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Measuring the World

Olfaction as a Process Model of Perception

Ann-Sophie Barwich

1. Introduction: Why Things Stink

What is the first thing you do when you open a box of milk, especially if it has stayed a
few days longer in the fridge and may have gone off? You take a whiff. Although popular
opinion sticks to the idea that the human sense of smell is declining and unimportant,
this is a blatant misconception.! Your nose actually is the most accurate and sensitive
chemosensor on earth. It detects the slightest changes in the chemical composition
of your environment, and it does so with striking precision. A difference in one atom
of two otherwise perfectly similar molecules can cause your perception of their odour
quality to vary entirely. For instance, take nonanoic acid (CH;(CH,);COOH;
Figure 17.1a), which smells of cheese. If you add only one carbon atom, you get decanoic
acid (CH;3(CH,)sCOOH; Figure 17.1b), which you will perceive distinctly different, as
smelling rancid!

While your olfactory system is mind-bogglingly precise in its capacity to detect the
slightest changes in chemical variation, it is also incredibly flexible in its processing.
Think about the wide range of responses to smells: certain odours evoke an imme-
diate and almost universal dis-liking (e.g., the smell of cadaverine, NH,(CH,)sNH,, is
not something you will consider pleasant), but many other odours tend to carry
individually variable associations—variable depending on their familiarity and on
memories of previous encounters.

This dual character, the flexibility of perceptual interpretation in parallel with the
precision of its molecular detection mechanism, makes olfaction an excellent model
system for renewing philosophical attention to perception. Perceptual analysis has
traditionally concentrated on visual perception. In recent years, the neglect of what is

! The most popular and persistent opinions about our sense of smell are that it is declining, that it is
evolutionary unimportant to humans, and that other animals such as dogs are much better at smelling.
Nothing could be further from the truth. Neither is the sense of smell declining nor is the human sense of
smell considerably worse than the olfactory abilities of dogs. For a popular science account of smell and for
debunking such myths, see Gilbert 2008; Shepherd 2012; and Barwich 2016; for a scientific review of the
importance of the olfactory system in molecular biology and neuroscience, see Firestein 2001; Shepherd
2004; and Barwich 2015b.
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Figure 17.1 Ball-and-stick models of nonanoic acid (A; top), which smells of cheese, and
decanoic acid (B; bottom), which smells rancid (Jynto and Mills 2010a, 2010b). While they
differ only in one carbon atom, this difference is responsible for their distinctly different smells.

often referred to as ‘the other senses” has started to become a matter of correction,
though.> Nonetheless, olfaction remains the most neglected sense among these
laudable developments.

Smell has long constituted the problem child for philosophers of perception
because of its apparent lack of representational capacities. Odours are experienced,
but in what way does this constitute representational content? This question has been
traditionally addressed by debating the representational nature of odours as corres-
ponding to objects (see the essays in the thematic issue of Keller and Young 2014).
Such approach centres on the nature of the stimulus as defining perceptual content.
In light of recent developments in cognitive neuroscience, I propose an alternative to
that view in this chapter.

Perception here is analysed as a process. The thrust of my argument is, in brief, that
we need to abandon a stimulus-centred point of view where we think of smells as stable
percepts that are computationally linked to external objects such as odorous molecules.
There are no stable and intrinsic links between chemicals or input sources and our
perceptions, such as of odour qualities. Denying that input sources are the primary
element in perceptual analysis does not lead to a denial of their causal and functional
significance, however. Once this proposition is clear, a very large part of the philo-
sophical motivation to oppose the perceptual model advanced here should vanish.
Instead, we must consider flexible and contextual aspects of the process to understand
what it is that we perceive from odorous molecules through our sense of smell.

Smells, the argument proceeds, are not so much about objects and stable object
perception as about changes in the chemical composition of the environment and
flexibility in terms of its contextual evaluation. In the course of percept formation,
sensory input is filtered and structured by different anticipatory processes. What we
perceive is highly dependent on a signal’s combination with other sensory cues,
previous experiences, and expectations of what options a signal affords.

* For reviews, see audition (O’Callaghan 2014), touch (Fulkerson 2015), taste and flavour (Smith 2012;
Spence 2013).
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The informational content of smell must not be analysed as perceptual instances in
terms of classes of ‘odour objects’ (e.g. rose), but with respect to ‘odour situations’
where input cues are integrated in terms of their temporal and contextual associ-
ations with other external sensory cues, internal hidden states (experience and
memory-based, or internally inferred), expectations or predictions, and feedback
processes of error correction. A number of processes can cause certain odour
qualities to become more prominent in a percept, allowing for semantic associations
with previously encountered smells. Other processes facilitate the variability of
semantic associations in smell perception. In order to understand the informational
content and identify the perceptual dimensions in olfaction we must model odours
after the processes that facilitate signal pattern separation and completion.

In this chapter I elaborate on the scientific foundations and philosophical implica-
tions of this idea. That said, the perspective on perception advanced in what follows is
not meant to carve out olfaction as necessarily different from the visual or auditory
systems. Rather, it is intended to refine our perspective on the variable factors that
determine perceptual content. Olfaction in this context bears interest, as it seems to
possess a less intuitive perceptual structure than vision and, as a result, a less
deceptively straightforward relation between sensory input and perceptual content.

The starting point of this chapter is to engage with the received view in philo-
sophical studies that considers the distal stimulus as the central element for the
analysis of perceptual content (Lycan 2000; Batty 2010a, 2912b, 2013; Keller and
Young 2014; Keller 2016). Having outlined what constitutes the general challenge
here, namely the inadequacy of talk about odour objects, I turn to current scientific
studies on the neural basis of olfaction. These studies highlight the non-linearity of
stimulus processing and demonstrate the impact of top-down mechanisms in olfac-
tion, and I analyse these experimental developments in the context of an alternative
framework as emerging in cognitive neuroscience. The central proposal here is to
model the brain in terms of two complementary and simultaneous processes as the
integrated proximal stimulus: perceptual bias as anticipation and bias correction as
revision. I conclude with a disambiguation of the different meanings of anticipatory
processes that regulate perception; and I present perception as a process that
measures changing signal ratios in the environment and is shaped by expectancy
effects in perceptual content formation.

2. The Received View: The Input Determines
the Perceptual Experience

In some ways the philosophical analysis of perception used to suffer from the same
problems as certain parts of theoretical physics: concepts originate purely from theory,
and there often is no way to see how foolproof the grounds for the relevant theoretical
convictions really are without guided experimental manipulation. Contemporary
philosophy of perception has experienced a great deal of change and challenges in
parallel with the rise of cognitive neuroscience over the past decade, however. The
essential tension surrounds the double understanding and analysis of perception
(1) as a representation of external objects (distal stimulus) and (2) as a result of the
neural processes generating stimulus patterns (proximal stimulus).
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Take the common-sense idea that our perceptions are shaped by what we perceive:
we consider our perceptions to be representations of objects and their features in the
world. Philosophers of perception have been careful not to confound perceptual
representation with neural representation, and instead have focused on the distal
stimulus input as the measure by which we must judge the content of our percep-
tions. What are the grounds for this view, and what reason is there to reconsider the
relation between perceptual and neural representation?

Let’s start with the traditional philosophical notion of a ‘percept’. Although there
seems to be no formal definition of what a percept is, it is commonly used to refer to
the perceptual experience that results from the act of perceiving. Our percepts are
considered to be about things in the world, and understanding this aboutness or
intentionality of perception is one of the major occupations in philosophical dis-
course (Peacocke 2008). For example, my perception of the cup of coffee in front of
me is going to tell me something about it, such as its colour, shape, and size. But how
shall we model and analyse the content of our perceptual attention to the world?

The philosophical literature has produced numerous arguments on this topic (for
areview, see Crane and French 2016). Large parts of the debate concern whether such
perceptual experiences are truthful or accurate representations of the things we
perceive in the world (Akins 1996). Central to this inquiry is the distinction between
perceptual appearance and reality. What unites the bulk of philosophical arguments
on this topic is a concern about the source of perception and its elemental primacy
for perceptual analysis. The shared hypothesis about the directionality of the per-
ceptual process is clear: the input structures the perceptual content. What does that
mean? And does this apply to olfaction?

The common-sense idea that perception is about objects originates from our
dominantly ‘visuocentric’ theories. It has led some philosophers of mind to the
question of what might constitute ‘odour objects’. Four suggestions are offered in
the literature: (i) smells represent ordinary objects (like roses, wine, or Brussels
sprouts); (ii) smells represent clouds of odorous molecules; (iii) smells represent
chemical features of molecules; or (iv) smells may be purely subjective phenomeno-
logical experiences or sensations that do not present us with propositions specifying
particular objects in the world (for different positions, see Lycan 2000; Batty 2010a,
2010b; Keller and Young 2014). Analysis here centres on the assessment of percep-
tual ‘object failure’, meaning ‘the failure of an experience to present objects accur-
ately’ (or to present any objects at all; see Batty 2010b: 10).?

A lot of arguments in this debate concern the effect of the visual presence of a
source object on olfactory experience (particularly in the work of Lycan and Batty).
Notably, this effect has been characterized by the olfactory physiologist Hans
Henning as early as in 1916. Henning drew a conceptual distinction between ‘the
true odor [Gegebenheitsgeruch], which is obtained by the observer who is smelling
with closed eyes and is ignorant of the nature of the scent, and the object smell
[Gegenstandsgeruch], which (like color) is projected upon the objects from which it is

* Alternatively, a discussion about the question of whether we can perceive absences in olfaction as
being objectless can be found in Roberts 2015.
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known to come and apt to be distorted by associative supplementing’ (Henning in
Gamble’s translation, in Gamble 1921: 292). Eleanor Gamble’s translation of the
German Gegebenheitsgeruch as ‘the true odor’ is misleading, however, as the literal
meaning is ‘the situation odour’. For Henning, such perceptual effects presented
important methodological factors for psychophysical measurement, not a measure of
the ‘truthfulness’ of odour objects.

There are several philosophical difficulties involved in defining olfactory object-
hood (for an extensive analysis, see Keller 2016). Some of the arguments about the
nature of odour objects, namely for their being (ii) clouds of molecules or (iii)
particular features of molecules, fail to distinguish between the stimulus as the
cause of perception and the perceptual object as the content of perception. This
view also runs into scientific problems. To date, there are no known structure-odour
relationship rules (i.e. regularities linking specific chemical features and the smell of a
molecule), and the causal features of odorants (i.e. the odorous molecules) are
dependent on receptor behaviour, not vice versa (Barwich 2015a, 2015b; Poivet
etal. 2016). Moreover, and as I explain in the next section, smell is not only
determined by molecule-receptor interactions, but is also significantly dependent
on higher-level brain processes.

Arguments for (i) (i.e. a semantic understanding of odour objects as ordinary
objects) run into trouble as well. Suffice it to say that some smells, such as artistic
perfumes, do not necessarily have associations with ordinary objects. Even ordinary
objects give off hundreds of odorants, and each one is not only different from the
others but also distributed from its source at a different temporal scale from theirs
(this is also the basic principle in the composition of alcohol-based perfumes).

A layered account for odour objects as being a combination of semantic (= (i)) and
causal (= (ii), (iii)) objecthood does not present an intuitive or clear criterion for an
odour object either. ‘Layered’ means, according to Lycan (2014), that odour percep-
tions can be veridical in two independent ways: first, on a lower-level account of
representation in terms of its causal objects (i.e. I perceive, correctly, the presence of a
cloud of molecules as the causal object); and, second, on a higher-level account of
representation in terms of its semantic associations (i.e. I perceive, correctly, a cloud
of molecules as a rose). Such a model of differentiating the truth values of (i) and (ii),
(iii) remains far too uninformative and further runs into trouble once we consider the
different variables regarding the distal stimulus as well as its associated semantic
content. For example, the attempt to link the smell of ordinary objects such as roses
to particular (clouds of) molecules (or their features) is

[a]n innocent approach when we know that the scent of a rose comprises hundreds of different
molecules and that none of them smells like a rose. So far I have not found ‘the’ rose molecule,
but I have discovered that the smells of flowers have a biologically dictated cycle, and that their
composition can vary significantly without them losing their identity.

(Ellena 2012: Cabris, Thursday 22 July 2010)*

* To be sure, the basic rose smell is more likely composed of dozens, not hundreds, of molecules. The
main point of this statement remains valid, however.
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A dominant focus on veridical object representation in perceptual analysis further
falls short of several key aspects of olfactory experience. First, it ignores the purpose
of smelling: ‘Stimulus representation isn’t the primary business of olfaction. Rather,
its job is solving a problem of valuation, rapidly encoding the biological salience of a
stimulus and priming our multisensory representation of it to contextually appro-
priate action’ (Castro and Seeley 2014: 1). As other philosophers and scientists have
pointed out (Burge 2010; Keller 2016), the biological function of perception is prior
to representational accuracy in an evolutionary reading of sensory systems. Percep-
tions here are primarily understood to facilitate the achievement of organismal goals
such as the four Fs (fighting, fleeing, feeding, and courtship). While the truthful
representation of the world can coincide with the achievement of these biological
functions, it need not.

Second, object-centred representational analysis remains indeterminate and mis-
leading with respect to the perceptual dimensions and the structure of olfactory
experience.” What is the structure of odour perceptions? To be sure, olfactory
information is spatially and temporarily structured in the environment. In humans
and other animals it can be used for navigation and active exploration (Porter et al.
2007), and we recognize temporal patterns of changes in the olfactory environment
on shorter and longer scales, such as circadian and annual fluctuations of smells
(Keller 2016). That said, we must be careful not to equate the external structure of a
signal with the structure of our perceptual experience.

Human olfaction is generally characterized as being temporal but as lacking spatial
dimensions in its perceptual content. It is temporal in a phenomenological sense, as
smells appear to be perceived now, and they act as an indicator of the presence of
something. Olfaction is also temporal, in the sense that we perceive important
changes in the chemical constitution of our environment. As we are constantly
surrounded by hundreds of airborne molecules, our olfactory system is tuned to
this situation by quickly adapting to stable ratios of odorants, so that neural popu-
lations fire more actively when novel stimuli are encountered. In comparison, spatial
structure in perception is characterized as exhibiting perceptual relations in terms of
position, orientation, or directness (Keller 2016). As odours do not exhibit such
spatial structuring and ‘we do far less of that sort of objectification’ in olfaction, this
has led some philosophers to believe that ‘smell, in humans, is informationally very
poor’ (Lycan 2000: 277) and lacks ‘articulate individuation’ (Lycan 2000: 282).

Such a judgement conveys a blatant misunderstanding of what olfaction is for.
Information is an ambiguous and multifaceted notion, especially with respect to
organisms and their sensory systems. I ask you instead, how many different smells
can you perceive? Scientifically speaking, olfactory quality space is multiscaled and
consists of hundreds or thousands of different odours (though the precise number
and the usefulness of counting are matters of debate; see Bushdid etal. 2014;
Meister 2015; and Magnasco et al. 2015). Furthermore, why do you consider
an odour to be pleasant or unpleasant (and when or for how long)? It is rather

® I have argued in more detail elsewhere why I consider object-centred representational analyses of
smells to be ill informed with regard to categories of sensory measurement (Barwich 2014).
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curious how much the hedonic tone of odours seems to escape philosophical ideas
about perception; one might blame this on the heritage of the Enlightenment’s
mirthless philosophy of the senses (Classen et al. 1994). Likewise, how much does
the context of your encounter with a stimulus and its combination with other
sensory cues shape its perceptual content? The most obvious example of the
informational richness and context-sensitivity in olfactory perception is the com-
plexity of flavours (Shepherd 2012, Smith 2012, Spence 2013). Your perception of
food and beverage flavour is dominated by your sense of smell, more specifically
retro-nasal (or mouth-breathing) olfaction. Humans have developed highly
sophisticated discriminatory abilities when it comes to flavours.

Overall, such a differentiated account of perceptual information invites us to
rethink our standard approach to perception. Regarding the inadequacy of talk
about odour objects, other philosophers have suggested adopting suggestion (iv)
and simply rejecting an object-representational account, viewing smells as subjective
phenomenological experiences or as ‘feels’ that are somewhat ‘free-floating’ or ‘object-
less’ (Batty 2010a, 2010b). It remains unclear what precise understanding of odours is
gained through this proposal, however. Detaching philosophical analysis of smell
from objects and seeing perceptions as mere sensations does not account for the
purpose of odour perception as a measure of chemical changes in your environment.
It does not explain how we should understand the role of the stimulus as an
informational signal for a specific sensory system. Thus this chapter advocates that
the structure of the perceptual image must be modelled after the processes it serves.
But what are these processes? And how can we think about the informational
dimensions of signals in terms of sensory systems and their regulatory principles?

3. The Neural Basis of Olfaction and the Idea
of Forecasting in Perception

Input-centred modelling of the senses has not been restricted to philosophical debate.
Its equivalent in neuroscience is the view that the organization of a sensory system
such as the visual or the auditory one is shaped primarily by the incoming signal.
Basically, this expresses the idea that external stimuli are recognized by our sensory
systems and translated into internal representations by means of topographically
organized brain activation patterns that further facilitate behavioural responses to
certain stimuli. The resulting input-output model of perception has been crucial for
successful developments in visual research, especially throughout the 1980s and
1990s (Marr 2010 [1982]), as well as influencing research on other sensory systems
such as olfaction (Davis and Eichenbaum 1992).

Meanwhile this standard bottom-up version of computationalism has been chal-
lenged and modified.® Over the past decade, sensory and computational neuroscience

¢ The implicitly unidirectional and monocausal input-to-output interpretation of sensory processing
has elicited various criticisms and suggested alternatives over the years, especially in philosophy. Most
prominently, theories of action, enactivism, and embodiment have argued against the differentiation
between perception, body, and the environment (for an extensive review, see Hurley 2001). Overall,
these theories view the body as a condition and constraint for forming percepts so that we are able to
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has provided much more advanced models and analysis of higher-level brain pro-
cessing. While we should not equate the analysis of the sensory processes with the
phenomenological character of its perceptual products per se, the neural pathways
are the basis on which we must build and correct our perceptual theories. What is
more, by identifying and analysing current questions in contemporary neuroscience,
we gain a much more detailed and informative picture of what kinds of questions we
must ask in order to reconsider some philosophical approaches to perception.
Olfaction, again, presents us with a salient case for this.

As a rough sketch (see Figure 17.2), the olfactory pathway is structured as follows
(for a review, see Firestein 2001). Odorants are first detected by receptors situated on
the sensory nerves in the nasal epithelium. All olfactory sensory neurons expressing
one particular receptor gene (encoding a receptor type) are then collected in spherical
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Figure 17.2 Sketch of information flow in the olfactory pathway. Odorants activate receptors
situated on the sensory nerves in the nasal epithelium. Receptors are randomly spatially
distributed across the mucous. All sensory nerves expressing one receptor gene (coding for a
type) are collected in neural spherical structures called glomeruli. As a result, odors here are
represented as spatially discrete activation patterns. The synaptic organization of the piriform
cortex remains an unresolved issue to date.

interact with our environment through sensory experiences. Or, more briefly put, the state of your body
affects the state of your perception and, in turn, of your cognition. On this account, behavioural or motor
output and sensory input are coupled and analysed in relation to each other (Varela et al. 1991; Hurley
1998; O’Regan and Noé 2001; and Noé 2004). I have decided to exclude analysis of embodiment ideas in
this chapter, for reasons not only of length and focus, but also of appropriateness: strong theories of
embodiment that view perception as being somewhat in the body and out of our heads (Noé 2009) simply
fail to resonate with numerous clinical cases, for example where certain disorders in the right-brain
hemisphere can cause feelings of disembodiment in patients (see ch. 3 in Sacks 1998). However, I agree
with weaker theories of embodiment that emphasize sensorimotor aspects of sensory systems as influen-
cing perception (e.g. the effects of sniffing patterns on odour perception). One can be of a divided opinion
as to whether sensorimotor effects require such an extensive theoretical treatment as in the case of the
embodiment movement. In fact some psychologists have objected that the ‘basic principles from embodi-
ment theory are either unacceptably vague (e.g., the premise that perception is influenced by the body) or
they offer nothing new (e.g., cognition evolved to optimize survival, emotions affect cognition, perception—
action couplings are important)’ (Goldinger et al. 2016: 959). I remain agnostic on this issue in this chapter.
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neural structures (so-called glomeruli) in the olfactory bulb (at the frontal lobe of
your brain). At the bulb level, a neat activation pattern shows up (Vassar et al. 1994;
Mombaerts etal. 1996). This pattern represents the range of receptors that are
activated by certain chemical features of the distal stimulus. So you will get a different
activation pattern for a musk molecule from the one you will get for a citrus
molecule. Now, as with the visual system, this topographic organization of the bulb
was expected to be maintained throughout further processing stages, and the expect-
ation was to find a corresponding topography in the olfactory cortex (Axel 2005). It
turns out that this may not be the case.

Olfactory scientists have struggled to find any such topographic organization over
the past ten years (Stettler and Axel 2009; Mori et al. 2006). Their efforts have largely
concentrated on the so-called piriform cortex, which constitutes the largest part of
the olfactory cortex. It was long assumed to be the centre of odour object formation.
This means that the piriform was considered to be the domain in the brain where
olfactory signals are combined into a unified odour percept. While the piriform
cortex does not present us with stable input maps like the bulb, it has been shown to
respond to different sorts of organizational regulation, however.

On the one hand, there are findings that suggest that the piriform cortex can
get trained into forming more or less temporally stable patterns through innate as
well as through learned behaviour (associated with smells). This strategy is pursued
for instance in Richard Axel’s lab. Taking full advantage of the experimental
possibilities offered by novel techniques such as optogenetics, Axel’'s team traces
olfactory signalling from the bulb to the piriform cortex via the amygdala as a sort of
‘relay’ station (Root et al. 2014). The amygdala is part of the limbic system and deeply
involved in processes of memory formation, decision-making, and affective responses.

On the other hand, an alternative model is to ‘reverse engineer’ and ask what the
signal is for (i.e. trace its efferent connections) rather than ask where it comes from
(i.e. trace its afferent connections). This strategy is employed by Stuart Firestein’s lab.
Firestein’s team was looking at projections from two higher-level domains in the
orbitofrontal cortex (the agranular insula and the lateral orbitofrontal cortex) back to
the piriform cortex. And indeed, the team found two distinct neural populations with
a largely non-overlapping topographic organization (Chen et al. 2014).

To what extent these findings will converge in a unified model of olfactory
processing is an empirical question, and it presents an exciting prospect for further
research in olfaction. There may or may not be a central domain of synthesizing or
unifying olfactory experience. What these approaches have in common thus far is a
shared focus on behaviour and learning as fundamental to the formation of odour
objects. The amygdala and the orbitofrontal cortex in particular are domains notable
for their involvement and centrality in decision-making processes and sensory
integration (Shadlen and Kiani 2013; Castro and Seeley 2014).

For philosophical studies of perception, these are interesting experimental devel-
opments. They highlight the non-linearity of stimulus activation and representation
and demonstrate the impact of top-down neural processing in olfaction. While
research on smell lacks a general theory of its subsystems (integrating studies of
receptor, bulb, and cortex activity), these experimental inquiries resonate with a
general tendency in cognitive neuroscience that has started to pursue an alternative
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framework for modelling perception and cognition. The growing trend is to think of
behavioural systems in computational terms.

While there is no real consensus about theories of the brain to date, there is
convergence on what aspects a genuinely alternative conceptual framework for
neural processing must build on: bias and revision. ‘Bias’ refers to the formation of
anticipations and preferences through previous experiences, and revisions are pro-
cesses where these biases are continuously corrected.

Consider a great example of perceptual biases introduced by top-down processing:
the role of expectations in flavour perception. Here we encounter numerous phe-
nomena where the perception of colour or texture in foods and beverages affects our
judgement about the perceived gustatory qualities of these foods and beverages. In
one study, test subjects were given two beverages of the same chemical composition,
one being of a brighter colour than the other. Subjects perceived the brighter
beverage as sweeter and more intense (Bayarri etal. 2001). Another study appears
to ridicule sommeliers and wine tasters who were given wines to test and describe.
The subjects in this study were presented with red wines that, unbeknownst to them,
were in fact just white wines laced with red food colour. The tasters proceeded to
attribute traditional red wine properties to these white wines (Hodgson 2008).

What perceptual puzzles such as these suggest is that seemingly higher-level pro-
cesses should not be taken as separable modules in the cognitive architecture. They are
an integral part of our basic perceptual processing instead. As has become clear by now,
perception is not exclusively or even primarily determined by input. Most notably, this
is where data from the neural pathway and psychophysical studies of perception
converge. What we perceive with the help of our sensory systems is multilayered and
multiprocessual: perception is dependent on a signal’s combination with other sensory
cues, previous experiences, and expectations about the kinds of options this signal
affords. These different processual layers are constitutive of the perceptual architecture
and the selective biases in percept formation. But how can we model and analyse such
seemingly bidirectional causal character of information flow in sensory processing?

Over the past fifty years, a number of neuroscientists have suggested models of
neural networks that build on these two processes, anticipation and revision, as
complementary mechanisms. In these models, your brain works like a neuro-
computer that copes with the plethora of sensory information by predicting stimulus
regularities through previous experiences. These sensory regularities provide percep-
tual templates by which your brain continuously generates an internal virtual model
or a simulation of the environment (Friston 2010; Graziano 2013).

To generate such a model, the brain operates by two complementary and simul-
taneous mechanisms of top-down and bottom-up processing. “Top-down processing’
refers to the information flow from the higher cortical areas to the lower sensory
domains. This top-down mechanism makes predictions about the environment on
the basis of prior experience of stimulus regularities, and its activity results in so-
called ‘forward models’. By comparison, bottom-up processing describes the infor-
mation flow of stimulus input from lower sensory areas to higher-level brain
domains. Most crucially, the function of the incoming input from this bottom-up
mechanism is defined as an error correction of the forward model. What precisely
such top-down processes are and what constitutes the content of predictions is not
obvious, as I will explain over the course of what follows.
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Similar models of the brain as a perceptual forecasting machine have permeated
motor theories for decades (Bridgeman 1995, 2013). For example, one of the most
salient examples for the role of sensorimotor prediction in perception is a phenom-
enon that was first described in the nineteenth century (Bell 1974 [1823]; Purkinje
1825; Helmholtz 1925 [1866]) and later, in the mid-twentieth century, became
known as ‘efference copy’ (Holst and Mittelstaedt 1950; Sperry 1950). Efference
copy describes an effect where your brain creates a forward copy of your sensori-
motor system, anticipating your movement in order to provide stability in motion
perception (Bridgeman 2007).

More recently, the idea of the brain as a forecasting processor has entered cognitive
neuroscience and philosophy under labels such as the theory of predictive coding, or
the Bayesian brain (Friston 2010; Clark 2013; Hohwy 2013), but also as attention
schema theory (Graziano 2013). The essential components for such theories have
been around for several decades and in various disciplines. The importance of
schemata as perceptual anticipations in perceptual cycles and revision was put
forward most prominently by the cognitive psychologist Ulric Neisser (1976), a
close colleague and office neighbour of James J. Gibson at Cornell.

While the various subtleties and differences in different theoretical accounts of
forecasting mechanisms need not concern us here, what essentially unifies these
approaches, in my view, is a shared outlook on the nature of perception and
cognition as inherently processual. In forecasting models, perceptual analysis is not
centred on the idea of stable piecemeal perceptual images of the world as represen-
tative of external objects. Rather, it concerns the dynamics between anticipation and
correction in perception, and the processes that constitute the formative mechanisms
of learning and revision. Such a dynamic picture accounts for the flexibility with
which organisms are able to react to a variety of environmental changes.

In this perspective, the links between input and output processing are deeply
intertwined and cyclical. Their analytic differentiation is not so much of a sequential
as of a functionally complementary nature. Therefore the first step here is to
acknowledge the central difference from the received view, where we saw the
perceptual images as a product at the end of the line of the perceptual mechanism.
The flaw of the received view is that it obscures the constant flux that directs
perceptual processes. Or, in Dennett’s (1993: 253) words: ‘[t]his is like forgetting
that the end product of apple trees is not apples—it’s more apple trees.” This, too,
holds true for perceptual analysis if we are forgetting that the end product of
perception is not percepts—it is the ongoing perceptual processing.

When we analyse perceptions in terms of such forecasting processes, our percep-
tual images are not shaped exclusively by the external input but are strongly affected
by our anticipations, experiences, and the information context. Anticipatory pro-
cesses are not some isolated effects at the end of higher-level cognitive processing.
Rather, they resonate with neural mechanisms that constantly feed back into lower
sensory domains and thereby influence the biochemical effects that produce our
perceptual impressions. That said, discarding the primacy of input as structuring our
perceptual experience does not mean that the stimulus does not play any role at all,
only that its role must be modelled after the processes in which it participates.

It is one thing to say that the formation of percepts is informed by signal input
but shaped by top-down processing. It is another to highlight the concrete aspects of
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top-down processing that benefit our understanding of perception as processes. To
put some flesh on the bones of this idea, I present the case of an alleged ‘olfactory
illusion’ in the next section, before ending with the concrete philosophical questions
that result from a perceptual model based on processes instead of objects. Ambiguous
meanings of anticipation are the easiest place where we can situate prospective work
for philosophers of perception—work complementary to current developments in
cognitive neuroscience.

4. The Interactivity of Forecasting and Stimulus
Input in Perception

The picture of the general framework sketched above is permissive and allows for
several levels of description in perceptual analysis with respect to the neural and
mental processes. In essence, the perceptual architecture we arrive at here is a
relational and temporally scaffolded one: perceptual relations are built over several
neural processing levels and temporal scales, where some anatomical, physiological,
and experiential constituents of the perceptual process are more variable, contextual,
or short-lived than others (e.g. exposure time to stimulus, satiety, hormonal states,
anatomical features). Stimuli are encountered in manifold organismal states and in
various behavioural and environmental contexts. In consequence, they are processed
differently as they become integrated into multiple experiences and memories, and
can constitute varying perceptions. The complex role of anticipatory processes in the
formation of perceptual content cannot be underestimated. An example may help to
further illustrate this.

Imagine the following experiment, where I present you with a couple of odorous
mixtures for evaluation. First I am giving you a vial to sniff that you see labelled as
‘Parmesan’; then I give you one labelled as ‘vomit’. You will most likely be able to
distinguish these mixtures; and you will probably find the latter much more dis-
agreeable. I then repeat the same test a week later, only this time making you smell
the ‘vomit’ vial first and giving you the one with ‘parmesan’ next. You will still be able
to tell them apart, finding the former more unpleasant this time. What if I tell you
now that these two vials are the same mixture? Both vials contain butyric acid
(CH;CH,CH,-COOH) with its deeply unpleasant and penetrant odour. Your expect-
ations and the associations formed through the labels, however, influenced your
perception of these otherwise chemically equivalent mixtures.”

Indeed, such an experiment, analysing the ‘influence of verbal labeling on the
perception of odors’ (as the title of the article indicates), has been conducted, for
instance, by Herz and von Clef (2001). In this study the two researchers tested several
odours by pairing, for evaluation, two vials with mixtures of the same chemical
composition but with different names (Table 17.1). The result was precisely the
one described above: the vast majority of human test subjects (83 per cent) were
able to distinguish the mixtures in each round and attributed different hedonic tones
(pleasant or unpleasant) to these mixtures. Similar observations have also been

7 Theories of embodiment do not seem to provide a good explanation for such cases.
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Table 17.1. Odour labels and hedonic order by group and session. Comparative list
of odourous mixtures that were presented to test subjects under two different labels.
The evaluation of the hedonic tone (pleasantness) of the mixtures corresponded with
the positive or negative semantic labelling of these mixtures.

Odorant Label, session 1 Label, session 2 Hedonic order
Group 1

I-Bacid parmesan cheese vomit positive, negative
Menthol chest medicine breath mint negative, positive
Patchouli musty basement incense negative, positive
Violet leaf fresh cucumber mildew positive, negative
Pine oil spray disinfectant Christmas tree negative, positive
Group 2

I-Bacid vomit parmesan cheese negative, positive
Menthol breath mint chest medicine positive, negative
Patchouli incense musty basement negative, positive
Violet leaf mildew fresh cucumber positive, negative
Pine oil Christmas tree spray disinfectant positive, negative

Source: Herz and von Clef 2001

made regarding the influence of visual clues in olfactory perception (Zellner and
Kautz 1990).

Herz and von Clef call this effect an olfactory ‘illusion’. While it may count as one
according to the received view, I find this kind of labelling of perceptual effects
theory-laden and misleading. The judgement or verdict that something is an illusion
conveys an inherent element of deception and divergence from how things ‘really’
are. To speak of an illusion in this particular experiment seems intuitive only if we
consider the distal stimulus as primarily responsible for the content of our percep-
tions. However, the argument of the present chapter shows that this is not the only
viable interpretation of the apparently illusionary effects. Quite to the contrary, such
perceptual biases touch base on what perceptions are.

Examples like these show that our experience of perceptual qualities is inevitably
biased. These biases are not necessarily a matter of illusion, hallucination, or decep-
tion and must not be stripped away in order to get at some underlying form of
normal and unbiased perception. In fact, there is no such thing as naive perception.
Perceptual biases are rather introduced by key factors such as exposure, predilections,
and memory. Hence biases mark constitutive processes that allow us to understand
what perception really is about: the processing of contextualized information at the
hands of selective attention.

In recognizing the impact of top-down processes on percept formation, an insuffi-
ciently elaborated aspect in the current debate about the brain as a forecasting machine
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is the ambiguous meanings and varieties of top-down processes such as anticipa-
tions.® As a general term, anticipation refers to the ability of an organism to expect,
adapt, and react to potential future states of the environment. Anticipation is not a
homogeneous mechanism, however. It is a processing capacity that is commonly
associated with a variety of fundamental cognitive mechanisms such as inference-
and decision-making, prediction, learning, memory, and belief formation (Butz,
Sigaud, and Gérard 2003). Needless to say, each of these processes presents a case of
Pandora’s box in its own right.

While anticipatory performances in organisms are ubiquitous, they are not par-
ticularly well-understood phenomena. They are generally considered in systems-
biological terms, for instance an organism as an anticipatory system is defined as ‘a
system containing a predictive model of itself and/or of its environment, which
allows it to change state at an instant in accord with the model’s predictions
pertaining to a later instant’ (Rosen 2012: 399).

What current forecasting models in computational neuroscience focus on is the
first part of this definition, namely the part where the system generates a predictive
model of the stimulus environment (Clark 2013). But the second part, where the
organism changes state in accordance with its anticipations, requires more careful
attention than is presently given. By focusing on the former, one essentially neglects
(a) the phenomenological and functional nature of perceptions as an incentive for
organismal agency; and (b) the ecological relation between perceivers and input
signals as part of an organism’s environment.

Indeed, there is a fascinating aspect to this definition of organisms as anticipatory
systems. Its two parts seem to represent a combination of Neisser’s (1976) dynamic
account of schemata as part of perceptual cycles with the ecological and exploration-
oriented theory of affordances advanced by his colleague Gibson (1966), who con-
sidered the content of perceptions as structured by the interactive relations that an
organism forms with its environment.” It seems that a dynamic modelling of said
schemata in terms of different kinds of anticipatory processes may work here, as
Neisser characterized the causal nature of dynamic anticipatory schemata on per-
ceptions as ‘expectancy effects’ (Neisser 1976: 43-6)."°

Anticipatory capacities in organisms clearly structure behavioural and cognitive
patterns. They further seem to facilitate various kinds of perceptual tasks, tasks that

® As has been pointed out to me by a reviewer, a process model of perception involving anticipation
has been independently suggested by Bickhard (2009). Bickhard frames representations as an emergent
feature of perceptual systems and as a result of interactive relations between an organism and its
environment. Bickhard’s focus is on the relation between anticipation and truth values for the represen-
tational analysis of perception. Mine is on the role of anticipation in affecting perceptual content for
understanding and modelling the structure of perceptions, especially in olfaction. Unlike me, Bickhard
does not seem to distinguish different kinds of anticipatory processes as defined by their ecological and
action-(in)dependent functions.

° To be sure, Gibson was clearly opposed to schemata, and his idea of ‘direct perception’ seems to be at
odds here. Nonetheless, one must refrain from a simplistic interpretation of direct realism as a form of the
‘textbook Gibson” syndrome (for detailed analysis of how much Gibson’s ideas have been misrepresented
in the psychological literature, see Costall and Morris 2015).

1% T thank Ingvar Johansson for pointing this out to me. A more detailed exploration of this idea must
wait for another occasion, however.
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are mirrored in organismal behaviour such as general object and environmental
feature recognition, or the recognition of particular individuals and groups. It is thus
indispensable to distinguish different types of anticipatory processes in relation to
different behavioural patterns and perceptual tasks in organisms.

What are the implications of anticipatory processes for our analysis of perception?
The answer to this lies in inquiries about what precisely is coded or estimated in top-
down anticipatory processes and how these anticipations are structured by the task a
perception is supposed to serve. Anticipatory performances are associated with several
prospective mechanisms such as sensorimotor action, expectation, and attention
processing with and behavioural functions such as conditioning and learning. These
mechanisms are associated with different tasks. When looking at anticipations as
shaped by different biological mechanisms, we must start by distinguishing their
perceptual function: do we look at anticipations as stabilizing perceptual information
in order to allow for the execution of an action? Do we analyse anticipations as guiding
behavioural planning and potential options? Or do we model anticipations as attention
processes that shape or direct our perceptual focus in order to enable learning?

Addressing such questions requires further disentangling of the notion of ‘antici-
pation’ and of its role in perceptual processing: physiologically speaking, we must
consider to what extent action-dependent anticipations may differ from action-
independent anticipations. In evolutionary—-developmental terms, we may ask to
what extent anticipatory behaviour is structured by the history of the species or by
the development of an organism. And, in a cognitive modelling context, to what
extent are anticipatory estimations further shaped by individual experience and
learning? All these questions indicate the variety of factors by which anticipatory
processes may be distinguished and modelled in biological systems.

The upshot here is that different types of anticipatory mechanisms account for the
processing of different kinds of information. What all these types of anticipation have
in common is that they involve a form of prediction of future states, a prediction that
is somewhat based on prior experience. The key difference between these various
forecasting mechanisms is the nature of the assertive mechanism in relation to the
information being processed.

From this perspective, we see what it means to say that there is no obvious or
intrinsic link between a stimulus or stimulus structure and our perception of that
stimulus. Rather, we have adjustable perceptual relations where input cues are inte-
grated in terms of their temporal and contextual associations with other external
sensory cues, internal hidden states (experience and memory-based, or internally
inferred), expectations, or predictions, and feedback processes of error correction. As
a result, the perception of the input and its value is not invariant but highly contingent.

5. Conclusions: Perception as a Measure of Changing
Signal Ratios and Expectancy Effects
Higher flexibility in the processing and evaluation of perceptual information such

as in olfaction makes sense when we think of perception as a dynamic process
that organisms use in order to navigate in an ever-changing environment. Such
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navigation commands not only constant attention but also choices between different
options and behaviourally selective responses to contextual clues. It would actually be
catastrophic for most of our choices if we were to perceive stimuli in a strict input—
output-related fashion, without any regulatory principles that allow us to context-
ualize and discern the subtle differences in these cues before we selectively act on
them. Olfaction in particular is deeply action-based and is shaped by perceptual
biases, which makes sensory measurement in olfactory psychophysics notoriously
difficult (Keller and Vosshall 2004; Barwich and Chang 2015).

Nevertheless, emphasis on the flexibility and contextuality of perception is not a
view of ‘anything goes’. The governing principles of perceptual processing are bound
to the physiological organization of organisms, their evolutionary species-specific
history, and the influence of individual experiences and learning. These processes are
contingent but not random. After all, we do end up with fairly stable and general-
izable perceptions.

Perceptual stability, as this chapter has put forward, is based on the successful
integration of stimulus clues into experienced and predictable patterns. The regular-
ity of these patterns reflects the ratios, combinations, and proportions of selected
features in the environment."" Their perception is further shaped by how these ratios
are interpreted within organismal response spaces. These spaces represent associ-
ations of sensory cues and of their affective options, and the nature of these
associations depends on the organismal states in which the cues are experienced
and anticipated.

Success, as in the successful integration of stimulus ratios within a sensory system,
is an interesting notion. It inevitably implies some form of evolutionary success. Does
success also imply a notion of correctness? From a process perspective, I think the
answer is not about whether it does, but about when it may imply accuracy. As I have
argued, an answer cannot be approached in terms of odour objects. It must be
modelled after the processes that translate distal into proximal stimulus patterns,
and this translation is fundamentally determined by top-down processes in term of
expectancy effects.

As for the case at hand, olfaction seems particularly apt to analyse the perceptual
relations between variable stimulus ratios, selective biases introduced by experience,
and behavioural responses. As mentioned at the beginning of this chapter, the
olfactory system is incredibly precise at the level of physical stimulus detection (the
smallest chemical impurities can cause significant differences in the perception of
odour qualities). It is also immensely flexible when it comes to stimulus evaluation
and integration of olfactory cues into various perceptual contexts, on the basis of
differences in exposure and experience (i.e. in cases of cross-modal perception, verbal
labelling, conditioning, personal experience and memory, and so on). This shows
that perceptual biases are not a failure of the level of sensory detection but an
inherent and constitutive part of the processing system.

' An epistemological argument for the measurement of sensory qualities as structurally relational
properties is presented in Isaac 2014.
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From a process perspective on perception, perceptual representation is about
informational content. Such content does not necessarily represent perceptual
instances as classes of perceptual objects, for instance as ‘odour objects’. Instead we
experience ‘odour situations’ that provide a measure of how certain cues are related
to each other (e.g. temporally, combinatorially, causally) and are given a certain value
(e.g. pleasant, putrid). What constitutes the informational content of odour situ-
ations is variable and contingent upon the associations that are formed between
certain ratios and combinations of inputs and the expected value of their (potential)
interactions. Any interpretation and the potential for perceptual generalizations of
such measures into kinds of perceptual qualities is grounded in organismal construc-
tion and needs, as well as in experience and learning; it is action-relative as well as
memory-based and must be understood with respect to the interaction of the
perceiving organism with its environment.

Acknowledgements

I am indebted to Stuart Firestein, Terry Acree, Andreas Mershin, Andreas Keller, Avery
Gilbert, Dima Rinberg, and Erwan Poivet for discussing their views on (modelling) olfaction
with me. The opinions expressed in this paper may not always be theirs, but they would not
have been possible without their willingness to talk about their research. I thank Chris
Peacocke, John Dupré, and the anonymous reviewers for their helpful and detailed comments
on earlier versions. A special thanks is due to Ingvar Johansson, who has patiently waited for
me to reconsider Gibson and has discussed with me over the years many of the matters on
perception presented here. Additional thanks to Manuela Tecusan for editorial suggestions.
The research for this article was made possible through generous funding from the Presidential
Scholars in Society and Neuroscience Program at the Center for Science and Society, Columbia
University.

References

Akins, K. (1996). Of Sensory Systems and the ‘Aboutness’ of Mental States. The Journal of
Philosophy 93 (7): 337-72.

Axel, R. (2005). Scents and Sensibility: A Molecular Logic of Olfactory Perception [Nobel
Lecture]. Angewandte Chemie International Edition 44 (38): 6110-27.

Barwich, A.-S. (2014). A Sense so Rare: Measuring Olfactory Experiences and Making a Case
for a Process Perspective on Sensory Perception. Biological Theory 9 (3): 258-68.

Barwich, A.-S. (2015a). Bending Molecules or Bending the Rules? The Application of Theor-
etical Models in Fragrance Chemistry. Perspectives on Science 23 (4): 443-65.

Barwich, A.-S. (2015b). What Is So Special About Smell? Olfaction as a Model System in
Neurobiology. Postgraduate Medical Journal 92: 27-33.

Barwich, A.-S. (2016). Making Sense of Smell. The Philosophers’ Magazine 73: 41-7.

Barwich, A.-S. and Chang, H. (2015). Sensory Measurements: Coordination and Standardiza-
tion. Biological Theory 10 (3): 1-12.

Batty, C. (2010a). A Representational Account of Olfactory Experience. Canadian Journal of
Philosophy 40 (4): 511-38.

Batty, C. (2010b). What the Nose Doesn’t Know: Non-Veridicality and Olfactory Experience.
Journal of Consciousness Studies 17 (3-4): 10-27.



354 ANN-SOPHIE BARWICH

Batty, C. (2013). Smell, Philosophical Perspectives. In H. E. Pashler (ed.), Encyclopedia of the
Mind (pp. 700-704). Los Angeles: SAGE.

Bayarri, S., Calvo, C., Costell, E., and Duran, L. (2001). Influence of Color on Perception
of Sweetness and Fruit Flavor of Fruit Drinks. Food Science and Technology International
7 (5): 399-404.

Bell, C. (1974 [1823]). Idea of a New Anatomy of the Brain. In P. Cranefield (ed.), The Way In
and the Way Out: Francois Magendie, Charles Bell, and the Roots of the Spinal Nerves
(pp- 38-9; 52-3). Mt. Kisco, NY: Futura.

Bickhard, M. H. (2009). The Interactivist Model. Synthese 166 (3): 547-91.

Bridgeman, B. (1995). A Review of the Role of Efference Copy in Sensory and Oculomotor
Control Systems. Annals of Biomedical Engineering 23 (4): 409-22.

Bridgeman, B. (2007). Efference Copy and Its Limitations. Computers in Biology and Medicine
37 (7): 924-9.

Bridgeman, B. (2013). Applications of Predictive Control in Neuroscience. Behavioral and
Brain Sciences 36 (3).

Bushdid, C., Magnasco, M. O., Vosshall, L. B., and Keller, A. (2014). Humans Can Discrim-
inate More Than 1 Trillion Olfactory Stimuli. Science 343 (6177): 1370-2.

Butz, M. V., Sigaud, O., and Gérard, P. (eds). (2003). Anticipatory Behavior In Adaptive
Learning Systems: Foundations, Theories, and Systems. Heidelberg: Springer.

Castro, J. B. and Seeley, W. P. (2014). Olfaction, Valuation, and Action: Reorienting Percep-
tion. Frontiers in Psychology 5.

Chen, C.-F. F., Zou, D.-].,, Altomare, C. G., Xu, L., Greer, C. A., and Firestein, S. (2014).
Nonsensory Target-Dependent Organization of Piriform Cortex. Proceedings of the
National Academy of Sciences 111 (47): 16931-6.

Clark, A. (2013). Whatever Next? Predictive Brains, Situated Agents, and the Future of
Cognitive Science. Behavioral and Brain Sciences 36 (03): 181-204.

Classen, C., Howes, D., and Synnott, A. (1994). Aroma: The Cultural History of Smell. London:
Routledge.

Costall, A. and Morris, P. (2015). The Textbook Gibson: The Assimilation of Dissidence.
History of Psychology 18 (1): 1-14.

Crane, T. and French, C. (2016). The Problem of Perception. In E. N. Zalta (ed.), The Stanford
Encyclopedia of Philosophy. https://plato.stanford.edu/entries/perception-problem.

Davis, J. L. and Eichenbaum, H. (eds). (1992). Olfaction: A Model System for Computational
Neuroscience. Cambridge, MA: MIT Press.

Dennett, D. C. (1993). Consciousness Explained. London: Penguin Books.

Ellena, J.-C. (2012). The Diary of a Nose: A Year in the Life of a Parfumeur. London: Particular
Books/Penguin.

Firestein, S. (2001). How the Olfactory System Makes Sense of Scents. Nature 413 (6852):
211-18.

Friston, K. (2010). The Free-Energy Principle: A Unified Brain Theory? Nature Reviews
Neuroscience 11 (2): 127-38.

Fulkerson, M. (2015). Touch. In E. N. Zalta (ed.), The Stanford Encyclopedia of Philosophy.
https://plato.stanford.edu/entries/touch.

Gamble, E. A. M. C. (1921). Review of Der Geruch by Hans Henning. American Journal of
Psychology 32: 290-5.

Gibson, J.]. (1966). The Senses Considered as Perceptual Systems. London: George Allen & Unwin.

Gilbert, A. N. (2008). What the Nose Knows: The Science of Scent in Everyday Life. New York:
Crown Publishers.

Goldinger, S. D., Papesh, M. H., Barnhart, A. S., Hansen, W. A., and Hout, M. C. (2016). The
Poverty of Embodied Cognition. Psychonomic Bulletin ¢ Review: 1-20.


https://plato.stanford.edu/entries/perception-problem
https://plato.stanford.edu/entries/touch

MEASURING THE WORLD 355

Graziano, M. S. A. (2013). Consciousness and the Social Brain. Oxford: Oxford University
Press.

Helmholtz, H. von. (1925 [1866]). Concerning the Perceptions in General. In idem, Treatise on
Physiological Optics, vol. 3 (pp. 1-37), edited by and J. P. C Southall. The Optical Society of
America.

Henning, H. (1916). Der Geruch. Leipzig: J. A. Barth.

Herz, R. S. and Clef, J. von. (2001). The Influence of Verbal Labeling on the Perception of
Odors: Evidence for Olfactory Illusions? Perception 30 (3): 381-91.

Hodgson, R. T. (2008). An Examination of Judge Reliability at a Major US Wine Competition.
Journal of Wine Economics 3 (02): 105-13.

Hohwy, J. (2013). The Predictive Mind. Oxford: Oxford University Press.

Holst, E. and Mittelstaedt, H. (1950). Das Reafferenzprinzip. Naturwissenschaften 37 (20):
464-76.

Hurley, S. (2001). Perception and Action: Alternative Views. Synthese 129 (1): 3-40.

Hurley, S. (1998). Consciousness in Action. Cambridge, MA: Harvard University Press.

Isaac, A. M. C. (2014). Structural Realism for Secondary Qualities. Erkenntnis 79 (3):
481-510.

Jynto and Mills, B. (2010a). Decanoic-acid-3D-balls.png. Wikipedia. https://commons.
wikimedia.org/wiki/File:Decanoic-acid-3D-balls.png (accessed 26 May 2017).

Jynto and Mills, B. (2010b). Nonanoic-acid-3D-balls.png. Wikipedia. https://commons.
wikimedia.org/wiki/File:Valeric-acid-3D-balls-B.png (accessed 26 May 2017).

Keller, A. (2016). Philosophy of Olfactory Perception. Cham: Palgrave Macmillan.

Keller, A. and Vosshall, L. (2004). Human Olfactory Psychophysics. Current Biology 14 (20):
R875-R878.

Keller, A. and Young, B. (eds) (2014). Olfactory Consciousness across Disciplines. Frontiers in
Psychology 5.

Lycan, W. (2000). The Slighting of Smell. In N. Bhushan and S. Rosenfeld (eds), Of Minds and
Molecules: New Philosophical Perspectives on Chemistry (pp. 273-89). Oxford: Oxford
University Press.

Lycan, W. G. (2014). The Intentionality of Smell. Frontiers in Psychlogy 5: 436.

Magnasco, M. O., Keller, A., and Vosshall, L. (2015). On the Dimensionality of Olfactory
Space. bioRxiv.

Marr, D. (2010 [1982]). Vision: A Computational Investigation into the Human Representation
and Processing of Visual Information, ed. by S. Ullman and T. A. Poggio. Cambridge, MA:
MIT Press.

Meister, M. (2015). On the Dimensionality of Odor Space. eLife 4:e07865.

Mombaerts, P., Wang, F., Dulac, C., Chao, S., Nemes, A., Mendelsohn, M., etal. (1996).
Visualizing an Olfactory Sensory Map. Cell 87 (4): 675-86.

Mori, K., Takahashi, Y. K,, Igarashi, K. M., and Yamaguchi, M. (2006). Maps of Odorant
Molecular Features in the Mammalian Olfactory Bulb. Physiological Reviews 86 (2):
409-33.

Neisser, U. (1976). Cognition and Reality: Principles and Implications of Cognitive Psychology.
New York: WH Freeman/Times Books/Henry Holt & Co.

Noé, A. (2004). Action in Perception. Cambridge, MA: MIT Press.

Noég, A. (2009). Out of Our Heads: Why You Are Not Your Brain, and Other Lessons from the
Biology of Consciousness. New York: Macmillan.

O’Callaghan, C. (2014). Auditory Perception. In E. N. Zalta (ed.), The Stanford Encyclopedia of
Philosophy. https://plato.stanford.edu/entries/perception-auditory.

O’Regan, J. K. and Noég, A. (2001). A Sensorimotor Account of Vision and Visual Conscious-
ness. Behavioral and Brain Sciences 24 (5): 939-73.


https://commons.wikimedia.org/wiki/File:Decanoic-acid-3D-balls.png
https://commons.wikimedia.org/wiki/File:Valeric-acid-3D-balls-B.png
https://plato.stanford.edu/entries/perception-auditory
https://commons.wikimedia.org/wiki/File:Decanoic-acid-3D-balls.png
https://commons.wikimedia.org/wiki/File:Valeric-acid-3D-balls-B.png

356 ANN-SOPHIE BARWICH

Peacocke, C. (2008). Sensational Properties: Theses to Accept and Theses to Reject. Revue
Internationale de Philosophie (1): 7-24.

Poivet, E., Peterlin, Z., Tahirova, N., Xu, L., Altomare, C., Paria, A., etal. (2016). Applying
Medicinal Chemistry Strategies to Understand Odorant Discrimination. Nature communi-
cations 7.

Porter, J., Craven, B., Khan, R. M., Chang, S.-J., Kang, I, Judkewitz, B., et al. (2007). Mechan-
isms of Scent-Tracking in Humans. Nature Neuroscience 10 (1): 27-9.

Purkinje, J. (1825). Uber die Scheinbewegungen, welche im subjectiven Umfang des Gesicht-
sinnes vorkommen. Bulletin der naturwessenschaftlichen Sektion der Schlesischen Gesell-
schaft 4: 9-10.

Roberts, T. (2015). A Breath of Fresh Air: Absence and the Structure of Olfactory Perception.
Pacific Philosophical Quarterly 97 (3): 400-420.

Root, C. M., Denny, C. A., Hen, E,, and Axel, R. (2014). The Participation of Cortical
Amygdala in Innate, Odour-Driven Behaviour. Nature 515 (7526): 269-73.

Rosen, R. (2012). Anticipatory Systems. In R. Rosen (ed.), Anticipatory Systems: Philosophical,
Mathematical, and Methodological Foundations (pp. 313-70). Heidelberg: Springer.

Sacks, O. (1998). The Man Who Mistook His Wife for a Hat: And Other Clinical Tales.
New York: Touchstone/Simon and Schuster.

Shadlen, M. and Kiani, R. (2013). Decision Making as a Window on Cognition. Neuron 80 (3):
791-806.

Shepherd, G. M. (2004). The Human Sense of Smell: Are We Better Than We Think? PLOS
Biology 2 (5): el46.

Shepherd, G. M. (2012). Neurogastronomy: How the Brain Creates Flavor and Why It Matters.
New York: Columbia University Press.

Smith, B. (2012). Perspective: Complexities of Flavour. Nature 486 (7403): S6.

Spence, C. (2013). Multisensory Flavour Perception. Current Biology 23 (9): R365-R369.

Sperry, R. W. (1950). Neural Basis of the Spontaneous Optokinetic Response Produced by
Visual Inversion. Journal of Comparative and Physiological Psychology 43 (6): 482-9.

Stettler, D. D. and Axel, R. (2009). Representations of Odor in the Piriform Cortex. Neuron
63 (6): 854-64.

Varela, F. J., Thompson, E., and Rosch, E. (1991). The Embodied Mind: Cognitive Science and
Human Experience. Cambridge, MA: MIT Press.

Vassar, R., Chao, S. K., Sitcheran, R., Nufiez, J. M., Vosshall, L., and Axel, R. (1994).
Topographic Organization of Sensory Projections to the Olfactory Bulb. Cell 79 (6): 981-91.

Zellner, D. A. and Kautz, M. A. (1990). Color Affects Perceived Odor Intensity. Journal of
Experimental Psychology: Human Perception and Performance 16 (2): 391-7.



Everything Flows

Towards a Processual

Philosophy of Biology

EDITED BY

Daniel J. Nicholson
and John Dupré

OXFORD

UNIVERSITY PRESS



OXTORD

UNIVERSITY PRESS
Great Clarendon Street, Oxford, OX2 6DP,
United Kingdom

Oxford University Press is a department of the University of Oxford.

It furthers the University’s objective of excellence in research, scholarship,
and education by publishing worldwide. Oxford is a registered trade mark of
Oxford University Press in the UK and in certain other countries

© the several contributors 2018

The moral rights of the authors have been asserted
First Edition published in 2018

Impression: 1

Some rights reserved. No part of this publication may be reproduced, stored in

a retrieval system, or transmitted, in any form or by any means, for commercial purposes,
without the prior permission in writing of Oxford University Press, or as expressly permitted
by law, by licence or under terms agreed with the appropriate reprographics

rights organization.

@030

This is an open access publication, available online and distributed under the terms of a
Creative Commons Attribution - Non Commercial - No Derivatives 4.0

International licence (CC BY-NC-ND 4.0), a copy of which is available at
http://creativecommons.org/licenses/by-nc-nd/4.0/.

Enquiries concerning reproduction outside the scope of this licence
should be sent to the Rights Department, Oxford University Press, at the address above

Published in the United States of America by Oxford University Press
198 Madison Avenue, New York, NY 10016, United States of America

British Library Cataloguing in Publication Data
Data available

Library of Congress Control Number: 2017958461
ISBN 978-0-19-877963-6

Printed and bound by
CPI Group (UK) Ltd, Croydon, CRO 4YY

Links to third party websites are provided by Oxford in good faith and
for information only. Oxford disclaims any responsibility for the materials
contained in any third party website referenced in this work.


http://creativecommons.org/licenses/by-nc-nd/4.0

Contents

Acknowledgements
Contributors
Foreword

Part I. Introduction

1.

A Manifesto for a Processual Philosophy of Biology
John Dupré and Daniel ]. Nicholson

Part II. Metaphysics

2.

Processes and Precipitates
Peter Simons

. Dispositionalism: A Dynamic Theory of Causation

Rani Lill Anjum and Stephen Mumford

. Biological Processes: Criteria of Identity and Persistence

James DiFrisco

. Genidentity and Biological Processes

Thomas Pradeu

. Ontological Tools for the Process Turn in Biology: Some Basic

Notions of General Process Theory
Johanna Seibt

Part III. Organisms

7.

10.

Reconceptualizing the Organism: From Complex Machine
to Flowing Stream
Daniel J. Nicholson

. Objectcy and Agency: Towards a Methodological Vitalism

Denis M. Walsh

. Symbiosis, Transient Biological Individuality, and Evolutionary

Processes

Frédéric Bouchard

From Organizations of Processes to Organisms and Other
Biological Individuals

Argyris Arnellos

vii
ix
Xi

49

61

76

96

113

139

167

186

199



Vi CONTENTS

Part IV. Development and Evolution

11. Developmental Systems Theory as a Process Theory
Paul Griffiths and Karola Stotz

12. Waddington’s Processual Epigenetics and the Debate over Cryptic
Variability
Flavia Fabris

13. Capturing Processes: The Interplay of Modelling Strategies and
Conceptual Understanding in Developmental Biology
Laura Nusio de la Rosa

14. Intersecting Processes Are Necessary Explanantia for Evolutionary
Biology, but Challenge Retrodiction
Eric Bapteste and Gemma Anderson

Part V. Implications and Applications
15. A Process Ontology for Macromolecular Biology
Stephan Guttinger

16. A Processual Perspective on Cancer
Marta Bertolaso and John Dupré

17. Measuring the World: Olfaction as a Process Model of Perception
Ann-Sophie Barwich

18. Persons as Biological Processes: A Bio-Processual Way Out
of the Personal Identity Dilemma
Anne Sophie Meincke

Index

225

246

264

283

303

321

337

357

379



	Cover
	Everything Flows: Towards a Processual Philosophy of Biology
	Copyright
	Contents
	Acknowledgements
	Contributors
	Foreword
	References

	PART I: Introduction
	1: A Manifesto for a Processual Philosophy of Biology
	1. Introduction
	2. Historical Background
	3. The Organicist Precedent
	4. Processes and Things
	5. Empirical Motivations
	5.1. Metabolic turnover
	5.2. Life cycles
	5.3. Ecological interdependence

	6. Philosophical Payoffs
	6.1. Grounding critiques of essentialism
	6.2. Grounding critiques of reductionism
	6.3. Grounding critiques of mechanicism

	7. Biological Consequences
	7.1. Physiology
	7.2. Genetics
	7.3. Evolution
	7.4. Medicine

	8. Conclusions
	9. Overview of Contributions
	References


	PART II: Metaphysics
	2: Processes and Precipitates
	1. Introduction
	2. The Continuant/Occurrent Duality
	3. Specification
	4. The Priority Question
	5. Reasons to Take Processes as Fundamental
	6. (Just a Few) Kinds of Processes in Biology
	7. Continuants out of Processes
	8. Abstraction
	9. Abstracting to Continuants
	10. Modal Properties
	11. Consequences for Biology
	References

	3: Dispositionalism: A Dynamic Theory of Causation
	1. A Received Orthodoxy
	2. Causation in Biology
	3. Dispositions and Processes
	4. Static or Dynamic?
	5. Conclusions
	Acknowledgements
	References

	4: Biological Processes: Criteria of Identity and Persistence
	1. Introduction
	2. Ontological Explanation for Scientific Domains
	3. An Argument for Biological Process Ontology
	4. Criteria of Identity and the Individuation of Processes
	5. Process Persistence: Identity versus Composition
	5.1. The endurance of substances
	5.2. The perdurance of processes

	6. Conclusions
	Acknowledgements
	References

	5: Genidentity and Biological Processes
	1. Introduction
	2. What Is Genidentity? And How Can It Be Applied to the Living World?
	3. The Inconspicuous Centrality of Genidentity in Hull’s Conception of Biological Individuality
	4. Why Cases of Symbiosis Strengthen the Genidentity View
	5. How Genidentity Helps Define What an Organism Is
	6. Genidentity as a Way to Shed Light on the Notion of Biological Process: ‘Priority’ as the Central Question
	7. Conclusions
	Acknowledgements
	References

	6: Ontological Tools for the Process Turn in Biology: Some Basic Notions of General Process Theory
	1. Introduction
	2. General Processes or Dynamics: A New Category
	3. Relationships among General Processes: GPT’s ‘Levelled Mereology’
	4. A Typology of Processes
	4.1. Spatio-temporal signature
	4.2. Participant structure
	4.3. Dynamic composition
	4.4. Dynamic shape
	4.5. Dynamic context

	5. Applying GPT in the Philosophy of Biology
	5.1. Biological individuality
	5.2. Biological composition
	5.3. Emergence

	6. Conclusions
	Acknowledgements
	References


	PART III: Organisms
	7: Reconceptualizing the Organism: From Complex Machine to Flowing Stream
	1. Introduction
	2. Organisms ≠ Machines: The Argument from Thermodynamics
	2.1. Addressing potential objections to the argument

	3. The Stream of Life: A Processual Conception of the Organism
	4. Organisms as Streams: Three Lessons for Biological Ontology
	4.1. First ontological lesson: ‘Activity is a necessary condition for existence’
	4.2. Second ontological lesson: ‘Persistence is grounded in the continuous self-maintenance of form’
	4.3. Third ontological lesson: ‘Order does not entail design’

	5. Conclusions
	Acknowledgements
	References

	8: Objectcy and Agency: Towards a Methodological Vitalism
	1. Introduction
	2. An Ontological Surprise
	3. Phases
	4. Agential Dynamics
	5. Object Theories and Agent Theories
	5.1. Objectcy
	5.2. Agency

	6. Evolution and Agency
	7. Conclusions
	Acknowledgements
	References

	9: Symbiosis, Transient Biological Individuality, and Evolutionary Processes
	1. Introduction
	2. Beyond Replicators
	3. Seeing the Light
	4. Transient and Intermittent Individuals
	5. Conclusions
	Acknowledgements
	References

	10: From Organizations of Processes to Organisms and Other Biological Individuals
	1. Introduction
	2. Some Implications of the Promiscuous Individualism Thesis Combined with a Hypercollaborative View of Life
	3. A Process-Based Organizational Ontology for Biology
	3.1. Simple self-maintenance
	3.2. Minimal recursive self-maintenance and biological individuality
	3.3. Recursive self-maintenance and the organismality of unicellular organizations

	4. Collaboration and Multicellular Systems
	4.1. A case of collaboration among single-species bacteria
	4.2. A case of early eukaryotic collaboration
	4.3. A case of eumetazoan collaboration

	5. Revisiting the Implications of Promiscuous Individualism and an Excessively Collaborative View of Life
	5.1. Organisms and other biological individuals
	5.2. The individual and the organismal status of microbial communities
	5.3. The distinction between life and non-life

	6. Conclusions
	Acknowledgements
	References


	PART IV: Development and Evolution
	11: Developmental Systems Theory as a Process Theory
	1. Introduction
	2. Process Biology
	3. Process in the Developmental Systems Tradition
	4. Core Ideas in DST: Epigenesis and Developmental Dynamics
	4.1. Epigenesis
	4.2. Developmental dynamics

	5. An Ontology for DST: Genomes, Epigenomes, and Developmental Niches
	6. DST as a Process Theory of the Organism
	7. Conclusions
	Acknowledgements
	References

	12: Waddington’s Processual Epigenetics and the Debate over Cryptic Variability
	1. Introduction
	2. Substance versus Process: Two Conflicting Ontologies for Biology
	3. Waddington’s Epigenetics in the Context of Dynamical Systems Theory
	4. Development as the Homeorhetic Balance between Robustness and Plasticity
	5. Evolutionary Implications: The Genetic Assimilation of Acquired Characters
	6. Assessing Two Contemporary Models of the Canalization of Development
	6.1. How the two models differ in their interpretation of cryptic variability
	6.2. Do both models capture the homeorhetic nature of canalization?

	7. Conclusions
	Acknowledgements
	References

	13: Capturing Processes: The Interplay of Modelling Strategies and Conceptual Understanding in Developmental Biology
	1. Introduction
	2. In Vivo Imaging and the Four-Dimensional Conceptualization of Life
	3. Resolution, Contextuality, and the Return of Organicism
	4. Reconstructing and Explaining Developmental Processes
	5. Conclusions
	Acknowledgements
	References

	14: Intersecting Processes Are Necessary Explanantia for Evolutionary Biology, but Challenge Retrodiction
	1. Introduction
	2. An Increasingly Appreciated Issue: The Underdetermination of Phylogenetic Trees
	3. Intersecting Processes Are Also Absent from Phylogenetic Networks
	4. The Need to Investigate Reticulate Intersecting Processes in Evolutionary Studies
	4.1. Explaining the evolution of translation with a hypercycle
	4.2. Explaining the evolution of biological functions by network analyses

	5. Processes, and Hence Explanantia, Evolve
	6. Conclusions: Towards a Typology of Processes
	Acknowledgements
	References


	PART V: Implications and Applications
	15: A Process Ontology for Macromolecular Biology
	1. Introduction
	2. The Ecological Model of the World
	2.1. Ecosystems, machines, and the environment
	2.2. Internal versus external relations
	2.3. Substance versus process

	3. Problems with the Ecological Model
	4. Symbiosis and the Importance of Integrated Capacities
	4.1. Termites and their capacity to survive and reproduce
	4.2. Process and individuality
	4.3. Distributed capacities
	4.4. The ecology of powers
	4.5. Component versus integrated capacities
	4.6. Integrated capacities at all levels?

	5. Proteins, Structure, and Capacities
	5.1. From structure to power?
	5.2. More than just collaboration
	5.3. Towards a general process account for macromolecular biology

	6. Conclusions
	Acknowledgements
	References

	16: A Processual Perspective on Cancer
	1. Introduction
	2. Cancer as a Process
	3. The Relational Ontology of Levels
	4. Morphogenetic Fields
	5. Conclusions
	Acknowledgements
	References

	17: Measuring the World: Olfaction as a Process Model of Perception
	1. Introduction: Why Things Stink
	2. The Received View: The Input Determines the Perceptual Experience
	3. The Neural Basis of Olfaction and the Idea of Forecasting in Perception
	4. The Interactivity of Forecasting and Stimulus Input in Perception
	5. Conclusions: Perception as a Measure of Changing Signal Ratios and Expectancy Effects
	Acknowledgements
	References

	18: Persons as Biological Processes: A Bio-Processual Way Out of the Personal Identity Dilemma
	1. Introduction
	2. Elimination or Mystification: The Personal Identity Dilemma
	3. The Thing-Ontological Roots of the Dilemma: Substances, Bundles, and the Disappearance of Change
	4. A Way Out: Persons as Biological Processes
	5. Conclusions
	Acknowledgements
	References


	Index

