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Abstract
Inverse effectiveness, one of the three rules of multisensory integration, was formulated in the
context of single neuron recordings, in the superior colliculus (Meredith & Stein, 1983).
Nevertheless, it has widely been used in order to interpret behavioral data (Holmes, 2007). The
gap between single neuron responses and organism behavior is not one that can be neglected, as
this may result in misleading conclusions (Holmes, 2009; Ross et al., 2006). We examined
experimental parameters that clarify to what extend and under what conditions we can take into
account this law in behavioral experiments. Furthermore, we examined the multisensory gain in
three separate datasets obtained from participants that were asked to identify audiovisual
syllables under various noise levels (both auditory and visual noise). Results showed patterns of
behavioral inverse effectiveness, thus replicating the behavioral inverse effectiveness rule, with
only a small number of individuals exhibiting an inverted “U” gain pattern. We propose an
alternative explanation instead of inverse effectiveness. This explanation may server as an
explanation for patterns that deviate from the “law of inverse effectiveness”, taking into account
the phenomenon of stochastic resonance in biological systems – a phenomenon that characterizes
simple neuron models acting as detectors (Ward et al., 2002), organisms when performing
detection tasks (Söderlund et al., 2010). However, further research is needed in order to
investigate individual deviations from behavioral inverse effectiveness, adding more noise levels
and “lower level” multisensory detection tasks, as stochastic resonance occurs in systems of
detectors - one of the main functions of neurons in the superior colliculus.
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Inverse effectiveness and behavior
As we will see, there have been contradictory findings regarding the applicability of the
rules of multisensory integration, especially concerning the third rule, "inverse
effectiveness" (Holmes, 2007; Ross et al., 2006). Here we will describe under what conditions we
can assume that this rule can be taken into account in behavioral studies, while at the same time
we will offer an alternative explanation for experiments that seem to deviate from the rule.
Multisensory research is often interpreted according to three rules Holmes (2007). The spatial
rule states that multisensory stimuli are integrated more effectively as closer they are in space
(Meredith & Stein, 1986). According to the temporal rule: multisensory stimuli integration is
stronger as closes as they occur in time (Meredith & Stein, 1987). Finally, the law of inverse
effectiveness states that multisensory stimuli are more strongly integrated when the most
effective unisensory response is relatively weak (Meredith & Stein, 1983).
These laws were formulated in the context of single neuron recordings in the deeper
laminae of the superior colliculus of cats (Meredith & Stein, 1983). However, shortly after their
initial formulation, follow up research provided indications that, at least some of the multisensory
rules may apply to behavioral data as well. Here, we are going to focus on the third law: We will
examine whether the “principle of inverse effectiveness” can be applied to behavioral
experiments and, if yes, under what considerations. Τhe early indications of the applicability of
the “spatial law” to specific behavioral data is an indication that the law may interpret more
behavioral data and also that the other laws may as well apply to a behavioral level. However,
before applying the other laws in a behavioral level, further empirical investigation would be
needed in order to gather evidence that support the behavioral applicability.
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Indeed a number of researchers were able to obtain data that seemed to follow the
principle of inverse effectiveness (e.g., Callan et al., 2001), although others (Ross et al., 2006)
found contradicting results (for a list of relevant publications see Holmes, 2007). Even more,
some of the behavioral data that seemed to follow the rule of inverse effectiveness, were in fact
reflecting statistical phenomena like “regression towards the mean” (Holmes, 2009) or even
methodological mistakes, like for example inappropriate multisensory gain measures (Ross et al.,
2006). It may be tempting to generalize, by using the same law to describe distinct phenomena
(behavior and individual neurons), whenever the patterns of data appear to follow similar trends.
However, these similarities may be misleading. Whether these rules can be extended to other
structures or, even more, to behavioral responses, remains still an empirical question. As Holmes
(2009) noted that the principles of multisensory integration were derived from neuronal level
research on the superior colliculus of the cat and therefore, further research is needed before
applying them to all forms of multisensory interplay.
Although there might be trends that on a first glance seem to follow the principle of
inverse effectiveness, it is important to consider other alternatives. As we will see, the
experimental set up and the methods we select for measuring multisensory gain may strongly
influence our data interpretation. Holmes (2007) warns us that although they may be similarities,
linking the response of neurons with between-participant response times or errors is still elusive.
It may be of use to keep in mind that, even at the level of neurons, the extent of
applicability of inverse effectiveness has not yet been clearly defined. For example, the responses
of multisensory neurons in the superior colliculus follow a relative inverse effectiveness pattern
(an increase in the percentage of spikes, as compared to their dynamic range), while they do not
follow the same rule if only the absolute numbers of spikes are taken into account. On the
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contrary, unisensory neurons in the superior colliculus follow both relative and absolute inverse
effectiveness (Alvarado et al., 2007; Holmes, 2007). Alvarado (2007) warns us noting that
although the principles of multisensory integration are not stimulus specific, we should not be
tempted to generalize without caution. The initial studies were conducted on brain areas that
specialize in target localization therefore extending them to different stimuli, other areas or tasks
remains to be determined. It perhaps now becomes clearer why extending the rule of inverse
effectiveness to behavior, may lead us to the wrong conclusions. The number of studies that
confirm behavioral inverse effectiveness indicate that this principle is a well established rule in
multisensory perception research.

However, there is an increasing number of researchers

reporting higher multisensory gain in intermediate noise levels (Hoshino, 2014; Ma et al., 2009;
Ross et al., 2006; Stevenson et al., 2015). Therefore it may be interesting to investigate possible
deviations from the well-established inverse effectiveness rule, as suggested by Stein et al.
(2009).
Biases and the two kinds of inverse effectiveness
As Holmes et al. (2009) suggests there are two methods for assessing whether our data
can be described by inverse effectiveness. The first one can be termed “a-priori”, and uses “two
or more levels of task difficulty or stimulus intensity under discrete experimental condition, and
may be analyzed on a balanced within-participants basis” (Holmes et al., 2009). The second
method, termed “post-hoc” is characterized as problematic, as it involves tasks that sorts data
post-hoc depending on the responses obtained (Holmes et al., 2009). The post-hoc method as we
will see, is subject to statistical biases. For a list of examples that fall within these two categories
see Holmes et al. (2009).
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“Regression towards the mean”, as we will see, is a statistical bias that is present in any
“post-hoc”. It is a bias known at least since 1877 (Galton, 1886). Regression towards the mean
occurs when we separate data into groups or if we sort data according to a criterion different to
the one used when comparing the data. (Holmes et al., 2009). If we select corporations that did
exceptionally well during one year we will find that, during the next year, on average their
performance with be lower (Kahneman and Tversky, 1977). Another example, closer to the bias
as expressed in the “post-hoc” method of assessing “inverse effectiveness”, was brought forward
by Galton (1886), and presented by Holmes (2009): The author presents the example of human
height, a variable that depends on many different factors (numerous bones, posture, etc).
Sampling the extreme values selected post-hoc will result in a sample with random variability –
however if further retesting will lead to regression towards the mean: Tall parents are likely to
have shorter children and short parents are likely to have taller children. In the case of inverse
effectiveness according to Holmes (2009) the neurons of participants with low unisensory
responses are more probable to have higher performance in a multisensory condition. This will
occur regardless of whether multisensory integration actually occurs.
Furthermore, in order to determine the magnitude of the effects of this bias in previous
experiments that used the “post-hoc” methods, Holmes et al. (2009) simulated experimental
results by sampling from a normal distribution. As expected, the conclusion was that, by using
“post-hoc” methods, inverse effectiveness data could be obtained, even if no such relation
actually existed. The simulation results and the above examples illustrate clearly that the “posthoc” methods are always affected by the regression towards the mean bias. Therefore, methods
that avoid grouping the data as described above, methods that fall into the “a priori” category,
should be preferred when possible. If a post-hoc method must be used, then measures of the
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magnitude and the direction of regression towards the mean must be obtained. These suggestions
by Holmes et al. (2009) are plausible since regression towards the mean is present whenever data
is sorted using one criterion and then compared with the help of another criterion and this is
exactly what happens during pos-hoc methods. To our knowledge, there have been yet no
objections to these conclusions on “post-hoc” methods of assessing I.E.
The law of almost inverse effectiveness
While clear deviations from the law of inverse effectiveness were observed (Hoshino,
2014; Ma et al., 2009; Ross et al., 2006; Stevenson et al., 2015), the authors conclude that the
data followed the “general spirit” of the law. However a law of “almost inverse effectiveness” or
perhaps an “almost law” of inverse effectiveness would be of little practical use, since a wide
range of data patterns could be interpreted accordingly, not giving a chance to falsify the
hypothesis of behavioral inverse effectiveness.
As we already mentioned, the laws of multisensory integration were first put forward in
order to describe neuronal output patterns, however the law of inverse effectiveness is often
assumed to hold as well for behavioral data. In Stein et al. (2007), two experiments are mentioned
as producing results that contradict the law of inverse effectiveness. In one of them (Ross et al.,
2006), the contradiction is not only clear-cut but, furthermore, the authors indicate a number of
methodological pitfalls that, if not taken into account, can lead to erroneously discovering
“inverse effectiveness” where no such pattern exist. They mention specific research examples,
where the authors erroneously presumed that the law of inverse effectiveness applies (e.g., Callan
et al., 2001). Stein et al. (2009) stresses the importance of closely examining deviations from the
expected trend, as these may represent special cases that involve poorly understood processes.
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Therefore, a closer look to some of the methodological concerns that were carefully taken into
account in Ross et al. (2006), will further illustrate some of the methodological precautions that
were already briefly mentioned.
In their experiment, Ross et al. (2006) assessed whether the principle of inverse
effectiveness can be demonstrated in the case of audiovisual speech perception. Since viewing
the face of a speaking person while listening to her, improves the listeners comprehension
(especially under noisy conditions), one could assume that the gain would be maximized when
the auditory input is weakest. A behavioral rule of inverse effectiveness would predict an inverse
relation between audiovisual gain and noise levels. However, this was not their experimental
hypothesis. The authors first pointed out some methodological considerations that could lead to a
false “inverse effectiveness” observation: If the list of presented words is short enough and,
furthermore, if it is presented to the participants before and during the trials, then it is possible
that this manipulation would have large effects at low SNRs, since it is easier to guess a word that
is not clearly perceived when the number of possible alternatives is limited. The authors did not
measure any individual gain reports, only the means: On the contrary, in our experiment we
assessed multisensory gain on individual level in order to investigate possible inter-individual
differences and/or possible subgroup deviations from the observed mean. Ross et al. (2006)
mention previous research were such inappropriate checklists had been used in order to measure
the mean multisensory gain, driving the researchers to overestimate the gain at low SNRs and
wrongfully concluding that their data followed an “inverse effectiveness” pattern. Ross et al.
(2006) took into account these considerations for measuring mean Gain, by providing a sufficient
number of alternative words and not presenting them in the form of a checklist. Since they were
reproducing audiovisual word detection experiments that had claimed to observe “inverse
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effectiveness” while at the same time overestimating audiovisual gain at low SNRs, the authors
expected that the maximum gain would be observed at intermediate noise levels. Indeed, that was
their experimental hypothesis. In order to test it, the authors used a 2x7 repeated measures
analysis, with two factors: The condition (with two levels: audiovisual or audio) and the signal to
noise ratio (SNR) with seven levels.
The results supported their experimental hypothesis. The gain peaked at intermediate
SNRs. The authors provide alternative measures of gain, and observe that in some cases they
could be driven to the completely different conclusions. For example, if the gain was simply
expressed as the percentage of the difference, then a completely different relation would be
depicted in the gain/SNR graph. A simple calculation that illustrates the inappropriateness of this
measure, would be to compare the gain in a condition of high noise, e.g., with audio only guesses
A= 2% and audiovisual performance AV= 6%, we would have a multisensory gain of 300%. If
we consider a low noise condition where A= 30% and AV = 90%, then again the audiovisual gain
is 300%. However, the fact that a raise in correct answers of 4% equals a raise of 60% is
counterintuitive and obviously the percentage alone cannot adequately describe the audiovisual
gain in speech recognition.
The authors conclude that they did not observe “inverse effectiveness”, and that this was
expected, since this rule was devised based on observations in a subcortical structure specialized
for detection and orientation – thus the job of the superior colliculus is different from that of the
speech recognition system. The SC initiates saccades and plays an important role in orienting.
The SC is involved in saccades initiation and orienting and inverse effectiveness is highly useful
in this context since weak/noisy inputs are processed more efficiently. On the other hand speech
does not concerned primarily with detection (Ross et al., 2006).
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Nevertheless, the authors conclude that gain in multisensory speech is detected in even in
the lowest SNRs, in line with the general predictions of inverse effectiveness. It surely cannot be
that the general predictions of inverse effectiveness can include the observation that inverse
effectiveness does not apply, while at the same time largely keeping in line with the general
predictions of inverse effectiveness. This contradiction is mainly due to the fact that there cannot
be a purely “data-driven” research: Forming an experimental hypothesis presupposes theoretical
assumptions and in this case the “law of inverse effectiveness” serves such a purpose. However,
although a completely data-driven research is in principle impossible, there might be benefits if
we attempt to offer alternative explanations for the observed pattern. For example, the form of the
graph in this case, seems to resemble “stochastic resonance” (McDonnell et al., 2009; Ward et al.,
2002). This phenomenon, as well as its possible relevance to the conclusions of Ross et al. (2006)
will be described in the following section.

Stochastic resonance
The following definitions, the first one by a telecommunication engineer and the second
one by an experimental psychologist, seem to be describing a phenomenon that share some
similarities with Ross et al. (2006) experimental results: Stochastic Resonance (SR) describes any
phenomenon where the presence of noise in a nonlinear system is better for output signal quality
than its absence (McDonnell et al., 2009).
Indeed in Ross et al. (2006) the maximum performance was at an optimal SNR level of
around -12dB while gain decreased as SNR approached its extreme values. The fact that the form
of the gain graph is similar to stochastic resonance phenomena is of course only an indication. In
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order to conclude whether it can be a plausible alternative explanation (instead of the “general
spirit” of inverse effectiveness), a closer look is required.
Stochastic resonance has been observed in biological systems - from paddlefish that
enhance the ability of their young to prey upon plankton by providing electrical noise, until
human tactile and visual perception or even memory (Ward et al., 2002; Söderlund et al., 2010).
For example, according to Ward et al. (2002), behavioral SR has been shown to occur for a
percent-correctmeasure of performance in human touch in a one-interval forced-choice paradigm
(Collins et al., 1997): Researchers showed that the ability of an individual to detect a
subthreshold tactile stimulus can be significantly enhanced by introducing a particular level of
noise while the ability of an individual to detect a suprathreshold tactile stimulus can be degraded
by the presence of noise.
An often misconception about stochastic resonance is that it actually improves
detectability and, therefore, enables the detection of signals that would be undetectable in the
absence of noise. Of course if that was the case, the results in Ross et al. (2006) definitely could
not have been explained by stochastic resonance, since the maximum gain did not reach a level
that would allow the participants to outperform themselves in the low noise condition. It is
important to keep in mind that stochastic resonance does not improve detection in a manner that
could not have been done to the same degree by adjusting the criterion level (Tougard et al.,
2000).
As Tougard et al. (2000) concludes, the improvement of the signal due to the presence of
noise cannot be larger than what would be accomplished by adjusting the criterion of the detector
– although of course there could be cases in biological systems where this is not practically
possible and therefore stochastic resonance would be the only solution available. Detectors that
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do not have an optimal criterion (a plausible assumption for living organisms) will always exhibit
stochastic resonance – whether beneficial or not.
We should note that stochastic resonance is a general phenomenon, not restricted only to
simple detectors with a fixed threshold. In fact, the presence of a threshold is not even required:
Bezrukov and Vodyanoy (1997) showed that a threshold is not needed in order to generate
stochastic resonance. Many independent receptors in parallel, each with an input-dependent
probability of response (i.e. opening in case of the membrane channels), can also display
stochastic resonance behavior. (Tougard et al., 2000)
Of course word recognition is not a detection task – although as a procedure it definitely
includes the detection of certain cues. Either visual, audiovisual or audio only, these cues are the
“bottom-up” information that is required in order for us to recognize a spoken word. As it will
hopefully become clear, the “cue detection” part of the word recognition procedure, is precisely
where stochastic resonance applies. This does not imply that there is a separate, serial step in the
procedure of recognizing a word, a “bottom-up detection phase” that is followed by the “topdown recognition phase”. On the contrary we make no claim of any serial processing – we are
only stating the obvious fact that the detection of cues is a detection procedure and, as such, it is
subject to stochastic resonance.
This procedure could be a plausible candidate for offering an alternative explanation of
the shape of the final word recognition graph in Ross et al. (2006) under one condition. This
explanation can only be valid if we can somehow assume that the rest of the word recognition
procedure does not unevenly alter the shape of the initial “cue recognition” plot – that is the
percentage of cues that become available for further processing (i.e. the detected cues) as a
function of various SNR levels. As we will see, the experimental design of Ross et al. (2006)
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ensures that this assumption is met and therefore stochastic resonance can offer an alternative
explanation.
Whether the cues convey sufficient information for us to comprehend a word, cannot be
determined only by examining the cues, since “top-down” procedures are also involved in the
final act of recognizing. For example, in Ross et al. (2006), the experimenters were careful
enough not to present the words in the form of a short checklist, as was commonly practiced by
previous researchers. This way they avoided shortening the range of available options, when the
participant had to guess what was the word she heard. Therefore the participants had to rely more
on “bottom up” information, making more effective the experimental design and avoiding
confounds that would unevenly boost the gain in the high noise (low SNR) condition. In other
words, when the cue detection is poor due to high noise, the available (detected) cues will match
a wide range of words that are available in our memory. For example, if we heard clearly only the
last syllable of a word and we recognized it as a “d”, then we could match this word ending with
numerous words. On the other hand, if we reduced the possible options by using a short checklist,
we would boost our correct answers in the high noise condition since the sparse cues would then
be used more efficiently (for example our list could only contain two words ending with “d”,
therefore rising the probability of a correct answer to 50%).
It seems that stochastic resonance may as well offer a plausible, alternative explanation
for behavioral data that deviate from the rule of inverse effectiveness. It should at least be taken
under consideration, when the origin of the experimental data contains biological detection
mechanisms. The availability of more than one alternative interpretation of our data reduces the
temptation to stretch the applicability of a law until it fits our data.
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Despite any superficial resemblances between the behavioral and the neuronal research
for inverse effectiveness, direct links between the response properties of (populations of) single
neurons, and between-participants distributions of response times or errors remain elusive
(Holmes, 2007). However, although elusive, there have not been alternative attempts to explain
data patterns that deviate from the (elusive) law of behavioral inverse effectiveness, even when
these data originate from cognitive procedures that involve detection and therefore stochastic
resonance. Human perception is of course a procedure that involves detection, and therefore
phenomena like stochastic resonance should be taken into account. Even if it actually does not
apply to our experimental data, the availability of more than one alternative interpretation leads to
more data-driven and less procrustean interpretations.
Obtaining law-like relations for aspects of multisensory integration on a behavioral level,
is anything but straightforward. However, it is even more important that it was initially assumed,
as it seems that multisensory integration not only plays an important role in the orientation of
attention – but it is an integral part of it, especially when viewing complex scenes with
multisensory content. Top-down attention does not have a large effect on multisensory integration
when there is low competition between stimuli. On the contrary top-down effects on multisensory
integration have been observed when there is a higher degree of competition concurrent
multimodal stimuli (Talsma et al., 2010). Therefore further clarifying the parameters that define
behavioral multisensory integration, directly influences the parameters that describe human
salience detection, an area with applications in computer vision and image analysis.
Current Study
The rule of Inverse effectiveness is well established in multisensory integration literature,
however, in order to investigate if this principle applies on a behavioral level, we conducted three
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sets of experiments for ten persons per set and analyzed the data as groups and at the individual
level. All participants we presented with four audiovisual brief syllables at six levels of noise. We
used both visual and audio noise. The first group was presented with audio only and audiovisual
stimuli (at six levels of audio noise), the second group with visual only and audiovisual stimuli
(at six levels of visual noise), while the third group was presented with all possible combinations
of audio only, visual only and audiovisual stimuli. In order to calculate audiovisual gain.
Participants were requested to indicate what syllable was presented to them by pressing the
appropriate key (/ba/, /fα/, /θα/, /za/).

Method
Participants
Three datasets were obtained. The first group had 10 participants (4 men and 6 women),
22–34 years of age (mean age = 25 years), the second group had 10 participants (3 men and 7
women) 25-35 years old (mean =27 years), and the third group had 11 participants (4 men and 6
women), 24-35 years old (mean = 29 years).

Stimuli
Participants were presented with short videos (3 sec) with Audio only (A), Visual only (V)
or Audiovisual (AV) syllables (/ba/, /fa/, /za/, /tha/). Audiovisual (AV) text-to-voice software was
used to create the stimuli that was developed in order to provide realistic audio and visual
experience (Alexanderson & Beskow, 2014). Visual Noise (Vn) was implemented as ambiguity in
the articulation of the syllables: Jaw opening varies from 100 to 20% while consonant features
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(lip closure, labiodental closure, tongue tip motion etc.) varies between 100% and 80%. In the
Audio only condition a still image of the talking face was presented instead of the video. Audio
Noise (An) was created from recordings of a professional actor, using a vocoder. White noise was
not used as it penalizes “soft” sounds: Instead, a noise-excited vocoder retains the spectral
envelope of the signal replacing the sound source with noise.

Apparatus and Materials
The experiment was conducted in a quiet room, with participants facing straight ahead,
approximately 30 cm from the screen (15.6" LCD display; 1366 x 768 resolution). For the sound
reproduction the laptop speakers were used at 75% of maximum volume. Participants responded
by pressing a key (“z”,”x”,”>”,”/” for /ba/, /fa/, /za/, /tha/, respectively). The response keys had
their original letters/symbols covered with the appropriate symbols. The experiment was
programmed with Open Sesame (Mathôt, S., Schreij, D., & Theeuwes, J., 2012), an open-source,
graphical experiment builder for the social sciences. Behavior Research Methods, 44(2),
314-324), an open-source experiment builder for the social sciences.

Procedure
Participants were informed that they will be presented with a series of short videos of four
syllables and requested to respond by pressing keyboard keys, indicating what syllable was
presented. Participants had a maximum of 3 seconds to respond. After this period the next
stimulus was presented. For the first two groups the procedure lasted about 35 minutes, while for
the third group lasted approximately 55 minutes.
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Results
The analysis was conducted through three different experimental groups. The first group,
AVn, was presented with a series of Audiovisual (AV) and Visual only (V) syllables with the
visual stimulation presented in various degrees of ambiguity (as defined in the Methods section).
The second group, AnV, was presented with a series of Audiovisual and Audio only (A) syllables
with the auditory stimulation presented in various degrees of noise (see Methods section). The
third and final group, AnVn, was a combination of the two previous groups were participants
were presented with all visual ambiguity and auditory noise combinations.
Initially, we analyzed using a between subjects ANOVA with the factors of Modality and
Ambiguity for the AnV and AVn cases and with the factors Visual Ambiguity and Auditory
Ambiguity for the AnVn case, for each syllable separately in order to assess in order to access the
effect of our manipulation on response accuracy and response time.
Subsequently, the gain was computed using different measures based on previous research
(Meredith & Stein, 1986; Nahanni 2014). Specifically, Relative Gain 2 is the increase in
performance as measured by the difference of unimodal and bimodal performance, divided by the
performance in the bimodal condition [(AV-U)/AV] (Meredith & Stein, 1986; Nahanni 2014;
Ross et al., 2007) where U is the unimodal performance. This equation calculates the relevant
multisensory Gain: Initially the difference between bimodal and unimodal is divided with the
bimodal performance. Dividing a difference with one of the terms of the difference (in this case
AV), results in transforming the difference to the relevant difference: Relevant to the term that we
are dividing. For example if A=60% and AV=80% then the difference is 20% and the relevant
difference would be 20/80=0.25 or 20/60= 0.33. These numbers actually mean that performance
was increased by 25% (in comparison with the A performance) or, performance as measured in
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the AV condition was reduced by 33% (i.e., the performance as measured in AV). In the AVn
group this is equal to V, so the gain is AV-V/AV and in the AnV group U is equal to A and,
therefore, the formula becomes AV-A/AV]). In the AnVn group, both values of U can be
calculated, since data from both Auditory-only and Visual-only stimuli are available. Another
measure was the difference between bimodal and unimodal performance (AV-V) (Ross et al.,
2007, Nahanni 2014). We calculated three different Gain measures: The difference AV-V, the
normalized difference (AV-V/V) and the difference normalized until the maximum possible gain
AV-V/1-V (Ross et al., 2007). The last formula in the denominator has the term (1-V), when the
Gain is expressed as a measure with values from 0 until 1 or as the term 100-V if the gain is
expressed as percentage with maximum 100%/. In the case of reaction times these last measure
was not computed, as the maximum response time cannot be defined as in the case of maximum
accuracy.

Accuracy
In the AVn condition no main effects were found for Ambiguity for the three of the four
syllables tested (/ba/: [F(1,1184) = 0.06, p = .08], /za/ [F(1, 1184) = 0.00, p=.98], and /tha/
[F(1,1184) = 2.24, p = .135]) with performance being low for all ambiguity levels. However, a
statistically significant main effect was found for syllable /fa/ [F(1,1184) = 15.67, p = .001],
indicating that visual ambiguity did had a significant effect on performance. Results on Modality
showed significant differences for syllables /ba/ [F(1,1184) = 66.91, p < .0001] and /za/
[F(1,1184) = 32.62, p < .0001], while no significant results were obtained for syllables /fa/
[F(1,1184) = 1.19, p =.276] and /tha/ [F(1,1181) = 2.43, p = .119]. Interactions between the two
factors were observed for all syllables except /za/ [F(1,184) = .001, p = 1]. For syllable /ba/
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interaction was [F(1,191) = 291.23, p < .0001], for /fa/ ([F(1,184) = 15.87, p < .0001], and,
finally, for /tha/ ([F(1,191) = 63.51, p < .0001]. For syllable /ba/ the gain measure (Relevant Gain
2) can be seen in Figure 1. The gain was computed using different measures: Relevant Gain 2 is
the increase in performance as measured by the difference of unimodal and bimodal
performances, divided by the performance in the bimodal condition ([(AV-AO)/AV]; Meredith &
Stein, 1986; Nahanni 2014). Most subjects show an increase in gain at higher ambiguity levels, a
result that is attributed to the law of inverse effectiveness (Figure 1a, 2a, 2c, 3a and 3c).
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Figure 1a: Relevant gain for 10 participants, shown per subject for syllable /ba/. There are no indications of subgroups of individuals that deviate from the mean pattern shown in 1b. The gain is the increase in performance as
measured by the difference of unimodal and bimodal performances, divided by the performance in the bimodal
condition. Most subjects show an increase in gain at higher ambiguity levels, a result that is attributed to the law of
inverse effectiveness. In figure 1b the total Gain as the difference AV-V. 1b: Syllable /za/: No clear pattern for this
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syllable in AVn task 1c: Syllable /fa/: There is an inverse effectiveness pattern except for the last level of visual noise
1d: Syllable /tha/: No clear pattern except for the last three visual noise levels.

In the AnV condition, statistically significant results were found for all four syllables: /ba/
[F(1,1221) = 40.51, p < .0001], /za/ [F(1,1221) = 72.42, p < .0001], /fa/ [F(1,1214) = 73.63, p < .
0001], /tha/ [F(1,1222) = 54.07, p < .0001]. Modality did not have any statistically significant
main effects for syllables /ba/ and /fa/, however significant main effects were observed for /za/
[F(1,1221) = 11.04, p = .0001] and /tha/ [F(1,1221) = 21.53, p < .0001]. Statistically significant
results were obtained for all four syllables concerning interactions between the two factors: /ba/
[F(1,1221) = 43.68, p < .0001], /za/ [F(1,1221) = 37.46, p < .0001], /fa/ [F(1,1214) = 42.07, p < .

!

0001], /tha/ [F(1,1222) = 21.14, p < .0001].
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Figure 2a: Relevant gain for 10 subjects, shown per subject for syllable /ba/ (2a), syllable za(2b) and tha (2c) is the
increase in performance as measured by the difference of unimodal and bimodal performances, divided by the
performance in the bimodal condition ([(AV-AO)/AV]) Relevant Gain 1 was the same difference, divided by
performance in the unimodal condition while in Relevant Gain 3 the difference was divided with the maximum
possible gain improvement (Relevant Gain 3 did not show any pattern). Most subjects show an increase in gain at
higher ambiguity levels, a result that is attributed to the law of inverse effectiveness. 2b: Total gain for all syllables. /
ba/ and /fa/ show an inverse effectiveness pattern, whereas /za/ and /tha/ have no clear pattern.
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Figure 3: Multisensory Gain (AV-A) was calculated for all syllables again after removing the cases where
participants did not recognize with less than 75% success the syllables in the non-ambiguous conditions (see table 1).
Similar patterns were shown in Relative Gain 1 (see Figure 4). Relative Gain 1 and 2 were also computed for all
ambiguity levels, and revealed similar patterns (see Appendix 1).

!

Figure 4: Relative Gain for two syllables (ba, fa) in the AnV conditions. The other two syllables did not show
a pattern for this Gain measure after the removal of cases with accuracy lower than 75% for the clear stimuli (see
Table 1).

In the AnVn condition and factor Visual Ambiguity no statistically significant main
effects were found. However, for factor Audio Ambiguity statistically significant results were

!26

INVERSE EFFECTIVENESS AND STOCHASTIC RESONANCE
found for all four syllables: /ba/ [F(1,1835)=9,81, p = .0002], /za/ [F(1,1840) = 22.41, p < .
0001], /fa/ [F(1,1838) = 8,41, p = .0004], /tha/ [F(1,1840) = 6,66, p = .001]. Statistically
significant interactions were obtained for all tested syllables except /ba/ (/za/: [F(1,1840)=11,54,
p = .0001], /fa/:[F(1,1840)=11,54, p = .0001], /tha/:[F(1,1838)=5,41, p = .02]). The multisensory

!

!

gain diagram is shown in diagram 3.
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Figure 5: Multisensory gain (total), as measured by the difference of unimodal and bimodal performance, divided by
the performance in the bimodal condition ([(AV-AO)/AV]), at three different levels of visual ambiguity (1,2 and 3),
([(AV-AO)/AV]. The computations were repeated after removing the cases with accuracy lower than 100% for the
clear stimuli (zero visual and audio ambiguity, see table 2). Similar patterns were observed for the AV-AO and AVVO measures (Appendix 2)
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Figure 6: Gain plots (AV-A) for syllable /ba/, after the removal of syllables that were not recognized with 100%
success from participants in the clear (ambiguity=0) condition. All 6 levels of visual ambiguity are shown. Only the
two first levels show a clear pattern.
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Figure 7: Gain plots (AV-A) for syllable /za/, after the removal of syllables that were not recognized with 100%
success from participants in the clear (ambiguity=0) condition. All 6 levels of visual ambiguity are shown.
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Figure 8: Gain plots (AV-A) for syllable /fa/, after the removal of syllables that were not recognized with 100%
success from participants in the clear (ambiguity=0) condition. All 6 levels of visual ambiguity are shown. Only the
first two levels of visual ambiguity show a clear pattern, as was the case with syllable ba (see Figure6).
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Figure 9: Gain plots (AV-A) for syllable /tha/, after the removal of syllables that were not recognized with 100%
success from participants in the clear (ambiguity=0) condition. All 6 levels of visual ambiguity are shown. In this
case the three first visual ambiguity patterns seem to form a pattern with an intermediate maximum Gain level.

Reaction Times
Inverse effectiveness has been observed in multisensory interactions when measuring
reaction times (Diederich, A., & Colonius, 2004). Therefore we also measured participants
reaction times. We expected to find an inverse effectiveness pattern. In the AVn condition, the
Modality factor was significant for syllables /ba/ [F(1,1184) = 6.19, p = .013], /za/ ([F(1,1184) =
12.82, p < .001], and /tha/ ([F(1,1184) = 8.80, p = .003], while no significant results were
obtained for syllable /za/ ([F(1,1184) = 0.24, p = .623]. For Ambiguity no statistically significant
effects were found for all syllables tested (/ba/: [F(1,1184) = 3.30, p = .07], /za/ [F(1, 1184) =
0.42, p=.52], /fa/ [F(1,1184) = 0,01, p=.96, /tha/ [F(1,1184) = 0.59, p = .44]). Interactions were
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found only for syllable /ba/ (/ba/: [F(1,1184) = 18.14, p < .001], /za/ [F(1, 1184) = 0.36, p=0.54], /
fa/ [F(1,1184) = 2.59, p=.1, /tha/ [F(1,1184) = 0.06, p = .8]).
In the AnV condition, statistically significant main effects of factor ambiguity were found
for syllable /ba/ [F(1,1221) = 5.65, p = .018], /za/ [F(1,1221) = 0.11, p = .74], /fa/ [F(1,1214) =
0.94, p = .33], and /tha/ [F(1,1222) = 0.75, p = .39]. No statistically significant results were
observed for Modality (/ba/ [F(1,1221) = 3.39, p = .07], /za/ [F(1,1221) = 0.83, p = .36], /fa/
[F(1,1214) = 2.72, p = .1], /tha/ [F(1,1222) = 1.89, p = .17]). Finally, no significant interactions

!

were obtained. The relevant gain for syllable /ba/ can be seen in Figure 10.
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Figure 10a and 10b: Reaction time AnV condition, syllables /ba/ syllable tha: Relevant gain for time response of 10
subject, shown per subject, and total (10c and 10d). The gain was computed using different measures: Relevant Gain
2 is the increase in performance as measured by the difference of unimodal and bimodal performances, divided by
the performance in the bimodal condition. Relevant Gain 1 was the same difference, divided by performance in the
unimodal condition while in Relevant Gain 3 the difference was divided with the maximum possible gain
improvement. Most subjects show an increase in gain at higher ambiguity levels, a result that is attributed to the law
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of inverse effectiveness. However there are subjects that show a deviation from the general pattern as shown in
Figures 10c.

In the AnVn condition and factor Visual Ambiguity no statistically significant main effects were
found /ba/ F(1, 1835) = .33, /za/ F(1, 1835) = .95, /fa/ F(1, 1835) = .28, /tha/ F(1,1835) = .23.
However, for factor Audio Ambiguity statistically significant results were found for syllable /ba/
[F(1,1835)=4,17, p = .004], while the other syllables did not show any statistical significant
results (/za/ F(1, 1835) = .08, /fa/ F(1, 1835) = 0.22, /tha/ F(1, 1835) = .06. No statistically
significant interactions were obtained. The multisensory gain diagram is shown in Figure 11.

Figure 11: AnVn Condition: Multisensory Gain for syllable ba as a function of visual ambiguity
for audio ambiguity =1. No clear pattern is shown – similar results were obtained for the 6 levels
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of audio ambiguity for all four syllables. Also when plotting Multisensory Gain as a function of
audio ambiguity, no clear pattern could be found.
Discussion
Behavioral inverse effectiveness is a well-established rule in multisensory gain research
literature. However, a number of researchers report higher multisensory gain in intermediate
noise levels (Hoshino, 2014; Ma et al., 2009; Ross et al., 2006; Stevenson et al., 2015; ).
Furthermore, as suggested by Stein et al. (2009), inter-individual or subgroup deviations from the
inverse effectiveness rule should be further investigated. In our experiments, we analyzed group
means as well as individual responses in order to observe possible subgroup deviations from the
mean. We analyzed correct responses as well as reaction times per group and also for each
participant. The results however indicate behavioral inverse effectiveness, with the audio noise
having the clearer impact on participant responses. The clearest inverse effectiveness patterns
were observed in the conditions were audio noise was used for all syllables in accuracy measures
(Figures 2a, 2c, 3, 4, 5). The addition of visual noise did not result in obtaining inverse
effectiveness for all syllables (Figures 1b, 1c, 1d), although there were exceptions, as for example
syllable /ba/ (Figure 1a). Therefore audio noise manipulation provided clearer results and will be
preferred for possible future experiments in order to obtain a larger sample with the same number
of participants. A greater sample with audio noise would also provide greater accuracy in order to
assess inter-individual differences and possible deviations from the rule of behavioral inverse
effectiveness. Reaction times did not yield any clear inverse effectives patterns (Figures 10a, 10b)
, however it has been shown that inverse effectiveness can be observed when using reaction time
measures (Diederich, A., & Colonius, H., 2004). It has been known that the introduction of catch
trials where the participant must not respond inflates RTs because, presumably, the participant
must not only detect the stimulus but also discriminate (Gielen et al., 1983; Diederich, A., &
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Colonius, H., 2004). Perhaps in our experiment, the instruction towards participants to select the
appropriate syllable or not answer if they were not sure had a similar effect.
The phenomenon of stochastic resonance emerges whenever simple detectors function under
noise (Ward et al., 2002). In order to investigate if this phenomenon is involved in multisensory
integration, further experiments are needed perhaps with more simple targets that involve as
much as possible only “lower level” detection tasks. For example simple audiovisual beeps and
flashes at various signal degradation levels. This way the possible top-down effects that are
involved in speech detection will be minimized and the participant behavior will be driven by
simple detection tasks. More complex stimuli (as the ones used in our experiment) are of course
more naturalistic, however, they involve a greater amount of concurrent simple stimuli: A mouth
stimulus uttering /ba/ is composed by a number of changing dots of different brightness, speed,
color with a concurrent wide spectrum of sounds. It has been shown (Talsma et al., 2010), that
top-down effects on multisensory integration have been observed when there is a higher degree
of competition concurrent multimodal stimuli (Talsma et al., 2010). Therefore the use of simple
stimuli like beeps and flashes will minimize as possible top-down effects. The few researchers
that have detected stochastic resonance in multisensory interactions used simple stimuli
(Manjarrez et al., 2007; Lugo et al, 2008). The absence of top-down effects that are present when
more complex stimuli are presented may be a possible explanation for their inverted U findings,
instead of the more common inverse effectiveness pattern. On the other hand, Ross et all (2006)
did use audiovisual word recognition stimuli but concluded that the findings were in line with the
law of inverse effectiveness, although it was noted that a deviation from the strict inverse linear
pattern was observed.
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Further research should therefore focus on accuracy conditions with audio noise conditions, as
these yielded clearer patterns, with greater samples in order to be able to study the behavior of
subgroups that deviate from the total pattern. Simpler stimuli would be lest naturalistic, but will
minimize top-down effects and perhaps illustrate stochastic resonance involvement in
multisensory integration during simple detection tasks.
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