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Abstract 

Human odour detection thresholds play a significant role in both fundamental and 

applied science. The psychometric function (PF) – quantifying the relationship between sensory 

response and physical stimulus intensity – provides an appropriate approach for acquiring 

threshold estimates in modern psychophysics. Fitting a conventional PF with intercept 

(midpoint threshold) and slope (rate of increase) parameters requires a substantial quantity of 

data. This approach is therefore uncommon in odour threshold estimation because of the high 

susceptibility of olfactory receptors to adaptation and fatigue.  

The American Society for Testing and Materials (ASTM) provide two standard 

procedures – E679 and E1432 – for odour threshold estimation. The data collection method 

outlined by these two procedures is proven effective for circumventing complications arising 

from prolonged testing. However, the theoretical underpinnings pertaining to the threshold 

calculation methods have been questioned openly in the literature. This thesis assessed the 

ASTM procedures for estimating thresholds using 10 chemical odorants, which are common in 

food and beverage products, for a large group of judges. ASTM E679, which has been queried 

for ignoring bias effects caused by guessing, was found effective for group threshold estimates 

but not individual estimates. ASTM E1432, which prescribes fitting a conventional PF based 

on five to eight replications, was found unreliable for estimating individual thresholds.  

A new threshold calculation method was then proposed to address the shortcomings 

with these standards: fitting the PF with the slope parameter fixed at a specific value. By 

circumventing estimation of the slope parameter, the number of replications required for fitting 

a PF reduced considerably. Justification for use of a constant slope hinges on empirical 

observations of only a slight difference in the slope parameters of the conventional functions 

across individuals. The fixed-slope PF was first implemented using the slope of the group PF 

(the group-slope PF), and then developed further using the slope that gives the best overall 

goodness-of-fit (the optimal-slope PF). Both the existing and developed methods were finally 

assessed for reliability and concurrent validity using an independent dataset. Favourable results 

were obtained for the optimal-slope PF.  

Overall, this thesis describes the development of a novel method for odour threshold 

estimation, based upon existing standards – ASTM E679 and E1432. The final developed 

method – the optimal-slope PF – was demonstrated to be the best candidate for producing 

reliable and valid threshold estimates within the practical constraints of olfactory data 

collection. Development of this method has both fundamental and applied importance. In 

addition to enhancing accuracy in measuring olfactory sensitivity, application of this method 

helps align odour threshold estimation with an established psychophysical framework. 
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Development of psychophysical methods 

for estimating human odour detection 

thresholds  

“We are the recipients of scientific method. We can each be a creative and active part of it if 

we so desire.” 

― Kary Mullis  

 

Chapter I – General Introduction 

Prior to G. T. Fechner (1860) who recognised the importance of the sensory 

threshold for establishing the relationship between sensation and stimulus magnitudes, 

investigations of psychological problems primarily relied on philosophical speculation. 

Therefore, the detection threshold is not only seen as a barrier to be surpassed to experience 

sensation, but more importantly it is seen as a gateway to study the human mind 

scientifically. A century has passed since the term threshold was coined, and definition of 

this term has evolved from simple to complex, from explicit to arbitrary, from being a 

specific point between sensation statuses to being an abstract notation of detectability. The 

psychophysical methods for estimating sensory thresholds have changed accordingly to 

incorporate modern theoretical perspectives. With advanced psychophysical methods, the 

threshold estimate becomes the useful and reliable measure that is required by 

neuropsychological research, clinical diagnosis, environmental control, and many other 

realms. Of all the senses, incorporating a psychophysical approach into olfactory threshold 

estimation has been the most challenging. Practical constraints inherent in olfactory research 

have hindered the application of psychophysical methods established in auditory or visual 

research. The choice of methods in empirical odour threshold studies has been left up to 

individual researchers. The plethora of methods in use has led to extreme variation in odour 

http://www.brainyquote.com/quotes/quotes/k/karymullis325379.html
http://www.brainyquote.com/quotes/quotes/k/karymullis325379.html
http://www.brainyquote.com/quotes/authors/k/kary_mullis.html
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threshold data, which is enough to marginalise olfactory psychophysics and delegitimise the 

importance of these data in other areas. Given the confusing state of odour threshold 

methods, there is a demand for the conducting of the following tasks: 

 Evaluating the existing standard protocols for odour threshold estimation 

 

 Developing a threshold calculation method that is theoretically in line with modern 

psychophysical theories, for common datasets obtained with existing protocols   

 

 Embedding odour threshold measurements into a modern psychophysical 

framework such as signal detection theory 

 

This thesis constitutes an attempt to achieve these objectives. An introduction of 

psychophysical theories about sensory thresholds and a literature review of effects of 

methodological variables on odour thresholds constitute the remainder of Chapter I in this 

thesis. The experimental Chapters, II (ASTM E679), III (group psychometric function), IV 

(ASTM E1432 or variable-slope psychometric function), V (group-slope psychometric 

function), VI (optimal-slope psychometric function), and VII (cross-method comparison), 

provide data with which the above objectives can be addressed. A general discussion 

(Chapter VIII) concludes this work. 

1.1   Psychophysics 

Experimental psychology was established as an independent science in 1879 when 

German scientist Wihelm Wundt founded the first laboratory for experimental work focused 

on understanding psychological processes. Relatively few people are aware that Wundt’s 

work was actually inspired by earlier work which recognised the importance of sensory 

processes to understanding the human mind (Gescheider, 1997). Psychophysics, a scientific 

discipline on the relationship between the physical stimulus and sensation, is perhaps the 

most important historical antecedent of experimental psychology. Therefore, for some 

psychologists, the most significant date in the history of experimental psychology is not 

1879, the founding date of Wundt’s laboratory, but 1860, the date that the German physicist, 
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G. T. Fechner, wrote the publication Elemente der Psychophysik (Elements of 

Psychophysics), which provided methods and theory for the measurement of sensation, 

making the human mind measurable in a scientific way for the first time (Gescheider, 1997).  

Today, a century later, psychophysics still remains a fundamental part of 

experimental psychology. With continuous refinements of methodologies and theories, 

modern psychophysical research has gone beyond the questions concerning sensory 

processes, and has extended to such diverse realms as memory, learning, social behaviour 

and aesthetics (Gescheider, 1997). The most important recent advance is perhaps the 

introduction of Signal Detection Theory. It has been seen as the hallmark of modern 

psychophysics (Gescheider, 1997; Macmillan and Creelman, 2005). 

1.1.1   Importance of Sensory Thresholds to Psychophysics 

A central concept in psychophysics is the sensory threshold. The term “threshold” 

was coined by the philosopher Herbart as early as 1824, referring to a limit which must be 

exceeded to elicit consciousness. However, Herbart did not pursue any experimental 

confirmation for his idea. The meaning of “threshold” was later explored by Fechner in his 

effort to find equivalence between psychological experience and physical matter.  

Fechner’s work outlined two types of threshold – absolute threshold and difference 

threshold. The absolute threshold, also referred to as the detection threshold, is traditionally 

understood as the minimal stimulus energy that gives rise to sensation. By this definition, 

the threshold is determined at a stimulus level below which a sensation would not occur and 

above which a sensation would occur. The difference threshold refers to the minimum 

amount of change in a stimulus required to produce a just noticeable difference in the 

sensation. Fechner assumed that the just noticeable difference was the smallest detectable 

increment in a sensation and should yield the same psychological change. Therefore the just 

noticeable difference has been used as the standard unit of sensation on the psychological 

dimension, parallel to the physical dimension. These two types of threshold measures gave 

rise to the very first psychophysical relationship: all difference thresholds were of equal 
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psychological increments regardless of the changes of size on the physical scale once the 

absolute threshold had been surpassed.  

In addition to the significant contribution towards psychophysical theories, a major 

component of Fechner’s work was to develop methods for determining the point of 

discontinuity in perceiving a sensory stimulus. Although understanding of the sensory 

process has changed with modern psychophysics, the detection threshold still remains an 

appealing and useful concept to researchers involved in sensory assessments (Gescheider, 

1997; Lawless & Heymann, 2010; Macmillan & Creelman, 2005). Fechner outlined three 

methods for determining thresholds: the method of constant stimuli, the method of limits, 

and the method of adjustment. Over the past century, methods have been evolved and 

refined that support the systematic exploration within the sensory system of the limits of 

detection. Fechner’s classical threshold methods, for providing a basic structure of sensory 

threshold measurements, are still fundamental in sensory studies. 

1.1.2   Classical Method – Method of Limits 

Of these three methods instigated by Fechner, the method of limits is perhaps the 

most frequently used classical approach for determining sensory thresholds, as it involves 

the least time commitment. Application of the method of limits begins by presenting a 

stimulus, the intensity of which should be well away from the threshold. On each successive 

trial, the physical stimulus intensity changes by a small amount towards the threshold. The 

judge is required to respond whether the stimulus is detected on each trial. 

The stimulus presentations can be manipulated in either a descending or an 

ascending order. With the descending series, the judge is presented with a stimulus that can 

be readily detected. On each successive trial, the intensity of the stimulus reduces by one 

step until the judge stops reporting the presence of the stimulus. With the ascending series, 

the intensity of the initial stimulus is well below the point that can be detected. The intensity 

increases in succession until the judge reports the presence of the stimulus. For either of the 

descending or the ascending stimulus series, the transition of the judge’s response indicates 
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the arrival of the threshold. The threshold is usually estimated by taking the average of the 

concentration at which the judge’s response changes and the preceding concentration. A 

typical application of the method of limits involves alternation of a number of ascending and 

descending series. The final threshold estimate is produced by averaging the threshold 

estimates from all series (Gescheider, 1997). 

The method of limits has two types of errors. The error of habituation occurs when 

the judge develops a habit of continuing to give the same response as for the previous trial 

even after the threshold is passed. As a consequence, the error would affect the threshold 

estimate by falsely increasing it on an ascending series and by falsely decreasing it on 

descending series. The error of expectation occurs when the judge responds under an 

anticipation of the threshold’s arrival. Such a false expectation can make the judge change 

the direction of their responses too early, leading to an erroneous threshold estimate, either 

too low on an ascending series or too high on a descending series.  

These two types of errors can be controlled by incorporating a multiple-alternative 

forced choice (mAFC) method into the method of limits. This variation of the method of 

limits was introduced by Blackwell (1953) in visual research and extended to research for 

taste and smell by Jones (1957). With this method, the judge is presented with multiple 

stimuli on each trial, only one of which is the target stimulus. For instance, in the three-

alternative forced choice task (3AFC), each trial consists of three stimuli with only one 

being the target stimulus. The judge’s task is to identify the target stimulus. The intensity of 

the target stimulus increases in discrete steps on successive trials. The transition point from 

an incorrect to a correct response in an ascending series, or from a correct to an incorrect 

response in a descending series indicates the threshold estimate.  

1.1.3   Modern Methods – Staircase Method 

A further change to the classical method of limits is the adaptive method, which 

makes use of previous responses to guide further testing (Gescheider, 1997). One of the 

common adaptive methods is to follow a simple rule of changing the stimulus up and down 
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by a fixed amount. By architectural analogy, this particular method is termed a staircase 

procedure. The original design of this type of method was by Dixon and Mood (1948) who 

used it in research on explosives. It was introduced to psychophysics by Cornsweet (1962). 

The method derives threshold estimates by traversing the judge’s threshold multiple times 

during a block of trials (Levitt, 1971). 
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Figure 1.1. Illustration of a simple up-down procedure for threshold estimation. Note the stimulus 

movement (ascending or descending), depending upon the response of the judge. A turnaround 

refers to an event at which the physical stimulus intensity changes in a direction opposite to the 

previous change, as labelled by “T”. Typically, the initial three turnarounds are ignored and the 

remaining turnarounds are averaged for the threshold estimate. 

Figure 1.1 illustrates an example of a simple up-down procedure. In the illustration, 

the starting intensity of the stimulus is well above the judge’s threshold. The intensity level 

is systemically decreased by one step at a time, until the judge stops reporting the presence 

of the stimulus, and then the intensity level is increased in value until the judge starts 

reporting the presence of the stimulus. Therefore, the stimulus presented on each trial is 

determined by the judge’s response on the prior trial. If physical stimulus intensity changes 

in a direction opposite to the previous change, the event is called a turnaround (indicated as 

“T” in Figure 1.1). The threshold estimate from the up-down procedure is taken as the 

average of the stimulus intensities corresponding to the turnarounds. It is a common practice 

to omit the initial few turnarounds from the threshold calculation, because the judge’s 

performance in the early trials typically exhibits a different pattern compared to latter trials 
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(Lawless & Heymann, 2010). Furthermore, it is important to average an even number of 

turnarounds to prevent statistical bias in the threshold estimate (Stillman, 1989).  

The advantage of adaptive methods has been discussed by many researchers (e.g. 

Taylor & Creelman, 1967; Treutwein, 1995; Wetherill & Levitt, 1965; Leek, 2001).  

Cornsweet (1962) identified the main advantage of the staircase method for threshold 

estimation. For a given reliability of a computed threshold value, the staircase-method 

requires a presentation of much fewer stimuli than any other psychophysical method. Levitt 

(1971) discussed further advantages of the staircase method, such as simplicity, high 

efficiency, robustness, small-sample reliability. For these reasons, the staircase method is 

widely used in modern psychoacoustics (Garcia-Perez & Alcala-Quintana, 2011). 

The simple up-down procedure is potentially prone to response bias because it 

creates a dependence of each trial on previous trials (Lawless & Heymann, 2010). There are 

two types of common errors – the error of habituation and error of expectation – as 

described earlier for the method of limits (p. 5). These errors occur in separate situations 

when the judge is habituated to giving one response, or changes the response based on 

expectation. To overcome this response bias, the simple up-down procedure is combined 

with forced-choice tasks, so that the judge cannot simply report the presence or absence of 

the stimulus. The experimenter notes the correctness of the judge’s responses, and therefore 

gains control over the aforementioned responding errors.  

Another technique that is often adopted in conducting the adaptive method is to 

introduce a different rule for changing the stimulus level (Jesteadt, 1980). One of the most 

common rules is: two correct responses are required for one-step decrease in physical 

stimulus intensity but only one incorrect response leads to a one-step increase in intensity. 

This particular rule is referred to as the two-down, one-up rule (Levitt, 1971). An example 

of a 2AFC, two-down, one-up staircase procedure is given in Figure 1.2. 

The staircase method, according to a recent review by Garcia-Perez and Alcala-

Quintana (2011), is the predominant method for threshold estimation in current 

psychoacoustics. The success of the staircase method in auditory research has extended into 

sensory science. An early example of employing a staircase method in sensory science was 
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demonstrated by Murphy (1983), who obtained a clear significant difference in odour 

thresholds for menthol between elderly and young participants. Lawless and Heymann 

(2010), in their review of methods for sensory threshold estimations, predicted continuous 

expansion of the use of staircase methods in taste and smell measurements.  
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Figure 1.2. Illustration of a two-down, one-up staircase method. Each response comes from a two-

alternative forced choice (2AFC) task, which requires the judge to indicate the target stimulus based 

on the observation of two stimuli.  

1.2   Theories about Sensory Thresholds 

In the past century, psychophysicists have also gone beyond the empirical 

measurement of thresholds, and postulated theories concerning the underlying mechanisms 

of the sensory threshold (Gescheider, 1997). This was a period of time when a variety of 

threshold theories were developed to predict human performance on sensory tasks. Validity 

of these theories was tested by evaluating the degree to which the quantitative deductions 

from the theories were confirmed by empirical data from psychophysical tasks. This section 

establishes how sensory threshold theories evolved in line with the history of psychophysics. 

Most of the theories were developed in an attempt to answer what a sensory threshold is or 

whether a sensory threshold exists, and if it does, how to obtain the best measure of it. 
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1.2.1   The Psychometric Function 

The psychometric function is a useful tool when illustrating various theories for 

quantifying human performance in sensory tasks. Broadly defined, a psychometric function 

describes the dynamic relationship between the physical measure of stimulus magnitude (on 

the abscissa) and a psychological measure of a judge’s sensitivity (on the ordinate). While 

the quantification of the stimulus magnitude varies depending on the stimulus itself, the 

sensitivity measure can also change based on the methodology by which it was obtained. In 

classical theory, proportion of detected stimuli (P(x)) is a common measure of a judge’s 

detection performance; it is the number of times the stimulus is correctly detected divided 

by the total number of attempts.  

1.2.2   Remarks on the Classical Threshold 

A threshold is traditionally understood as a sharp transitional point that separates 

sensation and no sensation. It was assumed that a stimulus below the intensity of the 

threshold has no effect on the judge’s perception, and a stimulus above the threshold results 

in a specific amount of neural activity. When the “threshold” was first concerned, it was 

thought to occur at a fixed level of physical stimulus intensity, if the properties of the 

stimulus and the condition of the judge’s sensory system were kept constant (Gescheider, 

1997; Lawless, 2013). This is equivalent to assuming that a particular stimulus always 

yields the same state of sensation, either detection or no detection, depending on whether the 

intensity of the stimulus exceeds the threshold. This assumption predicts a step-like 

psychometric function as shown in Figure 1.3, where the proportion of detected stimuli 

abruptly increases from 0 to 1.  
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Figure 1.3. The step-like psychometric function predicted by classical psychophysical theory. In the 

hypothetical example, the threshold is determined at the physical stimulus intensity level 10, at 

which proportion of detected stimuli abruptly changes from 0 to 1.  

1.2.2.1   Momentary thresholds 

Around the 1900s, psychophysicists began to reconsider the nature of sensory 

thresholds. In 1908, Urban put forward the probabilistic nature of discrimination/detection. 

This was based on his observation that correct discrimination becomes more likely with an 

increased difference between the intensity of two stimuli. According to Jones (1974), 

Delboef (1883) was the first to propose a substitution of a ‘continuum of experience’ for the 

discrete process of threshold, in response to the realisation of the role of sensory variation in 

detection. The first empirical demonstration of the importance of sensory variation dates at 

least to1892 when Fullerton and Cattell developed a means of quantifying the inconsistency 

in a judge’s responses with repetitions of identical stimuli (Macmillan & Creelman, 2005).  

Recognition of sensory variation introduced a primary assumption in classical theory 

of detection thresholds. That is, the value of threshold can vary over time (Gescheider, 

1997). This theory maintains the original notion of threshold being a sharp boundary 

between detection and no detection, but it infers that this boundary point is momentary and 

constantly changing. Therefore, repeated applications of a stimulus of a particular intensity 
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can yield either detection or no detection depending on the momentary criterion used at that 

particular point in time. Assuming the value of the momentary criterion is affected by 

random sensory variation, the psychometric function is expected to be in an ogive shape. An 

example is shown in Figure 1.4, which represents how detection performance monotonically 

increases as a function of physical stimulus intensity.  

 

 

Figure 1.4. A psychometric function deduced from classical threshold theory. Conventionally, the 

midpoint of the function is typically used for defining the threshold, as indicated by the dashed line. 

1.2.2.2   Mathematical models of psychometric functions 

There are a variety of mathematical models available for defining the psychometric 

function, the most common ones being Gaussian, logistic, Gumbel, and Weibull (Wichmann 

& Hill, 2001a). The choice of the mathematical model depends on the assumed distribution 

of sensory variation which influences the placement of the momentary threshold. A standard 

Gaussian psychometric function is selected for use in this thesis because of its consistency 

with other standard theories and models and its predominant use in the literature (Blackwell, 

1946).  
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The Gaussian psychometric function is given by  

 

P(x) = Φ (x, μ, s)                                                                                                    Equation 1.1. 

 

where x is the odorant concentration in log10 units; µ is the mean of the distribution of 

momentary thresholds; s is the standard deviation of the distribution of momentary 

thresholds; and Φ (∙) is the Gaussian cumulative distribution function. Psychometric 

functions can be illustrated in either a sigmoid form as shown in Figure 1.4 or a linear form 

if units on the ordinate are expressed in z-scores. The two indices, µ and s wholly specify 

the psychometric function. The parameter µ is sometimes referred to as the intercept, 

changes in µ shift the function laterally along the dimension of stimulus magnitude. The 

parameter s is equivalent to the slope measure of the psychometric function when it is 

expressed in the linear form (i.e., z-score ordinates), so this parameter is sometimes referred 

to as the slope; changes in s alter the function’s steepness (Macmillan & Creelman, 2005). 

As used in this thesis, the definition of slope is such that a large value of s means that the 

function has a slow progression (i.e. flat function), and conversely a small value of s means 

that the function has a fast progression (i.e. steep function). Sometimes 1/s is reported in the 

literature (e.g. Donaldson, Viemeister, & Nelson, 1997; Strasburger, 2001a), so that larger 

reported values correspond to steeper psychometric functions. 

It is important to note that the parameters μ and s are independent. The left panel of 

Figure 1.5 illustrates two psychometric functions having the same slope but different 

intercepts. The right panel illustrates a different case of two psychometric functions having 

different slopes but the same intercept. 
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Figure 1.5. Illustrations of the effects of the intercept and slope parameters on the psychometric 

function. The left panel displays two psychometric functions with the same slope and different 

intercepts; the right panel displays two psychometric functions with different slopes and the same 

intercept.  

 

Figure 1.6. Illustration of a psychometric function with correction for chance rate (γ) and lapsing 

rate (λ). The midpoint of this function, namely the half-way point between 1- λ and γ, is indicated by 

the dashed line. The lapsing rate (λ) is represented by the distance between the top line of the graph 

and the dotted line. 

 

γ + (1– γ – λ)/2 
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1.2.2.3   Psychometric functions for mAFC tasks 

The theoretical psychometric function has asymptotes of 0 and 1, but the 

psychometric function estimated with empirical data may have different asymptotes. In 

practice, the judge can detect the target stimulus by chance alone. Therefore, proportion 

correct (p(c)), which is calculated by the number of correct responses divided by the total 

number of attempts, is considered a more appropriate performance measure. Proportion 

correct is affected by errors introduced by non-sensory variables, such as guessing and 

inattention. These errors are captured by two additional non-sensory parameters – the 

chance rate (γ) and the lapsing rate (λ). In m-alternative forced choice (mAFC) tasks, γ is 

1/m. The calculation of γ involves a simple logic; the judge will respond correctly once in 

every m trials by chance alone in the long run. The lapsing rate quantifies deviations from 

perfect responding due to failure of the equipment or to attentional lapses of the judge 

(Treutwein & Strasburger, 1999). The equation for the psychometric function, including the 

above factors is, 

 

p(c) = γ + (1- γ - λ) P(x)                                                                                         Equation 1.2. 

 

where γ is the chance rate and λ is the lapsing rate. The asymptotes of the empirical 

psychometric function become γ and λ. Figure 1.6 illustrates Equation 1.2. 

Wichmann and Hill (2001a), in reviewing previous research, suggested that the 

lapsing rate does not distort the psychometric function by much; it typically affects p(c) by a 

value between 0 and 0.06. Estimating the lapsing rate requires a large number of test 

replications (Wichmann & Hill, 2001), which appear unrealistic to obtain with olfactory 

testing. Therefore the lapsing rate is excluded from the scope of this thesis. Setting the 

lapsing rate λ = 0 yields 

 

p(c) = γ + (1- γ ) P(x)                                                                                             Equation 1.3. 
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The empirical threshold is conventionally determined to be the concentration that 

corresponds to the midpoint between the asymptotes of the psychometric function, which is 

effectively the intercept of the psychometric function. As shown in Figure 1.6, this value is        

γ + (1– γ – λ)/2. Setting λ = 0 yields a midpoint of γ + (1– γ)/2. In this thesis, this threshold 

will be referred to as the midpoint threshold. 

1.2.2.4   Collecting empirical psychometric functions 

In empirical studies, fitting the psychometric function typically requires repeated 

sampling of the judge’s performance at a range of stimulus intensities, so that proportion 

correct, p(c), can be calculated at each intensity level. A psychometric function which gives 

a reasonable threshold estimate usually requires 20-40 test replications at each physical 

stimulus intensity (Morrison, 1982b). This number is much larger when a precise slope 

measure is desired. Leek, Hanna and Marshall (1992) recommended 200 test replications for 

a slope measurement. Kontsevich and Tyler (1999) used 300 test replications for their slope 

assessment, versus 30 replications for the threshold measure.  

A good reason is clearly needed to justify multiplying the research cost by 10 times 

in order to obtain a slope measure of the psychometric function. First, since the shape of the 

psychometric function is influenced by both the intercept and the slope, a good slope 

measure will minimise the error between the psychometric function and data, and thereby 

produce a more accurate threshold estimate (Klein, 2001). Second, knowing the value of the 

slope parameter allows a threshold measure to be determined for different levels of 

detectability. Aside from defining the threshold at the midpoint, the threshold can be defined 

at a higher or lower detection level to suit different research purposes (Strasburger, 2001b). 

Third, ignorance of the slope can sometimes produce misleading results (Klein, 2001). For 

instance, Figure 1.5 (right panel) provides a good example of two psychometric functions 

having the same intercept but different slopes. These yield the same midpoint thresholds but 

different thresholds at any other values of p(c).  
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1.2.2.5   Evidence against classical threshold theory 

The classical threshold theory has been accepted and is still used today to support 

many practical approaches for threshold determination in various fields. However, 

psychophysicists have found evidence which negates this theory.  

In a situation when the judge is required to respond “yes” or “no” to the presence of 

a target stimulus (i.e. Yes-No detection task), there are four possible outcomes of a single 

response, as shown in Table 1.1. When the stimulus is present, a “yes” response is a hit and 

a “no” response is a miss; when the stimulus is absent, a “yes” response is a false alarm and 

a “no” response is a correct rejection. A judge may have a tendency to use one response 

more frequently than another. This tendency is called response bias (Macmillan & Creelman, 

2005). Response bias is also applicable in m-alternative forced choice tasks, as a tendency to 

choose one alternative more often than the others. 

Table 1.1. Stimulus-response matrix for a Yes-No detection task. Four types of events can occur on 

a trial. 

  Response 

  “Yes” “No” 

Stimulus Present Hit Miss 

Stimulus Absent False alarm Correct rejection 

 

Psychophysical studies have found that response bias is influenced by two primary 

non-sensory factors: probability of stimulus presentation and payoff conditions. Probability 

of stimulus presentation influences the judge’s responses in a direct manner. When the 

target stimulus is presented more frequently, the judge is inclined to give more “yes” 

responses, yielding a higher hit rate and a higher false alarm rate. In the contrary case, where 

the stimulus is presented infrequently, the judge gives relatively more “no” responses, 

yielding higher rates of correct rejections and misses. Less directly, payoff conditions 

induce response bias through the judge’s consideration of the expected outcome of each 

response. When the reward for a hit is high or the cost of a false alarm is low, the judge is 

more likely to give a “yes” response. When the cost of a miss is low or the value of correct 

rejection is high, the judge is more likely to respond “no”.  
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Classical threshold theory was in question because it was found incapable of 

accommodating response bias (Gescheider, 1997). Equation 1.3 is not only a statistical tool 

for deriving threshold, but also a theoretical reflection of the classical threshold theory. One 

implication from Equation 1.3 is that the original form of the psychometric function 

(Equation 1.1), P(x), should be recovered after the obtained psychometric function 

(Equation 1.3) is corrected for γ. Expanding on this supposition, the judge’s midpoint 

threshold derived at the half-way point between γ and 1 on a psychometric function should 

always be the same even if obtained from different experimental conditions or tasks.  

To test this supposition with empirical data, Gescheider (1997) presented an example 

on the effect of altering the false alarm rate on the psychometric function. Figure 1.7 

displays the psychometric functions depicted by Gescheider, Wright, Weber, and Barton 

(1971). These two psychometric functions in the left panel of Figure 1.7 were fitted to data 

collected under identical conditions except for different stimulus probabilities. If the 

classical threshold theory is correct, these two psychometric functions should be identical 

after they are converted back to the form given in Equation 1.1. As shown in the right panel 

of Figure 1.7, the recovered psychometric functions (after the chance rate is removed) were 

not the same. It is clear that the intercept and slope of the two functions are different. 

Similar results were observed by Swets, Tanner and Birdsall (1961) with visual stimuli.  
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Figure 1.7. Psychometric functions estimated by Gescheider et al. (1971) to illustrate the effects of 

probability of stimulus presentation on the measured thresholds. In each panel, the two psychometric 

functions were constructed when probability of stimulus presentation was 0.3 and when it was 0.7. 

The left panel includes the best-fitting psychometric function to the collected data; the right panel 

presents the recovered psychometric functions which have been corrected to allow for guessing. 
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Furthermore, early studies also observed an inconsistency in the psychometric 

functions obtained from different psychophysical tasks (Buchanan, Givon, & Goldman, 

1987; Pokorný, Marcín, & Davídek, 1981; Raffensperger & Pilgrim, 1956). This 

observation raised a paradox in the fact that a judge’s performance, measured in terms of 

proportion correct, p(c), varies across different psychophysical tasks, given the same stimuli. 

This phenomenon was first commented by Byer and Abrams (1953), and later referred to as 

the paradox of discriminatory non-discriminators by Gridgeman (1970). The mystery of the 

paradox remained unsolved until Frijters (1979) provided an explanation of the 

inconsistency observed between the two tasks in terms of the decision space; he then 

suggested a more consistent analysis of the results. The fundamental idea of Frijters (1979) 

was to produce an index that circumvents the difference in accuracy between different tasks, 

quantifying the perceptual difference between the stimuli to be discriminated. Accordingly, 

modern psychophysical framework – Signal Detection Theory – provides a mechanism to 

accomplish this.  

1.2.3   Modern Psychophysics - Signal Detection Theory 

1.2.3.1   Background of Signal Detection Theory  

Signal detection theory (SDT) has advanced our understanding of sensory processes, 

and has been described as “the most towering achievement of basic psychological research 

of the last half century” (Estes, 2002, p. 15). McFall and Treat (1999) said development of 

SDT “is not the story of a theory evolving smoothly and continuously over time; rather, it is 

the story of a conceptual framework being reborn periodically”. The benefits of using 

models based on signal detection theory are well documented (Green & Swets, 1966; 

Hautus & Irwin, 1995; Lee, van Hout, Hautus, & O’Mahony, 2007; Macmillan & Creelman, 

2005). SDT quantifies sensory sensitivity in a way that is independent of the measurement 

method, response bias or the decision strategy used by a judge, and therefore allows 

comparisons among different tasks (Green & Swets, 1966; Lee & O’Mahony, 2007; 

Macmillan & Creelman, 2005). 
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SDT originally emerged from the development and evaluation of radar detection 

apparatus. It was observed, by separate engineering research groups, that noise is mixed 

with all signals. Noise can arise from spontaneous fluctuation of neural/sensory system and 

from ever-changing environmental factors. In some trials, the noise could mimic the 

presence of a signal (Kotel'nikov, Silverman, & Turin, 1960; Peterson, Birdsall, & Fox, 

1954; Van Meter & Middleton, 1954). Erroneous reports of detecting signals because of 

noises are a major limitation in radar performance. This basically means that detection can 

result from any signal input, including noise. Whether to report the presence of the signal 

depends on how the information is used. 

Tanner and Swets (1954) made the first attempt to incorporate SDT into 

psychophysics, by building a model approximating how judges behave in a detection 

situation. Green and Swets (1966) explained the theory in further detail.  

1.2.3.2   SDT model and the sensitivity measure  

As earlier psychophysicists have already firmly established, sensory experience of a 

stimulus varies randomly. In the context of SDT, not only the signal can yield a sensation, 

the noise can also contribute to form a sensory experience. In addition, the noise (N) could 

elicit strong sensation on some trials, which can be mistaken for the target stimulus; 

conversely, the signal-plus-noise (SN) could be perceived as weak on some trials, resulting 

in a miss (Macmillan & Creelman, 2005). This state of affairs can be represented 

graphically, as shown in Figure 1.8, by two Gaussian distributions representing the random 

variation in sensory experience due to N and SN respectively. When N is distinct from SN, 

the distributions of sensory evidence (the two Gaussian distributions) will be located far 

apart on the decision space; when they are somewhat similar, the distributions of evidence 

will be close to each other. SN is always located to the right of N because it is presumably 

stronger than N, given that the signal is added to the N. Where SDT departs from the 

concept of the threshold is in the definition of a new construct, the criterion. Different from 

the threshold, the criterion relates sensory experience to a response, and is not directly 

related to whether or not the sensory system “detects” the stimulus. 
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An example of criterion is also shown in Figure 1.8. The judge places a criterion on 

the decision space so that any signal perceived to the right of the criterion yields a “yes” 

response and any to the left of the criterion yields a “no” response. To understand how the 

judge chooses a location for the criterion, another applied approach – statistical decision 

theory – is brought into the picture. Decision theorists also assert that a decision is not only 

made based on the mere signal input, but also depends on the probability of stimulus 

presence and the payoff matrix, as discussed earlier. A high probability of stimulus presence, 

or large incentive for correct identification of the target stimulus, will move the criterion 

towards the left, giving more “yes” responses (lax criterion); conversely, low probability of 

stimulus presence or punishment for incorrect identification of the target will move the 

criterion towards the right, resulting in more “no” responses (strict criterion). In a given 

decision space, the location of the criterion determines the type of response biases present. 

A lax criterion leads to a conservative response bias, and a strict criterion leads to a liberal 

response bias, both of which adversely affect the p(c) obtained by the judge. A neutral 

criterion, located at the point on the decision space where the two distributions intersect, is 

considered the optimal criterion as it leads to a maximum p(c). Relationships between the 

different p(c) measures are further discussed in the next section.  

Sensory Evidence

Criterion

SNN

Hit rate

 N = 0  SN = d'

False-alarm rate

 

Figure 1.8. Graphical illustration of a Signal Detection Theory model. The horizontal axis represents 

the sensory evidence, or magnitude of perceptual experience, that stems from the presentation of a 

stimulus. The distributions show how this evidence varies from presentation to presentation for N 

and SN. The sensitivity measure, d′, is the distance measure between the two distributions. 
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SDT quantifies effects of non-sensory variables separately, leaving a measureable 

aspect of internal sensory experience unchanged and capable of being evaluated separately. 

A new sensitivity measure – d', was developed to express the pure detectability of stimulus. 

The measure d' is the difference between the mean of N and that of SN on the decision 

space, as indicated in Figure 1.8. The separation between the mean of the perceptual 

distributions is equal to the difference between the Z-transformed false alarm and hit rates. 

The sensitivity measure d' can therefore be calculated by  

 

d′ = Z(H) – Z(F)                                                                                                     Equation 1.4. 

 

where Z(∙) refers to the inverse of the normal distribution function, sometimes called the Z-

score. When the hit rate and the false alarm rate are equal, d′ is 0. In that case, the N and SN 

distributions are located at the same place on the decision space; a judge’s discriminative 

ability is completely insensitive, and the resulting p(c) is at the chance rate.  

1.2.3.3   Relation between d' and p(c) 

Earlier discussion of the different sensitivity indices suggests a fundamental 

difference between p(c) and d'; that is p(c) is dependent on, and d' is independent of, the 

response bias. As the judge’s criterion shifts in the decision space, the judge’s p(c) changes 

whilst d' remains constant. This difference between p(c) and d' is demonstrable by the 

Receiver Operating Characteristic (ROC) curve. ROC curves are drawn in a ROC space, by 

plotting the hit rate against the false alarm rate (Macmillan & Creelman, 2005; O'Mahony, 

1992).  
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Figure 1.9. Illustration of the relation between p(c) and d' through the Receiver Operating 

Characteristic (ROC) curve. Each point on the same ROC curve represents the same d' value (i.e. 

1.24) but a different value of p(c). The value of p(c) can vary from p(c)extreme to p(c)non-neutral to p(c)max, 

depending on the location of the criterion. The performance obtained with a neutral criterion is 

represented by p(c)max, which is located at the intersection of the ROC curve and the half-diagonal 

line from the left-top corner to the centre of the ROC graph.  

Each ROC curve is defined by a d' value. Figure 1.9 presents an example of a ROC 

for d' = 1.24. Each point on the ROC curve represents a pair of hit and false alarm rates. 

Different points on the curve represent different criteria or response biases. If straight lines 

are used to connect a single point on the curve with the ROC squares lower-left corner and 

upper-right corner, the area beneath the lines corresponds to p(c) (Hautus, O'Mahony, & Lee, 

2008). As indicated in Figure 1.9, the point at the intersection of the ROC and the half-

diagonal line (dotted line) gives the maximum area (defined in this way) beneath the curve; 

this maximum value of p(c) for a specific value of d' is called p(c)max. A neutral criterion, 

which leads neutral response bias, yields p(c)max. As response bias becomes less neutral, the 

value of p(c) becomes less than p(c)max. As shown in Figure 1.9, the area beneath the lines 

connected at the point of p(c)non-neutral is smaller than that of p(c)max. This p(c)non-neutral is a 

result of  a strict criterion which yields a relatively small number of “yes” responses. When 

the response bias is extreme, the judge’s performance is declined to the level of chance, 

indicated by p(c)extreme in the example. 

p(c)max 

p(c)non-neutral 

p(c)extreme 
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Independence between d′ and the location of the criterion has been experimentally 

confirmed using both visual (J.A. Swets, 1961) and auditory stimuli (J. A. Swets, Green, & 

Tanner Jr, 1962). Both studies demonstrated neither attitudinal nor motivational variables to 

contaminate the estimate of d′. The fundamental ability to produce a pure sensory sensitivity 

measure is valued among researchers as the most immediate beneficial feature of SDT. 

1.2.3.4   Invariance of d′ across psychophysical tasks 

Aside from being free from response bias, another unique property of d′ relates to its 

independence of psychophysical task. As Irwin, Stillman, Hautus, and Huddleston (1993) 

state: “theoretically, a given value of d′ has a given meaning, no matter what psychophysical 

procedure produced it” (p. 230). Early attempts to confirm this used both visual (Tanner & 

Swets, 1954) and auditory stimuli (J.A. Swets, 1959), in which comparable d′ were obtained 

from the Yes-No task (i.e. the simple detection problem) and a four-alternative forced-

choice task. Hautus and Irwin (1995) expanded the cross-task evaluation of d′ for assessing 

discriminability of food products. Their findings confirmed the theoretical prediction – d′ is 

invariant across tasks for the same judge and stimuli, whereas p(c) is not. Similar findings 

were obtained in a range of studies (e.g. Hautus, Shepherd, & Peng, 2011a, 2011b; Irwin et 

al., 1993; Masuoka, Hatjopolous, & O'Mahony, 1995; O'Mahony & Hautus, 2008; Rousseau 

& O'Mahony, 1997; Stocks, van Hout, & Hautus, 2013). The measure d′ is “a break in the 

trend… to regard the results of a psychophysical test as meaningless except in relation to 

the procedure of the test” (Licklider, 1959, p. 73) .  

The constancy of d' across psychophysical tasks can also be demonstrated with ROC 

curves. The ROC curves for some psychophysical tasks bow out further than others, even 

when the stimuli are identical; nevertheless they depict the same value of d' (Hautus et al., 

2008; O'Mahony & Hautus, 2008). Figure 1.10 illustrates this difference between the ROC 

curves for the Yes-No and 2AFC task. In the presented example, the ROC curves show that 

2AFC is an easier task than Yes-No and results in better performance for detecting a given 

stimulus. As shown by the areas under the ROC, p(c)max for Yes-No is smaller than that for 

2AFC, for a specific d'. 
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Figure 1.10. Examples of three pairs of Receiver Operating Characteristic (ROC) curves for the 

Yes-No (dashed curves) and the 2AFC tasks (solid curves). Each pair of curves is based on the same 

value of d'. The Yes-No curve always falls below the 2AFC curve with the same value of d'. 

 

There is a mathematical relationship between d′ and p(c)max for each psychophysical 

task. Researchers have produced tables based on the relationship between these two 

measures (Elliot, 1964; Hacker & Ratcliff, 1979; Welford, 1968). For a given d', each task 

yields a different p(c)max value. As shown in part (a) of Table 1.2, for d' = 1.0, a sensitive 

task, such as 2AFC, produces a higher p(c)max than other tasks. Conversely, a particular 

p(c)max (e.g. 0.75) corresponds to different d′ values for different psychophysical tasks, as 

shown in part (b) of Table 1.2. For a sensitive task, to achieve the p(c)max of 0.75 does not 

require a level of discriminability, measured by d', as high as required by other tasks.  
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Table 1.2. Examples of p(c)max and d' for four psychophysical tasks. Table (a) shows the values of 

p(c)max when d′ = 1.0 for the listed psychophysical tasks; Table (b) shows the value of d' when 

p(c)max = 0.75 for these tasks.  

(a) 

p(c)max when d' = 1.0 

Yes-No
A
 2AFC 3AFC Duo-trio

B
 

0.69 0.76 0.63 0.42 

 

(b) 

d' when p(c)max is 0.75 

Yes-No 2AFC 3AFC Duo-trio 

1.37 0.95 1.43 2.80 

 

A
In a Yes-No task, the judge is presented with one stimulus at a time, the judge is required to 

identify whether the presented stimulus is the target or not. Proportion correct for a Yes-No 

task is the total number of hit and false rejection divided by the total number of trials. 

B
 In a duo-trio task, the judge is presented with three stimuli sequentially, the judge is 

required to identify the stimulus that is different from the other two stimuli. 

 

In the demonstrated example, 2AFC presents a special case. The value of p(c)max for 

2AFC when d' = 1.0 is 0.76; this is very close to p(c) = 0.75 which is the value of p(c) that 

corresponds to the midpoint of the 2AFC psychometric function. If the same set of stimuli 

are tested with a 3AFC task, p(c)max is 0.63 which is a poor approximation to the midpoint 

p(c) for that task (i.e. 2/3 or 0.667). This example illustrates that the midpoint threshold 

defined with one psychophysical task should not be compared to midpoint thresholds from 

other tasks. This is a major problem with midpoint thresholds (Gescheider, 1997). 

  SDT does not support the existence of a threshold (recall that criterion and threshold 

are entirely different concepts); however, an operational definition of threshold can still be 

established. Similar to the use of p(c), the operational threshold is defined with reference to 

a pre-specified value of d′. In theory, any d' value serves a constant measure of performance, 
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so choosing any value takes advantage of the property of invariance presented by d'. To be 

consistent with previous literature, this thesis chooses d' =1.0 as the criterion for 

determining thresholds (Klein, 2001; Klein & Teller, 1985; Macmillan & Creelman, 2005). 

This threshold measure is referred to as the SDT threshold in this thesis. The SDT threshold, 

being independent of the psychophysical task and response bias, is a recommended 

threshold measure in modern psychophysics (Gescheider, 1997). 

1.3  Odour Detection Thresholds 

1.3.1   Use and Significance 

Odour thresholds provide important data for both applied and basic sensory science 

(Hawkes, 2006; Lawless & Heymann, 1997; Paustenbach & Gaffney, 2006; Joseph C 

Stevens & Cain, 1987). The practical value of odour detection thresholds manifests itself in 

various fields, such as in environmental science for setting up limits for pollutants (ASTM, 

2011b; Stocking, Suffet, McGuire, & Kavanaugh, 2001), in medical assessments for 

“preclinical” diagnosis of neurological diseases (Epstein & Schiffman, 1983; Haehner et al., 

2009; Lutterotti et al., 2011; Murphy, Gilmore, Seery, Salmon, & Lasker, 1990), and in food 

science for determining the minimum detectable level of a taint, off-flavour or contaminant 

(Lawless & Heymann, 2010; Meilgaard, Civille, & Carr, 2006). Pangborn (1981), building 

on Frijters (1978), asserted that thresholds are not necessarily useful in terms of predicting 

responses above threshold in sensory science, but there is evidence of a good correlation 

between people’s odour thresholds and their responsiveness at suprathreshold levels 

(Lawless, 1980; Lawless, Antinone, Ledford, & Johnston, 1994). Recently, the relevance of 

odour thresholds to hedonic and intensity perception of chemical odorants has been further 

investigated, because of its particular importance to researchers of fragrance and food 

products (Gautschi, Bajgrowicz, & Kraft, 2001; Jaeger et al., 2012; Plotto, Margaria, 

Goodner, Goodrich, & Baldwin, 2004). .  
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In the context of fundamental science, Walker et al. (2003) said “any attempt to 

understand the processing of odor information by the olfactory system should take into 

account the simplest measure of the performance limits of this system: odor threshold 

concentration” (p. 817). Odour threshold measures are important in elucidating the process 

of quality discrimination (e.g. Kaneda et al., 2000), understanding perception of odorant 

mixtures (e.g. Laska & Hudson, 1991), assessing the relative sensitivity of different judges 

or groups to a substance (e.g. Amoore, 1976), and comparing the relative potency of various 

chemical stimuli (e.g. Punter, 1983). More recently, a new area requiring odour threshold 

data has emerged to investigate the genetics of olfaction (Jaeger, McRae, Salzman, Williams, 

& Newcomb, 2010; Keller, Zhuang, Chi, Vosshall, & Matsunami, 2007; J. F. McRae et al., 

2012; Menashe et al., 2007). Thus thresholds serve a dual purpose, to indicate the 

stimulatory efficiency of a given chemical, and to measure an individual’s sensitivity to 

tastants or odorants.  

1.3.2   Review of Odour Threshold Data  

Despite the importance of data on odour thresholds, a considerable amount of 

variability is shown to reduce their validity for being employed in practical areas (Schmidt 

& Cain, 2010). Previous studies of odour detection thresholds show a marked variability 

across individuals, test occasions, and studies (Hellman and Small, 1974; Katz and Talbert, 

1930; Leonardos, Kendall and Barnard, 1969). Variation of orders of magnitude in the 

reported odour threshold data presents a major enigma to researchers in this field.  

1.3.2.1   Inter-individual variability 

Earlier research focused on identifying variations between individual judges. 

Amoore, Venstrom, and Davis (1968) ascertained that approximately 96% of the population 

falls between 1/16 and 16 times the mean threshold for an odorant, constituting a range of 

256-fold. A much wider range was suggested by K. S. Brown, MacLean, and Robinette 

(1968) for some odorants, showing a spread over five log units across 60 people. Punter 

(1983) endorsed the figure estimated by K. S. Brown et al. (1968) by obtaining a threshold 
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range of 5.31 log units across 58 judges. An extreme case was observed by Yoshida (1984), 

who reported a threshold range of over 16 log units with data collected from 430-1000 

judges for a few odorants. A range of factors are suggested to have an influence on 

individual olfactory thresholds: age, sex, and smoking habit being the ones receiving the 

most attention (Doty, 2001; Venstrom & Amoore, 1968). Recently, there has been an 

increasing trend to study the genetic basis of odorant-specific variations in human olfactory 

thresholds (Bartoshuk, 2000; Keller et al., 2007). 

1.3.2.1.1   Age-related factors 

Of these factors, age-related decline is claimed to be the most influential. According 

to Venstrom and Amoore (1968), age could account for 20% of the total odour threshold 

variance. This is in line with Rabin and Cain’s (1986) conclusion that age-related factors 

contribute up to 2-fold in the odour threshold variability. High odour thresholds in the 

elderly population have been confirmed in a range of studies (Cain & Gent, 1991; Hummel, 

Sekinger, Wolf, Pauli, & Kobal, 1997; Rabin & Cain, 1986; Schiffman, Moss, & Erickson, 

1976; J. C. Stevens, Cain, & Burke, 1988; J. C. Stevens & Dadarwala, 1993). Compromised 

olfactory sensitivity has been noted as a part of the normal aging process. Recordings of 

electrophysiological cortical activity by means of olfactory event-related potentials (ERP) 

suggest that neuronal allocation is diminished and the processing speed is decreased in 

normal aging for sensory and cognitive components of the ERP (Geisler, Morgan, 

Covington, & Murphy, 1999; Hummel, Barz, Pauli, & Kobal, 1998; Murphy et al., 2000; 

Murphy, Nordin, De Wijk, Cain, & Polich, 1994). However, one recent study, conducted by 

Nordin, Almkvist, and Berglund (2012), presented evidence against the idea that olfactory 

loss is inevitable for the aged population, and suggested that secondary factors, such as 

medical issues and cognitive decline, might be the real contribution to deficits in odour 

detection in the elderly population. 

A significant compromise in the ability to detect odorants was also found to be 

related to several neurological diseases. In particular, reliable relationships have been found 

between reduced olfactory sensitivity and Alzheimer’s disease (J. Wang et al., 2010), and 

Parkinson’s disease (Mesholam, Moberg, Mahr, & Doty, 1998). Research has shown that 
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olfactory deficits are present in the early stage of these diseases and precede the onset of 

classic disease symptoms. Effects due to neurological diseases may be another secondary 

factor that contributes to olfactory decline with aging. 

 

1.3.2.1.2   Sex differences 

Sex is another factor that has been heavily investigated with regards to variability in 

odour detection thresholds. Punter (1983), who conducted a systematic assessment 

involving 58 odorants, found no sex differences in odour thresholds. This finding sustained 

the conclusion from an earlier study of Amoore and Venstrom (1966). However, a large 

group of studies found that females outperform males for a wide range of odorants 

(Cometto-Muñiz & Abraham, 2008, 2009b; Koelega & Koster, 1974; Odeigah, 1994; 

Wysocki, Nyby, Whitney, Beauchamp, & Katz, 1982). Dalton, Doolittle, and Breslin (2002) 

believed that females enhance olfactory sensitivity following repeated exposure to odorants, 

but not males. Lytra, Tempere, de Revel, and Barbe (2012) did not obtain such a sex-

specific effect on sensitivity enhancement for wine components. One possible explanation to 

this inconsistency is that sex differences are odorant-dependent. According to Doty and 

Cameron (2009), this point of view was first suggested by Le Magnen (1952), although 

there has not been sufficient empirical support for this theory. Aside from odorant-

dependence, the inconsistent findings might also be attributed to factors affecting hormones, 

such as the menstrual cycle, pregnancy and hormone replacement therapy. Doty and 

Cameron (2009) systematically reviewed previous literature on sex differences and the 

effects of reproductive hormones on human olfactory sensitivity, and concluded that the 

relationship appeared more complex than proposed previously. Therefore the relationship 

between hormones and measure of olfactory function is not clearly evident.  

1.3.2.1.3   Smoking behaviour  

There is no general consensus as to whether smoking behaviour influences the 

ability to smell, despite heavy attention given to this view in earlier studies of olfactory 

acuity. A relationship between decreased olfactory sensitivity was found by some 
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researchers (Hubert, Fabsitz, & Feinleib, 1980; Joyner, 1964), but not by others (Engen, 

1982; Frye, Schwartz, & Doty, 1990; Martin & Pangborn, 1970; Venstrom & Amoore, 

1968).  

 

1.3.2.1.4   Genetic basis 

As early as 1968, Amoore postulated a relationship between genetics and olfactory 

ability as an explanation to specific anosmia. First found by Blackeslee (1918), specific 

anosmia refers to a phenomenon when an individual exhibits extremely low sensitivity 

towards a single odorant or a few related odorants, while perceiving most other odours 

normally (Amoore, 1968, 1971). Amoore (1971) suggested that the most obvious 

explanation of specific anosmia would be the absence of, or defect in, the olfactory receptor 

protein, which corresponds to the particular odorant. 

Wysocki and Beauchamp (1984) conducted the pioneering work of confirming the 

genotypic variation in the population of olfactory receptors, using a biological odorant –

androstenone. This odorant, derived from testosterone, was found to be variously perceived 

by different individuals as offensive, pleasant or odourless.  

In light of increasing interest in the role of olfactory perception in food science, a 

series of studies has been conducted in the past decade to find the genetic basis of olfactory 

sensitivity for a range of other odorants, including isovaleric acid, cis-3-hexen-1-ol, and β-

damascenone (Gilbert & Kemp, 1996; Jaeger et al., 2013; Keller et al., 2007; McRae et al., 

2013; Menashe et al., 2007). 

1.3.2.2   Intra-individual variability 

The differences between people’s olfactory sensitivity were believed to be the 

primary source of variability in odour threshold compilation data, that is until Rabin and 

Cain (1986) questioned the common notion of large individual differences based on their 

odour threshold studies using a repeated measurement design. The inter-individual 
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differences were found to be much smaller than those reported in the literature. Findings 

from J. C. Stevens et al. (1988) reinforced the idea that the previous reported differences 

between individuals’ threshold estimates were largely an illusion due to customary brief test 

design. 

 J. C. Stevens et al. (1988) collected an unusual amount of test replications from each 

judge to estimate thresholds for 1-butanol, pyridine and β-phenyl-ethylmethylcarbinol 

(PEMEC). The psychophysical method was an ascending method of limits with 2AFC 

presentations. The judge was asked to perform five 2AFC trials at each concentration; 

correct responses to all of the five 2AFC trials on two successive concentration levels was 

the criterion for termination of the test. The results showed a considerable variability across 

each judge’s threshold estimates, the size of which was in fact comparable to the inter-

individual variability previously reported (e.g. Jones, 1957; K. S. Brown et al., 1968; Punter, 

1983; J. C. Stevens & Cain, 1987). A conclusion that J. C. Stevens et al. (1988) drew from 

these findings was that the intra-individual differences in odour threshold data might 

erroneously inflate the previous estimation of the inter-individual differences. Later, J. C. 

Stevens and Dadarwala (1993) in a comparative study of olfactory sensitivity of the young 

and elderly, once again demonstrated the importance of repeated odour threshold testing. 

Differences in threshold estimates were seldom detected between the age groups when a 

judge’s thresholds were estimated with one replication, yet a clear decline was observed for 

the elderly group when the threshold estimates were averaged from four test replications.  

The intra-individual variability across the threshold measures casts doubt on the 

validity of some results from customary brief testing (Rabin & Cain, 1986). A common 

conclusion from the aforementioned studies was that more threshold determinations across 

several occasions seem to be necessary for provision of reliable threshold estimates for the 

individual. Rabin and Cain (1986) said that the intra-individual variability in odour 

threshold measures should be constantly kept in mind by those working in human olfactory 

psychophysics when designing a threshold study. 

There have been a few studies that investigated the test-retest reliability of odour 

threshold estimates. In a study of 40 judges, Koelega (1979) reported a test-retest correlation 

for the threshold of n-amyl acetate of 0.65. Punter (1983) estimated thresholds for 31-38 
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judges for 11 odorants using a method of constant stimuli. The correlation coefficients 

across three test occasions ranged from 0.19 to 0.73. A similar study was conducted three 

times for three of the 11 odorants; the odorant 1-butanol exhibited routinely low correlation 

coefficients. Amongst all the research, the most favourable coefficient was 0.88, obtained by 

Doty, McKeown, Lee, and Shaman (1995) using the binary-scale five-down, one-up 

staircase applied to phenyl ethyl alcohol detection. Doty et al. (1995) attributed the 

relatively high correlation coefficient to the use of the staircase method. 

The studies investigating intra-individual variability and test-retest correlation 

collectively indicate the importance of repeated measurements or intensive testing. This also 

points towards the efficiency of modern methods using the staircase protocol. Minimal 

attention to the required degree of testing (e.g. number of trials or replications) may have 

contributed to overestimation of the differences between individual’s thresholds (Rabin & 

Cain, 1986).  

1.3.2.3   Inter-odorant variability 

Both inter-individual and intra-individual variability in odour thresholds are odorant 

dependent. The differences in the intra-individual variability between odorants are reflected 

by differences in the reliability coefficients discussed in the above section. Some odorants 

yield higher correlation coefficients than others.  

Inter-odorant differences, in terms of inter-individual variability, are revealed by 

odour threshold distributions. Differences between odorant threshold distribution shapes 

suggest that the sensitivity is more variable for some odorants compared to others. A review 

on previous literature of odour threshold distributions located a small number of examples. 

Figure 1.11 displays some of the histograms of the published distributions reconstructed as 

closely as possible from the published data. Information regarding each example, such as the 

odorant, number of subjects, and source are given in Table 1.3. 
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Table 1.3. Information on the sources of odour threshold distributions presented in Figure 1.11. 

Odorants Authors N 

1, 8-cineole  Pelosi and Pisanelli (1981)  36 

cis-3-hexen-1-ol Jaeger et al. (2010)  48 

isobutyraldehyde Amoore (1976)  222 

isovaleric acid Venstrom and Amoore (1968)  443 

β-damascenone Plotto, Barnes, and Goodner (2006)  65 

β-ionone Plotto et al. (2006)  65 
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Figure 1.11. Examples of odour threshold distributions reconstructed from existing literature.  

The threshold distributions in Figure 1.11 present a clear contrast between odorants. 

Two odorants – isobutyraldehyde and β-ionone – show bimodal distributions whereas other 

odorants are unimodal. Also, β-damascenone and β-ionone were observed within the same 

study (Plotto et al., 2006), suggesting that the difference in threshold distributions is 

independent of the experimental design or the stimulus delivery mechanisms. 
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1.3.2.4   Inter-study variability  

Another challenging dimension of odour threshold estimation is the large difference 

in odour thresholds reported by different laboratories (Walker et al., 2003). Compilations of 

thresholds for specific compounds show variation from study to study of four to six orders 

of magnitude; a variation so large that some researchers see the published information as a 

source of frustration rather than of help (Amoore & Hautala, 1983; Van Gemert & 

Nettenbreijer, 1977).  

In earlier studies, effort was made to uncover the cause of this inter-study variation. 

As early as 1986, Rabin and Cain proposed an idea of incorporating a reference odorant to 

increase comparability among studies. However, this idea was not adopted as researchers 

did not reach consensus about employing a reference odorant. Devos (1990) assigned a 

general factor (a multiplier) to bring the thresholds estimated by a given researcher into 

alignment with that of other researchers. The general factor is essentially the conversion 

factor that Amoore and Hautala (1983) used for aligning the thresholds estimated in 

different laboratories. This exercise helped to reduce a large amount of variation. Based on 

these findings, Cain and Schmidt (2009) demonstrated two major sources of inter-study 

variation: a systematic variation due to inconsistent use of experimental methodologies; and 

a random variation due to differences in human olfactory response. While not much can be 

done about the second source, researchers may be able to reduce variation from the first 

source by standardising psychophysical methods for odour threshold estimation.  

1.4   Investigation of Psychophysical Methods for Odour Threshold 

Measurement 

Over the past 20 years, there has been an increasing awareness of the importance of 

odour thresholds in applied research. However, there has not been much activity in 

methodological research in the area of odour threshold measurements. The common 

methods used for odour threshold measurements usually prioritise practical efficiency over 
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theoretical validity. There is a limited amount of academic research in quantitative 

measurement of odour thresholds. While this is a psychophysical matter, olfactory threshold 

has not been under the spotlight of psychophysical research because advancement in 

psychophysics largely relies on sensory systems other than olfactory, which provides more 

convenient access to response data. This thesis, with an objective to advance methods for 

estimating odour thresholds, discusses challenges and possibilities of incorporating 

psychophysical theories into practical methods.  

Psychophysical methods will be discussed using the taxonomy introduced by Marvit, 

Florentine, and Buus (2003): the psychophysical procedure is a combination of paradigm 

and method. The paradigm can be further decomposed into stimulus presentation protocols 

and psychophysical tasks. The stimulus presentation protocol should include a description of: 

1) the odour dispensing device; 2) the arrangement of inter-presentation and inter-trial 

intervals; 3) and the testing environment. The description of the psychophysical tasks should 

include information about the presentation of odorant samples and the instructions given to 

the judges. According to Marvit et al. (2003), the method part describes the rules used to 

select the series of stimuli in the course of measurement and includes a definition of the 

result of the measurement. By this definition, these two aspects – paradigm and method – 

are intertwined in practice. The present thesis therefore modifies the definition of method as 

a specific description of how to derive results of the measurement from the collected data, 

namely the calculation method. The following section will discuss how each of these factors 

affects odour threshold estimation.  

1.4.1   Protocols for Stimulus Presentation 

Earlier studies concerning the methods used for odour threshold estimation focused 

more on the selection of judges and the stimulus presentation protocols. Pangborn (1981), 

based on observation of previous studies, provided a summary of variables capable of 

altering threshold estimates, including the number of judges, the level of experience of the 

judges with the tested odorant and the testing procedure, and the nature of the instructions 

provided to the judges.  
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A group of researchers attempted to explain inconsistent threshold measures from 

different olfactory threshold studies through stimulus control, such as the odorant delivery 

system (Christoph & Drawert, 1985; Drawert & Christoph, 1984; Engen, 1982; Laing, 1983) 

and the control of odorous concentration (Linschoten, Harvey, Eller, & Jafek, 2001; Lötsch, 

Lange, & Hummel, 2004). Most of the abovementioned factors were shown to have modest 

effects on threshold estimation, approximately 6-fold or less (T. Miyazawa, M. Gallagher, G. 

Preti, & P. M. Wise, 2009).  

1.4.2   Psychophysical Tasks 

Another line of research focuses on the effects of the specific psychophysical task 

used on threshold estimates. As discussed earlier, effects of psychophysical tasks on the 

estimation of conventional midpoint thresholds have been discussed in depth with evidence 

observed with other sensory domain (e.g. Gescheider, 1971). However, a dearth of 

information is available for olfactory stimuli relating to the effects of the psychophysical 

task. One of the few studies made on this front was the comparison between two rapid 

methods – a forced-choice ascending method of limits and a staircase method – for 

estimating olfactory thresholds for n-amyl acetate (Wise, Bien, & Wysocki, 2008). The 

difference between methods was found to be approximately 3.2-fold, which only explained 

a small amount of inter-study variation. 

In comparison to other senses, olfactory testing receives the least research attention. 

Review of previous studies indicates several reasons for this: complicated preparation and 

rapid perishability of the odorant, lack of standardisation of psychophysical procedures, and 

the often considerable time required to perform the test (Wolfensberger, 2000).  

Whilst all the other issues can be overcome at a certain cost, the last is problematic. 

An inherent problem with olfactory testing is the susceptibility of olfactory receptors to 

adaptation and fatigue. It is common knowledge that continuous exposure to an odorant can 

produce a temporary decrease in its ability to be perceived, which is empirically reflected in 

heightened detection thresholds (Cain & Cometto-Muniz, 1995). To overcome effects due to 
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adaptation, a common strategy is to prolong the time interval between sample presentations. 

Compared to typical auditory research where the inter-stimulus interval may be between 300 

and 1400 ms (Lightfoot & Kennedy, 2006), a much longer interval of 30 seconds is 

recommended for olfactory studies (T. Miyazawa et al., 2009). This inherently makes 

olfactory research a time-consuming endeavour. Given consideration of these issues, two 

basic rules have emerged for conducting olfactory research: 1) allow adequate time between 

the presentation of each odorant sample; and 2) have a small number of sample 

presentations (Doty, Shaman, & Dann, 1984).  

Compliance with these two rules creates some major complications in estimating 

odour thresholds. Quantity and frequency of odorant sample presentations needs to be 

carefully considered. Too few samples leads to large variability in measurements and makes 

the application of advanced psychophysical methods problematic, yet too many samples 

negatively affect the judge’s performance by inducing reduced alertness and motivation, and 

increased adaptation and fatigue (Lawless, 2010). An optimal method for odour threshold 

estimation must take this trade-off into account.  

1.4.3   Data Processing Methods 

The complications involved in odour threshold estimation have almost led to the 

abandonment of the idea that ‘odour threshold’ is a valid quantification of olfactory 

sensitivity (Walker et al., 2003). A frustration shared by many researchers is that even if 

odour thresholds are a valid measure, accurately and reliably obtaining such thresholds as a 

measure might not be possible in the practical world (Amoore & Hautala, 1983; Walker, 

2001).  

Most odour threshold studies include a brief testing procedure with only a few test 

replications. For instance, typically around 20-40 presentations per judge is considered the 

maximum amount of data that can be achieved in a common experimental setting using a 

3AFC method of limits (ASTM, 2011a). This number translates to 4-6 replications per 

concentration with a series of 5-8 concentration steps. Estimating thresholds with this 
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minimal amount of data usually involves some arbitrarily determined heuristics, according 

to which the threshold is taken as the concentration when the judge exhibits a particular 

response pattern to the odorants.  

1.5   Review of Current Methods for Estimating Odour Thresholds 

1.5.1   ASTM E679 

ASTM International, formerly known as the American Society for Testing and 

Materials (ASTM), is a globally recognised organisation in the developed and delivery of 

international voluntary consensus standards. Despite being a non-profit organisation, ASTM 

standards have been employed internationally to improve product quality, enhance safety, 

facilitate market access and trade, and build consumer confidence. 

ASTM International Standard Practice E679 (ASTM, 2011b) was developed in an 

attempt to achieve method standardisation for measuring odour detection thresholds, since it 

is well recognised that non-standard use of methods can lead to unwanted effects on 

experimental outcomes (see review, Bi & Ennis, 1998). ASTM E679 was originally 

published in 1997 and revised in 2004. This standard method has been recommended by two 

major textbooks in food science – Lawless and Heymann (1997, 2010) and Meilgaard et al. 

(2006) – for its careful sample presentation protocol, effective use of psychophysical task 

and simple threshold calculation method. 

1.5.1.1   Data collection method 

ASTM E679 prescribes a simple and rapid data collection procedure – the method of 

limits with an ascending concentration series using three-alternative forced-choice (3AFC) 

judgements at each concentration step – to find individual and group odour thresholds. 

Although this method resembles the classical forced choice method of limits, it only consists 

of an ascending concentration series and incorporates a forced-choice psychophysical task. 
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The use of an ascending series is due to consideration of the high susceptibility of olfactory 

receptors to adaptation. A descending series would expose judges to high concentrations of 

odorant from the first test. 

The testing procedure typically consists of six to eight 3AFC presentations, each 

containing one target sample and two blank samples. For each presentation, the judge is 

required to indicate which of the samples is different from the other two. The concentration 

of the target sample is increased by a constant factor throughout the series of presentations. 

The target sample would become increasingly discernible as the test progresses along the 

geometrical ascending series. A response is enforced in cases that the judge cannot provide a 

definitive response based on the available sensory evidence. The correctness of the judge’s 

response to each trial constitutes the response dataset. Typically, incorrect responses are 

coded ‘0’ and correct responses are coded ‘+’. 

It should be noted that the instruction provided by ASTM E679 for the 3AFC task 

differs from the conventional instruction given to a 3AFC task, in which the judge is required 

to identify the target sample, not the odd sample. The type of instruction is important because 

of its relevance to the judge’s choice of cognitive strategy. A cognitive strategy refers to the 

rule that a judge applies to the sensory evidence that stems from the stimuli presented on a 

task, to make a judgement or a decision (Hautus, van Hout, & Lee, 2009). In theory, there are 

two types of cognitive strategies relevant to the 3AFC task. One is the “skimming” strategy, 

with which a judge chooses the sample that elicits the most intensive sensation. The other 

strategy, referred as the “comparison of distances” strategy, proposes that a judge uses 

absolute perceptual distances between the stimuli. The 3AFC instruction, by asking the judge 

to identify the sample with the target odorant, encourages judges to employ the skimming 

strategy, whereas the instruction given by ASTM E679 increases the likelihood for judges to 

choose the comparison of distances strategy. Different choices of cognitive strategies can 

lead to different responses. Figure 1.12 illustrates two scenarios where these two strategies 

are concordant and discordant. In the upper figure, both the skimming and comparison of 

distances strategy lead to the identification of the target sample, being the most intensive and 

the most different sample. In the lower figure, the “skimming” strategy leads to 

misidentification of the target, as the sample “blank 2” is perceived as the strongest sample, 
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whereas the “comparison of distances” strategy leads to the correct response, because the 

target sample is the most different sample. Therefore, there is a chance that the choice of 

instruction indirectly affects interpretation of the judge’s performance. 

Sensory Evidence

Target

Blank 1

Blank 2

Target

Blank 1

Blank 2

 

Figure 1.12. Decision model of two scenarios of a 3-alternative forced choice task where the 

“skimming” strategy and the “comparison of distances” strategy concordant (upper figure) and 

discordant (lower figure).  

Due to the absence of a decision model for a 3AFC task in combination with a 

comparison of distances strategy, it is important to ensure that judges employ a skimming 

when performing the 3AFC task prescribed by ASTM E679. This could be done by 

informing the judge that the odd sample is always the target sample. With this 

supplementary information, the judge should not select a blank sample even if it is perceived 

different from the other two samples.  
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1.5.1.2   Threshold calculation method 

Description of a straightforward calculation method constitutes the other part of 

ASTM E679. The best-estimate threshold (BET) is calculated for individuals based on their 

correct/incorrect response series. The BET is derived by taking the geometric mean of the 

concentration at which the last incorrect response occurs and the next concentration. The 

judge’s threshold is the geometric mean of the BETs of all replications administered to this 

judge; the group BET is the geometric mean of all individuals’ BETs. 

1.5.1.3   Critics for the threshold calculation method 

Despite great empirical success, previous researchers have raised some concerns 

about ASTM E679 with regard to its inconsistent application and theoretical underpinnings. 

The following section discusses four major concerns with this method – inconsistent use of 

stopping rules, unjustified endpoint rule, uncontrolled chance rate and incorrect theoretical 

underpinnings. 

1.5.1.3.1   Inconsistent use of stopping rules  

Given a 3AFC task, the probability of obtaining a correct response by chance alone, known 

as the chance rate (γ), is 1/3. A correct response by chance is not an uncommon event. The 

heuristic prescribed in ASTM E679 attempts to reduce any effect due to chance by requiring 

confirmatory correct responses on subsequent trials, the principle being that correct 

responses in succession indicate a higher likelihood of genuine detection instead of guessing.  

The specification includes two criteria that experimenters may use to judge the 

termination of a test series – “when the panelist [i.e. judge] either (1) completes the 

evaluation of all sets of the scale, or (2) reaches a set wherein the test sample is correctly 

identified, then continues to choose correctly in higher concentration test sample sets” 

(ASTM, 2011b, p. 3). The first criterion is commonly used in experiments that involve 

simultaneous testing on multiple judges (Kolpin & Shellhammer, 2009; Pickering, Karthik, 

Inglis, Sears, & Ker, 2007; Plotto et al., 2004; Stocking et al., 2001). The second criterion 
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is more often employed in experiments that test one judge at a time, so that the response 

series can be customised for each judge.  

In practice, implementation of ASTM E679 involves making up another rule which 

prescribes the number of correct responses from which the threshold estimate is calculated. 

This rule will be termed a “stopping rule” in this thesis. In some cases, the threshold is 

determined from the location in the series at which the response reverses from incorrect to 

correct for the last time. In other cases, the threshold is determined at the point in the series 

at which the response changes from incorrect to correct and is followed by two, or 

sometimes three consecutive correct responses. ASTM E679 describes the use of stopping 

rules, but does not explicitly specify the most appropriate stopping rule. Review of previous 

research suggests a notable inconsistency in the employment of the stopping rules, the 

choice of which primarily depends on experimental conditions and objectives. It is likely 

that such inconsistency adds variability into inter-study comparisons; however the possible 

effects due to stopping rules have been underestimated or simply overlooked in the past.  

1.5.1.3.2   Unjustified endpoint rules  

Another specification of ASTM E679 that receives criticism is the use of endpoint 

rules. The procedure states when a judge can easily detect the lowest sample or cannot 

detect the highest sample in the concentration series, estimation of the threshold relies on a 

simple assumption that the judge’s response would have changed at a lower than the lowest 

or a higher than the highest concentration level of the present concentration series. This rule 

is referred to as the endpoint rule in the present thesis.  

ASTM E679 justified the use of the endpoint rule stating “since the threshold of the 

other panellists were within the presented scale range, his threshold should not be far away 

from the range if he belongs to the same statistical population” (p. 5). Although this 

explanation is not entirely unreasonable, it introduces a speculation about the individual’s 

threshold. Previous researchers suspected the use of the endpoint rule as providing an 

artificial closure to the odour threshold task (Morrison, 1982a).  
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In practice, the use of endpoint rules may be inevitable in many cases, especially if 

the large inter-individual differences in olfactory sensitivity are confirmed. When the 

presented concentration range cannot encompass a judge’s response reversal, it is unrealistic 

to extend the concentration series without a limit. However, the calculation heuristic 

prescribed by ASTM E679, which takes the geometric mean of the concentrations at the end 

of the concentration series and the extended level, gives considerable weight to the extended 

endpoint. This has created another requirement for new threshold estimation method, which 

is to reduce reliance on the endpoint rule. 

1.5.1.3.3   Uncontrolled chance rate  

The lack of studies on stopping rules is not due to simple ignorance of this matter, it 

is because this heuristic has been deemed an ad hoc method that does not control guessing 

behaviours in a correct manner (Lawless, 2010). Therefore, the choice of stopping rules is 

merely another arbitrary choice. Stopping rules associated with a lower probability of 

guessing are seen as more conservative. For example a Last Reversal stopping rule requires 

a full evaluation of all 3AFC trials and determines the threshold from the location in the 

series at which the response reversed from incorrect to correct for the last time. In this case, 

the probability of guessing is < 1/27. Another relatively conservation stopping rule is Stop 3, 

which regulates the probability of guessing at p = 1/27 by requiring three consecutive 

correct responses prior to terminating the test. Conversely, stopping rules with a higher 

probability of guessing are seen as less conservative. Stop 2 is associated with a probability 

of guessing ofp = 1/9 because it requires only two correct responses in succession to 

termination of the test.  

Two types of bias are acknowledged by researchers that are inherent to the heuristics 

of taking the geometric means. The ASTM method effectively allows contamination due to 

correctly guessing the target sample when the concentration is below the threshold, whilst 

not tolerating any response error for concentrations beyond the threshold. This leads to a 

downward bias when correct guesses are mistaken as genuine detection or an upward bias 

when errors are treated as detection failures. The stopping rule serves a critical role in 

controlling these two types of errors. Choice of a ‘suitable’ stopping rule cannot eliminate 
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the confounding effects due to these errors, but may change the degree of influence from 

each error. For example, a conservative stopping rule (e.g. Last Reversal rule) is associated 

with the lowest possibility of being influenced by correct guessing. Simultaneously, this rule 

is also the most prone to unwanted effects such as fatigue, adaptation or other interference, 

due to the additional exposure to odour stimuli. Thus, an upward bias might be prominent 

for this stopping rule, more likely producing a higher-than-actual threshold estimate. In the 

case of a liberal stopping rule (e.g. Stop 2), the resulting threshold is more likely to be 

influenced by a downward bias, leading to a lower-than-actual threshold estimate. This 

argument is hypothetical. The effect of these two types of bias cannot be discerned from the 

threshold results. Nevertheless, this hypothesis allows us to assume that there is a stopping 

rule that results in a cancellation of the upward and downward biases, fortuitously giving the 

‘true’ threshold (Lawless, 2010). However, such presumption again cannot be validated 

without knowing what the ‘actual’ threshold is. This makes it a challenging task for 

experimenters to choose an appropriate stopping rule to use. Lawless (2013), in his recent 

review of odour threshold estimation, emphasised the importance of “stopping rule”. 

1.5.1.3.4   Inaccurate theoretical underpinnings  

Beyond the concerns with the use of stopping rules, the data processing method of 

ASTM E679 has been challenged on the basis of its classical theoretical underpinnings 

(Lawless, 2010; Morrison, 1982b; Peng, Jaeger, & Hautus, 2012). As previously introduced, 

modern sensory theory has demonstrated that the empirical psychometric function 

progresses in a sigmoid shape, implying that p(c) increases monotonically yet gradually, 

primarily as a result of random variation in the sensory system (Wichmann & Hill, 2001a). 

Despite a general awareness of modern threshold theory, the theoretical basis of the 

calculation heuristic of ASTM E679 is still based on obsolete classical threshold theory, 

which characterises the threshold as a sharp transitional point that separates no detection and 

detection. It equivalently assumes that p(c) abruptly increases from no detection to perfect 

detection at one single concentration. Such an all-or-none assumption does not encompass 

the reality of moment-to-moment variability underpinning a judge’s detection performance. 
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It is described as “an idealized construction that is comfortable but unrealistic” (Lawless 

and Heymann, 2010, p.143). 

Consequently, threshold estimates resulting from the ASTM method do not 

necessarily correspond to the midpoint p(c) (i.e. p(c) = 2/3 for a 3AFC). If the resultant 

threshold corresponds to a p(c) that is lower than the midpoint p(c), the threshold estimate is 

associated with a downward bias; if the corresponding p(c) is higher than the midpoint value, 

the threshold estimate is associated with an upward bias.  

This methodological flaw relating to ASTM E679 was originally reported by 

Morrison (1982a), who indicated that thresholds resulting from this method cannot be 

treated as an entity that conforms to any modern conceptualisation of thresholds.  

1.5.2   Modified Data Processing Methods for ASTM E679 

While procedures for generating and presenting stimuli are important for accurate 

estimation of sensory thresholds, an ideal method for threshold estimation must also be 

supported by a sound theoretical framework. (Morrison (1982a), 1982b)) in both of her 

reviews of ASTM E679, reiterated the necessity of fitting individual psychometric functions 

to obtain accurate threshold estimates. Although it could be a laborious process for both 

judges and experimenters, Morrison (1982a) ascertained that it is “clearly a false economy 

to use a quick procedure if the results so obtained are meaningless”.  

As previously discussed, fitting psychometric functions has been widely used for 

estimating thresholds in visual and auditory research. Successful examples from other 

sensory modalities have inspired researchers to incorporate the use of psychometric 

functions into odour threshold estimation. Several attempts were made, over the past decade, 

at applying psychometric functions to odour threshold measures (Cain & Schmidt, 2009; 

Cometto-Muñiz & Abraham, 2009b; Kolpin & Shellhammer, 2009; Lytra et al., 2012; 

Toshio Miyazawa, Michelle Gallagher, George Preti, & Paul M. Wise, 2009; Tempere et al., 

2011; Wysocki & Wise, 2004). Cain and Schmidt (2009) demonstrated the advantages of 

psychometric functions with empirical data collected from 29 judges with a forced choice 
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testing protocol. Each of the judges completed hundreds of judgements for two odorants – t-

butyl acetate and n-butyl acetate, enough to yield midpoint thresholds on complete 

psychometric functions (fitted using both intercept and slope). The threshold estimates were 

found to exhibit a rare accuracy in comparison to the archival threshold dataset for these two 

odorants. A similar statement was also made by Cometto-Muñiz & Abraham (2009). 

Although there has been a clear demand for psychometric function-based methods 

for odour threshold measurement, developing such a method is more difficult for olfactory 

than for other modalities. Fitting psychometric functions typically requires psychophysical 

data taken by repeated testing of a judge at a number of concentrations. Given the 

aforementioned practical challenges with olfactory studies, data of the required quantity are 

not viable in most odour threshold studies. In the context of olfactory research, a 

compromise must be made between the theoretical requirement and the practical constraints. 

Therefore, researchers have recently worked to advance the calculation method of ASTM 

E679 while retaining its data collection method. 

1.5.2.1   ASTM E1432 

ASTM International published an advanced method for odour threshold estimation. 

ASTM 1432, built upon ASTM E679, instructs fitting psychometric functions for producing 

conventional midpoint thresholds for individual judges. The data collection procedure is 

similar to that of ASTM E679. That is, each test consists of five to eight 3AFC presentations 

given in ascending order by concentration, including concentrations that the judge cannot 

reliably smell at the lowest end and concentrations that the judge can reliably smell at the 

highest end. The judge is required to indicate which of the three samples contains the target 

odorant. The only modification from ASTM E679 is that each judge is required to attain at 

least 20-40 3AFC presentations upon the completion of the threshold tests. Assuming a five-

step concentration series is used, the judge needs to complete four to eight test replications 

to meet the required number of 3AFC presentations.  

Correctness of the judge’s responses is tabulated. At each concentration, p(c) is 

calculated as the number of correct responses divided by the total number of that 
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concentration being presented. Then these values of p(c) are plotted against the 

concentration presented (in log10 units). This is essentially an empirical psychometric 

function. ASTM E1432 prescribes a logistic psychometric function, as below, to model the 

data,  

 

P (x) = (γ + e
k
) / (1+ e

k
) 

k = s (μ - x)                                                                                                             Equation 1.5. 

 

where x is the odorant concentration in log10 units; µ is the midpoint threshold (or the 

intercept of the psychometric function); s is the slope of the function. The threshold is 

defined at p(c) = 0.667 or 2/3 of the function.  

Given that ASTM E1432 is consistent with the psychophysical methods used for 

determining thresholds in other sensory modalities, the individual thresholds estimated by 

this method are considered to be reliable thresholds of the individuals instead of “best-

estimate thresholds” as those estimated by ASTM E679 (Kolpin & Shellhammer, 2009; 

Lawless & Heymann, 2010; Martineau, Acree, & Henick-Kling, 1995). Despite having a 

sound theoretical underpinning, ASTM E1432 acknowledges the threshold estimates 

obtained by this method heavily depend on the number of judges and the number of test 

replications. ASTM E1432 specifically indicates that a dataset comprising less than 500 

3AFC presentations is likely to result in a large degree of random error associated with 

estimating p(c). 

With regard to the factors of time and sample preparation, ASTM E1432 is a 

relatively cumbersome method in comparison to ASTM E679. The requirement of a 

substantial dataset has hindered common use of ASTM E1432. Review of previous odour 

threshold studies found only a few applications of ASTM E1432 in chemical sensory 

research (Cliff, Bansal, Stanich, & Usher, 2011; Kolpin & Shellhammer, 2009; Martineau et 

al., 1995), and even fewer examples in olfactory threshold research (Brewer & Vega, 1995). 
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Among these studies, there has not been one that specifically studies the methodology of 

ASTM E1432. 

1.5.2.2   Lawless’ graphical method 

 Lawless (2010) proposed an alternative analysis to data generated by ASTM E679 

based on a chance-correction model. This method shares the theoretical basis of 

psychometric functions, which means it technically requires an extensive dataset to be 

performed. To avoid collection of excessive data, Lawless suggested fitting a logistic 

function, either a line or a curve, to the aggregated p(c) values. That is, to divide the 

marginal count of the number of correct responses on each concentration level across all 

judges by the total count of the number of times that concentration was presented, and then 

to fit the function through the p(c) points. Similar to ASTM E1432, the threshold is taken as 

the concentration that corresponds to p(c) = 2/3. 

The graphical method provides a threshold estimate for the group, as a measure of 

when 50% of the group detect the odorant 50% of the time. This method is theoretically 

superior to the original ASTM method in the way that the guessing behaviour is corrected. 

However, this method of aggregating data may be less useful in odour threshold studies, 

when the primary research interest lies in threshold distributions across a population.    

1.6   Objectives of this Thesis 

Overall, odour threshold estimation has been a challenging subject. Due to the 

resource-intensive and time-consuming nature of conducting olfactory research, common 

odour threshold studies can only obtain a limited amount of data, the quantity of which 

cannot fulfil the requirement for using valid psychophysical method. Many methods have 

been developed in the past for odour threshold estimation, but it was realised that the 

plethora of methods hindered collaborative research on this matter. Amoore and Hautala 

(1983), in their review paper of odour thresholds, claimed that olfactory thresholds could be 
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obtained with greater consistency by re-determining the thresholds using a standardised 

procedure with careful minimisation of known sources of error. The present thesis aims to 

build upon the existing effort on standardising the psychophysical method for odour 

thresholds estimation. 

Lawless and Heymann (2010) reviewed a variety of available psychophysical 

procedures for estimating odour and taste thresholds, such as a Yes-No task (Walker et al., 

2003), two-out-of-five procedure (Amoore, 1968) and Guadagni multiple pairs test (D. G. 

W. Brown, Clapperton, Meilgaard, & Moll, 1978). The conclusion was that the ascending 

forced-choice method is a reasonably useful compromise between the demand of a 

reasonably precise threshold and the complications raised from sensory adaptation and 

fatigue in the case of extensive testing.  

In particular, the ascending method of limits with 3AFC presentations as prescribed 

by ASTM E679 has proven useful in practical studies. Although the calculation heuristic of 

ASTM E679 is suspected to carry a penalty due to its theoretical underpinnings, ASTM 

E679 is still the most acceptable method for estimating odour thresholds thus far. This 

procedure should probably be regarded as the most cost-effective method, and cannot be 

easily replaced.  

This thesis therefore focuses on advancing methods for odour threshold estimation 

building on the structure provided by ASTM E679. The fundamental research question is 

how to best utilise the limited olfactory data from ASTM E679 to produce theoretically 

sound threshold measures. Developments of such a method followed a clear progression, as 

outlined in Figure 1.12.  

The specific tasks include evaluating the existing standard protocols – ASTM E679 

and ASTM E1432. Based on outcomes of these evaluations, an improved method for 

threshold calculation will be developed, which is expected address the shortcomings 

identified thus far. Ideally this threshold calculation method should be able to perform on 

datasets that are practically attainable, have sound theoretical underpinnings, and produce 

well-reasoned quantification of thresholds estimates. The last component should provide not 

merely a threshold concentration value but a reliable quantification of variation between 
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individuals, as well as an accurate estimation of an individual’s relative sensitivity in a 

group. Additionally such a method should be readily transferrable between different 

research groups that share an interest in human olfactory research. In the present work, a 

methodology fulfilling these objectives will be developed and be used to investigate some of 

the fundamental aspects of the human olfactory system.  
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Group Threshold Estimate 

ASTM E679 

Calculate the threshold estimate by taking geometric means of the concentrations at 

which the responses changes from incorrect to correct 

Inconsistent uses of stopping rules (Chapter II) 
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(Chapter V) 
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Function  
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gives the optimal goodness-of-fit 

(Chapter VI) 

Figure 1.13. Flow chart to demonstrate progression of this thesis, which aims to advance methods for 

odour threshold estimation building on the structure provided by ASTM E679. 
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Chapter II – The Effect of Stopping Rules on 

Thresholds Estimated with ASTM E679 1 

 

Abstract 

 

ASTM International Standard Practice E679 prescribes the use of a 

three-alternative forced-choice (3AFC) method with an ascending 

concentration series for measuring odour detection thresholds. It 

recommends obtaining an individual’s threshold by geometrically 

averaging the concentrations at which the judge’s detection response 

reverses from incorrect to correct. The legitimate reversal point is 

defined by a stopping rule, effects of which have been overlooked in 

previous literature. This chapter demonstrates applications of 

different stopping rules of ASTM E679 for estimating thresholds for 

10 chemical odorants for 100 judges. Comparisons between the 

thresholds resulting from different stopping rules revealed a 

significant effect of the choice of stopping rules on the threshold 

estimates and the threshold distributions. 

 

                                                 

 

1
 A selection of findings present in the current chapter is published. 

 

Peng, M., Jaeger, S. R., & Hautus, M. J. (2012). Determining odour detection thresholds: Incorporating a 

method-independent definition into the implementation of ASTM E679. Food Quality and Preference, 25(2), 

95-104.  
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2.1   Introduction 

ASTM International Standard Practice E679 (ASTM, 2011b) is a commonly accepted 

sensory method for estimating odour detection thresholds. This practice was developed in an 

attempt to overcome unwanted effects due to the plethora of methods in use (see review, Bi 

& Ennis, 1998).  

ASTM E679 prescribes the use of a classical psychophysical protocol – the method of 

limits with an ascending concentration series using three-alternative forced-choice (3AFC) 

judgements at each concentration step – to find individual and group odour thresholds. The 

best-estimate thresholds (BET) are calculated based on an individual’s correct/incorrect 

response pattern. The estimated value is derived by taking the geometric mean of the 

concentrations at which the judge’s response changes from incorrect to consistently correct. 

When the presented concentration series does not capture the judge’s threshold, an endpoint 

rule would be employed. That is, when the judge correctly responds to all concentration 

levels, the threshold is estimated as the geometric mean of the lowest concentration 

presented and the next lower concentration, had such a level been used to extend the series. 

In the opposite case where the judge fails to respond correctly to the highest concentration 

level, the threshold is estimated as the geometric mean of the highest concentration 

presented and the next one higher. The individual’s BET is the geometric mean of the BETs 

of all replications administered to this judge; the group BET is the geometric mean of all 

individuals’ BETs.  

The chance rate (γ) for a 3AFC task is 1/3. This means obtaining a correct response by 

chance alone is not a rare event. The calculation method prescribed by ASTM E679 

essentially requires consecutive correct responses on subsequent trials, the principle being 

that correct responses in succession increase the experimenter’s confidence in the judges’ 

detection capability. Consecutive correct responses are indicative of the judge’s genuine 

detection. The written procedure includes two criteria that experimenters may use to judge 

the termination of the test. That is “the judgements are completed when the panelist [i.e. 

judge] either (1) completes the evaluation of all sets of the scale, or (2) reaches a set 

wherein the test sample is correctly identified, then continues to choose correctly in higher 
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concentration test sample sets” (ASTM, 2011b, p. 3). The first criterion permits 

simultaneous testing on multiple judges as all judges are required to complete the full 

evaluation of all trials. The second criterion is more often employed in experiments that test 

one person at a time, so that the response series can be customised for each judge. 

In practice, implementation of ASTM E679 involves making up another rule which 

prescribes the number of correct responses from which the threshold estimate is calculated. 

This rule will be termed a “stopping rule” in this thesis. In some cases, the threshold is 

determined from the location in the series at which the response reversed from incorrect to 

correct for the last time. This stopping rule will be referred to as the “Last Reversal” rule.  In 

other cases, the threshold is determined at the point in the series at which the response 

changes from incorrect to correct and is followed by two, or sometimes, three consecutive 

correct responses. These rules will be referred to as “Stop 2” and “Stop 3” respectively in 

this thesis. ASTM E679 emphasises the importance of stopping rules, but the criterion for 

choosing an appropriate stopping rule has not been explicitly specified in the written 

procedure. Experimenters have been at liberty to choose stopping rules based on the 

experimental set-up or the purpose of the threshold data. Varying experimental conditions 

led to many ways of employing stopping rules across studies. Some examples of using the 

Last Reversal rule are Kolpin and Shellharmmer (2009), Pickering et al. (2007), Plotto et al. 

(2004) and Stocking et al. (2001). Other applications of ASTM E679 with Stop 2 or Stop 3 

include Eisele and Semon (2005), Orr, Shewfelt, Huang, Tefera, and Beuchat (2000), and 

Wysocki and Wise (2004).  

Previous literature showed indifference to the unrestrained use of stopping rules; the 

thresholds obtained with different stopping rules have been treated as the same entity. 

However, there is a good reason to believe that the use of a specific stopping rule affects the 

threshold estimates to an extent. Examples of the application of different stopping rules to 

data are provided in Table 2.1. The examples of judges’ response series were extracted from 

the data collected in the present study. Except for Last Reversal, for which the complete 

response series was used, all other stopping rules were applied based on the assumption that 

the test had been terminated when the pre-determined number of consecutive correct 
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responses was reached. This means that data collected at concentrations higher than that 

“stopped” at had no influence on the thresholds estimated using that particular stopping rule.  

Table 2.1. Demonstration of the effect of the four stopping rules on the estimated threshold values 

(in ppb units). The responses data were exacted from empirical data set obtained with the odorant of 

isobutyraldehyde (coded as F06 in this thesis).  

 
Judges Responses

 A
 Best-Estimate Threshold 

Dilution Step 1 2 3 4 5 6 7 8 Stopping Rules 
B
 

(ppb) 0.03 0.17 0.83 4.16 20.8 104 520 2600 Last Reversal Stop 3 Stop 2 

Judge 1 0 0 + + + + + + 0.37 0.37 0.37 

Judge 2 0 + 0 + + 0 0 + 1160 1160 1.86 

Judge 3 0 0 0 + + + 0 + 1160 1.86 1.86 

 

Notes. 

A
 “0” indicates the judge selected the wrong sample of the set of three; “+” indicates the 

judge selected the correct sample. 

B
 Stopping rules define at which point in a judge’s response series the threshold is 

calculated. Last Reversal takes the threshold as the geometric mean of the concentration 

at which the last incorrect response occurs and the next higher level. Stop 3 and Stop 2 

take the threshold as the geometric mean between the concentration at which a judge’s 

response changes from incorrect to correct and the next higher level given that the judge 

continues to respond correctly for a total of 3 or 2 consecutive concentration levels.  

 

In the provided example, Judge 1 has only one response reversal from incorrect to 

correct, thus the threshold estimate is based on concentrations 2 and 3 regardless of the 

choice of stopping rule. For Judges 2 and 3, the resultant BETs are spread over multiple 

orders of magnitude depending on the stopping rule employed. Based on these observations, 

it could be assumed that the inconsistent choice of stopping rule across various experimental 

situations has contributed to the marked variation observed in reports in the threshold 

literature. 

In most cases, Last Reversal is considered the most conservative rule given that the 

probability of obtaining so many correct responses by chance alone will be less than 1/27. It 

is followed by Stop 3 (p = 1/27) and then Stop 2 (p = 1/9).  
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A complication is raised when choosing between a conservative and a liberal 

stopping rule. It is important to understand that conservativeness of the stopping rule does 

not imply the accuracy of the estimated thresholds. As previously discussed the heuristic of 

taking geometric means is inherent to two types of bias. A downward bias occurs when a 

correct guess was immediately preceded by a genuine detection; the upward bias occurs 

when judgment error is mistaken as detection failure. The stopping rule serves as the sole 

criterion that controls these two types of biases. A more conservative stopping rule (e.g. Last 

Reversal) is more resistant to the downward bias, thanks to its associated low probability of 

guessing; yet, it is more susceptible to the upward bias due to higher risk of making 

judgement errors. Conversely, a less conservative rule (e.g. Stop 2) is more likely to be 

biased by the downward bias and less likely to be influenced by the upward bias. The trade-

off between these two aspects makes it a challenging task for many experimenters to choose 

an appropriate stopping rule. Lawless (2010) posited an interesting argument that the 

heuristic of taking geometric means can possibly provide a close to “true’ threshold estimate, 

notwithstanding its inaccurate theoretical underpinnings. The basis of this proposition is that 

the two types of bias cancel out, leading to a fortuitously accurate threshold measure. This 

generated another interesting point to elucidate which of the stopping rules is the most 

appropriate to use. 

The possible complication raised by the inconsistent use of stopping rules has not yet 

attracted much research attention. This might be for two reasons. First, there is usually a 

variety of factors that lead to different threshold outcomes, such as different sample delivery 

equipment, dilution factors or composition of judges. It is difficult to exclusively inspect the 

effects of stopping rules from inter-study comparisons. Second, ASTM E679 was developed 

as a rapid method for giving sufficiently accurate threshold measures. This viewpoint led 

experimenters to have little enthusiasm to elucidate in depth on the effect of stopping rules.  

However, an empirical investigation of the effect of stopping rules is demanded for 

two reasons. First, it contributes to the general research goal of elucidating variations of 

threshold estimates that were observed in previous literature. Second, it may provide some 

insights into which stopping rule can better cope with the theoretical disadvantages 
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associated with the calculation heuristic. The present study assessed three commonly used 

stopping rules for estimating group thresholds and predicting threshold distributions. 

2.2   Methods 

2.2.1   Odorants 

The 10 odorants were selected because of their prevalence in food and beverage 

products relevant to key New Zealand export industries. These products include apples, 

kiwifruit, dairy products, olive oil and wine. The source, purity and Chemical Abstracts 

Service (CAS) number of each odorant along with their odour descriptor are identified in 

Table 2.2.  

Table 2.2. Information of the pure odorants used in the present study. 

Odorant Code
A
 Source Purity CAS Number Odour Descriptor 

1,8-cineole F01 Aldrich #C80601 99% 470-82-6 minty 

2-heptanone F02 Sigma #537683 99% 110-43-0 blue cheese 

hircinoic acid  F03 Sigma #W357502 ≥ 98% 54947-74-9 mutton 

cis-3-hexen-1-ol F04 Aldrich #H12900 98% 928-96-1 grassy 

dipropyl disulfide F05 Aldrich #149225 98% 629-19-6 onion/garlic 

isobutyraldehyde F06 Aldrich #418110 99.5+% 78-84-2 malty 

isovaleric acid F07 Sigma #59850 98% 503-74-2 cheesy/sweaty 

vanillin F08 Aldrich #V1104 99% 121-33-5 vanilla 

β-damascenone F09 Sigma #W342019 1.1 - 1.3 wt. %  23696-85-7 apple/hops/fruity 

β-ionone F10 Aldrich #I12603 96% 79-77-6 floral/violets 

 

Notes. 

A
 These codes are used in this thesis to refer to the odorants. The odorant names are only used in 

discussions relevant to the odorant property, for instance, threshold distributions. 
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2.2.2   Judges 

This study included a total of 110 judges from the greater Auckland region recruited 

by a commercial recruiting agency, Prime Research Limited. The present study was 

designed to have a sample size that is sufficient to capture the inter-individual variation of 

odour detection thresholds and allow investigation of methodological effects on such a 

variation. Judges were organised in blocks of 10 by their choice of the commencing date of 

their threshold tests. The judges were required to attend 21 test sessions on consecutive 

weekdays. If a judge was unable to attend a session, a catch-up session would be arranged 

on a different testing day to ensure the dataset was completed.  

There were 10 judges who had to terminate participation due to unforeseeable 

circumstances; their data was omitted from the analyses even though consent was obtained 

for using these data. Of the 100 remaining judges, 53 were females. Ages ranged from 19 to 

50 years (mean = 33.25, S.D. = 9.79). The upper age limit was set because literature showed 

a decline in olfactory acuity with age (Griep et al., 1995). The judges were not first- or 

second-degree relatives and all had Caucasian ancestry. These two requirements sought to 

reduce the effect of differences due to any genetic influences on human olfactory sensitivity 

(Keller et al., 2007). Declared ethnicity of the judges included: 55% NZ European; 2% 

Australian; 35% British; and 8% other Western European. Pregnant women were excluded 

because literature suggests that pregnancy has an unpredictable effect on olfactory 

sensitivity (Nordin, Broman, & Wulff, 2005). None of the judges had previously served in 

experiments on sensory thresholds and none reported olfactory dysfunction. Each judge was 

paid 60 NZD for the first session (2 ½ hours) and 40 NZD for each of the remaining 20 

sessions (1 ½ hours). An additional 500 NZD was given to the judges who completed all test 

sessions on the last of the 21 days. This bonus sought to motivate the judges to attend all test 

sessions.  

The judges received a participant information sheet by courier approximately a week 

prior to the starting date of the experiment, on which the judges were clearly instructed not 

to use any personal care product that contains strong fragrance, or to consume food or 

beverages except water one hour prior to each testing session. Written informed consent was 
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obtained from the judges on their arrival at the Sensory Laboratory at the New Zealand 

Institute for Plant & Food Research Limited. Ethical approval for this study was granted by 

the Northern X Regional Ethics Committee (approval number NTX/08/11/111).  

2.2.3   Solution Preparation 

Following the instructions given by ASTM E679 (2004), each of the above odorants 

was prepared into eight concentrations, that increased by a constant dilution factor 

throughout the scale. Water from a Microlene
®
 (activated carbon) filter served diluents for 

most of the odorants. F05 (dipropyl disulfide) and F10 (β-ionone) used a small amount of 

ethanol solution (5µg of 98% ethanol) as diluent due to the relatively low dissolvability. 

The concentration series for each odorant was initially established with reference to 

the threshold range reported in literature. Because the odour delivery system and the source 

of odorants were not exactly the same as in the literature, bench top piloting was needed to 

ensure the concentration series was appropriate. Ten staff at the Sensory Laboratory at Plant 

& Food Research participated in the bench top test. The test was carried out in the same 

manner as the subsequent main study. Each judge was tested approximately six times for 

each odorant on average. The preliminary concentration series was made with an objective 

to include all 10 judges’ thresholds and then extend that range by two steps at each end.  

After the commencement of the main study, the concentration series was continually 

modified on a cohort basis by adjusting the dilution factor and/or the starting concentration 

step. These modifications were based on judges’ responses to the concentration scale and 

were necessary to ensure the inclusion of most judges’ threshold values. Changes to the 

concentration series were finalised after three cohorts for most of the tested odorants. Table 

2.3 summarises information on all of the concentration series used for each odorant in this 

study. The dilution factors of some of the concentration series appear larger than the value 

recommended in ASTM E679, which is between two to three. This discrepancy is primarily 

attributed to the relatively large sample size of the present study, which was believed to 

better capture the variation in olfactory sensitivity between individuals. An example was 
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F10, where a dilution factor of 9.99 was employed in 11.9% of the concentration series. 

Inspection of the response data of F10 revealed that these concentration series were applied 

to cohorts that included two individual judges with a drastic difference in sensitivity. In 

these cases, the experimenter would try to reallocate one of the judges to a different cohort 

in order to reduce the dilution factor to a maximum of five. 

 An alternative approach would be to increase the number of concentration steps; 

however, that would counter the experimental goal of obtaining rapid and sufficiently 

precise odour thresholds on a large scale. Moreover, bias effects due to fatigue or adaptation 

would be amplified with increased exposure to the samples. Although some of the odorants 

underwent multiple changes in their concentration series, the concentration series were 

finalised in the third cohort. 
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Table 2.3. Details of concentration series that were used for testing thresholds. 

 

  F01     F02     F03     F04     F05     

Conc. 
Series 

Dilution 
Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilution 
Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilutio
n 

Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilution 
Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilution 
Factor 

Starting Frequency 
of use (%) 

1 3.0 5.94E-01 2.2 3.0 2.23E+00 36.9 3.0 7.40E+00 9.9 3.5 4.97E+00 97.8 3.00 1.51E-01 47.5 

2 3.5 2.02E-01 21.0 3.0 7.40E+00 2.7 3.0 7.41E+00 22.8 3.0 3.70E+00 22.2 3.00 3.02E-01 17.8 

3 3.5 5.77E-02 4.7 3.0 2.23E+00 25.7 2.5 2.65E+01 14.9 
   

2.25 2.83E-01 34.7 

4 3.5 6.06E-02 4.7 2.5 2.70E+00 34.7 2.5 5.31E+01 52.5 
      

5 4.5 3.48E-02 14.8 
            

6 5.0 3.33E-02 52.4                         

                

                
                                

 
F06     F07     F08     F09     F10     

Conc. 
Series 

Dilution 
Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilution 
Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilutio
n 

Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilution 
Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

Dilution 
Factor 

Starting 
(ppb) 

Frequency 
of use (%) 

1 3.0 5.98E-01 19.3 4.0 1.98E+00 18.8 3.0 7.31E+01 20.5 5.0 1.20E-05 5.3 9.99 4.00E-05 11.9 

2 4.0 4.48E+00 2.8 3.0 4.57E+01 28.7 3.0 2.44E+00 2.7 5.0 8.05E-05 35.2 5.00 5.11E-03 35.6 

3 4.0 3.74E-02 15.8 2.5 6.55E+01 52.5 3.0 2.44E+01 42.0 5.0 4.83E-04 59.5 5.00 5.12E-02 52.5 

4 5.0 3.14E-02 12.5 
   

2.5 2.91E+01 5.0 
      

5 6.0 3.57E-02 49.6       2.5 2.91E+01 29.7             
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2.2.4   Sample Presentation Protocol 

Solutions were made freshly on the testing day. Dilution volumes were measured by 

weighing specific volumes of water diluents (or ethanol solution) or odorant solution 

aliquots on a balance. Each dilution process began with a small volume of a pure odorant 

compound being added to the diluent, followed by successive steps of serial dilution. Using 

an automatic (Eppendorf Easypet
®
 dispenser), 10 mL aliquots of odorant at each 

concentration were placed into 210 mL ISO wine tasting glasses (Schott Commercial) and 

immediately covered by a watch glass to retain volatile compounds inside the glass. To 

utilise a three-alternative forced choice (3AFC) design, two blank samples containing only 

the diluents (water or matching ethanol) were prepared to match the target sample at each 

concentration level. The 16 blank samples for each judge were used repeatedly in the two 

threshold tests. Each sample was coded with a three-digit number. All samples were then 

placed on a plastic tray ready for use, as shown in Figure 2.1.  

The process of solution making and sample preparation started at 6 AM on normal 

testing days, and finished by 9 AM allowing one hour for equilibration of the headspace in 

advance of threshold testing. The samples were kept at 22°C. 

 

  

Figure 2.1. Set-up of the prepared samples for one test session. Picture was taken during the hour in 

which samples were equilibrating the headspace. 
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2.2.5   Test Procedures 

A full dataset for one cohort comprised four threshold tests from 10 judges with 10 

odorants. These data were collected over 21 consecutive weekdays. The first day was an 

introductory day to reiterate the participation information and to train the judges to sniff 

odorant samples in the required manner. A referencing odorant (not used in the later 

threshold testing) – linalool (Source: Fluka #62139; Purity: > 95%; CAS number: 78-70-6) 

– was used for demonstration and training. By the end of the 2 ½ hour session, the judges 

were calibrated to sniff the samples in a consistent manner and were trusted to perform the 

task independently. 

The test session on the remaining days consisted of two threshold tests with a 20-

minute break between them. Previous research found that olfactory acuity to an odorant was 

heightened by repeated exposure to the odorant within a short period of time (Dalton, 2000; 

Lawless & Heymann, 2010). Therefore, two different odorants were tested on a day to 

reduce learning effects. For the same reason, tests for any one odorant were spaced out with 

a two-day interval. The order of odorant testing was randomised throughout the study. Over 

the 21 sessions, each odorant was tested as the first odorant twice and as the second odorant 

twice. No two odorants occurred together more than once over the 21 sessions. The testing 

orders of the odorants were counterbalanced between cohorts.   

A 20-minute familiarisation/warm-up procedure preceded each threshold test, in 

which the judges were instructed to smell two samples with the lowest and the highest 

concentration of the odorant to be tested, and the blank sample. The judges were also trained, 

with a sample trial, to perform the 3AFC task in a correct manner. To be consistent with the 

instruction provided by ASTM E679, the judges were required to select the sample that was 

different from the other two. As discussed in Section 1.5.1, this type of instruction differs 

from the conventional instruction for a 3AFC task and possibly leads the judges to choose 

the “comparison of distances” strategy. To modulate effects of the instruction on choice of 

cognitive strategy, the judges were clearly informed that the odd sample would always be 

the target sample during the training session. Upon the completion of the familiarisation 

procedure, the judges all understood that each 3AFC trial consisted of two odourless “blank” 
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samples and one “target” sample. Hence the target sample is always the odd sample and 

choosing the odd sample is cognitively equivalent to choosing the target sample. 

Threshold testing was held in a separate testing room. Each judge was allocated to an 

individual booth equipped with a computer running Compusense®, a pen, and a hatch 

window for receiving samples. Testing was conducted without the presence of the 

experimenter. In each threshold test, the judges were required to perform eight 3AFC trials. 

In each trial, three samples, each coded with a three-digit number, were placed on a plastic 

tray and pushed through the hatch window, as seen in Figure 2.2. The judges were trained to 

smell the samples from left to right (or from bottom to top) in order, with at least three 

seconds between samples. Re-sampling was only allowed if it was for the entire set, 

although it was not recommended. Responses were made by clicking the three-digit number 

that corresponded to the chosen sample on the computer screen. A choice was enforced even 

if the target sample was not clearly detectable to the judge. The response made under this 

circumstance was sometimes referred to as a “guess” (e.g. Lawless, 2010), yet it is worth 

noting that this response differs from a random guess as it involves the use of sensory 

evidence. After giving a response, the judge passed the tray back through the hatch window 

and awaited the next trial. No feedback was given about the responses to minimise learning 

effects. 

The presentation order of samples was randomised within a judge’s series of eight 

3AFC trials so that the target sample would be presented in each of the three positions at 

least once and no more than five times. Orders of sample presentation were also randomised 

between judges. These arrangements were based on a Williams design to balance for first 

order carry-over and position effects for each given odorant’s concentration (Williams, 

1949). 

To mitigate smelling fatigue and adaptation, a 75-second break was enforced 

between trials. The test was conducted in a silent environment. Reading or other similar 

activities were not permitted to promote the utmost concentration during testing. The testing 

room had a full ventilation system that was proven suitable for olfactory research. The 

temperature of the room was maintained at 22°C. Green light was implemented to mask any 
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visual cues. The judges performed the test at slightly varying paces; a typical threshold test 

took approximately 15 to 20 minutes. Including the break between the two tests, a normal 

testing session lasted 1 ½ hours on average. 

 Upon completion of the data collection, each judge performed four assessments for 

each of the 10 odorants. The multiple test replications were to account for the substantial 

variation expected in an individual’s odour detection thresholds between days. 

 

Figure 2.2. An example of a three-alternative forced choice trial of the threshold test. The judges 

were required to smell the diagonally placed samples from left to right, and indicate which of the 

three samples is different from the other two. 

An average break of five weekdays was arranged between two cohorts. This period 

of time was used for restoring chemicals, thorough cleaning of the laboratory equipment, 

and preparing paper ballots for the next cohort. Full data collection for this dataset took 

approximately 60 weeks (14 months). 

2.2.6   Glassware Cleaning 

A rigorous protocol was followed for the cleaning of all equipment used for solution 

preparation, distribution and sampling. An effective cleaning protocol was found critical for 

the experimental outcomes, based on observations during the bench top testing. Glassware 
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could introduce foreign odour without an intensive washing process; this distracting odour 

could be mistaken as the target sample or facilitate identification of a blank sample.  

All wine glasses were placed upside down in customised racks and then put through 

commercial dishwasher (Starline GZ, Auckland, New Zealand) using water at 90-95 °C. 

Aroma-free dishwashing liquid was used as the cleansing agent (Johnson Diversey ‘Suma 

Bar’). Glasses used as blanks were put through one one-minute cycle, while those that had 

contained target solutions were put through two cycles. Once clean, the glasses were placed 

upright on plastic trays and left to air-dry. Watch glass lids were placed vertically in 

customised steel racks and put through the same procedure as the wine glasses. Watch 

glasses were cleaned for one or two cycles as above based on whether they had covered 

glasses used as blanks or those which had contained odorant solutions. After removal from 

the dishwasher watch glasses were left to air-dry on the rack. A standard washing process 

for a test session involved 540 glasses and glass lids, requiring approximately two hours.  

2.2.7   Data Organising and Storage 

The testing employed the automated completion of all sets of eight 3AFC trials via 

Compusense® five 4.2 (Guelph, Canada). Each series of eight responses was expressed as a 

sequence containing (0) for an incorrect 3AFC response or (+) for a correct 3AFC response, 

arranged in the order of the ascending concentrations of the target, as shown in Table 2.1. 

These data were stored using a specific naming structure as follows: CXX_DXX_FXX 

(Cohort number_Day number_Odorant number). Similarly, each judge was assigned with a 

unique participant identification number as follows: CXX_SXX (Cohort number_Judge 

number). This system allowed the data to be extracted by judge or testing session or odorant.  

 

Three stopping rules ― Last Reversal, Stop 3, and Stop 2 ― were separately applied to 

each response series to obtain a threshold estimate. The individual BET was taken as the 

geometric mean of the threshold estimates obtained from the four test replications. For cases 

where the threshold was above or below the presented concentration range, the threshold 
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calculation required a hypothetical concentration step which was calculated by 

dividing/multiplying the concentration at the lowest/highest step by the dilution factor that 

was used to make up the series. That is, if the stopping rule indicated that the threshold was 

below the lowest tested concentration, the threshold was taken as the geometric mean of the 

lowest concentration presented in the series and the hypothetical one below it; conversely, if 

the stopping rule indicated that the threshold was above the highest tested concentration, the 

threshold was taken as the geometric mean of the highest concentration in the series and the 

hypothetical one above it. The frequencies of using the hypothetical concentrations with 

respect to each stopping rule are presented in Table 2.4 in the next section, along with the 

proportion of judges whose threshold estimates solely depended on the endpoint heuristic. 

As aforementioned, the concentration range was modified to include most judges’ 

thresholds. The group BET was the geometric mean of individual BETs. The standard error 

of the group BET was also calculated, to be used in the subsequent comparative analyses 

between thresholds obtained with different methods. 

 

Threshold estimates were expressed in concentration units (ppb), subsequently 

converted into their logarithm (base 10) to be consistent with the psychophysical method of 

quantifying sensation (Gescheider, 1997, p. 11).  

2.3   Results 

A repeated-measures multivariate analysis of variance (MANOVA) was performed on 

the dataset using SPSS (20.0). The analysis included two variables with repeated-measures – 

stopping rule (three levels) and test replications (four levels), and odorants as the group 

variable. There was no evidence for a three-way interaction (stopping rule × test replication 

× odorant). Stopping rules and test replications were found to interact with the odorants 

(stopping rule × odorant: F (13.5, 1501.3) = 8.31, P <.001; test replication × odorant: F (26.58, 

2915.3) = 1.91, P = .003), but not with each other. The tests of within-subject effects suggested 

that stopping rules (F (1.50) = 515.96, P < .001) or test replications (F (2.95) = 4.03, P = .007) 
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both had a significant effect on the threshold estimates. An overall significant difference 

was observed between the odorants (F (9, 1000) = 549.95, P < .001). Due to violation of 

sphericity, all of the above F-statistics are reported after Greenhouse-Geisser correction. 
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Table 2.4. Summary of the group best-estimate threshold (BET) in log10 units and standard errors that were obtained for the 10 tested 

odorants with the three stopping rules (SR) - Last Reversal, Stop 3 and Stop 2. For each SR, the number of response series that used the 

higher or lower hypothetical concentrations (endpoints) are specified in separate columns; the number of judges whose threshold estimate 

was affected by the endpoints is specified in brackets. 

 

  

  BET S.E. Comparison between SR Frequency of endpoints 
(No. of judges) 

    BET S.E. Comparison between SR Frequency of 
endpoints (No. of 
judges) 

    (log10) (log10) 
Repeated-
measures Z-test Low High     (log10) (log10) 

Repeated-
measures Z-test Low High 

F01 Last Reversal 0.522***
A
   0.091 A A 32 (25) 8 (7) 

 
F02 1.739 0.044 A A 18 (17) 1 (1) 

 
Stop 3 0.298 0.082 B A 42 (33) 4 (4) 

  
1.662 0.043 A A 31 (30) 1 (1) 

 
Stop 2 -0.014 0.073 C B 68 (53) 5 (4) 

  
1.39 0.045 B B 70 (57) 0 (-) 

                F03 Last Reversal 2.956 0.049 A A 17 (16) 8 (7) 
 

F04 1.962 0.061 A A 34 (27) 1 (1) 

 
Stop 3 2.751 0.047 B B 37 (30) 5 (4) 

  
1.888 0.054 A A 39 (31) 1 (1) 

 
Stop 2 2.455 0.05 C C 68 (52) 4 (3) 

  
1.647 0.047 B B 68 (51) 1 (1) 

                F05 Last Reversal 0.380** 0.044 A A 31 (28) 3 (3) 
 

F06 0.782** 0.117 A A 39 (31) 14 (10) 

 
Stop 3 0.334 0.043 A A 37 (33) 1 (1) 

  
0.625 0.104 B A 46 (37) 9 (7) 

 
Stop 2 0.206 0.038 B B 57 (48) 1 (1) 

  
0.224 0.095 C B 76 (55) 7 (7) 

                F07 Last Reversal 3.247* 0.04 A A 13 (12) 4 (4) 
 

F08 2.802 0.034 A A 13 (11) 2 (2) 

 
Stop 3 3.051 0.044 B B 30 (28) 2 (2) 

  
2.707 0.038 B A 26 (24) 2 (2) 

 
Stop 2 2.715 0.052 C C 66 (47) 2 (2) 

  
2.428 0.041 C B 67 (50) 2 (2) 

                F09 Last Reversal -2.071 0.081 A A 30 (25) 4 (4) 
 

F10 1.062* 0.134 A A 16 (14) 49 (37) 

 
Stop 3 -2.204 0.074 B A 39 (32) 1 (1) 

  
0.746** 0.125 B A 29 (25) 34 (22) 

  Stop 2 -2.444 0.076 C B 64 (45) 0 (-)     0.214** 0.117 C B 64 (51) 31 (20) 

 

Notes. 

 
A
A significant difference was obtained between the replications for this odorant when the particular stopping rule was employed. Number of 

asterisks indicates number of differences at P < .05. The maximum number of significant differences is six, given there are four threshold 

estimates in total. 
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2.3.1 The Effects of Stopping Rules on Threshold Estimates 

Of the results obtained by repeated-measures MANOVA, the significant effects 

observed for the stopping rules were of primary interest. Table 2.4 exhibits the group 

thresholds, namely the averaged thresholds across individuals, for each odorant using each 

stopping rule. Post hoc tests with Bonferroni correction were conducted to explain the 

significant effect of the stopping rules. For the majority of the tested odorants, differences 

were detected between any pair of the stopping rules. Exceptions were F02, F04 and F05, 

for which the BETs estimated with Last Reversal and Stop 3 were comparable, but 

significantly higher than those estimated with Stop 2. Table 2.4 presents the above finding 

by allocating different letters to the significantly different BETs for each odorant, in the 

column labelled “comparison between SR (stopping rule) – repeated-measures”. 

To assist the analyses of the differences between the stopping rules, a series of Z-

tests were performed to compare the differences between the group BETs. The results 

consistently suggested that the group thresholds of Stop 2 were significantly lower than 

those from Last Reversal or Stop 3. The difference between Last Reversal and Stop 3 only 

reached the level of significance for F03 and F07. The above significant differences are also 

represented by allocating different letters in the column labelled “comparison between SR 

(stopping rule) – Z-test”. An interesting observation was that, the Z-tests and the repeated-

measures analyses produced different results for the comparison between Last Reversal and 

Stop 3, for five odorants. Specifically, the repeated-measures reported significant difference 

between these two stopping rules, whereas the Z-tests observed no difference. The 

inconsistent results from these two analyses implied changes across these two stopping rules 

occurring on the individual level but not on the group level. 

As an additional factor, the use of endpoint rules also in part contributes to the 

varying outcomes from the different stopping rules. Statistics given in Table 2.4 suggest that 

the choice of Stop 2 led to more uses of the low endpoint rule and less uses of the high 

endpoint rule. One extreme example was observed for F02, for which 70 out of 400 

response series (each of the 100 judges performed four test replications) used the low 
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endpoint rule when Stop 2 was employed for threshold estimation. Such a high frequency of 

using the low endpoint rule introduces a risk of underestimating the thresholds for 

individuals. Last Reversal presented an opposing case, where the endpoint rule was used 

relatively less frequently and the high endpoint rule was used more frequently in comparison 

to Stop 2 and Stop 3. Overall, Last Reversal was the least affected by the endpoint rules.  

2.3.2   The Effect of Stopping Rules on Estimating Threshold Distributions 

The effects of stopping rules on BETs also manifested in the threshold distributions 

across the individuals. As shown in Figure 2.3, the centre of the distributions systematically 

shifts towards the low end of the concentration scale from Last Reversal to Stop 2. This 

pattern is apparent with all of the odorants. In addition, differences were observed in terms 

of the shape of the distributions when the different stopping rules were employed. In general, 

Last Reversal or Stop 3 did not yield a large difference. Comparatively, the distributions 

estimated by Stop 2 exhibited different shapes for some odorants. Typical examples were 

shown in F01 and F10. For F01, Last Reversal and Stop 3 predicted a threshold distribution 

with a sub-group at the higher end of the concentration range, which approximates to a 

bimodal distribution; Stop 2 only provided a positively skewed distribution. For F10, the 

threshold distributions given by Last Reversal and Stop 3 have an anti-mode near the middle 

point of the concentration range; the bimodality was absent in the distribution produced by 

Stop 2.  

2.3.1.1   Comparison of threshold distributions with existing literature 

Interpretation of the obtained distributions is enhanced by comparing these to the 

existing literature. Examples of the threshold distributions were located in the literature for 

seven odorants. The published distributions were shown in Figure 1.11. There were a few 

examples of successful replications of the published distributions when the conservative 

stopping rules were applied. The odorants F04 (cis-3-hexen-1-ol) and F07 (isovaleric acid) 

yielded an approximately normal distribution (F04: Jaeger et al., 2010; F07: Plotto et al., 

2006) ; F09 (β-damascenone) yielded a positively skewed distribution (Plotto et al., 2006); 
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F10 (β-ionone) had a clear bimodal distribution (Plotto et al., 2006); F01 (1, 8-cineole) and 

F06 (isobutyraldehyde) presented distributions with a slight bimodal trait; the antimode 

divides the judges into a majority group with relatively low thresholds and a minority group 

with relatively high thresholds (F01: Pelosi & Pisanelli,1981; F06: Amoore,1976).  

 

Many of these characteristics were not present in the threshold distributions 

estimated by Stop 2. An example was F10 (β-ionone), where a clear bimodal distribution 

which was reported in previous literature (Plotto et al., 2006; Plotto, Goodner, Margaria, & 

Baldwin, 2005), was exhibited only with Last Reversal and Stop 3 in the current study. 

For F08 (vanillin), the present study failed to replicate their published distribution, 

irrespective of the choice of the stopping rule. Previous studies found a negatively skewed 

distribution for F08 (Eccles, Jawad, & Morris, 1989), whereas the present study found its 

distribution to be moderately negatively skewed. 

 



Chapter II 

75 

 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

F
re

q
u
e
n
c
yF01

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

2

4

6

8

10

12

14

16

18

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5

F
re

q
u
e
n

c
y

0

2

4

6

8

10

12

14

16

F02

0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1.5 2.0 2.5 3.0 3.5 4.0 4.5

F
re

q
u
e
n
c
y

0

2

4

6

8

10

12

14

16

18

20

22

F03

1.5 2.0 2.5 3.0 3.5 4.0 4.5 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

F04

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

F
re

q
u
e
n
c
y

0

2

4

6

8

10

12

14

16

18

F05

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

F
re

q
u
e
n
c
y

0

2

4

6

8

10

12

14

16

18

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

F
re

q
u
e
n
c
y

Last Reversal Stop 3 Stop 2

1,8-cineole 

2-heptanone 

hircinoic acid 

cis-3-hexen-1-ol 

 

diproply disulfide 





Chapter II 

77 

 

F06

-1.0 0.0 1.0 2.0 3.0 4.0

F
re

q
u

e
n

c
y

0

2

4

6

8

10

12

14

16

18

-1.0 0.0 1.0 2.0 3.0 4.0 -1.0 0.0 1.0 2.0 3.0 4.0

F07

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

F
re

q
u

e
n

c
y

0

2

4

6

8

10

12

14

16

18

20

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

F08

1.0 1.5 2.0 2.5 3.0 3.5 4.0

F
re

q
u

e
n

c
y

0

2

4

6

8

10

12

14

16

18

1.0 1.5 2.0 2.5 3.0 3.5 4.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0

F09

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0

F
re

q
u

e
n

c
y

0

5

10

15

20

25

30

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0

F10

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0

F
re

q
u

e
n

c
y

0

2

4

6

8

10

12

14

16

Last Reversal Stop 3 Stop 2

 

 

Figure 2.3. Histograms of the best-estimate thresholds (BETs), in log10 units across the judges. Each 

row of panels represents a specific odorant’s distributions, which were obtained with applications of 

different stopping rules. The chemical information of each of the odorants is given in Table 2.2.  

isobutyraldehyde 

isovaleric acid 

vanillin 

β-damascenone 

β-ionone 
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2.3.3   Differences between the Test Replications with Respect to Stopping Rules 

Another interesting factor noted was that of test replication. As stated on the 

preceding page, the multivariate tests suggested the test replication had both a main effect 

and an interaction effect with the odorant. Technically, clarifying the interaction effect 

would require computing simple effects of test replications for each odorant. This analysis 

would be based on BETs averaged across the three stopping rules, the results from which 

are thus not useful. 

A more constructive analysis would be testing the changes of BETs of each odorant 

changed across test replications when a specific stopping rule was employed. The results 

revealed significant differences in only a few occasions, indicated by the asterisks next to 

the group BET in Table 2.4. The number of asterisks indicates the number of significant 

differences observed across the four replications (maximum of six). With F01, F05, F06 and 

F07, significant differences between replications were only evident when Last Reversal was 

employed. With F10, significant differences were observed between test replications 

irrespective of the stopping rule employed.  

2.3.2.1   Test-retest reliability of each stopping rule 

To further uncover the effects due to test replications, Pearson’s correlation tests 

were performed for the BETs obtained in any two test replications for a specific odorant. A 

total of six correlation coefficients were obtained for each odorant under each stopping rule, 

the averaged value of which is presented in Table 2.5. Last Reversal, in comparison to the 

other two stopping rules, was associated with relatively high correlation coefficients in 

general, with F08 being the only exception. In contrast, Stop 2 was shown to have the 

lowest correlation coefficients for eight of the 10 odorants. In general, the correlation 

coefficients were not high, implying a poor consistency of BETs tested on different 

occasions, although the range of correlations associated with Last Reversal (highlighted 

sections in Table 2.5) fall within the published range of test-retest reliability for odour 

detection thresholds (Punter, 1983). 



Chapter II 

79 

 

Table 2.5. Averaged Pearson’s correlation coefficients of best-estimate thresholds (BETs) across 

test replications for each odorant under each stopping rule. These values were computed by 

averaging the correlation coefficients between the BETs of any two test replications, which were six 

combinations. The highest correlation coefficient for each odorant is shaded. 

 

Odorant Last Reversal Stop 3 Stop 2 

F01 0.372 0.304 0.156 

F02 0.187 0.112 0.065 

F03 0.245 0.114 0.073 

F04 0.338 0.230 0.101 

F05 0.215 0.200 0.054 

F06 0.528 0.408 0.256 

F07 0.101 0.017 0.049 

F08 0.048 0.075 0.070 

F09 0.345 0.261 0.260 

F10 0.729 0.432 0.213 

2.4   Discussion 

Technically a stopping rule refers to a decision point at which a threshold testing run 

should terminate (Macmillan & Creelman, 2005). ASTM E679 described two types of 

stopping rules to accompany the 3AFC method of limits – one is to complete the full set of 

evaluations, the other is to collect a predetermined number of consecutive correct responses 

subsequent to a response pattern reversal. Users of ASTM E679 are free to choose the above 

strategies, depending on individual research objectives and resources. As to the outcome, 

both are commonly seen in odour threshold studies.  

 

ASTM E679 prescribed a threshold calculation method by taking the geometric 

mean of the concentrations at which the judge’s response changed from incorrect to correct. 

This calculation heuristic is based on an assumption that the threshold corresponds to a point 

of discontinuity in perception. The nature of this calculation heuristic is inherent to an 

upward and a downward bias. The choice of stopping rules is critical because different 

stopping rules compensate for these two types of bias to a different extent. Despite the 

simple logic behind these effects, stopping rules have been overlooked in the literature. The 
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present study was to seek evidence for the effects of stopping rules on threshold estimates. 

Comparisons were made of three commonly used stopping rules. This attempted to 

demonstrate the variability in threshold estimate that is due to the absence of a standardised 

stopping rule when implementing ASTM E679.  

2.4.1   Relation between Stopping Rule and Threshold Estimates 

Findings from the present study suggested a positive relationship between the 

magnitude of the threshold estimates and the degree of conservativeness of the stopping rule. 

The relation between the stopping rules and the estimated thresholds are explained in terms 

of the two biases that Lawless (2010) mentioned in this review of ASTM E679. A 

conservative stopping rule is more prone to the upward bias which leads to overestimated 

threshold measures; a liberal stopping rule is more prone to the downward bias which gives 

underestimated threshold measures. As expected, results from the present study revealed 

that the Last Reversal produced higher threshold estimates than the other two stopping rules, 

with a marginal difference from Stop 3 and a significant difference from Stop 2.  

The exact differences between the stopping rules were assessed by the repeated-

measures analysis and Z-test. Although both analyses suggested that Stop 2 significantly 

underestimates thresholds in comparison to the other two stopping rules, they concluded 

differently for the difference between Last Reversal and Stop 3. The Z-tests suggested 

significant difference between Last Reversal and Stop 3 for only two odorants, whereas the 

repeated-measures analyses suggested significant differences between these two rules for an 

additional five odorants. The different results due to the choice of statistical methods 

suggested the differences occurred only on the individual level but not on the group level. 

This finding also implies the importance of assessing the effects of stopping rules on both 

the individual and the group level. 

Findings from the present study were not isolated evidence for the effects of 

stopping rules. Eisele and Semon (2005) adopted the Stop 2 rule for estimating taste 

detection thresholds for Guaiacol in water and apple juice, and obtained lower threshold 
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estimates than those from studies with more conservative stopping rules, such as Orr et al. 

(2000) and Pettipher, Osmundson, and Murphy (1997). However, without knowledge of the 

“actual” threshold for each odorant, comparisons of the threshold estimates across the 

stopping rules do not suggest their validity. 

The use of the endpoint rule is an additional factor that contributes to the differences 

observed between the stopping rules. The endpoint rules, in relying on hypothetical data, 

introduced risks of either underestimating or overestimating threshold measures. A liberal 

stopping rule such as Stop 2 is more likely to employ a low endpoint rule, and thus becomes 

more vulnerable to bias underestimation. However, a conservative stopping rule such as 

Last Reversal is more likely to employ a high endpoint rule, leading to a higher possibility 

of overestimated thresholds.  

A closer inspection suggested the effects of the low endpoint rule on Stop 2 are 

much greater than the effects of the high endpoint rule on Last Reversal. With Last Reversal, 

less than 10% of the response series required an endpoint rule for most of the odorants. F10 

is the only exception, for which Last Reversal had to employ endpoint rules on 16.25% of 

the total number of response series. In comparison, Stop 2 used the low endpoint rule for 

estimating thresholds for over half of the judges on at least one occasion for seven odorants. 

Given that the concentration series in this experiment followed a rigorous procedure for 

bench testing, it is doubtful that the thresholds for over half of the judges are located lower 

than the lowest concentration presented. Assessment of the raw data suggests that it is not a 

rare event that a judge responded correctly on the first two concentration levels and made 

errors on the later levels. In this case, Stop 2 leads to erroneously low threshold estimate. 

Even if these two consecutive correct responses were not due to guessing, they do not 

necessarily yield detection at 50% of the time, as defined by the conventional midpoint 

threshold. The over reliance of Stop 2 on the low endpoint rule suggests the thresholds 

estimated by these stopping rules need to be used with caution.  
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2.4.2   Comparison of Threshold Distributions to the Literature 

The inability of evaluating the stopping rules by threshold measures has made the 

threshold distribution a compelling factor in the assessment. Comparisons of the threshold 

distributions indicated similarities between Last Reversal and Stop 3, and discrepancies with 

Stop 2. The outcome of these comparisons are more suggestive if they are combined with 

the results from analyses of the group BETs. These suggested that changing from Last 

Reversal to Stop 3 yielded a more systematic shift of the threshold distributions, whereas 

using Stop 2 appeared to result in inconsistent changes among the judges’ threshold 

measures, leading to alterations of the distribution shape.   

Some interesting insights were gained when comparing the distributions obtained in 

the present study to those in the literature. The present study successfully replicated the 

threshold distributions for five of the seven odorants reported in previous literature, when 

the thresholds were estimated by Last Reversal or Stop 3. Although it is not guaranteed that 

the distributions in the published literature are the “true” threshold distributions, the 

comparison of the distributions added more confidence to using Last Reversal and Stop 3. 

These two stopping rules appear to be the most useful in terms of providing consistent 

descriptions of threshold distribution across judges.  

2.4.3   The Choice of Stopping Rules and Their Effects on Different Sources of 

Threshold Variance 

An additional aspect investigated in the present study was the test-retest reliability of 

the thresholds estimated by each of the stopping rules. Most of the averaged correlation 

coefficients are included in the published range. A commonly cited range given by Punter 

(1983) was from 0.19 to 0.67 for 11 odorants using a dynamic air dilution type of 

olfactometer with a highly reliable stimulus control. Punter (1983) and the present study 

share only one odorant, that is isovaleric acid. The published test-retest correlation 

coefficient for this odorant is 0.19 which is higher than the highest coefficient obtained in 

the present study (r(100) = 0.101 with Last Reversal). The relatively low correlation in the 
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present study was likely attributed to the longer duration of the testing or the larger sample 

size compared to that of Punter (1983), i.e. 100 versus 32.  

The analyses of threshold estimates across test replications did not reveal interaction 

effects with the stopping rules, implying a change of stopping rule did not lead to significant 

changes in the BETs across the test replication. Nevertheless, Last Reversal demonstrated 

better test-retest reliability of the threshold results.  

2.5   Conclusion 

ASTM E679 was developed as an attempt to achieve a standardised method for 

odour threshold estimation. While protocols are offered for sample preparation and 

presentation, ASTM E679 did not identify the effect of stopping rules on the threshold 

outcomes. This finding highlighted the importance of explicitly specifying the stopping rule 

used for calculating thresholds with ASTM E679, because this information can be very 

important when conducting inter-study comparisons of thresholds for a particular odorant, 

or when replicating a threshold study. Findings from the present study lent more support for 

the use of Last Reversal, which is in accord with what is recommended in the written 

procedure, that “it is important that a panelist [judge] continues to take the test until there is 

no doubt by that person of the correctness of the choice” (ASTM, 2011b, p. 3). 

Beyond the concerns regarding the effects of stopping rules, the term threshold 

discussed in the current chapter is merely a statistical construct. The discontinuity in 

perception, assumed by the calculation heuristic of ASTM E679, is not supported by 

modern theories in psychophysics. Therefore, the thresholds estimated by the calculation 

heuristics of ASTM E679 lack theoretical coherence, irrespective of the choice of stopping 

rule. Nevertheless, credit needs to be given to the calculation heuristic for its simplicity and 

straightforwardness. The next chapter discusses the theoretical underpinnings of the 

calculation heuristics prescribed in ASTM E679, and uncovers which stopping rule, when 

combined with ASTM E679, produces a threshold that is closer to the “true” threshold.  
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Abstract 

 

This chapter introduces a new method for estimating group threshold 

using datasets obtained by ASTM E679. This method prescribes 

fitting the Gaussian psychometric function at the group level, to the 

aggregate proportion correct obtained at a range of concentration 

level. The group psychometric function addresses the incorrect 

theoretical underpinning of the original calculation heuristic of 

ASTM E679 and provides an opportunity to incorporate Signal 

Detection Theory in threshold estimation. The thresholds obtained 

with the group psychometric functions were compared to those 

estimated by the calculation heuristic prescribed by ASTM E679 

with different stopping rules. Comparisons across these two methods 

suggested that each stopping rule measured a specific level of 

proportion correct, indicating a useful correspondence between the 

stopping rules and the group psychometric function. One of the 

tested stopping rules (Last Reversal) provided threshold estimates 

consistent with those estimated for d′ = 1.0, and is therefore 

recommended for future research. 

                                                 

 

2
 A selection of findings presented in the current chapter has been published. 

 

Peng, M., Jaeger, S. R., & Hautus, M. J. (2012). Determining odour detection thresholds: Incorporating a 

method-independent definition into the implementation of ASTM E679. Food Quality and Preference, 25(2), 

95-104.  
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3.1   Introduction 

ASTM E679 is one of the most accepted methods for estimating thresholds for the 

chemical senses. While sensory researchers have been enjoying the straightforwardness of 

this procedure for several decades, some researchers have reported some issues with the 

calculation heuristic prescribed in ASTM E679.  

Without explicitly providing a conceptual definition of threshold, ASTM E679 

prescribes the threshold as the geometric mean of the concentrations at which the judge’s 

response changes from incorrect to readily correct. In a study with repeated measurements, 

the threshold estimate of an individual is the geometric mean of the threshold estimates 

across all replications. The threshold estimate of a group is the geometric mean of the 

threshold estimates of all individuals in the group. Despite general acceptance of this 

method, users of ASTM E679 have raised three issues regarding this procedure. 

First, a definition of threshold can be deduced, from this calculation method, as 

being a sharp transitional point that separates no detection and detection. This threshold 

model is illustrated by a psychometric function presented in Figure 1.3 in Chapter I, where 

the p(c) abruptly increases from no detection to perfect detection at one specific level of 

concentration. This all-or-none assumption with respect to detection does not encompass the 

reality of the moment-to-moment variability of the sensory system (Lawless, 2010; 

Morrison, 1982b; Peng et al., 2012).  

Second, responding errors made in the course of testing are not properly dealt with 

by this method. The method prescribes the threshold on the basis of a single reversal from 

incorrect response to correct response. This means that this method neither recognises 

correct guesses prior to detection, nor tolerates any responding mistake when genuine 

detection occurs (Lawless, 2010). Consequently, the resultant threshold estimates are at risk 

of being underestimated or overestimated. 

The third concern regarding ASTM E679 is the use of the endpoint rule. The 

rationale for adopting the endpoint rule was that “since the threshold of the other panellists 

[judges] were within the presented scale range, his threshold should not be far away from 



Chapter III 

87 

 

the range if he belongs to the same statistical population” (ASTM, 2011b, p. 5). This 

underlying assumption is perhaps reasonable, but it is of concern that the threshold estimates 

are based on hypothetical instead of actual data. Several researchers have criticised the 

endpoint rule as providing artificial closure to experiments (Kolpin & Shellhammer, 2009; 

Lawless, 2010; Morrison, 1982b). Due to these three issues, the validity of thresholds 

obtained with ASTM E679 is in question. 

In modern psychophysics, estimation of sensory detection thresholds relies on fitting 

psychometric functions. Broadly defined, a psychometric function describes the dynamic 

relationship between the physical stimulus intensity and some performance measure of 

detection or discrimination (Harvey, 1986). Just as the unit of physical stimulus intensity 

varies with type of stimulus, the performance measure also changes depending on the 

methodology by which the performance was measured. A psychometric function conforms 

to a sigmoid shape when the performance is measured by proportion correct (p(c)) and the 

physical stimulus intensity is expressed in logarithmic units. The psychometric function 

increases gradually, primarily as a result of random variation in the sensory system (Green 

& Swets, 1966, pp. 54-57; Macmillan & Creelman, 2005, pp. 23-24). The present thesis 

chooses the Gaussian model for fitting psychometric functions because of the predominant 

use of this model in literature (Blackwell, 1946; Green & Swets, 1966). The general 

equation of Gaussian psychometric function to be fitted for m-alternative forced choice task 

is given in Equation 1.3. 

To recapitulate, there are three parameters that determine the equation: µ is the mean 

of the distribution that defines the midpoint of the function on the abscissa (often referred to 

as the threshold); s is the slope of the psychometric function, which measures the rate of 

change in p(c) over the stimulus range; and γ is the value of p(c) that is obtained by chance 

alone (the reciprocal of the number of choices in a multiple forced choice task). The 

asymptotes of this psychometric function are therefore γ and 1. 

 Conventionally, the threshold is computed at the concentration which corresponds to 

the midpoint of the psychometric function. This threshold is referred to as the midpoint 

threshold. For a 3AFC task, given the asymptotes of the function are 1/3 and 1, the value of 

p(c) at the midpoint is 2/3 (or 0.667). This approach is widely accepted; however thresholds 
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defined by a particular value of p(c) are disadvantaged by the fact that they are dependent on 

a particular psychophysical task. Chapter I presents examples of how a stimulus at a 

particular level of intensity would result in a different value of p(c) in different 

psychophysical tasks (refer to Table 1.2). The inconsistent nature of the thresholds obtained 

by p(c) has caused one of the traditional issues with threshold testing; that is thresholds 

measured by different experimental methods are often compared and treated as if they are 

the same entity while they are not. 

Signal Detection Theory (SDT) proposes an alternative definition of threshold, 

which can also be defined using psychometric functions. Instead of using p(c) as a reference, 

the threshold is determined as the concentration that gives an arbitrarily selected d′ value; 

for instance, d′ = 1.0, as Klein (2001) suggested. The advantage of d′ over p(c) is that d′ is a 

sensitivity measure that remains invariant across different experimental methods given the 

same stimulus concentration (Green & Swets, 1966). That is, the same stimulus 

concentration will lead to the same value of d′ irrespective of the task employed.  

Being a measure of sensitivity, d′ takes into account the effects of psychophysical 

tasks on detection performance. Therefore, a specific d′ corresponds to different values of 

p(c) for different psychophysical tasks. For instance, d′ = 1.0 corresponds to p(c) of 0.760 

for the 2AFC task, 0.691 for the Yes-No task, and 0.418 for the triangle task. Illustrations of 

these relationships are presented in Table 1.2. For the psychophysical task prescribed in 

ASTM E679 – 3AFC, the value of p(c) that corresponds to d′ = 1.0 is 0.633. The threshold 

estimated with reference to d′ = 1.0 is herein called the SDT threshold. The use of SDT 

thresholds makes inter-study comparisons possible and thus deserves greater recognition in 

future threshold measurements. This discussion is detailed in Section 1.2.3.4. 

Fitting a psychometric function typically involves repeated sampling of the 

individual’s performance at several stimulus intensities, so that p(c) can be calculated for 

each intensity level. Previous studies, using auditory testing, recommended at least 200 test 

replications at each intensity level to obtain a stable psychometric function with a precise 

estimate of the slope and intercept (Kontsevich & Tyler, 1999; M. R. Leek et al., 1992).  
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Complications arise when incorporating psychometric functions into odour threshold 

estimation. The primary difficulty lies in the high susceptibility of human olfactory 

receptors to fatigue and adaptation. Detection performance of the judge declines drastically 

with over exposure to odorants (Cheesman & Mayne, 1953; Ekman, Berglund, Berglund, & 

Lindvall, 1967). Additionally, the time and resource intensive nature of conducting olfactory 

research frequently makes collection of an extensive number of test replications a difficult 

task. As a result of all of the above factors, experimenters need to carefully consider the 

quantity and frequency of exposure of odorant samples to the judges. For example, 

applications of ASTM E679 usually have fewer than four test replications.  

In recognition of the disadvantages of the calculation heuristic of ASTM E679 and 

the practical difficulties of fitting psychometric functions to limited quantities of data such 

as that available from individuals, researchers in the field have been striving for a method of 

odour threshold estimation that balances robustness and feasibility in practice. An ideal 

method should have valid theoretical underpinnings and be applicable to a dataset of an 

attainable size. A recent example that received a high level of recognition was a graphical 

method proposed by Lawless (2010). This method instructs the researcher to calculate the 

group proportion correct at each concentration level, and then fit a simple curve to join the 

data points. The threshold is estimated by interpolating the curve at the midpoint. This 

method provides a group threshold estimate, defined as the concentration at which 50% of 

judges in the group can detect the odorant. With a similar theoretical basis as psychometric 

functions, Lawless’ (2010) method does not require excessive test replications from 

individual judges.  

Lawless (2010) applied the graphical method to determine odour thresholds in water 

for methyl tertiary butyl ether (MTBE) based on the olfactory response data collected with 

ASTM E679 by Stocking et al. (2001). The threshold for the group was re-estimated with 

the graphical method, to compare it to the original estimate obtained by Stocking et al. 

(2001) who used the calculation heuristic combined with the Last Reversal stopping rule. A 

surprisingly good consistency was observed between these two methods. Based on findings 

from this comparison, Lawless (2010) claimed that ASTM E679 is capable of producing a 



Chapter III 

90 

 

threshold that is not far from the midpoint threshold, at least when the Last Reversal 

stopping rule is used.  

Lawless (2010) sought an explanation for the approximately accurate threshold 

obtained from the calculation heuristic of ASTM E679. The near match to the midpoint 

threshold was suspected to be a fortuitous outcome of cancellation of the two types of bias 

inherent to the calculation heuristic. The upward and downward bias was perhaps in 

equilibrium; averaging the biases yielded the accurate threshold measure. Such an assertion 

has raised an interesting research question. If the group threshold estimates from ASTM 

E679 are able to consistently approximate the midpoint thresholds obtained from the 

psychometric function, researchers could have more confidence in the use of the calculation 

heuristic of ASTM E679.  

The present chapter aims to further exploit the benefits of incorporating 

psychometric functions to data generated by ASTM E679. A new method, which hones the 

graphical method proposed by Lawless (2010), was developed to estimate group thresholds 

using the olfactory response data described in Chapter II. A Gaussian psychometric function 

was fitted at the group level, to the aggregate p(c) obtained at a range of concentration levels. 

The thresholds obtained with the group psychometric functions were compared to those 

estimated by the calculation heuristic prescribed by ASTM E679 with different stopping 

rules. While the finding of Lawless (2010) bodes well for the use of the Last Reversal 

stopping rule, incorporating other stopping rules into the scope of further investigation may 

be revealing, because the choice of stopping rule is critical for controlling the upward or the 

downward bias. To reiterate the effect of stopping rules, liberal stopping rules are relatively 

more prone to the downward bias, whereas the conservative stopping rules are more likely 

affected by the upward bias. 

Outcomes of these comparisons will confirm whether ASTM E679 produces group 

threshold estimates that are comparable to the midpoint threshold in the conventional 

understanding. The process of comparison could also provide an alternative interpretation of 

the thresholds obtained with different stopping rules with respect to the p(c), making these 

threshold estimates conceptually meaningful in the context of modern psychophysics. An 

additional objective is to demonstrate the use of psychometric functions for incorporating a 
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more prominent definition of threshold (i.e. d′ = 1.0). The SDT thresholds are believed to 

lay a solid grounding to embed future threshold measurements in a comprehensive 

theoretical framework that permits direct comparison of estimates obtained using different 

psychophysical methods.  

3.2   Methods 

This chapter investigates the alternative calculation method for ASTM E679 and 

compares it to the original method, so the analyses of the present study used the same 

dataset as described in Chapter II. Full details regarding the judges, odorants and test 

procedures have already been detailed in Chapter II (Section 2.2). This method section 

provides a detailed account of how psychometric functions were fitted in the present study. 

  For each odorant, the group dataset consisted of the responses of 100 judges, each 

judge with four replications. There should therefore be 400 responses at each of the eight 

concentration levels. However, because the concentration series for each odorant was 

modified within the first three cohorts, each odorant was presented in more than eight 

concentrations, with some concentrations being presented more often than others. A small 

group of concentration series was used in less than 6% of testing for a particular odorant 

(refer to Table 2.3). These series led to data points based on fewer than 24 observations. 

These points typically showed large variability and were therefore omitted from the analysis.  

The aggregate p(c) at each concentration level was the number of correct responses 

across all judges divided by the total number of times that concentration was presented. A 

psychometric function was fitted to the values of p(c) obtained at each concentration using 

maximum-likelihood estimation (McKee, Klein, & Teller, 1985).  
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The log-likelihood (LL) cost function to be maximised for binomial data is 
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where p(c)i is the predicted value of p(c), given by Equation 1.3, for stimulus concentration 

i; Ri is the number of correct responses given at concentration i; Ni  is the total number of 

times concentration i was presented; and Nconc is the number of distinct concentrations 

represented in the psychometric function.  The best-fitting psychometric function provides 

the two parameters that determine the function – intercept (µ) and slope (s). The parameter 

values of μ and s that maximise Equation 3.2 are found using iterative methods. This was 

accomplished readily in Microsoft
®
 Excel using the Solver package. The best fitting value 

for μ is the midpoint threshold (refer to Section 1.2.2.2 for details). 

To assess how well the best-fitting psychometric functions represented the observed 

data, the analysis employed the goodness-of-fit statistic, G
2
, which is asymptotically 

distributed as chi-square (Wickens, 2002, p. 246). This statistic can be interpreted as the 

probability that, given the fitted function is correct, the observed data, or more divergent 

data, could arise from it. The degrees of freedom for G
2
 are the number of data points minus 

the number of parameters to which the model is fitted (i.e. two in this case). This statistic 

can be interpreted as the probability that, given the fitted function is correct, the observed 

data, or more divergent data, could arise from it. Models were assumed inadequate at P 

< .001(Bentler & Bonett, 1980). The equation used to compute G
2 

in this context is 

 

                                                  Equation 3.2. 

 

The best-fitting psychometric function the threshold then allowed determining the 

thresholds at a pre-determined p(c). As introduced earlier, the midpoint threshold for a 
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3AFC task is the concentration corresponding to p(c) = 2/3 or 0.667, and the SDT threshold 

is the concentration corresponding to p(c) = 0.633 (i.e. d′ = 1.0). These two types of group 

thresholds – the midpoint and SDT threshold – were then used for comparison against the 

values estimated by the calculation heuristic of ASTM E679 with different stopping rules. 

The comparisons were undertaken by Z-test (α = .05). 

To allow these comparisons, the standard error for the obtained threshold was 

calculated from the Hessian matrix of second derivatives of Equation 3.2, as the covariance 

matrix is the negative of the inverse of the Hessian matrix evaluated using the best-fitting 

parameters (Press, Teukolsky, Vetterling, & Flannery, 1992). This process directly yields an 

estimate of the variance of the best-fitting parameters µ and s. The delta method (Rice, 1995) 

can then be used to derive an estimate of the variance of the threshold from the variances 

and covariance of µ and s.  

In addition, the best-fitting psychometric function was used to obtain values of p(c) 

that corresponded to the thresholds obtained from the different stopping rules. For each 

stopping rule, the value of p(c) was determined by the resulting threshold according to the 

function. Figure 3.1 presents a graphical illustration of this process. Evaluations of the 

values of p(c) corresponding to each stopping rule assist further comparisons between the 

calculation heuristic of ASTM E679 and the group psychometric function.  

 

Figure 3.1. Illustration of the procedure of interpolating p(c) by the threshold estimates according to 

a best-fitting psychometric function. 
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3.3   Results 

Figure 3.2 displays the best-fitting psychometric functions for each odorant, with 

proportion correct, p(c), depicted as a function of concentration. Each data point represents 

the value of p(c) obtained at a specific concentration. Because each concentration was 

presented an unequal number of times, the individual data point carries a different level of 

statistical importance. As a precaution against excessive influence on fitted parameters 

caused by outliers, the sample size at each concentration was taken into account when fitting 

the psychometric function. Examples of point size, which indicates the number of times 

each concentration was used, are given in the last panel. Table 3.1 provides a summary of 

the statistics that indicate the goodness-of-fit for each of the fitted functions. The functions 

for most of the odorants had good goodness-of-fit (P > .001) (Press et al., 1992). For F05, 

the goodness-of-fit for their functions were satisfactory (P = .001). F09 and F10 are the only 

odorants which had a poor fit (P < .001). The function of F09 has relatively fewer data 

points; each is expected to carry a heavier weight. In this case, deviations of the function 

from the data points are more likely to lead to inferior goodness-of-fit. Observation of the 

function for F10 indicates some pairs of data points, each with similar concentration but 

showing divergent performance. This pattern would make it impossible to get a good fit 

with any single monotonic function.  

Table 3.1 also specifies the two parameters – intercept (µ) and slope (s) – of the best-

fitting psychometric functions. The slope parameter ranges from 0.619 to 1.772, suggesting 

a degree of differences between the functions in their dynamic range. The differences in the 

slopes across the odorants are also visually demonstrable in Figure 3.1. The range of the x-

axis is the same for all of the panels (covers eight log10 concentration units), it is apparent 

that the function for different odorant increases at a different rate. The intercept of each 

function is indicated by one of the drop lines that corresponds to p(c) = 2/3.  
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Table 3.1. Summary of statistics indicating the goodness-of-fit of the psychometric function for 10 

odorants, and summary of the intercept and slope parameter of the function for each odorant and 

their associated standard deviation.  

  F01 F02 F03 F04 F05 F06 F07 F08 F09 F10 

Goodness-of-fit 

         G
2
 26.18 25.8 40.97 17.63 46.18 38.55 26.62 17.12 38.8 40.92 

DF 22 13 19 7 19 23 22 14 8 16 

P-value .244 .018 .038   .013 .001 .022 .226 .250 <.001 <.001 

Function parameters 

        μ 0.510 1.888 3.055 2.101 0.549 0.803 3.366 2.916 -1.860 1.407 
S.E. 0.062 0.036 0.036 0.043 0.033 0.068 0.035 0.035 0.057 0.073 
s 1.393 0.648 0.724 0.894 0.738 1.706 0.656 0.619 1.405 1.772 

S.E. 0.067 0.034 0.038 0.038 0.028 0.076 0.037 0.034 0.050 0.116 

 

Table 3.2 includes the midpoint threshold (p(c) = 2/3) and SDT threshold (d′ = 1.0 or 

p(c) = 0.633) for each odorant. Differences between these two types of threshold estimates 

were assessed through a series of Z-tests, results of which are also included in Table 3.2. 

Significant differences were observed for seven of the 10 odorants (P < .050). For the 

remaining three odorants, the difference between the two types of estimates tended towards 

statistical significance (F02, F07 and F08). The commonality among these three odorants is 

that their functions have a relatively small slope parameter (i.e. steep function). It is 

expected that the difference in p(c) between the two types of thresholds (0.667 – 0.633 = 

0.034) leads to a smaller difference in the resultant thresholds when interpolating a steep 

function compared to a flat function.  
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Figure 3.2. Best-fitting psychometric functions with empirical data for 10 odorants. Two drop lines indicate the midpoint threshold and the SDT 

threshold which were interpolated separately at the midpoint of the function and at the p(c) equivalent to d′ = 1.0. Examples of point size, which 

indicates the number of times each concentration was used, are given in the last panel 
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Table 3.2. Summary of the midpoint and SDT thresholds obtained for 10 tested odorants by fitting psychometric functions at the group level, 

and the results from Z-tests for assessing the difference between the two threshold measures. Significant results from the Z-tests are indicated 

by asterisks (P < .05). 

 

  F01   F02   F03   F04   F05 

  
BET S.E. 

 
BET S.E. 

 
BET S.E. 

 
BET S.E. 

 
BET 

 
S.E. 

ppb log10 log10   ppb log10 log10   ppb log10 log10   ppb log10 log10   ppb log10 log10 

p(c) = 2/3 3.25 0.510 0.062 
 

77.30 1.888 0.036 
 

1140.00 3.055 0.036 
 

126.00 2.101 0.043 
 

3.54 0.549 0.033 

p(c) = 0.633 2.15 0.333 0.065   64.10 1.807 0.037   918.00 2.963 0.038   96.80 1.986 0.044   2.85 0.455 0.034 

Z / P-value   1.98 .024*     1.57 0.058     1.76 .039*     1.87 .031*     1.98 .024* 

                    
                                        

  F06   F07   F08   F09   F10 

 
BET S.E. 

 
BET S.E. 

 
BET S.E. 

 
BET S.E. 

 
BET 

 
S.E. 

  ppb log10 log10   ppb log10 log10   ppb log10 log10   ppb log10 log10   ppb log10 log10 

p(c) = 2/3 6.36 0.803 0.068 
 

2320.00 3.366 0.035 
 

824.00 2.916 0.035 
 

0.0140 -1.860 0.057 
 

25.60 1.407 0.073 

p(c) = 0.633 4.01 0.603 0.071   1920.00 3.284 0.036   683.00 2.835 0.037   0.0009 -2.025 0.059   15.50 1.189 0.076 

Z / P-value   2.03 .021*     1.63 0.051     1.59 0.056     2.01 .022*     2.07 .019* 
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Table 3.3. Summary of comparisons of the midpoint threshold (p(c) = 2/3) and the SDT threshold (p(c) = 0.633) to the best-estimate 

thresholds obtained using three different stopping rules with the calculation heuristic of ASTM E679. The comparisons were performed by a 

series of Z-tests. Non-significant P-values are shaded (P < .050). Midpoint (p(c) = 2/3) and SDT (d′ = 1.0) thresholds are given in Table 3.2 

and the threshold from ASTM E679 for each stopping rule are given in Table 2.4. 

 

  F01   F02   F03   F04   F05 

 
p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

  Z P-value Z P-value   Z P-value Z P-value   Z P-value Z P-value   Z P-value Z P-value   Z P-value Z P-value 

LR 0.28 .390 -1.32 .093 
 

2.63 .004 1.19 .117 
 

1.80 .039 0.28 .390 
 

1.86 .031 0.32 .374 
 

3.09 .001 1.35 .089 

Stop 3 2.07 .019 0.33 .371 
 

4.01 <.001 2.55 .005 
 

5.12 <.001 3.50 <.001 
 

3.07 0.001 1.40 .081 
 

3.98 <.001 2.21 .014 

Stop 2 5.47 <.001 3.54 <.001   8.60 <.001 7.12 <.001   9.74 <.001 8.09 <.001   7.13 <.001 5.27 <.001   6.85 <.001 4.91 <.001 

                         

                                                                           

 
F06 

 

F07 

 

F08 

 

F09 

 

F10 

 
p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

 

p(c) = 2/3 d'=1.0 

  Z P-value Z P-value   Z P-value Z P-value   Z P-value Z P-value   Z P-value Z P-value   Z P-value Z P-value 

LR 0.16 .436 -1.31 .095 
 

2.24 .013 0.69 .245 
 

2.32 .010 0.65 .258 
 

2.13 .017 0.46 .322 
 

2.25 .012 0.82 .206 

Stop 3 1.43 .076 -0.17 .433 
 

5.61 <.001 4.11 <.001 
 

4.06 <.001 2.42 .008 
 

3.69 <.001 1.89 .029 
 

4.57 <.001 3.03 .001 

Stop 2 4.97 <.001 3.20 <.001   10.42 <.001 9.03 <.001   9.00 <.001 7.33 <.001   6.15 <.001 4.36 <.001   8.63 <.001 6.98 <.001 
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In addition, the midpoint and SDT thresholds were also compared to those obtained 

using the different stopping rules (Last Reversal, Stop 3 and Stop 2) with the calculation 

heuristics of ASTM E679. The magnitude of threshold estimates goes from highest to 

lowest in the following order: 1) midpoint threshold; 2) SDT threshold; 3) Last Reversal; 4) 

Stop 3; and 5) Stop 2. The order is slightly different for F01 and F06, where the estimates 

based on the Last Reversal rule are higher than the SDT thresholds. Assessment of the 

differences between threshold estimates was performed using a series of Z-tests. Table 3.3 

summarises the results from the Z-test comparisons. Two important findings were obtained. 

One is that the stopping rules typically produce significantly lower threshold estimates than 

the midpoint thresholds. The only exceptions were for F01 and F06, for which no significant 

difference was observed between the Last Reversal and the midpoint thresholds. The other 

finding of importance was that no significant difference was observed between the 

thresholds from Last Reversal and the SDT thresholds for all of the 10 odorants.  

The relationships between the threshold estimates obtained using different methods 

were further investigated in terms of their corresponding p(c). The values of p(c) for the 

midpoint and SDT thresholds are known. For the stopping rules, obtaining their 

corresponding p(c) followed the method illustrated by Figure 3.1. Table 3.4 summarises the 

values of p(c) corresponding to the thresholds obtained by each of the stopping rules for the 

10 odorants. The results agreed with the comparison of threshold estimates. Specifically, 

Stop 3 and 2 were found to estimate thresholds at a considerable lower p(c) on the best-

fitting psychometric functions, the average of which across the odorants was 0.590 and 

0.516, respectively. 

In general, greater similarity is found between the p(c) values that correspond to the 

Last Reversal stopping rule (mean: p(c) = 0.629) and that of the SDT threshold (p(c) = 

0.633). The observations for F01 and F06 differ from this; for these two odorants, Stop 3 

produces p(c) closest to the SDT threshold and Last Reversal corresponds more closely to 

the midpoint of function (i.e. p(c) = 0.667). Inspection of these two odorants reveals that 

their slope parameters are relatively larger than that of most of the other odorants, 

suggesting a potential effect of the slope parameter on quantifying the difference between 

the thresholds obtained using the stopping rules and the group psychometric function. 
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Table 3.4. Summary of the values of p(c) that correspond to three stopping rules. These values of 

p(c) were determined by the threshold obtained from each stopping rule according to the best-fitting 

psychometric functions. 

 

Stopping 
Rules 

F01 F02 F03 F04 F05 F06 F07 F08 F09 F10 Mean S.D. 

LR 0.661 0.605 0.634 0.626 0.611 0.663 0.618 0.619 0.633 0.617 0.629 0.019 

Stop 3 0.626 0.574 0.564 0.605 0.594 0.637 0.542 0.581 0.607 0.570 0.590 0.028 

Stop 2 0.569 0.478 0.475 0.538 0.551 0.571 0.438 0.481 0.560 0.499 0.516 0.045 

 

Assessment of the standard deviation of the p(c) values that correspond to each 

stopping rule shows that p(c) was moderately stable across the odorants (see last column of 

Table 3.4). This finding suggests a possible concordance between each stopping rule and a 

specific point on the psychometric function. However, this association should only be used 

as an approximate indicator of the performance level measured by different stopping rules. 

The standard deviations also show that consistency in p(c) across odorants declines as the 

stopping rule becomes less conservative. This finding once again lent support to the use of 

Last Reversal for having a relatively higher level of robustness. 

3.4   Discussion 

ASTM E679, as a standard procedure for estimating odour detection thresholds, has 

always been used with caution because its calculation heuristic does not have a solid 

theoretical underpinning. However, the data collection procedure of ASTM E679, which 

carefully considers the practical difficulty in collecting olfactory response data, cannot be 

easily substituted by other methods.  

Lawless (2010) proposed a graphical method to be used with data collected using 

ASTM E679, that enables a valid estimation of the group threshold. The thresholds obtained 

from the original and alternative methods were found to be comparable in Lawless’ (2010) 

analyses on data collected by Stocking et al. (2001). The perhaps unexpectedly accurate 

threshold estimate from ASTM E679 was suspected to be a fortuitous cancellation of the 

upward and downward biases associated with the calculation heuristic used in ASTM E679. 

If such a cancellation always occurs, users of ASTM E679 could gain additional confidence 
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to use the group threshold estimated from ASTM E679 as the midpoint threshold. This 

assumption has created a need to systematically evaluate the relationships between the 

threshold obtained with ASTM E679 and the threshold obtained with a more solid 

theoretical basis that is derived from fitting psychometric functions. 

3.4.1    Differences between Threshold Estimates Obtained with Different 

Methods 

A few insights were gained from the comparisons between the calculation heuristic 

of ASTM E679 and the method based by fitting psychometric functions. The clearest 

finding was that the threshold estimates obtained with Stop 3 and Stop 2 were significantly 

lower than either of the conventionally-accepted thresholds – the midpoint or the SDT 

threshold. This finding suggested that these two stopping rules should only be used to 

determine the thresholds that correspond to a lower p(c). Thresholds estimated by these two 

stopping rules should not be confused with the midpoint threshold.   

Comparison between the Last Reversal and the midpoint thresholds yielded 

inconsistent results. For eight of the 10 tested odorants, the thresholds based on Last 

Reversal were found to be significantly lower than the midpoint thresholds. With F01 (1, 8-

cineole) and F06 (isobutyraldehyde), these two types of estimates were found to be similar. 

This finding in general was not in line with Lawless (2010), who concluded equivalence 

between the thresholds obtained using Last Reversal and the midpoint threshold. Further 

study of the two inconsistent outcomes found a potential relationship between the slope 

parameter of the psychometric functions and the p(c) for the thresholds obtained from the 

stopping rules. The thresholds obtained by the stopping rules seem to be interpolated at a 

higher p(c) if this odorant has a flat psychometric function.  

However, in the case of F10 with the largest slope parameter among the tested 

odorants (i.e. having the flattest function), the p(c) corresponding to each stopping rule was 

not higher than other odorants. An ad hoc explanation for this observation is related to the 

property of this odorant. Based on findings obtained in Chapter II, the thresholds for F10 
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exhibit a bimodal distribution. For odorants with this type of distribution, two different 

psychometric functions should be fitted to the two distinct sensitivity groups, as suggested 

by Costell, Pastor, Izquierdo, and DurÁN (1994). If two separate psychometric functions 

were fitted to the data collected for F10, it is reasonable to assume that the psychometric 

functions would have a reduced slope parameter. This raises an interesting hypothesis that 

quantification of the relationship between these threshold estimates may be related to the 

steepness of the psychometric function for the odorant. This issue will be discussed in 

Chapter VI.  

In addition, comparisons between the midpoint and SDT thresholds obtained 

significant differences for seven of the 10 odorants. The observed differences suggest that 

these two types of threshold estimates not only differ in terms of their theoretical meaning, 

but also in a practical meaningful way. They are, in general statistically different. Therefore, 

there is a need to make a distinction between the midpoint and SDT thresholds in practice. 

Future studies on odour detection thresholds should include estimates of the SDT threshold 

if the approach of fitting psychometric functions is employed. This threshold estimate 

deserves greater recognition in future odour threshold research.  

Instead of being similar to the traditional midpoint threshold, Last Reversal was 

found to produce threshold estimates comparable to the SDT threshold (p(c) = 0.633 or d′ 

=1.0). This concurrence serves as a convenient mechanism to obtain a threshold that is 

comparable to the SDT threshold, when fitting a psychometric function is not a viable 

option. However, given that the concordance does not always predict the same p(c), caution 

should still be applied when using thresholds estimated with ASTM E679 as an SDT 

threshold.  

3.4.2    Limitations of the Method of Fitting Group Psychometric Functions 

The method based on fitting a group psychometric function addresses the 

methodological issues related to the calculation heuristic of ASTM E679. Yet, users of this 

method need to be aware that this method is not bias-free. When the tested odorant has a 

skewed or bimodal threshold distribution, the accuracy of the estimated group threshold will 

still be statistically biased (Lawless, 2010; Lawless & Heymann, 2010). Another important 
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aspect to note with this method is that conversion of p(c) to d′ is made based on the 

assumption that the judge obtained p(c)max, which is obtained when the judge has no 

response bias. Details on the relationship between p(c)max and p(c)non-neutural are discussed in 

section 1.2.3.3. Illustration of this relationship is given in Figure 1.9. If the judge is biased 

then values of d′ obtained by converting p(c) to d' remain contaminated by response bias. 

This is true for the 3AFC method (Macmillan & Creelman, 2005). In this sense, thresholds 

obtained with either of the methods – the ASTM-based method and the method based on the 

psychometric function – should still be considered “best estimate thresholds”, giving an 

approximate indication of where the actual “threshold” is.  

3.5   Conclusion 

Overall, findings from the present study suggest that fitting group psychometric 

functions provides a useful addition to the threshold calculation method prescribed by 

ASTM E679. Relatively, the method of fitting group psychometric functions is a more 

theoretically sound approach and is empirically more transparent; one can observe increases 

in performance as concentration increases and make decisions regarding the threshold on the 

basis of these observations. A group psychometric function is recommended in future 

application of ASTM E679 to supplement interpretations of the threshold estimates obtained 

by this procedure. Among the various stopping rules that researchers can adopt, Last 

Reversal is shown to provide a threshold estimate that is roughly similar to the SDT 

threshold. The agreement between the threshold from Last Reversal and the SDT threshold 

is of practical importance; estimating thresholds using the calculation heuristic in ASTM 

E679 in conjunction with Last Reversal may be an entry point into a theoretically sound 

method.  

Yet the group psychometric function might not be a useful approach if it is used by 

itself. The incapability of estimating thresholds for individuals restricts its applicability, 

when the primary interest lies in the threshold distribution for an odorant. Also, findings 

from the present study suggest that the group psychometric function is influenced by the 

threshold distribution. Without being able to attain the threshold distribution, it is unknown 

whether the group psychometric function is correctly fitted.



 

 

 

 

Chapter IV – ASTM E1432 with Comparison to a Staircase 

Method using Sniffin’ Sticks3 

 

Abstract 

 

ASTM E1432 prescribes a method for obtaining individual threshold 

estimate by fitting a conventional psychometric function to individual 

data that comprise 20-40 3AFC presentations in an ascending method 

of limits. The individually-fitted psychometric function enables 

comparison of thresholds obtained from different psychophysical 

tasks through the framework provided by Signal Detection Theory. 

This chapter aims to evaluate ASTM E1432, and to demonstrate its 

ability to make cross-method comparison. The investigation involves 

comparing the odour thresholds obtained by the 3AFC method of 

limits to those obtained by a newly developed methodology – a 

staircase method that uses Sniffin’ Sticks as a delivery mechanism.  

 

                                                 

 

3
 A selection of findings presented in the current chapter has been presented at the following conference. 

 

Peng, M., Jaeger, S. R., & Hautus, M. J. (2012). Is Sniffin’ Sticks a reliable method for estimating odour 

detection thresholds? Paper presented at 5th European Conference on Sensory and Consumer Research, Berne, 
Switzerland. 
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4.1   Introduction 

4.1.1   A Method-independent Threshold Measure from Signal Detection Theory 

As described in the Chapter I, the notion of threshold in classical psychophysics is in 

fact a performance measure which is a function of both sensitivity and response bias. 

Expanding on this statement, different psychophysical tasks do not produce the same 

threshold measure even if the same proportion correct (p(c)) value is adopted to define 

threshold in each task. By this definition, a threshold is derived from data collected with a 

specific psychophysical task, thus should only be used to make comparisons within, but not 

between tasks (Lee, van Hout, & Hautus, 2007; Macmillan & Creelman, 2005). Previous 

threshold compilations distinguish the threshold measures by quantifying them with the 

psychophysical task employed. This had hindered comparisons of threshold measures across 

laboratories or odorants.  

Signal Detection Theory (SDT) solves this complication by introducing an 

alternative parameter for measuring sensory sensitivity, termed d′. Differing from simpler 

indices like p(c), d′ is a measure of perceptual distance between two stimuli. It remains 

roughly invariant across psychophysical tasks, or when response bias is manipulated. This 

unique property of d′ provides a solution to the previously described method dependence of 

threshold estimates. With the use of d′, the threshold is commonly determined at the 

physical stimulus intensity which gives rise to d′ =1.0. Examples of deriving thresholds 

defined by d′ are common in visual and auditory threshold research (Blackwell, 1946; 

Cameron, Tai, & Carrasco, 2002; Green & Swets, 1966). 

Beyond determining thresholds with reference to d′ =1.0, SDT also provides a 

framework to compare the thresholds obtained by different psychophysical tasks. Data from 

different psychophysical tasks can be computed to give thresholds of the same d′ value, so 

that a valid comparison can be made between the thresholds. This practice is particularly 

useful when a new methodology is introduced to the field, where a valid comparison 

between the existing and new method is demanded. 
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While d′ can be directly used as a sensitivity measure, a relatively common approach 

is to convert p(c) corresponding to a certain level of sensitivity into values of d′. Elliot (1964) 

lists d′ as a function of the number of alternatives and the p(c), similar to the example 

presented in Table 1.2. To utilise the method-independent property of d′ when comparing 

the thresholds across psychophysical tasks, psychometric functions are usually required. 

With a full psychometric function available, thresholds can be flexibly procured from a 

location on the function that corresponds to a particular value of d′, or a location on the 

function, matching the p(c) measured by another psychophysical method.  

4.1.2   ASTM E1432 

Although this theoretical framework has been available for several decades and 

proven successful in psychoacoustic research, its application in odour threshold research has 

always been restricted due to the slow take-up of methods for fitting psychometric functions. 

ASTM E1432 was developed to address the demand for a psychometric function-based 

method in odour threshold estimation. ASTM E1432 prescribes a data collection method 

that is identical to that of ASTM E679, except that each judge is presented with at least 20-

40 3AFC presentations spread over several tests. Each test consists of five to eight 3AFC 

presentations given in ascending order by concentration, including concentrations that the 

judge cannot reliably smell at the lowest end and concentrations that the judge can reliably 

smell at the highest end. Correctness of the judge’s responses is tabulated. An empirical 

psychometric function can be built by plotting the p(c) against the concentrations presented 

(in log10 units). A logistic psychometric function is prescribed to model the data. The 

individual threshold is defined at p(c) = 2/3 of the function, namely the midpoint threshold. 

The method prescribed in ASTM E1432 is essentially identical to fitting a conventional 

psychometric function as introduced in Chapter I. 

In relation to ASTM E679, ASTM E1432 is recognised as a more advanced method 

due to its more solid theoretical underpinnings. The threshold obtained by ASTM E1432 is 

considered the conventional midpoint threshold in psychophysics. Another advantage of 

ASTM E1432 that is less commonly recognised is its capability of accommodating SDT. 
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ASTM E1432, in providing best-fitting psychometric functions for individuals, allows one 

to determine their thresholds with reference to a given d′ value. This chapter demonstrates 

the use of ASTM E1432 for making comparisons between thresholds obtained by different 

psychophysical tasks. Specifically, the odour thresholds measured by the 3AFC method of 

limits are compared to those obtained with a newly developed methodology – a staircase 

method that uses Sniffin’ Sticks as a delivery mechanism. 

4.1.3   Sniffin’ Sticks – Development and Applications 

Developed in the 1990s, the Sniffin’ Sticks test for the assessment of human 

olfactory function has become a widely used tool both in clinical and research settings. The 

Sniffin’ Sticks test is not merely an invention of a re-usable pen-like odour dispensing 

device, but also a rigorous guideline for utilising the device and administering the 

assessments. The device resembles a felt-tip pen. This approach has been primarily used in 

clinical fields for detecting olfactory dysfunction in patients with early symptoms of 

otorhinolaryngology and neurological disorders (Albrecht et al., 2008).  

Recently, sensory researchers who have also frequently confronted the challenges of 

assessing olfactory abilities, have showed increasing interest in Sniffin’ Sticks, particularly 

in its subtest for thresholds. This is because the use of Sniffin’ Sticks overcomes some of the 

historical issues with odour threshold testing, such as complex preparation and rapid 

perishability of the odorant solution. Furthermore, using Sniffin’ Sticks allows incorporation 

of more sophisticated psychophysical methods, for example the staircase method. 

Broadly defined, a staircase method is an adaptive procedure in which the stimulus 

concentrations are chosen based on the judge’s previous response. A threshold measure is 

approached after continuous adjustments of the stimulus concentration. In acoustic threshold 

testing, a staircase method is often the preferred method. However, the staircase method is 

not a practical option for odour threshold estimation with traditional odorant delivery 

systems, such as wine glasses or sniff bottles. The odorant samples cannot be prepared 

beforehand without knowing how many times each concentration level will be required. 
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Introduction of Sniffin’ Sticks solves this problem with its unique capability of restoring 

odour headspace within a short timeframe. 

The original package of the Sniffin’ Sticks threshold test contains 16 sticks with 

different concentrations of n-butanol, and one blank stick. Procedurally, three sticks are 

sequentially presented on each trial, one of which contains the target odorant, while the 

other two are blanks. The judge is instructed to distinguish the target stick from the blank 

sticks. This constitutes the three-alternative forced choice (3AFC) task. The test progresses 

by a two-down, one-up staircase method. As illustrated in Figure 1.2, this rule is used: two 

correct responses are required for moving one step down on the physical stimulus intensity 

but only one incorrect response moves one step up. The event at which the physical stimulus 

intensity changes in direction opposite to the previous change is defined as a turnaround. 

Testing continues until the pre-determined number of turnarounds is obtained. Common 

applications of Sniffin’ Sticks require the collection of seven turnarounds. The average of 

the last four turnarounds defines the threshold for a judge. 

The test-retest reliability of Sniffin’ Sticks has been reported in a number of studies. 

Hummel et al. (1997) conducted the pioneering evaluation study for Sniffin’ Sticks. The 

test-retest reliability for the thresholds of n-butanol for 104 judges was 0.61. The highest 

reliability coefficient for the threshold test using Sniffin’ Sticks was observed in a relatively 

recent study by Haehner et al. (2009), which was 0.92 based on data from 46 judges. Among 

these studies of Sniffin’ Sticks, the most extensive investigation focusing on test-retest 

reliability of this approach was conducted by Albrecht et al. (2008), in which 64 judges 

repeated three threshold tests for n-butanol within the same day and undertook the fourth 

test after an average of 35 days. The results showed the test-retest correlation coefficients 

ranged from 0.79 to 0.85 on the within-day tests. The thresholds obtained with the fourth 

test had a lower correlation with the first three tests, although these correlation coefficients 

were still significant. These findings indicated that the test-retest reliability of Sniffin’ 

Sticks is higher than that reported by Doty (1995) for the same odorant (r = 0.49), where the 

thresholds were obtained with a 2AFC ascending method of limits using squeeze bottles. 

Recently, the validity and reliability of Sniffin’ Sticks were tested in several different 

regions and populations, including Europe (Wolfensberger et al., 2000); UK (Neumann et 
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al., 2011); Taiwan (Yuan et al., 2010) and Sri Lanka (Silverira-Moriyama et al., 2009). 

These studies collectively endorsed the expansion of the use of Sniffin’ Sticks.  

4.1.4   Adaptive Staircase Procedures and Their Relation to p(c) 

Although the thresholds obtained with a staircase method have proven reliable, they 

are not amenable to the conventionally defined midpoint threshold. With the conventional 

approach based on fitting psychometric functions, the threshold typically refers to a physical 

stimulus intensity at which detection occurs half of the time, corresponding to the midpoint 

on a corrected psychometric function where p(c) = 0.5. In the case of a staircase method, a 

threshold estimate is determined by gradually narrowing the concentration range to a level at 

which the judge exhibits a desirable responding pattern. Levitt (1971) introduced a general 

procedure to determine the specific value of p(c) on the psychometric function on which 

thresholds from each staircase method converge. This procedure is based on the basic 

assumption that the probability of the downward sequence must equal the probability of an 

upward sequence at the concentration of threshold. For the most commonly used staircase 

methods, which all incorporate a one-up component, tracked p(c) is given by 

 

p(c)^
NC

 = 0.5                                                                                                          Equation 4.1. 

 

where NC represents the number of correct responses required for a downward step. Thus 

the tracked p(c) value can be calculated by rearranging this equation to yield p(c)     
 
  . In 

the current case of a two-down, one-up procedure, the tracked p(c) is    
 
 , which is equal to 

0.707 on the psychometric function. 
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4.1.4.1   Justification for employing 2AFC three down, one up staircase method 

Despite the credit given to the general idea of employing staircase methods, there 

appears to be little consensus as to what is the fastest and most efficient procedure for 

assessing odour thresholds. Two types of procedures are favoured in the literature: two-

down, one-up with a 3AFC task and three-down, one-up with a 2AFC task. The current 

investigation employed a three-down, one-up staircase method with samples presented in a 

2AFC task. Justification of this choice hinges on three facts. First, data from a 3AFC task is 

more likely to be influenced by the judge’s choice of cognitive decision strategy in 

comparison to a 2AFC task, where both available strategies lead to the same outcome 

(Hautus et al., 2009; Macmillan & Creelman, 2005). Second, 2AFC three-down, one-up 

yields a threshold measure that corresponds to p(c) of 0.794 according to Equation 4.1 (p(c) 

=    
 
 ). This particular point on psychometric functions is close to the “sweetpoint” on a 

2AFC psychometric function (i.e. 0.809); a point associated with minimum variability in 

threshold estimates (Grassi & Soranzo, 2009; Green, 1993). The third relative advantage of 

adopting 2AFC three-down, one-up is that this procedure, in comparison to 3AFC two-down, 

one-up requires fewer stimulus presentations to collect the same amount of turnarounds. 

This was observed during the bench testing for this experiment. The few stimulus 

presentations are expected to alleviate possible biases due to fatigue or adaptation.  

Knowing the p(c) tracked by the 2AFC, three-down, one-up method provides an 

opportunity to compare the threshold obtained by this method to those obtained with ASTM 

E1432. This is performed by converting this value of p(c) to a value d′ for a 2AFC task, 

according to the published conversion table (Elliot, 1964). The results is d′ = 1.159. On a 

psychometric function obtained by ASTM E1432, the equivalent of a 3AFC psychometric 

function, the p(c) equivalent to d′ of 1.159 is 0.679. Through such conversions, a valid 

comparison can be made between the results obtained by a 2AFC, three-down, one-up 

staircase method to those obtained by a 3AFC method of limits. This chapter therefore has 

two objectives: 1) to separately evaluate the Sniffin’ Sticks method and ASTM E1432 for 

odour threshold estimation; 2) to compare the threshold estimates obtained by different 

psychophysical tasks through the conversions prompted by Signal Detection Theory.  
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4.2   Methods 

4.2.1   Study 1 - Sniffin’ Sticks  

4.2.1.1   Stimuli and concentration series 

Two odorants were employed in the present study – 1, 8-cineole and cis-3-hexen-1-

ol, coded as F01 and F04 to remain consistent with previous experiments. Chemical 

information regarding the odorants has been given in Table 2.2. These two odorants were 

chosen due to their presence in kiwifruit (M. Y. Wang, MacRae, Wohlers, & Marsh, 2011), 

the thresholds of which are frequently required by sensory researchers in New Zealand. 

Each odorant was diluted into 16 geometrically increasing concentration steps. Although 

both odorants had been tested in Chapter II using wine glasses, the concentration ranges 

previously employed were unable to be applied to Sniffin’ Sticks. Odorants need to be at a 

higher concentration to be perceived as having the same level of intensity when they are 

delivered by Sniffin’ Sticks compared to wine glasses. To obtain the new concentration 

range for each odorant, 10 judges who had served in the previous threshold tests participated 

in the preliminary test. Half of these judges were identified as hypersensitive (below the 10
th

 

percentile) and the other half as hyposensitive (above the 90
th

 percentile) to the odorant that 

they were tested on. The preliminary test employed the staircase method to be used in the 

Sniffin’ Sticks study. Each judge performed the test once subsequent to a short training 

protocol (described in the test procedure section). The concentration series was established 

with the objective of including all 10 judges’ thresholds with two additional steps at each 

end. The preliminary test took four days. The judges were paid as compensation for their 

time. Information about the final concentration series for each odorant is given in Table 4.1. 
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Table 4.1. The concentration series for each odorant indicated by the concentration at the starting 

step (the weakest concentration) and the dilution factor used to define the 16 concentration steps. 

 

Odorant Code Starting concentration Dilution factor 

    ppb log10   

1, 8-cineole F01 3 0.48 2.5 

cis-3-hexen-1-ol F04 250 2.40 2.0 

 

4.2.1.2   Judges 

The study recruited 164 judges (79 males) between 20-50 years of age (mean = 

34.64, S.D. = 9.72). Of the 164 judges, 41 judges who were randomly selected undertook 

the threshold tests for F04 twice. Each of the remaining 123 judges was tested once for F01 

and F04; the order of testing for these two odorants was counterbalanced across the judges. 

None of the judges had previously participated in studies on olfactory sensitivity. A consent 

form was obtained from all of the judges who were fully informed about the experiment 

with the participant information sheet. They were paid 60 NZD at the end of the two-hour 

test session. Ethical approval for this study was granted by the Northern X Regional Ethics 

Committee (approval number NTX-11-02-008). 

4.2.1.3   Preparation of Sniffin’ Sticks 

Sniffin’ Sticks were purchased from Burghart Messtechnik (Wedel, Germany). All 

sticks were purchased empty and filled with the prepared odorant solution prior to use. A set 

of 18 sticks was prepared for the testing of each odorant, 16 sticks contained the target 

odorant at different concentration levels and two sticks contained the diluent only (i.e. 

Microlene
®
 activated carbon filtered water). Because a blank stick would be required in 

each trial, two blank sticks were prepared to be used alternately throughout the testing.  

To fill a stick, a 3 mL aliquot of odorant solution or diluent was measured and 

inserted using a 5 mL syringe and a 25G needle. The sticks were then stored tip down for 24 
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hours prior to use to allow the odorant to filter through to the tip. Previous studies had used 

a solution volume of 4 mL per stick (Hummel et al., 1997; Wolfensberger, 2000), however 

these studies used propylene glycol as a diluent instead of water. The reduced fill volume of 

3 mL was to prevent any potential leakage due to the relatively low viscosity of the aqueous 

odorant solution. The sticks were stored at room temperature (22˚C) and recycled on a 

weekly basis.   

4.2.1.4   Presentation of Sniffin’ Sticks 

The threshold testing was conducted on a one-to-one basis, where one judge was 

tested at a time by one experimenter. The threshold test took place in an isolated testing 

room. Figure 4.1 presents a photograph of the set-up of a threshold test. The judges were 

blindfolded during the tests with either blackout glasses or an eye mask (Kathmandu
®
, 

Auckland). To reduce any head movements during the test, the judges were asked to rest 

their elbows on the table, allowing their hands to support their head. The experimenter sat 

across the table from the judge and presented the sticks to the judge. To present each sample, 

the experimenter removed the cap of the stick and placed the stick under the judge’s nostrils 

at a distance of approximately 2cm. The judge took one breath after the experimenter 

indicated the stick was in presentation by saying “stick one” or “stick two”. There was a 

three-second interval between the sample presentations within a trial. After both sticks were 

presented, the judge gave a response to indicate which stick had the target odour. The 

experimenter recorded the judge’s response on a staircase scoring sheet and gave the next 

2AFC presentation based on the correctness of the judge’s prior response. A 20-second 

interval was enforced between two trials. The test continued until seven turnarounds were 

collected. The actual testing time varied across the judges, depending on their response 

pattern, from 10 minutes to 25 minutes. 
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Figure 4.1. Photograph of test setting using the Sniffin’ Sticks threshold test.  

4.2.1.5   Training procedure and warm-up session 

The judges were taken through a short training procedure prior to the threshold tests. 

The training session began by priming the judges with the sticks at the lowest and the 

highest concentration, followed by giving each judge a few 2AFC tasks with randomly 

selected concentration steps. This procedure provided not only practice with the 2AFC 

method for the judges, but also familiarised them with the tested odorants at different 

concentration steps.  

A warm-up session was arranged at the completion of the training session. The warm-up 

session started at the third highest concentration step (i.e. concentration step 14) and moved 

upwards or downwards according to the three-down, one-up method as the test progressed. 

Testing stopped after two turnarounds. The warm-up session sought to familiarise the judges 

with the staircase procedure and the odorants. Also, the experimenter was able to discern 

from the warm-up session an appropriate starting concentration for each individual judge, 

which was set at two concentration steps above the average of the two turnarounds.  

4.2.1.6   Test procedure and threshold calculation 

The 2AFC three-down, one-up staircase procedure was employed. Each 2AFC trial 

consisted of a paired presentation of one target stick and one blank stick. The judge’s task 

was to indicate the stick that contained the target odorant. A response was enforced even if 
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the judge could not clearly discern the target stick. For each threshold test, the sequence of 

the sample presentations within each pair followed a list that was generated prior to testing. 

The same order was not used repeatedly in the experiment. As described in the introduction, 

the three-down, one-up staircase method instructs the judge on 2AFC tasks at the same 

concentration if the correct response is obtained for the prior presentation. This particular 

concentration is tested up to three times in succession. Correct responses for all three 

presentations lead to the next 2AFC presented with a concentration that is one step lower. In 

contrast, one incorrect response immediately moves the testing concentration for the next 

2AFC one step up. The point at which the physical stimulus intensity changes in direction 

opposite to the previous change is defined as a turnaround. The current study collected 

seven turnarounds which was consistent with previous applications of Sniffin’ Sticks 

(Hummel et al., 1997; Lutterotti et al., 2011; Wolfensberger, 2000).  

To remain consistent with previous applications of Sniffin’ Sticks, the threshold 

from each response series was estimated as the geometric mean of the concentrations at the 

last four turnarounds (i.e. turnaround 4-7). Omission of the first three turnarounds was 

justified based on evidence that the initial performance on the staircase test typically showed 

a deviation from the response pattern shown in the later part of the staircase (Lawless & 

Heymann, 2010, p. 140). Data collected up to the third turnarounds was deemed as not 

representative of the final threshold estimate. For the 41 judges who undertook two 

threshold tests for F04, their threshold estimates were the geometric average of the estimates 

obtained in the two tests. For each odorant, the group threshold was the geometric mean of 

the thresholds of the individuals. 

4.2.2   Study 2 - ASTM E1432 

ASTM E1432 was implemented to estimate individual thresholds for the two 

odorants under investigation, using the dataset described in Chapter II. The dataset of each 

odorant comprises response data obtained by 100 judges in four replications of the 3AFC 

method of limits task. A detailed description of the dataset has been given in Section 2.2. 

Psychometric functions were fitted to the data of each judge, closely following the 
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requirements of ASTM E1432. The only change made in the current investigation was that 

the Gaussian model was chosen for fitting the psychometric functions instead of using the 

logistic model as recommended in ASTM E1432 (given in Equation 1.5). This is because 

the Gaussian psychometric function is more consistent with standard theories and has been 

predominantly used in the psychophysical literature (Blackwell, 1946; Klein, 2001). The 

procedure of fitting the psychometric functions is similar to that described in Section 3.2, 

except that the psychometric functions in Chapter III were fitted to the p(c) obtained at the 

group level. To recapitulate, the procedure of fitting psychometric functions entails 

construction of an empirical psychometric function and then fitting the sigmoid function 

using maximum-likelihood estimation. In the current study, the empirical psychometric 

function was constructed for each judge. This was done by calculating the value of p(c) at 

each log10 concentration, using the number of correct responses divided by the total number 

of times that concentration was presented to a particular judge. A best-fitting psychometric 

function based on the Gaussian model was then fitted to the values of p(c) at each 

concentration using maximum-likelihood estimation (McKee et al., 1985), refer to Equation 

3.1 for the log-likelihood (LL) cost function to be maximised for binomial data. The 

functions fitted in Chapter III adopted the solver package in Microsoft
®
 Excel. Because the 

present chapter required fitting the function for each individual, a script written in R was 

used for the iterative curve-fitting.  

The standard ASTM E1432 only prescribes the measurement of the midpoint 

threshold which corresponds to p(c) = 2/3 or 0.667. The current study included an additional 

two types of thresholds by interpolating the individual psychometric functions on different 

locations: one is at p(c) = 0.633, and other one is at p(c) = 0.679. These two particular 

values of p(c) were included in the scope of investigation for different reasons. The former, 

p(c) = 0.633, equates to d′ =1.0 for a 3AFC task. The threshold determined at d′ =1.0 has 

been addressed as the SDT threshold in Chapter III, and recommended for future use for 

being a method-independent measure. The latter, p(c) = 0.679, is put forward to measure the 

same level of performance as a 2AFC three-down, one-up staircase method does, as 

explained in the introduction of the current chapter. The threshold obtained at this value of 

p(c) can be compared to those obtained by the Sniffin’ Sticks, which will herein be referred 

to as the Sniffin’ Stick-comparable threshold. Altogether, three types of thresholds – 
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midpoint, SDT and Sniffin’ Stick-comparable threshold – are estimated for each judge. The 

group estimate for each type of threshold was taken by averaging the thresholds across the 

judges. 

4.3   Results 

4.3.1   Sniffin’ Sticks Thresholds 

This section discusses the threshold estimates obtained for 123 judges who were 

tested by Sniffin’ Sticks for both odorants. The results obtained by the remaining 41 judges 

will be discussed separately. Figure 4.2 presents the frequency histograms of threshold 

estimates for F01 and F04 obtained by Sniffin’ Sticks. Assessments of these threshold 

distributions provided some interesting findings. As shown, the distribution for F01 

approaches a bimodal distribution with the antimode at 3.82, and the distribution for F04 

approximates a normal distribution. The statistics of skewness and kurtosis for these 

distributions are presented in Table 4.2. 

Table 4.2. Summary of the group thresholds and their standard errors (S.E.) estimated by different 

methods or by different definitions. The statistics of skewness and kurtosis for the distribution of 

each odorant are also included. 

Types of thresholds 
F01    F04 

BET S.E. Skewness Kurtosis   BET S.E. Skewness Kurtosis 

Sniffin' Sticks 3.309 0.111 0.05 -0.33 
 

4.793 0.073 -0.22 -0.16 

ASTM E1432 
 

        p(c) = 0.633 0.473 0.098 0.60 -0.21 

 

1.976 0.062 -0.12 0.74 

p(c) = 0.667 0.565 0.098 0.47 -0.15 

 

2.04 0.061 0.02 0.42 

p(c) = 0.679 0.598 0.098 0.21 -0.25 
 

2.062 0.060 0.07 0.25 

 

Comparing these distributions to the existing literature endorses this method for 

accurately quantifying threshold distributions. The most compelling evidence is the 

extremely close resemblance between the present distribution for F01 (1, 8-cineole) and that 

of Pelosi and Pisanelli (1981) which was reconstructed and shown in Figure 1.11. Amoore 
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(1969) classified this odorant as associated with specific anosmia. This means a group of 

people, with normal olfactory acuity to other odorants, cannot perceive this particular 

odorant at a concentration that is perceivable by most other people. These individuals are 

referred to specific anosmics to this odorant (Amoore, 1977). Pelosi and Pisanelli (1981) 

identified 28 out of 85 judges as specific anosmics to F01 because their thresholds exceeded 

the concentration of the antimode of the distribution. Applying this criterion for anosmia to 

the current data identifies 40 out of the 123 judges as being specific anosmics. Converting 

the number of anosmics into proportions yielded 33% in both studies.  
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Figure 4.2. Frequency histogram of threshold estimates obtained for 123 judges with the 2AFC 

three-down, one-up staircase method with Sniffin’ Sticks. The two distributions were for 1, 8-cineole 

(F01) and cis-3-hexen-1-ol (F04) respectively. 

 

The group thresholds estimated by the Sniffin’ Sticks are given in Table 4.2. There 

has not been a previous study that employed Sniffin’ Sticks for estimating the thresholds for 

these two tested odorants. This presents a challenge to validate the threshold estimated in the 

current study against previous literature. Comparing the group thresholds from ASTM 

E1432, which are also presented in Table 4.2, suggests that Sniffin’ Sticks produced much 

higher threshold estimates. As discovered in the bench top testing, odorants need to be at a 

much higher concentration to be perceived as having the same level of intensity when they 

are delivered by Sniffin’ Sticks compared to wine glasses. This is due to the difference 

between these two types of delivery system in storing odorous vapour. Therefore, a direct 
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comparison of the threshold estimates across methods would not provide much meaningful 

information other than confirming the effects of odorant delivery device on threshold 

estimates.  

4.3.2   Threshold Estimates with ASTM E1432  

Repeated-measures ANOVAs were separately performed, using SPSS (20.0), for 

each odorant to assess differences between the three types of thresholds estimated with 

ASTM E1432 – SDT threshold, midpoint threshold and Sniffin’ Sticks-comparable 

threshold. The results of Mauchy’s test ensured the assumption of sphericity was not 

violated. The results showed significant differences for both odorants (F01: F(2, 200) = 128.77, 

P < .001; F04: F(2, 200) = 104.43, P < .001). Post hoc tests with the Bonferroni correction 

showed a significant difference between each of the two types of threshold measures (P 

< .050). Table 4.2 presents the group threshold of each type along with their standard errors. 

Figure 4.3 displays the frequency histogram of each type of the thresholds for each 

odorant. The distributions are arranged from the top to the bottom panel as the SDT 

thresholds (p(c) = 0.633), midpoint thresholds (p(c) = 0.667) and Sniffin’ Sticks-comparable 

thresholds (p(c) = 0.679). Slight contrasts were observed between the distributions for the 

same odorant. To supplement the visual demonstration, statistics of the skewness and 

kurtosis for each distribution are also listed in Table 4.2. The changes across the 

distributions are reflected in their skewness for F01 and in their kurtosis for F04. As the 

value of p(c) for defining thresholds increases, the distribution of F01 becomes less 

positively skewed, and the distribution of F04 has smaller kurtosis.  
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Figure 4.3. Frequency histogram of threshold estimates for 1, 8-cineole (F01) and cis-3-hexen-1-ol 

(F04) across 100 judges. The thresholds were estimated by interpolating the individual psychometric 

functions fitted with methods prescribed in ASTM E1432. From the top to the bottom row of panels, 

the three types of thresholds were procured at different locations on the individual psychometric 

function: the SDT threshold at p(c) = 0.633, the midpoint threshold at p(c) = 0.667 and the Sniffin’ 

Sticks-comparable threshold at p(c) = 0.667.
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4.3.3   Comparison of Threshold Distributions between Sniffin’ Sticks and ASTM 

E1432 

The threshold distributions estimated by Sniffin’ Sticks, presented in Figure 4.2, 

were compared to those estimated with ASTM E1432, as presented in Figure 4.3. Visual 

comparisons did not provide a clear conclusion as to which point on the psychometric 

function provided threshold distributions that were more comparable to the ones obtained 

with the staircase method. One interesting observation was that, for F01, the distribution 

based on the Sniffin’ Sticks-comparable thresholds presents an antimode around the middle 

of the distribution, which most closely resembles the distribution estimated with Sniffin’ 

Sticks. The presence of antimode with these two methods is consistent with previous 

literatures, such as Lawless, Thomas, and Johnston (1995) and Pelosi and Pisanelli (1981). 

Similarity between these two distributions is also supported by the statistics of skewness and 

kurtosis. Among the three distributions produced by ASTM E1423 for F01, the one based 

on the Sniffin’ Sticks-comparable thresholds exhibits the most similar skewness and 

kurtosis to those estimated by Sniffin’ Sticks.  

Assessments for F04 led to less clear results. Irrespective of the definition of the 

threshold, the distributions estimated by ASTM E1432 more closely resembled a normal 

distribution as opposed to the distribution produced by Sniffin’ Sticks. In comparison to the 

distribution estimated by Sniffin’ Sticks, the distribution of the SDT thresholds had a 

relatively similar skewness and the distribution of the Sniffin’ Sticks-comparable thresholds 

has a similar kurtosis. 

4.3.4   Comparison of Inter-odorant Correlation 

The thresholds of an individual judge for the two odorants were found to be 

significantly correlated. Pearson’s correlation coefficients for each type of estimate are 

presented in Table 4.3. The inter-odorant correlation coefficient obtained with Sniffin’ 

Sticks sits above that for the SDT threshold, and under that for the midpoint threshold and 

the Sniffin’ Sticks-comparable threshold. Fisher’s (1921) test for independent correlations 
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was employed to assess the differences between the correlation obtained with Sniffin’ Sticks 

and those obtained with ASTM E1432. No significant difference was obtained between the 

correlation coefficients predicted by Sniffin’ Sticks and that of any type of threshold from 

ASTM E1432. For the thresholds from ASTM E1432, differences across their inter-odorant 

correlation coefficients were examined by the difference test for the non-independent 

correlation coefficients devised by Williams (1959). No significant difference was observed 

for any pair of these comparisons either. 

Table 4.3. Summary of inter-odorant correlation (Pearson’s correlation coefficient) for each of the 

four types of thresholds obtained. 

Types of thresholds Inter-odorant correlation 

  r P-value 

Sniffin' Sticks (N=41) 0.467 <.001 

ASTM E1432  (N=100) 
  

p(c) = 0.633 0.438 <.001 

p(c) = 0.667 0.472 <.001 

p(c) = 0.679 0.482 <.001 

4.3.5   Comparison of Test-retest Reliability across Methods 

With the Sniffin’ Sticks, the thresholds of 41 judges who were tested twice with F04 

(cis-3-hexen-1-ol) presented a significant correlation across the tests (r(41) = 0.756, P < .001), 

suggesting a high test-retest reliability with this method.  

To enable a comparison across the methods, ASTM E1432 was also evaluated for 

test-retest reliability based on the thresholds for the same odorant (F04: cis-3-hexen-1-ol). 

Assessing test-retest reliability of the psychometric function method entailed the following 

steps. Two sets of psychometric functions were fitted for each judge. One psychometric 

function was fitted to the first and third replications, and the other was fitted to the second 

and fourth replications. The test-retest correlation was computed based on the thresholds 

obtained by these two psychometric functions. Each of the functions produced three types of 

threshold estimates for the individual. The associated correlation coefficients for each type 

of threshold are 0.117, 0.150 and 0.163 for the SDT threshold, the midpoint threshold, and 
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the Sniffin’ Sticks-comparable threshold respectively. These are considerably lower than 

that predicted by Sniffin’ Sticks.  

4.4   Discussion 

This chapter evaluated an advanced standard method for estimating odour threshold 

for individuals – ASTM E1432, and compared it to a new methodology – Sniffin’ Sticks. 

ASTM E1432 prescribes a method of fitting individual psychometric functions to be paired 

with the data collection method outlined in ASTM E679. The commonly acknowledged 

advantage of ASTM E1432 arises from its sound theoretical underpinnings. The basis of 

fitting individual psychometric function is consistent with established psychophysical 

methodology for threshold estimation. Beyond demonstrating the theoretical advantage of 

ASTM E1432, this chapter aims to highlight other benefits for implementing this method. 

ASTM E1432, in providing full psychometric functions, allows incorporation of Signal 

Detection Theory (SDT) in estimating the thresholds. This means that the thresholds can be 

determined at d′ = 1.0 or a measure that corresponds to the value of d′ that is measured by 

the threshold from another method. This chapter demonstrates the results from using both of 

these thresholds – the SDT threshold and the Sniffin’ Sticks-comparable threshold. Together 

with the midpoint threshold, these three types of thresholds were comparable to those 

obtained with the Sniffin’ Sticks. Besides the group threshold estimates and the threshold 

distributions, the comparisons across the methods and definitions also included the measures 

of inter-odorant correlation and test-retest reliability. 

4.4.1   Evaluation of the Sniffin’ Sticks  

Overall, the outcome of the testing endorsed the quality of the threshold data 

obtained with the Sniffin’ Sticks. The most compelling evidence was that the Sniffin’ Sticks 

predicted the exact proportion of specific anosmics of 1, 8-cineole as reported in Pelosi and 

Pisanelli (1981). In both Pelosi and Pisanelli (1981) and the present study, an antimode of 

the distribution divided the testing population into 67% of normosmics and 33% of 
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anosmics to this odorant. Comparing the presented distribution for cis-3-hexen-1-ol to 

existent literature did not reveal many similarities. Jaeger et al. (2010) provided the only 

example of the threshold distribution for cis-3-hexen-1-ol, as shown in Figure 1.11. In 

comparison to the published distribution, the distribution produced in the present study by 

the Sniffin’ Sticks appears flatter and less skewed.  

The assessment of the test-retest reliability lent further support to the use of the 

Sniffin’ Sticks. The test-retest reliability for cis-3-hexen-1-ol for 41 judges was 0.756. This 

is above the test-retest reliability reported for Sniffin’ Sticks by Hummel et al. (1997), 

which is 0.61 for n-butanol. The sound test-retest reliability of Sniffin’ Sticks may be 

attributed to this odorant delivery system, or the staircase method, or a combination of these 

two factors. Doty et al. (1995) indicated that staircase methods are more reliable than the 

method of limits, and the reliability of staircase methods can be predicted by a function from 

the Spearman-Brown formula. The reliability coefficient obtained by Sniffin’ Sticks in the 

present study partially supported the propositions raised in Doty et al. (1995). The obtained 

coefficient is above the range of coefficients (r = 0.56-0.71) made by the thresholds 

obtained for five odorants using a single ascending presentation series (Doty et al., 1995), 

but below the predicted value for the staircase method comprising seven reversals (with the 

first three responses omitted) which is 0.811. It should be noted that the test-retest reliability 

of odour thresholds is unlikely to be a constant, because review of literature suggests that 

this measure is not only method-dependent but also odorant-specific (Doty & Kobal, 1995).  

Overall, the present study confirmed the reliability and concurrent validity of the 

Sniffin’ Sticks method. The Sniffin’ Sticks method, as a reusable odour delivery device, has 

a practical advantage of negating the need for daily solution preparation and disposal. The 

drawback of this method lies in the one-to-one experimental setup. Such a setup increases 

experimental cost and puts a constraint on the number of judges who can be tested. Whether 

this method is worthy of further exploitation as an apparatus for odour threshold estimation 

in common sensory studies remains debatable. For the purpose of the present study, the 

positive outcomes obtained from the Sniffin’ Sticks suggest this method is suitable for 

serving as a comparison to ASTM E1432 in the subsequent analyses. 
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4.4.2   Threshold Data Obtained with ASTM E1432 

Comparisons between the thresholds obtained from fitting individual psychometric 

functions suggested that the point of p(c) had a significant effect on the magnitude of 

threshold estimates. A significant difference was even noted between the midpoint 

thresholds (p(c) = 0.667) and the upper thresholds (p(c) = 0.679), the difference between 

their corresponding p(c) being as marginal as 0.012. These findings suggest that the 

threshold estimates are sensitive to the definition used for defining the estimates, which 

highlights the importance of constructing psychometric functions and being able to interpret 

the thresholds by p(c).   

The changes in the threshold estimates are also manifest in the threshold distribution 

of each definition. An example that is visually demonstrable was the comparison for 1, 8-

cineole across the three types of thresholds. Despite the fact that all of the three types of 

thresholds yielded positively skewed distributions for F01, only the Sniffin’ Sticks-

comparable thresholds present an antimode as observed in the distribution produced by the 

Sniffin’ Sticks. In relation to 1, 8-cineole, changes across the distributions for cis-3-hexen-1-

ol are less apparent. All three distributions are close to normal distributions. There is a 

gradual decrease in the kurtosis as the values p(c) increases, thus the distribution based on 

the Sniffin’ Sticks-comparable thresholds has the least kurtosis.   

The analysis of test-retest reliability for ASTM E1432 provided unfavourable results 

for this method. The reliability coefficients estimated for ASTM E1432 are much lower than 

the reported range in the literature, for example, 0.56-0.71 reported by Doty et al. (1995). 

Furthermore, the test-retest reliability reported by Punter (1983) is generally commented by 

other researchers as being very low (Doty et al., 1995; Patterson, Stevens, Cain, & Cometto-

Muñiz, 1993) , with the average of the coefficients of 0.40 which is still higher than the 

coefficient obtained in the present study. The low test-retest reliability observed for ASTM 

E1432 raised concerns for employing this method. Doty et al. (1995) suggested that for 

odour threshold estimation, tests with lower reliability have little utility. 

Nevertheless, it is worth noting that reliability coefficient obtained for ASTM E1432 

might be at risk of being underestimated due to the nature of the analysis employed. To 
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summarise the process of examining the test-retest reliability for ASTM E1432, the 

psychometric function for each individual judge is fitted based on two test replications. 

Given that ASTM E1432 is based on a probabilistic function, the number of test replications 

is crucial to the precision of the thresholds estimated by this method. If the individual 

psychometric function is fitted to all of the four replications collected in the present study, 

the resultant thresholds would be expected to be more reliable. Aside from presenting a 

cautionary note for this finding, the above discussion also indicates the importance of the 

number of test replications on the reliability of ASTM E1432. 

4.4.3   Comparison between the Sniffin’ Sticks and ASTM E1432 using SDT 

Another objective of the present study was to demonstrate the use of ASTM E1432 

for accommodating SDT in making comparisons across different psychophysical tasks. 

Through conversions between p(c) and d', the data obtained from a 3AFC method of limits 

can produce the threshold estimates that correspond to the same d′ as the thresholds 

estimated by the 2AFC three-down, one-up staircase method. The thresholds obtained at this 

specific level of d' with ASTM E1432 were addressed as the Sniffin’ Sticks-comparable 

thresholds in this chapter. 

Due to the change of odour delivery system, comparison of the threshold values 

from the different methods would not provide much insight. Previous discussion indicates 

that Sniffin’ Sticks produce higher threshold estimates than using glasses. Nevertheless, 

comparisons of the threshold distributions estimated by these two methods are still 

meaningful. The assessments of the distributions obtained for cis-3-hexen-1-ol did not 

reveal clear evidence. The comparisons for 1, 8-cineole provided more insights. In 

comparison to the midpoint thresholds or the SDT thresholds, the distribution based on the 

Sniffin’ Sticks-comparable thresholds exhibits a relatively closer resemblance to that based 

on thresholds obtained by the Sniffin’ Sticks. Given the marginal difference between the p(c) 

of the midpoint threshold and that of the Sniffin’ Sticks-comparable threshold, the changes 

in their shapes of threshold distributions highlights the important effects of p(c) on the 

threshold estimates when they are obtained with the psychometric functions. In addition, the 
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resemblance between the distribution from the Sniffin’ Sticks and the distribution of the 

Sniffin’ Sticks-comparable thresholds supported the use of SDT for making a comparison 

between methods. Determining the thresholds at same value of d' provides a valid ground 

for making comparisons across different psychophysical methods, and thus adds 

transparency in odour threshold estimation. 

There have only been a limited number of studies that investigated the differences in 

the thresholds between the method of limits and the staircase method. An example is the 

study from Horne, Olabi, Greenwalt, and Lawless (2001), which compared the visual 

detection thresholds for haze in juice between the 3AFC method of limits and a 3AFC three-

down, one-up staircase method. The threshold calculation for the 3AFC method of limits 

followed the procedure given in ASTM E679 (details regarding to ASTM E679 are 

presented in Section 1.5.1.2). The results showed no significant difference, thus the authors 

concluded equivalence between these two methods in terms of visual context. Their study 

did not include the scope of SDT, therefore overlooking the relationship between these two 

methods in terms of the p(c). According to Levitt’s (1971) transformation formula (given in 

Equation 4.1), the thresholds obtained by a 3AFC three-down, one-up method corresponds 

to a p(c) value of 0.793 (i.e.    
 
 
 
). This p(c) is notably higher than the midpoint p(c) 

presumed by ASTM E679 (i.e. 0.667). Given that the p(c) associated with the staircase 

method is noticeably higher than the p(c) presumed by ASTM E679, the observed 

equivalence between these two methods was difficult to explain. A closer inspection of 

Horne et al. (2001) revealed that the comparison was performed with the thresholds 

estimated with only one test replication of each method. With the single replication design, 

ASTM E679 is more likely to produce a higher-than-actual threshold estimate due to lack of 

familiarisation and learning. In comparison, the judges are exposed to more samples in a 

staircase method; their performances are therefore likely to be more stable on the later trials. 

This is perhaps the key factor that explains the equivalence between thresholds obtained by 

the 3AFC method of limits and the 3AFC three-down, one-up staircase method, while SDT 

predicts a different outcome. 
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4.5   Conclusion 

In conclusion, this chapter demonstrates the use of ASTM E1432 for obtaining the 

midpoint thresholds for individuals. A more important objective is to elevate the awareness 

of a less recognised feature of ASTM E1432, that is, the thresholds can be determined at a 

difference value of p(c). In this chapter, the thresholds were also determined at d' = 1.0, to 

provide the SDT threshold, and at d' = 1.159, for arriving at a threshold that is comparable 

to the value measured by the Sniffin’ Sticks staircase method. Positive findings were 

observed for incorporating the SDT approach into the use of ASTM E1432. Given the sound 

theoretical underpinnings of ASTME1432, this method is recommended in future research 

of odour threshold estimation. However, the findings also indicated low test-retest reliability 

of ASTM E1432, which hindered a complete validation of this method. 

  





 

 

Chapter V – Introduction of a Novel Approach for Estimating 

Odour Thresholds for Individuals - Fitting Fixed-slope 

Psychometric Function4 

 

Abstract 

 

This chapter presents an experimental investigation of a novel 

method – fitting group-slope psychometric functions – to analyse the 

data generated by ASTM E679. The investigation consisted of two 

studies. Study 1, through constructing conventional psychometric 

function for three judges, established the assumption of invariant 

slope across judges. Study 2 investigated the validity of the use of 

group-slope psychometric functions on a practical dataset obtained by 

ASTM E679. The assessment of the group-slope psychometric 

function was done by comparing this method to the method 

prescribed in ASTM E1432 and the calculation heuristic in ASTM 

E679. This new method survived scrutiny in the light of these two 

empirical investigations, which provided promising results for 

furthering the investigation of fixed-slope psychometric functions. 

                                                 

 

4
 A selection of findings presented in the current chapter is written up as a publication manuscript which has 

been submitted to Chemical Senses. 

 

Peng, M., Jaeger, S. R., & Hautus, M. J. (2013). Fitting psychometric functions using a fixed slope parameter: 

an advanced alternative for estimating odour thresholds with data generated by ASTM E679. Chemical Senses. 

(In revision). 
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5.1   Introduction 

With an ultimate objective to make available a theoretically sound method for odour 

threshold estimation with a practical data collection procedure and acceptable computational 

complexity, sensory researchers have been trying to develop a threshold calculation method 

that further exploits the data generated by the current standard protocol for odour threshold 

estimation – ASTM E679. An advanced standard method was published to accomplish this. 

This method is ASTM E1432, which is based on fitting psychometric functions to data 

collected from individuals. The procedure of ASTM E1432 has been detailed in Section 

1.5.2.1. Essentially, ASTM E1432 prescribes a method to fit a logistic psychometric 

function (refer to Equation 1.5) to each individual judge based on the values of p(c) at 

different concentration levels. 

Chapter IV presents a comparative study between the threshold outcomes from 

ASTM E1432 and a staircase method. The results of this study provided promising evidence 

for the sound theoretical underpinnings of ASTM E1432, but also indicated poor test-retest 

reliability for this method. For the particular odorant that was tested (F04: cis-3-hexen-1-ol), 

the test-retest reliability of ASTM E1432 (r(100) = 0.150) was found to be lower than for the 

Last Reversal rule with ASTM E679 (r(100) = 0.338; refer to Section 2.3.2.1), and 

considerably lower than for the staircase method (r(41)= 0.756; refer to Section 4.3.5). 

Literature review has not found similar assessments of the test-retest reliability for ASTM 

E1432. If this poor test-retest reliability persists in applications of ASTM E1432, then the 

thresholds estimated by this method need to be used with caution. 

ASTM E1432 attempts to make users aware that an insufficient amount of data can 

lead to unreliable results. The standard practice acknowledges “a large degree of random 

error associated with estimating the probability of detection from less than approximately 

500 3AFC presentations”. This warning implies an important relationship between the 

number of test replications and the reliability of this method. 

In psychoacoustic research, it is believed that 200 test replications are required to 

reliably estimate the parameters that determine the psychometric function, which are the 

slope (s) and the intercept (μ) (M. R. Leek et al., 1992; Macmillan & Creelman, 2005). For 
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threshold studies, the parameter of primary interest is perhaps the intercept. As explained in 

Section 1.2.2.2, the intercept of the psychometric function is also the determining point of 

the midpoint threshold. Research found that a reliable estimate of the intercept requires 

much fewer test replications than by obtaining both the intercept and the slope. Macmillan 

and Creelman (2005), in their review of previous literature, concluded 20-40 replications 

sufficient for a reliable threshold to be produced. Although this is possible with auditory 

stimuli, olfactory research is limited by practical applications which prohibit similar 

numbers of replications.  

ASTM E1432 instructs experimenters to collect 20-40 3AFC presentations, which 

equates to four to eight test replications in the case of a five-step concentration series being 

used. This number of replications is significantly lower than those used for constructing 

auditory psychometric functions. The stability of the psychometric function is expected to 

be affected, and the reliability of the estimated thresholds is likely to be compromised. The 

poor test-retest reliability found for ASTM E1432 is of concern for those who use this 

method with insufficient test replications.  

Doty et al. (1995) emphasised the importance of testing reliability when assessing 

methods for odour threshold estimation. In an odour threshold study, because the exact 

values to be expected are unknown, reliability becomes prerequisite to validity. Doty et al. 

(1995) adopted the perspective given by Chapman and Chapman (1978) and explained that, 

if a method has a poor test-retest reliability, differences in threshold estimates between 

testing occasions could be due to inconsistency in measurements, rather than differences in 

underlying physiological or psychological processes purportedly measured by the test. 

In theory, reliability of estimates obtained from ASTM E1432 can be improved by 

simply increasing the number of test replications. However, the practical cost of such an 

exercise is usually too high to be considered. Researchers seeking to establish odour 

thresholds need to find the right balance between collecting a large number of test 

replications from a small number of judges, and a smaller number of test replications from a 

larger group. The latter becomes more important if a distribution of thresholds across a 

population is of interest. For a study to have a large number of test replications to allow 

stable parameter estimates from a psychometric function, it is likely that only a small group 
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of judges will be included due to the constraints of time and resources. In this case, the 

small sample size limits the production of an odour threshold distribution across the 

individuals.  

Users of ASTM E679 or ASTM E1432 could benefit from an improved method for 

estimating odour thresholds for individuals, which 1) is based on fitting psychometric 

functions, 2) can be used with a practically viable number of replications, 3) produces 

acceptable test-retest reliability, and 4) is able to estimate the threshold distribution across 

individuals. The present chapter proposes such a method – fitting psychometric functions 

for individuals with a fixed slope – which has the potential to meet all of the 

abovementioned criteria. The fixed-slope psychometric function assumes that the slope of 

the psychometric function for different individuals is the same for a given odorant, thus the 

same sigmoid function is fitted to each different individual’s data by shifting the function 

laterally to coincide best with the data.  

Justification for the fixed slope hinges on the fact that previous studies in other 

senses have demonstrated little difference in the slope of psychometric functions across 

individuals. For example, (Harvey (1986)) observed that psychometric functions 

predominantly differ in their locations along the abscissa during visual testing, but not in 

their slopes. Also, in the rare example of fitting psychometric functions to olfactory data, J. 

C. Stevens et al. (1988) found that the individual psychometric functions for a given odorant 

were highly uniform in the slope parameter. The challenge for this method is to determine 

what the fixed slope value should be. The initial attempt is to use the slope obtained by 

fitting the aggregate psychometric function of the group. Implementing this method involves 

fitting the full psychometric function (both intercept and slope) at the group level, and then 

fitting individual psychometric functions using the same slope parameter that had been 

estimated with the group data. Thus, only the intercept is fitted for the individual functions. 

This method is henceforth referred to as the group-slope psychometric function. 

The most apparent advantage of this approach is that it can be applied to the datasets 

typically obtained in odour threshold testing. Without needing to estimate the slope 

parameter, a typical dataset generated by ASTM E679, which compromises less than four 

test replications, is sufficient for fitting psychometric functions at the individual level. In 
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comparison to those psychometric functions fitted to a limited number of test replications 

that are not able to give a reliable slope measure, using a fixed-slope value reduces the 

variability of the threshold estimates, thus increasing the precision of the threshold estimate. 

This chapter presents an experimental investigation of a novel method – fitting 

group-slope psychometric functions – to analyse the data generated by ASTM E679. The 

investigation consisted of two studies. The objective of Study 1 was to test the assumption 

of invariant slope across judges. This required constructing the conventional psychometric 

function for the individual judges. As already noted, the conventional way of fitting 

psychometric functions requires an extensive amount of data from individual judges. 

Therefore Study 1 focused on a small group of judges each undertaking many test 

replications. This provided a dataset that enabled the fitting of both the conventional and 

group-slope psychometric functions, allowing comparisons between thresholds estimated 

with these methods, as well as a comparison of slopes across the conventional psychometric 

functions fitted for different judges.  

Study 2 investigated the validity of the use of group-slope psychometric functions on 

a practical dataset obtained by ASTM E679. The assessment of the group-slope 

psychometric function was done by comparing this method to the method prescribed in 

ASTM E1432 and the original approach in ASTM E679. If this new method survives 

scrutiny in the light of these two empirical investigations, confidence can be strengthened 

for the use of this method. Development of this method further advances methodologies for 

odour threshold estimation by aligning techniques with those prevalent in other sensory 

modalities.  
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5.2   Methods and Results 

 5.2.1   Study 1 – Testing for the Assumption of Fixed slope 

5.2.1.1   Methods 

Three staff of the Sensory Laboratory (two females and one male, mean age = 33 

years) participated in the threshold testing for F04 (cis-3-hexen-1-ol). All judges were 

familiar with the current data collection method, but had not previously participated in 

similar studies. F04 was chosen for this study because it is also the focal odorant in Chapter 

IV. Chemical information about this odorant is given in Table 2.2. This study serves as a 

preliminary study that tests the assumption of the use of fixed slope; therefore data from 

only one odorant was considered adequate. To enable a 3AFC method of limits, the odorant 

was made into eight concentrations in a geometrically ascending order with a dilution factor 

of 3.5. The concentration series were modified in the first few sessions by adjusting the 

initial concentration, so that they were tailored to each judge. This arrangement was to 

ensure that the psychometric function was fitted to the most appropriate concentration range 

for each judge, which should best capture the dynamic range of each judge’s performance. 

Each judge’s concentration series is given in Table 5.1. The adjustments occurred in the first 

few sessions led to variable times of presence of each concentration. Fitting of the functions 

to these data took into account the different statistical consequences that each concentration 

exhibited. 

The odorant samples for each test were prepared by placing 10 mL aliquots of target 

solution of each concentration into wine glasses which were immediately covered with glass 

lids. Another set of eight pairs of identical glasses were prepared for each judge, each 

containing 10 mL of diluent (activated carbon filtered water), and were used as the blank 

samples to accompany the presentation of each target sample. All samples were prepared 

approximately one hour in advance of threshold measurement to allow equilibration of the 

headspace, and kept at 22°C. More detail about the protocol used for sample preparation and 

presentation are described in Section 2.2. 
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Table 5.1. Information on the concentration series applied to each judge, including the initial 

concentration (log10) and the number of times that concentration was presented. 

 

  Initial Concentration Number of times 

Judge 1 0.697 15 

 

-0.391 15 

Judge 2 0.697 3 

 

-0.391 12 

 

-0.935 15 

Judge 3 -0.391 25 

  -0.935 5 

 

5.2.1.2   Test procedures 

Each judge undertook 10 testing sessions over a course of three weeks. Each testing 

session consisted of three threshold tests, each of which consisted of a method of limits with 

an ascending concentration series using 3AFC judgements at each of the eight concentration 

steps. In each threshold test, the judges were required to complete all eight of the 3AFC 

trials for each threshold test. The order of presentation of samples within a trial was 

randomised throughout the test. To mitigate smelling fatigue and adaptation, a 75-second 

break was enforced between trials. Upon completion of the study, a total of 30 test 

replications, comprising 240 of the 3AFC presentations, were collected from each judge. 

The testing took place in individual sensory booths. The procedure was identical to that 

described in Section 2.2. 

5.2.1.3   Data analyses 

This dataset was first fitted with a conventional psychometric function for each 

judge (fitting slope and intercept). The method for fitting the functions is described in 

Section 3.2. To reiterate, p(c) was calculated for each judge at each concentration employed. 

A best-fitting psychometric function, corrected for guessing, was then fitted to the data 

using maximum-likelihood estimation. A script written in R was used for the iterative curve-
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fitting. The best-fitting function gave two parameters – intercept (μ) and slope (s) – with the 

intercept being the same as the midpoint threshold for each individual. To be consistent with 

other chapters in this thesis, all the psychometric functions were fitted based on the 

Gaussian model.  

To fit the fixed-slope psychometric function with the slope parameter obtained from 

the group data, a psychometric function was firstly fitted to the p(c) obtained by the three 

judges as a group. The slope parameter (s) of the group psychometric function was then 

used to fit psychometric functions separately for each individual. The functions moved 

laterally to best coincide with the values of p(c). The best-fitting psychometric function with 

the fixed slope was also determined by the optimal maximum-likelihood estimation, as 

detailed in Section 3.2. 

Additional statistics relevant to the best-fitting functions were also obtained. The 

standard errors of the group intercept and slope were obtained from the variance/covariance 

matrix (see Press et al., 1992, p. 972). The goodness-of-fit of the functions was measured 

using the statistic G
2
, which is asymptotically distributed as chi-square (Wickens, 2002). 

The degrees of freedom for G
2
 are the number of data points minus the number of 

parameters to which the model is fitted (two with the conventional function and one with the 

group-slope function). This statistic can be interpreted as the probability that, given the 

fitted function is correct, the observed data, or more divergent data, could arise from it. 

Models were assumed inadequate at P < .001 (Bentler & Bonett, 1980).  

5.2.1.4   Results 

Table 5.2 provides the estimated parameters of both the conventionally-fitted and the 

group-slope psychometric functions for each of the three judges. The best-fitting group 

function used for fitting the group-slope functions had an intercept of 1.419 (S.E. = 0.146) 

and a slope of 0.751 (S.E. = 0.171).  

Figure 5.1 displays the empirical psychometric functions for the three individuals 

and for the group, with data points representing values of p(c). In each panel, the function 

shown by the solid curve is the conventional psychometric functions, namely the variable-
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slope psychometric function; the function shown by the dashed curve is the group-slope 

psychometric function. The panel representing the group data has only one function. The G
2
 

statistics included in Figure 5.1 indicate that each of the variable-slope psychometric 

functions has adequate goodness-of-fit. The goodness-of-fit with these group-slope 

functions weakened marginally from those associated with the variable-slope functions.  

 

Table 5.2. Parameter estimates (slope and intercept) for the conventional and the group-slope 

psychometric functions for each of the three judges for F04 (cis-3-hexen-1-ol). Both types of 

functions were fitted to 30 test replications obtained from each judge. The differences between 

judges or methods were assessed by Z-tests. Results from the comparisons of thresholds across 

methods are expressed in Z-scores and P-values. Results from the between-judge comparisons are 

given in the columns labelled Z-test. Different letters in a column indicate that the associated values 

(either threshold or slope) are significantly different (P < .050). 

Judge 
Conventional PF 

  Group-slope PF   

Comparison of thresholds 
               (Group slope=0.751) 

 

Slope S.E. Z-test 
 

BET S.E. Z-test   BET S.E. Z-test   Z-score P-value 

1 0.968 0.248 A 
 

0.895 0.323 A 

 

1.028 0.216 A 

 

0.33 0.378 

2 0.398 0.293 A 
 

1.600 0.112 B 

 

1.382 0.128 A 

 

-1.29 0.089 

3 0.600 0.180 A   1.813 0.155 B   1.742 0.123 B   -0.35 0.359 

 

The group psychometric function has relatively poor goodness-of-fit as opposed to 

the individual psychometric functions, albeit non-significantly (P > .001). Each data point in 

the panel of the group function has a greater weighting; small discrepancies between these 

data points and the function are expected to lead to declined goodness-of-fit.  

A series of Z-tests were conducted for the differences between slopes of the 

conventional psychometric functions across the judges. The results showed no significant 

difference (see Table 5.2), which lent support to the hypothesis of invariant slope for the 

psychometric functions of different individuals.  
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Figure 5.1. Best-fitting psychometric functions for F04 (cis-3-hexen-1-ol) using data collected from 

three judges. The function shown by the solid line is the variable-slope psychometric function (VS 

PF); the function shown by the dashed line is the group-slope psychometric function (GS PF). The 

first three panels present the pair of individual psychometric functions for each judge and the fourth 

panel presents the group psychometric function with aggregated data. The size of a data point is 

proportional to the number of times that particular concentration was used; examples of data point 

size given in the top-left panel apply to all individual functions while those given in the bottom-right 

panel apply to the group data. The drop line in each panel indicates the best-estimate threshold for 

each judge at p(c) = 2/3. Goodness-of-fit for each function is indicated by the G
2
 statistics and 

associated P-values.  
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For each judge, the thresholds obtained from these two types of functions were 

tested by a Z-test. No significant result was obtained, as indicated by Table 5.2. These two 

methods estimated the same ranking of sensitivity across these three judges. However, the 

estimated thresholds from the different methods exhibit different proximity between the 

judges. The threshold of Judge 2 was significantly different from that of Judge 1 when the 

conventional psychometric function was employed, but was significantly different from 

Judge 3 when the group-slope psychometric functions were employed.  

 

 

 

 

 

 

 

 

Figure 5.2. Comparison of conventional psychometric functions (left panel) with group-slope 

psychometric functions (right panel) fitted to the three judges. Each function is based on 30 test 

replications at eight concentration steps.  

Figure 5.2 presents a direct visual comparison between the psychometric functions 

that were fitted with the two different methods. The relative position of the threshold for 

Judge 2 shifted from being closer to Judge 3 with the conventional psychometric functions, 

to being closer to Judge 1 with the group-slope psychometric functions. These findings 

demonstrate relative changes in threshold distribution in response to the choice of method.  

It is worth nothing that if threshold estimates are derived from the conventional 

psychometric function, sensitivity rankings will vary depending on the value of p(c) chosen 

to define the threshold. In contrast, the rankings predicted by the group-slope psychometric 

function are robust to changes in the value of p(c). As an example, Judge 2 is ranked the 
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lowest, middle or highest in the group of three, depending on whether a low, middle or high 

value of p(c) defines the threshold. In the present case, these changes in ranking are not 

apparent unless an extreme p(c) is chosen, but changes in ranking may be expected with 

more judges, even if the fitted slopes do not differ significantly. With the group-slope 

function, a judge always has the same ranking in the threshold distribution no matter what 

definition of threshold is used. 

5.2.2    Study 2 – Application of the Group-slope Psychometric Function 

5.2.2.1   Methods 

Study 2 aims to evaluate the method of fitting group-slope psychometric functions 

with practical datasets common in olfactory research. Such a dataset has been obtained in 

Chapter II, which comprises response data collected from 100 judges each undertaking four 

replications of the 3AFC method of limits for each of 10 odorants. Demographic 

information of the judges and details of the testing procedure are documented in Section 2.2. 

The current analyses include estimating thresholds for individuals with three methods – the 

calculation heuristic prescribed in ASTM E679 based on taking geometric means, fitting the 

variable-slope psychometric function as suggested in ASTM E1432, and fitting the group-

slope psychometric function as introduced in this chapter. ASTM E679 is brought into the 

scope of investigation as an additional comparator to the group-slope psychometric function. 

This was considered necessary because the findings from Chapter IV suggested the 

threshold estimated by fitting the variable-slope function had poor test-retest reliability. 

Details of ASTM E679, ASTM E1432 and the group-slope psychometric functions 

are given in Chapter II, Chapter IV and Study 1 of the present chapter. There are a few 

additional notes pertaining to the current analysis: 1) with the calculation heuristic of ASTM 

E679, only the Last Reversal stopping rule was employed. This is justified by findings from 

Chapter II, which determined the thresholds obtained with Last Reversal were closest to the 

theoretically coherent measure; 2) the slope parameters used for fitting group-slope 

psychometric functions had been obtained in Chapter III, when investigating the method of 
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fitting group psychometric functions; 3) with any of these three methods, the group 

threshold estimate is the average of the thresholds of individuals (in log10 units). 

Comparisons between the thresholds obtained from the different methods for each 

odorant were maintained for the group threshold estimates, the individual threshold 

estimates, threshold distribution, and the threshold ranking of an individual judge in a group. 

The outcomes from these comparisons were expected to provide insights into the validity 

and reliability of each method. 

5.2.2.2   Results  

Prior to estimating individual thresholds, fitting group-slope psychometric functions 

necessitated information from the psychometric function fitted based on the group data. This 

information is available in Chapter III (refer to Table 3.1). Table 5.3 replicates the 

information about the slope parameter obtained from fitting psychometric functions to 

aggregate data. These slope parameters were then used for fitting group-slope psychometric 

functions for individuals. As suggested by G
2
 statistics presented in Table 5.3, satisfactory 

goodness-of-fit was observed for most of the odorants, expect for F10 (P < .001). It should 

be noted that these statistics refer to the overall goodness-of-fit across individuals. 

Table 5.3. Summary of the overall goodness-of-fit of group-slope psychometric functions for each 

odorant. The slope parameter used for fitting the group-slope psychometric function is also included. 

Since the slope parameter is the same as the slope of the psychometric function fitted to aggregate 

data, this information has been obtained in Chapter III and replicated from Table 3.1. 

Odorant S group S.E. G
2
 DF P-value 

F01 1.393 0.067 1016.16 1000 0.354 

F02 0.648 0.034 761.68 851 0.987 

F03 0.724 0.038 848.03 777 0.039 

F04 0.894 0.038 649.7 779 > .999 

F05 0.738 0.028 633.08 707 0.978 

F06 1.706 0.076 936.25 935 0.482 

F07 0.656 0.037 786.53 707 0.02 

F08 0.619 0.034 800.23 915 0.997 

F09 1.405 0.05 781.5 867 0.983 

F10 1.772 0.116 1051.6 763 < .001 
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Table 5.4 summarises the group thresholds obtained with the three methods under 

investigation. ASTM E1432 is responsible for the highest threshold estimate for eight 

odorants and the lowest estimate for two odorants (F03 and F08). A series of Z-tests, 

conducted for the difference between any pair of the threshold estimates, revealed 

significant differences pertaining to only three pairs of comparisons. The threshold 

estimated by ASTM E1432 for F03 was significantly lower than the other two methods, and 

for F08, the threshold was significantly lower to the group-slope psychometric function only, 

as indicated by a different letter in the row in Table 5.4. Between ASTM E679 and the 

group-slope psychometric function, the latter produces higher threshold estimate for seven 

odorants (except for F01, F06 and F09). However, differences between these two methods 

do not reach the level of significance. 

Table 5.4. Summary of the group best-threshold estimate (BET) and standard error (S.E.) estimated 

with three different methods – ASTM E679 heuristic, ASTM E1432 (the variable-slope PF), and the 

group-slope psychometric function (the group-slope PF) – for each odorant. Under the column 

labelled “Z-test”, a change in the letter in each row indicates that there is a significant difference in 

the threshold estimates.  

 

Odorant ASTM E679     Variable-slope PF     Group-Slope  PF 

  BET S.E. Z-test   BET S.E. Z-test   BET S.E. Z-test 

F01 0.522 0.091 A 
 

0.565 0.098 A 
 

0.431 0.105 A 

F02 1.739 0.044 A 
 

1.853 0.048 A 
 

1.821 0.045 A 

F03 2.956 0.049 A 
 

2.750 0.041 B 
 

2.992 0.052 A 

F04 1.962 0.061 A 
 

2.040 0.061 A 
 

1.994 0.065 A 

F05 0.380 0.044 A 
 

0.533 0.046 A 
 

0.445 0.054 A 

F06 0.782 0.117 A 
 

0.906 0.123 A 
 

0.728 0.143 A 

F07 3.246 0.040 A 
 

3.372 0.039 A 
 

3.314 0.041 A 

F08 2.802 0.034 AB 
 

2.774 0.037 A 
 

2.892 0.037 B 

F09 -2.071 0.081 A 
 

-1.953 0.086 A 
 

-2.082 0.095 A 

F10 1.062 0.134 A   1.282 0.143 A   1.274 0.173 A 

 

The above findings were drawn from comparisons at the group level; changes 

occurred on the individual level had not been taken into account. A repeated-measures 

ANOVA was then performed to assess the difference between the thresholds obtained by the 

three different methods for each odorant. The results from Mauchly’s test indicated violation 

of sphericity for all of the odorants; Greenhouse-Geisser was employed to correct the 
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resultant F-statistics. As shown by Table 5.5, significant differences were obtained for all of 

the odorants. The Bonferroni pairwise comparison was then conducted to elucidate the 

significant differences. For four of the tested odorants, as indicated by asterisks in Table 5.5, 

the difference between ASTM E679 and the group-slope psychometric function was found 

to be non-significant. For the remaining odorants, a significant difference was observed 

between every pair of comparisons. This means, the individual threshold estimates obtained 

by ASTM E1432 were significantly different from estimates produced by either of the other 

methods. 

The comparisons of thresholds at the individual level provided different findings to 

those obtained at the group level. These inconsistent results promoted further investigation 

of the individual thresholds obtained by different methods. 

Table 5.5. Summary of results obtained from repeated-measures ANOVA of thresholds obtained 

with three methods for each odorant. The three methods are ASTM E679, ASTM E1432 and the 

group-slope psychometric function. Significant results were observed for all of the tested odorants. 

The odorants where ASTM E679 and the group-slope psychometric function provided comparable 

results are indicated by asterisks.  

 

Odorant F-value Degrees of freedom P-value 

  Factor               Error  

F01 29.590 1.257 125.705 <.001 

F02 102.937 1.449 144.887 <.001 

F03 38.923 1.327 132.664 <.001 * 

F04 77.654 1.706 170.603 <.001 * 

F05 93.866 1.582 158.217 <.001 

F06 42.428 1.463 146.313 <.001 * 

F07 39.032 1.124 112.422 <.001 

F08 66.271 1.278 127.795 <.001 

F09 58.426 1.895 189.482 <.001 * 

F10 38.831 1.581 158.143 <.001 

 

Assessments of these three methods – ASTM E679, ASTM E1432 and the group-

slope psychometric function – also include a comparison of their threshold distributions 

against previous literature. Examples of threshold distributions for six of these odorants can 

be located in previous literature: F01 – 1,8-cineole (Lawless et al., 1995; Pelosi & Pisanelli, 
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1981); F04 – cis-3-hexen-1-ol (Jaeger et al., 2010); F06 – isobutyraldehyde (Amoore, 1976); 

F07  – isovaleric acid (Amoore, 1968); F09 – β-damascenone (Plotto et al., 2006); and F10 

– β-ionone (Plotto et al., 2006). Reproductions of these published distributions are presented 

in Figure 1.11.  

Figure 5.3 presents the threshold distributions obtained by ASTM E679 (black bars) 

and the group-slope psychometric function (grey bars) for the tested odorants. These 

distributions are presented in the same figure for an easier visual comparison. Threshold 

distributions obtained by the variable-slope psychometric function (ASTM E1432) are 

presented separately in Figure 5.4, because they are shown to have much more discrepancies 

from those obtained by the other two methods.  

Comparison of distributions was first made between ASTM E679 and the group-

slope psychometric function. In general, no apparent systematic difference was obtained 

between them. The group-slope psychometric function tended to predict a wider range of 

sensitivity than the ASTM method for most odorants. This was most evident with F10 (β-

ionone), where 23% of thresholds produced from the psychometric functions exceeded the 

high end of the threshold range estimated by ASTM E679. For F06, F09 and F10, both 

threshold estimation methods replicated the shape of the previously published distributions. 

Specifically, both methods found a slightly bimodal distribution for F06, a positive skewed 

distribution for F09 and a bimodal distribution for F10. However, the distributions of F01 

thresholds differed between methods: the distribution obtained by ASTM E679 was 

positively skewed, whereas the distribution from the psychometric function showed a 

tendency toward being bimodal. Relatively, the distribution obtained with the group-slope 

psychometric function more closely resembled those obtained in the previous studies 

(Lawless et al., 1995; Pelosi & Pisanelli, 1981). 

Compared to ASTM E679 and the group-slope psychometric function, ASTM 

E1432 failed to show some expected characteristics for these odorants. Clear evidence 

includes lack of a clear division between the sensitive and non-sensitive group for F01 (1,8-

cineole) and F06 (isobutyraldehyde), and also less apparent characteristic of bimodality for 

F10 (β-ionone). In addition, ASTM E1432 often produces threshold distributions that are 

distinctly different from the other two methods. An example of this is seen in F08. Both 
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ASTM E679 and the group-slope psychometric function produce an approximation to a 

normal distribution for F08, whereas the distribution estimated by ASTM E1432 for this 

odorant was clearly asymmetrical. Given that the threshold distributions obtained by ASTM 

E1432 often disagree with distributions obtained by other methods or the ones in literature, 

subsequent assessments of the group-slope psychometric function primarily focus on its 

comparison against ASTM E679.  
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Figure 5.3. Histograms of the individual best-estimate thresholds (in log10 units), obtained with 

ASTM E679 (black bars) and group-slope psychometric functions (grey bars). 

 

log10 concentration log10 concentration 



Chapter V 

149 

 

F01

-1.0 0.0 1.0 2.0 3.0 4.0

F
re

q
u
e
n
c
y

0

5

10

15

20

25

30 F02

0.5 1.0 1.5 2.0 2.5 3.0
0

5

10

15

20

25

30

F03

1.5 2.0 2.5 3.0 3.5 4.0 4.5
0

5

10

15

20

25

30 F04

0.0 1.0 2.0 3.0 4.0
0

5

10

15

20

25

30

F05

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
0

5

10

15

20

25

30 F06

-2.0 -1.0 0.0 1.0 2.0 3.0 4.0
0

5

10

15

20

25

30

F07

2.0 2.5 3.0 3.5 4.0 4.5
0

5

10

15

20

25

30
F08

2.1 2.4 2.7 3.0 3.3 3.6 3.9
0

5

10

15

20

25

30

F09

-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0
0

5

10

15

20

25

30 F10

-2.0 -1.0 0.0 1.0 2.0 3.0 4.0
0

5

10

15

20

25

30

F
re

q
u
e
n
c
y

F
re

q
u
e
n
c
y

F
re

q
u
e
n
c
y

F
re

q
u
e
n
c
y

 

 

Figure 5.4. Frequency histograms of the individual best-estimate thresholds (in log10 units), obtained 

with variable-slope psychometric functions. This method is essentially similar to the method 

prescribed in ASTM E1432.
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Figure 5.5. Relative ranking of each judge’s threshold estimate obtained with ASTM E679 (left column) and the group-slope psychometric 

function (right column). Judges whose ranking changed by 10 or more places (10%) are indicated with a red solid line (others with black 

dotted lines).  
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The next level of comparison between the group-slope psychometric function and 

ASTM E679 was on the ranking of each judge’s threshold within each threshold distribution. 

Figure 5.5 illustrates how the threshold ranking was organised when the threshold measures 

were obtained with ASTM E679 and the group-slope psychometric function methods. On 

average, 29.4% of the threshold ranking changed by more than 10 places, with the lowest 

being 15% for F04 and the highest being 37% for F07 and F08. The largest change in an 

individual threshold ranking occurred for F07 when a judge was ranked 30
th

 in 100 judges 

under ASTM E679 but moved to 92
nd

 under the group-slope psychometric function method.  

According to these ranking results, the choice of method (ASTM E679 or fixed-

slope psychometric function) has a considerable effect on the relative position of each judge 

in the threshold distribution. However, group threshold estimate derived from the fixed-

slope psychometric function (as the average of individual thresholds) did not differ 

significantly from the group BETs obtained with the heuristic prescribed in ASTM E679. 

This indicates that the differences in individual thresholds resulted in close to a zero mean 

difference; an increase in some judges’ threshold measures was balanced by a reduction in 

threshold measures for other judges. This explains the absence of a systematic difference in 

the distribution shape across the two methods.  

Figure 5.5 is useful for providing a visual demonstration of the changes of ranking 

between the methods, but a problem inherent to the interpretation of this analysis is that a 

change for one individual judge may lead to changes, of a much smaller size, for the 

remainder of the judges. For instance, if a judge’s ranking is improved by 10 places, the 

other judges who are less sensitive than this judge will be moved down on the ranking scale 

by one place. Conversely, for a judge to be moved by 10 places through the effect of other 

judges changing ranking, 10 judges would need to move to a rank above that judge, and 

none move to a rank below. In the current data, ranking changed in both directions, so this is 

a relatively minor drawback of the approach in this specific situation. Together with the 

significant difference obtained in the repeated-measures ANOVA, it is evident that the 

choice of methods has considerable effect on threshold estimates at the individual level. 
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5.3   Discussion 

ASTM E679 is one of the most commonly employed procedures for measuring 

odour thresholds. It prescribes a simple and prompt data collection process combined with a 

straightforward threshold calculation heuristic. Although thresholds obtained with ASTM 

E679 have proven adequate, a logical next step would be to incorporate psychometric 

functions into the analysis of data collected with ASTM E679, so that odour threshold 

measurement could be considered within an existing psychophysical framework. ASTM 

E1432 was developed as a counterpart of ASTM E679 to acknowledge availability of 

methods based on psychometric functions. However, due to the challenge of collecting large 

quantities of olfactory response data, ASTM E1432 typically produces individual thresholds 

for a few judges. In cases where a large number of judges performed a limited number of 

test replications, ASTM E1432 has been found in Chapter IV to produce low test-retest 

reliability.  

This chapter introduces a proposed new approach to address the above concerns. The 

assumption that individuals share a constant slope across their separate psychometric 

functions allows construction of individual psychometric functions with smaller (practically 

sized) datasets such as those obtained with ASTM E679. Study 1 provided some promising 

evidence that the assumption of invariant slopes across individuals could have validity. 

Although the sample size was small, the functions fitted with the group-slope psychometric 

function did not show poorer fits than those fitted in the conventional manner. This 

tentatively supports the proposed method.  

More insights were gained by comparing the group-slope psychometric functions to 

the variable-slope function as prescribed in ASTM E1432, and to the calculation heuristic in 

ASTM E679. The comparison of group threshold estimates suggested that the results 

obtained by the group-slope psychometric functions were comparable to the estimates 

obtained by either of the other two methods for most of the odorants. However, the 

comparison of thresholds on the individual level suggested different results. Specifically, the 

thresholds estimated by the group-slope function were found to be significantly different 
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from ASTM E1432 for all odorants and significantly different from ASTM E679 for six of 

the odorants.  

These different findings pertaining to the different analysing methods emphasise the 

importance of understanding the relative threshold measures across the judges. Lawless 

(2010), in his review of ASTM E679, proposed a possibility for this method to obtain a 

fortuitously correct group threshold estimate when the erroneous estimated individual 

thresholds cancel each other. This assertion potentially challenges the process to evaluate a 

threshold estimation method by judging only the group threshold estimate.  

With this realisation, more analyses were conducted in the present chapter for the 

individual threshold estimates. Threshold distributions are often important in odour 

threshold studies. The current investigation found that the variable-slope psychometric 

function is not suitable for producing reliable threshold distributions. However, comparisons 

between ASTM E679 and the group-slope psychometric function did not provide a clear 

answer to the question which method is able to produce a more reliable distribution. More 

useful findings were obtained from analysing the threshold rankings of the individuals. It 

was observed that nearly one-third of the judges, averaged across the odorants, changed 

their sensitivity rankings considerably (by ≥ 10%) when the method by which the thresholds 

were estimated changed from ASTM E679 to the group-slope psychometric functions. Thus, 

while individual thresholds were estimated to be different by the two methods, these 

differences led to no change in the averaged group threshold estimates. Threshold changes 

at the individual level, when averaged over individuals, effectively cancelled each other out, 

resulting in the seemingly unchanged group threshold measures and threshold distributions. 

This finding can be seen as the first empirical evidence for Lawless’ (2010) proposal, which 

notes that an accurate group threshold estimate can be obtained by ASTM E679 as a result 

of a fortuitous cancellation between the higher-than-actual thresholds and the lower-than-

actual thresholds.  

The above discussion does raise the question whether a reliable group threshold 

measure or threshold distribution necessarily proves the reliability of ASTM E1432 or 

ASTM E679. The ideal method should be able to provide not only an accurate estimate of 

the group threshold and a reliable threshold distribution across the population, but also be 
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able to correctly rank individuals by their BETs. The last requirement has been largely 

neglected in previous assessments of methods for odour threshold estimation. It perhaps 

deserves more attention given its relevance in panellist screening, off-flavour detection, 

identification of specific anosmia, and any other type of study where an individual’s 

threshold measure is of particular interest. Examples of these kinds of studies include 

Siegmund and Pöllinger-Zierler (2006), Harwood, Ziegler, and Hayes (2012) and Botezatu 

and Pickering (2012). 

5.4   Conclusion 

In comparison to the psychometric function fitted in the conventional way, the 

group-slope psychometric function has a few unique advantages. Firstly, application of this 

method does not require a large dataset as required for fitting the conventional psychometric 

function. A common dataset collected using ASTM E679, comprising as few as four test 

replications from each judge, would be sufficient for estimating a threshold for each 

individual. Secondly, the group-slope function establishes relationships between the judges’ 

thresholds in a consistent manner. In other words, the sensitivity ranking is invariant of the 

performance criteria used to define the “threshold”. This feature could be advantageous as it 

adds some constancy in establishing a sensory profile for judges.  

Most importantly, the group-slope psychometric function is likely to be more robust 

than the conventionally fitted psychometric functions. Imprecise slope estimates would 

likely introduce additional bias to the threshold estimates, so the group-slope psychometric 

function allows a better estimate of each judge’s threshold than the conventionally fitted 

function given a fixed number of replications. This chapter did not evaluate the test-retest 

reliability of the group-slope psychometric function. This is because, in the next chapter, 

possibilities of a more accurate value to be used for the fixed slope are investigated. A more 

holistic evaluation of the methods based on fitting fixed-slope psychometric functions will 

be presented in later chapters.  

 





 

 

 

 

Chapter VI – Fitting Fixed-slope Psychometric Functions: 

the Optimal Slope 

 

Abstract 

 

This chapter aims to extend developments of fixed-slope psychometric 

functions. A new method – optimal-slope psychometric function – is 

introduced. The slope is determined as the value that provides the 

maximum likelihood of the data across all of the individual psychometric 

functions. Assessments of the optimal-slope psychometric function 

consisted of two studies. Study 1 uncovered the relationship between the 

slope of the group psychometric function and sensitivity. This was 

accomplished by fitting group psychometric functions to different 

sensitivity groups. Study 2 demonstrated applications of the optimal-slope 

psychometric function on common dataset obtained by ASTM E679. The 

thresholds estimated with the optimal-slope psychometric function were 

compared to those estimated with ASTM E679. Findings from this 

comparison expose the effects of the new method on archival threshold 

data.  
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6.1   Introduction 

In estimating odour thresholds, sensory researchers often face a dilemma between 

collecting a small number of test replications from a large group of judges, and a large 

number of test replications from a small group of judges. The former is often more favoured 

due to its capability of estimating distribution of thresholds across a population; the latter 

enables incorporation of a theoretically sound method – fitting psychometric functions. In 

recognition of this paradoxical situation with regard to odour threshold estimation, Chapter 

V proposed a novel method – fixed-slope psychometric functions for individuals – for 

estimating odour thresholds based on data generated by a standard method – ASTM E679. 

Making a simple assumption that all individuals share a constant slope for their 

psychometric functions for one odorant, individual psychometric functions can be utilised 

with as small as four test replications from each judge.  

The empirical investigation reported in Chapter V provided some promising results 

for the use of the fixed-slope psychometric function. However, this method involves 

determining the value of the fixed slope. In Chapter V, the individual psychometric 

functions were fitted with the slope of the aggregate psychometric function fitted at the 

group level. Justification for adopting the group slope hinges on the fact that the group 

psychometric function is the average of the individual psychometric functions. Purists might 

question whether this arbitrarily selected slope value compromises the validity of fixed-

slope psychometric function. Further tests of this method are required. 

With auditory stimuli, abundant research has been conducted to investigate the slope 

of psychometric functions. Earlier studies focused on the slope of psychometric functions 

for adult listeners. The consensus was reached by the researchers that the slope of the 

psychometric function for specific auditory stimuli is relatively constant, even with 

substantial changes in signal frequency, bandwidth, and duration (Green & Swets, 1966). 

Research in this field has later been extended to children. The findings were not as clear as 

those with adult listeners. Olsho, Koch, Carter, Halpin, and Spetner (1988) characterised 

shallower psychometric functions for detection with data from infants than those from adults, 

whereas Trehub, Schneider, Morrongiello, and Thorpe (1988) established adult-like 
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psychometric function slopes for both infants’ and young children’s detection. This research 

was furthered by Allen and Wightman (1994), who found that some children produced 

thresholds that were elevated by an average of 10 dB with adult-like psychometric functions, 

whereas some produced thresholds that were elevated by an average of 20 dB and had 

shallower slopes for their psychometric functions.  

In comparison, literature on olfactory psychometric functions is much more limited. 

Investigation of olfactory psychometric functions did not attract scientific attention until 

recently. Cain et al. (2006) tested 10 judges to obtain thresholds for nine Esters. For each 

Ester, each judge completed 28 replications of assessments for a concentration series of five 

levels; the sum of 280 judgements at each concentration level formed the basis for a group 

psychometric function. Comparison of the group psychometric functions between the 

odorants indicated shallower slopes for the Hexyl compounds in comparison to the Ethyl and 

Butyl groups. The authors, by building separate individual psychometric functions, found a 

group of judges had flat psychometric functions at the chance rate for Hexyl. This provided 

an explanation for the shallower group function associated with this odorant, due to the 

inclusion of anosmic individuals. To confirm this idea, a new group psychometric function 

was generated by the authors, solely for the individuals whose psychometric functions 

reached above chance. The difference in slope was reduced for the new group psychometric 

function.  

A more relevant study was conducted by Tempere et al. (2011), who aimed to obtain 

threshold estimates for 12 odorants. Tempere et al. (2011) and the present study share a few 

similarities. Both studies used an ascending method of limits with a 3AFC presentation and 

employed the calculation heuristic of ASTM E679 for threshold estimation. A common 

odorant is coincidently used by both studies, β-ionone (F10 in this thesis). Based on the 

estimates obtained from the calculation heuristic of ASTM E679, a clear bimodal shape was 

obtained by both Tempere at al. (2011) and the current study. Tempere et al. (2011) then 

fitted a group psychometric function to the overall dataset comprising response data from 

101 judges, and group psychometric functions for the two separate sensitivity groups. 

Relatively, the insensitive group had a flatter function compared to the sensitive group. The 
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slope of the overall psychometric function was flatter than the slope of either of the 

psychometric functions for the sub-groups.  

An implication which arose from Tempere et al. (2011) was that the slope of the 

psychometric function seems to relate to the sensitivity of the judges. If this relationship can 

be reliably detected, then it will put a strain on the idea of fitting psychometric functions 

with a fixed value of slope. In recognition of this potential problem with the proposed 

method, this chapter aims to investigate factors that affect the slope of the group 

psychometric functions. This investigation began with assessing the relationship between 

the sensitivity and the slope, and progressed further to gain more insights.  

An additional approach for fitting the fixed-slope psychometric function is to use a 

slope that provides the maximum likelihood of the data across all of the individual 

psychometric functions, instead of the slope merely obtained from the group psychometric 

function. This approach is herein named the optimal-slope psychometric function. 

Estimating the optimal slope requires fitting psychometric functions to the data from the 

individual judges allowing the intercept to change but keeping the slope the same for all 

psychometric functions. The goodness-of-fit for each of the individual functions is 

computed and then aggregated. The value of the slope is changed iteratively until the best 

overall goodness-of-fit is found. This is the optimal slope to use for fitting the fixed-slope 

psychometric functions.  

This chapter aims to extend developments of fixed-slope psychometric functions and 

to evaluate the optimal-slope psychometric function proposed. The investigation consisted 

of two studies. Study 1 endeavoured to explore the relationship between the slope of the 

group psychometric function and sensitivity. This was accomplished by fitting group 

psychometric functions to different sensitivity groups. Study 2 demonstrated the method of 

fitting optimal-slope psychometric functions. The thresholds estimated with this proposed 

method were compared to those estimated with group-slope psychometric functions. This 

comparison was created to reveal whether the refinement of the fixed slope makes a 

practical difference to estimated thresholds. The calculation heuristic of ASTM E679, as the 

current standard method, was included as a comparator to the optimal-slope psychometric 
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functions. Findings from this comparison exposed the effects of the new method on archival 

threshold data.  

The dataset described in Chapter II enabled the above analyses. This dataset 

comprises responses from 100 judges for 10 odorants. Each judge performed four 

replications of a 3AFC method of limits presented in an eight-step concentration series for 

each odorant. Replicated studies will be arranged upon successful application of the 

optimal-slope psychometric function.  

6.2   Methods and Results 

6.2.1   Study 1 – Slope across Sensitivity Groups 

6.2.1.1   Methods 

This method section describes the analyses used to study the factors which might 

influence the slope of the group psychometric function. The exploratory analyses begin by 

investigating differences in the slope of the group psychometric function across different 

sensitivity groups. The 100 judges were divided into quartiles based on the thresholds 

estimated with the calculation heuristic of ASTM E679. The thresholds estimated with 

ASTM E679 were selected as the reference point for segmenting the sensitivity groups, 

because this method is independent of fitting psychometric functions. 

Each sensitivity quartile consisted of 25 judges. Given each judge completed four 

replications of the threshold tests, the group psychometric function for a particular 

sensitivity group was fitted based on 100 responses at each concentration. Each group 

psychometric function gave an intercept and a slope. These parameters were compared 

across the group functions. 
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6.2.1.2   Results 

Table 6.1 presents a summary of the parameter estimates for the best-fitting 

psychometric functions for the most (Q1) and the least (Q4) sensitive quartiles. Differences 

in the slopes across quartiles were assessed by Z-tests. Significant differences in the slope 

were observed for half of the odorants. This finding suggests a linkage between the intercept 

and the slope of the psychometric functions. Furthermore, a significant positive correlation 

was observed between the S.E. of the threshold estimates and the slope (see Table 6.1). This 

result prompted further investigation of the relationship between these two variables. 

Table 6.1. Summary of the parameter estimates for the psychometric functions fitted to the most 

sensitive (Q1) and least sensitive quartile (Q4) of judges. Pearson’s correlation coefficients between 

the standard error (S.E.) of the threshold and the slope (adjacent shaded columns) are given in the 

bottom row. The differences in slopes between Q1 and Q4 were assessed by Z-tests. 

  Q1   Q4   Comparison of 
slopes (Q1 - Q4) 

 Odorant BET S.E. Slope S.E.   BET S.E. Slope S.E.   z-score P-value 

F01 -0.354 0.096 0.664 0.085 
 

1.935 0.179 1.004 0.258   -1.252 .083 

F02 1.342 0.076 0.574 0.071 
 

2.430 0.041 0.335 0.035 
 

3.019 .001* 

F03 2.566 0.061 0.464 0.059 
 

3.612 0.081 0.722 0.137 
 

-1.730 .042* 

F04 1.453 0.081 0.548 0.077 
 

2.832 0.081 0.753 0.074 
 

-1.920 .027* 

F05 -0.103 0.043 0.334 0.051 
 

1.139 0.053 0.611 0.071 
 

-3.169 < .001* 

F06 -0.187 0.099 0.752 0.108 
 

1.042 0.134 1.000 0.132 
 

-1.454 .073 

F07 2.919 0.081 0.573 0.085 
 

3.833 0.059 0.491 0.065 
 

0.766 .222 

F08 2.559 0.058 0.462 0.066 
 

3.330 0.066 0.607 0.074 
 

-1.462 .072 

F09 -2.577 0.083 0.584 0.072 
 

-0.775 0.106 1.169 0.115 
 

-4.312 < .001* 

F10 -0.286 0.096 0.620 0.095   3.048 0.074 0.436 0.065   1.598 .055 

r (P-value)   0.962 (<.001)       0.795 (.006)       

 

* P < .050 

 

Figure 6.1 plots the differences between Q1 and Q4 in terms of the slope as a 

function of the differences between these two quartiles relating to the S.E. of the BETs. The 

regression line (r
2
 = 0.558) indicates that an increase in the difference between the S.E. of 

the BETs from Q1 to Q4 is associated with an increase in the difference between the slopes. 

Furthermore, the y-intercept in Figure 6.1 is at about -0.1, suggesting that no change in the 

S.E. of BETs between Q1 and Q4 corresponds to a minimal change in the slopes between 

Q1 and Q4. The Pearson’s correlation coefficient for these two variables is 0.747 (N = 10; P 

= .013). 
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Difference in the standard error (SE) of the BET (Q1 - Q4)
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Figure 6.1. Plot of the difference in the S.E. of the thresholds against the difference in the slope 

estimates obtained for the most sensitive (Q1) and the least sensitive quartile (Q4). A linear 

regression line (dashed line) is fitted to illustrate the relationship between these two variables. The 

dotted lines indicate the y-intercept which suggests that no change in the S.E. of the thresholds leads 

to minimal change in the slopes.  

These two difference variables may be related because they were estimated using the 

same fitting process. To alleviate the possibility that the observed relationship was a 

consequence of this association, the analyses were repeated using the same slope estimates, 

but the standard error of the thresholds were derived from ASTM E679. These standard 

errors were obtained independently of the psychometric functions. A significant correlation 

was also obtained between the differences in the slopes (psychometric functions) and the 

differences in the standard error of the thresholds estimated by ASTM E679 (r(10) = 0.825, P 

= .003).  

When a psychometric function is fitted to group data, it is in fact being fitted to the 

average of multiple psychometric functions from independent individuals. The threshold 

estimated by the group function, equivalent to its intercept, primarily determines the 

location of the function on the concentration axis. Thus the standard error of the threshold 

estimate in part quantifies the variability of the BETs for individual functions. This 

variability could be viewed as providing an indication of how widely these individual 
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psychometric functions are distributed along the axis. Thus a small standard error of the 

threshold implies the individual functions are proximate to each other and conversely, a 

large standard error in the threshold implies they are more widely distributed.  

Figure 6.2 presents an illustration of how the distribution of individual thresholds 

directly influences the group slope. Each panel consists of 3 individual psychometric 

functions (solid lines) having identical slopes. The individual functions in the left panel are 

distributed more widely than those in the right panel. When the individual functions are 

averaged into a group function (dashed line), the shape of the group function is different to 

those from which it was constructed. The group function in the left panel appears flatter (a 

larger slope estimate), as opposed to the function in the right panel. This illustrates that the 

group function always differs from the individual-judge functions, and the difference 

increases as the individual psychometric functions become more variable. 
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Figure 6.2. Illustration of the relationship between the range of the best-estimate thresholds (BET) 

across individual psychometric functions with a fixed slope and the slope of the group psychometric 

function. Each panel illustrates how a group function (dashed curve) has a different shape (slope) 

from the set of three individual fixed-slope psychometric functions from which it was constructed. 

The slope of the group function is influenced by the level of variation in the threshold estimates with 

a larger change in slope with greater variability, illustrated in the left panel when compared to the 

right panel. 
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This observation was empirically tested by comparing the slope estimates from each 

of the quartile psychometric functions to the slope estimate for the overall psychometric 

functions based on the data from all quartiles, and the responses from all 100 judges. The 

expectation was that the overall psychometric function would have a larger slope parameter 

(be flatter) than the quartile functions, because the overall function included a larger range 

of threshold estimates across the functions of individual judges.   

Table 6.2. Summary of the Z-tests for comparisons between the slope estimate of each quartile 

function (Q1 – Q4 according to sensitivity) and that of the corresponding overall function. Slope 

estimates for Q1 and Q4 are presented in Table 6.1, but the slope estimates for Q2 and Q3 are not 

presented. The slopes for the overall group functions are presented in both Table 5.3. The shaded 

sections contain the comparisons with no significant difference (P > .050).  

 

Odorant 
Q1 

 
Q2 

 
Q3 

 
Q4 

z-score P-value 
 

z-score P-value 
 

z-score P-value 
 

z-score P-value 

F01 6.620 <.001 
 

4.054 <.001 
 

1.745  .040 
 

1.455 .073 

F02 0.897 .185 
 

1.370 .085 
 

3.564 <.001 
 

5.725 <.001 

F03 3.561 <.001 
 

3.092 <.001 
 

4.418 <.001 
 

0.014 .494 

F04 3.923 <.001 
 

2.457 .007 
 

2.623 .004 
 

1.647 .050 

F05 6.472 <.001 
 

3.778 <.001 
 

3.487 <.001 
 

1.595 .055 

F06 7.035 <.001 
 

6.466 <.001 
 

4.690 <.001 
 

4.543 <.001 

F07 0.880 .212 
 

1.381 .084 
 

2.303 .011 
 

2.147 .016 

F08 2.088 .018 
 

3.309 <.001 
 

1.342 .090 
 

0.146 .442 

F09 8.290 <.001 
 

6.180 <.001 
 

3.941 <.001 
 

1.766 .039 

F10 8.221 <.001 
 

9.932 <.001 
 

5.645 <.001 
 

10.969 <.001 

 

Assessments of the function slopes confirmed that all quartile slope estimates were 

smaller than that for the corresponding overall function (the overall slope estimates are 

presented in Table 5.3. A series of Z-tests were performed to assess the differences between 

the slope estimates for the overall function and the quartile functions for each odorant. Table 

6.2 shows that in 31 out of 40 cases, the slope estimate for the overall function was 

significantly different from the quartile functions. The shaded sections of Table 6.2 indicate 

the few non-significant comparisons.  
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6.2.2   Study 2 – Application of the Optimal-slope Psychometric Function 

6.2.2.1   Data analyses 

Study 2 assessed the threshold estimated with three different methods: 1) the 

calculation heuristic prescribed in ASTM E679 with the Last Reversal rule, 2) fitting the 

fixed-slope psychometric function for individuals with the group slope, and 3) fitting the 

fixed-slope psychometric function for individuals with the optimal slope. Detailed accounts 

of the first two methods are given in Chapter II and V. Fitting the optimal-slope 

psychometric function entailed an iterative process of fitting fixed-slope psychometric 

functions for the individuals across a range of slopes. The goodness-of-fit for each of the 

individual functions was computed and then aggregated. The optimal slope was obtained 

when the best overall goodness-of-fit was found. 

For each odorant, the thresholds obtained with these three different methods were 

assessed with both Z-tests and repeated-measures ANOVA. Studies described in the 

previous chapters predominantly relied on Z-tests between the group thresholds estimated 

by different methods. Findings from Chapter V suggested that different methods led to a 

high level of changes in the individual threshold estimates but maintained similar value for 

the group threshold. Given that this chapter is primarily about developing a method for 

individual threshold estimation, comparisons using repeated-measures ANOVA will be 

concluded. To further assess the thresholds at the individual level, regression analyses were 

conducted between the thresholds obtained by the optimal-slope function and those obtained 

by ASTM E679. 

6.2.2.2   Results 

Table 6.3 summarises the optimal slopes used for fitting the fixed-slope functions for 

each odorant, and the statistics relating to the overall goodness-of-fit for the functions fitted 

with these slopes. The group slopes used in fitting the group-slope psychometric functions 

are also included in Table 6.3 for comparison. The counterpart of Table 6.3 is Table 5.3, 



Chapter VI 

167 

 

which presents the statistics of goodness-of-fit when the fixed group-slope psychometric 

function was used.  

A paired sample t-test was performed to assess the difference between the group 

slopes and the optimal slopes for these 10 odorants. The results suggested that, on average, 

the optimal slopes reduced significantly from the values of the group slopes (t(9) = 3.801, P 

= .004). A closer inspection suggested the most significant change occurred with F10, for 

which the slope changed from sgroup =1.772 to soptimal = 0.148. 

 

Table 6.3. Summary of the optimal slope for each odorant, and the statistics of the goodness-of-fit of 

the psychometric functions fitted with the optimal slope, across all judges.For comparisons to the 

psychometric functions fitted with the group slope, the group slope and statistics relating to the 

goodness-of-fit for each odorant are also presented. This information is replicated from Table 5.3. 

 

Odorant Fitting group-slope PF 
 

Fitting optimal-slope PF 

  S group G
2
 DF P-value   S optimal G

2
 DF P-value 

F01 1.393 1016.16 1000 0.354 
 

0.869 948.27 999 0.873 

F02 0.648 761.68 851 0.987 
 

0.398 719.44 850 0.999 

F03 0.724 848.03 777 0.039 
 

0.49 797.98 776 0.285 

F04 0.894 649.7 779 > .999 
 

0.493 581.37 778 > .999 

F05 0.738 633.08 707 0.978 
 

0.31 510.71 706 > .999 

F06 1.706 936.25 935 0.482 
 

0.771 795.76 934 > .999 

F07 0.656 786.53 707 0.02 
 

0.512 765.37 706 0.06 

F08 0.619 800.23 915 0.997 
 

0.431 771.96 914 > .999 

F09 1.405 781.5 867 0.983 
 

0.668 648.36 866 > .999 

F10 1.772 1051.6 763 < .001   0.148 731.28 762 0.783 

 

 

 

The results in Table 6.3 also suggested that these smaller optimal-slope functions led 

to improved goodness-of-fit for all of the 10 odorants, indicated by the elevated P-values 

associated with the G
2
 statistics. Employing the optimal slope made a practical difference 

for two odorants – F07 and F10, where the goodness-of-fit for both was improved 

drastically compared to the case where the group slope was used. The change was the most 
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notable for F10, where the goodness-of-fit was unsatisfactory with the group-slope 

psychometric function and instead became excellent with the optimal-slope function.  

One-way repeated-measures ANOVA was firstly performed on the thresholds (in 

log10 units) obtained for each odorant to assess differences between the three methods. 

Mauchly’s test indicated that the assumption of sphericity was violated with the dataset of 

every odorant (P < .001), thus the degrees of freedom for the F-statistics were adjusted 

using the Greenhouse-Geisser correction. Results from the ANOVAs suggested significant 

differences across these three methods for all of the odorants. Table 6.4 summarises the F-

statistics and associated P-value for each odorant. 

 

Table 6.4. Summary of the one-way repeated-measures ANOVAs performed on each odorant for the 

thresholds estimated with three different methods – ASTM E679, the group-slope psychometric 

function and the optimal-slope psychometric function. The degrees of freedom were all adjusted 

with the Greenhouse-Geisser correction due to violation of the assumption of sphericity. 

 

  F Degrees of freedom P 

    Factor Error   

F01 29.59 1.26 125.71 < .001 

F02 102.94 1.45 144.89 < .001 

F03 38.92 1.33 132.66 < .001 

F04 77.65 1.71 170.60 < .001 

F05 93.87 1.58 158.22 < .001 

F06 42.43 1.46 146.31 < .001 

F07 39.03 1.12 112.42 < .001 

F08 66.27 1.28 127.80 < .001 

F09 58.43 1.90 189.48 < .001 

F10 38.83 1.58 158.14  < .001 

 

Pairwise comparison with Bonferroni correction was then employed to assess 

differences in the thresholds between any two methods. For each odorant, significant 

differences are indicated by different letters in the columns labelled “pairwise”. Of primary 

interest, the optimal-slope psychometric function was found to produce significantly higher 

thresholds than the other two methods for all of the 10 odorants. The group-slope 
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psychometric functions produced the second highest estimates for seven odorants; ASTM 

E679 gave the second highest estimates for the remaining three odorants – F01, F06 and F09.  

 

Table 6.5. Summary of the group thresholds (in log10 units) and standard errors (S.E.), which were 

obtained with three different methods. Pairwise comparison with Bonferroni correction was 

employed to assess differences between the group thresholds obtained with any two methods. 

Significant differences (P < .05) between the group thresholds for a particular odorant are indicated 

by different letters in the “Comparisons” column.  

        Comparisons         Comparisons 

    Threshold S.E. Pairwise Z-test     Threshold S.E. Pairwise Z-test 

ASTM E679 F01 0.522 0.091 A A   F02 1.739 0.044 A A 

Group Slope 0.431 0.105 B A 
  

1.821 0.045 B A 

Optimal Slope 0.617 0.098 C A     1.932 0.043 C B 

ASTM E679 F03 2.956 0.049 A A   F04 1.962 0.061 A A 

Group Slope 2.992 0.051 A A 
  

1.994 0.064 A A 

Optimal Slope 3.084 0.049 B A     2.168 0.065 B B 

ASTM E679 F05 0.380 0.044 A A   F06 0.782 0.117 A A 

Group Slope 0.445 0.052 B B 
  

0.728 0.142 A A 

Optimal Slope 0.621 0.055 C C     1.025 0.121 B A 

ASTM E679 F07 3.246 0.040 A A   F08 2.802 0.034 A A 

Group Slope 3.314 0.041 B A 
  

2.892 0.037 B A 

Optimal Slope 3.372 0.039 C A     2.981 0.038 C B 

ASTM E679 F09 -2.071 0.081 A A   F10 1.062 0.134 A A 

Group Slope -2.082 0.095 A A 
  

1.274 0.169 B A 

Optimal Slope -1.823 0.088 B B     1.488 0.135 C B 

             

To make comparisons on the group level, a series of Z-tests were also performed for 

the group threshold estimates obtained with these three methods. Significant differences 

obtained by the Z-tests are indicated by different letters in the columns labelled “Z-test” in 

Table 6.5. As shown, the results from the Z-tests differ from those obtained with the 

ANOVAs for seven odorants. The results for F04, F05 and F09 remained the same. For the 

seven odorants with different results, the Z-tests detected no significant difference for four 

odorants (F01, F03, F6 and F07), and only found significant difference between the optimal-

slope function and ASTM E679 for another three odorants (F02, F8 and F10). 
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Inconsistent conclusions drawn from these two types of analyses prompted further 

inspection of thresholds on the individual level. The following analyses are based on only 

the thresholds obtained from the optimal-slope psychometric function and ASTM E679. 

Omission of the group-slope psychometric function is justified in light of the superiority of 

the optimal-slope psychometric function. The most important outcome now lies in the 

comparison between the optimal-slope function and ASTM E679. 

Further assessments included evaluation of the threshold distribution across the 

judges, the relative threshold ranking, and the correlation between thresholds obtained by 

different methods. The distributions of the thresholds obtained with the optimal-slope 

psychometric function are not much different than those estimated by ASTM E679 (shown 

in Figure 2.3 or 5.3). Therefore, only a selection of four threshold distributions is presented 

in Figure 6.3. 

The rankings of individual judges were estimated based on the thresholds obtained 

with ASTM E679 and then compared to those obtained by the optimal-slope psychometric 

function. Figure 6.3, using line graphs, illustrates changes in the threshold rankings obtained 

with the two different methods for the four selected odorants. A change of 10 or more places 

is highlighted by the red solid line. The pattern observed for F01 is representative of the 

other odorants that are not displayed. For these odorants, approximately 15% - 20% of 

judges changed their threshold rankings by 10 or more places. In the case of F01, this figure 

is 17%. The line graphs for F06 and F09 revealed an interesting finding. Although the 

proportion of judges with a change of 10 or more places is approximately similar to the 

other odorants (F06: 19%; F09: 22%), most of the highlighted individuals had relatively 

high threshold estimates from ASTM E679. Of all of the tested odorants, F10 showed the 

highest proportion of judges with a large change, 33%.
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Figure 6.3. Frequency histograms of the individual best-estimate thresholds (in log10 units) obtained with the optimal-slope psychometric 

function (PF), for four selected odorants (F01: 1, 8-cineole, F06: isobutyraldehyde, F09: β-damascenone, F10: β-ionone). The lower panels 

represent the relative threshold ranking of each judge from ASTM E679 (left column) and the optimal-slope psychometric function (right 

column). Judges whose ranking changed by 10 or more places (10%) are indicated with red solid lines (others with black dotted lines).
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As the next step to uncover the relationship between the optimal-slope psychometric 

function and ASTM E679, a series of Pearson’s correlations were conducted between the 

thresholds estimated by these two methods. The correlation coefficients, given in Table 6.6, 

indicate positive relationships between the threshold outcomes from these two methods for 

every odorant. Although the correlation is significant for all of the odorants, it is stronger 

with F01, F03, F06 and F07, which are the four odorants for which significant difference 

between ASTM E679 and the optimal-slope function was absent in the repeated-measures 

ANOVA. 

Table 6.6. Summary of the Pearson’s correlation coefficients obtained for each odorant, between the 

thresholds estimated by the optimal-slope psychometric function and those by ASTM E679 for 100 

judges. 

Odorant rPearson’s P-value 

F01 0.934 <.001 

F02 0.734 <.001 

F03 0.935 <.001 

F04 0.899 <.001 

F05 0.905 <.001 

F06 0.962 <.001 

F07 0.911 <.001 

F08 0.825 <.001 

F09 0.864 <.001 

F10 0.818 <.001 

 

 

6.3   Discussion 

6.4.1   Slope of Psychometric Function Fitted to Aggregate Data 

In Chapter V, a new method was proposed for estimating odour thresholds with data 

generated by ASTM E679. This method circumvents the traditional challenge of fitting 

olfactory psychometric functions by assuming that individual judges have the same slope for 

their psychometric functions. This simple assumption significantly reduces the number of 
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test replications required from each judge, thus permitting the fitting of individual 

psychometric functions with data that can be realistically obtained. 

An investigation of this proposed method began by using the slope obtained from the 

psychometric function fitted to the group data. Although adoption of the group slope for 

fitting individual psychometric functions provided promising results, this approach risks 

using hypothetical information that has not been empirically verified. The threshold 

estimated by the group-slope psychometric function is likely to be questioned. Analyses 

included in the present chapter were undertaken to search for potential improvements for 

realising the idea of fixed-slope psychometric function. The analyses began by uncovering 

factors that influence the slope of psychometric functions.  

With limited literature on olfactory psychometric functions, the available evidence 

seemed to agree with the conclusion drawn from other sensory modalities, which is that the 

slope of psychometric function depends on the estimated sensitivity. In this chapter, Study 1 

described an empirical investigation of the relationship between the slope of the group 

psychometric function and the level of sensitivity. When comparing slopes of the group 

functions between the most and the least sensitive group, a significant difference was 

evident for half of the tested odorants. This finding tentatively suggested a relationship 

between the function slope and the judges’ sensitivity. However, further analyses revealed 

that the level of variation across the thresholds of individuals can potentially confound the 

estimate of the slope of the group psychometric function and. This means that the slope 

parameter of an aggregate psychometric function increases – equivalently the curve 

becomes flatter – as the range of individual thresholds for which the function accounts. The 

relationship between these two variables has a plausible explanation. The aggregate 

psychometric function is based on the p(c) from all judges; it essentially goes “between” the 

functions of individuals and thus has a flatter form. 

This relationship was not only found robust through several analyses conducted in 

the present study, but also relevant in explaining the results published by previous studies. 

For instance, Tempere et al. (2011) fitted group psychometric functions for β-ionone, first 

with the overall dataset and then with subsets from two different sensitivity groups. The 

overall psychometric function was much flatter than either of the functions for the separate 
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sensitivity groups. The specific slope parameters, according to the definition of slope given 

herein, were 0.847 for the overall function, 0.294 for the sensitive group and 0.263 for the 

insensitive group
5
. This finding is in line with the hypothesis raised in the present study. The 

flatter shape of the overall function would be expected with the inclusion of more judges 

with diverse thresholds. The observed relationship also successfully explains the finding 

from Cain et al. (2006), in which the psychometric function for Hexyl had a reduced slope 

(becomes steeper) after omitting the data obtained from the insensitive judges. The 

reduction in the slope was an outcome of the reduced sensitivity range across the individuals, 

if the hypothesis proposed in the present study is correct.  

The above discussion is relevant to the objective of this chapter as it implies that the 

slope estimated for the group function must be larger than that of the individual function, 

because an individual’s threshold falls into a small window within the population range. 

This deduction challenges the use of the group slope for implementing the fixed-slope 

psychometric function (i.e., the method developed in Chapter V). Therefore, Study 2 of this 

chapter investigated the fitting of the fixed-slope psychometric function with an optimal 

slope, and determined whether or not such additional refinement of the method makes any 

practical difference to estimated thresholds.   

6.4.2   Evaluation of Fixed-slope Psychometric Functions with Optimal Slopes 

A new version of fixed-slope psychometric function was introduced as to fit a 

function to individual data with a slope that produces the optimal goodness-of-fit to these 

data on an overall level. The assessments of the goodness-of-fit provided promising results 

for the optimal-slope psychometric function. Although the group slope produced 

                                                 

 

5
 The slope parameter referred in Tempere et al. (2011) has an inversed relationship to the slope parameter 
defined in this thesis. The published values in Tempere, S., Cuzange, E., Malak, J., Bougeant, J. C., de Revel, 
G., & Sicard, G. (2011). The Training Level of Experts Influences their Detection Thresholds for Key Wine 
Compounds. Chemosensory Perception, 4(3), 99-115. are 1.18 for the overall psychometric function, 3.4 for 
the sensitive group, and 3.8 for the insensitive group. 
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satisfactory goodness-of-fit for nine of the 10 tested odorants (Chapter V), changing to the 

optimal slope substantially improved the overall goodness-of-fit for all of the odorants. This 

is, of course, a necessary finding. A worst case scenario would have the optimal slope being 

equal to the group slope, in which case the goodness-of-fit would be the same.  

A practical improvement of the goodness-of-fit occurred with F10 (β-ionone), for 

which the group-slope psychometric functions had a poor goodness-of-fit and the optimal-

slope psychometric functions had an excellent fit. This drastic improvement in the 

goodness-of-fit for F10 relates to the large difference in the value between the group slope 

(1.772) and the optimal slope (0.148). Further assessment showed that the group slope 

obtained for F10 was too large to provide an adequate goodness-of-fit for the individual 

functions. Given that F10 is typically known as an odorant to which people present a diverse 

range of sensitivity (Larsen & Poll, 1990; Plotto et al., 2006; Tempere et al., 2011), the large 

group slope associated with this odorant was most likely to be attributed to the variability 

across individuals. In fact, significant reduction from the group slope to the optimal slope 

was observed for all of the odorants. This finding confirmed the conclusion deduced from 

Study 1 that the group slope is always larger than the slope of the individual functions. In 

comparison, the optimal slope is closer to the “true” value of the individual slope.  

Assessments of threshold differences between the three methods employed two 

statistical analyses – the Z-test and the repeated-measures ANOVA. The Z-test focuses 

solely on the difference in the group thresholds, whereas the repeated measure ANOVA 

accounts for changes in the individual thresholds. Interestingly, two statistical methods 

produced inconsistent conclusions. The Z-tests did not find significant difference in as many 

pairs of comparisons as the repeated-measures ANOVA. The additional significant 

differences observed with the ANOVAs implied a methodological effect on the individual 

threshold rather than the group threshold. This realisation prompts the decision to undertake 

further analyses of the thresholds on the individual level.  

The cross-method assessment of threshold rankings provides some interesting 

implications on the methods. The choice of method is demonstrated to have a prominent 

effect on the threshold ranking of individual judges. For each odorant, more than 15% of 

judges changed their threshold rankings by 10% or more. For F06 and F09, changes in the 
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threshold rankings exhibit a different pattern. With these two odorants, the change of 

method seemed to affect more insensitive than sensitive judges (according to ASTM E679). 

This observation may be interpreted in light of the positively skewed threshold distributions 

for these odorants. These two odorants are known to have a relatively large group of 

insensitive judges. More changes observed for the insensitive judges have two explanations: 

one is that the threshold rankings of the insensitive judges are more susceptible to changes 

in rankings of other judges; a more probable explanation is that the difference between 

methods was larger for individuals with higher threshold estimates. The latter is likely, 

given that this pattern was not observed with other odorants. In relation to this finding, F10, 

known to have a bimodal distribution, had the highest proportion of judges (33%) who 

changed their threshold rankings by more than 10%. This finding reinforced the proposal 

that there is a relationship between the effect of methods and the threshold distribution of 

the tested odorant. This relationship will be explored in further depth in the next chapter. 

Correlation analyses suggested that the thresholds obtained by ASTM E679 and the 

optimal-slope psychometric function are significantly correlated for all of the odorants. F01, 

F03, F06 and F07 showed relatively stronger correlations. Of relevance to the earlier 

discussion, F01, F03, F06 and F07 are also the odorants for which the Z-test of the group 

threshold estimates did not show a significant difference between ASTM E679 and the 

optimal-slope function.  

Overall, comparisons between ASTM E679 and the optimal-slope psychometric 

function indicated significant differences for all 10 odorants when the ANOVA was used, 

and was observed with six odorants when the Z-test was used. This means replacements of 

ASTM E679 with the optimal-slope would lead to practical changes in the threshold 

estimate, on both the individual and the group level. This finding once again challenges the 

definition of the thresholds estimated with ASTM E679, and necessitates future tests of the 

methods based on psychometric functions.  
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6.4   Conclusion 

Overall, findings from the present chapter supported future uses of optimal-slope 

psychometric functions for estimating odour thresholds for individuals. The use of the 

optimal slope is more empirically grounded compared to the group slope, given that the 

latter was found to be a dependent measure of the variability of sensitivity across individuals. 

Further supportive evidence for the optimal-slope psychometric functions arose from the 

substantial improvement with the goodness-of-fit of the functions of the individuals. These 

collectively suggest that fitting the optimal-slope psychometric function is a method worthy 

of further investigation. Complete validation of the threshold estimates obtained with this 

method meets with the same challenges as other methods. Without knowledge of what 

odour threshold estimates are to be expected, a summary of different in results from other 

methods in fact provides no indication of the validity of each method. In the next chapter, 

focus will be placed on making a systematic comparison across all of the methods that have 

been discussed in this thesis. The evaluation will include all of the factors that reflect the 

quality of a threshold calculation method, including reproducibility, test-retest reliability, 

concurrent validity, threshold distributions, and inter-odorant correlation across judges.  

 

  





 

 

Chapter VII – Evaluation of Different Methods for Estimating 

Odour Detection Thresholds for Individuals 

 

Abstract 

 

This chapter systematically evaluates four methods for estimating odour 

thresholds for individuals – ASTM E679, ASTM E1432, the group-slope 

psychometric function and the optimal-slope psychometric function. 

Details of each of these methods are given in Chapter II, Chapter IV, 

Chapter V and Chapter VI respectively. Comparisons between these 

methods were based on the threshold estimates, threshold distributions, 

test-retest reliability and concurrent validity. The thresholds derived from 

each method were also used to suggest intra-individual variability and 

inter-odorant correlation associated with olfactory sensitivity, in order to 

confirm any methodological effect on these characteristics. To avoid 

circulating by conducting these assessments on the datasets used to 

develop these methods, a new, independent dataset was collected. 
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7.1   Introduction 

This thesis describes a series of methods for estimating odour detection thresholds, 

which are all adapted from the standard protocol – ASTM E679. The development of these 

methods follows a clear progression, as outlined in Figure 1.12. Findings from the 

application of each method served the purpose of informing further improvements.  

Developing a good method for odour threshold estimation requires finding a right 

balance between theoretical validity and practical usefulness. There has been an extensive 

amount of psychophysical work conducted relating to sensory thresholds. Obtaining visual 

or auditory thresholds predominantly relies on fitting psychometric functions. However, in 

olfactory research, utilising a method based on this theoretical construct is more difficult, 

due to the fact that only a limited quantity of response data can be collected with olfactory 

stimuli. Due to this paradox, there is as yet no clear consensus as to how to quantify odour 

thresholds. Nevertheless, the criteria for an optimal method were already clear. An ideal 

method should have sound theoretical underpinnings, able to be applied with practically 

sized dataset, and can provide threshold estimates that are reproducible and reliable. 

An indirect measure of the lack of coherence of methods for odour threshold 

estimation relates to the extremely large variation in archival threshold values (Amoore & 

Hautala, 1983; Walker et al., 2003). Limited understanding of intra- or inter-individual 

variability, and the interaction between them, presents an additional challenge in evaluating 

methods for estimating odour thresholds (detailed literature review is given in Section 1.3.2). 

Therefore, an ideal method should also be able to contribute to decipher sources that 

contribute to the variability of odour threshold estimates. 

The original method prescribed in ASTM E679 gained popularity due to its 

simplicity. However, recent studies have highlighted the incorrect theoretical underpinning 

related to this method (Lawless, 2010; Peng et al., 2012). A few new methods, which are 

more theoretically grounded, have been proposed (ASTM, 2011a; Cometto-Muñiz, Cain, 

Abraham, & Gola, 2002; Lawless, 2010; Peng et al., 2012). The present thesis has 

endeavoured to evaluate the existing methods and to further the development of methods for 

odour threshold estimation. Altogether, this thesis discusses four methods for estimating 
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odour thresholds – calculation heuristic of ASTM E679; ASTM E1432 (the variable-slope 

psychometric function); the group-slope psychometric function; and the optimal-slope 

psychometric function.  

The present chapter systematically evaluates these four methods for estimating odour 

thresholds for individuals. Details of each of these methods are given in Chapter II, Chapter 

IV, Chapter V and Chapter VI respectively. Comparisons between these methods were 

based on the threshold estimates, threshold distributions, test-retest reliability and 

concurrent validity. The thresholds derived from each method were also used to suggest 

intra-individual variability and inter-odorant correlation associated with olfactory sensitivity, 

in order to confirm any methodological effect on these characteristics. To avoid circulating 

by conducting these assessments on the datasets used to develop these methods, a new, 

independent dataset was collected. 

7.2   Methods 

7.2.1   Odorants 

The present study collected a new threshold dataset for the same 10 odorants as used 

in the previous chapters. The chemical information on each of the odorants for each 

compound was given in Table 2.2. Because a comprehensive concentration range was 

already sought and obtained in the earlier studies for each of the odorants, the present study 

employed one concentration series for each odorant throughout the testing. Unlike the 

previous study, the present study was arranged by odorants. Therefore, each odorant was 

tested on three consecutive testing days. 
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7.2.2   Judges  

The present study recruited a total of 60 judges from the greater Auckland region. 

One judge withdrew from the study for personal reasons. The data provided by this judge 

were erased. The average age of the remaining 59 judges (29 females) is 34.36 (S.D. = 9.95). 

Judges were organised in blocks of 10 according to their choice of commencement date of 

their threshold tests. Each cohort was tested for seven odorants, randomly selected from the 

10 available odorants. A total of six replications were collected from each judge for each 

odorant.  

Differing from the previous study described in Chapter II, there were no additional 

sessions arranged for catch-up if some sessions were missed by the judge. Those judges who 

were unable to attend on some testing days were invited to return for catch-up sessions when 

the next cohort was tested for the missed odorant. Five judges were unable to return for the 

catch-up sessions, their data for other odorants were still retained for data analyses if a total 

of six replications were completed. To enhance participant motivation, the duration of the 

test sessions was reduced from 1 ½ hours to one hour. The daily incentive to compensate 

consumers for their time and incurred travel costs remained the same, at 40 NZD per session. 

Two separate bonuses were given out to the judges at the end of their participation upon the 

completion of all testing. One bonus of 100 NZD was for completion of all test replications 

for all tested odorants; the other bonus of 100 NZD was for compliance with instructions. 

Ethical approval for this study was granted by Northern X Regional Ethics Committee 

(approval number NTX08/11/111). 

7.2.3   Modifications of the Test Procedure 

The threshold tests followed the method of data collection prescribed by ASTM 

E679. Full details regarding the sample preparation and presentation are available in Chapter 

II (Section 2.2). This section only describes the changes to the testing procedure. 

The testing for each cohort progressed by type of odorant. For each cohort, one 

odorant was tested over three consecutive days, with each day comprising two threshold 
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tests. Therefore, each judge completed six replications of threshold tests for each odorant. 

Given that each cohort was tested for seven odorants, the overall testing course lasted 21 

days. A one-week break was arranged in between testing blocks, to enable replacement of 

odorants, preparation of participant information sheets and confirmation of attendance of the 

next cohort of judges. Overall, collection of the entire dataset took 20 weeks (approximately 

five months).  

7.3   Results 

7.3.1   Threshold Calculation using Four Different Methods 

Individual thresholds were estimated with four different methods: ASTM E679, 

ASTM E1432, the group-slope psychometric function and the optimal-slope psychometric 

function.  

Details of the calculation heuristic of ASTM E679 have been provided in Chapter II 

(Section 2.1). This method obtains threshold estimates based on taking the geometric mean 

of the concentrations at which the judge’s response changes from incorrect to readily correct. 

As introduced in Chapter II, this calculation heuristic requires the choice of a stopping rule. 

In the present study, the Last Reversal stopping rule was applied. This choice is justified by 

the findings from Chapter II and III: the Last Reversal stopping rule is more reliable than the 

other stopping rules, and produces a similar estimate that coincides with a theoretically 

correct definition of threshold (i.e. the SDT threshold; details refer to Section 3.3). As the 

only method that is not based on psychometric functions, ASTM E679 gave a threshold 

estimate for each threshold test. The threshold for an individual judge was taken as the 

average of the estimates across the six replications. 

The remaining three methods prescribe different ways to fit individual psychometric 

functions to the proportion correct obtained by each judge across the six replications. First, 

individual psychometric functions were fitted to the values of p(c) of each judge, allowing 
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both parameters of the function – slope and intercept – to vary. This method is essentially 

the conventional method of fitting a psychometric function. It is also the method prescribed 

in ASTM E1432, except that the standard method fits the functions based on a logistic 

model. In this thesis, this method is referred to as the variable-slope psychometric function 

in order to distinguish it from the other methods for fitting psychometric functions. Full 

details regarding fitting the variable-slope psychometric function have been outlined in 

Chapter IV (Section 4.2.2).  

The procedures for fitting the group-slope and the optimal-slope psychometric 

functions have been separately described in Chapter V and VI. These two methods prescribe 

fitting psychometric functions allowing only the intercept of the function to vary, while the 

slope is fixed at a certain value. The group-slope psychometric function adopts the value of 

the slope of the group psychometric function; the optimal-slope psychometric function uses 

the value of the slope that gives the best overall goodness-of-fit across all of the individual 

psychometric functions. As a necessary step prior to applications of these two methods, the 

value of the slope parameters must be attained. The detailed procedures for attaining the 

slope values for these two methods are given in Chapter V and Chapter VI.  Table 7.1 

summarises the slope parameters employed for fitting the group-slope and the optimal-slope 

psychometric function for the present dataset. The statistics relating to the overall goodness-

of-fit for the individual functions are also included in Table 7.1 to provide preliminary 

assessments for each of these methods. These are the summed value of G
2
 and the 

corresponding sum of degrees of freedom across all individual psychometric functions. 

Unsatisfactory goodness-of-fit is indicated by P < .001. 

From the group-slope to the optimal-slope functions, there was a clear reduction in 

the slope parameter and an improvement in the goodness-of-fit for all of the odorants, 

corroborating the findings from Chapter VI (refer to Section 6.2.2.2). The variation from 

using the group slope to the optimal slope showed a practical change with the goodness-of-

fit for F06 and F10, both of which had a poor goodness-of-fit when the group-slope function 

was fitted and had a satisfactory goodness-of-fit when the optimal-slope function was fitted. 
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Table 7.1. Summary of the slope parameters used for fitting the two types of fixed-slope 

psychometric functions (GS for group-slope and OS for optimal-slope psychometric functions), and 

the statistics for the overall goodness-of-fit associated with each method. The statistics for the 

goodness-of-fit include the summed value of G
2
 and the corresponding sum of degrees of freedom 

across all individual psychometric functions. The goodness-of-fit is unsatisfactory if the P-value is 

less than .001. 

  GS Psychometric Function 
 

OS Psychometric Function 

  Slope G
2
 DF P-value   Slope G

2
 DF P-value 

F01 1.443 182.64 189 .617 
 

0.730 142.60 188 .994 

F02 0.855 241.36 273 .916 
 

0.582 218.43 272 .993 

F03 0.758 233.94 259 .866 
 

0.526 204.28 258 .994 

F04 1.039 440.39 410 .145 
 

0.631 414.19 409 .419 

F05 0.543 256.81 259 .527 
 

0.440 252.13 258 .593 

F06 1.878 341.69 259 < .001 
 

0.939 292.73 258 .068 

F07 0.750 371.61 378 .583 
 

0.557 352.72 377 .810 

F08 0.842 250.58 238 .275 
 

0.547 228.18 237 .648 

F09 2.031 400.61 440 .911 
 

1.238 362.90 439 .997 

F10 2.514 178.69 126 .001 
 

1.216 155.00 125 .036 

 

7.3.2   Comparison of Threshold Estimates across Methods 

One-way repeated measures ANOVA was performed for each odorant on the 

thresholds estimated with the four different methods. Due to the violation of the assumption 

of sphericity for all of the odorants, the degrees of freedom were adjusted according to 

Greenhouse-Geisser correction. The F-statistics and associated statistics are presented in 

Table 7.2. Significant results were observed for eight of the 10 odorants at a significance 

level of .050. Non-significant tests were obtained for F05 and F08. 

The threshold estimates (in log10 units) and the associated standard errors (S.E.) are 

presented in Table 7.3. Pairwise comparisons with Bonferroni corrections were performed to 

check the difference between all pairs of methods. The results from the pairwise 

comparisons are given in Table 7.3, where the different letters in the column labelled 

“Comparisons” indicate significant differences between the threshold estimates for these 

two methods. Note that the pairwise comparisons were also performed on F05 and F08 for 

informative purposes. 
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No overall (omnibus) significant difference was obtained for F05 or F08. Of the 

remaining eight odorants, five had the highest thresholds produced by the optimal-slope 

psychometric function. The different results were from F02, F09 and F10, the highest 

thresholds of which were given by ASTM E679 (F02 and F10) or by the variable-slope 

psychometric function (F09). In these cases, the thresholds estimated by the optimal-slope 

functions were the second highest and not significantly different from the highest estimate.  

Table 7.2. Summary of the one-way repeated-measures ANOVA performed for each odorant. The 

degrees of freedom were all adjusted with the Greenhouse-Geisser correction. 

 

  F Degrees of freedom P-value 

    Factor Error   

F01 11.12 1.87 48.61  < .001 

F02 4.62 1.54 58.35 .021 

F03 4.12 1.22 43.96 .041 

F04 6.27 1.60 59.16 .006 

F05 1.75 1.40 50.32    .191* 

F06 7.059 1.87 67.16 .002 

F07 19.62 1.09 57.72  < .001 

F08 3.09 1.33 43.93    .074* 

F09 12.10 2.06 80.48  < .001 

F10 5.99 2.12 36.70 .005 

 
* Not significant, P > .050 

Four odorants received the lowest threshold estimates from the variable-slope 

psychometric functions (F03, F05, F07 and F08). The remaining six odorants had their 

lowest thresholds from the group-slope psychometric function, with the thresholds for F01 

and F10 being extremely low. 

Compared to the cross-method evaluation in Chapter VI, the present study replicated 

a few findings. First, the variable-slope psychometric function consistently produces 

thresholds which are significantly higher than the group-slope psychometric function. 

Second, significant differences were detected between the threshold estimates obtained with 

the optimal-slope psychometric function and ASTM E679. The difference between these 

two methods was observed for all of the 10 odorants in Chapter VI, but was only shown by 
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six odorants in the present study. These six odorants are F03, F04, F05, F06, F07 and F08. 

The threshold estimates for the remaining four odorants are comparable.   

 

Table 7.3. Summary of the threshold estimates (in log10 units) for the group (i.e. the mean across the 

estimates of individuals) and their standard errors (S.E.), which were obtained with four different 

methods assessed in this chapter. The three different ways of fitting psychometric functions are 

labelled VS (variable-slope), GS (group-slope) and OS (optimal-slope), respectively. The post-hoc 

test with Bonferroni adjustment was employed to assess the difference of thresholds between any 

two methods. Significant differences are indicated by different letters in the “Comparisons” column 

(P < .050). 

      Group BET S.E. Comparisons Group BET S.E. Comparisons 

  
F01 

    
F02 

   
Psychometric 
Functions 

VS 
 

0.216 0.189 A 
  

1.369 0.099 A 

GS 
 

-0.009 0.211 B 
  

1.321 0.095 B 

 
OS 

 
0.287 0.199 A 

  
1.389 0.092 A 

ASTM E679     0.201 0.201 A     1.396 0.078 A 

  
F03 

    
F04 

   
Psychometric 
Functions 

VS 
 

2.588 0.068 A 
  

1.433 0.123 AB 

GS 
 

2.639 0.081 A 
  

1.387 0.131 A 

 
OS 

 
2.741 0.082 B 

  
1.561 0.119 B 

ASTM E679 
 

  2.675 0.073 A     1.446 0.109 A 

  
F05 * 

    
F06 

   
Psychometric 
Functions 

VS 
 

0.454 0.077 AB 
  

0.932 0.214 AB 

GS 
 

0.502 0.053 A 
  

0.782 0.251 A 

 
OS 

 
0.555 0.051 B 

  
1.138 0.218 B 

ASTM E679 
 

  0.512 0.067 A     0.933 0.205 A 

  
F07 

    
F08 * 

   
Psychometric 
Functions 

VS 
 

2.709 0.047 A 
  

2.524 0.083 AB 

GS 
 

2.989 0.066 B 
  

2.562 0.104 A 

 
OS 

 
3.069 0.063 C  

  
2.689 0.099 B 

ASTM E679 
 

  3.003 0.061 B     2.556 0.088 A 

  
F09 

    
F10 

   
Psychometric 
Functions 

VS 
 

-2.216 0.189 A 
  

0.345 0.350 A 

GS 
 

-2.602 0.230 B 
  

0.068 0.454 B 

 
OS 

 
-2.245 0.206 A 

  
0.502 0.379 A 

ASTM E679 
 

  -2.235 0.167 A     0.638 0.318 A 

 
* Omnibus test not significant, P >.050 
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7.3.3   Cross-method Assessment of the Distributions of Thresholds  

The next step of the analyses focused on the threshold distributions estimated by the 

different methods. Table 7.4 summarises the descriptive statistics for the threshold 

distributions. For the same odorant, considerable differences were observed for the values of 

skewness and kurtosis. One of the notable differences is found with F08, where the variable-

slope psychometric function gave a flatter left-skewed distribution compared to the 

centralised right-skewed distributions given by the other three methods. Odorants that 

exhibit similar findings include F04, F06 and F07, where the variable-slope psychometric 

function disagrees with the other three methods. With F02 and F03, the distributions 

estimated by ASTM E679 appear to be the most different compared to the other methods. 

As expected from evaluating the descriptive statistics, differences were also visually 

demonstrable for the threshold distributions of an odorant across the different methods. 

Figure 7.1 demonstrates the differences between the methods by displaying the threshold 

distributions for F07 (isovaleric acid) and F09 (β-damascenone). These two odorants were 

selected because they have a relatively large sample size, capable of producing a more 

comprehensive threshold distribution. 

Examples of threshold distributions for F07 and F09 are available in the literature. 

The published distributions were reproduced and presented in Figure 1.11. Amoore (1977), 

in his study of specific anosmia, found that the threshold distribution of isovaleric acid (F07) 

for normosmics approximates a normal distribution. The threshold estimates in that study 

were estimated using a two out of five method in an ascending order. The threshold 

distribution obtained in Amoore et al. (1977) is considered a reliable reflection of the ‘true’ 

threshold distribution across a population, given that it was based on a large group of 

individuals (N = 443). In the present study, both the optimal-slope psychometric function 

and the ASTM-based method produced a threshold distribution that resembles a normal 

distribution. With β-damascenone (F09), a distribution of thresholds was published by 

Plotto et al. (2006). The published distribution (shown in Figure 1.11) is the most similar to 

that produced by the optimal-slope psychometric function in the present study.  
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Table 7.4. Summary of skewness and kurtosis of the threshold distributions estimated with four 

methods: VS (variable-slope), GS (group-slope) and OS (optimal-slope), and the calculation 

heuristic of ASTM E679. The number of judges for the distributions of each odorant is specified.  

    Skewness Kurtosis     Skewness Kurtosis 

F01 VS 1.262 2.021 
 

F02 -0.358 0.280 

N =27 GS 1.148 2.197 
 

N =39 -0.286 0.373 

 
OS 0.959 0.838 

  
-0.363 0.530 

 
ASTM E679 1.035 0.561 

  
0.053 0.221 

        F03 VS -1.189 1.674 
 

F04 -0.001 -0.120 

N =37 GS -0.215 1.015 
 

N =38 0.488 0.527 

 
OS -0.224 1.310 

  
0.436 0.541 

 
ASTM E679 0.311 0.651 

  
0.521 0.339 

        F05 VS -0.864 1.391 
 

F06 0.091 -0.869 

N =37 GS 0.112 -0.199 
 

N =37 0.768 -0.096 

 
OS 0.104 -0.208 

  
0.704 -0.030 

 
ASTM E679 -0.560 0.451 

  
0.558 -0.857 

        F07 VS -0.338 -0.372 
 

F08 -0.710 0.396 

N =54 GS 0.301 -0.629 
 

N =34 1.008 2.997 

 
OS 0.299 -0.711 

  
1.058 2.715 

 
ASTM E679 0.351 -0.667 

  
0.756 1.539 

        F09 VS 1.442 2.115 
 

F10 0.080 -0.975 

N =40 GS 1.227 1.671 
 

N =18 0.607 -0.339 

 
OS 1.339 1.965 

  
0.435 -1.030 

  ASTM E679 1.182 1.394     0.204 -1.404 
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Figure 7.1. Distributions of threshold estimates, obtained with four different threshold estimation 

methods for two selected odorants – F07 (isovaleric acid) and F09 (β-damascenone). From top to 

bottom, the distributions are based on thresholds obtained with variable-slope, group-slope, optimal-

slope psychometric functions, and ASTM E679. The number of judges tested is indicated in brackets 

next to the odorant code. 
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7.3.4   Evaluation of Test-retest Reliability of Each Method 

Assessment of test-retest reliability of each method was conducted based on the 

threshold estimates obtained on each testing day. With ASTM E679, the threshold estimates 

on each testing day were the average of the thresholds obtained in the two test replications 

on the day. The three methods involving fitting psychometric functions employed the p(c) 

combined from the two replications on the day. Pearson’s correlation was performed 

between every pair of testing days, yielding three correlation coefficients. The test-retest 

reliability was evaluated by averaging the correlation coefficients associated with the 

thresholds estimated under each method, as specified in Table 7.5. 

Table 7.5. Summary of Pearson’s correlation coefficients for threshold estimates between testing 

days. Each coefficient is the average of the three correlation coefficients between any two of the 

three testing days. The three types of psychometric functions are labelled “VS”, “GS” and “OS” for 

variable-slope, group-slope and optimal-slope, respectively. The largest correlation coefficient for 

each component is indicated by a superscript “L”. 

 
Psychometric Function 

 
  VS GS OS ASTM E679 

F01 0.584 0.619 0.625 
L
 0.616  

F02 0.586  0.516 0.587 
L
 0.584 

F03 -0.015 0.400 0.591 
L
 0.388 

F04 0.369 0.404  0.556 
L
 0.468  

F05 0.369  0.337  0.470 
L
 0.383 

F06 0.754  0.688 0.755  0.765 
L
 

F07 -0.097 0.365 0.648 
L
 0.471 

F08 -0.137 0.364 0.394 
L
 0.375 

F09 0.522 0.444 0.487 0.586 
L
 

F10 0.637 0.713 0.778 0.787 
L
 

 

Assessments of the averaged correlation coefficients for each method showed some 

inconsistency. For seven odorants, the highest coefficients were obtained by the optimal-

slope psychometric functions. Although the optimal-slope psychometric function did not 

give the highest correlation coefficient for the remaining three odorants, the coefficients 

obtained with this method were very close to the highest coefficient for F06 and F10. It is 
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worth noting that F06, F09 and F10 share a common characteristic; that is their threshold 

distribution is known to approximate bimodal from previous literature (refer to Figure 1.11).  

The correlation coefficient from the group-slope psychometric functions was 

intermediate between the other methods for six odorants. The coefficient of the group-slope 

psychometric function for F02, F05, F06 and F09 was the lowest, but the value of the 

coefficient was roughly in line compared to those given by the other method. 

The variable-slope functions are responsible for the lowest measure of test-retest 

reliability for six odorants. The coefficients were negative for F03, F07 and F08, suggesting 

the threshold estimates of individual judges moved to the opposite direction on different 

testing days. 

7.3.5   Investigation of Inter-odorant Correlation of Olfactory Thresholds 

The threshold estimates for F07 and F09 were also used to assess the correlation of 

an individual’s sensitivity across odorants. In comparison to other odorants, F07 and F09 

were tested by most judges in common (N=37). Pearson’s correlation was obtained for the 

threshold estimates of these two odorants from each method. The resultant coefficients are 

presented in Table 7.6. 

Table 7.6. Summary of inter-odorant correlation coefficients of threshold estimates for the same 37 

judges for F07 and F09 for each threshold estimation method. 

 Method rpearson’s P-value 

Variable-slope 0.032 0.851 

Group-slope 0.242 0.149 

Optimal-slope 0.240 0.153 

ASTM E679 0.210 0.212 

 

The results did not produce a significant inter-odorant correlation, regardless of the 

method for threshold calculations. However, comparison of the coefficients across the 

methods indicated that the variable-slope psychometric function was associated with a much 
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smaller coefficient. The group-slope and the optimal-slope psychometric function gave the 

highest and the most similar coefficients. 

7.4   Discussion 

The study of this chapter was undertaken to systematically evaluate four different 

types of methods for estimating individual odour thresholds with data generated by ASTM 

E679. These four methods include the calculation heuristic of ASTM E679, and three 

different approaches of fitting individual psychometric functions: variable-slope; group-

slope; and optimal-slope. Threshold estimates from the different methods were compared 

for their magnitudes and distribution shapes. The cross-method comparison was then 

extended to test-retest reliability, and assessments of inter-odorant correlation.  

Testing of the threshold calculation methods were all based on the same dataset, thus 

comparisons across the methods does not provide any implication on the fundamental 

validity of the dataset. To alleviate possible concerns about validity of the dataset, the 

threshold results were also compared to those in the literature in order to confirm their 

concurrent validity.  

7.4.1   Comparison of Threshold Estimates from Different Methods 

The present study revealed a significant effect pertaining to the method used for the 

threshold estimates for individuals. Specifically, the optimal-slope psychometric functions 

always estimated higher threshold estimates than the group-slope psychometric functions. 

Also, the thresholds estimated with the optimal-slope function were significantly higher than 

those estimated with ASTM E679 for six odorants. This particular finding slightly differed 

from the conclusion drawn from Chapter VI, which observed a significant difference across 

all of the tested odorants. Although results from these comparisons varied across the 

odorants, the differences can be resolved by recognising a few important points. 
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First, the thresholds obtained by fitting the variable-slope psychometric function had 

less consistency across the odorants, in comparison to the estimates obtained with other 

methods. The variable-slope function produced the highest threshold for F09 and the lowest 

threshold for F03, F05, F07 and F08. The varying relationship of the variable-slope function 

to the other methods raised a concern about its stability.  

Second, the group-slope psychometric functions produced the lowest threshold 

estimates for six of the odorants. Also, the present comparisons found that the thresholds 

estimated with the group-slope function were lower than those estimated with ASTM E679 

for nine of the tested odorants (except for F08), although the difference is not always 

significant. This finding is suggestive if it is considered in light of the previous findings. In 

Chapters V and VI, it was found that the group-slope psychometric function produced 

higher threshold estimates than ASTM E679 for eight odorants (except for F01 and F06). 

The difference in the results between these separate studies might be attributed to the 

different number of judges included in the testing. Chapter VI had 100 judges while the 

present study had much fewer judges. Another observation that supports such an 

explanation was that the thresholds obtained for F01 and F10 in the present study were 

exceptionally low. These two odorants had the smallest number of judges among the tested 

odorants. The above findings questioned the stability of the group-slope psychometric 

function. This also implies that the group-slope psychometric function necessitates a 

relatively large group of judges for an accurate threshold to be estimated.  

If the comparison excludes the variable-slope and the group-slope psychometric 

functions, the relationship between the optimal-slope functions and ASTM E679 is much 

clearer. In general, the thresholds estimated by fitting the optimal-slope psychometric 

functions were higher than the thresholds obtained with ASTM E679. For F02 and F10, 

ASTM E679 produced higher thresholds than the optimal-slope functions. The difference 

was marginal for F02 but noticeable for F10, albeit not significant for either odorant.  

Comparisons of the threshold distributions also showed differences due to the choice 

of threshold calculation method. These discrepancies were apparent through comparisons of 

the skewness and kurtosis. For most of the odorants, distributions from the group-slope and 

the optimal-slope functions were reasonably similar. Similarity between these two methods 
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corroborated the findings from Chapter VI, where the individuals’ threshold rankings did 

not differ greatly between fitting the group-slope and the optimal-slope functions. 

7.4.2   Comments on the Test-retest Reliability of Each Method 

The optimal-slope psychometric functions produced the best test-retest reliability for 

seven of the 10 odorants. With the other three odorants – F06, F09 and F10 – ASTM E679 

outperformed the optimal-slope functions. It is clear that these three odorants share a similar 

feature: their threshold distributions are known not to be a normal distribution. From 

previous literature, it was learnt that F06 and F09 are odorants with specific anosmics and 

F10 exhibits two distinctive sensitivity groups (Jeager et al., 2013; Amoore, 1976; Plotto et 

al., 2006). The relatively large variation of thresholds for these three odorants might be the 

key to explain the current finding. 

A finding that is of relevance to this observation is that ASTM E679 has good test-

retest reliability for odorants with bimodal or skewed distribution (Chapter II). This is 

related to the use of the endpoint rules associated with ASTM E679. An endpoint rule is 

applicable when a threshold cannot be captured by the presented concentration series. In that 

case, the threshold estimate is based on the geometric mean of the lowest or highest 

concentration and the adjacent hypothetical concentration (details are in Section 1.5.1.3). 

Assessments of the response data of the present study suggested that these three odorants – 

F06, F09 and F10, with a wider range of thresholds, more frequently employed the endpoint 

rules (F06: 19.2%; F09: 22.1%, F10: 22.2%), as opposed to other odorants (average of 

9.3%). Therefore, the thresholds estimated by ASTM E679 for these odorants are expected 

to have increased uniformity across the testing sessions.  

An alternative explanation is that the optimal-slope psychometric function does not 

perform as well on odorants with a bimodal distribution as compared to odorants with a 

unimodal distribution. This potentially means that the judges from different sub-

distributions may have different slopes; fitting psychometric functions for all of the 

individuals with the same slope value may adversely affect the reliability of the optimal-
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slope psychometric function, or any fixed-slope approach. An approach to alleviate this 

concern may be to fit optimal-slope psychometric functions separately to the two sensitivity 

groups. Assessment of test-retest reliability across the different methods also suggested that 

fitting the variable-slope psychometric function was a relatively inferior method. The 

present study collected six replications from an eight-step ascending method of limits. The 

total of 48 trials from each judge, according to ASTM E1432, exceeded the requirement of 

fitting individual psychometric functions (20-30 trial presentations). However, the present 

study found that the thresholds obtained with fitting variable-slope psychometric functions 

had the poorest rest-retest reliability among the methods. Similar findings were obtained by 

Kolpin and Shellhammer (2009), in their comparative assessment of ASTM E679 and 

ASTM E1432. 

7.4.3   Concurrent Validity of the Odour Thresholds Obtained in the Present 

Study  

In order to examine validity of the olfactory response data in the present study, the 

threshold values obtained in the present study were compared to those in literature. Table 

7.6 summarises the threshold range for each odorant that was obtained in the present study 

and published in literature. For most of the tested odorants, the threshold estimates in the 

present study were within the archival threshold range regardless of the method used, 

although they are mostly around the lower end of the range. With F02, F04 and F09, the 

thresholds estimated in the present study appeared lower than the reported ranges, regardless 

of the employed method. According to Cain and Schmidt (2009), lower threshold estimates 

are indicative of a better quality of olfactory response dataset. This connection might be 

applicable for interpreting the lower thresholds obtained, given that the present study 

conducted more test replications than usual olfactory threshold studies.  

There is little quantitative information in the existing literature regarding the 

distribution of odour thresholds. Tempere et al. (2011) was the only study that quantified 

odour threshold distributions using skewness and kurtosis. Their study estimated thresholds 

for 10 odorants using the calculation heuristic of ASTM E679, one of which is the same as 
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F10 in the present study – β-ionone. Tempere et al. (2011) obtained a skewness of 0.37 and 

a kurtosis of -1.23 for this odorant. In the present study, the calculation heuristic of ASTM 

E679 and the optimal-slope function produced estimates that were closer to these published 

values.  

Unfortunately, the present study did not allow construction of a reasonable threshold 

distribution of β-ionone to be compared to Tempere et al. (2011), due to the small sample 

size. The distributions plotted for isovaleric acid and β-damascenone (Figure 7.1) offer 

supports to ASTM E679 and the optimal-slope psychometric function. Both methods 

produce distributions which resemble the commonly-cited examples for isovaleric acid in 

literature (Amoore, 1977). With β-damascenone, the optimal-slope psychometric function 

estimates the closest distribution to the published example (Plotto et al., 2006). 

Table 7.7. Comparisons of odour thresholds of 10 odorants (in ppb) between the present study and 

literature.  

Odorant  Name Threshold range Reference 

    Present study Literature   

F01 1,8-cineole 0.98-1.90 1.3-12 
Marin, Acree, & Barnard, 1988; Pelosi & Pisanelli, 
1981 

F02 2-heptanone 0.98-1.90 0.37 Larsen & Poll, 1990 

F03 hircinoic acid  380-560 - 
  

F04 cis-3-hexen-1-ol 24-36 37-700 
Buttery, Teranishi, Ling, & Turnbaugh, 1990; Jaeger et 
al., 2010 

F05 dipropyl disulfide 2.8-3.6 - 
  

F06 isobutyraldehyde 6.1-13.0 2.30-1190 Amoore, 1976 

F07 isovaleric acid 510-1200 - 
  

F08 vanillin 330-490 25-1200 Amoore & Venstrom, 1966; Czerny et al., 2008 

F09 β-damascenone 0.0025-0.0061 0.00075-0.01 Czerny et al., 2008 

F10 β-ionone 1.2-4.3 0.007-23 Czerny et al., 2008  
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7.5   Conclusion 

Overall, the present chapter evaluated the available methods for estimating 

thresholds for individuals based on data generated by ASTM E679. The findings provided 

some important insights.  

First, the threshold values were roughly in line with the archival threshold data in the 

literature, confirming validity of the olfactory response data collected in the present study. 

Second, unfavourable results were obtained by the variable-slope psychometric function and 

the group-slope function, when the dataset comprises a small sample size. Specifically, the 

variable-slope function had poor test-retest reliability, and the group-slope function led to 

very low threshold estimates. Third, both the calculation heuristic of ASTM E679 and the 

optimal-slope psychometric function were found to be relatively reliable and accurate for 

producing individual threshold estimates, although significant differences are often observed 

between the outcomes of these two methods. Between ASTM E679 and the optimal-slope 

psychometric function, the latter is believed to be more consistent with psychophysical 

conceptualisation of sensory thresholds



 

 

 

Chapter VIII – General Discussion 

 

Summary 

  

This chapter summarises the important findings and insights gained from 

evaluating the existing methods (e.g. ASTM E679 and ASTM E1432) 

and from developing new methods for odour threshold estimation (e.g. 

the group psychometric function, the group-slope psychometric function, 

and the optimal-slope psychometric function). This chapter is 

conceptually arranged. Discussion of each method includes a summary 

of the properties of threshold estimates, limitations, and suitable 

applications. The remainder of this chapter comments on the possibility 

of incorporating Signal Detection Theory into odour threshold estimation, 

and on methodological effects on the variability of odour threshold 

estimates. At the end of this chapter, directions for future research in 

quantifying odour thresholds are considered. 
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8.1   Overview  

Psychophysics is the study of the relationship between sensory stimuli and the 

internal state of the organism. The sensory threshold is understood as the point that divides 

one internal state from another (Macmillan & Creelman, 2005). However, in studies of 

olfactory sensitivity, the term threshold has no necessary relationship to the internal state of 

the organism; it is defined by the concentration that corresponds to an arbitrary level of 

performance on a given task. Given this empirical definition, odour thresholds must be 

considered in light of the methods used to obtain them (Wysocki & Wise, 2004). This fact 

has motivated researchers to standardise and optimise psychophysical methods for odour 

threshold measurement. Advances in methods for measuring odour thresholds are driven by 

the aim of embedding studies of olfactory sensitivity into a comprehensive psychophysical 

framework. 

With these objectives, the present thesis evaluated existing standard methods for 

odour threshold estimation, and aimed to advance these methods with valid psychophysical 

methodology. Investigations were based on data generated by a standard protocol – ASTM 

International Standard Practice E679 (2011b). The original calculation heuristic of ASTM 

E679 is the standard by which the methods assessed and developed in this thesis were 

validated. This chapter summarises the important findings and insights gained from 

evaluating the existing methods and from developing new methods for odour threshold 

estimation. This chapter is conceptually arranged. Discussion of each method includes a 

summary of the properties of threshold estimates, limitations, and suitable applications. The 

remainder of this chapter comments on the possibility of incorporating Signal Detection 

Theory (SDT) into odour threshold estimation, and on methodological effects on the 

variability of odour threshold estimates. At the end of this chapter, directions for future 

research in quantifying odour thresholds are considered. 
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8.2   Evaluation of ASTM Methods 

8.2.1   ASTM E679 

The original calculation heuristic of ASTM E679 characterises the threshold as the 

geometric mean of the concentration at the last incorrect response and the next higher 

concentration in the testing series. Termination of the testing series depends on the 

“stopping rule” which regulates the number of confirmatory correct responses that the 

experimenter intends to collect. The common stopping rules in the literature are “Last 

Reversal”, “Stop 3” and “Stop 2”. 

8.2.1.1   The effect of stopping rules on group and individual threshold estimates 

A positive relationship was observed between the conservativeness of the stopping 

rule used and the magnitude of the threshold estimates. This relationship was explained by 

Lawless’ (2010) interpretation of the two types of bias inherent in this calculation heuristic – 

an upward bias due to incorrect responses after the odorant can be readily detected, and a 

downward bias due to correct guesses immediately before the onset of detection. With a 

conservative stopping rule such as Last Reversal, the prolonged test series increases the 

likelihood of an upward bias during the course of collecting more confirmatory responses. 

With a liberal stopping rule such as the Stop 2, a downward bias is more likely to occur 

because two correct guesses in succession is not a rare event. Comparisons between the 

thresholds resulting from different stopping rules confirmed the effects of stopping rules on 

both the group and individual threshold estimates (Chapter II and Chapter V).  

8.2.1.2   Comments on the group threshold estimates from ASTM E679 

Comparisons of the group threshold estimates suggest that Stop 2 produces 

significantly lower estimates than Stop 3 or Last Reversal (Chapter II). The finding perhaps 

explains the inconsistent odour thresholds in the literature for a particular odorant. An 
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example is the threshold for guaiacol in apple juice estimated by Orr et al. (2000) and Eisele 

and Semon (2005). The later study, which employed Stop 2 as the stopping rule, obtained a 

lower threshold than Orr et al. (2000) which employed Last Reversal. In this thesis, the 

differences between Stop 3 and Last Reversal were not consistent across the tested odorants. 

The comparison of threshold estimates at the individual level suggested that Stop 3 and Last 

Reversal yielded similar results for 2-heptanone, cis-3-hexen-1-ol and dipropyl disulfide; the 

comparison at the group level showed similarity between these two stopping rules for 

another three odorants: isobutyraldehyde, β-damascenone and β-ionone. This finding is 

indicative of the importance of explicitly specifying the chosen stopping rule when reporting 

threshold data collected with ASTM E679. The effect of stopping rules should be taken into 

account when conducting comparative studies of threshold outcomes. The identification of 

the stopping rule is also important when researchers attempt to replicate previous studies to 

measure thresholds for a particular odorant.  

8.2.1.3   Psychophysical interpretation of the group threshold estimated by ASTM 

E679 

Beyond concerns regarding the inconsistent use of stopping rules, the calculation 

heuristic of ASTM E679 has been challenged on the basis of its theoretical underpinnings in 

classical psychophysics. In order to align the use of ASTM E679 to the modern 

conceptualisation of thresholds, a number of studies have attempted to validate the 

thresholds estimated by ASTM E679 against the estimates obtained with theoretically 

advanced methods, the most common of which is fitting psychometric functions to 

aggregate data (Cometto-Muñiz & Abraham, 2008; Kolpin & Shellhammer, 2009; Tempere 

et al., 2011; Viswanathan, Mathur, Gnyp, & St Pierre, 1983). Given this research 

background, this thesis also evaluated the group threshold obtained using the different 

stopping rules by comparing them to those obtained using the group psychometric function 

(Chapter III). Lawless (2010) conducted this type of study for thresholds obtained using the 

Last Reversal stopping rule and the conventional midpoint threshold (p(c) = 2/3), and 

posited a comparable relationship between them. Empirical verifications for this relationship 

include Lawless (2010) for 2-methoxy 2-methl propane and Kolpin and Shellhammer (2009) 
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for iso-α-acids and tentatively tetrahydro-iso-α-acids. In this thesis, an equivalence between 

the Last Reversal and the midpoint thresholds was obtained for only two odorants – 1, 8-

cineole and isobutyraldehyde. Findings obtained for the other eight odorants were congruent 

with Viswanathan et al. (1983), who showed that the calculation heuristic of ASTM E679 

produced threshold estimates lower than the conventional midpoint threshold. Lawless 

(2013) in his latest review on ASTM E679, has drawn researchers’ attention to an important 

point which was raised by a statistician from the US Environmental Protection Agency, 

Andrew E. Schulman (USEPA, 2001), who reanalysed the data obtained by Stocking et al. 

(2001) for determining odour thresholds for methyl tertiary butyl ether (MTBE, a water 

contaminant). Based on extensive statistical modelling of the data from Stocking et al. 

(2001), Schulman concluded that ASTM E679 in conjunction with Last Reversal appeared 

to find the point at which 50% of the group would attain detection 50% of the time. This 

implies that the threshold estimate obtained by Last Reversal corresponds to p(c) = 0.25 on 

an original psychometric function. This p(c) value is equivalent to p(c) = 0.449 on a 

psychometric function for 3AFC (according to Equation 1.3). Lawless (2013) called for 

further methodological studies to investigate Schulman’s proposal.  

In this thesis, findings from Chapter III suggested that Last Reversal corresponds to 

an average p(c) across the odorants of 0.629 on the psychometric function. This p(c) is 

evidently lower than 2/3 which is the p(c) that corresponds to the midpoint threshold, but 

higher than 0.449 as hypothesised by Schulman (USEPA, 2001). Instead, the corresponding 

p(c) is closer to 0.633 which is the value used to determine thresholds at d′ =1.0, according 

to signal detection theory (SDT). The thresholds determined by d′ are superior because, in 

theory, they are not affected by response bias or the choice of psychophysical method. 

Therefore, the correspondence observed between threshold estimates based on Last Reversal 

and those on p(c) of 0.633 could be of benefit, as it provides a convenient mechanism to 

determine the SDT threshold without actually constructing a psychometric function. This 

proposition is tentative given that the thresholds obtained using Last Reversal do not always 

predict the same p(c) for all of the odorants, but it highlights an important concordance 

worthy of further study.  
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Similar analyses were performed for Stop 3 and Stop 2. The values of p(c) to which 

Stop 3 and Stop 2 correspond were 0.590 and 0.519 respectively. In line with expectation, 

Stop 2 yielded the lowest p(c) among the stopping rules, indicating it is not a suitable rule 

for determining either midpoint or SDT thresholds. Although the comparisons suggested 

that Stop 3 yielded similar thresholds to the SDT thresholds for three odorants (1, 8-cineole, 

cis-3-henxen-1-ol and isobutyraldehyde), caution should be applied in generalising to other 

odorants the correspondence between thresholds obtained using Stop 3 and SDT thresholds. 

Given the noticeable difference in their corresponding p(c) for the other tested odorants, the 

correspondence between Stop 3 and SDT thresholds might be odorant-specific.  

In both previous studies and the above discussion, the calculation heuristic of ASTM 

E679 was validated by seeking a relationship between the resultant thresholds and the 

conventional midpoint thresholds (Costell et al., 1994; Kolpin & Shellhammer, 2009; 

Lawless, 2010; Morrison, 1982b; Viswanathan et al., 1983; Wise et al., 2008). A consensus 

on this relationship is still lacking. The present thesis offers a new perspective to evaluate 

the validity of the calculation heuristic of ASTM E679. As introduced in Chapter I, the 

theoretical construct of threshold is not consistent with modern psychophysical theory, 

specifically SDT. In practice, empirical thresholds are defined with reference to a particular 

performance level. This level is chosen arbitrarily. With this understanding, discrepancies 

between the thresholds obtained using the different stopping rules and the conventional 

midpoint threshold do not necessarily threaten the validity of the calculation heuristic of 

ASTM E679. The thresholds estimated by each of the stopping rules are valid as long as 

they consistently measure a specific level of p(c). Such a correspondence between the 

stopping rule and a specific p(c) serves as a basis of validating the calculation heuristic of 

ASTM E679 for estimating the group threshold. Given the relatively consistent 

correspondence, this thesis endorses the calculation heuristic of ASTM E679 for 

determining thresholds for the group. However, future application of this method could 

incorporate fitting a group psychometric function, so the group threshold estimates can be 

explained in a theoretically meaningful way. 
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8.2.1.4   Comments on individual threshold estimates from ASTM E679 

The calculation heuristic of ASTM E679 is considered an ad hoc method in the 

literature due to its weak theoretical underpinnings (Lawless, 2010; Morrison, 1982b; Peng 

et al., 2012). However, in both previous and present endeavours, an approximately 

consistent relationship was obtained between the group threshold estimates obtained using 

this arbitrary heuristic and those obtained with fitting psychometric functions. Although the 

relationship obtained in the present study is not exactly the same as observed in Lawless 

(2010), the explanation purported by Lawless (2010) to the correspondence between these 

two types of methods is still applicable. According to Lawless (2010), the calculation 

heuristic of ASTM E679 introduced either an upward or a downward bias to the threshold 

estimated for individuals. Therefore, the fact that the group threshold estimate reliably 

measures a specific level of p(c) is perhaps a fortuitous cancellation of the upward and 

downward biases associated with this calculation heuristic.  

Lawless’ (2010) proposal had remained hypothetical because fitting psychometric 

functions for individuals was not a viable option. In this thesis, a method for fitting 

individual psychometric functions was developed in Chapter V (a refined method is 

introduced in Chapter VI), which permitted an evaluation of the individual threshold 

estimates resulting from ASTM E679. Across the odorants, about one third of the judges 

changed their threshold rankings in the group by 10% or more when the method changed 

from the heuristic of ASTM E679 to that of fitting group-slope psychometric functions. 

These changes in threshold rankings were attributed to the upward or the downward biases 

associated with the calculation heuristic of ASTM E679. An interesting finding was that, for 

each of the tested odorants, there was a fortuitous equilibrium between the proportion of 

judges whose thresholds were underestimated and the proportion of judges whose thresholds 

were overestimated. Given that the group threshold estimate is the average of the individual 

threshold estimates, biases that occur at the individual level do not manifest in the group 

threshold estimate or in the shape of the threshold distribution. This finding explains the 

stability between each stopping rule and its corresponding p(c) on the psychometric function. 

Another important insight gained in this analysis is that a reasonable group threshold or an 
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approximately correct threshold distribution is not necessarily indicative of the reliability of 

a method for producing individual thresholds. 

An additional analysis in this thesis, that is relevant to evaluating the calculation 

heuristic of ASTM E679, was the test-retest reliability of the individual threshold estimates 

across testing days (Chapter VII). ASTM E679 had better test-retest reliability, compared to 

the variable-slope psychometric function and the group-slope psychometric function 

included in this assessment. Nevertheless, this finding is not necessarily due to the reliability 

of the calculation heuristic of ASTM E679. The good test-retest correlation of this heuristic 

could be linked to its use of endpoint rules, when the presented concentration series does not 

capture a valid response reversal for determining the threshold. The threshold estimated by 

the endpoint rule is the geometric mean of the concentration at the end of the presented 

series and the hypothetical next extended concentration. Frequent use of the endpoint rule 

leads to an increasing number of identical threshold estimates, and thus inflates the test-

retest reliability for the threshold obtained by this method.  

8.2.1.5   Suitable application of ASTM E679 

ASTM E679 is prescribed for estimating detection thresholds for individuals as well 

as for a group, although prior applications of ASTM E679 were commonly for deriving a 

group threshold estimate. According to the definition outlined in the standard, the resultant 

group threshold estimate is a best estimate not far from the conventional midpoint threshold 

(p(c) = 2/3 or 0.667). Findings from this thesis disagree with the use of the threshold 

obtained from ASTM E679 as the midpoint threshold. The calculation heuristic prescribed 

by ASTM E679 is perhaps an acceptable method for estimating the group threshold, but the 

resultant threshold does not necessarily concur with the definition of the midpoint threshold. 

The group threshold estimate obtained with ASTM E679 corresponds to a specific point on 

a psychometric function, although this is only valid insofar that the biases associated with 

individual threshold estimates are symmetrical and cancel out in the group.  

The relationships observed between threshold estimates derived from the 

investigated stopping rules and from the fitted psychometric function are of particular 
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importance, as they reveal an opportunity to embed the empirical approach afforded by 

ASTM E679 into a solid pre-existing theoretical framework. In particular, the observed 

agreement between the thresholds estimated using Last Reversal and the SDT threshold 

perhaps provides a convenient mechanism to obtain a theoretically coherent threshold 

measure for a group. While other empirical methods are available, such as fitting individual 

psychometric functions, their implementation is often not viable given the practical 

difficulties associated with collecting olfactory data. ASTM E679 is an efficient method, 

given its rapid testing procedure and a minimal test-administration burden. In future 

applications of ASTM E679, a group psychometric function is recommended to accompany 

threshold estimation. Incorporation of a group psychometric function allows a coherent 

interpretation of the estimated threshold for the group, and should give users of ASTM E679 

greater confidence. For studies with a primary interest in individual threshold estimates or 

with an objective of segmenting sensitivity groups, the method outlined by ASTM E679 

might not be a suitable method.  

8.2.2   ASTM E1432 

As the improved counterpart of ASTM E679, ASTM E1432 finds individual 

thresholds by fitting psychometric functions. The threshold estimate from this method is 

claimed to be the conventional midpoint threshold (ASTM, 2011a). In this thesis, this 

method has been referred to as the variable-slope psychometric function, to differentiate it 

from the other methods introduced for the purpose of fitting individual psychometric 

functions. This method was implemented in three studies described in separate chapters 

(Chapter IV, Chapter V and Chapter VII).  

8.2.2.1   Comparison between ASTM E1432 and E679 

 Costell et al. (1994) conducted the first comparative study of ASTM E1432 and 

E679 using two gustatory stimuli. The threshold estimates calculated by each method 

appeared comparable, with the estimates from ASTM E1432 being slightly higher. These 

findings were replicated by Kolpin and Shellhammer (2009) for thresholds for bitterness, 
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and then by Senthil and Bhat (2011) for thresholds for cardamom flavours. Comparison of 

the two methods in terms of estimating odour thresholds has been lacking until a recent 

study. In this research background, Cliff et al. (2011) compared the odour thresholds for 

three sulfur compounds with 24 judges using the two ASTM methods. ASTM E1432 

yielded significantly higher group thresholds as compared with ASMT E679, across all test 

conditions.  

In this thesis, a comparison between ASTM E679 and E1432 was first conducted in 

Chapter V. On the group level, the threshold estimate obtained by ASTM E1432 were the 

higher than those from ASTM E679 for eight odorants, albeit non-significantly. On the 

individual level, significant differences were observed between ASTM E1432 and ASTM 

E679 for all of the odorants. Chapter VII expanded on this investigation. Individual 

thresholds obtained using these two methods based on six replications were compared by 

analyses of variance; the results revealed a significant difference for only one of the 10 

tested odorants. This odorant was isovaleric acid, for which ASTM E1432 gave a 

significantly lower threshold than E679. Although the threshold estimates were found to be 

similar between these two methods for the remaining odorants, the thresholds obtained 

using ASTM E1432 were lower than those from ASTM E679 for most of the odorants. The 

exceptions were 1,8-cineole and β-damascenone, which are also the two odorants that 

exhibited the most positively skewed distributions (refer to Table 7.4). The results obtained 

for these two odorants are discussed separately. The pattern observed for most of the 

odorants is in line with Cometto-Muñiz and Abraham (2009) who fitted individual 

psychometric functions with 35 replications. They found that the variable-slope 

psychometric function renders lower odour thresholds compared to using “the criterion of 

fixed performance”, such as ASTM E679. These authors drew this conclusion by making 

comparisons across their studies; there is unfortunately no information on whether the 

differences between using the psychometric function and the fixed performance criterion 

were significant or not.   

Overall, findings from Cometto-Muñiz and Abraham (2009) and the present study 

are different from prior work presented earlier. The inconsistent findings might be explained 

by an extraneous factor in the experimental design. Martineau et al. (1995) noted that the 
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number of test replications could have different effects on the implementations of ASTM 

E1432 and E679, although these authors did not elaborate on the reasons for these different 

effects. This proposition is perhaps based upon an assumption that an increasing number of 

test replications improve the outcome from ASTM E679 and ASTM E1432 to different 

extents. An increase in the number of test replications benefits the use of ASTM E1432 by 

enabling a more precise psychometric function, through which the biasing effects due to 

responding errors can be reduced (i.e. guessing or making inattentional errors). With ASTM 

E679, an increased number of test replications can possibly rectify the biases due to 

responding errors, but the biases persist if similar responding errors occur repeatedly.   

8.2.2.2   Cautions against implementing ASTM E1432 

Due to the fact that ASTM E1432 has a stronger theoretical basis, the thresholds 

estimated by this method are usually claimed to be more reliable (ASTM, 2011a). The 

present thesis however found that the thresholds obtained with ASTM E1432 had relatively 

poor test-retest reliability, compared to some of the other methods evaluated (Chapter IV 

and Chapter VII). The correlation coefficients of the thresholds across different testing days 

were still roughly in line with the other methods for seven of the 10 tested odorants; 

however they were negative for hircinoic acid, isovaleric acid and vanillin. Negative 

correlation of odour thresholds across testing days has never been observed with other 

methods or elsewhere in the literature. The assessment of test-retest reliability was carried 

out by computing the correlation between the thresholds estimated on separate testing days, 

each comprising two test replications. The limited number of test replications gave a 

disadvantage to the methods based on fitting psychometric functions, particularly to the 

variable-slope psychometric function. The variable-slope psychometric function is the only 

method that requires estimation of the slope parameter for individual functions, for which 

the number of test replications is the most crucial. Given the problem inherent in the 

employed analyses, the outcome from the comparisons of the test-retest reliability might 

overstate the concerns about the test-retest reliability of ASTM E1432. Nevertheless, it is of 

concern that ASTM E1432 is more likely to have inferior test-retest reliability, especially 

when the dataset comprises a limited number of test replications. 
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In addition, the across-method comparison of the threshold distributions also 

presented evidence against the quality of the thresholds estimated by ASTM E1432. The 

threshold distributions given by ASTM E1432 often disagree with those from other methods 

(refer to Figure 5.4 and 7.1). The descriptive statistics for the obtained threshold 

distributions (skewness and kurtosis) provided easier comparisons of distributions across the 

different methods (Chapter VII). Some clear evidence for the discrepancies between ASTM 

E1432 and the other methods was provided by cis-3-hexen-1-ol, isovaleric acid and vanillin, 

for which ASTM E1432 estimated negatively skewed distributions whereas the other 

methods estimated positively skewed distributions.  

According to the literature on auditory psychometric functions, acquisition of a 

reliable psychometric function with an accurate estimation of slope requires 200-300 test 

replications at each concentration level from each judge (Kontsevich & Tyler, 1999; M. R. 

Leek et al., 1992). When an accurate slope is not critical, a reasonable threshold estimate 

still requires 30 test replications (Kontsevich & Tyler, 1999; Macmillan & Creelman, 2005). 

O’Regan and Humbert (1989) used Monte Carlo simulations to demonstrate the negative 

impact of small numbers of test replications on the threshold and the slope of the 

psychometric function. Significant biases were observed in both the threshold and slope 

estimates when the simulation included 10 to 20 test replications. 

Based on these findings in the auditory research, Morrison (1982), in her review of 

Dravnieks, Schmidtsdorff, and Meilgaard (1986), stated that it is a false economy to collect 

fewer replications, which leads to inaccurate threshold estimates and eventually erroneous 

decisions. Morrison (1982) also proposed a collection of over 20 test replications to be 

appropriate for fitting a psychometric function for individuals. Cometto-Muñiz and 

associates have conducted a series of studies of odour thresholds based on psychometric 

functions (Cometto-Muñiz & Abraham, 2009a, 2009b, 2010; Cometto-Muñiz et al., 2002). 

Review of their studies indicates a clear pattern of methodological change, one of the most 

prominent being an increase in the number of test replications. The most recent odour 

threshold study from Cometto-Muñiz used 28 test replications for each judge in order to fit a 

psychometric function for individuals (Cometto-Muñiz & Abraham, 2009b). This approach 

was employed in the study described in Chapter V. The individual psychometric functions, 
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fitted to 30 test replications, also exhibited excellent statistics for goodness-of-fit. Overall, 

both prior theoretical discussion and empirical practice have highlighted the importance of 

the number of test replications in implementing ASTM E1432. 

8.2.2.3   Suitable applications for ASTM E1432 

The primary advantage of ASTM E1432 arises from its sound theoretical 

underpinnings. The threshold obtained by ASTM E1432 is consistent with the contemporary 

psychophysical definition of empirical threshold. Despite the theoretical advantages, ASTM 

E1432 in this thesis observed relatively poor test-retest reliability. This finding suggests 

employing caution against the empirical use of this method. Doty et al. (1995) adopted the 

perspective of Chapman and Chapman (1978) who emphasised the importance of test-retest 

reliability in developing a method for certain measurements. For measurements like odour 

thresholds, the exact values to be expected are unknown, and test-retest reliability thus 

becomes a prerequisite to validity. Otherwise, differences in the threshold estimates can be 

either due to inconsistency of measurement or due to differences in physiological or 

psychological processes purportedly measured by the test. 

Previous literature indicates increasing the number of test replications improves the 

precision of the psychometric function. The test-retest reliability of the thresholds estimated 

by ASTM E1432 would be expected to improve correspondingly. ASTM E1432 states that 

“more than 20-40 3-AFC presentations per individual” are required to deliver a midpoint 

threshold for individuals. Assuming a testing employed a concentration series with five 

levels, the total of 20-40 presentations gives only four to eight test replications. A more 

stringent set of requirements is demanded for the future application of this method. Based 

on the findings from previous studies, 20-30 test replications seem to be appropriate. Given 

the practical challenges in collecting olfactory response data, to fulfil such a requirement 

perhaps means a reduction of the number of judges tested. Thus, ASTM E1432 may be less 

useful when the primary interest of the research lies in the threshold distribution across the 

population.  
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To summarise, ASTM E1432 has sound theoretical underpinnings, which allows 

accurate threshold estimates for individuals to be produced. However, utilising its 

theoretical advantages requires an ample amount of data from each judge. This thesis 

included two studies on ASTM E1432; one study collected 32 and the other collected 48 

replications. Both of the studies satisfied the requirement for the number of test replications 

listed in ASTM E1432, but neither provided convincing threshold estimates. These findings 

suggest the data requirement specified in ASTM E1432 (i.e. 20-40 3AFC presentations) 

should be reconsidered. Nevertheless, ASTM E1432, in prescribing complete psychometric 

functions, is the only method that is consistent with the modern psychophysical approach for 

threshold estimation. This method is recommended particularly when the slope parameter is 

of interest.  

Another suitable application of ASTM E1432 is to make comparisons of threshold 

estimates across different psychophysical tasks. ASTM E1432 also has a unique advantage 

over the other methods assessed in this thesis of best accommodating signal detection theory 

(SDT). This will be discussed separately in the later section on thresholds of SDT (Section 

8.5). 

8.3   Development of New Alternatives for Odour Threshold Estimation 

8.3.1   Fitting Group Psychometric Functions 

Fitting psychometric functions with aggregate data has gained increasing popularity 

since Lawless’ (2010) graphical method. This method involves fitting a psychometric 

function to the p(c) calculated with the responses from all individuals in the group. Review 

of the literature suggests that the group psychometric function has a wide range of 

applications, from comparing odour detection of single chemicals and binary mixtures 

Cometto-Muñiz, Cain, Abraham, and Gola (1999), to investigating the effects of training on 
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olfactory sensitivity (Tempere et al., 2011), to elucidating differences in odour thresholds 

estimated by different calculation methods (Peng et al., 2012).  

Review of the prior applications of the group psychometric function suggested that 

they differed in the importance placed on the slope or the intercept parameter. To be more 

specific, Cometto-Muñiz et al. (1999) and Peng et al. (2012) focused on estimating the 

intercept of the psychometric function which is the midpoint threshold, whereas Tempere et 

al. (2011) placed their focus on understanding the slope parameter of the function. This 

thesis examined the group psychometric function in Chapter III and Chapter VI, which 

focus on the intercept and the slope parameter, respectively.  

In previous studies and this thesis, the intercept of the group psychometric function 

is used as the midpoint threshold for the group. This threshold refers to an odorant 

concentration that 50% of the group would be able to detect. Earlier sections have presented 

detailed discussions about the relationship observed in the studies outlined in this thesis 

between the group psychometric function and the calculation heuristic in ASTM E679 

(Section 8.2.1.3). Lawless (2013) concluded two advantages for the use of the group 

psychometric function. The primary advantage lies in its simplicity. This method does not 

require estimating individual thresholds; therefore it circumvents the problems caused by 

lucky guesses on individual trials, which is actually one the major concerns about ASTM 

E679. The second advantage of the group psychometric function is to estimate other levels 

of detection. An example given by Lawless (2013) was to estimate a threshold at which 25% 

of the population can detect a certain substance. The flexibility in determining thresholds at 

different p(c) is particularly useful for determining off-flavour thresholds in food science. A 

conventional midpoint threshold at which 50% of the population can detect the substance is 

not very useful under this circumstance.  

There is another group of studies, focused on the slope parameter of the group 

psychometric function. In other sensory modalities, the slope of psychometric functions has 

been found useful for differentiating sub-groups of judges in the general population, or 

making comparisons across experimental conditions. Some examples of these studies 

include comparing the slopes of psychometric functions between children and adults for 

tone detection in noise (Allen & Wightman, 1994), assessing the effects of transient convert 
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attention on the slope of psychometric functions for contrast sensitivity (Cameron et al., 

2002), and separating judges with normal and impaired-hearing by the function slopes for 

frequency discrimination (Turner & Nelson, 1982). This type of research has recently 

extended to the olfactory domain. Tempere et al. (2011) attempted to demonstrate the effects 

of training in wine tasting by assessing the slopes of the psychometric function for an expert 

and a naïve group. A flatter function was observed for the naïve group rather than for the 

expert group.  

The present thesis endeavoured to further understand the determinants of the slope of 

the olfactory psychometric function. Findings suggested that the slope of the group 

psychometric function is not the same as the slope of the individual psychometric function 

(Chapter VI). Through detailed investigations, it was found that a group psychometric 

function, based on the p(c) collated from all judges, does not only depend on the steepness 

of individual psychometric functions but also the level of variation across the intercepts of 

the individual functions (i.e. variation across the midpoint threshold of individuals). The 

effect of the latter on the group slope is demonstrable if assuming the individual 

psychometric functions have the same slope. Collating individual psychometric functions 

with similar intercepts is expected to yield a steep group function, and collating individual 

functions with very different intercepts would yield a flat group psychometric function. This 

effect of variation across the individual thresholds is often overlooked in these studies. With 

an assumption that individuals have identical slopes, effects of the variability of thresholds 

can be modelled in isolation. In that case, a higher level of variation of thresholds across the 

individuals leads to a reduction in the steepness of the function, yielding a flatter curve. This 

relationship was also relevant in explaining the results from Tempere et al. (2011) where the 

function for the overall group appeared flatter than that of either sensitivity group. Given 

this finding, extra care needs to be applied when interpreting differences in the slope of 

functions for separate groups. If the variability of thresholds is not dealt with adequately, 

any conclusion of group differences risks being oversimplified. Further research is required 

for a more coherent understanding of the slope parameter of olfactory psychometric 

functions.  
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8.3.1.1   Suitable applications of the group psychometric function 

Bi and Ennis (1998) endorsed the method of obtaining a group threshold estimate 

through a probability function based on group data. They believed that obtaining individual 

threshold estimates is not a necessary step for acquiring a group threshold estimate, 

particularly given practical difficulties. Their assertion is based on the logic that “we cannot 

expect to gain more precision for an estimate of a population [group] threshold from 

repeated tests on an individual because the variation among individuals is the main error 

source in estimating population [group] thresholds” (p. 136). However, caution needs to be 

applied when conceding to this idea. There are two major concerns. First, research has 

shown that the number of test replications improves threshold outcomes (Rabin & Cain, 

1986; D. A. Stevens & O'Connell, 1991; J. C. Stevens & Dadarwala, 1993). The second 

concern is the relationship between the variability in the sensitivity of individuals and the 

steepness of the group function. It is prudent to assume the estimated threshold for the group 

can be biased due to incorrect information about the slope parameter (Macmillan & 

Creelman, 2005). Therefore, the group psychometric function is only recommended for 

providing an approximate threshold for the group. 

8.3.2   Development of Group-slope Psychometric Function 

Acknowledging the methodological weakness of ASTM E679 and ASTM E1432, 

odour threshold estimation requires a new method with improved theoretical validity and 

reliability. Four specific objectives for this new method are that it: 1) has sound theoretical 

underpinnings; 2) can be applied to a dataset with a practically viable number of test 

replications; 3) produces acceptable test-retest reliability; and 4) is able to estimate the 

threshold distribution for the individuals.  

This thesis proposed a new method that has the potential to fulfil the above 

objectives. This method is to fit a psychometric function with a fixed slope to individual 

data. By circumventing estimation of the slope parameter, the process of fitting 

psychometric functions requires fewer test replications than fitting a conventional 
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psychometric function (Macmillan & Creelman, 2005). With the same slope parameter, the 

sigmoid function for each individual is shifted laterally to coincide best with the data. To 

test the assumption of invariant slope across individuals, data was collected to build a full 

psychometric function, with fitted slope and intercept, for each of three judges. An 

assessment based on the conventional psychometric functions only revealed small 

differences in the slopes between individual judges (Chapter V).  

This thesis initially proposed to use the slope obtained by the group psychometric 

function for fitting the fixed-slope functions. This method has been referred to as the 

“group-slope psychometric function”. Justification for adopting the group slope hinges on 

the fact that the group psychometric function is the average of the individual psychometric 

functions. Without knowing the value or the determinants of the slope for the psychometric 

function, the slope from the group function appeared appropriate to use. Thresholds 

obtained with this method have been assessed in Chapter V and Chapter VII.  

Chapter V evaluated the method of fitting group-slope psychometric functions by 

comparing the estimated thresholds against those from ASTM E679. The results did not 

reveal any major difference in the group threshold estimates or in the threshold distributions. 

The most notable difference between these two methods was observed for individual 

threshold rankings in the group. Replacing ASTM E679 with the group-slope psychometric 

function led about one-third of the judges to move in sensitivity rankings by 10% or more in 

the group. These changes were found to occur in a symmetrical manner, which means the 

ranking was lowered for a half of the judges whose rankings were affected, and was raised 

by an equal amount for the other half. Cancellation of changes in threshold in opposite 

directions led to the seemingly unchanged group threshold and distribution. The individual 

thresholds obtained with the group-slope psychometric functions are considered more 

reliable in comparison to ASTM E679, given its more solid theoretical basis. The thresholds 

obtained by ASTM E679 on the other hand are vulnerable to biases caused by correct 

guessing, adaptation or inattention. 
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8.3.2.1   Cautions against the use of group-slope psychometric functions 

Although the above findings did not present any contrary evidence against the use of 

the group-slope psychometric function, further inspection suggested a lack of robustness 

with this method (Chapter VII). A few analyses showed unfavourable characteristics to the 

thresholds obtained with the group-slope psychometric function. 

First, the test-retest reliability for the group-slope psychometric function was 

demonstrated to have inferior test-retest reliability as opposed to some of the other methods 

under investigation. The test-retest reliability for the group-slope psychometric function was 

consistently poorer than that for the optimal-slope psychometric function or ASTM E679. 

For three odorants (hircinoic acid, dipropyl disulfide and β-damascenone), reliability was 

shown to be even lower than for the variable-slope psychometric function.  

Second, the group-slope psychometric function led to an unsatisfactory goodness-of-

fit for one odorant (isobutyraldehyde, P < .001). The goodness-of-fit improved considerably 

when fitting the fixed slope psychometric function with an optimal slope (P = .068). The 

optimal slope is a slope value that results in the optimal goodness-of-fit for all the individual 

psychometric functions. Comparison between the group slope and the optimal slope for this 

odorant reveals a large difference (group slope – optimal slope = 0.939). The inaccurate 

group slope is likely to be attributed to the relatively high level of variation between the 

individual thresholds, which contributes to flattening the group psychometric function. This 

proposition is linked to the earlier discussion about the relationship between the steepness of 

the group psychometric function and the level of variation across the individual thresholds.   

Third, the group-slope psychometric function produced significantly lower threshold 

estimates for three odorants (1, 8-cineole, β-damascenone and β-ionone), as opposed to the 

variable-slope psychometric function, optimal-slope psychometric function and ASTM 

E679. Exploration of the data for 1, 8-cineole and β-ionone revealed that they had the least 

number of judges among all of the odorants (1, 8-cineole: N = 27; β-ionone: N = 18). The 

small sample size is suspected of producing an inaccurate slope parameter for the group 

psychometric function. Relatively, β-damascenone appears to have an adequate sample size 

(N = 40). A closer inspection of the individual threshold estimates for this odorant also 



Chapter VIII 

218 

 

 

suggested a high level of variation across the individual thresholds. This high level of 

variation is expected to lead to an erroneously high value of the slope parameter for the 

group psychometric function (flatter curve). When comparing the group slope parameter to 

the optimal slope parameter of each odorant, 1, 8-cineole, β-damascenone and β-ionone are 

the three odorants for which the largest differences were obtained.  

8.3.2.2   Suitable applications of group-slope psychometric functions 

The group-slope psychometric function was explored to find a better method to 

incorporate psychometric functions into individual threshold estimation. In this thesis, the 

first application of the group-slope psychometric function, based on a dataset comprising 

100 judges, provided some positive findings about this method, which encouraged further 

investigation of fitting psychometric functions with fixed slope. However, earlier discussion 

suggested that the group slope is affected by the level of variation across individual 

sensitivity. Since an individual’s threshold falls into a small window in the population range, 

the slope estimate for the group function must be larger than the individual fixed slope. This 

deduction challenges the use of the group slope for implementing the fixed-slope 

psychometric function. In the study subsequent to the investigation of the group-slope 

psychometric function, a new method for fitting psychometric functions with fixed slope 

was developed – the optimal-slope psychometric function. This method is demonstrated to 

be an improved substitute for the group-slope psychometric function. 

8.3.3   Development of the Optimal-slope Psychometric Function 

The optimal-slope psychometric function was developed subsequent to the testing of 

the group-slope psychometric function. For implementing this method, the slope parameter 

is fixed at a value that results in the best goodness-of-fit across all the individual functions. 

The optimal-slope is smaller than the group-slope parameter for the same dataset, resulting 

in steeper individual functions (Chapter VI). The reduction in the slope estimate was 

expected given that the group slope is reduced with an increasing level of variation in 

individual sensitivity. It is therefore reasonable to assume that the optimal-slope is closer to 
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the “true” slope of the psychometric function for individuals. Further analyses investigated 

whether such a refinement of the fixed-slope value makes any practical difference to the 

threshold outcomes (Chapter VI), test-retest reliability and concurrent validity (Chapter VII).  

In the comparison between the group-slope and the optimal-slope psychometric 

functions, the most apparent difference lies in the statistics of goodness-of-fit. Employment 

of the optimal slopes led to substantial improvement for the functions fitted to all of the 

odorants. The goodness-of-fit for β-ionone changed from poor with the group-slope 

psychometric function to excellent with the optimal-slope psychometric function. For most 

of the tested odorants, the thresholds estimated by the optimal-slope functions were found to 

be higher than those estimated by any of the other methods included in the thesis (Chapters 

VI and VII). The differences reached the level of significance when they were from 

comparisons to the variable-slope (i.e. ASTM E1432) or the group-slope psychometric 

function. Results for the optimal-slope psychometric function and ASTM E679 were similar 

for some of the tested odorants.  

The thresholds obtained by the optimal-slope psychometric functions were supported 

by the follow-up analyses in Chapter VII. Of the methods under investigation, the optimal-

slope psychometric function was demonstrated to give the best test-retest reliability for 

seven of the 10 odorants. For the remaining three odorants (isobutyraldehyde, β-

damascenone and β-ionone), ASTM E679 provided the best test-retest reliability. Based on 

the previous discussion, the test-retest reliability for ASTM E679 can be misleading if the 

thresholds are estimated by endpoint rules. Exploration of the response data suggested that 

the endpoint was required most frequently for the above three odorants, which perhaps 

explains the increased uniformity in the thresholds obtained by ASTM E679 in these cases.  

More support for the optimal-slope psychometric function was obtained by 

examining the methods for their concurrent validity. The comparisons of the threshold 

values obtained by the different methods to those reported in the previous literature were not 

indicative as to which was the optimal method. This was because, for most of the odorants 

included in this thesis, reported threshold ranges in the literature were wide enough to 

encompass the threshold values obtained by any of the tested methods.  
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The optimal-slope psychometric function was demonstrated to have a relatively good 

concurrent validity through comparisons with respect to the threshold distributions. 

Comparison of skewness and kurtosis of the distribution for β-ionone to Tempere et al. 

(2011) indicated that ASTM E679 and the optimal-slope psychometric function produced 

similar skewness and kurtosis for this particular odorant. A higher level of similarity 

between these two methods and the previous literature was also visually demonstrated with 

the threshold distributions for isovaleric acid and β-damascenone. 

8.3.3.1   Summary of the optimal-slope psychometric function 

Overall, the optimal-slope psychometric function is an improved alternative for 

estimating odour thresholds using datasets from the 3AFC method of limits. Findings from 

this thesis suggest that fitting optimal-slope psychometric functions can essentially replace 

the calculation heuristic prescribed in ASTM E679. The better performance of this method 

is not only verified by the theoretical discussion, but also demonstrated by empirical 

evaluations. Although purists may still be concerned about fixing the slope parameter at a 

given value for individual psychometric functions, consideration must be given to the 

practical constraints in odour threshold studies. Estimating slopes for individual 

psychometric functions is not a viable option in most practical settings. The optimal-slope 

psychometric function is justified as being a good compromise. For studies with the sole 

objective of obtaining accurate threshold estimates for individuals, a conventional 

psychometric function is still the method of choice.  

8.4   Methodological Effects on Odour Threshold Variability 

Human olfactory sensitivity is known for its enormous variability (Amoore & Hautala, 

1983; D. A. Stevens & O'Connell, 1991; J. C. Stevens et al., 1988). Chapter I of this thesis 

grouped the variability into three sources: inter-individual, intra-individual and inter-study. 

The review of literature suggests that there remains a lack of knowledge on any of these 

sources of variability, although there has been a gradual increase in understanding of the 

variation in olfactory sensitivity. There is an increasing number of researchers directing their 

attention to odour psychophysical methodology (Hyman, 1977; Lawless, 2013; Passe & 



Chapter VIII 

221 

 

 

Walker, 1985; Punter, 1983; Walker et al., 2003; Walker & Jennings, 1991). The declining 

interest in traditional factors, and the increasing recognition of methodological effects, 

collectively supported this argument that much of the variation in odour thresholds is 

attributable to issues of experimental precision. This section primarily discusses the effects of 

methodologies on the elucidation of variability in olfactory sensitivity.  

8.4.1   Inter-individual Variability 

Studies in this thesis, by comparing the standard error of the thresholds obtained by 

different methods, revealed that inter-individual variability could be influenced by a range 

of factors. Based on the previous literature, a range of variables, such as age, sex, and 

smoking habits have been found to have some level of effect on an individual’s threshold. A 

brief literature review is provided in Chapter I. This thesis primarily focused on 

understanding the effects of estimation methods on inter-individual variability.  

The inter-individual variability of odour thresholds has a very notable feature, in that, 

it is odorant-specific. The amount of inter-individual variability, measured by the standard 

error of the individual thresholds (in log10 units) ranged from 0.379 (F10: β-ionone) to 0.051 

(dipropyl disulfide), (estimated by the optimal-slope psychometric function). In order to be 

consistent with the quantification used in previous literature, the variability across 

individuals is also expressed by the log units of the threshold range, which is 5.54 for β-

ionone and 1.29 for dipropyl disulphide. A further inspection of the standard error of the 

thresholds indicates that four odorants have higher values than the others. These odorants 

are 1,8-cineole, isobutyraldehyde, β-damascenone and β-ionone. Their threshold 

distributions share a common feature of being bimodal or close to bimodal. The bimodality 

is to be expected in light of specific anosmia which have been previously reported for these 

odorants: 1,8-cineole (Pelosi & Pisanelli, 1981), isobutyraldehyde (Amoore, 1976), β-

damascenone and β-ionone (Plotto et al., 2006). Specific anosmics are individuals who have 

a generally good sense of smell, but exhibit poor sensitivity to a particular odorant. Poor 

sensitivity is defined by two standard deviations below the average sensitivity (Amoore, 
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1971; Plotto et al., 2006). Jaeger et al. (2013) also observed a high level of inter-individual 

threshold variability for odorants associated with specific anosmia. 

The level of inter-individual variability did not change significantly when the 

method for threshold estimation was changed. Study of the shape of the threshold 

distributions lent support to ASTM E679 and the optimal-slope psychometric function. 

Relatively close resemblance was observed between the distributions obtained by these two 

methods and those established in the literature (Chapter VII). 

8.4.2   Intra-individual Variability 

Another important question that is of long-term interest is about the stability of 

olfactory sensitivity for a particular individual. This type of variability was discovered 

relatively later, because olfactory studies of large groups had led to a common impression 

that the inter-individual variation was overpowering (Cain & Gent, 1991). J. C. Stevens et al. 

(1988) in an oft-cited publication, stated that the intra-individual variability can be over five 

orders of magnitude. Their findings had concerned the researchers who integrated threshold 

data collected over different days for a given individual, or from different individuals. More 

prominently, if the intra-individual variation is as large as claimed, there would perhaps be 

little payoff from any compilation of odour thresholds based on laboratory work.  

Fortunately, subsequent work such as J. C. Stevens and Dadarwala (1993) or Walker 

et al. (2003) reported a much lower variability than was suggested by J. C. Stevens et al. 

(1988), although they both maintained that the variation between the test replications 

perhaps contributes more to the variation in odour thresholds than other uncontrolled factors. 

Walker et al. (2003) asserted that J. C. Stevens et al. (1988) observed a larger-than-actual 

intra-individual variability because they paid less than optimal attention to some 

methodological factors. 

Findings from this thesis agreed with Stevens and Dadarwala (1993 and Walker et al. 

(2003). Evidence for a relatively small intra-individual variability was obtained by analysing 

the test-retest reliability of the thresholds across testing days. The optimal-slope 
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psychometric function yielded the best test-retest reliability; the correlation coefficient 

between testing days for this method is 0.590 across the odorants (Chapter VII). Of the 

tested methods, the variable-slope psychometric function (i.e. ASTM E1432) was shown to 

produce relatively low correlation coefficients, the average being 0.36. This low correlation 

coefficient is in part due to the negative coefficients estimated by this method for hircinoic 

acid, isovaleric acid and vanillin. This finding has been discussed earlier when evaluating 

the variable-slope psychometric function. The negative correlation coefficients are believed 

to be a consequence of this weak method, rather than an accurate reflection of intra-

individual fluctuation. 

A closer inspection of the thresholds obtained on the same day suggested that the 

individual thresholds fluctuated less if they were measured on the same day. Nevertheless, 

the advantage of same-day testing must be weighed against two possible unwanted effects of 

prolonged testing – adaptation and fatigue. A carefully paced testing procedure is critical so 

that the judges can recover their olfactory ability. In J. C. Stevens et al. (1988), each judge 

performed 20 test replications of the method of limits with 2AFC presentation. The testing 

was progressed over 10 concentration levels and terminated when the judge responded 

correctly five times each at two successive concentration levels. Assuming a judge reached 

the criterion for completion at the fifth concentration level, this judge has probably been 

exposed to about 50 odorant samples within a short period of time. It is reasonable to 

assume that this excessive amount of exposure would result in olfactory adaptation and 

fatigue, particularly for the judges with higher thresholds.  

Another aspect of intra-individual variability in odour thresholds relates to an 

individual’s sensitivity across the odorants. This thesis analysed the correlation between an 

individual’s sensitivities to the different odorants. The object of this analysis was to discern 

whether an individual’s sensitivity to one odorant predicts the sensitivity of this individual 

to other odorants. No strong correlation was obtained in this analysis, irrespective of the 

method used for threshold estimation (Chapter VII). The correlation obtained by the 

variable-slope function (r = 0.032) was considerably smaller in comparison to other 

methods. The correlation coefficients obtained with the remaining three methods were 

similar to the results from a group of the previous studies (from rpearson’s = 0.210 for ASTM 
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E679 to rpearson’s = 0.242 for the group-slope psychometric function). For instance, K. S. 

Brown et al. (1968) found an average of 0.23 for all pairs of eight odorants; Punter (1983) 

obtained an inter-odorant coefficient of 0.28 among 10 odorants. These findings present a 

case against the proposal of extrapolating a general sensitivity for a particular judge based 

on threshold tests of a few odorants as suggested by Yoshida (1984), who observed an 

average inter-odorant correlation of 0.47 for the 10 odorants.  

8.4.3   Inter-study Variability 

The inter-study variability in odour thresholds, influenced by both the inter-

individual and intra-individual variability, is the most complex to understand. Amoore and 

Hautala (1983) noted that the variability across laboratories for a particular odorant covers a 

range of six orders of magnitude. This marked variation raises a troubling question about 

any effort to make inter-study comparisons. Based on the prior discussion about the effects 

of methodological factors on inter-individual or intra-individual variability, a prerequisite 

for making comparisons across studies is that the methods in each study are able to produce 

valid and stable threshold estimates. This thesis proposes a few insights into making 

comparisons across the threshold estimates obtained by different methods. 

The analyses in this thesis included many comparisons to previous compilations of 

thresholds. A literature review located the threshold range for six of the 10 odorants tested 

in this thesis, and an average threshold for one odorant (2-heptanone). Five of the published 

threshold ranges encompass the thresholds obtained herein; only the range for cis-3-hexen-

1-ol appeared to be higher than the thresholds obtained in this thesis. However, the threshold 

range reported in the literature is too wide to provide much information about threshold 

accuracy. On the other hand, the threshold distribution seems to be a much more useful 

apparatus for comparing the threshold estimates obtained by different studies. The analyses 

in Chapter VII demonstrated such a comparison of threshold distributions to Tempere et al. 

(2011). Discrepancies between the threshold distributions from different studies are 

sometimes visually detectable, such as shown by the cross-method comparisons in Figure 

7.1. When the changes inherent to distributions are minor, it is of great assistance when 
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making inter-study comparisons if the statistics of the distributions like skewness or kurtosis, 

are included. 

Chapter IV included a comparative study between the 3AFC method of limits 

delivered with wine glasses and 2AFC three-down, one-up staircase delivered with Sniffin’ 

Sticks. One of the most notable findings was that the odour dispensing device has dominant 

effects on the value of the threshold estimate. For instance, the average threshold estimate 

for cis-3-hexen-1-ol obtained with Sniffin’ Sticks is 5.8 times larger than the estimate 

obtained in the study using glasses. Although this is perhaps in part contributed to by the use 

of different psychophysical tasks, the differences due to the change of the odorant dispersing 

device is found to overpower the differences due to other factors. Similar comments on the 

effect of odorant dispersing devices were made by Punter (1983). This is possibly related to 

the levels of nasal pungency produced by each type of dispersing device. Cometto-Muñiz, 

Cain, Hiraishi, Abraham, and Gola (2000) found that using glass vessels led to a 

significantly lower pungency threshold than squeeze bottles. More supportive evidence for 

glass vessels from that study showed that anosmics were able to reach a set pungency level 

using the glass vessels in comparison to the alternative. The higher level of pungency 

produced by glass vessels may be indicative of a better effectiveness in delivering odorous 

vapour. The effect of the odorant dispersing device on threshold values has made the 

comparison of threshold variability across studies even more challenging, because values of 

threshold estimates must be taken into consideration when assessing the variability across 

thresholds.  

Further investigation in Chapter IV indicated that the individual thresholds from the 

different methods are not in a linear relationship, which means that the threshold values 

cannot be rectified by a simple multiplier. This is explained by the fact that the empirical 

threshold is defined with reference to a particular performance level (Macmillan & 

Creelman, 2005). As introduced in Chapter I, when proportion correct is chosen to be the 

reference, the estimated outcome is dependent on response bias and the psychophysical task 

used. While most studies prevent response bias with controlled experiment design, little 

attention was given to the difference produced by different choices of psychophysical task 

for data collection. The threshold data compiled by Devos (1990) provided an excellent 
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exercise in method-related variation. In modern psychophysics, SDT modelling of different 

psychophysical tasks has revealed that different methods yield different threshold outcomes.  

8.5   Incorporation of Signal Detection Theory into Odour Threshold 

Estimation 

SDT provides a solution to increase comparability of thresholds obtained by 

different psychophysical methods. SDT defines threshold with a different reference – d′, the 

sensitivity parameter given in SDT. The threshold is neither contaminated by response bias 

nor affected by choice of psychophysical task. This threshold, referred to as the SDT 

threshold herein, adds transparency to threshold estimates obtained using different 

psychophysical methods.  

Applications of SDT in sensory science have been reviewed (Lee & O’Mahony, 

2007; Lee, van Hout, & Hautus, 2007; Van Hout, Hautus, & Lee, 2011). The important 

parameter of sensitivity in SDT - d'- has  been employed more frequently with gustatory 

research (Bi, Lee, & O'Mahony, 2010; Hautus et al., 2011b; Hautus et al., 2009; Stocks et al., 

2013), and has been gradually extended to olfactory research (Peng et al., 2012). The 

uncommon use of the SDT threshold in olfactory research is perhaps related to the 

unavailability of a method based on the psychometric function. Obtaining the SDT threshold 

is reliant on interpolating the psychometric function at a specific p(c) that is equivalent to 

the pre-determined d′ value for a specific task. Formula and tables for the conversions 

between d′ and p(c) are available in the literature (Frijters, Kooistra, & Vereijken, 1980; 

Green & Swets, 1966; Macmillan & Creelman, 2005). In this thesis, the SDT threshold is 

defined at d′ = 1.0, which is converted to p(c) of 0.633 on a psychometric function for 3AFC. 

Several methods assessed in this thesis are able to produce SDT thresholds for 

individuals, including the variable-slope, group-slope and optimal-slope psychometric 

function. With the group-slope or the optimal-slope psychometric function, the SDT 

thresholds for individuals (p(c) = 0.633) are systematically lower than the midpoint 

thresholds (p(c) = 0.667). The systematic shift of thresholds does not lead to any change in 
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the threshold distribution for a given odorant, but it increases the validity for making 

comparisons to other studies in which the thresholds are defined at the same d'. The use of 

SDT thresholds would assist studies such as Jaeger et al. (2012) or Horne et al. (2001) 

which involved comparisons of thresholds across psychophysical methods. 

In theory, the variable-slope psychometric function exploits the advantage of SDT 

thresholds to a greater extent. The threshold distributions defined by the SDT thresholds and 

the midpoint thresholds would be different given that the slope of each individual function is 

individually customised. In this thesis, Chapter IV compared the thresholds estimated by the 

3AFC method of limits and a three-down, one-up staircase method with the 2AFC task. For 

both of the odorants tested in that study (1, 8-cineole and cis-3-hexen-1-ol), closer 

resemblance was observed for the shape of the threshold distributions when the thresholds 

were estimated at the same d′. Because different odorant dispensing devices were employed 

for each task, the thresholds estimated by each task were not compared even after being 

converted to the same d′ value.  

The literature review and the empirical evidence provided in this thesis collectively 

suggest that SDT thresholds have the potential to reduce the variability of threshold estimate 

due to the use of different psychophysical methods. The incorporation of SDT into studies 

of odour thresholds will not only add transparency to the threshold estimates from different 

methods, but also embed the area of odour threshold estimation into a comprehensive 

psychophysical framework. 

8.6   Limitations  

A primary concern with this method is related to the judge’s choice of cognitive 

strategy when performing the 3AFC task prescribed by ASTM E679. As explained in 

Section 1.5.1.1, ASTM E679 adopts an instruction that is typically used for the triangle task 

instead of the standard instruction used for the 3AFC task. To be specific, the judge is 

required to identify the odd sample instead of the target sample. In the studies described in 

this thesis, the judges were informed that the odd sample would always be the sample that 
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contained the target odorant. However, there is a small chance that the instruction of 

selecting the odd sample encourages the judge to employ a cognitive strategy different from 

that normally used in a conventional 3AFC task. The judge might make a decision based on 

comparing the absolute difference between the sensory evidence arising from the three 

samples instead of selecting the “strongest” sample. The former is known as the 

“comparison of distances” strategy and the latter is known as the “skimming” strategy 

(O'Mahony, Masuoka, & Ishii, 1994). Profiling the exact cognitive strategy employed by a 

particular judge requires comparing the judge’s performance in the 3AFC task to his 

performance in another psychophysical task. The dataset obtained for this thesis did not 

allow such a comparison, thus the cognitive strategy used by judges, though most likely a 

skimming strategy, was not experimentally determined. 

Another factor that possibly affects fitting psychometric functions is the choice of 

the mathematical model. As introduced in Chapter I, various mathematical models are 

available for function fitting, including Gaussian, Weibull, Logistic and Gumbel. A problem 

frequently encountered in practical psychophysics arises from the correctness of the 

employed model. Unfortunately, the correctness of model is rarely known with certainty 

(Foster & Zychaluk, 2009). The Gaussian model was selected in this thesis because this 

function has a long history of usage in modelling empirical data (Blackwell, 1946; 

Wichmann & Hill, 2001b). The psychometric functions fitted with the Gaussian model were 

shown to provide adequate goodness-of-fit in general, but it is worth mentioning that the 

choice of mathematical model potentially has impact on the thresholds estimated by the 

psychometric function. However, the choice of model is known to have little effect on the 

threshold estimate because the range of variation in the estimated values is likely to be very 

small (Wichmann & Hill, 2001a, 2001b).  

Another possible limitation was that the conversion between d' and p(c) is based on 

an assumption that the judges performed at p(c)max in a psychophysical tasks. The point of 

p(c)max is illustrated in Figure 1.9 as the point on the ROC curve that intersects with the 

diagonal line. As detailed in Chapter I (Section 1.2.3.3), the p(c) resulting from a judge’s 

performance may deviate from p(c)max, when the judge responds more to one particular 

option. If the judge does not reach p(c)max, the equation used for conversion between p(c) 
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and d' is no longer correct. In this thesis, p(c)max is assumed. Such an assumption is based on 

a common belief that forced-choice tasks have less or even no response bias (Macmillan & 

Creelman, 2005; O'Mahony, 1992). However, without being empirically confirmed, the 

assumption of p(c)max must be taken into consideration when generalising the results from 

Chapter II and Chapter IV.  

The main datasets of this thesis were obtained by presenting odorant samples in wine 

glasses. Sniffin’ Sticks were used in a separate study, but were not used for testing the new 

method developed in this thesis, that is the optimal-slope psychometric function. 

Dependence on a sole delivery device perhaps constitutes another limitation for this thesis. 

Ideally, the results of the thesis can be validated through datasets obtained by different 

means, such as a dynamic olfactometer. A dynamic olfactometer is a device that allows 

odorous vapour to flow continuously through a sniffing configuration. This device gives 

more control over the delivered odorants (Cain, Cometto-Muñiz, & Wijk, 1992; Dravnieks 

& Jarke, 1980). Olfactometers have become a common apparatus for collecting high-quality 

olfactory data (Bliss, Schulz, Senger, & Kaye, 1996; Christoph & Drawert, 1985; Drawert & 

Christoph, 1984; Engen, 1982; Laing, 1983; Schmidt & Cain, 2010). The popularity of this 

device was partly due to its practical advantage of negating the need for daily solution 

preparation and disposal. A common olfactometer can accommodate a maximum of five 

judges to be tested at the same time. This is half of the judges tested in each session in the 

present study. Given the amount of olfactory response data demanded by this thesis, an 

olfactometer was not considered a suitable choice. 

A more specific limitation relates to the new method developed in this thesis – the 

optimal-slope psychometric function. Although this method has a coherent theoretical basis 

and has been demonstrated to be empirically useful, it was found (Chapter VII) that this 

method has reduced test-retest reliability when applied to odorants with bimodal 

distributions. This finding has indicated the possibility that individuals in different 

sensitivity groups may have different slopes; fitting psychometric functions for every 

individual judge using the same slope would therefore adversely affect the reliability of the 

optimal-slope psychometric function. Confirmation of this supposition will require further 

investigation on the differences between different sensitivity groups, in terms of the slope of 
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the psychometric function. An approach to circumvent this problem, caused by slope 

difference, would be to fit an optimal-slope psychometric function to each sensitivity group. 

8.7   Future Directions for Research 

One of the main accomplishments of this thesis was to develop a novel method for 

constructing fixed-slope psychometric functions. This method was demonstrated to be 

useful for providing thresholds of good quality in comparison to other methods, including 

the conventional psychometric function under certain circumstances. In future studies, this 

method should be further validated in several ways. The standard suggestions for employing 

the use of a new method would be replication studies with more odorants, other odorant 

delivery systems, and perhaps different psychophysical methods. In addition to these, the 

optimal-slope psychometric function could be tested extensively with auditory data. 

Optimal-slope psychometric functions can be fitted with a limited number of test 

replications, which is important to the employment of this method in the olfactory domain. 

Given the simplicity and promptness in collecting auditory data, the auditory psychometric 

functions are typically fitted with the conventional approach where both the intercept and 

the slope are fitted (He, Horwitz, Dubno, & Mills, 1999; M. R. Leek et al., 1992; Levitt, 

1971; Olsho et al., 1988; Taylor & Creelman, 1967). The more comprehensive conventional 

psychometric functions, possibly based on hundreds of replications, will facilitate validation 

of the optimal-slope psychometric function. In addition, a series of optimal-slope 

psychometric function can be fitted with successively larger numbers of test replications, so 

that more information can be gained on the relationship between the number of test 

replications and the stability of the function.  

Another direction for future studies, based upon the findings from this thesis, is 

further investigation of the slope parameter of the olfactory psychometric function. In this 

thesis, an important finding obtained from investigating the group psychometric function 

was that the slope parameter is influenced by the variability across the sensitivity of 

individuals. However, this is not the sole determinant of the slope parameter of the olfactory 
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psychometric function. Studies in vision and audition have frequently observed differences 

in the slope parameter across experimental conditions (Cameron et al., 2002) and age groups 

(Buss, Hall III, & Grose, 2009; He et al., 1999). In comparison, little is known about the 

meaning related to the slope parameter of the olfactory psychometric function.  

Studies of the slope parameter of the olfactory psychometric function are also 

required to address a limitation of the optimal-slope psychometric function discussed in the 

previous section. In this thesis, an assumption is established for use of the optimal-slope 

function, and that is, all individual judges to have the same slope parameter. Such an 

assumption has been empirically verified with one odorant (cis-3-hexen-1-ol), and has been 

proven empirically useful for all of the odorants with unimodal threshold distributions. 

However, this method may be less reliable when it is applied to odorants that are known to 

have distinctly separate sensitivity groups; typically the odorants associated with specific 

anosmia. An implication that arises from this finding is that different sensitivity groups may 

have different slope parameters; fitting psychometric functions for every individual judge 

using the same slope would therefore adversely affect the reliability of the optimal-slope 

psychometric function. In fact, it would affect any approach, including the conventional 

psychometric function, which attempts to fit one psychometric function (of any kind) to 

both sensitivity groups. This means that a complete validation of the optimal-slope 

psychometric function requires further testing with odorants which have a bimodal 

distribution. If the difference in the slope parameter is confirmed between the different 

sensitivity groups, an approach to overcome this issue is to fit optimal-slope psychometric 

functions separately to different sensitivity groups. 

Whilst the direction of future research seems clear, constructing optimal-slope 

psychometric functions for separate sensitivity groups is hindered by some factors. 

Progression of this investigation requires a substantial dataset that provides a sufficient 

number of judges in each sensitivity group. This is necessary because some odorants have a 

small percentage of specific anosmics. For instance, Amoore (1977) found that only 3% of 

the population is specifically anosmic to isovaleric acid. In this case, a sample size that is 

much larger than 100 judges (as employed in this thesis) is required to show a clear division 

between the normosmic and the anosmic groups. A more critical problem pertaining to this 
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investigation relates to the absence of an independent approach for classifying different 

sensitivity groups. A prerequisite for fitting optimal-slope psychometric functions to each 

sensitivity group is to be able to separate the judges into different sensitivity groups. If the 

proposed method (the optimal-slope psychometric function) is employed to establish 

different sensitivity groups, the validation process for fitting optimal-slope psychometric 

functions for different sensitivity groups will be threatened by a circular argument. The 

dilemma can be overcome by determining an independent or objective measure of the 

judge’s olfactory sensitivity; such an objective measure is the only solution to reliably 

classify groups with different sensitivities. This discussion has raised an important question: 

is there an objective measure of human olfactory sensitivity?  

An answer to the above question is likely to be achieved through collaboration with 

other disciplines. More specifically, it has a significant implication for the necessity of 

genetic testing of human olfactory sensitivity. A relationship between human genotypes and 

olfactory ability was first proposed by Wysocki and Beauchamp (1984) in their 

investigation of a biological odorant –androstenone. Recently, along with increasing 

interests in the role of olfactory sensitivity in food science, a series of studies has been 

conducted to find genetic basis for olfactory sensitivity for a range of other odorants (Gilbert 

& Kemp, 1996; Jaeger et al., 2013; Keller et al., 2007; McRae et al., 2013; Menashe et al., 

2007)  . A consensus has been reached that genotypic variation accounts for a significant 

proportion of the variance in human olfactory sensitivity. With the infiltration of genotyping 

in olfactory research, the potential for an objective standard by which to evaluate various 

threshold estimation methods may finally be possible. 

8.8   Conclusion 

Odour threshold estimation, as a historical subject, has been studied over decades in 

a variety of disciplines. Although estimating sensory threshold is a psychophysical topic, the 

demands for odour thresholds are often observed in fields like nutrition, pathology, or the 

food and fragrance industry. Measuring olfactory thresholds is generally recognised as a 
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more laborious process in comparison to estimating thresholds from other sensory 

modalities. The approach based on modern psychophysics requires a large set of test 

replications to give a valid threshold estimate. Practical challenges inherent in the collection 

of olfactory response data have hindered methodological advancements in estimating odour 

thresholds. The current endeavour was undertaken within this research backdrop. 

This thesis presents a systematic review of the theoretical basis of two international 

standards for estimating odour thresholds – ASTM E679 and E1432. The discussion 

highlighted theoretical issues in the practical world of odour threshold estimation. 

Furthermore, this thesis developed novel methods – group-slope and optimal-slope 

psychometric functions – that are consistent with modern psychophysical theories and 

operate within the practical constraints. These new methods were validated against the 

standard methods and the conventional psychophysical procedures. All of these methods 

were tested for test-retest reliability, reproducibility of threshold distributions, and 

concurrent validity. The method of fitting an optimal-slope psychometric function, in 

providing a practical usefulness while maintaining theoretical validity, is recommended for 

future odour threshold studies. 

With the findings favouring the optimal-slope psychometric function, it needs to be 

noted that different methods might be suitable for different research objectives. Lawless and 

Heymann (2010) clarified that “the threshold [in sensory measurements] exists not in this 

abstract sense, but only as potentially useful construct of our methods and informational 

requirements” (p. 143). Based on the insights gained for each method assessed in this thesis, 

Table 8.1 summarises the comments on the applicability of the five different threshold 

calculation methods. 
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Table 8.1. Summary of applicability of the five different threshold calculation methods investigated 

in this thesis. 

Method Suitable Sample Size 
Required  
Test Replications 

Target Outcome 

ASTM E679 Large 
A
 ≈ 4  Group best-estimate threshold  

Variable-slope Psychometric Function 
(ASTM E1432) 

Intermediate 
B
  30 Precise individual threshold 

Group Psychometric function  Large ≈ 4 Group best-estimate threshold  

Group-slope psychometric function Large  ≥ 4 Individual threshold estimate  

Optimal-slope psychometric function Intermediate to large  ≥ 4 Individual threshold estimate  

 

Notes. 
A  

The size of large groups is arbitrarily defined as above 50. 
B
 The intermediate size is defined by the criterion given in ASTM E1432, which is a dataset that    

involves 5-15 individual judges. 

 

The final conclusion from the present thesis agrees with the hope expressed by 

Masuoka et al. (1995) that the previous controversies with respect to which method is best 

to use for sensory measurements will eventually vanish when it is realised that the different 

methods fit different goals.
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