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Abstract 21 

Cross-modal enhancement can be mediated both by higher-order effects due to attention and 22 

decision making, as well as by detection level stimulus-driven interactions. However, the 23 

contribution of each of these sources to behavioural improvements has not been conclusively 24 

determined and quantified separately. Here, we apply psychophysical analysis based on Piéron 25 

functions in order to separate stimulus-dependent changes from those accounted by decisional 26 

level contributions. Participants performed a simple visual speeded detection task on Gabor 27 

patches of different spatial frequencies and contrast values, presented with and without 28 

accompanying sounds. On the one hand, we identified an additive cross-modal improvement in 29 

mean reaction times across all types of visual stimuli that would be well explained by 30 

interactions not strictly based on stimulus-driven modulations (e.g. due to reduction of temporal 31 

uncertainty and motor times). On the other hand, we singled out an audio-visual benefit that 32 

strongly depended on stimulus features such as frequency and contrast. This particular 33 

enhancement was selective to low visual spatial frequency stimuli, optimized for magnocellular 34 

sensitivity. We therefore conclude that interactions at detection stages and at decisional 35 

processes in response selection contribute in audio-visual enhancement can be separated online, 36 

and express on partly different aspects of visual processing. 37 

 38 

Key words: sensory integration, reaction time, psychophysics, audio-visual, magnocellular, race 39 

models 40 
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Introduction 46 

Watching a movie is not only a visual experience, attending to a concert is not only acoustic and 47 

stroking our pet is not only tactile. Instead, perception in everyday life typically involves input 48 

from various sensory modalities. In consequence, the nervous system of complex animals, 49 

including humans, has evolved to maximize the information by exploiting correlations between 50 

multimodal inputs. In recent years, a growing body of literature indicates the existence of 51 

multisensory interactions in a wide variety of contexts. For example, neurophysiological 52 

evidence from animal studies  has described multisensory responses of neurons in the deep 53 

layers of the superior colliculus (SC), a sub-cortical structure that receives ascending inputs 54 

from auditory, visual, and somatosensory pathways and, subserves reflexive stimulus-driven 55 

behaviours such as orienting the head and eye movements (e.g., Meredith & Stein, 1983; 56 

Meredith & Stein, 1986). Some of these neurons are characterized by their enhanced responses 57 

to multisensory compared to unisensory stimulation, typically when sensory inputs coming from 58 

different modalities are in approximate temporal synchrony and spatially overlapping (Meredith 59 

& Stein, 1996; Wallace, Meredith, & Stein, 1993, 1998). Complementary behavioural studies 60 

have demonstrated that multisensory stimulation leads to benefits such as lower detection 61 

thresholds (e.g. Noesselt et al., 2010; Wuerger, Hofbauer, & Meyer, 2003), increased precision 62 

(e.g. Ernst & Bülthoff, 2004), and quicker motor responses (e.g. Morrell, 1972; Nozawa, 63 

Reuter-Lorenz, & Hughes, 1994). One of the most often cited, yet still controversial cases of 64 

multisensory facilitation is the enhancement of visual perception as a function of concurrent 65 

acoustic input. Here, we examine the basis of this acoustic facilitation of visual processing in 66 

behaviour.   67 

Behavioural evidence for auditory enhancement of vision is illustrated by improvements in 68 

orienting responses to audio-visual, as compared to visual-only stimuli (in cats, Stein, Meredith, 69 

Huneycutt, & McDade1989); faster and more accurate saccadic reactions(Colonius & Arndt, 70 

2001; Corneil, Van Wanrooij, Munoz, & Van Opstal, 2002; Diederich & Colonius, 2004); 71 

increases in brightness judgments of a visual stimulus accompanied by a sound (Stein, London, 72 
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Wilkinson, & Price, 1996); and, improvements in sensitivity to different aspects of visual 73 

stimuli (Bolognini, Frassinetti, Serino, & Làdavas, 2005; Frassinetti, Bolognini, & Làdavas, 74 

2002; Jaekl & Soto-Faraco, 2010; Manjarrez, Mendez, Martinez, Flores, & Mirasso, 2007). 75 

However, some controversy still surrounds the underlying sources of these audio-visual 76 

enhancements. Despite these improvements are generally attributed to changes in early sensory 77 

processes at detection stage as a result of hard-wired integrative mechanisms (Lakatos, Chen, 78 

O’Connell, Mills, & Schroeder, 2007; Stein, 1998),  many of these cross-modal enhancements 79 

cannot be dissociated from effects at decisional stages of processing that are more general in 80 

scope (Doyle & Snowden, 2001; Lippert, Logothetis, & Kayser, 2007; Odgaard, Arieh, & 81 

Marks, 2003). For example, several authors have argued that sound-induced enhancement of 82 

vision can be attributed to a reduction in uncertainty within the spatial and temporal domains, 83 

without necessarily implying early interactions at sensory level. Indeed, generic mechanisms 84 

such as the involuntary orienting of spatial attention to the location of a sound have been shown 85 

to enhance early perceptual processing within the visual modality (e.g. McDonald, Teder-86 

Sälejärvi, & Hillyard, 2000; McDonald, Teder-Sälejärvi, Di Russo, & Hillyard, 2005; Spence & 87 

Driver, 1994), without necessarily involving any early sensory interaction between sound and 88 

vision. Likewise, in the temporal domain, an abrupt sound can considerably reduce the temporal 89 

uncertainty about the time of visual target presentation (e.g. Lippert, Logothetis, & Kayser, 90 

2007).Thus, according to this alternative view, cross-modal enhancement would be explained 91 

by cross-modal cueing effects, which have been widely demonstrated in the attention literature 92 

(e.g. Driver & Spence, 1998).Discerning the contribution of these cross-modal cueing effects 93 

from early cross-modal convergence leading to enhanced detection, as a classical sensory 94 

integration account would propose, is critical when characterizing the nature of multisensory 95 

interactions ( Driver & Noesselt, 2008; McDonald, Teder-Sälejärvi, & Ward, 2001).  96 

The nature of auditory-induced enhancement of visual processing has previously been addressed 97 

by measuring detection thresholds or changes in visual sensitivity, but as discussed above, with 98 

mixed conclusions (Frassinetti et al., 2002; Jaekl & Soto-Faraco, 2010; Lippert et al., 2007; 99 
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McDonald et al., 2000; Noesselt, Bergmann, Hake, Heinze, & Fendrich, 2008). Studying the 100 

temporal dynamics of audio-visual perception has also provided interesting insights about the 101 

nature of such interactions. For example, at a neurophysiological level, multisensory stimulation 102 

leads to shorter neuronal latencies (Rowland, Quessy, Stanford, & Stein, 2007). Rowland et al. 103 

found that initial neural responses in individual superior colliculus neurons of anesthetized cats 104 

speed up in response to audio-visual stimuli. Additionally, Giard & Peronnet (1999) provided 105 

physiological evidence in humans that audio-visual stimuli produced neural activity in the 106 

visual cortex as early as 40 ms post-stimulus, above and beyond that evoked by visual-only 107 

stimuli. It is remarkable that, considering that possible sensory-based effects may express at 108 

(and lead to) shorter processing latencies, previous behavioural studies addressing the nature of 109 

auditory-induced visual enhancement (see above) have typically used off-line detection tasks 110 

that are not so sensitive to latency shifts. Note that, as we discuss below, the many studies using 111 

the redundant signals approach on audio-visual RTs cannot tell apart whether the speed up in 112 

latencies is due to enhancement of vision specifically. Here, we decided to apply a reaction time 113 

paradigm specifically focused on measuring visual processing, with the aim to capture any 114 

latency aspect involved in auditory-induced visual enhancement.  115 

 When two or more signals are presented together in different channels, simple detection 116 

responses are faster on average than when only one signal is present – a well-known 117 

phenomenon termed the redundant signals effect (RSE; Kinchla, 1974). Previous studies have 118 

modelled such multisensory reaction time advantages as a function of unisensory RTs applying 119 

the race-model inequality test (Colonius & Arndt, 2001; Miller, 1982; but see Otto & 120 

Mamassian, 2012, for a criticism). According to many authors, this paradigm allows one to infer 121 

how these signals are used in detection. If the auditory and the visual signal are processed 122 

independently at sensory level and combined during a decision stage, the distribution of RTs to 123 

audio-visual events cannot be significantly faster than the probability summation model 124 

predictions based on the RTs to unisensory targets (Raab, 1962). If, on the other hand, audio-125 

visual RTs are faster than those predicted by the probabilistic summation (race-) model, then it 126 
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is inferred that these signals are effectively integrated within a common channel prior to 127 

decision. This latter kind of interaction has been accurately described by linear or co-activation 128 

models (Colonius & Arndt, 2001; Miller, 1982; Nickerson, 1973). This race-model inequality 129 

test has been extensively applied in the multisensory domain (see Cappe, Thut, Romei, & 130 

Murray, 2009; Colonius & Arndt, 2001; Laurienti, Kraft, Maldjian, Burdette, & Wallace, 2004; 131 

Leo, Bertini, di Pellegrino, & Làdavas, 2008). However, a key aspect of this approach is that the 132 

task is not modality selective (that is, participants respond to any signal regardless of whether it 133 

is auditory or visual). Therefore, regardless of recent criticisms (Otto & Mamassian, 2012), the 134 

RSE model is simply not adequate when the goal is to ascertain how, specifically one sensory 135 

modality, is enhanced by the presence of the other such as is the case of the present study. For 136 

this reason, we started by using a different RT paradigm well-known in visual literature that 137 

exploits the fact that RTs to visual events decrease monotonically with stimulus intensity 138 

following a power function, typically referred to as the Piéron function (Piéron, 1914): 139 

RT = kC
 -α

 +t0        (1) 140 

The function in Equation (1) captures different separate contributions to response latency across 141 

variations in stimulus contrast (C). In this model, two parameters (k and α) modulate the decay 142 

of RTs caused by stimulus-dependent variables, while t0 modulations reflects the variation in 143 

RTs due to stimulus-independent factors (Pins & Bonnet, 1996; Plainis & Murray, 2000). In 144 

particular, k accounts for the time it takes for sensory information to reach threshold, that is, the 145 

gain rate in the accumulation of sensory evidence. In turn, α is an exponent that characterizes a 146 

given sensory modality. Finally, in this framework t0 represents the asymptotic RT, which 147 

reflects a time constant that includes processing latencies intrinsic of the sensory pathway and 148 

motor time of the effector system (Pins & Bonnet, 2000). One important aspect for the present 149 

study is that variations in response latencies caused by differences in stimulus uncertainties, task 150 

complexity or decision making, cumulate additively and equally across all levels of contrast or 151 

any other stimulus variation, thus adding to the parameter t0 (Pins & Bonnet, 1996). This 152 

assumption has been explicitly tested by Carpenter (2004) using visual stimuli. In particular, 153 
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using this framework Carpenter showed that the contributions of contrast variations to overall 154 

RT are associated to detection processes, whereas variations concerning higher-order factors 155 

(such as the probability of the stimulus requiring a response or not) are linked to decision 156 

processes leading to shifts in t0. Applying this approach to the cross-modal case, we will address 157 

how the different parameters of the Piéron function account for changes in RT following the 158 

addition of sound to an imperative visual stimulus. This paradigm will therefore allow us to 159 

discern higher-level effects from interactions occurring due to stimulus driven processing at the 160 

detection level between vision and sound (see the Data analysis section).  161 

Given that previous studies have suggested that differences in multisensory integration may 162 

depend on the particular visual pathways involved (Jaekl & Harris, 2009; Jaekl & Soto-Faraco, 163 

2010; Leo et al., 2008), we included a range of spatial frequencies putatively engaging the 164 

Magno (M) and Parvo-cellular (P) pathways to different extents. We chose spatial frequency 165 

values of 0.3 c/deg, 0.74 c/deg and 5.93 c/deg given that frequencies above 4 c/deg are thought 166 

to stimulate sustained channels more specifically than frequencies below (Legge, 1978; Levi, 167 

Harwerth, & Manny, 1979). Therefore the low spatial frequencies 0.3 c/deg and 0.74 c/deg in 168 

our stimuli are assumed to primarily stimulate the magnocellular pathway whilst the 169 

intermediate frequency 5.93 c/deg is predicted to elicit relatively more activation in the 170 

parvocellular channel.    171 

We hypothesize that sound-induced visual enhancements that are dependent of contrast (i.e. 172 

detection level) should be modulated by spatial frequency and will therefore lead to differences 173 

in the gain parameter k across spatial frequencies. In particular, stimulus-driven benefits should 174 

concentrate in the low spatial frequencies. On the other hand, interactions produced by the 175 

sound that are not contrast dependent (e.g., decision stage, Carpenter 2004) should in principle 176 

accumulate equally across all contrast levels, being mainly reflected in changes of the 177 

asymptotic parameter t0. Moreover, this sensory unspecific improvement driven by high-level 178 

processes is not only expected to occur invariantly across contrast levels, but also across spatial 179 

frequencies too.  180 
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Note that, in strict sense, it is not logically possible to discard the influence of sensory-level 181 

interactions on t0, so that the non-sensory interpretation of changes in t0 is just a conservative 182 

interpretation.  Of course, this does not invalidate the interpretation of the k parameter, which 183 

would remain representative of the rate at which evidence is accumulated at the detection stage 184 

across levels of contrast (i.e., gain). 185 

 186 

Experiment 1 187 

 188 

Methods 189 

Participants 190 

Two of the authors and three naive volunteers (24-42 years old, 3 female) from the University 191 

of Barcelona participated in this experiment. All subjects had normal hearing and normal or 192 

corrected-to-normal vision by self-report, and gave informed consent prior to participating. The 193 

study received the approval of the University of Barcelona ethical committee. 194 

 195 

Materials 196 

Visual stimuli consisted of vertical Gabor patches (Gaussian window standard deviation=0.25; 197 

mean luminance = 23.4 cd/m
2
) subtending a visual angle of 2 deg., with spatial frequency (SF) 198 

of 0.3, 0.74 or 5.93 c/deg., depending on the experimental condition. They were presented at the 199 

centre of a Philips 22’’ CRT monitor (Brilliance 202P4) placed at 1 m viewing distance. These 200 

Gabor patches were presented at varying levels of contrast in six steps ranging from 0.05 to 201 

0.822 (Michelson contrast) on a logarithmic scale. Auditory stimuli were 340 ms broadband 202 

white noise bursts (58 dB (A) SPL; 10 ms on/off ramps) delivered from two loudspeaker cones 203 
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located at either side of the monitor. Auditory and visual stimulus timing accuracy and precision 204 

was calibrated using a Black Box Toolkit oscilloscope (Black Box Toolkit Ltd). 205 

 206 

Procedure 207 

Prior to each session, participants adapted to the room lighting conditions and to the screen 208 

luminance for 5 minutes, and then were presented with a training block of 20 trials. Participants 209 

were asked to press a joystick button as soon as they detected a visual stimulus (Gabor patch) at 210 

the centre of the monitor. Each block contained 180 trials including 20% catch-trials, where no 211 

visual stimulus was present. Catch-trials encouraged participants to selectively attend visually, 212 

and discourage responses based on the auditory component. Half of the total trials (including 213 

half of the catch-trials) contained an auditory stimulus. All types of trials (sound vs. no sound, 214 

with vs. without visual stimulus, and the contrast level of the visual stimulus) were randomly 215 

intermixed throughout each block while the SF was blocked. The beginning of each trial was 216 

signalled by a central fixation cross (which remained throughout the trial) and, after a variable 217 

delay (randomly chosen from 500 ms to 1500 ms), the target stimulus was presented for 340 ms 218 

(Fig 1). Following a response deadline of 1500 ms, the screen blanked and a 2000 ms delay led 219 

to the beginning of the next trial. Subjects typically completed four blocks of 180 trials of one 220 

spatial frequency per session, with short resting breaks between blocks. Each session was run on 221 

a different day, and the experiment lasted 6 sessions (2 sessions for each spatial frequency). The 222 

order of the sessions was randomized to prevent learning effects. Overall, each participant 223 

performed an average of 80 (a minimum of 60) valid trials per condition (with and without 224 

sound) and level of contrast. 225 

 226 

== FIG 1 == 227 

 228 
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Data analysis 229 

RT to visual stimuli is determined by contrast level and spatial frequency (Breitmeyer, 1975; 230 

Harwerth & Levi, 1978). The decrease in RTs to increments in contrast is well accounted for by 231 

the Piéron function in Equation (1). As discussed in the introduction, the slope of this function 232 

(determined by the parameters k and  in Equation (1), captures variations of RT caused by 233 

variations in stimulus properties. In many cases it is possible to express the slope using a single 234 

parameter by assuming an α exponent of -1, which is a particular case of the general function 235 

often applied in visual psychophysics (see Equation (2); Murray & Plainis, 2003; Plainis & 236 

Murray, 2000; see the fitting of the  parameter section below) 237 

0

1
t

C
kRT           (2) 238 

In this case, the slope k can be directly interpreted as the gain (rate) at which the system 239 

accumulates sensory evidence about the presence of a stimulus (k is inversely proportional to 240 

sensitivity, so that sensitivity =1/k). Interestingly, within this framework the parameter k has 241 

been shown to be modulated by the different sensitivity of the P- and the M-pathways to 242 

different levels of contrast and spatial frequencies (Murray & Plainis, 2003; Plainis & Murray, 243 

2000). Specifically, low values of k (indicating higher sensitivity) have been reported for low 244 

spatial frequencies as compared to higher spatial frequencies (for a more detailed discussion of 245 

the paradigm see Murray & Plainis, 2003; Plainis & Murray, 2000).  246 

In the present study, we extrapolate this framework to the multisensory domain in order to 247 

investigate how sound modulates the processing of a visual (Gabor) stimulus. We aim to reveal 248 

potential frequency-specific modulations by looking at RTs as a function of stimulus contrast. 249 

That is, we contend that efficient visual processing will lead to shallower slopes (lower k, 250 

indicating higher sensitivity). If present, this reduction in RTs is expected to be stronger at low 251 

contrast than at high contrast visual stimuli, because there is more room for improvement in 252 

sensory processing in that case.  253 
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In terms of cross-modal enhancement, it is predicted that if audio-visual interactions produce 254 

changes in the rate of accumulation of sensory evidence, this will be reflected as reductions in k 255 

(i.e., the slope) [Footnote 1] with respect to visual-only trials. Moreover, we hypothesize that 256 

this slope modulation should reveal some specificity for low spatial frequencies in agreement 257 

with the results of previous investigations (Jaekl & Soto-Faraco, 2010; Leo et al., 2008). Other 258 

benefits due to sound that are not strictly modulating sensitivity are also expected, but in this 259 

case the modulation should concern the constant t0. Abrupt sounds are indeed known to speed 260 

up motor responses independently of the stimulus features (Nickerson, 1973; Valls-Solé et al., 261 

1995),via reductions in temporal uncertainty (Lippert et al., 2007) or altering the decision 262 

making process (Doyle & Snowden, 2001; Odgaard et al., 2003). These mechanisms are 263 

assumed to be equally effective across different levels of contrast. Hence, we contend that 264 

decreases in RTs caused by these higher order decisional processes not originated in the 265 

detection phase will thus be captured by the parameter t0, in agreement with Carpenter (2004) 266 

and Pins & Bonnet (1996). As mentioned above, the t0 term of Equation (2) reflects the intercept 267 

of the function. Pins & Bonnet (1996; see also Carpenter 2004) already tested how the slope and 268 

the asymptote of the Piéron function vary under task manipulations which involved, for 269 

example, stimulus uncertainty, to demonstrate that high order effects produce changes in the 270 

asymptotic parameter t0 (whilst the slope remained unaltered). 271 

 272 

Fitting α parameter 273 

== FIG 2 == 274 

As it has been pointed out before, the oft-used simplification of the original Piéron function 275 

shown in Equation (2) allows one to relate RTs to the reciprocal of contrast (C
-1

) with slope k 276 

and intercept t0. This simplification involves the assumption that the parameter  in the original 277 

Piéron functions is -1. We thought it important to test this initial assumption, and did so in two 278 

ways. First, we fitted the Piéron function in its original form to our data, leaving α as a free 279 
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parameter and calculated its variability with a nonlinear method (Marquardt–Levenberg 280 

algorithm). The result was in general compatible with an α = -1 (with only four exceptions from 281 

the thirty possible combinations, see Fig. 2). To secure further the viability of this assumption 282 

and considering that the non-linear fitting of the exponent is not fully conclusive could depend 283 

on the algorithm used, we also proceeded with an approach based on linear fitting. We tested for 284 

the linearity of the data points when plotted against the reciprocal of the contrast (therefore, this 285 

time keeping α fixed to -1). The linearity of the distributions was assessed using a likelihood 286 

ratio test (per each subject and condition; p<0.05 in all cases). Since both approaches led to 287 

converging evidence, it was safe to accept an α = -1. 288 

 289 

Results and discussion 290 

== FIG 3 == 291 

Mean RTs were calculated after filtering out individual data points falling two standard 292 

deviations away from the mean for each distribution of RTs per condition and participant 293 

(<4.5% of the original data were rejected). Simple visual inspection of the averaged data in Fig 294 

3 shows how responses in audio-visual trials were systematically faster and less variable than in 295 

visual-only ones (see also, Table 1). 296 

We adjusted the RT data as a linear function of the reciprocal of contrast (Equation (2)) for each 297 

different visual frequency and modality combination (Fig.3) in order to estimate the 298 

corresponding slopes (i.e., the gain parameter k) and t0. Below, we report statistically significant 299 

results only, and unless otherwise noted, all other effects and interactions were non-significant. 300 

First, we ran simple paired t-tests on the k parameter across spatial frequencies within the visual 301 

modality (threshold for significance set to p=.033 for multiple comparisons adjustment, 302 

Benjamini & Hochberg, 1995). This was done for comparison with previous visual studies. As 303 

expected, maximal sensitivity (low k parameter) was seen for SF=0.74 c/deg compared to 304 

SF=0.3 c/deg (t(8)= -3.344, p=.01) and SF=5.93 c/deg (t(8)=9.694, p<.001). These data are thus 305 
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consistent with Plainis & Murray (2000) and in agreement with the typical contrast sensitivity 306 

curves for spatial frequencies in visual literature.  307 

 In order to test the effect of sound on visual sensitivity, we then ran an ANOVA on the 308 

gain parameter k with modality of presentation (visual vs. audio-visual) and visual spatial 309 

frequency (0.3, 0.74 and 5.93 c/deg) as independent variables. This analysis revealed a main 310 

effect of modality, confirming that responses to audio-visual trials were faster than to visual 311 

ones (F1,4=14.79, p= .018), and a significant interaction between modality and spatial frequency 312 

(F 2,8= 4.5925, p=.046). Following up on this interaction, we ran paired t tests between the 313 

audio-visual and visual conditions at each level of SF. These revealed a significant increases in 314 

sensitivity (i.e., lower k parameter) in the audio-visual condition with respect to the visual-only 315 

condition for SF=0.3 c/deg (t(8)= -9.352,p<.001) and 0.74 c/deg (t(8)=-5.548, p<.001), but not 316 

for 5.93 c/deg stimuli (Fig 4.a). This reduction in slope is compatible with audio-visual 317 

interaction at detection stages; namely, the system accumulates visual evidence at a faster rate 318 

when the sound is present, thereby increasing sensitivity. Moreover, our data suggest that this 319 

enhancement results stronger at low contrast values. 320 

== FIG 4 == 321 

 322 

We ran another ANOVA on the intercepts (t0) extracted from the fits to Equation (2), using the 323 

same independent variables as before (SF and modality). This analysis revealed a significant 324 

main effect of presentation modality caused by a shift in t0 indicating an overall RT decrement 325 

(a speed up of 35 ms on average) in the audio-visual condition with respect to the visual-only 326 

condition (F1,4=97.24, p<.001). This enhancement was equivalent for all spatial frequencies 327 

tested (see Fig 4.b), as revealed by the lack of significant interaction between spatial frequency 328 

and modality (F1,4=.418, p= .672). The main effect of spatial frequency was also insignificant 329 

(F1,4=.770, p= .494). 330 

 331 
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== FIG 5 == 332 

One possible concern with the modulation in slope arising from these analyses is the potential 333 

impact of erroneous responses triggered by the sound, which are only possible in the audio-334 

visual condition. To address this, we analysed the proportion of false alarms (FAs, 335 

corresponding to erroneous responses to catch-trials). The percentage of FAs in the no-sound 336 

catch-trials was very close to 0% for all the participants and conditions (no significant 337 

differences). However, participants committed an average of 17% FAs in the sound-present 338 

catch-trials (no differences between SFs). In any case, the linear regression between parameter k 339 

and FA rate (Fig 5) did not reveal any significant or near-significant positive or negative 340 

correlation, suggesting that these FAs to sound were not causing variations in the slope (k 341 

parameter) of the functions. On the other hand, the percentage of misses (failing to respond to a 342 

target when present) was very low overall (0.016% on average) and statistically equivalent 343 

across SFs and presentation modality (as expected from the supra-threshold nature of the 344 

stimuli). Please note that using a signal detection approach (i.e., calculating parameter d’) is not 345 

applicable here, given that the paradigm attempts to address changes in visual sensitivity from 346 

differences in processing time (RT) and not from accuracy measurements (i.e., FAs are mostly 347 

due motor anticipations, not to incorrect detections).  348 

 349 

The results described above are clear in that RTs to visual events are speeded up by sounds, and 350 

that this enhancement comprises both a gain in stimulus-driven information towards detection, 351 

as well as a more generic, across the board facilitation that can be attributed to higher-order 352 

mechanisms. The former source of gain is sensitive to stimulus parameters such as spatial 353 

frequency, and aligns well with previous results suggesting a stronger engagement of the 354 

mango-cellular visual pathway in multisensory integration. The latter source of enhancement, 355 

on the other hand, captures well the interpretations of some previous studies showing the role of 356 
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accessory sounds in reducing uncertainty (Lippert et al., 2007)and speeding up motor pathways 357 

(Valls-Solé et al., 1995).  358 

 Previous literature has often characterized the mechanism underlying multisensory 359 

enhancement by testing if the data from the cross-modal condition surpasses the prediction of a 360 

probability summation model based on the unisensory data (e.g. Arnold, Tear, Schindel, & 361 

Roseboom, 2010; Meyer, Wuerger, Röhrbein, & Zetzsche, 2005). Despite some recent 362 

fundamental criticism depending on the involved paradigm (Otto & Mamassian, 2012; Pannunzi 363 

et al., 2012), this approach has been used frequently and in a variety of contexts to evaluate the 364 

nature of multisensory enhancement. Probability summation assumes that the speed up in audio-365 

visual trials arises from a statistical advantage when responses can be based on two independent 366 

inputs that race toward reaching a threshold (Green, 1958; Quick, 1974; Treisman, 1998; 367 

Wuerger, Hofbauer, & Meyer, 2003). Given that, in the present experiment, participants were 368 

asked to respond exclusively to the visual stimulus and not to the sounds, probability 369 

summation would not appear adequate to model the current task. We nevertheless consider it 370 

relevant to bridge our present results with this common test for integration, as it has been quite 371 

influential in the literature so far. We decided to do so in two ways: First, we used the FA data 372 

from Experiment 1 to simulate auditory RTs in order to be able to calculate the outcome of a 373 

probability summation model (see analysis below). Second, we reproduced the stimulus 374 

conditions of Experiment 1 in a new test where participants were asked to respond to both 375 

modalities, thus effectively adopting the standard paradigm of probability summation 376 

(Experiment 2, reported in the next section). 377 

 378 

Assessing probability summation  379 

Judging from the FAs to sound-only trials (17% on average; Fig 5), a percentage of the correct 380 

responses in the audio-visual RT distributions could have been triggered by uncontrolled 381 

responses toward the auditory stimulus. We decided to evaluate the possible impact of 382 
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probability summation in our results assuming that a percentage of the RTs to the audio-visual 383 

trials originated from anticipations to sound. First, we obtained the averages and standard 384 

deviations (SD) of the individual RTs to the visual-only stimuli and those of FAs in catch-trials 385 

with sound (Table 1; note that false alarm RT distributions were filtered in the same manner as 386 

the correct RTs in Experiment 1). 387 

== TABLE 1 == 388 

In order to compute the prediction of the probabilistic summation model, we applied a modified 389 

version of the LATER model. LATER assumes that sensory signals start a race to threshold in 390 

an ergodic rate, with the winning signal triggering the response (Carpenter & Williams, 1995; 391 

Logan, Cowan, & Davis, 1984). We adapted the model to the current experimental design by 392 

assuming that only in a percentage of the audio-visual trials, intrusions from FAs would win the 393 

race to threshold against the visual stimulus (this proportion was adjusted for each spatial 394 

frequency and observer, according to the empirical data from individual auditory catch-trial 395 

conditions). Data of the probabilistic summation model were simulated by randomly selecting 396 

RTs from the visual and the FA distributions (9000 simulations per point). Sensitivity (1/k) was 397 

computed from the newly modelled chronometric distributions (represented, in Fig.3, by the 398 

continuous thin black line). The empirical audio-visual k parameter was significantly lower 399 

(higher sensitivity) than the theoretical k calculated from the probability summation model for 400 

the 0.3 c/deg and 0.74 c/deg spatial frequencies (t(8)=-14.91 p<.0005 and t(8)= -3.484 p=.025  401 

respectively), but there were no significant differences for the 5.93 c/deg condition. Thus, 402 

according to this analysis, while a probability summation model based on intrusive false alarms 403 

to sound may eventually account for the RT shift in the 5.93 c/deg spatial frequency, it cannot 404 

account for the gains produced in the remaining, lower SFs. 405 

The analysis above helps reassure, in a new fashion, that audio-visual responses in this 406 

experiment were genuinely benefited from interactions at the stage of detection, not (only) 407 

mediated by intrusive FAs to sound. However, there is an established literature suggesting that 408 
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error and consequent physiological error negativity (which reflects the manifestation of an error 409 

detection system that checks actual behavior against an internal goal) have a marked effect on 410 

physiological processes, even when participants are not aware of their mistakes (e.g., 411 

Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001). For this reason, an RT to FAs might 412 

not be completely suitable for a conclusive test/reject of the probability summation 413 

hypothesis. Furthermore, the size of the FA reaction times distributions was based on 25 trials 414 

on average per participant and SF, thus making for a low reliability of the corresponding mean 415 

and SDs. We therefore decided, in Experiment 2, to apply the race-model inequality test in a 416 

more traditional form (Miller, 1982; Raab, 1962), in order to validate our paradigm and the 417 

results of Experiment 1 against a host of previous literature.  418 

 419 

Experiment 2 420 

In this experiment we applied the race-model inequality test (RMI; Cappe et al., 2009; Colonius 421 

& Arndt, 2001; Laurienti et al., 2004; Leo et al., 2008; Raab, 1962) by directly collecting 422 

responses to unisensory visual and auditory trials and estimating Miller’s bound (Ulrich, Miller, 423 

& Schröter, 2007) for our stimuli. As noted above, recent studies (e.g., Otto & Mamassian, 424 

2012) have argued that the Miller’s bound might not be adequate to reveal sensory interactions 425 

beyond purely statistical advantage. It is not within the scope of this study to claim otherwise, 426 

but this paradigm should suffice to back the results from Experiment 1 by comparison with a 427 

known and widely used approach to multisensory interactions. 428 

According to past literature, Miller’s bound is the maximal reaction time gain that can be 429 

explained by purely statistical facilitation when decisions are based on two independent sources 430 

of information. This is represented mathematically by Equation (3), where the probability of 431 

detecting an audio-visual signal (AV) is the sum of the individual probabilities of detecting the 432 

visual (V) and the auditory (A) signals. 433 

p(T<t|AV) ≤ p(T<t|V) + p(T<t|A)                                                                    (3), 434 
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If the results from Experiment 1 were to be confirmed in this paradigm, we would expect to find 435 

the largest specific RT enhancement for the audio-visual RTs (relatively to the unimodal ones) 436 

at the lowest spatial frequency conditions. 437 

 438 

Methods 439 

Participants 440 

Seven new volunteers naïve to the purpose of the experiment (23-29 years old, 4 female) were 441 

recruited amongst students from the University of Barcelona. All had normal hearing and 442 

normal or corrected-to-normal vision by self-report, and gave informed consent prior to 443 

participation. 444 

 445 

Materials and procedure 446 

The experimental apparatus, time line and stimuli were identical to the one used in the 447 

Experiment 1, except that we simplified the design by using only two SFs (0.3 and 5.93 c/deg, 448 

lowest and highest in Experiment 1, respectively), and two levels of contrast (0.05 and 0.822 449 

Michelson contrast units, the lowest and the highest in Experiment 1).  450 

Participants were asked to respond as fast as possible to any stimulus (visual, auditory or audio-451 

visual, indistinctly). Each participant ran 600 trials divided in 3 blocks of 200 trials (45 minutes 452 

in total) where all SFs and contrasts appeared randomly intermixed. Prior to the experimental 453 

session, participants dark-adapted for 5 min and performed 40 warm-up trials. In total every 454 

subject performed 45 valid trials for each visual, audio-visual, SF and contrast condition, and 455 

180 auditory trials (in order to have the same number of visual, auditory and audio-visual trials 456 

per block). Each block also included catch-trials (amounting to 10% of the total) where no 457 

stimulus was presented, thus participants had to refrain from responding. 458 
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 459 

Results and discussion 460 

Just like in Experiment 1, we filtered RTs below and above 2SD from the mean in each 461 

condition and participant (leading to the rejection of <6 % of the data), and obtained the 462 

empirical cumulative distribution functions. Participants responded to less than 4 % of the 463 

catch-trials, therefore erroneous anticipations can be ruled out as a having a major contribution 464 

to the pattern of results. A 2 x 2 x 3 (Contrast x SF x Modality) repeated measures ANOVA was 465 

conducted on the RTs. This analysis revealed a significant main effect of SF (F 1,6= 9.15, p = 466 

.0023), contrast level (F 1,6= 208.87, p < .0001), and modality (F 2,12= 168.62, p < .0001). All 467 

the interactions were also significant (all, p < .001, except SF by Contrast which was marginally 468 

significant, F 1,6= 0.439, p = .0532). 469 

== FIG 6 == 470 

 471 

As can be seen in Fig 6, RTs were faster for high contrast and for low SF visual stimuli, in 472 

consonance with previous literature (Breitmeyer, 1975; Legge, 1978) and with the results of 473 

Experiment 1. Moreover, RTs were also generally faster for the auditory-only stimuli than for 474 

the visual-only ones. According to our expectations, responses to audio-visual stimuli were 475 

significantly faster than the visual-only and the auditory-only ones in all the conditions with the 476 

exception of the low contrast 5.93 c/deg SF condition, where audio-alone RTs were as fast as 477 

audio-visual ones. Interestingly the audio-visual absolute enhancement was larger at the high 478 

contrast conditions, contradicting what the inverse effectiveness law would predict. However, it 479 

is important to point out that considering direct RTs to make the comparison might be 480 

misleading. For instance, if we consider the cumulative RT distribution functions presented at 481 

the bottom part of Fig 6, it is also evident that the probabilistic overlap between visual and 482 

auditory unisensory conditions is also larger at high contrast conditions. This means that just by 483 

means of probability summation, overall audio-visual response speed up should be larger, but 484 
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mostly because of statistical reasons. Thus, we calculated the relative index of enhancement for 485 

each type of visual stimulus by obtaining the Miller’s bound (for a specific description of the 486 

method, see Ulrich et al., 2007).  This is normally considered the maximal possible speed up in 487 

reaction time obtained by simple probabilistic advantage when two signals are independent. 488 

== FIG 7 == 489 

Data were binned in 10 quantiles (10 % increments), and at each quantile (see Fig 7) we tested 490 

the alternative hypothesis that audio-visual RTs were faster than the prediction of the Miller’s 491 

bound.  The shaded areas in Fig 7 indicate the quantiles where the race-model was violated (i.e. 492 

the audio-visual RT was significantly faster). The 0.3 c/deg SF manifested the highest 493 

proportion of such violations, with significant differences in 6 quantiles in the low contrast 494 

condition and 4 in the high contrast condition. The analysis of the 5.93 c/deg SF did not reflect 495 

any enhancement for the low contrast condition and only 3 significant violations in the high 496 

contrast condition. In all cases, all significant violations of the race model encompassed 497 

adjacent time bins. 498 

 499 

The results of Experiment 2 shed new light on the interpretation of the results of Experiment 1. 500 

In particular, the reduction in the slope at low SFs in Experiment 1, according to the analysis of 501 

the Piéron functions, seems to correspond to the specific sensitivity enhancement found for the 502 

low SF in Experiment 2 accomplishing a convergence criterion.  503 

From previous literature, changes in the slope of the Piéron function are highly determined by 504 

the low contrast values (Murray & Plainis, 2003). The inverse effectiveness principle, often 505 

proposed in multisensory integration, might be a logical candidate to explain our results, given 506 

that the Miller’s bound violation in Experiment 2 was greater (for the SF = 0.3 c/deg) at the low 507 

contrast condition.[Footnote 2]  508 
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This conclusion is in principle independent of the potential problems for the claim that the race-509 

model may not be a good test of probability summation as recently pointed out by Otto & 510 

Mamassian (2012). In short, we use here the race model as a relative index to quantify the 511 

benefits produced across SFs in audio-visual trials. The main conclusion to be extracted from 512 

this experiment is that our results support the paradigm applied in Experiment 1, showing that 513 

multisensory interactions are larger when visual stimuli correspond to low SFs and contrast 514 

levels. 515 

 516 

General discussion 517 

The brain combines incoming sensory information from various modalities in order to optimize 518 

the organism’s interaction with the environment. Various animal and human studies have 519 

highlighted the putative neural mechanisms supporting these enhancements (Calvert, Hansen, 520 

Iversen, & Brammer, 2001; Meredith & Stein, 1986; Schroeder & Foxe, 2005; Smiley & 521 

Falchier, 2009; Watkins, Shams, Tanaka, Haynes, & Rees, 2006). However, one important, and 522 

yet unresolved question refers to the specific case of the putative visual enhancement produced 523 

by concurrent sounds. As highlighted in the introduction, previous reaction time studies 524 

addressing audio-visual integration (Cappe et al., 2009; Colonius & Arndt, 2001; Laurienti et 525 

al., 2004; Leo et al., 2008; Miller, 1982) have reported improvements in detection which cannot 526 

be accounted solely as a result of a statistical advantage. Nevertheless, while these studies have 527 

consistently revealed the existence of cross-modal enhancements, they cannot dissociate and 528 

quantify the different sources contributing to the cross-modal benefit. One important constrain 529 

related to the classical approach based on the redundant signal effect (RSE) is that responses in 530 

this task are given to any stimulus indiscriminately (i.e., visual or auditory), and consequently 531 

the RSE paradigm fails to describe with precision detection changes over one specific sensory 532 

modality. Hence, we decided to apply a different paradigm based on the analysis of Piéron 533 

functions on visual response latencies, in order to study specific changes in visual processing 534 
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resulting from stimulus-driven interactions with a concurrent sound. Our results provide 535 

evidence for the coexistence of two functionally distinct mechanisms that support the 536 

enhancement of vision by sound: First, presenting a sound synchronously with a visual stimulus 537 

can decrease RTs as a result of processes not necessarily supported by sensory interactions. This 538 

source of enhancement may be a consequence of the superior temporal resolution of the 539 

auditory system (Lippert et al., 2007), in addition to (or in combination with) the potential 540 

alerting effects of sounds leading to increases in overt-motor activation, shortening response 541 

latency (startle effect; Valls-Solé et al., 1995). In line with the non-sensory specific nature of 542 

these mechanisms, their contribution to RT speed up was equivalent across all intensities of 543 

visual contrast and spatial frequencies tested. Such non-sensory specific enhancement was 544 

clearly reflected in the reduction in the asymptotic term of the Pièron functions.  545 

Most importantly however, our results also provide strong evidence another source of 546 

enhancement, based on sensory interactions between visual and auditory inputs at the detection 547 

stage. This interaction was clearly dependent on stimulus variations and, as we content, it would 548 

be produced by a modulation of the rate at which visual sensory evidence is accrued (though, 549 

alternatively, could also be based on a reduction of the sensory threshold needed to elicit a 550 

response, see below). In any case, this effect was reflected in the change of the slope of the 551 

Pièron function (gain parameter k) which is interpreted as an increase in the sensitivity of the 552 

visual system. From a computational point of view, this advantage in detection can be explained 553 

in at least two alternative ways. One the one hand, visual and auditory signals may be integrated 554 

following a linear summation model which assumes convergence of the sensory inputs from the 555 

two modalities into a single physiological or psychophysical channel before a decision 556 

regarding the presence of the stimulus(Meyer et al., 2005; López-Moliner & Soto-Faraco 2007; 557 

Morrone, Burr, & Vaina, 1995). A second possibility is that the sound reduces the sensory 558 

threshold (for example, by increasing visual cortex excitability, Romei, Murray, Cappe, & Thut, 559 

2009) to trigger the response. (Please note that although the main conclusions of this paper are 560 

not affected by which of these two particular alternatives is true, we attempted to tell apart these 561 
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two models of enhancement at the detection level without conclusive results, see, Appendix). 562 

What remains clear so far is that, regardless of the particular mechanism, an important part of 563 

the auditory-induced enhancement of vision reported here owes to changes at the detection 564 

stages of stimulus processing. 565 

 566 

In order to validate the original paradigm applied in Experiment 1, and bridge our results with 567 

extant multisensory literature, in Experiment 2 we followed the classical RSE approach. We 568 

showed that sensory interactions conformed well to the pattern of findings in Experiment 1. 569 

Interestingly, and in stark contrast with the non-specific component of the audio-visual 570 

enhancement, both experiments converged in showing that improvements at the detection level 571 

of processing were selective for low spatial frequencies. Further analyses of the slopes in 572 

Experiment 1 allowed us to address this audio-visual enhancement across the different levels of 573 

contrast. As demonstrated by Murray & Plainis (2003), the low intensity contrast region 574 

determines the slope, hence the marked reduction of the slope in the sound-present condition 575 

could be construed as a behavioural analogue of the inverse effectiveness rule, often cited in 576 

multisensory integration literature (Meredith & Stein, 1983; Wallace, Meredith, & Stein, 1998). 577 

Namely, the lower the contrast intensity, the higher the benefit produced by the sound (Fig 3; 578 

Fig 7), and in consequence, the audio-visual gain. Congruently, Experiment 2 also yielded 579 

larger sensory interactions for the critical low spatial frequency condition at the low contrast 580 

stimuli. 581 

One might perhaps think of the reductions in the RT in the audio-visual conditions could be 582 

accounted in terms of response preparation (Nickerson, 1973). According to this perspective, 583 

when one target and one accessory stimulus are presented in temporal synchrony, the longer is 584 

the processing time for the target, the more time has the accessory stimulus to work as a 585 

warning signal and prepare the system for responding to that target, leading to advantages in 586 

RTs. However, our present results in Experiments 1 (Table 1) and 2 (Fig 6) showed that while 587 
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visual latencies are slower for the high SF, the multisensory benefits in reaction time are more 588 

likely to occur at the low SFs, thus effectively rejecting response preparation as a viable account 589 

for the present pattern of results. 590 

 Most previous studies conducted in multisensory research have not directly addressed 591 

possible differences in audio-visual integration as a function of the well-known functional 592 

division in visual processing between Magno- and Parvo-cellular pathways. In the present 593 

study, the component of enhancement linked to the detection-stage revealed here, was 594 

constrained to low spatial frequencies and thus the present findings bear on the potentially 595 

important role of the low frequency-tuned magno-cellular visual pathway in multisensory 596 

detection (see Jaekl & Soto-Faraco, 2010, for related findings). This fits well with prior 597 

knowledge concerning the physiology underlying low-level audio-visual interaction in the M-598 

pathway and its functionality in terms of mediating detection of intensity changes. Moreover, 599 

from a neurophysiological perspective this dominance of the M-pathway in multisensory 600 

interaction for detection is indirectly supported by two additional lines of evidence. First, the 601 

superior colliculus (SC) which has been frequently considered as determinant for multisensory 602 

enhancement (Leo et al., 2008; Meredith & Stein, 1986, 1996), receives connections from the 603 

magnocellular layers of the lateral geniculate nucleus (LGN) of the Thalamus via cortical area 604 

V1 (Berson, 1988) whereas evidence for connections from the P-cellular pathway is scant 605 

(Livingstone & Hubel, 1988; Merigan & Maunsell, 1993). Second, anatomical inputs into V1 606 

from the auditory cortex occur primarily in the representation of the peripheral visual field 607 

(Falchier, Clavagnier, Barone, & Kennedy, 2002), a region of space which is mainly 608 

represented by the M-pathway (Silveira & Perry, 1991). Third, another relevant feature of the 609 

M-pathway is its specific sensitivity to transient stimulation. Some recent studies have 610 

suggested that pure transient information is integrated (Andersen & Mamassian, 2008) and it 611 

could be determinant for multisensory associations (Van der Burg, Cass, Olivers, Theeuwes, & 612 

Alais, 2010; Werner & Noppeney, 2011).  613 
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Although our results support the important contribution of the M-pathway to multisensory 614 

interactions in detection, it is important to take into account that probably the features of the 615 

experiment prioritize fast detection responses and, in consequence, the processing under this 616 

particular visual pathway, which has shorter latencies. Therefore, our results do not necessarily 617 

negate a possible role of the P-pathway in driving multisensory interactions in other kinds of 618 

tasks more specifically tapping at parvocellular processing (i.e., cross-modal object recognition; 619 

Giard & Peronnet, 1999; Molholm et al., 2002, Jaekl and Harris, 2009). Nevertheless, more 620 

research specifically addressing this dissociation should be considered in future research. 621 

 622 

Conclusion 623 

The present psychophysical analysis of RTs allowed us to shed light on the contribution 624 

of different sources of interaction leading to sound-induced enhancement of vision, one of the 625 

most oft-cited but still controversial cases of cross-modal gain. First, the results of this study 626 

provide clear evidence showing that concurrent auditory signals result in an increase in 627 

sensitivity to visual stimuli, at a detection-specific level. This increase in sensitivity is largest at 628 

low spatial frequency and low contrast values of the visual stimulus. Second, the present 629 

paradigm allowed us to isolate and quantify the reduction in reaction times to audio-visual 630 

stimuli as a consequence of more general processes that are separable from the reduction 631 

resulting from interactions at the detection-stage. Although previous literature had hinted at the 632 

potential mixed contribution of detection-level and the decision-level processes in multisensory 633 

enhancement, clear-cut evidence for the contribution of each type of source within the same 634 

paradigm was scant.  635 

 636 

 637 

 638 
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Appendix 639 

Linear summation hypothesis 640 

Considering an explanation based on the linear summation hypothesis, the reduction in slope 641 

(gain parameter k) observed for the lower SFs is described as the stimulus energy reaching the 642 

detection threshold  (see appendix) at a faster rate, due to the concomitant presence of a sound 643 

that is linearly added to the visual signal. The slope (k= /c) then consists of a threshold  and 644 

the rate c that determines the accumulation to this threshold when the channel is stimulated by a 645 

given amount of energy E. According to this description an accurate estimate of k will depend 646 

on how well the energy values (E) of the stimuli used to fit the model are chosen.  In our main 647 

analyses of Experiment 1 we modelled the RTs as a function of vision (visual contrast) alone, as 648 

this was the modality the participants were asked to respond to. Hence, here we evaluate the 649 

possibility that the race to the threshold in the audio-visual condition was also determined by 650 

the auditory signals, at least for the lower spatial frequencies.  651 

To determine if the present data are consistent with a linear summation model, we estimated the 652 

specific contribution of the auditory stimulus to the different audio-visual conditions. 653 

Specifically, we fitted the Equation (A.8; see the mathematical derivation of the linear 654 

summation model) and included an additional term (Ea) as the only free parameter to account 655 

for the auditory stimulus contribution. 656 

We set (k=/c) for each SF to their respective values estimated from the visual alone condition 657 

under the assumption that the threshold and the gain of the channel do not depend on the nature 658 

of the stimulation. That is, we consider that the threshold  used to trigger the response is the 659 

same for both stimulation conditions (visual only and audio-visual). We set t0 to the values 660 

obtained with the Piéron equation in the audio-visual condition, as this reflects the non-specific 661 

enhancement on RT due to sound. The linear model with a single parameter fitted the data 662 

perfectly. As dictated by the physical stimuli shown to the participants, Ea denotes a constant 663 

stimulation (i.e., the sound was always the same). However, the estimated contribution of this 664 
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parameter to the final RT is inversely proportional to the contrast for each SF and importantly, 665 

inversely proportional to SF, considering that the estimated values for Ea were 0.053 and 0.035 666 

for the 0.3 and 0.74 c/deg SFs, while for 5.93 was nearly 0. In other words, the contribution of 667 

the sound to visual detection is greatest at low spatial frequencies. Importantly this selective 668 

contribution accurately describes the data while keeping the slope (channel gain) at the same 669 

value of that obtained in the visual condition.  670 

 671 

Mathematical derivation of the linear summation model 672 

The means of visual reaction times measured as a function of stimulus contrast are usually well 673 

described by the Piéron function: 674 

 675 

RT  = kC
 -α

 +t0              (A.1) 676 

 677 

Let us assume that the response mechanism is based on an accumulator model. The stimulus-678 

dependent latency component (t= kC
 -α

) is then a function of the time it takes for the mechanism 679 

to accumulate evidence (E, contrast in our case) until it reaches a threshold (θ): 680 

 681 



t 


cE
                          (A.2) 682 

 683 

Where cE denotes the rate at which the system accumulates the evidence. A more general form 684 

of (2) underlies decisional response mechanisms like the LATER model (Carpenter & Williams, 685 

1995). Reaction time can then be expressed as: 686 

 687 

0t
cE

RT 


                (A.3) 688 

 689 

Combining (2) and (3) and taking the logarithms we obtain: 690 

 691 
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logt  log(RT  t0)  log


c
 logE              (A.4)  692 

 693 

A more general form of (A.4) is easily obtained with adding the extra parameter α=-1 and 694 

letting k=θ/c : 695 

 696 



log(RTt0)log(t)log(k)logE         (A.5) 697 

 698 

By taking the exponential at both sides of equation (A.5) we obtain the Piéron function (A.1): 699 

 700 



RTk E  t0                  (A.6) 701 

 702 

Therefore the larger the rate at which the sensory evidence accumulates the smaller the 703 

parameter k.  704 

 705 

Any specific sensory effect must then affect the stimulus-dependent part of equation (A.1): 706 



t 


c
E1 



cE
 (A.7) 707 

 708 

If a visual (E) and an auditory signal (Ea, constant in our case) were integrated within a single 709 

channel during the race to the threshold θ without changing the rate c in a linear summation 710 

fashion: 711 



t 


c(E  Ea)



c
(E  Ea)1      (A.8) 712 

 713 

The true sensory benefit could be captured in the audio-visual condition by a reaction time 714 

model that takes into account an auditory signal in the input with a slope k=θ/c not different 715 

from the visual slope and an additive parameter t0 that is not different from the estimate in 716 

equation (1,6) in which the auditory system is not considered. 717 
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 718 

Visual threshold reduction by sound hypothesis 719 

Alternatively, the reduction of the slope value in the lower spatial frequencies could be caused 720 

by an increase in the excitably of the system by the sound, leading to a reduction (Ha) of the 721 

threshold  in the audio-visual conditions. 722 

RT = (( – Ha)/c) + t0                                                                                           (A.9) 723 

Therefore, we fitted Equation (A.9) with fixed values of  and c whose ratio (/c) matched the 724 

slope observed in the visual condition (Ha=0.0). In this way we can obtain an approximation of 725 

Ha for the different spatial frequencies. The estimated values were 2.07 and 1.977 for 0.3 and 726 

0.74 c/deg respectively and nearly 0.0 for the high frequency condition 5.93 c/deg. This pattern 727 

was very similar to the one shown by assuming changes in the rate of sensory evidences 728 

accumulation, however, after statistical comparison of the goodness of fit for the linear 729 

summation against the varying threshold model, the linear summation model resulted slightly 730 

better in all the SFs but only in a significant way for the 0.3 c/deg spatial frequency (F 2,3 = 731 

15.64, p = .023).  However, we do not interpret these fittings as being conclusive about what is 732 

the particular mechanism best explaining the results, nevertheless we can claim that the changes 733 

in the slope are linked to sensory processing independently of the model applied, and are 734 

specifically larger for the low SF visual channels than for the high SF channels, highlighting 735 

their stimulus dependency. 736 

 737 

 738 

[footnote 1: Note that this pattern can be loosely related to the rule of inverse effectiveness, 739 

often present in multisensory literature (Rowland et al., 2007; Stein, Stanford, Ramachandran, 740 

Perrault, & Rowland, 2009). However, the conditions to put this idea to test are not optimal, 741 

since in this case the strength of the acoustic event is not manipulated particularly weak.] 742 
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 743 

[Footnote 2: Note that there was also a Millers bound violation at the SF = 5.93 c/deg high 744 

contrast condition. Although it might seem contradictory with what inverse effectiveness 745 

postulate, this result can be accommodated because high contrast stimuli, regardless of 746 

frequency, tend to engage the magnocellular visual pathway as well (as pointed out  by different 747 

authors; Mitov& Totev, 2005; Thomas, Fagerholm, & Bonnet, 1999).] 748 
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 1005 

 1006 

Figure captions/Legends: 1007 

 1008 

Figure 1. Schematic representation of a trial sequence. After a randomly chosen interval 1009 

following the onset of the fixation cross (500-1500 ms), a Gabor stimulus (visual target) was 1010 

presented on 80% of the trials (therefore, this is the proportion of trials requiring response). The 1011 

remaining 20% were catch-trials (no visual target). In 50% of the trials (across target-bearing 1012 

and catch-trials) contained a sound temporally aligned with the visual event, thus making an 1013 

equal proportion of visual and audio-visual trials. (The relative size of the Gabor has been 1014 

scaled up for clarity of presentation, see details in text.) 1015 

 1016 

Figure 2. This plot represents individual alpha parameter values and their confidence intervals 1017 

across visual spatial frequencies (SF) for the visual (top row) and audio-visual (bottom row) 1018 

conditions for the data in Experiment 1. These values correspond to fits of the Pieron function 1019 

when leaving α as a free parameter (see text for details). Each column represents one 1020 
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participant. Except for four of the thirty fitted values, the α parameter was not significantly 1021 

different from -1.  1022 

 1023 

Figure 3. RTs as a function of the reciprocal of contrast (1/C) for each spatial frequency (plotted 1024 

in different panels) and modality combination (plotted in different shades of grey, see legend) in 1025 

Experiment 1. Small symbols represent individual means of each participant (each based on an 1026 

average of 80 reaction times, min=60), whereas large symbols represent the inter-participant 1027 

average. The lines represent the linear least square regression fits (thin dotted and thick solid 1028 

lines for the individual and average data, respectively). It can be appreciated that that the slope 1029 

of these fits (k parameter) is shallower in the AV condition compared to the V condition, at the 1030 

low spatial frequencies. The thin solid black line in each plot represents the prediction of the 1031 

probability summation model according to the LATER model.  1032 

 1033 

Figure 4. (a) Plot of the inter-participant averages for audio-visual (grey) and visual (black) 1034 

sensitivities (1/k) in Experiment 1. (b) Average audio-visual and visual values for the intercept 1035 

(t0). The results are presented separately for each SF (see legend). Each dot represents averaged 1036 

inter-participant intercepts and error bars represent the associated SD. 1037 

 1038 

Figure 5. Correlation plot between visual (black) and audio-visual (grey) individual sensitivity 1039 

(1/k) and the percentage of false alarms in Experiment 1. 1040 

 1041 

Figure 6. Inter-participant average RTs in Experiment 2 (error bars represent confidence 1042 

intervals) plotted as a function of contrast and modality (see legend). The two tested SFs are 1043 

represented in different columns. Insets contain plots of cumulative Gaussians fitted to the 1044 
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empirical cumulative distribution functions for the RTs in the auditory (light grey), visual 1045 

(medium grey) and audio-visual (dark grey) conditions.  1046 

 1047 

Figure 7. Race model inequality tests in Experiment 2. The black squares represent the 1048 

empirical average RTs in the audio-visual condition binned in 10 quantiles, whilst the grey 1049 

squares represent the prediction of the probability summation model obtained from the auditory-1050 

only and visual-only RT distributions (Miller’s bound). Error bars represents the standard 1051 

errors. Shaded areas indicate quantiles where the race model was significantly violated 1052 

(p<0.05).  1053 

 1054 

 1055 

Table 1. Average and standard deviation of visual and audio-visual RTs, and latency of FA 1056 

responses in auditory-only catch-trials. Although this is an averaged representation of the data, 1057 

in the simulations we applied the LATER model considering each participant individually. 1058 
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 1061 

 1062 


