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Abstract

What is a dream? What is the relationship between dreaming, mind wandering and external percep-

tion? These questions are at the core of this artistic enquiry. In this art-as-research practice, both

arts and sciences are defined as practices that construct culturally relevant representations that

function as tools exploited in our attempt to make sense of the world and ourselves. Through this

research, novel contributions are made to both artistic practices and cognitive science where both

are manifest in a computational system that serves as both a generative and site-specific artwork

and as a computational model of dreaming — the Dreaming Machine.

Visual mentation is the experience of visual images in the mind and includes visual aspects of

perception, mental imagery, mind wandering and dreaming. The Integrative Theory of visual menta-

tion unifies biopsychological theories of perception, dreaming and mental imagery and makes three

major hypotheses: Visual mentation (1) involves the activation of perceptual representations, (2) is

experienced phenomenologically due to the activation of these representations, and (3) depends

on shared mechanisms of simulation that exploit these representations. The Integrative Theory is

the theoretical foundation of the model and artwork that generates dream imagery.

The Dreaming Machine is an image-making agent that uses clustering and machine learning

methods to make sense of live images captured in the context of installation. Visual images are gen-

erated during external perception, mind wandering and dreaming, and are constructed from shared

perceptual representations learned during waking. The difference between these processes of vi-

sual mentation are varying degrees of activation from external stimuli (exogenous) and feedback

in a predictive model of the world (endogenous). As an artwork, the generative methods manifest-

ing biopsychological processes create a rich diversity of imagery that ranges from abstract collage

to photo-realism. The artwork is meant to facilitate the viewer’s sense of his/her own fabricated

perceptions and consider the relationships between computation, cognitive models and scientific

conceptions of mind and dreaming.

Keywords: Dreaming; Mind Wandering; Generative Art; Site-specific Art; Art-as-research; Cog-

nitive Science
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SAL 9000: Will I dream?

Dr. Chandra: Of course you will. All intelligent creatures dream—but no one knows why.

2010: Odyssey Two, Arthur C. Clarke (1982)
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Chapter 1

Introduction

From Aristotle through Descartes and Freud to contemporary brain scientists and artists, dreams

have captured our wonder and attention. The worlds we enter when we dream have been inter-

preted as parallel universes, as gateways into our unconscious, and even as meaningless random-

ness. Dreams can be short and banal, or they can be long and potentially bizarre experiences that

combine impossible elements: transitions of space and scale and even characters who appear to

be one person, and yet the dreamer knows to be another. Dreams are so captivating that their

representations permeate visual culture. The “dream sequence” is practically a cinematic cliché.

Surrealist painters like Salvador Dalí have saturated culture with the notion of dreams as bizarre

and impossible juxtapositions of diverse elements. Breton (1924) defines Surrealism as a pro-

cess in “which one proposes to express. . . the actual functioning of thought.” In order to examine

thought as independent of intentional control, many Surrealist methods involve removing rational,

aesthetic and moral concerns from the process. Surrealism, like this research, emphasizes the

thought present in dreams (and mind wandering) over the rational and task-oriented thought that

pervades day-to-day life. There does seem to be a relation between the way we conceptualize and

make sense of our dreams and the visual culture we find ourselves in. It was even thought for

a time — coinciding with the peak of black and white cinema and television — that dreams were

primarily black and white.1 This implies that the relation between our experiences (or at least our

descriptions thereof) and cultural representations are highly intertwined. Through all the diversity

and incongruency of these conceptions of dreaming, researchers have yet to reach consensus on

the exact function or mechanisms of dreaming.

The conclusion reached, through the research described in this thesis, is that dreams are simu-

lations of reality constructed from representations of perceptual information that exploit a predictive

model of the world. Both the perceptual information and the predictive model are learned through

1For an analysis of dreams as black and white, see Schwitzgebel (2002).
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CHAPTER 1. INTRODUCTION 2

an agent’s embodied sensory experience. These simulations are valuable and meaningful because

they manifest implicit relations between significant sensory experiences we learn through waking

perception. Simulation is of functional use to external perception because knowing what to expect

optimizes attention to ignore that which is routine, and emphasize that which is a surprise. Sim-

ulation is a central aspect of cognition and occurs in both dream sleep and waking perception.

Shared mechanisms of simulation lead to the notion of contiguity between dreaming and external

perception where both exploit shared perceptual representations. These conclusions constitute a

portion of the Integrative Theory of visual mentation (perception, mental imagery, mind wandering

and dreaming) which is a central contribution of the research described herein.

This research is centrally concerned with the development of a site-specific generative art in-

stallation titled Dreaming Machine #3. The work is situated in a series of generative artworks, titled

Context Machines (Bogart & Pasquier, 2011, 2013a, Chapter 2), which all involve generative pro-

cesses of image-making that transform photographic images of a particular site using computational

and machine learning methods. The research into the biopsychological mechanisms of dreaming

and the development of the Integrative Theory form the conceptual framework for the development

of the artwork. As a computational system, the artwork is considered a model and situated agent

that manifests the Integrative Theory. The realization of the theory in a computational model facil-

itates reflection and analysis of the theory at a formal level of description. The images produced

by the artwork/system are then visualizations of the system’s internal generative mechanisms of

simulation, and documentation of the artwork’s generative behaviour. In Bogart (2008), the material

of the art practice is considered “the structure in which the artist does their work of creation”, which

at that time was the software implementation of the artwork. During this research, the notion of

material has shifted even more ephemerally, where much of the work was done through scholarship

— reading, discussions, thought and writing — rather than implementation. This signals the shift

from artist to artist-theorist, as described in Chapter 3. The primary material of the artwork is the set

of ideas that constitutes the notion of a Dreaming Machine as formalized in the Integrative Theory.

This theory, the computational model and the aesthetics of the resulting images, are considered a

conceptually cohesive whole, where the theory is the central core that informs all aspects of the

work. The quality of the images produced by the system are not a separate line of artistic enquiry,

but a means to manifest the theory, which is both an artistic and scientific proposition.

The genesis of this research project began with the intuition that there is a natural affinity be-

tween dreaming and visual generative art. In generative art, the aim is to construct complex formal

systems whose behaviour is diverse and, to some degree, a surprise to the artist. Previous Context

Machines, such as Memory Association Machine (Bogart, 2008), were explicitly contextualized in

terms of metacreation2 — a discipline devoted to the construction of machines that exhibit creative

2For a overview of metacreation in relation to generative art, see Whitelaw (2004).
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behaviour. The interest in dreams arose from an interest in generative aspects of creativity indepen-

dent of the evaluative mechanisms common in metacreative systems, which mirrors the Surrealist

position. Rather than engaging in an artistic process where my creativity is the result of reducing

evaluative mechanisms, my interest is in developing a system whose behaviour lacks explicit eval-

uation. Despite the lack of deliberate volition in dreams, to be discussed later, significant creativity

and insight has been attributed to them. Frankenstein resulted from a ’waking dream’, while the

structure of benzine was apparently inspired by Kekulé’s day-dream of a snake consuming its own

tail. Surrealist artworks could all stand as highly creative and involve reduced explicit evaluation.

Not only can dreams be insightful, but there is little doubt to the impressive diversity of experiences

dreams could include. An enquiry of the diverse and flexible mechanisms of dreaming leads to

novel image-making methods that are of value to generative arts. As this research involves the de-

velopment of a formal system of generative processes, the scope is centred on the biopsychological

mechanisms of visual dreaming, as dreams are most understood at the biopsychological level of

description.

An examination of the literature on the biopsychological mechanisms of dreaming indicates that

it is unclear how mechanisms of dreaming result in the visual phenomenology of dreams. In the

process of synthesizing the literature, theorization is key in the integration of diverse theories and

empirical results concerning dreaming, mental imagery, mind wandering and perception. The goal

at the start of this project was not to develop an integrative theory of visual mentation; the Integrative

Theory arose as a necessity in the development of a cohesive conception of the literature in suffi-

cient detail as to allow computational realization. While the Integrative Theory is developed in the

context of this art-as-research enquiry, the hope is that the work inspires future empirical validation

and research and thus contributes both to cognitive science and artistic practice.

The Integrative Theory is both a biopsychological argument and an artistic concept. Generative

arts are considered a close relation to the conceptual arts of the 1960s, in particular the instruction

works where the artist provides a set of rules which are carried out by the viewer to complete

the work.3 In the 1960s, these rules where often instructions typed on paper and presented in a

gallery context, along with the required implements. In computational generative arts, the artist is

similarly engaged in a process of writing instructions, except those instructions are carried out by

the computer, rather than by the viewer. Where the artwork is located in conceptual art depends on

the artist’s approach. Artists may consider the artwork the result of the execution of the instructions,

the instructions themselves, or the very concept. The position taken up in this research is that the

artwork is the concept (the Integrative Theory) which is manifest in a system of relations including

the implementation of the computational model, the images it produces and even extends to written

descriptions, artist-talks and conversations. This emphasis on the cohesion of the concept, over the

aesthetics of the representations, facilitates the hybrid framing of this work between art and science.

3See Tamblyn (1990); Cramer (2002); Bogart (2008) for further elaboration on computer software as conceptual art.
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Chapter 3 is an articulation of the relation between arts and sciences focused on representation

as a key concept of both arts and sciences, and extends the methodological approach described

in Bogart (2008, Chapter 6). Chapter 3 is written from an artistic perspective for a practice-oriented

art audience and describes the approach to art-making that informs this research, including: (a)

the emphasis of exploration over expression in art-making, (b) the definition of arts and sciences

as practices that construct culturally relevant representations that function as tools exploited in our

attempt to make sense of the world and ourselves, and (c) a speculative extension of the Integrative

Theory that frames cognition as a hierarchy of dynamic simulators.

This text includes papers describing two formulations of the Integrative Theory: (a) The associa-

tive conception, published in Bogart et al. (2013, Chapter 4), and (b) the predictive conception, sub-

mitted for publication in Cognitive Science and included in Chapter 5. These two formulations differ

in terms of their definition of simulation but describe the same central hypotheses: (1) Visual men-

tation involves the activation of perceptual representations, (2) the phenomenological experience

of visual mentation is due to activity of these perceptual representations, and (3) visual mentation

is the simulation of perceptual information exploiting perceptual representations and modulated by

internal and external activation. The predictive formulation is a more fully developed and articulated

refinement of the associative formulation. Creativity, specifically Dietrich’s (2004) conception of

spontaneous creativity, is integrated in the associative conception but is excised from the predictive

formulation. The details of the shift from the associative to the predictive formulations is discussed

in Chapter 6.

The associative formulation (Bogart et al., 2013, Chapter 4) holds that dreams are simulations

constructed from perceptual information, where dream content is the result of unconscious associ-

ations between visual representations based on the similarity of their features. This activity occurs

in brain regions supporting perception and long-term memory. These associations are based on

the similarity of various memory components and occur constantly during waking — although not

integrated into consciousness. In dreaming, these associations become the content of dream con-

sciousness. These unconscious associations are considered a generator of spontaneous creative

insight (the spontaneous processing mode) by Dietrich (2004) where the associative process leads

to thoughts that are random, unfiltered, and bizarre and are unconstrained by consciousness. Di-

etrich (2004) proposes that these associative processes are not only the basis of spontaneous

creativity, but also the basis of dream content: “. . . dreaming might be regarded as the most ex-

treme form of the spontaneous processing mode and can give rise to insights that are difficult to

come by during normal waking consciousness.” Under the associative formulation, the mechanisms

that generate spontaneous creative insights are the same mechanisms that lead to dream content.

Dreams can lead to creative insight because the lack of deliberate control allows weak associations

to be experienced, which also explains the apparent bizarreness of dreams.
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The predictive formulation of the Integrative Theory (Chapter 5) also holds that dreams are sim-

ulations constructed from perceptual representations. In this formulation, simulations are generated

by endogenous activity in a predictive model of the world, rather than the result of associations be-

tween memories according to their perceptual features. The predictive model is learned through

exposure to external stimuli, and functions to tune perceptual mechanisms (in particular attention)

to surprising events. Thus, the predictive model is exploited in both perception and in dreaming. In

the predictive formulation, there is no role for association between memories based on the similarity

of features — only associations that result from shared contexts. This emphasis on prediction shifts

away from associations according to particular visual features and towards contextual associations.

According to the predictive formulation, the narrative and sequential quality of dreams is due to

their dependence on a predictive model. The apparent bizarreness of dreams is due to errors that

accumulate when predictions are not anchored in plausible reality by sensory information.

During the development and research processes, works-in-progress leading to Dreaming Ma-

chine #3 have been exhibited internationally in artistic (New Forms Festival 2012) and academic (Bog-

art & Pasquier, 2013b) contexts. A selection of the images produced, and a discussion of their prop-

erties, are included in Chapter 6. The first exhibition is titled An Artist in Process: A Computational

Sketch of Dreaming Machine #3 and was shown at the New Forms Festival in 2012. The installation

consisted of a work-space where the author developed software to (a) explore the aesthetic poten-

tial of an early version of the system’s perceptual system, and (b) create associative sequences

(dreams) from data collected during the residency. Dreaming Machine #3 (Landscape) has been

accepted for exhibition at the International Symposium of Electronic Art (ISEA) 2014, in Dubai. This

will be the first exhibition of the completed system and is described in detail in Chapter 6. In addi-

tion, Chapter 6 includes current progress on a spin-off project titled Watching and Dreaming, where

the system is fed frames from films rather than live images from a site of installation.

The following chapters articulate the series of artworks — Context Machines — of which this

work is a situated (Chapter 2) and the methodological approach that informs the interdisciplinary

scope of this art-as-research (Chapter 3). The associative and predictive formulations of the Integra-

tive Theory are described in Chapters 4 and 5. Following these chapters, the relation between these

two formulations and documentation of three artistic realizations of the system are described (Chap-

ter 6). The thesis concludes with future directions of research and final summary remarks (Chapter

7).



Chapter 2

Context Machines: A Series of
Situated and Self-Organizing
Artworks

As published in Leonardo, 46(2): 114–122, 2013a.

6
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1. INTRODUCTION

Context Machines are generative artworks, whose design is in-
spired by models of memory and creativity drawn from cogni-
tive sciences. In a traditional artistic context, the artist works 
directly in the material that is presented to the audience. In 
generative art, the artist manifests the concept in a system 
whose output is presented to the audience. This is a process 
of metacreation: the building of systems that create media 
artifacts. Our development of Context Machines is manifest com-
putationally and informed by cognitive models and theory, 
which are rarely exploited in generative art.

Our initial motivation leading to Context Machines is that 
their output be, to some degree, a surprise to us. Computa-
tional theories of complexity, emergence and nondetermin-
ism contribute to processes that enable surprising results. 
The creative behavior of Context Machines is manifest in the 
generative representation presented to the audience. Context 

Machines are image-makers—but the process by which they 
generate images is more significant than the images them-
selves. Cohen describes the significance of cognitive processes 
in image-making:

An image is a reference to some aspect of the world which con-
tains within its own structure and in terms of its own structure a 
reference to the act of cognition which generated it. It must say, 
not that the world is like this, but that it was recognized to have 
been like this by the image-maker, who leaves behind this record: 
not of the world, but of the act [1].

Context Machines (presented chronologically in Fig. 1) 
share a number of core features: They all involve a computer- 
controlled camera, used to collect images of their visual con-
text, and use computational methods to generate novel rep-
resentations. Resurfacing [2] (see Section 3), developed by 
Bogart and Vakalis, is a precursor to the cognitively inspired 

Context Machines we have developed 
since. We discuss it to illustrate the 
transition between the overtly in-
teractive artworks Bogart produced 
before 2006—where the viewer’s 
behavior is integral to the work—
and the emphasis on autonomy that 
informs our current cognitively ori-
ented Context Machines.

Memory Association Machine [3] 
(Section 4) is an explicit applica-
tion of self-organizing maps [4] 
(Section 2.4) and a simplification 
of Gabora’s theory of creativity [5] (Section 2.3). In tandem, 
these processes provide a simplified “mind” for this machine, 
and our later projects depend on this central contribution. 
Dreaming Machine #1 [6] and Dreaming Machine #2 [7] (Sec-
tion 5) use the same mechanism as Memory Association Machine 
in the construction of sequences of images that are framed 
as machine dreams. During the day, associations are initi-
ated by images in the world, while at night they are randomly 
activated. Self-Organized Landscapes [8] (Section 6) are large 
and high-resolution print [9] collages that complement the 
Dreaming Machine installations. Self-Organized Landscapes far 
exceed screen resolution, and their structure reflects the self- 
organizing map’s organization of thousands of pre-recorded 
images.

2. BACKGROUND AND RELATED WORK

Context Machines are characterized by features consistent with 
conceptual, site-specific and generative art practices. The 
genesis of Context Machines is the result of motivational ele-
ments that initiate, and are transformed by, our production 
process. They also inform the use of Gabora’s theory and self-
organizing maps.

2.1. Artistic Practices
In conceptual art, the idea is of equal or greater importance 
compared with the object. For LeWitt, “Ideas can be works of 
art; they are in a chain of development that may eventually 
find some form. All ideas need not be made physical” [10]. 
Both conceptual and generative art have a strong emphasis on 
process over object. Conceptual art includes “instructional” 
works, in which the artist provides a recipe for the construction 
of an artwork rather than a finished piece. These works are 
highly analogous to generative artworks, wherein the artistic 
concept is encoded in software instructions and executed by 

© 2013 ISAST LEONARDO, Vol. 46, No. 2, pp. 114–122, 2013      115
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A B S T R A C T

The authors discuss the 

development of self-organizing 

artworks. Context Machines are 

a family of site-specific, concep-

tual and generative artworks 

that capture photographic 

images from their environment 

in the construction of creative 

compositions. Resurfacing pro-

duces interactive temporal land-

scapes from images captured 

over time. Memory Association 

Machine’s free-associative pro-

cess, modeled after Gabora’s 

theory of creativity, traverses a 

self-organized map of images 

collected from the environment. 

In the Dreaming Machine instal-

lations, these free associations 

are framed as dreams. The 

self-organizing map is applied to 

thousands of images in Self-

Organized Landscapes—high-

resolution collages intended 

for print reproduction. Context 

Machines invite us to reconsider 

what is essentially human and 

to look at ourselves, and our 

world, anew.

Article Frontispiece. Self-Organized Landscape #32 (Millstream 
Courtyard, University of Limerick: Study From Video), Hong Kong, 
2011. (© Benjamin David Robert Bogart)
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the computer. Site-specific art locates the 
meaning of an artwork in a specific so-
cial, historical or physical environment. 
For Kwon, a site-specific artwork gives “it-
self up to its environmental context, be-
ing formally determined or directed by 
it” [11]. Context Machines automate this 
task by literally capturing images of the 
environment and using them as raw ma-
terial from which to generate their own 
representations. Generative art is a niche 
within the broader context of electronic 
media art, a contemporary art practice at 
the intersection of technology and cul-
tural production. For Whitelaw, “New 
media art self-consciously reworks tech-
nology into culture, and rereads technol-
ogy as culture.” In his typology of a-life 
works, Context Machines can be consid-
ered hybrids of “Hardware” (where the 
importance of the physical world reflects 
the “movement of focus from inner to 
outer worlds”) [12] and “Abstract Ma-
chines” (where there appears a “height-
ened attentiveness to form in itself and 
to processes of growth and transforma-
tion”) [13]. The following motivational 
elements intersect with these artistic 
practices to varying degrees.

2.2. Motivation
Our development of Context Machines was 
the result of a practice that is both driven 
and constrained by three primary motiva-
tional elements: (1) Our central drive in 
building Context Machines is an emphasis 
on autonomy—we expect some degree 

of surprise in their output. (2) The situ-
ated nature of Context Machines reflects 
an interest in embodiment, where inter-
nal processes are causally linked to the 
physical world. (3) Scientific models are 
used to enrich the meaning of the work 
through a rigorous linkage between the 
technical and the conceptual. These el-
ements define a territory of enquiry we 
refine as the works are developed.

2.2.1. Autonomy

The artwork should relate itself to its context, 

without that relation being predetermined by 

the artist.

This is our central motivation and informs 
Memory Association Machine’s production 
and remains in the background of all Con-

text Machines. The use of an “intentional 
stance” frames the work as an autono-
mous entity that is capable of forming a 
relation to its context, which includes the 
audience. In order to form such a rela-
tion, the artwork must be embodied—
albeit in a simplistic sense: The world 
impacts the system through the images 
collected by the machine, while the art-
work impacts the world through the sub- 
tle effect of its representation on the 
viewer. For example, a rich and complex 
representation may encourage viewers 
to approach the work, which would in-
crease the number of images of people 
collected by the system. In addition is the 
aspect of surprise, where the machine’s 
representation should, to some degree, 
appear independent of the intention 

of the artist. This interest in surprise is 
analogous to the interest in erasing the 
“artist’s hand” [14] in traditional art. 
In illusionistic painting, the lack of vis-
ible brush strokes gives the viewer the 
impression that the work is magical and 
disconnected from the artist while si-
multaneously testifying to her skill. The 
creative behavior of the Context Machines 

provides a similar magical quality: “The 
signs of the will of a creator are some-
times less palpable in these objects than 
a manifestation of a ‘will’ of their own” 
[15].

2.2.2. Embodiment

The artwork is a “transforming mirror” [16] 

that takes input from the world, processes it, 

and reflects it back into the world.

The outward-looking nature of the Con-

text Machines qualifies them as “trans-
forming mirrors.” In interactive artwork, 
the system’s sensors are typically directed 
at the viewer. The “transforming mirror” 
reflects the viewer back at him- or her-
self. The output of the system provides 
an abstracted portrait—a transformed 
representation of the viewer’s behavior. 
In contrast, the cameras used in the Con-

text Machines do not focus on the viewer 
but reflect the whole visual context of the 
work back onto itself. The visual appear-
ance of the work is then a landscape—a 
representation of place in space and 
time.

2.2.3 Modeling

The artist is more interested in the concrete pro-

cess of doing rather than the abstract notion 

of representing.

This motivational element reflects a con-
ception of computation as a link between 
concept and object. It presents a naïve 
dichotomy between doing and repre-
senting that has been questioned both 
historically and through our practice. 
From a materialist perspective, the act 
of representation is no less physical than 
any other process. The root of this di-
chotomy originates in the potential lack 
of continuity between material reality 
and artistic concept. The interest in doing 
is a desire for a rigorous integration of 
concept and material. This is consistent 
with the practice of Expressive AI [17] 

Fig. 1. The trajectory of Context Machines produced to date. (© Benjamin David Robert Bogart)

Fig. 2. Differing degrees of activation of memory components resulting from a query:  
The open circles are locations where a memory component is stored, the radial gradient 
represents the query, and the opacity of the filled circles reflects their degree of activation. 
(© Benjamin David Robert Bogart)
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and is the foundation of the use of com-
putational methods in our work, where 
the concept is encoded in software. In 
our current work, this interest in rigor 
leads to modeling, which bridges physi-
cality and representation, and explains 
our interest in cognitive models. With 
the exception of Resurfacing, creative 
behavior is enabled by the explicit appli-
cation of models from cognitive science 
and neurology. We have chosen models 
the properties of which align with our 
philosophical and artistic conception of 
the project and are appropriate for com-
putational realization.

2.3. Cognitive Mechanisms  
Underlying the Creative Process
Gabora’s conception of human creativ-
ity [18] is a core theoretical foundation 
of Memory Association Machine and Dream-

ing Machines. Gabora’s theory focuses 
on the generation of creative ideas rather 
than their evaluation [19]. In essence, 
Gabora considers creative thinking a 
form of highly controlled association 
between memory components. These 
components are “micro-features” that 
define the qualities of memory. A cre-
ative thought process is composed of 
numerous cascades of these associations: 
A chain of many small, and perhaps obvi-
ous, associations can lead to extremely 
surprising and creative results.

The theory depends on three primary 
features: Human memory is content- 
addressable, distributed and sparse. 
These are features of the “conceptual 
space” (Fig. 2a)—a topologically or-
ganized space (gray plane) in which 
memory components (open circles) 
are situated. Memory components are 
content-addressable because they can be 
retrieved using their features rather than 
an arbitrary index.

A query, defined by the features of the 
item being searched for, is manifest in the 
activation of a location in the conceptual 
space (Fig. 2b). Memory components are 
activated inversely proportional to their 
distance from the query. The spread of 
activation allows the activation of mul-
tiple components that do not exactly 
match the features queried (Fig. 2c). 
The size and shape of the activation is 
controlled by conscious will. For Gabora, 
this is the cognitive manifestation of ana-
lytic and associative modes of thought. In 
analytic thinking, the activation function 
is small and tightly constrained in certain 
directions, allowing linear and rational 
links. Associative thinking results from a 
broader activation that spreads in mul-
tiple directions.

Memory components are not uni-

Fig. 3. A self-organizing map “feature-map” trained on images of black-and-white shapes. 
Note the clear boundary between filled and unfilled shapes. (© Benjamin David Robert 
Bogart)

Fig. 4. Resurfacing installation at the InterAccess Electronic Media Arts Centre in Toronto, 
2006. (left) The screens and facade. (right) Interaction with the installation. (© Benjamin 
David Robert Bogart)

Fig. 5. Screen-grab details of Resurfacing. The interactive touchscreen is pictured on the right, 
while the collage is pictured on the left. (© Benjamin David Robert Bogart)
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formly distributed across the conceptual 
space, but form a sparse collection of 
islands of similarity where components 
can be associated using small activation 
functions. Islands can be bridged by large 
activation functions and correspond to 
“Eureka” moments.

2.4. Self-Organization
The ability of Context Machines to orga-
nize diverse visual images is enabled by 
the self-organizing map [20], which mod-
els a topological and content-addressable 
memory field analogous to Gabora’s 
“conceptual space.” The self-organizing 
map is an AI technique inspired by neu-
rophysiology, composed of many simple 
units that work together to organize in-
put patterns by similarity.

The result of a trained self-organizing 
map is a content-addressable “feature-
map” that reflects the topology of the 
set of input patterns. The feature-map 
reflects the self-organizing map’s struc-
ture—it is composed of a fixed number 
of units and often arranged in a two- 
dimensional grid. The feature-map asso-
ciates input patterns with self-organizing 
map units such that similar patterns are 
associated with nearby units.

The self-organizing map is unsuper-
vised—it does not require an external 
teacher but organizes input patterns 
based on the structure of those patterns 
alone. An example feature-map resulting 
from a set of images of various shapes at 
different scales is pictured in Fig. 3. The 
details of the self-organizing map, as it is 
implemented in Memory Association Ma-

chine, is discussed by Bogart [21].

2.5. Related Work
Context Machines are not unique in their 
use of computer-controlled cameras to 
capture images of the environment. A 
number of other art projects do so in or-
der to create their own unique represen-
tations. David Rokeby’s Sorting Daemon 
[22] and Gathering [23] are the most sim-
ilar and use computer-controlled pan/
tilt cameras to collect images of people. 
These images are sorted and scaled us-
ing a variety of algorithms to construct 
collages. These works are generative but 
do not make explicit use of cognitive 
models.

Byers et al. have constructed a “Robot 
Photographer” [24], a mobile robot that 
navigates through social gatherings in or-
der to document participants via photo-

graphic snapshots. This project is meant 
to be overtly interactive: The viewer is 
expected to engage with the robot as if 
it were a human photographer. This proj-
ect is technically similar to Dreaming Ma-

chines, as both use computer-controlled 
digital still cameras. While the Robot 
Photographer is oriented toward portrait 
photography, Context Machines use a mul-
tiplicity of images to create landscapes of 
various forms.

3. RESURFACING

Resurfacing [25] integrates both gen-
erative and interactive components and 
was produced before the cognitively 
oriented Context Machines. The artwork 
autonomously explores its visual context 
and collects images, which are stored 
in a navigable structure. The installa-
tion (Fig. 4) is composed of two screens 
housed in an architectural façade and 
a computer-controllable video camera 
mounted to collect images from outside 
the gallery. The system is initiated with 
20 manually selected camera positions, 
indexed by the pan, tilt and zoom of the 
camera. Over the course of the installa-
tion, the camera continuously captures 
images as it cycles through these posi-
tions. The right screen (Fig. 5, right) 
shows a live video feed from the camera, 
while the left screen (Fig. 5, left) presents 
a collage of frames. The camera position 
(pan/tilt/zoom) is mapped to on-screen 
parameters (x/y/scale), resulting in an 
image that provides a slightly wider view 
that approximates, due to lens distor-
tion and a lack of precision, the spatial 
relations between frames in the physical 
context. As the camera position changes, 
the collage is adjusted to match.

Sustained touch on the right screen 
results in a hole opening at the contact 
point that reveals corresponding images 
from earlier in time. As the viewer runs 
her fingers over the display, up to five 
layers of images, from the increasingly 
distant past, are shown. Each moment is 
annotated with a “value,” calculated dur-
ing each touch event, that reflects the 
relative number of contact events that 
occur while the moment is on screen. 
Each time a moment appears, its value is 
compared with a threshold. If the value 
is below the threshold, then a new ran-
dom camera position will take its place 
during the next cycle. The value system 
is meant to rank moments by how much 
contact they receive, in order to replace 
low-value moments with new and poten-
tially interesting ones.

Resurfacing aims to facilitate the view-
er’s examination of aspects of the world 

Fig. 6. Installation of Memory Association Machine at the Pure Data Convention in Montréal, 
2007 (photographed during the night). (© Benjamin David Robert Bogart)

Fig. 7. Memory Association Machine photographed during the day. (© Benjamin David Robert 
Bogart)
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to which she may be habituated. The 
machine’s gaze is strikingly different 
from that of a human. It tends to focus 
on visual items that are often ignored, 
providing a representational surface 
through which to encourage curiosity 
and exploration of the world.

4. MEMORY ASSOCIATION 

MACHINE

Memory Association Machine [26,27] (Figs 
6 and 7) consists of three screens and 
a computer-controllable video camera. 
The left screen shows a live video feed 
from the camera, corresponding to the 
current stimulus. The middle screen 
(Fig. 8) presents the system’s memory 
field [28]—the feature-map that results 
from the self-organizing map. The right 
screen presents Memory Association Ma-

chine’s associative sequence through col-
lected images. Each screen presents one 

of the three processes that define Memory 

Association Machine’s behavior:

1. The perception process captures im-
ages from the visual context. The 
camera’s gaze is driven by random 
pan/tilt values. For each associa-
tive sequence, the camera moves 
to a random position, and one im-
age is captured. Each image is sub-
sampled to 40×30 pixels and fed to 
the integration process as a vector 
of RGB values.

2. The integration process organizes 
captured images into the memory 
field, as enabled by the self-organiz-
ing map. The middle screen shows 
the memory field, where each node 
is represented by its corresponding 
image. To emphasize the content 
of the images—and de-emphasize 
their arrangement—Gaussianoid 
alpha channels are used (Fig. 8). 

The self-organizing map is continu-
ously training as it attempts to learn 
the structure of the world. Due to 
the finite number of memory loca-
tions, and the complexity of the 
visual context, the self-organizing 
map will never converge at a stable 
topological representation that 
perfectly reflects the structure of 
the world.

3. The association process sequences 
images from memory and is en-
abled by an independent network 
of units that mirror the arrange-
ment of units in the self-organizing 
map such that each unit is linked 
to a corresponding image in the 
memory field. When a new input 
stimulus is presented to the self-
organizing map, the most similar 
image from memory is activated 
(presented on the right screen) 
and becomes the basis of a new as-
sociative sequence. The activation 
of an association unit results in the 
propagation of that activation to its 
neighbors to a lesser degree and af-
ter a random delay.

Figure 9a illustrates the overall pat-
tern of activation: In Fig. 9b unit 17 is 
activated, to a degree represented by its 
shading. Two random directions are cho-
sen, and the activation is propagated to 
neighbors between those two directions 
(units 11 and 12), to a lesser extent. Each 
of those units continues to propagate ac-
tivation to an even lesser degree, as il-
lustrated in Fig. 9c.

Each image is presented on screen with 
an opacity—and for a duration—propor-
tional to the degree of activation. Every 
12 seconds the camera chooses a new ran-
dom direction, and a new image initiates 
another associative sequence. The length 
of these sequences is an emergent result 
of the interaction between the current 
image and the memory field. Reactiva-
tion is restricted by an inhibitory model 
that prevents already activated memo-
ries from being selected. Insufficient 
nighttime light restricts the duration for 
which Memory Association Machine is ac-
tive. In order to continue to engage the 
audience, association units are randomly 
activated. This corresponds to the ran-
dom activation of brain regions during 
dreaming, according to Hobson’s model  
[29].

Memory Association Machine uses a 
novel combination of a self-organizing 
map and Gabora’s theory of creativity to 
generate associative sequences of images. 
These images are collected from the vi-
sual context and represent the sum of the 

Fig. 8. Sample of a feature-map generated by Memory Association Machine. (© Benjamin 
David Robert Bogart)

Fig. 9. Propagation of activation signals resulting from associative sequences. (© Benjamin 
David Robert Bogart)
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system’s experience. Memory Association 

Machine’s random nighttime associations 
inspired us to create Dreaming Machines, 
in which sequences are framed as ma-
chine dreams.

5. DREAMING MACHINES #1 

AND #2

In Dreaming Machine #1 [30] and Dream-

ing Machine #2 [31] (Fig. 10) we refined 
the associative process initiated in Mem-

ory Association Machine. Dreaming Machine 

#1 is a prototype and uses the same video 
camera as in Memory Association Machine 
installations. In Dreaming Machine #2, the 
video camera is replaced with a digital 
still camera on a computer-controllable 
pan/tilt mount. Both Dreaming Machines 
use a single screen that presents a fusion 
of the memory field and the associative 
sequence (Fig. 11). Both Dreaming Ma-

chines manifest the same process and 
differ only in hardware and installation 
details.

In an installation of Dreaming Machine 

#2 for the Elektra festival [32], the cam-
era was mounted on the second floor 
and looked over the street below (Fig. 
10, right). The associative sequence 
was projected on a large display in the 
lobby (Fig. 10, left). The display shows 
the current activated memory in the 
center of the screen, surrounded by its 
eight immediate neighbors, all masked 
with Gaussianoid alpha channels and 
overlapping 50 percent (see Color Plate 
C No. 2).

Whereas the camera in Memory Associa-

tion Machine was driven by random pan/
tilt positions, the Dreaming Machines use 
a random walk to trace the camera over 
the visual field. In the Dreaming Machines, 
images are not sub-sampled and fed di-

rectly to the self-organizing map, but are 
abstracted into color histograms. The 
use of histograms simplifies the task of 
organizing images. As demonstrated in 
the Self-Organized Landscapes (Section 6), 
the histogram is sufficient when used on 
unconstrained real-world images.

In Memory Association Machine, mem-
ory activation is similar to dropping a 
pebble in a pond—energy is propagated 
in multiple directions. This results in an 
extremely dense and complex network 
of associations. In the Dreaming Machines, 
an activated memory propagates only to 
its most similar neighbor. The strength 
of the activation, manifested in opac-
ity, decays inversely proportional to the 

degree of similarity between memories. 
The more similar the memories, the less 
the signal decays and the shorter the 
duration they are visible. The temporal 
inhibition used in Memory Association Ma-

chine is replaced with memory-specific in-
hibition: A memory will be activated only 
if its referent is not in a ring-buffer that 
stores previously activated memories. 
These refinements result in sequences 
that progress smoothly through individ-
ual associations [33].

The Dreaming Machines complete the 
contribution made in Memory Association 

Machine through a more faithful appli-
cation of Gabora’s theory. An aesthetic 
weakness in Memory Association Machine 

Fig. 10. Dreaming Machine #2 installation at Cinémathèque québécoise during the Elektra Festival, Montréal, 5–9 May 2010. (© Benjamin 
David Robert Bogart)

Fig. 11. Self-Organized Landscape #12 (View from Overpass: Study from Video), Hong Kong, 2009. 
(© Benjamin David Robert Bogart)
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and the Dreaming Machines is that the 
self-organizing maps never achieve a  
topological representation of the world.

6. SELF-ORGANIZED LANDSCAPES

In the series Self-Organized Landscapes, 
we applied the self-organizing map to 
a finite number of images, which allows 
Self-Organized Landscapes to more closely 
reflect the topology of input images. 
Self-Organized Landscapes have inherited 
many of the processes we used in the 
other projects discussed here, but in Self-

Organized Landscapes they are applied in 
the creation of high-resolution print col-
lages (Article Frontispiece, Figs 11 and 
12).

Self-Organized Landscapes can be 
grouped into two categories: One uses 
the same computer-controlled digital still 
camera we used in Dreaming Machine #2, 
and the other uses frames captured on a 
hand-held high definition video camera. 
A 150×150 unit feature-map trained on 
approximately 10,000 images, captured 
using the still camera, is pictured in Fig. 
12 [34]. Self-Organized Landscapes in this 
category are “self-motivated,” in that an 
algorithm is used to generate pan/tilt in-
structions. The next position of the cam-
era is determined from an analysis of five 
regions—the left, right, top and bottom 
edges and the middle—of the current 
image. A histogram of each edge region 
is compared to the middle histogram. If 
the difference between the middle and 
left histograms is greater than the dif-
ference between the middle and right, 
then the camera pans left, to a degree 
proportional to the difference. The same 
process is repeated for the tilt axis. This 
mechanism is meant to steer the camera 
toward areas that differ from the previ-
ous image.

A Self-Organized Landscape constructed 

from video frames is pictured in Fig. 11. 
The set of images tends to have less vari-
ance than those captured with the still 
camera because of the short duration 
required for capturing images (10,000 
images can be captured in ~5 minutes 
of video, while the same number of im-
ages takes the still camera ~8 hours). The 
difference in variance leads to divergent 
aesthetics in the resulting landscapes. 
Video studies tend to have clearer clus-
ter boundaries and appear more organic. 
In the Self-Organized Landscapes we have 
directly applied knowledge attained 
through the development of previous 
installations.

7. FUTURE WORK AND  

CONCLUSION

Our current research is focused on 
Dreaming Machine #3, which explicitly 
implements interrelated cognitive mod-
els of perception, memory and dream-
ing. Self-Organized Landscapes are large, 
topologically correct representations and 
are ideal “memory fields” for the asso-
ciative process used in Dreaming Machine 

#2, resulting in Dreams of Self-Organized 

Landscapes.
Context Machines are artworks whose 

generative representational processes are 
inspired by images captured from their 
installation contexts. We have found few 
examples of generative artworks that are 
informed by cognitive models of creativ-
ity and create images from visual mate-
rial collected from the contexts of their 
installation. These works encourage us 
to see the world anew through a recon-
sideration of art, perception, memory, 
creativity and dreams. The artwork is 
meant to be a public discursive interface 
for questions such as: What are crucial 
aspects of creativity and dreaming? Can 
these extend to non-human animals and 

machines? What aspects of mind are not 
represented in AI systems and cognitive 
models? What is lost if we accept strict sci-
entific conceptions of mind? A machine 
that creates and dreams is a reflection of 
our (perhaps misguided) conceptions of 
ourselves.
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Chapter 3

Imagination, Art and Reality

As submitted as book chapter to Techne Technique Technology (tentative title) edited by Camille

Baker and Kate Sicchio (September 2013). This chapter is written from a first person artistic per-

spective, intended for a non-academic art audience and is speculative in nature.

I must admit, I am somewhat of a contrarian. One of the greatest motivations for me is to refute

some dominant idea. At worst, a contrarian could be considered someone who cares not about

ideas themselves, but only their cultural dominance. I prefer to consider this proclivity as providing

a valuable service: by being critical of the dominant, I provide greater balance and diversity in the

world of thought. As an artist, I believe my role in cultural production is the exploration of what art

is and could be. Art is, at least partially, a process of articulating and transforming what art is.

This paper is an articulation of the key themes that structure and inform my art-as-research (Busch,

2009) practice: (1) the framing of art as exploratory, rather than expressive, (2) an explicit articula-

tion of knowledge-making at the intersection of science and art, and (3) an emphasis on processes

of representation and meaning — how a representation holds content — which is considered philo-

sophically and cognitively. These themes have been developed through art productions, collab-

orations and discussions and are informed by readings in philosophy, cultural theory, psychology

and neurobiology. The influence of these themes expand beyond the artistic practice itself and

permeate my life and world-view. This paper is but a snapshot in the life of these ideas; they are

continually refined as my practice develops. This paper could be considered a signpost marking a

shift of emphasis from artist to artist-theorist.

I hope this text, just like my artworks, beg more questions than provide answers. I strive to

challenge us all to question the dominance of particular systems knowledge and what they say

about us and our culture. In this paper, I endeavour to express my state of thought, as it currently

16
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stands, as genuinely as possible. I do so without the constraints and need for validation emphasized

in academia, or even without acceptance in contemporary or electronic media art (Bogart, 2008).

Whether you accept these notions or not, my only hope is that they stand to enrich your perspective,

in either agreement or opposition.

3.1 Art as Exploration

I am not very interested in art objects in themselves. The significance of objects is not in their form,

but in their meaning. Objects are important in how they structure and constrain human behaviour

and also inspire interpretations different from those intended by the object’s creator. The objects of

art are articulations, demonstrations, realizations and documentation of the process of art-making.

In my Masters thesis (Bogart, 2008), I described the effect of an artwork on a viewer as a “pertur-

bation”, borrowed from creativity researcher Liane Gabora (2000b). I consider the viewer’s mind

as a pool of experiences and knowledge. The sensory experience of an artwork is like a pebble

being dropped into that pool. It is not that the artwork produces a message that is received by the

viewer, but that an artwork initiates a cascade of activations that extend far beyond the pebble’s

initial impact. Our minds are not still pools; they are constantly active with some neurons firing due

to external stimuli, and others firing due to internal activation. In fact, it is very difficult to follow

causation in brains. When we talk about representation in art we are really talking about how the

experience of a shared world, mediated by a shared culture, can allow one person to produce an

arrangement of material (artwork, symbols, etc.) that causes a somewhat predictable set of asso-

ciations and interpretations in the viewer/reader. This predictability depends on the shared cultural

knowledge which itself is dependent on the stability and constraint provided by a shared physical

world in which we live, without which there would be no grounded meaning.

Artists are also engaged in a similar process of perturbation. When an artist manifests their

will in material, they become a viewer. The artistic idea is no longer a thought in their mind, but

a sensory reality before them. The tension between what they expected and what occurred could

either (a) facilitate an optimization process where differences between intention and reality are

reduced, or (b) inspire a novel interpretation that shifts the intention of the artist, and thereby the

direction of the project. The resulting optimization, or shift in intention, informs future choices made

by the artist. The artist continuously makes choices and evaluates those choices in what I describe

as the realization→interpretation loop (Bogart, 2008, Chapter 6). The interpretation of a work is

a key aspect of artistic production, and thus the viewer and the artist are engaged in very similar

processes of finding meaning in objects through the cascade of activations resulting from the objects

presence.

Let us consider artistic practice as a continuum between exploration and expression. Expres-

sion is an emphasis on arranging material to elicit particular patterns of perturbation in the minds
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of the viewers for the purpose of communicating particular notions. Exploration is an examination

of the relation between culture and objects in the shared physical world. The focus is on the mech-

anisms of the interaction between the world and ourselves that leads to perception, recognition,

representation and even prediction. My practice emphatically emphasizes the exploration side of

this continuum. This interest leads my practice to a strong emphasis on systems, causality and

the rigorous scientific processes that produce rich and deep meaning about the physical world, and

ourselves. These interests are currently manifest in the contextualization of my work in (1) technol-

ogy, in particular approaches to artificial intelligence, machine learning and machine creativity and

(2) brain science, in particular cognitive, psychological and neurobiological conceptions of mind and

brain.

Knowledge from these disciplines is considered in a critical and culturally-centric context where

they are expected to contribute to the design of a generative site-specific electronic media artwork, a

Dreaming Machine. This artwork has seen multiple revisions and re-conceptualizations, manifested

in different contexts and exhibited under multiple titles.1 My focus on mechanisms and processes

means that these various realizations are manifestations of the same conceptual framework. My

practice has always been an artistic examination of the relation between those technologies we

build and ourselves. Dreaming Machine #3 is the current incarnation of the project, developed

during my doctoral studies, and follows from a series of generative site-specific installations called

Context Machines (Bogart & Pasquier, 2013a).

3.2 Art and Science

There is a complex and long historical relationship between arts and sciences that is out of the

scope of this paper. Instead, I aim to provide a set of conceptions that have helped me carve out

a space between the two in my current practice. Arts and sciences are practices that construct

culturally relevant representations that function as tools exploited in our attempt to make sense of

the world and ourselves. In arts, these representations are often artworks themselves, be them

music, sculpture, dance, or even ideas or complex information patterns contained in a computer.

Often these artworks make reference to the history of art, the world, or simply to pure sensual

experiences. In sciences, these representations are the figures, texts and mathematical models

used to describe the object of study. The object of study may be physical or conceptual and may

refer to a process or even an experience. It is not the media that defines these disciplines, as

both artists and scientists exploit any available media in the service of their practice. The artist

may be just as capable of writing a text as a scientist, while a scientist may be just as capable of

drawing a figure. An artwork can be described by a set of equations just as an image can describe

1Self-Organizing Structure #1, Memory Association Machine, Dreaming Machine #1, Dreaming Machine #2.
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a neurobiological theory.

The difference between arts and sciences is more a question of emphasis than a hard distinction.

The strict parlance and methods used in sciences are used to constrain the number of possible

interpretations that can be read into a scientific work (model or theory). Science favours causal,

rational and objective ways of thinking. If a scientist is to embark on purely theoretical work, then

the purpose is to inspire future empirical study to support or refute that theory. The primary value of

scientific research is in the model or theory’s power to explain or predict the structure or behaviour of

the object of study. The process of validation is the mechanism by which we can evaluate the value

of the results of scientific research. In the case of prediction, this is done by creating experiments

that compare measurements of the model with measurements of the actual object of study. The

results of these experiments are then used to transform the theory. This transformation can be as

harsh as to abandon the theory entirely,2 or as benign as to simply refine it. What is important to

note here is that the empirical work done in scientific research is situated in a context of knowledge

and theory that is constantly refined and tested.

There is a clear definition of the object of study in science because such strictness is required

for the explanation and prediction of the object’s properties. These definitions constrain the creative

process of designing experiments. It has been noted by Kuhn (1962) that revolutionary discoveries

in science are (by definition) at odds with the dominant knowledge of the day. These may even

involve a change of the definition of the object of study — constructing a novel perspective. It

is possible that by encouraging more broad conceptions and definitions of the objects of study,

we inspire more broadly ranging empirical work — pushing research into less explored territories.

Thus, we can consider two processes in play in scientific research: (a) validating — the rational and

objective process of testing implications and predictive power of theories and (b) theorizing — the

creative and generative process of developing theories and alternative definitions meant to inspire

future empirical work.

In representational arts, the object of study is quite clear, it is that which the artwork is a repre-

sentation of. The artwork itself is analogous to the scientific theory produced in a context of existing

knowledge and theory. The artist validates his or her theory continuously as the artwork is con-

structed. Each time she considers the relationship between the realization and interpretation of the

work, she is engaged in a process of validation. As in science, there is much latitude as to what

could constitute an appropriate object of study. Representational arts then are most closely aligned

with the scientific process of validating a representation against reality.

In non-representational arts, things become quite a bit more muddy. The object of artistic study

could be any experience, process or idea. Being non-representational, the object of study is any-

thing except for a physical object out in the shared world. In the natural sciences, the object of

study is physical because knowledge can only be objectively validated against physical properties

2We must keep in mind that failed experiments have significant value in contributing to theory development.
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that can be independently measured. Indeed, the notion of a non-representational natural science

is nonsensical because the purpose of natural science is the description, explanation and prediction

of reality. Non-representational arts engage in theorizing in order to encourage novel perspectives

that are meant to inspire future artworks and ideas.

In the case of natural sciences, validating and theorizing are rarely considered in isolation be-

cause the predictive and explanatory power of scientific theories are only deemed valid if supported

by empirical study. In the case of arts, representational and non-representational modes could be

considered almost independent disciplines. All this assumes that representational arts and sci-

entific objectivity both have a privileged perspective on reality. In the arts, it is trivial to imagine

an artwork that is simultaneously representational and non-representational. A single image could

have differing degrees of realism where one part is clearly representational and another slides into

abstraction as to become totally ambiguous. I think of representation and non-representational arts

as being two sides of a continuum. On one end of the continuum we have validation where we

strictly match the representation with external reality such that the representation encapsulates the

essence of the object of study. On the other end we have theorizing where representations refer to

other representations (stories, histories, ideas) and strict validation is not possible because the rep-

resentation is increasingly abstracted from that which is represented. This describes a continuum of

abstraction where validating involves a decreasing amount of abstraction and theorizing involves an

increasing amount. As abstraction increases — and we loose the ability to validate against reality

— we begin to consider the form of the abstraction itself. In art, we concern ourselves with formal

properties such as composition, colour, line, et cetera. This formal evaluation is not limited to arts

but also surfaces in the evaluation of science where Occam’s razor is concerned with the elegance

of a theory.

Lets take a concrete example: Imagine a prehistorical artist drawing in charcoal on a cave wall

with the intention of representing a human figure. Either another human is present to serve as a

model, or the artist works from memory. The task of translating the sight, or memory, of a figure into

a charcoal representation is extremely complex because of the lack of fidelity of the media (charcoal

on rock), and thus the artist must make many compromises in the representation. Only the strongest

and most essential features of the figure are manifest in the drawing. While the drawing is validated

against reality, the properties of the media itself interfere with the fidelity of the representation. The

stability of the media and the object of study leads to stability in the representations. Eventually,

the figure that roughly resembles a human being becomes a signifier for a human, and future

drawings need no longer to be validated against reality. The repetition of drawing and redrawing

the figure over time begins a process of optimization — where the symbolic value is retained while

the form itself continues to evolve. It could eventually transform so significantly that it bares no

resemblance to the original cave drawing. The form could even be distorted to the point of being

non-representational where it lends itself to any number of contradictory interpretations. At this
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point, the representation becomes a total abstraction — a form whose representational content is

ambiguous. The point here is twofold: (1) there is a continuum of increasing abstraction between

validating and theorizing, and (2) that the process of validation is mediated. The utility of an abstract

representation is in its lack of resemblance to reality because it allows the greatest flexibility in its

use. If all representations were highly accurate they would have little practical value because the

representation would be just as awkward as reality. Imagine carrying around a life-size sculpture of

a dear friend, presented every time you wanted to refer to that individual. As we allow increasing

transformations of the representation (e.g. from a life-size sculpture to a photograph) their fidelity

decreases, but their flexibility increases. We end up with total abstractions such as the words on

this very page whose utility is nearly infinite because of the ease with which they can be deployed,

which is a direct result of their lack of resemblance to reality. The symbolic meaning of abstract

representations then depends on their context. Without an understanding of context, it would be

nearly impossible to narrow the field of possible interpretations to that which the author or artist

intended. Thus, with increasing abstraction representations gain flexibility, descriptive power, and

greater context dependence.

Let us return to natural science. When we speak of the validation of a theory — by comparing

what the theory indicates with reality — we are required to make measurements of the world. The

eyes and perceptual abilities of the representational painter provide an analogous apparatus for the

measurement of the object of study. Measurements are, by their nature, probes. These subsets of

the world are abstractions from the very start because (1) they are extracted from their contexts in

reality and (2) because the media (the measuring device) interferes with the representation, i.e. a

measurement has a limited granularity at which point differences are no longer measurable. A sci-

entific theory can only be validated insofar as the measurement apparatus used in the experiments

allow. Theorization, as the use of abstraction in generating representations of the world, is not only

an important component of arts and sciences, but is intrinsic to general cognition.

3.3 Cognition

When sighted and hearing infants learn the labels that represent objects out in the world, they

are learning an association between the sound of the word and the objects the infant can visually

perceive. On the first presentation of the object and the word, an infant could be associating any

number of visually present objects with the word. It is through the ongoing presentation of the

word and the object in different contexts, and the infant’s shared attention with her care-giver, that

a specific association can be made.

Lets return to the pool analogy introduced earlier in this text. We can consider both the audible

word “dog” and the visual appearance of the dog as two pebbles simultaneously falling into the pool.

Many parts of the mind can be simultaneously activated, even when we are only consciously aware
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of a small subset of that activation. Unlike a pool, some parts of the mind are more connected

than others, and thus the activation propagates unevenly. The ripples are not concentric circles, but

complex asymmetrical loops.

When we learn correlations between words (e.g. “dog”) and objects (e.g. dog) we are making

it easier for the pebble’s energy (activation) to pass from one part of the pool to another. Our

minds are able to constrain and reinforce certain connections in certain contexts, both consciously

and unconsciously. We can attend by directing the pebbles activation in differing directions. We

cannot limit our conception of perception to a simple causal interaction between the pebble and the

pool because perception cannot be reduced to the sensory processing of the eye. Perception is a

perturbation of the viewer: a consideration of sensory experience (pebble) in the context of all the

resulting associations (the state of the whole pool).

Numerous psychological experiments (e.g. Davenport & Potter, 2004; Yi et al., 2008; Diekhof et

al., 2011) have confirmed that our intention and expectations have great influence on our perception

of the world — particularly in cases when sensory information is ambiguous (e.g. Meeter & Olivers,

2006). Perception is not the inactive reception of information from the world, but an act that directs

activation in the mind. We may interpret the same object as one thing in one context and another

thing in another context (Oliva & Torralba, 2007). This is because the context changes the activity

of the pool, and therefore changes how subsequent activation is propagated within it. Many of

our expectations are implicitly learned, and thus the patterns of propagation are modulated by

unconscious processes.

Let us put this in the context of a concrete example: A person sees a familiar dog on their way to

a meeting for which they are late. The sensory impression of that dog causes a pebble to activate

the pool. Previous experience of this dog leads to the activation of a simulator that corresponds to

this particular dog. Activation propagates more deeply into the pool, recruiting increasingly abstract

simulators, including those for this particular breed, dogs in general, and extending all the way

down to the simulator that has learned the concept of an animate object. The activation of these

simulators prime the pool with potentially relevant information. The result is that the surface will

process some information more quickly because it is primed and expected to occur, including dog’s

name, the feeling of his fur, a wet nose and an image of the last time the person saw this particular

dog. The fact that the person is late for a meeting is not forgotten; this strong task-oriented drive is

still modulating the surface of the pool. This modulation emphasizes the motor actions required to

get to the meeting over the primed motor actions to pet the dog. After the person has finished the

meeting, she walks back along the same route. She walks past the location where the dog was seen

earlier and begins to day-dream. This sensory context causes an activation in the pool’s surface,

resulting in the activation of a simulator for that location in space, which recruits the simulator for that

particular dog because it was recently experienced. She proceeds to pet the dog in her imagination,

which is manifest in the recruitment of a number of simulators including the motor movements of
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petting the dog, the sensation of the fur, and so on.

When we recollect an image in our minds, the same part of our brains are activated as when

we initially experienced the stimulus (Graham et al., 2010). Remembering is like arranging the pool

of our minds in a particular state that resembles the state in which we stored the memory. When

we remember, imagine or dream, a specific part of the pool is put into a particular state. We can

consider memories and mental images as the result of instructions that specify how to arrange a

particular part of a pool to resemble the memory or image. To extend the pool analogy, the surface

of the pool is concerned with sensory information, while the water beneath the surface contains the

instructions and mechanisms that are able to constrain and manipulate the activity of the water’s

surface. The instructions are simulators organized in hierarchies, and the memories are simulations.

The state of a particular part of the surface (simulation) is a function of the simulator immediately

below it. These hierarchies of simulators extend deep into the pool and those closest to the surface

are the most concrete and correspond to the validating end of the continuum described above. As

we delve deeper into the pool, these simulators are increasingly abstract, leading to the theorizing

end of the continuum. The deeper the simulator, the greater the influence over larger regions of

the water’s surface. The simulators change the activity of the pool’s surface to emphasize particular

associations over others and constrain the propagation of activation from external stimuli.

Our perceptions are the result of simulators in our minds interacting with external sensory infor-

mation in the construction of mental images. When we recognize an object out in the world it is not

a pebble simply causing a cascade of activations. Perception requires an interaction between the

sensation and the simulation such that they form a reinforcing state. When we are exposed to an

ambiguous stimulus, our simulators use the available sensory information and fill in details not seen

by our eyes.

This process resembles the process of both artistic and scientific enquiry. Our sensory or-

gans and technologies provide probing measurements of the physical world which lead to theories

(ideas, concepts, correlations and artworks) that are refined through an ongoing process of contin-

uous measurement and simulation. Theories constrain the impact of measurement and sensation,

changing what aspects of the world deserve emphasis. Simultaneously, measurement and sensa-

tion support and ground theories in reality. The notion that art is more about an act of cognition than

creating forms was noted by the early pioneer of computer and generative art, Harold Cohen (1979),

who stated:

An image is a reference to some aspect of the world which contains within its own

structure and in terms of its own structure a reference to the act of cognition which

generated it. It must say, not that the world is like this, but that it was recognized to have

been like this by the image-maker, who leaves behind this record: not of the world, but

of the act.
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3.4 A Machine That Dreams

A Machine That Dreams is the title of the art-as-research project that constitutes my doctoral work.

The interest in dreaming came about as a result of my previous enquiry into machine creativity. This

examination of machine autonomy and creativity is manifest in the series of artworks titled Context

Machines (Bogart & Pasquier, 2013a), that all use generative processes to transform raw material

collected from their environment into novel representations.

The idea of a machine that is more than a sum of its parts could be considered the central tenant

of my art-as-research practice. This work is not only an enquiry into the limits of our machines (Wil-

son, 1995), but also in those representational processes we use to make sense of the world and

ourselves. It is easy enough to consider a causal notion of meaning, where external stimulus drives

mechanistic processes that result in the “illusions” of agency and consciousness that pervade our

experiences. These conceptions beg the question whether there is any difference between the

causal processes in play in geology or fluid dynamics and those that constitute animate life.

In machine creativity, it is common to think of a dualistic process of generation and evaluation.

Some generator is able to create nearly limitless variations in ideas and form, but most of that

variation will have no social or functional value. A secondary process intentionally drives, constrains

and filters the results of these generative processes. Selecting only those with the potential to

become socially acceptable or functional. My interest in dreams arose from a dissatisfaction with

thinking about creativity in this way. Dreams contain great variation and flexibility, and yet present

a somewhat cohesive world still containing characters, locations and social interactions. Dreams

are creative because they generate novelty contextualized in the concerns and experience of the

dreamer. It is certainly thought, thanks to Freud and Jung, that dreams reflect meaningful insights

into ourselves, insights of which we may not be consciously aware. Dreams sit at the very interesting

intersection of simulation and reality, where they are known to contain elements learned from waking

experience, and at the same time are capable of generating impossible juxtapositions.

The default state of mind is generative, rather than reactive. We imagine the world, not in purely

subjective isolation, but in the context of the very real sensory information that we receive from it. We

don’t create the world but we do complete it, read into it, and transform it. Our simulations of reality

are not copies, they are ongoing collaborations between ourselves (explicit and implicit, conscious

and unconscious) and the world. Our dreams show the flexibility of our systems of imagination, and

I think could be key in understanding cognition in relation to the world.

I am not interested in the content of dreams, but rather the mechanisms that generate that

content. This interest in mechanism is what lead me to neurobiological conceptions of dreaming. At

first it was the notion of agency that interested me. Taking Merleau-Ponty’s phenomenology (1968)

as a starting point, I’ve ever since been attempting to resolve the hard objective argument that we

are nothing but cascades of mechanistic causal processes and our apparent will, consciousness
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and agency are illusions. While I concede that none of these things is quite the same as we

experience them, that does not mean that there is no causal role of consciousness in the world.

The artworks in the Dreaming Machine series began as an attempt to take the mechanistic

conception of mind as far as I could take it. The hope is that the productions of the machine are a

surprise to myself. The system’s processes take the sensory information from out in the world and

actively constructs images that resemble perception, mind wandering and dreaming. These images

are not perfect mirror reflections of the external world, but collages produced by the system’s attempt

to make sense of and predict the complexity of reality.

The work conceptually folds in on itself. Our minds make sense of the world and we generate

our own internal structures that reflect our knowledge of it. Then the scientists, philosophers and

artists among us, take this process as an object of study and generate representations, studies

and models that attempt to make sense of how we make sense of the world. Then there are those

who build simulations, systems of representation that dynamically act. They are representations,

but representations that participate in the causal flow of the world. These simulations, of which

the Dreaming Machines are an example, take the abstraction an additional step further and enact

the knowledge encoded in models. When these systems are presented as artworks, the loop is

completed. While the system is being perturbed by our presence, we are being perturbed by its

presence. We attempt to glean meaning from the images produced by the system, while those very

images are the result of the system attempting to glean meaning from us. When we gaze into the

machine, we see ourselves reflected back. We don’t see ourselves only in the images in which we

recognize ourselves, but also in the system’s mechanism: We see a system that manifests those

neurobiological conceptions of mind, perception and dreaming that we use to understand ourselves

— even if we don’t recognize it.

My motivation is not to produce a model validated by scientific standards, but to facilitate, inspire

and enrich the discussion around those systems of knowledge through which we know ourselves

and how they are constructed. Just as our simulations of the world are tools that have utility in the

context of our experience, so too are the models produced in sciences and the artworks produced

by artists. Perhaps they don’t actually tell us all that much about the world itself, perhaps their true

value is in how they stand as records of our own processes of making sense of the world. When

we peer out into the complexity of the world and we recognize, we are recognizing as mediated

by our concepts, by our simulations that tell us what we should expect to see. What we perceive

is as much us as it is the reality beyond us. When we peer into the depths of space and into the

microcosm of the infinitesimal, we are looking into ourselves — into those very processes that allow

us to make sense of anything, those processes that make us who we are.
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ABSTRACT
It has been suggested that creativity can be functionally seg-
regated into two processes: spontaneous and deliberate. In
this paper, we propose that the spontaneous aspect of creativ-
ity is enabled by the same neural simulation mechanisms that
have been implicated in visual mentation (e.g. visual percep-
tion, mental imagery, mind-wandering and dreaming). This
proposal is developed into an Integrative Theory that serves
as the foundation for a computational model of dreaming and
site-specific artwork: A Machine that Dreams.
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INTRODUCTION
Perception does not produce a perfect replica of the world:
Percepts are an amalgam of sensory information and our ex-
pectations [28]. Indeed, the visual perceptual system has of-
ten been described as a creative process (e.g., [13]). In this
view, visual perception is the result of the construction of
highly detailed impressions of our external reality that are
not reducible to either the world, or the agent’s expectations.
The existence of constructive mechanisms in visual percep-
tion indicates that certain aspects of creativity may be rooted
in ordinary mental processes (see [30]). While perception is
constrained by external sensory information, mental imagery
involves the construction of images in the absense of, or in
conflict with, sensory information.

Dreams are meaningful simulations, however abstract, of a
somewhat familiar world and may even have functional value.
Dreams can be as simple as banal thoughts or images, or
as complex as long recurring melodramas. They are often
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thought of as bizarre, and may include chimeric elements —
fusions of multiple places or people. There are two popu-
lar biopsychological conceptions of dreaming: Dreams re-
sult from our perceptual system’s attempt to make sense of
random activation in sensory regions of the brain, or dreams
are akin to mental imagery and are largely independent of
the sensory systems. Mind-wandering (day-dreaming) and
dreaming overlap in their content and involve similar modu-
lations of cognition — e.g. the lack of self-reflective aware-
ness. Perception is highly constrained by external stimuli
while dreams occur in the absense of external stimuli. Mind-
wandering is a diversion away from external stimulus toward
internally generated imagery.

It has been established that creativity involves, at least, the
generation of ideas or artifacts that are both novel and valu-
able [26, 4]. This definition of creativity is concerned with the
products of a creative process, rather than the characteristics
of the process itself. Both novelty and value are evaluations
of ideas or artifacts in the context of their production and use.
The scope of such evaluations can be relative to the life-time
of the individual (Psychological-Creativity) or to the whole of
human history (Historical-Creativity) [4]. The difficulty with
the evaluation of both novelty and value is their context de-
pendence; an artifact considered creative in one culture, do-
main or time-frame may not be in another. The importance
of context makes automated evaluation in computational cre-
ativity challenging. In this work we segregate generative and
evaluative modes and focus on the former.

The contributions of the present work are twofold: First,
we propose an Integrative Theory of perception, dreaming,
mental imagery, mind-wandering, and spontaneous creativity
wherein all of these phenomena exploit overlapping mech-
anisms of simulation. These mechanisms are enabled by a
common set of perceptually-oriented associative representa-
tions. Second, our theoretical proposal serves as the foun-
dation of a computational model and artwork that constructs
images from sensory components through creative processes
manifest during each of three states: (1) perception, (2) mind-
wandering and (3) dreaming.

Our computational model, the Dreaming Machine, serves
three major purposes in itself. First, it formalizes the Inte-
grative Theory and provides a site for the evaluation and re-
finement of that theory. Second, it is also an artwork contex-
tualized in a series of generative site-specific installations [6].
Thirdly, the manifestation of the theory in an artwork broad-
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ens discourse on creativity and visual mentation beyond tra-
ditional scientific contexts.

BACKGROUND
Visual aspects of perception, mental imagery, mind-
wandering and dreaming are all modes of thought that are
experienced visually. Accordingly, in the present paper, we
will refer to these modes, collectively, as visual mentation.
This section of the paper discuss biopsychological theories of
both visual mentation and spontaneous creativity. It will be
shown that these theories all share certain characteristics that
serve as the basis of the Integrative Theory, to be presented in
a later section. In terms of creativity, we discuss Dietrich’s [8]
proposal for a neurobiological basis of creativity. In terms of
dreaming, we describe two major theories: (1) Hobson’s [11]
proposal that dream experiences are the result of random acti-
vations of sensory and perceptual regions of the brain, and (2)
Nir and Tononi’s [20] proposal that dreams are more closely
related to mental imagery than perception. Kosslyn’s [16]
theory of mental imagery compliments Nir and Tononi’s pro-
posal. Finally, we present Domhoff’s [9] proposal that dream-
ing and mind-wandering recruit overlapping components of
the default mode network (DMN).

Two Creative Processes
Dietrich [8] proposes a neurocognitive framework where cre-
ativity is considered integral [8] to the study of cognition, is a
fundamental [8] aspect of human activity and is grounded in
ordinary mental processes. The consideration of creativity as
a general aspect of cognition implies that the study of creativ-
ity may provide insights into other mental processes, such as
dreaming and mind-wandering, and vice versa.

As illustrated in Figure 1, Dietrich’s framework divides the
brain into two major functional regions: (1) The temporal,
occipital and parietal lobes of the cortex (TOP), shaded in
grey in Figure 1, hold high-level and long-term representa-
tions of sensory information and enable spontaneous creativ-
ity. (2) The prefrontal cortex (PFC) accesses these represen-
tations during deliberate creativity and is implicated in ex-
ecutive functions such as self-awareness, planning, decision
making, working memory and attention. In Dietrich’s frame-
work, the PFC provides the evaluative mechanisms that shape
and/or filter novel thoughts, thereby deeming them creative or
not. In particular, working memory, which involves the PFC,
is important for creative cognition as it provides a facility for
the manipulation of representations — required for flexible
shifts in cognition and access to the TOP.

Dietrich proposes two major modes of creative insight: (1)
a spontaneous mode, which results from associative activ-
ity within the TOP, and (2) a deliberate mode, which results
from goal-oriented manipulation and refinement of ideas in
the PFC. These modes are not meant to be exclusive; creative
practises involve both.

The spontaneous mode generates insights that may be ran-
dom, unfiltered, and bizarre [8] and are promoted to the PFC
for evaluation. This mode is enabled by cognitive processes
that are unconscious and therefore unconstrained by the bot-
tleneck of conscious thought. Dietrich considers spontaneous
creativity as only a starting point because “[i]nnumerous in-
sights turn out to be incorrect, incomplete, or trivial, so judg-
ing which insights to pursue and which to discard requires

prefrontal cortex integration” [8]. For an idea to be consid-
ered creative, it must undergo evaluation in terms of novelty
and value. If it is lacking in either area, then it is refined
through prefrontal interactions with other brain regions.

The generation of ideas is not limited to the spontaneous
mode, but can also occur in the deliberate mode where in-
sights are “structured, rational, and conform. . . to internalized
values and belief systems” and are limited to established con-
ceptual structures (preconceived mental paradigms [8]). An
individual engaged in the spontaneous mode requires only a
diverse sensory experience to generate novelty, but knowl-
edge and skill, developed over years, are required for fruitful
creativity in the deliberate mode. Creativity requires a bal-
ance between both deliberate and spontaneous modes, and
yet “[s]ome of the most brilliant ideas in the history of sci-
ence. . . ” [8] appear to arise from the spontaneous mode.

The mechanisms of creativity described in this section high-
light a division of labour in creative thinking. The sponta-
neous mode is education independent, unconscious, and has
extreme generative potential. Unfortunately, this mode may
generate insights that cannot be considered creative, due to
their lack of utility or novelty. The deliberate mode is con-
scious, reasoned, systematic, and pulls information from TOP
as well as being fed the results of the spontaneous mode. The
deliberate mode depends on a body of skill and knowledge to
determine utility and novelty.

Spontaneous Creativity and Dreaming
Dietrich makes an explicit connection between the attributes
of the spontaneous mode and dreaming. He notes that dur-
ing REM sleep the PFC is less active, leading to a deficit in
self-reflection, awareness of time, volition, abstract thinking,
active decision making, and focused attention. These deficits
are also characteristic of many dreams, as will be discussed
later. Dietrich’s proposal that spontaneous creativity results
from associative activation within TOP is a key component of
the Integrative Theory. His assertion that dreaming and spon-
taneous creativity show a lack of prefrontal activity supports
a possible overlap of constituent mechanisms. Dietrich even
suggests that dreams could be an ultimate form of sponta-
neous creativity: “. . . dreaming might be regarded as the most
extreme form of the spontaneous processing mode and can
give rise to insights that are difficult to come by during nor-
mal waking consciousness” [8].

Sleep, Dreaming and Mental Imagery
A description of dreaming is incomplete without an overview
of sleep, a behavioural state displayed by many mammals and
birds [23] that is modulated by a circadian clock entrained by
any one of many zeitgebers (e.g. visual brightness and social
interaction) [19]. Sleep is usually divided into stages. Sleep
begins with descending stage 1, which is quite similar to wak-
ing, in terms of the electroencephalogram (EEG), and is char-
acterized by high frequency and low amplitude EEG. Sleep
then descends through increasing stages (2 to 4). Each sub-
sequent stage is characterized by an EEG with greater ampli-
tude and lower frequency, with stage 4 being characterized by
the lowest frequency and the highest amplitude waves (delta
waves). Once a sleeping individual has progressed through
sleep stages 1 to 4, the progression reverses back through the
stages. An entire cycle typically lasts approximately 90 min-
utes. The sleeper spends the rest of the night oscillating be-

CHAPTER 4. INTEGRATIVE THEORY OF VISUAL MENTATION AND CREATIVITY 28



tween sleep stages. However, an important change occurs as a
typical night of sleep unfolds: The first half of a night’s sleep
contains much more slow-wave sleep (SWS; stages 3 and 4),
whereas the second half contains much more stages 1 and 2
sleep.

The initial stage 1 episode is relatively uneventful, but there-
after each stage 1 (emergent stage 1) tends to be accompanied
by a variety of other physiological changes including loss of
muscle tone and rapid eye movements (REMs). Accordingly,
emergent stage 1 is more commonly known as REM sleep [1],
and the other sleep stages are commonly referred to as Non-
REM (NREM) sleep.

Dreaming can occur during any stage of sleep. Nevertheless,
there are some general conclusions that can be made about
the distribution of dream content over a typical night of sleep.
Early on in the night, narrative dreams are more likely to be
reported when awaking subjects during REM sleep. By con-
trast, waking a subject from NREM sleep early in the night
dreams are more likely to be reported as “. . . short, thought-
like, less vivid, less visual and more conceptual, less motor-
ically animated, under greater volitional control, more plau-
sible, more concerned with current issues, less emotional and
less pleasant” [20]. As the night progresses, narrative dreams
are more likely to be reported, irrespective of the stage from
which they are woken.

In this section, we describe two popular biospychological the-
ories of dreaming, as well as their links to perception and cre-
ativity. First, Hobson’s Activation, Input/Output Gating, and
Modulation (AIM) [11] theory proposes that dreams are the
result of high-level cognitive processes attempting to make
sense of random activations of early sensory regions. The
resulting perceptual experience is a functional simulation of
reality. Second, Nir and Tononi [20] propose that dreams are
more similar to mental imagery than to perception, and are
not dependent on the random activation of early sensory re-
gions.

Activation, Input/Output Gating, and Modulation
Hobson’s AIM model [11] is the successor to the activation-
synthesis theory [12]. AIM proposes that, during early de-
velopment, dreams are important for the emergence of the
protoself (a precursor to the sense of self); dreams provide a
“. . . virtual reality model of the world that is of functional use
to the development and maintenance of waking conscious-
ness” [11]. This virtual reality is a free-running simulator of
possible sensory and motor scenarios. The protoself develops
to account for and take responsibility for unconscious cog-
nitive operations that respond to both external (during wak-
ing) and internal (during dreaming) stimuli. It is presumed
that the protoself develops through the incremental growth
of attentional and control mechanisms in the PFC that struc-
ture reflex and associative activity in TOP. AIM constitutes a
state-space of three dimensions of dream properties:

Activation: During waking and REM sleep, the whole brain
is highly activated and during NREM sleep it is minimally
activated. Activation during REM sleep is due to wave-
forms (PGO waves) that originate in the pontine brainstem
and cause activation of the various sensory systems, in par-
ticular vision; thus, this activation is not driven by external
stimuli. This activation is then interpreted by the same mech-
anisms as external perception, pictured by the top black arrow

in Figure 1 (left).

Input-output gating: During REM sleep, PGO waves begin
and the reticular activating system disconnects the body from
the brain, resulting in temporary paralysis (output) and a loss
of most sensory afferents (input).

Modulation refers to the change of neurotransmitter levels:
During REM sleep, aminergic neurons are inhibited and
cholinergic neurons are activated. This results in an attenu-
ated influence of the PFC, which accounts for the poor recall
of dream material and a lack of self-awareness.

According to Hobson’s proposal, perceptual functions trans-
form relatively random brain activity into a cohesive, and
even narrative, subjective experience. According to this con-
ception, a dream is the output of our sensory and perceptual
functions. Hobson [11] provides no discussion of the struc-
ture of these PGO waves, nor exactly what is meant by ’ran-
domness.’ Hobson’s theory also depends on a strong corre-
lation between REM sleep and dreaming, yet this correla-
tion is weaker than was once believed [24]. Hobson him-
self acknowledges this inconsistency: “[a]n important caveat
is that although the distinctive features of dream conscious-
ness. . . are maximally correlated with REM sleep, they are
also found — to a limited degree — in NREM sleep. . . ” [11].
Aspects of Hobson’s theory that are relevant to computational
modelling include the degree to which external stimuli effect
sensory regions (gating), as well as the degree of activation.

Dreams as Mental Imagery
Nir and Tononi [20] provide an alternate account of dream-
ing that is rooted in a criticism of Hobson’s theory. Central
to their criticism, as mentioned above, is the fact that Hob-
son’s theory depends on a correlation between REM sleep
and dreams.

In contrast to Hobson, Nir and Tononi consider dreams as
comparable to mental imagery [20]; that is, in their concep-
tion, dreaming depends more on the forebrain rather than on
the brainstem-created PGO waves. Central to their argument
is the observation that damage to portions of the PFC (as oc-
curred to victims of prefrontal lobotomy), led to total cessa-
tion of dreaming in 70–90% of subjects. Those same indi-
viduals also exhibited a “. . . lack of initiative, curiosity and
fantasy in waking life” [20]. In general, it seems that damage
to perceptual areas leads to deficits in both mental imagery
and dreaming.

Analysis of children’s dreams shows that the younger the
child, the more simplistic the dream content. Their dream
reports contain “. . . no characters that move, no social inter-
actions, little feeling, and. . . do not include the dreamer as
an active character. There are also no autobiographic, [or]
episodic memories. . . ” [20]. Nir and Tononi provide a com-
pelling argument that dreaming may in fact be more closely
related to mental imagery than perception, and therefore that
the neural mechanisms implicated in mental imagery are also
in play during dreaming.

Nir and Tononi note that there is at least one significant differ-
ence between dreaming and mental imagery: “. . . while imag-
ining, one is aware that the images are internally generated
(preserved reflective thought)” [20]. The lack of comparable
reflective thought in dreams could be explained by the relative
lack of activation in the PFC during sleep.
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Figure 1. Information flow during: (1) dreaming, according to Hobson (left), and (2) mental imagery, according to Kosslyn (right).

What Causes Activation During Dreaming?
A significant issue with Nir and Tononi’s account is the ab-
sence of a specified cause of the activation during dream-
ing. Hobson neatly solves this problem with PGO waves.
According to Nir and Tononi, activation could be due to
intentional prefrontal control during REM sleep, but where
self-awareness is inhibited — dreams are the same as men-
tal images except they are not recognized as being inten-
tional. Alternatively, the activation is not due to the PFC but
is rather due to endogenous associative activations of TOP
— those same mechanisms implicated in Dietrich’s concep-
tion of spontaneous creativity [8]. Nir and Tononi also make
reference to a possible role of the DMN, due to the partial
overlap of brain activity during REM and DMN structures.
This latter proposal will be returned to later.

Whether dreams are similar to perception or mental imagery,
there appears to be a consensus that dreams are the result of
activation of high-level perceptual representations (presum-
ably in TOP). However, two things are in dispute: (1) whether
there is intentional control and (2) whether there is functional
role for the early sensory regions. Still, the most relevant as-
pects of Nir and Tononi’s theory include the consideration of
a possible role of the DMN, and the idea that dreams as en-
abled by the same mechanisms as mental imagery.

Perceptual Anticipation Theory
Kosslyn’s [16] Perceptual Anticipation Theory of mental im-
agery proposes a functional role of the early visual system:
“. . . mental images arise when one anticipates perceiving an
object or scene so strongly that a depictive representation of
the stimulus is created in [the] early visual cortex” [16]. Ac-
cording to Kosslyn, the patterns that define these mental im-
ages are long-term visual representations encoded in the tem-
poral lobe (TL). Unlike the retinotopic arrangement of the vi-
sual cortex (VC), where adjacent cortical columns tend to cor-
respond to adjacent patches of the contralateral visual field,
these representations are non-topographical. They can only
be decoded through constructive activation: “. . . image gen-
eration is not simply ‘playing backward’ stored information,
but rather is necessarily a constructive activity” [16]. This
constructive activation is pictured as a black arrow in Figure 1

(right).

Once the images are decoded they are are perceived using the
same mechanisms as external perception, not pictured in Fig-
ure 1 (right). These imagined reconstructions can be used to
further conceptualize images propositionally or linguistically.
Activation of the VC is expected to occur when the task re-
quires: (1) a higher resolution representation than is afforded
by the linguistic system, (2) a specific example of such an
object — not a prototype of a class and (3) the inspection of
object-centric properties (eg. colour and size) — not spatial
relations (eg. position).

Shared Representations in Perception and Imagery
Kosslyn’s account is specifically focused on the early vi-
sual system and assumes that long term visual memory is
located in the TL. According to the Emergent Memory Ac-
count (EMA) of Graham et al. [10], the TL is not simply a
storehouse for memory, but is specialized for high-level vi-
sual representations that are used in both memory and per-
ception. Under this conception, visual mental imagery may
involve much of the TL and would not depend on the early vi-
sual system. If the TL is activated in memory and perception,
and stores high-level representations of perceptual informa-
tion, then a functional role of the early VC during imagery is
unclear. Kosslyn supports the stance that mental images are
decoded in the early VC through studies that directly relate
mental images and visual external perception. These studies
have assumed that the similar constraints in mental imagery
and perception are due to shared involvement of the early VC.

Summary of Sleep, Dreaming and Mental Imagery
Hobson theorizes that dreams involve mechanisms similar
to external perception, while Nir and Tononi consider that
dreams involve mechanisms that more closely overlap with
those of mental imagery. Both theories posit a key role for
high-level perceptual representations. Kosslyn proposes that
mental imagery exploits the same functions as external per-
ception. Thus we can consider dreaming, mental imagery and
external perception as highly related and that they may share
neural mechanisms, including a role for TL-based perceptual
representations. The mechanisms that cause the activation of
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these TL-based representations is, as yet, unclear. However,
consideration of the DMN may resolve the activation source.

The Default Mode Network and Dreaming
As noted by Domhoff [9], current research on dreaming cer-
tainly emphasizes a continuity between dreaming and waking
cognition. Although notions of dreams as bizarre narratives
have captured our collective imagination for a significant pe-
riod, even early dream content studies from the 1970s indi-
cated that bizarre dreams are exceptional; most dream reports
are “. . . clear, coherent, and detailed account[s] of a realistic
situation involving the dreamer and other people caught up in
very ordinary activities. . . ” (Domhoff [9] citing Snyder [25]).
A consideration of dream content as ordinary and the inclu-
sion of terms describing meta-awareness (eg. contemplate,
decide, realize, ponder, etc.) in dream reports supports a con-
tinuity between dreaming and waking consciousness. Stud-
ies of relaxed waking (such as mind-wandering) in laboratory
settings have shown that these states can be “. . . as fragmented
or unusual as dreams” [9]. Physical impossibilities and dis-
connected thoughts are present in both dreaming and in mind-
wandering.

The DMN is a set of neural structures that are highly active
when the subject is resting (during mind-wandering) and are
inhibited during goal-oriented activity. Domhoff [9] proposes
that dreams result from an activation of a subset of the DMN
that “. . . is active when the mind is wandering, daydreaming,
or simulating past or future events.” Regions that are associ-
ated with the DMN include the “. . . medial prefrontal cortex,
the anterior cingulate cortex, and the temporoparietel junc-
tion. . . ”, which are also implicated in dreaming. Not all neu-
ral structures implicated in the DMN are highly active during
REM and NREM sleep. Domhoff proposes this lack of acti-
vation during dreaming is because sensation, locomotion and
executive functions are not necessary during dreaming.

Domhoff proposes that DMN activity serves as a bridge be-
tween waking and dreaming consciousness: Just before the
onset of sleep, the DMN is likely to be active due to a re-
laxed state. The shift from waking relaxed thought to sleep
is rapid and DMN activity continues into NREM. The central
component of Domhoff’s proposal [9] is the correlation be-
tween dreams and the DMN, which provides a link to mind-
wandering. This link is compelling as the characteristics of
mind-wandering (in particular the lack of volition and self-
reflection, and the presence of associative thought) resemble
those of both dreaming and spontaneous creativity, as pro-
posed by Dietrich [8].

Domhoff’s argument that the DMN may be implicated in
dreaming, and therefore that mind-wandering and dreaming
may be enabled by shared mechanisms, is compelling. It
resolves the colloquial relation between dreaming and day-
dreaming (mind-wandering) with biospychological evidence.
If it is accepted, then “. . . dreams can be seen as a unique
and more fully developed form of mind wandering, and
therefore as the quintessential cognitive simulation [empha-
sis added]” [9]. The key aspects of Domhoff’s proposal are
that dreams and mind-wandering may easily transition from
one to the other, and are enabled by overlapping components
of the DMN.

Dreaming, Mind-wandering and Prediction

The general overlap of activity during dreaming and mind-
wandering indicates a possible overlap in function. Both
Hobson [11] and Schooler [22] describe dreams and mind-
wandering as having a predictive function. In both cases, our
attention shifts inward, and we show impairments in execu-
tive function. For example, during mind-wandering the DMN
is most active when subjects are not aware of their mind wan-
dering (e.g. a lack of meta-awareness) [7]. The DMN is also
active when people engage in “personal planning concerning
the future” [9], supporting the notion that simulation is com-
mon to both dreams and mind-wandering.

Summary of Theories
This section covered significant territory, so we will summa-
rize the key aspects of the reviewed theories:

1. Dietrich proposes that creativity can be functionally seg-
regated into two modes: (1) Deliberate creativity results
from intentional creative effort and is correlated with pre-
frontal activity, while spontaneous creativity results from
associative activations in the TOP that are promoted to PFC
for evaluation and refinement.

2. Hobson proposes that dreams are the result of our percep-
tual mechanisms attempting to make sense of the random
activation of sensory regions during REM sleep. REM
sleep is characterized by: a similar degree of activation to
waking, a disconnection of the brain from the rest of the
body, and a suppression of feed-back mechanisms. Dreams
are considered functional simulations.

3. Nir and Tononi propose that dreaming is less like percep-
tion and more like mental imagery.

4. Kosslyn proposes that mental images and external percep-
tion are subject to similar constraints. Encoded representa-
tions in the TL are rendered in early VC and perceived by
the same mechanisms as external perception.

5. Domhoff proposes that dreams are enabled by the same
mechanisms that support mind-wandering, specifically a
subset of the DMN. Dreams result from the activation
of perceptual information and provide the quintessential
mechanism of simulation, thus extending the function and
phenomenology of mind-wandering.

The following two sections describe the details of the contri-
butions of this research. First, the Integrative Theory is de-
scribed, after which its companion computational and artistic
realization is summarized.

INTEGRATIVE THEORY
The previous sections include discussions and a selection of
key points of theory regarding possible relations between vi-
sual aspects of external perception, mental imagery, mind-
wandering, dreaming (visual mentation) and spontaneous cre-
ativity. This section unifies theoretical points made in the pre-
vious section into a proposal for an Integrative Theory that
serves to inform the computational model. Three central hy-
potheses are made, whose support is described in the follow-
ing paragraphs:

1. Visual mentation and spontaneous creativity involve the ac-
tivation of high-level TL representations of sensory infor-
mation [11, 20, 16, 10].
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Figure 2. The Integrative Theory unifies external perception, mental
imagery, mind-wandering, dreaming and spontaneous creativity.

2. The phenomenological experience of visual mentation is
due to activity within the TL [18, 17, 3].

3. Simulation is a key attribute of visual mentation and spon-
taneous creativity [22, 11, 9].

There is a fairly clear consensus regarding Hypothesis 1, as
all theories predict some functional role of representations in
the TL — be they encoded or explicit, conceptual or percep-
tual. For Dietrich, cortical representations in the TL are con-
stantly being activated through associative mechanisms that
are unconstrained by evaluation. These representations are
promoted to prefrontal systems for constraint and evaluation.
Hobson [11] notes that TL epileptics experience seizures
commonly characterized as dreamy states. He also contends
that dreams are perceived using the same mechanisms as ex-
ternal perception, which implies a degree of TL processing.
Nir and Tononi [20] link dreaming with mental imagery as the
activation of representations implicated in mental imagery.
For Kosslyn [16], the TL is the storehouse for visual represen-
tations, and overlaps with Hobson in proposing a functional
role of early VC. Graham et al. [10] link perception and mem-
ory and propose that TL damage leads to deficits in memory
recall and perception. The representations implied in men-
tal imagery are shared with external perception, and therefore
presumably also in dreams. Domhoff [9] and Nir and Tononi
[20] cite studies that show that damage to the TL, in particu-
lar at the temporo-occipito-parieto junction, leads to deficit in
initiative, curiosity and fantasy, and even the total cessation
of dreaming.

While Hypothesis 1 is fairly well established, the cause of the
activation of TL representations is disputed. In order to arrive
at a cohesive conception, some aspects of the discussed theo-
ries must be rejected. We identify three explanations: TL acti-
vation results from (1) early VC activation, as in external per-
ception (Hobson, Kosslyn), (2) endogenous (self-regulating)
TL activation (Dietrich), or (3) prefrontal control (Domhoff,
Nir and Tononi).

The functional role of early VC in mental imagery and dream-
ing is key to the theories proposed by Hobson and Kosslyn.
The relation between mental imagery and external perception

has been a topic of study since the 1970s and often conflate
image recall (the recall of a particular visual memory), im-
agery of a memorized image (mental imagery of a learned
visual image) and novel imagery (the construction of a new
mental image not in memory nor perception). In 1978 it was
shown by Podgorny [21] that mental images and perceptual
images could be directly compared. The experiment involved
the registration of a perceptual grid with a mental image such
that the subject reported whether a particular perceptual cell
was occupied by a portion of the mental image. This study,
and others like it, have shown that perception and mental im-
agery share similar constraints, including field of view [18],
scan time [14] and resolution [15].

In Marzi et al.’s study [18], a subject with damage to the early
VC had no perceptual ability in one visual quadrant but was
able to construct whole mental images. Most interestingly,
perceptual constraints in the blind quadrant (reaction time ef-
fects dependent on location of stimulus in the field of view)
did not apply to mental images as in normal subjects. This in-
dicates that the early VC modulates mental images but is not
functionally required. Recent fMRI decoding studies have al-
lowed a more detailed examination of the role of the early VC
in mental imagery.

Decoding studies have attempted to correlate patterns of brain
activity with particular visual stimuli. An analysis of brain
activity can predict which visual stimulus a subject is cur-
rently viewing. Lee et al. [17] demonstrated that activity in
the VC and TL could predict an image either seen or imag-
ined (after memorization) by a subject. During imagery, they
found a high degree of correlated activation relevant to the
memorized stimulus in the TL, and low stimulus-correlated
activity in the VC. During perception, they found the opposite
pattern, greater stimulus-correlated activation in the VC and
less stimulus-correlated activation in the TL. As suggested
by Lee [17], visual mental imagery and visual perception are
different network dynamics of the same system of temporal
representations. The relatively low activity in the VC during
imagery has been repeated in other studies (e.g. [3]). These
studies indicate that the activation of representations in the
TL are due to dynamics independent of early VC.

As dreams occur in the absence of PGO waves, we can con-
clude that the experience of images in the mind is likely due
to activity in the TL (Hypothesis 2) that is independent of
the early VC. We are then left with two possibilities: activa-
tion of representations is due to intentional control from the
PFC, or it is due to endogenous activation of the TL. The in-
tentional control of representations in the TL is analogous to
Dietrich’s [8] notion of deliberate creativity, while endoge-
nous TL activation resembles spontaneous creativity. These
two options need not be resolved due to the diversity of phe-
nomena in the proposed Integrative Theory: mental imagery
results from intentional functions of the PFC, external per-
ception is highly dependent on external stimuli impacting the
early VC, and mind-wandering, dreaming and spontaneous
creativity are the result of associative endogenous activation.

Figure 2 depicts the causal patterns of three modes of visual
mentation: External perception is the result of exogenous ac-
tivation of early VC which in turn causes the activation of TL
representations. Mental imagery is the result of PFC control
mechanisms causing activations of TL representations, which
result in the experience of mental images. Visual aspects of
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spontaneous creativity, dreaming and mind-wandering are all
the result of endogenous activation (the dashed line) within
the TL, which is modulated by varying degrees of control ini-
tiated by the PFC.

The exploitation of shared TL representations in visual men-
tation and spontaneous creativity means that one cognitive
process (e.g. dreaming) could be impacted by and impact an-
other (e.g. external perception). For example, it has been
shown that waking perception in the hours before sleep has a
significant effect on dream content [27]. Antti Revonsuo de-
scribes the continuity of perception and dreaming: “We are
dreaming all the time, its just that our dreams are shaped by
our perceptions when awake, and therefore constrained” [29].
We can then consider the differences between the various
modes of visual mentation and spontaneous creativity as due
to the same mechanisms except with differing dynamics.

Hypothesis 3 states that a key functional attribute shared be-
tween visual mentation and spontaneous creativity is simu-
lation. Considering the constructive aspects of external per-
ception, we can conceive of our experience of the world as a
simulation that is highly constrained by sensory information.
By contrast, mental imagery is a simulation relatively uncon-
strained by external stimuli, but intentionally controlled and
constrained by task demands. Dreaming and mind-wandering
result from these same mechanisms of simulation, but operat-
ing independently of task demands or sensory-oriented con-
trols. These free-running simulations may have diverse func-
tions, for example “. . . autobiographical predictions necessary
to successfully navigate the complex social world” [22], and
the development of self [11]. The particular brain systems
that enable all of these simulations are possibly a subset of
the DMN; which has been implicated in dreaming and mind-
wandering. Domhoff characterizes dreams as the quintessen-
tial cognitive simulation [9] because they are a more fully
developed form of mind wandering. We can then consider
dreams as a free-running manifestation of those very same
mechanisms that enable spontaneous creativity.

In summary, the Integrative Theory proposes that visual men-
tation and spontaneous creativity are a set of closely related
phenomena that all exploit the same mechanisms of represen-
tation and simulation. The next section discusses the compu-
tational model that arises from the Integrative Theory.

COMPUTATIONAL MODEL: A MACHINE THAT DREAMS
The Integrative Theory is the foundation for the computa-
tional model and artwork Dreaming Machine. While the In-
tegrative Theory includes a role for evaluative mechanisms,
the computational model formalizes a subset of the theory,
centrally focused on generative mechanisms corresponding
to spontaneous creativity. The model is summarized here and
further details of the system are available in a companion pa-
per [5]. The key features of the proposed theory manifested in
the computational model include: representations shared by
perception, mind-wandering and dreaming, and the explicit
continuity of those three states. The work follows in a series
of site-specific artworks (Context Machines [6]) that collect
visual material from their contexts of installation in the ser-
vice of generative image-making processes.

Computational modelling provides a compelling framework
for the theorization and critique of biopsychological concep-
tions. The implementation of these ideas in formal language
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Figure 3. Overview of the Computational Model — Dreaming Machine

requires sufficient detail as to force the specification of tacit
aspects. The computational model is a working system that
learns from its visual perceptual experience during the day
and generates hypothetical (simulated) images constructed
from collected perceptual material while ’dreaming’ at night
— all in the absence of evaluative functions associated with
the PFC. As an artwork, the model is meant for long-term in-
stallation in a public setting in order to be exposed to as much
variety of visual material as possible.

The system manifests three modes of visual mentation where
images are constructed from associative memory represen-
tations of visual information, as pictured in Figure 4: (1)
Perception is the construction of perceptual images as con-
strained by external visual stimulus. (2) Dreaming is the re-
sult of spontaneous creativity where generated images are the
result of activations of memory representations which are ini-
tiated by recent waking perception. The propagation of asso-
ciative activation results in hypothetical images. (3) Mind-
wandering is a fusion of perception and dreaming modes
where a static perceptual image (habituated stimulus) empha-
sizes the associative (dream-like) propagation of activation,
resulting in images that are both perceptual and dream-like.
In all three modes, associative activation is propagated and
modulation causes shifts between the exogenous and endoge-
nous activation of percepts. The system’s habituation to the
external environment, and a circadian clock, cause the transi-
tion between these contiguous modes. The spontaneous mode
of creativity, as manifest in dreaming and mind-wandering
modes, is the result of associations based on simple features,
and therefore lacks the richness and complexity of human
spontaneous creativity. The dreams and mind-wanderings of
the system are meant to appear similar to those of children
and perhaps non-human animals. The design of the computa-
tional model manifests the following key attributes informed
by the theories described in previous sections:
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• The degree to which perceptual content is activated by ex-
ternal stimuli is controlled by a gating system [11].

• Dreaming and mind-wandering are enabled by the asso-
ciative activation of shared representations (percepts) con-
structed by perceptual processes [8].

• External perception, mind-wandering and dreaming are
contiguous processes modulated by varying degrees of in-
fluence from exogenous stimuli and endogenous activa-
tion. That degree of influence is controlled by a circadian
clock entrained by the luminosity of the external environ-
ment [11].

• The system is a partial artificial agent that contains no ana-
logue of the PFC, nor the limbic system and therefore lacks
executive control or emotional tone.

Modules
The relations between modules are depicted in Figure 3. For
a more detailed technical overview of the system see [5].

VISUAL STIMULUS provides 1920×1080 pixel video images
(captured by an immobile camera) to SEGMENTATION via
GATING. The neurobiological analogue of the visual stimu-
lus is the retina-geniculate-striate system, which includes the
VC. The mean luminosity of images entrains the CIRCADIAN
CLOCK.

GATING controls the degree to which VISUAL STIMULUS
causes activations in MEMORY, which is determined by the
state of the CIRCADIAN CLOCK. The neurobiological ana-
logue of the gating function are the brainstem nuclei in the
reticular activating system and the thalamus.

SEGMENTATION separates the foreground from the back-
ground and further breaks the background into contiguous
colour regions. These regions are used by MEMORY to gener-
ate percepts of the external world. The neurobiological ana-
log of this function are processes in the TL.

MEMORY is the core of the system, and corresponds to the
TOP in biological terms. It is the structure that holds the asso-
ciative representations used in spontaneous creativity. MEM-
ORY clusters segmented regions such that an object seen in
subsequent frames is stored as a single representation. Per-
cepts are atoms of long-term visual memory (analogous to
the TL representations discussed in the Integrative Theory)
and are the material that are the basis of external perception,
dreaming and mind-wandering. All percepts are ordinally
sorted according to their features — position in frame, po-
sition in time, area, and mean colour. For each dimension
of each feature (the position in frame is an x y pair, while
colour is represented by the three CIE Luv channels) there
is a graphical model that represents associative links. These
FEATURE LISTS correspond to the associative structure of
representations in the TL.

Each percept may propagate its activation (initiated by clus-
tering) to its two most similar neighbours. This propagation
corresponds to associative activation and the resulting pat-
tern manifests unconstrained simulation (the construction of
images that resemble sensory information). For each prop-
agation, the degree of activation decays or is amplified, de-
pending on the state of the CIRCADIAN CLOCK, which rep-
resents the day-night cycle. During perception, activation

decays for each propagation. During dreaming and mind-
wandering, propagations oscillate between decay and ampli-
fication where activated percepts decrease or increase the ac-
tivation of their neighbours. When propagation reaches the
ends of the FEATURE LISTS, or the activating percept is re-
activated by its nearest neighbour, activation is propagated
to the nearest neighbour in another FEATURE LIST (along
another dimention). This shift in dimension supports con-
tinuous endogenous associative activation. The selection of
which dimension to propagate is determined by the PROMI-
NENT FEATURE of the activating percept. The PROMINENT
FEATURE of percept A is the feature that makes A stand out
most from other percepts. These associative propagations are
the basis of external perception, mind-wandering and dream-
ing modes, which will be discussed in the next section.

The system also exhibits habituation, as percepts that have
been activated are subsequently more difficult to activate —
the greater the repetition of a stimulus, the weaker the re-
sponse. This allows percepts in VISUAL STIMULUS that are
constant over time to fade from IMAGERY. While a percept
is not being activated, its degree of habituation gradually re-
covers.

CIRCADIAN CLOCK is an oscillator whose period is en-
trained by the day-night cycle of light in the environment,
manifested in the luminosity of VISUAL STIMULUS. The
clock registers the onset of day and night and modulates GAT-
ING and the propagation of activation in MEMORY. The neu-
robiological analogue of this circadian clock is the suprachi-
asmatic nucleus of the hypothalamus.

IMAGERY presents those percepts in MEMORY with sufficient
activation on a 1920 × 1080 display. The degree of activa-
tion determines the degree of opacity of the presented percept.
IMAGERY is a window into the current state of activation of
MEMORY. What is seen in IMAGERY is analogous to what in-
sights would be promoted into working memory in the PFC,
according to Dietrich’s framework [8].

Cognitive Modes
The particular mode of the system is determined by the CIR-
CADIAN CLOCK that both modulates the degree of GATING
and the propagation of activation in MEMORY.

During PERCEPTION, associative activations decay with each
propagation. The strongest activations are those initial acti-
vations caused by perceptual clustering. As percepts corre-
sponding to the current stimulus are most active, IMAGERY is
composed of percepts that correspond to the current stimulus
and therefore resembles the image captured by the camera —
a simulation of perceptual information. With a lack of habit-
uation, this image would appear similar to the camera image,
as pictured in Figure 4 (far left). It is presumed that the ma-
jority of VISUAL STIMULUS surface area will remain static
(background) and will therefore become increasingly habitu-
ated to. This would result in the greater activation of novel
percepts that would be presented with greater opacity in IM-
AGERY, as pictured in Figure 4 (middle left). Associative
propagations are constant, but due to the decay of activation
and continuous external stimuli, these weaker activations are
drowned out, and not promoted to IMAGERY. This corre-
sponds to Dietrich’s conception that spontaneous and asso-
ciative activations in TOP happen continuously, but are not
always promoted to conscious awareness.
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Figure 4. Depiction of VISUAL STIMULUS and corresponding IMAGERY in external perception, mind-wandering and dreaming modes. These images
were produced during an exhibition of a prototype of Dreaming Machine #3. © Benjamin D. R. Bogart

DREAMING occurs when the latent activation from percep-
tion initiates further propagation, while exogenous activations
are reduced via GATING. A dream sequence begins during in
a state of habituated perception. The CIRCADIAN CLOCK
modulates the propagation of activation such that weak ac-
tivations are initially amplified, rather than decayed, as in
external perception. Once the sum activation of all percepts
crosses an upper threshold, then propagations once again de-
cay. The ebb and flow of activation resembles the shifts be-
tween REM and NREM sleep. During the REM-like state,
many percepts are activated to a high degree — resulting in
the IMAGERY being dense with percepts, as in Figure 4 (far
right). During the NREM-like state, the low activation re-
sults in few percepts presented on IMAGERY, or presented at
extremely low opacity.

MIND-WANDERING results when highly static external stim-
uli lead to a high degree of habituation and therefore little ac-
tivation, the same perceptual state that occurs before a dream
is initiated. Mind-wandering is a fusion of perception and
dreaming where GATING is open, but activation propagates
as during dreaming where activations are amplified during
propagation. The result is that percepts are activated both
exogenously and endogenously and both internally and exter-
nally generated imagery appear, as pictured in Figure 4 (mid-
dle right).

FUTURE WORK AND CONCLUSION
The current computational model of simulation is limited to
the construction of visual images, but the mechanisms out-
lined here could be applied in other modalities. Future devel-
opment will emphasize the simulation aspect of dreams over
the associative mechanisms described in this paper. Under the
view of generation as simulation, perceptual priming is due to
the prediction that a particular percept will occur next. Pre-
dictions are learned from perceptual experience and exploited

in visual mentation and creativity. Dreams would still be the
result of an unconstrained simulator, but images would result
from a predictor that unfolds learned causal chains of percep-
tual information. Additionally, we will examine Barsalou’s
theory of Perceptual symbol systems [2], which describes
concepts as simulators that recruit perceptually oriented rep-
resentations on the fly, for the purpose of integrating it with
the Integrative Theory proposed in this paper.

Theories of visual mentation provide compelling frameworks
for the consideration of cognitive mechanisms that are im-
plicated in creativity. The Integrative Theory considers per-
ception, mental imagery, mind-wandering, dreams and spon-
taneous creativity as enabled by the same unconscious asso-
ciative processes of simulation that are correlated with a sub-
set of the DMN. Dreaming and mind-wandering are mecha-
nisms of simulation that are capable of a wide range of vari-
ation in their constructive capacity. Spontaneous creativity
manifested in dreams and mind-wandering is a simulator run
amok in the absence of sensory information to constrain it.
Dreams and creativity have the potential to manifest some of
the deepest nuances of how we conceptualize and remember
the world. Dreams make explicit and conscious the uncon-
scious processes of simulation and association that are the
substrate of spontaneous creativity and, perhaps, general cog-
nition.

REFERENCES
1. Aserinsky, E., and Kleitman, N. Regularly occurring

periods of eye motility, and concomitant phenomena
during sleep. Science 118 (1953), 273–274.

2. Barsalou, L. Perceptual symbol systems. Behavioral and
brain sciences 22, 04 (1999), 577–660.

3. Bartolomeo, P. The neural correlates of visual mental
imagery: An ongoing debate. Cortex 44, 2 (Feb. 2008),
107–108.

CHAPTER 4. INTEGRATIVE THEORY OF VISUAL MENTATION AND CREATIVITY 35



4. Boden, M. A. The Creative Mind: Myths and
Mechanisms, 2nd ed. Routledge; London, 2004.

5. Bogart, B. D. R., and Pasquier, P. A machine that
dreams: A generative system informed by
biopsychological conceptions of dreaming. Tech. rep.,
Simon Fraser University, 2012. Forthcoming.

6. Bogart, B. D. R., and Pasquier, P. Context machines: A
series of situated and self-organizing artworks.
Leonardo 46, 2 (2013).

7. Christoff, K., Gordon, A. M., Smallwood, J., Smith, R.,
and Schooler, J. W. Experience sampling during fmri
reveals default network and executive system
contributions to mind wandering. Proceedings of the
National Academy of Sciences 106, 21 (2009),
8719–8724.

8. Dietrich, A. The cognitive neuroscience of creativity.
Psychonomic Bulletin & Review 11 (2004), 1011–1026.
10.3758/BF03196731.

9. Domhoff, G. W. The neural substrate for dreaming: Is it
a subsystem of the default network? Consciousness and
Cognition 20, 4 (2011), 1163–1174.

10. Graham, K. S., Barense, M. D., and Lee, A. C. H. Going
beyond LTM in the MTL: A synthesis of
neuropsychological and neuroimaging findings on the
role of the medial temporal lobe in memory and
perception. Neuropsychologia 48, 4 (2010), 831–853.

11. Hobson, J. A. REM sleep and dreaming: towards a
theory of protoconsciousness. Nature Reviews
Neuroscience 10, 11 (2009), 803–813.

12. Hobson, J. A., and McCarley, R. W. The brain as a
dream state generator: an activation-synthesis
hypothesis of the dream process. American Journal of
Psychiatry 134, 12 (1977), 1335–1348.

13. Kandel, E., and Wurtz, R. Constructing the visual
image. Principles of neural science 4 (2000), 492–506.

14. Kosslyn, S. Scanning visual images:Some structural
implications. Attention, Perception, & Psychophysics 14,
1 (Feb. 1973), 90–94.

15. Kosslyn, S. Can imagery be distinguished from other
forms of internal representation? evidence from studies
of information retrieval times. Memory & Cognition 4, 3
(May 1976), 291–297.

16. Kosslyn, S. M., and Thompson, W. L. When is early
visual cortex activated during visual mental imagery?
Psychological Bulletin 129, 5 (2003), 723–746.

17. Lee, S., Kravitz, D. J., and Baker, C. I. Disentangling
visual imagery and perception of real-world objects.
NeuroImage 59, 4 (Feb. 2012), 4064–4073.

18. Marzi, C., Mancini, F., Metitieri, T., and Savazzi, S.
Retinal eccentricity effects on reaction time to imagined
stimuli. Neuropsychologia 44, 8 (2006), 1489–1495.

19. Morin, L., and Allen, C. The circadian visual system,
2005. Brain Research Reviews 51, 1 (2006), 1–60.

20. Nir, Y., and Tononi, G. Dreaming and the brain: from
phenomenology to neurophysiology. Trends in cognitive
sciences 14, 2 (2010), 88–100.

21. Podgorny, P., and Shepard, R. N. Functional
representations common to visual perception and
imagination. Journal of Experimental Psychology:
Human Perception and Performance 4, 1 (1978), 21–35.

22. Schooler, J. W., Smallwood, J., Christoff, K., Handy,
T. C., Reichle, E. D., and Sayette, M. A.
Meta-awareness, perceptual decoupling and the
wandering mind. Trends in Cognitive Sciences 15, 7
(2011), 319–326.

23. Siegel, J. M. Do all animals sleep? Trends in
Neurosciences 31, 4 (2008), 208–213.

24. Siegel, J. M. Rem sleep: A biological and psychological
paradox. Sleep Medicine Reviews 15 (2011), 129–142.

25. Snyder, F. The Psychodynamic implications of the
physiological studies on dreams. Thomas, 1970, ch. The
phenomenology of dreaming, 124–151.

26. Sternberg, R., and Lubart, T. The concept of creativity:
Prospects and paradigms. Handbook of creativity 1
(1999), 3–15.

27. Stickgold, R., Malia, A., Maguire, D., Roddenberry, D.,
and O’Connor, M. Replaying the game: Hypnagogic
images in normals and amnesics. Science 290, 5490
(2000), 350–353.

28. Triesch, J., Ballard, D. H., Hayhoe, M. M., and Sullivan,
B. T. What you see is what you need. Journal of Vision
3, 1 (2003), 86–94.

29. Tucker, L., Thompson, A., Smith, J., Cohen, A., Clark,
M., and Barrett, M. Why do we dream? Documentary
Television Program, Feburary 2009. BBC Horizon
Documentary.

30. Weisberg, R. W. Creativity: Understanding Innovation
in Problem Solving, Science, Invention, and the Arts.
John Wiley & Sons, June 2006.

CHAPTER 4. INTEGRATIVE THEORY OF VISUAL MENTATION AND CREATIVITY 36



Chapter 5

An Integrative Theory and
Computational Model of Visual
Mentation

As submitted to Cognitive Science: A Multidisciplinary Journal, June 2014.

37



An Integrative Theory and Computational Model of Visual
Mentation

Benjamin David Robert Bogart
School of Interactive Art and Technology, Simon Fraser University

Philippe Pasquier
School of Interactive Art and Technology, Simon Fraser University

Steven J. Barnes
Department of Psychology, University of British Columbia

Abstract

Visual mentation is the experience of visual images in the mind and includes
visual aspects of perception, mental imagery, mind wandering and dream-
ing. We propose an Integrative Theory of visual mentation (VM) that unifies
biopsychological theories perception, dreaming and mental imagery. Un-
der the theory, we make three major hypotheses where VM (1) involves the
activation of perceptual representations in the temporal lobe, (2) is expe-
rienced phenomenologically due to the activation of these representations,
and (3) depends on shared mechanisms of simulation — dependent on a
subset of the Default Network — that exploit these perceptual representa-
tions. The resulting Integrative Theory informs the development of a com-
putational model — and generative site-specific artwork — that generates
visual images from perceptual, mind wandering and dreaming processes.
These images are composed of shared perceptual representations learned
during waking. Perception, mind wandering and dreaming are contiguous
simulations of sensory reality modulated by varying degrees of exogenous
and endogenous activation impacting a predictive model.

Introduction

Perception does not produce a perfect replica of the world: Percepts are the results of sam-
pled sensory information that is integrated and extended according to expectations occurring at
multiple levels of abstraction and in relation to task demands (Triesch et al., 2003). Indeed, the
visual perceptual system has often been described as a creative process — e.g. Kandel & Wurtz
(2000). Under this conception, visual perception is the result of the construction of highly detailed
impressions of our external reality that are not reducible to either the world, or the organism’s
expectations. While perception is constrained by external sensory information, mental imagery in-
volves the construction of images experienced by the mind occurring in the absence of, or despite,
available sensory information. Through a review of a number of theories of dreaming and mental
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imagery, the authors conclude that the mechanisms that allow constructive perception are the same
as those that allow mental imagery (Borst & Kosslyn, 2012), and are exploited in dreaming and
mind-wandering.

Dreams are meaningful simulations, however abstract, of a somewhat familiar world. These
simulations are sequences of events whose order is determined by feedback in a predictive model
of the world. Dreams can be as simple as banal thoughts or images, or as complex as long recurring
melodramas. They are often thought of as bizarre, and may include chimeric elements — fusions of
multiple places or people. In this review, we focus on two popular and conflicting biopsychological
conceptions of dreaming: Dreams result from our perceptual system’s attempt to make sense of
activation in sensory regions of the brain, or dreams are akin to mental imagery and are largely
independent of the early sensory systems. Visual mentation is the phenomenological experience
of images in the mind, be them self-generated (in the case of dreaming, mind-wandering and
mental imagery) or the result of external stimuli (perception). Mind wandering (day-dreaming)
and dreaming overlap in their content and involve similar modulations of cognition (Domhoff,
2011; Fox et al., 2013) — e.g. lack of self-reflective awareness. Perception is highly constrained and
anchored by external stimuli while dreams occur largely in the absence thereof. Mind-wandering
is a shift of attention away from external stimuli toward internally generated imagery.

The contributions of the present work are threefold: First, we review biopsychological mech-
anisms of visual mentation, in particular perception, mental imagery, mind-wandering and dream-
ing. Second, we propose an Integrative Theory of visual mentation where constituent phenomena
exploit overlapping mechanisms of simulation. These mechanisms are enabled by a common set
of perceptually-oriented cortical representations which are contextualized by a predictive model.
Third, our theoretical proposal serves as the foundation of a computational model (situated agent)
and artwork that constructs images from sensory components through generative processes mani-
fest during each of three cognitive processes: (1) perception, (2) mind wandering and (3) dream-
ing. It is assumed that the dreams and mind wanderings of the system will appear similar to those
of children, and perhaps non-human animals, and not human adults.

Our computational model serves three major purposes in itself. First, it formalizes the Inte-
grative Theory and provides a site for the evaluation and refinement of that theory. Second, it is also
an artwork, titled Dreaming Machine #3, contextualized in a series of generative site-specific com-
putational installations (Bogart & Pasquier, 2013). Thirdly, the manifestation of the theory in an
artwork broadens discourse regarding visual mentation beyond traditional scientific contexts. The
interdisciplinary nature of this work is expected to be mutually beneficial: (a) an artistic perspec-
tive and critique of biopsychological theories of dreaming is expected to broaden and generalize
existing theory and (b) a rigorous analysis of biopsychological theories enriches and deepens the
artwork.

Background

This section of the paper reviews a number of biopsychological theories of visual menta-
tion. It will be shown that these theories all share particular characteristics that serve as the basis
of the Integrative Theory, to be presented in a later section. We describe two major theories of
dreaming: (1) According to Hobson’s Activation-Synthesis (2000) and AIM (2009) theories, dream
experiences are the result of high-level perceptual processes making sense of activations of early
sensory regions of the brain, and (2) Nir and Tononi’s (2010) proposal that dreams are more closely
related to mental imagery than perception. Kosslyn and Thompson’s (2003) theory of mental im-
agery compliments Nir and Tononi’s proposal. Additionally, we present Domhoff’s (2011) proposal
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that dreaming and mind-wandering recruit overlapping components of the default mode network
(DMN).

Visual Mental Representation

In the introduction, it was stated that visual mentation is dependent on a common set of
perceptually-oriented cortical representations, learned from perceptual experience. Additionally,
they are characterized by being high-level and abstract. By high-level we mean that these represen-
tations are highly invariant to shifts in scale, orientation and lighting. This invariance results from
increasing cortical processing in the ventral stream. These representations are abstract because
increasing cortical processing causes them to decreasingly resemble the patterns of light projected
upon the retina. These representations are diffusely encoded in the medial temporal lobe (Graham
et al., 2010), in particular the perirhinal cortex, and active during visual mentation. At a cognitive
level of description, these representations can be considered percepts that correspond to concrete
concepts, such as table, ball, sky, et cetera. Through the remainder of this paper, we will refer to
these representations as perceptual representations.

Sleep, Dreaming and Mental Imagery

A description of dreaming is incomplete without an overview of sleep, a behavioral state dis-
played by many mammals and birds (Siegel, 2008) that is modulated by a circadian clock entrained
by zeitgebers — e.g. visual brightness and social interaction (Morin & Allen, 2006). Sleep is usually
divided into four stages: Rapid eye movement sleep, REM Sleep (Aserinsky & Kleitman, 1953), and
non-rapid eye movement sleep, NREM stages 1 through 3. Sleep begins with NREM stage 1, which
is quite similar to waking, in terms of the electroencephalogram (EEG), and is characterized by
high frequency and low amplitude EEG. Sleep then descends through increasing NREM stages (2 to
3). Each subsequent stage is characterized by an EEG with greater amplitude and lower frequency,
with stage 3 being associated with the lowest frequency and the highest amplitude waves, and
also known as slow-wave sleep (SWS). Once a sleeping individual has progressed through NREM
stages 1 to 3, the progression reverses back through the stages where REM sleep may occur after
NREM stage 1. In addition to rapid eye movements, REM sleep also tends to be accompanied by a
variety of other physiological changes (e.g. the loss of muscle tone). An entire cycle typically lasts
approximately 90 minutes. The sleeper spends the remainder of the night repeating these cycles
and oscillating between sleep stages. However, an important change occurs as a typical night of
sleep unfolds: The first half of a night’s sleep contains much more NREM stage 3 sleep, whereas
the second half contains much more NREM stage 1 and 2, and REM sleep.

Dreaming can occur during any stage of sleep (Nielsen, 2000). Nevertheless, there are some
general conclusions that can be made about the distribution of dream content over a typical night
of sleep. Early on in the night, narrative dreams are more likely to be reported when awaking
subjects during REM sleep. By contrast, when waking a subject from NREM sleep early in the
night, their dreams are more likely to be reported as “. . . short, thought-like, less vivid, less visual
and more conceptual, less motorically animated, under greater volitional control, more plausible,
more concerned with current issues, less emotional and less pleasant” (Nir & Tononi, 2010). Later
in the night, dreams are reported as being “considerably longer and more hallucinatory”, (Nir et
al., 2013) irrespective of the stage from which a subject is woken.

In this section, we describe two popular biopsychological theories of dreaming, as well
as their relation to perception. First, Hobson’s Activation, Input/Output Gating, and Modulation
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Figure 1. : Information flow during: (1) dreaming as perception, initiated by PGO waves originating
in the brainstem, according to Hobson (left) and (2) dreaming as imagination, according to Nir and
Tononi (right).

(AIM) (J. A. Hobson, 2009) theory proposes that dreams are the result of high-level cognitive
processes that shape activations of early sensory regions into narrative sequences. The resulting
perceptual experience is a functional simulation of reality. Second, Nir and Tononi (2010; 2013)
propose that dreams are more similar to mental imagery than to perception, and are not dependent
on the activation of early sensory regions.

Dreams as Perception. Hobson’s Activation, Input/Output Gating and Modulation (AIM)
model (2009) is the successor to the activation-synthesis theory (J. A. Hobson & McCarley, 1977).
AIM proposes that, during early development, dreams are important for the emergence of the pro-
toself (a precursor to the sense of self); dreams provide a “. . . virtual reality model of the world
that is of functional use to the development and maintenance of waking consciousness” (J. A. Hob-
son, 2009). This virtual reality is a free-running simulator of possible sensory and motor scenarios
which is initiated by the activation of early sensory regions. The protoself develops to account,
and take responsibility, for unconscious cognitive operations that respond to both external (during
waking) and internal (during dreaming) stimuli. It is presumed that the protoself develops through
the incremental growth of executive mechanisms (e.g. working memory, attention and planning)
in the prefrontal cortex (PFC) that structure and contextualize automatic and predictive activity
in the temporal, occipital and parietal cortices. AIM constitutes a three dimensional state-space of
neurological properties:

Activation: During waking and REM sleep, the whole brain is highly activated and during
NREM sleep it is minimally activated. Activation during REM sleep is due to PGO waves (Callaway
et al., 1987), so named because they have been measured in the pontine brain-stem (P), the lateral
geniculate nucleus (G), and in the occipital cortex (O), and originate in the pontine brainstem. PGO
waves have also been shown to “. . . occur in sensori-motor systems in the forebrain” (J. A. Hobson,
2009) and cause activation of the various sensory systems, in particular vision, “. . . from the motor
side up.” (J. A. Hobson, 2009) This activation is not driven by external (exogenous) stimuli. The
PGO waves “. . . encode saccadic eye movement directions that are commanded by the oculomotor
brainstem network” and cause the early sensory regions to generate imagery in the absence of
sensory information from the eyes. Thus, PGO waves drive eye movements during REM sleep that
also result in activation of early sensory regions. This activity is then interpreted by the same
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mechanisms as external perception, pictured by the top black arrow in Figure 1 (left) which shows
the ventral stream of visual processing.

Input-output gating: During REM sleep, PGO waves begin and the reticular activating system
(in the brainstem) disconnects the body from the brain, resulting in temporary paralysis (motor
output) and a loss of most sensory afferents (sensory input).

Modulation refers to the change of neurotransmitter levels: During REM sleep, aminergic
neurons are inhibited and cholinergic neurons are activated. This results in an attenuated influence
of the PFC, which accounts for the poor recall of dream material and a lack of self-awareness.

By plotting the degree of activation, gating and neurotransmitter modulation in the AIM state
space, it is possible to contextualize exceptional conscious states: In lucid dreaming the balance
between aminergic and cholinergic neurons is even, gating is partial, and activation is as high as
during waking. States of conscious deficit, such as coma, include a lack of aminergic activation, a
wide range of degrees of gating, and a low degree of activation.

According to Hobson’s proposal, perceptual functions transform activity in early sensory re-
gions into a cohesive, and even narrative, subjective experience that is an exploitation of the organ-
isms model of the world. According to this conception, a dream is the output of our sensory and
perceptual functions, which are necessarily intertwined with the learning and exploitation of the
predictive model. Hobson (2009) provides little discussion of the structure of PGO waves beyond
their relation to saccadic eye movements. It is unclear how these saccadic control signals could
cause early sensory activations that would lead to the complexity and narrative qualities of many
dreams. Hobson’s theory depends on a strong correlation between REM sleep and dreaming, yet
this correlation is weaker than was once believed (Siegel, 2011). Hobson himself acknowledges this
inconsistency: “[a]n important caveat is that although the distinctive features of dream conscious-
ness. . . are maximally correlated with REM sleep, they are also found — to a limited degree — in
NREM sleep. . . ” (J. A. Hobson, 2009). So if PGO waves cause the narrative qualities of dream ex-
perience, then what causes the dream-like qualities of phenomenological experience during NREM
sleep?

AIM and Free Energy Minimization J. Hobson & Friston (2012) have developed an alternate
conception that links the existing AIM theory and free energy minimization. The free-energy for-
mulation posits that biological systems resist disorder by minimizing surprise (Ashby, 1947). Fris-
ton (2010) defines surprise as the improbability of sensations given a model of the world, i.e.
surprising sensations are those that have not been predicted. Since an organism can’t control the
environment, surprise cannot be directly minimized; The minimization of free energy improves the
organisms ability to predict: “. . . free energy is always greater than surprise, which means that min-
imizing free energy implicitly minimizes surprise. . . ” (J. Hobson & Friston, 2012). Free energy is
a way of looking at an organisms ability to stabilize itself in opposition to changing environmental
factors (homoeostasis); For example, a warm-blooded mammal’s ability to keep a constant internal
temperature despite the changing temperature of the environment.

According to the free energy formulation of AIM, predictions are learned during waking
consciousness and contribute to the organisms “virtual reality model” of the world. The model is
optimized during REM sleep through the reduction of its complexity. The function of sleep (and
in particular REM sleep dreaming) is to refine and compress the predictive model of the world on
which the organism depends. The most significant contribution of the free energy formulation is
that the aspect of prediction is central, and dreaming is described functionally as the optimization of
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the predictive model. The AIM proposal is that the early sensory regions, in particular vision, cause
activation of higher level perceptual systems, which entails the simulation of a “virtual reality”
learned from external stimulus, but experienced phenomenologically in the absence of external
stimuli.

Dreams as Mental Imagery. Nir and Tononi (2010) provide an alternative account, rooted in
a criticism of Hobson’s theory, that proposes that dreams are more similar to mental imagery than
perception. Hobson’s theory depends on a correlation between REM sleep and dreams, and does
not explain, and in fact is weakened by, the notion of dreams in NREM sleep. The qualities of the
dreams that occur in REM and NREM sleep have been reported as having different characteristics,
see Nir & Tononi (2010, page 94), but Hobson does not explain how NREM dream-like mentation
could occur in the absence of PGO waves and saccadic eye movements.

Additionally, Hobson’s model, according to Nir and Tononi’s interpretation of J. A. Hobson
et al. (2000), involves a change in the directionality of signal propagation, suppressing feedback
and enhancing feed-forward connections: “High levels of acetylcholine in the absence of aminergic
neuromodulation might enhance feed-forward transmission and suppress back-propagation.” (Nir
& Tononi, 2010) This change in directionality could also explain the weakened activity in parts of
the PFC during REM sleep, and high inhibition during NREM sleep (Muzur et al., 2002). Nir and
Tononi cite lesion studies that “. . . suggest that dreaming is more closely related to imagination
than it is to perception.” These studies indicate that dreaming depends more on the forebrain than
the “brain-stem REM generator” (PGO waves). In many cases, damage to the temporo-parieto-
occipital junction also leads to total cessation of dreaming (Solms, 2000), and “. . . supports various
cognitive processes that are essential for mental imagery.” Damage to the prefrontal cortex, for
example due to leucotomy, leads to total cessation of dreams in 70–90% of subjects, who also
exhibited a “. . . lack of initiative, curiosity and fantasy in waking life.” (Nir & Tononi, 2010) In
general, damage to perceptual areas leads to deficits in both perception and dreaming: “. . . lesions
leading to impairments in waking have parallel deficits in dreaming.” (Nir & Tononi, 2010)

The development of dreams in infants appears to correlate with the development of mental
imagery, and not linguistic nor memory ability. Analysis of the content of children’s dreams shows
that the younger the child, the more simplistic the dream experiences. This is not due to a lack
of linguistic ability: “. . . although children of age 2–5 years can see and speak of everyday people,
objects and events, they apparently cannot dream of them.” (Nir & Tononi, 2010) The dreams
of children of this age are further characterized by having “. . . no characters that move, no social
interactions, little feeling, and they do not include the dreamer as an active character. There are also
no autobiographic, [or] episodic memories. . . ” (Nir & Tononi, 2010). Children under 7 years report
dreams when awakened from sleep only 20% of the time, when compared to 80–90% in adults.
Nir and Tononi provide a compelling argument that dreaming may in fact be more closely related
to mental imagery (top-down) than perception (bottom-up), and therefore that neural mechanisms
used in mental imagery are in play in the case of dreaming.

Nir and Tononi do not provide citations that make the direct connection between abilities on
mental imagery tests — e.g. the Block Design Test (Wechsler, 1967) — and the content of children’s
dreams. Indeed, a significant difficulty with their argument is the childrens’ reporting ability: How
could a child understand the concept of a dream without experiencing one? If there is a correlation
between dreams and mental imagery but not linguistic ability, it implies that the system that allows
both mental imagery and dreams is different (in terms of connections, access or network dynamics)
than the system that leads to linguistic ability. Nir & Tononi (2010) note that there is at least one
significant difference between dreaming and mental imagery: “. . . while imagining, one is aware
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that the images are internally generated (preserved reflective thought).” The lack of comparable
reflective thought in dreams could be explained by the relative lack of activation in the PFC during
non-lucid dream sleep.

What Causes Activation During Dreaming? A significant issue with Nir and Tononi’s account
is the absence of a specified cause of the activation during dreaming. Hobson locates the cause
of dreaming in PGO waves. According to Nir & Tononi (2010), activation could be due to inten-
tional prefrontal control during dreaming, but where self-awareness is inhibited — dreams are the
same as mental images except they are not recognized as being intentional. This is interesting to
consider in relation to the lack of self-reflective thought in (non-lucid) dreaming, and the role of
the temporo-parieto-occipital junction in both mental imagery and dreaming. Nir & Tononi (2010)
also make reference to a possible role of the DMN, due to the partial overlap of associated brain
regions active during dreaming and the DMN structures, in particular the PFC and temporo-parieto-
occipital junction. Possible links between dreaming and the default network will be discussed later.
Visual imagination and mental imagery are used interchangeably by Nir & Tononi (2010), and are
not explicitly defined. It is clear that they consider perception as being “bottom-up”, where sensory
information is processed by increasingly high-level perceptual processes, and mental imagery as
“top-down”, where processing happening in higher level abstract brain areas (presumably along
the ventral visual stream) causes the experience of visual images in the mind.

Whether dreams are similar to perception or mental imagery, there appears to be a consensus
that dreams are the result of the activation of high-level perceptual representations in the medial
temporal cortex, including the hippocampus, parahippocampus, entorhinal, and perirhinal areas.
Hobson, Nir and Tononi’s theories appear to be overly concerned with brain directionality (bottom-
up vs. top-down). Studies in attention make the case that high-level brain function effects low-
level perception (Triesch et al., 2003), and the opposite is obviously the case. Perhaps there is little
difference between these two options: (a) PGO waves activate early sensory regions and lead to
perceptual activation (J. A. Hobson, 2009), and (b) the activation of perceptual representations
leads to the activation of early sensory regions (Nir & Tononi, 2010). In both cases, perceptual and
sensory systems are activated, and causality is difficult to disentangle. While there is a lack of an
explicit definition of mental imagery, Nir & Tononi (2010) cite S. M. Kosslyn (1994), who proposes
a theoretical account for the presence of mental images in the mind functionally dependent on the
early visual cortex and explains their resemblance to perception. However, it is disputed whether
there is a functional role for the early sensory regions in dreaming and metal imagery.

Perceptual Anticipation Theory. Kosslyn (2003; 2006) proposes the Perceptual Anticipation
Theory of mental imagery which proposes a functional role of the early visual system: “. . . mental
images arise when one anticipates perceiving an object or scene so strongly that a depictive repre-
sentation of the stimulus is created in [the] early visual cortex” (S. M. Kosslyn & Thompson, 2003).
The act of imagining an object involves the construction of a sensory impression of that object in
sensory cortex.

The patterns that define these mental images (visual long-term memory) are not stored in
the visual cortex (VC), but are encoded, using “population coding” (Stokes et al., 2009; Young &
Yamane, 1992), in the temporal lobe (TL). In population coding, a pattern is not reflected in the
firing of a particular neuron, but in the firing of a group of neurons. Unlike the arrangement of
the VC, these representations are non-topographical and therefore implicit. They can only be made
explicit through the constructive activation of the topographically oriented early visual system:
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“. . . image generation is not simply ‘playing backward’ stored information, but rather is necessarily
a constructive activity” (S. M. Kosslyn & Thompson, 2003). These representations do not include
spatial information, which is encoded elsewhere.1 The constructive activation of early VC from TL
representations is analogous to that pictured as a black arrow in Figure 1 (right).

Once the TL representations are decoded into the VC, they are perceived using the same
mechanisms as external visual perception, not pictured in Figure 1 (right). Kosslyn’s proposal
that the early VC is functionally required in mental imagery is due to the overlapping con-
straints between mental imagery and perception, in particular the results of visual scanning ex-
periments (S. Kosslyn, 1973; S. M. Kosslyn et al., 1978; Pinker & Kosslyn, 1978; Pinker, 1980), to
be discussed in later. In many of these studies it is noted that those subjects most adept at imag-
ining images, as measured by the Vividness of Visual Imagery Questionnaire (Marks, 1973), showed
the smallest differences between perceptual and mental imagery constraints.

Reconstructed mental images can be used to further conceptualize images propositionally
or linguistically: “. . . reconstructing the shape in topographically organized early cortex affords an
opportunity to reinterpret the pattern." (S. M. Kosslyn & Thompson, 2003) Activation in the early
VC is expected to occur when the task requires: (1) a higher resolution representation than is
afforded by the linguistic system, (2) a specific example of such an object — not a prototype of a
class and (3) the inspection of object-centric properties (e.g. color and size) — not spatial relations
(e.g. position).

Are Mental Images Visual or Propositional? Since the 80’s Kosslyn (1979; 1980; 1981; 2003)
and Pylyshyn (1981; 2002; 2003a; 2003b) have been engaged in a long standing debate on the
nature of mental images. Pylyshyn’s “propositional” theory contends that mental images are not
images, but symbolic / propositional descriptions of visual properties that do not depend on the
visual system. Rather than being rooted in visual experience, these representations are composed
of the same kinds of abstract symbolic codes used in language. According to Pylyshyn, any acti-
vation in the early visual system during mental imagery is spurious and nonfunctional. Dominic
Gregory (2010) attempts to resolve these two views through a philosophical framework in which
the intrinsically visual content of mental images are at the forefront, and that the underlying format,
or encoding, contributes to an impasse in resolving imagistic and propositional conceptions.

Shared Representations in Perception and Imagery Kosslyn’s account is specifically focused on
the early visual system and assumes that long term visual memory is located in the inferior TL. The
role of the inferior and medial TL in perception and memory is questioned by the Emergent Memory
Account (EMA) as proposed by Graham et al. (2010). According to the EMA, the medial temporal
lobe is not simply a storehouse for memory, but is specialized for perceptual representations that
are used in both memory and perception. If the EMA is correct, then visual mental imagery would
involve much of the medial temporal lobe (MTL) and may not even depend on the early visual
system. Under the EMA hypothesis, perceptual information leads to the activation of perceptual
representations in the MTL. This account is incompatible with Kosslyn’s theory that predicts a
functional role of the early VC following the overlapping constraints in visual perception and mental
imagery, to be discussed in detail later.

1For more information regarding the processing of object and spatial information see Mishkin et al. (1983); Goodale
& Westwood (2004); Murray et al. (2007).
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Summary of Sleep, Dreaming and Mental Imagery

Hobson theorizes that dreams involve mechanisms similar to external perception, while Nir
and Tononi consider that dreams involve mechanisms that more closely overlap with those of men-
tal imagery. Both theories posit a key role for perceptual representations in long term memory.
Kosslyn proposes that mental imagery exploits the same functions as external perception, and men-
tal images are decoded into early visual cortex from encoded TL representations. Thus we can
consider dreaming, mental imagery and external perception as highly related and that they may
share neural mechanisms, including a role for perceptual representations situated in the TL. The
mechanisms that cause the activation of these representations is, as yet, unclear. The default net-
work, which is active in both dreaming and mind wandering, may explain the source of activation
of perceptual representations in dreaming.

The Default Mode Network and Dreaming

As noted by Domhoff (2011), current research on dreaming certainly emphasizes a continuity
between dreaming and waking cognition. Although notions of dreams as bizarre narratives have
captured our collective imagination for a significant period, even early dream content studies from
the 1970s indicated that bizarre dreams are exceptional; most dream reports are “. . . clear, coherent,
and detailed account[s] of a realistic situation involving the dreamer and other people caught
up in very ordinary activities. . . ” (Domhoff (2011) citing Snyder (1970)). A consideration of
dream content as ordinary and the inclusion of terms describing meta-awareness (e.g. contemplate,
decide, realize, ponder, etc.) in dream reports supports a continuity between dreaming and waking
consciousness. Studies of relaxed waking (such as mind-wandering) in laboratory settings have
shown that these states can be “. . . as fragmented or unusual as dreams” (Domhoff, 2011). Physical
impossibilities and disconnected thoughts can be present in both dreaming and in mind-wandering.

The DMN is a set of neural structures that are highly active when the subject is resting (dur-
ing mind-wandering) and are inhibited during goal-oriented activity. Domhoff (2011) proposes
that dreams result from an activation of a subset of the DMN that “. . . is active when the mind is
wandering, daydreaming, or simulating past or future events.” Regions that are associated with the
DMN include the “. . . medial prefrontal cortex, the anterior cingulate cortex, and the temporopari-
etel junction. . . ”, which are also implicated in dreaming. Not all neural structures implicated in
the DMN are highly active during REM and NREM sleep. Domhoff proposes this lack of activation
during dreaming is because sensation, locomotion and executive functions are not necessary during
dreaming.

Domhoff proposes that DMN activity serves as a bridge between waking and dreaming con-
sciousness: Just before the onset of sleep, the DMN is likely to be active due to a relaxed state.
The shift from waking relaxed thought to sleep is rapid and DMN activity continues into NREM.
The central component of Domhoff’s proposal (2011) is the correlation between dreams and the
DMN, which provides a link to mind-wandering. This link is compelling as the characteristics of
mind-wandering (in particular the lack of volition and self-reflection) resemble those of dreaming.

The proposal that dreams and mind-wandering have common mechanisms is also supported
by a recent meta-study by Fox et al. (2013), which concludes that there are “. . . large overlaps in
activation patterns of cortical regions. . . ” in REM sleep, mind-wandering and DMN activity. Areas
associated with the DMN that are activated during mind-wandering and dreaming include medial
PFC, posterior cingulate, hippocampus, parahippocampus and entorhinal cortex (the latter three
being constituents of the medial TL). Note that the temporo-parieto-occipital junction (inferior
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parietal lobule) was not found to be active during REM sleep in this meta-study. This is difficult
to resolve with evidence that damage to this area often leads to a cessation of dreaming according
to Solms (2000). The association between mind-wandering and dreaming is not limited to neu-
roimaging studies, but also supported by first-person reports where the phenomenology of both
include an emphasis on visual and auditory information, the inclusion ’bizarre’ and implausible
events, an emphasis on “ongoing waking concerns”, the inclusion of social interactions, and a lack
of meta-awareness (the awareness of being aware).

The implication of the DMN in dreaming proposed by Domhoff (2011) and extended by
Fox et al. (2013), and therefore that mind-wandering and dreaming may be enabled by shared
mechanisms, is compelling. It resolves the colloquial relation between dreaming and day-dreaming
(mind-wandering) with empirical evidence. If it is accepted, then “. . . dreams can be seen as a
unique and more fully developed form of mind-wandering, and therefore as the quintessential cog-
nitive simulation. [emphasis added]” (Domhoff, 2011). It is important to note that the overlap
between dreaming and the default network reported by Fox et al. (2013) is tied specifically to REM
sleep: “. . . the observed overlap with the DMN is not common to all sleep stages, but specific to REM
sleep—the only sleep stage truly reliably associated with dream mentation.[emphasis added]” (Fox et
al., 2013). Thus the link between the DMN and dreaming becomes muddy in NREM sleep. Still,
a role of the DMN network, in particular the associated PFC regions, at least partially answers the
open question as to what causes the activation of TL representations if we consider dreaming as
mental imagery. Additionally, Domhoff (2011) notes that the activity of the DMN through relaxed
waking into sleep indicates a continuity of mind-wandering, and dreaming where the difference is
due to network dynamics and not independent mechanisms.

Dreaming, Mind-wandering and Simulation Simulation and prediction have being considered
as frameworks for the organization of general cognition (Hesslow, 2002). Both J. A. Hobson (2009)
and Schooler et al. (2011) describe dreams and mind-wandering, respectively, as having predictive
functions informed by learned models of sensory reality, which is supported by overlapping activity
during dreaming and mind wandering. It has been proposed that subsets of the DMN function as
simulators: “the default network thus comprises at least two distinct interacting subsystems — one
subsystem functions to provide information from memory; the second participates to derive self-
relevant mental simulations.[emphasis added]” (Buckner et al., 2008) The former system being cor-
related with the TL and the latter the PFC. Together, these sub-systems of the DMN use components
of long-term memory in the construction of simulations. Such simulations are not only valuable for
the rehearsal of social interactions (Schooler et al., 2011) and threat response (Revonsuo, 2000),2

but could also contribute to waking perception. The combination of sensory information and a sim-
ulation, informed by a predictive model of the world, facilitates the ability to anticipate changes
in the environment and thus have obvious adaptive value. The predictions learned through wak-
ing perception that form the basis of these simulations also allow the unconscious modulation of
attention for particular scenarios, as evidenced by priming experiments, e.g. (Davenport & Potter,
2004).

In both dreaming and mind-wandering, our attention shifts to internal images where external
stimuli is largely ignored and we show impairments in executive functions. For example, during
mind-wandering the DMN is most active when subjects are not aware of their mind-wandering (e.g.
a lack of meta-awareness) (Christoff et al., 2009). The DMN is also active when people engage in

2Revonsuo (2000) proposes the threat simulation hypothesis where dreaming provides an adaptive function by allow-
ing the practice of threat perception and avoidance in the absence of real danger.
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“personal planning concerning the future” Domhoff (2011). When we dream and let our minds
wander, we enter the simulated worlds of our imaginations.

Summary of Theories

This section covered significant territory, so we will summarize the key aspects of the re-
viewed theories:

1. Hobson (2009; 2012) proposes that dreams are the result of our perceptual mechanisms
attempting to make sense of the PGO activation of sensory regions during REM sleep. REM sleep
is characterized by: a similar degree of activation to waking, a disconnection of the brain from the
rest of the body, and a suppression of feed-back mechanisms. Dreams are considered functional
simulations.

2. Nir and Tononi (2010; 2013) propose that dreaming is less like perception and more like
mental imagery.

3. Kosslyn (2003; 2006) proposes that mental images and external perception are subject
to similar constraints. During mental imagery, encoded representations in the TL are rendered in
early VC and perceived by the same mechanisms as external perception.

4. Domhoff (2011) proposes that dreams are enabled by the same mechanisms that support
mind-wandering, specifically a subset of the DMN, a position which is also supported by Fox et al.
(2013). Dreams result from the activation of perceptual information and provide the quintessential
mechanism of simulation, thus extending the function and phenomenology of mind-wandering.

The following two sections detail the contributions of the research presented in this paper. First, the
Integrative Theory is described, after which its companion computational and artistic realization is
summarized.

Integrative Theory

The previous sections include discussions and a selection of key points of theory regarding
possible relations between visual aspects of external perception, mental imagery, mind-wandering
and dreaming (visual mentation). This section unifies theoretical points made in the previous
sections into the Integrative Theory where three central hypotheses are made:

1. Visual mentation involves the activation of perceptual representations located in the TL.
2. The phenomenological experience of visual mentation is due to activity of perceptual rep-

resentations within the TL.
3. Visual mentation is the simulation of perceptual information exploiting perceptual repre-

sentations and modulated by varying degrees of exogenous activation.

All theories discussed above predict some functional role of perceptual representations in the TL —
be they encoded or explicit, conceptual or perceptual, and thus support Hypothesis 1:

1. J. A. Hobson (2009) notes that TL epileptics experience seizures commonly characterized
as dreamy states. He also contends that dreams are perceived using the same mechanisms as
external perception, which implies a degree of TL processing.

2. Nir & Tononi (2010) link dreaming with mental imagery as the activation of representa-
tions implicated in mental imagery.

3. For S. M. Kosslyn & Thompson (2003), the TL is the storehouse for visual representations,
and overlaps with Hobson in proposing a functional role of early VC.
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Figure 2. : The Integrative Theory unifies external perception, mental imagery, mind-wandering
and dreaming.

4. Graham et al. (2010) link perception and memory and propose that TL damage leads to
deficits in memory recall and perception. The representations implied in mental imagery are shared
with external perception, and therefore presumably also in dreams.

5. Domhoff (2011) and Nir & Tononi (2010) cite lesion studies that show that damage to the
TL subsystem of the default network, in particular at the temporal-occipito-parieto junction, leads
to deficit in dreams, initiative, curiosity and fantasy, and even total cessation of dreaming.

Together, these points support the argument for a central functional role of perceptual represen-
tations located in the TL in visual mentation. While Hypothesis 1 is fairly well established, the
cause of the activation of perceptual representations is disputed. In order to arrive at a cohesive
conception, some aspects of the discussed theories must be rejected. We identify two explanations:
perceptual representation activation results from (1) early VC activation, as in external perception
(Hobson, Kosslyn), (2) prefrontal control (Domhoff, Nir and Tononi).

The functional role of early VC in mental imagery and dreaming is key to the theories pro-
posed by Hobson and Kosslyn. The relation between mental imagery and external perception has
been a topic of study since the 1970s and often conflate image recall (the recall of a particular
visual memory), imagery of a memorized image (mental imagery of a learned visual image) and
novel imagery (the construction of a new mental image not in memory nor perception). Stud-
ies have shown that mental imagery and perception share similar constraints, including field of
view (Finke, 1980; Marzi et al., 2006) and scan time (S. Kosslyn, 1973; Lea, 1975; S. M. Kosslyn
et al., 1978). Scanning time experiments, such as documented by S. Kosslyn (1973), involve the
subject memorizing a map containing a number of landmarks. The subject is then asked to imagine
the map with a virtual cursor superimposed on a particular landmark. The subject is then asked to
smoothly shift their mental image, while keeping the cursor static, to a target landmark, and report
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when they arrive. The actual distance between landmarks is correlated with the mental scanning
time. This was also reproduced in three dimensions by Pinker (1980).

It has also been shown that the scale of objects in perceptual and mental images appear to
take up similar amounts of a virtual field of view of limited resolution: objects imagined at relatively
small scales take longer to interpret than objects at large scales (S. Kosslyn, 1976). Studies also have
shown that the ability to attend to details of objects imagined at a small scale is more difficult than
when imagined at a large scales (Moyer, 1973; S. M. Kosslyn, 1975; Paivio, 1975; S. Kosslyn, 1976;
S. M. Kosslyn et al., 1977). There is also evidence for interactions between perception and imagery,
including visual illusions (Mohr et al., 2011), perceptual deficits during imagery (Wais et al., 2010)
and the effect of the mental imagery on the perception of subsequent perceptual images (Diekhof
et al., 2011). The general argument for a functional role of the early VC in mental imagery is
that similar constraints imply similar mechanisms. These experiments support the notion of mental
imagery as depictive rather than symbolic, although it has been demonstrated in a computational
model by Sima (2011) that a symbolic system could still explain the mental image scanning results.

In Marzi et al.’s study (2006), a subject with damage to the early VC had no perceptual ability
in one visual quadrant, and yet was able to construct whole mental images. Most interestingly,
perceptual constraints in the blind quadrant — reaction time effects dependent on location of
stimulus in the field of view (Chelazzi et al., 1988) — did not apply to mental images as in normal
subjects. This indicates that the early VC modulates mental images but is not functionally required.
The lack of a functional requirement for the early VC is also supported recent studies which found
that multiple patients that acquired total cortical blindness have preserved mental imagery (Zago
et al., 2010; Bridge et al., 2012).

Recent fMRI decoding studies have allowed a more detailed examination of the role of the
early VC in mental imagery. Decoding studies have attempted to correlate patterns of brain activity
with particular visual stimuli. An analysis of brain activity can predict which visual stimulus a
subject is currently viewing. S. Lee et al. (2012) demonstrated that activity in the VC and TL could
predict an image either seen or imagined (after memorization) by a subject. During imagery, they
found a high degree of correlated activation relevant to the memorized stimulus in the TL, and low
stimulus-correlated activity in the VC. During perception, they found the opposite pattern, greater
stimulus-correlated activation in the VC and less stimulus-correlated activation in the TL.

As dreams occur in the absence of PGO waves, we can conclude that the experience of images
in the mind (mental imagery and dreams) is likely due to activity of perceptual representations in
the TL (Hypothesis 2) that is independent of the early VC. We are then left with two possibilities in
the case of dreaming: the activation of perceptual representations is due to intentional control from
the PFC, or it is due to endogenous activation of the TL. The DMN spans structures in both the PFC
and the TL, and due to the established link between mental imagery, dreaming, mind-wandering
and the default network, we can conclude that activation in the TL is due to activation in the DMN
system including portions of the PFC. The difference between the various states of visual mentation
are due to differing dynamics of the DMN: mental imagery results from intentional functions of
the PFC, external perception is highly dependent on external stimuli impacting the early VC, and
mind-wandering and dreaming are the result of non-uniform endogenous activation within the
DMN.

Figure 2 depicts the causal patterns of three modes of visual mentation: External perception
is the result of exogenous activation of early VC which in turn causes perceptual representation
activation in the TL. Mental imagery is the result of PFC control mechanisms causing the activation
of perceptual representations, which result in the experience of mental images. Visual aspects of
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dreaming and mind-wandering are the result of endogenous activation within the DMN, modulated
by varying degrees of control initiated by the PFC. This endogenous activation could be structured
as a feedback loop between the TL and PFC aspects of the default network. The PFC initiates activa-
tion in the TL, which results in further activation of the PFC, and results in subsequent activation of
the TL. Hesslow (2002) describes a similar feedback loop in terms of simulating chains of behavior
operating in perception where, “. . . during normal behavior, we will always, ‘in our thoughts’, be a
few steps ahead of the actual events.”

The exploitation of shared perceptual representations in visual mentation supports the var-
ious constituents of visual mentation are contiguous and can causally effect one another. For ex-
ample, it has been shown that waking perception in the hours before sleep has a significant effect
on dream content (Stickgold et al., 2000). Antti Revonsuo describes the continuity of perception
and dreaming: “We are dreaming all the time, it’s just that our dreams are shaped by our per-
ceptions when awake, and therefore constrained” (Tucker et al., 2009). We can then consider the
differences between the various constituents of visual mentation as due to the same or similar
neural mechanisms engaged in differing dynamics. These dynamics can even extend beyond the
waking / sleeping barrier, where some parts of our brain engage in sleep, while others remain vigi-
lant, simultaneously: “[S]leep or wakefulness may regularly occur independently in different brain
regions.” (Nir et al., 2013)

Hypothesis 3 states that a key functional attribute shared between processes of visual men-
tation is simulation. Considering the constructive aspects of external perception, we can conceive
of our experience of the world as a simulation that is anchored in sensory information. By con-
trast, mental imagery is a simulation relatively decoupled from external stimuli, but intentionally
controlled and constrained by task demands. Dreaming and mind-wandering result from these
same mechanisms of simulation, but operating independently of both task demands and sensory
anchoring.

Dreaming and mind-wandering are then free-running simulations that exploit our predictive
models of sensory reality. These simulations provide banal experiences related to waking concerns
due to their shared mechanisms with external perception. They may also provide the bizarre as-
pects of dreams such as chimeric elements and discontinuity because they lack the stability provided
by external sensory information. The predictions themselves have functional value in perception
(perceptual priming) and social interaction: “Perhaps a primary function of mind-wandering is
to generate the autobiographical predictions necessary to successfully navigate the complex so-
cial world.” (Schooler et al., 2011) Despite the possibility of their lack of cohesion (compared to
waking perception), the free running simulations could also provide adaptive functions including
the development of the “protoself” (J. A. Hobson, 2009) and the rehearsal of threatening situa-
tions Revonsuo (2000).

The particular brain systems that enable all of these simulations are a subset of the DMN;
which has been implicated in dreaming and mind-wandering. Domhoff characterizes dreams as
the quintessential cognitive simulation (Domhoff, 2011) because they are a more fully developed
form of mind-wandering. In summary, the Integrative Theory proposes that visual mentation is set of
closely related phenomena that all exploit the same mechanisms of representation and simulation.
The next section discusses the computational model and artwork that manifests key components of
the Integrative Theory.
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Computational Model: A Machine that Dreams

The Integrative Theory is the foundation for the computational model. While the theory
includes a role for executive function in task-oriented mental imagery, the computational model
is centrally focused on aspects of visual mentation (perception, mind-wandering and dreaming)
independent of executive mechanisms such as working memory, attention and planning. Addition-
ally, the focus of the system design is the dynamics of percept activation that leads to dreaming
and mind wandering images, not the construction of percepts themselves. The process leading to
percepts is simply a method to provide the system a variety of perceptual information, and not a
model perceptual processes. The key features of the proposed theory manifest in the computational
model include: shared representations and processes utilized in perception, mind-wandering and
dreaming, and the explicit contiguity of those three processes of simulation.

Computational modeling provides a compelling framework for the theorization and critique
of biopsychological conceptions. The implementation of these ideas in formal language requires
sufficient detail as to force the specification of tacit aspects. The computational model is realized
as a situated agent that captures visual images with a video camera, and displays a window into its
’mental’ images. This display is a visualization of the perceptual, mind-wandering and dreaming
processes of the system.

During the day, the system memorizes and learns a predictive model of the visual world’s
spatial and temporal properties from visual information collected by the camera. ’Dreaming’ (at
night) and ’mind wandering’ (during low arousal) is the result of the exploitation of the predictive
model. The system’s processes simulate reality as constructed from perceptual representations
(learned during waking) and differ only in the degree to which these processes are anchored in
sensory information. For simplicity, sleep is not broken into stages and all sleep entails dreaming.
The arousal of the system (the degree of change in external stimuli) and a circadian clock cause the
transition between these contiguous processes. The limitations of the system’s experience, memory
and recognition ability lead to impoverished visual mentation. The design of the computational
model manifests the following key attributes:

• Dreaming and mind-wandering are enabled by endogenous activation of predictive mech-
anisms causing activation of perceptual representations, following the Integrative Theory.

• External perception, mind-wandering and dreaming are contiguous processes modulated
by varying degrees of influence from exogenous and endogenous activation.

• Visual mentation is a simulation of the external visual world resulting from the activation
of perceptual representations as a result of feedback in the predictive model.

• The system is a partial artificial agent that lacks executive mechanisms.

System Architecture

Figure 3 shows the architecture of the system. STIMULUS provides images (St) captured
by the camera at time t, which are passed onto SEGMENTATION. For each frame, SEGMENTATION

breaks St into color regions using mean shift segmentation (Comaniciu & Meer, 2002), and passes
the set of segmented regions (Rst) onto CLUSTERING, which clusters segmented regions according
to features and constructs new PERCEPUNITS that represent similar regions in subsequent frames.
A stimulus is recognized when it is associated with an existing cluster. The set of PERCEPUNITs
(Pst) is passed onto SUPPRESSOR, which determines the balance between exogenous (caused by
external stimuli) and endogenous (caused by feedback from PREDICTION) activation. This bal-
ance determines the weighting and combination of inputs from CLUSTERING and PREDICTION —
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Figure 3. : System Architecture

as controlled by AROUSAL and the circadian CLOCK in the absence of executive mechanisms. The
CLOCK indicates day or night as determined by the brightness of STIMULUS and AROUSAL indicates
the change in STIMULUS over time. Activated PERCEPUNITS are made visible on the display by
the RENDERER. PREDICTION learns to predict the next state of PERCEPUNIT activation considering
the current state of PERCEPUNIT activation. These predictions are feed back into PREDICTION, as
mediated by SUPPRESSION. Each of these modules is described in detail in the following sections.

STIMULUS. This module provides visual stimuli to the system, an example of which is pic-
tured in Figure 4. The stimulus is a single video frame (St, where t is the frame number). The
current stimulus is passed to SEGMENTATION and AROUSAL, while its mean luminosity (Sl

t) feeds
the circadian CLOCK.

CLOCK. The CLOCK is a discrete square wave that indicates day when the mean luminosity of
STIMULUS (mean(Sl

t)) is above a threshold (Tl), and night otherwise: if Sl
t > Tl then clock = 1,

otherwise clock = 0. The CLOCK provides the onset of day and night and modulates SUPPRESSION,
to be discussed later.

AROUSAL. The AROUSAL produces a discrete square wave that indicates change in STIMULUS

between t− 1 and t. It is calculated from the absolute difference in mean luminosity of all pixels in
Sl
t−1 and Sl

t. If the difference is above a threshold, ‖ mean(Sl
t−1), mean(Sl

t) ‖> Ta, then arousal =
1, otherwise arousal = 0.

SEGMENTATION. SEGMENTATION breaks STIMULUS into color regions according to the mean
shift segmentation method described by Comaniciu & Meer (2002). The resulting regions, an ex-
ample of which is pictured in Figure 6, are extracted through thresholding and contour finding as

CHAPTER 5. AN INTEGRATIVE THEORY AND COMPUTATIONAL MODEL 53



AN INTEGRATIVE THEORY AND COMPUTATIONAL MODEL OF VISUAL MENTATION 17

Figure 4. : Example STIMULUS provided to system.

follows and detailed in Algorithm 1: The mean shift algorithm (Line 2) is run on a hue, saturation
and value (HSV) color-space version of STIMULUS (Line 1). A histogram (H) is computed from
the value channel of the resulting image (Line 4), and used to determine the pixel values of seg-
mented regions. For each bin (b) of the histogram (Line 5), if there are pixels in this bin (Line 6) a
binary image (BI) is calculated where white pixels indicate the value of the bin (bv) matches the
segmented region (Line 7); As each pixel value may contain multiple discontinuous color regions,
contour finding is used to determine the bounding box around each contiguous region (Line 8),
and its center position (Line 9); A region instance (R) is constructed from STIMULUS (Line 10),
using the bounding box (bb) and binary image (BI) to calculate a mask, and is associated with an
x, y position in the frame, as pictured in Figure 6.

Algorithm 1 SEGMENTATION

1: Shsv
t ← hsv(St)

2: Sms
t ← meanShiftSegmentation(Shsv

t )

3: Sl,ms
t ← value(Sms

t )

4: H ← hist(Sl,ms
t )

5: for b ∈ H do
6: if bc > 0 then
7: BI ← Sl,ms

t = bv

8: bb← boundingBox(findContours(BI))
9: x, y ← position(bb)

10: R← regionUnit(St, BI, x, y)

The resulting region instances, an example of which is pictured in Figure 6b, are stored in a
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(a) Results of mean shift segmentation of STIMULUS.

(b) Grey scale version of mean shift output (Sl,ms
t ).

Figure 5. : STIMULUS is broken into regions according to the mean shift segmentation method.
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(a) Boolean image (BI) resulting from a comparison
of histogram values and gray-scale mean shift output.

(b) The image in Figure 6a is used to calculate a num-
ber of contours. For each contour is used to extract St,
where the mask is applied as an alpha channel.

Figure 6. : An example region extracted from mean shift output (Sms
t ).

set (Rst ← {R0, . . . , Rn}) and passed onto CLUSTERING. Each region is associated with an image,
a mask and the following features (f):

• Rx,y Position of the center of the segmented bounding box around the contour calculated
during SEGMENTATION, normalized to range from 0 to 1, where x = 1, y = 1 corresponds to the far
bottom right corner of STIMULUS.

• Rh,s,v Mean color values in hue, saturation and value color-space of St, normalized to
range from 0 to 1.

CLUSTERING. Each R extracted from St represents a contiguous region of pixels at a particular
moment in time. Clustering allows the recognition of regions that persist over time, through the
construction of PERCEPUNITS from regions captured at differing times. PERCEPUNITS, an example
of which is pictured in Figure 7, are abstractions of the raw stimuli provided by SEGMENTATION, and
are, like regions, associated with images, masks, and the region features. CLUSTERING compares
regions segmented from the current frame (Rst) to PERCEPUNIT clusters (Ps) composed of regions
segmented from previous frames. These PERCEPUNITS are destructive in that all REGIONS belonging
to a particular cluster are represented by a single PERCEPUNIT whose properties are a weighted
average of constituent regions, including images, masks and features. Hereafter, this process of
destructive clustering will be referred to as merging. When a newly segmented pixel region is
merged with a PERCEPUNIT, it is analogous to the system’s recognition of that sensory information,
where the PERCEPUNIT is updated to take into account the new sensory information. For each
merge, the resulting PERCEPUNIT is set with an initial activation (PA = 1, where 0 ≤ PA ≤ 1).

The clustering method is a modified version of the Basic Sequential Algorithmic
Scheme (Theodoridis & Koutroumbas, 2009). Clustering begins with an empty set of PERCEPUNITS

(Pst) and is detailed in Algorithm 2, where the maximum number of PERCEPUNITS (q) is specified a
priori and clustering proceeds for each t and n is the current number of PERCEPUNITS: loop through
each newly segmented region (Line 1) and determine which PERCEPUNIT is closest to this region
(Rt) over all features (Line 2); If we have not reached the maximum number of PERCEPUNITS, and
the distance between the region (Rt) and the nearest PERCEPUNIT is above a threshold (Line 3),
then make a new cluster from the region (Line 4), activate it (Line 5) and increment n; otherwise
update the closest cluster (C) by merging it with the region (Lines 8 and 9) and activate it.

The result is a set of PERCEPUNITS (Pst) that eventually converges to a fixed size (q) where
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Algorithm 2 Clustering
1: for Rt ∈ Rst do
2: C ← argmini ‖ Rf

t , P
f
i ∈ Pst ‖

3: if ‖ Rf
t , C

f ‖> Ts and n < q then
4: Pst+1 ← Pst ∪Rt

5: RA
t ← 1

6: n← n+ 1
7: else
8: Pt+1 ← merge(Pt, C)
9: C ← Pt+1

10: CA ← 1

11: t← t+ 1

each approximates a point in feature space and is represented by the weighted average of the
constituent regions. Figure 8 shows a collection of PERCEPUNITS constructed over 150 frames,
where q = 900. The output of CLUSTERING is the state of activation of all PERCEPUNITS (At ←
{Pst|PsAt = 1}) and is passed to both SUPPRESSION and PREDICTION.

Figure 7. : An example of the image corresponding to a clustered PERCEPUNIT which is constructed
from pixel regions segmented at different times.

PREDICTION. The PREDICTION module is a Multilayer Perceptron (Rumelhart & Williams,
1986) which serves as a generic prediction mechanism. The network consists of the same number
of input units as there are clusters (q), q/2 hidden units in one layer and q number of output
units. The hidden and output units use symmetric sigmoid activation functions with slopes of 1.
This module buffers the state of activation that corresponds to the previous frame (At−1), which
is fed to the network as a training sample. The current state of activation (At) provides the target
vector for supervised back-propagation learning. The output units are discretized as a vector of
Boolean values where each element corresponds to each PERCEPUNIT (PsPt−1), where 1 indicates
the PERCEPUNIT is predicted to be present at t and 0 otherwise. The learning rate is fixed at 1 as
the network is learning from continuous live data and learning samples are not repeated.3

The training delta (error) is the binary distance between PsPt−1 and At. In order for the net-
work to descend towards convergence, At is only fed to the network when the difference between

3The system does not buffer activation patterns over time and thus learning is continuous, rather than epoch, oriented.
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Figure 8. : A collection of approximately 900 PERCEPUNITS drawn in the location in which they
were segmented. The lack of temporal stability in the mean-shift edges cause fragmented percepts
which is compounded by arbitrary stacking of percepts in this rendering, e.g. the bicycle without a
rider above.

Pspt−1 and At is above a threshold. At time t, the network provides a prediction of what PER-
CEPUNITS are expected to be activated at t+ 1 such that when the prediction is perfect (delta = 0)
then PsPt−1 = At. PREDICTION learns from current perceptual activation from CLUSTERING, and
exploits that learning by calculating a prediction of the next state (PsPt ), based on the current state
(At), which is passed onto SUPPRESSION along with the expected prediction for this t (PsPt−1).

SUPPRESSION. SUPPRESSION determines the balance between activation caused by feed-
back from PREDICTION (endogenous) and activation caused by external STIMULUS (exogenous),
as shown in Figure 3. It’s input from CLUSTERING is the set of all activated PERCEPUNITS (At) while
it’s input from PREDICTION is the set of all percepts predicted to be currently activated (PsPt ).
When the system is waking (clock = 1 and arousal = 1), the output of SUPPRESSOR is both pre-
dicted (PsPt ) and activated percepts (At), which are passed to RENDERER, to be explained later.
When the system is mind wandering or dreaming (clock = 1 ∨ 0 and arousal = 0), activation from
STIMULUS (At) is suppressed and predicted PERCEPUNITS are fed back to PREDICTION as inputs for
the next frame (At ← PsPt ).

RENDERER. This module visualizes the system’s current state of activation (At) and the degree
to which those activations are expected (PsPt−1) for this t. During waking, all activated percepts
are rendered. If the percepts are not predicted, then they are rendered 100% opaque, indicating
they are a surprise. If the percepts are predicted, then they are rendered with 50% opacity. As
a subset of PERCEPUNITS is active at any one moment during perception, mind wandering and
dreaming, there are portions of the rendered image that do not include perceptual information.
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Figure 9. : Cognitive processes in relation to CLOCK and AROUSAL states.

In order to deemphasize these areas of the image, activated percepts are drawn on top of a back-
ground image, except during dreaming: During waking, the background is the result of a running
average filter of current stimulus over time (

∑t
t−10 St/10), as pictured in Figure 10. During mind-

wandering, the background is the result of a running average filter of mean shift segmentation
results (

∑t
t−10 S

ms
t /10), as pictured in Figure 12. During dreaming, the background is solid black,

as pictured in Figure 11.

Cognitive Processes

The modules described above are the framework for the three cognitive processes of the
system: Perception, dreaming and mind-wandering. These processes are contiguous, as they are
enabled by the same mechanisms with differing dynamics. The differing dynamics of the system
are controlled by the weighting between internal feedback from prediction (endogenous) and acti-
vation caused by STIMULUS (exogenous) as mediated by SUPPRESSION, which is controlled by the
states of CLOCK and AROUSAL, as pictured in Figure 9.

Perception. This is the initial process of the system, as without collecting any sensory informa-
tion there would be no mind wandering or dreaming content. The sub-processes of SEGMENTATION

and CLUSTERING occur only during day-time perception when high fidelity sensory information is
available. Waking perception occurs when the CLOCK indicates daylight (clock = 1) and AROUSAL
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Figure 10. : An example perceptual image. Moving foreground objects appear blurry as they aug-
ment perceptual clusters such that STIMULUS is less weighted than the existing cluster.

indicates change in stimuli over time (arousal = 1). Activation of PERCEPUNITS results from the
clustering process. During perception, SUPPRESSION inhibits feedback to PREDICTION, such that
endogenous activation is inhibited. The result is that the rendering of activated PERCEPUNITS

causes the display to resemble the image captured by the camera. Perception is as constructive as
dreaming and mind-wandering, but is constrained and anchored in sensory information.

Dreaming. Dreaming occurs during night time (when clock = 0) and the activation of percep-
tual representations are caused by feedback in the prediction mechanism while activation caused
by STIMULUS is suppressed. Latent activation from STIMULUS is the baseline ground from which
both dreaming and mind-wandering arise. AROUSAL allows PREDICTION to generate feedback as
mediated by SUPPRESSION. The resulting dream is a chain of predictions, seeded by recent percep-
tual activation. The inhibition of activation from STIMULUS results in sequences of activation that
become increasingly divorced from the latent perceptual activation that seeded them. Perceptual
information that is tenuously related to the current context is included in dreams, whose result-
ing images may appear divorced from plausible external reality. As during perception, activated
PERCEPUNITS are rendered on the display, as shown in Figure 11.

Mind-Wandering. The mind-wandering process is analogous to dreaming, except the CLOCK

indicates day-time (clock = 1). A lack of AROUSAL (arousal = 0), due to static stimuli, causes
SUPPRESSION to increase feedback activation from PREDICTION and inhibits perceptual activation
caused by STIMULUS. This leads to the activation of PERCEPUNITS not related to current stimuli, as
pictured in Figure 12. When changes in STIMULUS are manifest in an increase of arousal (arousal =
1), mind-wandering ends and the perceptual process resumes. This allows the system to switch
its cognitive process away from internally oriented imagery (mind wandering) towards external
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Figure 11. : An example dream image where endogenous activations in the PREDICTION module
construct sequences of activation that are increasingly unrelated to perceptual activations that ini-
tiated them.

STIMULUS (perception).

Implementation

The computational model is written in C++ using the openFrameworks (Zach Lieberman &
Castro, 2014) environment to manage OpenGL (Silicon Graphics Incorporated, 2014) rendering
for visualization and OpenCV (Bradski, 2014) for segmentation and pixel operations. The MLP in
the prediction module is written using FANN (Nissen, 2003). The system is fed visual stimulus by
an Avigilon IP camera which provides 1440×1080 pixel video images as a JPEG sequence. Through
development stimulus was provided by a set of video frames (1 per second recorded over three
consecutive days) captured during an artistic exhibition, described below.

Exhibitions

Various revisions of the computational system have been exhibited internationally in artistic
and academic contexts. The system is meant for long-term installation in a public setting in order
to be exposed to as much variety of visual material as possible. An early associative version of the
system was shown at the New Forms Festival (2012) in Vancouver, Canada, an example of which
is pictured in Figure 13. Work-in-progress on the perceptual subsystem was presented at ACM
Creativity and Cognition (Bogart et al., 2013) in Sydney, Australia.
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Figure 12. : An example mind-wandering image where endogenous activations in the PREDICTION

module cause a shift away from external stimulus toward internally generated imagery.

Discussion

Behavior of the Computational Model

The model behaves as expected, with the exception of the observation that mind wandering
appears to generate more variation and complex imagery than dreaming. Perceptual processes
result in cohesive simulations that resemble stimulus images. The feedback mechanism in the
predictor leads to complex system dynamics that range from static, through periodic to complex
patterns of percept activity. The dynamics are highly sensitive to the state of the predictor’s learning
and the initial conditions — the previous stimuli and latent perception that initiates dreaming and
mind wandering. In the following paragraphs we describe how these dynamics of the simulator are
visually manifest.

In the perceptual mode, the simulation (e.g. Figure 10) resembles the visual stimulus pro-
vided to the system. The clustering process leads to blurry moving objects, where clusters and
newly segmented regions are weighed equally and clusters are not spatially invariant. Over time,
the perceptual process generates simulations similar to a sequence of long photographic exposures,
where clustering causes static objects to slowly fade in and moving objects to slowly fade away.
This aesthetic is reinforced by the rendering of percepts on top of a running average of the unpro-
cessed stimulus. The video footage used to train the system contains bursts of activity (e.g. rush
hour on weekdays) that appear intermittently in what is predominantly a static image with little
change between frames. During these periods of static stimuli, the system’s prediction error is low
and many percepts are rendered transparently. As arousal stays low while there is little change in
stimuli, the majority of the system’s daylight time is spent mind wandering, and not perceiving.
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Figure 13. : Sample image from an exhibition of work-in-progress on the perceptual subsystem of
the computational model, exhibited under the title: An Artist in Process: A Computational Sketch of
Dreaming Machine #3

During mind wandering, the simulation begins by continuing the stimulus from latent per-
ception. This makes the transition between perceiving and mind wandering appear smooth and
contiguous. As feedback activation from the predictor takes over from activation caused by exter-
nal stimuli, the simulations tends to drift away from the initial state of activation. The percepts that
are activated by external stimuli are evenly distributed over the field of view while the simulation is
composed of percepts that are less evenly distributed. As the mind wandering percepts are drawn
on top of a running average of the mean shift segmentation results, as pictured in Figure 12, the
simulated portions of the image — those that correspond to percept activation — appear detailed
and nearly photographic. The unoccupied areas show simplified color patches as generated by the
segmentation system. As the simulation drifts, images appear both recognizable (clearly show a
place in space and time) and abstracted, where percepts not perceived at the same time may be
simultaneously present. The activation of percepts at different locations over time changes the
distribution of percepts over the field of view, leading to dynamism in the simulations. Subsequent
images in the simulation may include large changes in composition due to changes in percept ac-
tivation. Mind wandering is often interrupted by increases in arousal — e.g. due to a person or
car entering the frame — which ends the mind wandering process. This transition is sudden as the
state of activation in the simulation differs significantly from the perceptual activation, due to drift
in the feedback process, and changes in stimuli.

As night falls, the external context is more likely to be static. Thus there is an increase of
mind wandering during the periods before the night. This is consistent with Domhoff’s (2011)
proposal and shows mind wandering through to dreaming is a contiguous process involving the
constant activation of a subset of the default network. Intermittent increases in arousal occur, and
the system shows very short periods of perception during this time. Due to the complexities of
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the environment, the total luminosity of the image tends to shift dramatically. In the test footage,
the sun sets in front of the camera passing behind a pair of trees. When the sun is behind the
trees, the system enters dreaming, from which it is awakened when the sun is visible again. This
leads to a complex oscillations where perception, mind wandering and dreaming all occur for short
periods in close succession. Eventually, the sun sets and once stimuli is dark, the system enters
a stable dreaming period — e.g. as pictured in Figure 11. Due to the dynamics of the system
while the sun sets — where drastic changes in light and reflection lead to large changes in percept
content — there tends to be a lack of diversity in percepts at the onset of dreaming. Dreams
show the same internal dynamics of mind wandering — the activation of percepts not seen in the
same stimulus and the uneven distribution of percepts over the visual field. The lack of diversity
of percepts, and the lack of intermittent perceptual states, causes dreams to appear more static
and periodic than mind wandering. The drift seen in mind wandering appears to stabilize over
a number of iterations, and thus the long periods of dreaming tend to involve the simulation of
repeated sequences of similar images.

Limitations of The Computational Model

The computational model described above is a formalization of the Integrative Theory —-
which is oriented toward dreaming in mammalian brains. While the perceptual representations
described in the Integrative Theory describe classes of concrete objects (e.g. concepts referring
to perceptual information such as ’dog’ or ’chair’ and not abstract concepts such as ’justice’ or
’freedom’), those implemented in the computational model are simplistic. The percepts generated
by the system are restricted to sensory information and lack the context dependence and dynamism
of concepts. While mammalian visual processing involves a degree of separation between spatial
properties (such as the position in space) and object-centric properties (such as color) (Murray et
al., 2007), perceptual representations in the model are fixed in space and not invariant to scale
and orientation. For example, if two identical objects are presented in two different parts of the
visual field, they would be represented by two different percepts. As the computational model is
an on-line system that learns continuously, computer vision methods for generating scale invariant
features such as SIFT (Lowe, 2004) and SURF (Bay et al., 2006) are too computationally taxing.
The mean shift method of segmentation is highly sensitive to subtle changes in lighting over time.
This results in variable percept boundaries, which adds additional noise to the clustering process
which assumes changes in region features are due to significant changes in the environment, not
changes in the borders around regions. The more noise in the percepts, the more likely they are to
represent redundant information.

These limitations in the model’s perceptual representations lead to a significant deficit in
terms of its perceptual ability compared to humans, children and likely even non-human mam-
mals. As the dreams reflect the perceptual abilities of the dreamer, the perceptual deficits of the
computational model result in parallel deficits in dreams and mental imagery. In humans with
face-blindness (prosopagnosia), dreams contain indistinct and unrecognizable faces. The dreams
generated by the computational model can only ’imagine’ percepts in the same positions in which
they were perceived. The world as perceived and dreamt by the system is simplified and highly
constrained.

The label “Default Network” implies that the default state of the brain is related to the
self-oriented process of simulation we call mind-wandering, rather than external perception. In
the computational model, the central integrative process is simulation which runs continuously
whether the system is perceiving, mind-wandering or dreaming. Thus the default state of the sys-

CHAPTER 5. AN INTEGRATIVE THEORY AND COMPUTATIONAL MODEL 64



AN INTEGRATIVE THEORY AND COMPUTATIONAL MODEL OF VISUAL MENTATION 28

tem is simulation, with the caveat that the simulation requires periods of perception from which
to train the predictive model. In terms of function, we do not seek a special role for dreaming
and mind-wandering, but rather propose that the simulation processes that enable dreaming and
mind-wandering are always occurring. The metabolic cost associated with dreaming and mind-
wandering is the base metabolic cost of the brain functioning normally. The low activation (and
therefore low metabolic cost) during slow wave sleep is then the special case, while REM sleep
reflects normal waking function.

Constructive Imagery

Nir & Tononi (2010) and Fosse et al. (2003) note that dreaming does not involve the replay
of episodic memories. As dreams obviously involve the experience of familiar places and people, we
can conclude that dreams are composed of concepts, just concepts not contextualized in episodes.
The sequences of events supplied by the predictive model are implicit and not accessible to con-
sciousness in the way that episodic memory is accessible. If dreams are simply the result of our
implicit predictions of what to expect next, then why can dreams be experienced as bizarre and
discontinuous? As stated above, dreams are predominantly more banal and related to daily lived
experience than we tend to think. That being said, dreams may still unify strange, implausible
events and chimeric elements (fusions of multiple places or people) into a cohesive experience that
would be unlikely to occur in reality. This paradox is resolved by the requirement for a predic-
tive model to be a reduction of reality, always containing imperfections. The predictive model is
exploited in the computational model through feedback, which amplifies these imperfections and
causes predictions in the absence of sensory information to potentially diverge significantly from
plausible experience. The discontinuity of dreams can be explained by the absence of anchoring
in sensory information provided by reality which mitigates the effects of the imperfections in the
predictive model.

Future Work

This section is divided into three subsections, each concerned with future plans for a par-
ticular aspect of this research. The Integrative Theory itself could be extended in a number of
ways. The computational model deserves significant refinement. While the computational model
is framed as an artwork, the research process has inspired plans for a number of additional artistic
works.

Integrative Theory

The Integrative Theory holds that the experience of perception, mind-wandering and dream-
ing result from the activation of visual representations of concrete objects. It is expected that
dreaming in brains involves not just the activation of representations of concrete perceptual objects
but also higher level conceptual representations. Barsalou (1999) proposes that the difficulty in
pinning down the definition and origin of concepts is that they are not fixed representations but
simulations in themselves. These simulations shift their content to match the particular needs of
the current task. On the surface, the focus on simulation in Barsalou’s conception is highly com-
plimentary to the Integrative Theory. Still, there remains a major issue in the task-dependence
of concepts in Barsalou’s conception. Mind-wandering and dreaming, with their correlation with
the default network, are particularly non-task oriented and stimulus independent. It is unclear
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how those simulations would be constrained independently of task demands. Perhaps conceptual
simulations are not task dependent so much as they are context dependent.

The Integrative Theory, as currently conceived, has associated working memory, executive
and attentional mechanisms with the PFC in general. This particular conception glosses over dif-
ferences in activity across the various regions of the PFC, including dorsolateral and ventromedial
areas. The Integrative Theory would benefit from a finer grained conception sensitive to constituent
regions of the PFC and an integration of executive functions associated with the PFC, which is out
of scope of the research described in this paper.

Computational Model

The computational model is framed as a situated agent, although its agency is extremely im-
poverished in the absence of intention and other executive functions, which are out of scope of the
computational model. One avenue of development would be the inclusion of executive mechanisms
and integrating the system into an existing cognitive agent architecture (such as CLARION (Hélie
& Sun, 2010) or SOAR (Laird, 2012)). This would also entail a richer and hierarchical system of
representations, although cognitive architectures tend to lack a basis in brain anatomy which is
central to the Integrative Theory.

The MLP was chosen to facilitate implementation and for its proven flexibility and perfor-
mance. As prediction is inherently about patterns occurring over time, a machine learning method
specifically developed for temporal prediction could improve the ability of the system to predict
sensory information, and therefore enrich dream sequences. The authors will examine Recurrent
Neural Networks (Dorffner, 1996) and Deep Belief Networks (H. Lee et al., 2009) as possible
methods to improve the model’s predictor. Additionally, the authors will examine replacing the
hard threshold used in the circadian clock with a proper oscillator entrained by visual brightness.

The combination of the noise sensitivity of mean shift segmentation over time, and the rela-
tively small number of perceptual representations, has lead to quite unstable region edges, even in
cases where the edges appear quite distinct to a human observer. This is due to a lack of temporal
information used in the segmentation, which simply treats each frame as a new and unique image.
Bailer et al. (2005) have proposed a method to improve the temporal stability in mean shift image
segmentation, which could be included in the system.

While the discussion section above describes initial results of the dynamics of the system, no
formal analysis has yet been undertaken. Such an analysis would provide valuable data in refining
the system and increasing the diversity of dream, in particular, and mind wandering content. The
model, as described in this paper, involves no random variation in the activation of percepts. This
differs significantly from brains where neurons associated with perceptual representations are likely
to be constantly, but weakly, active. These weak but constant activations are likely to significantly
impact the feedback process by constantly shifting the current state of the system. This could
mitigate the tendency of long periods of dreaming seen on our model to converge to stability.
The inclusion of a small degree of random variation in the computational model is expected to
significantly increase the diversity and complexity of dreams.

Artwork

The research process that lead to the Integrative Theory began with an artistic intention to
create the artwork Dreaming Machine #3. The development of the theory, and implementation
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of the computational model, resulted in concepts for further artworks. While Dreaming Machine
#3 is meant for situated installation in the real world, artifacts of visual culture could also be
used as source material. For example, time-based narrative media such as film and television.
One artwork, tentatively titled Watching and Dreaming would be fed frames from film or television
shows. The segmentation and arousal modules would be tuned to the movement and scene changes
present in film and television. The system’s circadian clock would be on a fixed schedule where the
system would alternate between being fed frames from film or T.V. (during perception and mind-
wandering) and black frames (during dreaming). The repetition of the film or T.V. show would
allow epoch learning, which would change the quality of dreams with increasing exposure of the
visual material.

Another proposed artwork, titled the Dreaming Mirror, would be tuned to the segmentation
and reconstruction of facial images in particular. The system would break faces into multiple
regions stored in a corpus where the regions would be used to reconstruct the face of the person
currently in front of the work. The system would learn correlations between regions of the same
face (prediction over space rather than time). In the absence of a face, the system would then
’dream’ by reconstructing faces from the visual corpus, using the most recent face as a starting
point.

Dreaming Machine #3 (Landscape), has been accepted to be exhibited at the International
Symposium on Electronic Art (2014) in Dubai. This version of the system is tuned to perceiving
the landscape and predict its changes over longer time-scales. The system will ignore foreground
objects and the patterns of their short-term movement to emphasize shifts in light and inanimate
objects in the urban landscape of Dubai.

Conclusion

Perception, mind-wandering and dreaming are all simulations of reality. While we are awake
and interacting with the world, we learn concepts and build predictive models of what we should
expect to occur. These predictions tell us what is routine, what surprises we should attend to, and
assist us in making sense of ambiguous sensory information. Predictive mechanisms are continu-
ously exploited, with the possible exception of slow-wave sleep. In the absence of sensory infor-
mation, predictions feed back on themselves leading to simulations of reality that result in dreams.
When sensory information is static, for example due to habituation, mind-wandering occurs as a
shift of attention away from external stimulus toward endogenously simulations.

Perhaps the search for the adaptive functions of dreaming is misguided. If dreaming is con-
structed from predictive mechanisms exploited and learned in waking consciousness, then perhaps
simulation really is the “default” mode of the brain. The value of these simulations in both waking
and sleeping offsets their metabolic cost. Simulation is the default mode of the brain, and occurs
whether or not external stimulus is present.

In this paper, we have reviewed a number of biological mechanisms of visual mentation
that are unified in the proposed Integrative Theory. According to this proposal, dreams, mental
imagery and mind-wandering all entail the activation of perceptual representations that result in
the phenomenology of visual images in the mind. As these representations are shared between
various modes of visual mentation, activity in one mode effects activity in another. This explains
how dreams reflect normal waking concerns, in particular the effect of waking stimulus in the hours
before sleep. Dreams are indeed mental imagery, and perceptual representations are activated via
endogenous activation from the PFC in the default network.
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Dreams can be narrative-like because they exploit predictive mechanisms of the default net-
work (rather than PGO waves) we use to make sense of the complexity of the world. Dreams can
be bizarre and discontinuous because constituent predictions lack the anchor of ongoing sensory
reality to constrain them. Predictions are centrally important for their role in priming perceptual
processes. In dreams and mind-wandering, predictions show their true potentially discontinuous
character. Our perceptual simulation of reality is cohesive because of stability and structure in the
sensory information we receive from the world. Our dream simulations are approximate carica-
tures of normal waking experience. They are thus inherently meaningful as they encapsulate tacit
knowledge over a life-time of experiences and have a central role in how we make sense of the
world.

The presentation of the computational theory as an artwork is meant to expand public en-
gagement in brain-science in general, and the science of perception and dreaming in particular. A
visually enticing and on-line model of dreaming provides a powerful entry-point for the viewer to
consider the illusion of their perceptual simulation of reality. When looking at Dreaming Machine
#3, the viewer is looking through cultural, technical and scientific systems toward the very pro-
cesses that allow us all to make sense of the world. As we look into the machine to seek meaning
and understanding, so too does the machine look into us.
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Chapter 6

Discussion and Results

The published (Chapter 4) and submitted (Chapter 5) articles included in this thesis are steps in the

development of both the Integrative Theory, and also the computational model. In this chapter, the

relation between the two formulations of the Integrative Theory will be discussed, as well as their

impact on the development of the computational model, whose dynamics and architecture have

changed significantly between the two formulations. In addition, we summarize related computa-

tional approaches to modelling dreaming. The chapter concludes with a description of the three

artistic realizations of the current system, and related artworks.

6.1 Integrative Theory: Associative and Predictive Formulations

In the previous chapters, two formulations of the Integrative Theory are described: associative

and predictive. According to the associative conception, dreams are simulations that result from

the propagation of activation through an associative network of perceptual representations. The

associative network is constructed such that the association between percepts is proportional to

the similarity of their features. In the predictive formulation, the associative network based on visual

features is replaced with a generic predictive mechanism where associations between perceptual

representations are based on shared contexts. Simulations are the result of feeding the output

of the predictive model back to its input, creating a feedback loop that generates a sequence of

activation.

The dependence of the associative formulation on a network of associations, reflecting feature

similarity, extends the previous work on Memory Association Machine (Bogart, 2008, 2009), and

Dreaming Machines #1 and #2 (Bogart & Pasquier, 2013a), described in Chapter 2. A strength of

the associative formulation is its explicit link with the neurological basis of creativity as proposed

by Dietrich (2004), where a spontaneous mode of creativity is linked with continuous associative
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and endogenous activity in the temporal, occipital and parietal cortices. Dietrich (2004) additionally

considers dreams an extreme result of the very same processes of associative activity in play during

spontaneous creativity. This conception supports the assertion of dreams as predominantly bizarre

as associative processes lead to random, unfiltered, and bizarre thoughts, which conflicts with the

notion of dreams as reflecting ordinary waking concerns. The characterization of associative activa-

tion according to visual features as simulation is at odds with Hobson’s (2009) view that dreams are

a virtual reality and allow the dreamer to interact with an environment supporting the development

of the protoself. Consistent with Hobson’s (2009) consideration of dreams as virtual reality (simu-

lation), Revonsuo (2000) proposes the threat simulation hypothesis. According to this hypothesis,

dreams are simulations of reality that are highly biased towards threatening and unpleasant events.

Dreams’ adaptive value is due to improvements in threat perception and the rehearsal of threaten-

ing experiences in the absence of real consequences. Revonsuo (2000) notes that “[t]he form and

content of dreams is not random but organized and selective. . . ”, which indicates a conflict with

Dietrich’s (2004) consideration of dreams as an ultimate form of spontaneous creativity as random,

unfiltered, and bizarre.

The predictive formulation resolves this issue by excising Dietrich’s notion of spontaneous cre-

ativity from the Integrative Theory. A consequence of removing creativity from the predictive formu-

lation is that “endogenous (self-regulating) TL activation” (Bogart & Pasquier, 2013b, Chapter 4) is

no longer considered a possible cause of the activation of perceptual representations, and thus is

not pictured in Figure 2, Chapter 5. The result is an expectation of greater importance of the PFC

in dreaming and mind wandering under the predictive formulation than is considered according to

the associative formulation. In the absence of the notion of dreams as predominantly bizarre, the

notion of dreams as simulation is emphasized. Rather than being generated by associative activity

according to visual features, dreams are the result of the exploitation of a predictive model that is of

adaptive value and functional across all modes of visual mentation.

Considering the predictive formulation, we can revisit the notion of association from a different

perspective. The association of perceptual representations — based on the similarity of their visual

features — is a highly limited form of association. Many priming experiments — e.g. Davenport

& Potter (2004) — depend on associations between various familiar objects (e.g. baseball players

and stadiums, priests and churches, etc.) that are associated because of context, not because of

similarities in their features. We learn these associations because of the co-occurence of the objects

in time and space. Once we are primed by images of churches we recognize priests more quickly

because they are expected. These contextual associations could be considered manifestations

of the very same predictive mechanisms on which dreaming and mind wandering depend. The

difference between these contextual associations and predictions is in their directionality. A priest

can prime a church as well as a church can prime a priest, a toaster can prime a kitchen as well

as a kitchen can prime a toaster. A prediction adds to this a notion of causality: the presence
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of certain clouds predicts a likelihood of rain. According to the predictive formulation, dreams are

predominantly normal experiences related to normal waking concerns where apparent bizarreness

of dream content is the result of errors accumulating in the absence of sensory anchoring in reality.

The interpretation of Hobson’s AIM theory differs between Chapter 4 (Bogart et al., 2013) and

Chapter 5 (unpublished). In the former, the activation of the VC due to PGO waves is considered

’random’ in the context of AIM’s precursor — the activation-synthesis (J. A. Hobson & McCarley,

1977) theory. Under this interpretation, low level and reflex activations in the brain-stem cause

the rapid eye movements associated (according to Hobson) with dream sleep, which result in the

generation of visual imagery in the early visual cortex: “. . . the forebrain may be making the best

of a bad job in producing even partially coherent dream imagery from the relatively noisy signals

sent up to it from the brain stem.” (J. A. Hobson & McCarley, 1977) The impetus for the shift from

the association over visual features (associative formulation) to the simulation of reality exploiting a

predictive model of the world (predictive formulation) was inspired by J. Hobson & Friston (2012),

who put prediction and simulation at the centre of the dream function and make no claim that PGO

waves are random. The interpretation of AIM was revised by removing consideration of any possible

random properties of PGO waves. According to J. Hobson & Friston (2012), PGO waves generate

eye movements, which cause ’top-down’ processes to generate (’infer’) visual images in the early

visual cortex: “. . . waking percepts are driven by the need to explain unpredicted visual input, while

dreaming percepts are driven by the need to explain unpredicted oculomotor input.” Dream images

result from the expectation that an image will be present after a REM saccade. This proposal is

consistent with S. M. Kosslyn & Thompson (2003) as the early visual cortex is functionally required

in the phenomenology of dream imagery. Additionally, the notion of predictive mechanisms under-

pinning dream mentation is key for J. Hobson & Friston (2012), and those mechanisms are expected

to be shared with waking perception.

6.2 Computational Model

The shift from an associative to predictive formulation of the Integrative Theory has lead to signifi-

cant changes to the design of the computational model. Some of these changes are a direct result

of changes to the theory, while other changes are independent refinements of the computational

model. The two models differ at both the level of architecture / modules (Figure 3 in Chapters 4 and

5), and the level of cognitive processes / system dynamics. In order to contextualize the computa-

tional model, we summarize two related computational models of dreaming.
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6.2.1 Related Computational Models

6.2.1.1 Zhang’s AI Dreamer (2009)

Q. Zhang (2009) proposes a computational model, the AI Dreamer, that considers dreaming a

mechanism to improve memory consolidation. Zhang’s proposal is that dreaming allows memory

consolidation by integrating learning in episodic memory (associated with the hippocampus) with

’semantic’ knowledge (associated with the neocortex). According to the mode, this process of

consolidation is improved when the episodic memory system randomly replays stored sensory input

to be integrated into semantic memory. Q. Zhang (2009) considers PGO waves random, which

aligns with the interpretation of Hobson described in Chapter 4, and thus the mechanism that allows

the random replay of semantic memory. The central proposal informing the computational model is

that dreaming is the result of random activation, and that random activation is functionally valuable

in the consolidation process.

The model is a supervised learning system that consists of two ’hemispheres’, one dedicated

to the processing of low level sensory features (binary sequences), while the other deals with the

processing of higher level representations (labels). Each hemisphere contains an independent

memory system in which patterns are stored in ’interlocked memory triangles’ (Q. Zhang, 2009)

— assemblies of neuron-like units that store patterns. The third major component of the system

is the episodic memory module which is independent of both hemispheres. During learning, the

low-level sensory features are abstracted into ’concepts’ and linked with representations in the

semantic hemisphere. The system is fed pairs of values: A sequence of binary values is presented

to the sensory hemisphere, while a label is fed to the representation hemisphere. The model learns

by associating the label with the binary sequence. This bihemispherical system is inherited from

previous work, the AI Counter (Q. Zhang, 2005), which requires multiple epochs of training to learn

to associate ’higher order’ hierarchical sequences with their labels. The higher order the learning,

the deeper the hierarchy and the larger the number of epochs required.

The AI Dreamer adds to the AI Counter through the inclusion of an episodic memory system

that improves learning by caching unlearned input sequences. The episodic memory stores pat-

terns similarly to the sensory hemisphere, using the same ’ interlocked memory triangles’. Sensory

sequences can be replayed from episodic memory in their original order, or randomly. Episodic

memory is populated by sequences and labels that were not associated in the bihemispherical sys-

tem during training. During ’waking’ the system learns from sensory patterns and labels, where

possible, while during ’dreaming’ the system associates already presented, but unlearned, patterns

and labels in episodic memory that are randomly ordered. The ability for the system to learn from

memory results in an improvement of performance because the whole set of pattern / label pairs

need only be presented once, and in an arbitrary order.

The emphasis of Zhang’s computational model is on the supervised learning of pairs of labels
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and binary sequences exploiting a biologically plausible memory system. While framed as facili-

tating memory consolidation, dreaming in the model is effectively the random ordering of cached

pattern / label pairs to allow offline learning. While the model provides a plausible functional purpose

for dreams, the conception of dreaming mechanisms, as the simple random activation of episodic

memory, is weak. As discussed earlier, the notion of dreams as the result of random activation is

problematic and this notion is the lynch-pin of Zhang’s computational model. The system is best

thought of as a biologically inspired machine learning method, but does not contribute to theories of

dreaming. The impoverished nature of the system’s sensory input, and the dependence on super-

vised learning, contributes little to our understanding of the mechanisms or function of dreaming,

and in particular how dream images are generated.

6.2.1.2 Treur’s Computational Agent Model of Dreaming (2011)

While Zhang’s AI Dreamer focuses on memory structure and the potential learning mechanisms of

dreaming, Treur (2011) proposes a computational model that emphasizes the emotional dynamics

of dreams, and considers dreams as functional simulation: “dreaming can be considered a form of

internal simulation of real-life-like processes as a form of training in order to learn, adapt or improve

capabilities, which would be less easy to achieve in real life.” (Treur, 2011) The proposed com-

putational model constructs simulations by activating sensory representations to generate mental

images and activate associated emotions. The driver for these simulations is emotional regulation,

where the purpose of dreams is to increase emotional arousal. Bizarre dream content could be

explained by the sequencing of events according to their emotional, rather than sensorial, prop-

erties. These dreams simulations are of functional use because the presence of mental images

cause the activation of “preparation states for actions or bodily changes” (Treur, 2011), leading to

the rehearsal of stimulus and response behaviours. During these rehearsals, bodily changes cause

additional mental images, driving a feedback loop between mental images, emotions and simulated

action. Each preparation for bodily response leads to an emotional response, which leads to the

experience of an emotion based on the imagined bodily response. Treur (2011) states that the

computational model provides ’fearful situations’ which are “built on memory elements suitable for

fear arousal”, but does not commit to the consideration of dream function as the practice of threat

response, as proposed by Revonsuo (2000) and described in Section 6.1, or the regulation of fearful

emotions.

Treur’s (2011) computational agent model formalizes the simulation loop, described in the pre-

vious paragraph, which is initiated by an external trigger associated with a high degree of fear,

which then causes the activation of a sensory representation. This sensory representation leads

to bodily preparation and fear response, which leads to the increased experience of fear. A reg-

ulation mechanism suppresses the sensory experience, and the experience of fear, but not the
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bodily preparation. This suppression of the sensory representation, and associated fear, corre-

sponds to the blocking of a traumatic event from memory. Representations in the system that are

associated with a lesser degree of fear, but still associated with the current state of bodily repre-

sentation, are activated according to the strength of the association between the bodily state and

the sensory representations. As these representations are activated simultaneously, they compete

for dominance. Activated representations are still associated with fear and thus the resulting bodily

preparation involves an increase of fear. This increase of fear causes emotional regulation to sup-

press the sensory representation and the fear response. Thus, a dream is a sequence of sensory

representations that are selected based on the degree to which they are associated with fear. The

simulation is driven forward by the regulation of emotion that keeps the experience of fear in check.

The relations between these various competing states of emotion, bodily preparation and sensory

representations are modelled using methods used in Continuous Recurrent Artificial Neural Net-

works (RNNs) and can be described as a set of differential equations. The resulting behaviour of

the system is a complex dynamic initiated by external stimulus.

The agent model proposed by Treur (2011) emphasizes the complex dynamics that relate sen-

sory representations, preparatory bodily states and emotions. At the same time, the model is totally

abstract in that the content, the sensory representations, the bodily states and emotions do not refer

to any content. The specific bodily states, emotions (beyond fear), and sensory representations are

not considered important; the dynamics that result from their interactions is the focus. As these

variables are not tied to any real content, the weights between them are arbitrary. This makes it

unclear how to interpret the dynamics of the system — for example, in the process of empirical

validation. The model does not easily fit into an overarching cognitive framework due to the lack of

learning and the degree of abstraction.

The significant differences between the computational model described in Chapter 5 and those

summarized in this section reflect the lack of consensus regarding the mechanisms and function

of dreaming, and their possible integration into cognitive architectures, briefly discussed in Chapter

7. One could take the learning approach and consider dreams as a solution to a machine learning

problem, as Q. Zhang (2009), or one could focus on the emotional aspects of dreaming and con-

struct a dynamical model that generates complex sequences of events based on the increase and

subsequent suppression of fear, as Treur (2011). In both cases, the definitions of dreaming are quite

narrow. Dreaming is considered a special case, largely independent of other modes of cognition,

which is quite different than the approach taken in the research described in this thesis. The models

described in this section don’t explain dreams ranging from banal and unemotional, to threatening,

to even highly structured complex narratives occurring in REM and NREM stages of sleep. These

models are quite abstract and exploit complex network dynamics in an impoverished sensory, and

imagery, context. While they model specific features of the dynamics of dreaming mechanisms,

they provide little insight into how dream images are constructed, nor do they significantly validate
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or critically reflect on theories of dreaming. In contrast, the research described in this thesis em-

phasizes an overarching cognitive framework that learns from real-world sensory information and

constructs dream imagery. In the following sections, the differences between the associative and

predictive computational models are discussed.

6.2.2 Differences in Architecture and Modules

In the model coupled with the associative formulation, hereafter referred to as the Model A, the

architecture includes an explicit gating system that inhibits external sensory information, thereby

inhibiting sensory activation, corresponding to gating in Hobson’s Activation, Input/Output Gating

and Modulation (AIM) model (J. A. Hobson, 2009). In the model coupled with the predictive for-

mulation (Model P), gating at the level of sensory input is replaced with a suppression system that

operates at the level of percept activation. Perceptual processes continue to operate in all stages,

except their activations are inhibited. This change allows suppression to modulate the competing

activations from external perception, and from internal feedback, simultaneously. Thus, Model P’s

dynamics are not dependent on strong external activations drowning out weak internal activations,

unlike Model A.

In Model A, habituation allows the system to ignore activation resulting from familiar and routine

objects due to their consistent activation. This mechanism would decrease activation caused by

repeated stimuli and thereby allow novel stimuli to cause greater activation. In Model P, the explicit

inclusion of a predictive mechanism makes this low level consideration of routine presence unnec-

essary. Percepts that occur and are expected are rendered differently than percepts that are not

expected, and thus effects only the visualization of percepts and not their activation. To give the

system a sense of novelty, Model P includes an arousal module that provides a representation of

how much change occurs at the sensory level, which is used to drive perceptual vs mind wandering

processes. A number of alternative arousal measures were examined, including the mean squared

error of the clustering process, and the error from the predictor, but those were ruled out as they

exhibited significant noise and did not appear to reflect actual changes in sensory information.

In Model A, the associative mechanism was considered part of the Memory module, which in-

cluded the storage, the sorting (according to feature) of percepts and the propagation of activation

between them. In Model P, there is no monolithic memory module. Percepts are stored indepen-

dently and created and modified by segmentation and clustering modules, respectively. Prediction

and suppression modules only manage the degree of activation and prediction without altering the

percepts themselves.

In order to provide the system a rich diversity of perceptual information, Model A includes a

segmentation method that first extracts the foreground from background, and then further seg-

ments the background into multiple regions. There are then two sets of percepts, foreground and
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background. Foreground percepts are clustered only with foreground percepts, and the same for

background percepts. Model P is totally naïve and considers no difference between foreground

and background. Each raw frame is segmented into regions which represent both foreground and

background objects. In the implementations leading to the images in Section 6.3.3, perception only

occurs when there is both sufficient arousal and when no foreground objects are present. This

significantly reduces the noise in percepts, which allows them to represent a greater diversity of

stimuli.

The circadian clock oscillator described in relation to Model A is biologically plausible, but was

never implemented due to the complexity of considering seasonal changes that manifest in differing

lengths of night and day. Model P’s simple threshold clock allows the system to be much more

responsive to its environment, where darkness during the day would be interpreted as night and

result in dreaming. This responsiveness leads to oscillations between perceptual, mind wandering

and dreaming modes during sunrise and sunset, as described in Chapter 5, under the heading

Behavior of the Computational Model.

The Imagery and Renderer modules in Models A and P, respectively, are functionally identical

and hold the methods used to generate images from individual percepts. The change of name

reflects that these modules are only required to visualize the behaviour of the computational model,

and are not mechanisms informed by the Integrative Theory that effect the behaviour of the system.

6.2.3 Differences in Cognitive Processes and System Dynamics

The differences in the architecture and modules between Model A and P result in differences in

the system dynamics. The largest difference between the two architectures is the shift of dream

simulation as the result of the propagation of associative activation according to visual features to

simulations resulting in the exploitation of a predictive model. In Model A, all the dynamics occur

inside the memory module as modulated by the circadian clock. In Model P, clustering, prediction

and suppression all interact to generate the system’s behaviour, which is then modulated by arousal

and the clock.

A strength of Model A is the inclusion of a mechanism that oscillates between two types of acti-

vation during dreaming: the system alternates between a phase showing a global increase of acti-

vation followed by a phase showing a global decrease of activation. These two modes resemble the

relation between REM and deep NREM sleep, where overall activation is highest in REM, and low-

est in NREM3. The purpose of this mechanism is to allow high degrees of activation, as seeded by

latent perceptual activation, without risking the system becoming over-activated. This multi-phase

activation could allow the pruning of associations: as global activation increases, it initially amplifies

those weak latent activations from perception while simultaneously strengthening the associations

between all associated percepts. In the next phase, the decreasing activation would decrease the
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associations between all percepts. As some percepts are expected to be initially weakly associated,

this phase could function as a pruning process, reducing the weak associations to zero. Although

this mechanism was never implemented, it is expected that high activity would lead to very dense

imagery involving many contradictory percepts, while low activity would be largely devoid of visual

information, resulting from a lack of percept activation. Such dream sequences would certainly ap-

pear similar to those mechanisms described by Dietrich (2004), and support the notion of dreams

as bizarre, but it is quite unclear how such mechanisms could lead to anything resembling a banal

dream of an ordinary experience or narrative sequence of events.

The notion of mind wandering differs significantly between the two models. In Model A, mind

wandering is a fusion of perceptual and dreaming modes, where percepts can be activated by

either external stimuli, or internally. This is at odds with our phenomenological experience of mind

wandering where we are certainly not attending to external stimuli. In fact, a popular test used to

determine if a person is mind wandering is by checking to what degree they are aware of external

stimuli. In Model P, mind wandering and dreaming are identical mechanisms that differ only in which

processes caused them — low arousal or darkness.
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6.3 Artistic Realizations

This chapter provides documentation and discussion of three artistic realizations of the Dreaming

Machine #3 system. The first installation of work-in-progress toward Dreaming Machine #3 is en-

titled An Artist in Process: A Computational Sketch of Dreaming Machine #3. This realization was

produced early in the development of the Integrative Theory, where dreams are considered the re-

sults of associative activity according to visual features. The latter two realizations, tentatively titled

Dreaming Machine #3 (Landscape) and Watching and Dreaming (2001: A Space Odyssey), are

works-in-progress. The former has been accepted to be shown at the International Symposium on

Electronic Art in Dubai in November 2014, while the latter was shown at the Blurred Lines exhibi-

tion associated with Expressive 2014, in August 2014. The landscape qualification for Dreaming

Machine #3 marks a shift of emphasis away from events occurring in short time-spans, i.e. the

behaviour and movement of foreground objects, to larger changes in lighting expected to occur

through longer-term exhibitions of the project. In order to contextualize the artistic contribution of

these realizations, the section begins with a summary of two related artworks — Controlled Dream

Machine (Franco, 2007) and Selective Memory Theatre (Dörfelt, 2011). The former is a kinetic

robotic installation that ’dreams’, while the latter is a two channel generative installation that per-

ceives images from Flikr,1 and highlights the constructive nature of perception and memory.

6.3.1 Related Artworks

Controlled Dream Machine (Franco, 2007) consists of a pair of illuminated and kinetic sculptural

legs, which are suspended from the ceiling in front of a projection showing the dreams of the ma-

chine, as shown in Figure 6.1. The legs are meant to represent the body of the dreamer, while

the projection shows the unconscious experience of the dreamer. The movement of the legs is

tied to the types of dream experiences, which can be one of five different categories: sensations,

memories, traumas, nightmares and the collective unconscious. The behaviour of the system is

manifest in the movement of the legs, the pattern of light emanating from them, and the selection of

imagery in the projection. This behaviour is driven by the electrical activity of a culture of embryonic

rat neurons, recorded in Dr. Steve Potter’s Neuroengineering Lab at Georgia Tech.

Each of the categories of dream experience is manifest in specific predetermined behaviours

exhibited by the legs, and selected by the neural culture recording. For example, during ’nightmares’

the legs shake continuously, while during ’sensations’ the legs make a walking motion. Each of the

dream experiences is manifest in the projection of short films, each under three minutes in duration,

composed by the artist using drawing, video, stop-motion and 3D animation methods. In these films,

which appear predominantly like children’s drawings, a third person perspective on the experience

1http://www.flickr.com/

http://www.flickr.com/
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Figure 6.1: Controlled Dream Machine (Franco, 2007). © Anaisa Franco 2007 (reproduced here
with permission)
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Figure 6.2: Controlled Dream Machine (Franco, 2007) — The Delicate Spiders Relation. © Anaisa
Franco 2007 (reproduced here with permission)

of the dream is presented, as shown in Figure 6.3. Illustrations of the legs appear in the dreams

where they interact with other figures and objects, such as the two giant spiders that occupy the

’sensations’ category (Figure 6.2), and the child and man in ’traumas and nightmares’ (Figure 6.3).

The central intention of the Controlled Dream Machine is the concept of a dreaming machine.

Rather than considering the mechanisms of dreaming, the production emphasizes the content of

dreams. The dream imagery is considered in a Jungian context and the animations that represent

them are meant to be archetypal. The short films that constitute dreams are sequenced by the

behaviour of the neural culture, but it is unclear how exactly the mapping is made. The inclusion of

cultural notions of dreaming, a physical and kinetic embodiment, and the use of data recorded from

real neurons indicates an interest in creating a whole system that is more than a representation of

dreaming.

Selective Memory Theatre (Dörfelt, 2011) is a two channel generative art installation, pictured in

Figure 6.4, that retrieves images from Flikr that serve as sensory images. The work is not concerned

with dreaming, but with the difference between perfect machine memory and constructive, forgetful

and imperfect human memory. The work is selective in that (1) perception does not appear exactly

like the Flikr images retrieved by the system, but distorts those images in the process of perception,

and (2) only a subset of perceptual images result in the activation of memory.

The perception of the system captures the most recent images uploaded to Flikr, which serve as

the sensory images fed to the system. These images are ’distorted, mixed and blended’, as pictured
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Figure 6.3: Controlled Dream Machine (Franco, 2007) — Traumas and Nightmares. © Anaisa
Franco 2007 (reproduced here with permission)

in Figure 6.5, in order to highlight the difference between what the mind sees and what the eyes

sense. These perceptual results are shown on one screen, right projection in Figure 6.4. For each

new perceptual image, the system searches its memory for an image previously seen that is most

similar. The similarity of images is not based on their visual appearance, but on the similarity of the

Flikr meta-data (tags) associated with them. If a similar image is found in memory, it is highlighted

on the second screen, left projection in Figure 6.4. The installation is a diptych, with perception and

memory occupying each of the two projections whose relationship represents a semantic dialogue

between memory and perception. Once each image has been perceived, it is saved in memory to

be potentially activated by new stimulus in the future.

The perception and memory images are anchor points in a dynamic composition. The percep-

tual image flies through the many images added to Flikr, giving the photographs new dynamic lives

in the context of the machine’s perception. The diversity of imagery and the distortion of their fea-

tures makes the perceptual screen appear like a blur of nearly unresolvable imagery. The perceptual

system settles on an image, allowing its features to be clearly resolved, only when it has lead to the

activation of a memory. Before a memory is activated, each memory appears on the left projection

as a orb connected by tendrils to memories considered similar, as pictured in Figure 6.6, where

orbs circle and dance around each other. When an orb is activated by stimulus, it changes colour

and explodes into a field of particles that reconstruct the image stored in that memory location, as
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Figure 6.4: Selective Memory Theatre (Dörfelt, 2011). © Matthias Dörfelt 2011 (reproduced here
with permission)
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Figure 6.5: Selective Memory Theatre (Dörfelt, 2011) — Perceptual Distortion. © Matthias Dörfelt
2011 (reproduced here with permission)
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Figure 6.6: Selective Memory Theatre (Dörfelt, 2011) — Memory Orbs. © Matthias Dörfelt 2011
(reproduced here with permission)

shown in Figure 6.7.

While Selective Memory Theatre does not deal with dreaming directly, it is centrally concerned

with constructive perception and memory. These aspects of cognition are highly related to dream-

ing, and therefore the research described in this thesis. The use of images from Flikr allows the

system to consider images on a semantic basis by comparing the meta-data of images, rather than

their visual properties. A family portrait in perception may lead to the activation of another family

portrait in memory. The diptych then highlights a semantic relationship between the two projections,

and therefore between perception and memory.

Controlled Dream Machine and Selective Memory Theatre are related to this research in terms

of their thematic interests, but examine dreaming, perception and memory from very different per-

spectives. While both these artworks are concerned with cognition, both are highly disembodied.

While the kinetic form of the Controlled Dream Machine occupies space, the physical world does

not effect the dreams of the system, whose content is predetermined and fixed. The neural culture

further disembodies the work, by considering the ’mind’ a recording of a distant (and likely long

since dead) collection of cells. Selective Memory Theatre only perceives the world as seen through

images posted to Flikr. These images are unconstrained in their subject matter; there is nothing

that holds them together as a unified set reflecting a particular place in space and time. This disem-

bodiment contrasts highly with the Dreaming Machine that emphasizes generative processes in the
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Figure 6.7: Selective Memory Theatre (Dörfelt, 2011) — Memory Activation. © Matthias Dörfelt
2011 (reproduced here with permission)

context of site specificity. Dreaming Machine sets itself apart most in terms of the rigorous and con-

ceptually unified Integrative Theory that informs it. The intention of the artworks described above

is centred on the metaphorical representation of dreams and cognitive processes. The Dreaming

Machine exists at the intersection of science and art, where it is both a model of dreaming, and also

a representational process of art. This constrains the process and methods used in the work where

aesthetic choices are made in the context of empirical knowledge in a way that is unnecessary, and

perhaps even undesirable, for the artists producing the works described above. In the following

sections, three in-progress realizations of Dreaming Machine #3 are described.

6.3.2 An Artist in Process:
A Computational Sketch of Dreaming Machine #3

In 2012 I was invited by Malcolm Levy to do a short residency and exhibit a prototype of Dreaming

Machine #3 during the New Forms Festival in September 2012. At that point, the research was

focused on the development of the associative formulation of the Integrative Theory, and the imple-

mentation consisted of only image segmentation and rudimentary clustering. The exhibition was

a valuable opportunity to capture images over a long time-spam, as the data used in developing
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Figure 6.8: Overview of New Forms Festival Installation of An Artist in Process: A Computational
Sketch of Dreaming Machine #3. © Scott Kaplan 2012 (reproduced here with permission)
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the system up to that point was one hour of footage (Dataset 1) shot in rainy conditions. The con-

cept of the residency is that I would (1) continue developing and explore the aesthetic possibilities

of the segmentation and clustering methods, (2) implement a dream-imagery simulator exploiting

the propagation of associative activation according to visual features, and (3) collect a corpus of

imagery (Dataset 2) used in the development of the system. Each of these three activities was

realized as a separate piece of software.

The first priority of the residency was to explore the aesthetic potential of the segmentation and

clustering methods that were being implemented. This resulted in a number of studies that were

printed in the exhibition space, pictured in Figure 6.8, and pinned to a wall. Figures 6.9 and 6.10

show images generated from Datasets 1 and 2, respectively. These images were produced by

capturing a number of frames, segmenting, clustering and then aggregating the resulting regions.

The clustering system averaged multiple occurrences of the same object over time, considered

according to features described in Chapter 4, and regions were drawn in the same location from

which they were segmented. Viewers often described the images pictured in Figure 6.10 as similar

to watercolours. This effect is due to segmented regions being drawn on white backgrounds, and

the clustering process merging highly different regions including both foreground and background

objects. The poor quality of the clustering process leads to large amounts of transparent pixels in

non-overlapping areas of constituent images, diluting the colours.

The clustering method was abandoned during the residency due to a memory leak which caused

the software to crash before a sufficient diversity of regions was generated. Figure 6.11 shows

additional studies of Dataset 2, where raw segmented regions are not clustered. Due to the memory

leak, the number of regions used in Figures 6.9 and 6.10 is quite small. Without clustering, the

segmentation software was able to generate a much larger variety of regions — despite significant

redundancy — leading to the increase of density in Figure 6.11. The top image was rendered such

that small regions where rendered on top of large regions, where in the bottom image, regions

segmented earlier in time are behind regions segmented later.

In parallel with generating and printing these static aesthetic explorations of the system, dream

imagery was generated from Dataset 2 according to associative mechanisms summarized in Chap-

ter 4. The software used to generate the dreams was written during the residency period and

revised through the exhibition. Input frames collected over a few days were segmented and written

to disk to be read by the dream generating software. The dreams were oriented toward foreground

objects due to the small amount of variation in the background over a relatively small number of

frames available at the time. A subtle static background, constructed offline from segmented back-

ground regions, was rendered behind the foreground percepts whose sequence was determined by

associative propagation, as pictured in Figure 6.12.

At this point in development, the images are segmented into thousands of regions, some of

which are very small in area and supply little visual information. In order to reduce this amount,
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Figure 6.9: Images generated from Dataset 1 according to early segmentation and clustering meth-
ods.
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Figure 6.10: Images generated from Dataset 2 according to early segmentation and clustering
methods.
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Figure 6.11: Images generated from Dataset 2 without clustering.
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regions are filtered by area such that small regions are not kept in memory. Images reconstructed

from these larger regions then show gaps in the areas once occupied by many small regions,

often at region borders. This is particularly clear in the segmentation of trees in Dataset 2, as

pictured in the background of Figure 6.12, where the white background is visible. Moving objects

are considered by the segmentation system as foreground, thus when clouds pass over the sky, the

sky regions are considered among foreground objects. Images of the sky then appear in associative

dreams, as seen particularly in Figure 6.12 (bottom). The complexity and noisiness of the region

boundaries are the result of the particular methods used in segmenting background and foreground

regions. The dreams were projected on a wall in the exhibition space, as pictured in Figure 6.8. As

the simulation software generating dreams was independent of the segmentation system, it loaded

a fixed number of regions into memory and continuously associated through that corpus.

The purpose of this installation was to continue developing the project while exhibiting it. As is

implied by the title (An Artist in Process. . . ), the artist’s presence and work process was framed as

an artwork in itself, which reflects the framing of this work as art-as-research. While the exhibition

was open, the artist was working in the space and available to discuss the work with viewers.

The artist was available to answer any questions and provide a richer and more audience specific

context for the work than offered by the exhibition text alone. Additionally, as the work was revised

during the exhibition, it allowed discussion of the work as it currently stood. The aesthetic variation

of the work was significant and supported by the viewer’s comments, despite the banal parking-

lot as subject. The focus on foreground objects in the dream rendering contrasts highly with the

realization discussed in the next section, where an interest in the diversity of the landscape entails

a shift away from an emphasis on foreground objects. In fact, the foreground is almost entirely

erased from Dreaming Machine #3 (Landscape), to be discussed next.

6.3.3 Dreaming Machine #3 (Landscape)

This realization of the project differs slightly from the implementation described in Chapter 5. These

differences are partially due to developments of the computational model, and partially due to shift-

ing artistic concerns. Dreaming Machines are meant for long-term public exhibition; they are ideally

viewed for short periods that repeat over a long time-span such that the long-term changes in im-

agery can be considered. Over long-term installation, the system is exposed to a much greater

diversity of visual information and thus also has the potential to incorporate greater diversity of im-

agery into its perceptual memory. This entails a shift of emphasis away from quickly moving objects,

such as cars and pedestrians, as discussed above, toward changes in large static objects that con-

stitute the landscape. This entails an emphasis on slow and subtle shifts of light, weather and plants

through days and even seasons.
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Figure 6.12: Screen-shots of dream simulation generated by the associative method.
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Figure 6.13: Predictor feedback during early stages of training.

6.3.3.1 System Dynamics

In order to facilitate the system’s collection of as much visual diversity as possible, this implementa-

tion uses a very high arousal threshold to trigger perceptual processes. Perception occurs for very

short durations (as short as a single frame) that interrupt the mind wandering process, which is the

dominant process during daylight (Figure 6.13, A through E). As the clustering process only occurs

during perception, the diversity of percepts is increased due to the integration of diverse content

occurring at moments of high arousal. The resulting corpus tends to have more variation and is

more evenly distributed over time. In previous implementations, low arousal leading to longer pe-

riods of perception saturated the percepts with more subtle visual changes occurring over smaller

time-scales. In this implementation, the rarity of perception makes foreground objects spurious —

contributing additional noise to the process of learning predictions. Thus, perceptual clustering only

occurs when arousal is high and there are no foreground objects present.

The dynamics of the system in this implementation differ from those described in Chapter 5: (1)

percepts are filtered to avoid over-activation (not pictured in Figure 6.13), (2) the network output is

not discretized before it is fed back, and (3) in order to increase diversity of dreams, noise is added

during predictor feedback.

Early in the training process, the result of predictor feedback proceeds through a number of initial

stages, as pictured in Figure 6.13. In this figure, the x axis is time, while the y axis corresponds to

a subset of perceptual clusters. A black pixel (corresponding to +1) indicates the cluster is present

at that time, while a white pixel (corresponding to -1) indicates the cluster is not present. Each

perceptual moment is marked in Figure 6.13, and indicates a single iteration of training. Since the

network’s weights are initially random, the initial period of mind wandering (A) is random. With

each training iteration, the output of the network changes from random (A), through periodic (B),

through to over-active and stable (C) and eventually settles (D and E) such that the number of

predicted percepts approximates the number of perceptually activated percepts. After the first few

iterations of training, predictor feedback tends to result in static simulations that don’t change over

time (D and E). The initial over activation of percepts (A through C) may cause the renderer to
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Figure 6.14: Onset of an approximately 90 minute period of dreaming showing the oscillation of
random variation. The left edge of the image is a moment of perception which is followed by a
period of dreaming and mind wandering, which is interrupted by a second moment of perception
that occurs just before a long period of dreaming which continues to the right edge.

display the majority of percepts currently in memory. To avoid this, we specify an upper limit (TA)

for the maximum number of percepts that can be rendered. When the number of activated percepts

exceeds TA, then TA random percepts are selected to be rendered.

In order to increase the diversity of dreams, an amount of random variation is added to the

predictor feedback process. While the activation of percepts is binary (a percept is either present

or not), the feedback process is continuous and increases the diversity and complexity of predictive

sequences. This continuous feedback allows for the injection of noise to each percept before the

predictor output becomes the next input. This noise appears as subtle variations in activation,

as pictured in Figure 6.13. At each time-step the continuous activations resulting from predictor

feedback are discretized such that percepts with an activation greater than 0 are rendered.

As the duration of dreams are much longer than mind wandering, the amount of noise injected

into the system is modulated by a sinus oscillator, as pictured in Figure 6.14, in order to increase the

variation of activation occurring over the course of long dreams. This oscillator begins at its crest,

where it generates pseudo random numbers between 0 and 0.95. These numbers are added to

percepts where PA < 0 and subtracted from percepts where PA > 0. The oscillator descends until

the range of random numbers is 0, at which point it ascends again with a period of ninety minutes

— the approximate time for one human sleep cycle. Over the short durations of mind wandering,

this oscillation injects an approximately constant high value of noise into the feedback process —

as seen in the small period of mind wandering before the onset of sleep in Figure 6.14 (far left).

The oscillator begins at a crest in order to modulate the predictive sequence away from the most

recent latent perception that initiates mind wandering. Weakly activated percepts that are increased

by random activation only remain activated if the feedback process reinforces (rather than ignores)

those activations. Thus, the activation at the onset of dreaming and mind wandering is both a

function of latent perceptual activation and also by the dynamics of the predictor.

Figure 6.15 shows a detail of Figure 6.14, where a waking moment interrupts the process of mind

wandering and leads to a long period of dreaming. The left side of Figure 6.15 shows two percepts

activated during mind wandering — indicated by black lines (A). This period of mind wandering is

interrupted by a moment of perception, in which two percepts are activated (B) — shown as two

black pixels. After perception, the right side of Figure 6.15, dreaming continues where the one
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Figure 6.15: Detail of Figure 6.14, showing the onset of sleep. A: Two percepts activated during
mind wandering. B: Perceptual processes interrupt the mind wandering process and causes the
activation of two percepts. C: Activation of a percept during the dream which is not related to
external stimuli. D: Integration of perceptual stimuli into the dream. E: Continuation of activation of
a particular percept through mind wandering to dreaming.

perceptual activation (top black pixel) is incorporated into the dream (D). During the dream, new

percepts become activated that are not related to the perceptual activation (C and E). One of the

percepts that was active during previous mind wandering is also activated in the subsequent dream

(E).

The dynamics of dreaming and mind wandering are highly sensitive to initial conditions, including

both the initial state of network weights, and also the input vectors fed to the predictor. Figure 6.16

shows a subset of a dream where the pattern of activation of individual percepts is not periodic, nor

static. This subset of dream activation is extracted from a portion of the dream where little random

noise is injected into the feedback mechanism. While the structure is complex, it still involves

a significant portion of percepts that are constantly active through the whole dream, and small

oscillations where one percept is active nearly every second iteration. As the perceptual system

only perceives when there are no foreground objects, many stable percepts are expected to be

visible for long periods, which occurs in the pattern of activation used to train the predictor — as

subset of which is pictured in Figure 6.17. The next section discusses how these dynamics are

manifest in the generation of images.

6.3.3.2 Aesthetics of Simulations

Figure 6.18 shows the raw stimulus input (top) and an example perceptual simulation generated by

the system (bottom). Perceptual simulations are reconstructions of sensory data using the corpus

of percepts stored in memory. Percepts activated by the segmentation system are rendered on top

of a running average filtered version of the raw stimulus, as described in Chapter 5. The background

serves as a proxy for perceptual mechanisms that extend visual patterns, filling portions of the visual
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Figure 6.16: Detail of dream dynamics. The x axis is time, while the y axis is a subset of the
perceptual clusters; black indicates a cluster is present at that time, and white indicates it is not.
Note that some percepts tend to stay activated for long periods, while others appear intermittently
during the dream.
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Figure 6.17: Activation of percepts during perceptual moments. Each column shows one perceptual
moment arranged over the y axis in consecutive order. Each column corresponds to a single training
vector fed to the predictor. Note that some percepts are active over long periods, and others being
activated quite intermittently.
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Figure 6.18: Example of raw stimulus fed to the system from Dataset 2 (above) and the correspond-
ing perceptual simulation constructed from perceptual clusters (below).
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field not occupied by percepts. Although the image is a reconstruction, it very closely resembles the

sensory input. A period of mind wandering, following shortly after the perceptual moment pictured

in Figure 6.18, is pictured in Figure 6.19. Activated percepts diverge significantly from the external

stimulus, as evidenced by the inclusion of blurry percepts (which were captured hours earlier than

the perceptual stimulus) and blue sky.

While the diversity of mind wandering simulations is significant, dreaming still involves a quite

restricted number of precepts. Dreams tend to involve little diversity of perceptual clusters, despite

the injection of noise into the system, two examples of which are pictured in Figure 6.20. This lack

of diversity, combined with the black background, makes dream simulations relatively unsuccessful

as plausible simulations of reality.

The long-term solution is to replace the MLP with a prediction mechanism better suited to tem-

poral sequences, as discussed in the Future Work section of Chapter 7. During perception and

mind wandering, the background behind the activated percepts serves as a proxy for perceptual

processes filling in context dependent detail, this does not extend to dreaming, where the lack of

context makes any background choice problematic. One option to increase the diversity of activa-

tions during dreaming is to increase the noise injected into the system beyond the range used in

the current implementation. Adding more noise is likely to obliterate any output from the predictor,

making dreams effectively random, which is not supported by the Integrative Theory. Another option

is to lower the threshold for detecting night, which would increase the probability of perceptual mo-

ments occurring during the night, and thus increase dream diversity. In practice, an installation of

the work in a dynamic urban setting would likely cause such an effect, due to increased brightness

and activity during the night. As the system’s daylight time is largely spent in mind wandering, it

is reasonable for those images to be more aesthetically interesting and plausible as simulations of

perceptual reality. In the next section, we discuss Watching and Dreaming, a spin off artwork where

the system is fed images from films, in this case 2001: A Space Odyssey (1968). This film’s long

and slowly moving sequences incorporating dark frames facilitates the inclusion of both dreaming

and mind wandering within the duration of the film.

6.3.4 Watching and Dreaming (2001: A Space Odyssey)

In this realization, the system is fed frames from the film 2001: A Space Odyssey (1968), rather than

live images captured in a context of installation. This section describes current work-in-progress

where only minimal changes have been made to the implementation described above. Through

initial experimentation, three major differences between the film (Dataset 3) and Dataset 2 have

been observed:

1. The constructed nature of the film means that large changes (peaks of arousal) are more

unevenly distributed over time.
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Figure 6.19: Two examples of mind wandering images produced by predictor feedback following the
perceptual stimulus pictured in Figure 6.18.
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Figure 6.20: Examples of dream simulations showing limited aesthetic variation.
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Figure 6.21: Example imagery generated during perception (bottom) by Watching and Dreaming
(2001: A Space Odyssey) that resembles the original scene from 2001: A Space Odyssey (1968)
(top).
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Figure 6.22: Example imagery generated during mind wandering (bottom) by Watching and
Dreaming (2001: A Space Odyssey) that resembles the original scene from 2001: A Space
Odyssey (1968) (top).
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2. The tight control of lighting and subject matter lead to extremely strong region boundaries,

and thus the segmentation method performs very well in many scenes.

3. The presence of drastic scene changes in the film are problematic for the use of running

average filtered backgrounds behind percepts.

The combination of 1 and 2 results in images that may appear similar to the original, as pictured in

Figures 6.21 and 6.22. In order to divorce the imagery from the original film, the weighting for the

running average background was changed from 0.9 (previous stimuli) / 0.1 (new stimulus) to 0.99 /

0.01, respectively. This makes the background appear less similar to a particular frame, and more

similar to the colour and structure of a scene in general. The approximately 30 frames per second

of the film means there is little difference between subsequent frames, compared to Dataset 2. The

combination of processing every 30th frame, and changing the running average weight, results in

images that are less likely to resemble the original scenes.

As mentioned in the previous section, the emphasis of this realization is mind wandering over

dreaming, and thus perhaps would be more accurately titled Watching and Mind Wandering.2 While

in Dreaming Machine #3 (Landscape), the rarity of perception over time increases the diversity of

percepts to be included in dreams, this is much less significant in the case of a film where the

diversity of frames is much greater and dreaming is de-emphasized. The combination of long

and nearly static sequences with periods of darkness (e.g. outer space scenes) leads to dream

generation within the film sequence. Thus, it is unnecessary to append black frames to the end of

the film, as proposed in the Future Work section of Chapter 5.

The high degree of diversity in Dataset 3 leads to highly diverse generative imagery. Simula-

tions may appear as painterly abstractions, as pictured in Figures 6.21 and 6.22, where the images

resemble the original scenes. These occur during perception and mind wandering where the activa-

tion of percepts is highly constrained to recent perceptual activation. The degree to which imagery

resembles stimulus is highly variable; some images appear like stimulus images but are also sig-

nificantly manipulated, as pictured in Figure 6.23. In other mind wandering sequences, content

from other scenes could be integrated into the simulation. In the case of Figure 6.24, the previous

scene change did not generate sufficient arousal to trigger perception, resulting in the continuation

of the previous mind wandering process, despite the change in stimulus. A subset of these images,

as pictured in Figures 6.25 and 6.26, combine clearly readable photo-realistic percepts with highly

clustered percepts and backgrounds, leading to imagery that fuses with photography.

In the previous section, even the most incongruent dreams still generate images that are spatially

cohesive, as all percepts are rendered where they were segmented and all frames are locked into

the same view-point by the use of a static camera. The diversity, and the lack of a single point of

2The Integrative Theory and computational model hold that dreaming and mind wandering are enabled by the same
mechanisms, and thus the terms are technically synonymous in this context.
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Figure 6.23: Bottom: Example imagery generated during mind wandering by Watching and Dream-
ing (2001: A Space Odyssey). Top: The stimulus frame from 2001: A Space Odyssey (1968) that
corresponds to this mind wandering imagery.
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Figure 6.24: Example imagery generated during mind wandering (bottom) by Watching and Dream-
ing (2001: A Space Odyssey), where content diverges significantly from the corresponding stimulus
from 2001: A Space Odyssey (1968) (top).
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Figure 6.25: Bottom: Example imagery generated during perception by Watching and Dreaming
(2001: A Space Odyssey), where photo-realistic content is integrated. Top: The stimulus frame
from 2001: A Space Odyssey (1968) that corresponds to this perceptual imagery.
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Figure 6.26: Bottom: Example imagery generated during mind wandering by Watching and Dream-
ing (2001: A Space Odyssey), where photo-realistic content is integrated. Top: The stimulus frame
from 2001: A Space Odyssey (1968) that corresponds to this mind wandering imagery.
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view, of Dataset 3 leads to highly bizarre combinations. Imagery, such as pictured in Figure 6.24,

diverges significantly from the stimulus currently presented to the system. As a sequential clustering

method is used, the final clustering result is highly dependent on the sequence in which regions are

clustered. In this case, this leads to a greater number of percepts that were segmented near the

start of Dataset 3, and also happen to lean to a palette of reds and yellows. As the system’s memory

contains a disproportionate number of percepts clustered early in the film, there is a tendency for

random influence on dreaming and mind wandering to activate those percepts. In the case of

Figure 6.24, this leads to the high contrast between the blues and blacks (resulting from latent

activation of percepts clustered in the previous space scene) and the reds and yellows (resulting

from random activations reinforced by predictor feedback). One significant benefit to training the

system on the finite number of frames in a film, which is not possible in a live installation context, is

that epoch training can be used; this would improve both the clustering and predictor learning.

The realizations discussed in this section show the breadth of the aesthetic potential of the gen-

erative processes of Dreaming Machine #3. The imagery generated by the system ranges from

painterly abstraction, through collage and near photo-realism. The theoretical context that informs

this work is one of its main contributions and sets it apart significantly from related works in both

media art and the computational modelling of dreaming processes. Other artistic examinations of

dreaming and constructive perception tend to be more concerned with an intuitive sense of what

dreaming, perception and memory are, without undertaking a critical examination of theories and

conceptions of the mechanisms of dreaming and constructive perception. Related efforts to model

dream processes emphasize the computational aspects of memory storage, or dynamics specified

by complex differential equations, but tend not to examine dreaming in a broader framework of cog-

nition nor attempt to rigorously link computational systems and corresponding theories. The interest

in dreaming mechanisms for their generative and image-making potential is largely unexamined.



Chapter 7

Future Work and Conclusion

In this chapter, future directions of research are discussed, as well as concluding remarks. The first

four sections discuss future directions of development for this art-as-research practice, the Integra-

tive Theory, the computational model and future artistic works inspired by the research process.

The final section concludes the thesis by returning to some of the initial artistic motivations of this

research.

7.1 Art-as-Research

This research is composed of three major components: (a) the Integrative Theory, which depends

on the biopsychological literature on the mechanisms of visual mentation; (b) the computational

model that manifests aspects of the theory in a formalization suitable for software implementation,

and (c) the art objects themselves being software implementations of the model executed in com-

puter systems. One may ask why this particular constellation of disciplinary lenses is in play in

this research. The biopsychological level of description is used because the scope of the research

centres on the mechanisms of dreaming, and those mechanisms of dreaming are most understood

at a biopsychological level. The computational model formalization was integral in bridging the In-

tegrative Theory and the implementation by providing a site of collaboration with Philippe Pasquier

(senior supervisor) in order to incorporate disciplinary knowledge in cognitive agent modelling and

machine learning. The software implementation of this work is framed within generative and elec-

tronic media art because that is the disciplinary field of the author of this research. At the time

of writing, there has been no formal analysis on how these various components contribute to one

another. An examination of the production blog (Bogart, 2008–2014)1 would make explicit these

1The production blog documents the development of all the Dreaming Machines from the early work on Dreaming Ma-
chine #1 and Dreaming Machine #2 — produced thanks to the support of the Canada Council for the Arts — through to the
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relations and could contribute to art-as-research beyond this project. That being said, there are

some general observations on these relations that can be gleaned, as summarized in Figure 7.1

and described in the remainder of this section.

Research began at the conceptual level and focused on the intuitive question: what are the

atoms of experience, be them memories, perceptual information or concepts? This initial research

was conducted during a directed readings course under the supervision of Steven Barnes (commit-

tee member). The assumption was that concepts were the atoms of experience and therefore the

content of dreams. Following from this, significant time was spent on the literature of concept for-

mation in developmental psychology (e.g. Piaget et al., 1971; Müller et al., 1998; Müller & Overton,

2000; Mandler, 2004, 2008) and developmental robotics (e.g. Marshall et al., 2004; Asada et al.,

2009). In the end, this line of theory was abandoned because the theories of concept development

examined assume underlying biological autonomy and inherent biological drives. Once this line of

enquiry was set aside, the research process focused on dreaming, mental imagery, and percep-

tion. Later, the biopsychology of creativity (Dietrich, 2004) and the default network, in relation to

dreaming and mind wandering (G. W. Domhoff, 2011; Fox et al., 2013), was considered.

As this expanded literature search continued, the Integrative Theory was being developed in

collaboration with Steven Barnes and Philippe Pasquier. Simultaneously, a simple perceptual sys-

tem was being implemented. While much progress was made in making sense of the literature

and integrating various diverse theories, the implementation process was lagging behind. The In-

tegrative Theory was already quite well formed — in its associative formulation — leading up to

the New Forms Festival exhibition (Section 6.3). At this time, the implementation was composed

of rudimentary segmentation and clustering algorithms. As these perceptual clusters are the con-

tent of dreams, their properties have the greatest effect on the spatial quality of generated images.

The production log contains many iterations of refinement of both segmentation and clustering

implementations. Early segmentation methods and poor clustering lead to highly complex and aes-

thetically interesting images (Section 6.3), but those images did not reflect the clustering process

as conceptualized — allowing the recognition of objects and the persistence of objects over time.

The bulk of the implementation process was getting this perceptual system to the stage that mental

images could appear similar to the images seen by the camera.

Figure 7.1 shows how each of these major components contributes to the others. The Integrative

Theory was the initial site of enquiry, where the motivation was to make sense of the literature, with

the support and supervision of Steven Barnes, and arrive at a cohesive concept of what dreams

are, what they are composed of, and their relation to perception. While this is considered part of

the art-as-research practice, it did not yet involve any implementation, or image-making. The theory

was the primary validation of the choices made in the early implementations.

PhD and the development of Dreaming Machine #3 and early work on Watching and Dreaming.
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Integrative Theory Computational Model Artistic Implementation

Figure 7.1: The relationships between various components of research during development.

The notion of the computational model, as a formalization of the Integrative Theory, but sep-

arated from implementation details, was proposed by Philippe Pasquier. This was manifest in a

writing process where the system, as currently conceptualized, was described, clarified and stream-

lined in discussion with Philippe Pasquier. As modules of the system were implemented, the result-

ing images where evaluated in terms of their aesthetic properties — which were largely the result

of segmentation and clustering — and how they manifest the Integrative Theory. For example, the

gaps between segmented regions visible in the New Forms Festival exhibition (Section 6.3), implied

a lack of perceptual cohesion in the system’s mental imagery. The choice of using a background to

fill in these gaps was made to reflect the seamless unification of perceptual information expected

in human imagery. As the implementation was written, it also effected the computational model be-

cause some appropriate architectural and computational choices (from the perspective of computer

science) where out of scope or difficult to implement, and thus were dropped (e.g. reinforcement

learning). Thus, the implementation and computational model were refined and developed in tan-

dem, as supported by the Integrative Theory. The predictive formulation of the Integrative Theory

was developed at the level of the computational model, and it was this emphasis on prediction that

lead to the shift from association according to features to association according to context.

This rough analysis shows that the links between the Integrative Theory (as biopsychological

argument), the computational model (as a formalization of the Integrative Theory), and the imple-

mentation (as a generative artwork) are complex, parallel and difficult to disentangle. The Inte-

grative Theory is strong in terms of its rigorous links with the biopsychological literature, while the

implementation is strong aesthetically — in terms of the qualities of the images it produces. The

computational model and implementation are relatively weak in terms of their exploitation of knowl-

edge in machine learning and agent architecture. Each of these components can be seen as a

separate research project, oriented to different disciplinary interests:

• under Biopsychology, the Integrative Theory would benefit from empirical validation to test its

hypotheses;
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• under artificial intelligence and metacreation, the computational model could be greatly im-

proved in the form of a cognitive architecture integrating mind wandering and dreaming into

task-oriented internal simulations;

• under a generative art practice, the final implementations themselves could be pushed sig-

nificantly in the direction of increasing the breadth of spatial and temporal imagery it could

produce.

The multi-disciplinary nature of this research has meant scoping out these disciplinary examina-

tions, as each itself could be the basis of a doctoral thesis. The fact of developing all these compo-

nents together makes this research process highly challenging as tensions between these various

perspectives, i.e. Biopsychology, computer science / cognitive modelling and generative art, are in-

evitable. As a result, some aspects of the project received more attention than others, and perhaps

there is an over-emphasis on the scientific aspects of the work at the detriment of the central mo-

tivation as an artistic practice. Despite these tensions, the work is broader and more conceptually

unified because of this approach, and a hybrid art-science practice is likely to irk those on either

side to discount the validity of the other. In the next three sections, future work is described for each

of the three major components of this research.

7.2 Integrative Theory

The Integrative Theory holds that the experience of perception, mind wandering and dreaming re-

sult from the activation of visual representations of concrete objects. It is expected that dreaming

in brains involves not just the activation of representations of concrete perceptual objects but also

higher level conceptual representations. Barsalou (1999) proposes that the difficulty in pinning

down the definition and origin of concepts is that they are not fixed representations but simulations

in themselves. These simulations shift their content to match the particular needs of the current

task. On the surface, the focus on simulation in Barsalou’s conception is highly complimentary to

the Integrative Theory. Still, there remains a major issue in the task-dependence of concepts in

Barsalou’s conception. Mind wandering and dreaming, considering their correlation with the default

network, are particularly non-task oriented and stimulus independent. It is unclear how those simu-

lations would be constrained independently of task demands. Perhaps conceptual simulations are

not task dependent so much as they are context dependent, and thus such conceptual simulations

may also depend on predictive mechanisms.

The Integrative Theory, as currently conceived, has associated working memory, executive and

attentional mechanisms with the PFC in general. This particular conception glosses over differences

in activity across the various regions of the PFC, including dorsolateral and ventromedial areas. The
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Integrative Theory would benefit from a finer grained conception sensitive to constituent regions of

the PFC and an integration of executive functions associated with the PFC.

7.3 Computational Model

The computational model is framed as a situated agent, although its agency is extremely impov-

erished in the absence of intention and other executive functions, which are out of scope of this

research project. One avenue of development would be the inclusion of executive mechanisms

such as planning and volition and integrating the system into an existing cognitive agent architec-

ture — e.g. CLARION (Hélie & Sun, 2010) or SOAR (Laird, 2012). This would also entail a richer

and hierarchical system of representations, although cognitive architectures tend to lack a basis

in brain anatomy which is central to the Integrative Theory. The inclusion of volition in the system

would promote the system to a cognitive agent with both task oriented and freely simulated (mind

wandering and dreaming) mentation. These two modes of mentation respectively resemble System

2 and System 1, as proposed by Kahneman (2011).

The multi-layer perceptron was chosen to facilitate implementation and for its proven flexibility

and performance. As prediction is inherently about patterns occurring over time, a machine learning

method specifically developed for temporal prediction could improve the ability of the system to

predict sensory information, and therefore enrich dream and mind wandering sequences. Recurrent

Neural Networks (Dorffner, 1996) and Deep Belief Networks (H. Lee et al., 2009) will be examined

as possible methods to improve the model’s predictor. Additionally, replacing the hard threshold

used in the circadian clock with a proper oscillator entrained by visual brightness will be examined.

The combination of the noise sensitivity of mean shift segmentation over time, and the relatively

small number of perceptual representations, has lead to quite unstable region edges, even in cases

where the edges appear quite distinct to a human observer. This is due to a lack of temporal

information used in the segmentation, which simply treats each frame as a new and unique image.

Bailer et al. (2005) have proposed a method to improve the temporal stability in mean shift image

segmentation, which could be included in the system.

7.4 Artwork

The research process that lead to the Integrative Theory began with an artistic intention to cre-

ate the artwork Dreaming Machine #3. The development of the theory, and implementation of

the computational model, inspired concepts for future artworks. At the time of writing, Watching

and Dreaming (2001: A Space Odyssey) is slightly modified from Dreaming Machine #3. The fi-

nite nature of a film source leads to the potential of a live system that continuously watches the film
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over many epochs, which could improve the performance of some prediction algorithms. This would

change the structure of dreaming and mind wandering over time such that each epoch would lead to

different generative sequences. Versions of Watching and Dreaming are planned that use Metropo-

lis (1927) and Blade Runner (1982) as input sources, chosen for their contribution to cinema and

their representations of artificial intelligence. Another version of Watching and Dreaming could be

fed frames from live television and run continuously as the site-specific Dreaming Machines.

Another proposed artwork, titled the Dreaming Mirror, would be tuned to the segmentation and

reconstruction of facial images in particular. The system would break faces into multiple regions

stored in a corpus where the regions would be used to reconstruct the face of the person currently

in front of the work. The system would learn correlations between regions of the same face (pre-

diction over space rather than time). In the absence of a face, the system would then ’dream’ by

reconstructing faces from the visual corpus, using the most recent face as a starting point.

Dreaming Machine #3 (Landscape), will be exhibited at the International Symposium on Elec-

tronic Art (2014) in Dubai. This version of the system is tuned to perceiving the landscape and pre-

dict its changes over longer timescales. The system will ignore foreground objects and the patterns

of their short-term movement to emphasize shifts in light and inanimate objects in the landscape of

Dubai.

The machine learning and computer vision methods used in the context of this research could

be applied outside of the conceptual framework of the Integrative Theory or the computational

model. In such a case, the intention would be to examine the breadth of the aesthetic potential

of these methods without the constraints of the theoretical framework. Self-Organized Cinema is

such a body of work and exploits these various computational methods with an emphasis on their

structural and aesthetic properties as applied to the filmography of Stanley Kubrick.

7.5 Conclusion

At the start of this thesis a few questions were posed: (a) What is a dream? The argument presented

in this thesis is that a dream is a simulation of reality constructed in our minds from a predictive

model of the world that allows the reproduction of lived day-to-day sensory experience; (b) What

is the relationship between dreaming, mind wandering and external perception? Dreaming and

mind wandering are contiguous processes enabled by mechanisms of simulation correlated with

the default network. Perception itself is a simulation — a simulation highly constrained by sensory

information that fills in details not available to our sensory organs.

While we have constructed cultural notions of dreams as bizarre narratives, we tend to dream of

somewhat familiar places in which people engage in relatively normal activities. It is difficult to draw

the line between our experience of dreams, how we report dreams, and the cultural concepts of

what dreams are and should be. The consideration of perception as a process of simulation closes
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the gap between dreams and external perception. The ontological position of this thesis is that there

is an objective reality out there, and that perceptual simulations are anchored in the real. Dreams

and mind wandering are free of this anchoring and reflect culturally biased predictions of reality.

Considering the contiguity of visual mentation, dreams are meaningful in the context of our lived

waking experience of the world and each other, and thus a strong relation to culture is inevitable.

Dreams allow us to experience the world as it is understood by the unconscious predictive mecha-

nisms of our mind/brains. It is interesting to consider the implications of Hobson’s (2009) proposal

for the development of the protoself in the context of ontology. If REM sleep and ’virtual reality’

simulation occur before birth, then what reality is being simulated? This should be considered in

relation to Chapter 3 where the notion of internal simulation and external influence arriving at a mu-

tually reinforcing pattern, which is not reducible to either in isolation, is discussed. While black and

white television has apparently not caused us to perceive the world as black and white, we likely do

experience the world through cultural narratives often presented in time-based media. Dreams are

sequences of events that appear narrative-like because they are an unfolding of predictive mecha-

nisms that may also be the basis of narrative structure. Dreams appear bizarre because the lack

of anchoring in sensory information no longer mitigates the errors in prediction. These predictive

errors accumulate, resulting in failures in continuity and bizarre juxtapositions.

Dreams are meaningful because they manifest the implicit sense of how events are likely to

occur over time. Without the interference of sensory reality, these simulations show us the world as

we understand it, rather than how it is. They expose the constructed nature of our perceptions which

is a function of both how we conceptualize it, and how it appears to our sensory organs. Visual arts

are about the act of representation, about the very process of taking that which is real and observed

of the world and transforming it through culture, concepts, recognition and expectation. By making

a Dreaming Machine, the hope is that the viewer reflects on the apparent stability and certainty

of their own perceptions and to question: what is the relation between the world as we see it, the

world as it is, and the world as it is culturally constructed by artists and scientists? The cultural

baggage that defines what a dream is changes how we conceive of our dreams. Much of the world

in which we live, at least in the west, is saturated with visual culture — the result of processes of

representation and transformation of reality.

When a viewer gazes at the Dreaming Machine, they look through layers of complexity. On the

surface is the image, the representation of the world. From a distance the image may appear pho-

tographic. Upon closer inspection, the constructed nature of the image is betrayed in the details,

the nonsensical combinations of light and form. The whole appears uniform and true, while the

individual elements could be impossible. When the viewer looks at the machine that dreams he or

she is looking through the representation to a computational process — a model of mechanisms of

perception and dreaming that are in themselves representations. Through these layers of represen-

tation, and impenetrable meaning, we see a glimpse of ourselves. By looking at the machine that
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dreams we are looking at the results of the kinds of processes we use to make sense of the world,

transformed and reconfigured through those very same mechanisms. In a machine that dreams,

we see not representations of ourselves, but representations of how we conceive of ourselves. We

see the simulation, not the reality.
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