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ABSTRACT

Subjective experiences called sensations, described as modalities of biological receptors, have been correlated
with the receptors, the afferent axons, and the central connection in the brain that they activate. The central con-
nections, represented by a neuronal circuit, may be viewed as a sensation generating mechanism that generates
the sensation defined by the modality of the receptor. The sensation generating circuit, consisting of the afferent
axons and the central connections in the brain activated by the receptor, is studied by reverse engineering the
“itch-feeling” modality of a mechanoreceptor. The study is performed on a robotic model, called a itch-scratch
robotic model, that is designed to reverse engineer the sensorimotor control functions of human “itch-scratch”
behavior patterns. The subjective experiences of the robot, viewed as modalities of robotic sensors, may form a
basis for a quantitative definition of “consciousness” that consists of modalities described as sensations and

emotions.
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I. INTRODUCTION
In the field of psychophysics?, sensations have been correlated with the modalities of biological receptors for
over 150 years (Weber, 1846; Felchner, 1860). The sensations range from touch-feel, pain-feeling, visual seeing,
auditory hearing, olfactory smelling and gustatory tasting.
A sensation is a subjective experience, experienced by a person, correlated with the receptor, and measurable
only to the extent that the incident energy falling on the receptors, and the response of the receptor to that inci-
dent energy, is measurable. The subjective experience of a sensation is often described as a psychophysical
phenomenon, not to describe “consciousness”, but to denote that there are measurable parameters correlated
with the “conscious” psychological experience of the sensation?.
These sensations, described as modalities of receptors, have been correlated with the receptors, the afferent
axons, and the central connection in the brain that they activate.
The central connections in the brain, that are activated by the receptors, may be viewed as a neuronal circuit in
the brain.
The authors postulate that the neuronal circuit in the brain, represented by the central connections, is a sensa-
tion generating mechanism that generates the sensation defined by the modality of the receptor. This neuronal
circuit, called a Neuronal Correlate of a Modality (NCM)-circuit, may be regarded as the Sensation-generating
Mechanism (SgM) that generates the sensation defined by the modality of the receptor.
A study of an itch-Sensation-generating Mechanism, and the connectivity of a NCM-circuit associated with it, was
published by Rosen and Rosen (2006a,b) and presented at the IEEE-IJCNN WCCI-Vancouver 2006 conference
and the ICONIP-2006 Hong Kong conference2. The connectivity of the NCM-circuit was determined by reverse
engineering the connectivity of mechanoreceptors, the afferent axons and the central connections in the brain
activated by the receptors. The study was performed on a robotic model, called a itch-scratch robotic model, that
is controlled by a neural net based controller that is designed to reverse engineer the sensorimotor control func-
tions of human ‘“itch-scratch” behavior patterns3. The design of the NCM-circuit is based on the neurophysiology
of the brain, and the connectivity of the mechanoreceptors, the afferent axons, and the central connections acti-
vated by the receptors. The mechanical itch-NCM-circuit sheds light of the neurophysiology and operational func-
tions of the brain (Rosen & Rosen, 2006a.b).
The mechanoreceptors and their connectivity is assumed to adhere to the biological “labeled line” principle
(Guyton, 1991), or the “Law of Specific Sense Energy” first enunciated by Johannus Miiller (1826). The Law of
specific Nerve Energy (Haines, 2002) ensures that each type of sensor responds specifically to the appropriate
form of stimulus that gives rise to a specific sensation. In the biological system the specificity of each modality is
maintained in the central connections of sensory axons. Thus the term “stimulus modality” encompasses the
receptor, afferent axons, and the central pathways that are activated by the stimulus. It is noted that the central
connections associated with sensory modalities often form neurological topographic mapping, or brain modules,
in various regions of the brain. The paper published by Rosen and Rosen (2006a, b) shows that these brain
modules may be used to form a coordinate frame in the brain that is utilized to design the itch-NCM-circuit and

the biological sensorimotor control system that controls the itch-scratch robotic model.
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The significance of the itch-NCM-circuit is a) the discovery of added-receptor NCM-circuits may expand the stud-
ies of the neurophysiology of the brain to additional regions in the brain, b) expand the study of sensory psy-
chophysics, generally regarded as a sub-discipline of psychology, into the study of neural physiology and func-
tionality of the human brain, and c) lead to a first step in the definition of “consciousness” in terms of the totality

of NCM-circuits that have modality-sensations correlated with them.

Il. METHOD:

THE DESIGN OF A SENSATION GENERATING MECHANISM
The design of the itch-NCM-circuit is identical to the design of the itch scratch Relational Robotic Controller
(RRC) that controls the itch-scratch robotic model (Rosen & Rosen, 2006a,b). Both the NCM-circuit and the
RRC-circuit convey the four basic attributes of a “sensation;” modality, location, intensity, and timing'. The follow-
ing sections present the design constraints imposed on an itch-NCM-circuit to assure that it is also an itch-
Sensation-generating Mechanism (SgM). The constraints show that the primary characteristic of a reverse engi-
neered itch-modality is that it gives rise to a sensory form of “robotic self knowledge” (“self’ location and identifi-
cation) in a coordinate frame defined by the itch sensors and located within the controller. The detailed design of
the NCM-circuit has already been published (Rosen & Rosen, 2006a.b;

1. THE BUILDING PATH OF THE ITCH-NCM-CIRCUIT

The building path presented by Rosen and Rosen (2006b) is based on topographic mappings and patterns of
organization within the brain that are called “brain modules”. Purves et al (1992) write that “Patterns of organiza-
tion within the sensory cortices may be a fundamental feature of the cerebral cortex, essential for perception,
cognition, and perhaps even consciousness.” The brain modules may be used to form a coordinate frame and a
sensorimotor control circuit within the robotic controller. Figure 1 shows a coordinate frame within the controller
associated with the patterns of organization in the somatosensory cortex, and the somatic sensors used to locate
the “robotic self” in that coordinate frame (Rosen & Rosen, 2006b). The robotic sensorimotor control circuit may
be utilized to define a mechanical sensation generating mechanism that is the analogue to the biological sensa-

tion generating mechanism.

2. THE REVERSE ENGINEERED BODY AND BRAIN

The reverse engineered model consists of a) a mechanical robotic body controlled by position locating motors
(simulating the biological muscles and position measuring proprioceptors), b) a neural network based robotic
controller, c) an array of pressure transducers uniformly distributed along the peripheral surface of the robotic
body (simulating biological mechanoreceptors), and d) thin electrical low voltage wires (simulating the afferent
and efferent somatic pathways) between the pressure transducers and the controller and between the controller
and the motors.

Neural network models for the sensorimotor control functions of the brain have been studied by Stephen
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Fig. 1 A coordinate frame within the controller. The neuronal coordinate frame (world map) shown in A,
encompasses the total region of space (the near space) defined by flailing limbs shown in B. All motion of
limbs, head, shoulders, and hip is determined relative to the origin-center of the internal coordinate frame,
and the corresponding thoracic cavity-center in the external coordinate frame.

(figure courtesy of MCon Inc.)

Grossberg (1987a,b, 1988, 1998)4, Teuvo Kohonen (1982a,b,c), and many others (Ritter et al, 1992), (Guenther

et al 2001). The building path for the sensorimotor control of the itch-scratch robotic system is described in a
paper titled “Sensorimotor control by Reverse Engineering biological Modalities (Rosen & Rosen, 2006a.b). A
Dennett type building path (Dennett, 1997, 1995) is specified for a complete system consisting of a robotic con-
troller, controlled by neural network equations (Ritter et al, 1992), and a robotic body controlled by motors with

one torque generating motor per degree of freedom.

2.1 The Robotic Body

The robotic body is a reverse engineered functional model of the muscle-motors of the human body. Thus, the
model consists of an array of motors placed at the analogous positions of every joint of the human body, with the
same number of degrees of freedom and range of motion as the human body. Each degree of freedom is imple-
mented by a motor and angle measuring transducer. The motor generates a torque about a single axis coinci-
dent with the shaft of the motor, whereas the angle measuring transducer records the rotary-angular position of
the shaft. Figure 2 is an illustration of the 21-joints of the robotic body. There are as many as 3-motors and 3-
angle measuring transducers associated with each joint (a total of 39-motors associated with the 21-joints shown
in the figure). During each frame period (selected to be 1/30-seconds), the robotic controller controls all 39-

motors simultaneously (39-output signals per frame period).

2.2 The Robotic Controller
The controller is a hybrid circuit made up of electronic neural networks and microprocessors that execute

sequential algorithmic programs. The input to the controller originates from sensors that are distributed on the
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Fig. 2. Areverse engineered building path for the major muscles and sensors that are used to control loco-

motive functions. The mechanoreceptors and nociceptors, the proprioceptors, and the vestibular sensors,

are reverse engineered by pressure transducers uniformly distributed on the robotic (skin) surface, the

angle measuring transducers associated with each motor, and the circular rings on the controller (head)

section of the robot, respectively. The nervous system is reverse engineered by thin wires that connect all

the sensors, via cable wire bundles, to the controller (see insert) The modalities of the camera/eyes (not

discussed in this paper), have been studied by Rosen and Rosen (2003c)(figure courtesy of MCon Inc.)
surface of the robotic body. The outputs of the controller are control signals that are simultaneously directed to
the motors located at each of the joints of the robotic body. Figure 3 shows a graphic representation of the con-
figured input and output circuits of the neural network portion of the controller. The afferent pathways originate on
the robotic body and go to the topographic organization associated with the somatosensory cortex. The efferent
pathways originate in a topographic organization associated with the motor cortex, and terminate at all the
motors located at all the joints of the robotic body. A robotic controller, called a Relational Robotic Controller
(RRC) has been designed, reduced to practice and patented (Patent no. US 6,560,512B dated May 6, 2003).
The reverse engineered input and output portions of the RRC are faithful functional emulations of neurological
topographic distributions within the organic brain. The intermediate organic connectivity between the input and
output has been designed to conform to functional neurobiological constraints. The neurophysiology of the inter-
mediate circuit, not determined in this paper, is a vibrant field of neuroscience research.

The controller is a giant parallel processing unit that simultaneously controls all the joints present in the mechani-
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cal body. An internal representation of human motion must accommodate all the joints and all the motors located
at those joints (more than 65-biological joints; 34-arm, 26-leg and 5-hip shoulder and neck joints (Rosen &
Rosen, 2003b).

An overview description of the engineering constraints imposed on an itch-scratch-type RRC-robot is presented
in the following sections. The design of the neural net circuits, and the programming solutions of both the micro-
processor based and neural network based portions of the system have been published by Rosen & Rosen
(20064a,b).

2.3 The Reverse Engineered Somatic Sensors and the “Robotic self’ of the System

The nociceptors and mechanoreceptors of the human body are reverse engineered by pressure transducers that
are uniformly distributed on the surface of the robotic body. A single pressure transducer is used to simulate both
the mechanoreceptor and nociceptor at a single location. A low-pressure activation threshold is used to simulate
the modality of mechanoreceptors, whereas a higher-pressure activation threshold simulates the modality of
nociceptors. The uniformly distributed pressure transducers serve as a sharp boundary between the internal
mechanisms of the robot and the external environment in which the robot is operating. The pressure transducers
and the internal structure and mechanisms, bounded by this sharp boundary, are defined to be the “robotic self’
of the system. The region external to the “robotic self” is defined to be the environment in which the robot oper-
ates.

The biological proprioceptors are reverse engineered by the angle measuring transducers, located on the shaft
of each motor. For each joint of the robotic body, the angle measuring transducers may be used to determine the
angular location of the shaft-end emanating from that joints.

2.4 The Reverse Engineered Nervous System: The law of specific nerve energy.

The wiring between the pressure transducers and the controller, and the controller to the motors, consists of thin
electrical, low voltage-wires that reverse engineer the human nervous system. The connectivity of the system is
assumed to adhere to the biological “labeled line” principle (Guyton, 1991), or the “Law of Specific Nerve Energy”
(Haines, 2002), which ensure that each type of sensor responds specifically to the appropriate form of stimulus
that gives rise to a specific sensation (in this case a low level or high level activation threshold). In the biological
system the specificity of each modality is maintained in the central connections of sensory axons, so that stimu-
lus modality is represented by receptors, afferent axons, and the central pathways that they activate.

The thin wires from the pressure transducers to the controller reverse engineer two afferent pathways; from the
body mechanoreceptors through the spinothalamic tract, and from the head mechanoreceptors through the
trigeminal ganglions, thence both pathways converge and pass through the brain stem and thalamus to the topo-
graphic distribution of neurons in the somatosensory cortex (see Figure 3).

The thin wires from the controller to the motors reverse engineer the efferent pathways; from the topographic dis-
tribution in the motor cortex through the pyramidal tract (with termination points in the brain stem), and thence

branching from the spinal pathway to all the motor/muscles distributed on the body (Brodal, 2004) (see Figure 3).

3. THE CONSTRAINTS IMPOSED ON THE OPERATION OF AN ITCH-SCRATCH ROBOT
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Fig. 3. A graphic representation of the configured input and output circuits of the neural network portion of
the controller. The afferent pathways originate on the robotic body and go to the topographic organization
associated with the somatosensory cortex.The transformation of the topographic distribution of neurons in
the neural network into a humonculous is shown in the figure. This is analogous to the transformation of the
organic folds of the somotosensoty cortex into a humonculous.

CONTROLLED BY THE MODALITIES OF MECHANORECEPTORS

The following operational constraints are imposed on a robotic system that is controlled by the itch-type modali-
ties of mechanoreceptors and designed to perform a scratch-type trajectory to alleviate the itch-sensation: a) The
system must perform tactile sensory monitoring of all the pressure transducers (mechanoreceptors) uniformly
distributed on the robotic body. The “robotic self monitoring” performed by the system may be analogous to bio-
logical perception of itch-type activations b) The controller must locate and identify all body parts. For example,
all possible itch-points and all possible end-joints used for scratching must be located and identified by the con-
troller. “Robotic-self” location and identification may be analogous to biological self-awareness of itch-type activa-
tions. c) The robot must be programmed/taught to perform all possible itch-scratch trajectories. A robot that

learns all possible itch-scratch trajectories is said to exhibit a form of “robotic self knowledge” analogous to the
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biological knowledge of the itch-scratch operations.

4. FOUR ENGINEERING CONSTRAINTS

DERIVED FROM THE BIOLOGICAL ITCH-SCRATCH RESPONSE

The sensorimotor controlled robotic system adheres to following four engineering constraints.

These constraints are derived by reverse engineering the itch-scratch behavior pattern of biological organisms.
The engineering constraints, expressed in the form of four engineering problems, have been selected to be rep-

resentative of the biological system’s response to itch-scratch type activations.

4.1 Constraint Associated With Tactile Monitoring for ltch-scratch-type Activations:

A coordinate frame within the controller

The activated tactile sensors that are uniformly distributed on the skin surface also activate the central connec-
tions in the brain. In this paper, the central connections are reverse engineered by a neural network located with-
in the controller. This neural circuit must monitor, locate, and identify each itch-type activation and all the biologi-
cal parts used to scratch each itch-point. The first step for achieving this goal is to design a coordinate frame
within the controller.

Problem 1. How to build a neural network within the controller that includes a coordinate frame defined by the
pressure transducers distributed on the surface of the robotic body. The selected approach is to transform the
layers of the mechanoreceptors distributed on the robotic body into a “homunculus” within the controller (similar
to the transformed homunculus discovered in the somatosensory cortex (Purves et al, 1997)). The coordinate
frame within the controller, associated with the region around the homunculus, is defined by electronic receiving
neurons that sometimes receive signals from mechanoreceptors that are located on the flailing limbs of the

robot. (See Figures 1,2 and 3)

4.2 Constraints Associated With the Location and Identification of all Body Parts: “Robotic self-identifi-
cation and location”

Problem 2. How to program the robotic controller to control the trajectory of motion (scratch trajectory) of robotic
limbs. The limb must move towards any identified itch-goal-point defined by an activated pressure transducer.
The selected approach is to assume that a mechanical form of “self knowledge” is gained if the robot has the
capability to move a robotic limb towards any and every other part of the robotic body. The robot is programmed
to locate each of its surface parts (itch points) with respect to and related to the location and motion of other
parts (the scratching motion of the scratch trajectory). The robot has the capability to perform an “itch-scratch”
response, by moving a limb through a goal directed trajectory aimed at an “itch”-point on the robotic body.
Problem 3: How to design the RRC so that the trajectory of motion is pre-planned and goal directed with the
option of re-planning (obstacle-avoiding) the pre-planned trajectory. This requirement, obstacle avoidance along
the trajectory, derived from studies of biological motor control (Kandel, Schwartz & Jessell, 1991; Gazzaniga, Ivry
& Mangun,1998), assures that the designed itch-scratch trajectory of motion adheres to the biological character-

istics of volitional motor control® . The constraint for re-planning is satisfied by dividing the trajectory of motion
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Fig. 4. A pictorial representation of a laboratory setup used to train an "itch-scratch robot. The robot is pic-

tured with three trajectories of motion: scratching the head with the right hand calipers and scratching the

knee with the left hand calipers while lifting the right leg. (figure courtesy of MCon Inc.)
into small transitions to adjacent “nodes”. During each frame period, the total goal directed trajectory is pre-
planned by the RRC as a sequence of small (nodal) transitions. However, only the first small nodal transition is
activated by the controller and the maximum speed of operation of the robot is one nodal transition per frame
period.
Problem 4: How to train/program the RRC so that location and itch-scratch type actions executed in the internal
coordinate frame correspond to movements in the “real” environment. This training or programming requires that
the robot learn by means of repeated multiple itch-scratch activations the location of each of its surface parts
with respect to and related to the other surface parts. This requirement may be satisfied by state of the art tech-
niques for training/programming the neural networks system. A pictorial representation of a laboratory set-up to
train the itch-scratch robot is shown in Figure 4.
A detailed technical solution to each of the four problems has been published (Rosen and Rosen, 2003a,b,

2006a,b) .
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lll. RESULTS:
SIMILARITIES BETWEEN THE ROBOTIC
CONTROLLER AND THE BIOLOGICAL BRAIN

Studies of the connectivity of sensorimotor control functions have been used to shed light on the sensory motor
control neurology of the brain (Guenther et al, 2001; Grossberg, 1998; Kohonen, 2001; Ritter, 1992). A well-
defined building path for the itch-scratch robotic model consisting of a robotic body controlled by a robotic con-
troller is shown in Figure 5 (Rosen & Rosen, 2006a,b). The robotic body and controller are designed to have
some functional and mechanical characteristics similar to the human body and brain. The functional similarities
of the controller to the operation of the brain include:

1. The controller is a giant parallel processor that controls all the motors and joints of the robotic body simulta-

neously with a response time of 1/30 second and with synchronization and coordination of all body parts.
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Fig. 5. A flow diagram of the g-vectors and p-vectors through the neural net portion and microprocessor
based portion of the RRC. The outputs of all the Nodal Map Modules (associated with all the joints of the
robotic body) are applied to the Sequence Stepper Modules, and the Control Pulse Modules, in order to
control the motion of the wrist from g-initial to g-final (shown as a sequence of control vectors po, p1, p2, in
the figure). (figure courtesy of MCon Inc.)
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. The pressure transducer-sensory system constantly monitors the peripheral surface of the robotic body for tac-
tile activations. Two types of activation are designed into the system, low-pressure and high-pressure thresh-
olds of activation. The low-pressure threshold of activation may be similar to the biological modality of “touch-
feel”. Whereas the high-pressure activation threshold may be similar to the biological modality of “touch-pain.”

3. Similar to the biological brain, the controller has within it a reflection of the external coordinate frame that is
the origin of the input signals (mechanoreceptors) and the destination point of the output signals
(muscle/motors). The perceived tactile-activation data originating in the external frame are transformed and
mapped, by means of direct connections associated with the nervous system, into a coordinate frame locat-
ed within the RRC-controller.

4. The measure of the internal coordinates is calibrated with the measure of the 3-dimensional space in which
the robot is operating.

5. The “robotic self” and the motion of the mechanical limbs of the robot with respect to the center of mass of the
“robotic self” are fully defined and controlled in the internal coordinate frame as well as the external coordi-
nate frame.

6. Similar to the biological brain, the controlled trajectories of motion are pre-planned and goal directed with the
option of re-planning any planned trajectory. The control of “itch scratch” motion is goal directed and the robot
has the option of re-planning (within 1/30-seconds), a pre-planned trajectory of motion in the midst of the
action.

7. All the motors of the robot are trained simultaneously by means of neural networks that are initially pro-
grammed by inverse kinematics, whenever training is performed on a single end-joint associated with a Nodal
Map Module.

8. The robot has the capability to be trained to perform a diverse set of actions guided by the goal directed g-

final of the Task Selector Module, and limited only by the design of the sensory system, the sophistication of

the neural networks in the controller and the design and the range of motion of all robotic moveable parts.

Expansion of the tactile-RRC to other receptor/modalities (e.g. visual and vestibular receptors) is discussed

in sections V-3 and IV-4.

IV. DISCUSSION:
COMPARISON OF THE BIOLOGICAL MODALITIES WITH
“MECHANICAL MODALITIES.” A PROPOSED DEFINITION OF “CONSCIOUSNESS”

Guyton (1991) writes, “Each of the principal types of sensation that we can experience- pain, touch, sight, sound,
and so forth- is called a modality of sensation.” The biological modality of sensation due to the stimulation of

mechanoreceptors may be the subjective experience of “itch-feeling.”
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1. THE BIOLOGICAL NEURONAL CORRELATE OF A MODALITY (NCM)-CIRCUIT
The biological modalities are correlated with the receptors, afferent axons, and the central pathways that they
activate. The central pathways, activated by each modality, may therefore be represented by a “neural-circuit.”
That neural-circuit may be defined to be a Neural Correlate of a Modality (NCM)-circuit. Thus, for example, the
biological sensations” of “touch feeling,” nociceptic “pain,” and thermal warmth may be correlated with three bio-
logical NCM-circuits, each circuit with specific receptors, axons, and central connections. A NCM-circuit is signifi-
cant for 3-reasons:

1. The circuit has the subjective experience of a biological sensation correlated with it.

2. The circuit has a set of measurable parameters associated with it.

3. The circuit itself is an important psychophysical parameter that is related to the physiological structure of the

brain.

2. COMPARISON OF THE BIOLOGICAL NCM-CIRCUIT WITH THE “MECHANICAL MODALITIES”
OF THE SENSORS OF THE RRC-ROBOTIC MODEL
The somatotopic coordinate frame of the itch-scratch RRC-robot constantly monitors the state of the pressure
transducer/tactile sensors for itch-type activations. The following question is posed to the reader: Is there a
mechanical-type of subjective experience, analogous to the biological itch-sensation, correlated with the mechan-
ical “itch-type” activation of the pressure transducers?
The mechanical itch-type activation is similar to the biological itch type activation in that
a) the mechanical central connections emulate the biological central connections. They both are represented by
the connectivities of neural-network-based somatotopic coordinate frames.
b) Robotic location, identification and “self knowledge” are similar to biological self knowledge of itch type acti-
vations.
c¢) The itch-scratch motor control response of the robotic system is similar to the response of a biological system.
Based on the similarities enumerated above, it may be proposed a) the connectivity of the reverse engineered
NCM-circuit is functionally similar to the biological NCM-circuit; and b) that there exists a “mechanical modality”
correlated with the “itch” stimulus falling on the pressure transducer. The stimulus and the central connections of
the robotic system form a circuit that is a “mechanical modality” generating mechanism. That mechanical modali-
ty integrated with the reverse engineered afferent axons and central connections may be presented to the robot
as a subjective experience of the itch-type stimulus that only the robot may “feel”. The RRC-circuit is thus viewed

by the authors as an itch-type Sensation-generating Mechanism (SgM).

3. DESIGNING MECHANICAL SGMS: EXPANSION OF THE TACTILE-NCM-CIRCUIT TO OTHER
MODALITIES

An RRC circuit that reverse engineers the biological NCM-circuit may also be viewed as a SgM that generates a
mechanical “sensation” associated with the mechanical receptors and their central connections. The primary

characteristic of a reverse engineered itch-modality is that it gives rise to a sensory form of “robotic self knowl-
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edge” in a coordinate frame defined by the sensor and located within the controller. It is proposed that the pri-
mary constraints imposed on the reverse engineered design of the modality of any additional sensor (such as
the vestibular or visual sensors) is that the added sensor gives rise to a form of “robotic self knowledge” in a
coordinate frame defined by the added-sensor and located within the Controller. Furthermore the coordinate
frame defined by the added-sensor must be consistent with, and calibrated with the coordinate frame defined by
the itch-modalities of the mechanoreceptors.

This generalized reverse engineering procedure may be applied to the modalities of all the somatic as well as
autonomic sensors. Thus, the design procedure for the itch-NCM-circuit may be applied to the modalities of the
visual, auditory, olfactory and gustatory systems, that are correlated with the subjective experiences of “seeing,”

“hearing,” “smelling,” and “tasting,” respectively. Each of the associated NCM-circuits is a SgM that generates the

sensation of “seeing,” “hearing,” “smelling,” and “tasting,” respectively. The design of the NCM-circuit for visual
perception is presented by Rosen and Rosen (2003c) in a paper titled “The design of the NCM for visual

Perception: Solving the inverse optics problem of “seeing.”

4. EMOTIONS: THE MODALITIES OF AUTONOMIC SUBSYSTEMS

In an article titled “What is an Emotion?” (James, 1894), William James, the father of modern psychology, corre-
lates the subjective experience of an “emotion” with the upset of one or more of the involuntary autonomic home-
ostatic subsystems in the human body. We propose, in accordance with the William James definition, that emo-
tions are the correlates of an upset homeostatic subsystem. That is, the modality of an upset homeostatic sub-
system shall be defined to be a subjective experience called an “emotion.” Therefore the problem of finding and
designing an emotion-generating mechanism in the brain reduces to the search for an NCM-circuit for the “emo-

tional” modality.

4.1 The emotional NCM-circuit

The generalized reverse engineering procedure of the itch-NCM-circuit may be applied to emotional modalities of
upset homeostatic subsystems. The reverse engineered emotional-modality must give rise to a sensory form of
“robotic self knowledge” in a coordinate frame defined by the sensor and located within the controller. In this
case, the homeostatic subsystem is the receptor, and the upset of the homeostatic system is the activated
response of receptor (homeostatic subsystem). Furthermore the coordinate frame defined by the homeostatic
subsystems must be consistent with, and calibrated with the coordinate frame defined by the itch-modalities of
the mechanoreceptors. In a paper titled “The Design of the Neuronal Correlates of Emotions” present a building

path for the design of an emotional-NCM circuit (Rosen and Rosen, 2003d).

4.2 Studies of the psychological experiences associated with sensory modalities and emotional modali-
ties

The itch-NCM-circuit in the brain has a subjective experience (a form of self knowledge) correlated with it.
Psychological studies of large number of human subjects may be required in order to find a quantitative correla-
tion between the activated response of the receptor (a measurable set of parameters), and the un-measurable

modality experienced by the subject.
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The emotional-NCM-circuit in the brain also requires psychological studies of a large number of human subjects
in order to find a quantitative correlation between the incident energy and activation response of the upset home-
ostatic subsystem (a measurable set of parameters), and the un-measurable emotional modality experienced by

the subject.

5. AFIRST STEP TOWARDS A DEFINITION OF “CONSCIOUSNESS”

The NCM-circuits and the variety of modalities discussed in the previous sections encompass the subjective
experience-sensations of tactile touch, visual seeing, auditory hearing, vestibular balancing, olfactory smelling,
gustatory tasting, and a whole gamut of emotions associated with the modalities (upsets) of homeostatic subsys-
tems. If the subjective experience is related to a “conscious” experience (without defining the term “conscious”),
then the NCM-circuit may be related to Metzinger’s (2000), or Crick and Koch (2000, 2003) long sought after
Neural Correlate of Consciousness circuit.

At this time there is no scientific concurrence on a definition of “consciousness”, whereas in the field of psy-
chophysics the modalities of receptors are well defined in terms of the subjective experience or sensation that is
evoked by the receptors and the physical stimuli associated with them. Thus the authors propose that the whole
gamut of subjective experiences of human sensations and emotions are correlated with the modalities of recep-
tors and homeostatic subsystems and the central connections that form NCM-circuits, associated with them. As a
first step towards a quantitative definition of “consciousness” the authors propose that:

1. Conscious sensations (including emotional sensations) are the modalities of NCM-circuits.

2. The measure of a modality (subjective experience) may be determined by defining the connectivity of the
NCM-circuit and determining the quantitative correlation between the measured incident energy, activation
response of the receptor, and the subjective experience as determined by psychological studies of large sam-
pling of subjects.

This definition of “consciousness” expands the study of psychophysics to the connectivity of the NCM-circuit in
the brain?. This connectivity may shed light on the physiological structure and the functional operation of the
human brain. Studies of the connectivity and operational structure of the human brain were undertaken by the
authors by reverse engineering the various biological modalities of receptors and their central connections
(Rosen & Rosen, 2003a,b,c.d).
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NOTES

1. Psychophysics is often regarded as a sub-discipline of psychology dealing with the relationship between physical stimuli
and their subjective correlates.The modern study of sensation began in the 19th century with the pioneering work of E.H.
Weber (1846) and G. Fechner (1860) in sensory psychophysics. Despite the diversity of sensations we experience, all
sensory systems convey four basic types of information when stimulated; modality, location, intensity and timing. These
four attributes of a stimulus yield sensation. An early insight into the neuronal basis of sensation came in 1826 when
Johanne Miller advanced his “laws of specific sense energies.” The specificity of response in receptors underlies the
“labeled line code,” the most important coding mechanism for stimulus modality (Kandel et al, 2000).

2. Sensorimotor control papers were presented at IEEE-IJCNN WCCI-Vancouver and ICONIP-2006 Hong Kong, and pub-
lished in the proceedings of the conferences (Rosen & Rosen, 2006a,b). All the data is based on internal MCon publica-
tions and research, much of it available for viewing on the MCon website www.mcon.org.

3. The approach of modeling the connectivity of the brain rather than the mind’s symbolic representation of the world was
inspired by D. O. Hebb (1949) and Frank Rosenblatt (1958, 1962 p.386). During the past few decades this approach was
pursued by many research scientists. Some notable examples are the works of Stephen Grossberg (1988), Gail Carpenter
(1991), Teuvo Kohonen (Kohonen, 2001), William Bechtel (Bechtel, Abrahamson, 2002), Paul Churchland (Churchland,
Sejnowski, 1996) and Helge Ritter (Ritter et al, 1992). In the past decade the connectionist methodology has blossomed
with the development of powerful neural net-based computational techniques that emulate a large variety of brain func-
tions. For example, the work of Teovo Kohonen (2001) and Helge Ritter (1992) applied to self Organizing Maps and micro-
structural connectivity in the biological brain, and the work by authors of the Dept. of Cognitive and Neural Systems at

Boston University (see note 4).

4. Stephen Grossberg, Boston University director of Adaptive Systems and colleagues and staff at the Department of
Cognitive and Neural Systems, are responsible for prolific publications in neural networks applied to cognition, memory,
motor control, speech, and pattern recognition. Stephen Grossberg is especially known for his studies of the brain by
means of Pattern Recognition by Self Organizing Neural Networks (1982); Studies of Mind and Brain (1980); How Does
the Brain Build a Cognitive Code (1980); Adaptive Resonance Theory (ART) models; The Adaptive Self-organization of
Serial Order in Behavior Speech Language and Motor Control (1985); The Adaptive Brain vol. | & Il (1987a,b) and many
other sensorimotor control publications (Grossberg, 1988, 1998; Guenther et al 2001; Pack et al 1988; Cameron et al
1997).

5. In discussing proprioceptive sensations, Kandel, Schwartz & Jessell (1991, p. 337) show that the brain determines precise
knee position (in the absence of voluntary muscle contraction). At rest, the angle of the knee can be evaluated to within
0.5-degrees.

6. This is an operational definition of “volition”. The robotic controller is said to be a volitional controller if the controlled trajec-
tory of motion is goal directed and pre-planned, with the option available for re-planning the pre-planned trajectory if an
environmental contingency is detected prior to reaching the pre-planned goal. Re-planning is always a function of the con-

tingency that appears in the region of the pre-planned path. In the design of a “volitional” controller, re-planning is never
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functionless or random.

7. The field of psychophysics, at its inception in the mid 19th century, was devoted equally to the study of the psychological
sensations and to the measurable parameters correlated with them. Over the past 150 years, the study-ratio between psy-
chological sensations and measurable parameters shifted towards the measurable parameters, to the detriment of the psy-
chological sensations. The definition of consciousness, proposed in this paper, expands the field of study of psychophysics
into the NCM-circuits, the neural physiology and the operational functions of the brain. Studies of NCM-circuits, in the field
of psychophysics, may again bring balance to the study-ratio between the study of psychological sensations and the meas-

urable parameters correlated with them.
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