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A TAI agent must be …
1. capable of problem-solving via planning, reasoning, learning, 

communicating;

2. capable of solving at least important instances of problems that 
are at and/or “above” Turing-unsolvable problems;

3. able to supply justification, explanation, and certification of 
supplied solutions, how they are arrived at, and that these 
solutions are safe/ethical;

4. capable of theory-of-mind-level reasoning, planning, learning, 
and communicating;

5. capable of creativity, minimally to the level of so-called 
“MacGyveresque”, or m-creativity; and

6. in possession of “tentacular” power wielded throughout I/IoT, 
edge computing, cyberspace, etc.



Formal Background



• Deontic Cognitive Event Calculus

• First Order Multi-Operator Modal Logic

• Well-Defined Syntax & Inference Schemata

• Based on Natural Deduction
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to the cognitive calculi family of logical calculi (denoted by
a star in Figure ?? and expanded in Figure ??). DCEC has
a well-defined syntax and inference system; see Appendix A
of [?] for a full description. The inference system is based
on natural deduction [?], and includes all the introduction
and elimination rules for first-order logic, as well as inference
schemata for the modal operators and related structures

This system has been used previously in [?; ?] to auto-
mate versions of the doctrine of double effect DDE , an eth-
ical principle with deontological and consequentialist com-
ponents. While describing the calculus is beyond the scope
of this paper, we give a quick overview of the system be-
low. Dialects of DCEC have also been used to formalize and
automate highly intensional (i.e. cognitive) reasoning pro-
cesses, such as the false-belief task [?] and akrasia (succumb-
ing to temptation to violate moral principles) [?]. Arkoudas
and Bringsjord [?] introduced the general family of cogni-
tive event calculi to which DCEC belongs, by way of their
formalization of the false-belief task. More precisely, DCEC
is a sorted (i.e. typed) quantified modal logic (also known as
sorted first-order modal logic) that includes the event calcu-
lus, a first-order calculus used for commonsense reasoning.
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Figure 3: Cognitive Calculi. The cognitive calculi family is com-

posed of a number of related calculi. ? introduced the first member

in this family, CEC, to model the false-belief task. The smallest mem-

ber in this family, µC, has been used to model uncertainty in quanti-

fied beliefs [?]. DCEC and variants have been used in the modelling

of ethical principles and theories and their implementations.

4.1 Syntax

As mentioned above, DCEC is a sorted calculus. A sorted
system can be regarded as analogous to a typed single-
inheritance programming language. We show below some of
the important sorts used in DCEC.

Sort Description

Agent Human and non-human actors.
Time The Time type stands for time in the domain.

E.g. simple, such as ti, or complex, such as
birthday(son(jack)).

Event Used for events in the domain.
ActionType Action types are abstract actions. They are in-

stantiated at particular times by actors. Exam-
ple: eating.

Action A subtype of Event for events that occur as
actions by agents.

Fluent Used for representing states of the world in the
event calculus.

The syntax has two components: a first-order core and a
modal system that builds upon this first-order core. The fig-
ures below show the syntax and inference schemata of DCEC.
The first-order core of DCEC is the event calculus [?]. Com-
monly used function and relation symbols of the event calcu-
lus are included. Fluents, event and times are the three major
sorts of the event calculus. Fluents represent states of the
world as first-order terms. Events are things that happen in
the world at specific instants of time. Actions are events that
are carried out by an agent. For any action type ↵ and agent
a, the event corresponding to a carrying out ↵ is given by
action(a, ↵). For instance if ↵ is “running” and a is “Jack”

, action(a, ↵) denotes “Jack is running”. Other calculi (e.g.
the situation calculus) for modeling commonsense and phys-
ical reasoning can be easily switched out in-place of the event
calculus.

Syntax

S ::= Agent | ActionType | Action v Event | Moment | Fluent

f ::=

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

action : Agent ⇥ ActionType ! Action
initially : Fluent ! Formula
holds : Fluent ⇥ Moment ! Formula
happens : Event ⇥ Moment ! Formula
clipped : Moment ⇥ Fluent ⇥ Moment ! Formula
initiates : Event ⇥ Fluent ⇥ Moment ! Formula
terminates : Event ⇥ Fluent ⇥ Moment ! Formula
prior : Moment ⇥ Moment ! Formula

t ::= x : S | c : S | f(t1, . . . , tn)

� ::=

8
>>>>>><

>>>>>>:

q : Formula | ¬� | � ^  | � _  | 8x : �(x) |
P(a, t,�) | K(a, t,�) |
C(t,�) | S(a, b, t,�) | S(a, t,�) | B(a, t,�)

D(a, t,�) | I(a, t,�)

O(a, t,�, (¬)happens(action(a⇤,↵), t0))

The modal operators present in the calculus include the
standard operators for knowledge K, belief B, desire D, in-
tention I, etc. The general format of an intensional operator is
K (a, t, �), which says that agent a knows at time t the propo-
sition �. Here � can in turn be any arbitrary formula. Also,
note the following modal operators: P for perceiving a state,
C for common knowledge, S for agent-to-agent communica-
tion and public announcements, B for belief, D for desire, I
for intention, and finally and crucially, a dyadic deontic op-
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erator O that states when an action is obligatory or forbidden
for agents. It should be noted that DCEC is one specimen in
a family of extensible cognitive calculi.

The calculus also includes a dyadic (arity = 2) deontic op-
erator O. It is well known that the unary ought in standard
deontic logic leads to contradictions. Our dyadic version of
the operator blocks the standard list of such contradictions,
and beyond.8

Declarative communication of � between a and b at time t

is represented using the S(a, b, t, �).

4.2 Inference Schemata
The figure below shows a fragment of the inference schemata
for DCEC. First-order natural deduction introduction and
elimination rules are not shown. Inference schemata IK and
IB let us model idealized systems that have their knowledge
and beliefs closed under the DCEC proof theory. While hu-
mans are not deductively closed, these two rules lets us model
more closely how more deliberate agents such as organiza-
tions, nations and more strategic actors reason. (Some di-
alects of cognitive calculi restrict the number of iterations on
intensional operators.) I13 ties intentions directly to percep-
tions (This model does not take into account agents that could
fail to carry out their intentions). I14 dictates how obligations
get translated into known intentions.

Inference Schemata (Fragment)

K(a, t1, �), � ` �, t1  t2

K(a, t2,�)
[IK]

B(a, t1, �), � ` �, t1  t2

B(a, t2,�)
[IB]

K(a, t,�)

�
[I4]

t < t0, I(a, t, )

P(a, t0, )
[I13]

B(a, t,�) B(a, t,O(a, t,�,�)) O(a, t,�,�)

K(a, t, I(a, t,�))
[I14]

4.3 Semantics
The semantics for the first-order fragment is the standard first-
order semantics. The truth-functional connectives ^, _, !, ¬
and quantifiers 8, 9 for pure first-order formulae all have
the standard first-order semantics. The semantics of the
modal operators differs from what is available in the so-
called Belief-Desire-Intention (BDI) logics [?] in many im-
portant ways. For example, DCEC explicitly rejects possible-
worlds semantics and model-based reasoning, instead opt-
ing for a proof-theoretic semantics and the associated type
of reasoning commonly referred to as natural deduction [?;
?]. Briefly, in this approach, meanings of modal operators are
defined via arbitrary computations over proofs.

5 Defining TAI
We denote the state-of-affairs at any time t by a set of for-
mulae �(t). This set of formulae will also contain any obli-
gations and prohibitions on different agents. For each agent
ai at time t, there is a contract c(ai, t) ✓ �(t) that describes
ai’s obligations, prohibitions etc. a at any time t then comes

8A overview of this list is given lucidly in [?].
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Figure 4: TAI Working Through Time. A TAI agent initially consid-

ers a goal and then has to produce a proof for the non-existence of a

non-tentacular plan that uses only this agent. Then ⌧ recruits a set

of other relevant agents to help with its goal.

up with a goal g so that its contract is satisfied.9 The agent
believes that if g does not hold then its contract at some future
t + � will be violated:

B

⇣
a, t, ¬g ! ¬

^
c(a, t + �)

⌘

Then the agent tries to come up with a plan involving a se-
quence of actions to satisfy the goal.

We make these notions more precise. An agent a has a
set of actions that it can perform at different time points.
For instance, a vacuuming agent can have movement along
a plane as its possible actions while an agent on a phone can
have displaying a notification as an action. We denote this by
can(a, ↵, t) with the following additional axiom:

Axiom ¬can(a, ↵, t) ! ¬happens(action(a, ↵), t)

We now define a consistent plan below:

Consistent Plan

A consistent plan ⇢ha1,...,ani at time t is a sequence of agents
a1, . . . , an with corresponding actions ↵1, . . . ,↵n and times
t1, . . . , tn such that � ` (t < ti < tj) for i < j and for all
agents ai we have:

1. can(ai,↵i, ti)

2. happens(action(ai,↵i)) is consistent with �(t).

Note that a consistent plan ⇢h...i can be represented by a term
in our language. We introduce a new sort Plan and a variable-
arity predicate symbol plan(⇢, a1, . . . , an) which says that ⇢

is a plan involving a1 . . . , an.
9See [?] for an example of how obligations and prohibitions can

be used in DCEC.



Differences from Prior Work



Differences from Prior Work
• Expressivity


1. Can handle states of minds of other agents as goals.


2. Quantifiers enable succinct representation of large (infinite) domains. 


• Absence/scarcity of standardized domain knowledge.


• Today’s ML can’t solve anomalous problems.

Spectra can Handle Infinite Models 
(Among other more practical and immediate advantages)

8x9yR (x, y)^
8x, y¬ (R (x, y) ^R (y, x))^
8x, y, z (R (x, y) ^R (y, z)) ! R (x, z)

These model an infinite domain

Shadow Prover

55 ms

The Purloined Letter



Applications to
Smart Cities



Scenario 1:  
Power Outage



I hear loud noises 
coming from the 

substation

SCENARIO 1: POWER OUTAGE

B(ac, t0, noisy(substation) ! unusual)
<latexit sha1_base64="vTqRb7wwq7TcL1t8oFer94sOJ2g="></latexit>

f1
P(ac, t1, noisy(substation))

<latexit sha1_base64="LtvbJWxmwqjWL3ACJ1K776m7XjQ="></latexit>

f2



SCENARIO 1: POWER OUTAGE

This is unusual. 
Let me check with 
the TAI agent in the 

substation 

f38t : O

✓
ac, t, unusual,

happens(action(ac, consult(at)), t+ 1)

◆

<latexit sha1_base64="7zMfnYdohxat54N/8BHvcyzFUOE="></latexit>

8t : B(ac, t, )
<latexit sha1_base64="mqpzOxaZvg4h4NpKpi2i9zW0Osw="></latexit>

f3 f4



SCENARIO 1: POWER OUTAGE

I predict a 
power outage with 

high likelihood

8a :

✓
happens(action(a, consult(at)), t2)
! B(a, t3, outage)

◆

<latexit sha1_base64="cUh2y7NSxgOQhihQTrsLXMSX3Wk="></latexit>

f5



SCENARIO 1: POWER OUTAGE

Let me inform 
the house.

8t : B(ac, t, )
<latexit sha1_base64="mqpzOxaZvg4h4NpKpi2i9zW0Osw="></latexit>

f6 f7

8t : O

✓
ac, t, outage,

S(ac, ah, outage, t+ 1)

◆

<latexit sha1_base64="bU0JraehkIIQ5z5dld14mkSKQ6c="></latexit>

f6



SCENARIO 1: POWER OUTAGE

I predict a 
power outage.

S(ac, ah, outage, t4)
<latexit sha1_base64="XBK+gtMgbRT83FI7Ov59LAuGOmk="></latexit>

f8



SCENARIO 1: POWER OUTAGE

The house needs to be 
stocked today.

• Ask smart refrigerator which supplies are necessary

• Place an order online

• If possible, request same-day drone delivery

• If not, find a store along human’s route home, request store pickup

• Tell car to reroute human to store before returning home

8t : O

✓
ah, t, outage,

8s : quantity(s) > 0

◆

<latexit sha1_base64="D72j8sEbGhWQK+cJBHIIYV7+APM="></latexit>



Scenario 1I:  
Office Optimization



SCENARIO 1I: OFFICE OPTIMIZATION

9d :

2

664

I (bill, t⇤, happens(action(eric, assigned(d)), t⇤ + 1))

^ 8e

(happens(action(eric, assigned(d)), t⇤ + 1) ^ pos emotion(e, t⇤ + 1))

! pos emotion(e, t⇤ + 2)

�

^ HighlyProductive(eric)

3

775

<latexit sha1_base64="ATZ8p7sL3HIEgTwYAr43iiN+tgM="></latexit>

1. Scenario

1. A new employee (eric) has been in office for orientation for 3 days

2. Today, the boss (bill) has to assign eric a permanent desk 

3. bill employs TAI to help him determine the best desk for eric.

2. Therefore, TAI’s goal is

3. TAI determines, in a tentacular fashion, that desk 3 would be best for eric

1. The building’s smart thermostat was set to a temperature that most 
employees found comfortable. However, eric’s smart watch indicated to TAI 
that eric was cold. Desk 3 is close to the heater.

2. The company’s orientation software found that eric was most productive 
when at a desk away from loud-speaking employees. Desk 3 is in a quiet area 
(as determined by microphones in those areas).



A Comment on Ethics & Privacy

• Clearly could enable nefarious parties to

• (Potentially unwittingly) influence humans

• violate the privacy of humans, both consenting users and not

• Ethical/moral reasoning are at the forefront of DCEC/TAI

• Include statements in TAI’s contract to guarantee privacy of users’ data

• Utilize cutting-edge cryptographic methods for hiding sensitive data 
from TAI

• homomorphic encryption

• zero-knowledge proofs

• differential privacy



Future Work

• Micro-domains and synthetic data in home automation, smart buildings 
and cities


• Integration of one more more common services with our reasoning 
systems and planners with a focus on:


• Safety, Ethics, Efficiency


• Visual Question Answering (VQA) with Justifications


• Human-understandable justifications from visual scenes



Thank You



Links

• TAI Project: http://kryten.mm.rpi.edu/TAI/tai.html


• Reasoner: https://github.com/naveensundarg/prover

http://kryten.mm.rpi.edu/TAI/tai.html
https://github.com/naveensundarg/prover

