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Natural language provides a rich combinatorial mechanism for encoding meanings - a fi-
nite set of words can express an unbounded number of thoughts. Framed in 2015 to extend
the purpose of Zadeh’s Z-numbers, a Z*-number is a perceptual symbol of the meaning of a
natural language expression and consequently mentalese - or internal speech. This article,
through decomposition of the Z*-macro-parameters into its atomic constituents, presents a
model for the endogenous arousal of thoughts during empathetic, bespoke comprehension
of the real-world. Based on Minsky’'s Society of Mind, the framework is founded on the
assimilation of multimodal experiences, a sense of ‘unified self and its derivatives (choice,
interest, curiosity, etc.), objective and subjective components of knowledge, commonsense,
and attention dynamics over a real-world scenario. The model attempts emulation of slow
and fast thinking, instinctive reactions, learning, deliberation, reflection and self-conscious
decisions. The design has been validated against human responses, and aims to contribute

to the development of autonomous artificial systems for man-machine symbiosis.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction

A cognitive ‘social’ system [21,29,45] is intuitive, contemplative, possesses commonsense and rational decision-making
abilities, is curious and creative, endogenously strives for resilience to an ever-changing world, can find structure in massive
amounts of noisy and ambiguous data, learns from peers and first-hand experiences, and, above all, possesses a sense of
self and empathy. This article documents our endeavours towards the design of a computational model of thinking for such
a social system.

‘Thinking’ encompasses analysis of an event from a number of causal dimensions, sifting through possible propositions
and solution schemes, improvisation, and application of strategies to arrive at the appropriate interpretation. This involves
recall, manipulation and organization of a vast repertoire of commonsense, real-world and domain knowledge, and intricate
automated reasoning processes. ‘Mentalese [37] refers to the ‘inner speech’ of contemplation. In other words, ‘thinking’ is
the ‘incremental mental manipulation of symbols [38]’ that represent “...intricate spatiotemporal patterns. These patterns serve
as keys to unlock a tome of ...knowledge, bathing the brain in the sights, sounds, smells, and physicality of ...meaning.” - [31].

In the ‘Society of Mind [28]" and ‘Emotion Machine [29]’, Minsky dissects thinking into a number of layers - beginning
with innate responses to stimulus, followed by learned, deliberative and reflective contemplation, to end with self-reflection
and self-conscious reactions. This philosophy conceptually augments other cognitive models [11] with the sense of self-
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awareness, and hence forms the basis of our framework. ‘Society of Mind’ based architectures [14,15,25] have so far been
unimodal and are yet to implement all the different aspects [10,38] of self-conscious reasoning.

If a social cognitive system were to emulate all the layers of thinking and self-consciousness for real-world compre-
hension, it would require data structures that facilitate expression of the self, encase subjective and objective knowledge
constructs, and support representation of multisensory real-world information. The Z*-number [4,6] serves as a logical tool
towards this purpose.

Z*-numbers are ‘perceptual symbols [7] of meanings embedded in natural language expressions, and thus for ‘men-
talese [37] . The parameters of the paradigm encapsulate the context, subject, predicate, objective and subjective [2] time,
and degrees of belief and affects in the information conveyed by an expression. Interactions between Z*-numbers resemble
progressions through thoughts during comprehension. The synthesis of the intended model of contemplation, accordingly
begins with decomposition of the macro-parameters of the Z*-number paradigm into their atomic constituents, formaliza-
tion of their interdependencies and assimilation into an approximate procedure for thinking. Introducing the notion of the
self and its derivatives (affects, choice, etc.) into equations of real-world decision-making is our primary contribution.

Though in its early stages of design, the proposed framework has attempted explicit coverage of the layers [28] in an
active mind and different categories of thinking [22]. It handles various degrees of sensory awareness [8] of multimodal
stimuli (both external and internal to the system). Endogenous and volitional attention distribution across components in
a scenario, ‘curiosity and interest’ -driven [16,33] exploration of regions of interest, consideration of the actor and the ob-
server’s perspective, and bespoke behaviour are crucial features of the model. Preliminary steps to handling novel stimulus
and concepts have been included as well. The design has been validated against responses of human subjects trying to com-
prehend a scenario. The model targets contribution in the domain of autonomous man-machine symbiotic system design.

The article begins with a brief elucidation on the properties of the Z*-numbers (Section 2.1), followed by enumeration
of the building blocks of the model, as inferred from observations on thoughts (Section 3.1), translation of these identified
macro-parameters into formalized relations involving their micro-constituents (Section 3.2) and integration of these relations
into an algorithm of thinking (Section 3.3). Formulations cover representations and relations between parameters of thoughts
(Section 3.2.1), perception (Section 3.2.2) and attention distribution (Section 3.2.3) over a dynamic region of interest.
Section 4 presents results of a theoretical run-through the algorithm and analysis of the model.

2. Theory
2.1. Z*-numbers

While a Z-number [1,34,35,46] is an abstraction of the belief in the information in a simple statement, a Z*-number
[4,6] is a metarepresentation of the ‘dynamic meaning’ of a sentence. Z*-numbers extend the capability of Z-numbers by
virtue of parameters encapsulating the context, dynamicity and affects embedded in natural language sentences. These sen-
tences could be external inputs or ‘mentalese [37]" .

For a natural language sentence (S) on a subject (X) and with a predicate (A), the Z*-number of S is:

Z*(S) = (C, T, A, B, AG) (1)
where, C= context that aroused S,

T = objective (absolute clock-time) and subjective (present, retrospective, prospective reference point) time-frame,

B = belief in the information conveyed by S for (C, T) and

AG=combination of ‘basic [12] affects, identified by the affect-type, strength and valence, construing the emotion em-
bedded in S.

Typically, B and the elements of AG are expressed as adjectives or adverbs and quantified as fuzzy numbers; T is a
pointer to the time-line of evoked multisensory memories; and (C, T) help group related Z*-numbers into Z*-information
sets.

The 6-tuple (X, C, T, A, B, AG) defines a Z*-valuation. It acts like a generalized constraint on X, where:

Probability(X is A) is(B «© AG), given (C,T) (2)

*C is an operator that integrates the complementary roles of B and AG in decision-making and consequently leads to the
arousal of ‘feelings [10]’ in the system. [Refer [4,6] for properties of the paradigm.]

An example:

For $= My mother called me!

C= Internal and external situational cues around the event, e.g. {The general setting when the summon was made, nature
of the summon,...}

T = {Retrospective — when did I receive the call, what [ was doing then, was I expecting the call; Present - how did the
call affect me; Prospective - what do I intend to do about the call}

X = My mother’s action

A= Call me
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B = Definitely
AG={(happy, strong, positive) v (surprise, strong, positive) v (apprehension, strong, negative) v....}

Thus, the Z*-number of §= Z*(S)= ({The general atmosphere when the phone rang |/ feelings with respect to the nature
of the summon}, {Retrospective — when did I receive the call, what I was doing then, was I expecting the call. Present - how
did the call affect me. Prospective — what do I intend to do about the call}, Call me, Definitely, {(happy, strong, positive)v
(surprise, strong, positive) v (apprehension, strong, negative) v....})

A ‘perceptual symbol [7] of an event (E) or an object (0), is an abstraction of the ‘system-state [18]" arising from the
arousal and perception of associative patterns of objective and subjective features of causal and contextual multisensory
stimuli pertaining to E or 0. Long-term memories of experiences and concepts are ‘consolidations [42]" of perceptual sym-
bols. While selective attention leads to the extraction of particular modal representatives of an E or O; integration of these
unimodal perceptual symbols generates all-around sensorial, proprioceptive and introspective experiences thereof (e.g. a cat
has a visual, auditory, olfactory and tactile appeal).

Given a natural language expression (S) on an E or 0, Z*(S) records the system state (via (B, AG)) and the internal and
external reasons for it (via (C, T)), and a fraction of related memories. These macro-parameters arise from the incremental
conjunction of a melange of real-time multisensory external or internal inputs, activated sensations and memories. Z*(S) is
therefore a perceptual symbol of an E or O, and collaborations between a number of such associated Z*-numbers would
generate concepts and ideas for anticipated memories, counterfactuals, and related emotions. Z*-numbers can thus be en-
visaged as operands of machine-mind processes (introspection, creativity, etc.). The concerns at this juncture are emulation
of the endogenous instantiation of the Z*-number parameters in a machine-mind and mechanisms of interactions thereof
giving rise to thoughts and ideas.

The following section describes our attempts at defining elements responsible for the autonomous arousal of the Z*-
number parameters and using these formulations in the design of a model of thinking. A primary assumption, at this stage,
is that the machine-mind is capable of mapping its feelings to linguistic expressions.

3. Proposed model

This section presents factors - through formulae and pseudocode - underpinning arousal of the Z*-number parameters
in a machine mind. We begin by analysing observations on the macrocosm and microcosm of perceptions to extract influ-
ential micro-factors, followed by propositions of near-formal definitions for these elements. These thereafter converge into
a potential algorithm for thinking in a social cognitive system.

3.1. Observations and inferences on thoughts

Every observation or a series of so, presented here, is followed by our inferences.

Observation_1. “... look at the ... words: Bananas, Vomit. A lot happened to you during the last second or two. You experienced
some unpleasant images and memories, your face twisted slightly in ...disgust. And you may have pushed this book imperceptibly
farther away. Your heart rate increased, the hair on your arms rose a little, and your sweat glands were activated. In short you
responded to the disgusting word with an attenuated version of how you would react to the actual event. All this was completely
automatic, beyond your control.... your mind automatically assumed a temporal sequence and a causal connection between the
words ‘banana’ and ‘vomit’, forming a sketchy scenario in which bananas caused the sickness. As a result you are experiencing a
temporary aversion to bananas... The state of your memory has changed in other ways: you are now unusually ready to recognize
and respond to objects and concepts associated with “vomit”, such as sick, stink, or nausea, and words associated with “bananas”,
such as yellow, and fruit, and... apples and berries.... Furthermore,... you probably never encountered it (these words together)
before and you experienced mild surprise... The essential feature of this complex set of mental events is its coherence. Each element
is connected, and each supports and strengthens the others. The word evokes memories, which evoke emotions,... expressions and
other reactions... The facial expression and the avoidance motion intensify the feelings to which they are linked, and the feelings
in turn reinforce compatible ideas. All this happens quickly, yielding... cognitive, emotional, and physical responses that is both
diverse and integrated.” - [22]

The excerpt describes a typical comprehension-scenario involving the arousal of a constellation of autogenous internal
events, mental processes, emotions and feelings, in response to multimodal ‘images [10]" of stimuli. We understand that,

Inference_1.

(a) Generation and stabilization of thoughts is iterative and incremental [17,30] - traversing through cognitive, emotional
and physical domains [28,42], and so should it be for the intended Z*-number based model of contemplation.

(b) Thoughts arise and are processed, both serially and in parallel [17,40], leading to a network of coherent ideas and
concepts.

Observation_2. “...we no longer think of the mind as going through a sequence of conscious ideas, one at a time. In the current
view of how associative memory works, a great deal happens at once. An idea that has been activated... activates many ideas,
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which in turn activate others. Furthermore, only a few of the activated ideas will register in consciousness: most of the work of
associative thinking is silent, hidden from our conscious selves.” - [22]

This remark, arising out of delving deeper into the nature of thought processes, reinforces statements in Inference_1 and
differentiates between foreground (conscious) and background (seemingly subconscious) activities. Thus,

Inference_2. If every atomic thought were interpreted as a Z*-number and a set of related Z*-numbers as Z*-information,
and the system were assumed to be capable of manipulating Z*-information-sets, there should be Z*-equivalents of men-
talese [37] of varying degrees of consciousness [8,10,40] in the machine-mind working memory [5,6].

Observation_3. “Whenever you are conscious, and... even when you are not, multiple computations are going on in your brain,
which maintain and update current answers to some key questions: Is anything new going on? Is there a threat? Are things going
well? Should my attention be redirected? Is more effort needed for this task?” - [22]

Furthermore,

Observation_4. “A capacity for surprise is an essential aspect of our mental life, and surprise itself is the most sensitive indication
of how we understand our world and what we expect from it. There are two main varieties of surprise — some expectations are
active and conscious (you know you are waiting for a particular event to happen). But there is a much larger category of events
that you expect passively: you don’t wait for them, but you are not surprised when they happen. These are events that are normal
in a situation, though not sufficiently probable to be actively expected...” - [22]

Observation_5. “We go through our lives seeing countless objects that we do not pay attention to. Without attention, the image
or the sound or the feel does not register in the mind and may not be stored even briefly in memory. Our minds have a limited
ability to process information about multiple objects at any given time. Because of limited processing resources, multiple objects
present at the same time in the visual field compete for neural representation... — the winner is determined by the strength of the
stimulus (brighter than the rest), by its strong association (familiarity), by its novelty (extraordinary), or most interestingly, by the
demand of the task. Selectively focussing attention on targets significantly enhances neuronal responses to them. Attention seems
to work by biasing the brain circuit for the important stimuli. When you attend to a stimulus, the suppression that distracters
otherwise cause is reduced.

Information reaches the brain from the outside world, but in an ever-changing context of internal representations... subjective
experiences and responses and... final perceptions even more powerful than the stimulus itself.... Experience coupled with attention
leads to physical changes in the structure and future functioning of the nervous system. ... moment by moment we choose and
sculpt how our ever-changing minds will work, we choose who we will be the next moment in a very real sense, and these choices
are left embossed in physical form on our material selves.” - [40]

Besides vetoing Inference_1 and inference_2, Observation_3 through Observation_5 lead to the understanding that,
Inference_3.

(a) Attention (A¢) at time (t), is an endogenous resource and a function of the environment (or context [23]) and the
system-state [24] at t. It regulates the nature of inputs to the system and subsequent comprehension.

Deployment of A; for a stimulus (St) stands for allocation of the required fraction of A; for processing St. The per-
ception of a multisensory object (obj) [e.g. a cat] is an integration of the perceptions of the individual constituent
sensory stimuli (St) [e.g. olfactory, visual, auditory and tactile elements].

Endogenous attention deployment and modulation occurs at different levels [2,43] - inter-object and intra-object.
While the former equates to the fraction (A; opj) of Ar allocated to obj as a function of the multimodal appeal of
obj, the latter defines the division of A; op; per St constituting the perception of obj.

Exogenous attention deployment is when an obj is assigned A; op; on external demand or instruction.

(b) ‘Active’ attention straddles ‘noetic’ and ‘autonoetic’ consciousness; ‘passive’ attention maps to ‘anoetic’ consciousness
[44].

With reference to the observations and corresponding inferences highlighted here, the following section presents a model
of the activities in the physical and mental space of an intelligent system as it observes the dynamic real-world, tries to
comprehend it and adjusts its responses accordingly. The model aims to capture both, the ‘actor’ and the ‘observer’ per-
spectives. Section 3.2.1 focuses on the enumeration and description of thought and behaviour influencers, Section 3.2.2 on
formulations on degrees of perception, and Section 3.2.3 on equations of autogenous and volitional attention dynamics in
a multisensory environment. Section 3.3 presents our designed algorithm for contemplation during multisensory real-world
comprehension. [Refer Table 1 for a summary of all the different parameters defined in the following section]
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behaviour(object, time, context(scenario
(modal_limits, timey,, time, ), time-1),
internal_state(time-1))

knowledge(object)

object
real_experiences
domain_knowledge

commeonsense
reasons

weight of object_attribute

object_m

c_threshold

that facilitate continued system operation) over scenario(modal_limits,
timey,, timey,) or perception time-frame [time, timeg]
timer,

Table 1
Glossary of parameters.
Term Definition Eq. no.
internal_state(time) = F(internal_state(time-1), context(region_of_interest, time-1)) or, (3), (11)
F(internal_state(time-1), context(scenario,
time-1))=system_states(time-1) [Where,
internal_state(time =0)=F(values of parameters (like health, interests,
urges, drives) defining the innate system self);
context(region_of_interest, time=0)=®
region_of_interest(modal_limits, time) = set of objects within modal_limits at time (4)
modal_limits = Ul field of it"modality (5)
object_r = semantic network of (active_object_attribute, current_value) tuples (6), (16)
defining object in region_of_interest(modal_limits, time)=F(behaviour
(object, time, context(scenario(modal_limits, timey,, time, ), time-1),
internal_state(time —1))
active_object_attribute = object feature instantiated in region_of_interest(modal_limits, time)
current_value of an active_object_attribute = F(location, source, activity) of multimodal stimuli constituting (7), (36)
active_object_attribute of object € region_of_interest(modal_limits, time)
=C(Ul, (u;?': current_value_compj;)) [Where, [modality_act;| =q; atomic
signal components; |active_object_attribute| =p modal signals
constituting active_object_attribute of object_r
region_of_interest(modal_limits, time;)]
time_end
scenario(modal_limits, time_start, time_end) =C( J region_of_interest(modal_limits, t) dt) (8)
time_start
context(region_of_interest(modal_limits, time;), =C (U{": 10bject_r;)attime [Where, object_r; € (9), (51)
time) region_of_interest(modal_limits, time;)]=F(reg_perception at time)
timer,
context (scenario(modal_limits, timey, time,), = C( / context(region_of_interest(modal_limits, t), time) dt) (10), (53)
time) timer,
=F(sc_perception at time)
object_rsc = trajectory of object in scenario(modal_limits, timey,, time;,) or (12), (47)
perception time-frame [timey, time,]
timer,
= [ object_r; in region_of_interest (modal_limits, t) dt
timeto
system_states(time) = system state (summary of urges, drives, plans and other information (13), (48)

=/ ! internal_state(t) in context(region_of_interest(modal_limits, t), time) dt

timey,
= I(context(scenario(modal_limits, timey,, time, ), time-1) A
internal_state(time-1)) arousing sensorimotor reactions in object at time
=F(object_rs, system_states., F(context (scenario(modal_limits, timey,,
timey, ), time-1) A internal_state (time-1))) arousing sensorimotor
reactions in object at time
=F(obj_perception(object, time-1, internal_state(time-1),
context(region_of_interest(modal_limits, time;), time)))
= semantic network of (sets of (object_attribute, values, weight, reasons,
belief, affects,...) constituting (real_experiences, anticipations, ideas,
counterfactuals, commonsense, domain_knowledge, metaphors,...) on
object, irrespective of context, in system memory
covers the entire spectrum of physical artefacts and abstract events
set of actual episodes and associated qualia concerning object
set of factual knowledge on object, and events and elements that
often occur in association with and influence interpretation of object
= procedural real-world knowledge
= logic in support of comprehension of a fact (e.g. (object_attribute,
values) compatibility)
= Fobjective and subjective relevance of object_attribute for a
particular sense of object across related real_experiences, commonsense,
domain_knowledge,...)
= semantic network of (sets of (object_attribute, normal_range,
outlier_instances, c_weight, reasons, belief, affects,...) constituting
(real_experiences, anticipations, ideas, counterfactuals, commonsense,
domain_knowledge, metaphors,...) on object €
(context(scenario(modal_limits, timey,, timey, ), time) £ c_threshold) in
system memory = U}, (subsetof essential; of some object_mofobject; e
long-term memory)
= constraint on the perimeter of object_m = F(real_experiences,
commonsense, domain_knowledge on object €
context(scenario(modal_limits, timey,, timey, ), time))

(continued on next page)

(14), (15), (49)

(17)

(18)

(19), (25)

(20)
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Term Definition Eq. no.
normal_range = heavily reinforced range of values for object_attribute in (21)
context = F(real_experiences, commonsense, domain_knowledge for object
€ (context(scenario(modal_limits, timey,, timey,), time) + c_threshold))
outlier_instances = values representing unusual experiences or metaphors
c_values = {normal_range, outlier_instances} = C(U}_, (UT:‘lsign_componentji)) (22), (31)
into {normal_range, outlier_instances}
c_weight = degree of importance of object_attribute in definition of object € (23)
context=F(objective and subjective relevance of object_attribute, in
definition of object, across real_experiences, commonsense,
domain_knowledge on object € (context(scenario(modal_limits, time;,,
time, ), time) + c_threshold))
knowledge(context(scenario(modal_limits, = C(object_m of all objects experienced or envisioned in (24)
timey,, timey, ), time) (context(scenario(modal_limits, timey,, timey, ), time) £ c_threshold)) in
system memory
essential set of an object = set of object_attributes that distinguish one object from another in
context [(essential C object_m); [|essential|=rel_threshold =number of
crucial active_object_attributes in region_of_interest(modal_limits, time;)
for an object_m to be mapped to object_r]
degree of curiosity = F(emotion strength aroused by object_r stimuli) (26)
primary object_attribute of object = F((imp_mod;. modality;), (imp_mod,. modality,),..., (imp_mod, . (27)
modality,))
modality; = F(m; atomic constituents comprising the modality signal) (28)
sign_component;; = signature of component; of modality; of object_attribute of (29)
object=(normal_rangej, m_outlier_instances;, m_threshold;;, m_em;;)
m_em;; = instinctive emotions or qualia due to component; in modality;
imp_mod; = importance of modality;, in object_attribute, in terms of innate (30)
emotion components:F(% m_em; ;)
j=1
primary active_object_attribute of object_r = F((imp_amod;. modality_act;), (imp_amod,. modality_act;),..., (32)
(imp_amod,, . modality_amod,))
modality_act; = Fatomic constituents constituting the ith modal signal of an (33)
active_object_attribute in region_of_interest (modal_limits, time;))
[Imodality_act;| = q; atomic signal components]
current_value_comp;; = (perceived objective strength, innate emotional impact) of (34)
component; of modality_act; in region_of_interest(modal_limits, time;)
= (ob_valuej;, em_value;;)
imp_amod,; = importance of modality_act;, in active_object_attribute, in terms of (35)
innate emotion components.:F(% em_valuej;)
j=1
aff_imp = affectual impact of active_object_attribute, due to novel 37)
current_value_comp;; and reinforced sign_component;;, on c_weight of
object_attn’bute:F(i C(imp_amod;, imp_mod;))
i=1
degree of curiosity due to x, novel attributes « C(in(ﬁ (imp_amod;; . % em_valuey;;))) (38)
i-1 j=1 k=
degree of curiosity due to x, unusual attributes oc C(%(c,weighti, (f: (C(imp_modj;, imp_amod;) . % em_valuey;;)))) (39)
i=1 j=1 k=1
degree of curiosity aroused by novel and/or unusual attributes o« C(curiosity due to x,, curiosity due to x,) (40)
obj_perception(object, time, = perception of object_r behaviour at time (object_rme)=F(object_rime, (41)
internal_state(time), time, anticipation(object_r, active_knowledge(object, time,
context(region_of_interest(modal_limits, time;), internal_state(time), context(region_of_interest(modal_limits, time;),
time)) time))))
active_knowledge(object, time, = semantic network of fraction of object_m active at time (42)
internal_state(time), (object_my;ye) and associated memories in the system working
context(region_of_interest(modal_limits, time;), memory = C(object_my,. U latent_memories(object, internal_state(time),
time)) context(scenario(modal_limits, timey,, time;), time)) U
current_experiences(object_rs, System_statesc,
context(scenario(modal_limits, timey,, time,), time)))
latent_memories =semantic network of peripheral memories activated in response to object_r, context and internal_state (43)
at time;
latent_memories(object, internal_state(time), context(scenario(modal_limits, time,,, time;), time))) < ((knowledge(object) -
object_m) U knowledge(context(scenario(modal_limits, timey,, time,), time)) U ...)
current_experiences(object_rs, = semantic network of (sets of (active_object_attribute, current_value, (44)
system_state.,(context(scenario(modal_limits, cu_weight, reasons, belief, affects,...) constituting (real_experiences,
timey,, time;), time)) anticipations, ideas, counterfactuals, commonsense, domain_knowledge,
metaphors,...) on object € (context(scenario(modal_limits, timey,, time;),
time) through perception time-frame [timey, time;]
cu_weight = F(c_weight in object_mne, subjective and objective (current_value) (45)

revelations arising from object_r)

(continued on next page)



R. Banerjee, S.K. Pal/Information Sciences 405 (2017) 227-258

Table 1 (continued)

233

Term

Definition Eq. no.

anticipation(object_r.,
active_knowledge(object, time,
internal_state(time),
context(region_of_interest(modal_limits, time;),
time)))
reg_perception(region_of_interest(modal_limits,
time,), time, internal_state(time))

sc_perception(scenario(modal_limits, timey,,
timey), time)

object_tjm,

object_myjme,

A
Aﬁme( i)
Atimej,-

time

Atimek i

Atfme,k i

active_attention, act_obj_attention(object),
passive_attention, pas_obj_attention(object)

attn_threshold(time)
attn_mod_threshold(modality_act, time)

system_threshold(time)
Ag

AUum

Aokjl
Ao i

Ao(i)

common

known
comparable

unknown

new

Nn
left

distractions

An

For objects ¢ new Any;

= set of (object_rex, ex_belief, ex_threshold) tuples defining expectations (46)
for object_riime [(0bject_rei, ex_belief;, ex_threshold;) tuple => ith

probable value (object_r,y;) for object_rme, belief (ex_belief;) in the

expectation, and limits (ex_threshold;) of acceptability of object_ryme as
equivalent to object_r.;, given context and internal_state]

= system’s perception of a region_of_interest at time (50)
=C(U, (obj_perception (object;, time-1, internal_state(time-1),
context(region_of_interest(modal_limits, time;), time))))

= system'’s perception of an entire scenario at (52)
time,

time=C( [ (reg_perception(region_of_interest(modal_limits, t), time,
timeg,

internal_state(time)) dt)

= object_r of the ith object (object;) e region_of_interest(modal_limits,
time); [|object_rtime, | =Attriime, (active_object_attribute, current_value)
tuples; |region_of_interest (modal_limits, time)|=Niime|

= section of object_m, corresponding to object_rijm,, active in the
working memory at time; object_mjpn,, < object_m

= total deployable system-attention at time

= attention deployed for processing object_rme,

= attention deployed for active_object_attributeyine,

= attention allocated for modality_actﬁmgkﬂ

= attention granted to component; of modality_acttimekﬂ

=> Data structures in the machine-mind working memory. At the
inter-object level: active_attention, passive_attention depict dynamic
lists of objects, processed within consciousness awareness by the
system or otherwise, respectively, where, for both lists, at any given
time, Agime(i) = Avime(J), ¥ i< J.

At the intra-object level: act_obj_attention(object),
pas_obj_attention(object) depict dynamic lists of active_object_attributes
processed for an object within conscious awareness by the system or
otherwise, respectively, where, for both lists, at any given time, Atime; =
Arimek,v Vi<k

= innate factor deciding limits of conscious perception at time

= intrinsic property determining system-sensitivity to a particular
modal signal (modality_act) exuding from an object at time

= maximum number of elements that the system can consciously
handle (parallely and co-operatively) at time

No
=3 Ag(i) (54)
iz
= (F (em_valuey, ) . ob_valuey, ) (55)
Aiji
= (F (imp_amody,,) . 3" Ao,,) (56)
i=i
pi
= (F (cu_weighty,) . 3" Ao,,) (57)
Attro; k=
=3 Ay, (58)
j=

= (region_of_interest(modal_limits, t,) N
region_of_interest(modal_limits, t,;)); |common|=com,, where 1<
comy < Ny

= set of objects e common mapped to some object_m using 19;
|known| = knwj,

= set of objects e common mapped to some object_m using 25;
|comparable| =comp,

= set of objects € common unmapped to an object_m till t,.;, the
system is yet curious and has decided to continue exploration at t,;
|unknown| =uknw,

= (region_of_interest(modal_limits, t,) -
region_of_interest(modal_limits, t,_;)); |new|=new,

= COMp +newy; comy, =knwy, +comp, +uknwy,

= (region_of_interest(modal_limits, t, ;) -
region_of_interest(modal_limits, t,)); |left| =ex,

= set of objects in region_of_interest at t, ; that the system has marked
as irrelevant or unimportant or unidentifiable or a ‘disturbance’ and
has consciously chosen not to process at t,; |distractions|=dist,

No
=2 AD) (59)
i
= (F(em_valuey,,) . ob_value,,,) (60)
Ayji
= (Fimp_amody,) . " An,,) (61)

=1

(continued on next page)
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Table 1 (continued)

Term Definition Eq. no.
) pii
An,, = (F(cu_weightn;) . 3 An,;) (62)
k=
Attr,,] !
An(i) = ) Ay (63)
j=t
An,.., = total attention deployed for new at t, [i => object_ry, € (64)
newy
new|= 3 An(i)
i=1
For objects ¢ common Djinp, (i) = degree of importance, interest and understanding of object_ry, in (65)

context(scenario, t;)
=F(obj_perception(object, t(,.1), internal_state(t(,.r)),
context(region_of_interest, t,.1))), attn_threshold(t,), knowledge(object),
knowledge(context), sc_perception(scenario(modal_limits, timey,, time),
1)l -o)

Dinp,y;, (V) = degree of importance of active_object_attributen, in describing (66)
object_ry, in context(scenario, t;)
=F(knowledge(object), knowledge(context),
sc_perception(scenario(modal_limits, timey,, timer), tn-1)), cu_weighty,,
novelty of active_ob ject,attributenﬂ, variance of current,value,l], from
anticipation, attn_mod_threshold (modality,actnkﬂ, th) Y modality,actnkﬂ
€ active_object_attributey, ...)

. . i
Any; = (C(imp_amody,;,, imp_modn,;,) . El Anyy) (67)
D -
Ay = (Dimpy, () - EA””’) (68)
At[r,:
An(i) = (Dimp, (1) . 3= An;) (69)
j=1
Anommon = total attention deployed for common at t, [i => object_ry, € (70)
comp
common]= 3" An(i)
i=1
A1), = total attention deployed for left at ty, ;) [i=> object_r(,_y), € (71)
exy )
left] = Z A(n—l)(l)
i1
A1)y = total attention deployed for distractions at t.;) [i => object_r_q), € (72)

dist,
distractions]= Y Ap_1) (i)
i=1

iz
An = Anew + Anounon [An s inclusive of (Ag_1),, + Am-1),,)] (73), (74)

3.2. Formalization: model parameters

Notes:

i. The comma (,) in the formulations and open-endedness of some of the definitions, indicate our flexibility with the
precision of how the factors integrate and leave scope for inclusion for other parameters in the future, respectively.

ii. F C and I symbolize function_of, consolidation_of and interpretation_of operations, respectively.

iii. The ‘integration’ operator used across definitions is a symbolic representation of semantic information consolidation.

iv. The ‘consolidation’ operator implies complex interactions between “meanings” of memories activated, cur-
rent_experiences, ‘on the fly’ realizations, reinforcements, identification of reasons for links between experiences, etc.
This operator is particularly crucial in defining sub-contexts within the macrocosmic context of a scenario (as is evi-
dent in (9)).

v. The ‘update’ operator involves: reinforcement of relived experiences, appending new knowledge - experiences, real-
izations, clarifications etc., identification of errors, incorporating corrections with reasons, and consolidation of mean-
ings and senses.

[Refer Table 1 for a glossary of the parameters formulated in this Section.]

3.2.1. Micro-parameters of thoughts and behaviour
“The world makes much less sense that you think. The coherence comes mostly from the way your mind works.” - [22]

internal_state(time) = F(internal_state(time — 1), context(region_of_interest, time — 1))
= F(health, curiosity, interests, choices, requirements, environmental cues,
memories, commonsense, ...) attime (3)

Where,
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(a) internal_state(time) represents the system'’s ‘experiencing self [22]" at time. It summarizes the minimum information
that the system requires in order to continue functioning in the real-world.

(b) internal_state(time) influences [24] the belief and affect values for an event (E), which in turn modulates perception
of E.

(c) At time=ty, when the system state is yet to identify and be influenced by the context,
i. internal_state(ty)=F(health, interests, urges, drives,... elements that define the innate system self at t;) (Refer

[10,38] for properties of the self).

ii. context(region_of_interest, ty)=®. [This is explained in (6).]

region_of_interest(modal_limits, time;) = set of (objects € modal_limits) at time; (4)
Where,

(a) region_of_interest represents a 3-dimensional snapshot or frame of a dynamic, multisensory, interactive physical or
mental space bounded by modal_limits at time.

(b) The system e region_of_interest(modal_limits, time;).

(c) The system receives multimodal inputs from external objects as well as from within (imagination or mental represen-
tations of objects). Thus,

modal_limits = total area covered by available primary modalities of system
= |, fieldof ithmodality (5)

In which, n= number of available primary modalities, and modal_limits metaphorically equates to the concept of the
Ego-sphere [36].

(d) A region_of_interest is a function of its constituent objects and their interactions. The system thus works towards
comprehension of the region_of_interest and its derivatives through incremental accumulation of senses of its
constituents. Ideally, (comprehensionegion of interest(modal_limits. time;) < COMPrehension egion_of interest(modal_limits. timetﬂ))’

[this point is further expressed in (50)] leading to,

object, = semantic network of properties ofan (object € region_of_interest(modal_limits, time;))
semantic network of (active_object_attribute, current_value) tuples defining an
(object e region_of_interest(modal_limits, time;)) (6)

In which,

i. object_r equates to an instantaneous description of an object in region_of_interest(modal_limits, time;).
ii. active_object_attribute is an object feature instantiated in region_of_interest(modal_limits, time;). It could represent an
innate property or arise out of solitary or interactions with other objects in region_of_interest(modal_limits, time;).
iii. current_value=consolidated multisensory signals defining active_object_attribute in region_of_interest(modal_limits,
timey), or,

current_value of active_object_attribute = F (location, source, activity) of multimodal stimuli constituting
active_object_attribute of (object < region_of_interest(modal_limits, time;))

(7)

[This point is elaborated in (36).]

iv. Sensory receptors of the system bind available stimuli exuding from a single or multiple objects. Each singular object
defines a unit of a region_of_interest and the object_r is its real-time expression. An object could imply a real or an
imaginary element, an atomic event, a single word or an expression.

A scenario is composed of a sequence of region_of_interest modules, i.e.,

ime_start

time_end
scenario(modal_limits, time_start, time_end) = C < / region_of_interest(modal_limits, t) dt) (8)
t

where,

(a) A real-world scenario is composed of a sequence of frames of a dynamic, interactive environment. It captures a frac-
tion of the behaviour and interactions between its constituent objects.

(b) time_start < time_end.

(c) |region_of_interest(modal_limits, t) N region_of_interest(modal_limits, t+ At)| >1

(d) Intuitively, scenario(modal_limits, t, t)=region_of_interest(modal_limits, t)

(e) Hypothetically, [time_start, (time_start+dt)] represents a fixation_point

b
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An object in a scenario demonstrates context-sensitive behaviour. Thus, from (4) and (6),

context(region_of_interest(modal_limits, time;), time)
= semantics of region_of_interest(modal_limits, time;) attime
_c : , . . R . 9)
= C(properties ofall (objects e region_of_interest (modal_limits, time;)) attime)
= C(ULL, object_r;) at time
Where,

(a) context(region_of_interest(modal_limits, time;), time) summarizes semantics of region_of_interest(modal_limits, time;)
at time.
b) |region_of_interest (modal_limits, time;)|=N objects, N> 1.
c) object_r;j=object_r of the ith object in the region_of_interest.
d) context influences the internal_state of the system, as is shown in (3). The context flavours comprehension and
arouses emotions [10] in the system; internal_state is a culmination of the corresponding feelings [10] or qualia [3].
(e) The time parameter provides for differences in view-points or perspectives of a region_of_interest:
i. time; < time ~ the system is deliberating on the past
ii. time;=time ~ the system is processing the present
iii. time; > time ~ the system is envisioning the future
(f) (9) conceptually extends to,

(
(
(

context(scenario(modal_limits, timey,, timey,), time)
= I(scenario(modal_limits, time,, time;,)) attime
= C(features of objects in scenario(modal_limits, timey,, time,)) attime (10)

=C < fém‘?" context (region_of_interest (modal_limits, t), time) dt)

Where, time;, and time echo the relations stated in the preceding point, following which (3) translates into,
internal_state(time) = F (internal_state(time — 1), context(scenario, time — 1)) (11)
Expanding (6) to plot properties of an object in a scenario, we arrive at,

object_rs. = an (object e scenario(modal_limits, time;,, timey,))
= trajectory of object through scenario(modal_limits, timey,, timey,)

timey, (12)
= / (object_r € region_of_interest(modal_limits, t)) dt
timeg,
and, extending (3) to chart modulations in the system state through scenario, gives,
system_states. = system state over scenario(modal_limits, timey,, time,)
timey,
/ (internal_state (t) e region_of_interest(modal_limits, t)) dt (13)
timern

(12) and (13) help map modulations in the internal_state for changes in object_r across scenario. A self-reflecting system
would utilize these analyses to contemplate over counterfactuals, alternative actions, improvement strategies, etc.
In lieu of “Lewin’s Grand Truism” [24], the behaviour of an object in a scenario can be simplistically defined as,

behaviour(object, time, context(scenario(modal_limits, timey,, timey,), time — 1), internal_state(time — 1))
= F(I(context(scenario(modal_limits, time,, timey,), time — 1) A internal_state(time — 1)))

Where,

(a) behaviour demonstrated by object at time, given scenario and internal_state, could be solitary or social, or intuitive or
deliberated (‘fast thinking or slow thinking’ [22], respectively).
(b) Self-reflective behaviour would take into consideration results of (12) and (13), i.e.,

(14)

behaviour(object, time, context(scenario(modal_limits, time;,, time;,), time — 1), internal_state(time — 1))
= F(object_rs, system_statesc, I(context(scenario(modal_limits, timey,, time,), time—1) A internal_state(time—1)))
(15)
(c) Intuitively, while (14) symbolizes near instantaneous behaviour at time, (15) would lead to self-conscious reflec-
tions over alternative view-points, counterfactuals, self-enrichment mechanisms, etc., towards improved handling of
scenario(modal_limits, time,, timer,) and similar.
(d) Equating (6), (12), (14) and (15): context summarizes the external environment, internal_state defines the system’s
choices, will, affects, etc.; and these collaborate to form reasons for system behaviour. Therefore,

object_r < region_of_interest(modal_limits, time)
= F(behaviour (object, time, context (scenario(modal_limits, time,, time,), time—1), internal_state(time—1))

(16)



R. Banerjee, S.K. Pal/Information Sciences 405 (2017) 227-258 237

In which,

(i) If,
- time;, = (time — 1), then object_r will be instantiated at time
- time;, > (time — 1), then object_r is being anticipated
« timey, < (time — 1), then object_r is being recalled
(ii) object_r simultaneously influences region_of_interest(modal_limits, time), context(region_of_interest(modal_limits, time)
and internal_state(time).

The interpretation (I) and consolidation (C) operations in (8)-(10), (14) and (15), depend on the information generated
through the following definitions:

“The masters of information have forgotten about poetry, where words may have a meaning quite different from what the
lexicon says, where the metaphoric spark is always one jump ahead of the decoding function, where another, unforeseen reading
is always possible” - ].M. Coetzee

Drawing from the above quote,

knowledge (object) = semantic networkofall (real_experiences, anticipations, ideas, counter factuals,
commonsense, metaphors, domain_knowledge, ...) onobject in system memory

= connected graph of (sets of (object_attribute, values, weight, reasons, belief, af fects))constituting 17)
(real_experiences, anticipations, ideas, counter factuals, commonsense, metaphors, domain_knowledge, . ..)

on object, irrespective of context, in system memory

Where,

(a) knowledge(object) encapsulates all the different senses or ‘meanings’ - through multimodal representations of
real_experiences, imagination, metaphors, etc. - of object.

(b) A semantic network or connected graph of associative knowledge is reminiscent of the Memex. Intuitively, knowl-
edge(object) can be partitioned into different senses of object, where each sense is adaptively weighted in terms of
rate of common-activation across contexts and subsequent reinforcement.

(c) knowledge(object) is dynamic as it is continually updated with new experiences and realizations.

(d) object covers the entire spectrum of physical artefacts and abstract events.

(e) real_experiences =set of actual episodes and associated qualia concerning object.

(f) domain_knowledge =set of factual knowledge on object, and events and elements that often occur in association with
and influence interpretation of object.

(g) commonsense=procedural real-world knowledge leading to implicit behaviour.

(h) object_attributes depict properties that the system has learned to associate with object.

(i) values=set of rates (normal and outliers), arising out of experiences and commonsense; these apply to object_attribute
across object senses; represent objective and subjective descriptors of object_attribute and could be precise numbers,
numeric ranges, words or phrases. (See (22) and (31).)

(j) weight = the degree of importance of object_attribute for a specific sense of object,

weight = F (objective and subjective relevance of object_attribute for a particular sense of object across
related real_experiences, commonsense, domain_knowledge, ...) (18)

In which, the objective relevance depends on the rate of reinforcement across time, and the subjective relevance is
determined by strength and type of qualia aroused.

(k) reasons=Ilogic supporting (object_attribute, values) and (object, object_attribute, weight) compatibility; is derived from
contemplating over subnetworks of memories of real_experiences, commonsense, domain_knowledge, etc. underpinning
concepts on object and object_attribute.

(1) belief=confidence in truth of (object_attribute, values, reasons). [Refer [4] for a study on the objective (e.g. reinforce-
ment) and subjective factors (e.g. attachment-figures [28,29]) of belief.]

(m) affects=ensuing emotions and feelings.

(n) (Memory of object bounded by context(scenario(modal_limits, timey, timey,), time)) € knowledge(object)), and,

object_m = memory of (object e context (scenario(modal_limits, timey,, time,), time))

= semantic network of all (real_experiences, anticipations, ideas, counter factuals, commonsense, metaphors,
domain_knowledge, ...) on (object € (context(scenario(modal_limits, time,, timey,), time) + c_threshold))in
system memory

= connected graph of (setsof(object_attribute, normal_range, outlier_instances, c_weight, reasons, belief,

af fects, ...) constituting (real_experiences, anticipations, ideas, counter factuals, commonsense, metaphors,
domain_knowledge, ...) on (object € (context(scenario(modal_limits, time;,, time;,), time) + c_threshold))
in system memory

(19)

In which,
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—-

. Recollecting from (9) and (10), context equates to the ‘interpretation’ of a scenario; object_m therefore is a granule of
knowledge(object) dealing specifically with object in contexts literally and metaphorically synonymous to the input.

. C_threshold =constraint on the perimeter of object_m = the minimum degree of required similarity between the input
scenario and other elements in knowledge(object) to be considered as related. Intuitively,

c_threshold = F (real_experiences, commonsense, domain_knowledge on
(object € context(scenario(modal_limits, timey,, time;,), time))) (20)

iii. object_attribute is an object feature relevant to the input context.
iv. normal_range =heavily reinforced range of values for object_attribute in context, i.e.,

normal_range = F (real_experiences, commonsense, domain_knowledge for
(object e (context(scenario(modal_limits, time,, time,), time)+ c_threshold))) (21)

v. outlier_instances=values representing unusual experiences or metaphors. These instances carry higher subjective
weight [22] compared to those associated with normal_range, due to the associated ‘surprise’.
{normal_range, outlier_instances} for object_m < values in knowledge(object), or,

Vi.
c_values = {normal_range, outlier_instances} (22)

vii.

c_weight=the degree of importance of object_attribute in the definition of object in context, i.e.,

c_weight = F (objective and subjective relevance of object_attribute, in definition of object, across
real_experiences, commonsense, domain_knowledge on (23)
(object e (context(scenario(modal_limits, time,, time;,), time) + c_threshold)))

c_weight includes the impact of qualia associated with c_values.

viii. reasons=support for (object_attribute, c_values) and (object, object_attribute, context, c_weight) compatibility derived
from analysis of sequences of relevant memories of real_experiences, commonsense and domain_knowledge on ob-
ject_attribute, object and input context.

ix. belief=confidence in truth of (object_attribute, c_values, c_threshold, c_weight, reasons).
X. affects=ensuing emotions and feelings.

[Refer to Fig. 1 for a pictorial depiction of the relation between object_m and object_r]
Extending (17) and (19) to represent the system’s knowledge on a context, we arrive at,

knowledge (context (scenario(modal_limits, timey,, time;,), time)

= (semantic network of all (real_experiences, anticipations, ideas, counter factuals, commonsense,

domain_knowledge, metaphors, ...) on all envisioned or experienced (objects comprising

(context(scenario(modal_limits, timey,, time,), time) =+ c_threshold))in system memory

= C(object_m of all objects experienced or envisioned in(context(scenario(modal_limits, time;, time,), time)
+ c_threshold))in system memory (24)

Typically, knowledge(context) is dynamic - evolving with the system’s exposure to the context and consequent compre-
hension. It can be partitioned into semantic sub-networks of episodes, weighted by reinforcement and strength of associated
qualia [22]; object_ms constituting each such episode are weighted by their roles therein. Knowledge-stability necessitates
percolation of modifications through related object_ms and corresponding knowledge(object)s, and vice-versa.

3.2.1.1. Relations between micro-parameters.

From (6) and (19): an object_r is an instantiated object_m within a region_of_interest(modal_limits, time;), such that,
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a) (object_r N object_m)={object_attribute;, object_attribute,, .., object_attributes}
= set of ‘active’ object_attributes in region_of_interest(modal_limits, time;)
b) If |object_m|=N attributes, then
{1 < | object_m N object_r| < N= minimum requirement for (object_r = object_m), implying, object_r= object.
If essential=set of features or object_attributes particular to an object in a context, then
{essential < object_m,
|essential| =rel_threshold =no. of crucial active_object_attributes in region_of_interest(modal_limits, time,) for object_r, i.e., essential < object_r,
1 < rel_threshold < | object_m N object_r| < N}}
c) (object_m \ object_r)={object_attribute;, object_attribute,, .., object_attribute,;}=set of ‘inactive’ object_attributes
d) object_r is mapped to object_m iff (essential ¢ (object_m \ object_r))
e) (object_r \ object_m)={(active_object_attribute; current_value;), (active_object_attribute,, current_value,), ...,
(active_object_attribute,, current_value,)}= set of novel active_object_attributes, given object_m, in region_of_interest(modal_limits, time),
i.e., |object_r \ object_m| >0
f) Assuming the system possesses a concept of context(region_of_interest, time):
i. Let, essential; and object_m; denote the essential set and object_m of the ith object € knowledge(context) for context(region_of_interest, time),
respectively
If (Jessential; € (object_m; N object_r)), then
{object_r ~ object_m ~ object,
If (Jobject_r \ object_m;| > 0), then
{object_r includes at least one novel (active_object_attribute, current_value) tuple, given object_m;, implying object_r is possibly a ‘novel’
representation of object_m;,
updated object_m; (and subsequently updated knowledge(object) and updated knowledge(context))=C(object_m; U (object_r and associated
experiences)),
|updated object_m;|=|object_m;| + |object_r \ object_m;|}}
ii. If (Jobject_r \ object_m|=|object_r|) ¥ object_m e knowledge(context), then
{object_r is possibly ‘novel’ to the context,
If (object_r # (object € long-term memory)), then
{object_r is possibly ‘completely novel’ to the system,
system creates a slot in long-term memory for a new object, such that,
{objectq.w =a name that system semantically identifies object_r with (~ fast mapping by infants [26]),
system incrementally prepares:
a) object_mpew =o0bject_m for objectnew =C(0bject_r, object_m) [where, object_m comes from (25)],
b) knowledge(objectnew ) = object_mpew,
c) updated knowledge(context)=C(knowledge(context) U knowledge(objectnew))}}
Else
{Jobjecty: object_r= objecty based on essentialyyec x in some context, # context(region_of_interest, time),
object_my =system instantiated object_m for objecty € context(region_of_interest, time)=object_r,
updated knowledge(objecty)=C(objecty, object_my),
updated knowledge(context)=C(knowledge(context) U object_my)}}
g) Continual exposure to objectyey and reinforcement of its attributes, would lead to identification of essentialyjet,, -
h) If (Jobject_r ~ objectyew), Where object_r contains information on the actual semantic name (sem_name), then
{updated knowledge(objectyew)=C (updated knowledge(objectqew) U sem_name) [i.e., system learns sem_name]} (This is applicable for novel
active_object_attributes as well).
i) If an object_r maps to a multitude of objects (analogous to being reminded of a number of objects), then
the consequent activated object_m is equivalent to:

object,, = U?_] (subset of essential; of some objectn;of object; € long term memory) (25)
Where,

i. object_m represents consolidated memories of n objects bearing various degrees of similarity with object_r

ii. (degree of similarity of object_r with object;) « (|essential; N object_r{)

iii. Intuitively, while novel object_rs will mostly be interpreted as per (25), object_ms of known objects will ideally be a
combination of (19) and (25) where properties due to (19) dominate. This point reinstates the associativity of knowl-
edge across domains.

iv. If an object_r is interpreted entirely in terms of (25), then system creates a slot for an objectney in the long-term
memory.

v. Novelty of object_r, intuitively induces curiosity and interest which influences the system’s behaviour (exploratory or
otherwise) towards it; where,

degree of curiosity = F(strength of emotions aroused by object_r stimuli) (26)

(26) is an elementary representation of observations on the arousal of emotions and their translation into feelings in [10].
(27) through (40) elaborate on the concept of object_r stimuli mentioned in (26). Fig. 1 illustrates the relation between
object_r and object_m.

From [8], and definitions (6), (7), (17) and (19), we arrive at the following micro-interpretations (from the observer’s per-
spective) of components in a region_of_interest(modal_limits, time;): [Refer Fig. 2 for a summary of the hierarchical relation
amongst these elements.]

a) object_attributes can be differentiated into primary and composite ones, where the primary attributes derive from
properties of modal signals exuding from object, and the composite ones are functions of primary and composite ones.
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essential set

|:| active object_attributes across multiple object_rs

. inactive object_attributes

object_m, object_attributes not applicable to context

novel active_object_attributes in object_r,; [object_r,maps completely to object_m,]
2 | updated object_m, = consolidated (object m, Uobject r,)

novel active_object_attributes in object _r; [object_r, maps to object_m,and object_m,)
context object_r, = consolidated (object_ m U object_r,), where object_m is evaluated using (25)

& universal set of object_attributes

Fig. 1. Relation between object_m and object_r.

region_of_interest( modal_limits, time,)

object_r, | object_r, | object_r; | object_r, | ... object_ry
|

| active_object_attribute,, | active_object_attribute,, active_object_attribute,,
I

modality_act,;; | modality_act,;, modality_act,,
I

comp tia11 comp o111 component;;
: : :

(ob_value,,,,, (ob_value,,,,, (ob_value,,,,,

em_value,;;,) em_value,,;;) em_value,;;)

Fig. 2. Hierarchy of building blocks comprising a region of interest (modal_limits, time;).

Thus, within the framework of a context,

primary object_attribute = F((imp_mod, . modality,), (imp_mod, . modality,), ..., (imp_mod, . modality,))

(27)
In which,

i. |object_attribute| =n = No. of modal signals composing object_attribute of object.
ii. modality; =ith modal signal, where,

|modality;| = m; = No. of atomic signal components (e.g., amplitude, frequency in an audio stimulus) constituting
modality;, i.e.

modality; = F(m; atomic constituents) (28)
and,
sign_component; = signature of component; of modality; of object_attribute of object
= (normal_rangej,-, m_outlier_instances;;, m_threshold;, m_em ﬁ) (29)
In which,

« normal_range;; =heavily reinforced value range for component;,
« m_outlier_instances;; = exceptional experiences concerning component;,

« m_thresholdj;=value limits defining acceptability of an instantiated component; of modality; as leading to ob-
ject_attribute of object.
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. normal_rangej,-, m_outlier_instancesﬁ, m_thresholdﬁ depict objective elements of component;
+ m_em;; =instinctive emotions [10,29] or qualia [3] due to component;, such that,

m;
imp_mod; =F Zm_emﬁ (30)
j=1

imp_mod; summarizes the qualitative importance of modality;, in object_attribute. The sum of all constituent imp_mod;,
contributes to the subjective weight (shown in (23) and (37)) of object_attribute in the description of object. (30)
arises from studies [22,38] on the role of modal affects in recognition and recollection. Typically, essential comprises
object_attributes with high objective weight or subjective weight, or both.

iii. The association of modal signals and their constituents to object_attributes and object, derive from the system'’s continued
exposure to these elements, giving rise to real_experiences, anticipations, commonsense, associated domain_knowledge, etc.
iv. Equating (19), (22), (27), (28), (29) and (30),

c_values for (object_attribute € object_m) 31
=C(U (U}";l sign_component;))into {normal_range, outlier_instances} (31)
(b) A system, observing or participating in a dynamic region_of_interest, is subjected to multisensory stimuli from objects.
Thus, drawing from definitions above, Fig. 1 and Section 3.2.1.1,

primary active_object_attribute

= F((imp_amod; . modality_acty), (imp_amod, . modality_acty), ..., (imp_amod, . modality_acty)) (32)

In which,

i. |active_object_attribute|=p= No. of modal signals constituting active_object_attribute of object_r in re-
gion_of_interest(modal_limits, time;).

ii. |modality_act;]= q; = No. of atomic signal components of the i modal signal (modality_act;) constituting ac-
tive_object_attribute i.e.,

modality_act; = F (q,- atomic constituents constituting the it" modal signal of an

(active_object_attribute € region_of_interest (modal_limits, time;))) (33)

and,
current_value_comp;; = value of component; of modality_act; in region_of_interest (modal_limits, time;)
= (ob_ualueﬁ, em_valueﬁ) = (perceived objective strength, innate emotional impact) of component; of
(modality_act; € region_of_interest (modal_limits, time;))
(34)
such that,
qi
imp_amod; = F| em_valuej (35)
j=1

imp_amod; describes the hardwired somatic marker [10] for modality_act;. It influences internal_state and accordingly
attention [shown in (56), (61), (67)] and subjective weight of active_object_attribute [depicted in (37), (44), (57), (62)]
iii. Equating (7), (32), (33), (34) and (35),

current_value of active_object_attribute = C (Up (Uq

.  current_value_comp ﬁ>> (36)

current_value could be expressed as a precise number, an adjective, or an adverbial phrase.
iv. current_value_comp;; embeds [20] spatio-temporal cues of stimulus-components.
v. For context (region_of_interest, time),

If ((essential € (object_m N object_r)) ~ (object_m e knowledge(context)))
{If (active_object_attribute € object_m), then
{active_object_attribute=real time expression of object_attribute,
(modality_act; in active_object_attribute)=real time manifestation of (modality; in object_attribute) in re-
gion_of_interest(modal_limits, time;),
|modality_act;| = g;=|modality;| = m; atomic components,
|active_object_attribute| =p = |object_attribute| =n modal signal constituents,
If (current_value € c_values), then
(active_object_attribute, current_value) is reinforced in object_m
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Else
{For all components of all modal signals constituting active_object_attribute
{If (for a component; of modality_act; in active_object_attribute, (ob_value;; ¢ {usual_range; + m_threshold;;,
m_outliers;}), then
{em_value;; = ‘surprise’ proportional to the degree of variance of ob_value; from sign_component; and
influences imp_amod;,
current_value_comp;; => novel experience, thus
(a) updated m_outliers;=(m_outliers; U ob_value;) [novel experiences are initially registered as
m_outliers;; and are promoted to usual_range;; on sufficient reinforcement]
(b) m_threshold;; is updated to accommodate changes in usual_range;;,
(c) updated m_em;; =C(m_emy;, em_valuej;),
(d) updated sign_component;; =(sign_component;; U updated m_outliers;; U updated m_em;;),
(e) update c_values for object_attribute using updated sign_component;; in (31)}
Else,
current_value_comp; of modality_act; reinforces sign_component;; of modality;}}
updated objective component of ¢_weight for object_attribute=F(reinforcement across all constituent sign_component;;)
updated subjective component of c_weight for object_attribute=C (subjective element in c¢_weight, aff_imp); where (from
(23), (30), and (35)),

af f_imp = affectual impact of active_object_attribute, due to novel current_value_compj; and reinforced
sign_component;;, on c_weight of object_attribute = F ( f’: 1 C(imp_amod;, imp_modi))

(37)

}
Else

{active_object_attribute is novel,
updated object_m = C(object_m U (active_object_attribute, current_value))}}

vi. Assuming a parallel and/or distributed processing environment in the machine-mind, knowledge consistency necessi-
tates updates to one instance of object_m to cascade through all its other active instances, and knowledge(object) and
knowledge(context), as well. Ideally, long-term memory is updated at strategic intervals or “commit points”.

vii. A novel object_r, or novel active_object_attribute or unusual (mismatch with an object_m or one anticipated (see (46))
current_value leads to the endogenous arousal of ‘surprise’, the degree of which contributes to the system'’s feelings,
internal_state, tendency toward exploratory behaviour and sustenance of interest on object_r.

Thus, If object_r includes x, (0< x; < |object_r|) novel and/or x, (0< X, < |object_r|) unusual (active_object_attribute,
current_value) tuples, then

Let,

the set of novel attributes=object_rxn; |object_rxn|=xn,

the set of attributes with unusual current_values=object_ryy; |object_ryu|=xy,

0< (xn+xy) < |object_r|,

object_ry=(object_rxn U object_ryxy),

Therefore, extending (26) using (23) and (27)—(37), gives,

[V (active_object_attribute;, current_value;) € (object_rxy Vv object_rxn), 1 <=1 <= Xy v Xn)]

- degree of curiosity aroused by object_ry;, o curiosity due to novel attributes
Xn Di . i
I C<Zi:l (Zj:1 (lmp_amodﬁ ) Zk:1 em_valueyj; ))) (38)
« degree of curiosity aroused by object_rx, o curiosity due to unusual attributes
Xu . Di . . qji
o« C (ijl (c_welghti. (ZH (C (imp_mod;;, imp_amod;) . Zk:] em_valuekji)))) (39)

and,
- degree of curiosity aroused by object_ry

o C(curiosity due to object_ry,, curiosity due to object_ry,) (40)

The weights (c_weight, imp_mod;;, imp_amod;;) in (38), (39) and (40) guide attention towards curiosity arising from the
more poignant stimuli (this has been further explained in Section 3.2.3.)



R. Banerjee, S.K. Pal/Information Sciences 405 (2017) 227-258 243

3.2.2. Perception

“The main function of system_1 (the experiencing self) is to maintain and update a model of your personal world, which
represents what is normal in it. The model is constructed by association that link ideas of circumstances, events, actions and
outcomes that co-occur with some regularity, either at the same time or within a relatively short interval. As these links are
formed and strengthened, the pattern of associated ideas comes to represent the structure of events in your life, and it determines
your interpretation of the present as well as your expectations of the future... System_1 is adept at finding a coherent causal story
that links the fragments at its disposal... Like ripples on a pond, activation spreads through a small part of the vast network of
associated ideas.” - [22]

Assimilating elements defined in the preceding section, we arrive at the following:

obj_perception(object, time, internal_state(time), context(region_of_interest (modal_limits, time;), time))
= F(object_rime, time, anticipation, (active_knowledge(object, time, internal_state(time),
context(region_of_interest(modal_limits, time;), time)))) (41)
Where,

(a) object_rime =0bject_r at time.

(b) obj_perception summarizes system’s interpretation of object behaviour(object_r,.) at time. It contributes to the anal-
ysis of the importance of object in context and consequently system’s choices and requirements at (time+ 1).

(c) perception is an incremental phenomenon, and perception time-frame =time duration of a scenario=|[timey,, time;]

(d) active_knowledge represents granules of knowledge (e.g., context-sensitive knowledge(object)) in the system working
memory at time. Typically,

active_knowledge (object, time, internal_state(time), context(region_of_interest(modal_limits, time;), time))
= semantic network of C(object_myjpe

U latent_memories(object, internal_state (time), context(scenario(modal_limits, time,, time;), time))

U current_experiences (object_rs, System_states., context(scenario (modal_limits, time;, time;), time)))

(42)
In which,

i. object_my,. =section of object_m active or recalled at time, i.e., (object_my,,c < object_m); it arises from the obser-
vation that not all of object_m may be active in the working memory of the system at time, typically equivalent to
‘unpacking [19]’ of object_m and consequently knowledge(object), across time; concentrating on recollections should
awaken finer details [9] therein.

ii. object_m derives from (19) or (25), as is appropriate.

iii. latent_memories=semantic network of peripheral memories activated in response to object_r, the context and inter-
nal_state at time; these could be directly, metaphorically or cosmetically associated with object and the context. Very
simply stated,

latent_memories(object, internal_state(time), context(scenario (modal_limits, time,, time;), time)))
C ((knowledge(object) — object_m) U knowledge(context(scenario(modal_limits, time;, time;), time)) U ...)

(43)

iv. latent_memories and object_my;,, include elements volitionally actuated as well as those (e.g., commonsense) trig-
gered beyond conscious awareness.

v. current_experiences summarize experiences and realizations gleaned from the system’s interactions with object
in context during the perception time-frame; these enhance the system’s repertoire of context-sensitive knowl-
edge(object) and knowledge(context) as well. Thus, drawing from (17), (19) and (24),

current_experiences(object_rs, system_states., (context(scenario(modal_limits, time;,, time;), time))
= semantic network of (real_experiences, anticipations, ideas, counter factuals, commonsense, domain_knowledge,
...)formed on (object € (context (scenario(modal_limits, time,, time;), time))through perception time — frame
= connected graph of (setsof (active_object_attribute, current_value, cu_weight, reasons, belief, af fects, ...)
constituting (real_experiences, anticipations, ideas, counter factuals, commonsense, domain_knowledge .. .)on
(object e (context(scenario(modal_limits, timey,, time;), time)) through perception time - frame

(44)

Where,

- (active_object, current_value) tuples constitute object_rs comprising object_rsc

cu_weight (active_object_attribute) = F(c_weight inobject_my;n,., subjective and objective (current_value)
revelations arising from an object_r)

(45)
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reasons=logical support for (active_object_attribute, current_value) and (object, active_object_attribute, context, cu_weight)

compatibility based, on analysis of object_my;,,. and impact of current_experiences involving other objects € scenario.

belief=F(belief in object_m;,,, confidence in truth of (active_object_attribute, current_value, cu_weight, reasons)).
affects = F(affects in object_my;y,, curiosity and feelings aroused by object_r).

updated object_m=C(object_m U current_experiences)

updated knowledge(context)=C(knowledge(context) U updated object_m)

updated knowledge(object)=C(knowledge(object) U updated object_m)

While knowledge(object), knowledge(context) and object_m are long-term memory constructs, active_knowledge,

object_m;,. and current_experiences are real-time components in the working memory.
« (44) echoes observations on the formation of experiences and the experiencing self in [22,40,42]

(e) object_my,e and latent_memories reflect the ‘remembering self [22], current_experiences depict the ‘experiencing

self’.

(f) The system juxtaposes object_rsc and active_knowledge to predict object behaviour at time; thus,

anticipation(object_r,, active_knowledge (object, time, internal_state(time), context(region_of_interest

(modal_limits, time;), time)) = set of(object_rex, ex_belief, ex_threshold)tuples (46)

In which,

iii.

iv.

set of (object_rex, ex_belief, ex_threshold) tuples={(object_r.y;, ex_belief;, ex_threshold;), (object_rexs, ex_belief,,
ex_threshold,),... (object_rexn, ex_beliefy, ex_thresholdy)}, where ex_belief; > ex_belief;, V i < j

. A (object_r,y;, ex_belief;, ex_threshold;) tuple depicts the ith probable value (object_r,y;) for object_ryime, belief (ex_belief;)

in the expectation, and limits (ex_threshold;) of acceptability of object_r,. as equivalent to object_r,,;, given context
and internal_state.

belief; and ex_threshold; stem from current object behaviour (object_rsc), active_knowledge on the same and the inter-
nal_state of the system.

In the initial stages of perception of object in context, anticipation equates to object_m. It is in the latter stages that
current_experiences mould predictions.

. If object_rime =(0bject_rey; + ex_threshold;), where (object_r.,;, ex_threshold;) € anticipation, then,

{ex_belief; is reinforced as the system’s belief in object_rjne, and

system affects are at par with active_knowledge on object_r,y;}

Else

{object_rime is novel or unanticipated,

belief in object_rjm. = F(source of knowledge (e.g., hands-on experiences carry high belief [4])),

affects aroused draws from (40),

updated object_m (which simultaneously updates knowledge(object) and knowledge(context))=C(object_m U
(object_rime, context, belief, affects,...)),

belief and affects for object_r;,. contribute significantly to the formation of obj_perception, influence internal_state(time
+1) and its many derivatives}

g) In (44) and (46),

i

From (12), object_rsc summarizes trivial and complex object behaviour across the perception time-frame and provides
for the objective constituents of the system’s current_experiences and anticipation of object_r iy, i.e.,
time,
object_rs. = / (object_r¢ in region_of_interest (modal_limits, t) dt) (47)
timelo
In which,
« object_ry=object_r at time =t
« If timey, = time, then, object_rsc=®, since object_r is a new entrant in the region_of_interest, and anticipation
derives entirely from active_knowledge
« object_ryme ¢ object_rsc

. From (13), system_states. at time summarizes modulations in the system’s internal_state across a perception time-

frame; it contributes to the subjective components of perceptions underlying system’s current_experiences on object
in context.
time;

system_states. = / (internal_state(t) in context(region_of_interest(modal_limits, t), time dt)  (48)
timetO
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i) While behaviour(object) describes object’s responses to context, obj_perception construes system’s interpretation of
behaviour(object). Thus, equating (14), (15), and (41) such that the perceiving system refers to itself as the input
object (third-person perspective or self-reflective behaviour), we arrive at,

behaviour (object, time, context(scenario(modal_limits, timey,, time;), time — 1), internal_state(time — 1))
= F(obj_perception(object, time — 1, internal_state(time — 1), (49)
context(region_of_interest(modal_limits, time;), time)))

Using (4) and (41), we arrive at the following expression for the system’s perception (reg_perception) of an entire re-
gion_of_interest at time,

reg_perception(region_of_interest(modal_limits, time;), time, internal_state(time))
= C(UL, (obj_perception(object;, time — 1, internal_state(time — 1), (50)
context(region_of_interest(modal_limits, time;), time))))

where, |region_of_interest(modal_limits, time;)|=n objects.
Thus, from (9) and (50), we arrive at,

context(region_of_interest(modal_limits, time;), time)

= F(reg_perception(region_of_interest(modal_limits, time;), time, internal_state(time))) (1)

From (8) and (50) arises the following formulation for the system’s perception(sc_perception) of an entire scenario at
time,

sc_perception(scenario(modal_limits, time;,, time;), time)

=C(fm§r (reg_perception(region_of_interest(modal_limits, t), time, internal_state(time))dt) (52)
‘o
From (10) and (52)
context(scenario(modal_limits, time,, timey,), time) (53)

= sc_perception(scenario(modal_limits, time;,, time;), time)

reg_perception and sc_perception influence concepts of context(region_of_interest, time+ 1), context(scenario, time+ 1),
internal_state(time+ 1) and their derivatives; thereby affecting how the region_of_interest and current scenario appeal to
the system, it's interest in the proceedings, urge to explore, etc. This observation finds application in Section 3.2.3.

The fact that current_experiences are continually updated through exposure of the system to contextual stimuli and
consequent comprehension, reinforces the observation on perception (obj_perception, reg_perception, sc_perception) being
an incremental phenomenon. The interdependence of obj_perception, reg_perception, sc_perception is evident in the cyclic
formulations of (41), (50), and (52).

3.2.3. Attention dynamics

“The investment of attention improves performance in numerous activities... and is essential to some tasks, including com-
parison, choice, and ordered reasoning.” - [22]

"Early sensory processing within a single sense is modulated by information in, and attention, towards other senses" -
Charles Spence

Building on Inference_2 and Inference_3 in Section 3.1, attention emerges as one of the fundamental factors that select
the ‘n’ objects the system is interested in and consciously observes in a region_of_interest. Understandably, these objects
are processed in parallel and co-operatively towards incremental perception of a region_of_interest and its derivatives. The
following formulations deal with the role of attention in the instantiation of (32) through (36); plunging deeper into the
finer constituents of mentalese [37]:

Let,

- ob ject_rt,-meizobject_r of the ith object (object;) in region_of_interest(modal_limits, time),

* |object_Ttjme, | =Attryime, (active_object_attribute, current_value) tuples

« |region_of_interest(modal_limits, time)| =N, objects

* object_my;ye, =object_m of object_Tijme,

* Ajme =total deployable system-attention at time,

+ A;ime(i) = attention deployed for processing ob Ject_Ttime;

. At,-meﬁ:attention deployed for active_ob ject_attributetimeﬁ,

. At,-mekﬁ =attention allocated for modality_acrtimekﬁ,

. At,-melkﬁ:attention bestowed on component; of modality_acttimekﬁ,

- At the inter-object level, active_attention and passive_attention depict dynamic lists of objects processed within con-
scious awareness by the system or otherwise, respectively, where, for both lists, at any given time, A;ine(i) > Agime()s
Vi < j. (Fig. 3 is a metaphorical depiction of these lists)
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active_attention

lazy dogs.

brown fox

passive_attention

Fig. 3. Attention spotlight: depiction of grades of attention. [Gray-level intensity « attention strength.].

- At the intra-object level, act_obj_attention(object) and pas_obj_attention(object) depict dynamic lists of ac-
tive_object_attributes processed for an object within conscious awareness by the system or otherwise, respectively,
where, for both lists, at any given time, At,-meﬁ > Atime,» YV J < k.

active_attention, act_obj_attention, passive_attention and pas_obj_attention are working memory constructs.

Intuitively, the objects and active_object_attributes in the aforementioned lists act as pointers to associated semantic net-
works of active_knowledge and current_experiences; perception being a dynamic phenomenon, elements move between
lists depending on the status of attention deployed. E.g.: ‘Bursts of inspiration’, ‘epiphany’ or ‘Aha! Moments’ arising
from processing objects in passive_attention would induce high-impact affects in the system, eventually upgrading the
responsible objects to the active_attention list.

attn_threshold(time) is the innate factor deciding the limits of conscious perception (wherein internal_state registers
qualia for object_rime; due to Agme(i) [3]) at time, such that,

If, (Atime(i) > attn_threshold(time)), then, (object; € active_attention) and system consciously processes object_ryipe,
Else, (object; € passive_attention) and object_ryn,, is processed beyond conscious awareness

attn_mod_threshold(modality_act, time) is the intrinsic property determining the system’s sensitivity to the presence of
a particular modal signal (modality_act) exuding from an object at time,

where, from (3), internal_state(time) draws from the system'’s health, inclusive of the status of its sensory receptors, and
its willingness and need to receive modality_act, given the context,
If (El(modality_actt,-mekﬁe active_object_attributetimeji): (Atimekj,- > attn_mod_threshold (modality_act[,-mekﬁ, time)))
Then {(active_ob ject_attributetimeﬁ € act_obj_attention(object)),
system consciously processes active_ob ject_attribute[imeji}
Else {(active_ob ject_attributet,-meﬁ € pas_obj_attention(object)),
active_ob ject_attributeﬁmeﬁis processed beyond conscious awareness}
For object_ryjpe, to be mapped to its object_m, at any given time, (essential of object_m e act_obj_attention(object))

system_threshold(time) = maximum number of elements that the system can consciously handle (parallely and co-
operatively) at time=F(internal_state(time), importance and complexity of objects being processed at time). Therefore,
a mechanism to prevent the system’s attention from ‘wandering’ over to the less important would be,

If (Jactive_attention| > system_threshold (time)), then
prune elements from tail end of active_attention until (Jactive_attention| < system_threshold(time)) and insert into pas-
sive_attention

For a dynamic region_of_interest, possibly (Nyime # Ntime—1) (AttTtime, # ALETtime—1),) and (Agime(i) # Aqtime-1)(1))

Therefore,
Stage 0: At time=t,

From (3), internal_state(ty)=F(health, interests, urges, drives,... elements that define the innate system self at ty),
since, context(region_of_interest, ty)=®; system’s reactions are instinctive (~ ‘fast thinking’) [22,28] to stimuli.
If,

total attention the system can deploy at ty=A,=F(internal_state (tp)),
|[region_of_interest(modal_limits, ty)|=Ny
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Then,

a) For inter-object attention deployment (attention per object e region_of_interest(modal_limits, ty)):
Attention deployed to object_ro, =A(i), such that,

No
> Aoli) = A (54)
i=0
[(54) draws from [41] but introduces the role of the system self into the interpretation.]
b) For intra-object attention deployment (attention per modal constituent of an object € re-
gion_of_interest(modal_limits, ty); this builds on the objective and subjective impact of the components under
consideration):

Attention attracted by component; of modality_acto,; = Ao, « ob_value,,

or, Ao,; = (F(em_valuey,).ob_valueg, ) (55)
Attention deployed for modality_acto,, = Ao, o 3, Ao, (56)
or, Ao, = (F(imp_amody,,). >}, Ao,,)
Attention allotted for active_object_attributeg, = Ag, o 3"}", Ao, (57)
or, Ay, = (F(cu_weighto,). Y0 | Ao,,)
Attroi
Attention employed for object_ro, = Z Ao, = Ao (i) (58)
j=1

Multisensory information collected by the system over a fixation point [ty, (to+ Ag)] is instinctively consolidated, by
the system, into data packets which probe the system memory. These evoke primary emotions, mapping between an ob-
ject_r and its object_m, preliminary interpretation of context, and recollections of associated experiences, commonsense and
domain knowledge. These influence comprehension of region_of_interest and system behaviour. Data collected over time
adds to these initial constructs towards enhanced understanding of scenario and improved system responses. Figs. 7 and 8
provide rough illustrations of these steps (the data structures shown therein are rough depictions of ‘multimodal feature
binding [8]’).

Stage n: At time=t,

While attention deployment and system behaviour at stage 0= F(multisensory stimuli and consequent innate emotions),
that at stage n= F(multisensory stimuli, semantics, and learned, deliberative, reflective and self-conscious contemplation)
[28,29];

From (11), internal_state(t,)=F(internal_state(t,.; ), context(scenario, t,.1));

From (10), context (scenario, t;)=C(context(scenario, t,_;), region_of_interest(modal_limits, t;));

If, total attention the system can deploy at t,=A;=F(internal_state(t,)), and |region_of_interest(modal_limits, t;)|=Ny
where,

» (From (8)) common=(region_of_interest(modal_limits, t,) N region_of_interest(modal_limits, t,_;))=(set of common ob-
jects that help connect a series of dynamic region_of_interests); |common|=com;,, where 1< com; < Ny

» known=(set of (objects € common) mapped to object_m using (19)); |known|=knwy

comparable=set of (objects € common) mapped to object_m using (25)); |comparable|=compy

unknown = (set of (objects € common) unmapped to object_m till t,_;, and system is curious and has decided to continue

exploration at t,); |[unknown|=uknwy

[From Section 3.2.1.1, the system creates knowledge(object) for comparable and unknown and updates knowledge(context)
as well; the degree of system’s interest directs its pursuit of such objects over time.]

comp =knwy, + compy, +uknwy,
new =(region_of_interest(modal_limits, t,) - region_of_interest(modal_limits, t,.;))=(set of objects introduced in re-
gion_of_interest at t;); |new|=newy, where 0 < newy;

while common represents objects that have undergone trials at semantic interpretation for the given context, new repre-
sents those that are yet to be tried.

Np=comy +newp
left=(region_of_interest(modal_limits, t,.;) - region_of_interest(modal_limits, t,))=(set of objects that existed in re-
gion_of_interest at t,_; but have moved out at t;); |left|=ex, where 0< ex; < N4
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- distractions =(set of objects in region_of_interest at t,.; that system has marked irrelevant or unimportant or unidentifi-
able or a ‘disturbance’ and has consciously chosen not to process at t;);

|distractions| =dist,, where 0 < dist, < Ny_1;

- Attention allocated to left and distractions at N,_; is available for redistribution across Nj. (Ideally, frames for left and
distractions are marked ‘passive’ in the system memory, to be upgraded to ‘active’ on requirement (e.g. re-entry into
region_of_interest or offline reflection [5,6]).

Then,

a) For inter-object attention distribution:

Attention deployed to object_r,, = A, (i), such that,
AN (59)
ZAn (i) = An
i=0

b) For intra-object attention deployment:
Attention attracted by component; of modality_acty,;, = An,,; o ob_valuey,,,

or, An,, = (F(em_valuey,).ob_valuey, ) (60)
Now,
« For objects € new,

Attention deployed for modality_acty,, = An,; o 1% An,; (61)

or, An,, = (F(imp_amodp, ). 27:1 Any;)

Attention allotted for active_object_attributey, = A, o S Any (62)

or, Ap, = (F(cu_weighty,). >\ ”, An,;)
Attrni

Attention employed for object_r,, € new = Z An, = An(i) (63)
j=1
newy

Total attention deployed for new = A, = > An(i) (64)
i=1

- For objects € common,

 Dipy,, (i) = degree of importance or interest and understanding of it object e context(scenario, t,)
=F (obj_perception(ob ject, tm_1), internal_state(t(n_1 )), context(region_of_interest, t(n_1))), attn_threshold(ty),
knowledge (object), knowledge (context), sc_perception(scenario(modal_limits, timey,, time), tm_1 )), .n)

(65)

*Dimp,i,, (i) = degree of importance of active_object_attributey in describing ith object e context(scenario, t,)
= F(knowledge (object), knowledge (context), sc_perception(scenario(modal_limits, timey,, timey), t(n,l)),
cu_weight, P novelty of active_object_attribute, i variance of current_value, i from anticipation,
attn_mod_threshold(modality_act,,kﬂ, t,,)V modality_actnkﬁ € active_ob ject_attributenﬁ, )

(66)
* Dimp, (1) and Dimpmj (i) incrementally relate ‘meanings’, ‘context’ and ‘attention’ [23] to guide concentration towards
the more important, novel and interesting objects and their attributes in the region_of_interest.
Therefore,
Attention depl'oyed for modqlity_actnkj, =Ap, , S0 Ay (67)
or, Ap,; = (C(imp_amody, ,, imp_mody, ). 3" "] An,;)
Attention allotted for active_object_attribute,, = An,; o Zfil Any; (68)

. pii
or, Anjx = (DimPalljn (l) Zki‘l Ankji)
Attry,

Attention employed for object_ry, in common = A, (i) o« ) f An;, (69)
. AT
or, An(i) = (Dimp, (i). X1 An,)

comy

Total attention deployed for common = An,0n = Z An(D) (70)
i=1
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t; Start of i fixation-point

A; | Duration of i fixation-point

N
>

Time 0; | Duration of i saccade

ty 5]
L PRI

Fig. 4. Interpretation of fixation-point and saccade.

- For objects < left,
Total attention deployed for left at 1) = Aw_1y,,, = Loy A1) (1)

where, i denotes(object_rq_1), € left) (71)
- For objects < distractions,
Total attention deployed for distractions at t 1) = A1, = Yo" Am_1y (i) (72)

where, i denotes(object_r,_1), € distractions)
Therefore, from (64) and (70),
An = Aty + Anconnon (73)
In (71) and (72), A(_1) (i) relates to (63) or (69), as is appropriate at t;,_1), and

Ay is inclusive of (A1, +An-1),,) (74)

The rationale herein draws from the integrated-differentiated view of multimodal input processing [8,43] and illustrate
the interdependence between attention and perception of real-world events. The atomic object-descriptors in (55) and (60),
track system’s innate responses to stimuli, while the modal components in (56), (61) and (67) facilitate reasoning of dispar-
ities between an object_r and its object_m. These parameters drive system’s feelings, interest and curiosity in object, and ac-
cordingly modulate attention. (57), (62) and (68) guide extraction of and attention towards consequential context-sensitive
attributes at run-time, subsequently evoking memory management schemes (e.g., pruning less-important attributes from
act_obj_attention(object))). The model optimizes between fine-grained, (analyses of modal stimuli) and coarse-grained per-
ception (over active_object_attributes), for novel and regular object_r, respectively - directing greater attention for enhanced
sensitivity to modulations in stimuli and improved comprehension in the former case. (Detailed steps of effective atten-
tion scheduling are beyond the scope of this article). The formulations encode reasons for perception, attention categories
[2] and support reinforcement. (55) through (64) deal with instinctive reactions to new stimuli, thereby contributing to the
system’s ‘ fight or flight [22] decisions or ‘alarmer [29] systems. Definitions (54) through (74) augment the concepts of
attention dynamics and perception in [41] through consideration of multimodal stimuli and the role of the system’s sense
of self (choices, affects, curiosity, etc.).

The following section describes the integration of all the defined parameters into a Z*-number based model of think-
ing for a social cognitive system [5,6]. Fig. 1 through Fig. 8 depict pictorial summaries of the model, Table 1 summarizes
definitions, and Table 2-Fig. 10 and Table 3-Fig. 12 illustrate sets of system-execution-human-responses.

3.3. An algorithm for ‘thinking’

Note: Though the terms "fixation-point" and "saccade" pertain to vision-inputs, the proposed procedure uses them in
the generic sense of - point of focus of active-attention in the current region_of _interest (irrespective of sensory input-type,
e.g., in the direction of a sound or an odour) and time between two fixation-points, respectively. While a fixation-point
corresponds to the time during which the system accepts sensory inputs, a saccade represents the time during which the
system processes the accumulated input. [Refer Fig. 4 for an illustration of the interpretation.]

Algorithm 1. Activation of thoughts in a computational mind during comprehension of a real-world scenario, where
Z*-numbers serve as perceptual symbols [7] of active thoughts.

Input: A real-world scenario - this could represent an external world phenomenon or a system-mind element

Output: Sensorimotor responses, active_knowledge graphs of granules of comprehension, updated knowledge-networks.

Assumptions about system configuration:

(a) It can map its feelings to natural language expressions or mentalese

(b) It thinks in linguistic expressions which are converted into Z*-number equivalents during inter-thought processing
operations; Z*-information=semantic networks of objective and subjective information

(c) Z*-number based operators are well-defined and corresponding hardware units are functional

(d) It has a multimodal sensory system in place



250 R. Banerjee, S.K. Pal/Information Sciences 405 (2017) 227-258

(e) Background processes - in the order of memory management, reinforcement cycles, consolidation of new and existing
experiences and knowledge, surprise and curiosity handling, preventing combinatorial thought-explosions, resource
arbitration, process scheduling, etc. - are active

(f) Typically, repeated reinforcement over a threshold places an (action, reaction) or (situation, reaction) tuple under in-
stinctive reactions

(g) The architecture supports simultaneous serial and co-operative parallel processing.

Fig. 5 illustrates our conceptualization of the macro-steps of thinking in a cognitive system, where contemplation in-
volves objective and subjective information processing across all the different levels [28,29] of a working mind. We do not
claim our design to be an accurate and exhaustive list of steps underlying real-world comprehension, but it nonetheless
is an attempt at deconstructing the phenomenon of ‘thinking’ . Some crucial questions that emerge here are, how do we,
a) relate qualia to linguistic expressions, b) compute with word-senses to form new expressions, and c) what influences
the contents of object_m;;,. and latent_memories at time. Fig. 6 highlights different processing modes across Algorithm 1
[where, ‘words’ denote text/audio/mentalese inputs, ‘frame/terminal/slots’ denote memory elements, and a saccade is equiv-
alent to one iteration through the algorithm]. Figs. 7 and 8 illustrate control flow through the procedure and a sample
attention distribution scenario, respectively. Section 4 presents results of dry-runs through the conceptualized procedure
and correspondence studies against human-subject responses.

Properties of Algorithm 1:

(a) The motto of the framework is reflected in the words “reached... ingenious solutions to... problems through a cycle of
conscious thought, unconscious thought, illumination... and verification.” [27]. The defined procedure thus, approximates
to a cycle of: [raw sensory information input— (natural language | mentalese) description — Z*-information equivalent
conversion — Z*-information processing and result generation — (((natural_language | mentalese) equivalent) sensorimo-
tor_commands ...)— system responses — raw sensory information (request | input)— ...]

(b) It is incremental-iterative, and a conjunction of Shiffrin and Scheneider’s views [39] on endogenous deductions, and
Treisman’s and Norman’s theories [32,43] of selective attention and perception. It incorporates philosophies of the
continually updating ‘experiencing self [22,40] and ‘never-ending’ learning [30].

(c) The layers of active-mind processes in [28,29] and the need for ‘multimodal feature binding [8]" are explicitly covered.

(d) It emulates ‘fast thinking [22]" when it yields to instinctive reactions, and ‘slow thinking [22]|" when deliberation,
reflection and self-consciousness come to the fore.

(e) Processes involve both ‘sensory’ and ‘semantic’ data packets across short-term (sensory, working) and long-term (pro-
cedural, declarative) memories.

(f) Probing the system-internal environment equates to micro-thinking or reflection during a macro-contemplation step.

(g) The role of the self - in terms of exercising volition and consolidation of experiences - is an important component of
the algorithm.

(h) Attention dynamics, as a F(perception, volition, instinct, requirement), is the system’s mechanism of dealing with the
deluge of multisensory real-world information.

(i) The periphery of attention (~ region_of_interest), defined by modal_limits, is dynamic. ‘Sustained [16]’ active attention
intuitively leads to smaller, precise margins while exploratory cognitive processes induce larger areas. [Refer Fig. 3 for
a pictorial depiction of attention spotlights.]

(j) Unidentified objects or events in the region_of_interest arouse ‘intrinsic motivation’ [16] to seek answers. Instantiation
of interrogative mentalese and their sensorimotor counterparts influence volitional attention deployment [23] and
exploratory behaviour of the system over the region_of_interest.

(k) Through subtle modulations in time; in the definition of region_of _interest, through (time; # time) considerations, the
system travels back and forth across scenes or thoughts during reflection.

(1) Frames, terminals and slots in [28] roughly translate into object, attributes and values respectively, where affects and
beliefs influence the weights of the connecting edges, and context and time bind a number of such connected graphs.

(m) A crucial design concern is the determination of the duration of a fixation point (= Ay, ), such that disparities in
multimodal feature binding due to fundamental differences in the nature of modalities (e.g., differences in velocities
of light and sound waves) or simultaneous events (e.g., fall and thud) can be handled in real-time during a saccade.

(n) The influence of ‘subjective time [2]" has not been explicitly dealt with.

(o) The model does not categorically depict instantiation of counterfactuals. These may be envisioned as spin-offs of
reflection.

(p) In the current design-stage, the algorithm does not expand on the steps underpinning translation from Z*-numbers to
mentalese and Z*-based operations, conversion from semantic to sensory data-packets, memory and affect manage-
ment, ‘multi-realm [28,29] thinking, resilience-strategies to counter ‘thinking break downs [29]’, interactions between
active and passive Z*-numbers and cross-object Z*-information interactions. Z*-information operators for consolida-
tion, updating and reasoning need to be designed as well.

(q) The model assumes intrinsic rationalism. Identification and handling of biases is an important design concern.

(r) The time complexity of the algorithm is F(complexity of region_of_interest, system’s interest in it). Greater the com-
plexity of region_of_interest and greater the system’s interest, larger is the number of iterations required. Memories
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Fig. 6. Processing modes [5,6] across Algorithm 1.
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Fig. 7. Pictorial summary of the arousal of memories and thoughts.

[(a) Primary multisensory signals from object are assimilated into a sensory data-packet which queries the system long-term memory for associated
semantic recollections. The Header node of the data-packet summarizes information on the signals available and supports ‘multimodal feature binding [8]".

A number of such packets is formed for a region_of_interest;

(b) Complete data-packets include primary and secondary multimodal signal information;

(c) With reference to the machine-mind framework in [5,6], the Sensory Gateway (SG) module instantiates sensory data-packets which, in sync with the

Self (Sf) and Manager (M) modules, probe the system memory. This activates object_r, arouses emotions and active_knowledge.]




R. Banerjee, S.K. Pal/Information Sciences 405 (2017) 227-258 253

nder Object, Object,
*«Time=t
« Total system attention at t = A, modslity_act odality_act,,

« Attention deployed for Object, = A,(x) A(n)
« Attention deployed for Object,= A,(n)

« Attention captured by modality_act,, = 4.,

- Attention captured by modality_acty, = 4.

« Attention captured by modality_act,, = 4,

« Attention captured by modality_act,, = 4:..

+ A=A{x) + Adn)

» Afx) = Ap v 4r,

cAdn)= Aty A

« A(n) = attn_threshold(t) => Object, € active_attention
+ A(x) < attn_threshold(t) => Object, & passive_attention

Long-term memory

e A< attn_mod_threshold(modality_act,,, t)
=> 4, Eact_obj_attention(Object,)

A object_m, object_m,

. < attn_mod_threshold(modality_act,,, t) -
=> A, € pas_obj_attention(Object,) l(ObJeCt_mxu'me) (object_m, ;me)

4

« 2 attn_mod_threshold(modality_act,,, t)
=>4, Eact_obj_attention(Object,)

Meaning of Object, at t = i Meaning of Object, at t =
S(activated individual sensory : Y(activated individual sensory
information-granules) + qualia | information-granules) + qualia

=>4;, € pas_obj_attention(Object,) Sub-conscious recollection Conscious recollection

. 4

. < attn_threshold(modality_act,,, t)

Fig. 8. Attention deployment across objects and their constituents. [Notations follow those in Fig. 7.].

Fig. 9. Test image 1. (Source: Internet).

aroused could adversely affect the time-taken if a combinatorial explosion of thoughts is activated. Mechanisms to
counter such, is thus an important system-design issue.

4. Results

This section records anticipated system-responses (dry-runs through the conceptualized model) and their correspon-
dences with human-subject answers to input real-world information.

Assumption. The system can recognize popular animals and elements and possesses multimodal knowledge-networks of
their very basic properties (features, habits and locations).

4.1. Result_1

Input: Fig. 9.

Output: System’s responses are summarized in Table 2, while human-subject answers are enumerated in Fig. 10 (the X-
axis lists responses and the Y-axis lists the number subjects who responded accordingly). 12 erudite human-subjects were
shown Fig. 9 and were asked to summarize their thought processes during interpretation of the image. The words uttered,
expression used, and the number of individuals using them were recorded. Our aim was to see if the system-outcome
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Table 2
Summary of dry-run through procedure in response to Fig. 9.

Time Processes

Fixation-point:
[to, (to + Ao)]

Saccade: [(ty + Ag),
(to + Ao+30)]

The system is presented with |region_of_interest(modal_limits, t;)| =4 (2 foreground and 2 background objects);
internal_state(ty) and its derivatives are evaluated; internal_state (t,)=base system self

Multimodal information (active_attributes and corresponding current_values) from region_of_interest is collected over Agp;
Attributes or features are bound to define four object_ro, slots;

An ego-sphere for region_of_interest (modal_limits, ty) is instantiated; [ego-sphere=a mental image of the input-picture]
All objects are placed in new;

Attention deployment follows (54) through (58); [foreground receives greater attention than background]

Each object_rq, is assigned a non-semantic identification code <format: object;, where i=> the ith object>;
active_attention = [object;, object,, objects, object,]; (object;, object, imply foreground objects, objects, object, imply
background objects)

object_ro, probe long-term memory, and the system attempts mapping objects to respective object_m;;

[object;, object, are identified as ‘tiger’ and ‘crocodile’ respectively; objects, object, are identified as ‘water-body’]
object_my, (= basic properties of the identified objects) and latent_memories (= personal encounters, metaphors etc.)
pertaining to objects are fetched into working memory;

Mentalese pertaining to object_ro,, object_my,, latent_memories are actuated in working memory;

non "o

[e.g., "a Royal Bengal tiger", "tigers roar", "tiger found in Sunderbans, Ranthambore", "a crocodile", "saw crocodiles in

Sunderbans", "tiger and crocodiles are carnivores", "tiger and crocodile in water-body", "tigers and crocodiles can swim",
"crocodile is a reptile", "rivers, seas, oceans", "tigers and crocodiles found in zoo"]
Mentalese are translated into their Z*-number equivalents;
le.g., Zi=<picture, current, Royal Bengal tiger, definitely, <fear, high, +>>, Z;= <picture, current, crocodile, probably,
<fear, high, +>>, Z, = <water-colour in picture, current, greyish-blue, possibly, <serenity, moderate-high, +>>]
System attempts evaluation of preliminary sense of context, obj_perception, reg_perception, sc_perception, anticipation;
[context: input-picture; obj_perception: Tigers and crocodiles are found in Sunderbans, carnivorous animals, they can swim;
sc_perception: Is this a picture of Sunderbans or a zoo? Which water-body?]
System evaluates system_states(ty); [system_state (tp)=curious about the meaning of the picture, probe picture again]
The system_affect="“curious” and system_urge=“probe external environment”:

o fixation_point: macroscope around foreground objects=focus on background area around object;

o Duration of fixation_point at t; (= A) defined;

o Saccade activated for tuning system’s attention to fixation_point and its periphery

Fixation-point:
[t1, (t1 + Aq)]

Saccade: [(t; + Aq),
(t7 + A1 +97)]

The system is presented with |region_of_interest(modal_limits, t;)| =4 (2 foreground and 2 background objects);
internal_state(t;)=integration of internal_state(ty), system_state (tp)

Multimodal information (active_attributes and corresponding current_values) from the region_of_interest is collected over
AVH

Attributes or features are bound to define four object_ry, slots: out of which two slots point to objects processed in the
preceding state;

An ego-sphere for region_of_interest (modal_limits, t;) is instantiated;

All objects are placed in common;

Attention deployment follows (59) through (74); [the background is deployed greater attention than foreground]

The object_r;, pertaining to background is assigned a non-semantic identification code <objects, objecty >;
active_attention = [objects, object,, object;, object;];

objects completely map to data in the working memory;

object_m,, (= properties of the identified objects) and latent_memories (= personal encounters, metaphors etc.)
pertaining to objects are fetched into working memory;

Mentalese pertaining to object_ry,, object_m,,, latent_memories are actuated in working memory;

[e.g., "a Royal Bengal tiger", “tigers roar", "tiger found in Sunderbans, Ranthambore", "a crocodile", "saw crocodiles in

Sunderbans", "tiger and crocodiles are carnivores", "tiger and crocodile in water-body", "tigers and crocodiles can swim",
"crocodile is a reptile", "rivers, seas, oceans", "tigers and crocodiles found in zoo", "the water for tiger is upstream", "the water
for crocodile is downstream"]

Mentalese are translated into their Z*-number equivalents;

le.g., Zi=<picture, current, Royal Bengal tiger, definitely, <fear, high, +>>, Z;= <picture, current, crocodile, probably,
<fear, high, +>>, Z, = <water-colour in picture, current, greyish-blue, possibly, <serenity, moderate-high, +>>,
Z,=<water-flow, current, different through picture, definitely, <curious, high, +>>]

System attempts evaluation of preliminary sense of context, obj_perception, reg_perception, sc_perception, anticipation;
[context: input-picture; obj_perception: Tigers and crocodiles are found in Sunderbans, carnivorous animals, they can swim,
water-flow for tiger and crocodile is different; sc_perception: Is this a picture of Sunderbans or a zoo? Which
water-bodies? Tiger and crocodile on different water-bodies?]

System evaluates system_states(t;); [system_state (t;)=curious about the meaning of the picture, stop]

Outcome: context: input-picture; obj_perception: Tigers and crocodiles are found in Sunderbans, carnivorous animals, they can swim, water-flow for tiger
and crocodile is different; sc_perception: Is this a picture of Sunderbans or a zoo? Which water-bodies? Tiger and crocodile on different water-bodies?

mapped to some/all of the words. The system-outcome does emerge as an approximation of human-responses and the
thought-process is definitely one out of numerous possibilities.

4.2. Result_2

Input: Image depicted in Fig. 11.
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Fig. 11. Test image 2. (Source: Internet).

Output: System’s responses are summarized in Table 3, while human-subject answers are enumerated in Fig. 12 (the X-
axis lists responses and the Y-axis lists the number subjects who responded accordingly). 12 erudite human-subjects were
shown the image in Fig. 11 and were asked to summarize their thought processes during interpretation of the image. The
words uttered, expression used, and the number of individuals using them were recorded. Our aim was to see if the system-
outcome mapped to some of the words. The system-outcome here too emerges as an approximation of human-responses
and the thought-process is certainly one out of numerous possibilities.

Observations pertaining to Result_1 and Result_2:

(a) None of the human-subjects were able to deconstruct their thoughts to atomic processes. We thus relied on verbal
utterances and the nature thereof to map system-responses.

(b) In the first example, the system chooses to stop probing after the second iteration, but it could nonetheless continue
probing the internal or the external environment. In the second example the system decides to actuate an Internet
search for more information, while it could probe the picture again or ask its attachment-figures [28,29].

(c) Tables 2 and 3 demonstrate just one way of thinking. The system could take any one of all possible paths. The fact
that the algorithm cover some mechanisms of human thought processes serves as a first test of its correctness.

4.3. Analysis of the model

[Refer Section 3.3 for properties of the conceptualized algorithm.]

(a) The framework is anthropomorphic, drawing from introspections, and the psychology and neuroscience of contempla-
tion in human beings.

(b) The conceptualized model on ‘thinking’ is not exhaustive. It leaves many issues unresolved as well as requires an-
swers to many fundamental questions on contemplation before it can be entirely realized. Questions of importance
are: the points of activation of consciousness and influence thereof, all the different factors that influence attention
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Table 3
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Summary of dry-run through procedure in response to Fig. 11.

Time

Processes

Fixation-point:
[to, (to + Ao)]

Saccade: [(ty + Ag),
(to + Ao+30)]

The system is presented with |region_of_interest(modal_limits, t;)] =1 (1 foreground object);

internal_state(ty) and its derivatives are evaluated; [internal_state (ty)=base system self]

Multimodal information (active_attributes and corresponding current_values) from the region_of_interest is collected over
Ao;

Attributes or features are bound to define one object_rq, slot;

An ego-sphere for region_of_interest (modal_limits, ty) is instantiated;

object_ro, are placed in new;

Attention deployment follows (54) through (58); [object_ry, is bestowed complete attention]

object_ro, is assigned a non-semantic identification code < object; >;

active_attention =[object; ]

object_ro, probes long-term memory, and the system attempts mapping it to respective object_m;; [object; is identified as
a cat]

object_my, (= basic properties of the identified object) and latent_memories (= personal encounters, metaphors etc.)
pertaining to objects are fetched into working memory;

Mentalese pertaining to object_ro,, object_my, latent_memories are actuated in working memory;

[e.g., "a cat", "a white cat", "cat with one blue eye", "cat with one yellow eye"]

Mentalese are translated into their Z*-number equivalents;

le.g., Zj=<picture, current, cat, definitely, <happy, moderate, +>>, Z;= <cat-color, current, white, definitely, <happy,
moderate-high, +>>, Z, = <cat one-eye-colour in picture, current, blue, definitely, <happy, moderate-high, +>>, Z = <cat
one-eye-colour in picture, current, yellow, definitely, <fear, moderate-high, +>>]

System attempts evaluation of preliminary sense of context, obj_perception, reg_perception, sc_perception, anticipation;
[context: input-picture; obj_perception: beautiful white cat, cat has one blue eye and one yellow eye; sc_perception:
Different coloured eyes is natural? Only in cats?]

System evaluates system_states(tp); [system_state (tp)=curious about eye-colour, wish to know more]

The system_affect="“curious” and system_urge=“Internet search”

Outcome: [context: input-picture; obj_perception: white cat with one blue eye and one yellow eye; sc_perception: Different coloured eyes is natural?
Only in cats?]
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Fig. 12. Human-subject responses to Fig. 11.

deployment and modulation, processes of manipulation and stitching of multisensory memories into seamless per-
ception of the real-world, a probable generic format of multimodal information-representation (this point stems from
the observation of the innate arousal of emotional stirrings through instrumental music), the activation of volition.
The model however attempts at providing a premise for constructive ‘thinking on thinking’.

Representation of meanings, through assimilation of multimodal qualia derived from experiences and commonsense,
and the role of the self are major features of the design.

The interdependence between objective knowledge, subjective experiences and choice (arising out of interest or im-
portance) in bespoke comprehension of the real-world form the foundations of the proposition.

Through inclusion of subjective parameters in the formulations, the model has tried to provide a basis for the identi-
fication of emotions in stimulus from peers and the consequent arousal of empathy.

The model traverses from the macrocosm of the context to the microcosm of innate responses and back, towards
coverage of all the different levels of cognition [28,29] and thinking [22] for real-world understanding. It considers
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hardwired instinctive reactions, as well as learned reactions that turn into instinctive reaction with gradual reinforce-
ment, and includes scope for creative/metaphorical thinking.

(g) Consideration of time in the formulations is a significant design strategy. This parameter is crucial in the emulation
of the ‘unified self [38]" and the ‘experiencing self [22]

(h) A preliminary mechanism for dealing with novel words and abstract concepts has been incorporated.

(i) The design is founded on the system’s ability to generate natural language mentalese for information in any modality.
An ideal framework would be one where the system can directly operate on multimodal information e.g., internally
visualize colour-blending, image-superimposition or sound-composition.

(j) The model is an attempt at contributing to the realization of artificial ‘general’ intelligence, thus envisioning applica-
tion in i) human-machine coordination where both verbal and non-verbal multimodal cues require being considered
for effective interaction, and ii) as a basis of multimodal deep-learning frameworks for comprehension of complex
real-world environments.

Aiming at synthesis of the proposed model, the task that follows hereon is the design of data structures (a preliminary
outline of which can be found in Fig. 7) that would encourage the a) encapsulation of innate-response-annotated multi-
sensory information in the long-term and working memory of the system, and b) permit interactions between them in the
form of Z*-numbers. It is in this area that our research is currently directed.

5. Conclusion

The work described in this article stems from our investigations on the factors leading to the endogenous instantia-
tion of thoughts in a ‘social [45]" cognitive system during real-world comprehension. Envisioning the Z*-numbers [4,6] as
abstractions of meanings of thoughts expressed as natural language mentalese, the conceptualized framework attempts em-
ulation of all the layers of contemplation [28,29] - from instinctive reactions to self-conscious emotions and empathy, and
‘slow and fast thinking [22]’ . The algorithm elucidates macro-steps of contemplation and comprehension, and is inspired
by brain-processes.

Our design demonstrates a conscious shift away from a unimodal, objective perspective of real-world comprehension.
It deals with atomic elements of multisensory environmental stimuli, arousal of innate and complex emotions, interactions
between the objective and subjective components of experiences and commonsense, formation of novel concepts, conscious-
ness, qualia, curiosity and surprise, interest and relevance, autogenous and volitional attention distribution across a region of
interest, and the context towards formalizations for bespoke perception and behaviour. Results of theoretical-runs through
the design have been validated against responses of human subjects. We intend to test the algorithm across diverse input-
modalities, complex scenarios and correspondences against human thoughts. An investigation of the applicability of the
algorithm across machine-mind cognitive frameworks is a future research problem.

The model is yet in its early design-stages and is envisaged to evolve as we gain insights into the fundamentals of the
working of the human mind. Synthesis of the framework calls for formulation of Z*-number operators that emulate repre-
sentation and processes of thoughts in action, mechanisms for seamless integration of intra-object modalities across space
and time, machine-mind memory-management processes, and design of data-structures that would support the representa-
tion and manipulation of such data. Technology gaps - in the nature of multisensory neuronal equivalents for feedforward
[13] traces through base architectural components for robust real-world information handling - need to be addressed as
well. We are currently working on the formalization of working-memory structures to support execution of the proposed
multisensory, data-driven algorithm for a real-world comprehending cognitive system. The ideas herein aim to contribute to
autonomous mind-development initiatives for man-machine symbiosis.

“You end up with tremendous respect for a human being if you’ re a roboticist” - Joseph Engelberger, 1985
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