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Chapter 1. Introduction

“T'he senses which operate through external media, viz. smelling, hearing, seeing, are
found in all animals which possess the faculty of locomotion. To all that possess them
they are a means of preservation; their final cause being that such creatures may,
guided by antecedent perception, both pursue their food, and shun things that are bad
or destructive. But in animals which have also intelligence they serve for the
attainment of a higher perfection. They bring in tidings of many distinctive qualities
of things, from which the knowledge of truth, speculative and practical, is generated

in the soul.”

— Atristotle, De Sensu et Sensibilibus

The Multisensory World

I answer my ringing phone and hear my friend’s voice. A group is meeting up to go out
tor lunch. Outside my apartment on the busy street, I join a mob of pedestrians rushing past. As
I am walking down the sidewalk, a barrage of events occurs all around. Countless pedestrians
engage in conversations all around me. A construction crew is working on a new high-rise
building. I pass food carts where venders sell hot dogs and pizza. As I approach the intersection,
an airplane slides across the sky above. Across the street in a park, a dog is barking and trees sway

in the wind. The same wind ruffles my clothes. Cars are rushing past; one driver beeps their



horn. Finally, the cars stop and there is a beep as the crosswalk figure lights up, indicating that it

is safe to cross.

These events in my environment generate a variety of energies—electromagnetic

radiation, waves of air pressure, physical manipulation upon the skin, and chemical odorants—

which propagate outward from their sources. As I navigate the urban jungle, a portion of these

energies is captured by my sensory periphery. They are transduced into the neural language and

transmitted to my brain for processing into sensations and perceptions of light, sound, touch,

and smell. Somehow, from the cacophony of sensations that make up the sensory landscape, my

brain has composed a coherent symphony and has identified the instrument corresponding to the

signal to cross the street.

Our accurate perception and interaction with our environment depend critically on the

appropriate integration of these sensory signals. The many ongoing events which cause the

sensory landscape to become chaotic can make this a difficult endeavor. However, our brains

accomplish this task seamlessly, using statistical regularities in sensory signals to combine and

separate sensory features into distinct sensory objects (Bizley & Cohen, 2013; Shinn-

Cunningham, 2008; Wagemans et al., 2012). Many of the events that occur in the environment
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have features that span sensory modalities. The brain uses regularities that occur across

modalities to group features from different modalities (Bizley et al., 2016). In doing so, the brain

forms a coherent and unified picture of our multisensory environment.

The brain can synergistically combine redundant or complementary information across

the different senses to enhance the representation of events in the environment. The behavioral

and perceptual manifestations of multisensory integration are well established (Calvert, Spence,

& Stein, 2004; Murray & Wallace, 2012). In general, multisensory integration often leads to

behavior that is more accurate (Frassinetti, Bolognini, & Ladavas, 2002; Ohshiro, Angelaki, &

DeAngelis, 2011; Stein, Huneycutt, & Alex Meredith, 1988) and also faster (Amlot, Walker,

Driver, & Spence, 2003; Colonius & Diederich, 2004; Diederich, Colonius, Bockhorst, &

Tabeling, 2003; Frens, Van Opstal, Van der Willigen, Opstal, & Willigen, 1995; Hershenson,

1962; Hughes, Reuter-Lorenz, Nozawa, & Fendrich, 1994) than behavior based on unisensory

signals. These multisensory interactions are ubiquitous and have been shown in domains such as

detection (Bolognini, Frassinetti, Serino, & Ladavas, 2005; Frassinetti et al., 2002; Grant &

Seitz, 2000; Lovelace, Stein, & Wallace, 2003), localization (Battaglia, Jacobs, & Aslin, 2003;

Bolognini, Leo, Passamonti, Stein, & Ladavas, 2007; Hairston, Laurienti, Mishra, Burdette, &
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Wallace, 2003; Nidiffer, Stevenson, Krueger Fister, Barnett, & Wallace, 2016; Wallace et al.,

2004), speech discrimination (Erber, 1969; Ross, Saint-Amour, Leavitt, Javitt, & Foxe, 2007,

Sumby & Pollack, 1954), target selection (Corneil, Van Wanrooij, Munoz, & Van Opstal, 2002;

Kosem & van Wassenhove, 2012), and attention (Convento, Rahman, & Yau, 2018; Maddox,

Atilgan, Bizley, & Lee, 2015; Mast, Frings, & Spence, 2017). They have been demonstrated in

manual responses and saccadic eye movements (Amlot et al., 2003; Colonius & Diederich, 2004;

Corneil et al., 2002; Frens et al., 1995; Hughes et al., 1994).

Multisensory presentations can enhance perception in unisensory domains (Sumby &

Pollack, 1954), even when the information in the other modality is irrelevant (Colonius &

Diederich, 2011; Lovelace et al., 2003; Maddox et al., 2015). Multisensory combinations can

give us the “best of both worlds,” for example, the speed of auditory behavior and the spatial

accuracy of visual behavior (Corneil et al., 2002). Conversely, multisensory interactions can make

observers less sensitive to spatial and temporal conflicts in unisensory signals (Parise, Harrar,

Ernst, & Spence, 2013; Vatakis & Spence, 2007), errantly bias unisensory perception (Alais &

Burr, 2004; R. Sekuler, Sekuler, & Lau, 1997; Shams, Kamitani, & Shimojo, 2000; Wallace et



al., 2004), and even elicit a percept that is absent from the unisensory signals (Mcgurk &

Macdonald, 1976).

Multisensory guiding principles

Some of the earliest descriptions of the neural instantiation of multisensory interactions

were described in the optic tectum of the rattlesnake (Newman & Hartline, 1981) and in the

superior colliculus (SC; the mammalian homologue of the optic tectum) of the cat (Meredith &

Stein, 1983; Stein, 1978; Stein & Arigbede, 1972). The SC is a midbrain structure that receives

converging inputs from a very large portion of the brain including visual, auditory, and

somatosensory areas in cortex (Kawamura & Konno, 1979) and sub-cortex (Edwards,

Ginsburgh, Henkel, & Stein, 1979). These inputs converge on single neurons in the SC and

result in neural activity that is often profoundly changed by the presentation of multisensory

signals (Meredith & Stein, 1986b). In terms of the strength of the multisensory response relative

to the unisensory response, these interactions can be described as response depression

(multisensory < unisensory) or response enhancements (multisensory > unisensory). Response

enhancements can further be divided based on a comparison to the sum of unisensory responses

into additive, sub-additive, and super-additive interactions (Stanford & Stein, 2007; Stevenson
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et al., 2014). The magnitude of multisensory interactions were determined not to be a sole

property of the neuron (c.f., Perrault, 2003, 2005) but were guided by a set stimulus factors:

spatial and temporal proximity and stimulus effectiveness.

Temporal proximity

Stimuli that occur in close temporal proximity can produce multisensory interactions in

single neurons whereas stimuli separated by a long interval are processed as distinct unisensory

events (Meredith, Nemitz, & Stein, 1987). However, the temporal relationships that guide

multisensory interactions are not quite this simple. Multisensory interactions are not dependent

on matching the onsets of multisensory stimuli per se, but rather how their resultant activity

patterns overlap in a neuron. This notion is further complicated by two key elements. First, the

multisensory system is tasked with combining energies that propagate at very different velocities

through the environment. At room temperature conditions, light travels at =299,792,456 m/s

(Evenson et al., 1972) while sound is much slower at 343 m/s (Dean, 1979). In contrast,

somatosensory energy does not travel through the atmosphere and activates receptors on the skin

instantly. Second, once stimulus energy has reached the sensory receptors and is transduced into

neural energy, the times it takes for neuronal activity to reach the SC are substantially different
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across the sensory systems (Meredith et al., 1987). Auditory stimuli cause the discharge of action

potentials in SC neurons in approximately 5-29 ms (Middlebrooks & Knudsen, 1984), spikes are

present about 9-18 ms after a somatosensory stimulus is applied to the skin (Stein, Magalhaes-

Castro, & Kruger, 1976), and visual stimuli takes quite a bit longer—39-145 ms—to induce

spiking activity in SC (Meredith et al., 1987; Stein & Arigbede, 1972). These issues explain two

somewhat surprising findings. First, the most intense interactions often occur with some

asynchrony among sensory signals, and second, the duration of the “temporal window” over

which interactions can occur is rather long. This window has been interpreted as a means by

which we integrate multisensory signals across different distances. Because auditory energy

propagates slowly in the environment relative to visual energy, multisensory signals at further

distances result in longer delays in the arrival of the auditory portion of the signal.

Spatial proximity

Neurons in the SC have receptive fields that respond to stimuli which are present in well

circumscribed areas of visual (Mcllwain, 1975; Meredith & Stein, 1990), auditory (Gordon,

1973; Middlebrooks & Knudsen, 1984), and somatosensory (Meredith, Clemo, & Stein, 1991;

Stein et al., 1976) space. These spatial receptive fields are organized topographically in the SC
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with a common organizational structure across sensory modalities. Therefore, neurons in the SC

that respond to multiple sensory signals have separate but overlapping spatial receptive fields for

each of its sensory modalities. The result of such an organization is that spatially coincident

multisensory stimuli tend to fall within their respective spatial receptive fields and thus produce

response enhancements proportional to the spatial congruence (Meredith & Stein, 1986a, 1996).

When multisensory stimuli are spatially disparate or when one stimulus falls outside its receptive

field, SC responses are depressed or are not distinct from unisensory responses. Typically,

spatially proximal stimuli fall within their respective receptive fields, and therefore produce

multisensory enhancement. However, spatial proximity is not a strict requirement for

multisensory enhancements. When animals are reared in an altered sensory environment where

temporally-coupled audiovisual signals originate from different locations in space, SC neurons

develop unisensory spatial receptive fields that are separated in space commensurate with the

discrepancy in their environment (Wallace & Stein, 2007). When stimuli are spatially

coincident, one stimulus falls within its receptive field while the other falls out outside its

receptive field. These neurons show normal multisensory integrative ability so long as unisensory



signals are separated by a distance that corresponds to the statistics of the developmental

environment and thus occur within their respective receptive fields.

Inwerse effectiveness

Maximum multisensory enhancements occur when weakly effective stimuli are combined

(Meredith & Stein, 1986b). One of the benefits of multisensory interactions is the ability to

enhance the physiological salience of external events which can help an organism to maximize

the extraction of information from their surroundings. An organism does not stand to benefit

much from the integration of stimuli that are effective on their own. Conversely, when stimuli

are decreasingly effective (e.g., from low signal or high background noise), multisensory

interactions become increasingly advantageous to that organism. Interestingly, this principle has

been demonstrated by changing the spatial location of stimuli within the heterogeneous receptive

fields of SC neurons (Carriere, Royal, & Wallace, 2008; Krueger, Royal, Fister, & Wallace,

2009). Large interactions are observed when stimuli are placed at receptive field locations which

produce meager responses while highly excitable receptive field locations produce much smaller

multisensory enhancements, if any.



Table 1.1: The multisensory principles outside single unit electrophysiology.

Behavior Electrophysiology Imaging
Temporal (Dixon & Spitz, (Schall, Quigley, (Macaluso, George,
Coincidence 1980; Hershenson, ~ Onat, & Konig, 2009; Dolan, Spence, &
1962; Wallace et al., Senkowski, Talsma, Driver, 2004)
2004) Grigutsch,
Herrmann, &
Woldorff, 2007)
Spatial Parity (Bolognini et al., (Zhou, Zhang, Tan,  (Macaluso et al.,

Inverse Effectiveness

2005; Frassinetti et
al., 2002; Wallace,
2004)
(Sumby & Pollack,
1954)

& Han, 2004)

(Crosse, Di Liberto,
& Lalor, 2016;
Stevenson et al.,

2012)

2004)

(Stevenson & James,

2009)

The principles outside the single neuron

Although the multisensory principles were codified using electrophysiological recordings

of single SC neurons in cat and later in the primate SC (Wallace, Wilkinson, & Stein, 1996),

they were first touch on in human nearly a century ago (Todd, 1912). These principles, based on

the early physiology work (Meredith et al., 1987; Meredith & Stein, 1983, 1986a), have since

been demonstrated in a wide range of human methodologies including behavior,

electrophysiology, and imaging. Table 1 summarizes a few key papers.
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Other considerations

Although the principles have been demonstrated and remain robust across a broad variety

of tasks and techniques, there are select cases in which multisensory interactions do not conform

to the principles. For example, although Sumby and Pollack (1954) found that enhancement

increased monotonically with decreasing signal-to-noise ratio (SNR) of a speech signal (inverse

effectiveness), others have found maximal enhancement occurring at intermediate SNRs, a so-

called “sweet spot” (Foxe et al., 2015; Ross, Del Bene, Molholm, Frey, & Foxe, 2015; Ross et al.,

2007), or in a manner unexplained by inverse effectiveness altogether (Chandrasekaran, Lemus,

Trubanova, Gondan, & Ghazanfar, 2011). Additionally, there is evidence that the spatial

misalignment can still cause integration under certain contexts (Murray et al., 2005).

Other factors have been presented that shape the multisensory product. One of these

posits that multisensory signals must be semantically congruent to produce multisensory

enhancements (Laurienti, Kraft, Maldjian, Burdette, & Wallace, 2004). When participants were

shown a red or blue visual stimulus, they were faster at pressing a corresponding red or blue

button when there was a semantically congruent auditory stimulus (spoken “red” or “blue”).

Multisensory stimuli that are semantically incongruent (spoken “green”, akin to a multisensory

11



Stroop Effect) were shown to impede behavioral performance. Further, two principles aimed to
explain multisensory behavior have been proposed (Otto, Dassy, & Mamassian, 2013). The
principle of congruent effectiveness states that multisensory behavioral enhancement is largest
when behavioral performance in corresponding unisensory conditions is matched. The variability
principle says that multisensory enhancements increase as unisensory behavior becomes less
reliable. Interestingly, both of these can be thought of a nuanced reframing of the inverse
effectiveness principle. First, mismatched unisensory behavioral performance reduces
multisensory enhancements due to the increased effectiveness in one modality. Likewise,
unisensory behavior becomes more variable as stimuli become less effective and therefore

produces larger response enhancements.

The Binding Problem

Originally, the multisensory principles were described as a means to explain what the
brain should integrate under the assumption that stimuli that are spatially and temporally
congruent likely originate from a common event (i.e., causal inference; Kording et al., 2007,
Magnotti, Ma, & Beauchamp, 2013) and therefore should be “bound” together. These statistical

cues are important because the brain does not know a priori what sensory features should go

12



together and which should be separated into distinct objects. So the brain uses cues to infer a

common cause for sensory events. This binding problem deals with the question of how we

achieve the experience of a coherent world of integrated objects, and avoid seeing a world of

disembodied or wrongly combined shapes, colors, motions, sizes and distances (Treisman, 1998).

In order to evaluate and interact with our environment, we bind features from the same source

into a single object while segregating features from different sources into multiple objects

(Treisman & Gelade, 1980). In order to form these objects, our brains must first encode its

component features and then sow the features are combined (Treisman, 1996).

Gestalt psychologist have long been aware of the binding problem. One core principle of

Gestalt psychology is prignanz, which is the observation that humans tend to order our

perceptual experience in predictable ways. These observations lead to the formalization of

principles describing the conditions which facilitate perceptual grouping (Wertheimer, 1923,

1938). Their principles, such as similarity, proximity, and common fate — which describe

grouping based on resemblance, closeness, and movements—relate closely to binding cues (i.e.,

spatial and temporal correlations) described in research today.
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Unisensory grouping and segregation

Our sensory environment contains many signals that need to be appropriately combined.

Returning to our early example, where I have just crossed the busy street, I am approached by my

friend. For us to have a conversation, my auditory system must group the audible features (e.g.,

frequency components, spatial location) related to his voice and all the other ongoing sensory

events into auditory objects and segregate them appropriately. These objects then must maintain

continuity across longer time scales into streams. Humans are particularly adept at tracking these

changes across time, even when multiple sources overlap significantly (Woods & Mecdermott

Correspondence, 2015). Finally, we must focus attention on the target voice (Shinn-

Cunningham, 2008). This process has been called the cocktail party problem (Cherry, 1953),

which is a specific instance of auditory scene analysis (Bregman, 1990) and represents a non-

trivial problem for our auditory perceptual system.

Auditory scene analysis takes advantage of a number of cues based in part on the spectral

features of sounds (Darwin, 1997). One well-documented cue for grouping and segregation of

sound sources is frequency proximity (Darwin, 1992). If two vowels are presented

simultaneously, larger differences in the fundamental frequency—which is potentially indicative
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of two speakers—result in better identification of both vowels (Assmann & Summerfield, 1994;

Culling & Darwin, 1993; Culling & Darwin, 1994; de Cheveigné, Kawahara, Tsuzaki, &

Aikawa, 1997). Similarly, in a classic paradigm designed to manipulate the perception of the

number of perceived streams, a repeating sequence of alternating tones (A and B) are separated

in frequency by varying amounts. In this paradigm, if the frequency separation between the tones

is small, the sequences will be perceived as a single trill-like stream (ABAB). However, if the

tones are separated sufficiently in frequency, the sequence will be perceived as two separate

streams (A-A- and -B-B; Bregman & Campbell, 1971; Miller & Heise, 1950; Noorden, 1977).

Although frequency separation is important in the formation of auditory streams, another

factor—the temporal structure of sounds—is also crucial in this process (Zion Golumbic,

Poeppel, & Schroeder, 2012). Listeners are able to detect onset and offset asynchrony in sound

features and can use these cues for segregating sounds (Darwin & Carlyon, 1995). In the ABAB

paradigm, tone streams that are synchronous are more likely to be grouped into a single stream,

regardless of frequency separation (Shamma et al., 2013). Tone sequences that are presented at

different speeds, thus decoupling the temporal correlation between tones sequences, leads to the

perception of separate of streams, regardless of frequency similarity, a result that is evident in
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behavioral and neurophysiological data (Elhilali, Ma, Micheyl, Oxenham, & Shamma, 2009;

Micheyl, Hanson, Demany, Shamma, & Oxenham, 2013). Listeners can also take advantage of

temporal coherence independent of onset in complex sounds that change stochastically over time

to segregate a figure from a background (O’Sullivan, Shamma, & Lalor, 2015; Teki, Chait,

Kumar, Shamma, & Griffiths, 2013; Teki, Chait, Kumar, von Kriegstein, & Griffiths, 2011).

Just as auditory grouping relies strongly on cues encoded topographically (i.e., frequency),

visual grouping relies on the topographically organized spatial structure (Blake & Lee, 2000;

Kramer & Yantis, 1997; Rikhye & Sur, 2015). And paralleling auditory grouping, correlated

temporal structure is an important cue in visual feature binding as well (Blake & Lee, 2005;

Fahle, 1993; Treisman, 1999) and is more important than precise synchrony in onset (Guttman,

Gilroy, & Blake, 2007). Visual feature grouping has been demonstrated via correlated or

synchronized motion cues (Kandil & Fahle, 2004; S. H. Lee & Blake, 1999), sinusoidal gratings

(Alais, Van Der Smagt, Van Den Berg, & Van De Grind, 1998), and paralleling auditory

streaming paradigm, luminance changes that do not rely on spatial grouping cues (A. B. Sekuler

& Bennett, 2001). There is even evidence that temporal cues can override spatial cues in visual

perception (J. M. Wallace & Scott-Samuel, 2007). The brain’s use of temporal structure and
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correlation in the analysis of auditory and visual scenes (Bizley & Cohen, 2013; Blake & Lee,

2000) suggests a general mechanism of feature binding built on temporal correlations that can be

used to group features across sensory modalities.

Multisensory binding and temporal correlation

After my auditory system has grouped the spectrotemporal features of my friend’s voice

into a stream, I am left with the challenging task of understanding what my friend is saying. In

quiet, we can easily understand audible speech but performance drops as the environment gets

louder or when distractors are present (Hygge, Ronnberg, Larsby, & Arlinger, 1992; Miller,

1947). And so, on the loud city street and with everyone talking around us, I struggle to

understand what a single friend is saying. So naturally, I look to his face for help.

Although it is natural for us to use facial cues to aid in our listening ability, our visual

system is not very adept at understanding speech (Romano & Berlow, 1973; Ross et al., 2007). It

is not immediately apparent how we derive a benefit from an input that carries so little

information, but despite our poor lip reading abilities, when we are able to see the face of a

person speaking to us, we are better able to understand what is said (Erber, 1969; Ross et al.,

2007; Sumby & Pollack, 1954). It has been proposed that one way in which we derive this
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benefit is from the enhancements bestowed by forming a multisensory object and directing

attention toward it (Bizley et al., 2016). This proposition is rooted in the tenets of object-based

visual attention (Desimone & Duncan, 1995) where objects are the recipients of our attention

and that attention enhances all features of an object. Indeed, it has been posited that attention is

a critical component of the binding process (Treisman, 1998).

When a multisensory object emerges in our perception, that object becomes more salient

than a unisensory one (Bizley et al., 2016). This becomes apparent in the context of stimulus

competition and selective attention (e.g., the cocktail party). In a recent task that parallels the

cocktail party problem, participants were engaged in streaming two auditory objects and were

asked to report brief frequency or timbre events in one stream while ignoring events in the other.

Performance was better when a separate visual stream was temporally correlated with the target

stream than when it match the distractor (Maddox et al., 2015).

Just as we are likely to group unisensory features that change together over time, temporal

correlation is said to be a strong determinant of multisensory binding (Bizley et al., 2016) and as

mentioned above is a property of audiovisual speech (Figure 1.1a; Chandrasekaran, Trubanova,

Stillittano, Caplier, & Ghazanfar, 2009). Visual speech has been shown to improve the detection
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of auditory speech tokens when the two are temporally correlated (Bernstein, Auer, &

Takayanagi, 2004; Grant & Seitz, 2000; Kim & Davis, 2004). This benefit is abolished when the

visual stimulus is decorrelated by time-reversing the visual stimulus (Kim & Davis, 2004) or with

presentation of unmatched visual speech (Figure 1.1b; Grant & Seitz, 2000). Interestingly, with

a simple visual stimulus where the size is modulated by the speech envelope, thus preserving the

temporal correlation, a small but reliable detection benefit is still observed (Bernstein et al.,

2004) suggesting that temporal correlation, and not just the presence of a speaker’s face—or any

visual cue for that matter—is responsible for benefits conferred by visual speech on auditory

speech perception.

Figure 1.1(next page): Multisensory temporal correlation and its consequences on behavior. (a) Mouth
opening area and auditory envelope intensity from an exemplar spoken sentence are plotted across time
(left). Mouth opening and envelope are temporally correlated (right). (b) Detection thresholds in noise
for three spoken sentences under auditory only (A) or paired with a matched (same sentence) visual
stimulus (AV) or unmatched (different sentence) visual stimulus (AVu; left). Masking protection (AV-
A) conferred by the addition of matched, unmatched, or orthographic (AVo; written sentence) visual
stimulus. (¢) Localization (left) and spatial discrimination task (right) using correlated or uncorrelated
streams of Gaussian flashes and noise burst. When stimuli are correlated, stimuli are integrated in a
statistically optimal fashion and are harder to separate in space. (d) An auditory event (frequency
modulation, vowel shift) is presented in an auditory target or masker streams (tone complex or synthetic
vowel) with randomly fluctuating amplitude envelopes (left). Participants were asked to detected target
events and ignore masker events. Meanwhile, a visual stream containing a disk where the size could be

modulated with an envelope that matched the auditory target, masker, or neither stream. When the
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visual stream matched the auditory target stream, sensitivity in detecting the target event was improved
(right). Adapted from (Chandrasekaran et al., 2009; Grant & Seitz, 2000; Maddox et al., 2015;
Parise, Spence, & Ernst, 2012; Parise et al., 2013).
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In several tasks and stimulus types, temporal correlation of non-speech auditory and

visual cues has been shown to facilitate multisensory binding and integration. In a localization

task, streams of discrete auditory and visual events were combined in a statistically optimal

fashion (i.e., reducing the perceptual variance; Ernst & Banks, 2002) only if the auditory and

visual streams were correlated over time (Figure 1.1c; Parise et al., 2012). When the same stimuli

were presented with varying degrees of spatial separation, auditory and visual streams that were

correlated required larger separation than uncorrelated stimuli for participants to reliably judge

the relative location of the unisensory parts (Figure 1.1c; Parise et al., 2013), suggesting that

correlated stimuli are unified into a multisensory object that is resistant to deconstruction.

During auditory stream segregation, selective attention toward a target stream in the presence of

a distractor is improved with the presence of a temporally correlated, yet irrelevant, visual stream

(Figure 1.1d; Maddox et al., 2015).

Although the spatial and temporal proximity of bimodal cues is an important feature that

modulates multisensory processing (Bolognini et al., 2005; Frassinetti et al., 2002; Meredith et

al., 1987; Meredith & Stein, 1986a, 1996), the formation of a unified object can occur despite

large spatial and temporal discrepancies (Wallace et al., 2004). This is often demonstrated when
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audiovisual stimuli are temporally correlated, and thus likely to be bound. Observer are more

tolerant of spatial and temporal separation between stimuli that are temporally correlated (Chuen

& Schutz, 2016; Parise et al., 2012, 2013; Vatakis & Spence, 2007). This phenomenon is the

basis of an illusion termed the Ventriloquist Effect (Bertelson, 1999; Bertelson, Vroomen,

Wiegeraad, & de Gelder, 1994). In this illusion, an auditory stimulus’ perceived location is

shifted toward a more salient visual stimulus (Alais & Burr, 2004; Wallace et al., 2004). When

the temporal correlation between the auditory and visual components is removed, the

ventriloquism effect, that is, the spatial tolerance, is extinguished. (Jack & Thurlow, 1973;

Thurlow & Jack, 1973).

In another illusion, the McGurk Effect, which results from the binding and fusion of

disparate bimodal cues (Nahorna, Berthommier, & Schwartz, 2012), the pairing of a

semantically incongruent auditory (/ba/) and visual (/ga/) can result in a fused percept (/da/ or

/tha/) (Mcgurk & Macdonald, 1976). The McGurk effect is also resilient to spatial incongruence

(Bertelson et al., 1994). However, manipulation of the temporal structure present in the visual

cue (such as presenting a time-warped cue or cues from different speaking speeds) degrades the

temporal correlation between auditory and visual signals and results in a reduction of the fused
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percept (Munhall, Gribble, Sacco, & Ward, 1996; Venezia, Thurman, Matchin, George, &

Hickok, 2016). Additionally, presentation of incoherent auditory and visual streams prior to a

McGurk target leads to fewer reports of a McGurk percept (Ganesh, Berthommier, & Schwartz,

2017; Nahorna et al., 2012).

Thus far, we have discussed multisensory objects in terms of stimuli in the environment,

namely speech. However, a particular case of multisensory objecthood results from the binding of

of exteroceptive and interoceptive cues (Blanke, Slater, & Serino, 2015), which has been

described as the multisensory basis of embodied self-consciousness (Noel, Blanke, & Serino,

2018). Interestingly, we can demonstrate this binding by generating binding failures through

spatial discrepancies between these cues. Importantly, temporal congruence is an important

constraint in these examples. In one, repetitive and temporally coincident [but not temporally

disparate (Tsakiris & Haggard, 2005)] stimulation of a rubber hand and a participant’s hidden

hand can alter bodily ownership as participants reported feeling the touch on the rubber hand

(Botvinick & Cohen, 1998). In a more impressive demonstration of this concepts, participants

can take ownership of an entire virtual body presented in front of them via virtual reality
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(Lenggenhager, Tadi, Metzinger, & Blanke, 2007). Again, the illusion is dependent on temporal

cues, demonstrating the importance of time in multisensory binding and perception.

Correlations in the Environment and the Brain

So far, we have discussed in depth how sensory features can have temporal structure and

how those features can be correlated within and across sensory modalities. But correlations can

arise in other domains in the environment. When we encounter a natural visual scene, it is

composed of a wide range of features such as luminance, contrast, orientation, and spatial

frequency. These features occur with a highly organized and auto-correlated spatial structure

(Ruderman, 1994). That is, areas in natural scenes tend to be similar (i.e., correlated) to

neighboring areas with similarity decreasing with distance. For example, the features (e.g.,

luminance and edges) of a visual object tend to be continuous throughout that object and distinct

from other objects in a scene. These statistics in visual scenes are used by the visual system to

efficiently encode spatial information from the environment (Barlow, 2001; Rikhye & Sur, 2015;

Simoncelli & Olshausen, 2001).

Binaural hearing is perhaps the prototypical implementation of correlation detection in

the nervous system (Jeffress, 1948). Sound signals reach the two ears with a temporal delay,
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known as interaural time difference (ITD), which is proportional to the azimuthal location of the
sound source (Feddersen, Sandel, Teas, & Jeftress, 1957). Neurons in the medial superior olive
are sensitive to specific I'TDs. These neurons behave like cross-correlators, responding cyclically
to increasing I'TD and maximally when the ITD produces a phase difference between the ears
that correspond to neurons’ preferred phase difference (Goldberg & Brown, 1969).

Beyond these examples, correlation detection has been implicated in several sensory and
cognitive processes such as stereoscopic vision (Ohzawa, 1998), texture segregation (Bergen &
Landy, 1991), and motion perception (Hassenstein & Reichardt, 1956). Additionally,
correlation across sensory modalities cues has been posited as a mechanism for synchrony
perception (Burr, Silva, Cicchini, Banks, & Morrone, 2009; Fujisaki & Nishida, 2005), cross-
modal temporal encoding (Guttman, Gilroy, & Blake, 2005), and as a general mechanism for

multisensory integration (Parise & Ernst, 2016).

The Drift-Diffusion Model in Perception

The current work also seeks to place the role of correlation in a decisional framework and
thereby ascertain its role in the decision-making process. Decision making is a ubiquitous

occurrence in our interaction with the environment. However, there are many factors, both
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external (i.e., from the environment) and internal (i.e., from the observer) that contribute to this

process (Gold & Shadlen, 2007). A univariate approach to studying behavior, such as analysis of

reaction times or accuracy in isolation, can miss the interactions between these metrics and how

they relate to and explain both internal and external factors (Voss, Nagler, & Lerche, 2013;

Wagenmakers, 2009). However, by accounting for choice probabilities as well as shape of

reaction time distributions for both correct and error responses [which univariate analyses often

overlook (Luce, 1986)], decisional models can successfully disentangle these factors that

contribute to decision-making (Ratcliff & Rouder, 1998).

During the formation of a simple decision, sensory evidence is accumulated in favor of a

single choice between multiple alternatives (Churchland, Kiani, & Shadlen, 2008; de Lafuente,

Jazayeri, & Shadlen, 2015; Gold & Shadlen, 2007; Roitman & Shadlen, 2002). When organisms

have access to stronger sensory evidence we are able to accumulate evidence faster and with

better accuracy, which is reflected in our decisions. In the above examples, sensory evidence is

manipulated through the coherence of random dot motion stimulus, but can be as simple as

stimulus intensity (Rach, Diederich, & Colonius, 2011) or a more complex measure such as
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memory salience (Ratcliff, 1978). However, a number of other factors influence the decision-

making process such as bias, evidence encoding time, and speed/accuracy trade-off.

These factors of the decision-making process have been formalized in several models of

evidence accumulation (Ratcliff & Smith, 2004; Ratcliff, Smith, Brown, & McKoon, 2016).

These include models include random walk (Laming, 1968; M. Stone, 1960), Wiener diffusion

(Ratcliff, 1978), Ornstein-Uhlenbeck diffusion (Busemeyer & Townsend, 1992), leaky

competing accumulator (Usher & McClelland, 2001), and linear ballistic accumulator (Brown &

Heathcote, 2008) models, to name a few. Although these models differ in several nuances such

as decisional criteria that are relative or absolute, number of accumulators and/or decision

bounds, constant versus decaying drift rates, or the stochastic/deterministic nature of the

evidence accumulation process, they share some core commonalities. In short, evidence begins at

a starting point between two decisional thresholds or as a fraction of one threshold and

accumulates toward a threshold at a certain rate. Once the evidence crosses the decision

threshold, the model assumes a choice is made and that simulated choice and reaction time are

recorded. Models typically include parameters that can account for differences in evidence

starting point (bias), evidence threshold (speed/accuracy trade-off), non-decision time (pre-
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