implementation of the Reactive layer, try to observe how 
VJG�FKHHGTGPV�UGPUQTU�QH�VJG�TQDQV�TGCEV�VQ�VJG�GPXKTQPOGPV��/QXG�VQ�VJG�$WI�RTQEGUU�
diagram pane and open the Space plot of the Red/Hue group (right-click the group 
KEQP�CPF�UGNGEV�5RCEG�2NQV�HTQO�VJG�EQPVGZVWCN�OGPW���6JG�5RCEG�2NQV�KU�C�WUGHWN�
tool that plots the instantaneous activation of the group cells in a two-dimensional 
URCEG��+P�VJKU�ECUG�YJCV�VJG�RNQV�UJQYU�KU�VJG�KPRWV�TGEGKXGF�D[�VJG�ECOGTC�QH�VJG�
TQDQV�YJKNG�GZRNQTKPI�VJG�CTGPC�

Try by yourself and inspect through the respective Space plots the behaviour of the 
NKIJV�UGPUQTU�CPF�VJG�RTQZKOKV[�UGPUQTU�

Q2.  *QY�FQǡVJG�NKIJV�UGPUQTU�DGJCXG!

;QW�ECP�PQY�UCXG�[QWT�U[UVGO�
RTGUUǡ%VTN
UǡQT�UGNGEVǡSaveǡHTQO�VJGǡFileǡOGPW��CPF�
IQ�QP�YKVJ�VJG�UGEQPF�VWVQTKCN� 
 
 
 References

$GTPCTFGV��7���ǡ8GTUEJWTG��2�(�/�,��
�����ǡKST��#�6QQN�HQT�VJG�%QPUVTWEVKQP�QH�/WNVK�
NGXGN�5KOWNCVKQPU�QH�$TCKP�CPF�$GJCXKQWT�ǡ1HXURLQIRUPDWLFVǡ��
����R���������ǡ

-QGPKI��0���ǡ*QYCTF��#��
�����ǡ&GUKIP�CPF�WUG�RCTCFKIOU�HQT�)C\GDQ��CP�QRGP�
UQWTEG�OWNVK�TQDQV�UKOWNCVQT��+P�b3URFHHGLQJV�RIb,(((�56-�,QWHUQDWLRQDO�&RQIHUHQFH�
RQb,QWHOOLJHQW�5RERWV�DQG�6\VWHPV��R����������� 
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+P�VJG�RTGXKQWU�VWVQTKCN�YG�DWKNVǡC�ƒTUV�U[UVGO�VJCV�CNNQYGF�VJG�TQDQV�VQ�GZRNQTG�
KVU�GPXKTQPOGPV�KP�C�XGT[ǡRTKOKVKXG�YC[��6JG�PGZV�UVGR��PQY��KU�VQ�OCMG�VJG�TQDQV�
TGURQPUKXG�VQ�KVU�GPXKTQPOGPV�CPF�DGJCXG�CEEQTFKPIN[�

For a behaving system the basic competence for it to be able to interact in an  
GHHGEVKXG�YC[�YKVJ�KVU�GPXKTQPOGPV�KU�FGTKXGF�HTQO�C�C�TGCEVKXG�EQPVTQN�UVTWEVWTG�� 
$[�UQNGN[�TGN[KPI�QP�C�UGV�QH�RTG�YKTGF�TGNCVKQPUJKRU�DGVYGGPǡ86�GXGPVU�CPFǡURs, the 
CIGPV�YKNN�TGHNGZKXGN[�TGCEV�VQ�KOOGFKCVG�GXGPVU�KP�VJG�GPXKTQPOGPV�

6JG�VTKIIGTKPI�UVKOWNK�ǡ86U��CTG�FGTKXGF�HTQO�VJG�RTQZKOCN�UGPUQTU�
K�G��NKIJV�UGPUQTU� 
QH�VJG�TQDQV��CPF�VJGǡURU�CTG�OCRRGF�KPVQ�OQVQT�CEVKQPU�

Nevertheless, as we will see in the next tutorial, the activation of any reflex will also 
RTQXKFG�EWGU�HQT�NGCTPKPI�VJCV�CTG�WUGF�D[�VJG�&#%�CFCRVKXG�NC[GT� 
 
 
 Exercise 1: The Reactive Layer Implemented˴5H̨H[LYHO\�$SSURDFK�D� 
 Source of Light

+H�PQV�CNTGCF[�QRGPGF��UVCTVǡLTUǡCPF�)C\GDQ�WUKPI�VJG�UCOG�EQOOCPFU�CU�KP�6WVQTKCN���

6JG�&#%�4GCEVKXG�NC[GT�KU�KORNGOGPVGF�KPǡLTUǡKP�VJG�4GCEVKXG�NC[GT�RTQEGUU�
UGG�(KI�����
YJKEJ�[QW�ECP�CEEGUU�D[ǡENKEMKPI�VJG�4GCEVKXG�NC[GT�VCD�KP�VJG�VCDǡDCT�ǡ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.    7KH�5HDFWLYH�OD\HU�LPSOHPHQWHG�LQ�WKHbLTUbV\VWHP�
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#U�FGRKEVGF�KP�(KIWTGǡ���VJG�4GCEVKXG�NC[GT�KU�EQORQUGF�QH�VYQ�FKHHGTGPV�ITQWRU�QH�NKPGCT�
threshold neurons: 
 
� 6JGǡUSǡITQWR��YJKEJ�TGEGKXGU�C�EQORTGUUGF�XGTUKQP�QH�VJG�NKIJV�UGPUQTU� 
� CPF�EQPUVKVWVGU�VJG�KPRWV�VQ�VJG�UGEQPF�ITQWR� 
 
� 6JGǡApproachǡITQWR��YJKEJ�FGƒPGU�VJG�OCRRKPI�VQ�VJG�TGHNGZKXG�DGJCXKQWTU�

Information from the latter is then passed to the Action Selection process to trigger the 
WPEQPFKVKQPGF�TGURQPUG�
K�G�ǡVJG�CRRTQRTKCVG�UGSWGPEG�QH�OQVQT�EQOOCPFU�� 

 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 2.   b�86bDQG�$SSURDFK�JURXSV�b7KHb86bJURXS�LV�D��[��JURXS�RI�FHOOV�WKDW�

UHFHLYHV�D�FRPSUHVVHG�YHUVLRQ�RI�WKH�OLJKW�VHQVRU̸V�LQSXW��$EEUHYLDWLRQV�IRU�
WKHb86bJURXS�b/6�bOHIW�IURQWDO�VHQVRU�b)6�bIURQWDO�VHQVRU��DQGb56�bULJKW�IURQWDO�
VHQVRU��7KH�$SSURDFK�JURXS�LV�D��[��JURXS�RI�FHOOV�WKDW�GHͧQHV�WKH�UHSHUWRLUH�
RI�SUH�ZLUHG�EHKDYLRXUV��$EEUHYLDWLRQV�IRU�WKHb$SSURDFK�JURXS�b/�bWXUQ�OHIW�b)�bJR�
IRUZDUG��DQGb5�bWXUQ�ULJKW�

In order for the robot to directly approach the light source when it is sensed by one of its 
UGPUQTU��YG�PGGF�VQ�ETGCVG�C�EQTTGEV�OCRRKPI�DGVYGGP�VJG�UGPUQTU�CPF�VJG�GHHGEVQTU�

Q1.    6T[�VQ�ƒIWTG�QWV�JQY�VQ�OCR�VJGǡ86ǡITQWR�VQ�VTKIIGT�VJG�EQTTGEV�TGHNGZGU�KP�VJG�
Approach group in order for the robot to approach the light source once it is 
FGVGEVGF�

To set the connectivity pattern, open the Connection properties dialogue (right-click 
QP�VJG�EQPPGEVKQP�DGVYGGPǡ86ǡCPF�#RRTQCEJ�ITQWRU�CPF�UGNGEV�2TQRGTVKGU�HTQO�VJG�
EQPVGZVWCN�OGPW���5GV�VJG�2CVVGTP�V[RG�VQ�2CVVGTP6WRNGU�HTQO�VJG�UGV�V[RG�FTQR�FQYP�
OGPW�
UGG�(KI�����NGHV�UKFG�QH�VJG�RCPGN���6JKU�MKPF�QH�RCVVGTP�KU�WUGF�VQ�FGƒPG�KPFKXKFWCN�
EGNN�VQ�EGNN�RTQLGEVKQPU�DGVYGGP�ITQWRU��%NKEM�#RRN[�VQ�EQPƒTO�CPF�VJGP�ENKEM�VJG�'FKV�
DWVVQP�PGCT�VJG�2CVVGTP6WRNGU�NCDGN��;QWT�FKCNQIWG�UJQWNF�PQY�NQQM�UKOKNCT�VQ�VJG�QPG�
KNNWUVTCVGF�KP�(KIWTGǡ�� 
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)LJXUH���b   &RQQHFWLRQ�3URSHUWLHV�GLDORJXH�

Q2.ǡ�� +ORNGOGPV�VJG�EQPPGEVKXKV[�RCVVGTP�VJCV�[QW�FGƒPGF�KP�VJG�RTGXKQWU�UVGR��6Q�
set a connection select a cell in the Source group and the corresponding target 
EGNN�KP�VJG�6CTIGV�ITQWR��0GZV�ENKEM�#FF�VQ�CEEGRV�VJG�VWRNG��6Q�FGƒPG�C�PGY�
VWRNG��[QWǡƒTUVǡJCXG�VQ�ENKEM�VJG�%NGCT�DWVVQP�CPF�VJGP�[QW�ECP�TGRGCV�VJG�UCOG�
QRGTCVKQPU�CU�KP�VJG�RTGXKQWU�UVGR��1PEG�[QW�CTG�FQPG�ENKEM�#RRN[�CPF�%NQUG��
4GOGODGT�VQ�UCXG�[QWT�U[UVGO�YJGPGXGT�[QW�OCMG�EJCPIGU�

Q3.    Do you expect that the system will work properly? If not, try to explain why?

Q4.    4WP�VJG�UKOWNCVKQP�CPF�EJGEM�KH�[QWT�TGURQPUG�YCU�EQTTGEV��
;QW�ECP�ƒPF�VJG� 
����������EQTTGEV�UQNWVKQP�VQ�VJG�EQPPGEVKXKV[�RCVVGTP�KP�VJG�ƒNGǡ&CE4GCEVKXG$WI�KST��

 Exercise 2: The Reactive Layer Implemented—Actions Selection and  
 &RQ̨LFW�5HVROXWLRQ

For the robot to properly behave through a purely reactive system one more step is 
OKUUKPI��9G�FGƒPGF�VJG�TGCEVKXG�EQPVTQNNGT�D[�OCRRKPI�VJG�QEEWTTGPEG�QH�Cǡ86ǡQPVQ�C�
URGEKƒE�CEVKQP�QH�VJG�TQDQV��CRRTQCEJ�KP�QWT�ECUG��0GXGTVJGNGUU�VJKU�YCU�PQV�UWHƒEKGPV�HQT�
VJG�TQDQV�VQ�EQTTGEVN[�CRRTQCEJ�VJG�NKIJV�UKPEG�VJG�ŧIQ�HQTYCTFŨ�DGJCXKQWT�VQQM�RTKQTKV[��9G�
VJWU�PGGF�C�OGEJCPKUO�VQ�TGUQNXG�VJG�EQPHNKEVU�DGVYGGP�FKHHGTGPV�EQPEWTTGPV�CEVKQPU�
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6Q�KORNGOGPV�VJKU�OGEJCPKUO��QRGP�VJG�5GNGEVKQP�RTQEGUU�FKCITCO�RCPG��6Q�
prioritise the approaching behaviour over the exploratory one, the latter mechanism 
PGGFU�VQ�DG�UJWV�FQYP�UQ�VJCV�VJG�WPEQPFKVKQPGF�TGURQPUG�ECP�DG�GZRTGUUGF�

Q5.    6T[�VQ�ƒIWTG�QWV�YJCV�KU�VJG�OQUV�RNCWUKDNG�YC[�VQ�KPJKDKV�VJG�GZRTGUUKQP�QH�VJG� 
� GZRNQTCVQT[�DGJCXKQWT�CPF�OCMG�VJG�TQDQV�TGCEJ�VJG�NKIJV�UQWTEG�

Q6.ǡ� /CMG�VJG�PGEGUUCT[�EJCPIGU�VQ�[QWT�OQFGN�CPF�TWP�VJG�UKOWNCVKQP��
;QW�ECP� 
� ƒPF�VJG�QPG�UVGR�UQNWVKQP�KP�VJG�ƒNGǡ&CE4GCEVKXG$WI�KST��

5VQR�VJG�UKOWNCVKQP��/QXG�VQ�VJG�4GCEVKXG�NC[GT�FKCITCO�RCPG�CPF�QRGP�VJG�
2TQRGTVKGU�FKCNQIWG�QH�VJG�#RRTQCEJ�ITQWR��%NKEM�QP�VJG�'FKV�DWVVQP�QH�VJG�0GWTQP�
V[RG�RCPGN��%NKEM�VJG�/GODTCPG�VCD�CPF�EJCPIG�VJG�6JTGUJQNF�XCNWG�VQ�C�NQYGT�XCNWG�

G�I�ǡ������4WP�VJG�UKOWNCVKQP�

Q7.  *QY�FQGU�VJKU�EJCPIG�CHHGEVǡVJG�DGJCXKQWT�QH�[QWT�TQDQV! 
 
 
 Exercise 3: Recording and Plotting Data

LTUǡKPENWFGU�VJG�&CVC�5CORNGT�VQQN�
(KI�����YJKEJ�CNNQYU�[QW�VQ�UCXG�VJG�KPVGTPCN�
UVCVGU�QH�CNN�QT�RCTV�QH�VJG�GNGOGPVU�QH�VJG�OQFGN��+P�YJCV�HQNNQYU�YG�YKNN�TGEQTF�CPF�
RNQV�VJG�VTCLGEVQTKGU�QH�VJG�TQDQV�YJKNG�RGTHQTOKPI�VJG�PCXKICVKQP�VCUM�

Open the Data Sampler (form the Data menu select Data Sampler) to record 
VJGǡTQDQV�RQUKVKQP�EQQTFKPCVGU�HTQO�VJG�)25�ITQWR�QH�VJG�$WI�RTQEGUU� 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
Figure 4.     'DWD�6DPSOHU�GLDORJXH� 



75

6WVQTKCN���ǡ&#%�4GCEVKXG�.C[GT

%NKEM�VJG�$WI�VCD�KP�VJG�VCDǡDCT�CPF�QRGP�VJG�5RCEG�RNQV�QH�VJG�)25�ITQWR�
TKIJV�
ENKEM�QP�VJG�ITQWR�KEQP�CPF�UGNGEV�VJG�5VCVG�2NQV���&TCI�VJG�UOCNN�KEQP�JKIJNKIJVGF�KP�
(KIWTGǡ��CPF�FTQR�KV�VQ�VJG�&CVC�5CORNGT�YKPFQY��#NVGTPCVKXGN[�[QW�ECP�FTCI�VJG�)25�
ITQWR�HTQO�VJG�DTQYUGT�)7+�VQ�VJG�&CVC�5CORNGT�FKCNQIWG� 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.    *36�6SDFH�3ORW��WR�FRS\�WKH�RXWSXW�RI�WKH�*36�JURXS�WR�WKH�'DWD�6DPSOHU��
� ����������GUDJ�WKH�LFRQ�LQ�WKH�UHG�FLUFOH�WR�WKH�'DWD�6DPSOHU�GLDORJXH�

+P�VJG�&CVC�5CORNGT�FKCNQIWGǡEJQQUG�VJG�FGUVKPCVKQP�HQNFGT�CPF�ƒNG�YJGTG�VQ�UCXG�
[QWT�FCVC�

5GNGEV�CWVQ�UVCTV�UVQR�VQ�CWVQOCVKECNN[�TGEQTF�VJG�)25�EQQTFKPCVGU�YJGP�VJG�
UKOWNCVKQP�UVCTVU�

(Optional) If you have Matlab or Octave installed on the computer you can 
VT[�VQ�IGPGTCVG�C�VTCLGEVQT[�RNQV�NKMG�VJG�QPG�KP�(KIWTGǡ���6JG�/CVNCD�UETKRV�
(RNQV6TCLGEVQT[�O�ǡKU�NQECVGF�KP�VJG�&#%�(KNGU�HQNFGT� 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.     Trajectories plot.
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The Adaptive layer is a model for classical conditioning in that it learns 
VJG�CUUQEKCVKQP�DGVYGGPǡ&6ǡCPFǡ86��+P�FQKPI�UQ�KV�FQGU�PQV�QPN[�CUUQEKCVG�
VJG�WPEQPFKVKQPGF�TGURQPUGU�VQ�FKHHGTGPVǡ&6s but it also generates internal 
TGRTGUGPVCVKQPU�QH�VJG�YQTNF��K�G��VJG�RTQVQV[RGU��+P�VJKU�UVGR�QH�VJG�VWVQTKCN�YG�YKNN�
GZRNQTG�DQVJ�VJG�RGTEGRVWCN�CPF�DGJCXKQWTCN�NGCTPKPI�CURGEVU�QH�VJG�#FCRVKXG�NC[GT�

6Q�IGV�UVCTVGF�RNGCUG�QRGP�VYQ�VGTOKPCNU��+P�VJG�ƒTUV�QPG�YG�TWP�VJG�)C\GDQ�
simulation environment by typing:

 cd $HOME/iqr-gazebo/DAC_files  

 gazebo DAC_basic_arena.world

+P�VJG�UGEQPF�VGTOKPCN�YG�TWPǡLTUǡD[�V[RKPI�

 cd $HOME/iqr-gazebo/DAC_files  

 iqr -f DACBugBasicArena.iqr

InbLTUǡVJG�#FCRVKXG�NC[GT�KU�KORNGOGPVGF�CU�C�OQFWNG�ECNNGFǡAdaptiveǡNC[GT��#U�UWEJ�
KV�FGƒPGU�CNN�VJG�PGEGUUCT[�KPRWV�CPF�QWVRWV�EGNN�ITQWRU�KPENWFKPI�ǡ&6�ǡ&5�ǡURǡDWV�
also a cell group for the discrepancy and an additional cell group to display the 
EWTTGPV�YGKIJVU�QH�VJG�#FCRVKXG�NC[GT��+H�[QW�QRGP�VJG�#FCRVKXG�NC[GT�RTQEGUU�VCD�
[QW�ECP�UGG�JQY�VJG�FKHHGTGPV�EGNN�ITQWRU�CTG�KPVGITCVGF�YKVJKP�VJG�&#%�U[UVGO�
(KI��
����6JGǡURǡEGNN�ITQWR�TGEGKXGU�KVU�KPRWV�HTQO�VJG�4GCEVKXG�NC[GT�RTQEGUU��6JGǡ&6ǡEGNN�
ITQWR�TGEGKXGU�KVU�KPRWV�HTQO�VJG�EQNQWT�XKUKQP�OQFWNG��6JG�QWVRWVU�QH�VJG�#FCRVKXG�
NC[GT�OQFWNG�CTG�VJGǡ&5ǡCPF�VJG�FKUETGRCPE[��6JG�FKURNC[�EGNN�ITQWR�UGTXGU�CU�C�
URCEG�RNQV�QH�VJG�EQPPGEVKQP�YGKIJVU�ǡ 
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Figure 1.     7KH�$GDSWLYH�OD\HU�SURFHVV�

The parameters of the Adaptive layer can be changed in the Properties dialogue 
QH�VJG�#FCRVKXG�RTQEGUU�
(KI������;QW�ECP�CEEGUU�KV�D[�FQWDNG�ENKEMKPI�VJG�#FCRVKXG�
RTQEGUU�KEQP�KP�VJG�)C\GDQ�U[UVGO�FKCITCO�RCPG�QT�VJTQWIJ�VJG�DTQYUGT�)7+��1PEG�
VJG�FKCNQIWG�KU�QRGPGF��RTGUU�VJG�'FKV�DWVVQP�ǡ6JG�OCKP�RCTCOGVGTU�CTG�VJG�NGCTPKPI�
TCVGǡƔǡYJKEJ�FGVGTOKPGU�VJG�NGCTPKPI�URGGF��CPF�VJG�DCNCPEGbƓǡYJKEJ�EJCPIGU�VJG�
DCNCPEG�DGVYGGP�RGTEGRVWCN�CPF�DGJCXKQWTCN�NGCTPKPI��6JG�RCTCOGVGTǡƞǡFGVGTOKPGU�
VJG�GTTQT�EQTTGEVKQP�VGTO�VJCV�YG�YKNN�PQV�DG�EJCPIKPI�KP�VJKU�VWVQTKCN��6JG�YGKIJVUǡ 
WǡQH�VJG�#FCRVKXG�NC[GT�CTG�KPKVKCNKUGF�TCPFQON[�CV�VJG�UVCTV�QH�GCEJ�UKOWNCVKQP��
5Q�NGCTPKPI�UVCTVU�CPGY�GXGT[�VKOG�[QW�UVQR�CPF�UVCTV�VJG�UKOWNCVKQP��6Q�CXQKF�
KPKVKCNKUKPI�VJG�YGKIJVU��[QW�ECP�RCWUG�VJG�UVKOWNCVKQP�KPUVGCF�QH�UVQRRKPI�KV��6JG�
YGKIJVU�ECP�CNUQ�DG�UCXGF�CPF�NQCFGF�HTQO�CP�GZVGTPCN�UQWTEG��%NKEM�QP�VJG�Read 
WriteǡVCD��EJQQUG�C�ƒNG�CPF�VKEM�VJG�TGCF�QT�YTKVG�DQZ�KH�[QW�YCPV�VQ�NQCF�QT�UCXG�VJG�
YGKIJV�OCVTKZ�TGURGEVKXGN[� 
 

 
 
 
 
 
 
 
 
 
 
 

)LJXUH���b    3URSHUWLHV�RI�WKH�$GDSWLYH�OD\HU�PRGXOH�ǡ

+P�VJG�ƒTUV�RCTV�QH�VJG�VWVQTKCN�YG�EQPPGEVGF�VJG�UGPUQTU�CPF�OQVQTU�KP�UWEJ�C�
way that the robot approaches the target light source based on the unconditioned 
responses (UR��QPN[��0QY�YG�YCPV�VQ�UGG�JQY�VJG�#FCRVKXG�NC[GT�ECP�NGCTP�VJG�
CUUQEKCVKQP�DGVYGGP�VJG�RCVEJGU�QP�VJG�HNQQT�CPF�VJG�VCTIGV��6Q�DGVVGT�CPCN[UG�
the actions learned by the Adaptive layer we have suppressed the actions of the 
4GCEVKXG�NC[GT�D[�KPETGCUKPI�VJG�VJTGUJQNF�QH�VJG�TGCEVKXG�CEVKQPU��6JG�KPRWV�VQ�VJG�
Adaptive layer is however still the pre threshold activity of the reactive actions so 
that the Adaptive layer can learn the associations between the patches and the 
CEVKXKV[�QH�VJG�NKIJV�UGPUQTU��;QW�ECP�GZCOKPG�VJKU�EJCPIGǡKP�VJG�4GCEVKXG�NC[GT�
RTQEGUU�VCD�
(KI�����
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Figure 3.ǡ�   The Reactive layer. 
 
 
 Exercise 1: Reactive vs. Adaptive

(KTUV�YG�YCPV�VQ�EQORCTG�VJG�4GCEVKXG�XU��VJG�#FCRVKXG�NC[GT��6Q�FQ�UQ�QRGP�VJG�
2TQRGTVKGU�FKCNQIWG�QH�VJG�#FCRVKXG�RTQEGUUǡCPF�UGV�VJG�NGCTPKPI�TCVGǡƔǡVQ�\GTQ��9KVJ�
C�NGCTPKPI�TCVG�QH�\GTQ�VJG�YGKIJVUǡWǡQH�VJG�#FCRVKXG�NC[GT�YKNN�PQV�EJCPIG�CPF�VJWU�
VJG�#FCRVKXG�NC[GT�YKNN�PQV�RGTHQTO�CP[�CEVKQPU��#U�YG�UWRRTGUU�VJG�CEVKQPU�QH�VJG�
TGCEVKXG�NC[GT�VJG�TQDQV�UJQWNF�IQ�UVTCKIJV�QP�CNN�QH�VJG�RQUKVKQPU�

0QY�KPETGCUG�VJG�NGCTPKPI�TCVGǡƔǡVQ��������#HVGT�C�HGY�VTKCNU�VJG�TQDQV�UJQWNF�UVCTV�
VQ�CRRTQCEJ�VJG�NKIJV�UQWTEG�VCTIGV��;QW�ECP�TGRGCV�VJG�UKOWNCVKQP�YKVJ�FKHHGTGPV�
NGCTPKPI�TCVGU��6JG�JKIJGT�VJG�NGCTPKPI�TCVG�VJG�HCUVGT�VJG�NGCTPKPI��K�G��CHVGT�HGYGT�
VTKCNU�VJG�TQDQV�YKNN�VWTP�VQYCTFU�VJG�VCTIGV��*QYGXGT��MGGR�KP�OKPF�VJCV�VQQ�JKIJ�
NGCTPKPI�TCVGU�QHVGP�NGCF�VQ�KPUVCDKNKV[�DQVJ�KP�VJG�YGKIJVU�CU�YGNN�CU�KP�VJG�DGJCXKQWT��
6T[�VQ�GZRGTKOGPV�YKVJ�FKHHGTGPV�NGCTPKPI�TCVGU�ǡ

Q1:  At what learning rate does the Adaptive layer learn the association within  
 just one trial?

+P�C�PGZV�UVGR�YG�YCPV�VQ�GZCOKPG�VJG�YGKIJVU�OCVTKZǡWǡCPF�JQY�VJG�YGKIJVU�EJCPIG�
QXGT�VKOG��6Q�FQ�UQ�YG�ECP�QRGP�C�5RCEG�RNQV�QH�VJG�&KURNC[�ITQWR��6JG�&KURNC[�URCEG�
RNQV�UJQYU�VJG�YGKIJV�OCVTKZǡWǡCNQPI�VJG�CEVKQP�URCEG��K�G�ǡVJG�ƒTUV�TGEVCPING�QH�VJG�
UK\G�QH�VJGǡ&6ǡEGNN�ITQWR�TGRTGUGPVU�VJG�YGKIJV�EQPPGEVKPI�VJGǡ&6ǡEGNN�ITQWR�VQ�VJG�
ƒTUV�EGNN�QH�VJGǡ&5ǡEGNN�ITQWR�CPF�UQ�QPG��2NGCUG�TGUVCTV�VJG�UKOWNCVKQP�CPF�QDUGTXG�
JQY�VJG�YGKIJVU�GXQNXG��6JTGG�TGIKQPU�QH�YGKIJVU�UJQWNF�UVCPF�QWV�ǡ
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Q2:ǡ What regions do stand out? Why this regions? What do they represent?

The learning of these three regions is mostly driven by behavioural learning and 
CTG�NGCTPGF�ƒTUV��+H�[QW�EQPVKPWG�VJG�UKOWNCVKQP�[QW�ECP�QDUGTXG�JQY�QXGT�VKOG�
QVJGT�RCTVU�QH�VJG�YGKIJV�OCVTKZ�CTG�ƒNNGF�KP��6JKU�KU�OQUVN[�FTKXGP�D[�RGTEGRVWCN�
NGCTPKPI�ǡ[QW�ECP�EJCPIG�VJG�NGCTPKPI�TCVG�CPF�QDUGTXG�JQY�VJG�URGGF�QH�VJG�
YGKIJVU�XCT[ǡYKVJ�VJG�UK\G�QH�VJG�NGCTPKPI�TCVG�

+P�QTFGT�VQ�GZCOKPG�VJG�RGTEGRVWCN�NGCTPKPI�QH�#FCRVKXG�NGCTPKPI�YG�ECP�ƒTUV�NQQM�
CV�VJG�FKUETGRCPE[ǡ'��6JG�FKUETGRCPE[�OGCUWTGU�VJG�FKHHGTGPEG�DGVYGGP�VJG�
EQPFKVKQPCN�UVKOWNWUǡxǡCPF�VJG�RTQVQV[RGǡp��K�G�ǡVJG�FKHHGTGPEG�DGVYGGP�VJG�RGTEGRVKQP�
CPF�VJG�RTGFKEVGF�RGTEGRVKQP��;QW�ECP�XKUWCNKUG�VJG�FKUETGRCPE[�D[�QRGPKPI�C�6KOG�
plot of the Discrepancy group (right-click the group icon and select Time Plot from 
VJG�EQPVGZVWCN�OGPW��ǡ

Q3:ǡ� (QT�VJG�VJTGG�FKHHGTGPV�NGCTPKPI�TCVGU����������ǡCPF������ǡJQY�NQPI�FQGU�KV� 
� VCMG�HQT�VJG�FKUETGRCPE[�VQ�HCNN�DGNNQY����! 
 
 
 Exercise 2: Prototypes

The difference in the weight matrix distinguishing behavioural and perceptual 
NGCTPKPI�UJQWNF�CNUQ�DG�TGHNGEVGF�KP�VJG�RTQVQV[RGU��;QW�ECP�GZCOKPG�VJKU�FKUVKPEVKQP�
D[�QRGPKPI�VJG�URCEG�RNQVU�QH�VJGǡ&6ǡCPF�RTQVQV[RG�EGNN�ITQWRU��+V�OKIJV�DG�
convenient if you elongate the size of the space plot so the the cells become 
USWCTGF�
LWUV�FTCI�VJG�NQYGT�TKIJV�EQTPGT�QH�VJG�RNQV�YKPFQY���9JGP�[QW�UVCTV�VJG�
simulation you can see how, at the beginning, the prototype hardly corresponds 
VQ�VJGǡ&6��*QYGXGT��QXGT�VKOG�VJG�RTQVQV[RG�YKNN�TGUGODNG�VJGǡ&6ǡOQTG�CPF�OQTG��
(KTUV�VJGǡ&6VǡVJCV�CTG�CUUQEKCVGF�VQ�VJGǡURǡYKNN�DG�TGRTGUGPVGF�KP�VJG�RTQVQV[RGU��
Also over time, the patches that are not associated to an action will be represented 
KP�VJG�RTQVQV[RGU��6JGUG�CTG�JQYGXGT�TGRTGUGPVGF�YKVJ�C�NQYGT�CORNKVWFG�VJCP�VJG�
RCVEJGU�CUUQEKCVGF�VQ�CEVKQPU��;QW�ECP�XKUWCNKUG�VJKU�FKHHGTGPEG�D[�QRGPKPI�C�VKOG�
RNQV�QH�VJG�RTQVQV[RG��;QW�ECP�ENGCTN[�FKUVKPIWKUJ�VYQ�EQPUGEWVKXG�RGCMU�KP�VJG�VKOG�
RNQV��6JG�ƒTUV�KU�NQYGT�CPF�DGNQPIU�VQ�C�RCVEJ�VJCV�KU�PQV�CUUQEKCVGF�YKVJ�CP�CEVKQP��
6JG�UGEQPF�KU�JKIJGT�CPF�DGNQPIU�VQ�C�RCVEJ�VJCV�KU�CUUQEKCVGF�VQ�CP�CEVKQP�
(KI��
����6JKU�FKHHGTGPEG�ECP�DG�UGGP�CU�C�DKCU�QH�VJG�KPVGTPCN�TGRTGUGPVCVKQPU�VQYCTFU�
DGJCXKQWTCNN[�TGNGXCPV�UVKOWNK�ǡ 
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Figure 4.     7LPH�SORW�RI�WKH�SURWRW\SH
V�DPSOLWXGHV��7KH�ORZ�SHDN�FRUUHVSRQGV�WR�D� 
             patch that is not associated to an action. 
 
Q4:ǡ� %QORCTGǡVJG�RGCMU�KP�VJG�VKOG�RNQV��CPFǡGUVKOCVG�VJG�TGNCVKXG�CORNKVWFG�QH� 
� VJG�RGCMU�ǡ 
 
6JG�FKHHGTGPEG�DGVYGGP�VJG�CORNKVWFG�QH�VJG�RTQVQV[RG�QHǡRCVEJGU�CUUQEKCVGF�VQ�
an action and patches not associated to a particular action is mainly influenced by 
VJG�DCNCPEG�DGVYGGP�DGJCXKQWTCN�CPF�RGTEGRVWCN�NGCTPKPI��+P�VJG�#FCRVKXG�NC[GT�VJKU�
DCNCPEG�KU�UGV�VJTQWIJ�VJG�DCNCPEG�RCTCOGVGTǡ»� 
 
Q5:ǡ� %JCPIG�VJG�DCNCPEG�RCTCOGVGT�VQ�XCNWGU�NQYGT�VJCP�������*QY�FQ�VJG�TGNCVKXG� 
 amplitude of the peaks in the time plot change? 
 
You might notice that after a short while the patches not associated with a reactive 
CEVKQP�YKNN�VTKIIGT�CP�CEVKQP�CP[YC[��6JKU�JCRRGPU�CU�VJG�RGTEGRVWCN�NGCTPKPI�FTKXGU�
VJG�YGKIJVU��CPF�VJWU�VJGǡ&5�ǡQXGT�VJG�VJTGUJQNF�RQVGPVKCN��;QW�ECP�GNKOKPCVG�VJKU�
CEVKQPU�D[�KPETGCUKPI�VJG�VJTGUJQNF�QH�VJGǡ&5�WKUHVKROGǡEGNN�ITQWR��6JKU�ǡJQYGXGT��KU�
QPN[�RQUUKDNG�YKVJKP�C�EGTVCKP�TCPIG�CU�JKIJ�VJTGUJQNFU�YKNN�KORGFG�VJGǡ&5ǡVQ�VTKIIGT�
CP[�CEVKQP�ǡ 
 
 
 Exercise 3: Dealing with an Ambiguous Task

(KPCNN[��YG�YKNN�IQ�DCEM�VQ�VJG�CODKIWQWU�CTGPC��%NQUG�DQVJ�)C\GDQ�CPFǡLTUǡCPF�
reopen both by typing the following commands in two different terminals:
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 cd $HOME/iqr-gazebo/DAC_files  

 gazebo DAC_basic_ambiguous_arena.world

+P�VJG�UGEQPF�VGTOKPCN�YG�TWP�VJG�UCOGǡLTUǡU[UVGOǡCU�DGHQTG�D[�CICKP�V[RKPI�

 cd $HOME/iqr-gazebo/DAC_files  

 iqr -f DACBugBasicArena.iqr

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.ǡ����7KH�DPELJXRXV�DUHQD�IURP�D�VLGHYLHZ�

In order for the Contextual layer to be able to learn this task, the Adaptive layer 
JCU�VQ�RTQXKFG�VJG�%QPVGZVWCN�NC[GT�UWEEGUUHWN�VTCKNU�HQT�VJG�FKHHGTGPV�EWG�RCVEJGU��
6JG�TCVKQPCNG�KU�VJCV�VJTQWIJ�EQPUVCPV�HCUV�CFCRVCVKQP�VJG�EQPVGZVWCN�NC[GT�YKNN�ǡD[�
EJCPEG�
K�G�ǡYJGP�VJG�TQDQV�UVCTVU�UGXGTCN�EQPUGEWVKXG�VKOGU�KP�VJG�UCOG�RQUKVKQP���
NGCTP�VJG�EQTTGEV�TGURQPUG��5VCTV�VJG�UKOWNCVKQP�CPF�QDUGTXG�VJG�DGJCXKQWT�QH�VJG�
TQDQV�ǡ

Q6:ǡ� *QY�KU�VJG�EJCPEG�QH�VJG�TQDQV�IQKPI�VQYCTFU�VJG�VCTIGV�TGNCVGF�VQ�VJG� 
 learning rate?

(Optional): 
Q7:  7UG�VJG�/CVNCD�UETKRVǡRNQV6TCLGEVQT[�OǡVQ�IGPGTCVG�C�RNQV�QH�VJG�VTCLGEVQTKGU�QH� 
� VJG�TQDQV��6Q�FQ�UQ�[QW�PGGF�VQ�NQI�VJG�)25�EGNN�ITQWR�WUKPI�VJGǡLTUǡFCVC�NQIIGT� 
� CU�KP�6WVQTKCN���ǡ 
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 6WVQTKCN���ǡ&#%�%QPVGZVWCN�.C[GT
 
6Q�CPCN[UG�VJG�DGJCXKQWT�QH�VJG�EQPVGZVWCN�NC[GT�YG�YKNNǡƒTUV�VGUV�KV�YKVJǡVJG�&#%�
DCUKE�TGUVTKEVGF�CTGPCǡCPF�VJGP�YG�YKNN�WUG�VJG�&#%�DCUKE�CODKIWQWU�TGUVTKEVGF�
CTGPC��+P�VJG�ƒTUV�ECUG�VJG�EQPVGZVWCN�NC[GT�KU�PQV�HWPFCOGPVCN�VQ�UQNXG�VJG�VCUM�
CU�
[QW�JCXG�CNTGCF[�UGGP�KP�UGEVKQP�ŧ6WVQTKCN����#FCRVKXG�.C[GTŨťVJG�CFCRVKXGǡNC[GT�ECP�
UWEEGUUHWNN[�NGCTP�VJG�CUUQEKCVKQPǡDGVYGGP�RCVEJGU�CPF�CEVKQPU�UKPEG�VJGTG�KU�PQ�
ambiguity between them), but it is helpful to understand the principles underlying this 
NC[GT��+P�VJG�UGEQPF�ECUG��VJG�EQPVGZVWCN�NC[GT�KU�GUUGPVKCN�HQT�VJG�TQDQV�VQǡUWEGUUHWNN[�
reach the light because context is needed to disambiguate between the last patches 
CPF�VJGTGHQTG�VQ�RGTHQTO�VJG�EQTTGEV�CEVKQP�ǡ6Q�KPXGUVKICVGǡVJG�ƒTUV�GZCORNG�YG�PGGF�
VQ�QRGP�VYQ�VGTOKPCNU��+P�VJG�ƒTUV�QPG�YG�YKNN�TWP�VJG�IC\GDQǡGPXKTQPOGPV�

 cd $HOME/iqr-gazebo/DAC_files  

 gazebo DAC_basic_arena.world

And in the second terminal we will run the iqr system:

 cd $HOME/iqr-gazebo/DAC_files  

 iqr -f DACBugBasicArena.iqr

+P�VJG�ƒNG�&#%$WI$CUKE#TGPC�KST�[QW�YKNN�ƒPF�VJG�EQORNGVGǡ&#%�CTEJKVGEVWTG�
(KI��
����+V�JCU�C�$WI�OQFWNG�VJCV�JCU�CNN�VJG�KPVGTHCEGU�YKVJ�VJG�TQDQV�
UGPUQTU��OQVQTU��
GVE���ǡC�XKUKQP�OQFWNG�VJCV�RTG�RTQEGUUGU�VJG�KPRWV�HTQO�VJG�TQDQVŨU�ECOGTC��C�
selection module that performs action selection from the actions proposed by 
each layer of the architecture, and the three modules of the layers from the DAC 
CTEJKVGEVWTG��VJG�TGCEVKXG��VJG�CFCRVKXG�CPF�VJG�EQPVGZVWCN�NC[GT� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJXUH���b�    2YHUDOO�YLHZ�RI�WKHb'$&�DUFKLWHFWXUH�DQG�WKH�*D]HERWbURERWbLQbLTU� 



83

6WVQTKCN���ǡ&#%�%QPVGZVWCN�.C[GT

 
The contextual layer module implements the mechanisms for storing and recalling 
KPHQTOCVKQP�HTQO�OGOQT[��CUǡGZRNCKPGF�KP�VJG�EJCRVGT�QP�&#%���+V�JCU�UGXGP�
RCTCOGVGTU�VJCV�ECP�DG�UGV�D[�VJG�WUGT�
(KI�����

 height: number of sequences (1/��VJCV�ECP�DG�UVQTGF�KP�VJG�.6/�

 width: maximum number of segments (16) that can form a sequence in  
� VJG�56/�CPF�KP�VJG�.6/�

 discrepancy threshold: VJKU�RCTCOGVGTǡFGVGTOKPGU�YJGP�VJG�EQPVGZVWCN�NC[GT� 
� YKNN�DG�CEVKXCVGF��K��G��YJGP�VJG�FKUVCPEG�DGVYGGP�VJG�EWTTGPVǡ&6ǡRTQVQV[RG� 
� IGPGTCVGF�D[�VJG�CFCRVKXG�NC[GT�CPF�VJG�EWTTGPVEUǡKU�DGNQY�VJG�FKUETGRCPE[� 
� VJTGUJQNF��VJG�EQPVGZVWCN�NC[GT�KU�GPCDNGF�

 selection threshold: QPN[�VJG�EQNNGEVQTU�VJCV�JCXG�CP�CEVKXKV[�CDQXG�VJKUǡ 
� UGNGEVKQP�VJTGUJQNF�CTG�UGNGEVGF�CPF�EQORGVG�KP�CP�'��96#�

 %-WTA: VJG�RGTEGPVCIG�XCNWGǡVJCV�FGƒPGU�VJG�96#�EQORGVKVKQP��K�G��QPN[�KH� 
 the activity of the collector is equal or greater than the %-WTA of the maximum  
� EQNNGEVQTŨU�CEVKXKV[�KV�KU�UGNGEVGF��*KIJGT�XCNWG�QH���96#�OGCPU�VJCV�NGUU� 
� EQNNGEVQTU�CTG�UGNGEVGF�CPF�XKEG�XGTUC�

 trigger reset: value that the trigger of a segment following a selected one gets  
� UQ�VJCV�KV�JCU�OQTG�RTQDCDKNKV[�QH�DGKPI�UGNGEVGFǡNCVGT�QP� 
 

 trigger decay:bFGƒPGU�JQY�TCRKFN[�VJG�VTKIIGT�XCNWG�FGEC[U�DCEM�VQ�KVU�FGHCWNV� 
 value of 1 so that with time the segment does not have more priority over the  
� QVJGTU�CP[OQTG� 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.     Properties panel of the contextual layer module. The user can set the  
� �����������SDUDPHWHUV�WKDW�ZLOO�EH�XVHG�E\�WKH�FRQWH[WXDO�OD\HU�LQ�WKH�DFTXLVLWLRQ� 
            and retrieval of information.
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6JG�OQFWNG�JCU�HQWT�KPRWV�ITQWRU�
(KI����� 
 
 action: the current action executed by the robot that was triggered either by  
 the reactive layer or by the adaptive layer (the default going forward action is  
� PQV�UVQTGF�� 
 
 prototype: the current &6�RTQVQV[RG�IGPGTCVGF�D[�VJG�CFCRVKXG�OQFWNG� 
 

stats: the cells of this group inform the contextual layer about the 
CEJKGXGOGPV�QH�C�RQUKVXG�QT�PGICVKXG�IQCN�UVCVG��6JG�ƒTUV�EGNN�KPFKECVGU�VJCV�
a positive goal state has been reached whereas the second informs about 
C�PGICVKXG�IQCN�UVCVG��#HVGT�VJG�CEVKXCVKQP�QH�QPG�QH�VJGUG�VYQ�EGNNU��VJG�
information in the STM is copied in the LTM either as a positive or a negative 
UGSWGPEG�CPF�VJG�56/�KU�TGUGV��+P�VJKU�VWVQTKCN��QPN[�RQUKVXG�UGSWGPEGU�CTG�
stored and the proximity sensors are only used to inform the contextual layer 
that the robot failed to reach the target (a wall at the top of the environment 
makes this information available) and then the STM is reset without copying 
KVU�EQPVGPV�KPVQ�VJG�.6/� 

 
 discrepancy: it is an average measurement of the quality of the &6�RTQVQV[RG	U� 
� IGPGTCVGF�D[�VJG�CFCRVKXG�NC[GT�� 
 
#PF�QPG�QWVRWV�ITQWR�
(KI����� 
 
 action: action proposed by the contextual layer computed from the actions  
� EQPVCKPGF�KP�VJG�UGNGEVGF�UGIOGPVU� 
 
#PF�ƒXG�QWVRWV�ITQWRU�
(KI�����VJCV�CTG�DCUKECNN[�WUGF�VQ�FKURNC[�KPHQTOCVKQP�
about the internal states of the contextual layer so that the user can have a better 
WPFGTUVCPFKPI�QH�JQY�VJG�KPHQTOCVKQP�KU�DGKPI�CESWKTGF�CPF�TGVTKGXGF�HTQO�OGOQT[��
#NN�ƒXG�ITQWRU�JCXG�C�UK\G�QH�05Z0.��CPF�UJQY�VJG�KPHQTOCVKQP�CDQWV�GCEJ�UGIOGPV�
KP�VJG�.6/�

 empty: KV�KPFKECVGU�KH�VJG�URGEKƒE�UGIOGPV�KP�OGOQT[�JCU�DGGP�ƒNNGF�KP�
��KH� 
� VJG�UGIOGPV�KU�GORV[�CPF���KH�KV�KU�PQV�� 
 
 collector: EQNNGEVQT�CEVKXKV[�QH�GCEJ�UGIOGPV� 
 
 distance: the distance between the prototype &6�UVQTGF�KP�VJG�URGEKƒE� 
 segment in the LTM and the actual generated &6�RTQVQV[RG� 
 

selected: it indicates if the segment has been selected or not, satisfying both 
that the activity of the collector is above the selection threshold and above 
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C���96#�HTQO�VJG�OCZKOWO�EQNNGEVQT	U�CEVKXKV[�
��KPFKECVGU�VJCV�KU�JCU�DGGP�
UGNGEVGF�CPF���VJCV�KV�JCU�PQV�DGGP�UGNGEVGF�� 
 

 trigger: VJG�XCNWG�QH�VJG�VTKIIGT�HQT�GCEJ�UGIOGPV� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJXUH���b   �7KH�JURXS�RI�FHOOV�WKDW�IRUP�WKH�FRQWH[WXDO�OD\HU�PRGXOH�LQbLTU� 
 
+P�VJG�UGNGEVKQP�OQFWNG�VJG�CEVKQP�HTQO�VJG�EQPVGZVWCN�NC[GT�JCU�DGGP�CFFGF�
(KI������
Whenever the contextual layer proposes an action it inhibits any action coming from 
VJG�CFCRVKXG�NC[GT��6JG�TGCEVKXG�CEVKQPU�CTG�VJG�QPGU�YKVJ�JKIJGUV�RTKQTKV[��VJGP�VJG�
EQPVGZVWCN�CEVKQPU�CPF�VJGP�VJG�CFCRVKXG�QPGU�

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.b����$FWLRQ�VHOHFWLRQ�bWKH�DFWLRQV�SURSRVHG�E\�HDFK�OD\HU�FRPSHWH�WR�WDNH�WKH�

control of the robot. The inhibitory connections are used to give different 
SULRULW\�WR�WKH�OD\HUV��WKH�DFWLRQ�SURSRVHG�E\�WKHbUHDFWLYH�OD\HU�LV�WKH�RQH�ZLWK�
KLJKHVW�SULRULW\��WKHQ�WKH�FRQWH[WXDO�DFWLRQ�DQG�ODVWO\�WKH�DGDSWLYH�RQH�
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(KTUV��YG�YCPV�VQ�UGGǡKH�VJG�EQPVGZVWCN�NC[GT�ECP�UQNXG�VJG�VCUM�CU�VJG�CFCRVKXG�NC[GT�
FQGU��6Q�FQ�UQ��YG�ƒTUV�PGGF�VQ�GPCDNG�VJG�EQPVGZVWCN�NC[GT��7PFGT�VJG�EQPVGZVWCN�
NC[GT�RTQRGTV[�VCD�RNGCUG�VKEM�VJG�ŧGPCDNGŨ�DQZ�CPF�CRRN[�VJG�EJCPIGU��4WP�VJG�
UKOWNCVKQP��#HVGT�VJG�FKUETGRCPE[�HCNNU�DGNQY�VJG�RTGFGƒPGF�VJTGUJQNF��VJG�OGOQT[�
UGSWGPEGU�QH�VJG�56/�YKNN�DG�VTCPUHGTTGF�VQ�VJG�.6/��9JGP�UWHƒEKGPV�UGSWGPEGU�
CTG�UVQTGF�KP�VJG�.6/�
HQT�KPUVCPEG��VJCV�VJG�TQDQV�GZRGTKGPEGF�OQTG�VJCP�ƒXG�
EQTTGEV�UGSWGPEGU�HQT�GCEJ�QH�VJG�VJTGGǡRQUUKDNG�VTCLGEVQTKGU���YG�YCPV�VQ�VGUV�KH�
VJG�EQPVGZVWCN�NC[GT�KU�CDNG�VQ�UQNXG�VJG�VCUM��6Q�FQ�UQ�RNGCUG�FKUCDNG�VJG�CEVKQPU�QH�
reactive and the adaptive layers by setting the excitatory gain of their corresponding 
PGWTQP�ITQWRU�KP�VJG�UGNGEVKQP�RTQEGUU�VQ���

Q1:ǡ� %CP�VJG�TQDQV�UVKNN�UWEEGUUHWNN[�UQNXG�VJG�VCUM!ǡ#TG�VJG�VTCLGEVQTKGU� 
� FKHHGTGPV�VQ�VJG�VTCLGEVQTKGU�IGPGTCVGFǡD[�VJG�CFCRVKXG�NC[GT!

0QY��YG�YKNN�JCXG�C�NQQM�CV�VJG�.6/�QH�VJG�EQPVGZVWCN�NC[GT��+P�VJG�GORV[�EGNN�ITQWR�
[QW�ECP�UGG�VJG�PWODGT�QH�UGIOGPVU�QH�OGOQT[�VJCV�CTG�ƒNNGF�KP�ǡ;QW�ECP�FQ�UQ�
D[�QRGPKPI�VJG�URCEG�RNQV�QH�VJG�GORV[�EGNN�ITQWR��#U�[QW�OKIJV�PQVKEG�ǡGXGP�KH�VJG�
VTCLGEVQTKGUǡVJCV�VJG�TQDQV�OWUV�HQNNQY�VQ�TGCEJ�VJG�NKIJV�EQPUKUV�QPN[�QH�VYQ�RCVEJGU��
VJG�UGSWGPEGU�UGGO�OWEJ�NQPIGT�

Q2:ǡ� 'UVKOCVG�VJGǡCXGTCIG�NGPIVJ�QH�C�UGSWGPEG�KP�VJG�OGOQT[!�9J[�CTG�VJG[�� 
 in general, longer than 2?

6Q�WPFGTUVCPFǡVJG�FKHHGTGPV�RCTCOGVGTU�QH�VJG�OQFWNG�YG�YKNN�PQY�XCT[�UQOG�QH�
VJGO�CPF�VGUV�VJG�DGJCXKQWT�QH�VJG�TQDQV��6Q�UVCTV�YKVJ��YG�YKNN�JCXG�C�NQQM�CV�VJG�
UGNGEVKQP�OGEJCPKUO��1RGP�VJG�RTQRGTVKGU�RCPGN�QH�VJG�EQPVGZVWCN�NC[GT�OQFWNG�
CPF�VT[�VQ�KPETGCUG�QT�FGETGCUG�VJG�XCNWG�QHǡVJG���96#�RCTCOGVGT�CPF�VJG�UGNGEVKQP�
VJTGUJQNF�ǡ6JKU�XCTKGU�VJG�COQWPV�QHǡOGOQT[�UGIOGPVUǡVJCV�CTG�UGNGEVGF�

Q3:ǡ� 9JCV�KU�C�IQQF�XCNWGǡTCPIG�HQT�VJGǡ��96#ǡRCTCOGVGT�UQ�VJCV�VJG�TQDQV� 
 successfully completes the task?

To investigate the interaction between adaptive and contextual layers we will 
now check the influence that the learning rate (Ɣ��QH�VJG�CFCRVKXG�NC[GT�JCU�QPǡVJG�
EQPVGZVWCN�NC[GT��+P�C�RTGXKQWU�RCTV�QH�VJG�VWVQTKCN�YG�JCXG�UGGP�VJG�KORCEV�VJCVǡVJKU�
parameter has on the duration of the learning process and with this exercise we will 
UGG�VJG�KORQTVCPEG�VJCV�KV�CNUQ�JCU�QP�VJG�RGTHQTOCPEG�QH�VJG�EQPVGZVWCN�NC[GT��6Q�
do so, open the dialogue box of the adaptive layer module and modify the value of 
VJG�NGCTPKPI�TCVG�
¼��

Q4:ǡ� 9JCV�JCRRGPU�YJGP�[QW�FGETGCUG�QT�KPETGCUG�VJG�XCNWG�QH�VJKU�RCTCOGVGT!��
� 9J[!ǡ
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9G�YKNN�PQY�YQTM�YKVJ�VJG�&#%�DCUKE�CODKIWQWU�TGUVTKEVGF�CTGPC��6Q�FQ�UQ��RNGCUG��
ENQUG�VJGǡLTUǡCPF�)C\GDQ�RTQITCOU�VJCV�CTG�QRGP��+P�VJG�ƒTUV�VGTOKPCN�YTKVG�

 cd $HOME/iqr-gazebo/DAC_files  

 gazebo DAC_basic_ambiguous_arena.world

#PF�KP�CǡUGEQPF�VGTOKPCN�TWPǡVJG�UCOGǡLTUǡU[UVGO�CU�DGHQTG�

 cd $HOME/iqr-gazebo/DAC_files  

 iqr -f DACBugBasicArena.iqr

#U�[QW�JCXGǡUGGP�DGHQTG��VJG�CFCRVKXG�NC[GT�D[�KVUGNH�ECPPQV�UQNXG�VJKU�VCUM�DGECWUG�
VJG�WRRGT�RCVEJGU�CTG�CODKIWQWU��+V�VTKGU�VQ�EQPVKPWQWUN[ǡNGCTP�VJG�EQTTGEV�CEVKQP�
associated with a patch and it might go to the goal if the robot starts from the 
UCOG�RQUKVKQP�FWTKPI�C�HGY�EQPUGEWVKXG�VTKCNU��*QYGXGT��KV�YKNN�HCKN�CICKP�VQ�TGCEJ�
VJG�VCTIGVǡKH�C�FKHHGTGPV�RQUKVKQP�KP�VJG�CTGPC�KU�WUGF�CU�C�UVCTVKPI�RQKPV�ǡ6Q�RTQRGTN[�
UQNXG�VJG�VCUM�CPFǡFKUCODKIWCVG�DGVYGGP�VJG�NCUV�RCVEJGU�ǡEQPVGZV�
K��G��RTGXKQWU�
RCVEJ�VJCV�YCU�UGGP�ǡKU�PGGFGF�ǡ6JG�EQPVGZVWCN�NC[GT��YJKEJ�KORNGOGPVU�QRGTCPV�
EQPFKVKQPKPI��ECPǡRKEM�WR�VJKU�KPHQTOCVKQP�CPF�UWEEGUUHWNN[�NGCF�VJG�TQDQV�VQ�VJG�
IQCN�RQUKVKQP�KP�VJG�CTGPC�
NKIJV���+H�YG�NGV�VJG�U[UVGO�TWP�FWTKPI�GPQWIJ�VKOG�
HQT�
instance, until the LTM is full), we will see that the robot starts increasing the ratio 
VCTIGVU�TGCEJGF�D[�VTKCNU��9G�ECP�CICKP�HQNNQY�VJG�UCOG�UVGRU�CU�KP�VJG�RTGXKQWU�VCUM�
VQ�UGG�JQY�VJG[�IGPGTCNKUG�VQ�VJG�CODKIWQWU�VCUM�

In the space plot of the cell group selected you can observe what segments are 
UGNGEVGF��6Q�WPFGTUVCPF�VJG�KORQTVCPEG�QH�EJCKPKPI�YJGP�TGECNNKPI�KPHQTOCVKQP�
from memory, we will check the effect of the trigger reset and trigger decay in the 
UGNGEVKQP�QH�UGIOGPVU�HTQO�OGOQT[��6T[�VQǡXCT[�VJGO�CPF�UGG�YJCV�VJG�GHHGEV�KU�QH�
VJKU�OQFKƒECVKQP�KP�VJG�TQDQVŨU�RGTHQTOCPEG�

Q5:ǡ� +H�[QW�NQQM�CV�VJG�UGNGEVKQP�QWVRWV�ITQWR�QH�VJG�EQPVGZVWCN�NC[GT�ǡECP�[QW�VGNN��
 what happens when the value of the trigger reset is high and the decay very  
 low? And what happens in the reverse case?
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 4GJCDKNKVCVKQP�)COKPI�5[UVGO
 
One approach to empirical validation of the DAC framework is to investigate whether 
KV�ECP�DG�CRRNKGF�VQ�ENKPKECN�EJCNNGPIGU�

According to the World Health Organization, 15 million people across the world suffer 
HTQO�UVTQMG�GCEJ�[GCT��1H�VJGUG��QPG�VJKTF�FKG��CPF�CPQVJGT�VJKTF�CTG�RGTOCPGPVN[�
FKUCDNGF�ǡ#P�KPVGTGUVKPI�KORNKECVKQP�QH�VJKU�UVCVKUVKE�KU�VJCV�RGTJCRU�QPG�VJKTF�OCMG�
ENQUG�VQ�C�HWNN�TGEQXGT[�ǡ+U�KV�RQUUKDNG�VJCV�OQTG�UVTQMG�UWHHGTGTU�EQWNF�TGICKP�OQTG�QH�
their lost function?

In Barcelona, a few hundred stroke patients have now been successfully treated by 
C�PQXGN�PGWTQTGJCDKNKVCVKQP�U[UVGO��ECNNGF�VJG�4GJCDKNKVCVKQP�)COKPI�5[UVGO�QT�4)5�

%COGKTȆQ�GV�CN���������ǡVJCV�KU�DCUGF�QP�KPUKIJVU�INGCPGF�HTQO�VJG�FGXGNQROGPV�QH�
&#%�
8GTUEJWTG�������ǡ
(KI������6JG�4)5�U[UVGO�OCMGU�WUG�QH�XKTVWCN�TGCNKV[�
84��VQ�
mobilise the power of brain plasticity and its reorganisation to speed up functional 
TGEQXGT[�CHVGT�UVTQMG��+P�C�TGEGPV�UVWF[�
%COGKTȆQ�GV�CN�����������WUKPI�UVCPFCTF�
ENKPKECN�CUUGUUOGPV�UECNGU��VJG�4)5�OGVJQF�UKIPKƒECPVN[�KORCEVGF�QP�HWPEVKQPCN�
TGEQXGT[�ǡ6JKU�TGUWNV�QRGPU�WR�C�RQUUKDNG�RCVJ�HQT�VJG�KPVTQFWEVKQP�QH�VJKU�PQXGN�
VGEJPQNQI[�KP�HWVWTG�ENKPKECN�RTCEVKEG� 
 
5Q�YJCV�JCU�4)5�VQ�FQ�YKVJ�&#%!�4)5�DWKNFU�QP�CP�WPFGTN[KPI�J[RQVJGUKUǡVJCV�
functional recovery can be promoted by capitalising on the life-long plasticity of 
the brain and the assumption that neuronal plasticity is governed by only a few 
EQORWVCVKQPCN�RTKPEKRNGU�QT�QDLGEVKXGU�
UGG�8GTUEJWTG���������/QTG�URGEKƒECNN[��TGNGXCPV�
NGCTPKPI�RTKPEKRNGU�FGƒPGF�KP�&#%ǡKPENWFG�VJG�DCNCPEKPI�QH�RGTEGRVKQP�CPF�DGJCXKQWT�
KPǡ&RUUHODWLYH�6XE�VSDFH�/HDUQLQJǡ
&WHH�GV�CN���������ǡ+P�RTCEVKEG��4)5�KPVGITCVGU�C�
RCTCFKIO�QH�CEVKQP�GZGEWVKQP�
OQXGOGPV��YKVJ�OQVQT�KOCIGT[��ǡVJKPMKPI�CDQWV�CPF�
imagining movement, and action observation (watching the movement of a virtual 
NKOD�ǡ
5GG�(KI�����ǡ6JG�J[RQVJGUKU�DGJKPF�VJG�EJQKEG�VQ�EQODKPG�OQXGOGPV�GZGEWVKQP�
YKVJ�VJG�QDUGTXCVKQP�QH�EQTTGNCVGF�CEVKQP�QH�XKTVWCN�NKODU�KP�C�ƒTUV�RGTUQP�RGTURGEVKXG�KU�
VJCV��YKVJKP�VJKU�URGEKƒE�UEGPCTKQ��TGEQXGT[�ECP�DG�CEEGNGTCVGF�CPF�GPJCPEGF�D[�FTKXKPI�
VJG�UQ�ECNNGF�/KTTQT�0GWTQP�U[UVGOǡ
/05��ǡ#�OKTTQT�PGWTQP�KU�C�DTCKP�EGNN�VJCV�ƒTGU�DQVJ�
FWTKPI�CP�CEVKQP�CPF�YJGP�YCVEJKPI�CPQVJGT�RGTUQP�RGTHQTOKPI�VJG�UCOG�CEVKQPťVJCV�
is it mirrors the action of the other person as though the observer performed the action 
VJGOUGNXGU�ǡ+P�VJG�&#%�HTCOGYQTM�YG�EQPEGKXG�VJG�/05�CU�C�ETKVKECN�KPVGTHCEG�DGVYGGP�
the neuronal substrates of visual perception and motor planning and execution (see 
8GTUEJWTG���������#RRNKGF�VQ�UVTQMG��YG�J[RQVJGUKUG�VJCV�VJG�/05�ECP�FGƒPG�C�VCUM��
and context-relevant state of the afferent and efferent pathways that were disrupted 
by the (stroke-induced) lesion, promoting activation of these pathways and facilitating 
HWPEVKQPCN�TGEQXGT[�CPF�TGUEWG�
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Observation
& Execution

Train Muscle Control

Motor Cortex Other Connected Regions

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.      8VLQJ�WKH�5*6�V\VWHP��WKH�5*6�XVHU�ZDWFKHV�D�YLUWXDO�UHQGHULQJ�RI�KLV�KHU�DUPV�

RQ�D�VFUHHQ�ZKLOH�SHUIRUPLQJ�D�WDVN��IRU�LQVWDQFH�LQWHUFHSWLQJ�VSKHUHV�WKDW�PRYH�
WRZDUGV�WKHP�IURP�GLIIHUHQW�GLUHFWLRQV�DQG�DW�GLIIHUHQW�VSHHGV� 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.   
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Figure 2.     +RZ�5*6�ZRUNV��WKH�XVHU
V�RZQ�PRYHPHQWV�FRQWURO�WKRVH�RI�WKH�YLUWXDO�ERG\�
DQG�LW�LV�H[DFWO\�WKLV�UHODWLRQVKLS�EHWZHHQ�SHUFHLYHG�DQG�H[HFXWHG�PRYHPHQW�
WKDW�SURYLGHV�D�NH\�LQJUHGLHQW�LQ�FUHDWLQJ�FRQGLWLRQV�IRU�UHFRYHU\��0RUH�
VSHFLͧFDOO\��VWXGLHV�RI�WKH�0LUURU�1HXURQ�6\VWHP��016��KDYH�VKRZQ�WKDW�
perceiving actions also leads to activity in the areas of the brain responsible 
IRU�H[HFXWLQJ�WKHVH�DFWLRQV��5*6�H[SORLWV�WKLV�SULQFLSOH�WR�LQGXFH�DFWLYLW\�LQ�
damaged parts of the brain that can promote functional recovery. 
 

/QTG�IGPGTCNN[��CU�C�TGJCDKNKVCVKQP�CPF�FKCIPQUVKEU�VGEJPQNQI[��4)5�KPEQTRQTCVGU�
essential features of successful rehabilitation while reducing the need for direct 
UWRGTXKUKQP�D[�VJGTCRKUVU�CPF�ENKPKEKCPU�ǡ6JWU��D[�WUKPI�4)5��UVTQMG�UWHHGTGTU�EQWNF�
continue to rehabilitate themselves after a period of supervised rehabilitation has 
DGGP�EQORNGVGF�ǡ'ZVGPFKPI�VJG�RGTKQF�QH�VKOG�CXCKNCDNG�HQT�TGJCDKNKVCVKQP�OGCPU�VJCV�
relatively slow processes of self-repair have more time to operate, potentially leading 
to increased functional recovery 
 
 
 References 
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 4GPCEJKR��#ǡ0GWTQRTQUVJGVKE�� �
 Learning Device   
Interfaces between the central nervous system and peripheral systems have existed 
HQT�UQOG�VKOG�CPF�PQY�KPENWFG�TGVKPCN�CPF�EQEJNGCT�KORNCPVUťUGPUQT[�RTQUVJGUGU��
CPF�DTCKP�EQORWVGT�KPVGTHCEG�U[UVGOU�VJCV�ECP�EQPVTQN�CTVKƒEKCN�NKODUťCNUQ�MPQYP�
CUǡOQVQT�RTQUVJGUGU�
HQT�C�TGXKGY�UGG�9QQF���������+PFGGF��TGEGPVN[�KV�JCU�DGGP�
shown that human patients can control anthropomorphic robot arms using brain 
CEVKXKV[�CNQPG�
%QNNKPIGT�GV�CN����������*QYGXGT��VJG�DKI�EJCNNGPIG�QH�DK�FKTGEVKQPCN�
coupling of a prosthetic system with the central nervous system is only just 
DGIKPPKPI�VQ�DG�CFFTGUUGF�
$GTIGT��������)KQXCPPWEEK���������+P�QTFGT�VQ�TGCNKUG�UWEJ�
a bi-directional system, three fundamental problems must be overcome (Verschure, 
�������(KTUV��VJG�HWPEVKQP�QH�VJG�EKTEWKV�VQ�DG�TGRNCEGF�OWUV�DG�WPFGTUVQQF�CPF�
ECRVWTGF�KP�C�TGCN�VKOG�HQTO��5GEQPF��VJG�KPRWVU�CPF�QWVRWVU�VQ�CPF�HTQO�VJG�EKTEWKV�
VJCV�KU�VQ�DG�TGRNCEGF�OWUV�DG�KFGPVKƒGF�CPF�VJGKT�UKIPCNU�EQTTGEVN[�CPCN[UGF�CPF�
U[PVJGUKUGF��6JKTF��UVGRU���CPF���OWUV�DG�RJ[UKECNN[�TGCNKUGF�KP�C�UOCNN��GHƒEKGPV�CPF�
NQY�RQYGT�HQTO�VJCV�ECP�UWRRQTV�KORNCPVCVKQP�

Some of the most advanced neuroprosthetic systems for bi-directional replacement, 
TGCNKUGF�UQ�HCT��JCXG�VCTIGVGF�VJG�JKRRQECORWU�CPF�VJG�EGTGDGNNWO�
(KI������
*GTG�VYQ�CRRTQCEJGU�ECP�DG�FKUVKPIWKUJGF��6JG�ƒTUV�QPG�TGNKGUǡQP�VCTIGVVKPI�VJG�
JKRRQECORWU�ǡ$GTIGT�GV�CN�ǡJCXG�GORJCUKUGF�C�OQFGN�ƒVVKPI�CRRTQCEJ�KP�YJKEJ�C�
transfer function between inputs and outputs is inferred and subsequently used to 
TGRNCEG�C�PGWTQPCN�EKTEWKV��#P�CNVGTPCVKXG�CRRTQCEJ�
)KQXCPPWEEK����������DWKNFKPI�QP�
DAC, emphasises the emulation of the fundamental physiological and anatomical 
properties of the underlying cerebellar circuit in order to get higher precision in the 
TGEQPUVTWEVKQP�QH�KVU�HWPEVKQPCN�RTQRGTVKGU��6JKU�KU�QH�ITGCV�KORQTVCPEG�UKPEG�VJG�
exact conditions under which neuroprosthetic systems are to be interfaced to the 
DTCKP�CTG�PQV�HWNN[�URGEKƒGF��+P�CFFKVKQP��KP�VJG�NCVVGT�ECUG��PQV�QPN[�KU�CP�GPIKPGGTKPI�
problem solved, but basic principles underlying mind, brain and behaviour are 
KFGPVKƒGF�CPF�XCNKFCVGF�

More concretely, the Renachip, by developing a neuroprosthetic model of the brain, 
FGOQPUVTCVGF�VJCV�KV�KUǡRQUUKDNG�HQT�CP�CPKOCN�VQǡCESWKTGǡCP�G[GDNKPM�CPVKEKRCVQT[�
response even when the underlying biological circuit, the cerebellum, was 
KPCEVKXCVGF�D[�CPGUVJGUKC��6JG�4GPCEJKR�YCU�DWKNV�VJTQWIJ�C�VYQ�UVGRU�RTQEGUU�

First, there was the development of a computational model of the cerebellar 
OKETQEKTEWKV�KPXQNXGF�KP�VJG�CESWKUKVKQP�QH�EQPFKVKQPGF�TGHNGZGU��5WEJ�C�FGUKIP�YCU�
KPURKTGFǡD[�RTQRGTVKGU�QH�VJG�CFCRVKXG�NC[GT�QH�VJG�&#%�HTCOGYQTM�
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4GPCEJKR��#ǡ0GWTQRTQUVJGVKE�.GCTPKPI�&GXKEG

Later, in a closed-loop bio-hybrid preparation, the computational model was interfaced 
YKVJ�VJG�DTCKP�QH�CP�CPCGUVJGVKUGF�TCV�ǡHGGFKPI�KPVQ�VJG�U[PVJGVKE�U[UVGO�VJG�DKQUKIPCNU�
TGEQTFGF�HTQO�VJG�EGTGDGNNCT�KPRWV�UVTWEVWTGU�CPF�KPLGEVGFǡDCEM�VJG�TGUWNV�QH�VJG�
EQORWVCVKQP�KPVQ�CP�CTGC�VCTIGVGF�D[�EGTGDGNNCT�QWVRWV��6JKU�DKQPKE�RTGRCTCVKQP�YCU�
VJGP�ENCUUKECNN[�EQPFKVKQPGF�YKVJ�VJG�RCKTGFǡVQPG�CKTRWHHǡUVKOWNCVKQP�ǡ6JG�TGUWNVU�
demonstrated that the anaesthetised rat was classically conditioned to the acquisition 
QH�CP�G[G�DNKPM�TGURQPUG�YKVJ�VJG�CKF�QH�QWT�PGWTQRTQUVJGVKE�U[UVGO�ǡ

6JKU�CRRTQCEJ�[KGNFGF�CǡWPKSWG�UQNWVKQPǡKP�VJCV�KV�TGRNCEGFǡC�HWPEVKQP�QH�VJG�EGPVTCN�
nervous system receiving inputs from the brain and returning its outputs back into 
VJG�DTCKP��6JGUG�TGUWNVU�CTG�C�FGOQPUVTCVKQP�VJCV�C�INQDCN�VJGQT[�QH�VJG�DTCKP��UWEJ�
CU�&#%�ǡECP�IWKFG�VJG�FGXGNQROGPV�QH�EQPETGVG�CRRNKECVKQPU�QH�YJCV�ECP�DG�ECNNGF�
ŧUEKGPEG�DCUGF�OGFKEKPGŨ�ǡ1P�VJG�QPG�JCPF��VJG�PGWTQRTQUVJGVKE�U[UVGO�FKTGEVN[�
XCNKFCVGFǡC�VJGQT[�QH�EGTGDGNNCT�NGCTPKPI�VJCV�KPHQTOGF�VJG�FGUKIP�QH�VJG�U[UVGO��CPF�
on the other, it takes a step towards the development of neuroprostheses that could 
TGEQXGT�NQUV�NGCTPKPI�HWPEVKQPU�KP�CPKOCNU�CPF��QP�VJG�NQPIGT�VGTO��KP�JWOCPU�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.b�����'HVLJQ�IRU�D�FHUHEHOODU�QHXURSURVWKHWLF�SURWRW\SH��$Q�LQWHJUDWHG�

computational system emulates the circuit properties of the cerebellum 
based on a theoretical model. This emulated cerebellar microcircuit is 
LQWHUIDFHG�WR�WKH�LQSXW�DQG�RXWSXW�VWUXFWXUHV��WKH�3RQV��31��DQG�,QIHULRU�
2OLYH��,2���DQG�'HHS�1XFOHXV��'1��UHVSHFWLYHO\��7KLV�SDUDGLJP�KDV�EHHQ�
VXFFHVVIXOO\�DSSOLHG�LQ�LQ�YLYR�UHSODFHPHQW�H[SHULPHQWV��+HUUHURV�HW�DO��� 
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 References

$GTIGT��6��GV�CN��
�����ǡ#�EQTVKECN�PGWTCN�RTQUVJGUKU�HQT�TGUVQTKPI�CPF�GPJCPEKPI�
OGOQT[�ǡ-RXUQDO�RI�1HXUDO�(QJLQHHULQJǡ���R��������

%QNNKPIGT��,�.���GV�CN��
�����ǡ*KIJ�RGTHQTOCPEG�PGWTQRTQUVJGVKE�EQPVTQN�D[�CP�
KPFKXKFWCN�YKVJ�VGVTCRNGIKC�ǡ7KH�/DQFHWǡ���
�������R���������

)KQXCPPWEEK��#��GV�CN��
�����ǡ4GRNCEKPI�C�EGTGDGNNCT�OKETQEKTEWKV�YKVJ�CP�CWVQPQOQWU�
PGWTQRTQUVJGVKE�FGXKEG�ǡ$QQXDO�PHHWLQJ�RI�WKH�6RFLHW\�IRU�1HXURVFLHQFH��CDUVTCEV�PQ��
�������

*GTTGTQU�#NQPUQ��+��ǡ)KQXCPPWEEK��#����8GTUEJWTG��2��
7PFGT�TGXKGY�ǡ#�EGTGDGNNCT�
PGWTQRTQUVJGVKE�U[UVGO��EQORWVCVKQPCN�CTEJKVGEVWTG�CPF�KP�XKXQ�GZRGTKOGPVU�

8GTUEJWTG��2��ǡ
�����ǡ0GWTQUEKGPEG��XKTVWCN�TGCNKV[�CPF�PGWTQTGJCDKNKVCVKQP��$TCKP�
TGRCKT�CU�C�XCNKFCVKQP�QH�DTCKP�VJGQT[�ǡ$QQXDO�,QWHUQDWLRQDO�&RQIHUHQFH�RI�WKH�,(((�
(QJLQHHULQJ�LQ�0HGLFLQH�DQG�%LRORJ\�6RFLHW\ǡ
'/$%��

9QQF��*��
�����ǡ0GWTCN�TGRCKT�CPF�TGJCDKNKVCVKQP��#EJKGXKPI�EQORNGZ�EQPVTQN�QH�C�
PGWTQRTQUVJGVKE�CTO�ǡ1DWXUH�5HYLHZV�1HXURORJ\ǡ��
���ǡR�������
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� #&#��#ǡ0GWTQOQTRJKE�+PVGTCEVKXG�5RCEG�$CUGF�QP�&#%

� #&#��#ǡ0GWTQOQTRJKE�� � �  
 Interactive Space Based on DAC 
 
 
Mankind has always been fascinated with building artefacts that are a close 
CRRTQZKOCVKQP�QH�PCVWTCN�QTICPKUOU��/GEJCPKECN�FGXKEGU�ǡHTQO�VJG�GCTN[���VJ�
EGPVWT[�UWEJ�CU�VJG�&WEM�QH�8CWECUQWP�QT�VJG�CWVQOCVCP�QH�VJG�&QWZ�DTQVJGTUǡVQ�
more complex humanoid robots such as the iCub, have tried to capture, in the 
OCEJKPG��VJG�RTKPEKRNGU�WPFGTN[KPI�DTCKP�CPF�DQF[�HWPEVKQP��+P�VJKU�UGPUG�ǡDWKNFKPI�
TGCN�YQTNF�KPVGTCEVKXG�U[UVGOU�KU�C�EJGEMRQKPV�HQT�CP[�VJGQT[�FGCNKPI�YKVJ�DTCKP�ǡOKPF�
CPF�DGJCXKQWT��*QYGXGT��VJG�EQPUVTWEVKQP�QH�VJGUGǡTGCN�YQTNF�CTVGHCEVU�PGGFU�
to satisfy essential needs such as energy consumption, real-time behaviour 
CPFǡGODQFKOGPV�EQPUVTCKPVU�ǡC�DTCKP�PGGFU�C�DQF[�VQ�CEV�CPF�KPVGTCEV�YKVJ�VJG�
YQTNF�

1PG�QH�VJG�NCVGUV�CPF�OQUV�EQORNGZ�DTCKP�DCUGFǡCTVGHCEVU�YCUǡCP�KPUVCNNCVKQP�HQT�VJG�
5YKUU�PCVKQPCN�GZJKDKVKQP�'ZRQ����ECNNGFǡ$GD��,QWHOOLJHQW�VSDFH, an 180m2ǡKPVGTCEVKXG�
space embedded in a 400m2ǡGZJKDKV�VJCV�CVVTCEVGF�QXGT���������XKUKVQTU�HTQO�/C[�
WPVKN�1EVQDGT������
'PI�GV�CN���������

#FCǡKU�CP�KPVGTCEVKXG�DTCKP�DCUGFǡU[PVJGVKE�ETGCVWTGǡVJCV�JCU�DGGP�KORNGOGPVGF�
CPF�GODQFKGF�VQ�CEV�CPF�CSWKTG�MPYQNQFIGǡKP�TGCN�VKOG�CPF�NGCTP�HTQO�ǡJWOCPU�ǡ6Q�
TGCNKUG�#FC��TGUGCTEJ�YCU�EQPFWEVGFǡKPǡTGCN�VKOG�PGWTQOQTRJKE�EQPVTQN�U[UVGOU��
tactile person tracking, audio processing and localisation, and real-time synthetic 
OWUKE�EQORQUKVKQP�

6JG�#FC�GZJKDKV�EQPUKUVGF�QH�UGXGTCN�FKHHGTGPVǡTGIKQPU��YJKEJ�XKUKVQTU�RCUUGF�VJTQWIJ�
KP�CǡUGSWGPEG�
&GNDTȜEM�GV�CN����������

 Voyeur area: VJKU�YCU�CǡYCNN�QH�JCNH�UKNXGTGF�OKTTQTUǡUWTTQWPFKPI�VJG�OCKP� 
� URCEG�VJCV�CNNQYGF�XKUKVQTUǡVQ�ICKP�CPǡKORTGUUKQP�QH�VJG�OCKP�URCEG�DGHQTG� 
� VJG[�GPVGTGFǡYKVJQWV�DGKPI�UGGP�D[�VJG�RGQRNGǡEWTTGPVN[�KPUKFG�

 Ada main space:ǡVJG�OCKP�URCEG�EQWNF�JQUVǡITQWRU�QH�CDQWV����VQ����RGQRNG� 
� CPF�YCU�OCFG�QH�C�UGPUKVKXG�RTGUUWTG�HNQQT�CPFǡJCNH�UKNXGTGF�OKTTQTǡYCNNU�ǡ

 Brainarium:�VJKUǡCTGC�EQPUKUVGF�QHǡUKZ�TGCN�VKOG�FKURNC[U�UJQYKPI�UQOG�QH� 
� VJG�FCVCǡRTQEGUUKPI�QEEWTTKPI�YKVJKP�#FC��VQIGVJGT�YKVJ�C�OWNVK�NKPIWCN� 
� GZRNCPCVQT[�VGZV��*GTG�RGQRNG�EQWNFǡQDUGTXGǡEQTTGNCVKQPU�DGVYGGP�VJG�FCVC� 
� CPF�VJG�CEVKQPU�QH�VJGǡURCEG�KPVGTCEVKPI�YKVJ�KVU�XKUKVQTU�ǡ
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 Explanatorium: VJKU�YCU�VJG�GZKV�CTGC�YKVJǡCPǡCTVKUVKE�KPUVCNNCVKQP�
D[�*�4�� 
� )KIGT��CPF�VJTGG�XKFGQǡUETGGPU�QHHGTKPI�KPVGTXKGYU�QH�VJG�UEKGPVKUVUǡTGNCVGF� 
� VQ�VJG�RTQLGEV�OCMKPI�UJQTV�UVCVGOGPVU�YGTG�UJQYP��6JKU�CTGC�CNUQǡEQPVCKPGF� 
� CP�KPHQTOCVKQP�FGUM�CPF�C�IWGUVDQQM�ǡ

2GQRNG�XKUKVKPI�#FC�YGTG�KOOGTUGF�KP�CP�GPXKTQPOGPVǡYJGTG�VJGKT�QPN[�UGPUQT[�
UVKOWNCVKQP�ECOG�HTQOǡ#FC�JGTUGNH�
CPF�QVJGT�XKUKVQTU���#FC�YCU�OCFG�QH�UGPUQTU�
CPF�GHHGEVQTU�ENQUGN[�TGUGODNKPI�VJQUG�QH�C�PCVWTCN�QTICPKUO�ǡC�UMKP�
C�NKIJV�
pressure-sensitive floor) to sense the presence of each of its visitors, a visual 
U[UVGO�YKVJǡECOGTCU�CPF�C�VTCEMKPI�U[UVGO�VQ�UGG�CPF�NQECVG�RGQRNG�KP�VJG�URCEG��
and audio processing and a compsition system to be able to listen and respond 
VQǡRGQRNGŨU�TGURQPUKXG�DGJCXKQWT�

#FCǡYCUǡFGUKIPGF�VQ�JCXG�C�EGTVCKP�NGXGN�QH�QTICPKUO�NKMGǡEQJGTGPEGǡCPF�EQPXG[�
an impression of a basic unitary sentience to her visitors, and to this it was 
GSWKRGF�YKVJ�C�DTCKP�NKMG�UVTWEVWTG�ǡ#FCŨU�GHHGEVQTU�CPF�UGPUQTU�YGTG�FTKXGP�D[�VJG�
4GCEVKXG�ǡ#FCRVKXG�CPF�%QPVGZVWCN�NC[GTU�QH�VJG�&#%�DTCKP�CTEJKVGEWTG��YJKEJ�KP�TGCN�
VKOG��EQPVTQNNGFǡ#FCŨU�HQWT�OCKP�DGJCXKQWTU�

 Track: VQ�MPQY�CDQWV�KVU�XKUKVQTU	�VTCLGEVQT[�

 Identify: to VGUV�KPFKXKFWCNUŨ�TGURQPUG�VQ�EWGU 
HNQQT�VKNGU�NKIJV�EJCPIGU��

 Group: VQ�KPHNWGPEG�VJG�FKUVTKDWVKQP�DGJCXKQWT�QH�RGQRNG�KP�VJG�URCEG�

 Play:�ǡVQǡGPICIG�RGQRNG�KPǡKPVGTCEVKXG�ICOGU�UWEJ�CU�HQQVDCNN�CPFǡRQPI.

)KXGP�KVU�PCVWTG�#FC�JCU�CNNQYGF�KPXGUVKICVKPI�DQVJ�HWPFCOGPVCN�CPF�CRRNKGF�
questions including: large-scale sensory integration in the context of ongoing goal-
oriented behaviour, the construction of the software and hardware technology that 
allows us to reliably run these large-scale real-world systems, and the interaction 
CPF�EQOOWPKECVKQP�DGVYGGP�JWOCPU�CPF�CTVGHCEVU�ǡ 
 
 
 References

6��&GNDTȜEM�GV�CN��
������#FC��#�RNC[HWN�KPVGTCEVKXG�URCEG��+PVGTCEV�������5GRV������
<WTKEJ��5YKV\GTNCPF�

'PI��-���-NGKP��&���$ȇDNGT��#���$GTPCTFGV��7���$NCPEJCTF�/��,�ǡ��%QUVC�/��
�����ǡ&GUKIP�
for a brain revisited: The neuromorphic design and functionality of the interactive 
URCEG�ŧ#FCŨ�ǡ
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 DAC Incarnation (iCub) 
 
 
 iCub as an H5W Solver 
 
As a global theory about the mind-body nexus, DAC aims at giving a functional 
explanation of phenomenons like the self-other distinction, behaviour generation, 
QT�GOGTIGPEG�QH�EQPUEKQWUPGUU��6JG�&#%�VJGQT[ǡKUǡVGUVGFǡVJTQWIJ�EQPXGTIGPV�
validation, meaning that as long as the framework assumptions assist an 
KORNGOGPVCVKQP��GCEJǡUWEEGUUHWN�GZRGTKOGPVCN�TGUWNV�RTQXKFGU�GXKFGPEG�UWRRQTVKPI�
VJG�VJGQT[��#U�VJG�JKIJGUV�XCNKFCVKQP��&#%�UJQWNF�RTQXKFG�VJG�IWKFGNKPGU�HQT�
KORNGOGPVKPI�C�TQDQV�VJCV�TGRNKECVGU�VJG�JWOCP�DGJCXKQWT�ǡ5WEJ�JKIJ�NGXGN�CURGEVU�
of the mind, like the self-other distinction or introspective mechanisms, requires the 
CTEJKVGEWTG�UECNG�VQ�TGCEJ�C�NGXGN�YJGTG�KV�ECP�KPVGTCEV�YKVJ�QVJGTU�KP�C�ŧJWOCP�NKMG�
OCPPGTŨǡCPF�NGCTP�HTQO�VJKU�KPVGTCEVKQP�CU�C�EJKNF�YQWNF��#NN�CNQPI�VJG�YC[�VQ�VJKU�
IQCNǡVJG�TQDQV�YKNN�FKURNC[�KPETGCUKPIN[�EQPXKPEKPI�DGJCXKQWTU��CNNQYKPI�VJGǡVGUVKPI�
QH�XCTKQWU�J[RQVJGUGUǡCDQWV�JWOCP�TQDQV�KPVGTCEVKQP�
*4+���KP�RCTVKEWNCT��YJKEJ�
DGJCXKQWTCN�EJCPPGNU�QT�RCTCOGVGTU�CTG�TGNGXCPV�VQǡKPFWEGǡC�HGGNKPI�QH�GORCVJ[�CPF�
C�VJGQT[�QH�OKPF�CVVTKDWVKQP�VQYCTFU�C�PQP�DKQNQIKECN�CTVGHCEV��+P�VJKU�UGEVKQP��YG�
RTGUGPV�JQY�&#%�RTKPEKRNGU�JCXG�DGGP�CRRNKGF�VQ�CǡJWOCPQKF�TQDQVǡWR�VQ�VJG�RQKPV�
QH�IGPGTCVKPI�EQPXKPEKPI�UQEKCN�DGJCXKQWTU��6JGUG�DGJCXKQWTU�CTG�CDNG�VQ�VTKIIGT�
TGHNGZKXG�GOQVKQPU�CPF��VQ�C�EGTVCKP�GZVGPV�ǡCVVTKDWVKQP�QH�KPVGNNKIGPEG�CPF�NKHGNKMGPGUU�
VQ�VJG�TQDQV� 
 
 
 The Setup: Hardware and Software

9GǡFGUKIPGF�C�UGVWR�VQ�UVWF[�JWOCP�TQDQV�KPVGTCEVKQP�KP�C�UOCTV�GPXKTQPOGPV�

(KI�ǡ����6JG�EQORQPGPVU�YGTGǡC�JWOCPQKF�TQDQV�K%WD�
/GVVC��5CPFKPK���8GTPQP��
�����ǡOQWPVGF�QP�CP�QOPKFKTGEVKQPCN�YJGGNGF�OQDKNG�DCUG��K-CTV��ǡCPF�C�4GCEVCDNG�

)GKIGT��#NDGT��,QTFȃ���#NQPUQ���������YJKEJ�KU�C�VCDNGVQR�VCPIKDNG�FKURNC[ǡCPF�CP�
4)$�FGRVJ�UGPUQT�YJKEJ�KU�WUGF�VQ�RTQXKFG�CEEWTCVG�FGVGEVKQP�QH�JWOCPU�KP�VJG�
GPXKTQPOGPV�ǡ6JG�FKHHGTGPV�TGHGTGPEG�HTCOGU�KPFWEGF�D[�VJKU�UGVWR�CTG�FGRKEVGF�
KP�(KIWTG����6JKU�KPUVCNNCVKQP�JCU�DGGP�JGCXKN[�FGOQPUVTCVGF�KP�QRGP�RWDNKE�GXGPVU�
(Barcelona Robotics Meeting 2014, Festa de la Ciencia 2013, Barcelona; Living 
/CEJKPGU�������.QPFQP��+%6�������8KNPKWU����CNNQYKPI�VJGTGHQTG�CP�GCU[�IGPGTCVKQP�QH�
*4+�KPVGTCEVKQP�YKVJ�PCKXG�WUGTU� 
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Figure 1.      $�KXPDQ�URERW�LQWHUDFWLRQbSODWIRUP�VKRZLQJ�DOObRI�WKH�GLIIHUHQW� 
� � ����UHIHUHQFH�IUDPHV�XVHG�IRUbDFWLRQVb�5HDFWDEOH��L.DUW��.LQHFW��WKH�WZR� 
� ���������� URERW�KDQGV�DQG�LWV�KHDG��

+P�VGTOU�QH�UGPUQT[�CRRCTCVWU��VJG�K%WD�KU�GSWKRRGF�YKVJ�VYQ�4)$�ECOGTCU�
OQWPVGF�KP�VJG�G[GU��HQTEG�UGPUKPI�CPF�CP�CTVKƒEKCN�UMKP�EQXGTKPI�VJG�WRRGT�DQF[�
RTQXKFKPI�VCEVKNG�UGPUKPI��6JG�RTGUGPEG�QH�VJGǡU[PVJGVKE�UMKP�QH�VJG�TQDQV�CPF�C�
JWOCPŨU�KPVGTCEVKQP�VJTQWIJ�RJ[UKECN�EQPVCEVǡOC[�VKIJVGPǡVJG�UQEKCN�DQPF�DGVYGGP�
VJGO�ǡ

6JG�EQODKPCVKQP�QH�CNN�QH�VJG�UGVWR�EQORQPGPVU��RTKPEKRCNN[ǡVJG�4GCEVCDNG��CNNQYU�
VJG�KORNGOGPVCVKQP�QH�XCTKQWUǡKPVGTCEVKXG�UEGPCTKQU��KPENWFKPIǡVJG�TQDQV�CPF�VJG�
JWOCP�RNC[KPI�XKFGQ�ICOGU��UWEJ�CU�2QPI��6KE�6CE�6QG�QT�C�EQQRGTCVKXG�&,�VCUM��
6JGUG�KPVGTCEVKQP�UEGPCTKQU�TGSWKTGǡDQVJ�VJG�JWOCP�CPF�VJG�TQDQV�VQ�CEV�QP�C�
UJCTGFǡRJ[UKECN�URCEG�GKVJGT�KP�EQQRGTCVKXG�QT�EQORGVKVKXG�UVCPEGU�

  Kinect  

  Head/Gaze  

  Reactable    Hands  

  iKart  
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All of the software components of this setup are available through various open 
UQWTEGU�TGRQUKVQTKGU��*QYGXGT��VJG�RTQEGUU�QH�FGRNQ[OGPV�KU�C�EQORNGZ�RTQEGFWTG�
VJCV�IQGU�DG[QPF�VJG�UEQRG�QH�VJKU�DQQM��(QT�OQTG�GZVGPUKXG�VGEJPKECN�KPHQTOCVKQP��
tutorials and source code you should rely on the following links: 
 
 1.       The iCub framework (including the YARP library) is multiplatform and  
� � ����CEEGUUKDNG�HTQO�JVVR���KEWD�QTI 
 
 2. ������6JG�'(##�HTCOGYQTM��YJKEJ�TGNKGUǡQP�CPF�GZVGPFU�K%WD��KU�CXCKNCDNG�� �
� � ����HTQOǡJVVR���UQWTEGHQTIG�PGV�RTQLGEVU�GHCC�

+P�VJG�HQNNQYKPI��YG�EJKGHN[ǡGZRNCKP�JQY�&#%�EQPEGRVU�YGTG�KORNGOGPVGF�KP�C�
EQORNGZ��OWNVKOQFCN�TQDQVKE�RNCVHQTO�ǡ 
 
 
 Sensorimotor Abstraction

Technological development provides us with new types of sensors on an almost 
FCKN[�DCUKU��6JGUG�UGPUQTU�ECP�DG�KPFGRGPFGPV�FGXKEGU�QT�RCTV�QH�EQORNGZ�KPVGITCVGF�
CTEJKVGEVWTGU�
G�I��TQDQV�U[UVGOU�GODGFFKPIǡECOGTCU��NCUGTU��CTOU�GPEQFGTU���CNN�QH�
VJGO�RTQXKFKPI�KPHQTOCVKQP�CDQWV�VJGKT�GPXKTQPOGPV�KP�VJGKT�QYP�TGHGTGPEG�ǡUGPUQT�
EGPVTKE�YC[�ǡ6JGTGHQTG��KP�QTFGT�VQ�EQPVTKDWVG�VQ�C�INQDCN�WPFGTUVCPFKPI�QH�VJG�
environmental scene, these devices should be coordinated and calibrated with each 
QVJGT��+P�RCTVKEWNCT��C�OQDKNG�TQDQV�QRGTCVKPI�KP�UWEJ�CP�GPXKTQPOGPV�EQWNF�DGPGƒV�
HTQO�CNN�QH�VJGUG�UGPUKPI�CRRCTCVWUǡKP�QTFGT�VQ�QXGTEQOG�KVU�URGEKƒE�NKOKVCVKQPU�

#NVJQWIJ�VJG�TCPIG�CPFǡV[RG�QH�KPHQTOCVKQP�RTQXKFGF�D[�UGPUQTU�KU�YKFG��VJG�OQUV�
important aspect for a robot that has to act on its environment is localisation: where 
is the sensed information in relation to its own body? Calibration among sensors is 
C�RTQDNGO�VJCV�CTKUGU�KP�CP[�OWNVKUGPUQT�RNCVHQTO�
#EMGTOCP���%JKTKMLKCP���������+P�
this respect a robot should be able to calibrate autonomously with all the sensors 
available in its environment, and should be able to use the information acquired in a 
URCVKCNN[�OGCPKPIHWN�YC[��6JG�OCKP�KUUWG�QH�UWEJ�C�ECNKDTCVKQP�RTQEGUU�KU�ƒPFKPI�QWV�
YJCV�VJG�VTCPUHQTOCVKQP�VQ�DG�CRRNKGF�QP�VJG�UGPUQT�EGPVTKE�KPHQTOCVKQPǡKP�QTFGT�VQ�
JCXG�KV�TGRTGUGPVGF�KP�VJG�TQDQVŨU�GIQEGPVTKE�EQPVGZV�KU��CPF�VQ�C�EGTVCKP�GZVGPV�ǡDGKPI�
CDNG�VQ�GUVKOCVG�VJG�GTTQT�KPFWEGF�D[�UWEJ�C�VTCPUHQTOCVKQP��6JKU�RTQDNGO�FQGU�PQV�
QPN[�KORN[�GZVGTPCN�UGPUQTU��DWV�DQF[�CVVCEJGF�UGPUQTU�CU�YGNN��+PFGGF��C�RQUUKDNG�
UQNWVKQP�VQ�VJKU�RTQDNGO�KU�VJCVǡDQVJ�TQDQVU�CPF�DKQNQIKECN�DGKPIU�TGRTGUGPVǡC�UKPING�
frame of reference for the information that comes from multiple sources distributed 
VJTQWIJQWV�VJGKT�DQF[�

#PKOCN�DTCKPU�CTG�GZEGRVKQPCNN[�IQQF�CV�ƒPFKPI�UWEJ�VTCPUHQTOCVKQPU�
DGVYGGP�XCTKQWU�UGPUQT�EGPVTKE�KPHQTOCVKQP�CPF�C�WPKƒGF�GIQEGPVTKE�UEGPG�ǡ+P�
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JWOCPU�ǡFKHHGTGPV�EQTVKECN�CTGCU��NQECVGF�RTKPEKRCNN[�KP�VJG�RCTKGVCN�EQTVGZ��GPEQFG�
spatial information reference frames centred on body parts (Colby, 1998), while 
GIQEGPVTKE�KPHQTOCVKQP�KU�GPEQFGF�URGEKƒECNN[�KP�VJG�HTQPVQ�RCTKGVCN�\QPG�
8CNNCT��
.QDGN���)CNCVK���������#NVJQWIJ�KV�KU�PQV�GPVKTGN[�ENGCT�JQY�UWEJ�VTCPUHQTOCVKQPU�CTG�
QTEJGUVTCVGF�YKVJKP�VJG�DTCKP��TGEGPV�ƒPFKPIU�
%QJGP���#PFGTUGP��������UWIIGUV�
VJCV�C�EQOOQP�TGHGTGPEG�HTCOG�KU�WUGF�CU�C�RKXQV��+P�QWT�EWTTGPV�TGUGCTEJ�YG�
FGOQPUVTCVG�JQY�VJG�WUG�QH�UWEJ�CǡOGEJCPKUOǡCNNQYU�GHƒEKGPV�VTCPUHQTOCVKQPU�
COQPI�KPFGRGPFGPV�UGPUQT[�URCEGU��/QTGQXGT��YG�RTGUGPV�C�IGPGTKE�YC[�QH�
calibrating those spaces by considering the matching of two-point clouds and 
VTGCVKPI�KV�CU�CP�QRVKOKUCVKQP�RTQDNGO�

Regarding the case of the humanoid robot iCub, the setup involves several co-
FGRGPFGPV�UGPUQTU�CPF�GHHGEVQTU�CU�FGOQPUVTCVGF�KP�(KIWTG����6CMKPI�VJGǡ-KPGEV�
sensor as an example, in order to use its information so that the robot can look at 
QDLGEVU��VJG�NKPM�DGVYGGP�VJG�-KPGEV�TGHGTGPEG�HTCOG�CPF�VJG�TQDQV�JGCF�TGHGTGPEG�
HTCOG�JCU�VQ�DG�GUVCDNKUJGF��+P�QWT�URGEKƒE�ECUG�VJG�TGURGEVKXG�VTCPUHQTOCVKQPU�
COQPI�C�UGV�QH�ƒXG�UGPUQTKOQVQT�TGHGTGPEGU�PGGFU�VQ�DG�HQWPF��9G�ECP�CEJKGXG�VJKU�
YKVJ�QPN[ǡC�OKPKOCN�UGV�QH�VTCPUHQTOCVKQPU�COQPI�UGPUQTU�UKPEG�KV�KUǡUWHƒEKGPV�VQ�
QDVCKP�C�RCVJ�HTQO�UGPUQT�VQ�UGPUQT��+P�QVJGT�YQTFU��KH�VJG�UGPUQTU�YGTG�VJG�PQFGU�QH�
a graph and the known transformations its edges, any set of edges that would make 
VJG�ITCRJ�EQPPGEVGF�YQWNF�DG�UWKVCDNG�HQT�ƒPFKPI�VJG�TGOCKPKPI�VTCPUHQTOCVKQPU�

UGG�(KI�ǡ���

#�UKORNG�YC[�VQ�ƒPF�QWV�UWEJ�C�UGV�QH�VTCPUHQTOCVKQPU�KU�VQ�WUG�C�RKXQV�OGEJCPKUO��
6JKU�KU��VQ�UGNGEV�QPG�UGPUQTŨU�HTCOGǡQH�TGHGTGPEG�CU�VJG�RKXQV�CPF�VTCPUNCVG�CNN�QVJGTU�
to it: only the transformation of each sensor towards the pivot reference frame 
KU�TGSWKTGF��+H�VJKU�VTCPUHQTOCVKQP�KU�MPQYP�HQT�GXGT[�UGPUQT��VJGP�VJG�TGOCKPKPI�
VTCPUHQTOCVKQPU�ECP�DG�HQWPF�D[�UKORNG�EQODKPCVKQPU�
K�G��EQPXGTV�HTQO�ƒTUV�
UGPUQTŨU�URCEG�VQ�VJG�RKXQV��CPF�VJGP�HTQO�VJG�RKXQV�VQ�VJG�UGEQPF�UGPUQTŨU�URCEG��

6JG�RKXQV�ECP�DG�VJG�HTCOG�QH�TGHGTGPEG�QH�CP[�UGPUQT��+P�QWT�ECUG�YG�EJQUG�VQ�WUG�
VJG�TQDQVŨU�TQQV�VQ�RTQXKFG�VJG�CIGPV�YKVJ�CP�GIQEGPVTKE�TGRTGUGPVCVKQP��1PEG�VJG�
EJQKEG�KU�FQPG�ǡVJG�MPQYP�RQUKVKQPU�QH�C�UCOG�QDLGEV�KP�FKHHGTGPV�HTCOGU�QH�TGHGTGPEG�
from an input output pair that allow a supervised learning process to learn the 
VTCPUHQTOCVKQP�HTQO�QPG�HTCOG�QH�TGHGTGPEG�VQ�VJG�QVJGT�ǡ 
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Figure 2.     $��$�VHW�RI�VHQVRUV�DQG�WKH�UHODWLRQV�NQRZQ�EHWZHHQ�WKHP�b7KH�UHG�WUDQV� 

formations can be found easily as long as the green ones form a connected 
JUDSK��L�H��DV�ORQJ�DV�QR�VHQVRU�LV�RXWVLGH�RI�WKH�JUDSK��XQUHODWHG�WR�WKH�RWKHUV���
%��7KH�SLYRW�PHFKDQLVP�LV�DSSOLHG�WR�FRPSOHPHQWLQJ�WKH�DOUHDG\�NQRZQ�
WUDQVIRUPDWLRQV�ZLWK�PLVVLQJ�OLQNV�b 
 

Once the global transformation graph has been established, it can be used by the 
sensors of the system to provide their information (location of people, objects, limbs, 
GVE���KPVQ�C�EQOOQP�TGHGTGPEG�HTCOG�EGPVTGF�QP�VJG�CIGPV��1PEG�VJKU�KU�FQPG��VJKU�
information can be assembled in a coherent scene that acts as an abstract layer over 
VJG�URGEKƒEKVKGU�QH�VJG�UQOCVKE�NC[GT�ǡ

By having solved this problem the robot can then integrate information coming from  
CNN�UGPUQTU�CPF�EQQTFKPCVGN[�WUG�KVU�GHHGEVQTU��+P�QVJGT�YQTFU��KV�KU�KP�RQUKVKQP�VQ�FGOQP� 
UVTCVG�JQY�VJGUG�CDKNKVKGU�ECP�UWDUGTXG�HWPEVKQPU�VJCV�CTG�JKIJGT�KP�VJG�EQIPKVKXG�UECNG�

Sensor 2

Sensor 1 Sensor 3

Sensor 4

Pivot

Sensor 1 Sensor N...

A

B
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 Solving H5W 
 
 Representing Knowledge

6JG�*�9�RTQDNGOU�UVCPFU�HQT�*QY��9JQ��9JCV��9JGTG��9JGP��CPFǡ9J[��#U�CP�CIGPV�
KU�GXQNXKPI�KP�C�YQTNF�ƒNNGF�YKVJ�QVJGT�ETGCVWTGU��KV�PGGFU��CV�CP[�IKXGP�OQOGPV��VQ�
IKXG�CP�CPUYGT�VQ�VJGUG�ƒXGǡSWGUVKQPU�KP�QTFGT�VQ�UWTXKXG��&#%�CU�C�YJQNG�EQIPKVKXG�
CTEJKVGEVWTG�RTQXKFGUǡC�UQNWVKQP�VQ�VJKU�RTQDNGO��DWV�YG�CNUQ�CFQRVǡVJKU�UVCPFRQKPV�
KP�C�OQTG�HQTOCN�YC[�CV�VJG�KORNGOGPVCVKQP�NGXGN��5VCTVKPI�CVǡVJG�TGCEVKXG�NC[GT��
processes of the architecture start to exchange knowledge chunks that gravitate 
CTQWPF�VJG�*�9�RTQDNGO��9G�RTQRQUGǡC�UQHVYCTG�HQTOCNKUCVKQP�QH�VJKU�RTQDNGO�CU�
a way to facilitate the information exchange between modules of the architecture 
as well as a common material that can be used by the system to create a coherent 
XKGY�QH�KVU�UGPUQTKOQVQT�YQTNF��(QNNQYKPI�UQHVYCTG�GPIKPGGTKPI�RTKPEKRNGU��YG�
JCXGǡWUGF�QDLGEV�RTQITCOOKPI�CU�QWT�OCKP�EQPUVTCKPV�HQT�QWT�OQFGN�

6JG�CIGPV�JCU�VQ�OCPKRWNCVG�EQPEGRVU�VJCV�CPUYGT�VJGǡSWGUVKQPU�QH�VJG�*�9�
RTQDNGO��5QOG�QH�VJGUG�EQPEGRVU�DGNQPIǡVQ�ECVGIQTKGU�QH�KVGOU�VJCV�CP�CIGPV�
FGCNUǡYKVJ�YJGP�KPVGTCEVKPI�RJ[UKECNN[�YKVJ�VJG�YQTNF��OCPKRWNCDNG�QDLGEVU�CPF�
CIGPVU�DGNQPIǡVQ�C�IGPGTKE�ECVGIQT[�CU�VJG[�DQVJ�UJCTG�UQOG�URCVKCN�RTQRGTVKGU�

K�G��VJG[�CTG�RJ[UKECNN[�UKVWCVGF�KP�VJG�YQTNF���#IGPVU�JQYGXGT�RQUUGUU�URGEKƒE�
RTQRGTVKGU�CU�VJG[�GODGF�C�OQFGN�QH�FTKXGU��GOQVKQPU�CPF�DGNKGHU�CUǡYKNN�DGǡUGGP�
NCVGT�KP�VJKU�EJCRVGT��1VJGT�V[RGU�QH�U[ODQNU�PGGF�VQ�DG�JCPFNGF�D[�VJG�TQDQV�DWV�FQ�
not share this spatial common ground, such as actions (verbs) or abstract concepts 
NKMG�ŧTGFŨǡQT�ŧNKDGTV[Ũ��#V�VJG�EQFG�NGXGN��VJG�CFQRVGF�OQFGN�HQNNQYU�VJGUG�JKGTCTEJKECN�
properties by providing the developers with a set of inheriting classes as described 
KP�(KIWTG���
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Figure 3.b  ��(QWLWLHV�DUH�IRUPDOLVLQJ�HOHPHQWV�RI�WKH�ZRUOG��JURXQGLQJ�D�VHQVRULPRWRU�

representation at the soma level to an abstract representation in the form of a 
PDQLSXDEOH�FRQFHSW�b 
 

However, even if an entity can represent a solution to one of the H5W questions, 
the full description of a situation should be composed of several entities, linked 
VQIGVJGT�D[�UGOCPVKE�NKPMU�
HQT�GZCORNG�ǡ9JQ�K%WD��*QY�4GEJCTIKPI��9JCV�$CVVGT[��
9JGTG�2QYGT�5WRRN[�5VCVKQP��9JGP���0QY��9J[���.QYA'PGTI[���+P�QTFGT�VQ�FQ�UQ�
YG�GNCDQTCVG�QPǡVJG�4GNCVKQPǡUVTWEVWTG��YJKEJ�NKPMUǡWR�VQ�UKZ�GPVKVKGU�VQIGVJGT�CPF�
TGRTGUGPVU�C�UKPING�KPUVCPEG�QH�QPG�URGEKƒE�UQNWVKQP�VQ�VJG�*�9�RTQDNGO�
UGG�(KI�����
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Figure 4.    7KH�IRUPDOLVDWLRQ�RI�D�VHPDQWLF�UHODWLRQ�DV�D�VROXWLRQ�WR�WKH�+�:�

SUREOHP�bDQG�KRZ�LW�LV�XVHG�WR�JHQHUDWH�D�TXHVWLRQ�DQVZHU�EHKDYLRXU�b$�
5HODWLRQ�H[SUHVVHVbD�VHPDQWLF�OLQN�EHWZHHQ�D�VXEVHW�RI�(QWLWLHV��IUDPLQJ�
WKHLU�UHVSHFWLYH�UROHV�ZLWKLQ�DQ�+�:�VROXWLRQ��%RWK�(QWLWLHV�DQG�5HODWLRQV�
FRPSRVHbD�FRKHUHQW�YLHZ�RI�WKH�ZRUOG�E\�LQWHJUDWLQJ�DOO�WKH�VHQVRULPRWRU�DQG�
semantic representation.

Every concept that an architecture can manipulate is called an Entity, a single 
KPUVCPEG�QH�GCEJ�KU�CNNQECVGF�KP�VJG�TQDQVŨU�YQTMKPI�OGOQT[�UQ�VJCV�CNN�RTQEGUUGU�
in the architecture can be accessed or updated depending on their needs and the 
KPHQTOCVKQP�VJG[�RTQXKFG�ǡ(QT�GZCORNG��URCVKCN�RTQRGTVKGU�QH�QDLGEVU�CPF�CIGPVU�
CTG�CUUKIPGF�D[�VJG�UGPUQTUŨ�OQFWNGU�QH�VJG�UQOCVKE�NC[GT��YJKNG�OQFWNGU�QH�VJG�
CFCRVKXG�NC[GTǡYKNN�TGCF�VJG�URCVKCN�KPHQTOCVKQP�CPF�EQORNGOGPV�KV�YKVJ�JKIJGT�NGXGN�
RTQRGTVKGU�UWEJ�CU�GOQVKQPU�CPF�DGNKGHU�KP�VJG�CIGPVŨU�ECUG��QT�KPHQTOCVKQP�CDQWV�
OQVKQP�CPF�VQR�FQYP�UCNKGPE[� 
 
 
 Populating and Retrieving Knowledge

The most straightforward way to populate and inspect the content of the 
TQDQVǡMPQYNGFIG�KU�VJTQWIJ�PCVWTCN�NCPIWCIG��#U�VJG�*�9�RTQDNGO�UVCVGU��KV�KU�
XGT[�EQORCVKDNG�YKVJ�C�V[RKECN�UGPVGPEG�QH�VJG�HQTOǡ6XEMHFW�9HUE�>2EMHFW@�>3ODFH@�
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Relation

 
 
 
Human > What does iCub like? 
 
1.  Interpret an interrogative  
      sentence as a partial relation 
�������L&XE��OLNH��"�������������� 
 
2.  Look for this relation in  
      memory and retrieve a full  
      relation 
  �����L&XE��OLNH��RFWRSXV� 
 
3.  2TQFWEG�CP�CHƒTOCVKXG�UGPVGPEG 
������5RERW�!�,�NQRZ�WKDW�L&XE�GRHV� 
      like the octopus
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>7LPH@�>0DQQHU@�ǡ6JGTGHQTG��YG�RTQXKFGǡVJG�URGGEJ�TGEQIPKVKQP�GPIKPG�YKVJǡC�IGPGTKE�
ITCOOCT�CNNQYKPI�VJG�TQDQV�VQ�TGEQIPKUG�CHƒTOCVKQPU��SWGUVKQPU�CPF�QTFGTU��6JG�
output of this grammar is then sent to a parser which transforms a spoken sentence 
KPVQ�C�UGOCPVKE�TGNCVKQP�VJCV�ECP�DG�UVQTGF�KP�VJG�YQTMKPI�OGOQT[��#P�GZCORNG�QH�VJG�
ITCOOCT�WUGF�KU�RTQXKFGF�KP�VJG�ŧK%WD�/CVGTKCNŨ�CRRGPFKZ�QH�VJKU�RWDNKECVKQP�

6JG�FKHHGTGPV�V[RGU�QH�UGPVGPEGU�
SWGUVKQP��CHƒTOCVKQP��QTFGT��NGCFU�VQ�C�FKHHGTGPV�
TGCEVKQP�QP�VJG�TQDQV�UKFG��#�SWGUVKQP�KU�HQTOWNCVGF�CU�C�TGNCVKQP�YKVJ�C�OKUUKPI�
CTIWOGPV�
UGG�(KI�ǡ����1TFGTU�CTG�FGƒPGF�D[�VJGǡWUG�QH�CP�KORGTCVKXG�HQTO�YKVJQWV�C�
UWDLGEV�
G�I��ŧ)TCUR�VJG�VQ[Ũ���CPF�VTKIIGT�C�FKTGEV�EQOOCPF�VQ�VJG�TQDQV��6JG[�FQ�PQV�
FKTGEVN[ǡOQFKH[�VJG�EQPVGPV�QH�VJG�YQTMKPI�OGOQT[�KP�VGTOU�QH�UGOCPVKE�TGNCVKQPU��DWV�
CTG�OCRRGF�VQ�C�OQVQT�CEVKQP�VJCV�VJG�TQDQV�ECP�GZGEWVG��6JG�TGOCKPKPI�UGPVGPEGU�
CTG�EQPUKFGTGF�CU�CHƒTOCVKQPU�ǡVJG[�CTG�KPVGTRTGVGF�CU�C�4GNCVKQP�VJCV�KU�KPENWFGF�KP�
VJG�YQTMKPI�OGOQT[�CPF�VJCV�ECP�DG�TGVTKGXGF�D[�C�HWTVJGT�SWGUVKQP�

Those three mechanisms coupled together allow a minimal yet generic form of 
FKCNQIWG�DGVYGGP�VJG�WUGT�CPF�VJG�TQDQV��6JG[�CNUQ�CNNQY�PCVWTCN�CEEGUU�VQ�VJG�OGPVCN�
UVCVG�QH�VJG�TQDQV�CPF�KVU�MPQYNGFIG�TGRTGUGPVCVKQP��#U�VJG�URQMGP�KPVGTCEVKQP�IQGU�
QP��VJG�TQDQV�OCKPVCKPUǡC�OQFGN�QH�JKU�QYP�DGNKGHU�DWV�CNUQǡQH�KVU�RCTVPGTŨU�MPQYNGFIG��
9JGP�CP�CHƒTOCVKQP�KU�GZRTGUUGF��VJG�TGNCVKQP�KU�CFFGF�VQ�VJG�TQDQV�OGOQT[�CU�YGNN�
as to the memory of the partner model, allowing the robot to remember what his 
RCTVPGT�UJQWNF�CNTGCF[�MPQY�QT�PQV��/QTGQXGT��KH�VJG�EWTTGPV�RCTVPGT�KU�KFGPVKƒGF�
WUKPI�
face recognition for example), the robot will maintain a different mental model for 
GCEJ�UQEKCN�CIGPV�JG�MPQYU�

*QYGXGT��DGKPI�CDNG�VQ�KPSWKTGǡCPF�RQRWNCVGǡVJG�UGOCPVKE�MPQYNGFIG�QH�VJG�CIGPV�
VJTQWIJ�URGGEJǡKU�PQV�GPQWIJ��6JG�OQUV�RTQOKPGPV�RCTV�QH�VJGǡWPFGTUVCPFKPI�QH�
the world we have, comes from the sensorimotor contingencies we experience 
EQPVKPWQWUN[�YJKNG�KPVGTCEVKPI�YKVJ�VJG�YQTNF�ǡ6JGTGHQTG��YG�YKNN�PQY�GZRNCKP�JQY�VJG�
CWVQPQOQWU�DGJCXKQWTǡQH�VJG�TQDQV�KU�IGPGTCVGF��CPF�UJQYU�VJCVǡKV�WUGUǡUGOCPVKE�
MPQYNGFIG�KP�VJG�UCOG�OCPPGT�CU�VJG�RGFCIQIKE�GZCORNG�QH�URQMGP�KPVGTCEVKQP� 
 
 
 The Role of Emotions and Allostatic Control

#U�UVCVGF�GCTNKGT��QWT�HTCOGYQTM�FGƒPGU�CP�CIGPV�KP�VJG�TQDQV�MPQYNGFIG�CU�C�URCVKCN�
object that holds some more properties, in particular, any agent that embeds a set 
QH�FTKXGU�CPF�GOQVKQPU�HQNNQYKPI�VJG�JQOGQUVCVKE�OQFGN�FGƒPGF�KP�VJG�%[DGTPGVKEU�
UGEVKQP�ǡ&TKXGU�KP�DKQNQIKECN�DGKPIU�ECP�DG�TQWIJN[�OCRRGF�VQ�EJGOKECN�UWDUVCPEGU�
KP�VJG�CIGPV�DQF[�
G�I��JQTOQPGU�CPF�OQNGEWNGǡEQPEGPVTCVKQP���VJG[�JCXG�C�FKTGEV�
influence on the behaviours of an individual and are tighly linked to emotions as the 
VYQ�U[UVGOU�KPHNWGPEG�GCEJ�QVJGT��1WT�GHHQTVU�TGICTFKPI�VJG�&#%�KORNGOGPVCVKQP�
QP�VJG�K%WD�OCKPN[�HQEWUGFǡQP�ETGCVKPI�C�UQEKCN�CIGPV��C�TQDQV�VJCV�EQWNF�KPVGTCEV�
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RTQCEVKXGN[�YKVJ�RGQRNG��VJKU�YKNN�KUǡVJGTGHQTG�TGHNGEVGF�KP�QWT�EJQKEG�CDQWV�VJG�UGV�
of drives implemented (physical interaction, spoken interaction, social interaction 
and energy) as they are the main levers to act on in order to tune the behaviour 
QH�VJG�TQDQV��6JG�DGJCXKQWTCN�GPIKPG�EQPUVCPVN[�OQPKVQTUǡVJG�FTKXGU�U[UVGO�
CPF�VTKIIGTUǡCNGTVU�YJGPGXGT�C�FTKXG�KU�FGVGEVGF�CU�DGKPI�QWV�QH�KVU�JQOGQUVCVKE�
DQWPFCTKGU��6JG�UCVKUHCEVKQP�QH�GCEJ�FTKXG�CNUQ�KORCEVUǡVJG�GXQNWVKQP�QH�VJG�GOQVKQPCN�
OQFGN��OCKPN[�D[�OQXKPI�VQYCTFU�C�PGICVKXG�GOQVKQP�YJGP�FTKXGU�CTG�PQV�UCVKUƒGF�
CPF�RQUKVKXG�YJGP�VJG[�CTG��6JG�CIGPV�CNUQǡOCKPVCKPUǡUGOCPVKE�MPQYNGFIG�CDQWV�KVU�
FTKXGU��YJKEJ�TGSWKTGU�CVVGPVKQP�
G�I�K%WD��PGGF��UQEKCN�KPVGTCEVKQP��KP�QTFGT�VQ�GZRTGUU�
VJGO�VJTQWIJ�URGGEJ�QT�VQ�KPVGTRTGV�VJGO�CV�C�JKIJGT�NGXGN�

The emotional model adopted in our case was the classical 6 emotions of Ekman, 
HTQO�YJKEJ�YG�CNUQ�CFQRVGF�VJG�HCEKCN�GZRTGUUKQPU�QH�VJG�TQDQV��*QYGXGT��YG�CTG�PQY�
adopting a two-dimensional Valence-Arousal view which turns out to be more generic 
CPF�DKQNQIKECNN[�FGHGPFCDNG�VJCP�VJG�ENCUUKECN�OQFGN��6JG�GOQVKQPU�CPF�FTKXGU�JCXG�
their own internal dynamic that can be  expressed as the variation of an homeo- 
UVCVKE�OQFGNǡ+MǡYJKEJ�EQPUKUVU�QH�C�EQPUVCPV�FGEC[�CU�YGNN�CU�CP�KPHNWGPEG�HTQO�CNN�QH�
VJG�UGOCPVKEǡUVKOWNKUǡ6L�ǡGKVJGT�GZEKVCVQT[�QT�KPJKDKVQT[�FGRGPFKPI�QH�VJG�EQPPGEVKQPǡWij��
#U�WUWCN��ǡł��bTGRTGUGPVU�CP�CEVKXCVKQP�HWPEVKQP�
G�I�ǡVJTGUJQNF��UKIOQKF�� 
 
 ���ǡ

(1)
 
As the sensors of the robot are interpreted into semantic relations, they modulate the 
natural decay of the homeostatic models by compensing it, accentuating it or reversing 
KV��6JG�RCTCOGVGTU�QH�VJG�FTKXG�F[PCOKE�ECP�DG�VWPGF�HTQO�C�EQPƒIWTCVKQP�ƒNG�CPF�
RTQXKFG�VJG�OQUV�FKTGEV�YC[�VQ�EQPVTQN�VJG�TQDQVŨU�RGTUQPCNKV[��#�JKIJGT�FGEC[�HQT�VJG�
RJ[UKECN�KPVGTCEVKQP�FTKXG�YKNN�ETGCVG�C�OWEJ�OQTG�ŧVCEVKNGŨǡDGJCXKQWT��YJKNG�HQT�VJG�URQMGP�
KPVGTCEVKQP�FTKXG��KV�YKNN�OCMG�VJG�TQDQV�GPICIG�XGTDCNN[�YKVJ�JKU�RCTVPGT�OQTG�QHVGP� 
 
6JG�KPHNWGPEG�QH�VJG�UVKOWNK�ECP�CNUQ�DG�FGƒPGF�HTQO�EQPƒIWTCVKQP�ƒNGU�D[�
KORNGOGPVKPI�TGHNGZ�CTEU�WUGF�D[�VJG�&#%�TGCEVKXG�NC[GT��6JG�TQNG�QH�FTKXGU�CPF�
emotions is twofold: 1) to provide the robot with an internal model of itself that it can 
observe and express through facial expression, 2) to influence the action selection 
CPF�GZGEWVKQP��6JG�QXGTCNN�UCVKUHCEVKQP�QH�FTKXGU�KU�ECNNGF�#NNQUVCVKE�%QPVTQN��YJKEJ�VTKGU�
to minimise the out of homeostasis signals at different scales of time by triggering 
EQORGPUCVQT[�CEVKQPU��6JG�GOQVKQPCN�OQFGN�CEVU�QP�VJG�VQR�QH�VJG�UGNGEVGF�CEVKQP�D[�
setting a stance (an angry agent would perform the same action in a more aggressive 
YC[�VJCP�CǡJCRR[�QPG�� 
 
The combination of both ensures the selection of the best action in terms of drives 
CPF�KVU�EWUVQOKUCVKQP�FGRGPFKPI�QP�VJG�EWTTGPV�GOQVKQPU�QH�VJG�TQDQV��6JGUG�
OGEJCPKUOU�FGƒPGǡVJG�OCKP�EQPVTQN�NQQR�QH�VJG�TGCEVKXG�NC[GT� 
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Figure 5.ǡ����7KH�L&XE�LQWHUQDO�VWDWHbLV�FRPSRVHG�RI�WKH�DJHQW̸V�GULYHV��HPRWLRQV�DQG�EHOLHIV��

The same model is replicated for the representation of others as an attempt 
WR�KDYH�WKH�URERW�DWWULEXWHbWKHP�ZLWK�D�OLPLWHG�WKHRU\�RI�PLQG��7KH�EHOLHIV��
HPRWLRQV�DQG�GULYHVbRI�WZR�DJHQWV�FDQ�GLIIHU��DOWKRXJK�WKH�URERW�LV�VLPXODWLQJ�
WKHLU�HYROXWLRQ�E\�PLUURULQJ�LWV�RZQ� 
 

 
 Reactive Controller

Being able to understand and formulate spoken sentences as a set of H5W instances 
KU�QPG�VJKPI��DWV�VJKU�MPQYNGFIG�JCXKPI�CǡTGUWNV�KPǡCEVKQP�KU�CPQVJGT��#U�FGUETKDGF�
in the DAC and Cybernetics chapters, through different levels of control (namely 
4GCEVKXG��#FCRVKXG�CPF�%QPVGZVWCN���VJG�TQDQV�GZRGTKGPEGUǡVJG�YQTNF��CEVUǡCPF�
KPFWEGUǡEJCPIGU�KP�KV��#V�VJG�4GCEVKXG�NGXGN��UQOG�URGEKƒE�RGTEGRVKQPU�YKNN�VTKIIGT�CP�
CWVQOCVKE�TGURQPUG�QP�VJG�GHHGEVQTU�
G�I�ǡHCEKCN�GZRTGUUKQP��DQF[�JGCF�RQUVWTG�CPF�
UQWPF�IGPGTCVKQP���6JGUG�TGCEVKXG�NQQRU�CTG�JCTFEQFGF�KP�VJG�U[UVGO�CPF�YKNN�CNYC[U�
occur unless they are suppressed by the top-down influence of some higher-level 
NC[GT��(TQO�C�RTQITCOOKPI�RQKPV�QH�XKGY��VJG[�CTG�UKORN[�IKXGP�VQ�VJG�DGJCXKQWTCN�
GPIKPG�CU�
UVKOWNWU��TGURQPUG��EQWRNGU�HQNNQYKPI�VJG�UEJGOG�FGƒPGF�KP�(KIWTG����+P�

Physical interaction

Spoken interaction

Social interaction

Energy

Happiness

Sadness

Disgust

Anger

Fear

Surprise

9LFN\�LV�LQ�R̩FH

Toy is-on table

...

Drives Emotions Beliefs
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VJKU�ƒIWTG�GZCORNG�YG�RTGUGPV�JQY�VJG�K%WD�TGCEVUǡVQ�C�VCEVKNG�UVKOWNWU��VJG�VCEVKNG�
UGPUQT�OQFWNG�ETGCVGUǡVJG�TGNCVKQP�
K%WD�KU�ECTGUUGF�NGHVACTO�ǡYJKEJ�RTQFWEGU�
UCVKUHCEVKQP�HQT�VJG�FTKXG�HQT�RJ[UKECN�KPVGTCEVKQP��CU�YGNN�CU�KORCEVUǡVJG�TQDQVŨU�
GOQVKQPCN�OQFGN�D[ǡKPETGCUKPI�VJG�XCNGPEG�CPF�CTQWUCN�
PQVG�VJCV�VJG�U[UVGO�ECP�
WUG�DQVJ�VJG�XCNGPEG�CTQWUCN�HQTOCNKUO�QT�VJG�UKZ�GOQVKQPU�QH�'MOCP�
'MOCP�GV�CN���
�������1P�VJG�CEVKQP�UKFG��CP�GPICIKPI�IGUVWTG�KU�RTQFWEGF�CPF�VJG�URQMGP�UGPVGPEG�
ŧ+�NKMG�VJCVŨ�KUǡGZRTGUUGF��5GXGTCNǡRQUUKDNG�IGUVWTGU�CPF�UGPVGPEGU�ECP�DG�CUUQEKCVGF�
VQ�VJG�UCOG�UVKOWNWU�VQ�KPETGCUG�FKXGTUKV[�KP�VJG�TGURQPUG��6JG�WUGT�ECP�EWUVQOKUG�
the frequency of the spoken/gestural response, as well as an absence of reaction, 
VJGTGHQTG�EWUVQOKUKPI�VJG�NGXGN�QH�GZRTGUUKXKV[�QH�VJG�TQDQV� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.     7KH�L&XE�UHDFWLYH�OD\HU�IORZ�ZLWK�WKH�H[DPSOH�RI�D�
WR�FDUHVV
�UHDFWLRQ��

'LIIHUHQW�UHDFWLRQV�FDQ�EH�HDVLO\�FXVWRPLVHG�E\�IROORZLQJ�WKH�VWUXFWXUH�
JLYHQ�LQ�WKH�FRQͧJXUDWLRQ�ͧOH�H[DPSOH��$�UHIOH[�DUF�LV�IRUPHG�E\�D�VWLPXOXV�
�UHODWLRQ���LW�DIIHFWV�WKH�LQWHUQDO�VWDWH�RI�WKH�URERW�WKURXJK�PRGLI\LQJ�GULYHV�
DQG�HPRWLRQV��DQG�LW�LV�H[SUHVVHG�WKURXJK�D�VSHFLͧF�VHW�RI�SRVWXUHV�DQG�
speech output. 
 

 
 Human Robot Interaction

The integration of all DAC components as a whole implemented architecture 
allows the robot to achieve a level of interactivity and robustness that is the state 
QH�VJG�CTV�QP�VJKU�RNCVHQTO��#U�C�TGUWNV�QH�VJKU��YG�CTG�CDNG�VQ�OCKPVCKP�NQPI�TWPPKPI�
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KPVGTCEVKQP�YKVJ�PCKXGǡRGQRNG�KP�VJG�NCD�QT�FWTKPI�RWDNKE�GXGPVU��#�XKFGQ�QH�VJG�QXGTCNN�
FGOQPUVTCVKQP�KU�CXCKNCDNG�CU�C�XKFGQ�UWDOKUUKQP�KP�*4+�����
.CNNȌG�GV�CN���������� 
A typical interaction unfolds as: 
 
� #�JWOCP�GPVGTU�VJG�XKUWCN�ƒGNF�QH�VJG�TQDQV� 

 
6JG�TQDQǡUCNWVGU�VJGOǡVJTQWIJ�YCXKPI�URQMGP�KPVGTLGEVKQP� 
 
A process of interpersonal distance regulation is engaged and the robot moves 
VQYCTFU�VJG�JWOCP��VT[KPI�VQ�MGGR�C�IKXGP�FKUVCPEG�YKVJ�VJGO��6JKU�TGIWNCVKQP�
RTQEGUU�KU�KORNGOGPVGF�CU�CPQVJGT�JQOGQUVCVKE�OQFGN��#U�VJG�JWOCP�OQXGU��
VJG�TQDQV�CNUQ�QTKGPVU�VQYCTFU�JKO� 
 
Depending on its current drives level the robot may express its current feeling, for 
GZCORNG�D[�VGNNKPI�VJCV�JG�JCU�CP�CTVKƒEKCN�UMKP�CPF�KPXKVKPI�VJG�RCTVPGT�VQ�VQWEJ�JKO� 
 
In the case of physical contact with the sensorised limbs of the robot, it will 
ECVGIQTKUG�VJG�V[RG�QH�VQWEJ�
C�ECTGUU��C�UVTQPI�ITCD��VKEMNKPI��GVE���CPF�TGCEV�YKVJ�
C�URGEKƒE�GOQVKQPCNN[�ITQWPFGF�TGURQPUG� 
 
In the case of speech expressed by the human, the robot will try to catch H5W 
UVCVGOGPVU�
CHƒTOCVKQPU��SWGUVKQPU�QT�QTFGTU��CPF�TGRN[�VQ�VJGO�KP�CRRTQRTKCVG�
YC[U�
GKVJGT�D[�KPETGCUKPI�KVU�MPQYNGFIG�QT�RCTUKPI�KV���5RGEKƒE�UGPVGPEGU�CTG�
WUGF�VQ�VTKIIGT�VJG�TGCEVCDNG�KPVGTCEVKQP�ǡD[�UC[KPI�ŧ.GVŨU�RNC[�=2QPI�6KE�6CE�6QG�
OWUKE?ŨǡVJG�WUGT�YKNN�EQOOCPF�VJG�TQDQV�VQ�IQ�VQ�VJG�TGCEVCDNG��CPF�GPICIG�C�
URGEKƒE�UEGPCTKQ�
UGG�(KI����� 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 7.     7KH�GLIIHUHQW�5HDFWDEOH�DSSOLFDWLRQV�LPSOHPHQWHG�IRU�WKH�()$$�DJHQW��7LF�

7DF�7RH�GHPRQVWUDWHV�ORQJ�WHUP�PHPRU\�DQG�H[WUDFWLRQ�RI�VWUDWHJ\��3RQJ�LV�
DOO�DERXW�PRWRU�FRQWURO�DQG�DQWLFLSDWRU\�PRYHPHQWV��DQG�ͧQDOO\�WKH�'-�'URLG�
emphasises reinforcement learning and artistic cooperation.
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The reactable games involve the manipulation of objects that the robot calls 
ŧRCFFNGŨǡVJCVǡECP�CEV�QP�VJG�FKURNC[��(QT�GZCORNG��KP�6KE�6CE�6QG�VJG�RCFFNGU�CTG�
used to draw crosses and circles while in the music game they are used to move 
C�UNKFGT�CPF�RTGUU�DWVVQPU�VQ�EJCPIGǡVJG�OWUKE��9JGP�VJG�TQDQVǡTGCEJGU�VJG�VCDNG�
KV�UECPUǡHQT�KVU�RCFFNG�ǡKVǡOC[�VJGP�CUM�VJG�JWOCP�VQ�DTKPI�KV�ENQUGT�UQ�VJCV�JG�ECP�
grasp it, and after grasping it, the robot sends a command to the reactable that will 
TWP�VJG�EQTTGURQPFKPI�ICOG��#V�VJG�GPF�QH�VJG�ICOG�VJG�TQDQV�ECP�RTQRQUG�CPQVJGT�
ICOG�QT�UVCVG�VJCV�JG�YQWNF�NKMG�VQ�UVQR�RNC[KPI��FGRGPFKPI�QP�KVU�FTKXGU��#U�NQPI�CU�
VJG�JWOCP�UVC[U�KP�VJG�TQQO��VJG�TQDQV�YKNN�KPVGTCEV�YKVJ�JKO�

Such a scenario involves a lot of different behavioural components and 
EQOOWPKECVKQP�EJCPPGNU�ǡ6JGTGǡCTG�NGXGTU�QP�YJKEJ�YG�ECP�CEVǡKP�QTFGT�VQ�VGUV�
VJG�J[RQVJGUKU�CDQWV�VJG�JWOCP�RGTEGRVKQP�QH�VJG�TQDQV��+PFGGF��C�DGPEJOCTM�QH�
CTVKƒEKCN�EQIPKVKXG�CIGPVUǡYQWNF�DG�KH�JWOCPU��GZRQUGF�VQ�VJGO�EQPUKFGT�VJGO�
CUǡJCXKPI�C�UGNH��C�VJGQT[�QH�OKPF��CPF�UQOG�NGXGN�QH�EQPUEKQWUPGUU��$[�KORCKTKPI�
FKHHGTGPV�EQORQPGPVU�QH�VJG�KPVGTCEVKQP��UWEJ�CUǡG[G�EQPVCEV��HCEKCN�GZRTGUUKQP��
speech, or interpersonal distance regulation, we are able to evaluate how much they 
contribute to social reflection mechanisms and induce empathy, and the general 
NGXGN�QH�KPVGNNKIGPEG�CPF�NKHGNKMGPGUU�CVVTKDWVGF�VQ�VJG�TQDQV��#V�VJG�VKOG�QH�YTKVKPI�VJKU��
VJG�TGUWNVU�QH�VJKU�UVWF[ǡCTG�DGKPI�UWDOKVVGFǡVQ�.KXKPI�/CEJKPGU�������5WEJ�C�UVWF[�
would have been impossible without a distributed, layered architecture like DAC as it 
allows a robust interaction between a large number of components, and therefore is 
TGUKUVCPVǡVQ�KORCKTGOGPV��OWEJ�NKMG�VJG�DTCKP�KVUGNH� 
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)GKIGT��)���#NDGT��0���,QTFȃ��5�ǡ��#NQPUQ��/��
�����ǡ6JG�4GCEVCDNG��#�EQNNCDQTCVKXG�
OWUKECN�KPUVTWOGPV�HQT�RNC[KPI�CPF�WPFGTUVCPFKPI�OWUKE�ǡ+HULWDJH�	�0XVHRJUDSK\b���
R�������

/GVVC��)���5CPFKPK��)�ǡ��8GTPQP��&��
�������6JG�K%WD�JWOCPQKF�TQDQV��#P�QRGP�RNCVHQTO�
HQT�TGUGCTEJ�KP�GODQFKGF�EQIPKVKQP��+P�ǡ3URFHHGLQJV�RI�WKH��WK�ZRUNVKRS�RQ�SHUIRUPDQFH�
PHWULFV�IRU�LQWHOOLJHQW�V\VWHPV�bR���Ť���
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&#%�5KOWNCVKQP�'PXKTQPOGPV��KST�CPF�)C\GDQ�5GVWR

 DAC Simulation Environment:  
� KST�CPF�)C\GDQ�5GVWR
 
 The iqr Simulator

LTUbis a multi-level neuronal simulation environment designed with the aim of dealing 
YKVJ�VJG�FKHHGTGPV�NGXGNU�QH�DTCKPŨU�QTICPKUCVKQP�
HTQO�VJG�UWD�EGNNWNCT�NGXGN�VQ�VJG�QXGTCNN�
U[UVGO��
$GTPCTFGV���8GTUEJWTG���������6JG�ITCRJKECN�WUGT�KPVGTHCEG�CPF�VJG�NCTIG�
number of built-in modules, neurons and synapses allows the design of neuronal systems 
CV�FKHHGTGPV�NGXGNU�QH�EQORNGZKV[�ǡYJKEJ�ECP�DG�GCUKN[�EQPVTQNNGF�QPNKPG�CPF�KPVGTHCEGF�VQ�
TGCN�YQTNF�FGXKEGU��CPF�YKVJQWV�VJG�PGGF�QH�NGCTPKPI�CP[�URGEKƒE�RTQITCOOKPI�NCPIWCIG��
/QFGNŨU�RCTCOGVGTU�ECP�DG�OQFKƒGF�CV�TWP�VKOG�CPF�VJG�KPVGTPCN�UVCVGU�QH�VJG�OQFGN�ECP�
DG�XKUWCNKUGF�CPF�CPCN[UGF�QPNKPG�VJTQWIJ�FKHHGTGPV�RNQVU��+VU�QRGP�CTEJKVGEVWTG�CNNQYU�VJG�
WUGT�VQ�RTQITCOǡKVU�QYP�PGWTQPU��U[PCRUGU�V[RGU��CPF�KPVGTHCEGU�VQ�PGY�JCTFYCTG�

LTUǡJCU�DGGP�UWEEGUUHWNN[�CFQRVGF�DQVJ�CU�C�UEKGPVKƒE�VQQN�VQ�WPFGTUVCPF�DKQNQIKECN�
phenomena like classical conditioning, navigation, decision-making, attentionǡ
$GTOȚFG\�K�
$CFKC��$GTPCTFGV���8GTUEJWTG��������'PI���8GTUEJWTG��������*QHUVQVVGT��/KPV\���8GTUEJWTG��
������/CVJGYU��$GTOȚFG\����8GTUEJWTG��������2TQUMG��,GCPOQPQF���8GTUEJWTG��������ǡ 
and as an educational tool to teach the basics of modelling principles at master-level 
EQWTUGU�CPF�UEKGPVKƒE�YQTMUJQRU�ǡLTUǡKU�TGNGCUGF�WPFGT�VJG�)PW�2WDNKE�.KEGPEG� 
 
 
 iqr Basic Principles

#�OQFGN�KPǡLTUǡKU�QTICPKUGF�KP�C�JKGTCTEJKECN�UVTWEVWTG�
UGG�(KI�����

 
 
 
 
 
 
 
 
 
 
Figure 1.b   'LDJUDP�RI�WKH�VWUXFWXUDO�RUJDQLVDWLRQ�RI�DQbLTUbPRGHO�
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#V�VJG�JKIJGUV�NGXGN�VJGTG�KU�VJGǡ5[UVGO��YJKEJ�GPECRUWNCVGU�CP�CTDKVTCT[�PWODGT�
QH�NQIKECN�WPKVU�
2TQEGUUGU��CPF�EQPPGEVKQPU�DGVYGGP�RTQEGUUGU��#V�VJKU�NGXGN�VJG�
KPVGTHCEGU�VQ�VJG�GZVGTPCN�FGXKEGU�CTG�CNUQ�FGƒPGF�ǡ 
 
'CEJ�RTQEGUU�EQPUKUVU�QH�CP�CTDKVTCT[�PWODGT�QHǡ)TQWRU��YJKEJ�CTG�CIITGICVKQPU�
QH�PGWTQPCN�WPKVU�QH�VJG�UCOG�MKPF��#�ITQWR�KU�URGEKƒGF�KP�VGTOU�QH�KVU�VQRQNQI[�
K�G��
the two-dimensional spatial arrangement of the neurons within the group), and 
KPHQTOCVKQP�DGVYGGP�FKHHGTGPV�ITQWRU�KU�GZEJCPIGF�VJTQWIJǡ%QPPGEVKQPU��6JG�NCVVGT�
consists of synapses of identical type, plus the arrangement of the dendrites and 
CZQPU�
K�G�ǡVJG�CTDQTKUCVKQP�RCVVGTP�� 
 
 
 Gazebo Simulator 
 
)C\GDQ�KU�CP�QRGP�UQWTEG�OWNVK�TQDQV�UKOWNCVQT�RNCVHQTO�
YYY�IC\GDQUKO�QTI��HQT�
the simulation of populations of robots, sensors and objects in a three-dimensional 
YQTNF�
-QGPKI���*QYCTF���������6JG�RQUUKDKNKV[�VQ�IGPGTCVG�TGCNKUVKE�UGPUQT�
feedback and plausible physical interactions between objects made it a widely 
WUGF�GZRGTKOGPVCN�CPF�FGXGNQROGPV�VQQN�HQT�TQDQVKE�TGUGCTEJ��)C\GDQ�KU�CEVKXGN[�
FGXGNQRGF�CV�VJG�1RGP�5QWTEG�4QDQVKEU�(QWPFCVKQP�
YYY�QUTHQWPFCVKQP�QTI��CPF�KU�
NKEGPUGF�WPFGT�VJG�#RCEJG�����.KEGPEG� 
 
 
 How to Setup iqr and Gazebo 
 
System Requirements

The instructions and the exercises provided in this publication are intended for users 
TWPPKPI�C�.KPWZ�U[UVGO�GSWKRRGF�YKVJ�7DWPVW�
YYY�WDWPVW�EQO���XGTUKQP�������
QT�JKIJGT��#V�VJG�VKOG�QH�YTKVKPI�VJKU�DQQM�VJG�VWVQTKCN�YCU�VGUVGF�YKVJǡLTUǡXGTUKQP�
������CPF�)C\GDQ�XGTUKQP������9G�VCMG�HQT�ITCPVGF�VJCV�WUGTU�CNTGCF[�JCXG�C�HWNN[�
YQTMKPI�7DWPVW�YQTMUVCVKQP�CPF�JCXG�C�DCUKE�MPQYNGFIG�QH�.KPWZ�WUCIG��(QT�HWTVJGT�
KPHQTOCVKQPǡQP�JQY�VQ�KPUVCNN�VJG�7DWPVW�QRGTCVKPI�U[UVGO�QT�YQTMǡYKVJ�C�VGTOKPCN�
UGUUKQP�RNGCUG�TGHGT�VQ�VJG�OCP[�ŧJQY�VQŨǡRCIGU�CXCKNCDNG�QP�VJG�YGD� 
 
 
Common Packages Required

$GHQTG�FQYPNQCFKPIǡLTUǡCPF�)C\GDQ�[QW�JCXG�VQ�KPUVCNN�UQOG�GZVTC�EQOOQP�
RCEMCIGU��1RGP�C�PGY�VGTOKPCN�YKPFQY�
RTGUUǡ%VTN
#NV
V) and type the following 
EQOOCPFU�CV�VJG�RTQORV��VJGP�JKVǡEnter: 
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 sudo apt-get update

 sudo apt-get install gdebi subversion build-essential  

 cmake libqt4-dev

6JG�KPUVCNNCVKQP�RTQEGUU�EQWNF�TGSWKTG�UQOG�VKOG�VQ�EJGEM�HQT�CNN�VJG�FGRGPFGEKGU��
9JGP�TGSWKTGF�D[�VJG�U[UVGO�VQ�EQPƒTO�VJG�EJQKEGU�V[RGǡY andǡJKVǡEnter�

#HVGT�VJG�KPUVCNNCVKQP�[QW�EQWNF�DG�TGSWKTGF�VQ�TGUVCTV�VJGǡUGUUKQP�VQ�OCMG�VJG�EJCPIGU�
GHHGEVKXG��1PEG�EQORNGVGF�[QW�ECP�EQPVKPWG�YKVJ�VJG�KPUVCNNCVKQP�QHǡLTUǡCPF�)C\GDQ�

If you have already installed both iqr and gazebo on your computer you can skip the next 
UGEVKQPU�CPF�OQXG�FKTGEVN[�VQ�VJG�KPUVCNN�VJGǡLTU�IC\GDQ�UGEVKQP�CV�VJG�GPF�QH�VJKU�CRRGPFKZ�

Download and Install iqr

2TG�EQORKNGF�DKPCT[�RCEMCIGU�QHǡLTUǡCTG�CXCKNCDNG�HQT�FKHHGTGPV�.KPWZ�GPXKTQPOGPVU��
Open the web browser and download the binary installation package compatible with 
[QWT�RNCVHQTO�HTQO�VJGǡLTUǡYGD�TGRQUKVQT[�CV�VJG�HQNNQYKPI�NKPM�

JVVR���UQWTEGHQTIG�PGV�RTQLGEVU�KST�ƒNGU�KST������

In the terminal window type the following commands (replace with the folder name 
YJGTG�[QW�FQYPNQCFGF�VJG�RCEMCIG�CPF�TGRNCEG�VJGǡ7DWPVW::�:::�:::�FGDǡYKVJ�VJG�
name corresponding to the OS version of your choice):

 cd $HOME/  

 sudo gdebi iqr-2.4.0.UbuntuXX-XXX-XXX.deb

1RGP�VJG�YGD�DTQYUGT�CPF�FQYPNQCF�VJGǡKST�FGXA������WDWPVWAFGDKCP�K����
debǡRCEMCIG�HTQO�VJG�HQNNQYKPI�YGD�TGRQUKVQT[�

JVVR���UQWTEGHQTIG�PGV�RTQLGEVU�KST�ƒNGU�KST�FGXGN�������

In your terminal window install the package by typing the following command, and 
JKVǡEnter:

 sudo dpkg -i iqr-dev_2.0-0.ubuntu_debian.i386.deb

9JGP�CUMGF�HQT�EQPƒTOCVKQPU�V[RGǡyǡCPF�EQPƒTO�YKVJǡEnter�

;QW�ECP�EJGEM�VJCVǡLTUǡJCU�DGGP�UWEEGUUHWNN[�KPUVCNNGF�D[�V[RKPIǡiqrǡKP�C�VGTOKPCN�
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YKPFQY�CPF�EQPƒTO�YKVJǡEnter��+H�GXGT[VJKPI�YGPV�ƒPG�VJGǡLTUbgraphical user 
interfacebUJQWNF�QRGP�CU�UJQYP�KP�(KI�ǡ�� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJXUH���b     LTUbLQWHUIDFH�RQFH�WKH�VRIWZDUH�LV�VWDUWHG�IURP�D�WHUPLQDO� 
 
 
;QW�ECP�PQY�ENQUGǡLTUb
QRGP�VJGǡFileǡOGPW�CPF�ENKEM�QPǡ3WKVǡor just click on the small 
TGF�Z�CV�VJG�VQR�NGHV�EQTPGT�QH�VJG�YKPFQY��CPF�RTQEGGF�YKVJ�VJG�)C\GDQ�KPUVCNNCVKQP 
 
 
Download and Install Gazebo 
 
&GRGPFKPI�QP�[QWT�7DWPVW�EQPƒIWTCVKQP�[QW�YKNN�PGGF�VQ�FQYPNQCF�)C\GDQ�HTQO�
C�FKHHGTGPV�TGRQUKVQT[��+H�[QW�CTG�PQV�UWTG�CDQWV�VJG�7DWPVW�TGNGCUG�KPUVCNNGF�QP�
your computer, open a terminal window and type the following command, followed 
D[ǡEnter: 
 
 lsb_release -a 
 
#PPQVCVG�YJCV�CRRGCTU�WPFGT�VJG�XQKEG�ŧ4GNGCUGŨǡCPFǡKP�VJG�UCOG�VGTOKPCN�YKPFQY�
V[RG�QPG�QH�VJG�HQNNQYKPI�EQOOCPFU�
K�G�ǡVJG�QPG�EQTTGURQPFKPI�VQ�VJG�7DWPVW�
release installed on your machine): 
 
 
rel. 12.04 (precise)

 sudo sh -c ‘echo “deb http://packages.osrfoundation.org/ 

 gazebo/ubuntu precise main” > /etc/apt/sources.list.d/gazebo- 

 latest.list’ 
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rel. 12.10 (quantal)

 sudo sh -c ‘echo “deb http://packages.osrfoundation.org/gazebo/ 

 ubuntu quantal main” > /etc/apt/sources.list.d/gazebo-latest.list’ 

 
rel. 13.04 (raring)

 sudo sh -c ‘echo “deb http://packages.osrfoundation.org/gazebo/ 

 ubuntu raring main” > /etc/apt/sources.list.d/gazebo-latest.list’  
 
 
rel. 13.10 (saucy) 
 
 sudo sh -c ‘echo “deb http://packages.osrfoundation.org/gazebo/ 

 ubuntu saucy main” > /etc/apt/sources.list.d/gazebo-latest.list’ 

 
Once your computer is setup to access the correct repository you need to retrieve  
CPF�KPUVCNN�VJG�MG[U�HQT�VJG�)C\GDQ�TGRQUKVQTKGU�D[�V[RKPI�KP�C�VGTOKPCN�YKPFQY�

 wget http://packages.osrfoundation.org/gazebo.key -O - | sudo apt-key  

 add - 

7RFCVG�CRV�IGV�FCVCDCUG�QH�RCEMCIGU�CPF�KPUVCNN�)C\GDQ�����D[�V[RKPI�

 sudo apt-get update  

 sudo apt-get install gazebo-current 

6Q�UGG�KH�VJG�KPUVCNNCVKQP�RTQEGUU�GPFGF�EQTTGEVN[�[QW�ECP�EJGEM�VJG�)C\GDQ� 
KPUVCNNCVKQP�D[�V[RKPIǡgazeboǡKP�C�VGTOKPCN�YKPFQY��6JG�ƒTUV�VKOG�KV�EQWNF�VCMG�UQOG�
VKOG�VQ�GZGEWVG�UKPEG�)C\GDQ�PGGFU�VQ�FQYPNQCF�UQOG�OQFGNU�HTQO�VJG�YGD�
TGRQUKVQT[�CPF�ETGCVG�VJG�NQECN�OQFGN�FCVCDCUG�

1PEG�[QW�CTG�FQPG�YKVJ�VJG�)C\GDQ�KPUVCNNCVKQP�[QW�ECP�RTQEGGF�VQ�FQYPNQCFKPI�VJGb 
LTU�IC\GDQ�KPVGTHCEG�CPF�VJG�ƒNGU�PGGFGF�VQ�TWP�VJG�VWVQTKCNU�

)C\GDQ�FKUVTKDWVKQPU�CTG�WRFCVGF�QP�C�TGIWNCT�DCUG��2NGCUG�TGHGT�VQ�VJG�QHƒEKCN� 
)C\GDQ�YKMKǡRCIGU�
IC\GDQKUO�QTI�YKMK�ǡHQT�WR�VQ�FCVG�KPUVTWEVKQPU�QP�JQY�VQ�KPUVCNN�
)C\GDQ�QT�KH�[QW�YCPV�VQ�EQORKNG�)C\GDQǡD[�[QWTUGNH�HTQO�UQWTEG� 
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Download iqr-gazebo Files

)GV�VJG�ƒNGU�VQ�[QWT�JQOG�FKTGEVQT[�D[�V[RKPI�VJG�HQNNQYKPI�EQOOCPFU�KP�C�VGTOKPCN�
YKPFQY��CPF�EQPƒTO�D[�RTGUUKPIǡEnter:

 cd $HOME  

 svn checkout http://iqr-gazebo.googlecode.com/svn/trunk/ iqr-gazebo

+H�GXGT[VJKPI�YQTMGF�ƒPG�[QW�ECP�UMKR�FKTGEVN[�VQ�VJGǡ,QVWDOO�LTU�JD]HERǡUGEVKQP�

+P�ECUG�[QW�CTG�PQV�CDNG�VQ�CEEGUU�VJGǡsvnǡTGRQUKVQT[�[QW�ECP�QDVCKP�VJG�NCVGUV� 
UQWTEG�EQFG�WUKPIǡwgetǡEQOOCPF��6JKU�NCUV�QRGTCVKQP�YKNN�QXGTYTKVG�[QWT�EWTTGPVǡ 
iqr-gazeboǡHQNFGT��6[RG�VJG�HQNNQYKPI�EQOOCPF�KP�C�VGTOKPCN�YKPFQY�CPF�EQPƒTO� 
GCEJ�NKPG�D[�RTGUUKPIǡEnter:

 cd $HOME  

 rm -rf iqr-gazebo  

 wget  -r  -np  -nH --cut-dirs=1 --reject  “index.htm”  

 http://iqr-gazebo.googlecode.com/svn/trunk/ mv trunk iqr-gazebo 

 
Install iqr-gazebo

6Q�KPUVCNN�VJGǡLTU�IC\GDQ�ƒNGU�TWP�VJG�KPUVCNNCVKQP�UETKRV�D[�V[RKPI�VJG�HQNNQYKPI� 
commmands in terminal window:

 cd $HOME/iqr-gazebo  

 source ./update_compile.sh

If the script exits with an error please refer to the troubleshooting web page  

EQFG�IQQING�EQO�R�KST�IC\GDQ�YKMK�3WGUVKQP#PF#PUYGTU�ǡHQT�CP�WRFCVGF�NKUV�QH� 
EQOOQP�GTTQTU�CPF�UQNWVKQPU�

+H�GXGT[VJKPI�YGPV�ƒPG�[QWT�U[UVGO�KU�PQY�UGVWR�CPF�TGCF[�VQ�TWPЏ 
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� KSTǡ$CUKEU 
 
 
 Introduction

6JKU�CRRGPFKZ�KU�PQV�KPVGPFGF�VQ�DG�CP�GZJCWUVKXG�OCPWCN�QHǡLTUbbut rather an 
KPVTQFWEVKQP�VQ�VJG�OCKP�EQORQPGPVU�CPF�HWPEVKQPU�QHHGTGF�D[ǡLTU�bWe invite the 
TGCFGT�VQ�IQ�VJTQWIJ�VJG�CEEQORCP[KPI�QHƒEKCNǡLTUbreference manual for a detailed 
FGUETKRVKQP�QH�CNN�VJG�)7+�EQORQPGPVU��VQQNU�CPF�HWPEVKQPU�ǡYJKEJǡECP�DG�CEEGUUGF�
VJTQWIJ�VJGǡLTUb*GNR�OGPW� 
 
 
 How to Start/Quit iqr

6Q�TWPǡLTUbQRGP�C�PGY�VGTOKPCN�YKPFQY�CPF�V[RGǡiqr��VJGP�JKVǡEnter�ǡ$bnew 
blankbgraphical user interfacebUJQWNF�QRGP�CU�KNNWUVTCVGF�KP�(KIWTGǡ���6Q�
SWKVǡLTUbUGNGEVǡFile-> QuitǡHTQO�VJG�OCKP�VQQNDCT��+H�C�U[UVGO�KU�QRGP�CPF�PQV�CNTGCF[�
UCXGF�[QW�YKNN�DG�RTQORVGF�VQ�UCXG�VJG�ƒNG�DGHQTG�SWKVVKPI� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.    �7KH�PDLQbLTUbDSSOLFDWLRQ� 
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 GUI Main Components 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJXUH���b   �LTUbPDLQ�JUDSKLFDO�XVHU�LQWHUIDFH��*8,�� 
 
Main toolbar:  
 

)LOH�ǡCNNQYU�VJG�WUGT�VQ�FGCN�YKVJ�VJG�V[RKECN�QRGTCVKQPU�QH�ETGCVKPI�QRGPKPI�C�
ƒNG��ENQUKPI�UCXKPI�C�OQFGN��KORQTV�GZVGTPCN�RTQEGUUGU�VQ�DG�GODGFFGF�KP�VJG�
EWTTGPV�OQFGN��UGV�VJG�U[UVGO�RTQRGTVKGU�CPF�SWKV�VJG�CRRNKECVKQP� 
 
(GLW� CNNQYUǡQRGPKPI�CPF�UGVVKPI�VJG�CRRNKECVKQP�RTQRGTVKGU�YKPFQY�CPF�VQ�
XCNKFCVG�[QWT�OQFGN� 
 
'LDJUDP�ǡCNNQYU�VQ�UCXG�RTKPV�VJG�FKCITCO�CU�CP�KOCIG�ǡ 
 
'DWD�ǡincludes additional tools for data recording (Data sampler), data broad- 
casting to a remote application (Data Broadcasting), load/save customised 
)7+�EQPƒIWTCVKQP�UGVVKPIU�
.QCF�5CXG�EQPƒIWTCVKQP��CPF�FKTGEV�TWPVKOG�
OCPKRWNCVKQP�QH�VJG�OQFGN�RCTCOGVGTU�
*CTDQT�� 
 
+HOS� EQPVCKPU�VJG�NKPMU�VQ�VJG�CRRNKECVKQP�TGHGTGPEG�OCPWCNU� 
 

Toolbar:�YKVJ�VJG�6QQNDCT�[QW�ECP�FKTGEVN[�ETGCVG�C�PGY�U[UVGO��QRGP�CP�GZKUVKPI�ƒNG��
UCXG�VJG�EWTTGPV�U[UVGO�CPF�UVCTV�UVQR�VJG�UKOWNCVKQP� 
 
Diagram pane and tab bar:ǡVJG�OCKP�&KCITCO�RCPG�KU�WUGF�VQ�CFF�RTQEGUUGU��ITQWRU�
CPF�EQPPGEVKQPU�VQ�VJG�OQFGN��9JGP�[QW�FGƒPG�C�PGY�RTQEGUU�C�PGY�FKCITCO�RCPG�KU�
CWVQOCVKECNN[�CFFGF�
UGG�(KI������6Q�UYKVEJ�DGVYGGP�FKCITCO�RCPGU�WUG�VJG�VCDǡDCT�QP�
VJG�VQR�QH�VJG�&KCITCO�RCPG��6JG�NGHV�OQUV�VCD�CNYC[U�RTGUGPVU�VJG�U[UVGO�NGXGN�
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On the diagram editing pane, a square with a thick black border represents a process, 
C�YJKVG�USWCTG�C�ITQWR��CPF�C�NKPG�YKVJ�CP�CTTQYJGCF�C�EQPPGEVKQP�
UGG�(KI�����

Diagram editing toolbar: the diagram editing toolbar is used to add processes, groups 
CPF�EQPPGEVKQPU�VQ�VJG�OQFGN��6JG�HWPEKQPCNKV[�QH�VJG�VQQNDCT�KU�CU�HQNNQYU� 

 
=RRP�LQ�RXW: VQ�OCIPKH[�TGFWEG�VJG�FKCITCO� 
 
1HZ�3URFHVV:�CFF�C�PGY�RTQEGUU�VQ�VJG�U[UVGO�NGXGN� 
 
1HZ�*URXS: CFF�C�PGY�ITQWR�VQ�VJG�EWTTGPV�RTQEGUU� 
 
1HZ�FRQQHFWLRQ: add a new connection between groups of type excitatory (red), 
modulatory (green), inhibitory (blue) 

 
Toolbar splitting: split the diagram editing pane into two separate views (split 
XGTVKECNN[��JQTK\QPVCNN[�QT�TGXGTV�VQ�UKPING�YKPFQY�XKGY��UGG�(KI����� 
 
Browser:�QP�VJG�NGHV�RCTV�QH�VJG�)7+�C�VTGG�XKGY�QH�VJG�OQFGN�RTQXKFGU�C�FKTGEV�CEEGUU�
VQ�CNN�VJG�GNGOGPVU�QH�VJG�U[UVGO��6JG�VQR�PQFG�QH�VJG�VTGG�EQTTGURQPFU�VQ�VJG�U[UVGO�
NGXGN�
UGG�(KI������VJG�UGEQPF�GPVT[�UJQYU�VJG�EQPPGEVKQPU�DGVYGGP�ITQWRU�CPF�ECP�DG�
GZRCPFGF�D[�ENKEMKPI�QP�KV�VQ�NKUV�CNN�VJG�EQPPGEVKQPU�DGVYGGP�ITQWRU��6JG�VJKTF�GPVT[�
UJQYU�VJG�RTQEGUUGU��%NKEMKPI�QP�KV��VJG�VTGG�GZRCPFU�TGXGCNKPI�CNN�VJG�ITQWRU�VJCV�CTG�
RCTV�QH�VJG�RTQEGUU�ǡ$[�FQWDNG�ENKEMKPI�QP�VJG�U[UVGO�QT�C�RTQEGUU�PQFG�[QW�ECP�QRGP�
VJG�EQTTGURQPFKPI�FKCITCO�KP�VJG�FKCITCO�GFKVKPI�RCPG��4KIJV�ENKEMKPI�QP�CP[�PQFG�
DTKPIU�WR�VJG�EQPVGZV�OGPW� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.b����6SOLW�YLHZ�RI�DQbLTUbV\VWHP�
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 Working with iqr 
 
How to Create a New System

6Q�ETGCVG�C�PGY�U[UVGO�[QW�ECP�GKVJGT�RTGUU�VJGǡNew FileǡKEQP�KP�VJG�6QQNDCT�QT�UGNGEVǡ

File->NewǡHTQO�VJG�OCKP�VQQNDCT��%TGCVKPI�C�PGY�U[UVGO�YKNN�ENQUG�VJG�EWTTGPVN[�QRGP�
U[UVGO�

How to create a process.ǡ6JG�ƒTUV�UVGR�KP�DWKNFKPI�CPǡLTUǡU[UVGO�KU�VQ�ETGCVG�C�PGY�
RTQEGUU�KP�VJG�FKCITCO�RCPG��2TGUU�VJGǡAdd ProcessǡKEQP�KP�VJG�&KCITCO�GFKVKPI�VQQNDCT��
the pointer will change to a small process icon with a plus sign indicating that you are 
ETGCVKPI�C�PGY�RTQEGUU��.GHV�ENKEM�VJG�EWTUQT�KP�VJG�&KCITCO�RCPG�CPF�C�PGY�RTQEGUU�YKNN�
DG�ETGCVGF��$[�FQWDNG�ENKEMKPI�VJG�RTQEGUU�[QW�LWUV�ETGCVGF�VJGǡPropertiesǡFKCNQIWG�YKNN�
UJQY�WR��*GTG�[QW�ECP�CUUKIP�C�PCOG�VQ�VJG�RTQEGUU�CPF�EJCPIG�QVJGT�RTQRGTVKGU�
G�I��
KPVGTHCEG�VJG�U[UVGO�VQ�CP�GZVGTPCN�OQFWNG�VJTQWIJ�VJGǡset typeǡFTQR�FQYP�OGPW���6Q�
EQOOKV�VJG�EJCPIGU�RTGUUǡApplyǡCPF�VJGP�Close��+V�KU�KORQTVCPV�VQ�CNYC[U�CRRN[�DGHQTG�
ENQUKPI�VJG�FKCNQIWG�QVJGTYKUG�VJG�EJCPIGU�YKNN�DG�NQUV��(QT�C�FGVCKNGF�GZRNCPCVKQP�QH�VJG�
CXCKNCDNG�DWKNV�KP�OQFWNGU�CPF�VJGKT�WUG�RNGCUG�TGHGT�VQ�VJGǡLTUǡWUGT�OCPWCN�

How to create a group.ǡ6Q�CFF�C�ITQWR�VQ�C�RTQEGUU��CEVKXCVG�VJG�RTQEGUU�FKCITCO�D[�
ENKEMKPI�QP�VJG�EQTTGURQPFKPI�VCD�KP�VJG�VCDǡDCT�CPF�VJGP�ENKEM�QP�VJG�#FF�)TQWR�DWVVQP�
KP�VJG�&KCITCO�GFKV�VQQNDCT�ǡ6JG�EWTUQT�YKNN�EJCPIG�CPF�[QW�ECP�RNCEG�VJG�PGY�ITQWR�
D[�NGHV�ENKEMKPI�KP�VJG�FKCITCO�RCPG��+H�HQT�CP[�TGCUQP�[QW�YCPV�VQ�CDQTV�VJG�CEVKQP�LWUV�
TKIJV�ENKEM�KP�CP[�HTGG�URCEG�YKVJKP�VJG�FKCITCO�RCPG�

To change the properties of a group, double-click on the group icon or right-click on 
VJG�ITQWR�KEQP�CPF�UGNGEV�2TQRGTVKGU�HTQO�VJG�EQPVGZVWCN�OGPW��#�2TQRGTVKGU�FKCNQIWG�
YKNN�QRGP�CPF�[QW�ECP�CUUKIP�C�PCOG�QT�CFF�UQOG�PQVGU�VQ�VJG�ITQWR��*GTG�[QW�ECP�
also select the type of neuron that you want to use and the group topology (how many 
PGWTQPU�CPF�JQY�VJG[�CTG�URCVKCNN[�FKUVTKDWVGF�QP�VJG�DKFKOGPUKQPCN�RNCPG��

LTUǡEQOGU�YKVJ�C�UGV�QH�RTGFGƒPGF�PGWTQPCN�V[RGU�
UGG�VJG�OCPWCN�HQT�C�NKUV�QH�VJG�
CXCKNCDNG�V[RGU�CPF�VJGKT�HGCVWTGU���(QT�VJG�VQRKEU�EQXGTGF�KP�VJKU�DQQM�YG�YKNN�QPN[�
use a subset of three types of neurons: random spike, linear threshold and numeric (a 
FGUETKRVKQP�KU�IKXGP�KP�#RRGPFKZ�%��ǡ

How to create a connection. Information is transmitted from one group to the other 
VJTQWIJ�EQPPGEVKQPU��+PǡLTUba connection corresponds to an assembly of axon-synapse-
FGPFTKVG�PGZWUGU�CPF�KU�FGƒPGF�DQVJ�D[�VJG�WRFCVG�HWPEVKQP�QH�VJG�U[PCRUG�CPF�D[�
VJG�FGƒPVKQP�QH�VJG�EQPPGEVKXKV[�RCVVGTP�
HQT�C�OQTG�GZJCWUVKXG�GZRNCPCVKQP�CDQWV�
EQPPGEVKXKV[�YG�TGHGT�VJG�TGCFGT�VQ�VJG�WUGTŨUǡOCPWCN��
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To add a connection, click on the corresponding Add Connection button in the 
FKCITCO�GFKV�VQQNDCT��%NKEM�QP�QPG�QH�VJG�GFIGU�QH�VJG�UQWTEG�ITQWR�KEQP�CPF�VJGP�QP�
QPG�QH�VJG�[GNNQY�USWCTGU�CV�VJG�GFIG�QH�VJG�VCTIGV�ITQWR��;QW�ECP�CFF�OQTG�XGTVGZGU�
VQ�VJG�EQPPGEVKQP�JQNFKPI�FQYP�VJGǡCtrlǡMG[�CPF�ENKEMKPI�QP�VJG�EQPPGEVKQP��6Q�TGOQXG�
C�XGTVGZ�TKIJV�ENKEM�QP�VJG�XGTVGZ�CPF�UGNGEVǡDeleteǡHTQO�VJG�EQPVGZVWCN�OGPW�

6Q�EQPPGEV�ITQWRU�DGNQPIKPI�VQ�FKHHGTGPV�RTQEGUUGU�[QW�ƒTUV�PGGF�VQ�URNKV�VJG�FKCITCO�
pane into two different views (one for each process) by clicking one of the split-view 
QRVKQPU�KP�VJG�6QQNDCT�URNKVVKPI��6JGP�[QW�ECP�EQPPGEV�VJG�VYQ�ITQWRU�CU�FGUETKDGF�
KP�VJG�RTGXKQWU�RCTCITCRJ��9JGP�[QW�EQPPGEV�ITQWRU�HTQO�FKHHGTGPV�RTQEGUUGU�C�
ŧRJCPVQOŨǡITQWR�YKNN�UJQY�WR�CV�VJG�VQR�QH�VJG�FKCITCO�RCPG�QH�GCEJ�RTQEGUU�VQ�
KPFKECVG�VJG�VCTIGV�QTKIKP�ITQWR�VQ�YJKEJ�VJG[�CTG�EQPPGEVGF�

You can change the properties of a connection via the context menu or by double-
ENKEMKPI�VJG�EQPPGEVKQP�NKPG��+P�VJG�FKCNQIWG�[QW�ECP�EJCPIG�VJG�PCOG�QH�VJG�
connection, the type of synapse you want to use, the connectivity pattern, the type of 
CTDQTKUCVKQP�CPF�QVJGT�HGCVWTGU��(QT�C�HWNN�FGUETKRVKQP�QH�VJG�FKHHGTGPV�MKPF�QH�U[PCRUGU�
and patterns and how to use them, we refer the reader to the relative chapter in the 
WUGT�OCPWCN�

How to open/save a system.ǡ6Q�QRGP�CP�GZKUVKPI�U[UVGO�RTGUU�VJGǡOpen FileǡDWVVQP�
KP�VJG�6QQNDCT�QT�UGNGEVǡFile->OpenǡHTQO�VJG�OCKP�VQQNDCT��1RGPKPI�CP�GZKUVKPI�U[UVGO�
YKNN�ENQUG�VJG�EWTTGPVN[�QRGP�U[UVGO�

6Q�UCXG�C�U[UVGO�RTGUU�VJGǡSave FileǡDWVVQP�QT�UGNGEVǡFile->SaveǡHTQO�VJG�OCKP�
VQQNDCT��6Q�UCXG�VJG�U[UVGO�YKVJ�C�FKHHGTGPV�PCOG�UGNGEVǡ(KNG� 5CXG�CUǡfrom the main 
VQQNDCT�

How to select and duplicate elements of a system.ǡ#�UKPING�RTQEGUU�QT�ITQWR�ECP�
DG�UGNGEVGF�D[�ENKEMKPI�QP�KVU�KEQP�KP�VJG�FKCITCO�GFKVKPI�RCPG��6Q�UGNGEV�OWNVKRNG�
RTQEGUUGU�QT�ITQWRU��JQNF�FQYP�VJGǡCtrlǡMG[�YJKNG�ENKEMKPI�QP�VJG�KEQP�

Processes, groups and connections can be copied to the clipboard and pasted in the 
FKCITCO�RCPG��6Q�EQR[�CP�QDLGEV�TKIJV�ENKEM�QP�KV�CPF�UGNGEVǡCopyǡHTQO�VJG�EQPVGZVWCN�
OGPW��6Q�RCUVG�KV�UGNGEVǡEdit->PasteǡHTQO�VJG�OCKP�VQQNDCT��;QW�ECP�QPN[�RCUVG�
processes at the system level whereas groups and connections can only be copied at 
VJG�RTQEGUU�NGXGN�

How to run a simulation.ǡ6Q�UVCTV�C�UKOWNCVKQP�ENKEM�QP�VJG�4WP�DWVVQP�
VJG�ITGGP�
ŧ2NC[Ũ�KEQP��KP�VJG�6QQNDCT��9JKNG�VJG�UKOWNCVKQP�KU�TWPPKPI�VJG�WRFCVG�URGGF�
E[ENGU�RGT�
UGEQPF��YKNN�DG�KPFKECVGF�KP�VJG�DQVVQO�NGHV�EQTPGT�QH�VJGǡLTUǡYKPFQY�

6Q�UVQR�VJG�UKOWNCVKQP�ENKEM�QP�VJG�RNC[�DWVVQP�CICKP�
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How to visualise the internal states of the system.ǡThe internal states of each 
element of the system can be visualised through different plots: time plots and space 
RNQVU�CTG�WUGF�VQ�XKUWCNKUGǡVJG�UVCVGU�QH�VJG�PGWTQPU�
(KI�ǡ���NGHV�RCPGN�CPF�OKFFNG�
RCPGN��YJKNG�VJG�EQPPGEVKQP�RNQV�
(KI�����TKIJV�RCPGN��KU�WUGF�VQ�XKUWNKUG�VJG�UVCVGU�QH�VJG�
U[PCRUGU�QH�C�EQPPGEVKQP�ǡ

 
 

 
Figure 4.    6SDFH�SORW��WLPH�SORW�DQG�FRQQHFWLRQ�SORW� 
 
 
 Manipulating and Recording Data 
 
LTUǡQHHGTU�VYQ�FKHHGTGPV�VQQNU�VQ�OCPKRWNCVG�CPF�TGEQTF�VJG�UVCVGU�QH�VJG�GNGOGPVU�QH�
[QWT�OQFGN��6JG�UVCVG�OCPKRWNCVKQP�RCPGN�ECP�DG�CEEGUUGF�D[�TKIJV�ENKEMKPI�QP�VJG�
ITQWR�KEQP�CPF�UGNGEV�5VCVG�OCPKRWNCVKQP�RCPGN�HTQO�VJG�EQPVGZVWCN�OGPW��9KVJ�VJKU�
tool you can change the activity of the neurons in a group, adding them to a list and 
RNC[KPI�VJGO�DCEM�WUKPI�FKHHGTGPV�RCTCOGVGTU��2NGCUG�TGHGT�VQ�VJG�WUGT�OCPWCN�HQT�C�
FGVCKNGF�FGUETKRVKQP�

To save the internal states of your model you can open the Data Sampler (select 
&CVC�5CORNGT�HTQO�VJG�&CVC�/GPW��CPF�FTCI�C�ITQWR�HTQO�VJG�)7+�DTQYUGT�KPVQ�VJG�
&CVC�5CORNGT�FKCNQIWG��9KVJ�VJG�&CVC�5CORNGT�[QW�ECP�FGEKFG�CV�YJKEJ�HTGSWGPE[�VQ�
sample your data, how much data you want to save and where you want to save your 
ƒNG��6JG�ƒNG�ECP�VJGP�DG�KORQTVGF�KPVQ�C�UVCVKUVKECN�UQHVYCTG�NKMG�'ZEGN�QT�/CVNCD�HQT�
HWTVJGT�CPCN[UKU� 



126

 References

$GTPCTFGV��7����8GTUEJWTG��2��
�������KST��#�VQQN�HQT�VJG�EQPUVTWEVKQP�QH�OWNVK�NGXGN�
UKOWNCVKQPU�QH�DTCKP�CPF�DGJCXKQWT��1HXURLQIRUPDWLFV���
����R���������� 
JVVR���FZ�FQK�QTI���������U������������������ 
 
KST�FQEWOGPVCVKQP��JVVR���KST�UQWTEGHQTIG�PGV�

5  |  Appendix



127

KSTǡ$CUKEU5  |  Appendix



128

5  |  Appendix

 iCub Material 
 
 
While giving an explanation about how to run the software is out of the scope of this 
book, all the necessary documentation and software is available from the subversion 
TGRQUKVQT[�QH�VJG�(2��'(##�RTQLGEV�
JVVR���UQWTEGHQTIG�PGV�RTQLGEVU�GHCC���ǡ'(##�TGN[�QH�
EQWTUG�QP�;#42�CPF�K%WD��YJKEJ�[QW�ECP�IGV�KPHQTOCVKQP�CDQWV�CV�JVVR���KEWD�QTI�

This appendix provides the following resources that are compatible regarding the iCub 
GZCORNG�FGUETKRVKQP�ǡ 
 
� 6JG�IGPGTKE�*�9�ITCOOCT�WUGF�YKVJ�VJG�URGGEJ�TGEQIPKUGT� 
� %QPƒIWTCVKQP�ƒNGU�HQT�VJG�FTKXGU��GOQVKQPU�CPF�TGHNGZ�CTEU� 
 
  
 &RQ̧JXUDWLRQ�RI�WKH�'ULYHV�0RGHO 
 
6JKU�EQPƒIWTCVKQP�ƒNG�FGƒPGU�VJG�FKHHGTGPV�FTKXGU�JCPFNGF�D[�VJG�TQDQV��+V�ECP�DG�
extended by the user to implement more drives, or customised to change the default 
F[PCOKE�CPF�RCTCOGVGTU�QP�YJKEJǡVJG�JQOGQUVCVKE�TGIWNCVKQP�YKNN�VCMG�RNCEG� 
 
drives (physicalInteraction spokenInteraction socialInteraction energy 

play)

physicalInteraction-homeostasisMin  0.25

physicalInteraction-homeostasisMax  0.75

physicalInteraction-decay   0.001

physicalInteraction-over-sentences  ("You are not very tactile."  

      "Did you know that I  

      have sensitive skin?")

physicalInteraction-under-sentences  ("You are quite tactile.   

       Aren't you?"  

      "I feel touched enough.")

spokenInteraction-homeostasisMin  0.25

spokenInteraction-homeostasisMax  0.75
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spokenInteraction-decay    0.002

spokenInteraction-over-sentences   ("You speak a lot."  

       "Silence is nice,  

       sometime.")

spokenInteraction-under-sentences   ("Why nobody talks with  

       me?" "Yahoo! Nobody  

       is around?")

socialInteraction-homeostasisMin   0.25

socialInteraction-homeostasisMax             1.0

socialInteraction-decay                      0.003

socialInteraction-over-sentences             ("I could use some   

       privacy." "There are  

       many people here.")

socialInteraction-under-sentences            ("I feel alone."  

       "I miss my programer.")

energy-homeostasisMin                        0.25

energy-homeostasisMax                        0.95

energy-decay                                 0.0001

energy-over-sentences                        ("I feel full of energy  

       today!")

energy-under-sentences          ("My energy is running   

        low. What about shutting  

       me down?" 

       "Could you please turn me  

       off?")

play-homeostasisMin                          0.25

play-homeostasisMax                          0.95

play-decay                                   0.002
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play-over-sentences    ("I played too much!"    

      "Too much playing kills  

      the pleasure.")

play-under-sentences                   ("I want to play." "What about  

      a game?") 

 

 

 &RQ̧JXUDWLRQ�RI�WKH�5H̨H[�$UFV

6JG�TGHNGZ�CTEU�ECP�DG�FGƒPGF�VJTQWIJ�EQPƒIWTCVKQP�ƒNGU��6JG[�OCKPN[�EQPUKUV�QH�
CP�GPVKV[ǡ
UVKOWNWU��VJCV�VJG�TQDQV�YKNN�EJGEM�HQT�CV�TWPVKOG��(QT�GZCORNG��VJG�VCEVKNG�
OQFWNG�KU�ETGCVKPI�TGNCVKQPU�QH�V[RGǡ�L&XE��IHHOV��VLPSOH3RNH��ULJKWBDUP�bwith simplePoke 
DGKPI�C�UVKOWNWU�FGƒPGF�KP�VJG�EQPƒIWTCVKQP�ƒNG��9JGPGXGT�VJKU�TGNCVKQP�KU�FGVGEVGF�
in the working memory of the robot, the corresponding action consequences will 
DG�IGPGTCVGF�ǡVJQUG�QPGU�CTG�CNUQ�FGƒPGFǡKP�VJG�EQPƒIWTCVKQP�ƒNG�
K�G�UKORNG2QMG�
GHHGEV�HQT�FGƒPKPI�VJG�FTKXGU�GOQVKQPU�KORCEV��UKORNG2QMG�UGPVGPEG�HQT�VJG�RQUUKDNG�
XGTDCN�TGURQPUGU�CPF�UKORNG2QMG�EJQTG�VTKIIGTKPI�CǡRTG�TGEQTFGFǡIGUVWTGťTGHGT�
to choregraphyServer in the EFAA repository for more information about gestures 
FGƒPKVKQP��� 
 

[TACTILE]

stimuli        (simplePoke multiPoke pinch  

      softCaress strongCaress   

      strongGrab)

simplePoke-sentence    ("Yes? What do you want?" "Hey!  

      What's up?" )

simplePoke-effect    (surprise 0.2)

simplePoke-chore    (what oh_my)

multiPoke-sentence    ("Stop that! It is tickling!"  

      "Hee-Hee-Hee!")

multiPoke-effect    (anger 0.1 surprise 0.5)

multiPoke-chore    (surprise_open surprise_closed)

strongGrab-sentence    ("Ouch! It is hurting!" "Why are  

      you bad with me?")
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strongGrab-effect    (sadness 0.7 surprise 0.1 fear 

0.2)

strongGrab-chore    (fear stop sadness)

pinch-sentence     ("Do you like to hurt innocent  

      robots?" "What did I do to deserve  

      that?")

pinch-effect     (anger 0.7 surprise 0.1)

pinch-chore     (anger what)

softCaress-sentence    ("Hoho! You have soft hands!"  

      "Please, caress me again!")

softCaress-effect    (joy 0.5 surprise 0.1 fear -0.1  

      anger -0.1)

softCaress-chore    (soft)

strongCaress-sentence    ("Oooh... I like that..." "Yes..  

      This is good...")

strongCaress-effect    (joy 1.0 surprise 0.2 fear -0.2  

      anger -0.2)

strongCaress-chore    (soft) 

 

6JG�UCOG�MKPF�QH�EQPƒIWTCVKQP�KU�WUGF�VQ�JCPFNG�UKIPCNU�KPEQOKPI�HTQO�VJG�XCTKQWU�
UGPUQTU�QH�VJG�RNCVHQTO��UWEJ�CU�VJG�-KPGEV�HQT�VJG�UQEKCN�CPF�IGUVWTG�RGTEGRVKQP� 
 

[SOCIAL]

salutationLifetime                 10.0

preferedDistanceToPeople           0.9

stimuli        (humanEnter humanLeave)

humanEnter-sentence    ("He! Hello!" "How are you, my  

      friend?" "Hello stranger!" 

"Welcome  

      to the EFAA boot.")
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humanEnter-effect    (surprise 0.2)

humanLeave-sentence    ("See you soon!" "Bye, bye!" )

humanLeave-effect    (surprise 0.0)

[GESTURES]

stimuli               (thumbsUp thumbsDown)

thumbsUp-sentence     ("This is a happy gesture.")

thumbsUp-2-effect       (joy 0.5 surprise 0.2)

thumbsDown-3-sentence     ("This is a sad gesture.")

thumbsDown-3-effect       (sadness 0.5 surprise 0.2) 

 

 

 H5W Grammar 
 
6JG�ITCOOCTǡHQNNQYUǡVJG�URGEKƒECVKQP�QH�9�%�CEEGUUKDKNKV[ǡCVǡJVVR���YYY�Y��QTI�64�
URGGEJ�ITCOOCT� 
 
<GRAMMAR    LANGID=”409”> 

  <DEFINE>  

    <ID    NAME=”agent”    VAL=”1”/> 

    <ID    NAME=”action”    VAL=”2”/> 

    <ID    NAME=”object”    VAL=”3”/> 

    <ID    NAME=”rtobject”    VAL=”4”/> 

    <ID    NAME=”keyword”    VAL=”5”/> 

  </DEFINE> 

   

   

  <RULE    NAME=”AFFIRMATIVE”    TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <RULEREF    NAME=”groupSubject”/> 

 

    <RULEREF    NAME=”groupVerbal”/> 

     

    <O> 

      <RULEREF    NAME=”groupObject”/> 

    </O> 
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      <O> 

      <RULEREF    NAME=”groupPlace”/> 

    </O> 

  </RULE> 

 

  <RULE    NAME=”INTERROGATIVE_WHO”    TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <P>Who</P> 

    <RULEREF    NAME=”groupVerbal”/> 

    <O> 

      <RULEREF    NAME=”groupObject”/> 

    </O> 

        

      <O> 

      <RULEREF    NAME=”groupPlace”/> 

    </O> 

  </RULE> 

 

  <RULE    NAME=”INTERROGATIVE_WHAT”    TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <P>What</P> 

     

    <RULEREF    NAME=”groupVerbal”/> 

     

    <O> 

      <RULEREF NAME=”groupSubject”/> 

    </O> 

         

      <O> 

      <RULEREF NAME=”groupPlace”/> 

    </O> 

  </RULE> 

 

  <RULE    NAME=”INTERROGATIVE_WHERE”    TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <P>Where</P> 

     

    <RULEREF    NAME=”groupSubject”/> 

     

    <RULEREF    NAME=”groupVerbal”/> 

     

    <O> 

      <RULEREF    NAME=”groupObject”/> 

    </O> 

 

  </RULE> 
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  <RULE    NAME=”INTERROGATIVE_HOW”    TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <P>How</P> 

    <RULEREF    NAME=”groupSubject”/> 

    <RULEREF    NAME=”groupVerbal”/> 

    <O> 

      <RULEREF    NAME=”groupObject”/> 

    </O> 

        

    <O> 

      <RULEREF    NAME=”groupPlace”/> 

    </O> 

  </RULE> 

 

  <RULE    NAME=”INTERROGATIVE_WHEN”    TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <P>When did</P> 

     

    <RULEREF    NAME=”groupSubject”/> 

     

    <RULEREF    NAME=”groupVerbal”/> 

     

    <O> 

      <RULEREF    NAME=”groupObject”/> 

    </O> 

        

      <O> 

      <RULEREF    NAME=”groupPlace”/> 

    </O> 

     

  </RULE> 

 

  <!--    Subnodes    --> 

   

  <RULE    NAME=”SUBNODE”    TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <L> 

        <RULEREF    NAME=”ABOUT”/> 

    </L> 

  </RULE> 

 

  <!--    Vocabularies    --> 

 

  <RULE NAME=”action” DYNAMIC=”TRUE”> 

  </RULE> 
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  <RULE NAME=”agent” DYNAMIC=”TRUE”> 

  </RULE> 

 

  <RULE NAME=”object” DYNAMIC=”TRUE”> 

  </RULE> 

 

  <RULE NAME=”rtobject” DYNAMIC=”TRUE”> 

  </RULE> 

 

  <RULE NAME=”groupSubject” DYNAMIC=”TRUE”> 

    <L> 

      <RULEREF    NAME=”agent”/> 

      <RULEREF    NAME=”object”/> 

      <RULEREF    NAME=”rtobject”/> 

    </L> 

  </RULE> 

   

  <RULE NAME=”groupVerbal” DYNAMIC=”TRUE”> 

      <RULEREF    NAME=”action”/> 

  </RULE> 

   

  <RULE NAME=”groupObject” DYNAMIC=”TRUE”> 

    <O> 

     <P>the</P> 

     <P>with</P> 

     <P>with the</P> 

    </O> 

     

    <L> 

      <RULEREF    NAME=”agent”/> 

      <RULEREF    NAME=”object”/> 

      <RULEREF    NAME=”rtobject”/> 

    </L>    

  </RULE> 

   

  <RULE NAME=”groupPlace” DYNAMIC=”TRUE”> 

    <L> 

      <P>on the</P> 

      <P>in the</P> 

      <P>to the</P> 

      <P>at the</P> 

    </L> 
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    <L> 

      <RULEREF    NAME=”object”/> 

      <RULEREF    NAME=”rtobject”/> 

    </L>    

  </RULE> 

   

  <RULE NAME=”groupTime” DYNAMIC=”TRUE”> 

  </RULE> 

   

  <RULE NAME=”groupManner” DYNAMIC=”TRUE”> 

  </RULE> 

  <!--    Keywords    --> 

 

  <RULE NAME=”ABOUT” DYNAMIC=”FALSE”> 

    <P>Let’s talk about</P> 

    <RULEREF NAME=”keyword”/> 

  </RULE> 

 

  <RULE NAME=”keyword” DYNAMIC=”FALSE”> 

    <L> 

      <P>childhood</P> 

      <P>history</P> 

      <P>pong</P> 

      <P>tic tac toe</P> 

      <P>music</P> 

    </L>   

  </RULE> 

   

  <!--    Games     --> 

 

  <RULE NAME=”gameName” DYNAMIC=”FALSE”> 

    <L> 

      <P>tic tac toe</P> 

      <P>pong</P> 

      <P>music</P> 

    </L> 

  </RULE> 

    

  <RULE NAME=”GAME” DYNAMIC=”FALSE”     TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

    <L> 

        <P>Let’s play</P> 

        <P>I want to play</P> 
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    </L> 

     <L> 

      <RULEREF    NAME=”gameName”/> 

    </L> 

  </RULE> 

 

  <RULE NAME=”miscSentences” TOPLEVEL=”ACTIVE”    EXPORT=”1”> 

  <L> 

    <P>Stop the interaction</P> 

    <P>Lets move away from the table</P> 

  </L> 

  </RULE> 

 

  <!--    End    of    Grammar    definition    --> 

</GRAMMAR> 

    </L> 

  </RULE> 

 

 

 

 

  <!--    Vocabularies    --> 

 

  <RULE NAME=”action” DYNAMIC=”TRUE”> 

  </RULE> 

 

  <RULE NAME=”agent” DYNAMIC=”TRUE”> 

  </RULE> 

 

  <RULE NAME=”object” DYNAMIC=”TRUE”> 

  </RULE> 

 

  <RULE NAME="rtobject" DYNAMIC="TRUE"> 

  </RULE> 

 

  <RULE NAME="groupSubject" DYNAMIC="TRUE"> 

    <L> 

      <RULEREF    NAME="agent"/> 

      <RULEREF    NAME="object"/> 

      <RULEREF    NAME="rtobject"/> 

    </L> 

  </RULE> 
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  <RULE NAME="groupVerbal" DYNAMIC="TRUE"> 

      <RULEREF    NAME="action"/> 

  </RULE> 

   

  <RULE NAME="groupObject" DYNAMIC="TRUE"> 

    <O> 

     <P>the</P> 

     <P>with</P> 

     <P>with the</P> 

    </O> 

     

    <L> 

      <RULEREF    NAME="agent"/> 

      <RULEREF    NAME="object"/> 

      <RULEREF    NAME="rtobject"/> 

    </L>    

  </RULE> 

   

  <RULE NAME="groupPlace" DYNAMIC="TRUE"> 

    <L> 

      <P>on the</P> 

      <P>in the</P> 

      <P>to the</P> 

      <P>at the</P> 

    </L> 

     

    <L> 

      <RULEREF    NAME="object"/> 

      <RULEREF    NAME="rtobject"/> 

    </L>    

  </RULE> 

   

  <RULE NAME="groupTime" DYNAMIC="TRUE"> 

  </RULE> 

   

  <RULE NAME="groupManner" DYNAMIC="TRUE"> 

  </RULE> 

  <!--    Keywords    --> 

 

  <RULE NAME="ABOUT" DYNAMIC="FALSE"> 

    <P>Let's talk about</P> 

    <RULEREF NAME="keyword"/> 

  </RULE> 
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  <RULE NAME="keyword" DYNAMIC="FALSE"> 

    <L> 

      <P>childhood</P> 

      <P>history</P> 

      <P>pong</P> 

      <P>tic tac toe</P> 

      <P>music</P> 

    </L>   

  </RULE> 

   

  <!--    Games     --> 

 

  <RULE NAME="gameName" DYNAMIC="FALSE"> 

    <L> 

      <P>tic tac toe</P> 

      <P>pong</P> 

      <P>music</P> 

    </L> 

  </RULE> 

    

  <RULE NAME="GAME" DYNAMIC="FALSE"     TOPLEVEL="ACTIVE"    EXPORT="1"> 

    <L> 

        <P>Let's play</P> 

        <P>I want to play</P> 

    </L> 

     <L> 

      <RULEREF    NAME="gameName"/> 

    </L> 

  </RULE> 

 

  <RULE NAME="miscSentences" TOPLEVEL="ACTIVE"    EXPORT="1"> 

  <L> 

    <P>Stop the interaction</P> 

    <P>Lets move away from the table</P> 

  </L> 

  </RULE> 

 

  <!--    End    of    Grammar    definition    --> 

</GRAMMAR> 
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