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ABSTRACT  

Multisensory integration is the process by which the brain synthesizes sensory 

signals across multiple modalities to form a product that is distinct from its component 

signals. There is a vast and growing corpus of findings documenting the benefits of 

multisensory integration in a wide variety of circumstances and species, including cue 

detection, localization, and object identification. These benefits represent enhancements 

of information processing beyond what is possible by the independent operation of the 

senses. There is substantial interest in the development and evaluation of sensitive 

quantitative measures of multisensory integration in order to provide the greatest 

opportunity to compare its efficacy across different conditions and disorders. Crucially, 

most human studies seeking to quantify defects in multisensory integration have used 

reaction time and not response accuracy as the measure of the response. While there is no 

theoretical limitation on collecting both measures in the context of an experiment, studies 

using reaction time and response accuracy often have a subtle but important differences 

in research design. There have not been any studies that simultaneously compare the 

effect sizes of multisensory integration measured by these two different metrics. My 

central hypothesis is that accuracy is a superior variable compared to reaction time in 

measuring multisensory integration. If correct, this would suggest a different probe 

should be used to assess multisensory integration in clinical populations.  
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I. Introduction  

Multisensory integration is the process by which the brain synthesizes sensory 

signals across multiple modalities to form a product that is discrete from its component 

signals (Stein & Meredith, 1993). There is a vast and growing collection of findings 

documenting the benefits of multisensory integration in a wide variety of circumstances 

and species, including cue detection, localization, and object identification. These 

benefits represent enhancements of information processing beyond what is possible by 

the independent operation of the senses and are commonly encountered in natural 

circumstances whenever one or more of the senses is compromised in some way. 

However, despite the ubiquity and efficiency of multisensory integration in neurotypical 

adults, it is not an essential or default property of a multisensory system. There are now a 

number of neurological disorders (e.g., schizophrenia, autism spectrum disorder, ADHD) 

in which multisensory integration capabilities are compromised even when the person is 

responsive to multiple sensory modalities. There is substantial interest in the development 

and evaluation of sensitive quantitative measures of multisensory integration in order to 

provide the greatest opportunity to compare its efficacy across different conditions and 

disorders. 

The two most commonly used dependent variables assayed in studies of 

multisensory integration are response accuracy and reaction time. Response accuracy is 

measured by assessing the incidence with which the subjects’ responses match an “ideal” 

response, e.g., detecting the cue when it is present, assessing its proper location in space 

within some error tolerance, and identifying a spoken phoneme. Using this metric, 

multisensory integration is operationally identified by an increase in response accuracy in 
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multisensory trials compared to unisensory trials (Rowland & Stein, 2007). Reaction time 

is measured by recording the time between the onset of a target stimulus and the initiation 

of the subject’s response (Houlihan, Campbell, & Stelmack, 1994). This is the more 

frequently used measure and is used in a greater variety of tasks. For this metric, 

multisensory integration is operationally identified by a decrease in reaction time in the 

multisensory trials relative to the delay that would be expected if the unisensory signals 

were not integrated (Sakata, Yamamori, Sakurai, 2004).  

Crucially, most studies seeking to quantify defects in multisensory integration in 

humans have used reaction time and not response accuracy as the measure of the 

response. Studies using reaction time or response accuracy often have subtle, but 

important differences in research design. There have not been any studies that 

simultaneously compare the effect sizes of multisensory integration measured by these 

two different metrics. My central hypothesis is that accuracy is a superior variable 

compared to reaction time in measuring multisensory integration due to empirical, 

theoretical, and practical problems associated with reaction time. If correct, this would 

suggest a different probe should be used to assess multisensory integration in clinical 

populations. 

II. Background  

 a. Definition of Multisensory Integration  

In everyday life, experiences are rarely ever unisensory; instead they are 

multisensory, stemming from an assortment of information acquired through several 

sensory modalities. Each sensory modality gives us an incomparable and special point of 

view on the world, and these senses together allow us to respond to a greater variety of 
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cues concurrently. In addition, the senses can substitute for one another when one sense is 

individually compromised (Shams & Seitz, 2008). The brain integrates these sensory 

modalities to provide a thorough and clear representation of what is being comprehended 

and to produce and execute appropriate behavioral responses (Meredith & Stein, 1993; 

Dionne-Dostie, Paquette, Lassonde, & Gallagher, 2015). This fundamental process 

affects how we perceive the world and the decisions we make, but the majority of the 

time, we are unaware of it. Frequently, the judgments we believe are produced from a 

single sense are influenced by a multitude of senses. For instance, we are constantly 

integrating information from our eyes and ears without even realizing. Sensory judgments 

are not exclusive to a single sense because multiple sensory channels unite and share the 

use of neural processes that mediate perception and action (Engel, Senkowski, & 

Schneider, 2012 ). This phenomenon is called multisensory integration, and it is defined 

as the neural process by which unisensory signals are integrated to construct a new 

product that is significantly different from the responses yielded by the modality-specific 

component stimuli (Miller, Stein, & Rowland, 2017). This new product cannot be easily 

separated to reconstruct the components from which it was created (Stein et al., 2009).  

 Multisensory integration has a multitude of advantages. It maximizes the brain’s 

use of information available to it in any given occurrence and enhances the physiological 

salience of external events (Stein, Wallace, & Stanford, 1999). Most importantly, it has 

crucial survival value for animals and humans. The ability to integrate sensory 

information becomes a significant element of daily behavior, which permits animals and 

humans to identify events and apply optimal and appropriate responses to these events. 

Unique experiences are also created when signals from different sensory channels are 
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combined together (Dionne-Dostie, Paquette, Lassonde, & Gallagher, 2015). In addition, 

more accurate perceptual evaluations of an event and behavioral decisions can be made 

through the combination of different independent sensory signals. One of the best-studied 

circumstances in which this occurs is when multisensory integration improves the 

capability to detect, localize, and orient towards an external event. This is a phenomenon 

that occurs in the superior colliculus (Stein & Meredith, 1993). 

b. Superior Colliculus and Multisensory Integration 

 For an individual neuron, multisensory integration is identified as a significant 

difference between the amount of impulses produced by a cross-modal combination of 

stimuli and the amount produced by these stimuli individually (Stein & Meredith, 1993). 

Therefore, multisensory integration can result in an enhancement or depression of a 

neuron’s response (Stein & Stanford, 2008). Multisensory integration has been studied in 

numerous brain areas such as the basal ganglia, the association cortex, and other cortical 

regions including the superior temporal sulcus, the parietal, premotor and prefrontal 

cortex (Dionne-Dostie, Paquette, Lassonde, & Gallagher, 2015). Though, the majority of 

studies have studied multisensory neurons in the superior colliculus of a cat as a model. 

The main role of the superior colliculus is to steer orienting behaviors towards primary 

external stimuli, and mediate the enhancements of detection and localization. The 

convergence of senses occurs in the neurons in the deep layers of the superior colliculus, 

where it is organized in an efficient map-like manner where there are three sensory 

representations (visual, auditory, and somatosensory). These three differing sensory 

representations or maps overlap spatial register with one another, which allows for 

efficient pooling of sensory information for multisensory integration, which is illustrated 
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in Figure 1. External events often involve multiple senses and are responded by 

converging cross-modal afferents onto common multisensory targets neurons in the map.  

 

 

 

 

 

 

 

c. The Development of Multisensory Integration  

 Multisensory integration is not a predetermined or innate process. Instead, it is 

dependent on experiences during early postnatal life through interactions and experiences 

between the visual, auditory, and somatosensory systems. The sensory modalities in the 

deep layers of the superior colliculus have a sequential developmental chronology (Stein, 

2012). The appearance of the first multisensory neurons, which are the somatosensory-

auditory neurons, occurs at about 10 to 12 days of age. Though the multisensory neurons 

appear at 10 to 12 days of age, they respond indistinctly to sensory stimuli, have long 

latencies, vast receptive fields, and have inadequately developed response selectivity 

(Wallace & Stein 1997; Stein et al., 1973; Stein et al., 1973b). They are unable to 

integrate combinations of sensory cues to produce an enhancement or depression. There 

Figure 1. There are three sensory representations or maps in the superior colliculus: visual 

auditory, and somatosensory. The superior colliculus is organized in an efficient map-like 

manner where all of the differing sensory maps overlap spatial register with one another, 

which is represented through the purple map. This allows for efficient pooling of sensory 

information for multisensory integration (Stein et al., 2014). 
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is not a significant difference from their responses to a combination of sensory cues and 

modality-specific cues. As development continues, an abrupt physiological change occurs 

approximately around 28 days post-natal, when multisensory neurons are now able to 

integrate combinations of cross-modality cues and produce enhancements when the cues 

are spatially coincident or depressions when the cues are spatially disparate. The number 

of multisensory neurons and their advanced capabilities continues to gradually increase 

over the next two months of development. After those two months of development, the 

responses of multisensory neurons are now stronger, quicker, and more selective. The 

decrease of the neurons’ receptive fields is most reliant on exposure to distinct modality-

specific stimuli. Thus, the development of the neurons’ multisensory integration abilities 

requires exposure to unique configurations of cross-modal stimuli. The ability of superior 

colliculus neurons to integrate cross-modal signals does not develop until weeks after the 

first multisensory neurons are available. Even though this capability is technically 

developed, the incidence of this process is quite low and progressively increases as 

development continues. The neurons are not considered adult-like neurons until three 

months after birth, and it is not until then that the neurons are fully capable of 

multisensory integration (Wallace & Stein, 1997).  

 Even though the development period is extended during the postnatal period, this 

not only allows for superior colliculus multisensory development, and development of the 

cortical inputs from the association cortex, but also permits time for experience with 

sensory cues (Yu, Xu, Rowland, & Stein, 2016). There have been a multitude of 

experiments evaluating the effect of restricting and manipulating a cat’s early developing 

experience with cross-modal stimuli. In an experiment, conducted by Wallace, Perrault, 
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Hairston, and Stein (2004), a group of kittens immediately after birth were reared in a 

dark environment and deprived of all visual experiences to examine how early sensory 

experiences effect the development of multisensory neurons. This group was compared to 

a control group who was reared in a normal environment with illumination. They 

discovered that in the dark-reared group, there was a slightly lower number of modality-

specific visual neurons and a slight increase in the number of modality-specific auditory 

and somatosensory neurons. However, the receptive fields of the multisensory neurons 

were strongly affected in the cats in the dark-rearing condition. Their receptive fields 

looked similarly to neurons seen in the superior colliculus of 2 to 4 week-old cats. 

Another difference between the two groups was that the neurons in the dark-reared 

condition did not respond with substantial enhancement of activity when presented with 

spatially and temporally congruent cross modal stimuli compared to the control group. 

There were also no evident differences between the cat’s responses to the multisensory 

stimuli versus unisensory stimuli, which illustrates a lack of multisensory integration in 

the neurons of the cats in dark reared condition. These results confirm that sensory 

experience is essential for neurons to develop the capability to synthesize information 

from different modalities (Wallace, Perrault, Hairston, & Stein, 2004).  

In another experiment conducted by Xu et al., (2012) development of 

multisensory integration capabilities in superior colliculus neurons was similarly 

evaluated, but in this experiment the cats’ visual-auditory experiences were restricted to a 

time constrained period in early life. The cats were periodically exposed to visual and 

auditory stimuli at random moments of space and time or always at the same location and 

time. The cats in the random modality-specific exposure group did not develop 
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multisensory integration in the neurons examined, but the cats in the coincident exposure 

group produced expression of multisensory integration, which was evident through the 

significant multisensory enhancement. Therefore, exposure to random visual and auditory 

stimuli demonstrated to be insufficient to develop the ability to integrate cross-modal 

stimuli, but coincidental exposure to cross-modal stimuli proved to be highly effective. 

This further proves that cross-modal experience in early development defines the spatial 

and temporal filters that determine if the components of cross-modal stimuli are to be 

integrated or treated as individual stimuli (Xu et al., 2012).  

 Not only have previous studies examined multisensory integration in cats, they 

have also looked at multisensory integration in monkeys. Rhesus monkeys are a precocial 

species, which means from the moment of birth or hatching, they are relatively mature 

and mobile. In contrast to cats, they are born with both their eyes and ears open, which is 

similar to humans. The monkeys’ sensory capacities are more developed and advanced at 

birth because the monkeys experience more prenatal maturation compared to the cat’s 

prenatal development. Shortly after birth, the monkey can see and hear very well, and the 

multisensory neurons in the superior colliculus are already present (Horton & Hocking, 

1996; Hubel & Wiesel, 1968; Rakic, 1977; Wallace, McHaffie, Stein, 1997). Even 

though the neurons are more advanced and respond to different sensory inputs at a 

younger age compared to the cat, their responses to simultaneous cross-modal sensory 

stimuli are not greater than responses to the most effective of those stimuli individually, 

which illustrates that multisensory integration is not yet developed (Wallace, McHaffie, 

& Stein, 1997; Wallace & Stein, 1996).  
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Furthermore, once the superior colliculus has matured, there is a circuit present 

that underlies the process of multisensory integration, which includes descending input to 

the superior colliculus from the association cortex. There are cortical inputs, which 

develop gradually over time during postnatal growth, that have been found to be essential 

in the maturation of the integrative ability of the superior colliculus neurons. More 

specifically these cortical inputs originate from the association cortex. In cats, these 

include anterior extosylvian sulcus (AES) and rostrolateral suprasylvian sulcus (rLS). 

Studies have found that the deactivation of these areas extinguishes the capability of 

multisensory integration of the superior colliculus, which illustrates that these descending 

inputs from the AES and rLS play a crucial role in superior colliculus multisensory 

integration. The majority of superior colliculus neurons depend on descending inputs 

from the AES, but some do require inputs from both the AES and rLS (Jiang et al., 2000).  

III. Measuring Multisensory Integration in Behavior  

a. Two Common Dependent Variables to Measure Multisensory Integration  

One of the most commonly used dependent variables assayed in studies of 

multisensory integration in humans is reaction time. Reaction time is measured by 

recording the delay between the onset of a target stimulus and the initiation of the 

subject’s response (Houlihan, Campbell, Stelmack, 1994). In 1868, a Dutch physiologist 

and ophthalmologist, F.C. Donders, proposed that mental processes such as sensory 

discrimination, perceptual identification, and motor selection each allocate a specific 

amount of time. Donders developed three tasks that are still widely used today: a simple 

reaction time task, a go/no-go task, and a choice reaction time task. A simple reaction 

time task includes a subject responding to a stimulus as quickly as they can by making a 
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predetermined response, such as a pressing a button. A go/no-go task consists of two 

stimuli, but one requires a response and the other one should be ignored. A choice 

reaction time task consists of two signal stimuli to which the subject makes two different 

responses, as in using one’s left hand to press the button in response to a green light, and 

using one’s right hand to press the button in response to a red light. Reaction time is the 

main quantitative measure that was first used to measure cross modal interaction in early 

studies (Todd, 1912). Classical studies of redundant signaling continued with 

Hershenson, where he implemented a speeded reaction time task where participants had 

to respond by a key press wherever they were presented with visual, auditory, or audio-

visual stimuli (Hershenson 1962). Such redundant signal effects have been discovered 

across varying choice reaction time tasks (Grice & Canham, 1990; Grice, Canham, & 

Boroughs, 1984; Grice, Canham, & Gwynne, 1984; Grice& Reed, 1992). 

 Years later, reaction time is still widely used in a variety of studies, including 

studies of speech perception, emotion perception, object discrimination tasks, decision 

making, autism spectrum disorder, ADHD, multisensory integration, and many more 

(Klucharev, Mottonen, & Sams, 2003; De Gelder & Vroomen, 2000; Beauchamp, Lee, 

Haxby, & Martin, 2003; Stanford et al., 2010; Schmitz, Daly, & Murphy, 2007; Hervey 

et al., 2006). Though, my focus is on reaction time as a dependent variable to study 

multisensory integration. Many studies have used reaction time to compare multisensory 

stimulus pair responses and unisensory responses in multisensory integration (Molholm 

et al., 2003; Diederich & Colonius, 2004; Murray et al., 2001; Miller & Ulrich, 2003; 

Kohfeld, 2917; Gielen, Schmidt, & Van Den Heuevel, 1983; Forster, Cavina-Pratesi, 

Aglioti, & Berlucchi, 2002; Talsma, Doty, &Woldorff, 2006; Hughes, Rueter-Lorenz, 
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Nozawa, & Fendrich, 1994; Brandwein et al, 2015; Giard &Peronnet, 1999; Gondan, 

Niederhaus, Rosler, & Roder, 2005; Hecht, Reiner, & Karni, 2008a; Hecht, Reiner, 

&Karni, 2008b; Schroter, Ulrich & Miller, 2007; Colonius & Diederich, 2004; 

Drugowitsh et al., 2014; Miller, Ulrich, & Lamarre, 2001; Nozawa, Reuter-Lorenz, & 

Hughes, 1994; Neil et al., 2006; Corneil, Wanrooij, Munoz, & Van Opstal, 2002; Spence, 

Nicholls, & Driver, 2001; Remington, 1969; Sperdin, Cappe, Foxe, & Murray 2009).  

In addition, studies looking at reaction time in unimodal processing and 

multisensory processing have also been conducted in animals, such as rhesus macaques 

and rats (Bremen, Massoudi, Wanrooji, & Ostal, 2017; Juan et al., 2017; Gleiss & 

Kayser, 2012;  Hirokawa et al., 2011; Bell, Meredith, Opstal, &Munoz, 2005; Cappe, 

Murray, & Barone, 2010; Wang, Celebrini, Trotter, & Barone, 2008; Sakata, Yamamori, 

& Sakurai, 2004; Miller 1982). Monkeys and rats experience similar audio-visual 

integration through mechanisms that rely on temporal coincidence and inverse 

effectiveness of the unimodal stimuli, and are considered to be an excellent proxy for the 

study of neuronal mechanisms underlying multisensory integration (Bremen, Massoudi, 

Wanrooji, &Opstal, 2017; Gleiss & Kayser, 2012).  

For the majority of studies, reaction time is commonly used in a paradigm known 

as the redundant signals paradigm. In a redundant signals paradigm, stimuli from two (or 

more) different modalities are presented simultaneously, and participants are instructed to 

respond to the first stimulus of any modality they detect by a simple response such as a 

button press (Colonius & Diederich, 2012). It has been discovered that responses are 

often observed to be quicker when both stimuli are presented together compared to the 

reaction time produced when the stimuli are presented individually. This effect is known 
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as the redundant signals effect (Gondan & Minakata, 2015). Though, Raab (1962) stated 

that simply comparing the mean reaction times to multisensory and unisensory stimuli is 

not sufficient enough to conclude that multisensory integration is occurring. The race 

model for reaction times assumes that in the crossmodal condition each stimulus 

produces a process executed in parallel to others, and the finishing time of the quicker 

process decides the reaction time. The mean reaction time in the crossmodal condition is 

predicted to be quicker than the faster of the unimodal mean reaction times, but this is an 

effect of probability summation, otherwise known as statistical facilitation. The race 

model is used to describe the timing of responses that is expected if sensory signals did 

not interact, and is used as a “null hypothesis” for measuring multisensory integration. 

According to this null-hypothesis model of “non-integration”, signals arising from 

different sensory modalities are assumed to be “racing” independently through the brain 

to drive a response (Sakata, Yamamori, Sakurai, 2004) 

In order to measure whether observed crossmodal reaction times are quicker than 

predicted by statistical facilitation, Miller (1982) suggested a more vigorous test known 

as the race model inequality test. The race model inequality test has become the exemplar 

mechanism for testing whether observed reaction times to crossmodal stimuli are faster 

than predicted by statistical facilitation (Gondan & Minakata, 2016). In other words, the 

strength of the violation of the inequality is considered to be the measure of multisensory 

integration occurring beyond statistical facilitation (Colonius, Wolff, & Diederich, 2017). 

Thus, under the race model, the cumulative reaction time distribution for audiovisual is 

always either equal to or below the distributions from the single auditory signal and the 

single visual signal, which is depicted in figure 2 (Gondan & Minakata, 2016).  
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The other frequently used dependent variable measured in behavioral studies of 

multisensory integration is response accuracy. As previously stated, response accuracy is 

measured by assessing the incidence with which the subjects’ responses match an “ideal” 

response. In regards to accuracy, multisensory integration is operationally identified by 

an increase in response accuracy in multisensory versus unisensory trials. Some animal 

studies use accuracy as their main dependent variable to measure multisensory 

integration (Frens & Van Opstal, 1998; Heffner & Heffner, 1988; Rauschecker & 

Kniepert, 1994; Gingas, Rowland, & Stein, 2009; Rowland, Stanford, & Stein, 2007; 

Siemann et al., 2015; Stein, Huneycutt, & Meredith, 1988; Stein, Huneycutt, Meredith, & 

McDade 1989; Jiang, Jiang, & Stein, 2002; Wilkinson, Meredith, & Stein, 1996; Jiang, 

Jiang, Rowland, & Stein, 2007; Wallace et al., 2004). In an experiment that is measured 

by accuracy, the subject is trained or told to respond to a cue as soon as they detect it.  

For example, Gingras, Rowland, & Stein (2009) observed the performance of animals 

Figure 2. The red and blue represent the unisensory condition. The 

green shows what would be expected for multisensory trials from the 

race model. The black shows what is hoped to be seen in the 

multisensory trials, which is approximately -575 ms better than the race 

model, illustrating the advantage of multisensory integration (Ulrich & 

Schroter, 2007).  
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localizing and detecting spatiotemporally concordant visual and auditory stimuli when 

the stimuli were presented in three conditions: individually (visual or auditory), cross-

modal (visual-auditory), and within-modal (visual-visual, auditory-auditory). During 

training, the cat was trained to master the individual visual and auditory localization task, 

and then during the experiment, the cat was tested in each of the conditions plus a visual-

auditory condition. They discovered at every spatial location, crossmodal stimuli 

produced performance enhancements, which is illustrated in figure 3. In other words, 

when the auditory and visual stimuli are presented together, the cat detected the cue more 

accurately than either stimulus alone, illustrating an enhancement in accuracy (Gingras, 

Rowland, & Stein, 2009).  

 

 

 

 

Accuracy has been used in humans studies, typically in detection or identification 

tasks (Alais & Burr, 2004a; Watkins, Shams, Tanaka, Haynes, & Reese, 2006; Corneil & 

Munoz, 1996; Alais & Burr, 2004b; Laurienti, Burdette, Maldjian, & Wallace, 2006; 

Frens, Opstal, & Van Der  Willigen, 1995; Ernst & Lange, 2007; Mozolic, 

Hugenschmidt, Peiffer, & Laurienti, 2008; Shams, Ma, & Beierholm, 2005; Hairston et 

Figure 3. The cat did orientation/approach task to test accuracy in three conditions: 

individually (visual or auditory), cross-modal (visual-auditory), and within-modal (visual-

visual, auditory-auditory) at each of the 7 locations between -45 degrees and + 45 degrees. At 

every single spatial location, accuracy was higher in the crossmodal condition (auditory and 

visual) compared to the unimodal conditions (auditory or visual). Multisensory integration of 

the auditory and visual stimuli yielded substantial performance enhancements, which is 

depicted by the percentages on top of the graphs. (Gingras, Rowland, & Stein, 2009).   
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al., 2003). For example, a study that evaluated motion perception and examined whether 

bimodal motion signals would be easier to detect than unimodal motion signals, used 

accuracy to look at the proportion of correct motion detection for unimodal data and 

bimodal data (Alais & Burr, 2004a). Researchers are able to successively examine 

whether sensory integration or an enhancement occurs through accuracy.  

b. Mechanisms of Probing Behavior   

Environmental events are often detected by two or more different sensory systems 

concurrently, and the perceptual and behavioral effects of multisensory stimulation are 

distinct from those yielded by either sensory component alone. Numerous multisensory 

behavioral and perceptual effects have been discovered, ranging from escape, detection, 

identification, localization, postural control, and language perception (Meredith, 2002). In 

the majority of studies, multisensory integration has been studied through behavior 

through three prominent task domains: detection, localization, and identification in both 

humans and animals. Integration of multisensory cues amplifies the ability of the 

observer to correctly detect, localize, and identify the sources of cues (Stein, Stanford, & 

Rowland, 2009).  

A detection task is a method to quantify the ability to discern between a targeted 

stimulus and random patterns that distract from the targeted stimulus, otherwise known as 

noise (Calvert & Thesen, 2004). A common detection task is usually used in an 

experiment to measure reaction times to visual, auditory, tactile stimuli, and to test for 

multisensory interaction effects. The extent to which multisensory integration assists the 

detection of an event has a direct and positive effect on the speed in which a response can 

be generated (Stein & Stanford, 2008). Usually in a detection task, the participant is 
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directed to press the response buttons as soon as the targeted stimulus is detected  

(Diederich & Colonius, 2004). Detection tasks are also conducted in animals, such as 

rhesus macaque monkeys. Similarly to the previous study, Juan et al., (2017) examined 

the sources of the variability in reaction times and multisensory gains with respect to the 

intrinsic features of a large set of natural stimuli. The monkeys had two seconds to 

respond to stimulus in order to receive an award (Juan et al., 2017). The detection task is 

a common paradigm used in various studies of multisensory integration (Williams, Light, 

Braff, & Ramachandran, 2010; Diederich & Colonius, 1991; Diederich & Colonius, 

2004; Juan et al., 2017; Watkins et al., 2016; Gondan, Niederhaus, Rosler, & Roder, 

2005; Bremen, Massoudi, Wanrooij &, Van Opstal, 2017; Sperdin, Cappe, Foxe, & 

Murray, 2009; Lipper, Logothetis, & Kayser, 2007; Alais & Burr, 2004a; Gillmeister & 

Eimer, 2007; Lovelace, Stein, & Wallace, 2003; Nelson et al, 1998).  

A localization task consists of locating specific stimulus in a specific amount of 

given space and is commonly used in both reaction time and accuracy studies (Rowland, 

Stanford, & Stein, 2007; Gingas, Rowland, & Stein, 2009; Heffner & Heffner, 1988; 

Jiang, Jiang, & Stein, 2002; Hairston et al., 2003; Alais & Burr, 2004; Stein, Huneycutt, 

& Meredith, 1988; Schroter, Ulrich, & Miller, 2007; Bolognini et al., 2007; Neil et al., 

2006; Hartline et al., 1995; Wilkinson, Meredith, & Stein, 1996; Stein, Meredith, 

Huneycutt, & McDade, 1989; Jiang, Jiang, Rowland, & Stein, 2007; Wallace et al., 2004; 

Frassinetti, Bolognini, & Ladavas, 2002). Animal studies have demonstrated that 

multisensory stimuli that increase activity at the neuronal level also enhance an animal’s 

orientation abilities, producing heightened localization of external events (Stevenson et 

al., 2014). An example of a localization task is used in a study conducted by Rowland, 
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Stanford, and Stein (2007) where they examined whether the process of multisensory 

integration in spatial localization is statistically optimal in cats. The spatial principle, 

which is that events and stimuli are more easily localized and detected when cross-modal 

stimuli originate from the same location, was specifically evaluated. In the visual spatial 

localization task, visual and auditory stimuli were presented in four possible 

arrangements: individually at any location, together at the same location, together but 

with auditory stimuli farther away to the left or right of the visual stimulus, or neither 

stimuli presented at all. During training, the cats were first trained to localize visual 

stimuli and then auditory stimuli. To localize the stimulus, the cat was required to 

maintain its position and continue fixating directly ahead to receive the reward during the 

task. During the actual experiment, the visual and auditory stimuli were then presented 

simultaneously, and accuracy of localizing the stimuli in the 4 conditions was recorded 

(Fig.4) (Rowland, Stanford, & Stein 2007).  

 

 

 

 

 

 

Figure 4. This figure illustrates the raw localization accuracy. The mean and standard errors 

of the percent correct localizations are noted for each visual stimulus when it is presented 

alone (V that is white) or concurrently with the auditory stimuli at varying locations: 

“spatially coincident” (VA that is black), “centrally disparate” (VAc that is dark gray), or 

“peripherally disparate” (VAp that is light gray). They discovered that spatially coincident 

visual-auditory stimuli enhance accuracy of detecting the visual stimulus by 50 to 90% at 

every location, that centrally disparate visual-auditory stimuli decrease the amount of correct 

responses by 30 to 50%, and lastly peripherally disparate visual-auditory stimuli decrease the 

amount of correct responses by 20 to 50% when the visual stimulus is at zero degrees, but on 

the other hand, it increases accuracy up to 50% when the visual stimulus is at 45 degrees.     

(Rowland, Stanford, & Stein, 2007).   
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This experimental apparatus illustrated above was similarly used in an experiment 

with humans where the objective of the experiment was to test whether the relative 

intensity and location of a seemingly irrelevant visual stimulus would influence auditory 

localization. The human participants were asked to localize a sound in which the sound 

was either presented by itself or simultaneously with a visual stimulus. The participant sat 

in front of the apparatus, and the researcher stood behind the apparatus, facing the subject 

and assessed the fixation of the participant on each trial, shown in figure 5. Each 

subject’s ability to detect and localize auditory stimuli and visual stimuli was measured at 

each spatial location (Bolognini et al., 2007). The experiment consisted of three 

conditions: the first condition was auditory stimulus (tone), second condition was visual 

stimulus (green LED lights), and the third condition was the auditory stimulus 

simultaneously with the visual stimulus. The participants were asked to localize the 

sound by stating which number listed on the apparatus corresponded to the sound they 

heard (Bologini et al., 2007).   

 

 

 

 

 

 

Figure 5. A bird’s eye view of the experimental set up with the participant, visual stimuli, 

and auditory stimuli. The participants were asked to localize the sound by stating which 

number was listed on the apparatus that corresponded to the sound they heard. They 

discovered a strong interaction between the visual and auditory modalities in enhancing 

the accuracy of localizing external stimuli. This demonstrates the benefits associated with 

the brain’s capability to integrate cross-modal stimuli. (Bologini et al., 2007).  
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Furthermore, some studies also utilize identification tasks in studies of 

multisensory integration (Van Wassenhove & Grant, 2007; Beauchamp, 2005; Ernst & 

Lange, 2007; Lederman, Martin, Tong, & Klatzky, 2003; Amedi et al., 2005; Greene, 

Easton, & LaShell, 2001; Beauchamp, Lee, Argall, & Martin, 2004). An identification 

task is where a subject or participant tries to recognize a stimulus or discriminate the 

stimulus from other stimuli (Colman 2014). Reiner at al., (2010) tested whether superior 

temporal sulcus integrates auditory and visual information through an identification task. 

During separate trials, participants were presented with animals or man-made objects 

(fig. 6A), the sounds these animals and objects make (fig. 6B), or were presented with 

both visual and auditory stimuli simultaneously (fig. 6C). To confirm that the participants 

were accurately identifying the objects during the trials, they performed a semantic 

decision task. In both the auditory and visual trials, participants answered “true” or 

“false” to whether the animal presented walked on four legs or not or if the object needed 

electricity or not to function. During the auditory-visual trials, subjects answered if the 

sound presented and the visual picture matched. For example, a sound of “meow,” and a 

picture of dog would not be considered congruent. Through this task, they found that 

superior temporal sulcus responds 39% greater to the multisensory trials compared to the 

unisensory trials.  
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Some studies utilize all 3 tasks: detection, localization, and identification, to 

evaluate multisensory integration (Renier et al., 2010).  For example, a study conducted 

by Renier et al., 2009, tested whether the auditory and tactile dual pathways converged 

into specialized multisensory brain areas. They used functional imaging (fMRI) to 

compare the brain activation in the two sensory modalities (auditory and tactile) during 

three tasks: identification, localization, and detection. During the localization and 

identification conditions, a one-back comparison task was used, which consists of 

comparing each stimulus with the previous stimulus to determine whether it was the same 

or different stimulus depending on the frequency or location. In the detection tasks, a 

stimulus was presented and the participants were required to press the button of the 

response pad when they detected the stimulus. Auditory stimulation consisted of four 

piano chords that differed in pitch, and tactile stimulation was presented through 

vibrotactile stimulation on the participants’ fingers through nonmagnetic, ceramic 

piezoelectric bending elements located directly under the fingers of the hand. Behavioral 

Figure 6. Visual stimuli consisted of line drawings of animals and man made objects 

(A). Auditory stimuli (B) consisted of the sounds that the animals and objects produce (B). 

Multimodal stimuli consisted of the visual and auditory stimuli presented simultaneously 

together (C). To confirm that the participants were accurately identifying the objects during 

the trials, they performed a semantic decision task. In both the auditory and visual trials, 

participants answered “true” or “false” to whether the animal presented walked on four legs or 

not or if the object needed electricity or not to function. During the auditory-visual trials, 

subjects answered if the sound presented and the visual picture matched. They found that 

superior temporal sulcus responds 39% greater to the multisensory trials compared to the 

unisensory trials (Renier et al., 2010).  
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performance, which was determined by percentage of correct responses, was highest in 

the detection task for both auditory cues and tactile cues, compared to the identification 

and localization tasks (Fig. 7) (Renier et al., 2009). 

 

 

 

 

IV. Why Accuracy is the Superior Variable Compared to Reaction Time  

Even though reaction time is the more commonly used dependent variable in 

studies of multisensory integration, it has many issues that are overlooked when using it 

in studies.  

A. Theoretical Critique of Reaction Time: Measuring Sensory Processing 

through Reaction Time.  

Sensory processing time is a small fraction of the total reaction time, which 

means there is not a large window to see improvement. In addition, reaction time is 

commonly contaminated due to variation of other components that compose 

reaction time. Between the onset of a sensory stimulus and the initiation of a response to 

the stimulus, there are at least 6 stages that contribute to the reaction time: 1) transduction 

of physical signal 2) relay to the brain 3) sensory processing 4) response selection 5) 

transmission from the brain to the effector muscles making the response, otherwise 

known as motor planning 6) motor execution (Welford 1988). Reaction time is a 

Figure 7. This illustrates the behavioral performance as a function of the task and the 

sensory modality. Behavioral performance was highest in the detection task for both 

auditory and tactile cues, compared to the identification and localization tasks(Renier et 

al., 2009).  
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composite formed by these 6 stages, and these 6 stages cannot be individually measured 

under typical task conditions. It is difficult to determine the time that the brain needs to 

process a relevant sensory signal because of the following reasons: reaction time is not a 

pure sequential process, each component of reaction time has an indeterminate response, 

and each component of reaction time has its own associated variance. A crucial question 

for relating behavior to neural activity in the context of sensory processing is the 

following: what is the latency and duration of sensory processing itself (stage 3) (Shankar 

et al., 2011)? This question is directly relevant to studies of multisensory integration. So 

the relevant question in this scenario is how much of the reaction time is dedicated to 

sensory processing? 

The core issue is the high variability of reaction time, which is a key 

psychophysical quantity that depends not only on sensory and motor components of a 

response, but also on speed-accuracy tradeoff. Speed-accuracy tradeoff is the tradeoff 

between how fast a task can be performed and how many mistakes are made in 

performing the task (Heitz 2014). As a result, it has not been possible to accurately 

differentiate the time courses of the perceptual and motor processes that contribute to a 

choice. Shankar et al, (2011) provides a solution to this problem by separating sensory 

and motor processing through a compelled-saccade task, which is a two-alternative 

forced-choice task in which the instruction to initiate a saccade appears before the 

presence of the relevant sensory information. Through this paradigm it is possible to trace 

perceptual performance as a function of the amount of time during which sensory 

information is available to influence a subject’s choice. The results of this paradigm 

reveals a subject’s perceptual processing capacity independently of motor demands. 
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Unfortunately, this paradigm has only been used in studies of decision-making, and not in 

multisensory integration.  

Furthermore, Stanford et al., (2010) conducted a color discrimination task in 

monkeys and found that within a choice process that takes a few hundred milliseconds 

(ms), the sensory evaluation step might consume much less than 100 ms. They 

discovered that when monkeys are given highly distinguishable stimuli, color information 

needs to be processed for about 25 to 50 ms to have a significant impact on behavioral 

outcome, which is close to the approximate processing time of 25 ms found in humans. 

Though in the majority of multisensory integration studies, they do not specifically 

measure sensory processing or sensory evaluation during experiments; instead, they 

measure the total reaction time. In humans, they found reaction time in common 

detection tasks to be around 100 ms to 300 ms (Molholm et al., 2002; Diederich & 

Colonius 2004). For example, in the Molholm et al., (2002) study, they found mean 

reaction times to the audio-visual, visual, and auditory conditions to be the following: 

255 ms, 305 ms, and 297 ms, respectively (Fig. 8).  

  

 

 

 

 

 

 

 

Figure 8. This figure illustrates the mean reaction times with standard of error for audio-

visual cues (255 ms) (red), auditory (297 ms) (blue), and visual (305 ms)(green) . Thus, 

these results show that the mean reaction times to the multisensory condition were faster 

compared to the visual or auditory alone conditions. (Molholm et al., 2002).   
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Knowing from Stanford’s et al., (2010) experiment that sensory processing or 

sensory evaluation is approximately 25 to 50 ms, makes us critically consider why the 

reaction times found in multisensory integration studies are so large, ranging all the way 

to 300 ms. These long duration of reaction times are due to the other components of 

reaction time, which produces an obscurity in reaction time measurement. Although, the 

total reaction times ranging to 300 ms appear long,  the window of improvement for 

sensory processing is reasonably narrow (25 to 50 ms), which makes it difficult to see 

enhancement. In addition, each component of reaction time has its own unique level of 

variance associated with it, which makes it more difficult to identify changes associated 

with sensory processing. Hence, the variance of the other components will likely obscure 

the true enhancement in the sensory processing time. In this context, reaction time is not 

the superior dependent variable to use in multisensory integration studies because we are 

only interested in one component of reaction time, which is processing time.  

B. Practical Critique of Reaction Time: Stimulus Onset Asynchrony Needs to 

be Manipulated  

 The manipulation of the stimulus onset asynchrony between presented 

auditory and visual stimuli is essential in ensuring multisensory integration occurs, 

but it is rarely appropriately controlled for. Multisensory integration takes place 

immediately so that the channels of concordant information that are attained from cross-

modal sources are being integrated as soon as they are available to the neuron. This is 

congruous with the shortening of response latencies to cross-modal stimuli, which is 

likely due to the summation and integration of sub-threshold inputs at the superior 

colliculus neuron (Rowland & Stein, 2007). However, studies of reaction time and 
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enhancement often do not typically appreciate the inherent transmission delays that are 

different for contrastive senses. This inherent transmission delay difference is at least 

partially attributable to features of the peripheral sensory transducers. For example, the 

auditory input reaches the cortex in less than half the time of the visual input, which is 

because of  differences in the peripheral sensory organs, such as the cochlea and the 

retina (Molholm et al., 2002).  

Despite the fact that auditory and visual information do not reach processing areas 

of the brain in the same amount of time, a multitude of research studies ignore this key 

fact, and use simultaneous cues, which means the stimulus onset asynchrony (SOA) is 

zero. SOA is the amount of time between the start of one stimulus and the start of another 

stimulus, which is illustrated in figure 9 (Petrova 2013).  

 

 

 

 

 

The SOA of zero allows the  “faster” stimulus, which is the auditory stimulus, to 

produce responses before sensory integration can even take place because the auditory 

stimulus (maximum 30 ms delay in the superior colliculus) will always beat the visual 

stimulus (min. 35 ms delay in the superior colliculus). An SOA of zero diminishes the 

opportunity for auditory and visual signals to interact and support deviations from the 

Figure 9. Illustrates the time diagram for a trial using two stimuli and also measuring reaction 

time. SOA is amount of time between stimulus 1 (S1) and stimulus 2 (s2) (Shevrin 1996).  
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race model. Thus, researchers believe that when they are simultaneously presenting 

auditory and visual cues, the subject is responding to both sensory cues, but this is not the 

case because the subject’s brain does not have enough time to process and integrate both 

sensory modalities at a SOA of zero. Hence, the SOA needs to be manipulated and tested 

at multiple increments because the majority of multisensory integration studies are built 

upon beating the race model so stimulus timing is essential.  

Research studies have found that the SOA can be manipulated in 10 to 25 ms 

increments to find the appropriate time of convergence, which is rarely executed in 

studies (Diederich & Colonius, 2004; Miller, Stein, & Rowland, 2017). Some studies do 

manipulate SOA, but they manipulate the SOA in too large of increments ranging from 

100 to 200 ms or larger (Diederich & Colonius, 2008; Miller, Stein, Rowland, 2015; 

Quinlan & Hill, 1999; Rowland & Stein, 2007; Talsma, Doty, & Woldorff, 2006; Avillac, 

Hamed, Duhamel, 2007; Rowland, Quessy, Stanford, & Stein, 2007; Molholm et al., 

2002).  

Independent of whether multisensory facilitation would exist or not, it is 

imperative that researchers adjust the SOA to try to create conditions in which 

multisensory interactions could occur in order to test a given hypothesis. An example of a 

study that manipulated the SOA is a study that evaluated multisensory responses across 

neurons. Miller, Stein, & Rowland (2017) used a visual stimulus alone, an auditory 

stimulus alone, and crossmodal combinations at varying SOAs. Three SOAs were 

chosen: V0A (simultaneous), V25A (auditory delayed behind visual by 25 ms), and 

V50A (auditory delayed behind visual by 50 ms). They used these various SOAs of at 

least 25 ms, which is broad enough to see sensitivity. Without manipulating the SOA, 
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there is not a temporal arrangement of the visual and auditory stimuli. In the study, they 

found the overall magnitudes of the multisensory products to be quite variable within 

individual neurons at the contrasting SOAs, which is illustrated in the shapes of 

multisensory response varying substantially in figure 10. Manipulating the SOA in this 

experiment provided an beneficial method of evaluating how moment-by-moment 

changes in unisensory relationships affect the multisensory integration product. The most 

minor change in the timing of the crossmodal component stimuli altered the alignment of 

their inputs significantly and changed the magnitude of their integrated product, which is 

reflected in the multisensory enhancement (ME) percentage and additivity index (AI) 

(Miller, Stein, Rowland, 2017).  

 Without manipulating the SOA, researchers could easily commit a Type II error 

creating testing conditions in which there is no possibility for a multisensory effect to 

take place, meaning they would miss a significant effect. Type II error is when 

researchers are failing to observe a difference when in reality there is one (Banerjee et al., 

2009). Some researchers might possibly argue that Type II error is not a major priority, 

but if a dependent variable, such as reaction time, naturally causes an increased risk of 

Type II error in typical multisensory experiments then it is logical to assume that reaction 

time has very low power, which something researchers want strive to avoid.  
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C. Critique of Unambiguous Stimuli Used with Reaction Time   

Reaction time studies use unambiguous stimuli in testing paradigms in order to 

collect large amounts of data, but the problem is that multisensory enhancements 

are most visible when stimuli are maximally ambiguous. The majority of studies that 

use reaction time as a dependent variable utilize unambiguous cues in order to produce 

reaction time distributions. Reaction time studies use effective and unambiguous stimuli 

to assay multisensory integration in order to avoid a large proportion of trials that would 

Figure 10. These graphs illustrates the responses of 3 exemplar neurons to different sensory conditions 

at differing SOAs of 0 ms, 25ms, and 50 ms. In each graph, the unisensory response (V&A) (blue and 

red) were plotted, the arithmetic sum (V + A) (grey), and the multisensory response was plotted (VA) 

(purple). Multisensory amplification was also measured by calculating the difference between the mean 

total multisensory response magnitude, meaning the number of impulses, and either the largest 

unisensory response magnitude (multisensory enhancement, ME), or the sum of the unisensory 

response magnitudes (additivity index, AI). The most minor difference in the relative timing of the 

crossmodal component stimuli changed the alignment of their inputs majorly and changed the 

magnitude of their integrated product (ME & AI) (Miller, Stein, Rowland, 2017).   
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be “misses.” If reaction time studies used ambiguous and challenging cues, researchers 

would not be able to efficiently collect enough reaction time data, and the participants 

would struggle to persist through the task. This problem is amplified increasingly more in 

individuals with impulse control issues and individuals who have problems with complex 

task demands. More specifically, these populations include: children, individuals with 

autism spectrum disorder, schizophrenia, and ADHD. This is a major constraint in 

potential subject populations that have disorders associated with problems in 

multisensory integration.  

In this specific context, it is known that multisensory enhancements are most visible 

when individual stimuli are maximally ambiguous and weakly effective, otherwise 

known as inverse effectiveness. Therefore, the magnitude of multisensory integration is 

inversely related to the efficacy of the stimuli being integrated (Stein et al., 2009). This 

means that multisensory stimuli presented at a low level of salience are more likely to be 

integrated than unisensory stimulus presented at a high level of salience (de Dieulevuelt, 

Siemonsma, van Erp, &, Brouwer, 2017).  

In regards to a detection task, which is a very common paradigm used in multisensory 

studies, the stimuli need to be presented at weak intensities to produce a multisensory 

enhancement response. The major issue in detection tasks is that when stimuli are at the 

lowest intensities, and enhancement should be at its greatest, there will be a limited 

number of responses because participants will struggle to detect the stimuli. Hence, this is 

what makes reaction time a restricted dependent variable in practice. Sampling error 

increases when fewer trials contain usable responses, and can only be offset by greatly 

extending the duration of the study. 
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An example of this issue occurred in a study looking at multisensory behavior 

conducted by Otto, Dassy, & Mamassian (2013). In this study, missed reaction time 

condition trials were repeated at the end of an experimental block until a sufficient 

number of valid responses were collected. In regards to the reaction time distribution, 

missed trials were replaced by valid trials, which led towards faster and less variable 

responses in the reaction time distribution (Otto, Dassy, & Mamassian, 2013). To throw 

out missed trials and replace with valid trials could potentially obscure the data. 

Participants could possibly be missing trials due to ambiguous cues illustrating that 

reaction time is the inferior variable, but unfortunately that data is not reported. This 

leads us to question whether the multisensory enhancements being reported in reaction 

time studies are actually enhancements if they do not use ambiguous stimuli. In 

conclusion, using unambiguous stimuli is minimizing multisensory enhancement due to 

the principle of inverse effectiveness.  

D. Critique of the Dependency of Reaction Time on Task Demands 

One of the main problems with reaction time is that it is dependent on the 

task demands. Colonius & Diederich (2012) have discovered that different reaction time 

results and enhancements are produced depending on which reaction time paradigm is 

used: the redundant target paradigm (RTP) or the focused attention paradigm (FAP). As 

previously stated, the redundant target paradigm is where stimuli from two or more 

different modalities are presented concurrently or with specific stimulus onset 

asynchrony, and the participant is directed to respond to the stimulus they detect first. In 

the focused attention paradigm, cross-modal stimuli sets are presented in the same 

manner, but instead participants are directed to respond only to the onset of a stimulus of 
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a specifically defined target modality, and to ignore the remaining non-target stimulus in 

the paradigm. An example would be if the participant was asked to respond to the visual 

stimulus, but ignore the tactile or auditory stimuli.  

In both paradigms, different intensities of the stimuli effect processing time in the 

modality-specific sensory channels. In the RTP, the largest reaction time facilitation is 

typically found when stimuli intensities for both modalities are matched. In FAP, 

intensity effects become more complex: increasing the intensity of a (relatively weak) 

visual target stimulus will speed up visual peripheral processing (up to some minimum 

level), thereby increasing the chance for the visual target to win the race. When they 

compared the results between RTP and FAP, they found average reaction times to be 

clearly shorter in RTP compared to FAP, and the found multisensory response 

enhancement to be much greater in RTP compared to FAP, which is illustrated in Figures 

11 and 12 below (Colonius & Diederich, 2012).   

 

 

 

 

 

 

 

 

 

 

Figure 11. Visual and auditory stimuli were presented in separate tasks: 

FAP and RTP. Average manual reaction times were shorter in RTP 

compared to FAP, except when the non-target auditory stimuli was 

presented prior to the target, which is illustrated at the SOAs of -50 and -

100. RTPVA corresponds to when the visual stimulus is presented before 

the auditory stimulus, and RTPAV corresponds to the auditory stimulus 

presented before the visual stimulus  (Colonius & Diederich, 2012).  
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These findings illustrate that the results in these two paradigms (FAP & RTP) 

depends on the instructions the participants receives, which is an unexpected result. Thus, 

the decision making component is affecting the reaction time in these multisensory 

integration studies. This dependency on instruction is a weak aspect of a dependent 

variable seeking to assay changes in sensory processing because those enhancements 

should be independent of the specific response in each paradigm bound to each stimulus. 

Through the dependent variable of reaction time, we should see consistent multisensory 

enhancements no matter what instructions are used. In contrast, we do not see the same 

dependency on specific paradigms when we measure accuracy in animal studies. In a 

study conducted by Stein, Meredith, Honeycutt, and McDade (1989), they found that 

multisensory enhancements or depressions were apparent in all animals regardless of the 

specific training paradigms or their experience with the stimuli presented during testing. 

Similar to Colonius & Diederich, 2012, this study also used a paradigm where animals 

Figure 12. Multisensory response enhancement for FAP vs. RTP. Each curve 

represents to a specific intensity of the stimuli. Multisensory enhancement is 

much larger in RTP compared to FAP. (Colonius and Diederich, 2012).  
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were trained to approach the visual and auditory stimuli when they were presented 

simultaneously, and an additional paradigm, in which the animals were trained to 

approach a visual stimulus but to ignore an auditory stimulus. This experiment 

demonstrates that while the responses of reaction time are dependent on specific 

paradigms, accuracy responses are not. Multisensory integration studies need a variable 

that is not dependent on certain paradigm qualities and shows consistent enhancement 

responses.  

E. Critique of the Analysis of Reaction Time  

Multisensory integration studies that use reaction time as their dependent 

variable and also use the race model to test for multisensory integration, do not 

analyze both tails of the distribution, instead they only focus on the left tail that 

illustrates enhancement. Another shortcoming of reaction time studies is that they only 

focus on a very small part of their data collected. In reaction time studies, researchers are 

only focusing on the enhancement, which is represented by the left tail, in their analyses. 

The majority of studies use Miller’s inequality to test for the integration of two stimuli. 

When Miller’s inequality is plotted, there is a positive curve, which is the left tail, and a 

negative curve, which is the right tail (Figure 13 & 14). The negative part (right tail) of 

the graph illustrates that the race model was not violated, meaning there is not a sign that 

integration occurred. It is a problem to not evaluate both side of the curves because it 

means researchers are conducting selective post hoc analysis of the dependent variable.   

For example, in Fig. 14, Molholm et al., (2006) concluded that the race model 

was violated in all three subjects, specifically stronger in two of the participants 

compared to the other participant, indicating that when presented together, the auditory 
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and visual information were integrated causing faster reaction times. The critique to this 

conclusion is that specifically for participant KK, how do we conclude that integration 

occurred if the race model was also satisfied to the same amount it was violated, meaning 

the negative deflection is as large as the positive deflection. In addition, they conclude in 

the VH participant that multisensory integration still occurred even though the race model 

was barely violated. It is logical to conclude that the race model was violated due to 

random variation in the VH participant.  

 Furthermore, this type of analysis could lead to type I error in reaction time 

studies, which is inferring the existence of something that is actually not there. Type I 

error is concluding there is a significant difference when in truth there is none. In other 

words, studies would be making claims of the presence of multisensory enhancement 

when it is actually not occurring. In studies that use accuracy to analyze enhancement, 

this would mean only looking at the correct responses that illustrate enhancement instead 

of also looking at the incorrect responses, which is erroneous and illogical.  

 

 

 

 

 

 

 

 

 

Figure 13. This figure illustrates the results of applying Miller’s inequality to 

the cumulative probability of reaction times to each condition. On the Y axis, 

positive values represent violation of the race model, and negative values 

represent satisfaction of the race model. On the X axis, the fastest responses 

are depicted on the left, and the slowest responses are depicted on the right. 

The study concluded enhancement even though the majority of the data did not 

violate the race model (Murray et al., 2004).  
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F. Empirical Critique of Reaction: The Effects of Modality-Switching on Reaction 

Time 

The modality-switch effect leads to uncertainty about  whether the 

multisensory integration effects seen through paradigms using reaction time as their 

dependent variable are “real” or significant. The race model inequality test has 

become the standard testing in many reaction time studies (Miller 1982). It specifies that 

the reaction time distribution function for redundant stimuli is never larger than the sum 

of the reaction time distributions for the single stimuli. A violation of this inequality 

represents an indicator of an underlying neural summation or coactivation mechanism 

(Colonius & Diederich, 2006; Ulrich, Miller, & Schroter, 2007).  

Figure 14. The Y axis represents where the race model was violated (positive), and 

where it was not violated or in other words, satisfied (negative). On the X axis, the 

fastest responses are depicted on the left, and the slowest responses are depicted on the 

right. For each subject (KK, DM, VH), all individual reaction times to each of the 

unisensory stimuli were combined into a single distribution and arranged from fastest 

to slowest on the X axis. The race model violation was particularly more pronounced 

for participant DM and KK compared to VH, but for participant KK the race model 

was violated to the same degree it was satisfied. The study concluded that the race 

model was violated in all three subjects.  (Molholm et al., 2006).  
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The race model inequality test can sometimes be distorted and obscured by an 

experimental setup of a study, such as trial history. This can potentially lead to serial 

dependency across studies and creates more variability in studies. (Juan et al., 2017; 

Gondan et al., 2004). This consequence of trial history has been identified as the 

modality-switch effect, which is when consecutive trials of the same modality may lead 

to faster and better performances compared to when the modalities alternate in either 

unimodal or bimodal trials (Gondan et al., 2004). This modality-switch effect was 

examined when Spence, Nicholls, & Driver (2001) conducted a study where participants 

judged left versus right location for a sequence of auditory, visual, and tactile targets, and 

found that reaction times were on average 30 milliseconds faster when the preceding 

stimulus had been the same stimulus compared to a stimulus of a different modality.  

In addition, Juan et al., (2017), also examined if the reaction time of a stimulus 

was effected by the modality switch effect in humans and monkeys. They used three 

modalities: auditory, visual, and audio-visual, and had 9 different modality combinations, 

which is displayed in Fig. 15 below. In the human subjects, they found evidence of the 

modality switch effect through reaction time (Fig. 15). As expected, in unisensory 

conditions, reaction times were shorter when a modality was preceded by the same 

modality, such as when a visual stimulus is followed by a visual stimulus, and longer 

when a modality was preceded by a different modality, such as when an auditory 

stimulus is followed by a visual stimulus. In the multisensory condition, reaction times 

were shorter when auditory-visual stimulus was preceded by a visual or audiovisual 

stimulus and longer when preceded by an auditory stimulus. They found that the modality 

switch effect had a significant effect on reaction time in monkey 2, not monkey 1.  
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The influence of trial history on reaction times and multisensory integration has 

been thoroughly investigated showing that modality switch leads to a cost in terms of 

reaction times (Gondan, Lange, Rosler, & Roder, 2004; Otto & Mamassian, 2012; Juan et 

al., 2017; Spence, Nicholls, & Driver, 2001; Otto, Dassy, & Mamassian,2013; Cho et al., 

2002; Quinlan & Hill, 1991; Remington, 1969; Waszak, Hommel, & Allport, 2003; 

Monsell, 2003). Thus, results from these studies illustrate that the modality switch effect 

could possibly lead to artificial multisensory integration when results are analyzed by the 

race model equations because the reaction times of unimodal stimuli could possibly be 

lengthened by the switch effect unlike the reaction times of the bimodal stimuli. This 

could possibly occur when the stimulus preceding the unimodal stimulus is different, but 

Figure 15. The three graphs illustrate the percentage of normalized reaction time for 

different combinations of successive modalities in both monkeys and humans. Blue 

represents auditory (A), green represents visual (V),  and red represents auditory-visual 

(AV). Trial N represents what stimulus preceded the stimulus. For humans, there was an 

effect of the modality switch principle on reaction times. In the unisensory conditions, 

reaction times were shorter when a modality was preceded by the same modality and 

longer when a modality was preceded by the opposite modality. In the multisensory 

conditions, reaction times were shorter when a stimulus is preceded by a visual or audio-

visual stimulus, but longer when preceded by an auditory stimulus. Monkey 2 showed 

similar results to the humans, but monkey 1 did not (Juan et al., 2017).  
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one of the stimuli in the bimodal stimuli condition preceding the bimodal stimuli is the 

same. Consequently, this would cause an increase in reaction time to the unimodal 

stimulus, but a decrease in reaction time to the bimodal stimuli because seeing a repeated 

stimulus in the bimodal condition would cause the participant to respond faster due to 

seeing the preceding stimulus previously before. Consequently, studies could possibly 

believe they are observing a redundant signals effect when really it is an artificial effect 

due to the modality-switch effect (Gondan et al., 2004). For that reason, modality-switch 

effect makes us question whether the multisensory integration effects seen through 

reaction time paradigms are even real or significant?  

G. Conclusion 

Accuracy is the superior variable compared to reaction time for the following reasons. 

When choosing a dependent variable in a study of multisensory integration, studies 

should be looking for a variable that can display improvement across trials, will not be 

contaminated by variance, will allow the use of ambiguous cues, is independent of task 

demand, and is transparent. In contrast to reaction time, sensory processing is a large 

proportion of accuracy. In addition, accuracy does not involve the race model. Thus, the 

stimuli have a sufficient amount of time to interact, the null hypothesis is not based on 

the race model, and timing is a less crucial aspect in studies. Lastly, accuracy uses 

ambiguous cues by default, is independent of task demand, and studies that use accuracy 

as their dependent variable analyze the complete distribution (Bologini et al., 2007; Stein, 

Meredith, Honeycutt, & McDade, 1989). With this stated, I propose an experiment that 

will use reaction time and accuracy, while avoiding the costs associated with reaction 

time and comparing these two dependent variables. 
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V. Experimental Design  

Currently, no studies have simultaneously compared the effect sizes of 

multisensory integration measured by accuracy and reaction time. To confirm that 

accuracy is the superior variable to reaction time, I propose an experiment to be 

conducted in humans that will allow evaluation of both dependent variables, reaction 

time and accuracy, while implementing ambiguous and weakly effective stimuli for a 

sufficient amount of time.  

Apparatus:  

  

 

 

 

 

 

 

A behavioral apparatus (Fig. 16) similar to the apparatus used in Wallace’s  et al., 

(2004) will be used in this study. This is a semicircular (8 ft. diameter) perimetry 

apparatus that contains LEDs and speakers embedded in the curved wall between -90° 

and 90° of a center point (LED spacing = 2.5°, speaker spacing = 10°). Subjects face the 

curvature, with a chin in a chin rest, and grip a custom joystick/yoke with two embedded 

thumb-triggers that can be freely rotated in azimuth. Control leads extend from the back 

of the apparatus and travel via portal to an external computer in an anteroom that controls 

stimuli and records subject responses using custom software and microcontrollers. The 

Figure 16. Behavioral Apparatus.  (Wallace et al., 2004). 
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test is a modified version of a standard detection/localization paradigm in which low-

intensity visual (light), auditory (buzz), or spatiotemporally concordant visual-auditory 

pairs (light + buzz) appear at random locations in space. When stimuli are detected, 

subjects respond by manipulating the joystick/yoke to localize and pull triggers to 

“shoot” its location. On each trial the stimuli begin at subthreshold intensity, then 

increase intensity via a staircase function to superthreshold ranges. This ensures that each 

trial contains tests at intensities that a near threshold, which is essential for the test to 

accurately measure multisensory enhancement capabilities (Stein et al., 1989; Gingras et 

al., 2007; Rowland et al., 2014). This feature also keeps subjects engaged in the task. 

Online accuracy-tracking algorithms adjust the staircase function to ensure the sampling 

procedure explores a narrow range around threshold levels. Researchers remain in the 

anteroom during the experiment, continuously monitoring the experiment (Wallace et al., 

2004).  

Task 

The task resembles “a space invader” shooting game with visual, auditory, and 

visual-auditory targets. In the paradigm, each visual, auditory, and visual-auditory stimuli 

presented will start at sub-threshold and increase to super threshold in a step-like manner, 

meaning the stimuli presented first will be presented at low intensities and increase to 

high intensities as the trials continue. This allows for simultaneous measurement of 

reaction time and accuracy while using ambiguous stimuli. For each stimulus condition, 

there will be 10 intensities and 10 trials and the intensities will increase every 100 ms. 

Participants will be inclined to keep participating because the stimuli will become easier 

to localize as trials persist.  
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Data Analysis 

 Multisensory enhancement capabilities are quantified by increases in the accuracy 

with which participants identify the stimuli in the visual-alone, auditory-alone, and 

visual-auditory conditions. The intensity level reached by the visual, auditory, or visual-

auditory stimuli just prior to each accurate response is recorded. Cumulative distributions 

of these levels are calculated for each stimulus, permitting direct comparisons between 

the multisensory and unisensory response accuracies while controlling for intensity, 

including intensities near threshold. The maximum separation between the cumulative 

distributions provides the relevant summary statistic for multisensory enhancement; 

however, all other properties of the response (e.g., accuracy of localization, response 

latency) will also be taken and analyzed. I expect to see an enhancement in accuracy in 

the unisensory versus multisensory condition at each intensity level, but it will be a 

saturating function. At the highest intensity level, I expect not to observe an enhancement 

in accuracy in the multisensory response because there is not any room for improvement, 

due to the principle of inverse effectiveness. For reaction time, I will compute the 

reaction times for each intensity level and compare the reaction times between all 3 

conditions, but do not expect to see a real significant effect of reaction time if data 

analysis is conducted correctly, illustrating that accuracy is the superior variable.   
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