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The problems of Machine Consciousness

• We all know the many problems of building conscious 
machines. 

• Let’s summarise them in two big ones:

• We don’t know/agree on what “consciousness” is 

• We don’t know how to build the thing (in part because of 1)

1

2
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Building conscious machines

• To construct conscious machines we can use two major 
strategies (as described by Holland some time ago): direct and 
incremental

• Direct approaches: try to build a machine following a 
particular theory of consciousness (e.g. GWT).

• Incremental approaches: try to add competencies one-at-a-
time up to reaching the level of consciousness.

• No matter what is the approach, MC will suffer a receding-
horizon phenomenon similar to AI (there is not a ultimate test 
procedure)
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Building conscious machines: the idea



?
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Building conscious machines: the reality

Magic of the 
consciousness engineer
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Towards a Positive Theory of Consciousness (I)

• There are too many basic understandings of what 
consciousness is: process, function, module, property, 
emergent phenomenon, quantum state, etc. 

• The problem can be traced back to a common architectural 
reverse-engineering problem: the extraction of function from 
non-formal description of architectures.

• A rapid scan of the literature on the topic leaves the following 
impressions:

• Most theories that target the whole thing seem just literature 
(or plain rubbish, or love & hate manifestations)

• Positive theories are mostly seem as partial and naïve
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Towards a Positive Theory of Consciousness (II)

• We need a unified theory of “consciousness”:  

• That targets the whole thing (i.e. even qualia)

• That is widely agreed across disciplines

• That is expressible in different abstraction 
levels to be at the same time 

• general and 

• precise and 

• verifiable

Generality

Precision
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Towards a Positive Theory of Consciousness (III)

• We must express the theory in a formal enough language as 
to minimise the problem of multiple interpretations

• Some approaches to “formal theories” are available but are far 
from being accepted as targeting the whole (e.g. Tononi’s)

• Some other approaches are just incomprehensible (e.g. 
Zelzenikar’s).

• There’s even some researchers that think that formalisation of 
consciousness is untenable

• But ... this is a necessary step in science.
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Modes of expression

• Verbal-Linguistic

• Sharing words, writings, documents

• Why are we stuck here?

• Logical-Mathematical

• Equations, drawings, MatLab models

• Engineering/scientific disciplinary

• Graphic-Visual

• Pictures, charts, drawings

• Used by many people!

• There are other methods too…
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Ortony et al. emotions
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Rationale for a 
Systems Approach to Consciousness

• The recognition of the enormous complexity of the issue of 
building conscious machines points into a direction that can 
help solve both problems.

• Complex systems engineering is addressed using the methods 
of the so-called discipline of ”Systems Engineering”

• This sits in the middle of technical and managerial issues, 
addressing the multifaceted problems of large-scale, complex 
systems engineering

• In this work we propose the use of recent systems engineering 
modelling methods to address the complexities of MC 
theorising
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Core Objective

• The core objective of this approach is the development of 
Reference Models of Consciousness 

• Aim:

• Consolidate a unified vision on consciousness functions and 
mechanisms

• To organise knowledge about consciousness components 
into standardised, reusable and extensible models

• To develop methods for (re-)using this knowledge in support 
of the construction of conscious systems
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The Nature of Models

[Rothemberg-1989]

“Modeling, in the broadest sense, is the cost-effective use of 
something in place of something else for some cognitive purpose.

...
 A model represents reality for the given purpose; the model is an 

abstraction of reality in the sense that it cannot represent all 
aspects of reality. This allows us to deal with the world in a 

simplified manner, avoiding the complexity, danger 
and irreversibility of reality.”
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Reference Models of Consciousness Approach

• Method:

• Define an ontology for describing consciousness 
components and systems

• Define reference models as standardised elements that 
include knowledge and information about the form, function 
and behaviour of components

• Formalise the ontology and reference models in SysML

• Create semantic mappings between SysML, cognitive 
science, systems biology and engineering tools
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Targetting the two problems at once

• This approach can not only address problem 1 (what 
“consciousness” is) but can also help with problem 2 (how to 
build the thing)

• This can be possible by the unification of

• the emerging model-based theory of consciousness and 

• the modern model-based practice of embedded systems 
construction

• Let’s see some of the bricks of this approach



On Model-based minds



PM

RS

ID

SS

MC SC

1

8
5

4

3

2

7
6

Observer system

Perceptor

Environment

aslab

Systems, Models and Self-awareness
Sanz & Corbató, Helsinki 21/8/2008

The question of perception

 SS = sensory system
RS = representation system

PM = perceptual memory
SC = substratal coupling
MC = marginal coupling

[López 2007]
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The question of action

[Albus 1999]
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The question of Knowledge?

• Knowledge is composed by executable dynamic models

• Models about some (partial) reality in/out the agent

• that may be executed

• Over a physical execution engine (e.g. cerebellum)

• Over a virtual machine running over a physical execution 
engine or another virtual machine

• May be degenerated (e.g. a simple static value)

• May be embodied (aka “precompiled” with the execution 
engine)

• May be shared among heterogeneous engines
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The end of the questioning

• This can be summarised in a single sentence:

Minds are model-based controllers

• They can be direct/inverse, 
implicit/explicit, 
static/dynamic, 
isolated/coupled, 
“genetic”/”memetic”/learned,
homogeneous/heterogeneous,
postdictive/predictive,
etc. Perception World Model Behavior

Value Judgment

situation plan evaluation

plan
effects

situation
evaluation



On Model-based systems engineering
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What is Systems Engineering?

Systems Engineering is an interdisciplinary 
approach and means to enable the realisation of 
successful systems. 

It focuses on defining customer needs and required 
functionality early in the development cycle, 
documenting requirements, then proceeding with 
design synthesis and system validation while 
considering the complete problem.
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Does this match our needs?

• Talking about “customers” and “needs” may seem far-off for 
research on machine consciousness.

• In this field we can identify three classes of global research 
objectives for MC:

• Building machines like us (the C3PO drive)

• Understanding biological consciousness 

• Building better machines (the misgone HAL dream) 

• All them specify needs for our realisations and SE is a 
systematic way of addressing those needs (aka requirements) 
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The V-model of Development

Build
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A Focus on Software and Architecture

OMG’s MDA



 

AN OVERVIEW OF THE SYSTEMS MODELING LANGUAGE FOR PRODUCTS AND SYSTEMS 

DEVELOPMENT 
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Figure 2 Context diagram for the Rain Sensing Wiper system. 

In the introduction of this paper, we explain that the conceptual stage of the lifecycle 

succeeds to the analysis of the customer needs into product requirements. Requirements 

have been traditionally represented as text (accompanied with figures and drawings) and 

stored in files or databases. The requirements describe all the product functions and the 

constraints under which these functions should be realized.  

SysML allows the representation of requirements as model elements. Hence 

requirements become an integral part of the product architecture. The language offers a 

flexible means to represent text-based requirements of any nature (e.g. functional or non-

functional) as well as the relationships between them.  

In Figure 3 we represent a requirement diagram for the RSW. Note that it contains 

both functional and non-functional requirements. Requirements in SysML are abstract 

classifiers (i.e. they cannot be instantiated) with no operations or attributes. They cannot 

participate in associations or generalizations, however a set of predefined relationships 

help to characterize the relationships between the requirements. We review these 

relationships below. 

Sub-requirements are related to their parent requirement using the crosshair 

relationship (that denotes namespace embedding). For example in Figure 3, some of the 

sub-requirements of the requirement Automatic Wiping are connected to it using the 
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Context diagram for autonomous wiper
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From Model to System



A Real-Time Agent System Perspective of Meaning and Sapience 9

of complex systems by means of scalable design patterns. This approach is specially
well captured in the multiresolutional approach fostered by the control design pattern
that Meystel calls the elementary loop of functioning (Meystel, 2003). Of importance
in relation with the ASys theory of meaning is the incorporation of value judgment
mechanisms over this elementary loop (see Figure 7).

The elementary loop of functioning, when applied hierarchically, generates a mul-
tiresolutional ladder of meanings specifically focused on the controllable subspace of
each control level. This approach partitions both the problem of meaning generation
and the problem of action determination, leading to hierarchical control structures that
have interesting properties of self-similarity.

This core design pattern approach is extended in the concept of a control node of
the RCS control architecture (Albus, 1992) (see Figure 7). Beyond the model of the
world and the sensing and acting units, this architecture considers the existence of a
value judgment unit that evaluate both static states and dynamic states derived from
hypothetical plan execution.
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ited to the originating node (Albus and Barbera, 2005).
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A Text Model
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A (soft) block model
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A semi-formal block model
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Compare and Contrast

Block diagram with 
random or inconsistent 

meaning to symbols

Component diagram 
with well-defined syntax 

and grammar
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Communication is key !

The engineer (scientist) must use a consistent, 
well-defined, and well-understood language to 
communicate the requirements and design to 

other stakeholders (engineers or not), 
otherwise the product will be questionable, 

founder, fail, or be a full disaster.

For the systems engineer, that language is 
currently SysML.



The ASys vision of self-aware machines
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The ‘Self’ Step
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World 
Model
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Self = Access to Self-implementation

By means of model-
integrated engineering 
of the system itself

Use the very 
engineering models 

as run-time 
self-models
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Principles

• Model-based cognition: A cognitive system exploits models 
of other systems in their interaction with them.

• Model isomorphism. An embodied, situated, cognitive system 
is as good performer as its models are.

• Anticipatory behavior. Except in degenerate cases, maximal 
timely performance is achieved using predictive models.
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Principles

• Unified cognitive action generation. Generate action based 
on an integrated, scalable, unified model of task, environment 
and self in search for global performance maximisation. 

• Model-driven perception. Perception is realised as the 
continuous update of the integrated models used by the agent 
in a model-based cognitive control architecture by means of 
real-time sensorial information. 
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Principles

• System awareness. An aware system is continuously 
perceiving and generating meaning -future value- from the 
continuously updated models.

• System self-awareness/consciousness. A conscious system 
is continuously generating meanings from continuously 
updated self-models in a model-based cognitive control 
architecture. 



The Systems Modelling Language
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What is the Systems Modeling Language ?

• A model language for holistic system representation and 
systems engineering

• A graphical/textual semi-formal modeling language addressing 
the issues of the Systems Engineering RFP developed by the 
OMG, INCOSE, and AP233

• Can be seen as a UML Profile that represents a subset of UML 
2 with extensions

• Supports the specification, analysis, design, verification and 
validation of systems that include hardware, software, data, 
personnel, procedures, and facilities
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Some aspects of SysML

• SysML is broader than sofware-centric modelling languages

• Can capture all salient aspects of complex system design

• Is quite intuitive for system engineers

• Supporting proven systems engineering concepts like 
requirements, hierarchical block structuring and parametrics

• The language has been designed to not be a barrier to 
traditional system engineering methods
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UML 2 Diagrams
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SysML Diagrams

OMG SysMLTM , Version 1.0        11

SysML stereotypes define new modeling constructs by extending existing UML 2 constructs with new properties and 

constraints. SysML diagram extensions define new diagram notations that supplement diagram notations reused from 

UML 2. SysML model libraries describe specialized model elements that are available for reuse. Additional non- 

normative extensions are included in Annex C: Non-normative Extensions.

The SysML user model is created by instantiating the metaclasses and applying the stereotypes specified in the SysML 

profile and subclassing the model elements in the SysML model library. Chapter 17, “Profiles & Model Libraries” 

describes how profiles and model libraries are applied and how they can be used to further extend SysML. 

4.4 SysML Diagrams

The SysML diagram taxonomy is shown in Figure 4.4. The concrete syntax (notation) for the diagrams along with the 

corresponding specification of the UML extensions is described in Parts II - IV of this specification. The Diagrams Annex 

(Annex A) describes generalized features of diagrams, such as their frames and headings.

Figure 4.4 - SysML Diagram Taxonomy
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Figure B.4 - Establishing the Context of the Hybrid SUV System using a User-Defined Context Diagram. (Internal Block 

Diagram) Completeness of Diagram Noted in Diagram Description

B.4.2.2   Use Case Diagram - Top Level Use Cases

The use case diagram for “Drive Vehicle” in Figure B.5 depicts the drive vehicle usage of the vehicle system. The subject 

(HybridSUV) and the actors (Driver, Registered Owner, Maintainer, Insurance Company, DMV) interact to realize the use 

case. 

«ContextDiagram»
ibd [block] AutomotiveDomain

«external»
drivingConditions:Environment

x1:

x4:

Maintainer:

x5:

«external»
road:Road

«diagramDescription»

version=”0.1"

description=”Initial concept to identify top level domain entities"

reference=”Ops Concept Description”

completeness=”partial. Does not include gas pump and other

external interfaces.”

«external»
object:ExternalObject

«system»
HSUV:

HybridSUV

«external»
weather:Weatherx2:

Driver:

Passenger:

1..*

1..*

«external»
vehicleCargo:

Baggage

x3:

aslab

Systems, Models and Self-awareness
Sanz & Corbató, Helsinki 21/8/2008

Context diagram for a vehicle
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Figure 3 SysML Requirement Diagram for the Rain Sensing Wiper system. 

Often requirements are elicited during the whole product lifecycle and additional 

requirement diagrams are used to represent them. Hence the product requirements are 

typically laid out on a set of requirement diagrams. 

SysML provides a generic model for requirements that allows the modeling of both 

functional and non-functional requirements. A non-normative set of requirement types 

are proposed in the appendix of the OMG SysML specification [OMGSysML]. Specific 

types of requirements (for example related to timing or scheduling, etc) are handled by 

language extensions. SysML supports a profile mechanism to extend the language. The 
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Requirements diagrams
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Figure B.19 - Internal Structure of the Power Subsystem (Internal Block Diagram)

Figure B.20 - Interfaces Typing StandardPorts Internal to the Power Subsystem (Block Definition Diagram)

 ibd [block] PowerSubsystem [Alternative 1 - Combined Motor Generator]

emg:ElectricMotor
Generator

trsm:Transmission

ice:InternalCombustionEngine

acl:accelerator
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ft:FuelTankAssy
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.FrontWheel
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spline
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4
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Fuel <>

getRPM():Integer

getTemperature():Real

isKnockSensor():Boolean

«interface»

I_ICEData

setThrottle(throttlePosition:Real):void

setMixture(mixture:Real):void

«interface»

I_ICECm ds

bdd  [block] Pow erSubsystem [ICE Interface Def initions]
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Internal Block Diagram
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SysML Drawing Summary
SYSML DIAGRAM PURPOSE UML ANALOG

Activity diagram

Show system behavior as control and data 
flows. Useful for functional analysis. 

Compare Extended Functional Flow Block 
diagrams (EFFBDs), already commonly used 

among systems engineers.  

Activity diagram

Block Definition diagram

Show system structure as components 
along with their properties, operations and 

relationships. Useful for system analysis and 
design.

Class diagram

Internal Block diagram
Show the internal structures of components, 
including their parts and connectors. Useful 

for system analysis and design.

Composite Structure 
diagram

Package diagram
Show how a model is organized into 

packages, views and viewpoints. Useful for 
model management. 

Package diagram

Parametric diagram
Show parametric constraints between 

structural elements. Useful for performance 
and quantitative analysis.

N/A

Requirement diagram
Show system requirements and their 

relationships with other elements. Useful for 
requirements engineering.

N/A
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SysML Drawing Summary (II)
Sequence diagram

Show system behavior as interactions between system 
components. Useful for system analysis and design.

Sequence 
diagram

State Machine 
diagram

Show system behavior as sequences of states that a 
component or interaction experience in response to 

events. Useful for system design and simulation/code 
generation.

State Machine 
diagram

Use Case diagram

Show system functional requirements as transactions 
that are meaningful to system users. Useful for 

specifying functional requirements. (Note potential 
overlap with Requirement diagrams.)

Use Case 
diagram

Allocation tables* 
 

*dynamically derived 
tables, not really a 

diagram type

Show various kinds of allocations (e.g., requirement 
allocation, functional allocation, structural allocation). 

Useful for  facilitating automated verification and 
validation (V&V) and gap analysis.

N/A
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Systemic Machine Consciousness?

• The approach based on model-based systems engineering can 
be described as explicit model-based, reflective, predictive, 
adaptive autonomous systems engineering.

• The key is using the engineering models as self-models

• The major value is that autonomous control based on self-
models enables an increased awareness that can lead to 
more robust performance

• Provides a road to both 1) expressing an unified theory of 
consciousness and 2) using it to build machines
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An ongoing work

• This is an ongoing work being developed in the ICEA/C3 
projects

• The focus is the construction of an architecture for self-
awareness based on

• A deep engineering model of self-awareness

• A model-based construction process based on this 
engineering model

• An architecture for model-based autonomous systems 
exploiting these models
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The Present State

(Hopefully Initial)
modelling 
chaos !
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The tooling: Rational Systems Developer
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The ongoing modelling effort
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The Epistemic Loop
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The Distributed Epistemic Loop

Agent
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Epistemic Loop models

A SysML Block Definition Diagram

A SysML Internal 
Block Diagram
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Model Structure

• The model is structured in several submodels:

• The ASys Ontology model: a collection of core concepts on 
autonomous systems from the perspective of General 
Systems Theory

• The SOUL Architecture model: a model of a self-aware 
autonomous agent architecture

• The Domain models: models of domain-specific character 
(now working on robotics and process control)

• The application models: concrete, final systems (PCT,RCT) 
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Summary

• The core objective of this approach is the development of 
Reference Models of Consciousness 

• The SysML model will enable the expression of the model-
based control theory of consciousness in a formal enough 
language as to minimise the problem of multiple 
interpretations

• The existence of the models in this form will also 
straightforward the development of systems based on this 
architecture

• The first public release vill be available for end of 2008
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Sommerhoff, 1990

“the various obstacles that confront those who 
seek to deal with consciousness in a physical 

language can be overcome if a strictly methodical 
approach is followed in which from the start all 
analytical concepts are accurately defined

 in physical terms.”
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