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Echolocation is the capacity to detect, localize, discriminate, and,
overall, gather spatial information from sound reflections. Most
humans can echolocate to some degree. This is related to: the type and
size of the object that the individual is trying to echolocate; how well
the individual can use self-generated or artificial signals; and the
distance to the object. It has been speculated that expert echolocators
are capable of unlearning the precedence effect. This would allow them
to obtain more spatial information from echoes, but there is little
research linking the PE to echolocation skills, which is why my thesis
has explored this matter. Another contribution of my thesis research
was to introduce two new concepts: echo-detection and echo-
localization. My main aim was to explore individual differences in
echo-detection, echo-localization, and other fundamental
psychoacoustic abilities. The results indicate that echolocation was
possible for most participants, regardless of the method or signal used.
There were substantial individual differences, and a performance gap
between echo-detection and echo-localization appeared in several
individuals. Suggesting that echo-detection and echo-localization could
be influenced by different mechanisms.
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Abstract
Echolocation is the capacity to detect, localize, discriminate, and, overall, gather spatial information from sound reflections.
Since we began studying it in humans, we have learned several things. First, most humans can echolocate to some degree.
Second, the capacity to echolocate is related to: the type and size of the object that the individual is trying to echolocate;
how well the individual can use self-generated or artificial signals; and the distance to the object. Third, the blind tend to
perform better than the sighted, although some sighted individuals can perform as well as the blind. It has been speculated
that expert echolocators are capable of unlearning the precedence effect (PE), which is the tendency of our auditory system
to prioritize spatial information coming from the first wave front instead of the spatial information from the second wave
front. This would allow them to obtain more spatial information from echoes, but there is little research linking the PE to
echolocation skills, which is why my thesis research has explored this matter. Another contribution of my thesis research
was to introduce two new concepts: echo-detection and echo-localization. Echo-detection is the ability to detect an object
using echoes as the main cue (“Is the object there, yes or no?”), whereas echo-localization is the ability both to detect and
also localize an object using echoes as the main cue (“Is the object situated to the right or left?”). The reason for dividing
echolocation into these two tasks is that detecting an echo does not necessarily entail knowing its location. No previous
study has compared these two distinct abilities. Echo-detection and echo-localization, though linked to each other, could
be influenced by different mechanisms.

The aim of this thesis was to explore individual differences in echo-detection, echo-localization, and other fundamental
psychoacoustic abilities (i.e., PE and different types of masking) in inexperienced, sighted individuals. This included
using a novel tool to train and assess echolocation skills: the Echobot. The Echobot is a machine that automates stimulus
presentation. It allows an aluminum disk to be moved to different distances and different echolocation signals to be tested
simultaneously. Its main advantage consists of facilitating the use of rigorous psychophysical methods that would otherwise
take a long time to perform correctly. Studies I and II focused on individual differences in fundamental hearing abilities that
are prerequisites for echo-detection and echo-localization (i.e., PE components and different types of masking). Studies III
and IV focused on using the Echobot to study individual performance differences in echo-detection and echo-localization
tasks. Overall, the results indicate that echolocation was possible for most participants, regardless of the method or signal
used. There were substantial individual differences, and a performance gap between echo-detection and echo-localization
appeared in several individuals. Echo-localization was usually more difficult than echo-detection, since spatial information
was the hardest to retrieve from the localization tasks. It was possible to close the task performance gap in some individuals
through training, but only for time intervals between direct and reflected sound of >20 ms, for which the PE might not
operate. Hence, the possibility of “unlearning” the PE to improve echolocation skills remains speculative. Finally, the
Echobot proved useful for studying echolocation. Taken together, these results suggest that independent mechanisms
make the localization of spatial information more difficult than pure detection. However, in long-inter-click-interval (ICI)
conditions, the neural mechanisms are likely mediated by attention and cognitive processes, which are more plastic, and
participants can learn to obtain echo-localization information as effectively as echo-detection information. In short-ICI
conditions, neural mechanisms seem more related to peripheral and temporal processing, which are potentially less plastic.
Further research into individual differences in temporal processing, using brain-imaging techniques such as EEG, might
help us understand the different mechanisms influencing echo-detection and echo-localization.

Keywords: Detection, Individual differences, Human echolocation, Lateralization, Localization, Echobot.
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The psychophysics of human echolocation 

Carlos Tirado 

Abstract 

Echolocation is the capacity to detect, localize, discriminate, and, overall, gather spatial information from 
sound reflections. Since we began studying it in humans, we have learned several things. First, most humans 
can echolocate to some degree. Second, the capacity to echolocate is related to: the type and size of the 
object that the individual is trying to echolocate; how well the individual can use self-generated or artificial 
signals; and the distance to the object. Third, the blind tend to perform better than the sighted, although 
some sighted individuals can perform as well as the blind. It has been speculated that expert echolocators 
are capable of unlearning the precedence effect (PE), which is the tendency of our auditory system to pri-
oritize spatial information coming from the first wave front instead of the spatial information from the 
second wave front. This would allow them to obtain more spatial information from echoes, but there is little 
research linking the PE to echolocation skills, which is why my thesis research has explored this matter. 
Another contribution of my thesis research was to introduce two new concepts: echo-detection and echo-
localization. Echo-detection is the ability to detect an object using echoes as the main cue (“Is the object 

there, yes or no?”), whereas echo-localization is the ability both to detect and also localize an object using 
echoes as the main cue (“Is the object situated to the right or left?”). The reason for dividing echolocation 
into these two tasks is that detecting an echo does not necessarily entail knowing its location. No previous 
study has compared these two distinct abilities. Echo-detection and echo-localization, though linked to each 
other, could be influenced by different mechanisms.  

The aim of this thesis was to explore individual differences in echo-detection, echo-localization, and other 
fundamental psychoacoustic abilities (i.e., PE and different types of masking) in inexperienced, sighted 
individuals. This included using a novel tool to train and assess echolocation skills: the Echobot. The Echo-
bot is a machine that automates stimulus presentation. It allows an aluminum disk to be moved to different 
distances and different echolocation signals to be tested simultaneously. Its main advantage consists of 
facilitating the use of rigorous psychophysical methods that would otherwise take a long time to perform 
correctly. Studies I and II focused on individual differences in fundamental hearing abilities that are pre-
requisites for echo-detection and echo-localization (i.e., PE components and different types of masking). 
Studies III and IV focused on using the Echobot to study individual performance differences in echo-de-
tection and echo-localization tasks. Overall, the results indicate that echolocation was possible for most 
participants, regardless of the method or signal used. There were substantial individual differences, and a 
performance gap between echo-detection and echo-localization appeared in several individuals. Echo-lo-
calization was usually more difficult than echo-detection, since spatial information was the hardest to re-
trieve from the localization tasks. It was possible to close the task performance gap in some individuals 
through training, but only for time intervals between direct and reflected sound of >20 ms, for which the 
PE might not operate. Hence, the possibility of “unlearning” the PE to improve echolocation skills remains 

speculative. Finally, the Echobot proved useful for studying echolocation. Taken together, these results 
suggest that independent mechanisms make the localization of spatial information more difficult than pure 
detection. However, in long-inter-click-interval (ICI) conditions, the neural mechanisms are likely mediated 
by attention and cognitive processes, which are more plastic, and participants can learn to obtain echo-
localization information as effectively as echo-detection information. In short-ICI conditions, neural mech-
anisms seem more related to peripheral and temporal processing, which are potentially less plastic. Further 
research into individual differences in temporal processing, using brain-imaging techniques such as EEG, 
might help us understand the different mechanisms influencing echo-detection and echo-localization. 
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i 
 

 

Svensk sammanfattning 

De flesta människor som hör ordet ekolokalisering tänker förmodligen på fladdermöss och delfiner. När 

allt kommer omkring, kan vi jämföra vårt auditiva system med fladdermöss eller delfiner? Bevis som hittats 

under de senaste 80 åren visar att de flesta människor kan lära sig ekolokalisering och kan använda detta 

för att navigera i utrymmen och undvika kollisioner med olika föremål. De flesta av dessa skickliga “eko-

lokatörer” är blinda. Det har antagits att de genom att vara blinda har tvingats till att “träna upp” sina eko-

lokaliseringsförmågor, något som en seende individ kanske inte behöver göra. Aktuella studier visar att 

blinda individer vanligtvis överträffar synskadade gällande ekolokalisering, men att det är möjligt för de 

synskadade att prestera lika bra som blinda individer. De seende är historiskt sett de sämsta ekolokatörerna. 

Det har fått mig att fundera kring om man kan påvisa konsekvent ekolokaliseringsförmåga, och kanske till 

och med se förbättring, hos seende individer utan tidigare erfarenhet av ekolokalisering, så skulle det även 

kunna vara möjligt att se effekt av denna form av ekolokaliseringsträning hos synskadade individer? 

Denna avhandling fokuserar på potentiella individuella skillnader beträffande ekolokaliseringsförmåga och 

andra viktiga psykoakustiska fenomen, såsom “Precedence Effect” (PE) och olika typer av signalmaske-

ring. Det kommer också, i mindre grad, att fokuseras på möjligheterna att träna ekolokalisering. Studierna 

kan delas in i två huvudtematiska delar. Den första delen avhandlar grundläggande akustiska fenomen som 

är nära besläktade med ekolokalisering, men erbjuder också nya användbara insikter för allmän psykoakus-

tisk forskning. Studie I och II utforskar mestadels PE och maskeringsfenomen; dessa två är också inblan-

dade i ljudlokalisering respektive ljuddetektering. I studie I fann jag att det finns starkare diskriminering av 

rumslig information när det finns interaurala tidsskillnader än när det finns interaurala nivåskillnader i de 

signaler som används, särskilt vid lateraliseringsuppgifter. Studie II har ett större antal studiedeltagare och 

lägger till ett träningsexperiment för att utforska resultaten av Studie I mer ingående. Studie II visade att 

lateralisering ofta är svårare än ljuddetekion. Vissa deltagare lyckades emellertid träna sina lateralise-

ringströsklar för att nå sina detektionsgränsvärden när interklickintervallen är långa (> 20 ms). Den huvud-

sakliga slutsatsen för den första delen av min avhandling är att olika mekanismer är involverade i att för-

medla rumslig information från lateraliseringsuppgifter jämfört med detektionsuppgifter, och att vissa in-

divider i långa interklickintervaller kan avläsa Precedence-effekten.  

Den andra delen av min avhandling är relaterad till ekolokaliseringsfenomen och metoder som används för 

att presentera stimuli i ekolokaliseringsexperiment (studie III och IV). Studie III testade ett nytt automati-

serat system för stimuleringspresentation för att studera mänsklig ekolokalisering, nämligen “Echobot.” 

Genom att använda rigorösa psykofysiska metoder i en ekodetekteringsuppgift var det möjligt att visa att 
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Echobot var ett värdefullt verktyg för att studera ekolokalisering. Trots de stora individuella skillnaderna, 

där de flesta deltagare var kapabla att ekolokalisera det reflekterande objektet på olika avstånd, presenterade 

vissa individer en genomsnittlig tröskel på mer än 3 m. Studie IV replikerade resultaten av studie III, men 

det inkluderade också en ekolokaliseringsuppgift med två Echobot-enheter (en till vänster om deltagaren 

och en till höger). Som i den första delen av min avhandling var ekolokaliseringsuppgifterna det svåraste 

momentet för de flesta deltagarna. Studie IV tillät dock visualisera de stora individuella skillnaderna i eko-

lokaliseringsprestanda, särskilt i ekolokaliseringsuppgifter. Studierna har dragit följande slutsatser: för det 

första finns det stora individuella skillnader beträffande ekolokaliseringsförmåga, vissa individer var inte 

bättre än slumpen och andra presterade anmärkningsvärt. De som presterade bra var förmodligen bättre på 

att hämta rumslig information från ljudreflektionerna, på temporal bearbetning och koncentrerade sig tro-

ligen mest under uppgifterna. För det andra var ekolokalisering / lateralisering svårare än ekodetektering, 

vilket sannolikt beror på svårigheter hos deltagarna gällande inhämtande av ITD-rumslig information. För 

det tredje visar resultaten att deltagare utan tidigare erfarenhet av ekolokalisering (naivsynta) kan förbättra 

sina ekolokaliseringsförmågor vid vissa ICI, vilket överensstämmer med litteratur om träning av PE. För 

det fjärde visade sig Echobot användbar som metod för att presentera verkliga ekolokaliserings-stimuli. För 

det femte har de naivsynta visat sig vara ett effektivt alternativ för att testa ekolokaliseringsexperiment 

innan inkludering av synskadade individer. För det sjätte, även om de “konstgjorda” signalerna som använ-

des i de flesta experimenten hade lägre ekologisk validitet än självgenererade signaler, tillät de stringens i 

deltagarnas prestationer och förkortade den nödvändiga inlärningstiden. Slutligen, denna avhandling har 

dock vissa begränsningar, däribland bristen på inkludering av synskadade individer i experimenten, samt 

det faktum att deltagarna hindrades från att flytta sina huvuden eller gå runt i testrummet. Samtliga studier 

var beteendestudier, således kommer även hjärnavbildningsstudier behövas för att bättre förstå orsakerna 

till de stora individuella skillnaderna. 
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Glossary 

Binaural: involving the use of both ears 

Dichotic: when different sounds, or the same sound at different levels, are presented in both ears 

Diotic: when a single sound is presented in both ears 

Discrimination suppression: when the auditory system suppresses spatial information in sound reflections 
in favor of spatial information in the direct sound 

Echobot: an automated system for stimulus presentation when studying echolocation 

Echolocation: the ability to detect, localize, and discriminate spatial information from sound reflections 

Echo-detection: the ability to detect objects using sound reflections 

Echo-localization: the ability to localize objects using sound reflections 

False alarm: in signal detection theory, when a signal is not present, but the listener claims to detect it 

Forward masking: refers to a sound that masks another one in a consecutive manner 

Naïve sighted: an individual with no previous experience of echolocation tasks 

Hit: in signal detection theory, when the signal is present and the listener detects it 

Inter-click interval: the time between the sound and its echo 

Interaural level difference: the sound level difference between ears 

Interaural time difference: the time sound difference between ears 

Masker: a sound that could alter the perception of another sound; in this thesis, the masker would be the 
direct sound and the target would be the sound reflection  

Miss: in signal detection theory, when a signal is present, but the listener does not detect it 

Monaural: when a sound is presented in one ear 

Lag-click: the second signal to reach the ears, i.e., the echo 

Lag-lead ratio: the dB difference in peak level between lead- and lag-clicks (for the dichotic click, the 
level refers to the ear favored by the interaural level difference) 

Lead-click: the first signal to reach the ears, i.e., the original sound 

Localization dominance: when the first sound dominates the spatial information that the ear can obtain 

Perception: conscious experience of objects and their relationships in the world (Efron, 1969) 

Perceptual fusion: the point at which the auditory system cannot discriminate between a sound and its 
reflection 

Precedence effect: umbrella term describing several psychoacoustic phenomena related to sound localiza-
tion; it is the tendency of our auditory system to prioritize acoustic information coming from the first wave 
front 

Spectrum: a representation of the distribution of the energy of a signal in terms of frequency; it indicates 
the magnitudes of the components as a function of frequency 



2 
 

Staircase: in psychophysics, a procedure in which a high-intensity stimulus is presented, making it easy to 
detect; the intensity is then diminished until the listener makes a mistake, leading to the sound increasing 
in intensity 

Threshold (absolute): in psychophysics, the weakest stimulus that an individual can detect 

Threshold (discrimination): in psychophysics, the smallest difference between two stimuli of different 
intensities that an individual can detect 
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Abbreviations 

d’    d-prime 

EEG   Electroencephalogram 

FA    False alarm 

H    Hit 

HMC   Hamiltonian Monte Carlo 

ICI    Inter-click interval 

ILD   Interaural level difference 

ITD   Interaural time difference 

LLR   Lag–lead ratio 

PE    Precedence effect 

SIAM YN   Single-interval adjustment matrix yes/no task 

2AFC   Two-alternative forced choice 
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Introduction 

Echolocation is the capacity to detect, localize, discriminate, and overall gather spatial information from 

sound reflections (Kolarik et al., 2014; Stroffregen & Pittenger, 1995). When the average person hears the 

term echolocation, they probably think of bats, dolphins, or other animals with excellent auditory abilities. 

Some people might even think of advanced technology (e.g., submarine sonar), because it seems to be the 

type of ability most people could not possess. After all, how can we compare our ears to those of a bat or 

the complicated systems of submarines? However, this is not an accurate description of the echolocation 

skills most people can have. For decades, it has been known that humans are not only capable of echolo-

cating, but can do so with dexterity that allows them to navigate space, avoid obstacles, and use it as another 

tool within our perceptual system (e.g., Juurmaa & Suonio, 1975; Kellogg, 1962; Rice, 1967; Supa et al., 

1944). Most of these dexterous echolocators are blind. It has been speculated that blindness itself forces 

individuals to “train” echolocation abilities in order to develop a higher level of independence in everyday 

life. In contrast, a sighted person might never have the need to develop echolocation skills. The lack of 

contextual or everyday needs may mean that sighted individuals miss a critical developmental period, or 

time window, within which to develop useful echolocation skills (Rice, 1969; Thaler et al., 2011; Voss & 

Zatorre, 2012). Current evidence does show that blind echolocators usually perform better than sighted 

ones, although some research indicates that sighted may perform as well as blind echolocators (e.g., Dufour 

et al., 2005; Kellogg, 1962; Nilsson & Schenkman, 2016; Rice, 1969; Thaler et al., 2011). Therefore, if a 

method or training program effectively improves sighted echolocation performance, this would likely mean 

that the same could apply to the blind. My thesis makes a methodological contribution by presenting the 

first studies using the Echobot, a device that allows the use of rigorous psychophysical methods for stimulus 

presentation in different echolocation tasks. Despite being a phenomenon that clearly fits psychophysical 

research, it has been difficult to adapt psychophysical methodology when studying echolocation, since this 

would make the experiments strenuous, long, and prone to measurement error. The Echobot attempts to 

avoid those three issues without sacrificing methodological rigor. 

Additionally, few studies have examined individual differences in echolocation skills. I start from the as-

sumption that all individuals, with average hearing, have some degree of echolocation ability; I am therefore 

interested in estimating the echolocation abilities of each tested individual. Note that I will also be intro-

ducing two new echolocation terms: echo-detection, the capacity to detect objects using sound reflections, 

and echo-localization, the capacity to localize objects using sound reflection. I decided to distinguish these 

concepts from each other because, as echo-localization also entails being able to detect the object, I expected 
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this skill to be the more difficult of the two. In my thesis, the terms echo-localization and lateralization will 

be used as synonyms.  

The reason I distinguish between echo-detection and echo-localization concerns the type of experiment 

performed. Headphone experiments (Studies I and II) lateralize the sound by changing the ear where the 

relevant stimuli are presented in an attempt to simulate left and right positions, while loudspeaker and self-

generated signal experiments (Studies III and IV) have more realistic settings where the echo is coming 

from either the left or right side of the participant. Hence, both tasks are similar in principle, but their 

execution differs. 

In this thesis, I will first present the most important theoretical aspects of human echolocation, including 

related fundamental hearing phenomena such as the precedence effect (PE), types of auditory masking, and 

the main types of echolocation signals and tasks. I have decided to begin with the more basic psychoacoustic 

phenomena because: a) they precede echolocation in the auditory system; and b) the notion of linking ech-

olocation abilities with the PE and types of masking is novel in the field, so it requires the most detailed 

explanation from the outset. Then, I will present the main methodological tools used in my work, which 

also happen to be novel in the field, followed by a summary of my four studies. The thesis ends with a 

discussion of the various implications of my research and, finally, its potential limitations. 
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Sound detection and sound localization 

Human echolocation is based on various psychoacoustic phenomena, all related to the inherent capacities 

and limitations of our auditory system. It is common for individual echolocation abilities to be influenced 

by how these auditory processes, specifically, sound localization processes, take place. One of those is the 

precedence effect (PE), comprising the phenomena of perceptual fusion, discrimination suppression, and 

localization dominance, which are vital sound localization processes needed for proper echolocation. There 

are specific sound localization cues called interaural level differences and interaural time differences, whose 

role will be explained in more detail in the following section. Accordingly, there are other phenomena 

related to sound detection (masking) that are also relevant to human echolocation, namely, forward mask-

ing, simultaneous masking, energetic masking, and information masking.  

Interaural level differences and interaural time differences  

The two main auditory cues for sound source localization in the horizontal plane are the interaural time 

difference (ITD) and interaural level difference (ILD), both of which are necessary for echo-localization. 

An ITD occurs when a sound arrives at different times to both ears; hence, there is a time difference between 

when the sound reaches the nearer versus farther ear relative to the sound source. An ILD is the level 

difference between the sounds reaching both ears. This is also known as the “acoustic shadow” created by 

the head attenuating the level of sound reaching the ear farther from the source (see Figure 1). ITDs provide 

useful spatial information about low- and high-frequency sounds. ITDs can be used below ~1.5 kHz for the 

temporal fine structure of sounds at low frequencies, and at higher frequencies if the sounds contain ampli-

tude modulations; in contrast, ILDs provide similar (than the ITDs) spatial information about high-fre-

quency sounds (Culling & Akeroyd, 2010; Freyman et al., 1997; Mills, 1960; Zurek, 1993). In real-life 

situations, most sounds produce multiple reflections because of the variety of objects found in a particular 

space. The type of reflection varies considerably depending on the distance and surface of the reflecting 

object. This implies that every reflection has its own ILD and ITD that the auditory system needs to process, 

since the information gathered could emanate from different directions and objects. This is where our au-

ditory system has developed different mechanisms to suppress “noisy” information. More precisely, the 

system will suppress the spatial information in the lagging signals in order to prioritize the original sound, 

i.e., the lead signal. The following “discrimination” phenomena are broadly defined as part of the prece-

dence effect: perceptual fusion, localization dominance, and discrimination suppression. 



8 
 

 

Figure 1. The precedence effect. The alarm clock produces a sound that reaches the listener’s ears first directly (the 

leading sound is represented by the dark lines) and later indirectly by reflection from the reflector (the lagging sound 

is represented by the grey lines). If the time delay is 1–10 ms, the listener cannot perceive a difference between the 

leading and lagging sounds, so they are both perceived as one sound (perceptual fusion). The listener localizes the 

alarm clock to the right, because the auditory system prioritizes the leading sound information over the lagging sound 

(localization dominance). This spatial information reaches the right ear before the left ear (ITD favoring the right ear) 

and has a higher sound pressure level at the right ear than at the left ear due to the acoustic shadowing effect of the 

listener’s head (ILD favoring the right ear). The reflected sound conveys the opposite spatial information: it prioritizes 

the left ear, but this spatial information is suppressed (discrimination suppression), making it difficult to localize the 

reflecting surface. 

The precedence effect (law of the first wave front) 

The precedence effect (PE) is a psychoacoustic phenomenon related to sound localization. Reflections are 

produced by the interaction between a sound and surfaces. These reflections usually come from different 

directions, surfaces, and distances, which means that they might not be useful or needed to localize the 

original source of the signal (Brown et al., 2015) and might be considered interference “noise” by the au-

ditory system. Many animals (including humans) have developed auditory systems that can filter out the 

irrelevant acoustic information and focus on the cues related to the signal’s source location. The auditory 

system filters out the unnecessary acoustic cues by gathering the needed information from the first sound 

wave and ignoring the spatial information contained in the sound reflections that are the closest in time to 

this first sound wave (Litovsky et al., 1999). This is why the PE is also known as the law of the first wave 

front, as it limits the capacity to obtain spatial information from echoes. However, the PE is not just one 

single effect, but rather comprises a series of phenomena that contribute to resolving the competition be-
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tween the source signal and its reflections. The PE also involves perceptual fusion, discrimination suppres-

sion, and localization dominance, which, for the purpose of my research, will be explained in further detail 

in the following sections. The PE is believed to be mostly influenced by early auditory processes, such as 

those occurring at the cochlear, brainstem, and midbrain (specifically, the inferior colliculus) levels.  

The temporal window in which PE phenomena are active has been debated. The suppression of spatial 

information in lag-clicks has been found to be strongest when the inter-click interval (ICI) is 1–10 ms, but 

different experimental setups have produced other suppression effects (Litovsky et al., 1999; Spitzer et al., 

2004; Tollin, 2003; Tollin et al., 2004). Nilsson (2018) showed that when using lag-click ILDs as stimuli, 

the suppression effect would be the strongest at short ICIs (>10 ms). Note that the ICIs simulate the physical 

distance between a signal and its echo. For example, at the ear of the echolocator, the time interval between 

the self-generated (lead) sound and its reflection (lag) is roughly 6 ms per meter from the reflecting surface 

(Litovsky et al., 2000). The relevance to human echolocation lies in the capacity to avoid collisions. An ICI 

>10 ms is equivalent to an obstacle at >1.6 m, which is far enough away for echolocators to adjust their 

route.  

 

Perceptual fusion 

As part of the PE, perceptual fusion refers to what is denoted the “echo threshold.” This term indicates the 

point at which the auditory system cannot discriminate between the sound (lead-click) and its reflection 

(lag-click). Both clicks are perceived as one sound, i.e., they are perceptually fused (Brown & Stecker, 

2013). Experiments using loudspeakers placed to the right and left of participants, usually with lead- and 

lag-clicks of the same level, have shown that perceptual fusion is a dynamic process that depends on the 

repetition of a set lead/lag-click pair. With more repetitions, the threshold increases, which means that the 

two clicks are harder to distinguish from each other, whereas a binaural presentation in which the lead-click 

comes from one direction and the lag-click from the opposite one tends to improve threshold sensitivity 

(Clifton & Freyman, 1989). It has also been shown that the threshold improves with time when the lead–

lag delay is changed or when the echo spectrum is changed suddenly. These types of decrements in thresh-

old elevation have been termed “breakdown” (Clifton et al., 1994). 

Several studies have established that a listener’s echo threshold tends to be found at 5–10 ms for lead/lag-

click pairs or other impulsive stimuli. However, it can reach an interval of 15–25 ms when the perceptual 

fusion effect is enhanced with sound repetitions, and reduced back to 5–10 ms following any type of break-

down (Clifton et al., 1994; Djelani & Blauert, 2001; Grantham, 1996; McCall et al., 1998). Taken together, 

when and how perceptual fusion occurs in the auditory system is relevant to human echolocation, since it 

affects the capacity to differentiate lead-clicks from lag-clicks. 
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Localization dominance 

Another component of the PE, localization dominance, refers to when the lead-click dominates the spatial 

information that the auditory system can obtain. The acoustic localization cues carried by the lead-click 

(the original signal) are given priority over those carried by the lag-click (the echo) (Litovsky et al., 1999). 

The temporal point at which the original sound and echo can fuse is known as the “echo threshold,” when 

the auditory system cannot discriminate spatial information from the lag-click and the information from the 

lead-click takes over (Brown & Stecker, 2013).  

 

Discrimination suppression 

Discrimination suppression is the tendency of the auditory system to suppress auditory spatial information 

from a lagging sound in favor of spatial information from a leading sound (Litovsky et al., 1999; Nilsson 

& Schenkman, 2016; Wallmeier et al., 2013; Zurek, 1980). The reason why discrimination suppression 

might be relevant to echolocation is that it might potentially limit echo-localization abilities, since the spa-

tial information in the reflection would be lost. In a typical discrimination suppression experiment, the two 

main auditory stimuli are the ILD and ITD of a sound. Outside controlled experimental conditions, these 

two cues are present in most sounds the auditory system tries to localize. However, they can be studied 

independently from each other using headphone presentations. In most headphone experiments, the stimuli 

consist of a dichotic lead-click, presented in both ears, pointing to the center of the participant’s head, 

followed by a dichotic lag-click with an ILD or ITD pointing towards the left or right ear. The ICI between 

lead- and lag-clicks is a few milliseconds, so the lead- and lag-clicks are perceptually fused and heard as a 

single click. 

 

The lag-click usually has the same amplitude as the lead-click, corresponding to a lag–lead peak amplitude 

ratio (LLR) of 0 dB (Litovsky et al., 2000; Saberi & Antonio, 2003; Zurek, 1980). The LLR is the dB 

difference in peak level between lead- and lag-clicks (for the dichotic click, the level refers to the ear fa-

vored by the ILD) (Nilsson, 2018). However, in real life, the reflected (lagging) sound is often much weaker 

than the direct (leading) sound, so localizing reflections would involve extracting spatial information from 

sounds with LLRs of <0 dB. The listener’s task is then to decide whether the perceptually fused click is 

coming from the left or right (for a review, see Nilsson et al., 2019). Regarding tasks, most discrimination 

suppression research has focused on manipulating the lag-click ITD (e.g., Litovsky et al., 2000; Saberi & 

Antonio, 2003; Saberi & Perrott, 1990), and a minority of the research has manipulated the ILD of the lag-

click (e.g., Rowan et al., 2015; Saberi et al., 2004). There have also been studies that manipulate both ITDs 
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and ILDs (Gaskell, 1983; Nilsson & Schenkman, 2016). In general, the poorest threshold performance is 

observed at ICIs of 1–10 ms and the best at ICIs >20 ms.  

 

Given how discrimination suppression blocks spatial information from the lag-click, there has been interest 

in training to “unlearn” this suppression to access this lost information, which would probably also improve 

echolocation abilities by making the spatial information contained in the echo more available to the auditory 

system. Litovsky et al. (2000) found no unlearning when their participants were tested using adaptive psy-

chophysical methods, even though the training was extended from 9 to 31 hours. However, Saberi and 

Perrott (1990) showed that at ICIs of 1–5 ms, it was possible to make discrimination suppression practically 

disappear, provided that participants were given long enough training (i.e., 10 hours of training). At ICIs of 

around 2 ms, an inexperienced participant also showed an improved threshold—granted that the training 

program in this study lasted around 66 hours (Saberi & Antonio, 2003). Hence, it is possible that Litovsky 

et al.’s (2000) inexperienced participants failed to improve their thresholds because they trained for insuf-

ficient time. More recent studies suggest some degree of plasticity in this phenomenon, as naïve-sighted 

participants were able to train to unlearn it to some degree in echo-localization tasks (Rowan et al., 2013; 

Schörnich et al., 2012; Wallmeier et al., 2013). For example, Nilsson (2018) found threshold improvement, 

when lateralizing clicks at ICIs of 2–18 ms, in an individual who was trained for 60 sessions, each lasting 

around 80 minutes including breaks, over a period of 83 days. 

 

Forward masking versus simultaneous masking 

“Forward masking” or “post masking” refers to one sound still masking another sound after the masker is 

terminated, which means that the masking occurs consecutively (Oberfeld et al., 2014; Zwicker, 1984; 

Zwicker & Fastl, 1972). Simultaneous masking consists of presenting the masker simultaneously with the 

signal. Of the two, my work mostly focused on forward masking. Specifically, when a brief signal is pre-

sented shortly after a masking noise, it tends to be more difficult for humans to detect the signal. Evidently, 

the closer in time the signal and masker are, the higher the detection threshold, especially if the time interval 

between the signals is in the millisecond range. If the masker is high in level, that also tends to result in 

performance decrements (Dubno & Ahlstrom, 2001). Forward masking is relevant to echolocation because 

the signal, produced by a loudspeaker or the echolocator, could mask the sound reflection, since the original 

signal would be the first and loudest one to reach the ears. That would make echolocation more difficult 

because the echo would always lag in time and level. 
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Energetic masking versus informational masking 

Traditional “energetic” masking occurs when both sounds contain energy in the same critical bands. For-

ward masking can be a type of energetic masking if the lead-click is still present in the peripheral system 

when the lag-click arrives, as is the case with short ICIs. Hence, a portion of one or both signals becomes 

impossible to hear at the neural periphery level. In contrast, informational masking is thought to rely on a 

centrally based process that occurs when the signal and masker are both audible but it is impossible to 

disentangle them from each other (Gilkey & Anderson, 2014; Kidd et al., 1995; Watson et al., 1976). 

 

Research on informational masking is characterized by larger individual differences in performance on 

experimental tasks than those found in energetic masking research (Durlach et al., 2003; Oxenham et al., 

2003). Studies of informational masking typically involve simultaneous main signal and masker sounds 

that do not evoke neural interactions in the auditory periphery (e.g., tones widely separated in frequency). 

For such stimuli, information about the main signal is likely available to the auditory system after initial 

peripheral processing, but this information is lost at later stages of processing. Cortical processing related 

to selective attention is an example of this. This may also apply to long ICIs, because of lead-click–evoked 

peripheral activity, but may not continue long enough to interfere with lag-clicks occurring more than 20 

ms after the lead-click (Bianchi et al., 2013; Damaschke et al., 2005; Dean & Grose, 2020). To my 

knowledge, the potential link between informational masking and echolocation was not discussed before 

the publication of my Study II, which suggested that lateralization/echo-localization performance could be 

affected by informational masking, since it makes it harder for auditory spatial information to reach cortical 

processing.    
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Human echolocation 

Echolocation is the capacity to detect and localize objects in space using sound reflections (see Stroffrengen 

& Pittenger, 1995, for a review). Historically, echolocation studies have used animals as their focus, spe-

cifically bats and dolphins, to study the phenomenon (Roitblat et al., 1989; Griffin, 1959). The reason is 

obvious, as bats and dolphins have evolved to have outstanding auditory skills (Jones & Teeling, 2006; 

Ketten, 1992). Echolocation is an intrinsic ability of these species and they constantly use it to survive. In 

the case of human beings, echolocation offers no such clear survival advantage, but echolocation is still 

used to detect, locate, and discriminate objects’ characteristics and placement in space, usually by blind 

individuals (Thaler & Goodale, 2016). There have been attempts to test and train human echolocation over 

the last five decades and the results have shown, overall, that humans can echolocate (Kolarik et al., 2014). 

Interestingly, our echolocation abilities can be trained to improve substantially (Schörnich et al., 2012; 

Wallmeier et al., 2013). There has been research on human echolocation for the past 80 years (see Kellogg, 

1962; Rice, 1967, 1969; Rice et al., 1965; Supa et al., 1944, for examples).  

 

It was initially believed that humans had “facial vision” through skin receptors, meaning that people were 

capable of detecting changes in air pressure via facial sensitivity. The hypothesis suggested that some blind 

individuals perceived echoes as a tactile sensation on their facial skin, but this hypothesis was discarded 

early on when it was shown that echolocation only involved hearing (Kellogg, 1962; Supa et al., 1944). 

Today, we know that humans can echolocate using a varied selection of signals, not with the same accuracy 

as bats or dolphins, but well enough to navigate in space and avoid colliding with obstacles (Cotzin & 

Dallenbach, 1950; Supa et al., 1944; Thaler & Goodale, 2016). Echolocation accuracy usually depends on 

the object and distance (Kellogg, 1962; Rice et al., 1965; Rowan et al., 2013). For example, Kellogg (1962) 

tested two blind individuals in a size discrimination task; one was able to perform well at object distances 

of 30 cm, but performance deteriorated as the object was placed farther from the participant. Rice et al. 

(1965) and Rowan et al. (2013) found a similar relationship between echolocation performance and distance 

in echo-detection and echo-localization tasks, respectively. An important environmental factor is the pattern 

of reverberation in a room caused by a reflecting object. Schenkman and Nilsson (2010) found that the 

largest distance at which echolocation could be used was greater in a reverberant conference room than in 

an anechoic one. Questions regarding types of echolocation, interaction with other psychoacoustic phenom-

ena, individual or group differences in echolocation abilities (e.g., blind vs. sighted), and the best methods 

and signals to use in measuring and training echolocation are some of the most important ones in the field. 

In the following sections, I will develop these points more thoroughly. 
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The use of echolocation 

As mentioned previously, echolocation is used to detect, locate, and discriminate objects’ characteristics 

and placement in space. Several studies have attempted to identify how and in what types of tasks individ-

uals use echolocation skills. For example, Rice and Feinstein (1965) found that blind participants were able 

to use echoes to discriminate object size, and that their best-performing participants were able to discrimi-

nate between objects with large differences in size. Furthermore, inexperienced echolocators also seem 

capable of determining an object’s geometric shape and whether the object is stationary or rotating (Sumiya 

et al., 2021). It has been shown that some participants can identify and discriminate different materials 

using echolocation when they focus on the pitch and timbre changes of the signal (DeLong et al., 2007; 

Hausfeld et al., 1982), for example, distinguishing Plexiglas, wood, fabric, and carpet—to name but a few 

materials. Note that larger objects produce more useful echolocation information, because size implies more 

variations in the sound level when the signal reaches the object and more differences between the original 

signal and its reflection. There is also a substantial number of studies showing how echolocators use their 

abilities to avoid obstacles, increase spatial orientation, spatially represent their surroundings, and, if signal 

emissions increase, even compensate for the presence of other interfering noises (Castillo-Serrano et al., 

2021; Dodsworth et al., 2020; Juurmaa & Suonio, 1975; Thaler et al., 2019; Tonelli et al., 2016, 2018, 2020; 

Wallmeier & Wiegrebe, 2014). 

 

Different echolocation signals 

Echolocation with short clicks involves three successive types of events at the listener’s ears (Rowan et al., 

2013): first, the emission of a sound; second, a brief period between the sound and its echo; and third, the 

echo itself. There is also echolocation with longer signals, i.e., an extended click, and at 500 ms long, signals 

lead to improved participant performance (Schenkman & Nilsson, 2010). Echolocation signals produced 

by an echolocator are typically milliseconds long and have a broad spectrum (Schörnich et al., 2012; Thaler 

et al., 2011). Their levels vary depending on the distance between the echolocator and the obstacle, or on 

whether the distance is measured from the echolocator’s ears, but they are dominated by maximum energy 

in the frequencies around 3 kHz (Thaler et al., 2017). 

Two main types of echolocation signals can be broadly defined: one based on self-generated signals, and 

the other generated by loudspeakers or some other type of artificial signal generator. Self-generated signals 

can be divided into different classes. There are the “ssssss” sounds, produced by a quick separation of the 

lips, previously pressed together; their physical characteristics are similar to an oral “ch” sound. Despite 

being intuitive to use, these are not the most successful self-generated sounds that can be used due to their 

poor effectiveness and reproducibility (Rojas et al., 2009). Oral vacuum sounds, also known as palatal 
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clicks, are the best mouth-generated signals echolocators can use, because they are effective, easier to train, 

easier to reproduce than “ch” sounds, high in frequency, and are not easily masked by noise. Notably, most 

studies that use self-generated signals use palatal clicks as the default stimuli (de Vos & Hornikx, 2017; 

Kellogg, 1962; Rice, 1967, 1967, 1969; Rice et al., 1965; Rojas et al., 2009; Thaler et al., 2017; Thaler & 

Castillo-Serrano, 2016; Tirado et al., 2019). Signals generated by the echolocators’ hands have also proven 

useful to some degree. Clapping and knuckle tapping can also produce effective echolocation signals, with 

knuckle tapping being more effective. However, none of these types of self-generated signals is less effec-

tive than palatal clicks (Rojas et al., 2009, 2010). 

 

Echolocation signals produced by loudspeakers can be categorized as of two types when they are short-

click based: click recordings or completely artificial clicks (e.g., rectangular clicks). Click-recordings are 

artificial signals, but they are modeled to imitate human-generated echolocation signals. They can be sam-

ples of the palatal clicks of expert echolocators, but reproduced through loudspeakers or headphones. They 

are brief (around 10 ms or less) with frequencies largely around 3 kHz, but with content up to 10 kHz as 

well (Thaler et al., 2017). Rectangular clicks are completely artificial and are modeled to clearly simulate 

echolocation signals, for example, with a lead sound (first and original sound) and lag sound (a following, 

usually similar sound that mimics a reflection). They are used in echolocation research because they are 

conventional in other fields of auditory research, which makes the signals easy to obtain, reproduce, and 

compare to other echolocation signals (Brown & Stecker, 2013; Litovsky et al., 1999; Nilsson et al., 2019; 

Saberi & Antonio, 2003). As previously mentioned, there are also echolocation signals produced by a loud-

speaker that are not click based, but are constant, long signals. These improve performance the most at a 

duration of 500 ms, because the participant compiles the information the signal provides, at least in echo-

detection tasks, when compared with one click in a brief period (Arias & Ramos, 1997; Schenkman & 

Nilsson, 2010). 

 

A common and important discussion in the field is whether loudspeaker signals are as ecologically valid as 

self-generated signals. Recordings or simulated signals can be manipulated or reproduced in real time. This 

means that there is a higher level of stimulus control over these signals than over self-generated signals. 

The problem is that by being artificial, they might lack key acoustic information, which compromises their 

ecological validity (Tirado et al., 2019). However, it has been shown that signals produced by loudspeakers 

can reach a similar level of ecological validity as self-generated clicks. Sighted participants, new to echo-

location, generally did better when they used a loudspeaker signal than when they used mouth clicks, 

whereas blind participants with experience in echolocation did equally well with mouth clicks and loud-

speaker signals (Thaler & Castillo-Serrano, 2016). Despite the ecological validity of self-generated clicks, 
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it has also been shown that to produce effective echolocation signals, naïve participants require a period of 

training to learn the proper type of click that works best for them (Tirado et al., 2019). Hence, there is 

evidence supporting the use of both types of signals, and that loudspeaker signals are more useful than self-

generated ones for inexperienced participants. 

 

Echolocation terminology 

I decided to focus on two specific echolocation tasks: echo-detection and echo-localization. Echo-detection 

is the ability to detect objects using sound reflections, while echo-localization is the ability to localize ob-

jects using sound reflections. These two terms are new and part of my thesis’ contribution to the research 

field. The reason for introducing this terminology is that echo-localization involves both detection and lo-

calization abilities, and this dual nature might play a role in how difficult the task is compared with echo-

detection. A considerable difference between the two tasks might indicate that they are moderated by dif-

ferent mechanisms. The following section will elaborate on this distinction. 

Echo-detection 

Most echolocation studies of humans have been performed using echo-detection tasks focusing on the par-

ticipant’s ability to detect objects using echoes (e.g., Ammons et al., 1953; Cotzin & Dallenbach, 1950; 

Dufour et al., 2005; Kellogg, 1962; Nilsson & Schenkman, 2016; Rice et al., 1965; Schenkman & Gidla, 

2020; Schenkman & Jansson, 1986; Schenkman & Nilsson, 2010, 2011; Schörnich et al., 2012; Teng et al., 

2012; Tirado et al., 2019; Tonelli et al., 2016). Studies of echo-detection have typically consisted of partic-

ipants being seated in front of an object that is present in some trials and absent in others. The types of 

objects, distances, and tools used to move the objects vary substantially between studies. Participants would 

either make their own signals or wait for a loudspeaker to emit a click and then be asked whether or not the 

click was reflected by the object (see Kellogg, 1962; Rice, 1967; Tirado et al., 2019, for examples). In 

general, results have shown that most people can detect objects of different sizes and materials better than 

chance, that signal duration improves detection performance, and that training is required in order to pro-

duce effective self-generated palatal clicks (Rice et al., 1965; Schenkman & Nilsson, 2010; Tirado et al., 

2019). Furthermore, studies have shown that naïve participants can quickly learn to detect objects using 

echolocation (Norman & Thaler, 2018; Schenkman & Nilsson, 2011). 

Echo-localization 

Fewer studies of human echolocation have been performed using echo-localization tasks, i.e., focusing on 

the participant’s ability to localize objects using echoes (e.g., Després et al., 2005; Dufour et al., 2005; Rice, 

1969; Rowan et al., 2013, 2015; Schenkman & Jansson, 1986; Teng et al., 2012; Teng & Whitney, 2011). 

In studies of echo-localization, participants are typically asked for the exact position of the object (e.g., 
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Rice, 1969; Schenkman & Jansson, 1986). Another common way to measure localization abilities is to ask 

whether an object is to the participant’s left or right (e.g., Després et al., 2005; Dufour et al., 2005; Rowan 

et al., 2013, 2015; Teng et al., 2012; Teng & Whitney, 2011). In both types of experiments, most partici-

pants can localize the objects better than chance. The size of the reflecting object and the distance to it are 

the main difficulty parameters, as the farther and smaller the object, the more difficult the task, but the 

degree of spatial acuity varies greatly among individuals (Dufour et al., 2005; Teng et al., 2012; Teng & 

Whitney, 2011). 

Blind versus sighted 

The most common group comparison in echolocation research is the performance differences between 

sighted and blind groups. This is because blind individuals are considered more experienced than the 

sighted when dealing with auditory spatial information, because the sighted have been able to use their sight 

instead of their hearing to navigate space. Whether the task comprises detection or localization, most studies 

have reported that blind participants outperform the sighted, regardless of how the task is measured (i.e., in 

terms of thresholds, accuracy rate, or proportion of correct responses) (Dufour et al., 2005; Kellogg, 1962; 

Nilsson & Schenkman, 2016; Norman & Thaler, 2020; Rice et al., 1965; Teng et al., 2012). However, there 

are substantial individual differences and samples have been small (Rowan et al., 2013; Teng et al., 2012; 

Teng & Whitney, 2011). Some sighted individuals can echolocate as well as blind individuals, and some of 

the blind struggle to echolocate (Kolarik et al., 2014; Norman et al., 2021). Burton (2000) studied the use 

of cane tapping to determine whether a gap in a walkway was safe to cross, finding no difference between 

blind and sighted participants under some of the experimental conditions.  

 
Onset age of blindness seems to be the main driver of these differences in echolocation performance. It is 

hypothesized that congenitally blind individuals have had a longer time to train their echolocation abilities 

than those who became visually impaired later in life (Teng et al., 2012), which would partly explain their 

advantage. There is some evidence to support this hypothesis. Rice (1969) showed in an echo-localization 

experiment that sighted participants performed the worst, the late blind performed better, and the early blind 

performed the best. The problems with this study are the short testing time, the few participants, and the 

methodological limitations of the field at the time. Later, Ashmead et al. (1998) showed that early-blind 

individuals have more spatially acute hearing than do sighted ones. Després et al. (2005) found that the 

blind were more sensitive to echo cues than were the sighted. More recently, Nilsson and Schenkman (2016) 

and Schenkman and Nilsson (2010, 2011) found that early-blind echolocators were more sensitive to bin-

aural localization cues, could detect objects at a greater distance, and could detect pitch information better 

than sighted echolocators. However, there was a problem in how the early and late blind were defined, or 

whether they should still be considered part of the same group. These definitions may vary between studies 
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(see Milne et al., 2014; Rice, 1969; Schenkman & Jansson, 1986; Teng et al., 2012, to observe different 

criteria regarding blindness). To date, it can be said that blind individuals outperform the sighted when they 

have used echolocation skills in their everyday lives (Kolarik et al., 2021), but research that focuses on the 

differences between these groups is needed before we can accept the results mentioned above. 
 

Training echolocation 

Echolocation research has used paradigms similar to those in general auditory learning research. The dif-

ference is that echolocation studies have traditionally compared the blind and sighted, since the blind are 

more likely to use auditory cues from an early age to navigate space and avoid obstacles (Rice, 1969). 

Overall, evidence shows that the blind outperform the sighted as a group, although individual comparisons 

present a different picture. The auditory threshold does not seem to correlate with echolocation training 

capacity, as listeners with some degree of hearing loss have also been able to learn echolocation and im-

prove their ability in it (Carlson-Smith & Wiener, 1996). According to Kohler (1964), if the capacity to 

detect fluctuations in auditory cues is still present in an individual’s auditory system, echolocation abilities 

should be possible and could even be above average. As noted above, research shows that adult participants 

can improve their echolocation skills with a few training sessions (Norman et al., 2021; Schörnich et al., 

2012; Wallmeier et al., 2013).  

 

This trainability also includes the localization aspect of echolocation (Rowan et al., 2013). Sighted listeners 

can, in some cases, perform as well or just slightly worse than the blind in echolocation tasks, but most 

expert echolocators are visually impaired (Kolarik et al., 2014). The training usually consists of active 

echolocation using real self-generated vocalizations (palatal clicks), but rarely uses any other kind of sound. 

One point that I raise in this thesis is how much we could improve echolocation abilities by training the PE. 

More precisely, we could try to make the auditory system unsuppress spatial information from the lag-click 

(the echo) during the discrimination suppression process because, to learn how to echolocate at certain 

distances, the auditory system might need to “unlearn” elements of the PE to some extent. Whether or not 

this is possible is still under debate (see Litovsky et al., 2000; Saberi & Antonio, 2003, for both sides of the 

discussion). 

 

Neural bases of human echolocation and the PE 

Research into the neural bases of human echolocation is scarce. Among blind individuals, evidence suggests 

that areas in the visual cortex are activated when echolocation information is processed (Arnott et al., 2013; 

Norman & Thaler, 2019). However, it is as yet unclear how successful echolocation correlates with various 
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neural structures as well as the size and extent of the activations. Earlier studies found that sighted individ-

uals do not seem to use the visual cortex when echolocating (Thaler et al., 2011; Voss & Zatorre, 2012), 

but according to more recent studies (e.g., Tonelli et al., 2020), there seem to be similarities in the visual 

cortex activation between sighted individuals and expert echolocators. In both these groups, the visual cor-

tex produced an early response to the lagging sound (50–90 ms), whereas that of the inexperienced blind 

group did not. Further research is therefore needed to clarify these between-group differences in perfor-

mance and visual cortex activation.  

 

Regarding the neural bases of the PE, there has been a long tradition of physiological studies in cats. Altman 

(1968) found that the activity of single neurons in the inferior colliculus was responsible for detecting sound 

motion, which would be relevant to echolocation, since the auditory system would first need to detect the 

sound. In contrast, Rose et al. (1966) showed that when cells were binaurally stimulated in the inferior 

colliculus, they became sensitive to ITDs, which implied that they played a role in sound localization. In 

barn owls, inferior colliculus activation also correlated with spatial selectivity, which is the ability to sup-

press (or not) spatial information when locating a sound (Spitzer et al., 2004). This previous research indi-

cated that the inferior colliculus was key to obtaining spatial information from sounds. To demonstrate this 

point more concretely, other studies showed that ablation of the inferior colliculus was followed by the loss 

of sound localization capacities (Litovsky et al., 2002; Masterton et al., 1968). As the subjects included 

human patients who suffered damage to their inferior colliculus, it is plausible that the results found in 

animal models may also apply to the human auditory system. Other studies have focused more on the pro-

cessing level involved in the PE, i.e., whether it requires peripheral activation, central activation, or both. 

These studies found that peripheral activation (i.e., activity in the brainstem) is insufficient, and that the PE 

also requires central activation, as in cognitive processes at higher stages of the auditory pathway (all the 

way to the cortex) (Damaschke et al., 2005). The processing level is relevant because peripheral-level pro-

cesses tend to be less plastic than central-level ones (Ahissar & Hochstein, 2004), which would imply, in 

theory, that the PE would be difficult to unlearn with short ICIs, but easier for long ICIs. 
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Research motivation 

Human echolocation is a research field that has received little scientific attention compared with echoloca-

tion in other species. This in itself should be a good reason to pursue a thesis in human echolocation. It is 

true that other fields in psychoacoustics have indirectly studied elements related to echolocation (the PE 

and auditory masking fields are the most substantial ones), but none has compared specific tasks within 

echolocation and how they relate to more basic psychoacoustic phenomena. In most auditory tasks, detec-

tion and localization performance typically overlap. However, in some situations, such as sinusoidal sig-

nals, an audible sound may be hard to localize (Yost, 1981). It is as yet unclear whether this is also true for 

echolocation. Therefore, comparing echo-detection and echo-localization using rigorous psychophysical 

methods would add further and valuable knowledge. Beyond the theoretical implications, my work may 

also contribute to practical applications. I believe that by understanding individual differences in echo-

detection and echo-localization/lateralization using the best methods available, we will be able to develop 

adequate tools to train people to echolocate. This might seem less relevant to sighted individuals, but for 

the visually impaired, the development of echolocation skills may render valuable independence in every-

day activities (Kish, 2009; Thaler et al., 2017).  

Aim of thesis 

The overall aim of this thesis was to explore echolocation abilities in sighted individuals with no previous 

experience of such tasks (i.e., the naïve sighted). Here, I wanted to explore individual differences in echo-

detection and echo-localization/lateralization, and whether task-specific training might improve echoloca-

tion abilities. Another research goal was to develop a new device—the Echobot—designed to increase the 

reliability of echolocation experiments by means of automated stimulus presentation. 

Research objectives 

Based on the foregoing review, the main objectives of the studies that form the basis of this doctoral thesis 
were to examine: 

1. individual differences among naïve-sighted individuals in echo-detection and echo-localization/lat-
eralization tasks (Studies I–III); 

2. whether echo-localization/lateralization is more difficult to perform than echo-detection (Studies 
I–III); 

3. whether naïve-sighted individuals can improve their echolocation performance via training (Studies 

II and III); and 

4. whether the Echobot is useful for conducting experiments on human echolocation (Studies III and 

IV).  
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Methods 

Study samples 

Study I had three participants (mean age 27 years old); Study II had 13 participants (mean age 30.8 years 

old); Study III had 15 participants (mean age 27 years old); and, finally, Study IV had 10 participants (mean 

age 25 years old). All the participants involved in Studies I–IV were students or researchers at Stockholm 

University. All were naïve-sighted individuals who had no practical experience of echolocation before they 

began participating in my experiments. I had three main reasons for using sighted participants without 

previous echolocation experience, instead of blind participants. First, it was practical from a time and ethics 

perspective to recruit sighted participants. Second, blindness and other degrees of visual impairment are 

more common among the elderly, who often suffer from hearing loss (see Cardin, 2016). Third, showing 

that naïve-sighted individuals (considered the worst group in terms of echolocation performance) can not 

only echolocate but also improve this ability would demonstrate the effectiveness of the Echobot and the 

training paradigm used here, and that similar results could be expected from impaired individuals.  

As reported, the sample sizes are small in the present studies. There are a number of reasons for selecting 

this small-n approach. First, auditory perception is the general subject of this thesis, which entails studying 

intra-individual phenomena, with the individual being the main unit of measurement. There are no group 

perceptions of this kind, so it is more reasonable to study the individual differences between the participants. 

Group analysis would be possible if these differences in performance were not substantial. However, as the 

summary of each article will show, there were large individual differences in every experiment of this 

thesis. Second, large samples do not compensate for a lack of strong measures, and considering that half of 

my thesis research tests a new tool, the Echobot, rigorously testing a small sample seemed more appropriate.  

Finally, there is a long tradition of psychophysical experiments that have produced robust findings using 

small sample sizes (see Smith & Little, 2018, for a review). The idea behind this type of design is that it is 

more informative to measure an individual with many trials than to measure many individuals with a few 

trials each, because it prevents measurement errors (low reliability of the measure used) that would other-

wise be wrongly attributed to individual differences (Kerlinger & Lee, 1999). By performing extensive and 

time-consuming tasks with many trials, psychophysical studies attempt to ensure that the results we obtain 

are due to individual differences, or changes in the nature of the task, instead of to measurement errors.  

Auditory threshold measurements 

Across Studies I–IV, auditory thresholds were determined for each participant. This screening was done to 

control for auditory capacities accounting for potential individual differences in the echolocation tasks. An 

audiometer was used to determine auditory thresholds. Pure-tone thresholds for the frequencies 0.5, 1, 2, 3, 
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4, and 6 kHz, were determined separately from each ear using the Hughson Westlake method. All included 

participants had normal hearing, defined as a ≤25 dB hearing level in the best ear at the tested frequencies.  

Ethical approval 

All studies were approved by the Regional Ethics Review Board in Stockholm (Dnr: 2017/170-31/1) and 

were conducted according to the Declaration of Helsinki. Informed consent was collected from all partici-

pants. Given that the biggest ethical risk during this experiment was related to participants’ data privacy, 

all the data were coded in a way that made it impossible for the participants to be identified. 

 
The Echobot 

In this thesis work, a new method to study echolocation was tested for the first time. Although the machine 

was originally conceived by my supervisor Mats E. Nilsson, it was research engineer Peter Lundén who 

designed and built the final version of the Echobot used in my experiments. The Echobot is a device that 

allows for rapid and rigorous stimulus presentation (see Figure 2). In Study III, a single Echobot was used, 

whereas in Study IV two Echobots were used in order to facilitate localization tasks. The following descrip-

tion applies to the Echobot in both studies. 

 

The Echobot’s rail consisted of two parallel aluminum tubes 50 mm in diameter. They were attached to a 

beam at each end with a half coupler, which facilitated simple dismounting from the rails. The target object 

was a circular aluminum disk 50 cm in diameter and 0.4 cm thick that could be rotated 360° around its own 

vertical axis. The disk was mounted on an adjustable-height stand mounted on a platform. The platform 

rolled on eight long-board wheels that were mounted in pairs with the axis of the wheels tilted ±45° relative 

to the horizontal plane to keep the platform in place on the rails. Two stepper motors drove the movement 

of the Echobot: the first was coupled to the pole holding the screen and rotated the disk around its axis; the 

second drove the horizontal movement through a cog belt mounted between the supporting beams at each 

end of the rails. 

 

The motors were mounted with an elastic suspension and couplings to prevent the propagation of vibrations. 

Each motor was controlled by a Steprocker TMCM-1110 stepper motor controller connected to a Raspberry 

Pi 3 computer. The Raspberry Pi controlled the two motor controllers and communicated wirelessly with a 

client program using Bluetooth. The user communicated with the robot through a client library in Python, 

which handled the Bluetooth communication between the Echobot’s Raspberry Pi and the computer run-

ning the experiment and collecting the data. A loudspeaker generated a masking sound while the Echobot 

was moving. To maximize the masking ability of the noise, it was a mix of several recordings of the Echobot 

in motion and thus had the same spectral composition. The masking noise at the position of the listener’s 
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ears had an A-weighted maximum sound pressure level (time weighting, fast) of about 64 dB(A). This 

completely masked the sound of the rotation of the Echobot’s disk, which at 1.5 m distance generated a 

maximum of about 28 dB(A) plus the potential propagation vibrations of the motors (in case the elastic 

suspension and couplings were insufficient). The Echobot moving along the rails from 1.5 to 2.0 m distance 

thus generated sound at a maximum level of about 50 dB(A). This sound was impossible to differentiate 

from the masking noise.  

 

 

Figure 2. The Echobot setting used in Studies III and IV. Echobot shown in a reflecting position (left panel) and a 

non-reflecting position (middle panel). The blindfolded participant responded using a wireless keyboard. The loud-

speaker in front of the participant, covered with sound-absorbing material, generated the echolocation click in the 

loudspeaker experiment and served as a chin rest. In the vocalization experiment, the participant (the author) generated 

his own signals. In both experiments, the loudspeaker on the floor played a masking sound while the Echobot was 

moving and provided auditory feedback (“right” or “wrong”) after the participant had responded. The double Echobot 

setting (right panel) was used the same way as in the left panel, but by adding another disk, it was possible to perform 

echo-localization tasks in which the participants had to find the reflecting disk (“Where is the reflecting disk? Left or 

right?”). 

Staircase and constant stimulus methods 

In Studies I–III, different types of adaptive staircase methods were used to calculate the participant’s ech-

olocation thresholds. A staircase method might consist of presenting the stimuli at a perceivable level, pro-

gressively making it more difficult to perceive as the participant responds correctly (method of descending 

limits) or easier to perceive if the responses are incorrect. Another way to implement a staircase (not used 

in this thesis) is to present the stimuli at an unperceivable level and, as the participant fails to perceive them, 

progressively increasing the level of the stimuli until the participant does (method of ascending limits). 
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Both methods are implemented in a series of steps in order to find the threshold of performance. Every time 

the response pattern changes from correct to incorrect, or the reverse, this triggers a reversal (Gescheider, 

1997). In Studies I and II, the thresholds were calculated by fitting a psychometric function to each partic-

ipant’s responses. In Study III, once the experiment was finished, the threshold was obtained by averaging 

all the reversals. Ideally, this method will allow us to zoom in on the sensitivity index d-prime (d’) = 1 of 

the stimulus presentation, the point at which the performance is consistently better than chance (Shepherd 

et al., 2011; Treutwein, 1995).  

 

In Studies I and II, the stimuli were manipulated in the traditional way, by increasing or decreasing the level 

of the lag-click, but in Study III the staircase was adapted to adjust the distance of the Echobot instead. 

Hence, a hit would increase the distance between the participant and the disk, whereas a miss would de-

crease it. In Study IV and the second experiment of Study II, a constant stimulus method was used. Instead 

of decreasing or increasing the intensity of the stimulus, a constant stimulus method presents a stimulus at 

randomly different intensities (Gescheider, 1997). This avoids any implicit bias a staircase method could 

have, since it prevents the participant from building expectations based on the stimulus pattern (i.e., it 

avoids stimulus habituation). In the case of the Echobot experiments, this would be achieved by selecting 

a random distance in every trial. 

 

Echolocation and PE signals used 

Several echolocation signals were used in the different studies of the thesis. Study I used rectangular clicks 

(artificial signals), whereas Studies II–IV used simulated recordings based on the mouth clicks of a real 

echolocator. Study III also used self-generated signals in one of its experiments. As described above, rec-

tangular clicks were first used in PE research (Litovsky et al., 1999; Saberi & Perrott, 1990), but given their 

acoustic characteristics, they can also be used in echolocation experiments (Study I).  

The lead- and lag-click stimuli of Studies I and II were meant to simulate the distance, localization, and 

psychoacoustic characteristics of a mouth click generated by an expert echolocator. In Studies III and IV, 

loudspeakers generated some of the signals. These echo signals were taken from Thaler et al. (2017), who 

simulated a click based on recordings of many mouth clicks generated by an experienced echolocator. The 

simulated click was 2–3 ms long with dominant frequencies around 3–4 kHz (see Thaler et al., 2017, for a 

detailed acoustic characterization of the click called EE1).  

It should be mentioned that loudspeakers are not commonly used in echolocation research, but were chosen 

here in order to have a signal with consistent acoustic properties throughout the experiments. Self-generated 

signals were used in the second experiment in Study III. Participants were instructed to use any sound they 
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could produce with their vocal organs and to repeat it as many times as they liked before responding. The 

participants were aware that most expert echolocators use mouth clicks, and this was the type of sound that 

was used the most. 
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Tasks included in Studies I–IV 

Detection threshold 

In Study I, the detection task was performed using headphones. A reminder two-alternative forced-choice 

(R2AFC) method was selected for the task. Each trial would contain three intervals. The first interval (a 

reminder) would have the standard diotic click. Whether the second and third intervals would contain the 

variable followed by the standard, or the reverse, was randomly decided in each trial. The participant’s task 

was to detect whether the lag-click was present in the second or third interval. A classic two-alternative 

forced-choice (2AFC) method, though possible in this type of experiment, would make the task more dif-

ficult, since short and long ICIs are perceptually described differently. Short ICIs’ fused lead/lag-clicks 

could be distinguished through their “coloration” (i.e., subtle changes in the sound), whereas long ICIs 

would be detected as separate events (e.g., Kingdom & Prins, 2016). Therefore, a reminder click was the 

clearest tool to prevent the task from becoming too difficult. In Study II, a similar task was used, although 

participants had to decide whether the first or second interval contained the lag-click (there was no third 

interval in Study II), which meant returning to the 2AFC method. This was done to make the detection and 

lateralization tasks more comparable to each other. 
 

In Studies III and IV, the detection task was performed using the Echobot. The participants were seated in 

front of the Echobot and responded using a wireless keyboard connected to the computer controlling the 

Echobot. The participants were blindfolded during testing to eliminate visual cues, and a masking sound 

was played while the Echobot was moved to eliminate auditory cues from its movements. The time it took 

to move the Echobot varied from trial to trial depending on the staircase rule, or the constant stimulus 

paradigm used, but once the wagon reached its position, the time to rotate the disk to a reflecting or non-

reflecting position was always the same. Once the Echobot came to a standstill, the masking sound ended 

and the loudspeaker or the participant (depending on the experiment) generated the echo signal. The par-

ticipant then pressed one of two keys on the keyboard corresponding to the responses “Yes, the disk is 

reflecting” or “No, the disk is not reflecting.” 

 

Lateralization/localization threshold 

In Studies I and II, there was a lateralization task that mimicked a localization task. As mentioned in the 

Introduction, lateralization and localization may be used synonymously. The difference is that when wear-

ing headphones, the participants are not technically localizing any sound in real space, but the sound is 

being moved differently between the two ears, i.e., it is being lateralized from the participant’s left and 

right to simulate sound localization. The first trial of the staircase had a lag–lead ratio (LLR) of 10 dB. 

Participants had to determine the side, left or right, of the click’s second interval. The participants were told 
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that the lead- and lag-clicks might be perceptually fused, in which case they should base their response on 

the perception of the fused click, but that whenever they heard two distinct clicks, they should base their 

response on the second click. As was the case with the detection task, there were important differences 

between the methods used in Study I and those used in Study II. In Study I, the lead–lag stimuli contained 

a lead-click followed by a lag-click. The stimuli were presented as part of a two-interval center–side task 

(also known as yes/no task with a reminder) (Litovsky et al., 2000). The first click was always presented 

straight ahead in both ears, i.e., in the apparent center. It comprised a lead-click and a lag-click separated 

by an ICI defined by the stimulus condition tested in the session. The dichotic click that would vary per 

trial was presented in the second interval. It comprised a lead-click with no binaural difference and a lag-

click with a fixed binaural difference, randomly favoring either the left or right side. The two intervals were 

separated by an inter-stimulus interval of 400 ms, except for the two longest ICIs (128 and 256 ms), for 

which the inter-stimulus interval was 600 ms.  

 

In Study II, the lateralization task was modified in the same way as the detection task, namely, the reminder 

click was removed to make both tasks more comparable. Using a classic 2AFC method, the trials consisted 

of two intervals that contained a lag-click pointing toward opposite sides in the two intervals. The partici-

pant’s task was to indicate whether the lag-clicks were perceived as moving from left to right or from right 

to left (Nilsson & Schenkman, 2016; Saberi et al., 2004; Saberi & Antonio, 2003). In Study IV, the partic-

ipants were seated in front of the Echobot and used a wireless keyboard connected to the Echobot’s com-

puter. Participants were blindfolded during the test, and a masking sound was played to cover the Echobot’s 

movement noise. One Echobot device would always be in the reflecting position and the other in the non-

reflecting position, regardless of its distance from the participant. The participant then pressed one of two 

keys on the keyboard corresponding to the responses “the disk is reflecting to the left” or “the disk is re-

flecting to the right.”    
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Statistical analyses 

The four studies in this thesis used several statistical methods, mostly derived from psychophysics and 

Bayesian modeling. All the statistical analyses conducted here were performed using the statistical software 

R (R Core Team, 2017). The recommendations of Amhrehin et al. (2019) were followed by focusing on 

estimation rather than dichotomous significance testing (whose results are commonly misinterpreted) and 

providing “compatibility intervals” around estimates. This allowed two main advantages: a) it allowed me 

to calculate d´ even in the absence of false alarms (see Study IV); and b) compatibility intervals are easier 

to interpret than traditional confidence intervals. 

 

Lag–lead ratio (LLR), echolocation, threshold, and d’ 

In Studies I and II, thresholds were derived by estimating three parameters of a psychometric function with 

a lower asymptote of 1/2 (guess rate) and an upper asymptote of one minus the lapse rate. A threshold was 

defined as the LLR (dB) that yielded approximately 75% correct responses in the psychometric function 

described in each of those studies (Kingdom & Prins, 2016). In Study III, echolocation data were obtained 

by performing several adaptive staircases in each participant, more precisely, a single-interval adjustment 

matrix yes/no task (SIAM YN task). 

 

A SIAM YN task is less biased than a standard yes/no task (as it induces participants to adopt a bias-free 

response criterion by giving trial-by-trial feedback) and more efficient than a standard 2AFC (as it requires 

fewer trials to obtain similar results), but it does entail certain assumptions. Most notably, it assumes that 

participants are motivated to maximize their performance, so that participants will understand correct re-

sponses as reinforcements and incorrect ones as punishments. This method zooms in on a performance of 

d’ = 1 (Kaernbach, 1990; Shepherd et al., 2011). Every participant would have a mean distance threshold 

per session (12 sessions per experiment), and then the mean distance threshold of detection would be cal-

culated by obtaining the mean of these 12 sessions. 

 

In Studies III and IV, the sensitivity index d-prime (d’) was used to calculate the echolocation performance 

of the participants. It is an unbiased measure of sensitivity that is defined as the difference between the z-

transformed proportions of hits (H) and false alarms (FA): d’ = z(H) – z(FA), where z(x) is the inverse 

standard cumulative distribution function (Macmillan & Creelman, 2004). For the localization experiment, 

this involved arbitrarily defining one of the sides (left or right) as the signal and the other as noise to calcu-

late hits and false alarms. In Study IV, the d’ values were estimated using Bayesian inference with Hamil-

tonian Monte Carlo estimation (Kuss et al., 2005). The median (point estimate) and the 95% highest poste-
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rior density interval (compatibility interval) were used in summarizing the posterior distribution of d’ val-

ues. A d’ value of zero indicates performance at a chance level, while a d’ value of 1 indicates 69% correct 

responses for an unbiased responder.  
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Summary of studies 

Study I 

Nilsson, M. E., Tirado, C., & Szychowska, M. (2019). Psychoacoustic evidence for stronger discrimination 

suppression of spatial information conveyed by lag-click interaural time than interaural level differences. 

The Journal of the Acoustical Society of America, 145(1), 512–524. https://doi.org/10.1121/1.5087707 

Aim 

To study whether discrimination suppression worked differently for interaural time differences (ITDs) ver-

sus interaural level differences (ILDs). This would suggest that partly independent mechanisms convey 

spatial information via ILDs and ITDs. To explore such a possibility, one experiment assessed the laterali-

zation (left or right) LLR threshold of three naïve-sighted participants. A second experiment assessed the 

detection (present or not) LLR threshold of the same participants. 

 

Background 

Some blind people have learned to echolocate, i.e., to detect and localize objects by listening to how self-

generated sounds are reflected from nearby surfaces (Kolarik et al., 2014). For localization, but not detec-

tion (e.g., a blind echolocator localizing nearby objects by listening to the sounds they reflect), this would 

seem to require an ability to overcome the PE phenomenon of discrimination suppression. It is unclear 

whether discrimination suppression works differently for ILDs or ITDs, regarding lagging sounds. There-

fore, in these experiments, three sighted listeners were tested using a stimulus setup that measured perfor-

mance as the LLR (dB) at which it was just possible to hear whether a lag-click with a large and fixed ITD 

or ILD favored the left or right ear (Freyman et al., 2018; Nilsson, 2018). 

 

Methods 

The first experiment focused on the left versus right lateralization of lag-clicks and the second examined 

the detection of lag-clicks (n = 3). Both experiments used an adaptive staircase method. The lateralization 

task used a yes/no task with a reminder (RY/N) and the detection task used a two-alternative forced choice 

with a reminder (R2AFC) to calculate thresholds. As explained earlier in this thesis, the decision to use 

R2AFC in the detection task was made because its perceptual cues were hard for a naïve listener to describe 

(see Kingdom & Prins, 2016). An illustration of the two tasks can be seen in Figures 3 and 4. Two of the 

authors (CT and MS) and one research assistant (CS) participated in both experiments. All had hearing 

levels of less than 20 dB in each ear at the tested frequencies of 0.25, 0.5, 1, 2, 3, 4, and 6 kHz. 
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Figure 3. Lateralization setting. Schematics of lead/lag-click conditions and the center–side task in the lateralization 

experiment. Broken lines represent lead-clicks and solid lines lag-clicks. Trials with ITD-only, ILD-only, and ITD + 

ILD stimuli are depicted in the left-hand, middle, and right-hand panels, respectively. The upper row of panels shows 

trials with a lag–lead ratio (LLR) of –5 dB, whereas the lower row shows trials with an LLR of –15 dB. In each trial, 

the first interval (center) was a diotic lead/lag-click, followed by a silent gap, followed by the second interval (side), 

a dichotic lead/lag-click with an ITD of 350 µs and/or an ILD of 10 dB. In the six trial illustrations, the binaural cue(s) 

favored the left ear, so the correct answer would be “left” in all six. The ICI is represented by the distance in each 

interval between the broken and solid lines. In the experiment, ICIs ranged from 0.125 to 25 ms. The silent gap be-

tween intervals was 400 ms for trials with an ICI <128 ms and 600 ms for trials with an ICI of 128 or 256 ms. 
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Figure 4. Detection setting. Schematics of the reminder two-alternative forced-choice task used in the detection ex-

periment. In each trial, the first interval (reminder) was always a diotic click (lead only, broken line). It was randomly 

decided whether the second or third interval also contained a lag-click (solid line). The listener’s task was to decide 

whether the lag-click was present in the second or third interval. In the illustration, the lag-click is in the third interval 

so the correct response would be “third.” The illustration depicts a trial with an LLR of –15 dB in the center condition 

(ITD = 0 s, ILD = 0 dB). For brevity, the other three binaural conditions are not illustrated in the figure; for these 

conditions, the interval containing the lag-click would look the same as the second interval illustrated in Figure 3. 

 

Results 

The results are presented with reference to three regions of tested ICIs: short (0.125–0.5 ms), intermediate 

(1–8 ms), and long (16–256 ms) ICIs. The regions are separated by vertical dotted lines in Figure 5, which 

shows threshold estimates (LLR [dB]) as a function of ICI, separately for each experiment, listener, and 

binaural condition. For visibility, error bars (95% compatibility intervals) and lines connecting symbols are 

shown only for the ITD-only and ILD-only conditions. The main finding was that the lateralization thresh-

olds, but not detection thresholds, were more strongly elevated for ITD-only than ILD-only clicks at inter-

mediate ICIs (1–8 ms). The findings suggest that discrimination suppression was substantially stronger in 

the ITD-only condition than in the ILD-only or ILD + ITD conditions.  
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Figure 5. Lateralization and 

detection thresholds as a 

function of ICI. Left-hand 

panels: Lateralization thresh-

olds (LLR [dB]) (gray sym-

bols) as a function of ICI, sep-

arately for each binaural con-

dition—ITD-only (squares), 

ILD-only (circles), and ITD + 

ILD (triangles) conditions. 

Open symbols refer to the sin-

gle-click condition. Right-

hand panels: Detection

thresholds (LLR [dB]) (gray 

symbols) as a function of ICI, 

shown separately for each 

binaural condition, using the 

same symbols as in the left-

hand panels for the binaural 

conditions included in both 

experiments, and using dots 

for the center condition that 

was included only in the de-

tection experiment. Results of 

both experiments are shown 

separately for listeners MS 

(upper row of panels), CT 

(middle row), and CS (lower 

row). For visibility, symbol-

connecting lines and error 

bars (95% compatibility in-

tervals) are shown only for 

the ITD-only and ILD-only 

conditions. 
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Conclusion 

Three main conclusions may be drawn from Study I. First, for short ICIs (<1 ms), lateralization thresholds 

peaked around an ICI of 0.5 ms, with lower (better) thresholds at shorter ICIs. This was observed irrespec-

tive of binaural cue (ITD or ILD). Second, for intermediate ICIs (1–8 ms), lateralization, but not detection, 

thresholds for ITD-only stimuli were elevated versus stimuli with lag-click ILDs. Third, for long ICIs (16–

256 ms), lag-click lateralization and detection thresholds appeared to be elevated up to an ICI of 32 ms or 

longer. This is beyond the temporal region in which PE phenomena are supposed to operate, suggesting 

that other mechanisms elevate the lateralization thresholds at long ICIs (this will be followed up later in the 

Discussion section).  
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Study II 

Tirado, C., Gerdfeldter, B., & Nilsson, M. E. (2021). Individual differences in the ability to access spatial 

information in lag-clicks. The Journal of the Acoustical Society of America, 149(5), 2963–2975. 

https://doi.org/10.1121/10.0004821 

Aim 

The overall aim of the second study of this thesis was to measure the lateralization of lag-clicks for stimuli 

with ICIs up to 48 ms. To follow up on Study I, we designed the tasks to allow for the direct comparison of 

performance in terms of detection and lateralization thresholds. The main objective was to explore the in-

dividual differences in both tasks in a larger group of participants (n = 13) and to use simulated echolocator 

clicks instead of the rectangular clicks used in Study I. In response to the main experiment’s results, a 

second goal was formulated for Study II: to train participants to see whether their lateralization performance 

could match their detection performance. It made sense to use detection performance as a lower limit on 

localization performance, as it would be hard to localize a sound that one cannot detect.   

Background  

As noted above, the results of Study I indicated loss of spatial information in lag-clicks at ICIs longer than 

2 ms. However, the stimulus setup differed from those applied in most previous work. In Study I, different 

psychophysical methods were used in measuring the detection and lateralization tasks. The detection task 

involved the comparison of three stimuli, whereas the lateralization task involved two stimuli. Compared 

with Study I, Study II used the same adaptive staircase in both tasks and increased the number of partici-

pants tested (n = 13) without reducing methodological rigor or testing time. A larger sample would allow 

more exploration of potential individual differences across tasks, since previous discrimination suppression 

research has reported substantial individual variation (e.g., Litovsky & Shinn-Cunningham, 2001; Saberi 

and Antonio, 2003; Saberi et al., 2004). Finally, an echolocator’s simulated click, and not a rectangular 

click (as in Study I), was used as the stimulus. 

Methods 

A design similar to that of Study I was used. The stimuli consisted of lead/lag-click pairs with fixed binaural 

disparities and a fixed set of ICIs; an adaptive staircase method was used to measure performance in terms 

of the LLR at approximately 75% correct responses, and participants had to pass the same auditory thresh-

old test before being eligible to participate. The experiments in Study II used comparable detection and 

lateralization tasks (n = 13). A control experiment was also performed, in which participants undertook the 

same tasks as in the first experiment, but without receiving feedback after each trial (n = 5). Finally, some 
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of these participants volunteered to perform a training experiment (n = 4). This experiment would consist 

of one day of pretesting in the detection and lateralization task and 30 days of training in lateralization. 

After the training was completed, the participants would be post-tested on their detection and lateralization 

abilities. 

Results 

In the main experiment, the results indicated that the lead-click influenced performance on both tasks up to 

an ICI of 24 ms. For most participants, this was the case also for the two longer ICIs of 34 and 48 ms, 

suggesting that the lead-click had an influence up to an ICI of at least 48 ms (see Figure 6). The absence of 

feedback during the second experiment had no substantial effect on the participants’ performance, showing 

that regardless of the method, the main findings remained the same. Participants generally performed better 

in the detection task than in the lateralization task, which also showed larger individual performance dif-

ferences. 

Figure 6. Individual detection and lateralization performance, grouped. The left-hand panel shows detection 

thresholds, the middle panel shows lateralization thresholds, and the right-hand panel shows differences between lat-

eralization and detection thresholds. 

Interestingly, the four participants who volunteered for the training experiment showed that it was possible 

to improve (lower) lateralization thresholds with training. Detection thresholds remained as low as or lower 
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than the lateralization thresholds. The main result of this experiment was that the detection thresholds re-

mained lower than the lateralization thresholds at the shortest ICIs. In particular, two listeners (P3 and P9) 

closed the gap between the detection and lateralization thresholds at ICIs of 12–48 ms, but not for stimuli 

with shorter ICIs. 

Figure 7. Individual training 

threshold in lateralization 

and differences between de-

tection and lateralization 

thresholds. The left-hand 

panels show detection thresh-

olds (filled circles) and lateral-

ization thresholds (open

squares) as a function of ICI 

for the pre-test. The middle 

panels show the corresponding 

results of the post-test con-

ducted after each listener had 

been training for 30 days. The 

right-hand panels show differ-

ences between the lateraliza-

tion and detection thresholds 

for the pre-test (light gray tri-

angles) and the post-test (dark 

gray triangles). The shaded 

area indicates a threshold dif-

ference of less than 63 dB. In 

all panels, error bars refer to 

the 95% compatibility inter-

vals and the two rightmost 

data points refer to the base-

line condition (ICI = 200 ms), 

also indicated with horizontal 

lines in the left-hand and mid-

dle panels. 
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Conclusion 
Three main conclusions can be drawn from Study II. First, some individuals appear to exhibit similar de-

tection and lateralization thresholds, suggesting that if a lag-click is noted, lateralization is possible. In 

contrast, other participants exhibit higher lateralization than detection thresholds, suggesting that for certain 

LLRs, they would hear the lag-click but still be unable to lateralize it. Second, the lead-click seems to mask 

the spatial information in the audible lag-click at longer ICIs than the 1–10-ms range. Third, training can 

close the task performance gap at long ICIs ≥24 ms but not at shorter ICIs. These results suggest different 

underlying mechanisms for lag-click lateralization at short versus long ICIs. 
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Study III 

Tirado, C., Lundén, P., & Nilsson, M. E. (2019). The Echobot: An automated system for stimulus presen-

tation in studies of human echolocation. PLoS One, 14(10), e0223327. https://doi.org/10.1371/jour-

nal.pone.0223327 

Aim 

The main aim of Study 3 was to test the applicability of the Echobot as a tool for stimulus presentation in 

human echolocation experiments. More specifically, we examined whether it could be used to study the 

echo-detection of recorded simulations and self-generated clicks. 

Background 

Many studies have examined human echolocation using a great variety of methods. Several have used real 

objects that the experimental leader positioned manually before each experimental trial (e.g., Kellogg, 1962; 

Rice et al., 1965; Supa et al., 1944). Such experiments allowed for better ecological validity, but because 

they were manually run, they were time-consuming, strenuous for the participants, and limited the use of 

rigorous psychophysical methods. The Echobot was built to automate stimulus presentation and to measure 

echolocation tasks via rigorous psychophysical methods. The Echobot can be programmed to change the 

distance and position of its reflecting object (a disk) according to an experimental protocol, for example, 

following various rules of adaptive staircase methods. Here, the first experiment consisted of an echo-de-

tection task in which participants heard an echolocation signal generated by a loudspeaker. The participants 

were then asked whether or not the disk was reflecting the signal. Depending on their answer, the Echobot 

would move closer to or farther away from their heads, i.e., a miss answer would move the Echobot closer, 

whereas a hit would move it farther away. In the second experiment, participants were asked to generate 

their own echolocation signals using mouth clicks or “ch” sounds. In summary, the applicability of the 

Echobot was tested by demonstrating whether or not participants could consistently echo-detect the reflec-

tion coming from the disk. 

 

Methods 

The Echobot was used as the main method in this study (see Figure 2, left-hand and middle panels). As 

described in detail above, it consisted of a platform with a mobile disk that could be programmed to move 

anywhere along its rails. In the first loudspeaker experiment (n = 15), each participant performed 12 ses-

sions in the echolocation experiment, corresponding to 12 staircases of the adaptive method (SIAM YN). 

For each participant, the mean threshold estimate was defined as the mean of the 12 single-session threshold 

estimates. The same procedure was performed in the second experiment (n = 3), but participants used self-

generated mouth clicks and were tested for six days, 12 sessions per day. Later, their mean thresholds were 
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estimated per test day. Note that I also used a short questionnaire in which participants reported the type of 

auditory cues they were looking for during the task; however, there were no consistent answers across 

participants. 

 

Results 

In the loudspeaker experiment, there were large individual differences in task performance. Two partici-

pants (P2 and P14) performed at close to chance level. Two others (P4 and P15) performed better than 

chance with a mean threshold of 1.2–1.3 m; six (P3, P5, P7, P9, P10, and P13) attained a distance of 1.5–

1.7 m, and three (P1, P8, and P11) attained 2 m. P6 and P12 performed the best, at 2.7 and 3.3 m, respec-

tively. Among the participants performing better than chance, the difference between the mean of the best-

performing (P12) and worst-performing (P4) participants was about 2 m (see Figure 8). 

 

 
Figure 8. Loudspeaker experiment: participants’ single-session and individual mean detection thresholds. Cir-

cles show individual session thresholds. The black bars show the mean threshold estimates over the 12 sessions. The 

individual results are displayed along the x-axis in increasing order from the lowest- to highest-performing partici-

pants. Individual threshold estimates of a random responder would fall in the light gray area 95% of the time and mean 

estimates of a random responder (12 sessions) would fall in the dark gray area 95% of the time. 
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Regarding the vocalization experiment, the mean thresholds over all sessions and days were 1.5, 2.3, and 

1.1 m for participants P4, P5, and P6, respectively. These may be compared with the results of the previous 

experiment, in which no obvious relationships between performance with a loudspeaker and performance 

with self-generated sounds were observed. All three participants complained that it was strenuous to pro-

duce vocalizations of sufficient intensity for more than an hour (see Figure 9). 

 

Figure 9. Vocalization experiment: mean thresholds of each participant as a function of day. Individual mean 

thresholds (n = 12 sessions) in the vocalization experiment as a function of day of testing for participants P5 (black 

squares), P4 (blue triangles), and P6 (gray circles). Error bars show ±1 standard error of the mean. The mean threshold 

estimates of a random responder over 12 sessions would fall in the gray area 95% of the time. 

 

Conclusion 

These results show the usefulness of the Echobot when running echolocation experiments. Most partici-

pants were able to detect sounds reflected by the Echobot’s disk. However, large individual performance 

differences were observed, ranging from 1 to 3.3 m distance from the disk. Three participants were also 

tested using self-generated sounds. Of these, one participant performed better and another worse than in the 

loudspeaker experiment. This outcome shows that performance in echolocation experiments with self-gen-

erated sounds also requires training in order to produce effective echolocation signals. 
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Study IV 

Tirado, C., Gerdfeldter, B., Cornell Kärnekull, S., & Nilsson, M. E. (2021). Comparing echo-detection and 

echo-localization in sighted individuals. Perception, 50(4), 308–327. 

https://doi.org/10.1177/03010066211000617 

Aim 

The purpose of Study IV was to explore at what distances naïve-sighted participants would be able to echo-

detect and echo-localize sound reflections using the Echobot. Specifically, we explored to what extent echo-

detection also entails echo-localization (e.g., determining whether the sound came from the left or right). 

Furthermore, we also investigated individual differences in performance on the two tasks.  

Background 

In most auditory tasks, detection and localization typically overlap: if one can hear a sound, one can tell 

where it comes from. However, in some situations, an audible sound, such as a sinusoidal signal, may be 

hard to localize (Yost, 1981). It is as yet unclear whether this is also true for echolocation. As reported in 

Studies I and II, one reason to suspect that localization may be more difficult than detection is that the 

former appears to require the ability to overcome the PE phenomenon of discrimination suppression. How-

ever, as noted above, most echolocation research has explored echo-detection separately from echo-locali-

zation. Therefore, an important research goal was to directly compare echo-detection and echo-localization 

abilities within the same individuals using a rigorous and ecologically valid setting, such as that offered by 

the Echobot. 

Methods 

Compared with Study III, we implemented several mechanical and psychophysical setting changes in the 

Echobot. For the echo-localization task, two disks were used (n = 10; see Figure 2, right-hand panel). Also, 

given some concerns related to the PE at some distances, a constant stimulus paradigm with 10 fixed dis-

tances was prepared. These concerns were: a) the possibility of participants habituating to the intensity 

changes of the stimuli presented in a staircase; and b) confirming that performances around the middle of 

the Echobot (1.5–2.5 m) were a function of distance and not of the participants’ inability to distinguish the 

sound from its reflection. In a staircase method, this could make participants underperform because the 

signals were fused and not because the echo reached the ears with too little energy. Using randomly as-

signed distances, it would be possible to measure whether the relationship between performance and dis-

tance was linear (i.e., the farther the disk, the worse the performance), or whether participants performed 

worse at a particular distance, regardless of how far it was from their ears. Hence, rather than measuring 

the threshold, this design allowed me to obtain the d’ of each distance. 
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Results 

Replicating findings of Studies I and II, echo-detection sensitivity performance was overall better than 

echo-localization sensitivity. This was especially true at the shortest distances, for participants P1, P2, P3, 

P4, P5, P6, and P7. P8 performed equally in both tasks and P9 and P10 exhibited better echo-localization 

than echo-detection sensitivity. Intriguingly, P10 excelled at the greatest distances. These results roughly 

repeated themselves in all the analyses in Study IV, including P9’s and P10’s exceptional performance (see 

Figure 10).  
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Figure 10. Individual performance in the echo-detection and the echo-localization tasks: ten participants’ d’ 

values after three days of testing (P4, P7, and P8 were authors). The numbers in the bottom-left corners are the 

participants’ ID numbers. The d’ values are shown on the y-axis: the dotted line indicates d’ = 0, a value indicating 

performance at a chance level; the solid horizontal line indicates d’ = 1, a value indicating a level above which per-

formance was correct in approximately 69% of the trials for an unbiased responder. The x-axis shows the 10 distances 

between the participants and the reflecting object in meters. Red dots indicate the echo-detection score per distance, 

whereas blue dots indicate the echo-localization score per distance. The error bars are the 95% highest posterior den-

sity interval (compatibility interval). P10 had no false alarms or misses in some conditions, which explains the ceiling 

effect in some of these conditions and the adjusted scale of the y-axis in panel number 10. The dotted line represents 

the model of responses with echo-detection performance as a function of distance per participant, with red shading 

showing the compatibility interval, whereas the dashed line represents the model of responses with echo-localization 

performance as a function of distance with blue shading showing the compatibility interval. 
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Conclusion 

In general, and with notable exceptions, the participants performed better in the echo-detection than the 

echo-localization tasks. At short disk distances, several participants performed excellently in echo-detec-

tion, whereas their echo-localization performance was close to chance. This pattern of findings illustrates 

that sound reflections that are detected may still be difficult to localize. The exceptionally good performance 

of participants P9 and P10 may indicate that they made use of additional cues during testing. For example, 

they might have perceived weak reverberations from the room or Echobot devices that would have given 

them additional acoustic information. 
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Discussion 

Individual differences in echolocation abilities 

The overall finding of this thesis was the observation of substantial individual differences in echolocation 

abilities. Across studies, most participants were able to echolocate to some degree; however, some per-

formed at chance level whereas others performed remarkably well. Irrespective of whether their abilities 

were assessed using headphones, the Echobot, or the type of task (i.e., detection vs. localization/lateraliza-

tion), the large individual variation remained. One possible explanation for this large variation is underlying 

individual differences when retrieving spatial information, which is a prerequisite for echolocation in echo-

localization/lateralization tasks. The role played by temporal processing aptitude for successful echoloca-

tion (e.g., the capacity to discriminate temporal variation in sounds) remains to be explored. It is worth 

noting that across studies, the auditory thresholds of each participant were controlled and did not contribute 

to the observed differences in echolocation performance.  

In Studies III and IV, the results indicated that there was no particular strategy used by the best echolocators, 

at least according to their self-reports. Some of them focused on the sharpness of the signals, others on their 

loudness or on searching for two distinctive sounds. Recent experiments have shown that pitch repetition 

and loudness were useful echolocation cues at short distances (0.5–1 m), whereas sharpness seemed more 

useful at long distances (>2 m) in an echo-detection task (Schenkman & Gidla, 2020). I am inclined to 

believe that those whose strategy focuses on listening to two sounds are likely to perform better than those 

focusing on particular qualities of the full stimulus presentation, since the first group are probably involving 

their temporal processing the most in the task.  

It is also possible that differences in higher cognitive functions may play a role in echolocation performance, 

although evidence is mixed regarding the relationships between high proficiency in auditory skills and high 

cognitive performance (Kidd et al., 2000, 2007). Study II suggested that feedback is of minor importance 

for successful echolocation, as one of the experiments did not show any performance differences between 

the feedback and non-feedback conditions. Previous research showed that individual differences could be 

attributed to differences in attention capacities (Ekkel et al., 2017). Certainly, attention and intrinsic moti-

vation are key factors for successful echolocation. What seems to be clear, though, is that some of the 

individual differences may be explained by a lack of training. As will be discussed below in more detail, 

the individual differences in echolocation performance are not completely “hardwired” but are also sensi-

tive to training.  

Echo-detection versus echo-localization/lateralization 

As expected, the echo-localization and lateralization tasks were more difficult to perform than the echo-

detection tasks. This might not seem surprising at first glance, because to be able to localize a reflection the 
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auditory system needs to detect it too, but it was unexpected to find such large differences—for example, 

there were participants who could echo-detect well, but echo-localized moderately and others who were 

equally effective at both tasks. An equally interesting finding was that there are certain psychoacoustic cues 

in the echo-localization/lateralization tasks whereby spatial information is harder to convey (ITDs). At the 

beginning of my thesis work, I was expecting a clear overlap between echo-detection performance and 

echo-localization/lateralization performance. However, for many participants this was not the case, sug-

gesting that, despite the need to detect reflections in order to determine their location, the mechanisms that 

play a role in both tasks appear to be different. Another interesting finding that transcends the scope of 

echolocation research is that participants were able to perform well at ICIs >20 ms, which is temporally 

outside the frame of the PE. I would argue that my results are in the middle of the more general discussion 

of the plasticity and temporal limits of the PE. Some researchers have suggested that it is a “hardwired” 

phenomenon that cannot be unlearned through training (Litovsky et al., 2000; Zurek, 1980), whereas others 

have found evidence of more flexibility in unlearning the PE (Saberi & Antonio, 2003; Saberi & Perrott, 

1990). My results show that at ICIs <20 ms it is difficult to improve the LLR lateralization threshold at all, 

but at ICIs >20 ms it is possible (Study II).  

One could then argue that ICIs <20 ms are too hard to unsuppress and are “hardwired,” whereas other ICIs 

are easier to discriminate from each other and are therefore more flexible. There is simply not enough time 

at <20 ms for the auditory system to process this stimulus in a way that could extract the spatial information 

in the lag-click. The timeframe would place this process at the periphery level (i.e., brainstem and mid-

brain), where structures are known to be less plastic than those at the central level (i.e., cortex), where ICIs 

>20 ms would be processed. This is supported by the reverse hierarchical theory of perceptual learning, 

which proposes that perceptual learning is a top–down guided process that begins at the central level; when 

this level fails to learn the task properly, peripheral-level processes become involved (Ahissar & Hochstein, 

2004). Therefore, what inexperienced participants learn are the specific characteristics of the task using 

peripheral-level processing, which contains more detailed stimulus information. Low-level neurons that 

contribute to task-relevant discrimination are the most relevant to obtaining the required information (Gil-

bert et al., 2001; Jones et al., 2013; Sand & Nilsson, 2014). Given the specific characteristics of the tasks 

used in my experiments, the reverse hierarchical theory seems to offer the most plausible explanation for 

the performance differences before and after ICIs = 20 ms. 

A second argument is that different mechanisms may determine lateralization thresholds at short and long 

ICIs. The dissociation between detection and lateralization in Studies I and II is a product of discrimination 

suppression. Forward masking was not the reason for the dissociation, as the included detection tasks 

showed. However, in Study II, I can make a stronger case for temporal information masking at the longer 
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ICIs, since the lead-click evoking peripheral activity may not persist long enough to interfere with lag-

clicks occurring more than 20 ms after the lead (e.g., Bianchi et al., 2013; Damaschke et al., 2005; Dean & 

Grose, 2020). Study III showed that most naïve-sighted participants can echo-detect (regardless of whether 

the signal is produced by a loudspeaker or a participant), even if they had no previous experience and are 

using the Echobot, a completely new device. However, I believe that the findings of Study III are the most 

relevant to the methodology of human echolocation research. Study IV made actual comparisons between 

echo-detection and echo-localization and it replicated in a real environment and with real signals what 

Studies I and II were showing with artificial clicks and headphones.  

Training echolocation abilities in naïve sighted 

Although I conducted only one experiment fully dedicated to training in Study II, the results show that 

naïve-sighted participants can improve their echo-localization abilities at certain ICIs. These results reflect 

some plasticity in echolocation abilities. It is true that blind echolocators who begin to develop echolocation 

abilities early in their lives tend to outperform others (Kolarik et al., 2014; Thaler & Goodale, 2016). How-

ever, the present results show that even adult sighted individuals can develop substantial echolocation abil-

ities and that if they have a performance gap between their echo-detection and echo-localization skills, this 

gap can be decreased, in some cases to the point at which both skills are equally effective at ICI >20 ms. 

Note that the training was long and rigorous enough to eliminate the possibility of the results being ex-

plained solely by learning the procedure instead of actual perceptual learning, i.e., the training exceeded 

360 trials per day, which has been shown to be the minimum necessary to achieve learning in auditory 

temporal-interval discrimination tasks (Fitzgerald & Wright, 2011).  

As Maezawa and Kawahara (2019) found in another echolocation task, after a session of learning the pro-

cedure, most participants could improve their echolocation abilities, i.e., perform perceptual learning. My 

experiment clearly fulfilled the criteria established in this previous work. It is critical to highlight that par-

ticipants did not improve when the ICI <20 ms, i.e., they did not narrow the performance gap between echo-

detection and echo-localization. An explanation for this difference between short and long ICIs is that the 

neural mechanisms (i.e., temporal processing) that affect short ICIs are less plastic than those affecting long 

ICIs, since they might be more related to attention and cognitive processes, which are the most plastic. 

Another point that warrants consideration is that Study III (i.e., the self-generated click experiment) and 

Study IV tested participants for several days with the Echobot.  

One could expect to observe some training effects in those participants too. However, this was not the case, 

as participants either only improved their performance on the first test day, or kept a similar performance 

level throughout the experiment. The findings are, again, in congruence with what Maezawa and Kawahara 

(2019) reported regarding the need for one task-learning day and also with results presented by Thaler and 
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Norman (2021). That would imply that the first day of testing should not be considered an echolocation-

training day, but a task-learning day. The experiment in Study II also showed that most participants who 

trained required more than three days to obtain a consistent improvement in echolocation performance. 

Therefore, the reason why participants improved in Study II and not in Studies III and IV may be that: a) 

they did not have enough days to improve, and b) the Echobot tasks are more difficult to perform than the 

headphone tasks. Potential reasons why the Echobot tasks, although more ecologically valid than the head-

phone tasks, may be challenging for inexperienced participants will be outlined in the following section. 

The use of the Echobot for stimulus presentation 

I think that Studies III and IV supported the notion that the Echobot is an efficient and useful device for 

presenting stimuli in echolocation studies. Its use proved to be intuitive to most participants and it was 

adaptable when implementing different psychophysical methods, such as staircase or constant stimulus 

paradigms. The method allowed rigor in echo-detection and echo-localization experiments that was not 

possible before. It kept measurement errors to a minimum, which is vital when assessing, for example, 

threshold estimations. It is true that the Echobot is a device of significant size, and that not many people 

would be able to have their own Echobot for echolocation training. However, the Echobot is also an excel-

lent device for recording echolocation signals over a varied range of distances. The resulting recordings 

could be adapted to headphone settings that are more practical for mass testing or training.  

Even though the Echobot might be impractical outside highly controlled experimental settings, it can still 

fulfill its purpose by facilitating stimulus presentation. Use of the Echobot has also shown that once real 

sounds and environments are used in echolocation research, individual differences become more noticeable 

(e.g., compare the individual differences observed in Studies I and II with the more substantial differences 

in Studies III and IV). This is not surprising, and it may be explained by the greater difficulty of the Echobot 

experiments compared with the headphone experiments. In Studies I and II, participants heard reference 

clicks and clicks containing or followed by an echo, whereas in Studies III and IV, participants only had 

one click per trial to determine whether or not the disk was present, and whether it was to the left or right. 

Studies that compare different types of signals, training with the Echobot, or the number of signals needed 

to improve echolocation performance reflect some of the possibilities that the Echobot may offer for future 

studies.  

The use of naïve-sighted participants 

I believe that naïve sighted have proven viable participants in echolocation studies. It is true that whatever 

breakthrough occurs in the field will most likely be helpful for the everyday lives of the blind, but the naïve 

sighted offer several practical advantages as research participants. First, there are many sighted individuals 

who can echolocate after a quick practice session. Second, more varied demographic characteristics (e.g., 
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gender and age) are easily available in the naïve sighted. Accessing such variation would more difficult in 

the case of the blind, at least in Sweden, where a significant proportion of blind individuals are elderly. 

Third, based on previous findings, if the naïve sighted can echolocate well, I would expect visually impaired 

individuals to perform at least as well or even better. Fourth, studies of blind individuals require significant 

investment economically, logistically, and ethically, so it would make more sense to perform an experiment 

first with sighted individuals, only repeating it with blind individuals if it clearly demonstrates useful results 

to avoid wasting resources. In this regard, I think that the present studies consistently show that naïve-

sighted individuals can be good participants in echolocation research. 

The use of “artificial” signals versus self-generated signals for studying echolocation 

In my thesis, I worked extensively with “artificial” signals as the main echolocation stimuli, something that 

only a handful of experiments did before (Thaler & Castillo-Serrano, 2016). All but one experiment in 

Study III used artificial signals. As mentioned above, there is no consensus about the best echolocation 

stimuli (i.e., artificial vs. self-generated). I think that my studies, without directly addressing the question, 

have shown some of the potential advantages of artificial stimuli. First, they provide stimulus consistency: 

the signal is the same in every single trial and the participant does not suffer from any fatigue related to 

constantly having to make mouth sounds. This is ideal when evaluating new tools, such as the Echobot, 

since it allows extensive testing of similar experimental conditions. Second, it speeds up the data collecting 

process. As Study III showed, finding the right self-generated signal for each individual can take training 

and produce inconsistent results when compared with signals produced by a loudspeaker. Third, they allow 

for signal experimentation. One can manipulate the level, repetition, duration, and other parameters in order 

to find a more effective echolocation signal, whereas with self-generated signals, the participant sets all the 

parameters from the start. These points have been argued in favor of artificial signals before, but I have 

now contributed more research specifically exploring this less explored approach, since most studies have 

been performed with self-generated signals (e.g., de Vos & Hornikx, 2017; Rojas et al., 2009; Thaler et al., 

2017; Zhang et al., 2017).  

Methodological considerations and limitations 

Here, I will address some of the limitations and weaknesses of the studies presented in my thesis. The first 

point to consider was my decision to only include naïve-sighted participants, since one of the purposes of 

echolocation research is to find ways to develop echolocation abilities in the blind. I have performed another 

study involving blind participants similar to Study IV (Tirado et al., in preparation); although the best ech-

olocators were in the blind group, the group comparison showed little difference between blind and sighted.  

Part of the problem is the difficulty of working with blind participants. Many are already at an advanced 

age, which limits the time they can spend being tested (which compromises methodological rigor), and their 
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auditory thresholds indicate auditory decay, which is expected at their age. Hence, from studying such 

participants, it would be difficult to conclude whether blindness offers an echolocation advantage. How-

ever, a study that focuses on testing a few blind participants consistently with the Echobot could be a better 

option to obtain more conclusive results. Most of the sighted participants I studied were young and could 

be tested as many times as needed, an advantage that would be hard to replicate with an older blind sample. 

I believe that also selecting a few young blind participants could give us results easier to compare with 

results from the sighted.  

The second point is that echolocation in the real world rarely happens with individuals standing still; rather, 

they are usually moving as they produce or look for echolocation signals. Several studies have already 

addressed echolocation in motion or accounting for head movement (e.g., Juurmaa & Suonio, 1975; Milne 

et al., 2014; Tonelli et al., 2018; Wallmeier & Wiegrebe, 2014). 

The decision to avoid this was related to control. It is harder to control and accurately measure participants’ 

performance if they are in constant movement, whereas a device moving away or sounds mimicking dif-

ferent distances are completely under the experimenter’s control. Therefore, I decided to sacrifice some 

ecological validity in exchange for stimulus control.  

The third point to address is that I have only vague explanations of what moderated the substantial individ-

ual differences. It is possible to discard general auditory thresholds, since most participants in all studies 

had normal thresholds and there were no large individual differences in auditory thresholds. All participants 

were new to echolocation tasks, so previous training could not explain the individual differences. 

It is true that some participants (i.e., some of my coauthors and I) had experience in other auditory experi-

ments. However, as Study II shows, there seems to be no transfer effect even between echolocation tasks, 

so I doubt previous experience in auditory experiments can explain the differences. Study II also showed 

that it is possible to close the performance gap between echo-detection and echo-localization in some con-

ditions, so it is not “hardwired” at certain ICIs. However, I would propose that differences in temporal 

processing are the best potential explanations of the large individual differences observed across the present 

studies. Then there were participants who seemed to improve as objects moved farther away from them 

(participant P10 in Study IV is the best example). I lack a good explanation for this, but those participants 

might have been capable of capturing some nuances of echoes from the sound room itself or echoes origi-

nating from the movement of the Echobot. They might have detected some level of reverberation from the 

room (see Tonelli et al., 2016); even though my acoustic analyses indicated that, the reverberation levels in 

the test room were insufficient to serve as a helping cue for the participants.  
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Future directions 

I hope that this thesis will direct some attention to the echolocation field, which offers many possibilities 

for future research. First, I think that echolocation studies should continue to focus on small-n designs. As 

mentioned above, echolocation is an individual phenomenon, so it makes sense to study individual differ-

ences in this ability, for which the Echobot is ideal. Small-n studies with blind individuals using the Echobot 

for several sessions would be another useful research avenue. Second, the use of repeated clicks as stimuli 

merits exploration. Some work has already been done in this area (Arias & Ramos, 1997; Bilsen, 1966; 

Thaler et al., 2019), but the Echobot would allow greater flexibility regarding, for example, the number of 

click repetitions, distances to the reflecting object, type of signal, and size of the disk. 

The Echobot, by allowing the use of realistic stimuli and distances, constitutes a more ecologically valid 

tool than the ones used in previous research. Beyond studies with the Echobot, other directions should also 

be explored. For example, little is known about the neural mechanisms that influence echolocation in 

sighted individuals. We know that, during echolocation tasks, their visual cortex activation resembles that 

of expert echolocators, but this is a recent finding that requires more exploration (Tonelli et al., 2020). As 

suggested above, differences in temporal processing might explain performance differences to a degree, but 

research that implements brain imaging techniques would be needed to explore this possibility at greater 

depth. Another interesting research avenue is attention: perhaps the level of attention that the participants 

put into the task has something to do with their individual differences. Ekkel et al. (2017) showed a positive 

correlation between sustained attention, divided attention, and echolocation abilities, but it would be inter-

esting to study the matter using EEG components, a method rarely used in echolocation research. 

Concluding remarks 
The results of this thesis have provided new insight into individual differences in human echolocation abil-

ities. More specifically, they showed that for most of the participants, echo-localization/lateralization was 

more difficult than echo-detection, although individual differences were considerable. With a little practice, 

some participants achieved outstanding performance, whereas others achieved only passable performance. 

Naïve-sighted participants, that is, individuals who had never tried to echolocate before, were still capable 

of echolocating at distances of up to 3 m. Furthermore, they were capable of training to echo-locate clicks 

as well as they echo-detected them at long ICIs. Finally, the Echobot proved to be useful and effective in 

giving echolocation research a level of methodological rigor that it previously mostly lacked, which is the 

methodological contribution of this thesis. The findings described here make a strong case that different 

mechanisms are responsible for conveying spatial information when our auditory system attempts to echo-

localize an object versus when it tries to echo-detect it. Hence, echo-detection and echo-localization, though 

similar, are technically independent processes that are likely dependent on different mechanisms. This is 
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the theoretical contribution of this thesis. Similarly, regarding the performance differences between short 

and long ICIs, the former were not “trainable” whereas the latter were. Again, these findings speak in favor 

of different mechanisms affecting the two processes. Overall, I believe that the mechanistic implications of 

this work call for future studies of the temporal processing of echolocation cues and of visual cortex re-

cruitment (in the blind), as well as general brain imaging research on sighted individuals during echoloca-

tion performance. I think that the key to understanding how and why some of the naïve sighted are proficient 

in echolocation whereas others cannot do it at all might lie in these proposed endeavors. 
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