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Cognitive Architectures for Autonomous Robots

David Vernon
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The world is complicated:

lll-defined objects
Unpredictable humans

Autonomy is complex:

Need to self-assess &

adapt to the unexpected
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Physical actions and social interaction
can produce unexpected outcomes
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Robotics is Hard
Why?
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People's goals

can be hard to infer m

Perception is noisy: “{P&,
inferred knowledge 9
is uncertain Jb

People give instructions in
vague, underdetermined ways



How Do We Deal With This?
Cognition

“Cognition is the process by which an

_
o®
autonomous system Percejy, 3 ¢
. : : AW
perceives its environment, A
learns from experience, \\4
(o

(anticipat@ outcome of events, ,§ ‘
L
<

acts to pursue goals, and
adapts to changing circumstances.”

D. Vernon, Artificial Cognitive Systems — A Primer, MIT Press, 2014



An Autonomous Cognitive Robot
Continually Predicts ...

Actions
it should
take

Outcome Actions
of these others
actions will take
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Sandini, G., A. Sciutti, and D. Vernon. Cognitive Robotics. In M. Ang, O. Khatib, and B. Siciliano (Eds.), Encyclopedia of Robotics. Springer, 2021.
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Cognition: Prospective, Goal-directed Action

Autonomous Task N _ _ .
Execution To achieve goals adaptively and robustly in these

circumstances requires a complex system that can

Uncertain World

e Construct models of the way the world works
Underspecified Tasks s Use them to guide actions prospectively

e Update them as the system continually learns
through its interactions

Cooperating with Humans \

A cognitive architecture is the way
we specify how to achieve this




Core Cognitive Abilities

-
Perception
Prospection Attention
Not included in (Kotseruba and Tstotsos, 2020) /
Core : A cognitive architecture
Meta- Cogniti Action > .
reasoning ognitive Selection allows these core abilities
Abilities .
to be dynamically orchestrated
Reasoning
Learning
/

I. Kotseruba and J. Tsotsos (2020). 40 years of cognitive architectures: core cognitive abilities and practical
applications. Artificial Intelligence Review, Vol. 53, No. 1, pp. 17-94.



Elements of a

Perception Cognitive Architecture
Attention | t1ieR
Action selection \ 1y )
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Learning Prospective, goal-directed action
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Reasoning

Meta-reasoning

Prospection

https://fashion-history.lovetoknow.com/fabrics-fibers/weave-types



Cognitive
Architecture

Developmental
Embodied & Self-organizing

Symbolic

Aowledge & Reasoning

Emergent Hybrid Cognitivist
Architecture Architecture Architecture



Cognitive
Architecture

Emergent Hybrid Cognitivist
Architecture Architecture Architecture

Cognitive
Architecture

The term "cognitive architecture" originated with the work of Allen Newell (1987, 1990)
inspired to some extent by the title of John Anderson's 1983 book The Architecture of Cognition



HYBRID

EMERGENT

o

symbolic

neuronal
modeling

connectionist

SYMBOLIC

sub-processing

fully integrated

logic systems
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® APEX

® COGNET
@® Companions
® Disciple
@ EPI

® ERE

® GLAIR

@ Homer
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® IMPRINT
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© ACT-R
© ADAPT
© ARCADIA
© ARS/SIMA

© CogPrime
© Copycat/Metacat
© DS

© DUAL

© DiPRA

© FORR

© GMU-BICA
© ISAC

© Kismet

© LIDA

© MACSi

© MIDCA

© MLECOG

© NARS

© Novamente
© PolyScheme
© RALPH

® ART
Darwinian Neurodynamics

Recommendation
SPA

BECCA
MDB .
MicroPsi
SASE
Shruti
Subsumption

I. Kotseruba and J. Tsotsos. 40 years of cognitive architectures: core cognitive abilities and practical applications. Artificial Intelligence Review, Vol. 53, No. 1, pp. 17-94, 2020.
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I. Kotseruba and J. Tsotsos. 40 years of
cognitive architectures: core cognitive
abilities and practical applications.
Artificial Intelligence Review, Vol. 53,
No. 1, pp. 17-94, 2020.



Soar

(Laird et al., 2012)
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A short video by John Laird on Soar can be found at the
2021 TransAIR Workshop on Cognitive Architectures for Robot Agents

Current Capabilities, Future Enhancements,
and Prospects for Collaborative Development

TransAIR
Virtual Workshop

'\ 22nd-28th March 2021

https://transair-bridge.org/workshop-2021/

Yiannis Aloimonos, University of Minoru Asada, Osaka University: Tamim Asfour, Karlsruhe Institute of

Maryland: Minimalist Cognitive Affective Architecture: Pain, Technology: ArmarX - A Robot
Architectures (Video Empathy, and Ethics (Video Cogpnitive Architecture (Video

Angelo Cangelosi, University of
Manchester: Developmental Robotics
- Language Learning, Trust and
Theory of Mind (Video)

Yiannis Demiris, Imperial College Kazuhiko Kawamura, Vanderbilt Jeffrey Krichmar, University of
London: Cognitive Architectures for University: Cognitive Robotics and California: Neurorobotics:
Assistive Robot Agents (Video; Control (Video) Connecting the Brain, Body and

Environment (Video

Sean Kugele, University of Memphis:
The LIDA Cognitive Architecture - An
Introduction with Robotics
Applications (Video)

John E. Laird, University of Michigan: ~ Tomaso Poggio, Massachusetts Helge Ritter, Bielefeld University: Matthias Scheutz, Tufts University:
The Soar Cognitive Architecture: Institute of Technology: Circuits for Collaborating on Architectures: The DIARC Architecture for
Current and Future Capabilities Intelligence (Video) and pectives (Video) Robots
(Video) (Video)

Alessandra Sciutti, Istituto Italianodi  Ron Sun, Rensselaer Polytechnic Agnieszka Wykowska, Istituto Italiano

Tecnologia: A Social Perspective on Institute: Clarion: A
Cognitive Architectures (Video ive Cognitive Archi ition in ion (Video)
Video)

P di logi isms of Human



ISAC

(Kawamura et al., 2008, 2024)

, ————————
Sh-Term Memory 7 Self Agent \
o Goals & 1
Attention 1 Motivation )
— Perceptual Network | . |
Agents Intention
| Agent 1
I | Cognitive |
] | Control & 1
Reflection
I I
First-Order 1 |
Response | :":ﬁ 1
Agent Central g
| | | Executive \ ]
Working ||| Agent AN
4 . \ Memory 1 1
Activator Agents System " )
Arm Agent 1 Internal l
Rehearsal
Head Agent | System 1
<: Hand Agent !
/!
\ S ——— — /
N\
Long-Term Semantic ||Procedural || Episodic
Memory Memory Memory Memory




A short video by Kazukiho Kawamura on ISAC can be found at the
2021 TransAIR Workshop on Cognitive Architectures for Robot Agents

Current Capabilities, Future Enhancements,
and Prospects for Collaborative Development

TransAIR
Virtual Workshop

'\ 22nd-28th March 2021

https://transair-bridge.org/workshop-2021/

Yiannis Aloimonos, University of Minoru Asada, Osaka University: Tamim Asfour, Karlsruhe Institute of

Maryland: Minimalist Cognitive Affective Architecture: Pain, Technology: ArmarX - A Robot
Architectures (Video Empathy, and Ethics (Video Cogpnitive Architecture (Video

Yiannis Demiris, Imperial College Kazuhiko Kawamura, Vanderbilt Jeffrey Krichmar, University of

London: Cognitive Architectures for University: Cognitive Robotics and California: Neurorobotics:
Assistive Robot Agents (Video; Control (Video) Connecting the Brain, Body and

Environment (Video

Angelo Cangelosi, University of
Manchester: Developmental Robotics
- Language Learning, Trust and
Theory of Mind (Video)

Sean Kugele, University of Memphis:
The LIDA Cognitive Architecture - An
Introduction with Robotics
Applications (Video)

John E. Laird, University of Michigan: ~ Tomaso Poggio, Massachusetts Helge Ritter, Bielefeld University: Matthias Scheutz, Tufts University:
The Soar Cognitive Architecture: Institute of Technology: Circuits for Collaborating on Architectures: The DIARC Architecture for
Current and Future Capabilities Intelligence (Video) and pectives (Video) Robots
(Video) (Video)

Alessandra Sciutti, Istituto Italianodi  Ron Sun, Rensselaer Polytechnic Agnieszka Wykowska, Istituto Italiano

Tecnologia: A Social Perspective on Institute: Clarion: A
Cognitive Architectures (Video ive Cognitive Archi ition in ion (Video)
Video)

P di logi isms of Human



HAMMER

(Demiris and Khadhouri, 2006)
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A short video by Yiannis Demiris on HAMIVIEER can be found at the
2021 TransAIR Workshop on Cognitive Architectures for Robot Agents

Current Capabilities, Future Enhancements,
and Prospects for Collaborative Development

TransAIR
Virtual Workshop

'\ 22nd-28th March 2021

https://transair-bridge.org/workshop-2021/

Yiannis Aloimonos, University of Minoru Asada, Osaka University: Tamim Asfour, Karlsruhe Institute of

Maryland: Minimalist Cognitive Affective Architecture: Pain, Technology: ArmarX - A Robot
Architectures (Video Empathy, and Ethics (Video Cogpnitive Architecture (Video

Yiannis Demiris, Imperial College Kazuhiko Kawamura, Vanderbilt Jeffrey Krichmar, University of
London: Cognitive Architectures for University: Cognitive Robotics and California: Neurorobotics:
Assistive Robot Agents (Video; Control (Video) Connecting the Brain, Body and

Environment (Video

Angelo Cangelosi, University of
Manchester: Developmental Robotics
- Language Learning, Trust and
Theory of Mind (Video)

Sean Kugele, University of Memphis:
The LIDA Cognitive Architecture - An
Introduction with Robotics

Applications (Video

John E. Laird, University of Michigan: ~ Tomaso Poggio, Massachusetts Helge Ritter, Bielefeld University: Matthias Scheutz, Tufts University:
The Soar Cognitive Architecture: Institute of Technology: Circuits for Collaborating on Architectures: The DIARC Architecture for
Current and Future Capabilities Intelligence (Video) and pectives (Video) Robots
(Video) (Video)

Alessandra Sciutti, Istituto Italianodi  Ron Sun, Rensselaer Polytechnic Agnieszka Wykowska, Istituto Italiano

Tecnologia: A Social Perspective on Institute: Clarion: A
Cognitive Architectures (Video ive Cognitive Archi ition in ion (Video)
Video)

P di logi isms of Human



High Level

Middle Level

Low Level

Task Controller

Natural Language Scene
Understanding (NLU)  Understanding

Robot Memory

Prior Knowledge

Perception

Object Localization

Real-Time Control Framework

Cartesian Velocity Cartesian Impedance
Controller Controller

Torque Controller  Velocity Controller

Hardware Abstraction Layer

Scene Registration
and Self-Localization

ArmarX

(Vahrenkamp et al., 2015; Asfour, 2019; Peller-Konrad et al., 2023)

Symbolic
Planning
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Controller

Position
Controller

Task Coordination
(Statecharts)

Working Memory
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CCDMP Controller

Compliant Velocity
Controller
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RoNoH Control
and Data Flow

General Control
and Data Flow

Controller
Parametrization

Images and
Point Clouds

RoNoH Based
on Haptics




A short video by Tamim Asfour on ArmarX can be found at the
2021 TransAIR Workshop on Cognitive Architectures for Robot Agents

Current Capabilities, Future Enhancements,
and Prospects for Collaborative Development

TransAIR
Virtual Workshop

'\ 22nd-28th March 2021

https://transair-bridge.org/workshop-2021/

Yiannis Aloimonos, University of Minoru Asada, Osaka University: Tamim Asfour, Karlsruhe Institute of

Maryland: Minimalist Cognitive Affective Architecture: Pain, Technology: ArmarX - A Robot
Architectures (Video Empathy, and Ethics (Video Cogpnitive Architecture (Video

Angelo Cangelosi, University of
Manchester: Developmental Robotics
- Language Learning, Trust and
Theory of Mind (Video)

Yiannis Demiris, Imperial College Kazuhiko Kawamura, Vanderbilt Jeffrey Krichmar, University of
London: Cognitive Architectures for University: Cognitive Robotics and California: Neurorobotics:
Assistive Robot Agents (Video; Control (Video) Connecting the Brain, Body and

Environment (Video

Sean Kugele, University of Memphis:
The LIDA Cognitive Architecture - An
Introduction with Robotics
Applications (Video)

John E. Laird, University of Michigan: ~ Tomaso Poggio, Massachusetts Helge Ritter, Bielefeld University: Matthias Scheutz, Tufts University:
The Soar Cognitive Architecture: Institute of Technology: Circuits for Collaborating on Architectures: The DIARC Architecture for
Current and Future Capabilities Intelligence (Video) and pectives (Video) Robots
(Video) (Video)

Alessandra Sciutti, Istituto Italianodi  Ron Sun, Rensselaer Polytechnic Agnieszka Wykowska, Istituto Italiano
Tecnologia: A Social Perspective on Institute: Clarion: A comp! i di logi isms of Human
Cognitive Architectures (Video ive Cognitive i ition in ion (Video)

Video)




CRAM 2.0

(Beetz et al., 2029)

COGITO

Metacognition

[ Introspection ]

[ Self-programming ]

KnowRob 2.0

q“est‘\on answe,,-”g

What, why, how?

Answer

A 4

v

Plan Executive

[ Generalized action plan |

Contextualize

symbolic
knowledge,

perception

Body motion query

Action

b
Designator «
v

Motion specifications

[ Motion plan
S r 3
(episodic memory)
! +
RoboSherlock Giskard >
Perception Executive Action Executive '

Robot experience

Designed to address robot manipulation tasks in everyday activities based on underdetermined instructions



Observation 1

Cognitive architectures need world models /

— "Any agent capable of generalizing to n

multi-step goal-directed tasks must have learned
a predictive model of its environment"
Richens et al. (2025)

— Good regulator theorem: "Every good regulator of a system must be a model of that system"
Conant & Ashby (1970)



Observation 2

If our focus is exclusively on robot cognitive architectures, ‘/

we can make some pragmatic choices n

— What it means to be autonomous

— What it means to be embodied

— What it means to be bio-inspired



Autonomic, homeostatic, allostatic, Capable of operating without
i.e., self-maintaining human intervention

@



The body is a constitutive element of Cognition controls the body
the cognitive process




Cognitive robots allows us to test Cognitive architecture: informed by
hypotheses about human cognition human cognition but not emulate it

r NS4
& - Gns



Observation 3

/

Foundation models (LLMs & VLMs) are having a major impact

— Modules for hybrid cognitive architectures
e.g., Clarion (Sun, 2024)

2,
|

— Replacing cognitive architectures
e.g., generative end-to-end Vision-Language-Action (VLA) models

— New forms of cognitive architecture
e.g., energy-based Joint-Embedding Predictive Architecture (JEPA)

(LeCun, 2022; Dawid & LeCun, 2024)



Question 1

Based on foundation models, aka. LLMs & VLMs

/

Are Vision-Language-Action (VLA) models the answer?
— RT-2, RT-X, OpenVLA, CogACT, GROOT N1, RFM-1, m ...

— Difficulties

Obtaining internet-scale training data

Dealing with variability of physical environments, robot morphologies, and tasks

Guaranteeing trustworthiness

Achieving real-time performance

D. Vernon, "The Future of Research in Cognitive Robotics: Foundation Models or Developmental Cognitive Models?", Advanced Robotics Research, 2025.



Question 1

Are Vision-Language-Action (VLA) models the answer?

"Generative Al cannot cooperate with humans,
because it does not really understand humans and,
thus, is unable to support mutual understanding"

G. Sandini, A. Sciutti, and P. Morasso, “Collaborative Robots with Cognitive
Capabilities for industry 4.0 and beyond,” Al 5 (2024): 1858—-1869.

Environment

BODY

Internal
Model

MIND

Mutual
Understanding



Question 1

Are Vision-Language-Action (VLA) models the answer?

"Let's all take a moment of silence for our
dear friend VLAs. They've served us well.
Rest in peace."

)

2022:2025)

Jim Fan
Leader of the embodied autonomous research group at Nvidia

Robotics' End Game
Talk at Al Ascent 2026

https://sequoiacap.com/article/ai-ascent-2026/




Question 1

Are Vision-Language-Action (VLA) models the answer?

1250

1000

750

500

250

VLA Submissions Growth at ICLR

2024

1000+?

exponential?

164

2025 2026 2027
projected

One the other hand ...

M. Reuss

State of VLA Research at ICLR 2026
https://mbreuss.github.io/blog_post_iclr_26_vla.html



Question 2

Are there any other approaches we should be aware of?

"Let's all take a moment of silence for our
dear friend VLAs. They've served us well.
Rest in peace.

Long live world action models."

Jim Fan
Leader of the embodied autonomous research group at Nvidia

Robotics' End Game
Talk at Al Ascent 2026

https://sequoiacap.com/article/ai-ascent-2026/
https://www.youtube.com/watch?v=3Y8aq_ofEVs&t=1181s




Question 2

Are there any other approaches we should be aware of?

DreamZero orcosmos3)

Egocentric video of actions . _
\ o Proprioceptive state
Videos Language Proprio

|
Jointly predicts actionsand —  World Action Model <«
future world states

Video diffusion as the
pre-training backbone
instead of language

.. ‘ : models ...
Anticipates what the Future Videos  Continuous actions

rob(?t would see 'f_'t Learns physics rather
carried out the actions

than semantics

Ye et al., World Action Models are Zero-shot Policies, 2026, arXiv:2602.15922



Question 1b

Are World Action Models (WAM) the answer?
\re Vision] \etion (VLA lols 4] )

"Generative Al cannot cooperate with humans,
because it does not really understand humans and,
thus, is unable to support mutual understanding"

G. Sandini, A. Sciutti, and P. Morasso, “Collaborative Robots with Cognitive
Capabilities for industry 4.0 and beyond,” Al 5 (2024): 1858—-1869.

Environment

BODY

Internal
Model

MIND

Mutual
Understanding



Conclusion

DreamZero Generative WAM
Videos Language Proprio Ye et al-, 2026

-
World Action Model

Future Videos  Continuous actions

Predictive WAM A
LeCun, 2022; Dawid & LeCun, 2024

Incremental, few-shot, continual learning;
not dependent on internet-scale datasets

But keep on building developmental robot cognitive architectures

Watch this space . : : : . .
P with world models for prospective goal-directed action & interaction

e.g., V-JEPA 2 (Assran et al., 2025)
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2021 TransAIR Workshop on Cognitive Architectures for Robot Agents
https://transair-bridge.org/workshop-2021/

S. Babamohamadi, Beyond VLAs: How World Action Models Reshape Robot Manipulation
https://developer.nvidia.com/blog/beyond-vlas-how-world-action-models-reshape-robot-manipulation/

M. Reuss, State of VLA Research at ICLR 2026
https://mbreuss.github.io/blog_post_iclr_26_vla.html

J. Fan, Robotics' End Game, Al Ascent, 2026
https://sequoiacap.com/article/ai-ascent-2026/
https://www.youtube.com/watch?v=3Y8aq_ofEVs

Y. K. Sugi, VLAs are dead, long live World Action Models - a summary of Jim Fan's Robotics End Game talk, 2026.
https://www.eventual.ai/blog/vlas-are-dead-long-live-world-action-models

What Is a World Action Model?
https://www.nvidia.com/en-us/glossary/world-action-model/

Cosmos 3 Omnimodal World Models for Physical Al
https://research.nvidia.com/labs/cosmos-lab/cosmos3/

Y. LeCun, A Path Towards Autonomous Machine Intelligence, OpenReview, 2022.
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S. Sagova, Overview of Yann LeCun's A Path Towards Autonomous Machine Intelligence
https://kti.mff.cuni.cz/~bartak/ui_seminar/talks/YannLeCun-sagova.pdf
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