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Abstract 
 

Investigating letter identification for visual acuity measurements in the paracentral 

visual field 

 

by 

Hatem Barhoom 

 

Sloan letters are commonly used optotypes in clinical practice, but they exhibit 

different relative legibility, which may be attributed to response bias, sensitivity 

differences, and letter similarity. In this thesis, we employed Luce’s choice model and 

developed a new noisy template model to investigate the role of response bias, 

sensitivity differences, and letter similarity in letter identification of Sloan letters at 

central and paracentral locations. Results show that the best model was the one that 

accounted for the effects of bias, sensitivity, and similarity, with bias contributing 

more than sensitivity and similarity. However, when estimating the letter acuity from 

the pooled data across all letters, no significant effects of bias, sensitivity, or similarity 

were observed. The models incorporating similarity demonstrated a substantial 

increase in the spread of the underlying psychometric function (the percent correct as 

a function of letter size), particularly in the periphery and upper portion of the function. 

Given that most letter stimuli in clinical vision tests are presented at supra-threshold 

sizes, it is plausible to attribute any increase in test-retest variability, particularly in 

peripheral vision, to similarity alone. 

Furthermore, this thesis explored the use of letters as stimuli and speech as a response 

method to assess macular visual sensitivity in healthy observers and individuals with 
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Glaucoma. Dissimilar letters following Sloan’s design were used to estimate 

peripheral letter acuity within 4 degrees of fixation. A speech recognition algorithm 

was employed to enable participants to perform the task without supervision. The 

participants’ perceived task difficulty was assessed through a questionnaire.  

Results from this experiment show that in observers with Glaucoma, letter acuity 

exhibited a close correlation with conventional perimetry, and most observers found 

the task easy to perform. These results demonstrate that letter acuity perimetry with 

speech input is a viable method for capturing macular damage in Glaucoma. These 

approaches have the potential to facilitate more intuitive and patient-friendly tests for 

macular visual field assessments.
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Chapter 1 .  Research Background 
 

 

1.1 Motivation  

 

This chapter will discuss the rationale for using letters as optotypes to measure visual 

acuity in the paracentral visual field and the significance of using letter acuity 

measurements to map paracentral (i.e., macular) damage in a clinical population, 

focusing specifically on Glaucoma. Firstly, the evolution of letters as optotypes in 

clinical vision charts and a brief history of the adoption of different optotypes will be 

presented, with letters being the primary focus. Additionally, the visual perception of 

letters and the sources of errors in letter identification tasks will be discussed. The 

measurement of visual acuity using letters as optotypes and the sources of differences 

in letter acuities between individual letters at central and peripheral visual fields will 

also be addressed. Finally, the potential superiority of using letter acuity measurements 

to map macular damage in Glaucoma will be illustrated. At the end of this chapter, the 

objectives of the experiments conducted in the current thesis will be determined.
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1.2 Visual acuity definition 

 

Visual acuity is a clinical measurement that quantifies the ability of the visual system 

to discriminate the finest details, typically measured as the minimum angle of 

resolution of an object or a structurally standardised target (i.e., optotype) from a 

certain distance (e.g., six meter) (Figure 1.1). 

 

 

Figure 1.1 The minimum angle of resolution. 
 

1.3 Vision charts and optotypes evolution 

 

One of the first objects in ancient history that were used as optotypes were stars within 

the constellations of the night sky. For example, ancient Persians used the double star 

of the Big Dipper in the Big Bear to assess the vision of warriors and was called the 

"riddle". Another example is the "Arab Eye Test", which was the name of the test used 

by the desert Arabs 1000 years ago to assess the ability to perceive the separation of 

the double stars Alcor and Mizar (Colenbrander, 2008; Bohigian, 2008). It was used 

to test children’s eyesight. Both measures were equivalent to current normal standard 

for visual acuity measurement (6/6) (Colenbrander, 2008; Bohigian, 2008). Similarly, 

in 1623, Daza de Valdes used the ability to see and resolve mustard seeds thrown on a 

Minimum angle of resolution

Testing distance (e.g., 6 meter)
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table to assess visual acuity (Colenbrander, 2008; De Jong, 2022). In 300 BCE, the 

concept of the minimum angle of resolution was first introduced by Euclid (fl. 300BC), 

an ancient Greek mathematician who lived in Alexandria. His theory stated that the 

rays travel in straight lines and diverge from the eye forming a cone and that we can 

only see objects encompassed by the cone base (emission theory). In a Latin translation 

(AD 1350) of Euclid’s Greek book, the term "minimum angle" first appeared. 

However, around AD 1000 the Arab scientists Ibn-Sina and Alhazen disproved the 

emission theory (De Jong, 2022).  

In his nice review, De Jong (2022) outlined the first attempts to introduce structured 

and standardised optotypes to measure visual acuity. For instance, in 1754, Tobias 

Mayer used various test objects such as dots, lines, and grids drawn on white paper to 

assess visual acuity at a certain distance (Figure 1.2 A). Stampfer in 1834 used plates 

with lines that showed different thicknesses and distances from each other to assess 

the smallest visual angle at a given distance (Figure 1.2 B). 

 

 

 

Figure 1.2 A) Tobias Mayer’s (1754) patterns and B) Stampfer’s (1834) bars. 
They assess the smallest visual angle (De Jong, 2022).  

A B
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Küchler in 1835 was the first to use pattern optotypes (i.e., figures cut from almanacs 

and posted on cardboard). He realised the importance to standardise the visual acuity 

measurement and that inspired him to introduce the world’s first optotypes (a chart 

with one word per line) with variable font sizes to test distance vision in 1843 (Figure 

1.3) (Colenbrander, 2008; De Jong, 2022). 

 

 

 

Figure 1.3 The world’s first vision chart.  
It was introduced by Küchler in 1843. The chart has optotypes (one word per line) of variable 
font sizes to assess distance vision (De Jong, 2022). 
 

1.4 Optotypes standardisation 

 

Many charts and optotypes were introduced in an attempt to standardise the optotypes 

used in vision charts. The significant breakthrough occurred in 1861 when Donder 

introduced a formula and a reference standard to express visual acuity in terms of the 

ratio of letter size to viewing distance. Further work on Donder’s findings was 

conducted by his Ph.D. student Herman Snellen. In 1862, Snellen introduced his first 
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vision chart (Figure 1.4). He used single letters as optotypes. In his optotype design, 

each letter subtends a visual angle of 5 minutes of arc where the visual angle = d/D in 

which d is the distance in Paris feet at which the letter is recognised, and D is the 

optotype size (Colenbrander, 2008; De Jong, 2022). The Snellen vision chart has been 

used in clinical measurements since then. Following Snellen’s optotype design, in 

1876, Monoyer introduced a decimal letters chart using distances in meters. 

 

 

 

Figure 1.4 The first Snellen chart. 
A) one line of the first Snellen chart (1862).  B) Original Snellen charts (Colenbrander, 2008; 
De Jong, 2022). 
 

However, all the attempts to standardise the optotype’s design adopted optotypes that 

were not universally accepted nor equally legible. Küchler (1844) set three conditions 

for optotype’s design. Firstly, test optotypes should be universally understandable. 

Furthermore, the optotypes should be equally legible and they should only vary in size. 

Lastly, the difference in sizes of subsequent optotypes should be as equal as possible. 

In 1899, Landolt introduced the "C" chart, and it was the first to fulfil all three 

A B
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conditions (Figure 1.5) (Landolt, 1899; De Jong, 2022). The task in Landolt’s C chart 

is to name the direction of the gap in the C instead of recognising and naming the 

optotype. Currently, the Landolt C optotype is internationally regarded as the reference 

optotype for laboratory testing (Ferris & Bailey, 1996; Treacy et al., 2015).   

 

 

 

Figure 1.5 The early Landolt C optotypes.  
The opening in the C has eight possible directions (Landolt, 1899; De Jong, 2022). 
 

Bennett (1965), the chairman of the British Standards Institution sub-committee on 

ophthalmic test types pointed out that the vision charts (mainly based on Snellen’s 

design) had no comparable basis for estimating visual acuity. Despite the efforts made 

to standardise the chart design, there was a difference in approach on three 

fundamental aspects, which are (i) the adopted pattern and number of optotypes per 

line, (ii) the progression of sizes between them, and (iii) the visual acuity recording 

format.  

However, in 1868 John Green introduced the first chart that addressed Bennett’s 

concerns (Figure 1.6). It was very similar in many aspects to today’s well-known 

Bailey and Lovie vision chart (Bailey & Lovie, 1976). For instance, they both have an 

equal number of letters per line (i.e., 10 letters per line in Green’s chart as opposed to 
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five in Bailey and Lovie’s chart) and proportional spacing between the letters of the 

same line, and geometrical progression of the subsequent lines. The reason for not 

accepting John Green’s vision chart at that time as a standardised vision chart is that it 

was too early for the need for such a standardised test (Colenbrander, 2008). The need 

for an accurate and more standardised vision test emerged with the increased interest 

in low-vision rehabilitation, which started in the second half of the 20th century. 

Consequently, the aim of vision tests shifted from being a tool to grossly differentiate 

between normal and abnormal vision to a tool for a precise measurement of the visual 

acuity for categorising, assessing, diagnosing, and monitoring different eye conditions 

(Colenbrander, 2008). 

 

 

Figure 1.6 A) John Green’s (1868) and B) Bailey and Lovie’s (1976) vision charts. 
(Bailey & Lovie, 1976; Colenbrander, 2008). 
 

The progression of the stroke width of the subsequent optotypes can be geometrical 

(logarithmic) or arithmetical. Snellen was the first to approximate geometric 

progression for subsequent optotypes (i.e., each line is 1.25 - 1.50 times larger than the 

previous one). However, John Green used the geometric progression in his chart so 

A B
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that each line increment represents a fixed ratio of 10√10 (i.e., 0.1 log unit). The 

logarithmic progression became popular in industrial standards and is known as the 

"preferred numbers series" (Colenbrander, 2008). 

The visual acuity notation format was also not standardised. It was expressed in either 

an absolute (visual angle in minutes of arc, e.g., 2 minutes of arc) or a relative value 

(Snellen notation, e.g., 6/6 or 20/20). Like John Green’s work, Bailey and Lovie 

addressed Bennett’s criticisms and they were the first to use the Logarithm of the 

Minimal Angle of Resolution (logMAR) in visual acuity recording. Consequently, the 

logMAR chart was introduced (Bailey & Lovie, 1976; Colenbrander, 2008; De Jong, 

2022).  

Louise Sloan (1959) introduced new set of letter optotypes with a Snellen design (the 

height and width of a letter is five times its stroke width) and chose a 0.1 log unit as 

the geometrical magnification factor, resulting in the Sloan chart (Sloan, 1959; 

Colenbrander, 2008; De Jong, 2022). Sloan letters were designed and chosen so that 

their average measured visual acuity at the fovea differs by no more than 0.05 log units 

from the visual acuity measured with the Landolt C chart (i.e., the international 

reference optotype) (Figure 1.7) (Sloan, 1959; Treacy et al., 2015). In 1982, the 

National Eye Institute employed the 10 Sloan letters set in the Bailey and Lovie layout 

to produce charts for use in the Early Treatment of Diabetic Retinopathy Study 

(ETDRS) and it has been employed in the majority of subsequent clinical studies. The 

ETDRS format is the international gold standard today (Ferris et al., 1982). 
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Figure 1.7 A) the design of the 10 Sloan letters and B) the ETDRS chart. 
(Sloan, 1959; Ferris et al., 1982). 
 

1.5 Letters as optotypes  

1.5.1 The superiority of letters as optotypes  

 

Different types of optotypes can be used to estimate visual acuity, for example, 

symbols, shapes, numbers, or letters. The Tumbling E, Landolt C, and letter optotypes 

have been widely accepted as standard optotypes in clinical practice (Kniestedt & 

Stamper, 2003). However, letters are characterised by their familiarity and ease of use 

in clinical settings. Furthermore, unlike Tumbling E and Landolt C optotypes, letters 

are frequently encountered in daily life, making them intuitive and familiar for literate 

patients. Another useful feature is that most letter optotypes contain a variety of letters. 

For instance, the Sloan letter set contains 10 letters, which translates to a one interval 

10 Alternative Forced Choice (AFC) test and reduces the guessing rate to 10% 

compared with other optotypes, such as the Tumbling E (4AFC), or the Landolt C 

(4AFC or 8AFC), where the guessing rate is 25% or 12.5%, respectively (Pelli & 

Robson, 1991). For these reasons, letters have been adopted in many visual acuity 

chart designs (i.e., ETDRS chart).  

A B
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1.5.2 Letter identification task 

 

Resolving letters is fundamentally a visual resolution function where the task is letter 

identification. Letter identification tasks have been extensively investigated in the 

previous studies. Pelli et al. (2006) investigated the letter identification efficiency for 

a wide range of observers’ ages and under various conditions. It has been found that 

the letter identification task is inversely correlated with the complexity of the letter1. 

Furthermore, the letter identification efficiency was unaffected by contrast, duration 

of presentation of the letter, and eccentricity from fixation, and only weakly dependent 

on the letters’ size. Interestingly, letter identification efficiency increases quickly with 

experience and only three thousand trials were enough for a novice observer of any 

age to become fluent in identifying a given alphabet (Pelli et al., 2006). Pelli et al. 

(2006) concluded that consistent letter identification efficiency across a wide range of 

conditions suggests that the letter identification task is a fundamental visual process 

(i.e., not a language skill) (Pelli et al., 2006). In other words, to identify a letter, the 

process starts with identifying the features of the letter as opposed to whole-letter 

templates (Pelli et al., 2006).  

It has been proposed that the letter features are detected by a set of feature detectors 

(i.e., channels) in the cortex (Graham, 1989). Majaj et al. (2002) investigated the effect 

of letter size on the selection of channels used to identify a letter. They found that 

channel frequency depends solely on the stroke frequency of the letter2 where it is 

identified through a single channel (i.e., 1.6 ± 0.7 octaves wide). Identifying the letter 

 
 

1 The complexity of the letter is defined as inside-and-outside perimeter, squared, then divided by the 
ink area of the letter (Attneave & Arnoult, 1956). 
2 Defined as the average number of lines crossed by a cross-section through a letter, divided by the letter 
width. 
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through that particular channel leads to a high letter identification efficiency for the 

small letters (giving that it is not limited by visual acuity) when the channel frequency 

matches stroke frequency. In the case of large letters, however, the mismatch between 

the letter and channel frequencies leads to a drop in letter identification efficiency 

(Majaj et al., 2002; Pelli et al., 2006).  

 

1.5.2.1 Letter features in letter identification task 

 

Many previous studies proposed letters’ features sets that are responsible for letter 

identification (Geyer, 1971; Gibson, 1969; Laughery, 1970). However, the basis for 

defining the features sets by these studies was hypothetical and contained substantial 

degrees of subjectivity, without empirical support (Geyer & DeWald, 1973; Holbrook, 

1975). The empirical approach to determine the features sets was introduced by some 

investigators via analysing the confusion matrix of letter identification task 

(Townsend, 1971 a & b; Gilmore et al., 1979). The procedure starts by collecting data 

on letter identification tasks at the threshold level of a given visual task (typically at 

50% correct performance of the underlying psychometric function (PMF) of the visual 

task, e.g., the contrast threshold for identifying a letter from noise). The data is collated 

as presented vs responded confusion matrix where each cell counts the number of times 

a given letter was chosen in response to the letter presented. Then, Luce’s choice model 

is typically used to decompose the confusion matrix into a bias vector3 and letter 

similarity matrix (Luce, 1963). The letter similarity matrix undergoes further analysis 

 
 

3 It has been claimed that response bias has a small role in the confusion matrix structure, therefore 
usually ignored (Loomis, 1982). In Chapter 3, I showed that this is not the case and in fact, response 
bias is the key factor that determines the differences in individual letter responses in letter identification 
tasks. 
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(e.g., multidimensional scaling) to extract the features that are common between 

similar letters. These features are considered the crucial factors that distinguish letters 

from each other and therefore are the key factors in letter identification (Townsend, 

1971 a & b; Gilmore et al., 1979). Using this method, Gilmore et al. (1979) and 

Townsend (1971 b) identified five and four features respectively that are crucial for 

letter identification. However, this method would only define the perceptual structure 

and not the physical dimension (i.e., the features cannot be named) (Townsend, 1971 

a & b; Gilmore et al., 1979). Using a different approach, Pelli et al. (2006) extended 

the model of detection: probability summation (Robson & Graham, 1981; Watson & 

Ahumada, 2005) to identify the number of features used in letter identification. They 

found that identifying one of 26 letters is based on 7 ± 2 features detections, 

independent of the complexity of the alphabet (Pelli et al., 2006).  

Nevertheless, all previous studies either subjectively proposed the features (Geyer, 

1971; Gibson, 1969; Laughery, 1970) or the features were estimated indirectly from 

the empirical data (Townsend, 1971 a & b; Gilmore et al., 1979). Fiset et al. (2008) 

derived the letter features directly from empirical data by manipulating the presented 

letters in the letter identification task using the "Bubbles" technique (a classification 

image technique) (Gosselin & Schyns, 2001; Fiset et al., 2008). Using this technique, 

it has been found that font terminations, i.e., clear discontinuities in bars and curves, 

are the key features for letter identification (Fiset et al., 2008). Using the same logic, 

the similarity between two given letters can be estimated by determining the common 

features of the two letters. For the work presented in this thesis, I assumed that the 

similarity between two letters is determined by the correlation in total physical 

measures (i.e., features) between the two letters (Pelli et al., 2006; Fülep et al., 2017). 

The correlation of total physical measures between two letters is calculated by 
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Pearson’s normalised cross-correlation between undistorted letters (Neto et al., 2013). 

Therefore, letters that share common features (e.g., C and O) would show a higher 

correlation (i.e., similar letters) compared to the case of letters with less common 

features (e.g., V and D; dissimilar letters).  

 

1.6 Visual acuity at the centre and periphery  

 

It has long been known that visual acuity shows a progressive deterioration from the 

fovea toward the periphery of the retina (Ludvigh, 1941; Millodot et al., 1975). 

Subsequent studies showed that peripheral acuity is dependent on the meridian and 

eccentricity (Anderson, 2006). In his review, Anderson (2006) discussed the basis of 

why peripheral acuity differs from foveal acuity. The optical quality at the fovea is 

found to be better than that at the periphery. Moreover, the cone density decreases with 

increasing eccentricity (Curcio et al., 1987; Himmelberg et al., 2023). Therefore, the 

decrease in visual acuity could be attributed to the poor quality of the retinal image 

and/or to the retinal under-sampling (i.e., beyond the resolution limit of the retina) of 

the image at the periphery (Anderson, 2006; Ludvigh, 1941; Millodot et al., 1975). 

However, it has been shown that the deterioration in optical quality is slower than that 

of the retinal resolution limit as we move toward the periphery (Figure 1.8) (Navarro, 

2009).  
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Figure 1.8 The resolution limit of different eye components.  
The Figure shows the difference between the optical, cone sampling, and the effective retinal 
resolution in deterioration rate (from the fovea to the periphery) (Navarro, 2009). 
 

In other words, at the periphery, the retinal image can be received through the optics 

of the eye in good quality, but if it is beyond the resolution limit of the retina (i.e., 

higher than the Nyquist frequency4) it would be under-sampled causing a phenomenon 

called aliasing (detected but not resolved), hence resolution at the periphery is limited 

by the retinal sampling capacity. The optics at the fovea works as an anti-aliasing filter 

because it will filter out the spatial frequencies that are beyond the resolution limit of 

the retina (Williams et al., 1996; Anderson, 2006). The sampling-limited nature of the 

resolution task at the periphery was further investigated in subsequent studies. It has 

been shown that the resolution acuity at the periphery is robust to the loss of contrast 

(up to a contrast of 10%) and optical defocus (up to 3 - 4 dioptres and some claim only 

up to 1 diopter) (Millodot et al., 1975; Thibos et al., 1996; Anderson, 1996b; Wang et 

al., 1997, Rosén et al., 2011). These lines of evidence suggest that the resolution 

threshold at the fovea is optically-limited whereas the resolution at the periphery is 

sampling-limited.  

 
 

4 Nyquist frequency is the highest frequency that can be correctly represented by a given sampling array. 
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Further studies investigated the anatomical and physiological basis of the visual 

resolution reduction towards the periphery. For instance, Rossi and Roorda (2010) 

studied the relationship between the visual resolution of the Tumbling E and cone 

spacing at multiple locations at 0 to 2.5 degrees (deg) eccentricity from the fovea. At 

these relatively small eccentricities, it has been found that the visual resolution is well 

explained by the cone spacing at the fovea and up to 0.5 deg eccentricity only. Beyond 

that eccentricity, the midget retinal ganglion cell mosaic explains the reduction in 

visual resolution better than the cone spacing (Anderson, 2006; Rossi & Roorda, 

2010). 

 

1.7 Letter acuity at the centre and periphery  

 

Similar to other optotypes used in previous studies (i.e., gratings or Tumbling E), letter 

acuities for individual letters decrease with increasing eccentricity. Figure 1.9 shows 

the classical result presented by Antis (1974) that showed the gradient in letter size (at 

the resolution threshold) as a function of eccentricity.   
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Figure 1.9 The change in letter size as a function of eccentricity. 
To obtain the chart in its original size, enlarge it such that the centre of the lower "R" is 66 
mm from the fixation point. A) at threshold level and B) at the letter 10 times its threshold size 
(Antis, 1974; Strasburger et al., 2011). 
 

However, further previous studies showed that different letters showed different 

legibility at the fovea (Grimm et al., 1994; Alexander et al., 1997; Reich & Bedell, 

2000; Shah et al., 2012; Hamm et al., 2018; Ludvigh, 1941; Strasburger et al., 2011; 

Hairol et al., 2015) and peripheral visual field locations (Ludvigh, 1941; Strasburger 

et al., 2011; Hairol et al., 2015; Anderson & Thibos, 2004; Shah et al., 2011; Shah et 

al., 2012). Furthermore, Sloan (1959) found that the percent correct (as a measure of 

difficulty in recognising the letter, hence legibility) differs among Sloan letters at 

resolution threshold in central vision (Sloan, 1959; Ferris et al., 1982; Alexander et al., 

1997) (Table1.1). The differences in legibility among letters would cause differences 

in individual letter acuities. Using Sheridan-Gardiner letters (A, H, O, T, U, V, X), 

Hairol et al. (2015) found substantial differences in individual letter acuities and these 

differences increased with the increasing in eccentricity (Figure 1.10 A) (Hairol et al., 

A B
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2015). Differences in individual letter acuities were also observed when employing 

Sloan letters (Figure 1.10 B) (Reich & Bedell, 2000; Alexander et al., 1997; Shah et 

al., 2012; Barhoom et al., 2021).   

 

Table 1.1 The percent correct of Sloan letters at the resolution threshold (Sloan, 1959). 
 

Sloan letter Percent correct at 
resolution threshold 

S 70.60 
O 71.00 
C 71.40 
D 79.50 
K 82.10 
V 84.60 
R 86.30 
H 89.30 
N 91.60 
Z 94.00 

 

 

Figure 1.10 Differences in measured letters acuities at fovea and periphery. 
A) the letter acuities for individual Sheridan-Gardiner letters as a function of eccentricity 
(Hairol et al., 2015). B) Individual Sloan letters acuities at the fovea for several previous 
studies. 
  

A B
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1.8 Source of observed differences in letter acuity 

 

The letter acuity is determined by the letter’s identification accuracy compared to the 

alternative letters. The accuracy of letter’s identification in turn is influenced by its 

perceivability, similarity with other letters, and the bias towards or against it (Mueller 

& Weidemann, 2012). Perceivability is a measure of how legible the letter is 

depending solely on the characteristics of the letters, such as the letter size, contrast, 

or shape. To avoid ambiguity in using the term perceivability, I will adhere to the term 

sensitivity instead, which is more relevant to the Signal Detection Theory (SDT) 

framework (Green & Swets, 1966) which will be employed in this thesis. Response 

bias is defined as the tendency to favour one response over the other alternatives 

(Macmillan & Creelman, 1990), and similarity is defined as the confusion in letter 

perception which arises among certain letters (e.g., C and O or N and H). In other 

words, letter recognition, i.e., the letter resolution threshold, could be affected by 

changing the amount or the type of the sensory input, e.g., size and contrast 

(sensitivity), the bias towards certain letters in case of uncertainty (response biases), 

and the confusion between similar letters such for instance C and O (similarity). Note 

that from these definitions it is well understood that response biases, unlike sensitivity 

and letter similarities, are independent of the sensory inputs of the stimulus. 

 

1.9 Methods to analyse the source of errors in letter identification tasks 

 

Mueller and Weidemann (2012) reviewed more than 70 studies that investigated the 

source of error in letter identification accuracy (Mueller & Weidemann, 2012). Many 

of the reviewed studies attributed the differences in letter identification to the response 
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bias and similarity (Townsend, 1971 a & b; Gilmore et al., 1979; Mueller & 

Weidemann, 2012). In the majority of these studies, versions of Luce’s choice model 

(1963) were used to decompose the presented vs responded confusion matrix into a 

bias vector and similarity matrix. The bias vector contains the bias parameter for each 

letter used as a response alternative in the experiment where all bias parameter values 

should sum to the guessing rate value of the task. In other words, the response bias of 

a given letter is the amount of the increase or decrease in the usage of that letter from 

the guessing rate (Luce, 1963; Mueller & Weidemann, 2012). The similarity matrix 

shows the similarity parameters for each pair assuming that the similarity is 

symmetrical (i.e., if H is similar to K, then K is similar to H by the same amount). 

Luce’s choice model does not account for the sensitivity of the letters, and it is assumed 

that the sensitivity of a given letter is the average of Luce’s similarity parameters of 

the letter with the other letters (Mueller & Weidemann, 2012). In our previous work 

(Georgeson et al., 2023), we investigated the role of response bias and sensitivity in 

letter identification tasks by devising a model (Noisy Template Model (NTM)) using 

the framework of SDT. The main finding suggests that both the response bias towards 

or against letters and sensitivity differences between letters were influential on 

individual letter identification. Additionally, the response bias was found to be the key 

factor in determining how often the letters were used in the experiment (either correct 

or incorrect). However, we did not estimate the effect of similarity between letters on 

letter identification, and it is assumed that the sensitivity is a measure of a letter’s 

similarity with the other letters. Mueller and Weidemann (2012), on the other hand, 

introduced a model to estimate the role of similarity in addition to sensitivity (they call 

it perceivability) and response bias simultaneously. They found that the three factors 

were important in the letter identification task and better than the two-factor models 
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incorporating only bias & sensitivity or bias & similarity (Mueller & Weidemann, 

2012).  

 

1.9.1 The effect of sensitivity, response bias and similarity on the estimated letter 

acuity 

 

Most of the previous studies investigated the sensitivity, response bias, and similarity 

in letter identification tasks to establish a better understanding of how we perceive 

letters or to introduce new models that explain the letter identification task (Townsend, 

1971 a & b; Gilmore et al., 1979; Mueller & Weidemann, 2012). However, these 

studies did not investigate the role of these factors on the estimated letter acuities. 

Further, they did not interpret or investigate the role of bias in letter acuity 

measurements and often assumed that bias had little effect on the measured letter 

acuity (Candy et al., 2011; Coates, 2015; Hamm et al., 2018; Barhoom et al., 2021; 

Georgeson et al., 2023). Moreover, unlike bias, it has been shown that similarity was 

a major cause of error in letter acuity estimations (Candy et al., 2011; Coates, 2015; 

Hamm et al., 2018; Barhoom et al., 2021; Barhoom et al., 2022) and that visual acuity 

estimation using letters can be improved by weighting the responses to the letters 

according to their similarity (Grimm et al., 1994; McMonnies & Ho, 1996; Fülep et 

al., 2017; McMonnies & Ho, 2000). Similar to these previous studies, we found that 

the observed biases had negligible effect on letter acuity estimated from the data 

pooled across letters (Georgeson et al., 2023). These results can be understood from 

the fact that bias towards some letters necessarily entails bias against other letters. 

Hence, pooling responses across letters cancels the biases of individual letters and 

leaves little or no effect on letter acuity estimated from the pooled data (Georgeson et 
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al., 2023). On the other hand, we expect that the effect of similarity in a letter acuity 

estimation would be different from that of the bias because the similarity between two 

given letters will result in both letters having fewer correct responses compared to the 

case of dissimilar letters. In other words, the similarity between letters has only the 

effect of decreasing correct responses for similar letters. Since similarity between 

letters causes fewer correct responses. Barhoom et al. (2022) showed that the spread 

of the underlying PMF will become wider when data are pooled across similar letters 

compared with data pooled across dissimilar letters. Hence the test-retest variability of 

letter acuity estimation using an adaptive method (the method frequently adopted in 

clinical tests, e.g., staircase) will be higher (less precise) in the presence of similar 

letters. Many previous studies showed that compensating for the effect of similarity 

between letters reduces the test-retest variability significantly and enhances the 

precision of the estimated letter acuity (Grimm et al., 1994; McMonnies & Ho, 1996; 

Fülep et al., 2017; McMonnies & Ho, 2000). This is very important when letter acuity 

tests are used to detect clinically significant deteriorations while monitoring the 

progression of certain eye conditions over time. By taking into consideration the 

aforementioned factors, letter acuity can be efficiently used to estimate the sensitivity 

of the paracentral visual field in healthy and clinical populations compared to the 

methods used in conventional visual fields (i.e., light/contrast sensitivity). 

 

1.10 Letter acuity measurements in the paracentral visual field 

 

For the remainder of this chapter, I will outline the rationale and advantages of using 

letter acuity measurements in the mapping of the paracentral visual field (i.e., macula) 

in a clinical population, namely Glaucoma.  
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1.10.1 Glaucoma definition 

 

Glaucoma is an optic neuropathy associated with characteristic structural damage to 

the optic nerve, and visual dysfunction (Foster et al., 2002). There are eight subtypes 

of Glaucoma, the most common is the primary open-angle Glaucoma (Casson et al., 

2012). All subtypes of Glaucoma have in common a potentially progressive and 

characteristic optic neuropathy which is associated with visual field loss as damage 

progresses, and in which the intraocular pressure is usually a key modifying factor 

(Kanski & Bowling, 2011). In 2020, Glaucoma was classified as the most common 

cause of irreversible blindness worldwide and one of the major causes of moderate to 

severe visual impairment, especially in adults aged 50 years and older (Quigley & 

Broman, 2006; Allison et al., 2020).   

 

1.10.2 Pathophysiology and macular involvement in Glaucoma 

1.10.2.1 Retinal ganglion cells death in Glaucoma 

 

The neurodegenerative process of Glaucoma affects all parts of retinal ganglion cells. 

In vivo studies showed that the degenerative process is typically a progressive 

dendritic shrinkage followed by the loss of the axons and the cell bodies of retinal 

ganglion cells (Leung et al., 2011; Almasieh et al., 2012; Kalesnykas et al., 2012; 

Chong & Martin, 2014).  
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1.10.2.2 Macular damage in Glaucoma 

 

The diameter of the macula is approximately 6 mm (central 20 deg). 50% of retinal 

ganglion cells in the retina are located within 4.5 mm (central 16 deg) of the macula. 

This area (i.e., central 16 deg) represents less than 5% of the total area of the retina 

(Curcio & Allen, 1990; Provis et al., 2005). Despite its small area, the macula has a 

vital role in central vision. Central vision is essential for most daily life activities. 

Consequently, macular damage significantly deteriorates the vision-related quality of 

life (Garg et al., 2018). Many studies showed that the macula is involved in the early 

stages of the retinal damage caused by Glaucoma (Zhang et al., 2014). Hou et al. 

(2013) found that the retinal ganglion cell complex thickness and macular vessel 

density in pre-perimetric and primary open-angle Glaucoma eyes are significantly 

lower compared to healthy eyes (Hou et al., 2019). Moreover, Hood et al. (2013) 

investigated macular damage in Glaucoma and described its characteristic pattern. 

They found that macular damage is typically arcuate and often associated with local 

retinal nerve fibre layer thinning in a narrow region of the disc (Hood et al., 2013).  

 

1.10.3 Macular damage assessment in Glaucoma 

 

The macular damage in Glaucoma can be assessed structurally and functionally. 

Structurally, macular damage can be quantified using advanced imaging techniques 

such as ocular coherence tomography. Ocular coherence tomography is a high-

resolution imaging device that applies the principle of interferometry to interpret 

reflectance data from a series of multiple side-by-side A-scans (i.e., amplitude scans 

using ultrasound waves) combined to form a measurable cross-sectional image. It has 
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been found that macular damage (quantified as the reduction in thickness) was evident 

in early Glaucoma stages (Sung et al., 2012; Michelessi et al., 2015; Hood et al., 2019; 

Tsamis et al., 2022).  

The early macular damage in Glaucoma was noticed functionally in earlier studies and 

was described as a visual field defect in the upper visual field within 10 deg in the 

macular region (Aulhorn & Harms, 1967; Anctil & Anderson, 1984). Furthermore, it 

has been found that deep arcuate defects occur in and near the foveal region of the 

visual field (Hood et al., 2011). But clinically, this damage is usually missed when the 

common 24-2 visual field test is used in Glaucoma management mainly because of the 

poor sampling of the central visual field (Hangai et al., 2014; Grillo et al., 2016; 

Alluwimi et al., 2018). Even though macular damage in Glaucoma is evident, 

unfortunately, the current classification of Glaucoma severity is based on 24-2 or 30-

2 visual field tests which underestimate the disease severity by missing the macular 

damage (DeMoraes et al., 2019). The current classification might be one of the major 

causes why Glaucoma specialists are reluctant to employ macular visual field tests 

widely in Glaucoma management. For instance, a study found that most Glaucoma 

specialists in the United Kingdom use standard automated perimetry for Glaucoma 

management, and only a few use more sensitive tests to damage, such as frequency 

doubling technology and short wavelength automated perimetry (Gordon-Bennett et 

al., 2008). Hence, I speculate that only very few will consider macular visual field tests 

in Glaucoma management to either detect or monitor the Glaucoma damage at the 

macula. 
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1.10.3.1 Clinical macular visual field tests 

 

The macular damage can be assessed functionally using many available clinical visual 

field tests. Standard automated perimetry 10-2 and M-pattern strategies are designed 

to test the central 20 deg retina. 10-2 test contains 76 test locations that are equidistant 

with 2 deg separations. M-pattern design is less common and has 81 test locations with 

higher resolution test points (i.e., more test points that are closer to each other) at the 

fovea (Racette et al., 2016). Both tests use light/contrast sensitivity detection tasks. 

The 10-2 strategy is commonly used in the assessment of macular damage. It showed 

a superior ability to detect macular damage compared to the 24-2 strategy in all stages 

of Glaucoma. A 10-2 test can detect abnormal central visual field that is classified as 

normal in a 24-2 test in early Glaucoma, Glaucoma suspects, and ocular hypertension 

(Grillo et al., 2016; DeMoraes et al., 2017; Tomairek et al., 2020).  

The frequency doubling technique 10-2 and macular tests employ a special target 

design to preferentially stimulate magnocellular ganglion cells which are believed to 

show early damage in the early stages of Glaucoma (Khanna et al., 2022). The target 

size is 2 × 2 deg and it is designed so that it consists of 0.5 cycle/deg spatial frequency 

with a temporal counter phase flickering rate of 12 Hz. When presented, the spatial 

frequency will double as an effect of the flickering. The task is to detect the presence 

of the target. Frequency doubling technique 10-2 has 44 test locations to cover the 

central 20 deg whereas frequency doubling technique macular has 16 locations to 

cover the central 8 deg. It has been found that the detection ability of early macular 

damage in Glaucoma is higher when using the frequency doubling technique compared 

to standard automated perimetry (Jung et al., 2017; Park et al., 2018).  

Short wavelength automated 10-2 utilises a blue stimulus on a yellow background to 
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preferentially stimulate the blue cones whilst adapting the green and red cones and 

inhibiting the activity of the rods simultaneously (Wild, 2001; Khanna et al., 2022). 

Like standard automated perimetry 10-2 and frequency doubling technique 10-2, short 

wavelength automated 10-2 test can detect the macular functional loss in pre-

perimetric Glaucoma patients which is usually missed in 24-2 standard automated 

perimetry (Leeprechanon et al., 2007; Jung et al., 2015). However, it has been found 

that short-wavelength automated 10-2 test is more influenced by media opacities and 

shows higher test-retest variability compared to standard automated perimetry 

(Sharma et al., 2008; Khanna et al., 2022).  

Hood et al. (2014) examined adding two additional central points to the 24-2 strategy. 

They found that adding two test points in a particular location in the macular area 

increased the efficacy of this test to detect macular damage (Hood et al., 2014; Chen 

et al., 2015). The test has been recently introduced for clinical use.  

Microperimetry is a technology that allows the study of retinal sensitivity at different 

foveal and macular areas as well as eye fixation (Molina et al., 2018). One of the main 

uses of microperimetry is to monitor and quantify Glaucoma residual visual functions 

and functional vision in the macula. However, this application in Glaucoma practice 

is rare today (Markowitz & Reyes, 2013). Matsuura et al. (2018) evaluated the test-

retest reproducibility and structure-function relationship of the MP-3 (one of the 

advanced microperimetry types) in Glaucoma and compared it with the standard 

automated perimetry. They found that the MP-3 has similar test-retest reproducibility 

to the standard automated perimetry, but a better structure-function relationship 

(Matsuura et al., 2018). There are many advantages of microperimetry over standard 

automated perimetry such as the precise fundus tracking in case of poor fixation, the 

co-registration of the results to the fundus image (allows for structural to functional 
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comparisons), and the possibility to change the stimuli type (Markowitz & Reyes, 

2013; Acton & Greenstein, 2013).  

 

1.10.3.2 Monitoring of macular damage progression in Glaucoma  

 

The most challenging factor that affects the detection of visual field damage 

progression is the test-retest variability. The test-retest variability is very important to 

differentiate between a true progression and random variability in visual field test 

interpretation. For this reason, two methods have been employed to help in the 

assessment and detection of the presence and degree of a true progression, namely 

event-based and trend-based methods. In the event-based method, progression is 

detected once a predetermined degree of deterioration has occurred (e.g., the guided 

progression analysis software). On the other hand, the trend-based method detects 

progression once there is a statistically significant downward trend in some visual field 

indices such as the mean deviation (O’Leary et al., 2012; Rao et al., 2013; Tanna & 

Desai, 2014).  

 

1.10.3.3 Methods used to monitor the damage progression at the macula 

 

Macular damage monitoring in Glaucoma has been shown to be efficient in monitoring 

Glaucoma progression at all stages. Moreover, in the advanced stages of Glaucoma, 

progression assessment by macular monitoring becomes essential (Hood et al., 2013; 

DeMoraes et al., 2018). Unfortunately, commercially available perimetry platforms do 

not include progression analyses to aid in the detection of progression of the macular 

damage using macular visual field tests (Tanna & Desai, 2014).  
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However, in a study that applied the same indices of the 24-2 test to monitor Glaucoma 

progression using the 10-2 test, it has been found that this test has an accurate 

representation of the extent and rate of visual field progression in the macula than any 

other currently used parameters of visual field progression (DeMoraes et al., 2014). 

Furthermore, Park et al. (2013) found that the progression detected by 10-2 is higher 

when compared to 24-2 tests for patients with Glaucoma and initial parafoveal scotoma 

(Park et al., 2013).  

 

1.10.4 Factors that determine an efficient test for macular damage monitoring 

 

The loss of retinal ganglion cells in Glaucoma is irreversible (Evangelho et al., 2019). 

Therefore, Glaucoma monitoring for further damage to the retina is the most important 

part of Glaucoma management. By timely detection of retinal damage, clinicians can 

amend the course of treatment to slow down and prevent further visual function loss, 

and as a consequence maintain good vision-related quality of life for the maximum 

possible period for Glaucoma patients. Ideally, the criteria of the test that should be 

used to monitor Glaucoma are (i) sensitivity to the progression of the damage over a 

short follow-up period (could be weeks to several months), (ii) having low test-retest 

variability (hence, needing few sessions to detect true progression), (iii) being an easy 

to do task for the patients (i.e. intuitive) and (iv) being an easy to access test (home-

based as opposed to clinic-based test). In other words, the test should be able to 

determine a significant amount of retinal damage progression in a few sessions over a 

short period with an easy-to-access and easy-to-perform test for patients.  

In the following, I will discuss the structure-function relationship of the visual task of 

a given visual field test as an indicator of the degree of test-retest variability and as an 
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indicator of the ability of the test to detect the presence and progression rate of macular 

damage. I will subsequently discuss how to create a test with a given visual task easily 

accessible and efficiently performed by Glaucoma patients for macular damage 

monitoring.  

 

1.10.4.1 The visual task with the strongest structure-function relationship 

 

In any visual task, the stronger the structure-function relationship is, the more sensitive 

it is to the change in the number of retinal ganglion cells. Although many macular tests 

that employ light sensitivity tasks have been found to produce good structure-function 

relationships (Hirooka et al., 2016; Jung et al., 2017; Hood et al., 2019), resolution 

perimetry has the strongest and the most direct correlation to retinal ganglion cells 

density because it is sampling-limited (Phelps, 1984; Rankin et al., 1999; Anderson, 

2006; Wen et al., 2021). Nevertheless, Anderson (2006) pointed out that resolution 

tasks (e.g., letter recognition) could be demanding because the observer needs to 

identify or recognise the stimuli (e.g., identifying the direction of the gap in Landolt C 

or naming the letter) rather than just merely detect its presence. Vanishing optotypes 

employed in high pass resolution perimetry convert the visual task from a recognition 

task into an easier detection task whilst keeping the task sampling-limited (Frisen, 

1986; Frisen, 1987; Frisen, 1993; Numata et al., 2016; Sabeti et al., 2021). However, 

it has been shown that this is not always the case, and a difference between the 

detection threshold and resolution threshold was found when employing the vanishing 

optotypes detection task at the periphery and it would be no longer a sampling-limited 

task (Thibos et al., 1987; Anderson & Ennis, 1999; Ennis et al., 2002). Thus, 

employing high-contrast optotypes in a recognition task (e.g., letter recognition) 
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maintains the advantage of being sampling-limited at the periphery. Consequently, the 

task performance closely represents the retinal ganglion cell loss associated with 

Glaucoma damage (Anderson, 2006). 

 

1.10.4.2 Easy to access test for patients (home-based vs clinic-based) 

 

Guidelines proposed by the European Glaucoma Society recommend that the 

frequency of visual field tests should be increased for newly diagnosed patients to 

better determine the rate of visual field progression (Glen et al., 2014). However, this 

will increase the number of follow-up visits to the clinics, adding pressure to the health 

sector and posing challenges to the delivery of Glaucoma services. (Vesti et al., 2003; 

Hamzah et al., 2020). Furthermore, the increase in the demand for Glaucoma services 

besides other chronic eye conditions is predicted to rise by 25% over the next 10 years 

because of many factors including the reduction in clinical services during the COVID-

19 pandemic (Lakhani et al., 2021). This increase will add additional pressure on the 

clinics. The increased number of clinic visits also adds a burden on patients because 

frequent follow-up visits mean frequent appointments. In a clinic-based follow-up 

study, Glen et al. (2014) showed that the effectiveness of follow-up care can be 

affected by several factors such as distraction due to testing environments (patients felt 

they performed better in the morning when they were more alert), excessive waiting 

times (usually unpredictable but estimated to be two hours) and appointment booking. 

Moreover, traveling to the clinic has its own challenges such as the long distances 

patients need to travel, the rush hours they need to avoid, the travel costs, and concerns 

about traveling alone (Glen et al., 2014).  

Home-based monitoring can solve many problems that arise from clinic-based follow-
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up (Rodriguez & Azuara, 2018; Hamzah et al., 2020). For instance, Anderson et al. 

(2017) investigated the efficacy of home-based monitoring in the early detection of 

rapid visual field progression (by simulation). They found that weekly home-based 

monitoring is more sensitive to the progression compared to six months follow up in 

the clinic even with more variable test results and low patient compliance (which is 

expected in any home-based monitoring strategy due to, for example, IT logistics or 

lack of motivation) (Anderson et al., 2017; Prea et al., 2021). Consequently, self-

assessment of the macular visual field by a home-based monitoring device would be 

of great value in closely monitoring macular damage progression.  

 

1.10.4.3 Available home-based visual field tests 

 

The efficient home-based test should employ a visual task that is easy to perform 

without supervision. It should also be a visual task with minimum requirements for 

ambient or display illumination calibration (Liu et al., 2014; Rodriguez & Azuara, 

2018). This could be in the form of a simple hand-held chart or a smart device. A 

classic example of a hand-held chart is the Amsler grid test. This test is a very simple 

and cost-effective tool. Clinicians usually give an Amsler chart to patients with a risk 

of central vision damage and ask them to assess their central visual field daily or 

weekly at home. Nassar et al. (2015) found that the Amsler grid is an accurate test in 

the detection of macular disease with a sensitivity of 88%. A digital version of the 

Amsler grid allows the creation of a 3D map of the central visual field which shows 

the location, length, slope, depth, and shape of existing defects in Glaucoma (Fink & 

Sadun, 2004; Nguyen et al., 2009; Kovalevskaya et al., 2016). However, these results 

were observed under strict test conditions (Nguyen et al., 2009; Nassar et al., 2015). 
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Consequently, they had control over many factors that might make the Amsler grid 

less sensitive to macular damage. When used frequently at home, the Amsler test was 

found to have low sensitivity (less than 50%) to macular damage, and the outcome was 

found to be highly subjective. Apart from the lack of compliance of patients to the test 

procedure, the reason for this drop in sensitivity with frequent testing of the macular 

damage is the "filling in" or the "perceptual completion" phenomenon (Crossland & 

Rubin, 2007).  

Using smart devices for home-based monitoring of macular damage is preferable 

because it reduces the subjective judgment of progression found with simple charts 

and it quantifies the visual loss. Many tests were reported in the literature to produce 

good results in home-based monitoring of macular damage progression. Most of the 

home-based tests utilise the light sensitivity task to detect macular damage using 

mainly tablet-based or laptop software (e.g., Eyecatcher, Melbourne Rapid Fields, 

Visual Fields Easy, and Viewi) (Rodriguez & Azuara, 2018; Hamzah et al., 2020; 

Jones et al., 2021). 

Additionally, it has been found that Vernier acuity, and similar hyperacuity tasks that 

assess spatial sampling, may be also useful in the detection of early glaucomatous 

damage (Mckendrick et al., 2002). For example, the ForeseeHome AMD Monitor is a 

portable version of the preferential hyperacuity perimetry. It has been developed for 

self-assessment of maculopathy at home, but an important disadvantage of this home 

preferential hyperacuity perimetry device is the cost barrier (the patient needs to 

acquire the device and it is not a software that can be installed) (Trevino, 2008). The 

Shape Discrimination Test is an application that could be installed on smartphones to 

be used as a self-assessment tool that also utilises hyperacuity tasks (Chhetri et al., 

2010). This application is intuitive to use, readily accessible, and sensitive to the 
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severity of maculopathy (Wang et al., 2013). However, hyperacuity tasks are 

independent of lesion size and location (Trevino, 2008), which is a limitation in 

monitoring the characteristic Glaucoma macular visual field damage.   

  

1.10.4.4 Home-based tests that employ resolution task 

 

Nevertheless, none of the aforementioned home-based visual field tests employs a 

recognition task (i.e., resolution task) using either Landolt C, Tumbling E, alphabets, 

or numerical stimuli. The reasons are the additional demanding nature of the 

recognition task compared to the detection task. Additionally, the recognition task 

cannot be performed independently (i.e., supervision is needed to type in the responses 

using a keyboard for instance). Although not designed for home-based monitoring, the 

Macular Mapping Test is a software that uses recognition tasks to screen for macular 

damage (MacKeben, 2008). The optotypes can be uppercase letters, Landolt C, or 

Tumbling E. The 32 test locations are positioned around foveal and parafoveal regions 

within 8 deg eccentricity. The task is to identify the presented target verbally. The 

examiner types in the response.  The scores are recorded as two points for seen and 

recognised correctly, one point for seen and not recognised, and zero points for not 

seen. The basic test of 36 trials takes only three minutes to complete. The 

disadvantages include the high test-retest variability, no resolution estimate at each test 

location (lack of pointwise tracking of progression), and the need for a person to type 

in the responses. (Bartlett et al., 2005; MacKeben, 2008; Hahn et al., 2009).  
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1.10.5 Suggestions for a new approach of home-based test for macular damage 

monitoring 

1.10.5.1 Visual task to be employed  

 

As mentioned previously, the resolution task is a sampling-limited task that has a 

stronger structural-functional relationship than the light/contrast sensitivity detection 

task employed in most home-based tests. Furthermore, it has been found that resolution 

acuity at the periphery is tolerant of blur up to 1 - 4 dioptres before performance 

declines (Anderson, 1996b; Wang et al., 1997). Generally, employing light/contrast 

sensitivity detection tasks in home-based tests may be a task that is difficult to control 

because it is demanding in terms of the calibration of parameters such as background 

illumination and stimulus intensity. Hence, resolution tasks, which employ black-on-

white stimuli will make it easier to calibrate the test. Even a loss of up to 90% in 

contrast will not affect the resolution performance at the periphery (Thibos et al., 

1996). Therefore, a letter recognition task that is easy to perform (i.e., intuitive), 

sampling-limited, tolerant to defocus, and robust to the effects of contrast loss, whether 

through lens opacity or oblique axis astigmatism, allows more detection of neural loss 

in diseases like Glaucoma (Millodot et al., 1975; Thibos et al., 1996; Anderson, 1996b; 

Wang et al., 1997; Anderson, 2006; Rosén et al., 2011). Furthermore, using many 

letters (Sloan letters for instance) will reduce the guessing rate associated with forced 

choice tests (Pelli & Robson 1991), hence, will reduce the test-retest variability. 

Additionally, adopting high contrast letter recognition task will ensure that the task 

remains sampling-limited (Thibos et al., 1987; Anderson & Ennis, 1999; Ennis & 

Johnson, 2002; Anderson, 2006). 
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1.10.5.2 Response method to be employed 

 

Adopting many alternatives in a vision test (e.g., 10 Sloan letters) will make the visual 

task demanding in terms of entering the responses if performed independently. 

Usually, an experimenter will be needed to help with typing in the responses using a 

keyboard if the responses are to be given verbally. However, by employing speech 

recognition technology, the task can be performed without supervision. Many studies 

showed that using speech recognition technology is efficient in entering verbal 

responses in vision tests (Khan & Ullah, 2017; Nisar et al., 2022).  

In Chapter 4, I employed a simple subject-dependent algorithm of speech recognition 

(Selvaraaju, 2022) to enter responses in a visual field experiment using letters as 

stimuli in healthy and Glaucoma observers. Due to the cost barrier, it was impossible 

to employ a more advanced speech recognition method in the current project.   

 

1.11 Problem statement and objectives 

1.11.1 Problem statement 

 

A resolution task using letters as optotypes, combined with speech recognition 

technology as an input method, can be a promising and efficient approach for 

developing a home-based flagging tool to monitor macular damage. To the best of my 

knowledge, there is currently no visual field test that takes the aforementioned factors 

into consideration.  
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1.11.2 Objectives  

 

The general aim of this thesis was to explore the possibility of mapping macular 

damage in glaucomatous eyes with a novel test that employs letters as stimuli and 

speech recognition technology. To achieve this, I conducted three studies. In the first 

study (Chapter 2), I investigated the effect of response bias and similarity calculated 

by the Luce’s choice model (1963) on the estimated letter acuity of Sloan letters in the 

letter identification task. In the second study (Chapter 3), I introduced a novel and 

significant extension to our original model (Georgeson et al., 2023) by incorporating 

the similarity factor into the NTM. The new model allows us to estimate the joint effect 

of bias, sensitivity differences, and similarity between letters simultaneously, instead 

of bias & sensitivity or bias & similarity only. Furthermore, through simulations using 

the NTM, I examined the effect of bias, sensitivity differences, and similarity between 

letters on the systematic error and the test-retest variability of letter acuity estimated 

by an adaptive method. These two studies aim to establish a better understanding of 

the key factors responsible for the variability in letter acuity measurements. In Chapter 

4, I explored the feasibility of acuity perimetry (i.e., visual field test with letters as 

stimuli and speech recognition technology as an input method) in healthy and 

Glaucoma observers. 
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Chapter 2 . The Effect of Response Bias and 
Similarity on Letter Acuity Measurements of Sloan 
Letters in Central and Paracentral Vision 
 

 

2.1 Motivation 

 

In this chapter, I will investigate a Sloan letter identification task. This experiment 

aims to assess the role of response bias and similarity between letters (calculated by 

Luce’s choice model) on the letter acuity measurements of individual Sloan letters in 

healthy observers.  

 

2.2 Methods  

2.2.1 Observers 

 

Data were collected from 10 naïve observers (seven females, mean age 23.8 ± 4.4 

(SD), age range: 19 - 32 years) with healthy eyes with no history of a systematic 

disorder or learning disability. The mean best-corrected visual acuity and the mean 

refractive error (spherical equivalent) were 0.05 ± 0.06 logMAR and -2.5 ± 2.3 DS, 

respectively. Written informed consent was obtained from all observers. The study 

was approved by the University of Plymouth Ethics Committee. The study was 

conducted in accordance with the Declaration of Helsinki. 
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2.2.2 Stimuli 

 

High-contrast letters were used in the study. They were black letters (luminance = 2.2 

cd/m2) on a white background (luminance = 215 cd/m2), resulting in 99% Weber 

contrast according to the following equation: 

 

Weber	contrast	 = 	
L!"# − L!$%
L&"'()*+,%-

										(Eq. 2.1) 

 

 where Lmax, Lmin, and Lbackground are luminance maximum, minimum, and background, 

respectively. 

A total of 10 standard Sloan letters (C, D, H, K, N, O, R, S, V, Z) were employed. The 

letters were presented centrally and at paracentral locations at vertical eccentricities of 

±3 deg from fixation (Figure 2.1 A). The structure of the letters follows the Sloan letter 

design so that their height is equal to their width and five times the stroke width (Figure 

2.1 B).  

 

Figure 2.1 The test locations and the stimulus design.  
Figure shows A) the central and paracentral test locations. B) the dimensions of the Sloan 
letters, exemplified by the letter K. The stroke width × = 1/5 of the letter’s height. The height 
and the width of the letter are equal. 

A B
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2.2.3 Apparatus 

 

The stimuli were presented on a Dell P2317H LCD monitor (1920 × 1080 pixels) with 

a frame rate of 60 Hz. Observers viewed the targets at a viewing distance of 350 cm 

while sitting on a chair without using a chin or forehead rest. At this distance, one pixel 

subtended 0.258 minutes of arc (´). The examiner monitored a constant viewing 

distance through regular checks. The experiment was carried out under a room 

illumination of 160 lux. The observer responded by calling out the presented letters. 

The responses were entered by the experimenter via a standard computer keyboard to 

minimise errors caused by mistyping and to improve fixation compliance.  

 

2.2.4 Software 

 

Stimuli were generated using Matlab 2016b (MathWorks, Natick, Massachusetts, 

USA). Routines from the Psychtoolbox-3 were used to present the stimuli (Brainard, 

1997; Pelli, 1997; Kleiner et al., 2007). All model fitting routines and statistical 

analyses were performed using Matlab 2019a.  

 

2.2.5 Procedure 

2.2.5.1 Data collection 

 

The experiment was conducted monocularly; either the left or right eye was chosen at 

random, and the fellow eye was occluded using an opaque eye patch. For this 

experiment, the method of constant stimuli was used to collect the data. The responses 

were collected to briefly presented (250 milliseconds and accompanied by an auditory 
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signal) individual Sloan letters. Observers were asked to recognise the presented letters 

in a single-interval 10AFC task and to report it verbally (Figure 2.2). The experimenter 

entered the responses via the computer keyboard. The Sloan letters were presented 

randomly in an interleaved fashion across the three locations. During the experiment, 

the observers were asked to fixate on a fixation cross (dimensions: length and width = 

1.55´, stroke width = 0.516´) presented at the centre of the screen. The fixation cross 

disappeared for the duration of the central presentations and reappeared for the 

paracentral presentations. At each location, six letter sizes were presented. Multiple 

pilot experiments were conducted to establish appropriate letter sizes to cover the 

whole range of responses (ranging from guessing (10%) to certain decisions (100%)). 

Six different letter sizes (always defined by their stroke width in minutes of arc, and 

spaced logarithmically) were tested; 0.3´, 0.44´, 0.64´, 0.94´, 1.37´, and 2´ for central 

presentations and 0.5´, 0.79´, 1.26´, 1.99´, 3.15´ and 5´ for peripheral presentations. At 

each size, each letter was presented 10 times. Each observer completed 1800 trials (10 

Sloan letters × six letter sizes × 10 presentations per letter × three test locations). The 

data were collected in the form of the frequency of responses of each letter to the 

presented letters (either correct or incorrect). Consequently, for each observer and for 

each location, a confusion matrix of the presented vs responded letters was obtained. 

Only choices of the 10 Sloan letters were accepted. To familiarise the observers with 

the Sloan letters, the experimenter demonstrated the Sloan letters at the beginning of 

the session. In the rare cases where observers responded with other letters, the 

experimenter prompted a second response. If the observer failed the second attempt, a 

reminder of the Sloan letter set was provided (this occurred very rarely, on average not 

more than once per observer). Observers showed excellent compliance in responding 

from the Sloan letter set (< 30 errors per observer in 1800 trials).  
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Figure 2.2 The sequence of the events in the trial in the experiment. 
 

2.2.5.2 Letter acuity measurement  

 

To estimate the letter acuity for a given letter, a psychometric function (PMF) (Log-

Quick function was chosen) (Eq. 2.2) was fit to the experimental data (i.e., proportion 

corrects for six letter sizes of that letter identity) separately for each observer and each 

tested eccentricity according to the equation:   

 

P'+**.'/ = 7γ + (1 − γ − λ); × =1 − 20123
!"($%&)(4	>										(Eq. 2.2) 

 

where Pcorrect is the percent correct of the Log-Quick function when γ = 0.10 (the 

guessing rate to respond to the letter by chance), λ = 0.02 (the lapse rate for naïve 

observers), x is the letter size, α is the threshold (i.e., letter acuity) and β is the slope 

of the function. The letter acuity α was defined as x yielding 54% percent correct, 

according to the following equation. 

RT = Response Time
Trial 1800

250 ms

Time

RT

250 ms

Trial 1

RT
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P'+**.'/ = 70.1 + (1 − 0.1 − 0.02); × =1 − 20123
!"(&%&)(4	> 	= 0.54										(Eq. 2.3) 

 

The model was fitted to data using maximum likelihood - adjusting parameter values 

of letter acuity (α) and slope (β) to maximise the log-likelihood (LL) of the parameters 

given the data according to the equation. 

 

LL =C{n × log(P'+**.'/) + (t − n) × log(1 − P'+**.'/)}										(Eq. 2.4) 

 

where for each condition n is the observed number of correct responses in t trials, 

Pcorrect is the Log-Quick function probability of being correct, the variables n, t, and 

Pcorrect range over the six letter sizes, and the summation takes place over those six 

conditions. A finely sampled grid search was used to find the best values of the letter 

acuity (α) and slope (β) for each observer and test location that maximized LL. 

 

2.2.5.3 Estimation of letters response bias and similarity between letters  

 

Luce’s choice model (1963) was employed to compute the response biases and 

similarity between letters. The model was fitted to the obtained presented vs responded 

confusion matrix for each observer and for each location. Luce’s choice model 

attempts to disentangle the response factor that is sensory-independent (i.e., response 

biases towards or against some letters) from the sensory-dependent response factor 

(i.e., similarities between letters). The fitting algorithm was originally presented by 

Smith (1982) and consists of two steps (Smith, 1982; Coates, 2015). The first step is 

to find the maximum likelihood estimate of the model. The iterative proportional 
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fitting is used to converge the raw data (i.e., confusion matrix) to the maximum 

likelihood estimate of the model. The starting matrix values are all ones. To perform 

the first iteration, adjustments for rows, columns, and similarities are carried out 

successively. The adjustment for rows is performed by dividing the value of each cell 

by the sum of the corresponding row values of the starting matrix (ones for the first 

iteration) then multiplied by the marginal sum of the corresponding row values of the 

raw (confusion) matrix, followed by the adjustment for columns then for similarities. 

The resulting matrix will be the starting matrix for the second iteration. These 

iterations are repeated until there is no significant change in the estimated values. The 

resulting matrix is the maximum likelihood estimate of the model. The second step is 

to compute the parameters of the response bias vector and the similarity matrix from 

the maximum likelihood estimate of the model, according to Eq. 2.5 and 2.6 

respectively.  

 

β5 =	
2

∑ 7)
*+,	×	)*,,
)*,+	×	)*++

/
,01

           (Eq. 2.5) 

and 

η$5 = J892+	×	89 +2
8922	×	89++

          (Eq. 2.6) 

 

where the variable βj in Eq. 2.5 denotes the response bias parameter for the letter j. N 

is the number of letters (10 letters). ηij is the similarity parameter of each cell between 

the letter i and the letter j. Ρ* is the expected value in each cell obtained from the 

maximum likelihood estimates matrix.  

A Matlab function was developed by the author to compute the response biases and 

similarities parameters using Luce’s choice model which can be downloaded from the 
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link:   https://github.com/HBarhoom/Codes-. 

The model parameters are presented as a response bias value for each letter and a 

similarity matrix capturing the similarity between each pair of letters. 

 

2.3 Results 

 

Figure 2.3 shows the average proportion correct and PMF across observers (see 

Appendix A for the proportion correct and PMF of individual observers). The average 

letter acuity (±SE) across observers was 1.044´± 0.06, 2.60´± 0.29, and 2.59´± 0.24 at 

the central, upper (+3 deg), and lower (-3 deg) visual field locations respectively. 

Paired sample t-test revealed no statistically significant difference between the average 

letter acuity at upper and lower visual field locations (t (9) = -0.05, p = .70). However, 

the average letter acuity at the upper visual field (t (9) = 5.40, p < .001) and lower 

visual field (t (9) = 6.70, p < .001) were significantly poorer (i.e., higher when 

expressed in (´)) compared to the central location. The average proportion correct and 

PMF across observers for individual letters are also shown in the small panels in Figure 

2.3.  

The average (±SE) of the individual letter acuities across observers at the three 

locations are shown in Table 2.2. Since some of the data showed significantly skewed 

distributions at p = .05 (see Table 2.1 for the significant p-values (i.e., not normally 

distributed data) highlighted in bold font), the median, inter-quartile range (IQR), 25th 

quartile (25th Q) and 75th quartile (75th Q) values for each letter at the three locations 

were also included (Table 2.2)  
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Table 2.1 Normality test results for individual letter data. 
Table shows the results of Shapiro-Wilk normality test for the distribution of observers’ data 
for individual letter. 
 

 The test statistic (W) p-value 
 ECC = -3 deg ECC = 0 deg ECC = +3 deg ECC = -3 deg ECC = 0 deg ECC = +3 deg 

C 0.82 0.84 0.79 0.03 0.04 0.01 
D 0.96 0.93 0.90 0.75 0.43 0.25 
H 0.87 0.88 0.90 0.10 0.12 0.20 
K 0.97 0.92 0.90 0.90 0.36 0.17 
N 0.92 0.94 0.92 0.40 0.55 0.40 
O 0.90 0.90 0.84 0.24 0.17 0.04 
R 0.94 0.93 0.91 0.56 0.49 0.30 
S 0.77 0.88 0.85 0.01 0.12 0.06 
V 0.93 0.87 0.78 0.44 0.11 0.01 
Z 0.95 0.76 0.87 0.65 0.01 0.10 

  

Friedman tests showed statistically significant differences between the medians 

(across observers) of individual letter acuities at the central location (χ< (9) = 42.72, p 

< .001) (with best and worst acuities for V = 0.74´ (0.26) and O = 1.28´ (0.34) 

respectively), at the upper visual field (χ< (9) = 39.79, p < .001) (with best and worst 

acuities for H = 1.81´ (1.07) and O = 3.10´ (2.54) respectively) and at the lower visual 

field (χ< (9) = 32.17, p < .001) (with best and worst acuities for Z = 1.82´ (1.14) and 

O = 3.70´ (2.87) respectively). 
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Figure 2.3 The average proportion correct and PMF across observers.  
Large panels show the results for the pooled data across letters at the three locations. α, β, γ	and	λ	denote the threshold (i.e., letter acuity defined as the 
letter size in min or arc that gives a performance of 54% proportion correct), the slope of the PMF, the guessing rate, and the lapse rate respectively. 
The error bars represent the SE of the average. The small marginal panels show the proportion correct and PMF for individual letters averaged across 
observers. 
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Table 2.2 shows the central tendency and distribution of individual letter acuities (i.e., letter size in min or arc) across observers at the three locations. 
 

 ECC = -3 deg ECC = 0 deg ECC = +3 deg 

 Mean ±SE Median (IQR) 25th Q 75th Q Mean ±SE Median (IQR) 25th Q 75th Q Mean ±SE Median (IQR) 25th Q 75th Q 

C 3.10´±0.48 2.70´ (1.77) 2.02´ 3.79´ 1.26´± 0.18 1.07´ (0.60) 0.92´ 1.52´ 3.29´±0.56 2.46´ (2.67) 2.02´ 4.69´ 

D 2.66´±0.20 2.66´ (0.89) 2.23´ 3.12´ 1.08´± 0.08 1.07´ (0.45) 0.89´ 1.34´ 2.77´±0.32 2.73´ (1.88) 1.90´ 3.78´ 

H 2.20´±0.19 2.01´ (0.77) 1.80´ 2.57´ 1.06´±0.07 1.00´ (0.37) 0.93´ 1.30´ 2.04´±0.28 1.81´ (1.07) 1.37´ 2.44´ 

K 2.81´±0.32 2.54´ (1.22) 2.26´ 3.48´ 1.14´±0.08 1.09´ (0.40) 0.95´ 1.35´ 2.60´±0.31 2.43´ (1.34) 1.78´ 3.12´ 

N 2.46´±0.26 2.56´ (1.62) 1.52´ 3.14´ 0.80´±0.04 0.82´ (0.19) 0.73´ 0.92´ 2.19´±0.26 2.14´ (1.65) 1.47´ 3.12´ 

O 3.60´±0.47 3.70´ (2.87) 2.11´ 4.98´ 1.29´±0.09 1.28´ (0.34) 1.05´ 1.39´ 3.86´±0.76 3.10´ (2.54) 2.02´ 4.56´ 

R 2.33´±0.21 2.38´ (0.85) 2.00´ 2.85´ 0.87´±0.05 0.82´ (0.20) 0.78´ 0.98´ 2.28´±0.29 2.01´ (1.26) 1.71´ 2.97´ 

S 3.49´±0.79 2.73´ (1.91) 1.63´ 3.54´ 1.13´±0.12 1.04´ (0.48) 0.86´ 1.34´ 3.22´±0.46 2.67´ (3.22) 1.84´ 5.06´ 

V 1.98´±0.18 2.00´ (0.29) 1.78´ 2.07´ 0.81´±0.06 0.74´ (0.26) 0.67´ 0.93´ 2.03´±0.19 1.95´ (0.28) 1.74´ 2.02´ 

Z 1.92´±0.21 1.82´ (1.14) 1.36´ 2.50´ 1.06´±0.06 0.94´ (0.24) 0.93´ 1.17´ 2.13´±0.19 1.85´ (1.00) 1.69´ 2.69´ 
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The analysis revealed statistically significant Pearson correlations of letter acuities 

between the lower visual field and the central location (r = 0.71, n = 10, p < .05), 

between the upper visual field and central location (r = 0.80, n = 10, p < .05) and 

between the lower visual field and upper visual field (r = 0.95, n = 10, p < .001). This 

suggests that the pattern of differences between individual letter acuities is consistent 

at the central, upper, and lower visual fields (Figure 2.4 A). 

 

 

Figure 2.4 Measured acuities and responses for individual letters.  
A) the averages of individual letter acuities and B) The letter usage across observers at the 
three test locations. The letter acuity is expressed as letter size in min of arc. The letter usage 
is expressed as the proportion of total responses (i.e., either correct or not). The solid black 
horizontal line shows the expected proportion of letter usage. The error bars are the SE of the 
average.  
 

Each of the 10 Sloan letters was presented 60 times per location (10 presentations × 

six stimulus levels (i.e., letter sizes) per location). Therefore, there were 600 

presentations for the 10 letters per location. If observers were equally sensitive to all 

letters in the 10-letter Sloan set, exhibited no biases to favour some letters more than 

others, and were not influenced by the similarity between the letters, then all 10 letters 

would be chosen as a response (correctly or not) with equal expected frequency (i.e., 

60 responses out of 600 presentations), namely 10% or 0.1 (Figure 2.4 B). I shall refer 
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to the relative frequency of letter choice as letter usage (total), and we expect the letter 

usage to deviate from 0.1 (60 responses per location) when differences mainly in 

sensitivity, bias and/or similarity exist across the set of letters.  

The Chi-squared (χ!) test showed a significant difference in letter usage (total) among 

the letters set (i.e., they deviate significantly from 60 responses out of 600 

presentations) for each observer at each location (see appendix A for results of χ!	and 

p-values). Additionally, each observer showed a unique pattern of letter usage (total) 

(see Appendix A for plots of letter usage (total) with the binomial confidence intervals 

for each letter at the three locations). For further analysis, the letter usage for correct 

and letter usage for incorrect responses were also calculated for each observer and at 

each location. The letter usage for correct responses was calculated as the relative 

proportion of the correct responses given by the letter out of the sum of correct 

responses given by all the letters at each location. The same method was used to 

calculate the letter usage for incorrect responses (i.e., the number of incorrect 

responses given by the letter divided by the sum of incorrect responses given by all the 

letters).  

The analysis showed that the high letter usage (total; i.e., either correct or incorrect ) 

is associated with better letter acuity (i.e., smaller letter size in min of arc) and vice 

versa as revealed by the negative and strong Pearson correlation between the averages 

of letter acuities and the averages of the corresponding letter usage (total) across 

observers at the central (r = -0.94, n = 10, p < .001), upper (r = -0.87, n = 10, p = .001) 

and lower (r = -0.80, n = 10, p = .006) visual field locations (Figure 2.5 A). Similarly, 

a strong correlation was found between letter usage for correct responses and letter 

acuity at the central (r = -0.98, n = 10, p < .000), upper (r = -0.97, n = 10, p < .001) 

and lower (r = -0.96, n = 10, p < .001) visual field locations (Figure 2.5 B).  
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Figure 2.5 Correlation between letter usage and measured acuity. 
It shows the correlation between the letter usage of A) total responses vs the letter acuities B) 
correct responses vs the letter acuities and C) incorrect responses vs the letter acuities at the 
three visual field locations. Letter usage is expressed as a proportion of responses. The letter 
acuity is expressed as letter size in min of arc. Here and throughout, the pink data points are 
the observers’ individual data whereas the red circles are the average across observers.  
 

This was not unexpected; however, the letter usage for correct responses was found to 

be highly associated with the letter usage for incorrect responses (Figure 2.6). This 

was shown by the strong Pearson correlation between the averages of letter usage 

(correct) and the averages of letter usage (incorrect) across observers at the central (r 

= 0.92, n = 10, p < .001), upper (r = 0.90, n = 10, p < .001) and lower (r = 0.84, n = 10, 

p = .003) visual field locations.  
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Figure 2.6 The correlation in the proportion of correct vs incorrect responses. 
 

This analysis suggested that; in addition to being influenced by the letter usage 

(correct) (Figure 2.5 B); the individual letter acuities are also influenced by the letter 

usage (incorrect). This was demonstrated by the strong Pearson correlation between 

the averages of letter acuities and the averages of letter usage (incorrect) across 

observers at the central (r = -0.86, n = 10, p = .001), upper (r = -0.76, n = 10, p = .011) 

and lower (r = -0.70, n = 10, p = .024) visual field locations (Figure 2.5 C).  

The differences in letter usage for incorrect responses are determined by either 

response bias (towards or against some letters) or similarity between letters. Luce’s 

choice model (1963) was employed to compute the response biases and similarity 

between letters for each observer to further investigate their relative contribution to the 

differences of individual letter acuities. For the following analyses, confusion matrices 

(presented vs responses of letters) were created for individual observers (pooled across 

the six letter sizes) at each location (see Appendix A). Figure 2.7 shows the confusion 

matrices averaged across observers at each location (pooled across the six letter sizes 

for each observer and then averaged across observers).  
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Figure 2.7 The confusion matrices of presented vs responded letters.  
Data is averaged across observers for each location. The colour scale illustrates the frequency 
of letter responses, where warmer colours show higher frequencies. The diagonal cells 
represent correct responses, whereas the non-diagonal cells represent incorrect responses. 
 

Luce’s choice model was fitted to letter responses for each observer at each location. 

Figure 2.8 summarises the results of fitting Luce’s choice model (i.e., response biases 

(β) and similarity (η) parameters).  

 

Figure 2.8 Results of Luce’s model fitting.  
A) the response biases parameters (β) for individual letters and B) the letter similarities 
parameters (η) for letter pairs calculated by the Luce choice model at each location. Here and 
throughout, the thin pink curves represent the individual observers’ data (i.e., 10 curves for 10 
observers). The red curve represents the average across observers. The colour scale illustrates 
η parameters, where warmer colour shows higher η parameters (i.e., higher similarity between 
the corresponding letters of the pair). η values of 1 (i.e., diagonal yellow cells) represent 
completely identical letters. 
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To further visualise the similarity pattern, I depicted the similarity parameters for each 

pair of letters at the three locations (Figure 2.9).  

 

Figure 2.9 Luce’s similarity parameter (η) for each letter pair at each location.  
Since similarity is assumed to be symmetrical, we have only 45 confusion pairs. 
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For each letter, the average across the similarity parameters of each letter with the 

other letters was calculated and referred to as letter confusability (Figure 2.10). For the 

next analysis, the letter confusability was used as a measure of the similarity of the 

letter to the other letters.  

 

Figure 2.10 The letter confusability at the three locations.  
 

Figure 2.11 A shows that the response bias was strongly correlated (Pearson 

correlation) to letter acuity at central (r = -0.96, n = 10, p < .001), upper (r = -0.90, n 

= 10, p < .001) and lower (r = -0.86, n = 10, p = .001) visual field locations. The 

correlation was weaker between letter confusability and letter acuity at central (r = 

0.50, n = 10, p = .141), upper (r = 0.64, n = 10, p < .05) and lower (r = 0.64, n = 10, p 

< .05) visual field locations (Figure 2.11 B). These results suggest that response bias 

might highly influence the estimation of individual letter acuities compared to letter 

similarity. 
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Figure 2.11 Correlation between Luce’s parameters and letter acuity.  
A) the correlation between the averages of Luce bias parameters and the averages of letter 
acuities across observes. B) The correlation between the averages of letter confusability and 
the averages of letter acuities across observes. 
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2.4 Discussion 

 

This study aimed to investigate the role of response bias and similarity in the 

estimation of individual Sloan letter acuities. Results showed that letter acuity was 

significantly different between the central and the paracentral visual field locations 

with no significant difference between the upper (+3 deg) and lower (-3 deg) locations. 

Figure 2.12 A shows the results of the current experiment and two previous studies 

(Ludvigh, 1941; Hairol et al., 2015). The poorer letter acuities in the current study 

could be the result of differences in study design. Hairol et al. (2015) used Sheridan 

Gardiner letters and unlimited viewing time, and Ludvigh (1941) used F, E, C, L, and 

T letters and did not specify the viewing time.  

 

Figure 2.12 Measured letter acuities of the current and previous studies.  
A) the average letter acuity across observers as a function of eccentricity for the current and 
two previous studies (Ludvigh, 1941; Hairol et al., 2015). B) The average of individual letter 
acuities for the current and four previous studies (Alexander et al., 1997; Reich & Bedell, 
2000; Shah et al., 2012; Hamm et al., 2018).  
 

Similar to previous studies, our results show substantial differences in individual letter 

acuities (Alexander et al., 1997; Reich & Bedell, 2000; Shah et al., 2012; Hamm et al., 

2018). Figure 2.12 B shows the individual letter acuities (central location only) 
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compared to four previous studies (Alexander et al., 1997; Reich & Bedell, 2000; Shah 

et al., 2012; Hamm et al., 2018). Our results were generally similar to Alexander et 

al.’s (1997), Reich & Bedell’s (2000), and Shah et al.’s (2012) results, but different 

from Hamm et al.’s (2018) results, who measured higher acuities for all letters. The 

better acuities in Hamm et al.’s (2018) could be the consequence of using white 

optotypes on a black background, using an interleaved QUEST staircase procedure, 

and a potential learning effect that could arise from the long and multiple experimental 

sessions (10 hours per observer) (Westheimer, 2003; Hamm et al., 2018). On the other 

hand, Alexander et al. (1997), Reich & Bedell (2000), and the current study employed 

the method of constant stimuli, and Shah et al. (2012) employed the method of limits.  

The current study showed similar patterns of the differences in individual letter acuities 

at the fovea, upper, and lower visual field locations, but with higher variability in 

individual letter acuities in the upper and lower visual field locations (Figure 2.4 A). 

This was consistent with what has been reported by Hairol et al. (2015) (see Figure 

1.10 A). 

Letter usage (total) was found to be influential on the estimation of the individual letter 

acuities (Figure 2.5 A). As expected, letter usage (correct) was found to be 

significantly and strongly correlated to the individual letter acuities (Figure 2.5 B). The 

letter usage (correct) is determined mainly by the sensitivity towards the letters. 

Interestingly, there was a significant correlation between the letter usage (correct) and 

(incorrect) (Figure 2.6). Furthermore, it has been found that the individual letter 

acuities are influenced by the letter usage (incorrect) (Figure 2.5 C). This suggests that; 

besides being determined by letter sensitivity, the letter usage (correct) might also be 

influenced by the letter usage (incorrect). The latter is determined by response bias and 

similarity between letters. 
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Here I used Luce's choice model (Luce, 1963) to estimate letter similarity and response 

bias parameters to investigate their relationship with the individual letter acuities of 

Sloan letters. Most confusion pairs (i.e., similar letters) at the central location were 

found to be similar to those at paracentral locations (but with different values and ranks 

of similarity parameters (η)) (Figure 2.8 B & 2.9). The results of fitting the model 

showed that the pattern of similarity between letters in the current study is consistent 

with the findings of previous studies (Figure 2.13). 

 

 

Figure 2.13 The similarity of letter pairs of the current and previous studies. 
A) at the fovea and B) at the upper field. The similarity is expressed as η parameter for the 
current and Hamm et al.’s (2018) results. However, the similarity is expressed as the 
probability of confusion in Reich and Bedell's (2000) results.   
 

The similarity parameters of the current study were significantly correlated (Pearson 

correlation) with the similarity parameters of Hamm et al. (2018) (r = 0.61, n = 45, p 

< .001) and Reich & Bedell (2000) (r = 0.82, n = 45, p < .001) at the fovea. A 

significant correlation (Pearson correlation) was also found at the upper visual field 
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location (r = 0.71, n = 45, p < .001) between the similarity parameters of the current 

(+3 deg) and Reich & Bedell (2000) (+10 deg) studies. 

Nevertheless, the similarity parameters in the current study were found to be 

substantially and consistently higher than the similarity parameters in the other two 

studies. This could be due to differences in study design. In contrast to the current 

study, where observers were forced to respond only from the Sloan letters set, Reich 

and Bedell (2000) used 25 letters which would result in different and more 

combinations of confusion pairs. In this case, observers can exhibit similar 

combinations to the current study but with weaker similarity strengths (Carkeet, 2001). 

Hamm et al. (2018) also showed lower similarity parameters (η). As mentioned earlier, 

this could be the result of using reversed contrast optotypes (white optotypes on a black 

background) and/or employing different methods to determine the letter acuity. They 

employed the QUEST method where they present letters mainly at threshold size, 

hence they did not equally include letter sizes above and below the threshold where 

higher similarity might occur. The next study (Chapter 3) will investigate this aspect 

in detail.  

I further aimed to investigate the relationship between the letter similarities and the 

differences in individual letter acuities. The similarity (expressed as confusability) was 

found to be influential on the individual letter acuities especially at the upper and lower 

visual field locations (Figure 2.11 B). Hence, the similarity between letters might be a 

source of the differences in the estimation of individual letter acuities. These findings 

are consistent with the previous studies (Erdei et al., 2019; Grimm et al., 1994; 

McMonnies & Ho, 1996; McMonnies & Ho, 2000; Hamm et al., 2018).  

The response bias computed by Luce's model in the current study is similar to the 

pattern of bias parameters presented in in Hamm et al. (2018) (fovea) (Figure 2.14). 
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However, the Pearson correlation was not significant (r = 0.55, n = 10, p = .10).  

 

Figure 2.14 The Luce’s bias of the current and Hamm et al.’s (2018) studies.  
 

Our analysis demonstrates that the individual letter acuities are substantially 

influenced by the response bias (Figure 2.11 A). Consequently, compared to the 

similarity between letters, response bias might have a major role in the differences in 

individual letter acuities.  

In summary, response bias and similarity between letters play a role in the differences 

of the individual Sloan letter acuities where response bias is the most influential factor. 

However, the sensitivity towards the letters has not been quantified or investigated in 

the current study acknowledging that it also might contribute to the differences in 

individual letter acuities.  Furthermore, the confusability in the current study might be 

regarded as a measure of the sensitivity of the letter making it even more difficult to 

differentiate between the relative role of sensitivity and similarity on individual letter 
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acuities (Mueller & Weidemann, 2012). Luce’s choice model is not a generative 

model. Therefore, it cannot be used as a simulation tool to investigate the extent of the 

effect of response bias and similarity on the letter acuity measurements.  

In the next chapter, I will introduce a novel generative model to reveal the role of 

sensitivity, response bias, and similarity in the letter identification task simultaneously 

and the relative contribution of each one of the three factors on the estimation of the 

individual letter acuities. 
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Chapter 3 . The Role of Bias, Sensitivity and 
Similarity in Letter Acuity Measurements: A Noisy 
Template Model 
 

 

3.1 Motivation  

 

In the following chapter, I will investigate the relative role of response bias, sensitivity 

differences, and similarity between letters simultaneously in letter identification task 

using the same data (Chapter 2). Here, I introduce a novel extension (by incorporating 

the similarity factor) to our previously derived model (Georgeson et al., 2023). In our 

previous model (i.e., Noisy Template Model (NTM)), only two factors, (i) response 

bias and (ii) sensitivity differences between letters were investigated in the letter 

identification task using the same data set from the previous experiment (Chapter 2). 

Since the NTM is a generative model, it will be used as a tool for further simulations 

to demonstrate the relative role of each one of the three factors in estimating the letter 

acuity (in particular, the systematic error and test-retest variability of the estimated 

letter acuity).  
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3.2 Methods  

 

In the current study, the data from the previous experiment (Chapter 2) were re-

analysed. In the previous study, the data were collected in the form of a confusion 

matrix of the presented vs responded letters for each observer and for each location. 

Here I will focus on elaborating on the details of the model (NTM) employed to 

explore the data. 

 

3.2.1 The noisy template model (NTM) 

3.2.1.1 Letter usage  

 

In Chapter 2, I showed that the total letter usage (the frequency with which each letter 

is used as a response, regardless of correctness) was significantly different between 

letters for each observer and test location (see Figure 3.1 A, which is similar to Figure 

2.4 B, for the results across observers and Appendix A for the results of individual 

observers). We expect the letter usages to deviate from 0.1 when differences mainly 

in bias or sensitivity exist across the set of letters. However, several serious issues need 

to be resolved before any inferences about bias (or sensitivity) can be made, as Figure 

3.1 illustrates.  
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Figure 3.1 Data overview: letter usage.  
A) letter usage (total), expressed as proportion of responses, in the experiment on which each 
of the 10 letters was reported (correctly or not), averaged over the six letter sizes and 10 
observers. Each point is based on 600 trials. B) Same data as A, but rank-ordered by group-
average proportion of responses, separately for the three locations. Because the ordering of 
letters was different for the three locations, we must label the x-axis in terms of letter rank (1-
10) rather than letter identity. C) Similar to B, but the proportion of responses were rank-
ordered separately for each observer, then averaged over observers.  
 

 

Figure 3.1 A shows the pattern of letter usage (expressed as proportion of responses) 

averaged across observers, for each of the three test locations in the experiment. In 

central vision (red) N, R, V appear to be over-called, while at -3 deg eccentricity 

(green) it was R and Z, and at +3 deg eccentricity (blue) it was H, N, R. Figure 3.1 B 

shows the same data, but rank-ordered in terms of group-average usage, from least to 

most. These variations in letter usages might reflect different biases (or sensitivities) 

for different letters. But if observers have different patterns of bias (or sensitivity) 

across letters, then averaging over observers before rank-ordering is likely to 

underestimate the range of individual biases (i.e., it washes out the effect we are aiming 

to capture). A potential answer to this problem is to rank-order the letter usage of 

individual observers first, and then average the ranked letter usages across observers, 

as shown in Figure 3.1 C. We used this form of averaging in all our analyses. Note 

how the range of variation around the unbiased mean (0.1) has approximately doubled 
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from Figure 3.1 B to 3.1 C, and how similar the trends are for the three test locations.  

 

3.2.1.2 Outline of the model  

 

The model presented here is an extended version of our previously devised model (i.e., 

NTM) (Georgeson et al., 2023) (Figure 3.2). In our original model, we made two 

simplifying assumptions about the templates. The first is that there are as many letter 

templates as there are test letters in the experiment (i.e., 10 templates), and secondly, 

the templates are assumed to give a response only to their own preferred letter, with 

no response to other letters (Figure 3.3 A); that is, the templates are orthogonal. 

Macmillan and Creelman (2005) noted that the assumption of orthogonality between 

detectors is optimistic but appealing because of the simplicity it confers on the 

modelling (Macmillan & Creelman, 2005). However, in the current version of the 

model, the second assumption of the NTM (i.e., the orthogonality assumption in the 

original model) has been changed as follows: the templates respond not only to their 

preferred letter but also to other, similar letters. That is, the templates are correlated 

(i.e., non-orthogonal).   

When a given letter is presented, the output of each letter’s template (i.e., Template 

responses in Figure 3.2) is subject to bias, sensitivity, and/or similarity to the presented 

letter. Furthermore, the net output of each template is perturbed by additive Gaussian 

noise. The bias affects the mean output level of the template by a constant amount 

whether or not the template’s preferred letter is presented (Figure 3.3 B). The 

sensitivity affects the mean output level of the template when the preferred letter is 

presented (Figure 3.3 C). The similarity influences the mean output of the non-

preferred letter templates according to their correlation to the preferred letter template 
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(i.e., similar letters) (Figure 3.3 D).  

 

Figure 3.2 A) a schematic representation of the NTM and (B) template responses. 
After adding the bias, sensitivity, similarity, and noise on the corresponding templates, the 
most active (i.e., MAX response) template on a given trial determines the letter choice. 
Because of noise, the most active template over trials (red dots in B) may be the correct (e.g., 
S) or the incorrect letter (e.g., Z). The joint effect of the three factors, bias, sensitivity and 
similarity determines the mean response of each template. For example, positive bias (top three 
rows) gives a higher mean response compared to negative bias (bottom two rows), hence, 
increasing the chance of incorrect responses (e.g., red dots for Z) and correct responses (i.e., 
S). Note that because of the dissimilarity between letter V and S, the mean response of letter 
V was low (although it has positive bias), therefore, it is unlikely for the template V to be 
chosen (as an incorrect response in this case). Negative biases (bottom two rows) decrease the 
chance of these letters being called, correctly or not. However, the similarity between the 
letters S and D increases the likelihood of letter D (although it has a negative bias) being 
chosen (as an incorrect response in this case).  
 

For simplicity, the model does not further specify the nature of the template-matching 

process, but a detailed model for that process, incorporating optical and neural 

filtering, along with the limitations imposed by spatial sampling and noise, was 

developed by Watson and Ahumada (2015). They noted that all image-based models 

of letter identification to date are based on the template concept (Watson & Ahumada, 

2015).  
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Figure 3.3 Demonstration of NTM in case of bias, sensitivity, similarity or none.  
Figure illustrates the (A) NTM without bias, sensitivity differences, or similarity between 
letters. (B) NTM with different biases on each template. (C) NTM with different sensitivity 
on each template. (D) NTM with a similarity between templates. The bias and sensitivity in 
panels B & C are ordered from negative to positive with a mean of zero. I call these the bias 
gradient B' and the sensitivity gradient S' (see text). The letter identity for each template here 
is arbitrary, for illustration only. Presenting a test letter (e.g., S) increases the mean response 
for the S-template but leaves others unchanged (A). The letter decision on a given trial is made 
by choosing the template with the largest response on that trial (the MAX operator, Figure 3.2 
A). Choices vary from trial to trial because of noise in each template channel (indicated by the 
Gaussian distribution). For illustration purposes, the red points represent those trials on which 
a given template gave the max response, whereas the grey points are activations that were 
lower, hence not chosen. Notice how the positive bias (e.g., Z), and presentation of the 
preferred letter (e.g., S) increase the likelihood of choosing certain letters, sometimes 
correctly, sometimes not (B). In case of sensitivity differences (C), larger sensitivity increases 
the chance of the letter template to be chosen when its preferred letter is presented (i.e., 
increase the likelihood of correct responses as shown by the increase of the percent correct 
response (PC) from 60% to 78.5%. Panel D shows the case with no bias or sensitivity 
differences but with the similarity between the presented letter S and the other templates. Note 
that the similarity between the presented letter S and the other templates (e.g., D and Z) 
decreases the likelihood of choosing the letter S (i.e., PC decreased from 60% to 38.5%) and 
increases the likelihood of choosing the similar letters such as D and Z (i.e., incorrect 
responses). On the other hand, the dissimilarity between the letters S and V decreases the 
likelihood of choosing the letter V (i.e., incorrect responses).  
  

Template responses

A B C D
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3.2.1.3 Model structure and equations 

 

For bias and sensitivity modelling, the structure and equations of the original model 

remained the same as follows: If differences in letter usages (total) are caused by 

biases, then the most-used letter would be associated with the highest positive bias and 

vice versa. Suppose that the templates can be rank-ordered from least- (most-negative) 

bias to most-positive bias, indexed by i = 1 to m (where m = 10). Furthermore, bias 

values Bi (assigned to templates i to m) are assumed to be a linear function of i, ranging 

from B1 = -B' to Bm = B'. It is a strong but a simplifying assumption. This linear 

gradient is a good place to start because it greatly reduces the number of free 

parameters per observer (i.e., one bias parameter (B') per location instead of nine). 

Therefore, the bias Bi for the ith template is 

 

B! =	
B′(2i − m − 1)

m − 1
.																(Eq.		3.1) 

 

where B' is a free parameter. Subsequently, the bias values Bi are assigned to the 

corresponding templates according to their letter usages (total). Therefore, the highest 

bias value is assigned to the template of the most used letter and vice versa. The same 

procedure is followed to assign the rest of the bias values to the corresponding 

templates. Note that when B' = 0, the system is unbiased.  

Similarly, we assumed that sensitivity differs (a linear variation) between templates 

around a baseline value (i.e., overall sensitivity S0 which is a free parameter) ranging 

from S0(1 - S') to S0(1 + S') where S' is the sensitivity gradient. Therefore, the 

sensitivity of the ith template to the jth test letter is 
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S!" =	S#	 11 +
S′(2i − m − 1)

m − 1
3 	if	i = j.									(Eq.		3.2) 

 

We shall refer to B' and S' as the bias gradient and sensitivity gradient respectively. 

When fitted to data, B' and/or S' were free parameters for individual observers, and if 

not fitted then B'=0 and/or S'=0. S0 was also a free parameter for each observer and 

test location, controlling the overall level of performance. 

For the similarity simulations and modelling, I assumed that the similarity between 

Sloan letters arises solely from the features of the letters. Hence, the similarity between 

pairs of Sloan letters can be quantified by the Optotype Correlation (OC) matrix 

(Figure 3.4) (Fülep et al., 2017). The calculation is based on Pearson’s normalised 

cross-correlation of the original letters (Neto et al., 2013). To simplify the model, I 

propose that similarity is a symmetrical relation (e.g., if H is similar to K, then K is 

similar to H by the same amount). I also propose that the pattern in the OC matrix does 

not change for different letter sizes.  

 

 

Figure 3.4 The optotype correlation matrix (OC) for Sloan letters.  
A correlation value of one indicates identical letters, zero means no correlation, and a negative 
correlation indicates dissimilar letters. A higher positive value means stronger similarity 
between the corresponding letters. 
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Another key assumption is that, while keeping the similarity pattern unchanged, the 

overall strength of the similarity between letters can vary from observer to observer. 

This is controlled by multiplying the off-diagonal correlation values by a factor that 

we called the Confusion Strength (Cs).  

Using the OC values and the Cs factor to quantify the similarity between Sloan letters 

for a given observer, the sensitivity of the ith template to the jth test letter is 

 

S!" =	 6S# × Cs × OC!";				if	i ≠ j												(Eq.		3.3)									 

 

where Cs is a free parameter. Thus, the sensitivity of the template i when i ≠ j is 

controlled by its correlation with the letter j (i.e., OCij, see Figure 3.4) and by the Cs 

for a given observer. For example, consider test letter C and suppose S0 = 1 and Cs = 

1. In this case, the sensitivity of the letter C template to test letter C is 1, while 

sensitivity of the letter O template is 0.866, but that of the (rather dissimilar) letter H 

template is -0.408. Similar considerations apply to the rest of the templates.  

 

Letter identification improves with increasing letter size. I capture this essential 

behaviour by assuming that the template’s mean response (µij) increases as a function 

of sensitivity Sij, bias Bi, and test letter size t (expressed as letter stroke width, in min 

arc) 

 

µ!" = B! + (S!" × 	t)%													(Eq.		3.4), 

 

where p is a constant exponent of a power function relation between mean response µ 

and letter size t. The exponent p controls the slope of the underlying psychometric 
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function (PMF) (proportion of correct responses vs test letter size), and from initial 

explorations of model and data, we set p = 2.5 for central vision, and p = 2 at ± 3 deg 

eccentricity.  When p = 2 the signal (µ) underlying correct performance increases with 

the square of the letter size. We might interpret this as arising from physiological 

nonlinearities (e.g., the half-squaring model of V1 cell responses) (Heeger, 1992). 

Furthermore, I adopted the standard SDT assumption that the ith template output is 

perturbed by additive zero-mean Gaussian noise with variance σ!&, and that σ! = 1 for 

all i. The decision rule for letter identification was the MAX operator. On a given trial, 

the template that has the highest activity is chosen as the response letter (Figure 3.2 

A).   

 

3.2.1.4 The MAX operator 

 

We assume that the observer’s decision about which letter was shown on a given trial 

is determined by whichever template is most active (Figure 3.2 A). This winner-take-

all process, often known as the ''MAX operator'', has a long history in psychophysics 

and pattern recognition. Watson and Ahumada (2015) used the MAX over templates 

as the decision rule for letter identification in their Neural Image Classifier model but 

did not address possible effects of bias. When all the templates are equally sensitive 

(S' = 0), unbiased (B' = 0) with no similarity (Cs = 0), the MAX rule is the optimal 

decision rule (Kingdom & Prins, 2010; Wickens, 2002). We think it remains a 

reasonable assumption even in the face of some bias and unequal sensitivity or 

similarity across templates. This amounts to assuming that the decision-making 

apparatus has no information about variation in Sij or Bi and so cannot devise a better 

decision rule than the MAX rule. 
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3.2.1.5 Letter identification  

 

In the modelling of bias and sensitivity, a more positive µ!" increases the likelihood of 

the corresponding letter to generate the MAX response (Figure 3.3 B & C). On the 

other hand, in the similarity modelling, when a test letter is presented, the mean 

response becomes more positive for the test letter template but also for similar letters. 

They will hence be more likely to generate the MAX response across templates, and 

so will tend to be confused with the test letter. For letters dissimilar to the test letter, 

their templates’ mean responses shift in the opposite direction, making them less likely 

to be confused with the test letter. For example, similar letters like S and D are likely 

to be confused with each other, whereas dissimilar letters S and V are unlikely to be 

confused (Figure 3.3 D). Note that in Eq. 3.3, if Cs is zero, S!"	becomes zero when i ≠

j. This means that our original NTM presented in Georgeson et al. (2023) is a special 

case of the present model, with zero Cs, hence orthogonal templates. 

I used a Matlab function (M_stats_maxN) to compute (for all i,j) the probability Pij 

that the ith template delivers a response to the jth test letter that is larger than that of all 

the other templates. M_stats_maxN.m is freely available from the Journal of Vision as 

supplementary material to a paper by Zhou et al. (2014) at 

https://doi.org/10.1167/14.13.24. (Zhou et al., 2014). For a given set of parameters (p, 

S0, B', S', Cs), I used this function to compute the matrix of presented vs response 

probabilities from which I calculated the proportions of responses of each letter 

(correct or incorrect) at different letter sizes. i.e., I obtained one 10 × 10 confusion 

matrix (test letters vs response letters) for each tested letter size and each test location.  
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3.2.1.6 Illustration of the effect of bias, sensitivity and similarity on letter 

identification task 

 

To illustrate the expected effect of bias, sensitivity, and similarity between letters on 

the correct and incorrect response pattern for individual letters, I ran simulations using 

parameters that mimic the letter identification task at the fovea (p = 2.5, S0 =1.15), 

firstly with three magnitudes of bias (B' = 0, 0.3 or 0.6) but no sensitivity differences 

or similarity between letters, secondly with three values of sensitivity differences (S' 

= 0, 0.15 or 0.3) but no bias or similarity, and finally with three values of similarity 

(Cs = 0, 0.5 or 1) but no bias or sensitivity. Figures 3.5, 3.6 & 3.7 show the modelled 

PMFs for individual letters in the three cases and the confusion matrices pooled across 

the six letter sizes used in the experiment.  

Figure 3.5 shows the proportions of correct responses for individual letters and the 

confusion matrices for three different degrees of bias but no sensitivity differences or 

similarities between letters. Figure 3.5 A shows the case with no bias; the modelled 

PMFs for different letters are identical (complete overlap). Additionally, there is no 

over-calling or under-calling of any of the letters as indicated by the letter responses 

in the corresponding confusion matrix. However, in Figures 3.5 B & C, the biases 

added to the letter templates shifted the corresponding PMFs systematically. The 

simulation shows that when the largest bias is assigned to the letter Z (chosen 

arbitrarily for demonstration purposes) the letter Z will be over-called as shown by the 

corresponding confusion matrix, and the proportion correct will be higher than that of 

the other letters as indicated by the upwards shift of its PMF. The opposite is observed 

for the letter with the negative bias (i.e., V). The maximum effect is near the lower 

asymptote where the templates are not strongly stimulated such that the responses will 
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be determined mainly by bias and noise. The more extreme the bias, the larger the 

effect (Figure 3.5 B & C). 

 

Figure 3.5 Simulation of bias effect on letter identification performance.  
The top row shows three plots of simulated bias effect on psychometric functions of individual 
Sloan letters. B' values are 0, 0.3, and 0.6. The bottom row shows the corresponding confusion 
matrices pooled across the six letter sizes. The order of the letters’ biases values is arbitrary 
for demonstration purposes only.  
 

Figure 3.6 shows the effect in case of different letter sensitivity differences expressed 

as sensitivity gradient (i.e., S') of 0.15 and 0.3. Higher sensitivity towards a given letter 

increases the proportion correct at all the presented letter sizes compared to the other 

letters. Consequently, the resulting PMF shifts horizontally to the left (e.g., Z) and vice 

versa (e.g., V). The sensitivity differences between letters only affect the letters’ 

correct responses (i.e., the diagonal cells in the corresponding confusion matrices; 

Figure 3.6 B & C). In this case, over-calling a given letter will be due to the increased 

sensitivity towards that letter when presented (i.e., high correct responses) compared 

to the other letters.  
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Figure 3.6 Simulation of sensitivity effect on letter identification performance. 
The top row shows three plots of simulated sensitivity on psychometric functions of individual 
Sloan letters. S' values are 0, 0.15 and 0.3. The bottom row shows the corresponding confusion 
matrices. 
 

Finally, Figure 3.7 shows the performance in a simulated letter identification task with 

three different degrees of similarity but no bias or sensitivity differences between 

letters. Figure 3.7 A (no similarity) shows the same result as Figure 3.5 A & 3.6 A. 

Figures 3.7 B & C show the cases with two different degrees of similarity. The stronger 

the similarity (Cs) of one letter to another (e.g., C vs O), the lower the proportion 

correct. Furthermore, the confusion matrices show patterns similar to the OC pattern 

used in the simulation (Figure 3.4), and this pattern is clearer with larger Cs (Figure 

3.7 C).  
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Figure 3.7 Simulation of similarity effect on letter identification performance 
The top row shows three plots of simulated similarity on psychometric functions of individual 
Sloan letters. Cs values are 0, 0.5 and 1. The bottom row shows the corresponding confusion 
matrices. 
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3.2.1.7 Model fitting 

 

For each observer, I obtained a 10 × 10 (presented vs responded) confusion matrix for 

each of the six letter sizes and three test locations. The model was fitted to the observed 

number of responses (i.e., 600 responses at each location), using maximum likelihood–

adjusting parameter values S0, B', S', and Cs to maximise the log-likelihood (LL) of 

the parameters given the data. To calculate the LL, I used the following equation: 

 

LL =C{n!" × log(P!")}					(Eq.		3.5) 

 

where nij is the observed number of responses of the letter i when presenting the letter 

j. Pij is the model’s proportion of responses for the corresponding ij pair. The variables 

n and P range over 100 letter pair combinations for each letter size (There are six letter 

sizes per test location), and the summation takes place over those 600 pairs.  

I fitted eight versions of the template model, in which the fitted parameters represented 

B', S' & Cs, denoted as the model (B1C1S1), or B' & Cs (B1C1S0), B' & S' (B1C0 

S1), Cs & S' (B0C1S1), B' only (B1C0S0), Cs only (B0C1S0), S' only (B0C0S1) or 

none (B0C0S0). The fitting of the B1C1S1 model was performed in two steps. In the 

first step, I adjusted overall sensitivity S0 to find the best-fitting value that maximised 

LL assuming that there is no bias (B' = 0), no sensitivity differences (S' = 0), and no 

similarity between letters (Cs = 0). In the second step, while using the best S0, I ran a 

3D sampled grid search to find the best values of the B', Cs, and S'. Then I readjusted 

for S0 using the best B', Cs, and S'. I repeated the procedure until there was no change 

in the estimated parameters.  
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For the remaining models, 3D sampled grid searches were performed to fit the 

B1C1S0, B1C0S1, and B0C1S1 models to find the best values of the (S0, B' & Cs), 

(S0, B' & S') or (S0, Cs & S') respectively. A 2D sampled grid search was performed 

to fit the B1C0S0, B0C1S0, and B0C0S1 models to find the best values of the (S0 & 

B'), (S0 & Cs) or (S0 & S') respectively. A 1D sampled grid search was performed to 

fit the B0C0S0 model to find the best value of the S0. All the fittings were performed 

for each observer and each test location separately.   

In the following results section, I present the results of fitting the eight models to the 

experimental data and comparison between them qualitatively and formally (i.e., via 

Akaike Information Criterion (AIC) (Akaike, 1974)) to determine the best fitting 

model.  

 

3.3 Results  

3.3.1 Initial observations 

 

The results of experimental data are summarised in Figure 3.8 for the three test 

locations. Figure 3.9 A shows the resultant confusion matrices of the fitted models 

collapsed across the six letter sizes and then averaged across observers; each row 

shows the fit of one model (the basic model B0C0S0 is not included). To facilitate the 

identification of the model that accounts best for experimental data (Figure 3.8), the 

difference between each model and experimental data was calculated using the Chi-

squared (χ&) value. For each model and each location (Figure 3.9 A), χ& value was 

calculated as: 

χ& =C
6O!" − E!";

&

E!"
									(Eq.		3.6) 
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where Oij is the frequency of responses of the cell ij in the confusion matrix of 

experimental data (i.e., observed) and Eij is the frequency of responses of the 

corresponding cell (i.e., ij) in the confusion matrix of the model data (i.e., expected).  

 

Figure 3.8 The experimental data (presented vs responses of letters). 
Data is collapsed across letter sizes first and then averaged across observers for each location.  
The colour scale illustrates the frequency of letter responses, where warmer colours show 
higher frequencies. The diagonal cells represent correct responses, whereas the non-diagonal 
cells represent incorrect responses. 
 

Figures 3.9 B & C show the agreement between the experimental and model data in 

the letter usage correct and incorrect (expressed as proportion of correct and incorrect 

responses in the current chapter). For each location and each observer, the proportion 

of correct responses for a given letter is calculated as the probability of calling that 

letter correctly out of the total number of correct responses of all letters. Likewise, the 

proportion of incorrect responses for a given letter is calculated as the probability of 

calling that letter incorrectly out of the total number of incorrect responses of all letters. 

In both cases, the chance proportion became 0.1.  
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Figure 3.9 The variants of the NTM model estimated from experimental data.  
I show here seven versions of the model after excluding the basic model B0C0S0. A) for each 
model, the confusion matrix is averaged across the six letter sizes for each observer and then 
averaged across observers. χ! value in each matrix shows the difference between a given 
model and the experimental data. The smaller the value, the better the model is in accounting 
for the experimental data. B) shows the agreement between the model and experimental data 
in the proportion of correct responses. The faint grey points are the observers’ data for 
individual letters. The white data points are the average across observers. At each location and 
for each observer, the letters’ proportions of correct responses in experimental data were rank-
ordered first (from low to high proportions). Then the ranked proportions of the experimental 
data were averaged across observers. The model data average was calculated across observes’ 
model data using the same ranking (i.e., based on ranking the proportion of correct responses 
of the experimental data). The white data points show the agreement between the two averages. 
The same procedure was applied to calculate the averages of the proportion of incorrect 
responses (C). Here and throughout (unless mentioned otherwise), the diagonal dashed line 
represents the perfect agreement whereas the horizontal dashed line represents the complete 
absence of agreement (i.e., chance proportion).  
 

To assess the models’ fitting in a way that might be more sensitive to the effects of 

bias, sensitivity, and similarity, I examined the confusion matrices. Figure 3.8 shows 

confusion matrices for the experimental data, pooled over the six letter sizes and 

averaged over observers. Inspection of Figure 3.9 A suggests that the fit of the bias, 

sensitivity, and similarity model B1C1S1 remarkably resembles the pattern of 

experimental data (Figure 3.8) at the three locations. Additionally, model B1C1S1 

shows the smallest χ!	values at the fovea (χ! = 22.58), upper (χ! = 18.56), and lower 

(χ! = 19.96) visual field locations. Model B1C1S1 also shows a good account for the 

proportions of both correct and incorrect responses at individual and group levels at 

the three test locations (Figures 3.9 B & C).  

Figure 3.9 also suggests that bias is the most influential factor in model B1C1S1 since 

it has the smallest χ! value at the fovea (χ! = 39.23), upper (χ! = 34.76), and lower (χ! 

= 30.74) visual field locations when fitted individually (i.e., B1C0S0 ) compared to 

the sensitivity (i.e., B0C0S1) where value is higher at the fovea (χ! = 67.31), upper 

(χ! = 73.66) and lower (χ! = 55.69) visual field locations and compared to similarity 
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(i.e., B0C1S0) where value is also higher at the fovea (χ! = 53.25), upper (χ! = 66.16) 

and lower (χ! = 56.83) visual field locations (Figure 3.9 A). Furthermore, the bias is 

the key factor that accounts for the proportion correct and incorrect responses when 

fitted individually (i.e., B1C0S0) or in conjunction with the other factors (i.e., 

B1C1S0, B1C0S1, and B1C1S1) (Figure 3.9 B & C). 

 

3.3.2 Formal model comparison 

 

To test these observations, I conducted a formal model comparison using the Akaike 

Information Criterion (AIC) (Akaike, 1974) at the group level (Table 3.1). AIC 

weights were 0.9987 and 1 for the fuller model B1C1S1 at the upper and lower visual 

fields respectively. Therefore, at the periphery, the fuller model B1C1S1 is the best or 

most-favoured model among the eight candidates (Table 3.1). However, at the fovea, 

the AIC weight was found to be 0.84 for model B1C1S0 and 0.16 for the fuller model 

B1C1S1. Although model B1C1S1 shows a better account to experimental data than 

model B1C1S0 at the fovea in Figure 3.9, the AIC result suggests that adding the 

sensitivity factor in model B1C1S1 does not significantly improve the fit considering 

the price of adding it as an extra parameter compared to the lesser model (i.e., B1C1S0 

with fewer parameters).  
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Table 3.1 Comparison of the eight models via AIC analysis, for the group of 10 observers  
 

ECC Model LL K n AIC Δ AIC Ak.Wt 

-3 deg 

B0C0S0 -24172.56 10 6000 48367.16 1985.31 0 

B1C0S0 -23532.44 20 6000 47107.03 725.18 0 

B0C1S0 -23851.95 20 6000 47746.06 1364.21 0 

B0C0S1 -24019.86 20 6000 48081.87 1700.02 0 

B1C1S0 -23173.47 30 6000 46409.27 27.42 0 

B1C0S1 -23476.34 30 6000 47015.02 633.16 0 

B0C1S1 -23752.18 30 6000 47566.69 1184.83 0 

B1C1S1 -23149.64 40 6000 46381.85 0 1 

0 deg 

B0C0S0 -23660.06 10 6000 47342.17 1486.10 0 

B1C0S0 -23155.49 20 6000 46353.14 497.07 0 

B0C1S0 -23401.94 20 6000 46846.03 989.96 0 

B0C0S1 -23578.04 20 6000 47198.24 1342.17 0 

B1C1S0 -22896.87 30 6000 45856.07 0 0.84 

B1C0S1 -23136.90 30 6000 46336.13 480.06 0 

B0C1S1 -23351.34 30 6000 46765.01 908.94 0 

B1C1S1 -22888.39 40 6000 45859.36 3.29 0.16 

+3 deg 

B0C0S0 -24197.24 10 6000 48416.53 2283.25 0 

B1C0S0 -23421.59 20 6000 46885.34 752.06 0 

B0C1S0 -23840.04 20 6000 47722.24 1588.96 0 

B0C0S1 -24069.58 20 6000 48181.32 2048.04 0 

B1C1S0 -23042.13 30 6000 46146.60 13.315 0.0013 

B1C0S1 -23398.74 30 6000 46859.81 726.53 0 

B0C1S1 -23722.46 30 6000 47507.25 1373.97 0 

B1C1S1 -23025.35 40 6000 46133.28 0 0.9987 

Notation: LL, total log likelihood; K, total no. of free parameters across the group; n, total no. of 

data points; AIC is the Akaike scores; the Δ AIC is the relative difference of the scores; Ak.Wt is 

the Akaike weights 
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This finding is also confirmed by the analysis of deviance (Table 3.2) (Collett, 2003). 

The analysis of deviance showed that bias, sensitivity, and similarity factors have an 

important role in the fitting of the fuller model B1C1S1 as indicated by the statistically 

significant outcomes at the three test locations (p < .001) (Table 3.2). 

 

Table 3.2 Group analysis of deviance, 10 observers 
 

 ChiSq df p-value 

Model B1C0S0 vs B1C1S1 

-3 deg 765.60 10 < .001 

0 deg 534.20 10 < .001 

+3 deg 792.48 10 < .001 

Model B0C1S0 vs B1C1S1 

-3 deg 1404.63 10 < .001 

0 deg 1027.09 10 < .001 

+3 deg 1629.38 10 < .001 

Model B0C0S1 vs B1C1S1 

-3 deg 1740.44 10 < .001 

0 deg 1379.30 10 < .001 

+3 deg 2088.46 10 < .001 

 

Further model comparisons after excluding the fuller model (B1C1S1) reveal that the 

bias and similarity model (B1C1S0) is favoured over the other six models (Table 3.3). 

Additionally, comparing only the one-factor models reveals that the bias model 

(B1C0S0) is favoured over the other two models (B0C1S0 & B0C0S1) (Table 3.4). 

Comparing the similarity model to the sensitivity model after excluding the bias model 

shows that the similarity model is favoured over the sensitivity model (Table 3.5).  

These interesting findings suggest that bias has a higher contribution to the fuller 

model than the other two factors (sensitivity and similarity) and the joint effect of bias 

and similarity is the most influential in the fuller model than the joint effect of either 

bias and sensitivity or similarity and sensitivity. The results also suggest that the 
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sensitivity factor has the least effect on the fuller model especially at the fovea. 

  

Table 3.3. Comparison of the seven models via AIC analysis, for the group of 10 observers 
 

ECC Model LL K n AIC Δ AIC Ak.Wt 

-3 deg 

B0C0S0 -24172.56 10 6000 48365.16 1957.91 0 

B1C0S0 -23532.44 20 6000 47105.10 697.77 0 

B0C1S0 -23851.95 20 6000 47744.05 1336.80 0 

B0C0S1 -24019.86 20 6000 48079.86 1672.61 0 

B1C1S0 -23173.47 30 6000 46407.25 0 1 

B1C0S1 -23476.34 30 6000 47013.00 605.75 0 

B0C1S1 -23752.18 30 6000 47564.67 1157.42 0 

0 deg 

B0C0S0 -23660.06 10 6000 47340.16 1486.11 0 

B1C0S0 -23155.49 20 6000 46351.13 497.08 0 

B0C1S0 -23401.94 20 6000 46844.02 989.96 0 

B0C0S1 -23578.04 20 6000 47196.23 1342.18 0 

B1C1S0 -22896.87 30 6000 45854.05 0 1 

B1C0S1 -23136.90 30 6000 46334.11 480.06 0 

B0C1S1 -23351.34 30 6000 46762.99 908.94 0 

+3 deg 

B0C0S0 -24197.24 10 6000 48414.52 2269.95 0 

B1C0S0 -23421.59 20 6000 46883.33 738.75 0 

B0C1S0 -23840.04 20 6000 47720.23 1575.65 0 

B0C0S1 -24069.58 20 6000 48179.31 2034.73 0 

B1C1S0 -23042.13 30 6000 46144.58 0 1 

B1C0S1 -23398.74 30 6000 46857.79 713.22 0 

B0C1S1 -23722.46 30 6000 47505.23 1360.66 0 

Notation: LL, total log likelihood; K, total no. of free parameters across the group; n, 

total no. of data points; AIC is the Akaike scores; the Δ AIC is the relative difference 

of the scores; Ak.Wt is the Akaike weights 
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Table 3.4 Comparison of the four models via AIC analysis, for the group of 10 observers 
 

ECC Model LL K n AIC Δ AIC Ak.Wt 

-3 deg 

B0C0S0 -24172.56 10 6000 48365.16 1260.14 0 

B1C0S0 -23532.44 20 6000 47105.02 0 1 

B0C1S0 -23851.95 20 6000 47744.05 639.03 0 

B0C0S1 -24019.86 20 6000 48079.86 974.84 0 

0 deg 

B0C0S0 -23660.06 10 6000 47340.16 989.04 0 

B1C0S0 -23155.49 20 6000 46351.13 0 1 

B0C1S0 -23401.94 20 6000 46844.02 492.88 0 

B0C0S1 -23578.04 20 6000 47196.23 845.10 0 

+3 deg 

B0C0S0 -24197.24 10 6000 48414.52 1531.20 0 

B1C0S0 -23421.59 20 6000 46883.33 0 1 

B0C1S0 -23840.04 20 6000 47720.23 836.90 0 

B0C0S1 -24069.58 20 6000 48179.31 1295.98 0 

Notation: LL, total log likelihood; K, total no. of free parameters across the group; n, 

total no. of data points; AIC is the Akaike scores; the Δ AIC is the relative difference 

of the scores; Ak.Wt is the Akaike weights 

 
Table 3.5 Comparison of the three models via AIC analysis, for the group of 10 observers 
 

ECC Model LL K n AIC Δ AIC Ak.Wt 

-3 deg 

B0C0S0 -24172.56 10 6000 48365.16 621.11 0 

B0C1S0 -23851.95 20 6000 47744.05 0 1 

B0C0S1 -24019.86 20 6000 48079.87 335.81 0 

0 deg 

B0C0S0 -23660.06 10 6000 47340.16 496.15 0 

B0C1S0 -23401.94 20 6000 46844.02 0 1 

B0C0S1 -23578.04 20 6000 47196.23 352.21 0 

+3 deg 

B0C0S0 -24197.24 10 6000 48414.52 694.29 0 

B0C1S0 -23840.04 20 6000 47720.23 0 1 

B0C0S1 -24069.58 20 6000 48179.31 459.08 0 

Notation: LL, total log likelihood; K, total no. of free parameters across the group; n, 

total no. of data points; AIC is the Akaike scores; the Δ AIC is the relative difference 

of the scores; Ak.Wt is the Akaike weights 
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3.3.3 The relative role of bias, sensitivity, and similarity in the letter identification 

task 

 

The "best" model (i.e., B1C1S1) does not necessarily mean that the model is good at 

explaining the different aspects of the letter identification task in the current 

experiment. I showed that the best model accounts very well for the differences in the 

proportion of correct and incorrect responses (Figure 3.9 B & C). But it is crucial to 

investigate how well the best model captures the bias, sensitivity, and similarity 

separately in the experimental data, which I will describe in the following section. 

Figure 3.10 shows the best model confusion matrices and the agreement with letters 

proportion correct of experimental data in case of the model recomputed with three 

factors activated, sensitivity and similarity activated (i.e., B off), bias and sensitivity 

activated (i.e., C off), bias and similarity activated (i.e., S off), only sensitivity 

activated (i.e., B & C off), only similarity activated (i.e., B & S off) or only bias 

activated (i.e., C & S off).  

Results show that the bias is the key factor in explaining the overall response pattern 

in the experimental data (i.e., has smaller χ! at the three test locations, Figure 3.10 A) 

and in explaining the differences in letter proportions of correct responses either 

individually (i.e., C & S off) or in conjunction with the other factors (i.e., B1C1S1, C 

off and S off) (Figure 3.10 B). On the other hand, one would assume that the sensitivity 

differences between letters would account for the differences in proportions of correct 

responses in the experimental data, but that was not the case when I examined the 

model recomputed for sensitivity individually (i.e., B & C off). The model with only 

the similarity factor activated (i.e., B & S off) also showed poor accounting for 

differences in proportions of correct responses in experimental data. Furthermore, 
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even the model with the joint effect of sensitivity differences and similarity between 

letters only (i.e., B off) does not account for the overall responses in experimental data 

(Figure 3.10 A) or for the differences in proportion corrects (Figure 3.10 B) as the 

model with the bias individually does (i.e., C & S off). 
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Figure 3.10 The best model recomputed with different activated factors.  
(A) the confusion matrices of the best model (B1C1S1) recomputed with different activated 
factors (see text) and (B) The agreement between experimental and model data in the 
differences of letter proportions of correct responses at the three test locations. Bias is the key 
factor in defining the overall responses and the differences in letter proportions of correct 
responses in experimental data.  
 

Results show that the best model (B1C1S1) accounts for the differences in proportion 

of incorrect responses (Figure 3.9 C). However, here I investigate more specifically 

how the best model accounts for the sources of the differences in 

letter incorrect responses which can be either bias, similarity between letters, or both. 

I employed Luce’s choice model (Luce, 1963) to compute the bias and similarity from 

the best model B1C1S1 and the experimental data, and then I examined the agreement 

between the results of the best model and experimental data (Figure 3.11). The fitting 

algorithm of Luce’s choice model was shown in Chapter 2 ("Methods" section). The 

fitting of Luce’s choice model showed that model B1C1S1 described the bias and 

similarity in the experimental data at the three test locations very well.  

Figure 3.11 A shows that Luce’s bias in the best model in the cases with activated bias 

factor is strikingly similar to Luce’s bias in the experimental data at the three test 

locations. This also indicates that our model estimates the same kind of bias that Luce’s 

model does, and it supports our strong assumption about the linearity of the bias and 

its ranking based on the letter usage (total). To further illustrate this, Figure 3.12 A 

shows the agreement between the bias parameters estimated by the best model and the 

corresponding bias parameters estimated by Luce’s choice model when both models 

(B1C1S1 and Luce’s choice model) fitted to experimental data.  
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 Figure 3.11 B shows Luce’s similarity parameters of the 45 confusion pairs. There are 

only 45 confusion pairs because Luce’s model assumes that the similarity between 

letters is symmetrical (i.e., the parameter of similarity between the presented letter C 

and responded letter O is identical to the similarity parameter between the presented 

letter O and responded letter C). The results suggest that Luce’s similarity between 

letters estimated from the best model data in the cases of similarity factor is activated 

is similar to Luce’s similarity between letters estimated from experimental data. It is 

also evident that the agreement is not as strong as in the case of Luce’s bias comparison 

(Figure 3.11 A). This is not unexpected since I used the OC matrix to capture the 

similarity between letters that follows the pattern of the OC matrix. Hence, Luce’s 

model will capture a particular pattern of similarity when fitted to the best model data 

(i.e., the pattern of OC matrix) whereas Luce’s model captures different and a variety 

of similarity patterns for each observer when fitted to experimental data. Nevertheless, 

the reasonable agreement between Luce’s similarity of the best model and 

experimental data suggests that the general and common similarity pattern in 

experimental data is the one that follows the OC matrix (Figure 3.12 B). 
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Figure 3.11 Luce’s parameters of the best model vs experimental data. 
A) the agreement between Luce’s bias parameters estimated from the best model and 
experimental data. B) shows the agreement between Luce’s similarity parameters of the model 
and experimental data. The horizontal dashed line in (A) is the no-bias case where all letters 
show Luce’s bias parameter of 0.1. To calculate the average, Luce bias parameters estimated 
from experimental data were rank-ordered first for each observer (from low to high bias). Then 
the ranked biases were averaged across observers. The averages of Luce bias parameters 
estimated from model data were calculated across the ranked biases of observers using the 
same ranking (i.e., based on ranking the Luce bias parameters of the experimental data). The 
white data points show the agreement between the two averages. The horizontal dashed line 
in (B) is the no-similarity case where all pairs show Luce’s similarity parameter of 0.15. It is 
calculated by assuming that for a given test location the proportion of incorrect responses is 
50% out of the total frequency of responded letters (i.e., 600). Therefore, the frequency of 
incorrect responses is 300 and each confusion pair in this case (and in case of symmetry 
similarity assumption (see text)) would have a frequency of 300/45 = 6.67 responses which 
corresponds to 6.67/45 = 0.15 chance ratio. The grey data points here are for the 45 confusion 
pairs for each observer. The white data points are the averages of the parameters across 
observers.  
 

 

Figure 3.12 Bias and similarity of Luce’s model vs the best model.  
A) the agreement between Luce’s bias and the best model (B1C1S1) bias parameters at the 
individual (grey data points) and group level (white data points). B) the agreement between 
Luce’s similarity and the best model (B1C1S1) similarity parameters at the individual and 
group levels. The bias parameters of the Luce model were rank-ordered first for each observer, 
averaged across observers, and then compared to the corresponding average of the bias 
parameters of the best model (white data points in A). Same procedure was performed for 
Luce similarity parameters. i.e., The average was performed for the corresponding confusion 
pairs (45 pairs) across observers (white data points in B). All data in this figure were 
normalized between 0 and 1.  

ECC = + 3 degECC = - 3 deg ECC = 0 deg

A

B
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3.3.3.1 The effect of bias, sensitivity, and similarity on letter acuity measurement 

 

Model B1C1S1 gave an excellent account of the differences in the proportion of 

correct responses between letters. This enabled me to examine whether estimating 

letter acuity from the PMFs of B1C1S1 (that takes account of bias, sensitivity, and 

similarity) differs from the other variants of the model that use only one, two, or none 

of these factors (i.e., B1C0S0, B0C1S0, B0C0S1, B1C1S0, B1C0S1, B0C1S1, 

B0C0S0). For each model, letter acuity for each observer was calculated as follows: 

the PMFs of the model were averaged across letter identities and letter acuity (in 

minutes of arc (´)) was then estimated as the letter size that gave 55% correct 

performance (halfway between guessing (10%) and perfect (100%) performance). 

Table 3.6 shows the average letter acuities (across observers) at the three test locations. 

These results indicate that models considering any of the three factors individually, 

two factors, or the three factors, did not significantly alter the estimated letter acuity 

when compared with the default model (B0C0S0) that had no bias, sensitivity, or 

similarity factor.  

 
Table 3.6 Letter acuity (letter stroke width in min of arc (´)) calculated from the eight fitted 
models and averaged across observers ± SE. 
 

Models ECC = -3 deg ECC = 0 deg ECC = 3 deg 
B0C0S0 2.98´ ± 0.22 1.19´ ± 0.06 3.04´ ± 0.26 
B1C0S0 3.05´ ± 0.25 1.19´ ± 0.06 3.10´ ± 0.27 
B0C1S0 2.79´ ± 0.22 1.15´ ± 0.05 2.78´ ± 0.24 
B0C0S1 2.87´ ± 0.23 1.17´ ± 0.06 2.96´ ± 0.26 
B1C1S0 2.78´ ± 0.21 1.15´ ± 0.05 2.82´ ± 0.26 
B1C0S1 2.93´ ± 0.23 1.19´ ± 0.06 3.05´ ± 0.28 
B0C1S1 2.73´ ± 0.21 1.13´ ± 0.06 2.73´ ± 0.24 
B1C1S1 2.79´ ± 0.21 1.15´ ± 0.05 2.83´ ± 0.26 
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3.3.3.2  The effect of bias, sensitivity, and similarity on the spread of the underlying 

PMF  

 

I also examined the spread of the PMFs of the eight models. The spread σ is defined 

as 

 

σ = ψ!"(1 − δ, p, S#, B′, Cs, S′) − ψ!"(γ + δ, p, S#, B$, Cs, S′),													(Eq. 3.6) 

 

where ψ!" is the inverse of the PMF (i.e., the letter size that gives a certain proportion 

correct), δ is an arbitrary number (e.g., 0.01) that sets the start and the end points of σ, 

and γ is the guessing rate (0.1 in our experiment) (Prins, 2016). According to this, σ is 

the letter size range (letter stroke width in ´ ) within which the proportion correct goes 

from 0.11 to 0.99. Calculating σ reveals that the models with the sensitivity and 

similarity factors individually had substantially higher σ (i.e., shallower slope) 

especially at the periphery (Table 3.7). Moreover, when fitted with bias (i.e., B1C0S1), 

the sensitivity effect became negligible on the σ. However, this is not the case with 

similarity where the wider σ persists even when fitted with other factors (i.e., B1C1S0 

and B0C1S1). Therefore, it is plausible to conclude that the wider σ in the best model 

B1C1S1 is mainly due to similarity.  
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Table 3.7 Spread of the model psychometric functions (σ) averaged across observers (± SE), 
for each of the eight models. 
 

Models ECC = -3 deg ECC = 0 deg ECC = 3 deg 
B0C0S0 4.23´ ± 0.32 1.45´ ± 0.07 4.34´ ± 0.38 
B1C0S0 4.30´ ± 0.35 1.47´ ± 0.07 4.40´ ± 0.40 
B0C1S0 5.25´ ± 0.59 1.66´ ± 0.11 5.67´ ± 0.70 
B0C0S1 5.00´ ± 0.56 1.58´ ± 0.10 5.12´ ± 0.56 
B1C1S0 5.28´ ± 0.54 1.63´ ± 0.12 5.62´ ± 0.67 
B1C0S1 4.54´ ± 0.43 1.51´ ± 0.08 4.66´ ± 0.47 
B0C1S1 5.59´ ± 0.61 1.68´ ± 0.10 5.96´ ± 0.67 
B1C1S1 5.44´ ± 0.61 1.65´ ± 0.10 5.69´ ± 0.71 

 

The greater σ for models with similarity (i.e., B0C1S0, B1C1S0, B0C1S1 and 

B1C1S1) was mainly found in the upper half of the PMFs (upper spread: from 0.56 to 

0.99 proportion correct, Table 3.8). Negligible differences were found in the lower half 

of the PMFs (lower spread: from 0.11 to 0.54 proportion correct, Table 3.9). Hence, 

one might expect the presence of similarity between letters to lead to higher test-retest 

variability (i.e., less precise measurements) in letter acuity estimation, when using an 

adaptive method (letter by letter presentation). Test-retest variability is an important 

factor to be considered and minimised when the goal is efficient monitoring of change 

in a visual acuity over time. 

 

Table 3.8 Average of the upper spread of model psychometric functions (from 0.56 to 0.99 
proportion correct) across observers (± SE). 
 

Models ECC = -3 deg ECC = 0 deg ECC = 3 deg 
B0C0S0 1.80´ ± 0.14 0.56´ ± 0.03 1.88´ ± 0.16 
B1C0S0 1.83´ ± 0.15 0.57´ ± 0.03 1.89´ ± 0.17 
B0C1S0 2.94´ ± 0.42 0.80´ ± 0.08 3.37´ ± 0.51 
B0C0S1 2.65´ ± 0.40 0.69´ ± 0.05 2.69´ ± 0.36 
B1C1S0 2.97´ ± 0.37 0.78´ ± 0.07 3.27´ ± 0.47 
B1C0S1 2.14´ ± 0.24 0.61´ ± 0.04 2.16´ ± 0.24 
B0C1S1 3.34´ ± 0.45 0.83´ ± 0.07 3.70´ ± 0.47 
B1C1S1 3.10´ ± 0.43 0.80´ ± 0.07 3.34´ ± 0.50 
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Table 3.9 Average of the lower spread of model psychometric functions (from 0.11 to 0.54 
proportion correct) across observers (± SE) 
 

Models ECC = -3 deg ECC = 0 deg ECC = 3 deg 
B0C0S0 2.36´ ± 0.18 0.88´ ± 0.05 2.44´ ± 0.21 
B1C0S0 2.41´ ± 0.19 0.88´ ± 0.04 2.47´ ± 0.22 
B0C1S0 2.26´ ± 0.18 0.84´ ± 0.05 2.25´ ± 0.20 
B0C0S1 2.29´ ± 0.18 0.86´ ± 0.05 2.38´ ± 0.21 
B1C1S0 2.25´ ± 0.17 0.84´ ± 0.04 2.28´ ± 0.20 
B1C0S1 2.33´ ± 0.19 0.88´ ± 0.04 2.44´ ± 0.23 
B0C1S1 2.18´ ± 0.17 0.82´ ± 0.04 2.19´ ± 0.20 
B1C1S1 2.26´ ± 0.18 0.83´ ± 0.04 2.27´ ± 0.21 

 
 

3.3.3.3 Simulations to examine the effect of bias, sensitivity, and similarity on 

letter acuity measurements and variabilities  

 

In the following, I used the NTM and conducted a Monte Carlo simulation for an 

adaptive method to examine the effect of bias, sensitivity, or similarity on the 

estimation of the letter acuity and test-retest variability of the measurements. 

Employing the Fixed Step Size (FSS) staircase, the Monte Carlo simulation was used 

to generate responses for randomly selected letter-by-letter presentations with a 

modified Up / Down staircase paradigm to estimate the letter acuity with the following 

parameters. The starting letter size was set to the expected letter acuity from Table 3.6 

(i.e., ~1.2´ for the fovea, and ~3´ for the periphery). A one Up / one Down staircase 

with a step-up size of 0.5´ and step-down size of 0.409´ was chosen to target 55% 

correct responses according to the following equation (Garcia-Pérez, 1998): 

 

ψ =	8 ∆%
∆% +	∆!:

"
&
									(Eq.		3.7)					 

 

where ψ is the target percent correct, ∆% is the step-up size (0.5´), ∆! is the step-down 
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size (0.409´), and D is the number of consecutive correct responses after which a step-

down is to be made (1 in the current simulation). Ideally, and especially if I need to 

run fewer trials, I should choose a larger step-up size (between σ/2 and σ, e.g., 1´ for 

the fovea). However, to obtain more precise results, I used a smaller step-up of 0.5´ 

and compensated for that by increasing the number of trials. I set each run to stop after 

50 trials, and letter acuity was calculated as the average over the last five reversals.   

I simulated the effect for a wide range of biases, sensitivities, and similarities (Figure 

3.12). The letter acuity was estimated 100,000 times for each parameter, and then the 

systematic error of the estimated mean of the letter acuity and the change of the test-

retest variability was calculated over these 100,000 measurements. I also showed the 

potential systematic error and the change in test-retest variability that each observer 

might have according to their estimated parameters from the best model fitting (red 

dots in Figure 3.13) at the fovea and the periphery. The results show that the systematic 

error (although negligible) and the change in test-retest variability that result from the 

similarity between letters (Figure 3.13 B) would be higher than those resulting from 

bias or sensitivity. For example, the observers that show the highest degree of 

similarity between letters at the periphery (i.e., Cs = 1), can cause a systematic error 

in estimated letter acuity of ~ 0.3´ and a change in the test-retest variability by ~ 25% 

(Figure 3.13 B). The effect is less strong at the fovea for the highest similarity 

(systematic error ~ 0.1´ and test-retest variability ~ 15%). However, the observers that 

show the highest degree of bias can cause a systematic error of the estimated letter 

acuity by ~ 0.25´ and a change in the test-retest variability by only ~ 7% (Figure 3.13 

A). Similarly, observers that show the highest degree of sensitivity differences 

between letters cause a systematic error of the estimated letter acuity by ~ 0.02´ and a 

change in the test-retest variability by only ~ 10% (Figure 3.13 C). 
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Figure 3.13 The effect of bias, sensitivity, and similarity on letter acuity.  
For 100,000 simulated measured letter acuities, the systematic error and the change (Q in the 
plots) in test-retest variability were calculated across a wide range of bias (A), similarity (B) 
and sensitivity (C). The red dots are the observers’ estimated parameters from best model 
(B1C1S1) fitting to experimental data.   
 

3.4 Discussion            

3.4.1 Best model  

 

Our previous NTM (Georgeson et al., 2023) model predicted variations in visual 

performance across letters, mainly (but not exclusively) through the patterns of bias 

that varied between letters and between observers. Here I continue this work by 

incorporating similarity between letters into the NTM. I present an extended version 

of the NTM to reveal the joint role of bias, sensitivity differences, and similarity 

between letters simultaneously (instead of bias and sensitivity only). I fit eight variants 

of the NTM that include bias, sensitivity and/or similarity, or none. The results clearly 

show that the model with three factors (bias, sensitivity, and similarity, i.e., B1C1S1) 

is the best of the eight models at the peripheral test locations and gives a very good 

account of the pattern of responses (correct and incorrect) in the experimental data 

(Figure 3.9, Table 3.1). At central vision, although model B1C1S1 improved the fitting 

to experimental data (Figure 3.9), AIC analysis shows that the improvement is not 

significant compared to model B1C1S0 (Table 3.1). Further analysis shows that the 

joint role of bias and similarity is significantly higher than that of either bias and 

sensitivity or similarity and sensitivity (Figure 3.9, 3.10 & 3.11, Table 3.3). Results 

also show that bias is the key factor that accounts for the proportion of correct and 

incorrect responses in the experimental data (Figure 3.9, 3.10 & 3.11, Table 3.4). The 

fact that bias is found to be the key factor in the current and our previous work 

(Georgeson et al., 2023) explains the success of our previous model (bias and 
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sensitivity only). However, the current work demonstrates that the joint effect of bias 

and similarity is superior to the joint effect of bias and sensitivity (Table 3.3) at the 

three test locations.   

We propose that the (initially unknown) ordering of letter templates, from least- to 

most biased, is reflected in the letter usage (total) with which observers choose 

different letters as a response (whether correctly or not). The biased ordering of an 

observer’s letter template is determined by the rank-ordering of the letter usage (total). 

The rank order is unique for each observer and for each test location. If we further 

assume that the bias values are equally spaced across this ordering, we establish the 

concept of a bias gradient across letter templates. This greatly simplifies the modelling 

because each set of 10 different letter biases is reduced to a single number, the bias 

gradient (B') that varies between observers and test locations. A similar concept is 

applied to the sensitivity gradient (S') (Georgeson et al., 2023). 

 

3.4.2 Validating the NTM using Luce’s choice model 

 

Luce’s choice model (Luce, 1963) has been used by numerous previous studies and it 

performs very well in capturing response bias and similarity in letter identification 

tasks (Nosofsky, 1991; Smith, 1992; Mueller & Weidemann, 2012; Coates, 2015; 

Hamm et al., 2018). Here I employed Luce’s choice model to further validate our 

model. Firstly, I investigated whether the best-performing model (B1C1S1) is efficient 

in capturing bias and similarity by calculating and comparing bias and similarity 

parameters from model B1C1S1 and the experimental data using Luce’s choice model. 

Results show that model B1C1S1 was remarkably efficient (especially for the bias) in 

capturing the bias and similarity as shown by the agreement in Luce’s bias and 
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similarity parameters estimated from model B1C1S1 and experimental data at the three 

test locations (Figure 3.11). Secondly, I compared the bias and similarity parameters 

of model B1C1S1 to the bias and similarity parameters of Luce’s choice model when 

both are fitted to experimental data.   

 

3.4.2.1 Response bias  

 

I find that the bias parameters estimated by Luce’s choice model are in excellent 

agreement with the bias parameters estimated by model B1C1S1 at individual and 

group levels (Figure 3.12 A). This suggests that both models capture the same type of 

bias that is based on the letter usage (total). Furthermore, since the bias computation 

in Luce’s model does not assume the pattern of the bias across letters to be linear, the 

excellent agreement seen in Figure 3.12 A supports the assumptions of the bias 

modelling (i.e., a linear bias gradient across letter templates). 

 

3.4.2.2 Similarity between letters   

 

Nevertheless, I did not find a similarly compelling agreement when comparing the 

similarity parameters between Luce’s choice model and model B1C1S1 (Figure 3.12 

B). The reason might be rooted in the different approaches to defining and calculating 

the similarity of Luce’s choice model and the NTM. In the NTM, I assume that the 

pattern of similarity between letters for any observer must follow the OC matrix 

pattern. However, Luce’s choice model computes the similarity between letters by 

referring to the maximum likelihood estimates of the responses without imposing any 

restriction on the pattern of the resultant similarity. Hence, it is expected that Luce’s 

choice model produces a unique similarity pattern for different observers. This might 
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explain the weaker agreement between the two models concerning the similarity 

parameters (Figure 3.12 B).  

 

3.4.3 Source of error in similarity estimation using Luce’s choice model 

 

Given that Luce’s choice model uses the maximum likelihood estimates of the 

experimental data (i.e., confusion matrix) to compute both bias and similarity, I 

examined the hypothesis that it is possible for the similarity calculation of Luce’s 

choice model to be contaminated by the existence of substantial biases among letters, 

resulting in various similarity patterns. Figure 3.14 shows the agreement between the 

parameters of the best model and the estimated parameters using Luce’s choice model 

of simulated data using the best model where all factors are activated (Figure 3.14 A), 

bias off (Figure 3.14 B) and similarity off (Figure 3.14 C). Results show that 

the similarity parameters’ agreement has improved substantially when calculated 

using Luce’s choice model while the bias is off (Figure 3.14 B) compared to the case 

where the bias is on (Figure 3.14 A). This suggests that the calculation of the similarity 

using Luce’s choice model is substantially influenced by the bias in the data. However, 

that is not the case for the bias calculated by Luce’s choice model with similarity 

activated (Figure 3.14 A) or similarity off (Figure 3.14 C), where in both cases the 

agreement is excellent between the parameters of the best model and the estimated 

parameters using Luce’s choice model. This suggests that the bias calculation via 

Luce’s choice model is robust against the exitance of similarity between letters.  
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Figure 3.14 The influence of bias on Luce’s similarity calculation.  
Figure shows the agreement between the parameters of the best model and the estimated 
parameters using Luce’s choice model of simulated data using the best model in case of all 
factors active (A), Bias off (B), and similarity off (C). 
 

To further investigate these interesting results, I examined the effect of different 

conditions on the estimated Luce’s bias and similarity parameters. I can show that bias 

and sensitivity (to a smaller degree) factors can substantially influence the similarity 

calculations via Luce’s choice model at the fovea (Figure 3.15 A & B). The results 

also show that the bias calculation via Luce’s choice model is robust against the 

existence of even strong similarity and sensitivity in the data (Figure 3.15 C & D). 

Similar results were found at the periphery (Figure 3.16). In this case, the apparent 

unique similarity pattern found for each observer calculated by Luce’s model might be 

regarded as just an artifact of the effect of calculating biases as a similarity. 
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Figure 3.15  The effect of bias and sensitivity on the Luce’s similarity (0 deg).  
A) Luce’s similarity parameters of the 45 confusion pairs for different conditions. B) the resultant similarity pattern C) Luce’s bias parameters of the 
10 letters for different conditions. D) The bias parameters for each letter indexed from 1 (least biased) to 10 (most biased).  
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Figure 3.16 The effect of bias and sensitivity on the Luce’s similarity (± 3 deg). 
A) Luce’s similarity parameters of the 45 confusion pairs for different conditions. B) the resultant similarity pattern C) Luce’s bias parameters of the 
10 letters for different conditions. D) The bias parameters for each letter indexed from 1 (least biased) to 10 (most biased). 
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3.4.4 Does the random error mimic the effect captured in experimental data? 

3.4.4.1 Similarity between letters 

 

It is very unlikely that the pattern of similarity observed in the experimental data and 

captured by the NTM model is a result of random error. Via simulations, I examined 

the hypothesis that random error alone (i.e., noise only with no effects of similarity, 

sensitivity or bias) can produce an apparent effect of letter similarity in the data. To 

examine this, I simulated data (trial by trial Monte Carlo simulation using the NTM 

without bias, sensitivity difference, or similarity between letters) that mimics the 

experimental task at the fovea (i.e., p = 2.5, S0 = 1.1, 10 letters, 10 simulations per 

letter for each letter size of 0.3´, 0.438´, 0.64´, 0.94´, 1.37´, 2´) and at the periphery 

(i.e., p = 2, S0 = 0.5, 10 letters, 10 simulations per letter for each letter size of 0.5´, 

0.79´, 1.26´, 1.99´, 3.15´,5´). Subsequently, I fit model B0C1S0 using the same 

procedure described in the "Methods" section (Model fitting) to estimate the Cs in the 

simulated data. I repeated the procedure 10,000 times (i.e., 10,000 estimations of Cs) 

at the fovea and at the periphery separately. Finally, I compared the results to 

the Cs parameters estimated from the experimental data. Figure 3.17 shows that the 

similarity pattern observed in experimental data was very unlikely to be due to the 

random error alone at the fovea (p = .0026) and the periphery (p < .0001). 
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Figure 3.17 Frequency of estimated Cs from simulated and experimental data. 
For experimental data we have 10 Cs parameters estimated at ECC = 0 deg and 20 Cs 
parameters at ECC = ±3 deg. The data were simulated without bias, sensitivity, or similarity. 
The Model B0C1S0 was unable to capture a substantial similarity between letters (indicated 
by low Cs) due to random error alone in the simulated data. Hence, the substantial similarity 
captured by the model B0C1S0 in the experimental data was very unlikely to be due to the 
effect of the random error at the fovea (p = .0026) (A). It was found that out of the 10,000 
runs, only 26 showed Cs higher than the lowest Cs observed in the experimental data (i.e., 
only one observer showed Cs of 0.3, indicated by the black arrow) (A). A similar result was 
found at the periphery (B) (p < .0001).  
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3.4.4.2 Letter usage differences  

 

In our model, we assumed that the differences in letter usages (total) are caused by 

either biases and/or sensitivity differences between letters. Here, through simulations, 

I test the hypothesis that the observed differences in letter usages (total) might be due 

to random error only and not as a result of the actual biases and/or sensitivity 

differences between letters.  

Smooth curves in Figure 3.18 A show the outcome for the simulated data using the 

parameters of the basic model (B0C0S0) in which all templates had no bias and no 

sensitivity differences, but there was only one trial per condition (i.e., one trial for 

each test letter at each letter size, for each of 10 observers). There is a strong trend in 

the predicted proportion of letter usage (total) across the rank-ordered letters, but there 

were no biases or sensitivity differences in the model (i.e., B0C0S0). This is 

undoubtedly the sampling artefact in question. But in panel E we see that with 10 

trials/condition (as in the real experiment), this artefactual trend is reduced by a factor 

of 3 or 4. The effect is almost completely absent with 100 trials/condition (panel I). In 

short, increasing the number of trials averages out the artefact. 

The second column of Figure 3.18 shows almost the same outcome when the model 

had the sensitivity differences across templates, but still no bias (B0C0S1). With one 

trial per condition, the artefact was large, and the trend was similar to the real data - 

but this is surely a false trend, since the fits to the real data were poor when there were 

10 or 100 trials per condition. A useful model should get better with more trials, not 

worse.  
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Figure 3.18 Simulated differences in letter usage (total) with different conditions.  
We used our model as a tool to show that the profile of letter usage in our experiment arose 
mainly from biases and was not seriously skewed by noise. Data points are experimental 
values and are the same in all panels as already seen in Figure 3.1 C.  Smooth curves are 
simulated letter usages (total) that differ as follows. Columns 1- 4 illustrate four versions of 
the model in which gradient parameters for bias B' and sensitivity S' were or were not fitted, 
as indicated (and denoted as B0C0S0; B0C0S1; B1C0S0; B1C0S1). There were always 10 
model observers and six letter sizes, as in the experiment. Each run of a model (e.g., B0C0S1) 
used the best-fitting parameters for that model, as in Figure 3.9, but was intended as a 
simulation of the real experiment, using a Monte Carlo version of model response generation 
in order to include the effects of sampling variation, and 200 repetitions to smooth the final 
result. In practice, the influence of this last step was very small. Top row: just one trial per 
condition; middle row: 10 trials per condition (as in the real experiment); bottom row: 100 
trials per condition. 
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The 3rd and 4th columns of Figure 3.18 show predicted patterns of letter usages for 

the two models with bias (B1C0S0; B1C0S1). With 10 or 100 trials, both models fit 

the usage data very well. Importantly, this tells us that for these two models, 10 trials 

are enough to eliminate the artefact. If that were not so, then the plots for 10 and 100 

trials would be different, but they are almost identical (compare panel G with K, and 

H with L). It is with only one trial/condition, in panels C and D, that we see some trace 

of the artefact where the models over-estimate the experimental trend by a modest 

amount. However, this was eliminated with 10 trials/condition (as in the current 

experiment).



 131 

3.4.5 The effect of bias, sensitivity and similarity on letter acuity measurement and test-

retest variability  

 

There is a strong agreement in the proportion of correct responses between 

the best model (B1C1S1) and the experimental data where the bias played a major role 

(Figure 3.10). However, when correct responses are pooled across individual letters, 

the results show that letter acuity estimated from model B1C1S1 is not substantially 

different from those estimated from the other seven variants of the model (Table 3.6). 

This shows that bias, sensitivity, and similarity (in model B1C1S1) have negligible 

effects on estimated letter acuity when performance is assessed, as is usual in letter 

acuity studies, by pooling data over all letters.  

Nevertheless, when I observe the spread of the PMFs (i.e., σ) of the eight models, I 

find that those taking account of the similarity factor (i.e., B1C1S1, B1C1S0, B0C1S1, 

B0C1S0) show a substantially higher and persistent spread than those without the 

similarity factor (Table 3.7). The increase in spread for these models (B1C1S1, 

B1C1S0, B0C1S1, B0C1S0) was found entirely in the upper half of the PMF (Tables 

3.8 & 3.9).  

This raises the question of what the impact is of this increase in σ on letter acuity 

estimation. It is well known that the slope of the PMF (reciprocal of σ) has an impact 

on the test-retest variability of the threshold when estimated by an adaptive method: a 

decrease in the slope (increase in σ) will increase the test-retest variability in the 

threshold estimation. To examine this hypothesis, I conducted Monte Carlo 

simulations of an adaptive method to investigate the effect of the observed increase of 

σ on the systematic error of average letter acuities and the change in test-retest 

variability over many measurements (100,000 simulated experiments). The 
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simulations show that, unlike bias or sensitivity, the similarity between letters 

increased the test-retest variability of the measurements substantially (especially at the 

periphery) when estimated with an adaptive method (i.e., a staircase, see Figure 3.13 

B). However, the results also show that the effect of bias, sensitivity, or similarity on 

the systematic error was negligible (Figure 3.13 A & C). The test-retest variability 

affects the precision of threshold estimation of a given test in monitoring the 

progression of a clinical condition. High test-retest variability thus requires the test to 

be repeated more often to detect a clinically significant change. Therefore, it is 

important to minimise the test-retest variability in any test that is used to monitor the 

progression of a clinical condition.  

Many factors have been found to increase the test-retest variability in visual acuity 

measurements, such as the visual acuity chart design, the optotypes used, the degree 

of optical defocus, the presentation time, the scoring and the termination rule used 

(Vanden & Wall, 1997; Siderov & Tiu, 1999; Rosser et al., 2003; Rosser et al., 2004; 

Shah et al., 2011). When adopting letters as optotypes in visual acuity measurements, 

many studies found that similarity between letters was a major source of test-retest 

variability. It has been shown that the test-retest variability can significantly be 

reduced by correcting the letter acuity scoring for similarity or by choosing a set of 

dissimilar letters (Grimm et al., 1994; McMonnies & Ho, 1996; Fülep et al., 2017; 

McMonnies & Ho, 2000).  

In this study, I investigated, via simulation, the potential effect of bias, sensitivity and 

similarity on the test-retest variability expressed as the percentage increase in test-

retest variability. In line with previous studies (Grimm et al., 1994; McMonnies & Ho, 

1996; Fülep et al., 2017; McMonnies & Ho, 2000), our simulation results show that 

similarity between letters is a major cause of the increase in test-retest variability, and 
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with high similarity between letters, the increase can be as high as ~25%. With high 

bias or sensitivity, the increases in test-retest variability were much lower, about ~7% 

and ~10% respectively (Figure 3.13).  

 

3.4.6 Conclusion  

 

To summarise, this study aimed to reveal the role of bias, sensitivity differences, and 

similarity in a letter identification task simultaneously and to investigate the impact of 

these three factors on letter acuity measurements. Results show that the joint role of 

bias and similarity are more influential than the joint role of bias and sensitivity as 

previously shown (Georgeson et al., 2023). The results also demonstrate that similarity 

between letters is a major cause of the increase in test-retest variability when letter 

acuity is assessed with an adaptive method. Therefore, it is very important to minimise 

the effect of similarity between letters either by developing a new scoring system 

(McMonnies & Ho, 1996; Fülep et al., 2017; McMonnies & Ho, 2000) or by 

introducing a new letter set with minimal similarity (Grimm et al., 1994). This is 

crucial if the aim is to monitor the deterioration of visual acuity in eye conditions 

within a short period of time. In the following chapter, I will introduce a new letter set 

that shows high dissimilarity to be employed as stimuli in a paradigm to measure the 

sensitivity of the macula in a clinical condition.    
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Chapter 4 . Acuity Perimetry with Speech Input 
for Mapping Macular Visual Field in Glaucoma 
 

 

4.1 Motivation 

 

In this final study, I will examine the feasibility of measuring macular sensitivity in 

healthy and glaucomatous eyes using an acuity perimetry. The acuity perimetry is an 

approach that I have introduced, where letters are used as stimuli and speech 

recognition is used as the input method to enable observers to independently perform 

the task. The subjective experience of the experiment will also be investigated via a 

questionnaire. Extensive analyses will be conducted to explore the efficiency of 

different aspects of the approach and the paradigm used for the experiment. Additional 

analysis will be carried out to investigate potential sources of errors in letter acuity 

estimation using the proposed approach.       
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4.2 Methods 

4.2.1 Observers  

 

11 eyes from 11 healthy observers with no history of a systemic disorder or learning 

disability (10 females, mean age 26.60 ± 9.12 (SD), age range: 18 - 47 years) and 10 

eyes from six primary open-angle Glaucoma observers with no history of a learning 

disability (three females, mean age 69.30 ± 8.62, age range: 56 - 81 years, macular 

mean deviation = -8.40 ± 5.00 dB; M-pattern, Octopus 900, Haag-Streit, Switzerland) 

were recruited for the study (observers with diabetes and high blood pressure 

conditions but no history of strokes were included). The mean best corrected visual 

acuity and the mean refractive error (spherical equivalent) were 0.01 ± 0.09 logMAR 

and -1.11 ± 1.39 DS for the healthy eyes and were 0.12 ± 0.15 logMAR and 1.40 ± 

1.50 DS for the glaucomatous eyes respectively. Written informed consent was 

obtained from all observers, and the study was approved by the University of Plymouth 

Ethics Committee. All experiments were conducted following the Declaration of 

Helsinki. 

 

4.2.2 Stimuli 

 

Nine letters that follow the Sloan design (i.e., A, T, O, L, N, S, U, Y, Z) were adopted 

(i.e., The stroke width = 1/5 of the letter’s height. The height and the width of the letter 

are equal. See Figure 2.1 B). They were black letters (luminance = 2.2 cd/m2) on a 

white background (luminance = 215 cd/m2), resulting in 99% Weber contrast 

according to Eq. 2.1. The letters were chosen by informal multiple pilot experiments 

to ensure that they show high dissimilarity between each other visually and 



 136 

phonetically. The visual dissimilarity between the letters was examined by referring to 

the optotype correlation matrix of the 26 letters (Fülep et al., 2017). The letters’ 

phonetic dissimilarity was examined by multiple pilot experiments carried out by the 

author. The phonetic dissimilarity was found to be highly subject-dependent and the 

validation test to choose only reliable letters (among the nine letters) was necessary.  

 

4.2.3 Apparatus 

 

An Apple MacBook Pro (2019) with a 1.4 GHz Intel Core i5 processor and an Intel 

Iris Plus Graphics 645 - 1536 MB graphic card was used to run the experiment. The 

stimuli were presented on the MacBook Pro screen (LED-backlit retinal display of 

13.3-inch diagonal size and 2560 × 1600 native resolution). Observers viewed the 

targets at a viewing distance of 70 cm while sitting on a chair without using a chin or 

forehead rest. The experimenter checked the distance frequently to ensure a constant 

viewing distance. At this distance, one pixel subtended 0.54´. A speech recognition 

algorithm (Selvaraaju, 2022) was employed to capture the responses given verbally by 

the observers via a regular microphone attached to a headphone (model: Jabra Evolve 

20 HSC016, speaker frequency range; wideband: 150 Hz to 6800 Hz; narrowband: 300 

Hz to 3400 Hz, microphone frequency range: 100 Hz to 8000 Hz).  

 

4.2.4 Software 

 

The stimulus generation, data collection, statistical analysis and simulations were 

performed using Matlab 2019a (MathWorks, Natick, Massachusetts, USA). Routines 

from the Psychtoolbox-3 were used to present the stimuli (Brainard, 1997; Pelli, 1997; 
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Kleiner et al., 2007).  

 

4.2.5 Procedure 

4.2.5.1 Data collection 

 

All tests were conducted monocularly. The left or right eye was selected at random for 

healthy observers. However, for Glaucoma observers, the eye that showed a history of 

macular visual field damage was selected for the experiment. In all cases, the fellow 

eye was occluded using an opaque eye patch. The task for the observer was to 

recognise individual letters randomly presented at eccentricities of 0, 1 ,3 and 4 deg.  

A fixation cross was presented in the middle of the screen; dimensions: length/width 

3.27´, stroke width 1.09´. 13 test locations were examined (Figure 4.1). The 

presentation time of the stimulus was 250 milliseconds. The screen angle was adjusted 

so that it was parallel to the plane of the observer’s face. The fixation cross disappeared 

when a letter was presented foveally and reappeared immediately when the letter 

presentation was finished. After the presentation of the letter, observers had a response 

window of 1500 milliseconds as indicated by two auditory beep sounds at the start and 

end of the window. The observers were asked to give their verbal responses within the 

time in-between these two beeps (Figure 4.2). Additionally, they were asked to try 

their best to make the intonation of verbal responses as consistent as possible. This 

was important to ensure that the speech recognition algorithm worked efficiently. After 

each response (i.e., after the second beep), the observer needed to press the spacebar 

to start the next trial. This gave them the chance to pause at any point during the 

experiment for a break.  The headphone with the attached microphone was used for all 

observers to hear the beeps and to enter verbal responses. The speech recognition was 
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programmed so that it recognised only the letters from the letter set. If the observer 

gave a response different from the adopted letter set, the speech recognition algorithm 

chose the letter that was closest to the response speech pattern of the nine letters set. 

Prior to the experiment, the observers were shown the adopted nine-letter set with a 

large size (1 logMAR) (further details below). No instructions were given to observers 

to restrict their response to this nine-letter set during the main experiment.  

 

 
 
Figure 4.1 The fixation cross and the test locations (grey circles). 
SN, ST, IT, and IN stand for the superior nasal, superior temporal, inferior temporal, and 
inferior nasal quadrant respectively.  
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Figure 4.2 shows the experimental paradigm.  
 

The experiment was carried out under room illumination of 160 lux without noise-

proofing. Multiple pilot trials (performed by the author) showed that the detection of 

the verbal responses via the regular headphone microphone used in the current 

experiment was very efficient to filter out the background noise in an office-like 

environment. 

The experiment was divided into two parts. After a brief verbal explanation of the task, 

the participant started the first part of the experiment. The first part consisted of the 

training and validation stage of the speech recognition algorithm, immediately 

followed (without perceived distinction) by the first session of the visual field 

experiment (i.e., acuity perimetry). The training and validation stage of the speech 

recognition algorithm started by presenting large letters (1 logMAR) randomly at any 

of the 13 test locations. The participants were naïve to the purpose of this stage. 10 

audio recordings were obtained for each letter. These recordings were subsequently 

used to build the subject-specific acoustic models for the nine letters. The efficiency 

of the algorithm was tested immediately after the recording stage by presenting each 

Time
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letter 10 times with a large size (1 logMAR) randomly at any of the 13 test locations. 

The verbal responses to these presentations were captured and processed by the speech 

recognition algorithm. For each letter, the efficiency was evaluated by the correct 

responses achieved out of the 10 presentations. Only the letters that achieved at least 

nine out of 10 correct responses in the validation stage were chosen for the acuity 

perimetry experiment. In two cases, the algorithm failed to achieve nine out of 10 

correct responses for any of the letters and therefore I adopted a rate of eight out of 10 

for these two cases.  

After the speech recognition training and validation stage was completed, the first 

session of the acuity perimetry experiment started. After the first experiment was 

finished, the second session was initiated. The second session consisted of the acuity 

perimetry experiment using only the validated letters from the first part. The observers 

were asked to give responses to all the presented letters, and they were asked to guess 

in case of uncertainty. The observers were asked to maintain fixation on the fixation 

cross. Fixation compliance was frequently encouraged by the examiner before and 

between the two sessions. The observers were not aware of the various stages of the 

experiment. Each observer independently (i.e., without supervision) completed two 

sessions of the experiment. On average, the first part took 20 minutes (i.e., speech 

recognition validation stage + the first acuity perimeter experiment) and the second 

part took 10 minutes (i.e., the second acuity perimeter experiment) to complete. 

 

4.2.5.2 Observers’ experience of the experiment  

 

The feasibility of the test was investigated by monitoring the ability of the observers 

to carry out the full experiment (i.e., two parts) without additional help from the 
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examiner. After the two parts were completed, each observer filled out a questionnaire 

that assessed the feasibility of the test. Structured questions were developed to 

investigate the observers’ perception of different aspects of the experiment such as the 

length of presentation time, the verbal response method, the letter recognition task, the 

presentation of very small letters, the need to guess in case of uncertainty, the maintain 

of fixation and the occlusion of the unexamined eye.  The responses to the questions 

were quantified using a Likert scale (see Appendix B).   

 

4.2.5.3 Letter acuity measurements 

 

At each test location, the letter acuity was estimated using the Fixed Step Size (FSS) 

staircase. A modified staircase of the one up / one down paradigm was used with step-

down size = 0.8081 × step-up size to target ~55% percent correct of the underlying 

psychometric function (PMF) (Eq. 3.7, Garcia-Pérez, 1998). The step-up size was set 

to 0.25 logMAR for eccentricities 0 and 1 deg and to 0.4 logMAR for eccentricities 3 

and 4 deg. The starting letter size of the staircase was 0.3 logMAR for all the test 

locations. All staircases terminated after 10 trials per location and the letter acuity was 

estimated as the average across the last four reversals. At each test location, the average 

letter acuity of the two sessions was used in the data analysis. The results obtained 

from the left eyes were mirrored to match the corresponding points in the right eyes. 

The results were analysed and presented using right eye quadrants notation. An 

additional visual field test was carried out for glaucomatous eyes for comparison 

(macular visual field test; M-pattern, standard strategy, Octopus 900, Haag-Streit, 

Switzerland). 
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4.3 Results: 

4.3.1 Letter acuity measurements 

 

Figure 4.3 A shows the average estimated letter acuity (±SE) at each test location 

across the 11 healthy eyes. Qualitatively, the results follow the expected gradual 

decrease in acuity from the fovea towards the periphery. The letter acuity ranged from 

-0.13 ± 0.03 logMAR at fovea to 0.36 ± 0.05 logMAR at 4 deg eccentricity (Figure 

4.3 C). 

 

Figure 4.3 Results of acuity perimetry for healthy eyes.  
A) the average (±SE) of the estimated letter acuity (logMAR) across healthy eyes for each test 
location. B) the letters (chosen at random) relatively scaled to the corresponding average letter 
acuity and C) the estimated letter acuity as a function of eccentricity for each quadrant (the 
error bars are the SE).  
  

A CB
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Results show a good topographical correspondence between the results of the M-

pattern test and the current acuity perimeter in all glaucomatous eyes (Figure 4.4).    

 

 

Figure 4.4 Results of acuity perimetry and M-pattern test for glaucomatous eyes. 
Figure shows the topographical correspondence between the estimated letter acuity (logMAR) 
(i.e., letters scaled to the corresponding acuity) and the contrast sensitivity (dB) (i.e., grayscale 
map). Each plot is the result of one glaucomatous eye. The dots in the middle of the grey-
shaded squares are the test locations of the M-pattern visual field test.  
 

To further explore the estimated letter acuity in the glaucomatous eyes, a pointwise 

agreement in measurements between the letter acuities at 12 test locations (data from 

fovea were excluded because of missing data from the M-pattern test) and the contrast 

sensitivity of the corresponding points of the M-pattern test was conducted. Since there 

were no exact corresponding test points between the acuity and M-pattern perimeters, 

the pairs with the closest proximity were considered corresponding points (Figure 4.5).   
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Figure 4.5 Corresponding test points of the acuity and the M-pattern perimeters.  
The test locations of the acuity perimeter and the M-pattern are the grey circles and the black 
crosses respectively. The corresponding points are circled with red oval shapes.  
 

Although the correlation (Pearson correlation, n = 10) was significant at only five 

locations (ranged from r = -0.68, p < .05 to r = -0.93, p < .001), the pointwise 

comparison shows a clear trend (i.e., negative correlation) between the acuity 

(logMAR) and contrast sensitivity (dB) for all test locations (Figure 4.6).   
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Figure 4.6 The pointwise agreement of the letter acuity vs contrast sensitivity.  
Figure shows results of the 12 test locations. Each panel represents the data (from the 10 eyes 
with Glaucoma) from one test location of letter perimeter indicated by the x and y coordinates 
in degrees and the corresponding test location of the M-pattern test.   
 

Additionally, I examined the correlation between the acuity and the M-pattern 

perimeters in measurements averaged across test locations of each quadrant. The 

correlation (Pearson correlation, n = 10) was found to be significant at the SN (r = -

0.80, p < .05), IT (r = -0.85, p < .05) and IN (r = -0.73, p < .05) quadrants. However, 

the correlation was not significant at the ST (r = -0.48, p = .17) quadrant (Figure 4.7).  
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Figure 4.7 The correlation of letter acuity vs contrast sensitivity at each quadrant.  
Measurements averaged across test locations of each quadrant. 
 

Further analysis showed that the decrease in letter acuity was strongly associated with 

the decrease in contrast sensitivity as revealed by the strong and statistically significant 

correlation between the acuity perimetry and M-pattern measurements (Pearson 

correlation; r = -0.90, n = 12, p < .001) (Figure 4.8).   

 

Figure 4.8 The correlation of letter acuity vs contrast sensitivity at all locations.  
The correlation was calculated between the letter acuities of the 12 test locations (rank-ordered 
from low to high acuities and then averaged across observers) and the corresponding 
measurements from the M-pattern test (dark grey circles). The faint grey circles show the 
individual data points of each observer.  

10

15

20

25

30

35
 ST

 r = -0.48
 p = 0.165

 SN

 r = -0.80
 p = 0.006

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

10

15

20

25

30

35
 IT

 r = -0.85
 p = 0.002

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

 IN

 r = -0.73
 p = 0.016

C
on

tra
st

 s
en

si
tiv

ity
 (d

B)
  

 
Letter acuity (LogMAR)

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Letter acuity (LogMAR)

3

6

9

12

15

18

21

24

27

30

33

36

C
on

tra
st

 s
en

si
tiv

ity
 (d

B)

 r = -0.90
 p = 0.000



 147 

4.3.2 Observers’ experience of acuity perimetry 

 

These results demonstrate that the acuity perimetry approach was reliable in terms of 

the task (i.e., letter recognition) and the input method (i.e., speech recognition 

algorithm) in healthy and glaucomatous eyes. However, to further assess the 

observers’ experience of the experiment, the observers were asked to complete a 

questionnaire after completion of the experiment. The questionnaire consisted of 11 

items, and it showed good reliability and internal consistency (Cronbach’s Alpha = 

0.76). Using a Likert scale, on average (median, interquartile range (IQR)), observers 

with healthy eyes (median, 9.00; IQR, 8.00 to 10.00) and those with glaucomatous 

eyes (median, 8.00; IQR, 7.00 to 8.00) reported that the experiment was very easy to 

perform (where 0 = extremely difficult, 10 = extremely easy).  Observers also reported 

that the letter recognition task and the speech recognition method have a low negative 

impact on their performance in the experiment (Figure 4.9). The most difficult part of 

the test was reported to be the presentation of very small letters where guessing was 

required. Maintaining fixation was also reported to have a medium negative effect. 

Nevertheless, all observers were happy to sit for the experiment again and even weekly 

if a shorter version of the test would be developed. Table 4.1 shows the median and 

IQR for each test group.  
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Figure 4.9 Observers’ responses to the questionnaire.  
The Figure shows; for different factors (y-axis), the individual (red and blue dots) and group 
(blue and red circles as medians and bars as IQR for healthy and Glaucoma observers 
respectively) negative impact scores (scores from 0 to 10 where 0 = no effect and 10 = huge 
negative effect) in healthy and Glaucoma observers.  
 

Healthy observers

Glaucoma observers 
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Table 4.1 shows the median, 25th & 75th percentile quartiles, and the statistical test results of comparing scores of responses to 10 items of the questionnaire in healthy 
and Glaucoma observers. 
 

Item 
Healthy observers Glaucoma observers 

Median 25th Q 75th Q Median 25th Q 75th Q 

Maintain fixation 5.00 2.00 6.00 4.50 3.00 10.00 

Occluding one eye 1.00 0.00 5.00 3.00 1.00 8.00 

The speech recognition method 0.00 0.00 2.00 0.00 0.00 1.00 

The letters similarity 2.00 0.00 5.00 5.00 2.00 5.00 

The limited number of letters alternatives 1.00 0.00 5.00 0.00 0.00 1.00 

Guessing instead of saying "not seen" 6.00 3.00 7.00 7.50 7.00 8.00 

The presence of very small letters 5.00 4.00 8.00 8.50 7.00 9.00 

No feedback after each trial 0.00 0.00 2.00 0.00 0.00 1.00 

The letter recognition task 0.00 0.00 1.00 0.50 0.00 1.00 

Presentation time of the letters 0.00 0.00 1.00 1.50 1.00 2.00 

Notation: 25th Q, 25th percentile quartile;75th Q, 75th percentile quartile. 
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4.3.3 The reliability of the speech recognition algorithm 

 

The speech recognition algorithm employed in the current experiment was subject-

dependent. I, therefore, performed a validation test for each observer before they 

proceeded to the acuity perimetry. Only the validated letters were used in the 

experiment. On average, the validated letters were found to be 6.70 ± 1.60 in healthy 

eyes and 5.6 ± 2.60 in glaucomatous eyes out of nine letters. Since I parametrised the 

FSS staircase to target ~55% of the underlying PMF assuming that the guessing rate 

was 11.11% (i.e., one-interval 9AFC task), it was important to verify that the number 

of alternatives (i.e., letters) adopted by observers in responses during the experiment 

were not affected by the number of presented (i.e., validated) letters. Although less 

than nine letters were validated in some cases, the observers continued to guess from 

on average 8.00 ± 0.80 letters in healthy observers and 8.00 ± 1.16 letters in Glaucoma 

observers (Figure 4.10). Since the validated letters were those which achieved at least 

nine out of 10 tested letters in the validation stage, I assumed some lapses to occur 

(i.e., 2.00 %) due to the potential failure of the speech recognition algorithm to detect 

some well visible letters. The lapse rate of 0.02 will maintain performance at ~55% in 

the case of adopting eight alternatives.   
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Figure 4.10 The number of letters presented (i.e., validated) vs responded to.  

The grey colour scale shows the frequency of observers for each cell where darker colour 

represents higher frequency. The number of observers for each cell (i.e., numbers in red) was 

also added.   

 

4.3.4 Reliability of FSS staircase 

4.3.4.1 Performance of FSS staircase 

 

The parameters used in the FSS staircase in the current experiment were found to be 

efficient to produce on average 5.73 ± 1.55 (mean ± SD) reversals within 10 trials for 

all observers (5.80 ± 1.5 and 5.60 ± 1.6 reversals in healthy and glaucomatous eyes 

respectively) (Figure 4.11 A). In the current experiment, the letter acuity was estimated 

by the average across the last four reversals. However, 21 out of 286 (i.e., 7.3%) 

staircases in healthy eyes and 27 out of 260 (i.e., 10.4%) staircases in glaucomatous 

eyes produced less than 4 reversals (Figure 4.11 B). 15 (i.e., 5.2%) staircases in healthy 

eyes and 19 (i.e., 7.3%) staircases in glaucomatous eyes produced three reversals; 6 

(i.e., 2.1%) staircases in healthy eyes and 5 (i.e., 1.9 %) staircases in glaucomatous 

eyes produced two reversals; and none of staircases in healthy eyes and only 2 

staircases (i.e., 0.8%) in glaucomatous eyes produced one reversal. In all these cases 

(i.e., with reversals less than four per staircase) the letter acuity was estimated by the 

Mean = 5.73
SD = 1.55

0 1 2 3 4 5 6 7 8 9
Number of reversals

0

20

40

60

80

100

120

140

160

180

Fr
eq

ue
nc

y

2

1
2
2
2

3
5
3

1
1

2
5
1

1
1

1
9

1 2 3 4 5 6 7 8 9 10
Number of letters presented

1

2

3

4

5

6

7

8

9

10

N
um

be
r o

f l
et

te
rs

 re
sp

on
de

d

0

1

2

3

4

5

6

7

8

9

10

Fr
eq

ue
nc

y 
of

 o
bs

er
ve

rs



 152 

average across the available reversals. In glaucomatous eyes only, one staircase (i.e., 

0.4%) failed to generate any reversal. This might be due to a deep scotoma (i.e., almost 

blind area) at that test location. In the latter case, the letter acuity was estimated by 

averaging the last two trials. On average, the number of reversals was not influenced 

substantially by the estimated letter acuity except for three extreme cases observed in 

glaucomatous eyes (Figure 4.11 B). 

 

 

Figure 4.11 The number of reversals in all staircases.   

A) Shows the distribution of the number of reversals of staircases obtained from all experiment 

sessions for all observers. B) The individual number of reversals (faint-coloured circles) for 

each estimated letter acuity in the experiment. The connected central data points show the 

average across the corresponding group. Jittering was added along the y-axis to improve the 

visibility of individual data points.   

 

4.3.4.2 Test–retest variability   

 

The reliability of the FSS paradigm in estimating the letter acuity was examined by 

calculating the correlation (Pearson correlation; n = 21 (normal and Glaucoma 

observers) in letter acuity between the two sessions at each test location. The 

correlations in letter acuities between the two sessions were found to be statistically 

significant for 12 test locations (at p = .001 for six locations and at p = .05 for six 
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locations). The correlation was not statistically significant at the fovea (r = 0.31, p = 

.175) despite a clear visual agreement (Figure 4.12).   

 

Figure 4.12 The agreement in measured letter acuity between the two sessions. 

The Figure shows the results at each test location (expressed as Eccentricity (Ecc in the plot) 

in x and y coordinates in degrees). The grey diagonal dashed line is a 1:1 line, i.e., perfect 

agreement.   

 

Further investigation was conducted using the Bland-Altman analysis (Bland & 

Altman, 1999) to determine the mean of differences in the measurements between the 

two sessions and to calculate the Smallest Detectable Change (SDC) in letter acuity in 

the current experiment. SDC was calculated as the range between the 95% limits of 
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agreement between the two sessions. The Bland-Altman analysis was performed for 

each test location separately (Figure 4.13). For each location, the difference in 

measurements that exceeded three standard deviations from the mean of differences 

was considered an outlier and excluded from the analysis (Parrinello et al., 2016). The 

procedure was repeated until there were no outliers. Using this method, I identified six 

outliers in total; one outlier was found at each of the four different test locations and 

two outliers were found in one of the test locations (depicted as black asterisks in 

Figure 4.13). 

  

Figure 4.13 The Bland-Altman plots at each test location.  

The grey circles are data from individual observers. The black asterisks are the identified 

outliers (see text). 
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acuity measurements between the two sessions were negligible at all test locations 

(average 0.06 ± 0.025; ranged from 0.01 to 0.11 logMAR). However, the SDC was 

found to be high at all test locations (average 1.10 ± 0.33; ranging from 0.68 to 1.82 

logMAR). 

 

4.3.5 The effect of the lapse rate 

4.3.5.1 Lapse rate in the experimental data  

 

In the current experiment, I investigated the hypothesis that the source of the high SDC 

is primarily due to the high lapse rate that is associated with the speech recognition 

method. To explore this hypothesis, I calculated the lapse rate in the experimental data. 

I defined the lapse rate as the proportion of incorrect responses out of the total number 

of the well-visible letters. The well-visible letters are the presented letters with sizes 

that are larger than the estimated letter acuity by at least 0.1 logMAR for each test 

location and each observer. I calculated the lapse rate at the group level and the results 

are shown in Table 4.2 for a range of letter sizes at which the well-visible letter is 

defined (i.e., from 0.1 to 0.4 in 0.05 logMAR steps larger than the estimated letter 

acuity at each staircase) (Table 4.2). The lapse rate was ~11% when calculated for the 

inner two eccentricities (i.e., fovea and 1 deg), the outer two eccentricities (i.e., 3 and 

4 deg), or for all test locations. It is not unexpected to observe such a high lapse rate 

in the current experiment since I employed the speech recognition algorithm with an 

accuracy tolerance of 90% (80% in two sessions; see section 4.2.5.1). Additionally, I 

set a response window of 1500 milliseconds between trials which might have increased 

the possibility of lapsing because the correction for accidental errors was impossible 

(i.e., re-entering the responses for mispronounced but correctly perceived letters). 
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Table 4.2 shows the calculated lapse rates at different letter sizes that are larger than letter acuity. 
 

 
Test location 

(deg) 

Letter sizes larger than letter acuity by (logMAR): 

0.10 0.15 0.20 0.25 0.30 0.35 0.40 

Number of well-visible letters 

0 & 1  751 569 419 299 222 150 94 

3 & 4  1168 981 803 602 442 318 232 

All 1919 1550 1222 901 664 468 326 

Number of correct responses to the well-

visible letters 

0 & 1  663 508 378 265 198 135 83 

3 & 4  1019 875 720 539 401 286 205 

All 1682 1383 1098 804 599 421 288 

Lapse rate 

0 & 1  12% 11% 10% 11% 11% 10% 12% 

3 & 4  13% 11% 10% 10% 10% 10% 12% 

All 12% 11% 10% 11% 10% 10% 12% 
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4.3.5.2 Simulating the effect of lapsing on letter acuity measurements  

 

To investigate the potential effect of lapsing on the mean of differences in the letter 

acuity measurements between the two sessions and on the SDC in the current 

experiment, I carried out further analysis via simulation. A Monte Carlo simulation 

was performed to generate data from 42 sessions (two sessions of 21 eyes; similar to 

the case in the experimental data). The data were generated assuming that the 

underlying PMF of the current task is a Log-Quick function with a slope (β) of 3.5 for 

the two inner eccentricities and 3 for the two outer eccentricities. The guessing rate (γ) 

was set to 11.1% (one-interval 9AFC). For initial exploration, the ground truths were 

set to 0.10 and 0.40 logMAR for the inner and outer eccentricities respectively for all 

simulations (i.e., the threshold of the underlying PMF (α) was set to be 0.10 logMAR 

for the inner and 0.40 logMAR for the outer eccentricities). Data were generated using 

a FSS staircase similar to the paradigm used in the experiment. The step-up size was 

0.25 logMAR for the inner eccentricities and 0.40 logMAR for the outer eccentricities, 

and the step-down size = 0.8081 × step-up size to target ~55% percent correct of the 

corresponding underlying PMF. The starting letter size was set to 0.3 logMAR for all 

eccentricities. The termination rule was set to be after 10 trials and the letter acuity 

was estimated as the average across the last four reversals. I simulated the results with 

different lapse rates (λ) ranging from 0 to 15% in 5% steps, and subsequently 

calculated the mean of differences in letter acuity measurements between the two 

sessions and SDC using the Bland-Altmann analysis for each lapse rate separately. 

The procedure was repeated 10,000 times and the mean of differences in letter acuity 

measurements and the SDC values of the 10,000 simulations were obtained. Figures 

4.14 & 4.15 show the average and the distribution of the values of the 10,000 



 158 

simulations at each condition (i.e., different λ) for the inner and outer eccentricities. 

The results showed that the high lapse rate has a negligible effect on the mean of 

differences in letter acuity measurements between the two sessions at the inner and 

outer test locations (Figure 4.14 & 4.15; A, B, C & D). The absolute mean of 

differences in letter acuity measurements between the two sessions is very unlikely to 

exceed 0.03 (when λ = 0), 0.03 (when λ = 0.05), 0.04 (when λ = 0.10), or 0.06 (when 

λ = 0.15) for the inner test locations and 0.03 (when λ = 0), 0.05 (when λ = 0.05), 0.06 

(when λ = 0.10), or 0.09 (when λ = 0.15) logMAR for the outer test locations (p < .05). 

On the other hand, the results showed that the high lapse rate has a substantial effect 

on the SDC at the inner and outer test locations (Figure 4.14 & 4.15; E, F, G & H). 

The random error alone (i.e., when λ = 0) due to employing the FSS staircase can result 

in SDC (on average; in logMAR) of 0.33 ± 0.09 for inner eccentricities and 0.33 ± 

0.13 for outer eccentricities. It was also very unlikely for letter acuity estimation using 

the FSS staircase to produce SDC higher than 0.50 for inner eccentricities and higher 

than 0.55 logMAR for outer eccentricities due to the random error only (i.e., λ = 0) (p 

< .05). However, in the case of lapsing, on average, the SDC was found to be 0.37 ± 

0.10 (when λ = 0.05), 0.46 ± 0.13 (when λ = 0.10), and 0.61 ± 0.18 (when λ = 0.15) 

for the inner test locations and was found to be 0.48 ± 0.15  (when λ = 0.05), 0.68 ± 

0.21 (when λ = 0.10), and 0.94 ± 0.28 (when λ = 0.15)  logMAR for the outer test 

locations. In these cases of lapsing, it was found that the SDC can be as high as 0.54 

(when λ = 0.05), 0.70 (when λ = 0.10), or 0.94 (when λ = 0.15) at the inner test 

locations and 0.74 (when λ = 0.05), 1.05 (when λ = 0.10), or 1.46 (when λ = 0.15) 

logMAR at the outer test locations (at p = .05). Therefore, I can attribute the observed 

high SDC in the experimental data primarily to the high lapse rate associated with the 

lack of accuracy in the speech recognition algorithm.  
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Figure 4.14 The effect of lapsing on letter acuity for inner eccentricities. 
The Figure shows; for different lapsing rates; the mean and distribution of 10,000 simulated mean of differences in letter acuity measurements between the two 
sessions (A, B, C & D) and the smallest detectable changes (E, F, G & H).   
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Figure 4.15 The effect of lapsing on letter acuity for outer eccentricities. 
The Figure shows; for different lapsing rates; the mean and distribution of 10,000 simulated mean of differences in letter acuity measurements between the two 
sessions (A, B, C & D) and the smallest detectable changes (E, F, G & H). 
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In the experimental data, on average, the SDC was found to be relatively higher at the 

outer eccentricities (1.19 ± 0.40) compared to the inner eccentricities (0.96 ± 0.13) 

(Figure 4.13). This was also the case for the simulated SDCs where the values were 

found to be higher at the outer eccentricities compared to the values at the inner 

eccentricities (Figure 4.14 & 4.15; E, F, G & H). At the outer eccentricities, the 

observed higher SDC could be due to the performance of the shallow slope (assumed 

for the simulation) of the underlying PMF (3.00 as opposed to 3.50 at the inner 

eccentricities) or a result of using a large step-up size (0.40 as opposed to 0.25 at the 

inner eccentricities). However, the simulation showed that the observed high SDC 

associated with outer eccentricities is likely because of the larger step-up size (i.e., 

0.40) and not because of the shallow slope of the underlying PMF (i.e., 3.00) (Figure 

4.16). Further simulations demonstrate that a large step-up size (e.g., 0.50) causes 

higher SDC where the effect is higher in case of high lapse rates (e.g., λ = 0.15). All 

results were consistent in the case of different slopes (4.00, 3.50, 3.00, and 2.5) of the 

underlying PMF (Figure 4.16).  
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Figure 4.16 The effect of step-up size on the SDC for different lapses. 
The Figure shows further simulations to reveal the effect of different step-up sizes (ranged 
from 0.10 to 0.50 logMAR in 0.10 steps) on the SDC in case of different lapses (ranged from 
0 to 0.15 in 0.05 steps) and a fixed ground truth (α = 0.3). The results are consistent for different 
slopes (ranging from 2.5 to 4.00 in 0.50 steps) of the underlying PMF. The curves of the 
simulated data here and throughout are the average across 500 repetitions for smoother curves.  
 

Furthermore, simulations show that estimating letter acuity that is better than the 

starting letter size (I used 0.3 logMAR for all the test locations) increases the SDC 

compared to the case of estimated worse letter acuity than the starting letter size 

(Figure 4.17; see and compare SDC values of ground truth more than 0.30 vs those of 

less than 0.30). Additionally, using a larger step-up size would also increase the SDC 

(Figure 4.17 B). In both cases, the number of well-visible letters would increase, 

leading to a high possibility for the lapsing to occur. To illustrate, when estimating 

letter acuities better than the starting letter size at the inner eccentricities (where one 

would expect to have better letter acuities than 0.30; experimental data showed that 

this is the case for most inner locations), the staircase would converge from a starting 
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letter size of 0.30, therefore there would be a large number of well-visible letters 

presented before converging to the letter acuity. That would increase the likelihood of 

the lapse occurring (see Figure 4.17 A, especially when the ground truth is smaller 

than 0.3). Similarly, for the outer eccentricities, when the estimated letters can be equal 

to or higher than the starting letter size when the staircase converges towards the 

estimated letter acuity, one would expect that the number of well-visible letters will be 

small, however because of the large step-up size used at the outer locations, the 

likelihood of presenting well-visible letters would increase, hence, the likelihood of 

lapsing would be high as well. This might explain the high SDC associated with all 

test locations. 

 

Figure 4.17 The effect of lapsing on SDC for different ground truths. 
The Figure shows the effect of lapse rate on the SDC for a fixed starting letter size of 0.30 
logMAR and for a range of ground truths (ranged from -0.30 to 0.90 in 0.1 steps) at the inner 
(A) and outer (B) eccentricities.  
 

Results of simulations for a range of ground truths showed that a high lapse rate can 

overestimate the letter acuity at the inner and outer eccentricities. Although negligible, 

the overestimation of letter acuity is more evident, especially at the letter acuity that is 

smaller than the starting letter size (0.30 logMAR in the current experiment and 

simulation) by 0.60 logMAR (Figure 4.18). The effect was found to be larger at the 
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outer eccentricities (Figure 4.18 B). The larger effect observed at the outer 

eccentricities was found to be a consequence of the larger step-up size (0.4) and not 

due to the shallower slope (Figure 4.19). However, the overestimation was found to be 

less than 0.15 logMAR in extreme cases (i.e., λ = 0.15 and step-up size = 0.5). 

 

Figure 4.18 The effect of lapsing on letter acuity (by FSS) for different ground truths. 
The Figure shows the effect of lapse rate on the estimated letter acuity for a fixed starting letter 
size of 0.30 logMAR and for a range of ground truths (ranged from -0.30 to 0.90 in 0.1 steps) 
at the inner (A) and outer (B) eccentricities.  
 

 

Figure 4.19 The effect of lapsing on letter acuity (by FSS) for different step-up sizes and 
slopes. 
The Figure shows the effect of lapse rate on the estimated letter acuity (expressed as: 
systematic error = estimated letter acuity – Ground truth (i.e., α= 0.30 in the current 
simulation)) for different step-up sizes (ranger from 0.10 to 0.50 in 0.01 steps) and different 
slopes of the underlying psychometric function (ranged from 2.5 to 4.00 in 0.50 steps).  
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A Bayesian approach is known to have less variability (hence, less SDC) compared to 

FSS and is recommended when the aim is to estimate the threshold with fewer trials 

in clinical testing (Treutwein, 1995; Phipps et al., 2001), I also investigated (through 

simulation) the efficiency of employing a Bayesian approach to estimate the letter 

acuity in case of high lapse rate. More specifically, I investigated the effect of lapse 

rate on the estimated letter acuity and the SDC on simulated data of 42 sessions 

(corresponding to two sessions of 21 eyes; similar to the case in the experimental data) 

using the Zippy Estimation by Sequential Testing, or ZEST method. The ZEST method 

is a Bayesian adaptive technique. It uses the mean of the posterior probability density 

function to place the stimulus intensity of any trial and to estimate the threshold (King-

Smith et al., 1994; Treutwein, 1995; Anderson, 2003). 

The underlying PMF of the task remained the same (i.e., Log-Quick function with β 

of 3.5 for the two inner eccentricities and 3 for the two outer eccentricities. γ = 11.1%). 

For the ZEST method parameters, I assumed that the ZEST likelihood function is a 

log-Quick function with β!"#$ of 3.5 for the two inner eccentricities and 3 for the two 

outer eccentricities,  λ!"#$ was set to be 0 and γ!"#$ was set to be 11.1%. For all test 

locations, the prior α!"#$ range was set to range from –1.00 to 1.60 in 0.10 (logMAR) 

steps. In this case, the staring letter size was 0.30 logMAR. The prior probability 

density function distribution was assumed to follow a uniform distribution. The 

termination rule was set to be after 10 trials. The letter acuity was determined as the 

mean of the estimator after 10 trials. 

Like the case with the FSS staircase, results show that lapsing can overestimate the 

letter acuity when estimated using the ZEST method (Figure 4.20 A & B). The amount 

of overestimation was found to be not more than 0.20 logMAR in extreme cases (i.e., 

λ = 0.15 and ground truth = -0.30; i.e., less than starting letter size by 0.60 logMAR). 
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However, re-simulating the results while λ!"#$ = λ, ZEST seems to be very efficient 

to correct for the overestimation of letter acuity when the exact assumption about the 

lapse rate in the likelihood function of ZEST (λ!"#$) is made (Figure 4.20 C & D).  

 

 

Figure 4.20 The effect of lapsing on letter acuity (by ZEST) for different ground truths. 
The Figure shows the effect of lapsing on the estimated letter acuity for a fixed starting letter 
size of 0.30 logMAR and for a range of ground truths (ranged from -0.30 to 0.90 in 0.1 steps) 
at the inner (left panels) and outer (right panels) eccentricities. Panels A & B show the results 
estimated by ZEST with λ!"#$ = 0 . Panels C & D show the results when λ!"#$ = λ.  

 

Further simulation showed that SDC estimated via the ZEST method is generally lower 

than SDC estimated via the FSS staircase when the λ = 0. Nevertheless, the ZEST 

method seems to be more sensitive to the presence of lapsing and ZEST produced 

higher SDC compared to FSS in case of lapsing for the same range of ground truths 

(see Figure 4.21 A & B and compare to Figure 4.17). Furthermore, when re-simulating 

the results while λ!"#$ = λ, ZEST was not very efficient to correct for the high SDC 

when the exact assumption about the lapse rate in the likelihood function of ZEST 

(λ!"#$) is made (Figure 4.21 C & D).   
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Figure 4.21 The effect of lapsing on the SDC (by ZEST) for different ground truths. 
The Figure shows the effect of lapsing on the SDC for a fixed starting letter size of 0.30 
logMAR and for a range of ground truths (ranged from -0.30 to 0.90 in 0.1 steps) at the inner 
(left panels) and outer (right panels) eccentricities. Panels A & B show the results estimated 
by ZEST with λ!"#$ = 0. Panels C & D show the results when λ!"#$ = λ.  

 

ZEST is well known to be robust against inaccuracies in assumptions of β!"#$ 

(Kingdom & Prins, 2010). I investigated the effect of different lapse rates on 

estimating letter acuity and SDC using ZEST with different β!"#$ in the case of 

different β of the underlying PMF. The results showed that the inaccuracy of the 

assumption of β!"#$ can overestimate the letter acuity by only ~0.05 logMAR in the 

extreme case (i.e., λ = 0.15, and β!"#$ is changed from 2 to 6 for different β of the 

underlying PMF) (Figure 4.22 A). Additionally, ZEST could estimate letter acuity 

accurately for different β!"#$ but only when assuming λ!"#$ = λ (Figure 4.22 B). On 

the other hand, I found that the influence of the inaccuracy of the assumption of β!"#$ 

on estimating the SDC can produce a difference of only ~0.20 logMAR in the extreme 

case (i.e., λ = 0.15, and β!"#$ is changed from 2 to 6 for different β of the underlying 
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PMF) (Figure 4.22 C). However, it seems that ZEST cannot eradicate the influence of 

lapsing on SDC when assuming λ!"#$ = λ (Figure 4.22 D).  

 

 

 

Figure 4.22 The effect of lapsing on letter acuity and SDC (by ZEST) for different conditions.  
The Figure shows the effect of lapsing on letter acuity estimation (expressed as: systematic 
error = estimated letter acuity – Ground truth (i.e., α = 0.30 in the current simulation)) and 
SDC via ZEST with different β!"#$ ranged from 2 to 6 in 1 steps in case of different β of the 
underlying PMF (ranged from 2.50 to 4.00 in 0.50 steps). Panels A & C show the results via 
ZEST when λ!"#$ = 0. Panels B & D show the results via ZEST when λ!"#$ = λ. 
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4.4 Discussion  

4.4.1 Letter acuity measurements  

 

The main aim of the current study was to investigate the feasibility of acuity perimetry 

in healthy and glaucomatous eyes. Results of healthy eyes showed a comparable 

decrease in letter acuity with increasing eccentricity (Ludvigh, 1941; Hairol et al., 

2015) (Figure 4.23).  

 

 

Figure 4.23 Measured letter acuity of the current and two previous studies.  
The results of the current study are the average across all test locations of each eccentricity for 
healthy eyes.   
 

In glaucomatous eyes, the letter acuity perimetry was efficient to capture the macular 

damage confirmed by conventional visual field measurements (i.e., M-pattern) (Figure 

4.4, Figure 4.6, Figure 4.7, Figure 4.8). These results demonstrate that the approach is 

feasible in terms of the visual task (i.e., letter recognition) and the input method (i.e., 

speech recognition algorithm); as all observers completed the test independently.  
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4.4.2 Observers’ experience of the acuity perimetry  

 

I further investigated the observers’ experience of the task via a questionnaire. The 

questionnaire results show that the novel elements (i.e., letter recognition task and 

speech recognition algorithm) in the experiment had a low negative impact on the 

observers’ experience without a significant difference between the healthy participants 

and Glaucoma patients (Figure 4.9, Table 4.1). However, the presentation of very 

small letters was found to have a more negative effect on the performance of Glaucoma 

patients compared to healthy observers. This might be because the glaucomatous eyes 

in the current experiment had manifest macular damage, therefore they would be 

presented with a larger number of perceived smaller letters compared to those 

perceived by healthy eyes. Guessing the presented letter instead of saying "not seen" 

in case of uncertainty negatively affected the performance of all observers without a 

significant difference between healthy and Glaucoma observers. For the current 

experiment, guessing instead of saying "not seen" in case of uncertainty was necessary 

for the analysis of the number of adopted letters (guessing rate) during the experiment 

for each observer (Figure 4.11).  

 

4.4.3 Performance of the speech recognition algorithm  

 

In the current experiment, I employed a speech recognition algorithm to capture and 

enter the responses (Selvaraaju, 2022). The algorithm was subject-dependent; 

therefore, a training stage was needed prior to the experiment for each observer. I set 

the accuracy tolerance to be 90% (it was 80% in two cases) and the letters that were 

validated and achieved the accuracy tolerance criterion were chosen for the experiment 
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(i.e., acuity perimetry). For each observer, only the validated letters were presented as 

stimuli in the experiment. The number of presented letters did not substantially affect 

the number of adopted alternatives (responded letters) during the experiment (Figure 

4.11). Hence, our assumption about the guessing rate remained valid.  

 

4.4.4 The rationale for employing the FSS staircase in the current study 

 

The FSS staircase was employed in the current experiment and the parameters of the 

FSS were efficient to produce enough reversals within 10 trials of each staircase 

(Figure 4.10). The reason for choosing the FSS method was to present observers with 

letters of different sizes by setting large but within recommended step-up size (larger 

than half but smaller than the spread of the underlying PMF) (Garcia-Pérez, 1998). 

Nevertheless, the step-up size at the fovea and 1 deg (i.e., 0.25 logMAR) was larger 

than the recommended value as our main aim was to map the macular damage in 

glaucomatous eyes, therefore, using a smaller step-up size (e.g., 0.1 logMAR) might 

fail to produce enough reversals within 10 trials in case of poor letter acuity associated 

with macular damage (e.g., 1 logMAR). For the outer eccentricities, the recommended 

step-up size (i.e., 0.4 logMAR) was large enough to converge for poor letter acuities 

in case of macular damage. Additionally, the presentation of large letter sizes (due to 

the large step-up size) will act as a confidence enhancer and as a reminder of the letters 

set for the observers (Kingdom & Prins, 2010). Furthermore, it enabled me to assess 

the lapse rate that might be associated with the failure of the speech recognition 

algorithm. In the current experiment, the starting letter size was 0.30 logMAR for all 

test locations. The reason for using a fixed starting letter size for all the test locations 

was to examine the ability of the paradigm to converge towards the anticipated letter 
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acuity departing from the same letter size.   

 

4.4.5 Sources of test-retest variability in the current study 

 

I collected data from all observers twice and the agreement between the measurements 

of the two sessions at each test location was examined (Figure 4.12). Bland-Altman 

analysis showed that the mean of differences in measurements between the two 

sessions at each test location was negligible. However, the SDCs (i.e., 95% limits of 

agreement) were found to be substantially high (i.e., high test-retest variability) for all 

test locations (Figure 4.13). 

Many factors can increase the test-retest variability in visual acuity measurement such 

as the optotypes used, the degree of optical defocus, the presentation time, the scoring 

and the termination rule used (Vanden & Wall, 1997; Siderov & Tiu, 1999; Rosser et 

al., 2003; Rosser et al., 2004; Shah et al., 2011).  

 

4.4.5.1 Lapse rate as a primary cause of increased test-retest variability 

 

In estimating letter acuity in the current experiment, similar factors might have 

contributed to the high test-retest variability. However, further analysis of 

experimental data showed that the lapse rate was high (i.e., ~11%) (Table 4.2). A high 

lapse rate is known to cause an over-estimation of the threshold and increase test-retest 

variability (Swanson & Birch, 1992; Wichmann & Hill, 2001). Simulations 

demonstrated that such high lapse rate could be the primary cause of the high SDC 

observed in the experimental data (Figures 4.14 & 4.15). In the FSS staircase method, 

using a large step-up size or estimating better letter acuity compared to the starting 
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letter size aggravates the effect of lapsing on SDC (Figure 4.16 & 4.17). The reason is 

simply that in these two cases, the number of well-visible letters increases and 

therefore the occurrence of failure to respond to those well-visible letters becomes 

high. Consequently, the variability (hence the SDC) in estimating the letter acuity 

increases.    

A Bayesian approach (i.e., ZEST) was examined as an alternative to the FSS staircase. 

Simulations showed that estimating letter acuity using ZEST led to lower SDC 

compared to FSS in case of no lapses ( λ = 0). However, in the case of high lapses, 

ZEST showed higher SDC compared to FSS (i.e., ZEST is more sensitive to the 

presence of lapses) (Figure 4.17 & 4.21 A & B). Additional simulations showed that 

even when corrected for the exact lapse rate, ZEST failed to correct completely for the 

increase in SDC due to the high lapsing (Figure 4.21 C & D). 

As expected, further simulations showed that a high lapse rate causes overestimation 

of the letter acuity (although negligible) in the case of estimating the letter acuity either 

using the FSS or ZEST (Figures 4.18 & 4.20 A & B). Furthermore, simulations showed 

that when corrected for the exact lapse rate, ZEST completely corrected the 

overestimation of the letter acuity caused by the high lapse rate (Figure 4.20 C & D).  

It has been argued that the lapse rate associated with letter acuity measurement (with 

the possibility to amend responses) is negligible (i.e., 0.0005) (Arditi, 2006).  

In the current experiment, I employed a speech recognition algorithm that captures the 

observers’ verbal responses. The paradigm has a response window (1500 milliseconds) 

within which the responses should be given. Failure to respond within the response 

window will be recorded as a random response. Additionally, once the response was 

given, amendment of accidental errors was not possible. These considerations along 

with the accuracy tolerance of 90% of the speech algorithm increased the possibility 
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of lapsing in the current experiment. In this case, even with an accuracy of 100% of 

the speech recognition algorithm, lapsing would be unavoidable if the observers have 

only one chance to respond without the possibility of correction. Therefore, the 

optimisation of the speech recognition algorithm should be sought not only to improve 

the accuracy tolerance (e.g., more than 95%) but also the optimisation should allow 

for correction in case of accidental errors. In this case, adopting the ZEST method 

while assuming a lapse rate of 0.05 (or less) for instance, would improve the SDC and 

it would not substantially alter the performance in case less than the assumed lapse 

occurred. The risk of assuming a larger lapse rate (e.g., 0.1 or 0.15) is not only that it 

would not improve SDC significantly but also it would alter the performance (more 

than 0.1 logMAR change) in case of lower lapse (i.e., less than 0.05) (Figure 4.24).  

 

 

Figure 4.24 The effect of lapsing on letter acuity and SDC (by ZEST) for different  λ!"#$. 
The Figure shows the effect of assumed lapse rate of the likelihood function of ZEST (λ!"#$) 
on the smallest detectable change (A) and systematic error in estimating the letter acuity (B) 
for different occurred lapse rates (λ). 
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4.4.5.2 Other potential sources of increased test-retest variability  

 

In the current experiment, I instructed the observers to fixate on a fixation cross, but I 

did not monitor the fixation compliance objectively during the experiment. The 

fixation loss might be an additional source of the observed high SDC in the current 

experiment (Demirel & Vingrys, 1994; Ishiyama et al., 2014). I tried to minimise the 

negative effect by reminding the observers frequently (at least two times for each 

observer). Furthermore, I used a small fixation cross to enhance fixation (Hirasawa et 

al., 2016). Although it has been shown that loss of fixation has no preference towards 

the scotoma (Kasten et al., 2006), further investigation is required to confirm that this 

is the case when mapping the macular damage using acuity perimetry.  

In the current experiment, I adopted nine letters as optotypes assuming that they are 

dissimilar. The similarity between the nine letters was assessed based on the 

correlation between the undistorted letters (Fülep et al., 2017). However, in the case 

of presenting letters on an area of macular damage, this might cause the letters to be 

perceived as distorted and therefore different patterns of the similarity between the 

adopted letters might be perceived by the glaucomatous eye. In this case, the similarity 

between letters will be an additional factor that increases the SDC (Grimm et al., 1994; 

McMonnies & Ho, 1996; McMonnies & Ho, 2000).  

 

4.4.6 Conclusion  

 

To conclude, the current experiment showed that acuity perimetry using letters as 

optotypes in conjunction with a speech recognition algorithm as an input method is 

feasible and provides a promising solution for future home-based visual field test.  
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Future work should aim to optimise the speech recognition algorithm to provide higher 

accuracy to lower the lapse rate, allow correction for accidental errors, and be subject-

independent to be able to include more letters. A Bayesian approach should be 

employed to further increase the precision of measurements. Additionally, the fixation 

pattern and the similarity pattern between letters should be quantified and investigated 

as additional factors of increasing the SDC during mapping the macular damage using 

the acuity perimeter.  
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Chapter 5 . Summary  
 

 

5.1 General discussion 

 

The ultimate aim of this PhD thesis was to explore the possibility and feasibility of 

using letter acuity-based tests for the potential application in a home-based test for 

monitoring macular damage. I considered the following for the approach: the task 

should be sampling-limited (i.e., the task is limited by the neural sampling of the retinal 

image at the periphery) to strongly reflect the structural damage in the macula and the 

test should employ an intuitive task. I found a letter identification task fulfils these 

criteria. I adopted Sloan letters as optotypes and I started by investigating the 

confounding factors in the Sloan letters identification task (i.e., response bias, 

sensitivity differences and similarity between letters). I employed Luce’s choice model 

(1963) and our newly developed NTM (Georgeson et al., 2023) to investigate these 

confounding factors. Luce’s choice model uses the maximum likelihood estimates of 

responses in the presented vs responded letter confusion matrices of the experimental 

data to compute the response biases and similarity (Chapter 2). However, apart from 

being not a generative model, Luce’s choice model does not estimate the sensitivity 

differences between letters. Additionally, similarity estimation using Luce’s choice 

model might be affected by the presence of biases (Chapter 3; section 3.4.3). 
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Therefore, I introduced an original extension to our previously devised the NTM 

model (Georgeson et al., 2023). Our original model was constructed to quantify the 

biases and sensitivity differences in the perception of individual letters in letter 

identification tasks. In Chapter 3, I presented the new version of the NTM model where 

I incorporated the letter similarity into the model. The new version of the NTM model 

enabled me to estimate the response bias, sensitivity differences, and similarity 

between letters simultaneously. The generative nature of the NTM facilitates the 

investigation of the role of response biases, sensitivity differences, and similarities 

between letters in the letter identification task. The simulations presented in Chapter 3 

showed that letter similarity is the major source of test-retest variability. Therefore, it 

is of high importance to minimise the similarity between the adopted letters as stimuli 

in acuity perimetry. I examined the feasibility of acuity perimeter to map the macular 

sensitivity in healthy observers and Glaucoma patients. I employed dissimilar letters 

as stimuli and implemented a speech recognition algorithm as an input method. This 

is paramount to be able to use many letters as stimuli in any potential subject-friendly 

home-based test. The initial results obtained from glaucomatous eyes were promising 

(Chapter 4). Nevertheless, the test-retest analysis showed that the test has poor 

sensitivity to monitor the glaucomatous macular damage (i.e., high smallest detectable 

change in macular sensitivity). Extensive simulations showed that the primary cause 

of the poor sensitivity is likely due to the high lapse rate associated with using the 

current speech recognition algorithm. However, the possibility to have different letter 

similarity patterns associated with macular damage might also have contributed 

significantly. Another factor that might have contributed to poor sensitivity is poor 

fixation compliance during the test. 
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5.2 General conclusion and future work 

 

The current project showed that acuity perimetry using letters as optotypes in 

conjunction with a speech recognition as an input method are feasible methods that 

might be useful for the development of a home-based flagging tool for monitoring 

macular damage. The proposed acuity perimetry approach is promising especially with 

the increase in the need to deliver the monitoring services at home where possible (e.g., 

during COVID for instance). The paradigm can be optimised by further investigating 

the adopted letters and design to ensure that they are highly dissimilar and have 

consistent performance for different macular sensitivities.  

Significant progress has been made in speech recognition technology through the 

application of deep learning, neural networks, and the utilisation of extensive datasets. 

These advancements have resulted in improved accuracy for transcribing speech and 

understanding natural language (Deng et al., 2013; LeCun et al., 2015; Nassif et al., 

2019). Future work should aim to optimise the speech recognition algorithm in acuity 

perimetry. 

Furthermore, an optimised version of the acuity perimetry should be tested on a larger 

scale at home settings to reflect the feasibility of the approach as an efficient home-

based visual field test.  
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Appendix A 
 

 

Appendix A shows, for each observer, the psychometric functions of pooled and 

individual letters (top row), presented vs responded letter confusion matrices collapsed 

across the letter sizes (middle row), and the proportion of total usage of individual 

letters at three locations separately (bottom row).  These data were used in analysis of 

Chapter 2 & 3. Each page compiled data for one observer as indicated by their name 

code.  
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Appendix B 
 

 

Appendix B shows the documents of research ethical approval, patient information 

sheet, patient consent form, patient debrief and the questionnaire of observer’s 

perception of the acuity perimeter.   
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Patient Information Sheet (V.1)     Date:   /.   / 2020 

Home-Based Central Visual Field Test for Monitoring of Macular Damage in 

Glaucoma: A New Design. 

Principal Investigator: Hatem S.H. Barhoom 

You are invited to take part in a research study. Please read the information below before 

making your decision. It is important that you understand what the study is about and what 

will be involved. 

What is the aim of this project?  

The main objective of this study is to design a new vision test for glaucoma patients using 

letters. 

Why have I been invited?  

You have expressed interest in taking part in our study, and you meet the inclusion criteria. 

What would I have to do?  

The task is to recognize letters presented randomly on a computer screen. You will be asked 

to make a decision verbally and the examiner will do the input using a computer keyboard. 

The experimenter will provide you with exact information prior to the experiment. Next, you 

will perform a visual field test. This test has similar task to the previous one but with detection 

of spots of light rather than recognition of letters. You will use a button box to respond to seen 

spots of light. After that we will take an image of the back of the eye (retina) using an imaging 

device. All the tests are non-invasive.  

During the sessions you will be asked to wear some tracking devices (eye tracker which is 

very similar to the glasses and a heart rate sensor with recording watch). 

After the full experiment, you will be asked few questions regarding your subjective 

impression during the experiment.     

Will any expenses be paid?  
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The participation on this project is voluntary and there is no provision for reimbursement for 

your time or travel expenses.   

Do I have to take part?  

The participation in this study is completely voluntary. If you decide to participate in the study, 

you may withdraw at any time without giving a reason, and this will not be held against you. 

This study will not affect any current or future treatment, or any insurance policies you may 

have. If you would like to participate, we will ask you to complete a consent form. We will 

also provide you with a copy to keep for your own records. 

Will my records be confidential?  

All information collected will be kept strictly confidential and in accordance with the Data 

Protection Act (1998). Your records may be reviewed by the research team involved in the 

study, as well as the monitoring or audit team who are approved by the University of Plymouth. 

The information collected for the study will be stored electronically on a password protected 

device. Any contact information such as your name, address and contact details will be stored 

separately, on a password protected device, so that you cannot be identified. All data will be 

anonymized. However, you may decide that you do not want your data used in this research.  

If you would like your data removed from the study and permanently deleted, please contact 

us within one week from your participation date, otherwise it will be impossible to 

identify your data as all data will be encrypted after one week from your participation 

date.  

Please do not disclose research procedures and/or hypotheses to anyone who might participate 

in this study in the future as this could affect the results of the study. 

What are the potential risks/benefits of taking part?  

All the tests in this study are standard clinical tests which are regularly conducted for detection 

and monitoring of Glaucoma. Only new test is the experimental vision test using letters. There 

are no risks associated with this study. The full experiment has two sessions. Each session will 

take around 40 minutes and will be designed to provide you with sufficient breaks. In addition, 

the nature of these experiments will allow you to take breaks at any time. 

Who has reviewed this study?  

This study has been approved by the Research Ethics and Integrity Committee of the Faculty 

of Health and Human Sciences. 

Who is involved in this study?  

Hatem S. H. Barhoom will be present and will provide information about the experiment.  

Will my participation be COVID safe?  
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As discussed in our first phone call. Upon your arrival to the Wellbeing Centre at the 

University of Plymouth (where the research will take place) the principal investigator will take 

your temperature at the main gate. Then, you will be asked to wear personal protective 

equipment (surgical mask or visor, apron and surgical gloves) (if you consent to do so in our 

first phone call you will be invited to participate). The examiner will be wearing personal 

protective equipment as well: surgical mask, apron and surgical gloves. We will be examining 

one participant per day. The principal investigator will make sure that the disinfection for the 

research room, chairs, tables, devices and PC will be carried out before your arrival and after 

your departure.  

 

WHAT IF I HAVE FURTHER QUESTIONS OR REQUIRE FURTHER 

INFORMATION ABOUT THIS STUDY?  

IF YOU HAVE ANY QUESTIONS OR WOULD LIKE MORE INFORMATION, NOW 

OR IN THE FUTURE, PLEASE CONTACT ME BY TELEPHONE, EMAIL OR IN 

WRITING, USING THE DETAILS BELOW.  

Name: Hatem S.H. Barhoom  

Address: FF01, School of Health Professions, University of Plymouth, Peninsula Allied 

Health Centre, Derriford Road, Plymouth, PL6 8BH. 

Tel: 07956308255  

Email: hatem.barhoom@plymouth.ac.uk 

 

 

What if I have a complaint about the study?  

Should you feel you have any complaints during the study, please contact the Research 

Administrator to the Faculty Research Ethics and Integrity Committee 

(hhsethics@plymouth.ac.uk). 

 

School of Optometry 

Faculty of Health and Human Sciences.                            

Plymouth University 

Peninsula Allied Health Centre 

Derriford Road 

Plymouth – Devon PL6 8BH 

Tel   +44 (0)1752 600600 

Fax  +44 (0)1752 600600 

http://www.plymouth.ac.uk 
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Consent Form  

Home-Based Central Visual Field Test for Monitoring of Macular Damage in 

Glaucoma: A New Design. 

 

DECLARATION OF INFORMED CONSENT 

I have read the above description prior to deciding to participate in this study. I have had an opportunity 

to ask questions and have received acceptable answers. I have had a complete eye examination within the 

last two years. 

 

I am aware that this study has been reviewed and received ethics clearance through the Faculty Research 

Ethics and Integrity Committee, and that if I have any concerns or questions about my participation in this 

study, I may contact Hatem S. H. Barhoom, Principal Investigator of this study Tel: 07956308255, Email: 

hatem.barhoom@plymouth.ac.uk 

 

I am aware that I may withdraw from the study at any time without affecting my relationship with the 

University of Plymouth or the School of Health Professions. I am aware that the investigator reserves the 

right to discontinue my participation from the study at any time, either in regard to the research or the 

health of my eyes. 

 

I am aware that my participation in this study is voluntary, but that following study procedures is important 

to the success of the research. With full knowledge of all foregoing, I agree, of my own free will, to 

participate in this study.  

 

I am aware that I will receive a copy of this information and consent letter. I am aware that by signing this 

form I do not waive my legal rights or release the investigator(s) and /or involved institution(s) from their 

legal and professional responsibilities. 

 

I am aware that if I would like my data removed from the study and permanently deleted, I can contact the 

principal investigator within one week from my participation date, otherwise it will be impossible to 

identify my data as all data will be encrypted after one week from my participation date.  

 

I am aware that I cannot disclose research procedures and/or hypotheses to anyone who might participate 

in this study in the future as this could affect the results of the study. 
 

I consent to participate in this research.   
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 (Please insert your initials in the boxes, if you agree) 

 

 

Signature of participant    Date 

Printed name of participant 

 

 

Signature of person explaining consent 

 

 Date 

Printed name of person explaining consent   
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Debriefing Form for Participation in a Research Study (V.1) 

 

Thank you for your participation in our study!  Your participation is greatly appreciated. 

  

Purpose of the Study: 

We previously informed you that the purpose of the study was to design a new vision test for 

glaucoma patients.  The goal of our research is to investigate whether this new design is better 

(more sensitive) than the conventional tests in detecting glaucoma progression. 

Confidentiality: 

You may decide that you do not want your data used in this research.  If you would like your 

data removed from the study and permanently deleted, please contact us within one week from 

your participation date, otherwise it will be impossible to identify your data as all data will be 

encrypted after one week from your participation date. 

Please do not disclose research procedures and/or hypotheses to anyone who might participate 

in this study in the future as this could affect the results of the study. 

Final Report: 

If you would like to receive a copy of the final report of this study (or a summary of the 

findings) when it is completed, please feel free to contact us.  

Useful Contact Information: 

If you have any questions, receive a copy of the final report or concerns regarding this study, 

its purpose or procedures, or if you have a research-related problem, please feel free to contact 

the researcher:  

Name: Hatem S.H. Barhoom  

Address: FF01, School of Health Professions, University of Plymouth, Peninsula Allied 

Health Centre, Derriford Road, Plymouth, PL6 8BH.  

Tel: 07956308255  

Email: hatem.barhoom@plymouth.ac.uk 

If you have any questions concerning your rights as a research subject, you may contact the 

Research Administrator to the Faculty Research Ethics and Integrity Committee 

(hhsethics@plymouth.ac.uk). 

Please keep a copy of this form for your future reference.  Once again, thank you for your 

participation in this study! 
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QUESTIONNAIRE 

 

 

Thank you for your participation in this experiment. Kindly complete the following 

questionnaire. The purpose of this questionnaire is to evaluate your experience in this 

experiment. The data from this questionnaire will be used to help us improving the current 

experiment.  

Q1) from a scale of 0 to 10, how do you rate the length of presentation time of the stimulus (0 

= extremely short, 10 = extremely long)? 

Q2) how did you find the nature of the task (the recognition of letters at the periphery): 

1. Very difficult  

2. Moderately difficult  

3. Normal   

4. Moderately easy 

5. Intuitive and easy 

Q3) how did you find the response method (verbal response): 

1. Extremely exhausting  

2. Moderately exhausting  

3. Neutral  

4. Moderately easy 

5. Intuitive and easy  

Date  Occupation   

Name  Tested eye   

Age  BCVA in the tested eye, Rx   

Gender  Ocular and general History   

Test group  Coded name   
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Q4) did you prefer to have feedback after each response? Yes / no  

If yes, why?  

Q5) how would you rate your experience in this test?  Using a scale from 0 to 10 (0 = extremely 

difficult, 10 = piece of cake!)  

Q6) according to your experience in the test and if it is shorter, would you sit for this 

experiment again? Yes /no  

If no, why?  

Q7) according to your experience in the test and if it is shorter, would you sit for this 

experiment weekly? Yes /no  

If no, why?  

Q8) according to your experience in the test and if it is shorter, would you recommend this 

experiment for a friend? Yes /no  

If no, why? 

Q9) what is/are the most reason/s that you think affected negatively your performance in this 

experiment?  

Give a measure from a scale of 0 to 10 for each item (0 = no effect, 10 = huge negative effect) 

on your performance. (negative effect could be, boring, exhausting, stressful, frustrating test 

etc…)    

• Presentation time of the letters  

• The nature of the task (letter recognition) 

• No feedback after each trial  

• The presence of very small letters  

• The need to guess for unseen letter rather than just saying ‘not seen’. 

• The limited letters (only 10)  

• The similarity among certain letters.  

• The verbal response method  

• Occluding one eye during the test  

• Maintain fixation.  

 Q10) which one of the following was the most uncomfortable to you during the experiment?  

• Very small letter when you need to guess (no useful details)  

• Very large letter when you are very certain.  

• The in-between letter sizes where you are uncertain of what you are looking at. 
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0.06
0.08
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• Letters have complex structure, and it is likely that letter bias 
and similarity between letters are sources of non-random 
errors in letter identification tasks1-3

• Here we introduce a novel and significant extension to our 
recently derived model4, to reveal the joint effect of bias and 
similarity in letter identification.

• Letter identification task, near the acuity limit;  10 naïve Ss 
• 10 Sloan letters, presented singly for 250 ms
• Central and 3˚ eccentricity in upper and lower visual field
• Method of constant stimuli (1800 trials/subject)

(A) The “noisy template” model4 was extended to capture letter 
biases & effects of between-letter similarity in experimental data. 

(B) The optotype correlation matrix5 was used to model similarity. 

• The Noisy Template Model:
§ A without biases or similarity. 
§ B with biases but no similarity. 
§ C with similarity but no biases. 

• Model parameters are Baseline sensitivity, Bias gradient, Confusion strength. 
• The model was fitted to the observed number of responses.

• Letter biases and between-letter similarity together shape the pattern of correct
responses (negative diagonal) and errors (off-diagonal) in the letter identification
task with Sloan letters near the acuity limit.

• In future work, it will be important to investigate the impact of bias and similarity
on the estimated acuity using letters as optotypes.

1. Barhoom, H., Joshi, M. R., & Schmidtmann, G. (2021). The effect of response biases on resolution thresholds of Sloan letters in 
central and paracentral vision. Vision Research, 187, 110-119.

2. McMonnies, C. W. & A. Ho (1996). Analysis of errors in letter acuity measurements. Clinical and Experimental Optometry 79(4): 
144-151.

3. Reich, L. N. and H. E. Bedell (2000). Relative legibility and confusions of letter acuity targets in the peripheral and central retina. 
Optometry and Vision Science 77(5): 270-

4. Georgeson MA, Barhoom H, Joshi MR, Artes PH, Schmidtmann G (2022). Revealing the influence of bias in a letter acuity 
identification task: a noisy template model. Vision Research, submitted.

5. Fülep, C., Kovács, I., Kránitz, K., & Erdei, G. (2017). Correlation-based evaluation of visual performance to reduce the statistical 
error of visual acuity. JOSA A, 34(7), 1255-1264.
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REFERENCES 

• Data: stimulus-response matrix (group average).
• Model 1: prediction with bias and similarity. 
• Model 2: prediction with bias only.
• Model 3: prediction with similarity only. 
• Model comparison using AIC showed that model 1 was 

favoured over the other two models.
• Chi square (X2) scores similarly showed that bias & 

similarity (model 1) predicted the data more closely 
(smaller X2 value) than bias or similarity alone did. 

• Data collated as a stimulus-response matrix: each cell counts 
the number of times a given letter was chosen in response to 
the letter presented.
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