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Sammanfattning 
För att barn med hörselnedsättning skall kunna få en normal tal- och språkutveckling samt 
kognitivt beteende är det av stor betydelse att hörselnedsättningen upptäcks tidigt. 

En av de beteendebaserade metoderna för att uppskatta spädbarns hörseltröskelvärden är 
Visual Reinforcement Audiometry, VRA. Det är en konditionerande procedur där barnet 
associerar ett ljud med ett visuellt mål. En audionom kontrollerar om barnet vrider på huvudet 
mot det visuella målet, som en reaktion på ljud stimuli, och belönar då barnet med en visuell 
förstärkning, så som en animerad bild på en skärm eller en mekanisk leksak. 

En ide på hur man kan göra VRA mer objektivt och mindre tidskrävande finns. Idén är att 
använda eye tracking teknik som registrerar spädbarnets ögonrörelser och använda 
ögonrörelserna istället för huvudvridningar som reaktioner på ljud stimuli. 

Detta examensarbete syftar till att testa och avgöra om VRA med eye tracking har goda 
framtidsutsikter. En prototyp i form av en datorapplikation har byggts och testats. 

Tester har utförts på tolv vuxna och nio spädbarn. Vuxna utförde bra, jämförbara, 
hörseltröskelresultat med höga signifikanser men hade problem att lära sig metodiken. De 
vuxna associerade inte ljud stimuli med belöning. Spädbarnen utförde det motsatta; de hade 
lättare att lära sig metodiken men hade inte tillräckligt med intresse eller tålamod för att utföra 
hörseltröskelresultat med hög signifikans. 

Utvärderingar av prototypen visar att VRA med eye tracking teknik har goda framtidsutsikter 
om det utvecklas vidare och förbättras. 
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Abstract 
Early detection of infant hearing loss is of great matter in order to prevent difficulties in the 
infant’s development of language, speech and cognitive behavior.  

One of the behavioral techniques for estimating infant hearing thresholds is Visual 
Reinforcement Audiometry, VRA. It is a conditioning procedure in which the infant associate 
a sound with a visual target. When the child turns its head towards the visual target, as a 
reaction to the sound stimuli, the audiologist rewards the infant with visual reinforcement, 
such as an animated picture on a screen or a mechanical toy.  

An idea of how to make the VRA more objective and less time consuming exists. The idea is 
to use eye tracking technology in which gaze points of the infant will be used as measurement 
instead of the known head turn as a reaction to sound stimuli.  

This thesis work aims to test and determine if VRA with eye tracking has prospects of 
success. For this purpose a computer application prototype has been built and tested. 

Tests were performed on twelve adults and nine infants. Adults delivered good, comparable 
hearing threshold results with high significance but had problems being conditioned. They did 
not naturally associate sound stimuli with reinforcement. Infants performed the opposite way; 
they were easier to condition but did not have enough interest and patience to produce hearing 
threshold results with high significance.  

Evaluations of the prototype show that VRA with eye tracking technology has prospects of 
success, if further developed and improved.  
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1. Introduction 
In this section background, purpose and limitations of the project are presented. 

1.1. Background 

Early detection of hearing loss in infants is of great importance in order to prevent difficulties in 
infant development of language, speech and cognition. These difficulties can occur among infants 
who do not receive the proper sound stimuli during their first year of life. (Lidén & Kankkunen, 
1969; Olusanya, 2005; Jakubíková, Kabátová, Pavlovciná, & Profant, 2009). Globally, over 
665,000 infants are born every year with significant hearing loss, and this estimate increases with 
age (Olusanya, 2005). 

Today several different procedures are used to assess infant hearing. Psychological and electro 
physiological methodologies, such as the Otoaucustic Emissions, OAE, and Auditory Brainstem 
Response, ABR, assess hearing in early infancy, typically in the neonatal period. These methods 
only test the function of the ear; therefore they are often complemented with some sort of 
behavioral test when infants with abnormal OAE/ABR responses reach the age of about six 
months. The purpose of the behavioral test is to supplement the OAE/ABR results with more 
specific results, such as an audiogram. An audiogram is a diagram of hearing thresholds for 
frequencies within normal speech. 

One popular behavioral technique to estimate infant hearing thresholds is Visual Reinforcement 
Audiometry, VRA. The method has been developed into many different versions but they all 
have in common a conditioning procedure in which the infant associates a sound with a visual 
target. When the child turns his/her head towards the visual target, in reaction to the sound 
stimuli, the audiologist rewards the infant with visual reinforcement, such as an animated picture 
on a screen or a mechanical toy. The sound stimulus is presented in a free field, through 
loudspeakers, earphones or bone vibrators. 

The VRA, as it is being used today, has a few problems. For example, the audiologist who 
interprets the infant’s reaction can never be sure that the head turn (or other reaction) is a sign of 
hearing and that the absences of a reaction is a sign of not hearing since infants can react quite at 
random.  To maintain infant attention through the entire test procedure is also a challenge for the 
audiologists.  

Doctors and audiologists from the hearing and balance clinic at Karolinska University Hospital 
together with scientists at Stockholm University have an idea of how to improve the VRA with 
new technology.  
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The new technology is eye tracking equipment that can tell where a person is looking on a 
monitor by reading the gaze position. With this technology rapid changes in the infant’s gaze 
points can be explored as a behavioral response with lower latency than the slow head 
movements traditionally used in VRA. The target, reinforcement and fixation will now all be 
presented on the monitor connected to the eye tracker. 

Since all gaze movement data during the test is collected and saved by the eye tracker, the new 
test will hopefully detect signs of hearing in a more careful way than with current methodology. 
The new test is also expected to improve time efficiency by performing and evaluating each trial 
faster. Shorter latencies can be expected to result in a shorter total testing time. This allows for 
higher number of observations and better significance.  

The goal is to develop a more objective, reliable and automatic hearing with this technique. 
Hopes of lowering the age at which the VRA is appropriate also exists, since infant’s ability to 
control gaze is developed earlier then the ability to control head movements. If the new VRA 
proves to be appropriate for younger infants, earlier detection of hearing loss becomes possible. 

1.2. Purpose and goals 

The purpose of this thesis work is to build and test a prototype to determine if a VRA with eye 
tracking is a useful method for testing infant hearing. 

The prototype should be able to 

 Determine if this new method is appropriate and worth further research. 

 Keep the infant’s interest for at least 5 minutes. 

 Present standard infant audiograms automatically. 

 Show results in terms of significance. 
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1.3. Limitations 

This thesis work excludes: 

 A market research. According to Karolinska University Hospital there is a big market for 
an improved version of the VRA. The new test can improve the odds of regular 
development for children with hearing loss due to more precise and reliable diagnosis. 
About 665,000 babies are born every year with hearing loss, worldwide (Olusanya, 2005). 
There should be a big market for hearing evaluation methods. 

 A cost analysis. The cost of an eye tracking VRA equipment has not been estimated. 
Neither the cost of the work done in this thesis nor costs for further development of the 
eye tracking VRA. 

 A complete mapping of the infant’s hearing system. This thesis work only aims at 
determining the new method’s potential. It will not produce more than a standard 
audiogram with reasonable accuracy. Continuing research, more accurate diagnostic and 
further analyses can be possible with the new technology but are not included in this 
thesis work. 

 Adjustments to the prototype for users of today’s VRA, the audiologist of the hearing and 
balance clinic at Karolinska University Hospital. The prototype will, if working properly, 
be further developed into a user-friendly clinical audiometric test. 

 Adjustments for different eye trackers. The application works only with Tobii 
Technology’s eye tracker. 
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2. Method 
This section describes the actors, the main methods for development of the test and the evaluation 
method of this thesis work. 

2.1. Contributors 

This thesis work results from collaboration between Stockholm University, Karolinska 
University Hospital, Tobii Technology AB and the Royal Institute of Technology. Figure 1 
shows the main contributors of the project. 

 

Figure 1. The main contributors of the thesis work. 

Thesis worker is Louise Mattsson, developer of requirement specification and computer 
application as well as manager of prototype testing and evaluation. Supervisors of the project are 
Ernesto Gutierrez, Francisco Lacerda, and Iris-Corinna Schwarz. Audiology and eye tracking 
input has been received from Inger Uhlén, Birgitta Sköld and Jenny Grant. Daniel Liljhammar 
contributed with eye tracking programming support. 
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2.2. Development process 

The overall product development process for the thesis work is illustrated in Figure 2. 

ID
jun 2009 jul 2009 aug 2009 sep 2009 okt 2009 nov 2009 dec 2009

31-5 7-6 14-6 21-6 28-6 5-7 12-7 19-7 26-7 2-8 9-8 16-8 23-8 30-8 6-9 13-9 20-9 27-9 4-10 11-10 18-10 25-10 1-11 8-11 15-11 22-11 29-11 6-12 13-12

1 Planning

2 Research

3 Development

4 Prototype

5 Testing and evaluation

6 Documentation

jan 2010

20-12 27-12 3-1 10-1

Handing over to 
further development 
and product release  

Figure 2. The development process of the thesis work 

2.2.1. Research 

Research in audiology, infant hearing test methods and eye tracking has been performed to gather 
enough information about hearing in general, infant hearing and development, hearing evaluation 
tests, infant visual orientation and eye/gaze tracking. This has been done by reading relevant 
literature, attending live hearing test procedures at the hearing clinic at Karolinska University 
Hospital and asking questions to people from the Stockholm University, Karolinska University 
Hospital and Tobii Technology. The results of this study are shown in chapter 3. 

2.2.2. Development and prototype building 

The prototype application development and building process is based on the spiral software 
process (Braude, 2004), recreated in Figure 3. 

Iteration nr
Requirement analysis
Design
Coding
Testing

1 2 3
1

MILESTONES

Time

1
1

1

2
2

2
2

3
3

3
3  

Figure 3. The spiral software process, recreated (Braude, 2004, p.3). 

The prototype development process is divided into three major parts because of the hearing test 
methodology (Operant conditioning, testing, showing results, see section 4.3).  
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Requirement analysis - Specifying what the application must do. 

A few requirements were already set up by Stockholm University and Karolinska University 
Hospital before this thesis work started, who had a clear view of what they wanted from the new 
hearing test. It was supposed to manage to produce at least the same results as the tests that are 
being used today. Therefore, a small study of the methodology that is being used today was 
performed by taking part in children hearing tests at Karolinska University Hospital. The results 
of the visit and discussions at Karolinska University Hospital, Tobii Technology and Stockholm 
University were summarized in a requirement specification for the application. The requirements 
were rephrased and changed a bit during the application development. The final requirement 
specification is available in chapter 4.2.  

Design - Specifying what the parts will be and how they will fit together  

Some sketches and brainstorming were made by Stockholm University and Karolinska 
University Hospital before the start of the thesis work. Therefore, the ideas were further 
discussed and put into sequence diagrams. The sequence diagrams were used to lay out the parts 
of the hearing test and how they should be built.  

Implementation - Writing the code  

The prototype application has been developed in Microsoft Visual Studio 2008, using 
Visual Basic.NET as programming language. The Tobii Eye Tracker Software Development Kit 
(Tobii SDK) has been used to implement the eye tracker into the test. Each part was developed 
separately before implementing it to the final prototype. 

After each part had been developed, tested and evaluated, a period of combining the phases took 
place. Then the entire prototype was tested and evaluated. 

Testing - Executing the application with test data for input 

Each part of the prototype was tested before moving on to the next one, preventing errors to be 
copied into the next part. The tests were performed on the thesis worker or department staff at 
Stockholm University.  

Maintenance - Repairing defects and adding capability 

Maintenance has been performed in a small amount during the development and error testing of 
the different parts of the prototype in a sufficient amount for the complete prototype but not for 
the entire test with the upcoming user interface. This phase will mainly be performed after this 
thesis and is therefore excluded from this report. 
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2.2.3. Testing and evaluation 

The complete prototype was tested at Stockholm University’s phonetics lab in a sound proof 
room. The participant was placed in front of a Tobii eye tracker type T120 . The screen is 
1280 x 1024 pixels. 

Twelve adults aged 24-52 years participated in the prototype test. The adult participants also 
performed a reference test for comparison of the audiometric results. The reference test was 
performed by a Brüel & Kjaer audiometer type 1800. Some modifications were made to the 
prototype after testing it with adults.  

Nine infants aged three, five, nine, and ten months were tested. The infant participants were 
placed in the lap of their parent during the prototype test.  

An evaluation of the prototype has been performed and summarized in recommendations for 
further development of the hearing test. The evaluation forms can be found in the appendix. 

2.2.4. Documentation 

This report, the evaluations and the application code is the documentation that will be handed 
over to further development and product release. 
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3. Frame of reference 
Different methodologies for evaluation of hearing, theories of infant visual orientation and a 
presentation of the eye tracker are described in this section. 

3.1. Newborn hearing screening 

Although hearing is a behavioral response, identification of hearing loss using a behavioral 
technique in newborns has been shown to be inappropriate (Widen et al, 2005). Instead, more 
objective methods have been proven to be more successful. 

This chapter presents the newborn hearing screening method. Hearing screening is widely spread 
around the world with great success in determining hearing loss in newborns. Many hospitals use 
a 2-stage protocol for the hearing screening.  

The first step is Otoacoustic Emissions (OAE). The OAE measures sound in the ear canal that are 
generated and emitted by the outer hair cells of the cochlea in healthy ears in response to acoustic 
stimulus (Vohr, 1996). This method was first described by David Kemp (1978). 

Infants who fail the OAE continue to the Auditory Brainstem Response (ABR). This procedure 
was first reported by Davis (1976). It uses the ability to evoke and record a short-latency 
electroencephalographic waveform in response to a click stimulus with the use of surface 
electrodes applied to specific locations on the skull (Vohr, 1996). 

Today, most infants are tested with newborn hearing screening, but even if all infants would be 
screened for hearing loss using the 2-stage method, about 23% of the children with permanent 
hearing loss at about nine months of age would have passed ABR. Also, over 70% of infants who 
pass the hearing screening are expected to have mild hearing loss (Johnson et al, 2005). This 
shows the need for continued monitoring of infant hearing status. 

Widen and colleagues (2005) also claims that even though newborn screening is a successful way 
of determine early hearing loss, a behavioral test, such as the VRA, is appropriate for infants with 
risk factors for later onset hearing loss and for the continued detailed audiometric testing of 
infants with congenital hearing loss.  

Therefore, if the child should fail both of the two steps of newborn hearing screening, their 
hearing will be further evaluated, normally with the VRA procedure. 

Also, the OAE and the ABR methods only test the ear function. A behavioral test is needed to see 
that more than the ear function is working and that a typical reaction to sound stimuli occurs. 
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3.2. Visual Reinforcement Audiometry 

Visual Reinforcement Audiometry, VRA, is one of the main methods used today for hearing 
development research (Werner & Rubel, 2002). 

The Visual Reinforcement Audiometry was first mentioned by Lidén and Kankkunen (1969). 
The prodecure was a modification of the Conditioned Orientation Reflex Audiometry, CORA 
(Suzuki & Ogiba, 1960).  

In the original VRA the child is positioned in front of a curved panel. Loudspeakers are located 
on each side of the child, approximately 70 cm in between and 50-100 cm from the participant. 
On each side of the panel a frosted glass screen is installed to show pictures. A sound stimulus is 
presented to the child through the loud speakers and an interesting picture is shown on one of the 
screens. After a few trials the child anticipates that a sound is followed by a picture and usually 
looks immediately towards the screen as a response to the sound stimulus. This behavior is used 
during the test to estimate if the child is able to detect the sound being presented. A reaction 
towards the screen as a result of a sound stimulus is registered as a hit and no reaction after a 
sound stimulus as a miss. Hits are rewarded with a picture on the screen while misses are not 
(Lidén & Kankkunen, 1969). This type of reward will be named as “reinforcement” in this report.  

The Conditioned Head Turn Procedure is also developed from the Suzuki and Ogiba (1960) 
CORA method is similar to VRA in many ways. The differences lay within the objectivity.  In 
the Conditioned Head Turn Procedure described by Werker, Polka, and Pegg (1997) the assistant 
separates hits from missed by looking at the child through a one-way window while being blind 
to the sound stimulus presentation. Another assistant is sitting in front of the child who sits is 
placed in the lap of a parent. Both the assistant in the test room and the parent have earphones 
with music so neither one of the two assistants nor the parent are able to influence the child to 
move its head even subconsciously by pointing at the loud speaker or changing their facial 
expression. Control trials, in which no sound stimulus is presented, are also included in the 
Conditioned Head Turn Procedure. If the child turns his/her head even when no sound is emitted, 
you might suspect that the child has a strong head-turn bias and could give false positive answers 
during the experimental trials with auditory stimuli. The assistant sitting behind the one-way 
glass who determines whether the child shows a reaction or not, is blind to the type of trial; 
experimental or control trial, while observing the infant’s reactions. 

Performing behavioral tests with infants is a difficult task. One of the biggest challenges is to 
maintain the infant’s interest during the whole test procedure. Otherwise, the hearing threshold 
curve (the audiogram) will not be completed and the infant will have to return later for another 
test occasion. The attention of the infant could be enhanced if the reinforcement type is adjusted 
properly to the age of the infant (Werker et al., 1997; Werner & Rubel, 1992). 
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To detect the reaction of the infant demands a skilled and experienced audiologist (Widen et al. 
2005). They have to be able to interpret the needs and interest of every single child. In many 
cases the audiologist who interprets the infant’s reactions faces challenge to determine whether 
the head turn (or other reaction) is a sign of hearing and whether the absence of a reaction is a 
sign of not hearing. Infants are often unpredictable in their movement. 

Studies indicate that VRA is appropriate for children of age five to six months (Lidén & 
Kankkunen, 1969; Chun, Pawsat, & Foster, 1960; Werker et al., 1997; Day, Bamford, Shepherd, 
& Quigly, 2000). Subtle reactions, such as eye-opening, movements of eyebrows or pauses in 
ongoing activity are possible to witness in infants younger than five months (Werker et al., 1997). 
This indicates that the VRA method might be usable for infants at a younger age if a method for 
detecting other, small, reactions is developed. 

3.2.1. Types of reactions 

In some versions of the VRA other reactions than just the head turn are accepted as a reaction to 
the sound stimulus. The four main types of reaction by Lidén and Kankkunen (1969) are 
reflexive behavior, investigatory behavior, orientation response and spontaneous response. 

Reflexive behavior is defined as responses where the child moves the head or shoulders. More 
subtle reactions such as changes in facial expression, wrinkling of the forehead, widening of the 
eyes, jerks in the lips or changes of eye blink rate are also accepted. Reflexive behaviors are most 
common among children younger than one year. 

Investigatory behavior occurs among the youngest children who do not immediately understand 
the connection between the sound stimulus and the reinforcement but gradually learn. They start 
looking towards the loudspeakers or the audiologist and show a thoughtful behavior before they 
fully understand the association.  

Some children understand and learn the procedure of the VRA test very quickly and show a 
direct response to sound by turning their head to the reinforcement, sometimes without changing 
facial expression or showing any other reactions. This simple and apparent response is called 
orientation response. 

Children who fully understand and handle the test procedure often show a spontaneous response 
to the sound stimulus. These responses are expressed in many different ways, such as pointing at 
the reinforcement, imitating the sound, nodding or saying “now”.  

Werner and Rubel (2002) claim that the specific type of reaction chosen as indicating reaction to 
a sound stimulus is not an important variable in evaluating infant hearing.  

Permitting several types of reaction may be good since children can react differently and have 
different levels of bias towards turning their head. While this allows exploring a wider range of 
response behaviors, allowing more types of reaction makes the job for the audiologist tougher 
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since he or she has to interpret all of these types of reaction. Many types of reaction also make it 
more difficult to separate hits from false alarms, separating correct from random reaction. The 
reliability of the test may decrease by allowing several reaction types. 

However, using different types of reaction or just the main head turn has been discussed. Olsho, 
Koch, Halpin, and Carter (1987) found no differences in thresholds between the tests that only 
use head turns as a correct reaction and those who use several types of reaction.  

3.2.2. Reinforcement 

The importance of reinforcement as a part of the VRA method is discussed in many studies. 
Excluding reinforcement substantially reduce the number of head turns, indicating that 
reinforcement has a big motivational effect (Trehub, Schneider, & Bull, 1981). 

Moore, Thomson, and Thomson (1975) compared head turns from 12 to 18-month-old in four 
cases where different reinforcement conditions were used; no reinforcement, blinking light 
reinforcement, social reinforcement and mechanical toy reinforcement. All reinforcements 
increased the number of head turns relative to the no reinforcement case. The mechanical toy was 
the most successful reinforcement among the three different types. Other yet untried 
reinforcements might be even more effective (Werner & Rubel, 1992). 

Schmida, Peterson, and Tharpe (2003) performed a study with 40, 2 year old children, where they 
compared animated video and mechanical toy as a reinforcements. The result indicated a smaller 
advantage using the video as reinforcement, suggesting that video might be a better 
reinforcement type than the conventional mechanical toy. A similar study by Lowery, von 
Hapsburg, and Johnstone (2009) claims that there is no difference in the amount head turns prior 
to habituation, hit rate (response consistency), false alarm rate and sensitivity between the video 
and conventional visual reinforcement in infants from seven to twelve months of age. 

The duration of the reinforcement also is an important variable. Culpepper and Thomson (1994) 
tried three different durations, 0.5 s, 1.5 s and 4.0 s, in 60 2-year-old children. The result 
indicated that the shortest duration produced most head turns. The shortest duration also showed 
significant lower habituation rates than the longest duration. Apparently, audiologists may get 
better results with 2 year old children by decreasing the duration of the reinforcement. 

3.2.3. Type of stimuli transmitter 

The sound stimulus is most commonly presented via earphones or loudspeakers. Earphones 
produce the lowest thresholds and that the difference in thresholds between sound-field and 
earphones are biggest in the middle frequency range (Werner & Rubel, 1992). Low frequencies 
may be difficult to estimate under earphones because of the leakage that sometimes occurs when 
the earphones are not kept in place during the test. 
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3.3. Infant visual orientation 

This chapter describes the infant visual orientation behaviors that have been found relevant for 
this thesis work. 

3.3.1. Infants ability to predict and follow visual events 

The University of Uppsala found that children can represent temporarily hidden objects from the 
age of four months onwards (Tobii Technology, 2009). The procedure started with visualizing an 
object moving horizontal at a computer screen. In the center of the screen a box hid the object 
moving “behind” the box. The object showed up at the other end of the box in a realistic way 
using constant velocity the whole time. The gaze of the child was registered by a Tobii eye 
tracker throughout the session. Children of four months and older followed the object with their 
eyes and when the object disappeared behind the box, the child moved their gaze to the “exit” of 
the box, waiting for the object to emerge. This indicates that children can predict visual events at 
the age of four months.  

Johnson, Posner and Rothbart (1991) claims that children start to follow objects smoothly with 
their eyes and become more sensitive to visual stimulus being presented in nose level by the age 
of two or three months. Their study also shows that the mechanisms that control visual 
orientation evolve significantly between the ages of two to four months. 

3.3.2. Infants ability to change gaze and react to visual stimulus 

Haith, Hazan, and Goodman (1988) and Johnson and colleagues (1991) investigated infant visual 
orientation and reaction time due to visual stimulus. Haith and colleagues tested infants of three 
and a half months old while Johnson et al. tested two, three, and four month olds. In both studies, 
a time threshold of 200 ms after stimulus onset was determined. The time threshold was used to 
separate eye movements in response to a stimulus from random or anticipatory eye movements. 
Eye movements that occurred prior to the time threshold were classified as eye movements that 
were initiated prior to the stimulus onset. 

This value of 200 ms is therefore an indication of infant reaction time. However, both Haith and 
colleagues and Johnson and colleagues used visual stimulus. Reaction times for auditory stimuli 
may be different. 

The study of Johnson and colleagues (1991) was to determine the infant’s ability to disengage 
gaze from a visual stimulus. An interesting result shows that in more than 90% of the cases in 
which the 3- month-old infants did move their gaze from one object to another, they did so within 
three seconds after stimulus onset.  

This indicates that infant reaction time for auditory stimuli is about 200 ms and that 3 s is more 
than enough time for an infant to change their gaze.  



21 
 

3.4. Eye tracking 

Eye tracking is a method to determine where a person is looking. Eye trackers register eye 
movement or gaze point of a participant. This technique is usable in several areas, such as a 
communication tool for disabled, psychological and infant research as well as usability and 
market research (Tobii Technology, 2009). The two following chapters contain a summary of the 
eye tracking history and a short description of the eye tracker selected for this study. 

3.4.1. Eye tracking history 

Dodge and Cline developed the first eye tracking technique in 1901 (Dodge & Cline, 1901, cited 
in Jacob & Karn, 2003). This technique used light reflected from the cornea. Only horizontal eye 
position onto a falling photographic plate could be recorded by the system and it required the 
participant’s head to be motionless. Shortly after this, Judd, McAllister and Steel (1905) used 
motion picture photography and were able to record eye movements in two dimensions. Instead 
of light reflection, they used a small white speck of material inserted into the participants’ eyes 
and then recorded the movement of it.  

In 1948 the first head-mounted eye tracker was invented. This set the beginning to free eye 
tracking study participants from tight constraints on head movement. The research continued and 
flourished in the 1970s, with advances in eye tracking technology but also the psychological 
theory that may link eye movement data to cognitive processes. 

A discovery that multiple reflections from the eye could be used to dissociate eye rotations from 
head movement increased the tracking precision and also prepared the ground for developing 
greater freedom of participant movement. As the Internet, e-mail, and videoconferencing evolved 
and were used for information sharing during the 1990s and later, researchers again turned to eye 
tracking to answer questions about usability and to serve as a computer input device. 

Most eye trackers today are mounted either on the participant’s head or remotely in front of the 
participant. They capture reflections of infrared light from both the cornea and the retina and are 
based on the fundamental principles developed in the 1960s and 1970s.  
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One of the biggest problems with eye tracking is the need to constrain the physical relationship 
between the eye tracking system and the user. Either you have to have a remotely mounted eye 
tracking system that puts some restrictions on the user’s movement or you use a system that must 
be firmly (and uncomfortably) mounted to the user’s head.  

Neither one of these options are adequate to use with infants. However, recent research has 
reduced the restrictions on the user’s movement and is therefore an option for infant research. 
The company known for this improvement of eye tracking is Tobii Technology AB. It was 
funded in 2001 and is now a world leader in hardware and software solutions for eye tracking 
(Tobii Technology, 2009). 

3.4.2. Tobii Technology’s eye tracker 

Tobii’s eye tracker reflects invisible infrared light onto an eye, records the reflection pattern with 
a sensor system, and then calculate the exact point of gaze using a geometrical model. Once the 
gaze point is determined, it can be visualized and shown on a computer monitor. The gaze point 
can also be used to control and interact with different machines.  

The eye tracker is able to perform with different types of eyes and with persons using glasses or 
contacts. Users are also able to look away from the eye tracker without needing to recalibrate. 
Another advantage with the Tobii eye tracker is the “track box”. The track box is the volume, the 
imaginary box, in which a user can move its head without the eye tracker failing to detect the 
gaze. Tobii’s eye tracker has a larger track box than its competitors (Tobii Technology, 2009). 

The facts that the Tobii eye tracker does not need head-mounted equipment, that it is tolerant to 
head movements, and even permits the user to look away from the eye tracker without needing 
recalibration, still with high accuracy, are compelling reasons for using it in infant research, as 
illustrated in Figure 4. 

 

Figure 4. Infant eye tracking research. 
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4. Results 
This section presents the result of thesis work. Current status, requirement specification and the 
prototype are described. 

4.1. Current status 

The methodology for hearing tests used today by Karolinska University Hospital, based on the 
head turn VRA described in chapter 3, has a few problems. One of the first observations made in 
this thesis work was the difficulty to maintain the child’s interest during the hearing test. The 
methodology seems time consuming or not enough interesting. Since all children are unique it is 
a challenge to find out what each child is interested in. Another way of solving the problem with 
interest is to shorten the test duration and thereby keep the interest during the entire test. 

Another identified problem with today’s hearing test methodology is the low significance of the 
results. Most children perform random movement during the test, some more, some less. The 
audiologist must try to distinguish true head turns from random movement, which seems to be a 
difficult task when the child is restless or fussy. Also, each audiologist has its own criteria for a 
head turn, for example there is no exact value of degrees of head turn angle that every audiologist 
have to follow and even if there was one it would be very difficult to measure it during the test. 

The required improvements that have been identified from the analysis of today are: 

 Shorten the duration of the hearing test 

 Increase the objectivity for the classification of hits and misses 

 Find a way to detect false alarms 
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4.2. Requirement specification 

The analysis of today and requirements from Stockholm University resulted in the following 
requirement specification. 

To reach the goals of the thesis work the prototype should be able to: 

4.2.1. Technology 

Calibrate the eye tracker. 

Present calibrated sounds with different frequencies and sound intensity levels. 

Present calibrated sounds through different earphones/insert earphones/loudspeakers for testing 
right or left ear. 

4.2.2. Process 

Calibrate the eye tracker without problems. 

Save personal data of the infant. 

Teach a child to associate pictures with sounds without human interaction. 

Detect if the infant’s gaze leaves the eye tracker screen (either by looking outside or by closing 
its eyes) and then pause the trial, launch an attention event and recapture interest. 

Select sounds in an adaptive predetermined way. 
 
Detect false alarms.  

Collect hits and misses and calculate thresholds with significance values. 
 
Keep track of the elapsed time and pick the most significant threshold if the maximum time for a 
frequency has elapsed. 

Switch frequency if the significance value for a certain threshold is satisfactory or if the 
maximum time for a frequency has elapsed. 

4.2.3. Results 

Produce results with correct significance values. 

Produce correct audiograms of an infant’s hearing thresholds. 

Perform a whole test of three frequencies, both ears, with a significance of at least 10% within 
five minutes. 
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4.3. The prototype 

In the new hearing test prototype an eye tracker and a computer program is the classifier of hits 
and misses, instead if the audiologist. The methodology is similar to VRA but instead of head 
turns, eye movements are registered. The child is placed in front of the eye tracker screen and an 
interesting image in the middle of the screen, called the fixation image, is trying to get the child’s 
visual attention, see Figure 5.  

 

 

Figure 5. A fixation image.  

The eye tracker delivers gaze data to the computer program which determines if the gaze is 
within the fixation area, see Figure 6.  

 

Figure 6. The red area represents the fixation area and the blue area represents the seek 
area. 

Search area

Search area

Fixation area
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When the child looks at the fixation image and the fixation criteria (all criteria are described in 
the appendix) is met, a sound is presented and the child is supposed to react by moving its gaze 
from the fixation area to the seek area, see Figure 6. 

If the child leaves the fixation image with its gaze and the leave fixation criteria is met, the 
fixation image is turned off. Short after, if the seek criteria is met, a funny animated image 
appears in a random corner of the screen and moves along the edge of the screen as 
reinforcement, see Figure 7. The reinforcement duration is 1.5 seconds which is a result of a 
deliberation between shorten the duration to maintain the child’s interest and curiosity 
(Culpepper & Thomson, 1994) and lengthen the duration to enable the child to enjoy it. 

 

Figure 7. A reinforcement. 

With this methodology, the idea is that the child will eventually anticipate the reinforcement 
upon hearing the sound. When the child hears a sound, it will start looking for the reinforcement 
in the seek area. If it does not hear a sound, the focus should remain in the fixation area, looking 
at the fixation image in the middle of the screen. These two outcomes will determine whether the 
child heard the presented sound or not. 

The computer program, henceforth called the application, is built to receive and analyze gaze 
data from the eye tracker, turn on and off fixation images and reinforcements depending on the 
participant’s gaze point, presents different sounds and produce results. The following subsections 
describe the steps in the prototype application in more detail. 
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4.3.1. Part 1: Preparation and calibration 

Before going to the actual test one must fill in standard personal information about the infant, 
such as name and birth date, as well as what source of sound will be used (speakers, earphones, 
earphones in hat or insert earphones). This information is needed to later identify the result files 
of the test. 

The first step of the preparation is to make sure that the eyes to be tracked are within the 
geometrical boundaries of the eye tracker. This is done by showing the “track status window” 
available in the Tobii SDK on a control monitor. The track status window is a black window 
where two white circles are shown when the eyes of the participant are detected. The white 
circles then follow the movement of the participant’s eyes.  

The next step of the preparation is to calibrate the eye tracker. The calibration is done by a 
standard calibration method produced by Tobii Technology, available in their Tobii SDK, where 
a pulsating circle moves around on the screen. The participant follows the circle with its gaze 
while the eye tracker collects sufficient gaze data.  

Changes made to these standard preparations and calibrations are change of color of the 
calibration circle (from blue to bright pink) and to show the track status window also on the 
participant’s screen. With these changes the calibration procedure can be optimized and made as 
interesting as possible for the infant. 

4.3.2. Part 2: Operant conditioning 

To be able to test infants hearing, the infants need to learn the procedure of the test. Therefore, a 
conditioning phase is initiated before the actual hearing test can start. 

The conditioning phase consists of three different levels, all described in detail later in this 
section. Each level has a teaching purpose and a specific procedure. However, all levels start in 
the same way, by showing a random fixation image in the center of the screen. The sound 
presented is at 45dB HL and alternates between 1000Hz, 2000Hz and 4000Hz. 

The application starts with level 1. If the child succeeds level 1, the application skips level 2 and 
starts level 3. If the child should fail level 3, the application goes down to level 2. Level 2 is used 
as an extra step if the child does not finish the conditioning phase in only level 1 and 3 as 
illustrated in Figure 8. 
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Figure 8. A sequence diagram of the conditioning phase. 

The three conditioning levels each have a sequence diagram in the appendix. 

Level 1: Move focus 

This level is trying to teach the child to move its gaze from the simple fixation image to the more 
exciting reinforcement. A sound is hopefully associated with the reinforcement. 

If the child focuses on the fixation image, a sound is presented, the fixation image is turned off 
and the reinforcement is shown. If the child focuses on the reinforcement a level 1 hit is 
registered. This procedure continues until three hits have been registered. The conditioning phase 
then goes to level 3 if it is the first round or level 2 if it is not, as shown in Figure 8. 

Level 2: Associate sound with reinforcement 

Level 2 is very similar to level 1 but has a short delay of 400ms between the sound and the 
reinforcement. This is trying to make the child realize that the reinforcement comes after a sound 
and clarify the relationship between the sound and the reinforcement. 

If the child focuses on the fixation image, the sound is presented, the fixation image is turned off 
and the reinforcement is shown. If the child focuses on the reinforcement a level 2 hit is 
registered. If not, a level 2 miss is registered. If three hits have been registered the conditioning 
phase goes to level 3. If four misses have been registered the conditioning phase goes to level 1. 

Level 3: Test trials 

This level is a control to see that the child now has learned the upcoming test procedure. This 
level procedure is almost identical to the test procedure. The child is expected to have realized 
that it should look at the fixation image until a sound is presented and then seek in the seek area 
to find the reinforcement.  
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If the child looks at the fixation image, a sound is presented. If gaze is moved from fixation 
image, the fixation image is turned off. If focus remains in the seek area, the reinforcement is 
shown and a level 3 hit is registered. If the infant does not move its gaze from the fixation image 
or if it does but then does not focus long enough in the seek area, a level 3 miss is registered. 
This procedure continues until three hits have been registered and then the conditioning phase is 
complete If four misses have been registered the conditioning phase goes to level 2. 

4.3.3. Part 3: Testing 

The tests trial procedure is almost equal to level 3 of the conditioning phase, with some changes 
and clarifications described in the following subchapters. The overall flow in the test is illustrated 
a sequence diagram in Figure 9.  

Seek

YesNo

Early Seek

Leave Fixation

Time Out

Time Out

Leave Fixation

Time Out

Time Out

Fixation

START

END

Reinforcement

Register 
Hit

New Fixation 
Image On

Control TrialTest Trial

Fixation Image 
Off

Play Sound

All
Sounds Tested

Register 
Correct Rejection

Register 
False Alarm

Register 
Miss

 

Figure 9. A sequence diagram of the hearing test methodology. 
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Hit  

A hit is registered if the seek criteria (all criteria are described in the appendix) is met. That 
occurs when the child has fixated its gaze on the fixation image, a sound has been presented and 
the child has moved its gaze to seek area and fixated the gaze there in a sufficient time period. 
Then the program analyses that behavior as looking for reinforcement. The interesting animation 
is shown as reinforcement.  

Miss 

A miss is registered if the child does not leave the fixation image with its gaze within the time set 
for the leave fixation criteria or if the child does not fixate its gaze in the seek area  long enough 
to meet the seek criteria. 

Correct rejection 

A control trial is a trial where no sound is presented when gaze focus is on the fixation image. 
The purpose is to assess potential bias towards looking to the reinforcement even in the absence 
of sound. The reinforcement can only be shown when a sound has been presented, never during a 
control trial.  The “correct” reaction during a control trial is to maintain gaze fixation on the 
fixation image until the next trial starts. Then the correct rejection criteria is met and a correct 
rejection will be registered.  

When each trial is initiated, there is a 10% chance that the trial will be a control trial. If one 
increases the percentage of control trials, the possibility for a hit will be lower and the 
significance of a hit will therefore be increased. However, adding control trials will also extend 
the duration of the test and make the test less interesting for the infant. 10 % control trials and 
90 % test trials are expected to be reasonable values. 

False alarm 

If the child moves its gaze focus from the fixation image during a control trial a false alarm will 
be registered.  

A false alarm can also be registered during a test trial. If a hit is registered and the time when the 
seek criteria was met occurs before reasonable reaction time the outcome will be registered as a 
false alarm. The application saves the average reaction time during the conditioning phase and 
uses 75% of that value during the test phase as a measure of reasonable reaction time for the 
specific infant. The value of 75% is an estimated value of how much the reaction time is 
reasonable to improve. Once the methodology is understood in the conditioning phase, the 
reaction time might decrease during the test phase. 
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Sound 

The sound stimuli used in the application are 800 ms long sinus wave tones with 20 ms linear , 
initial and final ramps to avoid transients. The tones were created in advance and saved in 
different files that the application launches during the test. Files for five frequencies and 17 
different sound intensity levels (5db steps) were created and adjusted to ISO 389, in order to get 
the result thresholds in correct dB HL. 

Since different earphones were used during the test, different sound calibrations were made. The 
application has these calibration settings built in and the test controller only needs to select the 
type of earphones being used. 

Stepping through sound levels 

An audiogram consists of hearing thresholds for different frequencies. To produce an audiogram, 
a level of sound intensity, a hearing threshold has to be determined for each frequency. This is 
done by stepping between different sound levels and trying to find the child’s thresholds. The 
methodology for stepping through the sound library follows the procedure used by the Karolinska 
University Hospital: 

If a miss is registered, the sound intensity level is increased by 5dB. If a hit is registered, the 
sound intensity level is decreased by 10dB.  

To quickly find an approximate value for the threshold, the program jumps in bigger steps in the 
beginning. If the program starts at 10dB HL, it will step up 20dB for each miss up to 60dB. Over 
60dB the steps become smaller, 10dB and over 80dB the steps are only 5dB since these values of 
sound level are high and might hurt the participant’s ears if the steps are bigger. When the first 
hit has been registered for the current frequency, the stepping procedure is set to standard as 
described above (up 5dB for miss, down 10dB for hit).  

Stepping through frequencies 

To increase the significance of the results, more than one hit for each sound level is demanded to 
determine the hearing threshold. The prototype uses the binomial probability distribution, 
Equation 1, to calculate the significance of result. 

 

Equation 1. The binomial probability distribution, where p is the probability of random 
successful response. 
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An assumption is made that the possibility for a hit is almost equal to the possibility for a miss, 
but slightly lower since the application has control trials, see Equation 2. 

 

Equation 2. The probability for a hit 

The probability value for a miss is therefore 0.55 as shown in Equation 3. 

 

Equation 3. The probability for a miss. 

The test will continue to step through sound levels until the significance for a sound level is 
matching three hits in a row, as Equation 4 shows. 

 

 

Equation 4. Probability for three hits in a row. 

When that criteria is met, the sound intensity level is noted as the threshold of that specific 
frequency. This means that the probability for a random hit, at this time, is less than 10%. If the 
value of approval is higher, the test results become more uncertain but the test will not require as 
many trials and thereby have a shorter duration. There is a balance between the desired value of 
significance and the duration of the test. 

This method could make the test go on forever before a threshold is set since the value of 
approval requires a certain amount of hits in a row or a small amount if misses (according to the 
binomial probability distribution described above). A miss once in a while will impair the 
significance and require more hits on that specific sound intensity level. Because of this, a 
maximum time is set for each frequency. If the maximum time has exceeded, the sound intensity 
level with the highest significance is set as the threshold for that frequency. The significance of 
the threshold for each frequency is printed in the result. 

Attention grabber 

If the infant looks outside of the eye tracker screen or closes the eyes for more than three seconds, 
the application launches an attention grabber to recapture the interest of the child towards the 
screen. When the attention grabber is launched, the test or conditioning phase is paused and the 
background color of the screen turns bright pink.  When there is a stable gaze point on the screen, 
the background color turns back to black and the test or conditioning phase resumes. 
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Performance report 

The application saves and prints the time spent to establish each frequency threshold, the 
frequencies tested and the value of significance for each threshold. It also saves the number of 
hits, misses, false alarms and correct rejections throughout the test.  

To be able to analyze the test procedure retrospectively all the gaze data during the test is saved. 
All gaze data is marked with a time stamp and information on the test stage to which it belongs. 

4.3.4. Part 4: Showing results 

All the data gathered by application during the test is shown in a result window, once the test has 
finished. The layout of the result window is illustrated in Figure 10. Blue cross represent left ear 
and red circle represents right ear. The name and birth date of the participant has been excluded 
and replaced by a simple identification nr (the nr 3 in the top of Figure 10). 

 

Figure 10. The result window. 
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5. Evaluation of tests 
The forms used for evaluation of the prototype are based on the requirement specification and can 
be found in the appendix. A table compilation of the tests is also found in the appendix. 

5.1.1. Adults 

Technology 

The application was able to calibrate the eye tracker for eleven out of twelve adults. The 
evaluation is therefore performed on only eleven participants, since the twelfth could not 
participate in the test. For all of the eleven successfully calibrated participants the application was 
able to present calibrated sounds with different frequencies, different sound intensity levels and 
through different speakers. 

Methodology 

Four adult eye tracker calibrations needed adjustments, such as chair height, distance from 
screen, removal of glasses, etc. but the other seven did not need any relevant adjustments.  

The application was able to save personal information for all adult participants.  

Three adult participants knew about the association between sound and images before the 
conditioning phase. Before starting the conditioning phase, the other eight participants were 
given information about the eye tracker and that there was a simple connection between the 
sound and the images. Three adults completed the conditioning phase without further human 
instructions, five did not. 

The application chose sound in the predetermined way in eight cases. In the other three cases, the 
application had a bug making a few choices incorrect.  

None of the adults looked outside of the screen or closed its eyes during the test (more than 
normal blinking) 

The application detected false alarms during control trials but no false alarms due to premature 
fixation in the seek area. 

Collected hits and misses and calculated thresholds by the application were correct in all eleven 
cases. In two cases the maximum time for a frequency was elapsed and the application then 
successfully switched frequency and saved the threshold with the highest significance as a result. 
When the significance was equal or higher than the possibility for three hits in a row the 
application switched to the next frequency successfully in all cases. 
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Results 

In all eleven cases the application was able to produce a standard audiogram of the hearing 
thresholds with significance values. 

All adult tests were shorter than five minutes and had good significance, better than 10%. 

Reference test 

One adult was not able to complete the hearing reference test. For the other ten adults, the 
deviation between the results of the reference test and the results of the application was less than 
5dB. 

5.1.2. Infants 

Technology 

The application was able to calibrate the eye tracker for all nine infants. The application was able 
to present calibrated sounds with different frequencies, different sound intensity levels and 
through different speakers for all nine infants. 

Methodology 

Three infants had minor problems during the eye tracker calibration process, mostly from lack of 
interest or adjustment of chair position. All other performed the calibration without any notable 
problems. 

The application was able to save personal information for all infant participants. 

Five infants completed the conditioning phase. Three infants completed only level one and one 
infant did not complete any level. 

All but one infant looked outside of the screen or closed its eyes during the conditioning or the 
test phase (more than normal blinking) and therefore launched the attention grabber. The 
attention grabber worked properly and the application was able to recapture the interest of the 
infants.  

Since five completed the conditioning phase, only these were able to perform the test. The 
following results are for those five testable infants. 

The application chose sound in the predetermined way in all five testable cases.  

The application detected false alarms from early fixation in the seek area in all five cases and 
false alarms during control trials in four cases. 
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Collected hits and misses and calculated thresholds by the application were correct in all five 
cases. In all cases the time limit for a frequency was reached and the application then successfully 
switched frequency and saved the threshold with the highest significance as a result. The 
significance was never equal or higher than the pre-set significance for any of the five 
successfully tested infants.  

Results 

In all five testable cases the application was able to produce a standard audiogram of the hearing 
thresholds with significance values. 

The application switched frequency if the maximum time for that frequency had elapsed. 
Therefore all infant tests were shorter than five minutes but had on the other hand results with 
very low significance. 

Sound 

Insert earphones or earphones were tested on three infants. None accepted them. These three 
were tested with speakers instead. Five infants tried the earphones mounted in a hat, as in Figure 
11, they all accepted it.  

 

Figure 11. An infant test participant with earphones in hat. 
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6. Analysis 
6.1. Evaluation results 

6.1.1. The conditioning phase 

The adult and infant test shows that the adults had more difficulties trying to learn the 
methodology. Many of the adults seemed to analyze too much and find several combinations and 
associations instead of just one: “move your gaze from the fixation image when you hear a 
sound”. All the infants were capable of learning the new hearing test methodology. Some of the 
infants did not complete the conditioning procedure, but they all were able to focus on the 
fixation image and moved their gaze to the reinforcement when that one was shown. The infants 
that did not complete the conditioning phase were hungry, sad, tired, fussy or maybe too young 
(youngest was a 3-month-old). As in normal VRA, the child needs to be in a good condition to 
perform a hearing test with reliable results. 

6.1.2. The test phase 

During the test phase almost all of the infants looked away from the screen once in a while. They 
looked at the floor, at their parent or just tossed their head. Although the attention grabber 
worked successfully during these interruptions, the interruptions affected the test procedure and 
lowered the significance of the results. 

The gaze points of the infants were a lot more unstable than the adults, resulting in less hits and 
more misses which lowered the significance of the test results. The unstable gaze points probably 
came from the infant moving around, tossing its head and looking away from the screen. It also 
seemed as the application had a small bug when the gaze data was unstable. Some results during 
the infant test might be affected by this bug. The application’s gaze data handler needs to be 
investigated and improved.  

In some trials, there seemed to be a delay between fixation and presenting sound. This is 
probably because the application loads the sound files from the computer disk each trial. The 
sound presentation should be changed and further developed. 

6.1.3. Result 

The results from the infants were all low of significance. The results from the adults, on the other 
hand, were all high of significance and complied with the reference tests. Although the adult 
results complied, the hearing thresholds might not be correct since there were several sources of 
error during the tests.  

First, the earphones used during the tests had sound leakage that probably affected the outcome.  
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Second, the eye tracker gives a small continuous buzz that makes it difficult for the participant to 
distinguish the lowest sound intensity level tones from the eye tracker buzz. Third, the tones were 
adjusted to dB HL according to THD-39 earphones but the used earphones were not of type 
TDH-39. Finally, the calibration of the earphones showed a difference of +/- 3dB between the 
frequencies and that was not compensated before performing the tests.  

6.2. Other results 

Neither the infants nor the adults showed signs of decreasing reaction times during the test phase. 
The adults had shorter reaction times than the infants. The reaction times were slightly longer 
when the sound presented was close to the hearing threshold. 

Both adults and infants locked their gaze to the reinforcement as long as it was displayed, 
suggesting that the reinforcement was interesting enough. 
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7. Conclusions 
7.1. Methodology 

The adult tests show that the prototype is able to produce significant results once the method is 
understood. 

The infant tests show that infant are more able to learn the method than adults, but that the new 
hearing test needs improvement in order to keep the infant interested during the entire test period. 

Combining these results, the new hearing test may be expected to become successful, if further 
developed and improved. 

7.2. Application 

The application worked successfully during the tests. Especially the attention grabber worked 
surprisingly well. However, the application also had a few problems. It loads the sound files from 
the disk each time it presents a sound, which might be time consuming and create a small delay 
in the application between fixation and sound present. This has to be corrected and carefully 
tested. The gaze data handler also needs improvement since it seemed unstable, as mentioned in 
the evaluation chapter. 

7.3. Earphones 

Appropriate earphones seem to be difficult to find for infant hearing tests. The simple solution 
with mounting the earphones in a baby hat was a success during these tests. These needs to be 
further developed to fulfill audiometric standards and made adjustable for different ages. 

7.4. Overall evaluation 

Although any definite conclusion from the tests cannot be made, it seems as the prototype met 
the requirement specification in all but the last aspect. The application was not able to produce 
infant hearing test of three frequencies, both ears, with a significance of at least 10% within 5 
minutes. To address this demand, further development and improvement is necessary to further 
shorten the test procedure and make the test more appropriate for and interesting to infants. 
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8. Discussion and recommendations  
Results from the current tests of the application show that the methodology and new hearing test 
may be successful, if further developed and improved. The frame of reference indicates that this 
methodology, if working successfully could lower the ages for testing infants with VRA. The 
application is faster than the standard VRA if the participant is attentive. In addition, the test 
controller does not need to be an educated and well trained audiologist to perform the eye 
tracking VRA. All these benefits could result in a change of the scale in which the VRA is being 
used. Perhaps the eye tracking VRA could be used at infant medical centers as a standard hearing 
test for infants at the age of four months.   

The following subsections describe recommendations for further development from the 
evaluations of the prototype and from general ideas during the development of the application. 
The recommendations are divided into different categories. 

8.1. Sound presentation 

Since earphones are difficult to adjust on a small baby head or get the infant to accept them, 
further research is needed to find a solution of these problems. During some of the infant tests, a 
small hat with built in earphones was successfully used. This could be improved and made 
adjustable for different head sizes. The earphones used in the hat also need to be approved for 
audiometric diagnostics. 

The application needs improvement on its sound presenter. The timing of the sound presented to 
the child is critical and needs to be controlled with higher precision, without any delay because of 
computer incapacity. 

The tones used in this test of the application could be replaced by more interesting frequency 
modulated tones. Perhaps the application could randomly select frequency to make the tones 
more differentiated from the last one presented. 

8.2. Eye tracking 

The eye tracking part of the hearing test needs different improvement. The most important is a 
more stable gaze data handler in the application since the tracking during low track status seemed 
incorrect, as mentioned in the evaluation and analysis chapter.  

Another important improvement needed is a more silent eye tracker. The eye tracker fan has a 
low buzzing sound that appears to interfere with the sound presented through the earphones. For 
proper hearing tests there must be a silent surrounding when performing a hearing test, without 
any buzzing sounds, especially not close to the participant. 
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The application should be able to save and load eye tracker calibrations for each participant. For 
example if an infant gets fussy during the test and needs to come back for a new test several days 
later, the application should be able to start a new test but this time without needing to start the 
test procedure by calibrating the eye tracker. It should just load an earlier saved calibration file.  

To speed up the eye tracker calibration procedure it would be convenient to have some kind of 
standard documentation of how to calibrate the eye tracker. The documentation should include 
recommendations of chair adjustments, distance from screen and so on. 

8.3. Conditioning 

In the present version of the application, three hits in conditioning level 3 are required as 
conditioning criteria of the child. The classification of conditioning should be investigated and 
further tested to see if this is the correct way of determine the degree of conditioning.  

The application should enable ability for the test controller to adjust the sound level during the 
conditioning phase. If the child has a big hearing loss, the conditioning phase will not be 
successful if the sound is not loud enough. 

It could also be a good idea to insert short conditioning phases once in a while in the test phase to 
remind the infant of the procedure and make it fun again. Such a short refreshing conditioning 
phase could occur if the child has not had a hit in a long time. 

8.4. Images 

During all of the tests in this thesis work, the same “image package” was used which could have 
had an impact on the infant attention since age related images improve the VRA (Werker et al., 
1997; Werner & Rubel, 1992). Different image packages for different ages of children would be 
appropriate to maximize the possibility to remain the child’s interest during the test procedure 
and thereby shorten the duration of the test.  

8.5. Significance 

The goal of having 10% significance was not met in the infant tests. The application switches 
frequency if it has not got any significant threshold in a predetermined time period. This time 
period could be lengthened but then the total duration of the test would be increased. The analysis 
of today show that infants mostly do not have interest long enough for the standard VRA. Maybe 
the infants will have longer interest period for the eye tracking VRA, maybe not. How long the 
maximum duration should be for each frequency is a weighing between significance and interest. 
Maybe it is not possible to get thresholds with 10% significance in infants but hopefully higher 
than the subjective standard VRA. 
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If the infant has produced some results with low significance and there is time left, perhaps the 
application automatically should go back to the results with low significance and test them again. 

During the test the reaction time of the infant might shortened or lengthened. It would be good if 
the application somehow could adjust its time levels continuously during the test according to the 
reaction time changes. It would then handle false alarms in a more accurate way. The application 
then also have to handle the fact that the reaction time is longer when the sound presented is close 
to the hearing threshold. 

8.6. Other 

The prototype application only uses one type of reaction; gaze movement. Using several different 
reactions might be interesting although Olsho and colleagues (1987) found no benefits or 
disadvantages between using only head turns and using several types of reactions. 

In order to make the hearing test more interesting it would be good to have some kind of 
slideshow and music playing during the pauses of the test, like before calibration of the eye 
tracker, when putting on earphones and so on.  
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Requirement specification 
To reach the goals of the thesis work the prototype should be able to: 

TECHNOLOGY 

Calibrate the eye tracker. 

Present calibrated sounds with different frequencies and sound intensity levels. 

Present calibrated sounds through different earphones/insert earphones/loudspeakers for testing 
right or left ear. 

PROCESS 

Calibrate the eye tracker without problems. 

Save personal data of the infant. 

Teach a child to associate pictures with sounds without human interaction. 

Detect if the infant’s gaze leaves the eye tracker screen (either by looking outside or by closing 
its eyes) and then pause the trial, launch an attention event and recapture interest. 

Select sounds in a predetermined way. 
 
Detect false alarms. 

Collect hits and misses and calculate thresholds with significance values. 
 
Keep track of the elapsed time and pick the most significant threshold if the maximum time for a 
frequency has elapsed. 

Switch frequency if the significance value for a certain threshold is satisfactory or if the 
maximum time for a frequency has elapsed. 

RESULTS 

Produce results with correct significance values. 

Produce correct audiograms of an infant’s hearing thresholds. 

Perform a whole test of three frequencies, both ears, with a significance of at least 90% within 
five minutes.
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Conditioning phase levels 

Seek

3 hits

Early SeekTime Out

Time Out

Fixation

START

ENDRegister 
Hit

New Fixation 
Image On

Reinforcement

Play Sound Register 
False Hit

Register 
Miss

<3 hits

 
Conditioning level 1 procedure 

 

 
Conditioning level 2 procedure 
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Conditioning level 3 procedure 

 



4 
 

 

Criteria 
FIXATION 

Gaze point is within fixation area for a time duration set by fixation time 

Fixation time: 600ms + randomized amount between 0ms and 700ms. 

If no fixation has been met until the fixation fail time has elapsed, a fixation miss is registered 
and the application chooses a new fixation image and resets the fixation and the fixation fail 
clock. The fixation fail clock starts counting when the fixation image is turned on. 

Fixation fail time: Fixation time + 2000ms 

LEAVE FIXATION 

Gaze point leaves fixation area within the time set by leave fixation fail time. The leave fixation 
starts counting when the fixation criteria is met. 

Leave fixation fail time: 2000ms 

If the gaze point leaves the fixation area before reaction time, then a false alarm is registered. 

Reaction time: Default 200ms. During the test phase it is set to 75% of the average reaction time 
the participant had during the conditioning phase. 

SEEK 

Gaze point is within the search area for a time duration set by edge time. The edge clock starts 
counting when the fixation criteria is met. 

Edge time: 300ms 

If no fixation has been met until the edge fail time has elapsed, a search miss is registered and 
the application chooses a new fixation image and resets all the clocks. 

Edge fail time: Leave fixation fail time + edge time 

OTHER 

The duration of the reinforcement is set by Reinforcement duration time. The reinforcement 
clock starts when the seek criteria is met. 

Reinforcement duration time: 1500ms 

The attention grabber is launched by the application if the gaze point is outside of the screen or 
not found for more than the time set by screen out time. 

Screen out time: 3000ms. 



5 
 

 

Evaluation form– Each Participant 
The person testing the TetVRA is referred to as the participant. 

TECHNOLOGY: 

 Calibrate the eye tracker 

 

 Present calibrated sounds with different frequencies and sound intensity levels 

 

 Present calibrated sounds through different earphones/insert earphones/loudspeakers for 
testing right or left ear 

PROCESS: 

 Calibrate the eye tracker 

o The participant completes the calibration with 

 no problems 

 minor problems 

 major problems 

 

 Save personal data of the infant 

o The participant’s personal information is shown in: 

 The result window 

 The result data file 

 The gaze data file 
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 Teach the participant to associate pictures with sounds without human interaction 

o The participant completes conditioning level 1 

o The participant completes conditioning level 2 

o The participant completes conditioning level 3 

o The participant looks at the fixation image 

o The participant leaves the fixation image with its gaze when a sound is presented 

o The participant seeks with its gaze in the “seek area” 

o The participant follows the reinforcement with its gaze during the time when 
reinforcement is shown 

 

 Select sounds in an adaptive predetermined way 

o The stepping sequence is  

 Completely correct 

 Mostly correct 

 Not correct 

 

 Detect if the participant’s gaze leaves the eye tracker screen (either by looking outside or 
closing its eyes) and then pause the trial, launch an attention event and recapture interest 

o The prototype detects when the participant ‘s gaze leaves the screen 

o The prototype pauses the trial successfully 

o The prototype launches an attention event 

o The participant looks at the screen again 

o The trial continues successfully 

o The attention event goes off 
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 Detect false alarms 

o The prototype detects if the participant “seeks” before reasonable reaction time 

o The prototype detects if the participant  leaves the fixation image during a control 
trial 

 

 Collect hits and misses and calculate thresholds with significance values 

 

 Keep track of the elapsed time and pick the most significant threshold if the maximum 
time for a frequency has elapsed 

 

 Switch frequency if the significance value for a certain threshold is satisfactory or if the 
maximum time for a frequency has elapsed 

RESULTS: 

 Produce results with a significance value 

o The significance values are printed in the result window 

o The significance values are correct 

 

 Produce audiograms of the participant’s hearing thresholds 

o The result window shows the correct amount of tested frequencies 

o The result window shows the correct hearing thresholds 

 For right ear 

 For left ear 

 Is able to separate the results between right and left ear 

OTHER: 

 Perform a whole test of three frequencies and both ears within 5 minutes 

o The total elapsed time for the test (calibration and conditioning part is not 
included) was: ______min and ________sec. 
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Evaluation results 
Adults
Participant nr: 1 2 3 4 5 6 7 8 9 10 11 12 Tota
Age(years): 46 26 26 34 52 33 29 24 37 26 41 24
Technology:
Calibrate the eye tracker  1 1 1 1 1 1 1 0 1 1 1 1 11
Launch calibrated sounds with different
frequencies and sound intensity levels  1 1 1 1 1 1 1 1 1 1 1 11
Launch calibrated sounds through different
speakers for testing right or left ear 1 1 1 1 1 1 1 1 1 1 1 11
Process:
Calibrate the eye tracker without problems 1 0 1 1 0 1 1 0 1 0 1 0 7
Save personal data of the participant  1 1 1 1 1 1 1 1 1 1 1 11
Teach the participant to associate pictures with
sounds without human interaction 0 0 1 1 0 1 0 0 3

Detect if the participant´s gaze leaves the eye
tracker screen (either by looking outside or
closing its eyes) and then pause the trial, launch an
attention event and recapture interest  0
Select sounds in a predetermined way  1 1 1 1 0 0 1 1 1 1 0 8
Detect false hits before reactiontime  0
Detect false hits during control trials  1 1 1 3
Collect hits and misses and calculate thresholds
with significance values 1 1 1 1 1 1 1 1 1 1 1 11
Keep track of the elapsed time and pick the most
significant threshold if the maximum time for a
frequency has elapsed 1 1 1 3
Switch frequency if the significance value for a
certain threshold is satisfactory or if the maximum
time for a frequency has elapsed 1 1 1 1 1 1 1 1 1 1 1 11
Results:

Produce results with correct  significance values 1 1 1 1 1 1 1 1 1 1 1 11
Produce correct audiograms of the participant´s 
hearing thresholds 1 1 1 1 1 1 1 1 1 1 1 11
Perform a whole test of three frequencies, both
ears, with a significance of at least 10%, within 5
minutes 1 1 1 1 0 1 1 1 1 1 1 10
Reference:
The thresholds from TetVRA complies +/‐ 5dB
with the reference test 1 1 1 1 1 1 1 1 1 1 10  

 
Evaluation results from adults tests 
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Infants
Participant nr: 15 16 17 18 19 20 21 22 23 Tota
Age(months): 10 5 10 10 10 10 10 9 3
Technology:
Calibrate the eye tracker  1 1 1 1 1 1 1 1 1 9
Launch calibrated sounds with different frequencies and
sound intensity levels  1 1 1 1 1 1 1 1 1 9
Launch calibrated sounds through different speakers for
testing right or left ear 1 1 1 1 1 1 1 1 1 9
Process:
Calibrate the eye tracker without problems 0 1 0 1 1 1 1 1 0 6
Save personal data of the participant  1 1 1 1 1 1 1 1 1 9

Teach the participant to associate pictures with sounds
without human interaction 0 1 1 1 1 1 1 0 0 6
Detect if the participant´s gaze leaves the eye tracker
screen (either by looking outside or closing its eyes) and
then pause the trial, launch an attention event and
recapture interest  1 1 1 1 1 1 1 1 8
Select sounds in a predetermined way  1 1 1 1 1 5
Detect false hits before reactiontime  1 1 1 1 1 5
Detect false hits during control trials  1 1 1 1 4
Collect hits and misses and calculate thresholds with
significance values 1 1 1 1 1 5
Keep track of the elapsed time and pick the most
significant threshold if the maximum time for a
frequency has elapsed 1 1 1 1 1 5
Switch frequency if the significance value for a certain
threshold is satisfactory or if the maximum time for a
frequency has elapsed 1 1 1 1 1 5
Results:
Produce results with correct  significance values 0 1 1 0 1 3
Produce correct audiograms of the participant´s 
hearing thresholds 0 1 1 0 1 3

Perform a whole test of three frequencies, both ears,
with a significance of at least 10%, within 5 minutes 0 0 0 0 0 0
Sound:
The participant accepted the EarTone 0 0 0
The participant accepted the EarPhones 0 0
The participant accepted the EarPhones in the hat 1 1 1 1 1 5
The participant accepted the speakers 1 1 1 3
Seemed to enjoy the test?   0 1 1 0 1 1 1 1 0 6  

 
Evaluation results from infants tests 

 

 


