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Research Methodology

A cause-effect diagram can facilitate the research design and establish the different in-

teractions of the system components [31]. Figure 3.1 is a simplified cause-effect diagram

presenting the different elements which should be taken into account in a solo performance

where latency is an issue.

Figure 3.1: Simplified cause-effect diagram related to latency and based on the “model of

a solo music performance situation”, adapted from [203].

Some elements are assigned specifically and grouped into categories such as perception

feedback and environments. The role of the different elements relating to inflows (incre-

ments) and outflows (decrements) [31] is not specified in the diagram, only the possible

relationships. The novelty of this approach as presented in Figure 3.1 is the consideration

of the interaction between the different factors. In order to develop a new research design,

this approach focuses on the interactions between the different factors.

The quantitative research method adopted in this study differs from previous works in

the following aspects:

• Definition of variables.

• Control of the experiment with an holistic approach.

• Non-collaborative performances
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3.1 Research Design

To test the hypothesis, quantitative research supported by an experiment in the form of

a listening test is defined, developed and conducted. The examination of the evaluated

data-set and variable relations, basically those between instrument groups and latency

time, are part of the exploratory research. The empirical research is primarily confirma-

tory and is based on an a priori hypothesis. Through the control of variables that can be

manipulated, it is expected that cues, such as differences or similarities between different

instrument groups, will be found. These cues may support a possible relationship between

latency and the musical instrument performed.

The experimental design is characterized by its temporal limitation, careful arrangement

and adequate standardization [30]. In other words, the experimental methodology is

suitable for researching the proposed relationship. In contrast to observatory studies, an

experiment allows control of the different conditions [117]. With an experimental design

it is possible to use statistical principles that allow the comparison of the experimental

responses obtained from homogeneous experimental units or measurements [161]. Three

characteristics summarize the advantages of experiments [140] and these influenced the

decision to use this research design.

1. Disturbing variables can be eliminated through randomization.

2. Due to control over the introduction and variation of the predictor variables, rela-

tionships and possible causalities can be easily observed.

3. Experiments are flexible, efficient and enable a statistical manipulation.

In short, considering its feasibility, the experiment is the scientific method of choice [140].

Compared with other designs, such as quasi-experimental or ex-post facto research de-

signs, a true experiment enables better control and also a better internal validity, thus

increasing the chance of producing valid and consistent results [132].

Through randomization potential errors or experimental drawbacks may not disappear

but these can be randomly distributed. In short, the bias effect is averaged over all levels

of the variables of the experiment [161].
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From the different four “true experimental designs” known, the “within-subjects design”

is the one that best fits the requirements and nature of the proposed experiment [151].

In this design, there is one study group and no control group. Furthermore, the within-

subjects design allows the repeated measurement of the study group. All participants

receive the same treatment [132]. A specific attribute or condition is measured more than

once at a different time for the same test subject [117]. This design is also known under

the name “ repeated measures design” [92]. The reasons for using this design are:

• All participants have to undergo every experimental condition. There is no control

group [151, 92].

• There is economy of time in running the experiment. The participant is exposed to

the treatment several times without long periods of time between every experiment

[92].

• Random noise is reduced due to sensitivity. Since the test subjects are human, they

differ from each other in many ways. However, the within-subjects design allows a

better control. Each participant has to be evaluated with the same listening test.

It is to be expected that differences between outcomes from the experiment are

produced by the manipulation of the variables of the experiment and not because

of differences in the subjects [92].

Every research methodology has its drawbacks [92]. Repeated measures designs are not

an exception to the rule. The more salient threat is the “general practice effects” where

participants become more proficient in their reactions and answers when exposed to the

treatment [132]. Some of the disadvantages of using this method and the possible solutions

for this specific case are:

• The participants are human therefore do not always behave in the same way. Even

under the same conditions, variations in the answers of the participant are to be

expected. On the other hand, the so-called “carry-over effect” may appear due to

systematic variations, also known as “confounding” effects, i.e. bias due to practice

or fatigue. This problem may be avoided with randomization of the order of pre-

sentation of the different conditions (for e.g. in the designed listening test or the

BPM tempi values) or counterbalancing the order of the different conditions [92]. It

is important to be aware that counterbalancing does not completely eliminate order

effects, but helps to evaluate possible order effects where present [132].
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• Irreversibility of conditions. The repeated measures design can be used if there are

no irreversible effects being in a specific condition. In other words, if a participant

is tested in one condition this condition will not affect further tests [92]. This is not

the case in this research. The effect of the listening test is not permanent.

The most relevant information relating to the research design method used in this study

are as follows:

• A quantitative empirical research approach.

• The within-subjects measures method is the chosen experimental design.

Differentiation from other design methodologies

The question of dismissing other methodologies in order to choose a method to confirm

the hypothesis arose at the beginning of the research design. For this research the answer

is easy because of the characteristics of the proposed experiment. A phenomenological

study, where the evaluation of perception is more subjective and qualitative oriented [151],

may not be the best method to test the hypothesis.

Being a quantitative research and taking into account that variables may be manipulated,

an experimental design is an approach that better fits these requirements. The different

experimental designs can be summarized into three groups: experimental design, quasi-

experimental design and ex-post facto design [151].

As stated before, an experimental design was chosen. A quasi-experimental design was not

an alternative due to the absence of randomness both for the selection of group members

and for the presentation of treatments to the groups [151]. In addition, the confounding

variables are difficult to control or may not be controlled at all, meaning many interpre-

tations are possible. An ex-post facto design was also discarded. In such a design, the

manipulation of variables would be a danger for the participants [151]. In this research,

the manipulation of the variables does not translate into any risk for the participants.
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3.1.1 Methodology stages of the research design

Figure 3.2 summarizes the methodology milestones that need to be reached when accept-

ing or rejecting the hypothesis. Intermediate steps are described in the next sections.

Figure 3.2: Methodology stages of the research design
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The research design includes a pilot test, implementation of the experiment and the anal-

ysis of the results. The pilot test is necessary in order to assure and test the reliability

of the listening experiment. This test may be conducted on a few test subjects and the

results analysed. For pilot studies, samples sizes of 10 are sufficient and are enough to

reveal effects [125]. However, statistical significance is difficult to achieve with this sample

size.

The pilot test allows a better understanding of the different parameters involved in the

research and may highlight possible flaws in the methodology. In addition, the first results

or tendencies prior to the main experiment can be monitored and further corrections to

the methodology can be made.

3.1.2 Concepts Selection

Musical terminology is relevant for the development of the experiment. It is necessary to

avoid any ambiguity in meaning and wording. Some cues presented in musical communi-

cation can be quantified and described by using physical units such as time for the sound

duration and amplitude for the sound pressure level. However, there are also musical

terms that cannot be described with physical units.

Tone duration

Tone duration defines the time interval between the physical onset or start of the tone

and its offset or end [102]. The physical unit used to measure tone duration is time in

seconds or milliseconds.

Rhythm

Rhythm is based on relative and not absolute (physical) time. Rhythm remains constant

regardless of changes in tempo [218] and relates to a perception of sound patterns in time

as a phenomenon. It refers to the structure of the temporal stimulus [154]. A series of

sound with a duration can be called “rhythm” [120].
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“...it is the time pattern created by notes as music unfolds over time. More

specifically, rhythm is a set of time-spans that elapse between note onsets.” [218,

p. 96]

Tempo

Tempo is defined as the overall pace of a musical piece [129, 153]. It is commonly known

as the speed of the composition [120] and it is measured in beats per minute or BPM.

“...tempo refers to absolute time. More specifically, tempo concerns the speed

at which rhythmic patterns unfold. Tempo is typically considered to be the rate

of the “beat” - a time-span associated with the rate at which a listener will tap

his or her foot.” [218, p. 99]

Tempo, being time-dependent, is most affected by delay [205]. In a musical performance,

there are always accelerations and decelerations, regardless of the fixed tempo [129]. The

performer influences it by imprinting his own motional and emotional character [102]. A

metronome is mandatory to avoid huge tempo variations. Music written in former cen-

turies had no BPM indication but tempo suggestions like andante, allegro or presto.

Beat

A fast tempo has short beats while slower tempos have longer beats [205]. The beat is an

isochronous time-span which is perceptually outstanding in the musical structure context

[102]. Beat be perceived physically through time. The beat has a cyclical nature. A more

formal definition is:

“A recurring moment when tone-onsets are more expected. In contrast to tac-

tus, beats are differentiated from strong to weak and occur within a repeating

pattern of beats, called a meter”. [122, p. 410]

Tactus

Tactus is recognized by musicians as the basic beat, which forms the most notable periodic

pulse in a musical passage. It often coincides with the beat rate. The main difference lies

in the undifferentiated pulse. In other words, the tactus does not have the alternating

structure of strong and weak [122].
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Meter

In western music, the meter, which is a periodic pattern of beats, conform to the dura-

tion of a bar or measure in a musical score [122]. Cycles that are multiples of twos (e.g.

marches) or threes (e.g. waltzes) are preferred by western musicians [218].

The meter is inherent to attentional and motor behaviour and relates to the perception

and cognition of the temporal stimulus [154]. Therefore, geometric time is the physical

unit associated with meter. Meter also involves the anticipation of rhythm patterns [154].

The meter is the way beats are grouped together [153].

Accents

Research findings from Friberg [102] have shown that it is possible to identify two kinds

of accents: “immanent accent” and “performed accent”. The first is an accent perceived

due to the structure of the score when notes are placed in metrically strong positions.

The second is the musician’s contribution. The performed accent is used to reinforce

immanent accents, normally due to an increase in the loudness of the performance. The

most effective way to perceive accent is by increasing loudness and perception of loudness

is related to sound pressure level (SPL).

3.1.3 Measurement Development

One of the test’s objectives is to find a measurable relationship between musical instru-

ments and the ability to cope with latency. A definition of a measurement referring to

both elements is necessary for establishing the relevant parameters. It enables clarity in

the development of the experiment and its outcomes.

Measurement of Latency

The experiment is designed to find a relationship between the ability of musicians to cope

with increased latency and the performance of a specific musical instrument. For this

research, the total latency is the latency a musician perceives when the audio signal of

the musical instrument is delayed and returned by any means (e.g. headphones) to the

musician’s ears.
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The human voice can be also considered an instrument and is included in the aerophones

group. However, research and analysis of a singing performance presents additional dif-

ficulties such as the isolation of non-delayed and continuous auditory feedback. Bone

conduction is, to this day, imposible to isolate. Results may be biased due to immediate

auditory feedback. Continuous auditory feedback is present in normal speech [106]. Thus,

the human voice is not part of this research.

The following expression describes the contribution of the different latencies present when

a musical instrument is performed over networks. The total amount of latency is named

the total latency (Lt). The mathematical expression is:

Lt = La + Lc + Ld

Equation 3.1: Total latency

where:

The total latency Lt is the sum of the latency due to the sound transmission in the air

La, the latency produced from the analogue to digital to analogue conversion Lc and the

network delay Ld.

Lt=Total latency in milliseconds.

La= Delay (latency) due to sound transmission through the air assuming a speed of sound

of approximately 343,21m/s at 20◦ Celsius and an air density ρ(kg/m3) = 1,2041 [139].

Lc= Delay (latency) due to conversion, including the analogue to digital and digital to

analogue conversion. The value Lc refers to the electronic path (virtually no delay) de-

scribed in Chapter 2 in combination with the digital path, which makes a significant

contribution to delay. For this research, no data compression is used.
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Ld= Variable delay (latency) of the network delay (e.g. the Internet) which includes

buffering, propagation, transmission and processing delays.

The physical unit of latency is time, normally in the range of milliseconds (ms). Un-

der normal conditions all three latencies (La, Lc and Ld) are variable. However, for the

listening experiment in this research, La and Lc are considered constant values. In the

listening experiment, the same devices (audio sound card, cables, microphone, etc.) are

used. Ld is variable and is introduced by electronically simulating the network delay and

its components as described in Chapter 2.

The total latency equation is a simplification of Equation 2.2. The total amount of latency

in this research is grouped into three main factors. However, the total amount of delay

(latency) in both equations is the same.

Defining a Measurement for Latency Tolerance Range

In previous research [18], the relationship between latency in milliseconds and tempo in

BPM is well documented. For this work, the definition of the latency tolerance range

(LTR) is based on the following characteristics and assumptions:

• The latency tolerance range of an instrument group is the latency time in millisec-

onds that musicians of a specific instrument group are able to cope with before

disrupting a performance.

• Different groups of instruments (chordophones, membranophones, aerophones and

idiophones) may have different LTR values.

• The LTR should prevent the effect of extreme values from the data gathered which

may significantly modify the outcome.

To measure dispersion in statistics, the lowest value is substracted from the highest [93].

Extreme values are always a problem. Excluding extreme values for higher and lower

scores up to 25% and calculating the range of the middle 50% is the most common ap-

proach. This result is known as the interquartile range [93, 117]. In other words, the

difference between the 3rd and 1st quartile represents the latency tolerance range (LTR).

The mathematical expression is:
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LTR = Q3Ld −Q1Ld

Equation 3.2: Latency Tolerance Range

where:

LTR = Latency tolerance range measured in milliseconds.

Q3Ld= Third quartile of the Ld latency values in milliseconds.

Q1Ld= First quartile of the Ld latency values in milliseconds.

A performance disruption occurs when the test subject, i.e. the musician, is not able to

continue with the performance and the musical performance has to be disrupted. At this

point the latency can be so disturbing that even strategies to cope with latency are mean-

ingless. The performers make a decision and stop the performance. The measurement of

the latency tolerance range is not expected to be an exact onset but a range established

from various measurements made on instruments of musical groups such as chordophones,

membranophones, aerophones and idiophones. The listening experiment may help to es-

tablish the time range at which musicians are unable to play a musical instrument further

due to latency. For the latency tolerance range (LTR), the measured latency is Ld.

From previous research, it is well known that some musical performance errors are difficult

to detect even for experts, such as music conductors, regardless of their ability to read the

score and listen to the performance [145]. Performing errors and strategies to cope with

latency as observed by musicians in experiments with delayed audio feedback are also to

be expected for this research.

The LTR is defined as a range and not as a threshold (i.e. the interquartile range). From

previous work on psychoacoustics by Fastl and Zwicker and based on the Compendium of

the Implementation of Listening Tests in Science and Industrial Practice (Kompendium

zur Durchführung von Hörversuchen in Wissenschaft und industrieller Praxis) published

by the German Acoustical Association (Deutsche Gesellschaft für Akustik e.V. DAGA)
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[88], it is known that the perception of transitions or changes is gradual and contained in a

range. A test subject will not always perceive a stimulus even if the stimulus is presented

repeatedly in the same way.

3.2 Experimental Approach

For an experiment to be successful, different variables, such as independent, dependent

and control variables have to be defined before gathering the data [132]. Furthermore,

the control of confounding or extraneous variables defines the extent to which conclusions

are near to the reality of the studied phenomenon. This control yields a better internal

validity of the experiment [151]. The next sections present the control mechanisms nec-

essary for the experiment.

The experimental set-up foresees:

1. Definition of a statistical sample from a population: the test subjects.

2. A set of questions prior to the listening experiment, in order to gather categorical

and numerical data: the questionnaire.

3. A tool which enables measurement accuracy and equality of conditions during the

experiment for different test subjects: the metronome .

4. An input to evaluate which should be similar for all test subjects: the musical score.

5. A methodical approach to evaluate the variable: the listening test based on “true

experiment” research design (repeated measures design).

3.2.1 Validity of the Experiment

In order to search for explanations and forecasts that can be generalized for a vast num-

ber of persons, a quantitative research design was chosen. The validity of the results and

the reliability of the instruments used in the experiment are elements to be considered

before the experimental phase [151]. The validity of an experiment is proportional to its

replicability. Moreover, good experimental design yields higher validity [92].
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The data analysis process chosen for this research relies mainly on inductive reasoning. In

experimental research, it is necessary to ensure the validity of the experiment and there-

fore support the findings of the research. For quantitative designs, two validity concepts

are defined: internal and external validity [40, 151, 92].

Internal validity

The extent accurate conclusions can be generated based on the research design and the

selected methodology is directly related to the internal validity of the research [151]. A

well-designed experiment is a requirement for internal validity [92]. Furthermore, the

more controlled an experiment is, the easier it is to observe any potential threats to the

experiment [88].

In establishing a cause-and-effect relationship, special care has to be taken to eliminate

alternative explanations regarding the outcomes or results obtained from the experiment

[151]. To increase the likelihood that the results observed yield the correct explanation for

the observation, planning ahead to eliminate alternative explanations is recommended. A

common strategy to achieve a better internal validity is used in this research:

• Controlled laboratory study.

To avoid any threat to the internal validity of the experiment, special care has to be taken

with the equipment used and its calibration. The listening test presented in this chapter

was conceived to eliminate and, in some cases to ameliorate, the risks to the internal

validity of the experiment. The following list, summarized from the works of Campbell

and Stanley [40] and Leedy and Ormrod [151] presents the main threats to the internal

validity and how these are avoided in this research:

• History: The likelihood of uncontrolled events taking place during the experiment

is very low to non-existent. The listening test is done over a relatively short interval

of time.

• Maturation: Such an effect might be present. Some of the participants will be able

to gain some dexterity while doing the task. However, the randomization of the

stimuli presented (i.e BPM tempi) may diminish the maturation effect.
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• Testing: The test is only taken once, therefore subsequent tests are not part of the

research design.

• Instrumentation: The experimenter will be the same for all experiments. There

are no other observers. In other words, other people do not have to be trained to

conduct the experiment. In addition, the equipment will always be the same and

its calibration is controlled prior to the experiment (see Appendix B, C, and D). A

questionnaire is also handed out to the participants.

• Statistical regression: As stated previously, the participants will only take the test

once. However, the participants undergo the same test, measuring latency with three

different metronomes (see Chapter 4). It is possible to obtain different measurements

each time. The simultaneity of perception regarding aural and visual stimuli, as

presented in Chapter 2, may play a role.

• Selection: Not relevant for this research. Comparison groups are not part of the

experiment.

• Attrition: Formerly described by Campbell and Stanley [40] as“mortality”, attrition

is also not relevant in this research. Every participant has the possibility to withdraw

from the experiment. In doing so the sample is reduced but this is not considered a

threat for the experiment as a whole.

External validity

To generalize the results of the experiment for the population, external validity must be

achieved [151]. Defining the sample for the whole population is one of the keys to external

validity. The problem arises when dealing with humans due to diversity, personality and

character. Depending on the restrictions used to define the sample, it may be possible

to generalize the conclusions. However, a representative sample is a compromise between

the many factors involved in the experiment. The representativeness of participants is

relatively moderate, taking into account the fact that the majority of test subjects are

music students.

Experimental research designs conducted as “field experiments” have a higher external

validity when compared to classical experiments with a lower degree of generalization for

application in the real world, as is the case in this study. Nevertheless, control of the

different variables in the experiment is unavoidable and yields a better internal validity.
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Artificially controlled environments may lower the external validity of the experiment. A

controlled experiment is not the same as a real world situation. Moreover, the duration of

the study (up to 30min) may not be realistic [48]. However, hearing perception remains

the same in both listening experiments and in real life [88], but what really is different is

the way the musical instrument is performed, the room acoustics and the influence of the

equipment used on the musicians and therefore on the performance.

3.2.2 Definition of the Variables of the Experiment

The variables of the experiment have to be carefully described, assigned and controlled to

ensure that the conclusions of the experiment relate to these variables and not to random

uncontrolled variables that may be confused with the primary variables [22].

A laboratory environment is mandatory if the variables have to be controlled. The less

number of unkown variables in an experiment, the higher its accuracy. Field experiments

are not suitable for this task [22]. In his work “Statistical Design for Research”, Kish [140]

presents four classes of variables:

1. Explanatory variables (class E).

2. Controlled variables (class C).

3. Disturbing variables (class D).

4. Randomised variables (class R).

Explanatory variables

Explanatory variables, also known as“experimental variables”are the variables which bet-

ter describe the purpose of the experiment [140]. With the definition of these variables,

the experimenter intends to measure the specified relationship. Explanatory variables are

divided into independent variables, known as “predictor (X)”, and dependent variables,

known as “predictand (Y)”. Scientific theories, knowledge and insight into the study field

are the sources for the design of the explanatory variables [140]. On average, in listening

tests, independent variables are physically measurable parameters and dependent vari-

ables are psychological parameters [88].
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Independent variables

The variables that may be manipulated by the experimenter during the listening test are:

• Latency.

• Musical tempo in BPM.

• Musicians/musical instrument: this is a controllable variable or factor with one

specific value, the musical instrument itself.

The degree of latency of the monitored musician’s audio signal, i.e. their own performance

sent through headphones, is manipulated. On the other hand, the tempo of the perfor-

mance during the trial remains the same, while the amount of latency increases. However,

there are several trials with different tempi in BPM. For this reason, the tempo in BPM

can also be considered an independent variable. The influencing values are called factors

and their values are called levels [117]. Both variables, latency and tempo, are the factors

in the study. The levels of the factor latency are milliseconds (ms) and for tempo they are

beats per minute (BPM). The different levels of the factor tempo are randomized. Due to

randomization, data with a statistical normal distribution is expected to be obtained and

both the estimation of the effect to be examined and the estimated error are unbiased [117].

Another variable that is controlled by the experimenter and is therefore independent is

the test subject [22]. Musicians performing a musical instrument are the test subjects,

the instrument can also be considered an independent variable strongly related to the

musician. Therefore, both musician and musical instrument are seen as one independent

variable. The analysis of musician and musical instrument is difficult to separate. How-

ever, control instruments assure measurable conditions where the influence of the musical

instrument can be better observed.

It has to be assumed that results may even differ by repetition under the same conditions

with the same musician and the same instrument. There are a lot of dependent vari-

ables relating to personality and cognition which are very subjective and very difficult,

or even impossible to measure using state-of-the-art methods. The performance of music

is strongly related to its environment [203]. An experiment is an artificial environment,

which may influence the development of the musical performance. Furthermore, it is im-

possible to standardize playing style, agogical accent and internal timing. Their influence

on the results is clear but difficult to estimate [158].

99



Research Methodology

Dependent variables

Dependent variables may be influenced by independent variables [151]. In short, the

dependent variable is the subject’s answer [22]. The dependent variable is physically

measurable but represents a psychological parameter. For this study, the variable to be

observed is:

• The ability to cope with latency (measured in milliseconds).

To estimate the ability of a musician to cope with latency, the experiment measures the

time when a performance breakdown occurs. A performance disruption or performance

breakdown is when the musician stops the performance, he/she plays no more the mu-

sical instrument. Stability is an important criterion regarding the dependent variable.

When repeating the experiment, the same scores have to be obtained under the same con-

ditions [132]. However, having the same conditions is not a guarantee for obtaining the

same values with human participants. Instability between scores or latency values is to be

expected even when measuring the same musician under the same listening test conditions.

The relevant value in this study is not the point or threshold where the sensation is

achieved (i.e. hearing the latency), but where the musician is unable to perform further.

A radical difference in comparison to the classical psychophysics methods lies in the

answer possibilities relating to the test subjects. For this study, the performer plays

the instrument until it is impossible to continue performing. In short, the performer does

not give an answer as in classical psychophysics methods, but rather a behaviour (i.e. the

stop or the breakdown of the performance). However, some of the common biases of the

former classical methods may still be present. Possible biases of this method are [109, 88]:

• “Error of habituation”.

• “Error of expectation”.

The musicians can adapt themself gradually to latency and deliver a performance without

breakdown. With the second kind of error, the musician may breakdown the performance

before being unable to perform anymore. These errors do not cancel each other statisti-

cally.

It is well known that humans learn via repetition [122]. It is an impossible task to elim-

inate any learning effect due to habituation in the listening experiment. The longer the
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test, the easier it is to induce a reduction of the response magnitude on test subjects.

The mental process and the answer to a stimulus is faster when the exposure time to

the stimulus is increased [122]. Humans habituate easily to some situations and are very

capable of adapting themselves to produce the same response even when the stimuli are

slightly different. Increasing or decreasing stimuli may produce the same result [164].

Nevertheless, it is possible to design some strategies in order to avoid any “learning effect”

through repetition. Those strategies can be achieved with thoughtful musical score design

and in the way the listening test is approached.

As stated before, the learning effect is constant in experiments with human beings. From

research done by Mäki-Patola [157], it was observed that even after randomizing the or-

der of the latencies, a lot of “noise” caused by learning was still observed in the data.

In addition, some factors are difficult to eliminate even with the strategies mentioned

above. Musicians are able to play with a subjective time interpretation regardless of what

is written in the score. They will never perform the exact time duration of notes [91].

Musicians always imprint their own style [129]. It is well documented that performers can

change the emotional character of a piece by changing its performance [102].

It is important to define in advance exactly what is to be measured and to avoid any

possible confusion relative to the terminology used. It is reported that values in psychoa-

coustic results are mistaken in different ways (e.g. loudness and pitch) [17]. Therefore,

it is mandatory to explain to test subjects any possible variable to be analysed in the

experiment. Moreover, prior to the beginning of the experiment, the test subject has to

understand that there is no right or wrong way of performance delivery. This understand-

ing may help test subjects to feel that they are not under test conditions [112].

Control variables

Experiments should be designed in such a way to prevent the variation in subjects mask-

ing the effects of the experimental variables (factors) [161]. In the experiment design,

control variables play a crucial role.

The controlled variables are independent and mostly maintained constant during the ex-

periment [132]. The experimenter knows the control variables [22] and controls them

either by including them in the experimental design or by randomization. Control occurs
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either through design, as is the case for this research, or by estimation techniques in the

statistical analysis. A combination of both is also possible. The main goal of this control

is a reduction in random errors or a decrease in the biasing effects of disturbing variables.

Obviously, both cases can be also present in the experimental design [140]. Influencing

values, which are not set as factors, i.e. independent variables, have to remain constant

to prevent effects that can influence the outcome of the experiment [117]. Even though

the statistical sample from the whole population depicts homogeneity, i.e. music students

or music professionals, humans are very different with respect to intellectual capability

or personality. These characteristics produce different reactions when interacting in a

listening test which may produce bias [88]. Therefore, the exact experimental conditions

have to be defined prior to data collection [161].

In this research, the purpose of the controlled variables is mainly to avoid any biasing

effect. Two control variables are essential for the listening test:

• The metronome in its different versions (aural, visual and aural-visual).

• The musical score performed by the participants.

Other control variables that are also independent but not especially developed for the

experiment are:

• Recording and reproduction system with all its components such as a screen, mi-

crophones, headphones and cables.

• The listening room and its acoustic and physical properties such as temperature

and noise levels. However, the effect of the room is less relevant due to the use of

headphones.

• The sound pressure level of the audio signal on the headphones.

• The gain of the microphone when recording the signal.

• The measurement to determine normal hearing ability is a control mechanism to pre-

vent subjects with hearing disease from participating. Musicians without healthy

hearing may influence the outcome of the experiment and produce bias in the mea-

surements.

• The measurement of the SPL levels of the musical instrument’s output may control

the range (volume) in which these instruments have to be performed.

102



Research Methodology

To avoid the influence of the musician’s interpretation in connection with tempo due to

motions and emotions [102], the use of a metronome is mandatory. According to Fraisse

[101], it is well known that perceived and physical simultaneity may differ from each other.

Musicians can not synchronize perfectly with a metronome and, furthermore, every musi-

cian has an inherent phrasing and timing when performing a musical instrument [66, 205].

However, researchers have used a metronome in their experiments to guarantee equality

of conditions among the musicians [5]. The use of a metronome should be seen as an

additional guide and help for the performing musician.

From qualitative research on latency perception [226], it is known that the role of a

metronome and its success as a control mechanism depends on previous experience of

the musicians. Moreover, the synchrony on the perception of audio and video signals as

explained by Kuling et al. [146] and Altinsoy et al. [9] may play a very important role for

the results of the different metronomes used in the listening test. Researchers have found

that aural information is preferred over visual. Visualization supports aural information

[142].

The second important mechanism to control the experiment is the score. This should be

relatively simple to play. The physical characteristics of the musical instruments have to

be taken into account for the design of the musical score. It is one of the most important

elements of the research. It provides a specific input with which to compare the results

obtained between the different musical instruments. The aim of the experiment is not

to test the musical dexterity of the musicians but to enable equal conditions regardless

of the physical advantages and disadvantages related to the performance of any musical

instrument.

The proposed score should satisfy requirements such as:

• Any musician should be able to play the melody regardless of the musical instrument

performed.

• Any ornamentation must be avoided.

• The musical key should not be altered during the performance.

• Familiarity or reference to known musical pieces should be avoided.
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• Memorizing the score should be difficult.

• Estimating a melodic line should be difficult.

• A common meter should be used.

These requirements are necessary in order to achieve a better evaluation of the desired

latency parameter. Some of the requirements are easier to achieve than others. Due to

the different groups of musical instruments to be evaluated, it is necessary to define a

common score which can be performed in the same way by different musicians.

Having a score which is difficult to memorize without musical familiarity [80, 168] and

with a relatively difficult to estimate melodic line forces musicians to concentrate on the

metronome and on the score. From previous research, it is known that unconscious expec-

tations in the melody have to be taken into account regarding western musical structures

[25]. Otherwise, the introduced latency may not be a big obstacle or may not significantly

interrupt the performance.

Studies on percussionists have shown large differences among players when performing the

same task. For percussionists, motion trajectories, played patterns and preparation for

accents and strokes (upstroke and downstroke) differ from one musician to another [210].

However, it is possible for every musician to play every note and rest with similar time

ranges [42]. Rhythm is expected to be the same under different tempo velocities. It may

create an undistinguishable sound pattern. From previous research, the direct relation be-

tween the delay acceptance threshold and speed and note resolution is well documented [5].

Three basic musical gesture categories are necessary for music performance. These include

effective gestures which are necessary for sound production, figurative gestures which are

sonic gestures not directly related to the music production and accompanist gestures

which are visible ancillary gestures (e.g. head movements) with no connection at all to

the production of sound [80]. Musical gestures are coupled with velocity patterns because

body movements are involved [129]. Body movements in a musical performance not only

influence the production of sound but also the achievement of expression [227].

Studies on pianists have established a close relationship between body movement degree

and musical expression intensity. These results may be applicable to a wider range of in-

struments [102]. Larger movements are related to more expressive musical intentions [77].
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Moreover, there is evidence of a direct link between rhythm perception, physiology and

body metrics. Musical elements like timbre, dynamics, intonation and timing are strongly

affected by the musician’s interpretation of the performance [77]. Perception of rhythm

may be influenced by the human vestibular system, body size and even the length of the

performer’s leg [220]. In brief, body movements also affect the outcome of a performance

[129, 76, 168, 177].

The majority of studies provided the music scores or rhythm patterns before the listening

test [198]. For this experiment there is no rehearsal prior to the test to minimize the effect

of memory recall [95, 176]. Therefore, the effect of delayed feedback due to having learned

the score previously provides no bias.

The listening experiment should not exceed 30 minutes since a possible learning effect

may be taken into account. Exposure times of approximately 21 minutes are required

to learn passively [122]. Randomizing the BPM tempo may minimize the learning effect.

The more a musician performs a score the easier it is for the musician to cope with latency.

Tactile feedback will be always present. It is impossible to avoid tactile feedback in the

listening experiment. In listening experiments the only feedback cues that can be elimi-

nated are aural and visual [147].

Disturbing variables

In order to enhance internal validity, towards the identification, if present, of a cause and

effect relationship, it is relevant to control extraneous variables. These uncontrolled ex-

traneous variables may otherwise threaten the internal validity of the results. When the

extraneous variables relate to both explanatory variables (independent and dependent),

the extraneous variables may deliver an alternative explanation for the outcome and be-

come a “confounding” variable [140].

There are a lot of possible and even unavoidable effects during the listening test due to

the non-mechanical character of the test subjects. Inaccurate measurements could be the

outcome of this. It is very important to know which disturbance variables are present [58]

and how they can be controlled, if not eliminated, so that the effect of introduced noise

can be reduced in the output data. The role of perception and the “human factor” has
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been observed and questioned in other works [49]. Research carried out on distributed

music ensembles and in laboratory conditions eventually provides inconsistent results.

The role of uncontrolled extraneous variables should be minimized to avoid them as a pos-

sible explanation for any effect observed [151]. However, avoiding all extraneous variables

in an experiment is not possible. Randomization and control strategies may diminish the

role of these variables [22]. An experimental design is better suited for the methodology

of this research. For a non-experimental design, it is very difficult or even impossible, to

translate a class D variable into class C (controlled) or class R (randomized) variable [140].

Commonly found extraneous variables are:

• Individual participant differences such as subject’s fatigue, expertise, mood, gender

and age.

• Instrumentation.

• Environment.

Environment and instrumentation are extraneous variables which are controlled in this

experiment. The first is controlled through headphones, minimizing the effect of the room

environment. The latter is controlled through the reliability of the equipment used (see

Appendix B and C).

Participant characteristics such as fatigue or mood are very difficult to control. On the

other hand, the influence of gender, expertise and age of the test subjects may not be

controlled at all. In classical psychophysics, the context effect describes the effect of per-

ception with regard to the ability to make any judgement. In other words, judgements

are relative to the context [88].

The role of the effect of other stimuli present in the test section is known in psychophysics

in the concept of “contextual effects” [109]. The context may strongly influence the par-

ticipant’s judgement. The problem arises specifically when test subjects have to give an

answer on the intensity of stimuli. Even the presentation order of the stimuli may bias the

responses of the participants [109]. With the contextual effect, two categories are found:

interindividual and intraindividual variables [88]. The first category includes variables
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such as gender, age and expertise. The second category includes mood, psychological

characteristics or even the hour of the day.

Experience, expertise, mood and diverse individual variables relating to the personality

of the test subject may have an effect on the response of the participant. The problem

relating to the relativity of the answers can be minimized by giving a uniform and constant

frame of reference to all test subjects [88]. By using a questionnaire (see Appendix I),

it is possible, to some extent, to document all the different individual characteristics of

the participants in a standardised way. In addition, two powerful strategies are used to

control the extraneous variables in this research [151]:

• Similarity of conditions.

• Exposure of the participants to all experimental treatments.

The use of the within-subject design enables repeated measures with the subjects (repeated-

measures design). All participants are exposed to the same treatment (listening experi-

ment) [151]. Furthermore, the conditions of the experiment have to be standardized in

such a way that every participant undergoes the same treatment. In other words, any

variation observed in the data might be a product of the participant and not from the

internal differences between listening tests. To avoid possible sequential effects the within-

subject design provides a better design tool compared with other research designs [88].

Measuring the same test subject with the same methodology and equipment will produce

different results from trial to trial even during the same testing session [109]. As stated

before, these sequential effects can be diminished through the research design method. In

addition, the listening test involves a repeat of the measurement within the different stim-

uli (three different metronomes producing three different measurements for every tempo

in BPM).

To ensure the similarity of conditions the music style, or score, for all instruments is the

same in all listening tests. From previous research [158], it is known that the music style

performed has an effect on the outcome and results on the perception of latency.

The suggested control mechanisms are:

• The musical score.
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• The three metronomes (aural, visual and aural-visual).

• The equipment used: gear such as headphones, microphones, cables, DAW and PC

are the same for all participants.

• Participants are musicians either professional musicians or music students.

The extraneous variables, which are randomly distributed, may increase the difficulty of

achieving the researched effects. In other words, the sensitivity of the experiment for

detecting certain effects is reduced. On the other hand, the confounding variables vary

systematically with the dependent variable and without control these variables may pro-

duce bias in the measurements [48].

In order to minimize the effect of the confounding variables that may affect the dependent

variable, some extra additional control mechanisms are adopted:

• SPL measurements on instruments.

• Use of isolation headphones.

• Measurements to determine a normal hearing ability.

High internal validity is achieved through the control of variables. Therefore, changes ob-

served in the dependent variable are the product of changes in the independent variable

[48].

Randomized variables

Randomized variables are also uncontrolled extraneous variables. However, they are

treated as random errors [140]. In experiments it is possible to randomize those un-

controlled extraneous variables in an operational way. The task of the experimental de-

sign is to convert any possible extraneous variable into controlled variables and therefore

eliminate any possible alternative explanation for the relationship between explanatory

variables. The effect of randomized variables may cancel itself. Furthermore, its effect on

the explanatory variables may not be sufficiently strong and it will, therefore, not intro-

duce a relevant bias [140].
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The goal of an ideal experiment is to eliminate all the class D variables, either by con-

trolling them, i.e. switching to class C, or by placing them in the randomized class R.

However, the control of all variables is not realistic and a lot of them remain uncontrolled.

Figure 3.3 is based on the “Effects of three classes (C, R, D) of extraneous variables on

the explanatory (E) variables (X->Y)” from Kisch [140]. This figure summarizes the role

of the different variables of the experiment. In a true experiment, any disturbing variables

should be eliminated, either by controlling or randomizing the variables so that their effect

is not relevant.

Figure 3.3: Variables and their effects in an experiment adapted from [140]

The thickness of the arrows represents the influence of the variables. Through control

due to the experiment design, represented by a cube, some variables are not considered

a threat to the experiment. The effect of randomized variables in the experiment is also

not relevant (almost a straight line), and they cancel each other out [140].

In contrast to a sample survey or an observational study, running an experiment “theoret-

ically” eliminates the effect of all disturbing variables at the cost of a real representation

of reality. The outcome of the experiment is far removed from the target parameters. In

short, the experiment delivers estimations and does not represent broader populations as

in the case of a sample survey [140].

109



Research Methodology

Sample population

The advantage of experiments compared with other research methodologies lies in the con-

trol of explanatory variables. The drawback of experiments is mostly the representation

of defined target populations. In addition, measurements are often not very realistic [140].

In order to define a representative sample from the vast population corresponding to the

broad number of western musicians, it is necessary to define and specify the characteris-

tics of the test subjects [161]. The sample of the population allows the experiment to be

conducted in a practical way. It enables assumptions to be made about the whole popula-

tion. It is important to recognize that statistical inferences gained from the experimental

research design are limited to the selected population [140].

The relationship between dependent and independent variables depends on the population

subjected to the research [140]. The sample size depends mainly on the population and

the expected accuracy of the results. Other factors that should be taken into account are

time, availability of test subjects and financial issues. Samples sizes between 10 and 30

subjects may be allowed when larger samples are economically unfeasible [125]. Although

bigger samples are usually better than smaller ones [197], bigger sample sizes do not al-

ways lead to an increased accuracy. In contrast, they could even also reinforce statistical

errors [82].

An accurate answer to the question on the number of subjects is difficult to answer. There

is no accepted method for determining the necessary sample size [118]. Some authors such

as Gay and Diehl [108] mention that the sample should be large enough. However, it may

strongly depend upon the type of research. For experimental research 30 subjects per

group are often quoted as the minimum [108]. This assumption of 30 samples or more

is also share by Roscoe [197] who describes some rules of thumb when it comes to the

number of subjects for experimental research. He states that for experimental research

having tight controls, even smaller samples sizes between 10 and 20 may work. A similar

assumption is made by Chassan [60], who estimates that 20 to 25 subjects per group may

be a reasonable minimum. Nevertheless, statistical analysis is not possible if the sample

number is less than 10 [197].

Regarding the number of test subjects, it is possible to make a general assumption. Hav-

ing chosen the “within-subject-design” as the research methodology, it is expected that
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the variance between test subjects does not play a dominant role compared with other

research methods such as the “between-subject-design”. In short, for a “within-subject-

design”, fewer test subjects are needed. There is only one group which undergoes the

different treatments including the control condition, if available [151]. Differences be-

tween participants are easier to check during the test [88].

Participant and subject have the same meaning in this research. Both indicate human

beings who are able to perform an instrument and read a score. However, a subject is

defined in the literature as something broader describing different populations such as

humans or animals [151].

Some restrictions have to be made regarding the sample population [22]. The test subjects

for the listening test are exclusively professional musicians or music students. Assumptions

have to be made regarding the two main categories of test subjects for the experiment.

Professional musicians are those who earn a living through music. It is expected that

their availability for the listening test may be restricted because of their tight agenda and

variable working issues. On the other hand, music students are those who perform an

instrument over many years not just in an academy context of a music university but also

in orchestra communities, at high school and obviously during the pursuit of an academic

title. Both groups have to be proficient with regard to reading notes in a score.

Previous research [158] has come to the conclusion that there are no measurable differences

between musically skilled and less skilled subjects. However, research done by Farner et

al. [90] and altered auditory feedback (AAF) research done by Pfordresher [184] showed

an important difference between measurements on musicians and non-musicians. Sensi-

tivity to delayed auditory feedback (DAF) can be better mastered by musicians. They can

ignore interfering auditory events such as the sound produced by other musicians when

performing together [184]. Furthermore, in experiments on sensorimotor synchronisation,

musically trained subjects respond, on average, differently to subjects without musical

training [12].

In research and listening tests, such as Chafe’s ensemble hand-clapping experiments by

pairs of subjects [54], performers with musical experience slowed down the tempo more

than non-musicians. Furthermore, the ensemble imprecision by musicians was lower [90].

Researchers, such as Fraisse [101], were aware of the difficulty of comparing results be-
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tween trained and untrained subjects in experimental situations.

For this study, the ability to play a musical score is mandatory. In fact, a standardization

of the skills of test subjects is guaranteed by allowing only trained musicians or music

students to take part in the study.

To represent the population of musicians directly related to network music performances

(NMP), some assumptions have to be outlined:

• Network music performance is a relatively new research topic whose performers are

found mainly in the academic environment of musical universities.

• Young people are more receptive to new technologies such as the Internet and the

use of new network technologies.

The population contains mainly European musicians, especially music students, which

constitutes a restriction or control of some of the conditions, meaning the external valid-

ity of the experiment may be compromised [151]. On the other hand, the limitation of

the population means that making accurate assumptions based on the results obtained

from the sample population is possible. In addition, when control in the experiment is

strong and the variables are small in number or totally unpredictable, a number of 30

samples is also feasible [125]. However, the more data, the better the experiment, and

the statistical power may be increased. Time, budget and even space [7, 197] are relevant

parameters when it comes to the collection of a large dataset and may justify small sample

sizes [125, 160].

Having chosen a research design, it is important to fit the resources to the situation. The

target population and the selection of sampling units are a compromise regarding the

“representativeness” of the sampling units [140].

The characteristics of the sample population are very specific. Purposive sampling is

the most appropriate sampling design for this test study. Purposive sampling is a non-

probability sampling design [151] and is mainly used when it is not possible to enumerate

all the population elements or when preliminary studies are developed. People are chosen

with regard to certain characteristics. The main attributes are the ability to play a score

and perform a western musical instrument. Using non-probability sample designs allows
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statistical inferential analysis of data from the sample. However, results may not be gen-

eralisable with regard to the whole population [26]. Some drawbacks of non-probability

sampling are the selection bias. In other words, some subjects may be excluded, i.e. bi-

ased samples [26]. In addition, the sampling error cannot be calculated.

Drawing random samples implies that each test subject of the whole population is included

with only some of them selected randomly. This assumption is very often not practica-

ble [82]. Population samples in the social sciences, medicine and biology are frequently

non-probability samples. The available subjects undergo the research. These samples

represent a virtual population. For this population, the purposive sample may constitute

a random sample [26].

Questionnaire

A questionnaire is not a control mechanism but can provide additional information on the

test subjects before the listening test [70]. Categorical and numerical data is collected in a

personal interview in the same session before the listening test. Sessions are indexed, thus

preserving the anonymity of the test subjects. Participants are debriefed on the scope of

the research and the use of the results. Musicians agree to participate voluntarily and are

allowed to withdraw from the experiment for any reason whatsoever, whenever they wish.

The purpose of the different questions presented is to recognize patterns that might de-

scribe certain characteristics presented in particular musical instrument groups. These

patterns can be further analysed through statistics. A questionnaire enables the classifi-

cation of the relevant information before numerical data is collected.

As explained in the previous chapter, the questionnaire is not a control mechanism but

provides additional information. Table 3.1 shows the questionnaire. No questions were

formulated in any suggestive way to obtain specific answers, the approach is strictly quan-

titative. On the contrary, the questions are mainly informative and the answers are only

categorical or numerical. The information gathered in the questionnaire provides addi-

tional categorical and numerical clarification for the results obtained from the listening

test. In some cases, it may be confirmatory and could explain some outliers present in

the descriptive statistics.
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Item Question Possible Answer

1 Instrument Name and group of the

musical instrument

2 Age Age of the test subject

3 Gender Male or

Female

4 Metronome

Preference

1. Visual

2. Aural

3. Both

5 Expertise 1. Professional Musician

2. Music Student

6 Level of

Expertise

1. Amateur

2, 3, 4 In between

5. Professional

7 Years of

Experience

Number of years

8 Playing technique

(chordophones)

1. Plucked

2. Bowed

3. Struck

9 Current hours of

practice per week

Average number of hours

Table 3.1: Questionnaire for the pilot test

Listening test

The most salient characteristics of every listening test are [88]:

• Methodical and well planned.

• Repeatable.

• Controllable.

The listening test is based on systematic observations [88]. The ultimate goal of the test

is to collect data. Normally, data can be acquired through verbal statements or through
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body movements such as key pressing [88]. A well-defined and simple set-up enables re-

liable data acquisition. For this study, a direct response, either verbal or due to body

movements, is not expected.

The most important elements of the listening test are:

1. The input signal of the instruments for further evaluation and comparison: recording

the musical instruments.

2. A measurement which enables the comparison of the initial conditions between dif-

ferent musical instruments: sound pressure level (SPL) measurements.

3. A piece of equipment to ameliorate the effect of non-controllable variables: head-

phones.

4. A method to evaluate the ability of test subjects participating in the listening test:

measurement to determine normal hearing ability.

The methodology approach for the listening test is similar to that used in classical psy-

chophysics, specifically the method of limits [109].

Reliability of the measurement instruments

The measurements obtained from an instrument have to be consistent [151]. The exper-

iment has to be replicable by any other person [92]. Reliability is necessary for validity

and therefore it is necessary that the equipment is reliable and consistent. The equipment

used during the experiment is:

• Digital audio workstation (DAW): a sequencer software for recording and reproduc-

ing the audio material.

• Personal computer (PC) to run the DAW software.

• Audio interface which is connected to the personal computer to enable the input

and output of analogue and digital audio signals with the DAW (see Chapter 4).

• Microphone to record the audio signals.

• Headphones to listen to the delayed audio signals and the aural metronome.
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• HD LCD monitor to display the musical score and the visual metronome.

• Ancillaries such as cables to connect the different pieces of equipment and micro-

phone stands for the microphone.

The reliability of instruments when measuring physical (substantial) phenomena is higher

than those measuring social insubstantial phenomena. However, it is relevant to know

how reliable the measurement instruments are. Four parameters help to determine the

reliability of measurement instruments [151]:

1. Interrater reliability: identical judgements from different individuals are expected.

2. Test-retest reliability: the equipment used should deliver the same results from the

same participant on two different occasions.

3. Equivalent forms reliability: different versions of the same measurement instrument

yield similar results.

4. Internal consistency reliability: the magnitude to which all items within a single

instrument deliver the same results.

In the listening tests, parameters 1, 3 and 4 are simple to provide. Parameter 2 may not

be satisfied, not because of the unreliability of instruments, but due to characteristics in-

herent to humans and music performers. Even with calibrated measurement instruments,

it is difficult to obtain the same measurement when repeating the experiment. On the

other hand, the instruments used enable different participants to deliver similar measure-

ments with the dependent variable yielding a specific result measured in the DAW. Using

other DAWs, the same measurements should be obtained. Other DAWs were discarded

because of the absence of some relevant features (see Experimental Procedure chapter).

The fourth parameter, relating to reliability is also achieved through the selection of good

instruments and their calibration.

The measurements in this research are direct. Therefore, biasing factors regarding preju-

dices, cultural interpretations and other factors not relevant to the performance of music

can be discarded. Nevertheless, measuring substantial phenomena may potentially deliver

slightly different values from time to time due to a wide variety of reasons. The imperfect

reliability of the measurement determines how different the measurements obtained are.
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A consistent, accurate measurement is the best mechanism for avoiding reliability errors

[151]. The production of measurement errors is unavoidable, however, the experimental

design presented in this chapter is robust enough to minimize such errors.

Several measurements on the equipment used in the experiment are described in Appen-

dices B, C and D. Information from the manufacturers was compared with measurements

on the equipment in order to provide and estimate the reliability of the equipment used

in the listening test. In addition to the procedures described in Appendices B, C and D,

the experimenter has the following options to enhance the reliability of a measurement

instrument [151]:

• Standardization.

• Pilot Studies.

Standardization relates to the manner in which measurement instruments are employed

in the experiment. In this research, where the author is responsible for all the measure-

ments of the participants, it can be expected that the experiment routine does not vary

between participants. Furthermore, the whole experimental process is planned ahead and

the procedure is always the same.

Based on previous literature the experiment was designed according to accepted methods

and experiences from a variety of authors. Nevertheless, an integral part of this research is

the pilot study. This study enables a better planning of the final listening test experiment

and highlights the potential flaws that can be corrected before the main experiment takes

place.

3.2.3 Systematic and Random Errors

Results and the process of gathering data may be affected by errors. Measurements con-

tain measurement errors. Repeating measurements minimizes the measurement errors

enabling a better estimation of the real value [88].

Actions to prevent systematic errors have been described in the previous sections. These

biases can be minimized by the following actions in the listening test:
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• Calibration of the equipment.

• Instrument resolution (this should be higher than the measurement range).

• Double-check the data obtained (re-listening to the audio recordings).

A common systematic error is the offset error. For this research, the measurements begin

with 0ms latency. However, it is important to note that a 0ms latency is not achievable

using digital equipment. As explained in Chapter 2, there is also latency during sound

transmission through air and also through analogue to digital to analogue audio conver-

sions. The next chapter clarifies the “0 point” for the latency measurements.

Random errors are related to measurement accuracy and are not predictable. Strategies

to minimize these errors are:

• Averaging measurements from a set of measures.

• Sample size increase.

The first strategy is adopted in the methodology. Every musical instrument is measured

three times, each time with a different metronome (aural, visual and aural-visual).

In addition to the errors in the experimental set-up, the test subjects themselves may

also affect the accuracy of the results [88]. Measurement inaccuracies in the test subject’s

answers may be created through attention fluctuations or attention deviations. These can

be considered random errors.

Systematic errors in test subjects are related to memory effects or practice effects [88],

known as errors of habituation. The choice of test subjects may also constitute a source

of error, although this error can be minimized through random sampling [88].

Recording the musical instruments

Special care should be taken with respect to the placement of the microphone to record

the performance of the instrument. The recorded sound will return as a delayed signal

(latency) to the test subjects.

The microphone distance is not the same and may depend on the sound pressure level of

the instrument. Issues to be considered regarding the miking of the instruments are:
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• Directional sound radiation patterns of the instruments and sound radiation direc-

tional effects are not equal in all directions [165].

• Close-miking is a reliable method to avoid the recording of room information and

the influence of room acoustics [145]. In addition, extra room information makes it

even more difficult for musicians to cope with latency while playing [104].

• The microphone polar pattern was cardioid. Due to close-miking, directional char-

acteristics of the microphone are not so predominant. However, the proximity effect

may be unavoidable. Low frequencies can be boosted.

For every listening test, sound pressure level (SPL) measurements with an SPL meter

allow for a better comparison between different musical instruments and their SPL out-

puts. This control enables equality of conditions with respect to the recording of musical

instruments.

Headphones provide a better control over variables such as reverberant room conditions,

background noise or sound transmission through the air. To ensure the reliability of the

hearing capability of the test subjects, every musician has to undergo a measurement to

determine a normal hearing ability prior to each listening test. A healthy and accurate

hearing mechanism of the test subject is mandatory for taking part in the listening test.

Reliable participants are vital for the collection of experimental data [22]. Two different

test procedures are admitted. The first consists of asking the test subjects about their

hearing abilities in a questionnaire and a reliable answer is expected. A second procedure

is an audiogram [88]. For this experiment, an audiometer is not foreseen as a tool to

determine the hearing ability. Further information about conducting this test can be read

in the Experiment Procedure chapter.

Using headphones is a compromise where the most relevant characteristics of a room such

as the size, reverberation and resonances are eliminated. Musicians adapt themselves

individually to these relevant characteristics when they perform music. They manipulate

their tempo, dynamic and articulation [203]. On the other hand, controlling the room

with headphones produces an artificial environment which has an influence on the exter-

nal validity. Headphones may also be perceived as disturbing [203].

Although reverberant room conditions enable collaborative performances with a slower

tempo, the use of artificial reverb may reduce clarity of sound and the ability to hear
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the note onset [5]. In previous research pure signals were preferred over those with arti-

ficial reverberation. The delayed returned signal was sent back without any reverberation.

3.2.4 Pilot Test

The main purpose of the pilot test is to test the measurement method proposed and to

observe the different measurement issues that could arise during the experiment under

real conditions. In addition, the pilot test or pilot experiment is done to check the ex-

perimental set-up, calibration issues and feasibility of the experiment on a small scale [22].

Other important issues to consider are the possible flaws encountered during the execu-

tion of the experiment. Procedure errors that should be avoided for the final listening

experiment should be detected in the pilot test. The interaction between test subjects

and the measurement system should be observed and, if necessary further improved.

Based on the taxonomy of a networked performance, an outline of the relevant elements

for this research is presented in Table 3.2.

Factor Description

Human role Instrument performer

Network

topology
Point to point

Transmitted

signals
Audio

Distance of

performers

Remote, simulating distances

in the order of kilometres

Latency and

synchronization

Latencies from 0 to 300ms with

increments of 10ms. Sync via

aural and visual metronome

Table 3.2: Brief taxonomic description of the listening test
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The information in Table 3.2 briefly describes the relevant aspects of the pilot test. The

test simulates a simple point to point connection of several kilometres, transmitting audio

signals generated through acoustical instruments.

Procedure

Test subjects will undergo a listening test. This procedure includes answering relevant

questions about performing the instrument and experience in handling the musical instru-

ment. Afterwards, the listening test begins with the measurement of the relevant variable,

i.e. the ability to cope with latency estimated through the measured latency time. The

procedure is the same for all instrumentalists. The measurement equipment remains the

same during the test. The listening test is carried out in a systematic way to guarantee

equality of conditions. The systematic procedure enables the reproduction of the exper-

iment in any environment and also allows general assumptions about the outcomes and

results obtained.

In other studies, delays have also been increased up to 150ms [63]. In the first Distributed

Immersive Performance experiment (DIP), two musicians playing viola and piano per-

formed Piazolla’s “Le Grand Tango” and excerpts from Hindemith’s “Sonata Op. 11 No.

4” with similar audio delays artificially introduced. The values were in the range of 20

to 300ms [63]. Further reasons for selecting a value of 300ms were the research done by

Gates [107] with maximal disruption values around 270ms as well as the categorization

work by Smith [209] presenting different latency ranges. The work on delayed speech of

Bernard Lee in the 1950s also used 300ms as the delay limit.

The latency increment of 10ms has also been used in previous research and seems to be

the best compromise with regard to internal audio interface resolution [232]. Research

done by Jack et al. [127] concludes that there is no difference between zero latency and

10ms. Moreover, according to the experience of sound engineers and musical network

systems developers such as Yamaha and Audinet, latency values between 20 to 30ms are

not an issue for most of the musicians working with musical network systems1.

Different experiments use different latency levels. From other experiments, it is known

that confident latency values might vary from 0 to 200ms, which is the maximum disrup-

1 Arthur Koll telephone conversation on March 03, 2015.
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tive level of delay for people when speaking [158, 54, 55, 21]. Setting latency values and

thresholds is a compromise. For this research, experience together with former research

were the guidelines used in establishing the latency values.

Adjustments

After running the pilot test with a few test subjects, adjustments might need to be made.

These adjustments are expected to be minor changes with respect to the execution of

the listening test. Based on the first results, it might be possible to estimate if the

measurement procedure constitutes a reliable method to measure the expected variable.

3.2.5 Experiment

The final test is the combination of the pilot test and any adjustments made. The listening

test provides the quantitative data and further information is collected in the question-

naire.

Data collection and data editing (cleaning) are described in the last section of the next

chapter. The data gathered is presented in a table. Data cleaning is not expected. Data

is obtained through direct measurement in the experiment. However, it is necessary to

double-check the data obtained by re-listening to the audio recordings.

Results analysis

An important process within data cleaning is to establish the distribution of data [117].

To discover special structures or peculiarities within the data, an exploratory data anal-

ysis (EDA) is first recommended. A previous model is not required [117].

The EDA enables the detection of structures, the presentation of the data and also the

recognition of important characteristics, especially by studies where the population is not

completely defined and where there is not an established model [117]. For our study, the

population is already defined. However, its variability may be high.

A second approach after the EDA is an inferential statistical analysis which enables con-

clusions to be made about the data gathered. For this research, the analysis of variance
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(ANOVA) is used only when results are normally distributed. Otherwise, other variance

analysis methods such as the H-Test of Kruskal and Wallis or the Friedman test can be

an alternative to establish significances among latency results and specific musical instru-

ments and also between instrument groups. The standard deviation of the mean is another

measurement that has to be calculated in order to corroborate or discard previous results.

Box plots presenting median and quartiles are the choice for the graphical representation

of trends.

Conclusions

Based on the results and the statistical analysis, a relationship between musical instru-

ments and latency may be established. The final outcome should answer the questions

proposed in the introduction of this work.

3.2.6 Ethical Considerations

Ethical issues are indispensable for the planning and performing of the experiment. The

mental and physical “well-being” of all participants has to be ensured [48].

According to the recommendations established in the Regulations for Postgraduate Re-

search Study of the Cork Institute of Technology, the Code of Good Practice and the

codes of conduct accepted in psychology have to be followed.

The following aspects should be taken into account when conducting an experiment [48]:

• Voluntary participation.

• Right to withdraw.

• Full debriefing after the experiment.

• Confidentiality of data gathered and anonymity of participants.

Relevant issues to be taken into account which, according to psychological research [22, 88],

are to be strictly avoided include:
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• Unfair discrimination.

• Harm (psychological or physical).

• Interest conflict.

• Exploitative relationships.

• Uninformed consent.

A general information sheet for participants and a listening test consent form will be

handed out in English or German (see Appendix H) before the test starts. To avoid mis-

understandings it is mandatory to present the listening test instructions in written form.

Thus, any possible influence of the person in charge of the experiment may be avoided [88].

Ethical clearance for this research was obtained by way of an application to the CIT

Ethics Committee. A copy of the CIT Research Ethics Application Form is attached in

Appendix N.

3.3 Summary

After discussing alternative approaches in detail, the research question is explored us-

ing a quantitative approach. An experimental design is defined, in particular the issues

concerning the validity of the experiment, the selection of the variables and the control

mechanism with an holistic approach. The result is an innovative listening test which

is presented as the core of the experimental design. Chapter 4 presents the next steps

describing the experimental procedure and the trends of the pilot test.
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Experimental Procedure

In this chapter, the listening test and its procedure is presented.

4.1 Development of the Experiment

This section describes the different steps relevant to the conception and execution of the

experiment. The main approach is based on the work “An approach to quantifying the

latency tolerance range in non-collaborative musical performances.” [163] developed and

presented by the author in 2014 at the AES 136th Convention in Berlin. Several technical

and conceptional improvements developed for the listening test since the first version will

be presented in the next sections.

4.1.1 Participants

From the vast number of musicians who may be considered as test subjects for this re-

search and from all musicians who perform western musical instruments in the world, the

selection of a representative number can be achieved by taking into account both the pre-

viously defined parameters and the logistical aspects. Students from the European music

universities in the area of Frankfurt am Main and Darmstadt in Germany and Cork in

Ireland represent the population. At the same time, this population defines a limitation

with regard to the results obtained. For the final experiment, test subjects are sampled

randomly from this population.
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4.1.2 Stimuli

The following stimuli are presented to the test subjects during the listening experiment.

Metronome

To guarantee uniformity of conditions both between the test subjects and for data com-

parison, both a visual and aural metronome are used during the experiment. The aural

metronome is a regular DAW-audio software-based audio click metronome with sounds

for bars and beats. The sound level of the bars and beats is the same. Bars and beats are

distinguished by means of a different pitch. The sound is heard as beeps.

The visual metronome was designed with the MAX/MSP software [72] as described in

Appendix A. This application is controlled through MIDI data from the DAW. The vi-

sual information is displayed on a small HD LCD 7-inch monitor placed in front of the

musicians.

Figure 4.1: Visual metronome

The metronome as shown in Figure 4.1, consists of two circles, with different radiuses,

the bigger circle (red colour) represents the bar and the smaller one (green colour) the

beats. The blink time is 150ms, which is far beyond the threshold of perception for a

visual image. This threshold varies from 40 to 60ms [79]. To increase the contrast the

background is black. The colour selection was chosen after performing some trials. Test

subjects described which colours were better suited for following the metronome. The use
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of a pendulum in the metronome as a tool to indicate tempo was intentionally avoided.

Some musicians described their ability to stay in tempo not by the metronome itself, but

by anticipating the movement of the pendulum.

As stated before, MIDI data information sent from the DAW enables the operation of the

application at any BPM value. For the pilot listening test, different BPM values were ap-

plied. Those values ranged from 60 BPM, corresponding to a very slow or adagio tempo,

up to 240 BPM, which is very fast or, in musical terms, prestissimo. The interval between

the different tempi was 30 BPM, thus producing seven different tempi for the listening

test. Small BPM variations, below 5 BPM, are not perceived by professional musicians

[153]. In addition, a shorter interval than 30 BPM would extend the duration time of the

listening test, making it difficult to execute.

Score

Based on the considerations presented in Chapter 3, the proposed score is shown in Figure

4.2:

Figure 4.2: Score for the listening test

Ornamentation is another way of influencing the latency measurement. The elimina-

tion of any ornamentation in the score may reduce the performance differences between

instruments, e.g. a vibrato is relatively easier to play on a cordophone than on an ideo-

phone, which influences the latency measurement and therefore the validity of comparison

between measurements. Accents were avoided to restrict, for as long as possible, the in-

termission of musical expression and therefore highly different interpretations of the score.

Different musical keys enable musicians to perform in different ways [153], making a com-

parison impossible. The use of a common meter such as 4/4 allows simple ratios on the

metronome. Other meters are also possible in accordance with the metronome values of

the experiment (60, 90, 120, 150, 180, 210, 240 BPM). Difficulty increases proportionally
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to the musical tempo value.

Additional scores in different keys were generated from the original score presented in

Figure 4.2. Figures 4.3, 4.4 and 4.5 show, respectively, the bass clef, the alto clef and a

neutral clef without pitch especially for drummers.

Figure 4.3: Bass clef score

Figure 4.4: Alto clef score

Figure 4.5: Neutral clef score for instruments with no precise pitch

The notes used in the score are crotchets (quarter notes), quavers (eighth notes) and

crotchet rests. The score is two bars long and should be repeated or played in a loop after

the second bar. The different tempi in the listening tests (60 BMP to 240 BMP) define

the note duration. It is impossible to expect the exact same note duration for different

instruments or performers. Furthermore, it is a fact that very good musicians often violate

ratio-timed norms when performing a score [129]. As stated before, this deviation may

be one of the reasons why these performers are considered very successful. Differences in

timing imply specific differences in the performer’s finger movements [177].

The score has four different versions in the clefs of G, F and C and in the neutral clef

for percussion instruments with no precise pitch. Other characteristics are the short two
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measures. If necessary, a pitch transposition is allowed depending on the musical instru-

ment only in the case where the performer has a disadvantage (hand or arm position,

embouchure difficulties, etc.) when performing the score compared to other musicians.

The chosen meter was 4/4 and the selected key was C major. The most common meters

in western music are 4/4, 3/4 and 2/4, being even numbered meters [153]. The 4/4 meter

melody allows the crotchet to be the beat unity on each bar. Other meters could be very

complicated to perform in higher BPM [168]. Normally, the first beat of a metric cycle,

the downbeat, is a “strong” beat and therefore accentuated in western European music

[231].

The main characteristics and properties of the score can be summarized as follows:

• The score is two measures long and has to be played in a loop until the performance

breaks down.

• Duration of musical tones are: crotchet (quarter notes), quaver (eighth notes) and

crotchet rests (quarter rests).

• The score contains no ornamentation.

• The time signature is 4/4 and tone onsets are aligned with metric accents. The

accentuation is part of an immanent accent. However, the first note of each measure

is an eighth note, to restrict the time of accentuation, especially for faster BPMs.

• Any syncopation1 (offbeat) is unwanted.

• The melodic contour or shape of the melody line [218] contains rises and falls in an

alternating manner.

• Rests are present to enable breathing for the performers of aerophones, especially

at higher BPMs.

• The tempo varies randomly from 60 to 240 BPM, with seven different tempi sepa-

rated by 30 BPM intervals.

• A total of 11 notes, including rests, are part of the score. Normally five or six notes

are the “eye-hand span” for sight reading [208].

1 Tone onset aligning with weak metrical accents [218].
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• The musical pattern (melody) was created to avoid the exposure effect and therefore

avoid any reminiscence of known melodies and familiarity with other patterns. Test

subjects may prefer familiarity [122].

• The proposed melody avoids any reminiscence of widely known musical patterns.

Nevertheless, associations could arise depending on the performed BPM [131].

• Melodic tension is avoided due to close relationship. Modulations in distant (ac-

cording to the circle of fifth) notes increase tension [102] between notes.

• All notes should be played non-legato2.

• The melody has no repeating pitch patterns to prevent easily acquired motor move-

ments. However, loop repetition for the whole musical score is unavoidable.

At this point, it is important to clarify that there are a lot of musical considerations, pref-

erences and expectations that are impossible to specify through a score [142]. In addition

to the previously described characteristics, it is necessary to consider the following issues

with regard to the performance of the score:

• Short breaks are allowed when starting a new trial with a new tempo.

• The duration of the experiment should not exceed 30 minutes. Previous experiments

have a similar duration [56].

• The score is not rehearsed but performed “a prima vista”.

The score should be as simple as possible. Different musicians should be able to perform

the basic structure.

Digital audio workstation (DAW) template

The main stimuli are controlled using a DAW. Requirements of the digital audio work-

station (DAW) in order to be part of the equipment of the listening test are:

2 According to research in piano performances, playing staccato may correspond with up to a 40% of

the total IOI of the note [32].
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