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Extended Cognition  
in an Augmented World

Extending our intelligence with AI.†   

❝ Even if natural cognition is already a form of “augmented 
reality,” a mirror world will multiply this augmentation 
because, while we act, we will have infinite memory, data, 
processing power, and simulation capabilities offered by the 
parallel and integrated computational world. Much of our 
intelligence will be artificial but in real time, changing what 
we see, imagine, and can do. ❞ †  

———————— 
† Alessandro Ricci, Michele Piunti, Luca Tummolini, and Cristiano Castelfranchi, The Mirror World: Preparing for Mixed-
Reality Living, IEEE Pervasive Computing, vol.14, no. 2, pp. 60-63, 2015.
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in an Augmented World

The extended mind.†   

❝ a mind in which cognitive functions are distributed well 
beyond the limits of our skulls and brains. This mixed 
artificial and natural brain will be both individual and social: 
a collective, cooperative intelligence that will be experienced 
in several cases as our own intelligence/mind. ❞ 
!
!

———————— 
† Andy Clark, Supersizing the Mind: Embodiment, Action and Cognitive Extension, Oxford University Press, 2010. 
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A collective mind is a system that enhances the behaviour of a 
group of intelligent beings by perceiving their individual 
cognitive, emotional, and physical state, learning the 
individual and collective needs, building a collective state, 
and acting upon those beings and their environment to modify 
their collective state in such a way that their needs are 
satisfied.
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A collective mind ‘perceives’, ‘feels’, ‘remembers’, in a 
collective way. Just like the human mind, a collective mind 
uses sensors and actuators to connect to its constituent beings 
and to the physical world. Sensors allow the collective mind 
to learn about the individuals in the group (such as their 
desires, fears, fatigue, etc.) and their environment (such as 
temperature or location), whereas actuators are the means by 
which it acts on the individuals and their environment to 
enhance group interaction and individual wellbeing, as 
illustrated in the example above.
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Collective Mind is different from collective intelligence that is 
based on collective decision making, where members of a 
group come to a decision through collaboration and 
interaction. These approaches consider the group as an 
aggregation of individuals, whereas the collective mind is 
based on a cognitive approach that considers the collective 
as a whole. The collective mind builds on top of theories 
from collective consciousness and collective intentionality, 
both of which have been studied thoroughly in philosophy 
and social sciences but neglected up until now by artificial 
intelligence.
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Dynamic Computation Tree Logic (DCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2)

The remaining operators of CTL may then be defined accordingly:

AF�

def
= A(tt U �)

EF�

def
= E(tt U �)

AG�

def
= ¬EF¬�

EG�

def
= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
replaced by the enrichment of CTL with dynamic logic:

AX�

def
= [�]�

EX�

def
= h�i�

Additional (less common) temporal operators, such as ‘weak until’[?], ‘release’[?],
and ‘since’[?], can similarly be defined in terms of the main operators presented
above, if needed.

Dynamic Computation Tree Logic with References to the Past (PDCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2) |
 �
G � | �F �

Since - X-1

Syntactic Sugaring for Sets of Actions. Let A = {a1, . . . , an} describe
the set of all actions, and A

0 ⇢ A be a subset of A. To simplify notation, we
introduce the following syntactic sugaring for sets of actions, where:

a1, . . . , an = {a1, . . . , an}
� = A

�A0 = A�A

0

�a1, . . . , an = A� {a1, . . . , an}

For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a

can happen. For simplification, and since we believe this would be a frequently

2
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Note. 
Remaining CTL operators defined as: 
!
!
!
!
The next operator (X) replaced by the operators 
of dynamic logic:

Dynamic Computation Tree Logic (DCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2)

The remaining operators of CTL may then be defined accordingly:

AF�

def
= A(tt U �)

EF�

def
= E(tt U �)

AG�

def
= ¬EF¬�

EG�

def
= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
replaced by the enrichment of CTL with dynamic logic:

AX�

def
= [�]�

EX�

def
= h�i�

Additional (less common) temporal operators, such as ‘weak until’[?], ‘release’[?],
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above, if needed.
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an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a

can happen. For simplification, and since we believe this would be a frequently
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Note that when specifying the semantics of the past temporal operators
 �
G and �

F , we use the uniqueness quantification 9=1 to describe “there exists one and
only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:

E ::= E(↵, x) | B(↵, x) | D(↵, x) | I(↵, x)

3.3 Semantics

S |= E(↵, X) i↵ 9x 2 E↵

S |= B(↵, x) i↵ 9x 2 B↵

S |= D(↵, x) i↵ 9x 2 D↵

S |= I(↵, x) i↵ 9x 2 I↵

where E↵, B↵, D↵, and I↵ represent ↵’s sets of experiences, beliefs, desires,
and intentions, respectively.

4 CIL: The Collective Intentionality Logic

4.1 Syntax

E ::= XE(g, x) | XB(g, x) | XD(g, x) | XI(g, x)
X ::= C | M | G

1Of course, the semantics may be specified using ordinary existential and universal quan-
tification if needed. For example, the semantics of

 �
G would be specified accordingly:

S0 |= �G � i↵ 9(· · ·S-2
a-2��! S-1

a-1��! S0) · (8i < 0 · Si |= �)^
¬9(· · ·S-20

a-20���! S-10
a-10���! S0) · (8i0 < 0 · Si0 |= �)^

(· · ·S-20
a-20���! S-10

a-10���! S0) 6= (· · ·S-2
a-2��! S-1

a-1��! S0)

 �
F would be described in a similar manner, by replacing 8i with 9i.
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For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a

can happen. For simplification, and since we believe this would be a frequently

2

��
�
�
�
�
�
��
���
�	
�
�

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Collective Mind’s Logic for Reasoning 

!

Dynamic Computation Tree Logic                         
with reference to the past: 

!

XBDI: The Individual Intentionality Logic 

!

!

The Operational Collective Mind

16

Dynamic Computation Tree Logic (DCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2)

The remaining operators of CTL may then be defined accordingly:

AF�

def
= A(tt U �)

EF�

def
= E(tt U �)

AG�

def
= ¬EF¬�

EG�

def
= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
replaced by the enrichment of CTL with dynamic logic:

AX�

def
= [�]�

EX�

def
= h�i�

Additional (less common) temporal operators, such as ‘weak until’[?], ‘release’[?],
and ‘since’[?], can similarly be defined in terms of the main operators presented
above, if needed.

Dynamic Computation Tree Logic with References to the Past (PDCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2) |
 �
G � | �F �

Since - X-1

Syntactic Sugaring for Sets of Actions. Let A = {a1, . . . , an} describe
the set of all actions, and A

0 ⇢ A be a subset of A. To simplify notation, we
introduce the following syntactic sugaring for sets of actions, where:

a1, . . . , an = {a1, . . . , an}
� = A

�A0 = A�A

0

�a1, . . . , an = A� {a1, . . . , an}
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Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
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only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
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place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:
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Dynamic Computation Tree Logic (DCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2)

The remaining operators of CTL may then be defined accordingly:

AF�

def
= A(tt U �)

EF�

def
= E(tt U �)

AG�

def
= ¬EF¬�

EG�

def
= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
replaced by the enrichment of CTL with dynamic logic:

AX�

def
= [�]�

EX�

def
= h�i�

Additional (less common) temporal operators, such as ‘weak until’[?], ‘release’[?],
and ‘since’[?], can similarly be defined in terms of the main operators presented
above, if needed.

Dynamic Computation Tree Logic with References to the Past (PDCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2) |
 �
G � | �F �

Since - X-1

Syntactic Sugaring for Sets of Actions. Let A = {a1, . . . , an} describe
the set of all actions, and A

0 ⇢ A be a subset of A. To simplify notation, we
introduce the following syntactic sugaring for sets of actions, where:

a1, . . . , an = {a1, . . . , an}
� = A

�A0 = A�A

0

�a1, . . . , an = A� {a1, . . . , an}

For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a

can happen. For simplification, and since we believe this would be a frequently
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only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:

E ::= E(↵, x) | B(↵, x) | D(↵, x) | I(↵, x)

3.3 Semantics
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and intentions, respectively.

4 CIL: The Collective Intentionality Logic

4.1 Syntax

E ::= XE(g, x) | XB(g, x) | XD(g, x) | XI(g, x)
X ::= C | M | G

1Of course, the semantics may be specified using ordinary existential and universal quan-
tification if needed. For example, the semantics of
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Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a
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Note that when specifying the semantics of the past temporal operators
 �
G and �

F , we use the uniqueness quantification 9=1 to describe “there exists one and
only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:

E ::= E(↵, x) | B(↵, x) | D(↵, x) | I(↵, x)

3.3 Semantics
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where E↵, B↵, D↵, and I↵ represent ↵’s sets of experiences, beliefs, desires,
and intentions, respectively.

4 CIL: The Collective Intentionality Logic

4.1 Syntax

E ::= XE(g, x) | XB(g, x) | XD(g, x) | XI(g, x)
X ::= C | M | G

1Of course, the semantics may be specified using ordinary existential and universal quan-
tification if needed. For example, the semantics of

 �
G would be specified accordingly:
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The remaining operators of CTL may then be defined accordingly:

AF�
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= A(tt U �)

EF�

def
= E(tt U �)

AG�
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= ¬EF¬�
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def
= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
replaced by the enrichment of CTL with dynamic logic:

AX�

def
= [�]�

EX�

def
= h�i�

Additional (less common) temporal operators, such as ‘weak until’[?], ‘release’[?],
and ‘since’[?], can similarly be defined in terms of the main operators presented
above, if needed.

Dynamic Computation Tree Logic with References to the Past (PDCTL):
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G � | �F �

Since - X-1

Syntactic Sugaring for Sets of Actions. Let A = {a1, . . . , an} describe
the set of all actions, and A

0 ⇢ A be a subset of A. To simplify notation, we
introduce the following syntactic sugaring for sets of actions, where:

a1, . . . , an = {a1, . . . , an}
� = A

�A0 = A�A

0

�a1, . . . , an = A� {a1, . . . , an}

For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a

can happen. For simplification, and since we believe this would be a frequently
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For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a
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Note that when specifying the semantics of the past temporal operators
 �
G and �

F , we use the uniqueness quantification 9=1 to describe “there exists one and
only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:

E ::= E(↵, x) | B(↵, x) | D(↵, x) | I(↵, x)

3.3 Semantics

S |= E(↵, X) i↵ 9x 2 E↵

S |= B(↵, x) i↵ 9x 2 B↵

S |= D(↵, x) i↵ 9x 2 D↵

S |= I(↵, x) i↵ 9x 2 I↵

where E↵, B↵, D↵, and I↵ represent ↵’s sets of experiences, beliefs, desires,
and intentions, respectively.

4 CIL: The Collective Intentionality Logic

4.1 Syntax

E ::= XE(g, x) | XB(g, x) | XD(g, x) | XI(g, x)
X ::= C | M | G

1Of course, the semantics may be specified using ordinary existential and universal quan-
tification if needed. For example, the semantics of

 �
G would be specified accordingly:

S0 |= �G � i↵ 9(· · ·S-2
a-2��! S-1
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a-20���! S-10
a-10���! S0) · (8i0 < 0 · Si0 |= �)^

(· · ·S-20
a-20���! S-10

a-10���! S0) 6= (· · ·S-2
a-2��! S-1

a-1��! S0)
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F would be described in a similar manner, by replacing 8i with 9i.
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0 ⇢ A be a subset of A. To simplify notation, we
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For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a
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Note that when specifying the semantics of the past temporal operators
 �
G and �

F , we use the uniqueness quantification 9=1 to describe “there exists one and
only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:

E ::= E(↵, x) | B(↵, x) | D(↵, x) | I(↵, x)

3.3 Semantics

S |= E(↵, X) i↵ 9x 2 E↵

S |= B(↵, x) i↵ 9x 2 B↵

S |= D(↵, x) i↵ 9x 2 D↵

S |= I(↵, x) i↵ 9x 2 I↵

where E↵, B↵, D↵, and I↵ represent ↵’s sets of experiences, beliefs, desires,
and intentions, respectively.

4 CIL: The Collective Intentionality Logic

4.1 Syntax

E ::= XE(g, x) | XB(g, x) | XD(g, x) | XI(g, x)
X ::= C | M | G

1Of course, the semantics may be specified using ordinary existential and universal quan-
tification if needed. For example, the semantics of

 �
G would be specified accordingly:

S0 |= �G � i↵ 9(· · ·S-2
a-2��! S-1

a-1��! S0) · (8i < 0 · Si |= �)^
¬9(· · ·S-20

a-20���! S-10
a-10���! S0) · (8i0 < 0 · Si0 |= �)^

(· · ·S-20
a-20���! S-10

a-10���! S0) 6= (· · ·S-2
a-2��! S-1

a-1��! S0)

 �
F would be described in a similar manner, by replacing 8i with 9i.
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Semantics:

Note that when specifying the semantics of the past temporal operators
 �
G and �

F , we use the uniqueness quantification 9=1 to describe “there exists one and
only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax
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The Collective Mind’s Logic for Reasoning 

!

Dynamic Computation Tree Logic                         
with reference to the past: 

!

XBDI: The Individual Intentionality Logic 

!

CIT: Collective Intentionality Logic 

Dynamic Computation Tree Logic (DCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2)

The remaining operators of CTL may then be defined accordingly:
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= A(tt U �)
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= ¬EF¬�

EG�
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= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
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EX�
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= h�i�
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above, if needed.
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� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2) |
 �
G � | �F �

Since - X-1

Syntactic Sugaring for Sets of Actions. Let A = {a1, . . . , an} describe
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h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
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actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a
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Note that when specifying the semantics of the past temporal operators
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G and �

F , we use the uniqueness quantification 9=1 to describe “there exists one and
only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):
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only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1
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3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:
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For example, [�A0]ff would then specify that no actions in A
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h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a
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� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2)

The remaining operators of CTL may then be defined accordingly:

AF�

def
= A(tt U �)

EF�

def
= E(tt U �)

AG�

def
= ¬EF¬�

EG�

def
= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
replaced by the enrichment of CTL with dynamic logic:

AX�

def
= [�]�

EX�

def
= h�i�

Additional (less common) temporal operators, such as ‘weak until’[?], ‘release’[?],
and ‘since’[?], can similarly be defined in terms of the main operators presented
above, if needed.

Dynamic Computation Tree Logic with References to the Past (PDCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2) |
 �
G � | �F �

Since - X-1

Syntactic Sugaring for Sets of Actions. Let A = {a1, . . . , an} describe
the set of all actions, and A

0 ⇢ A be a subset of A. To simplify notation, we
introduce the following syntactic sugaring for sets of actions, where:

a1, . . . , an = {a1, . . . , an}
� = A

�A0 = A�A

0

�a1, . . . , an = A� {a1, . . . , an}

For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a

can happen. For simplification, and since we believe this would be a frequently
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Dynamic Computation Tree Logic                         
with reference to the past: 

!

XBDI: The Individual Intentionality Logic 

!
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that there exists an action a that can happen, whereas [a] describes that for all
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The remaining operators of CTL may then be defined accordingly:

AF�

def
= A(tt U �)

EF�

def
= E(tt U �)

AG�

def
= ¬EF¬�

EG�

def
= ¬AF¬�

We note that the remaining CTL operator, the ‘next’ operator X, has been
replaced by the enrichment of CTL with dynamic logic:

AX�

def
= [�]�

EX�

def
= h�i�

Additional (less common) temporal operators, such as ‘weak until’[?], ‘release’[?],
and ‘since’[?], can similarly be defined in terms of the main operators presented
above, if needed.

Dynamic Computation Tree Logic with References to the Past (PDCTL):

� ::= tt | ¬� | �1 ^ �2 | [A]� | A(�1 U �2) | E(�1 U �2) |
 �
G � | �F �

Since - X-1

Syntactic Sugaring for Sets of Actions. Let A = {a1, . . . , an} describe
the set of all actions, and A

0 ⇢ A be a subset of A. To simplify notation, we
introduce the following syntactic sugaring for sets of actions, where:

a1, . . . , an = {a1, . . . , an}
� = A

�A0 = A�A

0

�a1, . . . , an = A� {a1, . . . , an}

For example, [�A0]ff would then specify that no actions in A

0 can happen,
h�a1, a2itt would specify that some action other than a1 and a2 can happen,
and h�itt would specify that some action can happen.

Syntactic Sugaring for ‘An Action Happens’. Recall that hai describes
that there exists an action a that can happen, whereas [a] describes that for all
actions a that can happen. The is no operator in DCTL however that describes
an action a happens. To describe that an action a happens, we specify the
property h�itt ^ [�a]ff, which essentially states that something can happen
(h�itt) and anything other than a cannot happen ([�a]ff), or nothing but a

can happen. For simplification, and since we believe this would be a frequently
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Note that when specifying the semantics of the past temporal operators
 �
G and �

F , we use the uniqueness quantification 9=1 to describe “there exists one and
only one” past path leading to the current state S0. This is because we believe
that even though the future is branching, the past is always linear: there is no
non-determinism in the past, but a fixed linear history of all events that took
place.1

3 XBDI: The Individual Intentionality Logic

3.1 Experience as a New Epistemic State

Beliefs are not experiences. Elaborate further on the need for experience as an
epistemic state.

3.2 Syntax

The branching-time temporal logic is enhanced with epistemic properties (E):

� ::= > | p | ¬� | � ^ � | . . . | E

When considering individual intentionality, an epistemic property E describing
the epistemic state in a branching temporal logic is defined accordingly:

E ::= E(↵, x) | B(↵, x) | D(↵, x) | I(↵, x)

3.3 Semantics

S |= E(↵, X) i↵ 9x 2 E↵

S |= B(↵, x) i↵ 9x 2 B↵

S |= D(↵, x) i↵ 9x 2 D↵

S |= I(↵, x) i↵ 9x 2 I↵

where E↵, B↵, D↵, and I↵ represent ↵’s sets of experiences, beliefs, desires,
and intentions, respectively.

4 CIL: The Collective Intentionality Logic

4.1 Syntax

E ::= XE(g, x) | XB(g, x) | XD(g, x) | XI(g, x)
X ::= C | M | G

1Of course, the semantics may be specified using ordinary existential and universal quan-
tification if needed. For example, the semantics of
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G would be specified accordingly:
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Semantics:

Collective Epistemic Properties
(CE, CB, CD, CI)

Agreement-Based
Collective Epistemic Properties

(GE, GB, GD, GI)

Awareness-Based 
Collective Epistemic Properties

(ME, MB, MD, MI) 

Figure 1: The di↵erent layers of collective epistemic states

4.2 Semantics

S |= CE(g, x) i↵ 8↵ 2 g · S |= E(↵, x)
S |= CB(g, x) i↵ 8↵ 2 g · S |= B(↵, x)
S |= CD(g, x) i↵ 8↵ 2 g · S |= D(↵, x)
S |= CI(g, x) i↵ 8↵ 2 g · S |= I(↵, x)
S |= ME(g, x) i↵ 8↵,� 2 g · ↵ 6= � ^ S |= E(↵, x) ^B(↵,E(�, x))
S |= MB(g, x) i↵ 8↵,� 2 g · ↵ 6= � ^ S |= B(↵, x) ^B(↵,B(�, x))
S |= MD(g, x) i↵ 8↵,� 2 g · ↵ 6= � ^ S |= D(↵, x) ^B(↵,D(�, x))
S |= MI(g, x) i↵ 8↵,� 2 g · ↵ 6= � ^ S |= I(↵, x) ^B(↵, I(�, x))

S |= GE(g, x) i↵ S |= �F (GI(g, x)) ^ 8↵ 2 g · 9a 2 x · S |= �F hha↵iitt
S |= GB(g, x) i↵ S |= agreed(g, x, gbelief)
S |= GD(g, x) i↵ S |= agreed(g, x, gdesire)
S |= GI(g, x) i↵ S |= agreed(g, x, gintention)

The “agreed” property. The meaning, or semantics, of the agreed property
will need to be specified in the CIL context. The exact semantics will depend
on how the group g decides their group beliefs, desires, and intentions will
be agreed upon. We provide below a couple of examples on the semantics of
S |= agreed(g, x, y).

S |= agreed(g, x, y) i↵ 9g0 ⇢ g · |g0| > |g \ g0|^

8↵ 2 g

0 · S |= �F hhvoted yes(x, y)↵iitt
(1)

S |= agreed(g, x, y) i↵ 9↵ 2 g · 8� 2 g·

S |= �F hhsuggested(x, y)↵iiGhh�vetoed(x, y)�iitt

(2)

The semantics in (1) specify that a group g agreex on x if and only if the
majority of people in the group (more than 50%) voted yes on adopting x,

5

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Operational Collective Mind

18

The Collective Mind 

✦ Reasoning 

✦ Planning 

✦ Providing Feedback 

✦ Influencing

��
�
�
�
�
�
��
���
�	
�
�

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Operational Collective Mind

18

The Collective Mind 

✦ Reasoning 

✦ Planning 

✦ Providing Feedback 

✦ Influencing

��
�
�
�
�
�
��
���
�	
�
�

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Operational Collective Mind

18

The Collective Mind 

✦ Reasoning 

✦ Planning 

✦ Providing Feedback 

✦ Influencing

��
�
�
�
�
�
��
���
�	
�
�

XD

XI

XE

XB

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Operational Collective Mind

18

The Collective Mind 

✦ Reasoning 

✦ Planning 

✦ Providing Feedback 

✦ Influencing

��
�
�
�
�
�
��
���
�	
�
�

XD

XI

XE

XB

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Operational Collective Mind

18

The Collective Mind 

✦ Reasoning 

✦ Planning 

✦ Providing Feedback 

✦ Influencing

��
�
�
�
�
�
��
���
�	
�
�

XD

XI

XE

XB

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Operational Collective Mind

18

The Collective Mind 

✦ Reasoning 

✦ Planning 

✦ Providing Feedback 

✦ Influencing

��
�
�
�
�
�
��
���
�	
�
�

XD

XI

XE

XB

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Collective Mind 

!

��
�
�
�
�
�
��
���
�	
�
�

The Operational Collective Mind

19

��
�
�
�
�
�
��
���
�	
�
�

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Collective Mind 

!

��
�
�
�
�
�
��
���
�	
�
�

The Operational Collective Mind

19

��
�
�
�
�
�
��
���
�	
�
�

XI

XE XB

XD

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The Collective Mind 

!

��
�
�
�
�
�
��
���
�	
�
�

The Operational Collective Mind

19

��
�
�
�
�
�
��
���
�	
�
�

XI

XE XB

XD

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

Interfaces 

!

!

!

!

!

!

!

Context dependent, to be designed and built 
according to the requirements of each scenario

��
�
�
�
�
�
��
���
�	
�
�

The Operational Collective Mind

20

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

Interfaces 

!

!

!

!

!

!

!

Context dependent, to be designed and built 
according to the requirements of each scenario

��
�
�
�
�
�
��
���
�	
�
�

The Operational Collective Mind

20

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

��
�
�
�
�
�
��
���
�	
�
�

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Nardine Osman                                          The Collective Mind in an Augmented World

Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

The extended mind.†   
❝ a mind in which cognitive functions are distributed well beyond the limits 
of our skulls and brains. This mixed artificial and natural brain will be both 
individual and social: a collective, cooperative intelligence that will be 
experienced in several cases as our own intelligence/mind. ❞ 

———————————————— 
† Andy Clark, Supersizing the Mind: Embodiment, Action and Cognitive Extension, Oxford University Press, 2010. 

Extending our intelligence with AI.†   
❝ Even if natural cognition is already a form of “augmented reality,” a mirror 
world will multiply this augmentation because, while we act, we will have 
infinite memory, data, processing power, and simulation capabilities offered by 
the parallel and integrated computational world. Much of our intelligence will 
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Extending our intelligence with AI.†   
❝ Even if natural cognition is already a form of “augmented reality,” a mirror 
world will multiply this augmentation because, while we act, we will have 
infinite memory, data, processing power, and simulation capabilities offered by 
the parallel and integrated computational world. Much of our intelligence will 
be artificial but in real time, changing what we see, imagine, and can do. ❞ †  

———————————————— 
† Alessandro Ricci, Michele Piunti, Luca Tummolini, and Cristiano Castelfranchi, The Mirror World: Preparing for 
Mixed-Reality Living, IEEE Pervasive Computing, vol.14, no. 2, pp. 60-63, 2015.
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The extended mind.†   
❝ a mind in which cognitive functions are distributed well beyond the limits 
of our skulls and brains. This mixed artificial and natural brain will be both 
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experienced in several cases as our own intelligence/mind. ❞ 

———————————————— 
† Andy Clark, Supersizing the Mind: Embodiment, Action and Cognitive Extension, Oxford University Press, 2010. 
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Questions raised by Ricci et al. 

❝ When will we feel these functions as “our own” extended 
mental (and practical/behavioural) activities, and when will 
we perceive them as a cooperative “team” activity? 
Furthermore, when might they be perceived as an animistic 
presence in the world? Will we have an externalised 
“mirror” super-ego? All these psychologies will be possible 
in our mirror world. ❞ †  

!
!
!

———————— 
† Alessandro Ricci, Michele Piunti, Luca Tummolini, and Cristiano Castelfranchi, The Mirror World: Preparing for Mixed-
Reality Living, IEEE Pervasive Computing, vol.14, no. 2, pp. 60-63, 2015.

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions



Artificial Intelligence Research Institute 
Spanish National Research Council 

(IIIA-CSIC)

1st International Meeting on  
Agents Living in Augmented Worlds

Thank you!
Questions/Comments?

✦Extended Cognition in AR 

✦Operational Collective 
Mind  
✧Overview 
✧The Awareness Layer 
✧The Collective Mind 
✧The Interfaces 

✦Collective Mind in AR 
✧Influence augmentation 
✧Effective actions 

✦Open Questions


