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Abstract  
 
Mixing sounds could sometimes be a really challenging task in audio engineering. The 

difficulty falls on locating different kinds of sounds in auditory space while using only 

the auditory sense. In this project, we demonstrated that semantically (yet spatially 

uninformative) congruent images facilitated the localization of sound sources in an 

auditory space. For example, finding a sound of a piano was faster when participants 

looked at an image of a piano. On the other hand, participants were slower when the 

images were incongruent or unrelated to the target sound object. These results suggest 

that congruent images cross-modally enhance sound localization performance. 

Therefore, our demonstration supports previous findings on object-based cross-modal 

interactions. The next step is to prove that the effect is also achieved when participants 

listen to music instead of common sounds of different objects. This demonstration could 

give us a powerful tool in terms of mixing music, making it challenging than it currently 

is. 
 
 
 
 
Resumen  
 
En ingeniería de audio, mezclar sonidos no es una tarea fácil. La dificultad recae en 

localizar diferentes tipos de sonido en un espacio sonoro haciendo uso sólo del sentido 

auditivo. Mediante una tarea de localización sonora, hemos demostrado que imágenes 

que son congruentes y no dan información espacial facilitan la búsqueda auditiva entre 

diferentes fuentes de sonido. Por ejemplo, localizar el sonido de un piano era un proceso 

más rápido cuando los participantes observaban la imagen de un piano. Contrariamente, 

los participantes resultaron ser más lentos cuando las pistas visuales eran incongruentes 

o no estaban relacionadas con los eventos sonoros. Los resultados obtenidos sugieren 

que, al presentar imágenes congruentes con el sonido que se quiere localizar, se produce 

una mejora en la tarea de localización sonora debido a la interacción entre dos sentidos. 

El siguiente paso es demostrar que el efecto obtenido también se puede producir cuando 

los eventos sonoros son melodías en lugar de sonidos de objetos comunes. Dicha 

demostración supondría una herramienta con un gran potencial para la mezcla de 

música, ya que reduciría la dificultad que ésta supone. 
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1. INTRODUCTION 
 
Why music mixing is easier and faster in live performances than in recording studios? 

Keeping this question in mind, the goal of this project is to investigate how visual cues 

affect sound localization tasks. Concretely, we want to observe the effect obtained by 

adding congruent, spatially uninformative, images while searching sound sources in an 

auditory space. The main objective is to prove if the effect produced by this cross-

modal interaction could turn into a tool that facilitates sound localization while mixing 

music.  

 
 
1.1 Music mixing processes 
 
Nowadays, the evolution of music processing has allowed people to listen music at any 

place as if they were in a live performance in terms of sound source locations. 

Depending on the audio system configuration, sound engineers can create different 

auditory spaces, from a standard pan (left-right) to 3D auditory spaces, such as 5.1 

stereo systems or Ambisonics method. These new approaches led to new experiences 

where the listeners can now feel how the music surrounds them.  

 

Whereas locating isolated music signals in space is not a difficult task, avoiding signal 

cancellations from various simultaneous channels is a very challenging one. The most 

difficult part is locating more than one instrument at the same location while making 

them to be audible. Typical examples are drums and voice, because both of which are 

normally placed in the centre in music mixings.  

 

Loudspeaker configuration determines the auditory space for music. This means that 

every signal that is integrated in music needs to be placed somewhere according to this 

space. The part of audio engineering that involves this task is known as sound/music 

mixing. Sound engineers use sound localization in mixing processes. It is the ability to 

determine the location of a sound source in both direction and depth. In terms of 

acoustical engineering, auditory space could be defined as a 3D space based on 

elevation and azimuth [see Fig.1], taking depth as the third coordinate. This is better 

known as spatial hearing (Gelfand, 1982). However, instead of using 3D coordinates, is 
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more common to use only azimuth dimensions, since most of the applications where 

mixing processes are applied are stereo. 

 

From a technical point of view, there exist two modalities that use mixing processes in 

relation to music - live performances (LP) and recording studios (RS). The main idea in 

both of them is to create a sound image that imitates a real distribution of the 

instruments in a scenario using sound-localization methods. However, to achieve this 

approach in a real situation, the level of difficulty is different in each of the two cases. 

While mixing in LP can be relatively easy and fast, mixing in RS can become a really 

challenging task. To better understand the difference of the same mixing task in LP and 

RS, let us review the whole process in the two cases. 

 

In LP, the sound engineer is located in a place called “Front of House” (FOH). This 

place provides a general view of the performance stage, enabling the person who is in 

charge of the mixing to see how the instruments are distributed. Then, taking advantage 

of this visual help, the sound engineer can easily distribute the audio signal from every 

instrument to their corresponding place in terms of sound space. 
 

The control used to regulate the quantity of signal that has to be sent to left and right 

sides is panorama. On the other hand, to achieve depth, the control used is the volume. 

Once this distribution is done, the most challenging part takes place. It consists of 

listening thoroughly a piece where all the instruments are being played. The sound 

engineer’s task at this moment is to assure that there is no sound cancellation between 

instruments and all of them is well located in sound space. This means that everyone in 

the performance could easily tell where an instrument is located in the stage while their 

eyes are closed. The most interesting point in this whole task is that the sound engineer 

goes over every instrument, gazing at it while checking the sound. 

 

This, sometimes unconscious, technique helps the sound engineer to better focus the 

hearing in one single instrument being capable to ignore the rest. Thus, it can be thought 

that gazing an instrument while it is being played at the same time that others produce a 

saliency of its sound.  
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[Fig. 1] Audio 3D dimensions: (a) Angles of azimuth horizontally around the 
head. Various ways of expressing azimuth angles are illustrated. (b) Angles of 
elevation vertically around the head in the medial plane. (Gelfand, 1982) 

 

 

 

 

Although the process is quite similar in RS, the difference is noticeable since in this 

case there is no visual help. Whereas the sound engineer is located in the FOH in 

concerts, in studios the only thing you need to look at is the screen of the computer, 

where different tracks from the recorded instruments appear. Even supposing that these 

tracks are sorted in a logical order, they do not provide any help about the correct 

position of the instrument in a scenario. Hence, the sound engineer needs to imagine 

how they would be placed in a real situation. Using the same controls as in LP and 
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keeping in mind the image of a real stage, the person who mixes the tracks can 

distribute them in their corresponding place. As it is explained in the paragraph above, 

the next step is to check that every instrument is present in the mixing, no cancellations 

are being produced, and well located. Again, what the engineer does is focusing the 

hearing in one single instrument while all the mix is being played. Since in this case 

there is no visual help, a very well trained hearing is required to be able to discern 

between all the instruments that are being heard and the one that is being checked.  

 

Comparing the same process in these particular cases one can realize that mixing music 

in RS is a more challenging task that mixing music in LP. In addition, it is reasonable to 

think that visual help plays a decisive role while determining the difficulty of the same 

task in different situations. Therefore, it appears to be logical that introducing some 

kind of visual cues in RS mixings could reduce the difficulty of the checking task.  

 

There is a broad field of research that investigates how different sensory modalities 

interact with each other and affect information processing in humans. It is known, that 

sometimes this interaction produces an enhancement in behavioural performance in 

different tasks (Stein, London, Wilkinson, and Price (1996); McDonald, J. J., Teder-

Sälejärvi, W., Russo, F. D., & Hillyard, (2003)). Based on this, we decided to address 

the question of how we can make sound localization easier in RS mixings by adding 

visual information during the process. Besides, from a practical point of view, the 

hypothetical enhancement obtained by the interaction between audio and visual stimuli 

could become the basis for some applications. For instance, audio software tools for 

checking final mixings in recording studios or just for training and improving a sound 

engineer’s hearing. 

 

In scientific terms, the interaction between different modalities is called cross-modal 

interaction and the neural process involved is called multisensory integration (Stein & 

Stanford, 2008). We are going to discuss basic concepts and some experiments related 

with this field to better understand what kind of enhancements can be obtained by 

combining audio and visual stimuli. 
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1.2 Multisensory Integration 
 
One of the most important brain’s functions are encoding, decoding and interpreting 

information about biologically significant events. These functions have had an 

important role in evolution, leading to the development of specialized sensory organs. 

Although it is obvious that having multiple senses provides advantages while detecting 

and identifying events, the advantages afforded by the combination between different 

sources of information are even more. The integrated product of different senses reveals 

more about the nature of the event, making its detection faster and more accurate. The 

fusion of the information and the interaction between senses that are involved in a 

process is known as multisensory integration (MI).  

In general, MI is evaluated by considering the effectiveness of a cross-modal stimulus. 

For instance, this is achieved comparing the magnitude of a response to an event that 

has visual and auditory components with that for the visual and the auditory stimuli 

alone.  

It is important not to confuse cross-modal stimuli with MI. Whereas cross-modal 

stimuli refers to the information obtained from two or more sensory modalities, MI is 

the process that interprets this information in a joint manner (Stein & Stanford, 2008).  

 

Focusing at the level of a single neuron, MI can result in either enhancement or 

depression of the neuron’s response. The magnitude of MI is a measure of the saliency 

that an event has. Taking into account that sensory stimuli compete for attention, the 

potential consequence of multisensory enhancement is an increased probability of 

initiating a response to the source of information. Contrary, multisensory depression 

decreases this probability. “The extent to which MI aids the detection of an event has a 

direct, positive effect on the speed with which a response can be generated” (Stein & 

Stanford, 2008). For example, it was shown that saccadic response to combined audio-

visual stimuli is faster than to unisensory alone (Bell, Meredith, Van Opstal, & Munoz, 

2005). 

The impact that MI has on behaviour has been repeatedly demonstrated using different 

tasks. It was shown that it could enhance and speed detection and localization tasks and 

overall reaction to significant events. For example, auditory cues influence gaze shifts 

to visual targets as well as visual cues influence gaze shifts to auditory targets (Corneil 

& Munoz, 1996). Besides, MI can also produce an advantage in signal disambiguation 
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(Stein, Stanford, & Rowland, 2009). Probably, the most common example of 

disambiguation involves human speech. For example, it is easier to comprehend speech 

under noisy conditions while being able to see the speaker (Bernstein, Auer Jr, & 

Moore, 2004). Another well-known example is McGurk effect, which demonstrates that 

auditory perception of simple syllables may change while observing a speaker’s face 

(McGurk & MacDonald, 1976). 

 

It has been demonstrated that there are several factors that have an impact on MI, such 

as spatial, temporal and semantic correspondences. In the next part we are going to 

discuss how they could affect cross-modal interactions, mainly focusing on audio-visual 

ones. 
 

 

1.3 Temporal and spatial congruency on audio-visual stimuli 
 
According to Stein & Meredith (1993) the integration of information from different 

modalities is based on three main principles: spatial rule, temporal rule and inverse 

effectiveness. In this section we are going to focus on the spatial and temporal rules 

regarding to audio-visual stimuli.  

 

The spatial rule says that only those stimuli from different modalities that are spatially 

coincident are integrated, producing an enhancement in neuronal responses (Bolognini, 

Frassinetti, Serino, & Làdavas, 2005). Bolognini et al. investigated if integrative effects 

observed in animals were also applied to humans. While presenting visual and the 

auditory stimuli, spatial disparity and temporal interval were systematically varied. 

Results showed that when audio-visual stimuli followed a simple spatial and temporal 

rule, an enhancement of the perceptual sensitivity for luminance detection was 

produced. 

Spatial congruency refers to stimuli localization. Audio-visual input signals indicate the 

location of the visual and auditory stimuli when these stimuli are spatially congruent. 

For instance, a pedestrian can detect where a car is before crossing the street much 

better by hearing and looking at it, than with either sense alone. 
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According to the temporal rule, it is possible to achieve maximal levels of bimodal 

enhancement when two inputs are presented simultaneously, without temporal disparity. 

This effect is considered to be the “optimal” interactive period for most multisensory 

neurons (Meredith et al. 1987). However, studies have demonstrated that combination 

of unimodal auditory and visual stimuli at some intervals (50 and 150 ms) can also 

produce response enhancements. In an inverse way, audio-stimuli presented at longer 

intervals (200 and 300 ms) produce a depression of a neuron’s activity (Meredith et 

al. 1987; Stein and Meredith 1993). 

 

Another well-known experiment that demonstrates cross-modal enhancement in terms 

of neuronal response and according to the temporal rule is the ventriloquism effect. It 

consists of an audio-visual illusion, the voice of the puppeteer seems to be coming from 

the puppet itself, making spectators shift their sights to the visual event (Thurlow & 

Jack, 1973).  
Previous studies have shown that according to the spatial and temporal rule, visual-

search could be improved while presenting visual and auditory stimuli that are spatially 

and temporally coincident (Frassinetti, Bolognini, & Làdavas, (2002); Bolognini 

(2005); Teder-Sälejärvi, W., Russo, F. D., McDonald, J. J., & Hillyard, (2005); Ramos-

Estebanez et al., (2007)). For example, in the study of is Bolognini et al., (2005), they 

have shown that the strongest enhancement of the perceptual sensitivity for luminance 

was achieved when audio-visual stimuli were presented at the same spatial location and 

without temporal disparity. 

 

Whereas the effect of spatial and temporal correspondences on audio-visual integration 

is well understood, relatively few studies have examined semantic auditory–visual 

integration, which is based on identity of the object. In the following section we are 

going to discuss object-based relations between auditory and visual stimuli and how 

they can affect performance in different tasks. 

 

 

1.4 Audio-visual semantic relation  
 
A-V semantic relation refers to a situation where the meaning of complex visual stimuli 

is matched to auditory stimuli. For instance, the image of a cat and meow sound. The 
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correspondence between both, auditory and visual stimuli in this case is an example of 

congruent semantic relation. Commonly, in studies that are addressing the question of 

the effect of semantic relations across modalities on behaviour use congruent and 

incongruent conditions that allow to create different kinds of content (Doehrmann & 

Naumer, 2008). 

 
Previous studies demonstrated that semantic information could affect and guide 

attention. For instance, while doing visual-search tasks, it has been shown that the 

visual system uses semantics of a scene while looking for an object (Wu, Wick, & 

Pomplun, (2014); Davenport and Potter, (2004)). In general, objects that are congruent 

with the scene are easier to detect than incongruent ones. However, incongruent objects 

can be easy to find when these objects clearly violate semantic rules (Wu et al., 2014). 

Generally, whereas visual and auditory senses are most reliable in transmitting 

meaningful content, they are also more likely to be influenced by semantics 

(Doehrmann & Naumer, 2008). While doing tasks related to AV stimulation, congruent 

conditions play an important role (Laurienti, Kraft, Maldjian, Burdette, & Wallace, 

2004). Semantically matching AV stimuli enhance performance and have some 

facilitative effects on later memory performance. Murray et al., (2004) demonstrated 

that when an object was initially presented with a congruent sound (yet it was task-

irrelevant), the recognition of the object improved in further repeated presentations.  

 

In general, semantically congruent AV stimulation improves performance in 

comparison to semantically incongruent cases (Doehrmann & Naumer, 2008). 

Commonly, object-based cross-modal interactions refer to object recognition tasks. 

Although they normally are associated to visual processing, in the real world we explore 

our environment using a variety of modalities. “Internal representations of the sensory 

world are formed by integrating information from different sources” (Newell, F. N., 

2004). The information obtained from different pathways may be complementary. For 

example, taste information, such apple’s flavour, may help to identify the visual entity. 

Besides, this information must converge to form a coherent percept in order to guide 

actions and support the interaction with objects. 

 

In terms of the human visual system, the main problem while recognizing objects is 

their constancy. This means that, even though there are changes in the retinal projection 
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of the image of the object because changes in viewing perspective or, sometimes, 

changes in the object itself or observer movements, the representation of that object 

needs to be constant for its recognition. According to human’s exploration of the 

environment, which involves multisensory processes, object constancy can be achieved. 

In this way, if the information acquired from one sensory modality decreases, it can be 

compensated by another sensory modality. For instance, “if a cat creeps under a chair 

and out of sight, it can still be recognized as a cat because of the sound it makes or the 

way it feels when it rubs against the sitter’s feet” (Newell, F. N., 2004). 

 

Object recognition also uses cross-modal semantic information, it has been 

demonstrated that this type of information can also produce an enhancement in visual 

search tasks.  

 

From previous studies we know that spatially uninformative but semantically 

compatible haptic and auditory information can enhance visual search performance. For 

example, in the study of List, et al., (2014), it was demonstrated that haptic guidance 

reduces the reaction time in visual-search tasks while the shape of the haptic cue was 

congruent to the shape of the visual target. Besides, we know from other studies that 

haptic cues can enhance object recognition while visual information is presented in low-

resolution (Pesquita, Brennan, Enns, & Soto-Faraco, 2013). 

 

Earlier, a similar effect was shown in an audio-visual task. Iordanescu, Guzman-

Martinez, Grabowecky, & Suzuki, (2008) demonstrated that audio-visual integration not 

only occurred in spatial processing, but also in object processing. In this study 

participants performed a simple visual search task while hearing sounds that were 

semantically congruent, incongruent or not related to the visual targets. They found that 

congruent characteristic sounds that didn’t carry any information about location of the 

visual target reduced reaction times in visual search in comparison to incongruent and 

not related ones. In the later study using eye tracker they have found that congruent 

characteristic sounds produce not only faster saccadic search time, but also initiate early 

saccades towards visual target (Iordanescu, Grabowecky, Franconeri, Theeuwes, & 

Suzuki, 2010). Combined with previous studies on spatial audio-visual interactions 

these results suggest that processing in vision could be enhanced not only through 

spatial interactions but also through the interactions based on the identity of objects. 
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1.5 Scope of the present study 
 
Since mixing process includes sound localization, which is by itself a search task in the 

auditory modality, it is of a particular interest for the current project to investigate if 

semantically congruent information in one modality can enhance processing in another. 

Experiments where visual information affect processing of auditory one is not new. 

Probably one of the most famous is ventriloquism effect. The illusion of this effect 

consists of a change in perception of the spatial location of an auditory stimulus 

produced by a spatially disparate visual stimulus (Thurlow & Jack, (1973); Slutsky and 

Recansone (2001)). 

 

In terms of behavioural enhancement, it has been demonstrated that auditory selective 

attention can be improved by a task-irrelevant simultaneous visual. Maddox, Atilgan, 

Bizley, & Lee, (2015) investigated the effect of audio-visual temporal coherence on 

selective listening. Auditory stimuli consisted in auditory streams with independent 

variable amplitude and visual stimuli were variable radius. During stimuli presentation, 

cross-modal temporal relationships were manipulated. The results showed that 

performance improved when auditory target’s time course matched visual stimulus. 

They suggested that as the coherence was between task-irrelevant stimulus features, the 

observed improvement stemmed from the integration of audio-visual streams into cross-

modal objects, which enabled listeners to better attend the target. 

 

Apart from the temporal coherence it is logical to take into account spatial coherence 

too. However it is not possible to use this factor in the current project because of audio 

edition software’s design. If these kinds of software had the option to show a simulated 

scenario for locating images of instruments in a spatially coherence manner, it would 

take a lot of space in the screen, leaving not enough space for audio tracks.  It would be 

much easier to show the image of the instrument next to the corresponding audio track. 

Therefore, we are going to investigate if semantic visual congruency alone could affect 

the localization of sound.  

 

As we have seen, semantically congruent but spatially uninformative auditory and 

haptic information can facilitate localization of visual target (Iordanescu et al., 2008). 

Since this object-based cross-modal enhancement is possible in visual modality while 
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performing visual search task, it is plausible to predict the same effect but in sound 

localization. In particular, we hypothesised that semantically congruent and spatially 

uninformative visual cue will provide an enhancement through the object-based 

interactions between auditory and visual modalities and thus increase performance in a 

sound localization task.  

 

To test this hypothesis we created a first experiment. Similarly to Iordanescu et al., 

(2008), visual and auditory stimuli will be a set of 20 common objects and their 

characteristic sounds respectively. In our experiment, four sounds will be concurrently 

presented at different locations using binaural reproduction. Simultaneously, a spatially 

uninformative image will be presented as the visual cue at the centre of the visual field. 

Every image will be presented under three conditions: target-congruent image, 

distractor-congruent image and non-related image. We expect reaction times in 

localizing the target sound to be faster in congruent condition than in incongruent or 

non-related.  

 

In order to prove the same effect in music localization tasks, a second experiment will 

be developed. Four songs will be divided in four different fragments, turning into 16 

melodies. Four instruments will compose each melody. In this case, audio stimuli will 

be presented using stereo reproduction. Although visual stimuli will be presented 

equally to the first experiment, we will add another condition, which is no image. Since 

there is no visual help while mixing music in recording studios, we will add this 

condition in order to compare if visual cues really facilitate music mixing tasks or these 

tasks are easier while using only the auditory sense. 
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2. EXPERIMENT 1: SOUND LOCALIZATION USING BINAURAL 
REPRODUCTIONS  

 
 
The aim of this experiment was to observe the effect of introducing congruent, 

incongruent and non-related spatially uninformative images while performing a sound-

localization task with four sounds in the horizontal plane. Since we wanted the closest 

similarity to a real situation, we decided to use 3D audio techniques for binaural 

reproduction. 

 

 

2.1 Binaural integration 
 
Binaural integration is a cognitive process that involves interpreting auditory 

information. This binaural processing is important in terms of sound localization in the 

horizontal plane and for sound segregation (Grothe & Koch, 2011). The geometry of the 

head, in this case the physical separation of the ears, and the shape of the pinnae are 

decisive for this process. The time one sound requires to arrive at both, left and right ear 

is not the same. For instance if a sound comes from the left side, it will take slightly 

more time to arrive at the right ear than at the left ear. This difference is known as inter-

aural time difference (ITD). There are two factors that affect the magnitude of this 

difference: distance between ears and angle of the sound source with respect to the head 

(Schnupp, Nelken, & King, 2011). On the other hand, also depending on the side, an 

incident sound will have more level at the closest ear. This level difference is also an 

inter-aural difference, known as inter-aural level difference (ILD) (Balkany & Zeitler, 

2013). In addition, our head behaves as a filter producing a “shadowing effect” that 

emphasizes these level differences. This effect relies on the wavelength of an incident 

sound, which could be “reflected by the head and torso and diffracted to the ear on the 

opposite side” (Schnupp et al., 2011) [Fig. 2]. 

 

It is possible to determine which inter-aural difference works better in each situation 

depending on the frequency of the incident sound. Frequencies above 1.5 kHz are better 

localized by ILDs since at those frequencies the head is large enough to reflect them 

according to the “shadowing effect”. Whereas ILDs work well with high frequencies, 
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ITDs work with all frequencies. However, periodic sounds can only be unambiguously 

localized “for frequencies for which the maximum physically-possible ITD is less than 

half the period of the waveform at that frequency, or at frequencies below 1.5 kHz for 

typically-sized human heads” (Stern, Gouvêa, Kim, Kumar and Park, 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

[Fig. 2] Shadowing effect: (a) Relationship between a loudspeaker and the two 
ears. (b) Low frequencies bend around the head due to their large wavelengths. 
(c) High frequencies have wavelengths smaller than head diameter so that an 
acoustic shadow results at the far ear. (Gelfand, 1982) 

 
 
 
2.2 Binaural reproduction  
 
a) Stereo and binaural reproduction differences 
 
It is important to define the differences between stereo and binaural reproduction. 

Although sometimes the configuration used to reproduce binaural or stereo sounds is 
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the same, the way the signal is processed is different. Stereo refers to an audio system 

with two channels, usually reproduced with loudspeakers or headphones. Normally, the 

listener perceives sound images along a line between the loudspeakers or headphones. It 

means the listener can locate sound images nearer or further from the centre to the sides. 

On the other hand, even though binaural reproduction also uses two-channel audio 

systems, spatial hearing cues are used to create sound signals. Therefore, in this case the 

listener is able to locate sound images in the audio space along three dimensions. Often, 

binaural reproduction implies the use of headphones (Blauert, 1983). 

 

However, it is not an easy task to reproduce binaural sounds. The most accurate way to 

achieve binaural reproduction is the use of head-related transfer functions (HRTF). To 

obtain these HRTF, sounds are recorded while using a dummy head or a human subject 

with microphones on their ears. Then, convolving the cues obtained with mono sounds, 

binaural reproduction can be achieved. In addition, HRTF provides enough information 

to represent sounds not only in the horizontal plane, but also in the median (or vertical) 

plane.  

 

Although these types of spatial cues are really the best option to simulate a real 

environment, because of individual differences in human anatomy it is not possible to 

use the same HRTF for all users (Zotkin, Hwang, Duraiswaini, & Davis, 2003). This is 

the main reason for what we discarded this option in our experiment, since we need all 

users to have the same (or almost identical) perception about the localization of sounds. 

Besides, obtaining personalized HRTFs for each subject have a high computational 

cost. On the other hand, it has been proved that using ILD and ITD estimations for 

binaural source localization provide satisfactory results (Zhou, Hu, Tu, Wang, & Gao, 

2011). Hence, we decided to implement ILD and ITD estimations using 3D audio 

techniques instead of using HRTFs. 
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b) Blumlein’s configuration for stereo loudspeaker systems 
 
Stereophony is related to any sound system that is capable to reproduce 3D sound 

images. The most common configuration is two-channel, internationally known as “2-0 

stereo”. This nomenclature indicates the number of devices at the front and at the back 

of the configuration. In this case, 2 at the front and 0 at the back.   

 

According to Blumlein, the optimum configuration for a 2-0 stereo system consists in 

an equilateral triangle formed by two loudspeakers and the listener [Fig. 3]. While 

loudspeakers form the baseline, the listener is located to the rear of the point of the 

triangle. The angle of this point between the two loudspeakers and the listener has to be 

60º (Rumsey, 2012) (Toole, 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Fig. 3] Blumlein’s optimum configuration: Blumlein’s optimum 
configuration for a 2-0 stereo system. 
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c) Intensity and time panning for ILD and ITD estimations 
 
The simplest case of 3D audio using Blumlein’s configuration is level and time 

panning. It consists in moving an apparent sound source between the two loudspeakers. 

This approach can be achieved by manipulating the sound signal in terms of level and 

time.  

In terms of level, what is used is Blumlein or sine law, which defines the perceived 

azimuth as a function of difference in stereo level.  

 

 

𝑠𝑖𝑛  𝜃 =   
𝑔! −   𝑔!
𝑔! + 𝑔!

𝑠𝑖𝑛  𝜃! 

 
 
Where 𝜃 is the angle of the apparent source position,   𝜃! is the angle between the 

listener an the loudspeakers (in Blumlein stereo this angle is 30º), 𝑔! is the gain that has 

to be applied at the left loudspeaker and 𝑔! the gain that has to be applied at the right 

loudspeaker.  

Similarly, there exist the tangent law with the same purpose (Bennett, Barker, & Edeko, 

1985): 

 

 

𝑡𝑎𝑛  𝜃 =   
𝑔! −   𝑔!
𝑔! + 𝑔!

𝑡𝑎𝑛  𝜃! 

 

 
As we want to know which level has to be set for each channel, we solve for 𝑔! and 𝑔! 

using trigonometry. The results are: 

 

 

𝑔! =   
1

1 + −(𝑎 − 1)
𝑎 + 1

!                                                             𝑔! =    1 − 𝑔!! 
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Where 𝑎 is: 

𝑎 =   
𝑡𝑎𝑛  𝜃
𝑡𝑎𝑛  𝜃!

 

 

The model above does not take into account the frequency of the incoming sound. Even 

though inter-aural level differences are highly dependent on frequency (see 2.1 Binaural 

integration), this model works with all frequencies since it is artificially computed and 

does not take into account auditory cues from model references. However, the 

differences of levels between loudspeakers can be interpreted as ILD estimations 

(Borgo, Soranzo, & Grassi, 2012). 

 

In terms of time, what is used is the Panning Law Time. It consists in applying a delay 

to the sound source according to the desired position. Computationally, this delay is the 

ITD obtained for a certain angle from directly ahead [Fig. 4] (Rumsey, 2012) (Toole, 

2000). In contrast with intensity panning, this model depends on frequency since it uses 

inter-aural time differences from model references. 

 

In conclusion, although intensity panning method is not strictly ILD estimation, the 

combination of intensity and time panning methods explained above results in a 

satisfactory estimation of binaural reproduction, mostly when using headphones.  

 

 

d) Using headphones for binaural reproduction 
 

According to part a), binaural reproduction often implies that the listener uses 

headphones. Nevertheless, there are some problems associated with their use. The main 

point is the perception of the auditory space. While sounds presented from loudspeakers 

are perceived to be outside the head, sounds from headphones are perceived to be inside 

the head. This effect is known as intracranial lateralization, which means that apparent 

sound sources are perceived along a plane between the two ears (Gelfand, 1982).  
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[Fig. 4] ITD for different angles: “Interaural time differences for different 
loudspeakers azimuths. Crosses are calculated differences based on 
Woodworth’s (1938) solid sphere model. Circles are measurements by 
Feddersen et al. (1957). Source: From Feddersen et al. (1957), permission of J. 
Acoust. Soc. Am. “ (Gelfand, 1982) 

 

 

However, even taking into account the problem of lateralization, for experimental 

purposes related with binaural integration the use of headphones is strongly required.  

They allow us to control stimuli that are presented at two ears and how these signals are 

related (Gelfand, 1982).  Consequently, in our experiment we will use headphones to 

present audio stimuli since we want to concretely determine the position of each sound 

by using the ITD and ILD estimations presented in part c). 

 

In terms of computation, it has to be noticed that the ITD and ILD presented estimations 

work with a reference angle of 30º, which is the extreme case. Perceptually, this angle 

will turn into 90º while using headphones. Besides, due to the fact we combined both, 

ILD and ITD estimations, we got a decrease on lateralization problem. The reason is 
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that the combination turns into an approximation of real HRTFs, making users perceive 

sounds to be outside their heads. 

Therefore, according to the reasons above, the perceived azimuth axis will be broader 

and external to the head [Fig. 5]. Even though this approach does not let us to create 

sound images at the back of the user, it will not affect the purpose of the experiment.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
[Fig. 5] Blumlein’s configuration perception using headphones: A sound 
image situated at a 30º in Blumlein’s configuration will be perceived at a 90º 
while using headphones. Besides, sounds will be perceived to be outside the 
head. 

 
 
 
 
2.3 Participants 
 
28 volunteers – 12 males, mean age 25.55 years, SD = 3.76 (20-34 years), gave consent 

to participate in Experiment 1. Each participant was blind about the purpose of the 

experiment. All of them had normal or corrected to normal vision and normal hearing.  

 

However, only results from 24 of them were taken into account. The four remaining 

datasets were excluded because of low accuracy performance (percentage of correct 

answers lower than 70%). 
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2.4 Stimuli 
 
a) Auditory stimuli 
 
A set of different 20 sounds of common objects was created for the experiment. The 

selected objects were: bicycle, birds, cat, dog, drums, guitar, horses, keyboard, keys, 

mobile phone, mosquito, pencil, piano, scissors, shower, emergency siren, soda, toilet, 

trumpet and zipper. The duration of the sounds was five seconds.  

One point we had to take into account is the saliency of the objects themselves. 

Although in a real situation the saliency of different sounds is different depending on 

their identity, recorded sounds could sometimes have an increased unnatural saliency. 

The main reasons of this over saliency are changes in volume and signal discontinuities. 

In order to avoid volume changes, we normalized all sounds. The chosen level was 

89dB and the software used to fix it was MP3Gain Express 1.2.0. In reference to signal 

discontinuities, we cut silences and irrelevant parts of the sounds in a way that all the 

signals became continuous and relevant. By doing this, we achieved all sounds to be 

equal in terms of unnatural saliency. The software used for editing sounds and obtaining 

the desired duration was Audacity 2.1.0. All the sounds were obtained from free online 

databases. 

 

The most important part about audio stimuli is how the set of sounds is presented in the 

experiment. As we mentioned above, during the experiment four sounds are presented 

at the same time. According to the task, each of these four sounds is located in a 

different place in the audio space we had perceptually determined, which is the front 

part of the azimuth axis [Fig.5]. 

 

Sounds were placed to the following angles: 30º, 13º, -13º and -30º. The ILD and ITD 

estimations for achieving these angles were computed by creating Matlab functions (see 

2.2 part c) Intensity and time panning for ILD and ITD estimations). Angle values are 

defined in computational terms, but sounds will be perceived at angles: 90º, 39º, -39º 

and -90º [Fig. 6] (see 2.2 part d) Using headphones for binaural reproduction). We 

avoided creating sound images at angle 0º (centre/front) because visual cues were 

presented in a screen in front of users and this setting may provide undesired spatial 

information. 
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b) Visual stimuli 
 
We used images that were semantically corresponding with the sounds of the objects 

mentioned in the previous section. Considering that in our experiment what is important 

is the object itself, images were presented in colour and without background. Photoshop 

CC 2015 was used for remove the backdrop of some images. All images were obtained 

from free online databases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Fig. 6] Experiment 1 - Audio stimuli presentation: During experiment, four 
sounds were presented at the same time. Their localizations in angles according 
to the defined audio space were 90º, 39º, -39º and -90º. 

 

 

 

Size of images was equally fixed to 200x200 pixels using Matlab R2013a (see 

Appendix for the images). According to the goal of the experiment, we need images to 

be spatially uninformative, so they were presented in the centre of the screen. 

 

Auditory stimuli were presented with Senheisser headphones (model HD 201). Visual 

stimuli were presented in a Sony screen (model Trinitron). The whole experiment was 

conducted by Matlab R2014a and controlled by Windows 7 Enterprise. 
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2.5 Procedure 
 
Participants were sitting in front of a screen and wore headphones. The trials start with a 

cue word, which indicated the target object. After three seconds, auditory and visual 

stimuli were presented simultaneously. Whereas sounds were presented for five 

seconds, images stayed until participants responded.  

 

Participants responded trough the computer keyboard. A and S keys were chosen for 

sounds coming from the left side. K and L for the ones coming from the right side. Due 

to the position of the keys, the correspondence between them and sound localizations 

was: A = 90º, S = 39º, K = -39º and L = -90º [Fig. 7]. As soon as users pressed any of 

the four possible keys, the next cue word was shown automatically. 

 

The task consisted in localizing as fast as possible the sound corresponding to the target 

word while looking at the visual cue presented in the centre of the screen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Fig. 7] Experiment 1 - Task: The task consisted in localizing a target sound as 
fast as possible. Participants responded through keyboard. Correspondence 
between keys and sound locations was the following: A 90º, S 39º, K -39º and L 
-90º. 
 
 
 

Three types of conditions were used: congruent, incongruent and not related. In a 

congruent condition the visual stimulus matched with the target object.  When the visual 
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3000 ms 

Response 
time 

Auditory stimuli: 5000ms 

Visual stimuli: Until participant 

respond 

stimulus matched with one of the non-target sounds, the condition was incongruent. 

Finally, if the visual stimulus did not match with neither target nor any other audio 

stimuli, the condition was non-related [Fig. 8]. 

 

The presentation was divided in four blocks with equiprobable representation of each 

condition within each and randomly ordered. Each of the 20 sounds was presented 

under the three conditions, thus the total of trials in each block was 60.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Fig. 8] Experiment 1 - Sequence of events: Cue word was presented. After 3s, 
auditory and visual stimuli were presented simultaneously. Audio stopped after 
5s, while images remained until users gave their responses. 
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Participants ran two training blocks of 20 trials each one, before starting the actual 

experiment. During the first one, visual stimuli were not presented, since the aim of this 

training was to familiarize participants with the sound localization task. The second 

training was equal to the experiment itself, to acquaint participants with the displays. 

After the trainings, both reaction time and accuracy were checked to confirm that 

participants understood the task and to verify that it was not highly demanding.  

 

 
2.6 Results 
 

The participants mean response time (RT, averaged only over correct responses) and 

accuracy (ACC) data in each condition from the experimental blocks was submitted to 

analysis. We used student-t tests for pair-wise comparisons, with a significance level 

alpha=0.05. Effect sizes, d, are also reported. As shown in Figure 9, semantically 

congruent images shown in the centre of the display speeded target sound localization 

in comparison to images that were incongruent [t = 2.07, p<0.05, d = 0.86], or non-

related [t = 2.07, p<0.05, d = 0.86]. Therefore, we can affirm that spatially 

uninformative images facilitated localization of semantically congruent sounds. This 

suggests that images increased the auditory salience of the sound targets in an object-

specific manner. Table 1 shows RT averages for each condition and their standard 

deviation. 

 

In addition, the difference of RT between incongruent and not related conditions was 

not significant [t = 1.71, p>0.05, d = 0.71]. This indicates that the distractor-congruent 

images did not seem to increase the salience of the distractor sounds, over and above 

any other semantically unrelated image. 

 

In relation to ACC, as shown in Figure 10, target-congruent images significantly 

improved the proportion of correct answers during performances in comparison to 

distractor-congruent images [t = 2.07, p<0.05, d = 0.86]. However, difference in ACC 

between congruent and not related conditions was not significant [t = 1.71, p>0.05, d = 

0.71]. Again, there was not a significant difference between incongruent and non-

related conditions. Table 2 shows the accuracy obtained for each condition and their 

standard deviation. 
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The proportion of correct answers determining in which side (left or right) was the 

target, side accuracy (SACC), was also analysed. Unlike ACC, the different conditions 

did not affect SACC. Therefore, we can affirm that while congruent images help while 

doing a sound localization task, they do not influence on side discrimination during the 

task since the SACC is almost equal between conditions. 

 

 

  

 CONGRUENT INCONGRUENT NON-RELATED 

RT AVG (sec) 3.20 3.25 3.24 

STD 0.64 0.63 0.63 

STD error 0.13 0.13 0.13 

 
[Table 1] Experiment 1 - RT average and standard deviation: The table 
shows average values in seconds for RT in each condition and their standard 
deviation. 

 

 

 

 

 CONGRUENT INCONGRUENT NON-RELATED 

ACC AVG (%) 88.30 86.14 86.14 

STD 6.78 6.68 6.70 

STD error 1.38 1.36 1.37 

 

[Table 2] Experiment 1 - ACC average and standard deviation: The table 
shows the performance’s accuracy (in %) for each condition and their standard 
deviation. 
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[Fig. 9] Experiment 1 - RT results: Sound-target localization response times 
when audio stimuli were presented with the target-congruent images, distractor-
congruent images and unrelated images. Blue refers to congruent condition, red 
to incongruent condition and green to not related condition. Error bars indicate 
the standard deviation error. 
 
 
 
 

 

 

 

 

 

	  

	  

 

 

 

 

 

[Fig. 10] Experiment 1 - ACC results: Sound-target localization accuracy 
when audio stimuli were presented with the target-congruent images, distractor-
congruent images and unrelated images. Blue refers to congruent condition, red 
to incongruent condition and green to not related condition. Error bars indicate 
the standard deviation error. 
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3. EXPERIMENT 2: SOUND LOCALIZATION USING STEREO 
MUSIC REPRODUCTIONS 
 
The purpose of this second experiment was to prove that adding visual cues while 

mixing music would decrease the difficulty of this task. 

 

According to the theoretical concepts exposed in introduction and the results obtained 

by the first experiment, the aim of this experiment was to observe if a cross-modal 

enhancement was also produced when audio-stimuli were melodies instead of sounds of 

objects. 

 

As in the first experiment, congruent, incongruent and non-related spatially 

uninformative images were shown simultaneously with four different sounds, which in 

this case were melodies played by different instruments. The task remained the same, 

localizing a target-sound in the horizontal plane. Besides, another condition was added, 

which was presenting audio-stimuli without visual cues. Since in music mixing software 

there is no visual help, we wanted to compare the reaction times between this condition 

and the other ones. 

 

Finally, since we want the closest similarity to a real music-mixing situation, for this 

experiment we decided to use standard panorama techniques for stereo reproduction 

(see part 2.2 a) Stereo and binaural reproduction differences). 

 

 

3.1 Participants 
 
10 expert sound technicians and 10 non-expert volunteers – 12 males, mean age 26.8 

years, SD = 4.84 (20-40 years), gave consent to participate in Experiment 2. Each 

participant was naïve about the purpose of the experiment. All of them had normal or 

corrected to normal vision and normal hearing. 
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3.2 Stimuli 
 
a) Auditory stimuli 
 

Three different songs composed by four instruments were selected for the experiment. 

The instruments for each song were: 

 

- Song 1: Piano, bass, drums and violin. 

- Song 2: Piano, bass, drums and electric guitar. 

- Song 3: Electric guitar, bass, drums and organ. 

 

Every song was divided in four parts of seven seconds. Therefore, audio stimuli were a 

set of 12 melodies.  

 

In order to avoid over saliency between instruments, each song was mixed in terms of 

gain. Besides, once the mix was done each song was normalized to shrink from gain 

changes between different melodies.  

 

Equally to the first experiment, four sounds were presented simultaneously in different 

localizations along the horizontal plane. In this case, each of the four sounds belonged 

to the same melody and corresponded to an instrument. However, according to 2.2 part 

a) Stereo and binaural reproduction differences, the horizontal plane in this case was 

formed by the line between the two loudspeakers. Furthermore, since participants wore 

headphones, auditory stimuli were perceived to be inside the head (see 2.2 part d) Using 

headphones for binaural reproduction). 

 

Standard panorama was used to place the instrument sounds, distributing the signal of 

each to both loudspeakers, left (L) and right (R). In terms of percentage, the locations 

were: 100% - L, 45% - L, 45% - R and 100% R. For the same reason exposed in 

experiment 1, we avoided creating sound images at 0º [Fig. 11].  

 

Two composers gave up songs and the audio software used for mixing and panning was 

Logic Pro X. 
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[Fig. 11] Experiment 2 - Audio stimuli presentation: During experiment, four 
instruments were presented at the same time. Their localizations in percentages 
according to the defined audio space were 100% - L, 45% - L, 45% - R and 
100% - R. 

 
 
b) Visual stimuli 
 
Images of musical instruments matched the instruments being played in each melody. 

They were presented in colour and without background. Photoshop CC 2015 was used 

for remove the backdrop of some images. All images were obtained from free online 

databases. 

 

Image size was fixed to 200x200 pixels using Matlab R2013a (see Appendix for the 

images). 

 

As in experiment 1, images were spatially uninformative. Consequently, they were 

presented in the centre of the screen. 

 

Audio stimuli were presented with Senheisser headphones (model HD 201). Visual 

stimuli were presented in a Sony screen (model Trinitron). The whole experiment was 

conducted by Matlab R2014a and controlled by Windows 7 Enterprise. 
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3.3 Procedure 
 

Participants were sitting in front of a screen and wore headphones. The trials start with a 

cue word, which indicated the target object. After three seconds, auditory and visual 

stimuli were presented simultaneously. Whereas sounds were presented for seven 

seconds, images stayed until participants responded.  

 

The way users gave their answers was the same of experiment 1. A and S corresponded 

to left sounds and K and L to right sounds. The correspondence between keys and sound 

localizations was: A = 100% - L, S = 45% L, K = 45% - R and L = 100% - L. As soon 

uses pressed any of the four options, trials changed automatically. 

 

The task consisted in localizing as fast as possible the corresponding instrument of the 

target word while looking at the visual cue. 

 

When visual stimuli matched with the target object, the condition was congruent. On 

the other hand, when visual stimuli did not correspond to the cue word but matched 

with any of the four-presented instruments, the condition was incongruent. If the visual 

cue did not match with neither target nor audio stimuli, the condition was non-related. 

Finally, the last condition did not present visual stimuli [Fig. 12]. 

 
The presentation was divided in three blocks. Each instrument of the 16 melodies was 

presented under four conditions, thus the total of trials in each block was 64. 

 

Participants trained with a similar presentation of 18 trials. After the training, both 

reaction time and accuracy were checked in order to confirm that participants 

understood the task and to verify that it was not highly demanding. 

 

 

3.4 Results 
 
The participants mean response time (RT, averaged only over correct responses) and 

accuracy (ACC) data in each condition from the experimental blocks was submitted to 
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analysis. We used student-t tests for pair-wise comparisons, with a significance level 

alpha=0.05. Effect sizes, d, are also reported.  

 
 

 
 
 

 

 
 

[Fig. 12] Experiment 2 - Sequence of events: Cue word is presented. After 3s, 
auditory and visual stimuli are presented simultaneously. Audio stops after 7s, 
while images remain until users give their responses. 

 
 
 

In order to study how visual cues could affect sound technicians and people who were 

not audio professionals, results obtained were analysed separately.  

 

As shown in Figure 13, when participants were sound technicians, semantically 

congruent images shown in the centre of the display did not speed target sound 

localization in comparison to images that were semantically congruent with a distractor 

sound [t = 1.83, p>0.05, d = 1.22], unrelated to any of the sounds [t = 1.83, p>0.05, d = 

3000 ms 

Response 
time 

Auditory stimuli: 7000ms 

Visual stimuli: Until participant 

respond 



 

 34 

1.22] or when there was no image [t = 1.83, p>0.05, d = 1.22]. Table 3 shows RT 

averages for each condition and their standard deviation. 

 

In addition, the difference of RT between any of the other conditions was not significant 

either. This indicates that congruent images do not affect sound technicians while 

localizing sounds. 

 

On the other hand, when participants were not audio professionals, as shown in Figure 

14, semantically congruent images shown in the centre of the display did not speed 

target sound localization in comparison to images that were semantically congruent 

with a distractor sound [t = 1.83, p>0.05, d = 1.22] or unrelated to any of the sounds [t = 

1.83, p>0.05, d = 1.22]. However, semantically congruent images speeded target sound 

localization in comparison to the absence of image [t = 2.26, p<0.05, d = 1.51]. Table 4 

shows RT averages for each condition and their standard deviation. 

 

Like the results obtained for sound technicians, the difference of RT between the other 

conditions was not significant. In this case, we can affirm that while congruent spatially 

uninformative images enhance sound localization tasks in comparison to the absence of 

image, they do not have any effect in comparison to images that are semantically 

congruent with a distractor sound or unrelated to any of the sounds. 

 

 

 
CONGRUENT INCONGRUENT 

NON-

RELATED 
NO IMAGE 

RT AVG 

(sec) 
4.80 4.73 4.79 4.78 

STD 0.57 0.65 0.45 0.50 

STD error 0.18 0.21 0.14 0.16 

 
[Table 3] Experiment 2  - RT average and standard deviation for sound 
technicians: The table shows average values in seconds for RT in each 
condition and their standard deviation. 
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CONGRUENT INCONGRUENT 

NON-

RELATED 
NO IMAGE 

RT AVG 

(sec) 
4.13 4.20 4.25 4.29 

STD 0.59 0.57 0.67 0.52 

STD error 0.19 0.18 0.21 0.17 

 

[Table 4] Experiment 2  - RT average and standard deviation for naïve 
audio professionals: The table shows average values in seconds for RT in each 
condition and their standard deviation. 

 

 

 

In relation to ACC, when participants were sound technicians, as shown in Figure 15, 

target-congruent images did not improve the proportion of correct answers during 

performances in comparison to distractor-congruent images [t = 1.83, p>0.05, d = 1.22], 

unrelated to any of the sounds images [t = 1.83, p>0.05, d = 1.22] or when there was no 

image [t = 1.83, p>0.05, d = 1.22]. Again, there was not a significant difference 

between the other conditions conditions. Table 5 shows the accuracy obtained for each 

condition and their standard deviation. 

 

When the experiment was tested with non-expert audio professionals, as shown in 

Figure 16, target-congruent images significantly improved the proportion of correct 

answers during performances in comparison to distractor-congruent images [t = 3.25, 

p<0.01, d = 2.17]. However, in comparison to the unrelated condition [t = 1.83, p>0.05, 

d = 1.22] or the no-image condition [t = 1.83, p>0.05, d = 1.22] there was not a 

significant difference. Table 6 shows the accuracy obtained for each condition and their 

standard deviation. 

 

Equally to the first experiment, visual cues did not affect on side discrimination while 

localizing instruments. 
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CONGRUENT INCONGRUENT 
NON-

RELATED 
NO IMAGE 

ACC AVG 

(sec) 
81.46 78.54 80.63 77.71 

STD 8.30 13.40 8.62 9.72 

STD error 2.62 4.24 2.73 3.07 

 
[Table 5] Experiment 2 - ACC average and standard deviation for sound 
technicians: The table shows the performance’s accuracy (in %) for each 
condition and their standard deviation. 

 

 

 

 

 

 
 

CONGRUENT INCONGRUENT 
NON-

RELATED 
NO IMAGE 

ACC AVG 

(sec) 
80.83 74.17 76.46 76.67 

STD 9.86 10.81 11.75 12.76 

STD error 3.12 3.42 3.71 4.03 

 
[Table 6] Experiment 2 - ACC average and standard deviation for naïve 
audio professionals: The table shows the performance’s accuracy (in %) for 
each condition and their standard deviation. 

  



 

 37 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[Fig. 13] Experiment 2 - RT results for sound technicians: Sound-target 
localization response times when audio stimuli were presented with the target-
congruent images, distractor-congruent images and unrelated images. Blue 
refers to congruent condition, red to incongruent condition, green to not related 
condition and purple to no image condition. Error bars indicate the standard 
deviation error. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[Fig. 14] Experiment 2 - RT results for naïve audio professionals: Sound-
target localization response times when audio stimuli were presented with the 
target-congruent images, distractor-congruent images and unrelated images. 
Blue refers to congruent condition, red to incongruent condition, green to not 
related condition and purple to no image condition. Error bars indicate the 
standard deviation error. 
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[Fig. 15] Experiment 2 - ACC results for sound technicians: Sound-target 
localization accuracy when audio stimuli were presented with the target-
congruent images, distractor-congruent images and unrelated images. Blue 
refers to congruent condition, red to incongruent condition, green to not related 
condition and purple to no image condition. Error bars indicate the standard 
deviation error. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[Fig. 16] Experiment 2 - ACC results for naïve audio professionals: Sound-
target localization accuracy when audio stimuli were presented with the target-
congruent images, distractor-congruent images and unrelated images. Blue 
refers to congruent condition, red to incongruent condition, green to not related 
condition and purple to no image condition. Error bars indicate the standard 
deviation error. 
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4. DISCUSSION 
 
The objective of the present study was to demonstrate if semantically congruent and 

spatially uninformative visual cues could produce an enhancement through the object-

based interactions between auditory and visual modalities while performing a sound 

localization task. 

 

Results obtained for the first experiment showed that target-congruent images 

quickened sound localization in comparison to distractor-congruent images and 

unrelated images. These results go along with the previous demonstrations of 

Iordanescu (2008, 2010) suggesting that semantically compatible information in one 

modality can enhance search performance in the other. However, in these previous 

studies this effect was shown only in visual search or visual recognition tasks by the 

help of auditory or tactile stimulation. We demonstrated this cross-modal enhancement 

based on the identity of the object could be also achieved in an auditory task, in 

particular in sound localization.  Therefore, our demonstration supports and 

complements previous findings on object-based cross-modal interactions. 

 
Apart from the speeding reaction times for sound localization, we also have found that 

semantically congruent visual cues increased accuracy. However, this difference 

between congruent and unrelated condition was not significant. We believe that these 

results suggest the overall effect of distractor rather than congruency. 

 

Iordanescu et al., (2008) suggested that their demonstration of object-specific cross-

modal enhancements was due to the possible existence of multimodal neurons with 

overlapped object selectivity for visual and auditory stimuli. For instance, a multimodal 

neuron might selectively respond to both an image of a bird and tweet sound. Another 

point of view that they suggest is the excitation of cross-modal neural interactions that 

are object specific. For example, auditory encoding of a bark might enhance visual 

processing of dog-related features via long-range excitatory neural connections. Due to 

repeated bi-sensory coincidence, object-specific auditory-visual associations are likely 

to develop. For instance, you might look at a cat when it meows.  
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According to the results obtained from our experiment, we suggest that this effect could 

be bi-directional. One of the open questions is why distractor-congruent images do not 

slow down reaction time in comparison to an unrelated condition. Following the logic 

of enhancement in processing in one modality provided by the characteristic 

information in the other modality, distractor image should increase saliency of distractor 

sound and by this increasing search time for the target sound. In the unrelated condition, 

there is no audio-visual matching, thus the search time to the target should be faster than 

in the distractor condition. Molholm (2004) has demonstrated that object-based 

enhancement occur in goal-directed manner. This suggests that characteristic image of a 

target sound will facilitate its localization, while characteristic image of a distractor 

sound, which is incongruent with the top-down goal-directed signal, will not attract 

attention to the distractor, because it is not relevant to the current goal. However, other 

study has shown that audio-visual event can capture attention even when it is not 

matching the current goal of the task (Mastroberardino, 2015). 

 
Since the motivation of this project was to prove if visual cues could reduce the 

difficulty of sound localization in music mixing, another experiment was developed.  

 

Taking as a basis the results of the first experiment, we wanted to demonstrate that the 

effect obtained for this experiment was also possible when the auditory stimuli were 

melodies instead of objects.  

 

A first pilot was tested with sound technicians. However, results obtained did not follow 

any tendency. A reason that could explain this fact is that audio professionals are used 

to process audio signals with only auditory sense. Besides, most of sound technicians 

have their own strategy for focusing in concrete sound sources. This suggests that 

people that are used to localize sounds, or instruments in this case do not need visual 

help. 

 

For this reason, the second experiment was also tested with non-expert audio 

professional participants. The overall results showed that target-congruent images 

speeded sound localization in comparison to the absence of images. However, the 
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difference between target-congruent with distractor-congruent images or unrelated 

images was not significant. 

 

On the other hand, results also showed that target-congruent images improved 

significantly the proportion of correct answers in comparison to distractor-congruent 

images. However, neither in this case we had a significant difference between the other 

conditions. 

 

We suggest that the absence of difference in reaction times between congruent and 

incongruent conditions could be due to visual similarities between musical instruments, 

e.g. electric guitar and bass guitar or piano and organ. Therefore when image presented 

as a distractor could still provide some help being visually similar to target. This partly 

explains why we only found differences between congruent and no image conditions.  

 

Results from the first and the second experiments cannot be compared since the sample 

size is different. Therefore, the next step in this project is to increase the number of 

participants for the second experiment and see if the effect produced by visual cues is 

the same as in the first experiment.  

 

In addition, since localizing instruments in melodies using stereo techniques is more 

difficult than localizing sounds using binaural techniques, it would be far interesting to 

analyse some other aspects. For instance, doing an object-based analysis would help us 

to determine if there is an instrument affecting results obtained. Another interesting 

point would be to investigate if visual cues affect reaction times on side discrimination. 

On the other hand, it would be interesting to study how the chosen instruments affect on 

each condition. For instance, it could be thought that similarities between guitar and 

bass or piano and organ affect incongruent and non-related conditions.  Further changes 

are necessary in order to demonstrate if semantically congruent visual cues help in 

sound localization when task is performed on musical stimuli.  
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5. CONCLUSION 
 

The present study demonstrated that semantically congruent and spatially uninformative 

visual cues speeded and improved sound localization performance in an object-based 

manner. This demonstration was obtained while auditory stimuli were characteristic 

sounds of common objects. Besides, the way auditory stimuli were presented played an 

important role, since binaural reproduction is similar to a real situation and the task was 

not highly demanding. 

However, the goal of the project was to find if this cross-modal enhancement could be 

obtained when auditory stimuli were melodies played with different instruments instead 

of characteristic sounds of common objects, since this enhancement is directed to 

people who want to train hearing for music mixing purposes. For this reason, in this 

case auditory stimuli were presented using standard stereo techniques, which increased 

the difficulty of the sound localization task.  

Although we obtained significant results in some conditions and there was a tendency 

between non-expert participants, it is too early to conclude if there is an effect or not 

since the sample is not large enough.  

On the other hand, it seems that the results obtained are more promising for training 

non-experts than for helping people who are already used to localize sounds. 

Concluding, we need to go further with this study by increasing the sample size and 

reconsidering the visual stimuli. These changes are necessary in order to demonstrate if 

the effect, obtained using characteristic sounds of common objects, remains with sounds 

of musical instruments.  
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b) Experiment 2 
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