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Abstract. This paper describes a network-oriented model based on the
neuroscientist Graziano’s Attention Schema Theory for consciousness.
This theory describes an attention schema as an internal model of the
attention process supporting the control of attention, similar to how our
mind uses a body schema as an internal model of the body to control
its movements. The Attention Schema Theory comes with a number of
testable predictions. After designing a neurologically inspired temporal-
causal network model for the Attention schema Theory, a few simula-
tions were conducted to verify some of these predictions. One prediction
is that a noticeable attention control deficit occurs when using attention
without awareness. Another is that a noticeable attention control deficit
occurs when using only bottom-up influence (from the sensory repre-
sentations) without any top-down influence (for example, from goal or
control states). The presented model is illustrated by a scenario where
a hunter imagines (using internal simulation) a prey which he wants to
attend to and catch, but shortly after he or she imagines a predator which
he then wants to attend to and avoid. The outcomes of the simulations
support the predictions that were made.

1 Introduction

Understanding and modeling consciousness has been a challenge since a long
time. Several theories have been put forward over time, often with involvement of
neuroscientists or at least essential knowledge from neuroscience; see, for exam-
ple, [1,2,5,6,11-13] to name just a few. Some of the themes that often recur in
such theories are:

— A winner takes it all competition between unconscious processes in order to
achieve a selection of what is to reach consciousness; e.g., [1,2,6]

— Internal simulation of the own mental and bodily processes, other persons’
mental and bodily processes, and other external processes; e.g., [5,7,11-13]

— By becoming conscious certain aspects are more explicitly presented to (other

parts of) the brain and thus become more accessible to the brain; e.g. [1,2,06]

The relation between attention and consciousness; e.g., [16]
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— The extent to which consciousness fulfils a functional role in behaviour, or
instead is only an epiphenomenon

A recent theory which addresses the above five themes is the Attention Schema
Theory for consciousness of the neuroscientist Graziano; see, for example,
[8-10,23]. Tt is claimed that this theory explains the brain basis of subjective
awareness in a mechanistic and scientifically testable manner. The theory starts
with attention which is a process by which signals compete for the brain’s lim-
ited computing resources. This internal competition is partly under bottom-up
influence of sensory representations and partly under top-down control of other
mental states such as goal states or control states. According to this theory the
top-down control of attention is improved when the brain has access to an (sim-
plified) internal model of attention itself that can be used for internal simulation
of the attention process. The brain therefore constructs a schematic model of
the process of attention, called the Attention Schema. This is similar to the
brain’s construct of a schematic model of the body, the Body Schema, with its
role in body movements. The presence of this internal model for attention leads
a brain to concluding that it has a subjective experience.

An advantage of the Attention Schema Theory is that it explains how we can
be aware of both internal and external events. The brain can apply attention to
many types of information including external sensory information and internal
information about, for example, affective and cognitive states. If awareness is
based on a model of attention, then this model will pertain to the same domains
of information to which attention pertains. A further advantage of this theory
is that it has a neurological basis and provides testable predictions. If awareness
is based on an internal model of attention, used to help control attention (see
Fig. 1), then without awareness, attention should still be possible but could show
deficits in control.

~N—~

Fig. 1. Awareness as an internal model of attention supporting control of attention

This paper introduces a neurologically inspired computational model for the
Attention Schema Theory. The model was designed by a Network-Oriented Mod-
eling approach based on temporal-causal networks [19,20], taking into account
causal relations assumed in the Attention Schema Theory. The model addresses
all of the five themes mentioned above. It has been used to perform simulation
experiments and it was verified by mathematical analysis. Model parameters
such as connection weights, update speed factors, and steepness, threshold were
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estimated to fulfil the requirements that reflect the expected internal behavioural
patterns based on the Attention Schema Theory.

2 The Neurologically Inspired Network Model

In this section, the Network-Oriented Modeling approach used is briefly intro-
duced, and the conceptual and numerical representation of the developed net-
work model are described. The Network-Oriented Modeling approach based
on temporal-causal networks described in more detail in [19,20] is a generic
and declarative dynamic modeling approach based on networks of causal rela-
tions. Dynamics is addressed by incorporating a continuous time dimension.
This temporal dimension enables modelling by networks that inherently contain
cycles, such as networks modeling mental or brain processes, or social interaction
processes, and also enables to address the timing of the processes in a differenti-
ated manner. The modeling perspective covers (adaptive) recurrent neural net-
work models and (adaptive) social network models. It is more generic than each
of these methods in the sense that a much wider variety of modeling elements
are provided, enabling the modeling of many types of dynamical systems, as
described by many examples in [19] and confirmed by a formal analysis in [22].

The Network-Oriented Modeling approach is supported by dedicated mod-
eling environments (e.g., in Matlab, or in Pyhon) that can be used to model
at a conceptual level. The obtained temporal-causal network models are based
on states and connections between them; they can be represented at two levels:
by a conceptual representation and by a numerical representation. A conceptual
representation of a temporal-causal network model can have a (labeled) graphi-
cal form with (states as nodes and connections as edges) or a matrix form (with
states on the axes and connections in the cells). More specifically, the follow-
ing three model parameters define a temporal-causal network, and are part of a
conceptual representation of such a network model:

— connection weight wx y Each connection from a state X to a state Y has
a connection weight wx y representing the strength of the connection, often
between 0 and 1, but sometimes also below 0 (negative effect).

— combination function cy (..) For each state Y (a reference to) a combi-
nation function cy(..) to aggregate the causal impacts of other states on
state Y. This can be a standard function from a library (e.g., a scaled sum or
logistic function) or an own-defined function.

— speed factor Ny For each state Y a speed factor My is used to represent
how fast a state is changing upon causal impact, usually in the [0, 1] interval.

Each state Y is assumed to have an (activation) level in the [0, 1] interval that
varies over time, indicated in the numerical representation by a real number Y(t).
Combination functions can have different forms. The applicability of a specific
combination rule may depend much on the type of application addressed, and
even on the type of states within an application. Therefore, for the Network-
Oriented Modeling approach based on temporal-causal networks a number of
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standard combination functions are available as options and a number of rele-
vant properties of such combination functions have been identified; e.g., see [19],
Chap. 2, Table2.10. Some of these standard combination functions are scaled
sum, max, min, and simple and advanced logistic sum functions. These options
cover elements from different existing approaches, varying from approaches based
on neural networks to approaches considered for social network modeling, or rea-
soning with uncertainty or vagueness.

A conceptual representation of the designed network model is shown in Fig. 2.
The legend shown in Table1 explains the different states in the model. Nodes
outside the box called Mind represent external states. For the scenario considered
here the model only incorporates two different stimuli; it represents a situation
where a human hunter first spots a prey and then is confronted with a predator.
This should result in a shift of attention from the prey to the predator and
eventually result in the hunter fleeing from the predator instead of going after
the prey. An arrow between two nodes means that there is a temporal-causal
relation from one state to the pointed state. Such a relation means that one
state has either an strengthening (positive connection weight) or a suppressing
(negative connection weight) effect on the other state.

action effectuation

gaze adaptation loop

gaze adaption loop

action effectuation

Fig. 2. A graphical conceptual representation of the temporal-causal network model
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In the hunter and prey scenario, the external world states ws; and wsy, respec-
tively represent the prey and predator. The world states ws, and wsy represent
the output of the gaze adaptation loop, which leads to control of the sensor states
sss and ssp. This can be interpreted as directing and sharpening of the senses
(for example, eyes or ears), as a result of focusing of the attention. The world
states wsy and ws, represent approaching or distancing behavior with regard to
the prey and predator, modelled as action effectuation. Specific attention and
awareness states were modelled for prey (atts and awg) and predator (att, and
awp). These states are affected via both top-down and bottom-up influences.
The bottom-up influences occur via the sensory input, which leads to a sensory
representation which in turn affect attention and awareness for that input. Top-
down influence comes from two control states: csy for the prey and cs, for the
predator; for example this can relate to goals.

Besides bottom-up and top-down influence there is also a mutually suppress-
ing effect. For example, a high value of the attention state att, for the predator
will have a suppressing (inhibiting) effect on the attention state atts for the prey,
and conversely. Similarly the awareness states aw, and aw, mutually suppress
each other. This can work as a winner takes it all competition, in order to obtain
a single attention and awareness focus.

Also action execution states are included in the model, with their corre-
sponding preparation states. These can perform gaze adaptation by the gaze
adaptation loop and actual execution of actions (e.g., escape from the predator)
by the action effectuation loop. But the preparation states (without activating
the corresponding execution states) also play an important role in internal sim-
ulation. Internal simulation takes place by using internal as-if loops as a kind of
shortcuts for the gaze adaptation loop and the action effectuation loop. These
as-if loops are modeled by direct (predictive) connections from preparation states
to the sensory representation states of the effects of the prepared actions. Via
these internal as-if loops, so-called simulated action and perception chains are
generated [11-13], through which the preparation states directly affect the sen-
sory representation states of the action effects, instead of through the external
loop via action execution, action effectuation, and sensing.

The conceptual representation of the model can be transformed into a numer-
ical representation in a systematic manner. The impact of state X; on state ¥
at time point ¢ can be determined by multiplying the state value X;(t) of each
state X; (i = 1,2, .., k) with impact on Y by the weight wx, y of the connection
from X; to Y:

impact y, y(t) = wx, v X(t) (1)

The aggregated impact is a combination of multiple impact values Vx, y =
impact y, y(t) for the states X; and is calculated using combination function

Cy(..)I

aggimpacty = Cy(Vth, ceey ka7y) = Cy(O)Xl,yXl, ey (L)X]wak) (2)
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Table 1. Legend of the state labels in the model

wss | World state for prey pse | Preparation state for action a
wsp | World state for predator psc | Preparation state for action ¢
sss | Sensor state for prey psz | Preparation state for action x
ssp | Sensor state for predator psy | Preparation state for action y

srss | Sensory representation state |es, | Execution state for action a
for prey

srsp | Sensory representation state |es. | Execution state for action ¢
for predator

aws | Awareness state for prey ea, | Execution of action z

awp | Awareness state for predator |ea, | Execution of action y

atts | Attention state for prey wsq | World state for d
att, | Attention state for predator |ws. | World state for e
css | Control state for prey wsy | World state for f
csp | Control state for predator wsgy | World state for ¢

The speed of the influence of aggimpacty (t) on Y depends on the speed
factors Ny . Thus the following difference and differential equations are obtained
for each state Y:

T(t + At) =Y (t) + Ny [aggimpacty (t) — Y (¢)] At
=Y (@) + My [er (0x, vy Xi(t),...,0x, v X&) =Y ()] At (3)
dY(t)/dt =My [CT ((A)leyXl(t), ey (Dkaka(t)) — Y(t)]

The current model consists of 24 states and about 50 connections. Note that
not all connections are active during a specific scenario, for example, as discussed
in the next section. For the combination functions for the control states in the
presented model the identity function id(..) was used:

cy(V)=id(V) =V (4)

The identity function was used here as in the scenario illustrated here the
control states have only a single impact, from themselves. The other states use
the scaled sum combination function ssum(...) with scaling factor A:

cy(V1, ., Vi) =ssumy(Vh, .., Vk) = (Vi + ..+ V) /A (5)

To avoid negative state values a prevention is applied: if the outcome of
(Vi 4+ ..+ V&)/X is negative, the value 0 is taken for ssumy (V1, .., V;) instead; so
in fact the following is used: ssumy (V4, .., Vi) = max(0, (V1 +..+ V;)/A). This is
important for cases in which negative connection weights are involved to model
suppression. Note that in the Network-Oriented Modeling approach followed,
also alternative combination functions can be used, for example logistic sum
functions. A change of combination function is similar to and as simple as a
change of a parameter value.



16 E. van den Boogaard et al.

3 Simulation Experiments

Several scenarios were simulated, based on the literature on the Attention
Schema Theory, with a hunter first hunting for a spotted prey and later flee-
ing from a spotted predator. Figure 3 shows an internal simulation scenario. In
this scenario the external stimuli (ws, and ws;) are inactive and the internal
states are triggered internally by the control states (css; and csp). All parameter
values of this example simulation can be found in the Appendix.

—cs(s)l
——cs(b)l
—aw(s)l [
——aw(b) [
—att(s)l
att(b)l
——ps(x)l
—ps(y)1
——srs(s)l
——srs(b)l

0.8

States Value
o
(2]

o
=

0.2

Fig. 3. Example simulation: internal simulation

The hunter first visualizes (constructs a mental image of) a prey and attention
to it and then visualizes a predator and attention to it. This will cause a shift
in (simulated) attention from the prey to the predator. For this scenario, the
attention state att, for the prey initially increases, which also leads to an increase
in awareness state aw, of the prey. As soon as the predator is visualized, the
attention shifts from the prey to the predator which is shown as a decrease in
the activation level of the attention state atts for the prey and an increase in the
level of the attention state att, for the predator. This effect also occurs for the
awareness states aw, and aw, for prey and predator. The sensory representation
states and preparation states for action execution also follow the same trend,
but no action is executed, because as it only concerns internal simulation, these
states are suppressed by the control states.

4 Verification by Mathematical Analysis

In order to verify the model a general method for verification of temporal-causal
networks was followed. It is based on substitution of values from a simulation in
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stationary point equations; see [21] or [19] Chap. 12. A state Y has a stationary
point at time point ¢t if dY (¢)/d¢ = 0. A stationary point is usually a local maxi-
mum or a local minimum. Using the simulations by the model, several stationary
points can be found. Using the difference or differential Eq. (3) mentioned earlier
and a scaled sum combination function it can be deduced that a state Y has a
stationary point at ¢ if and only if:

aggimpact, (t) = Y (¢)
cy (0x, vy X1(t), ..., wx, vy Xp(t)) = Y (?) (6)
((J)thXl(t) + -+ (DXk,YXk(t)) /)\ = Y(t)

Three stationary points were selected:

1. alocal maximum for state atts (attention for the prey)

2. alocal minimum for state ps, (preparation state before attention shifts from
prey to predator)

3. a local minimum for state srsy (sensory representation state after attention
shifts from prey to predator)

According to this verification method, the model is verified by using for each
of the stationary points mentioned above the state values from the simulation
and substituting them into the equation above (6). As an example, the equation
expressing that att is stationary at time ¢ is as follows:

aggimpact, (t) = att,(?)
max (0, (Wes,,att, €8s () + Osrs, att,SI8s () + Oatt, ate, atty(t)) /A) (7)
= att,(t)

In the simulation results shown in Fig. 3 a maximum for state atts is found
at t = 5.8. For attg, the scaling factor is A = 1.7. This provides the equation

max (0, (Wcs, att, CSs(5.8) + Wgrs, att,SI8s(5.8) + Watt, att, atts(5)) /1.7) (8)
= att4(5.8)

From the simulation data it was found that the state value for att, at this
time point is 0.4651, while the state value for cs; is 0.5639 at ¢t = 5.8, srs; had a
state value of 0.3954, and att, had a state value of 0. The weight wcs, att,s Was
0.7, the weight wers, att,s Was 1 and the weight wagt, att,s was —0.1. Substituting
these values into the equation above (7) results in the following

max(0, (0.7 % 0.5639 + 1 % 0.3954 — 0.1 % 0)/1.7) = 0.4651
0.4648 = 0.4651

So the equation for this stationary point holds with an accuracy <0.001. Next
stationary points verified are a minimum for ps, that can be found at ¢ = 20
and a minimum for srs, found at ¢ = 60. The same method was used as above
and this resulted in the following equations:

max(0, (waprsy awy(20) + Wsrs, ps, srs5(20) + Watty,ps, atty,(20) + )
Wsrs),ps, SI8p(20)) /A) = ps, (20)
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Substitution of the values provides

max(0, (1 %0 — 1% 0.1932 4+ 0 % 0.0596 + 1 x 0.0343)/2) = 0
max(0, —0.0794) = 0
0=0

So, the equation for this stationary point holds with accuracy 0. Finally

max (0, (Wss, srs, 595 (60) + Ocs_ srs, S5 (60) + Waw, srs,aw(60)

10
+ Watt, srs, atts(GO) + Wps, ,srs psa(GO)wcsb,srss CSb(GO))//\) = SI'Sg (60) ( )

Substitution provides:

max(0, (1 %0.0017 + 1 %0.0024 + 10+ 1 %0+ 1 %0 — 3 % 0.8503)/5) = 0
max(0, —0.5094) = 0
0=0

The equation for this stationary point also holds with a very small accuracy O.
These verification results provide some evidence that the implemented model is
correct.

5 Discussion

The presented neurologically inspired temporal-causal network model, designed
following the Network-Oreinted Modeling approacvh put forward in [19,20], is
based on the Attention Schema Theory for consciousness recently developed
by neuroscientist Michael S.A. Graziano and others; e.g. [8-10,23]. The model
was illustrated for a relatively simple scenario in which an attention shift takes
place in relation to two different stimuli. For reasons of presentation the incor-
porated model of attention was kept simple. However, the network model can
also incorporate a more complex model for attention involving multiple stimuli,
for example, as described in [4].

A number of conclusions can be drawn from the different simulation exper-
iments that have been performed using the developed model, among which the
one shown in Sect.3. These simulation experiments show a functional role of
awareness in evolutionary perspective as theorized by, for example, [6]. Given
the temporal-causal loop between attention and awareness, it turns out that the
impact on attention grows faster and higher than without this loop being active.
Based on the results of simulation scenarios such as the one shown in Fig. 3,
support was found for a positive effect of visualizing a scenario by internal sim-
ulation to the flow of attention and awareness. With an amplifying effect of
the (bottom-up) sensory representation states, the effect on both attention and
awareness is prolonged with an amplifying effect on attention to the predator
which may lead to a faster response to the occurrence of the predator, because a
preparation state threshold is exceeded sooner. This suggests a potential faster
response to, for example, an encounter with a predator or prey which implies an
increased survival chance and therefore an evolutionary advantage. So, it seems
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that the developed model based on the Attention Schema Theory, connects well
to some theories about the functional role of awareness; see also [23]. These
theories also provide an answer to the question of whether or not subjective
awareness serves a useful purpose or whether it is merely an epiphenomenon
with no clear purpose. This suggests that an attention schema may be of great
utility, at least, in the top-down control of attention.

Future research can be done to test the model more extensively, by simulat-
ing more scenarios, in relation to claims made in literature such as [8-10,23].
Although these scenarios at the time of writing were not all tested yet, it is
however likely that the model will also work with these scenario’s, because they
mostly largely rely on the same internal connections and patterns generated by
them. The following additional example scenarios are some of the relevant ones:

1. Simulation with external stimuli of a prey and a predator.

Based on previous results with the model using control states to trigger inter-
nal simulation (visualization) of stimuli (prey and predator), similar results
using real world external stimuli (world states for prey and predator) can be
expected. The only real difference is that in this case the sensory representa-
tion states are activated by the sensor states instead of by the control states;
the rest of the processes will be similar.

2. Simulation with external stimuli (visible prey and predator) and external
reactions (eye gaze, approaching, fleeing) using attention without awareness
In this scenario first the hunter attends to the prey which he does not become
aware of (achieved by disconnecting those parts of the model), and soon after
the predator comes into sight his attention shifts from the prey to the predator
and there is no shift in awareness from the prey to the predator. It can be
predicted that the attention level - without awareness - will not rise as fast and
as high as with awareness, as there are less causal impacts on the attention
states; see also [23]. If this indeed is the case, then this confirms that awareness
can play a crucial role in attention such that without awareness a reaction to
spotting a prey or a predator may be too late or even absent which leads to
an increased existential risk for the hunter.

3. A mirroring scenario where an individual spots another hunter reacting to a
prey and a predator.

In this case the trigger is not from internal control states or from external
stimuli concerning prey or predator, but from external stimuli concerning
observation of another hunter addressing prey and predator. By way of mod-
eling a mirroring mechanism, the sensory representations corresponding to
these observations are connected to the own preparation states (with mir-
ror function) as if the hunter him or herself would be in the situation. These
preparation states trigger the whole internal simulation process (mental imag-
ination) as shown in Sect. 3. Based on the results of the presented model, for
this case similar results can be expected compared to the case of using real
external stimuli (for prey and predator) for the hunter him or herself. In
addition, a self-other distinction control state can be incorporated, so that
the hunter is able to know that in this case it is not his or her own process
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that is internally simulated but somebody else’s. This is a basis for generat-
ing empathy with somebody else: having and feeling the same mental states,
but at the same time knowing that they are relating to states of somebody
else; e.g., [18]. This scenario relates to an angle on consciousness as related to
social interaction; see also [9], Chap. 10 on more elaboration on the relation
of the Attention Schema Theory to social theories of consciousness, and [14]
to how this may relate to attributing awareness to somebody else.

Appendix Parameter Values Used in the Example
Simulation Shown in Sect. 3

statesand ! 2 3 4 5 6 7 8 9 10 11 12 13 1[4 15 16 17 18 19 20 21 22 23 24
connections Ws, Ws, SS; SS, SIS, SIS, aw, aw, att, att, ps, ps. ps. ps, s, es. Cs, ea, Cs, ea, WS; WS, WS, WS,
1w ojojofo]o oloJoJolo|o]o [0 ] 0ojofo 0] 0
2w 1.5/0[0]0]0 oloJoJolo|o]o o | 0ojlo]o 0] 0
3008 ojojo|1]o0 oloJololo|o]o [ o | ojo]fo 0] 0
4 s oJojofo|1 oloJololo|o]o [0 | ojo]o 0] 0
5 stsg oJojo|o]o 1 lo 1 f-1]1]-1]0 [0 | ojo]o 0] 0
6 st oJojlo|o]o ol 1 Jaf1]|1f1]o [0 | ojo]o 0] o0
7 aw oJojlo|1]o0 oo |1 |1]1]o]o o | 0ojo]o 0] o0
8 aw, oJojofo]1 oo 1 |1]of1]o o | 0ojo]o 0] o0
9 at oJojo|1]o0 o|o01lo|olofo]o | o | 0ojo]o 0] 0

10 it oJojofo]|1 01| 0 Jofolo]o]o o | 0ojo]o 0] 0

11 PSq oJojo|1]o0 oloJolojofo]1 o | 0ojo]o 0] 0

12 Pse oJojo|o]|1 olofolojlo|o]o o | 0ojo]o 0] 0

13 Pse oJojofo]o olofolojlo|o]o o | 0ojo]o 0] 0

14 DSy oJojofo]o olofo|ojlo|o]o o | o1 ]o0 0] 0

15 e oJojofo]o olofolojlo|o]o o | ojo]o 0] 0

16 s oJojofo]o olofololo|o]o | o | 0o |1 0] 0

17 S 0o Jolo| 101 07/ 0 lofolofo]o 0ojo]o 0] o0

18 ea oJojofo]o olofo|olo|o]o o | ojo]o 0] 1

19 cs o Jojo|-3]1 0 lo7/ofolofo]o o | 15| -1] 0 0] o0

20 e oJojofo]o olofolojlo|o]o o | olo]o 1|0

21 Wsa oJo|1]o]o olofo|ojlo|o]o o | ojo]o 0] 0

220 ws o |1]ofo]o olofo|ojlo|o]o o | 0ojo]o 0] 0

23 WSy oJojofo]o olofo|ojlo|o]o o | 0ojo]o 0] o0

24, Wsg ojJojofo]o olojolojlofo]o | o | 0ojo]o 0] 0
speed factors

31 [ [ ] Lol [r JorJomlor foa] ot o1 ot 0olo
initial values

o JoJoJofo 0] oJololololololt[olfoos]ol]o o] o

combination functions
id()) 0olofo]lo]o oJoJoJolo]o]o 100 1]1
ssum(..) o Jolol 11 1 1T JofJo[1[1To [ 0| 0[o]o 0 o0
factor )| 0o [ofo[s]s 1717 flolol 22 0 o] o] 0ololo 0] o
slogistic(..) 1 ]oflo]o]o olofoJoJlo|o]o [ o | 0ojo]o 0] 0
steepness o 10/ 0]J]0] 0O 0 0 0[0[O0f[O]O n 010 0 0 0

0.36
threshold 8 lojofo]o oloJololo|o]o u ojlo]o 0] 0
alogistic(..) ol1f[1]o]o oJoJr]1jo]o|1 n 011 0] o0
steepness o 0o |[10{10] 0] 0 0| o J10]10]0|o0]10 [0 | 0 [10] 10 0] 0
threshold © 0 [05[/05] 0] 0 0] 0 |05/05[0]0(05 n 00505 0] o0
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