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Abstract

At present, the commercial development of visual display terminals (VDTSs) is

moving at a rapid pace. The market is replete with many gadgets made for all ages. These

devices require both visual and tactical manipulation and can affect a person in a variety

of ways. Consumers of such products should not only be wary of price and quality but

the safety of such devices. In this respect, safety refers to visual fatigue which is related

to the performance of the reading device. While the International Organization for

Standardization attempts to keep pace with the market changes, many of today’s advances

are moving ahead of the recommended standards for usage of such products. Thus, this

dissertation focuses on the effects of illuminance, font size and visual acuity on the ability

of people of all ages to read from such devices.

The field of ergonomics is concerned with understanding how humans interact

with other systems (particularly mechanical) and as such has done much work in areas

related to the impact of computer technology on the physical well-being of humans.

Influences such as environmental lighting, contrast ratios, visual distance, font type and

sizes as well as the condition of the individual eye are all of concern when studying the

interaction between human beings and such technology. As such, this dissertation focuses

on the effects of environmental illuminance, font sizes and visual acuity because they

ii



cover an environmental factor (lighting), a mechanical element (fonts) and elements of

the human condition (aging and lens cataract cloudiness).

The study encompasses a look at some of the main VVDTs available on the market

today including the backlit type Liquid Crystal Display (LCD), e-ink with the front light

type (Electronic Paper Display with an Integrated Light Unit), and the standard E-ink or

E-reader (Electronic Paper Display without front light). Much of the literature has focused

on the readability of LCDs and so the primary interest in this study is a comparison of

these two different types display terminals.

This dissertation represents the combination of three different experiments that

studied the readability of various electronic devices under different aspects of

environmental conditions and visual performance. All three experiments included the

participation of 95 or more subjects in measuring and evaluating the ease or difficulty of

reading in English from various devices under different conditions. The main reason for

using English was because of an interest in the development of globalized standardization

with regard to the usage of electronic devices. Conventional paper text was used as a

comparative reference because manufacturers of such products often claim that their

innovations are close to paper.

In the first experiment, 110 participants took part in a study that evaluated the
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performance of an LCD, an Electronic Paper Display (EPD), and an EPD with an

Integrated Light Unit (ILU-EPD) under 14 different levels illuminance. The experiment

included both objective and subjective measures. First, the participants read aloud from a

text block for each level illuminance, and the experimental team collected the correct

number of responses. This procedure was done for each device including the paper text.

Second, after reading from text block of words, the readers evaluated the readability of

each device using a Visual Analysis Scale (VAS). The results indicated that all the devices

were equally readable between 200-500 Ix; however, the readers rated the LCD and ILU-

EPD as easier to read at less than 200 Ix compared to paper and the EPD with no additional

lighting system.

The second experiment looked at the readability of the Courier font type and

sizes on different visual display terminals. Courier is a monospaced font type that allows

for ease of objective measurement in terms of evaluating the visual performance of

electronic devices. In this test, 99 readers grouped according to age looked at and

evaluated 8, 12, and 16 point sizes on an LCD and electronic device, with paper text as a

reference. A two-way ANOVA was used to check for significance. The results from this

experiment found that individuals under 65 years of age could read at the 8 point size

while those over 65 years of age found it difficult.
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The third experiment measured the effects of aging, visual acuity, and lens

cataract cloudiness on the legibility of two fonts displayed on an e-paper device. The

study compared the legibility of a serif font (Times New Roman) and sans serif type

(Helvetica) as discrepancy exists in the literature as to which font type is best for screen

terminals. The study included 133 participants who were measured according to their

binocular near visual acuity for 50 cm. The results from this experiment indicated that the

legibility of e-paper displays is influenced by age, cataract cloudiness, and 50 cm visual

acuity.

The results of the above three evaluation experiments reported in this dissertation

provide useful knowledge on the readability of characters of various types of e-book

terminals. The central aim of the study is to assist in establishing criteria for the safety of

users by contributing to international standardization.
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Chapter 1: Introduction

1.1 Introductory remarks

With the rapid expansion of electronic reading devices, for usage at home and

work, consumers face daunting challenges to keep up with the technology but also may

be unaware of the safety and health issues related to the use of such products. Meanwhile,

the International Organization for Standardization (ISO) provides much of the needed

specifications to ensure that products are safe, but some of the standards may lag behind

the rapid advances being made in such devices as e-readers and LCDs. With respect to

electronic reading devices, people of all ages can be affected by font sizes and

environmental lighting in terms of visual fatigue [1].

This dissertation represents the aggregate of three separate experiments with

respect to the performance of the devices under controlled environmental conditions as

well as how human conditions interact with such reading terminals. The concern with the

first two experiments is with readability; that is, how well individuals can read devices

such as tablets and e-papers under minimum conditions of environmental illuminance and

font sizes. In these two experiments readers evaluated the readability of electronic reading

devices. The third experiment focuses on the effects of aging and visual acuity on the

legibility of fonts on e-paper devices, which are presumed to be closer to conventional

paper.



The experiments conducted for this research should contribute to the growing

field of ergonomics as they involved the interactions of both environmental and human

conditions on the legibility and readability of electronic devices. Thus, the aim of this

dissertation is to provide the findings from the three experiments as a way to contribute

to the field. The experiments used objective and subjective measurements to look at the

effects of illuminance, font sizes, and visual acuity on the readability of different

electronic devices. However, the purpose of this chapter is to outline the general

background of the problem, explain the purpose of the experiments, sketch the methods

and provide an overall map of the dissertation.
1.2 Background

Both computer technology and delivery of communications have grown

exponentially over the past twenty years. Along with these developments have been

increasing improvements in screen innovation, which is a key to visual performance of

any such device. The markets are flooded with many “visual display terminals” (VDT)

such as computers, mobile phones, reading devices, and augmented glasses. Buyers today

face a multitude of choice and information regarding all of these innovations and

mechanical gadgets. Many prospective buyers of VDTs are not only confused by the

choices but simply cannot keep up with the rapid changes. Most consumers are unsure of

the differences between such things as a Liquid Crystal Display tablet (ex. iPad) and an
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eReader (ex. Kindle Paperwhite).

In buying a VDT, the consumer should consider not only practical matters such

as costs and quality but how well the product functions under various environmental

conditions. Many of the differences in such display terminals relate directly to the

performance of the screen under conditions of illuminance, viewing distance, contrast

ratios, and font sizes [2] [3]. Moreover, the physical state, especially the eyes, can affect

how well an individual perceives and handles the information displayed on such screens.

For example, physical conditions related to aging, cataracts, and visual acuity play a role

in how the individual interacts and reads such devices. Thus, the essential aim in this

study concerns both environmental and human factors on the performance electronic

reading devices.

The two primary screen technologies of concern in this dissertation are those

found on tablet devices (such as Liquid Crystal Display) and those that are considered

reflective (e-paper). Both screen technologies can trace roots that developed from a long

series of discoveries that evolved from the cathode ray tube (CRT) in 1897 [4]. In 1960,

the RCA laboratories produced the first transmissive optical effects that were applied to

commercial items such digital watches and pocket calculators, and this in turn would lead

to the Liquid Crystal Display tablet (LCD) [5]. Since the 1990s, such screens have been



primarily manufactured in a range of products such as smartphones, computers and

televisions.

The LCD screen uses electrical currents to adjust the backlight through filtered

polarized film that becomes an image provides, which explains why they are times

referred to as backlit devices. In addition, products such as the New iPad are appealing to

some consumers as they are versatile, offer colored pixels, and have a faster refresh rate

so that viewers can enjoy videos and gaming. One of the main criticisms targeting such

tablet devices regards the visual performance of the screens in either outdoor conditions

or under higher levels of illuminance indoors as glare becomes an issue. Much of the

research indicates that while these tablet products are readable under dimmer light, they

become harder to read in outdoor conditions [6].

Meanwhile, manufacturers have made major strides in developing eReader, E-

paper or E-ink devices (such as Kindle, Havon, Fujitsu), particularly with screen

performance. The technology within these devices relies on an electrophoretic process

that attempts to mimic the appearance of ink on paper. Most of these devices usually

produce black and white text, though at present a few products have incorporated color

screens. In contrast to tablet displays, the e-paper screens have a slower refresh rate and

thus are not as practical for showing videos or game applications. However, these VDTs



have other advantage relative to the tablet screens. As E-ink paper screens are reflective,

research indicates that they are superior in direct sunlight [7], require smaller battery

power, and can be integrated with photo-voltaic power sources [8].

The manufacturers advertise that eReaders are a form of “electronic paper”

claiming that these products are closer to actual paper texts, however, such claims remain

in dispute. For example, Heikenfeld et al. has opined that for producers of these devices

to justify their claim, they need to measure performance using the same metrics found in

the printing industry [9]. As the technology develops, and manufacturers compete in their

respective markets to improve the screens in their products, much of academia focuses

on the debate over eye strain and visual fatigue which can affect legibility and readability.

Nishimura et al. found that Japanese adult participants in their study evaluated

eReaders over LCD tablets because they appeared to reduce eyestrain under indoor

conditions of illuminance [10]. Kretzschmar et al. challenged this view by arguing that

subjective evaluations were poor indicators of readability simply because readers

perceived the devices differently, and that backlit LCDs were better for the elderly [11].

Using both subjective and objective measures, Siegenthaler et al. found that ten subjects

in their study evaluated the two display types fairly equally under indoor conditions [12].

Finally, Benedetto et al. stated that when less experienced readers attempt to handle VDTs,



they tend to prefer conventional books over mechanical reading displays because such

tactile familiarity with paper causes less visual fatigue [13].

Many variables exist with regard to reading from any type of mechanical screen

or paper display. Those problems associated with reading performance can include

lighting, the capabilities of a specific device as well as the health and physical condition

of the reader, for example, aging, the degree of lens cloudiness, and visual acuity. The

effective performance of a device can include such parameters as the contrast ratios, the

glare, the color gamut, viewing angle, power requirements, switching speed and the

choices of font display.

Both indoor and outdoor lighting can cause glare or reflection that hampers or

interferes with the readability of screen display [14]. The advantage of conventional paper

text is that lighting has less of an impact (unless it has a glossy surface) in terms of glare.

The sun or any given light source can result in direct glare that shines into a person’s field

of vision, making tablet screens very sensitive to this phenomenon. In addition, reflection

occurs when light that bounces off any particular glass, polished or shiny surface (such

as on VDTs). These problems not only interfere with reading but can be a major source

of discomfort, particularly for the elderly, in that can cause eyestrain and fatigue [15].

Meanwhile, there has been much debate over which font type and size provides



the optimum reading enhancement for electronic devices. Bernard et al. conducted a

comparative study of eight font types (four serif and four sans serif) at the 10, 12 and 14-

point sizes and found no significant difference in reading efficiency in terms of size or

type [16]. However, in this same study, participants read Times New Roman (serif) and

Arial (sans serif) more quickly but perceived the Arial, Courier (serif) and Georgia (serif)

as most legible. While many studies have endeavored to look at the best font sizes and

types, fewer studies have sought to look at the smallest legible types or sizes that may

impact both legibility and readability, especially on the elderly.

Compounding the debate, there has been the long standing schism between

supporters of the serif type and those who believe sans serif enhances the readability of

electronic devices. Proponents of the serif family (Times New Roman, Courier) have

argued that these font types flow better [17], are better spaced and more cohesive [18]

and are preferred more among users of such devices [19]. Advocates for the sans serif

family (Arial, Helvetica) insist that these types of fonts are better for the following

reasons: they reproduce better at smaller font sizes [20]; they are simple and uniform; and

they are easier for children to read [21] or even for the seeing impaired [22] [23].
1.3 Purpose

According to the Japan Industrial Standard, readability refers to reader’s capacity

to discriminate, recognize and interpret a group of characters in a text [24]. As mentioned,
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there are many factors that affect readability including the light source, polarity, and the

ambient illuminance as well as font sizes and types. A few studies have looked at the

effects of ambient lighting on visual performance and font sizes, but the results have been

mixed. Shieh and Lee found that reflective displays may perform better above 700 Ix [3],

while Wang et al. concluded that readability was different for various levels of ambient

lighting [2].

The general consensus seems to be that reflective devices perform better than

LCDs above 500 Ix, but more research is needed in order to understand how well readers

of all ages rate the use of e-devices in various tasks and conditions. In this vein, the

research for this dissertation includes the results from three different experiments that

looked at readability of devices either under different lighting or with various types of

font sizes. The first experiment required readers to rate the readability of three devices

under levels of illuminance. The second experiment included a study that looked at how

well participants could read various font sizes from three different terminals. The third

experiment sought to understand how different age groups with different levels of visual

acuity would evaluate two different fonts (Helvetica and New Times Roman) from an e-

paper device.
1.4 Methods
This section briefly explains the sampling and provides a general idea of the
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methods used in each of the three experiments highlighted in the dissertation. The

methods are further detailed in the respective chapters that elaborate on each of the

experiments. For each of the three studies, the participants signed a consent form to

partake in the given experiments, and the Ethical Review Board in the Graduate School

of Information Science at Nagoya University granted approval for the research. The

formatting and style is a mixture of what the Institute of Electrical and Electronic

Engineers (2005) recommends and the expectations of the Graduate School of

Information Science at Nagoya University.
1.4.1 Experiment One

The aim of the first experiment was to understand to what extent people could

read e-paper devices under various conditions of ambient illuminance that could occur

indoors. In this study, 110 young to elderly subjects participated in an experiment to

evaluate the effects of 14 different levels of ambient lighting as they read from three

different electronic devices and a paper text.

The experiment included both an objective and subjective measurement. The

participants were asked to undergo a timed reading task and then to evaluate the

readability of two e-Reader devices (a regular electronic display and one with a front

light) and compare it to a backlit Liquid Crystal Device (LCD). A conventional paper text

was used as a frame of reference. The subjects employed a Visual Analytical Score (VAS)
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to rate the readability of the devices.
1.4.2 Experiment Two

The second experiment required different age groups to evaluate the effects of
three font sizes on the readability of e-paper devices. The experiment included 99
participants asked to compare the readability of three font sizes (8, 12, 16 points) while
reading from three different VDTs (Kindle Deluxe™, Apple iPad™, and paper). The
objective measurements checked the reading speed and correct answer rate of the readers
from the various devices that displayed the different font sizes. The readers had to count
a set number of Ms from a test block within a short duration. An ANOVA and Scheffé
multiple comparison procedure was used to check for statistical error. After each reading,
the subjects rated the devices with a Visual Analytical Scale (VAS) in order to match the

two types of measures.
1.4.3 Experiment Three

The aim of this experiment was to collect basic data on the legibility of displayed
characters on e-papers because manufacturers have claimed that these products are
proficiently close to paper text. The experiment analyzed the effects of ageing, visual
acuity, and cataract cloudiness on the legibility of different size characters on an e-paper
device (Amazon Kindle Paperwhite). The participants in the experiment included 133

males and females between the ages of 17 and 79 years. The participants read from a
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string of random set of capitalized letters whose font size declined from large (18 pt)

down to small (2 pt). The experimental readings employed the use of Times New Roman

and Helvetica for the tasks. The participants were required to read aloud a character string,

and then a systematic evaluation was used to calculate for the correct reading of each

character within the two font types.
1.5 Dissertational outline

This section will describe the direction or map of this research study. This

dissertation includes five chapters, tables and figures as well as the appropriate references.

The first chapter provides the overall structure of the study and gives a brief background

to the research, the purpose of the experiments, and a brief explanation of the methods.

Chapters 2-4 will discuss each of the respective experiments in detail and provide results

and discussion regarding the outcomes. Chapter 2 presents the results of the first

experiment which asked participants to evaluate the readability of several VDTs under 14

different levels of illuminance. Chapter 3 discusses the results from the second

experiment which compared the readability of font sizes on different electronic devices.

Chapter 4 describes the results from the third experiment which sought to explain the

effects of aging, visual acuity, and lens cloudiness on the legibility of two different font

types on an e-paper device. The final chapter represents the conclusion and summary

discussion for the dissertation.
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Chapter 2: Measuring the Effects of Lighting on the Readability of Electronic
Devices

2.1 Introduction

Since the 1990s, screen image quality has improved significantly, but the debate

over the advantages of reading from paper text versus electronic texts continues in much

of the literature [25] [26]. Despite improvements, many of the issues with the effects of

lighting remain. Compared to paper, screens of all types either emit light or reflect it in

such a way as to interfere with viewing. Essentially, the paper medium is less susceptible

to the extremes of lighting because it is more diffuse or reflective; therefore, it serves as

a reference when comparing VDTs in many different studies. Thus, the main question in

this dissertational study concerns an understanding of how readers would rate the visual

performance of three different display types under various levels of ambient illuminance.

In the field of ergonomics, the term ambient illuminance simply refers to the total

available natural and artificial light in a room. Whether at home or office, rooms that are

either dimly lit or that have light sources causing immense glare, can significantly impact

a reader as well as on overall worker productivity [27]. Under such lighting conditions, a

person is likely to suffer eyestrain, headaches, or reduced performance while attempting

complete some reading task. As such, the lighting in a room should be sufficient enough

to assist in either the legibility or readability required from a display screen.
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As the many screen types and products provide different capabilities, the issue

of lighting recommendations for VDTs may refer to a particular range of sufficiency. For

example, in the United States, the Occupational Safety and Health Administration

(OSHA) recommends a range of 200-500 Ix when working with computers indoors [28].

Meanwhile, the International Organization for Standardization (ISO) has recommended

300-500 Ix for using such technology for indoors. However, in both instances, these

standards speak mainly to the effects of lighting on transmissive or tablet screens similar

to LCDs as they are used more frequently for occupational purpose relative to the more

leisurely reading done with e-papers with their reflective screens. As Becker states, the

International Organization for Standardization is revising the standards with respect to

the conditions of ambient illumination for the testing of reflective and transparent display

screens [29].

The experiment discussed in this chapter endeavored to contribute to the existing

knowledge base by comparing reader performance of several devices under 14 levels of

ambient lighting. The study included a comparison of a LCD (New iPad), an electronic

paper display (Kindle DX) and an electronic paper display with an integrated light unit

(Amazon Kindle Paperwhite). In addition, these devices were in turn compared to

conventional plain paper text as point of reference. The experiment included both an
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objective and subjective measurements. First, the study measured the reading speed of

the participants undergoing the tasks, and then asked readers to evaluate each of the

devices under the different levels of illuminance.
2.2 Methods

The purpose of this experiment was to have participant volunteers complete a

specific reading task of short duration and evaluate the readability of several devices with

respect to 14 levels of lighting. The task required the subjects to read aloud from four

terminal devices placed in a cubicle under 14 different levels of ambient lighting. The

participants needed approximately 40 minutes to complete the 56 separate readings from

each device (one reading per every level of illuminance). During the readings, the

evaluator counted the number of words read per 15 second duration while also controlling

the levels of illuminance. After completing each reading for each device, the participants

evaluated the terminals based on a subjective appraisal.
2.2.1 Participants

The study included 110 Japanese nationals with a near equal gender participation

of 54 females to 56 males. The ages of the readers ranged from 19 to 86 years old (Mean

45.7; Standard Deviation 17.8). Participants who required the assistance of glasses or

contact lenses were allowed to use them in the experiment. Prior to the experiment,

readers were told that the purpose of the study was to evaluate the performance of the
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devices rather than a measurement of their reading abilities. This explanation was

necessary in order to reduce any concerns over personal reading abilities with regard to

the use of the English language.
2.2.2 Task Design and experimental conditions

As recommending by the ISO, the readings of the devices took place in a

darkened room under artificial lighting conditions (Figure 1). Natural conditions of

lighting can vary widely, making consistent measurements of readability difficult, which

explains the rationale for establishing such an artificial condition [30]. In order to adjust

to constant illumination, the setup design of the compartment included a D65 (6500K)

fluorescent light and a LED light source with the same color temperature which acted as

a light diffuser. The D65 is often used as a standard illuminant because it is close to the

light seen on a clear day at noon. For each device, there were 14 levels of ambient

illuminance that were tested (10, 20, 50,100, 150, 200, 300, 500, 750, 1000, 1500, 2000,

5000 and 8000).

Lighting system

60 cm

60 cm

Figure 1 The equipment set up for experiment.
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Participants read a text block from three different VDTs set at the maximum
luminance setting, regardless of the illuminance condition. The three devices (Table 1)
included an Amazon Kindle DX (EPD), an Amazon Kindle Paperwhite (ILU-EPD), and
an Apple New iPad (LCD). The Kindle Paperwhite included an integrated front light to
assist with glare. The specifications for these three VDTs are shown in Table 1 below.
The three devices were compared to conventional plain paper (PPC), which had a
whiteness of 67 percent. The contrast ratios for the VDTs were measured when each
device was placed inside the compartment as it received illuminance from both the light

unit above and the diffusion in the cubicle.

Table 1 Specifications for electronic device

EPD ILU-EPD LCD
Manufacturer Amazon Amazon Apple
Product Kindle DX Kindle PW New iPad
Screen size(inch) 9.7 inches 6 inches 9.7 inches
Matrix Size 1,200 x 840 1,024 x 768 2,048 x 1,536
Resolution 1200 x 840 1024 x 768 2048%1536
Max. brightness (cd/m?)Y 0 90.8 3735
Min. brightness (cd/m?)Y 0 6.2 2.9
Actual Contrast Ratio? - 14.6 128.8
Display type E-ink E-ink LCD

Notes:
1) The maximum (white) and minimum (black) brightness values were measured from 1 m distance under
dark room conditions.

2) The actual contrast ratios were calculated from both maximum and minimum brightness values.
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The experiment included both objective and subjective measurements in order
to assess the performance of the devices under different lighting [31]. The study is
interested in contributing to a global standard for the ambient illuminance for e-paper
devices. As English presently represents the international language, alphanumeric words
were used in the reading test block. First, the subjects were allowed 15 seconds to read
from the text block, which consisted of fifty English words placed five rows (Figure 2).
As the participant read aloud, the number of words that they read was counted for each
device under each level of illuminance. The viewing distance between the reader and the
device was taken simultaneously while calculating the number of words that were read
during the allotted time period for each device. The subjects were never told how many

words they actually read for each test.

BOY CAT CAP DOG BOOK
BOX GREEN OPEN JAPAN MILK
APPLE CITY SEVEN CAR FISH
MAP PEN MAN BAG DESK
STOP HOTEL PIANO RED HAND

JAPAN MILK APPLE CAP DESK
OPEN RED DOG SEVEN BOY
GREEN MAP CAT HOTEL MAN
STOP CAR BOOK PIANO CITY
PEN HAND FISH BOX BAG

Figure 2 Example of reading text block.
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Second, after completing each individual reading task, all subjects evaluated the

devices by using the visual analogue scale (VAS). This scale system is used in

questionnaires as a subjective psychometric measurement that allows subjects to provide

their attitudes directly from a scale of statements. When answering, the respondents

specified their level of agreement to a statement on a much wider continuous line between

two end-points than is typically found on a standard 5-point Likert scale [32].

In this study, VAS required that participants rate readability of a device on a scale

from 0 (Worst) to 100 (Best). Previous studies have found that it is possible to establish a

baseline score of 45 to indicate whether subjects reach a sufficient level of reading of a

particular text [33]. This testing configurations conformed to those suggested in the

International Organization for Standardization when evaluating LCD products [34].
2.3 Results

The three tables below (2-4) provide the fundamental results of the empirical

measurement of the optical system used in this experiment. These measurements used a

portable brightness meter (CS-100A, Konica Minolta Inc., Japan) that can measure any

light source inside or outdoor. The aim was to ascertain data on the effects of ambient

illuminance on the brightness, contrast ratio, and reflection of each of the display devices.

Table 2 below shows the results of the relationship between ambient illuminance

and brightness under each of the conditions. In this context, “White” signifies maximum
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brightness, and “Black” refers to the minimum brightness (Table 2). The results for both

White and Black showed the same tendency; that is, the brightness value increased as the

ambient illuminance increased for all of the display devices.

Table 3 below establishes the relationship between the ambient illuminance and

contrast ratio for each of the devices. Both the contrast ratio of the EPD and paper text

did not change with increases in the ambient illuminance. By contrast, both the ILU-EPD

and LCD had an inverse relationship between the contrast ratio and the ambient

illuminance.

Table 4 below shows the results of the relationship between the ambient

illuminance and reflectance. Reflectance was calculated from the direct brightness of the

light diffuser and from each device (including paper text) under each illuminance

condition. The value of reflection of the White (maximum brightness) was higher than

that of the Black (minimum brightness) in all ambient illuminance conditions, regardless

of the display terminal. Both the reflection of EPD and paper did not change with

increases in ambient illuminance, which was similar to the results in Table 3. In contrast,

both the ILU-EPD and LCD had inverse relationship between the reflectance and ambient

illuminance.
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Table 2 Relationship between the ambient illuminance and the brightness

EPD ILU-EPD LCD Paper
Ambient illuminance Brightness (cd/m?’)
White  Black  White  Black  White  Black  White  Black
10 1.09 0.19 921 6.36 374 2.98 2.49 0.252
20 2.18 0.38 934 6.57 374 3.05 4.98 0.504
50 545 0.94 97.3 7.20 374 3.26 12.4 1.26
100 10.9 1.88 104 8.25 374 3.62 24.9 252
150 16.4 2.82 110 9.30 374 3.97 37.3 3.78
200 21.83 3.76 117 10.4 375 4.33 49.8 5.04
300 327 5.64 130 12.5 375 5.04 74.6 7.56
500 545 9.40 156 16.7 376 6.46 124 12.6
750 §1.8 14.1 188 21.9 378 8.23 187 18.9
1,000 109 18.8 220 272 379 10.0 249 252
1,500 164 28.2 285 37.7 382 13.6 373 37.8
2,000 218 37.6 350 48.2 385 17.1 498 50.4
5.000 545 24.0 739 111 403 38.4 1244 126
§.000 872 150 1128 174 421 59.7 1990 202

‘White. means maximum brightness, and black means minimum brightness.

Table 3 Relationship between the ambient illuminance and the contrast ratio

EPD [LU-EPD LCD Paper
Ambient illuminance Contrast ratio”
10 5.80 14.8 125 9.87
20 5.80 14.5 122 0.87
50 5.80 14.2 115 9.87
100 5.80 13.5 103 9.87
150 5.80 12.6 04.2 0.87
200 5.80 11.9 86.6 9.87
300 5.80 11.3 74.5 0.87
500 5.80 10.4 58.3 Q.87
750 5.80 9.34 45.9 9.87
1,000 5.80 8.58 37.9 0.87
1,500 5.80 8.12 282 9.87
2,000 5.80 7.57 22.5 0.87
5.000 5.80 7.27 10.5 0.87
8.000 5.80 6.65 7.05 9.87

1) Each contrast ratio was calculated from both mesured maxmum and minimum brightness values

under each ambient illuminance condition.
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Table 4 Relationship between the ambient illuminance and the reflection

EPD ILU-EPD LCD Paper
Ambient illuminance Reflectance

White  Black  White  Black  White  Black  White  Black

10 0.05 0.009 4.53 0.313 18.37 0.15 0.12 0.012
20 0.05 0.009 2.30 0.162 9.19 0.075 0.12 0.012
50 0.05 0.009 0.96 0.071 3.68 0.032 0.12 0.012
100 0.05 0.009 0.51 0.041 1.84 0.018 0.12 0.012
150 0.05 0.009 0.36 0.031 1.23 0.013 0.12 0.012
200 0.05 0.009 0.29 0.025 0.92 0.011 0.12 0.012
300 0.05 0.009 0.21 0.020 0.62 0.008 0.12 0.012
500 0.05 0.009 0.15 0.016 0.37 0.006 0.12 0.012
750 0.05 0.009 0.12 0.014 0.25 0.005 0.12 0.012
1,000 0.05 0.009 0.11 0.013 0.19 0.005 0.12 0.012
1,500 0.05 0.009 0.09 0.012 0.13 0.004 0.12 0.012
2.000 0.05 0.009 0.09 0.012 0.09 0.004 0.12 0.012
5,000 0.05 0.009 0.07 0.011 0.04 0.004 0.12 0.012
8,000 0.05 0.009 0.07 0.011 0.03 0.004 0.12 0.012

White. means maximum brightness, and black means minimum brightness.

The main purpose of this experiment was to have subjects compare and evaluate

readings from an ILU-EPD, EPD, LCD and paper text under 14 levels of ambient

illuminance. Figure 3 and Table 5 below represent part of the objective measurements for

the reading tasks. The figure illustrates the number of words that each subject read in a

short duration of 15 seconds for each of the 14 levels of illuminance (Figure 3). Below

300 Ix, the subjects were able to read more words with the iPad relative to the other

devices, especially compared to the Kindle DX. All the devices had similar word counts

between 200-750 Ix (Table 5). However, after this level, the positions of the iPad and

Kindle DX were reversed.
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Figure 3 Mean value of words read in 15 seconds by illuminance level.

Table 5 Mean value of number of words read

EPD ILU-EPD LCD Paper
Mean=£=S.D Mean = S.D Mean = S.D Mean £ S.D

10 Ix 23.0 + 9.20 28.1 + 7.59 295 * 6.92 26.7 * 7.12
20 Ix 253 + 7.84 283 + 691 296 * 6.77 27.7 * 6.22
50 Ix 268 + 7.04 29.1 * 6.45 29.7 * 6.39 29.0 * 6.68

100 Ix 277 * 6.62 30.0 + 6.43 29.9 * 6.02 289 * 6.04
150 Ix 282 * 6.33 29.7 * 6.26 294 =+ 590 29.9 * 6.46
200 Ix 290 *+ 6.96 29.9 * 6.46 29.7 * 579 30.1 + 6.53
300 Ix 293 + 6.64 29.2 + 6.10 30.0 * 6.09 29.9 * 6.26
500 Ix 292 + 6.34 296 * 641 30.0 * 6.21 30.0 + 595
750 Ix 295 * 6.10 294 =+ 6.50 294 * 6.25 30.2 + 595
1,000 Ix 296 * 6.29 29.3 + 6.48 29.2 * 6.25 30.3 + 5.86
1,500 Ix 298 * 6.22 29.8 + 6.27 291 * 643 311 + 6.76
2,000 Ix 303 + 6.40 30.2 * 6.45 291 * 6.21 309 + 6.39
5,000 Ix 304 =+ 6.45 30.0 + 6.13 29.2 * 6.03 305 + 6.45
10,000 Ix 30.2 + 6.38 296 * 6.34 294 =+ 6.70 30.7 + 6.19
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Figure 4 below shows a graph from the results of the subject’s evaluations (VAS)
for each device under 14 different conditions of illuminance. Table 6 below provides the
data for the mean values from the evaluations. As the graph indicates, all the VDT’s were
evaluated as sufficiently readable between levels of 300-500 Ix (Figure 4). The
evaluations found that at the lower levels of ambient illuminance (below 150-200 Ix)
reading was difficult for the ILU-EPD, EPD, and conventional paper compared to the
ratings of the LCD. However, the evaluations for these devices improved until about the
500 level when the ratings tapered off for the ILU-EPD and EPD at higher levels of

illuminance (Table 6).
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Figure 4 Subjective Evaluation of the devices.
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Table 6 Mean value of subjective evaluations

EPD ILU-EPD LCD Paper
Mean=S.D Mean + S.D Mean = S.D Mean + S.D

10Ix 138 =+ 1581 411 =+ 2248 593 =+ 2323 214 + 1843
20Ix 208 =+ 1679 439 =+ 2055 60.6 =+ 2010 279 =+ 1874
50Ix 320 + 1868 499 =+ 1892 623 <+ 1938 393 =+ 18.49

100Ix 388 =+ 1916 541 =+ 1763 635 =+ 1762 469 =+ 17.76
150Ix 454 =+ 1963 573 =+ 1795 637 =+ 1759 553 =+ 16.92
200Ix 496 + 19.18 59.0 + 1762 634 =+ 1650 586 =+ 17.34
300Ix 53.8 =+ 19.30 60.5 + 1844 63.6 =* 1747 632 =+ 18.04
500Ix 55.0 * 2085 572 + 2274 573 * 2191 740 =+ 19.97
7501Ix 518 + 1971 514 + 2023 500 + 2068 68.1 =+ 18.14
1,000Ix 518 * 21.22 478 =+ 20.66 436 * 2193 68.0 =+ 20.20
15001x 522 =+ 2219 463 £ 2220 39.0 * 2324 693 * 20.32
2,000Ix 521 =+ 2371 454 £ 23.03 364 £ 2411 66.8 * 2231
5000Ix 523 % 26.43 447 £ 2498 275 £ 2454 58.0 * 26.39
10,000 Ix 482 £ 29.76  39.7 * 2837 205 £ 2145 486 =* 29.59

2.4 Discussion

This experiment looked at how well three terminal devices performed under 14

levels of ambient illuminance. The readers evaluated the readability of an ILU-EDP, EDP,

LCD, and paper text under the different levels after carrying out a specific reading task.

This required the participants to read as many words as possible within a 15 second period.

As mentioned, one of the crucial differences between a backlit LCD and e-paper is the

performance of the screen under different lighting. The former type includes a self-

illuminating display system, while the latter has a reflective one. Thus, both devices show

different visibilities, and the difference in illumination affects legibility and readability.
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As manufacturers of the two display technologies continue to compete in their

respective markets more concern has been on costs and functionality. Local markets tend

to attract a different level of consumer interests in such products, and tablets led in sales

in Japan and the US until about 2006. Initially, e-paper devices were restricted in terms

of functional capabilities and were aimed at those individuals interested in building a

library of e-books and periodicals. This becomes apparent when comparing the ratings of

the EPD (Kindle DX) to other devices. In this experiment, the readers rated the EPD as

more difficult to read relative to the other terminals even between 300-500 Ix.

Furthermore, while the evaluations of the EPD surpassed the other mechanical devices

after 750 Ix, the ratings for paper text remained far greater.

The introduction of the ILU-EPD (PW) with a front light in 2007 decreased the

gap between the two VDT screen performances. The addition of the front light helps at

lower levels of illuminance but hampers the device at the higher levels. The results in this

study indicate that the ILU-EPD performed closer to the LCD terminal when compared

to paper at the different levels of illuminance. However, like the LCD, the ILU-EPD

appears to lose its advantage relative to paper text after the 500 Ix level.

Some studies have indicated that consumer demand may be more concerned with

costs versus functionality rather than issues related to lighting ambience [35]. As of 2013,
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market research in Japan indicated that the sales of tablets were three times higher than

that of e-readers with only 8% of Japanese readers having downloaded an e-book

compared to 20% in the United States [36]. In general, Japanese readers still prefer

bookstores and find that tablets offer more available forms of content than e-paper devices.

However, consumers are less knowledgeable about the differences between the

display technologies or their performance capabilities though they are able to grasp the

contrasts between actual functionality of a device [37]. Meanwhile, government agencies,

academia, and research in manufacturing continues to study the safety and the

performance of such technology as well as to verify the claims of the industry with respect

to claims about the products, particularly when it comes to the performance of the screens

under different conditions of lighting.

Much of the literature indicates that under conditions of high illuminance,

readability of the self-illuminating display (LCD) is poor due to glare, particularly in

outdoor sunlight [29] [38]. On the contrary, readability of a reflective display (EPD)

appears to perform closer to paper text when read under similar conditions. The

introduction of the integrated lighting unit (ILU-EPD) in 2007 represented a form of

hybrid between the previous two display technologies. This display behaves similar to a

self-lighting type under low illuminance, but like the reflective type under high
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illuminance.

Under controlled levels of ambient illuminance, 110 subjects found that the LCD

(iPad) was more readable at the lower levels, especially below 300 Ix. In contrast, the

readers found the EPD (Kindle DX) and paper text difficult to read until the 200 Ix,

surpassing the LCD at about 500 Ix. Though the number of words read for all devices did

not decrease after the 500 Ix level, the subjective evaluations of these three devices did

decrease, particularly relative to paper. Furthermore, in terms of the ratings, there was a

major change in how the participants evaluated the three mechanical devices.

While the number of words read per 15 seconds was fairly similar for the LCD,

the readers read less words for the EPD below the 500 Ix level. The results from this

experiment show that the ILU-EPD (PW) can sustain readability under low illuminance

conditions in comparison with the EPD, and conventional paper text. Under conditions

of illuminance of less than 300 Ix, the participants evaluated the ILU-EPD (PW)

significantly higher than the EPD (Kindle DX). This matches Shen et al. who also found

that under illuminance of more than 750 IX, the reader’s evaluation of ILU-EPD was

worse than for the EPD [39].

The contrast ratios for the EPD and Paper remained the same regardless of the

changes in the level of ambient illuminance, and the increasingly favorable evaluations
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these two terminals surpassed the ratings of the other two devices at about 400 Ix (Figure

4). The advantages of the backlight (LCD) and front light (ILU-EPD) are off-set as the

illuminance levels increase. As brightness increases, the black elements appear grayer

and the contrast ratios decrease. As a result, when the back and front lights fall below the

ambient light, the readability drops sharply.

In sum, the readers in this experiment evaluated all four forms of displays nearly

equal in terms sufficiently readable between 200-500 Ix. The VDTs with backlit or some

form of integrated light unit were more readable at lower levels of illuminance compared

to reflective displays. As expected, the evaluations for the LCD (iPad) were higher at

lower levels of illuminance but dropped after the 500 Ix level, while the reverse was true

for the reflective device (Kindle DX) [40]. As with other studies, the evaluations of the

reading of conventional paper increased until the 2000 Ix [41].

The trend was reversed between 500-750 Ix, when participants found the

reflective type displays more readable. The limitation in this experiment was that the

objective measurement was of a short duration due to the large number of readings

required to meet the needs of the 14 different levels of ambient illuminance. Po-Chung et

al have suggested that measurements of a longer duration that look at cognitive

performance and visual fatigue are needed in order to better comprehend how these VDTs
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affect readers under different lighting conditions [42].
2.5 Conclusions

In terms of ergonomic considerations, the total data collected from both the

objective and subjective measurements in this experiments can be summarized into two

points with regard of the use of VDTs. First, a recommended minimum illuminance for

comfortable reading of all VDTs should be set at 200 Ix. Second, an LCD and ILU-EPD

have a positive effect for enhancing readability under low ambient illuminance.
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Chapter 3: The Effects of Font Sizes and Aging on the Readability of E-paper
Devices

3.1 Introduction

The previous chapter addressed the effects of an environmental condition,

ambient illuminance, on the readability of several electronic devices. This chapter looks

at one facet of visual performance on the readability of electronic papers. The chapter

provides the results from an experiment that analyzed how different age groups evaluated

the readability of different VDTSs performed in delivering one specific font type.

Though conventional forms of print such as books, magazines, and newspapers

have a relatively long history, the introduction and development of electronic print has

only emerged over the last few decades. The interest and consumption of the large number

of types of VDTs has spurred a race in innovative screen development that attempts to

mimic traditional paper text as close as possible. The success and spread of mechanical

reading device has expanded to all ages; however, questions have arisen regarding the

manufacturers claims that their products are similar to conventional paper.

Though electronic paper may take decades to replace traditional paper sources,

many issues still exist in terms of the digital presentation of reading materials on a screen

format. In ergonomics, individual reading can be measured as an outcome or as a process.

In terms of outcome measures, a researcher might look at variables associated with visual
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fatigue, comprehension, reading speed, or accuracy. For process measures, the

investigator might focus on how individuals use or manipulate the text and include such

concerns as image polarity, contrast ratios, the visual angle, and display characters (fonts).

The experiment presented in this chapter may appear linked to an outcome

approach because it includes tests related to reading speed and accuracy. However, the

measurement tasks are ancillary to the primary aim associated with how different age

groups visually work with smaller font sizes. In this experiment, participants of different

ages took a silent reading test to evaluate the readability of three different font sizes used

on three displays. The aim was to focus on what was the minimum font size that the

various ages of the participants could maintain in their reading performance; that is,

testing to see that there was no significant decrease in reading speed and a correct answer

rate. In addition, the study sought to evaluate to what degree e-paper devices matched the

functionality of paper text as claimed by manufacturers.

3.2 Methods
3.2.1 Participants

The participants for this experiment included 99 males and females between the

ages of 15 to 76 years old (M 46.7, SD 14.7). Participants who typically wore correct

lenses of any type were allowed to use them for all stages of the experiment. The readers

were checked for severity of lens cloudiness or cataracts. The tables below provides the
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data from which appropriate groupings were made for the experiment.

Table 7 below shows the number of participants divided into age groups. The

participants were divided into four groups according to the following age association

young (29 years and younger), middle-aged (30 to 44 years old), senior middle-aged (45

to 64 years old), and elderly (65 years and older). Following this step, the individuals

were then checked for the degree of cataract cloudiness.

Table 7 Participants divided by age group

Young ~ Middle Senior Elderly Total

Exp 15 24 44 16 99

An Anterior Eye Segment Analysis System (NIDEK EAS-1000) was used to

measure the amount of lens cloudiness in the reader’s eyes. Table 8 below shows the

measured values of the readers divided according to the established age groups. Typically,

the gradation or range of cloudiness is ranked from zero (perfectly clear) to 255 (extreme

cloudiness). As the table shows, the youngest group had sufficient amplitude of lens

accommodation. The middle-aged group had sufficient near vision ability, although their

accommodation was slightly weaker. The senior middle-aged group had mild presbyopia

and problems with near vision work (Table 8). The elderly group had typical presbyopia

and generally had to wear glasses for close vision.

32



Table 8 Participant lens cloudiness

Young Middle Senior Middle Elderly
+
Mean+SD  Mean=S.D Mean*8.D Mean+S.D
Exp.  46.0+10.0 69.1+21.3 93.3+21.6  148.8+36.6

T The range of cloudiness gradation is 0 to 255
3.2.2 Experimental design

This experiment included a comparison of three types of reading terminal

devices, an e-paper (Amazon Kindle DeluxeTM ), a backlit LCD (Apple iPadTM ), and

as a reference, conventional paper text (with the text printed on PPC paper of 69%

whiteness) [43] [44]. In this chapter, the Kindle Deluxe is referred to as DX, the Apple

iPad as iPad, and the conventional paper as Paper. Table 9 below provides the technical

details for each device. The resolution for electronic devices are typically measured in

pixel-per-inch while paper is measured in dots-per-inch (Table 9). This difference is a

relevant issue because it relates to questions associated with the actual size of fonts and

their comparison.

Table 9 Device specifications

DX iPad Paper
Screen size 9.7 inch 9.7 6 inch
Resolution 150 ppi 264 ppi 1200 dpi

Kent paper was used to hide the type of device in order to reduce the chance of
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any bias due to brand recognition. The test screen or test paper was mounted on the center

of a board. The text displayed on each medium was set at the same height. The backlight

level of the iPad was set to maximum levels. The text color was black/dark, and the

background color was white/bright.

Figure 5 below provides a bar-graph of the screen luminance for each device.

The DX showed results on the screen luminance similar to conventional Paper, while the

iPad was distinctly different (Figure 5). For this experiment, the contrast ratios were taken

from the measured values of the brightness of the background color and text color (Figure

6). The iPad had a higher contrast ratio compared to the other devices because it showed

a lower screen luminance of black/dark and a higher screen luminance of white/bright.
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Figure 5 The screen luminance of the black letter on the white background.
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Figure 6 The contrast ratio of each device.

All of the reading devices were placed into a compartmental lighting system that
was set on a desk within a darkened room (Figure 7). The lightning system for this
experiment was created with reference to a previous study [45]. All the experimental tasks
were carried out at precisely 942 Ix using a 6500 K-LED light source with a fluorescent
lamp that had a uniform color temperature. The 1SO suggests an illuminance level of
1,000 Ix for doing precision work in an office [46], so the procedure for setting up the
lighting conformed to this recommendation. The headrest for the participant’s forehead
was kept at a visual distance of 400 mm. The participants viewed the displays at an angle
of about 100 degrees to eliminate any problems with self-reflection that might occur on

the screens of the mechanical devices.
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Figure 7 The setup for the reading compartment

3.2.3 Task design

The experimental tasks involved a block reading test of a short duration (Figure
8). The display format conformed to that used for evaluation of electronic display devices
by the International Organization for Standardization (ISO) [47]. In this experiment,
random Latin alphanumeric letters with a unified size of characters were used for the

readings rather than words. The font type was Courier for this experiment because it is a
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uniform monospaced font that has a slight serif. A monospaced font is one with a fixed

width as each letters occupies the same amount of horizontal space making it a good

standard choice for objective measurements [48]. As the width of the characters for

Courier is uniform, the focus was with the height of the font size. Thus, for this

experiment, the font sizes were set at 8 pt (approx. 2.75 mm height), 12 pt (3.25 mm), and

16 pt (5.75 mm).

LcBs ENckC gplY ELOjPxasTPtAxa
hQ mpU cqg VwFdihGamGMztI sj ov
mn KCU ONY hoGgw oS Fa DmsUiLG
BDIgUrGx gLfdaehwd XNj ELdP tL
w¥sfmlQa USIg xb BavcTslj QOBFv
dK Mb tBH FNcLjY 1lgZrzZN GfrdjC
XS1L NdyTt sa XH wCIIcT rernDg
IEDr vJBpc RvibD LdzY QXb NgEI
kUx zMkm JSxg wmHGF Ltw AOkPjd
BtT xzjT YAI bjYHII AQ vQa Goh
bY nlzZ uivPGzP SZf pH nrzv jDa
tgBBpkRmv QgX AjMGzoJBOrvpKrC2z
Ecwgo zJ ZdyObJn YOz PDBOmzneT
aOe sdN1DL SrysCAcmxbTrMQ sRmA

Figure 8 Example of text block for reading task.

Figure 8 above provides an example of a text block used in the reading tasks. For

this study, the readers performed nine tests (three font sizes per each of the three devices).

As the participants read a text silently from the top left, they were timed for completion.

While the readers went through the text, they were asked to count the number of capital

letter “M”s in a block with a mechanical counter while being timed. Thus, the correct

answer rate was calculated from the number “M”s that the participants found from the
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actual number of “M”’s in the text. The correct answer rate was not entirely exact because

the participants sometimes misread other alpha characters as large “M”s.

The reading time index and correct answer rate index were divided by the

average values of each of the participant’s actual values in order to standardize their

performance. A high-scoring reading time index meant that a participant required a long

time to read through a block. The high scoring correct answer rate index meant that there

was a large number of correct answers.

O, 100
1
I |
.Very unreadable Very readable
71
l / l
' Pretty good / '
39

2 |

|
I / Poor I

Figure 9 Example of evaluations by VAS.

After each reading, the participants also evaluated the readability of the texts

using a Visual Analog Scale (VAS). The values of the VAS were converted into a 100

point scale in the final analysis. Figure 9 above illustrates how the subjective evaluation

in the VAS actually scored the results. A high-score on the VAS meant that a device was

very readable according to a participant (Figure 9). Typically, scores of 0 occur when

readers cannot read something or when the reading time or answer rate cannot be scored;
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however, no such problems occurred in this experiment.

Finally, a two-way analysis of variance (two-way ANOVA) was employed as a

statistical method to evaluate the total results. As this also involved an age-grouped

analysis, a one-way analysis of variance (ANOVA) and the Scheffé multiple comparison

procedure were used to adjust to significant levels in the linear regression.
3.3 Results

Table 10 below shows the results from the two-way ANOVA for the participants’

evaluation (VAS), reading time index, and correct answer rate index. The VAS showed

significant differences among both types of devices and the font sizes. No two-factor

interaction was observed among these fonts. For the reading time index, no significant

differences were observed among the types of device and the font sizes. The correct

answer rate index showed significant differences among the font sizes (Table 10).

Table 10 Two-way ANOVA for the VAS and the reading time and correct answer
indices

Source Df SS MS F
VAS
Types of devices(D) 2 7030.47 3515.23 794 **
Character sizes(C) 2 84091.96 42045.98 94.96 *
DxC 4 174.48 43.62 0.10
Reading time index
Types of devices(D) 2 0.004 0.002 0.226
Character sizes(C) 2 0.001 0.000 0.028
DxC 4 0.045 0.011 1.163
Correct answer rate index
Types of devices(D) 2 0.032 0.016 0.851
Character sizes(C) 2 0.330 0.165 8.732 **
DxC 4 0.404 0.101 5.334

+ #%; p<0.01
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Table 11 below shows the multiple comparisons between the VAS and correct

answer rate index. The VAS scores for 8 pt (app. 2.75 mm) were significantly lower

compared to the larger font sizes. The VAS scores for the DX were significantly lower

than those of the iPad and Paper. The correct answer rate indices for the 8 pt size were

significantly lower than those of more than 12 pt (3.25 mm) size. As the table shows, the

values in the same column with the same letters are significantly different (**; p<0.01, *;

p<0.05). For example, 8 pt and 12 pt in the participants' evaluation column are assigned

the letter ‘a’, which means that the subjective evaluation of 12 pt character size is

significantly better than that of 8 pt (Table 11).

Table 11 Multiple comparison for the VAS and correct answer rate index

VAS Correct answer rate index
(Mean+S.D.) (Mean+S.D.)
Character size
8 pt 459 + 21.8 a**, b* 0973 + 0.161 a**, b
12 pt 63.9 £ 19.5 ax* 1.018 + 0.122 ax”
16 pt 68.4 = 22.0 b* 1.009 + 0.130 b
Type of device
DX 557 + 22.9 b
iPad 62.5 + 23.3 a*
Paper 60.0 £ 23.1 b*

Table 12 below shows a comparison of the VAS by the font sizes for each age

group using the one-way ANOVA. The VAS scores for the DX at 12 pt size were

significantly lower than for the iPad. Here, the values in the same column with the same

letters are significantly different (*; p<0.05) using ANOVA and the Scheffé multiple
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comparison procedure. For example, DX and iPad in the 12 pt column are given the letter

‘a’, which means that the subjective evaluation of iPad device is significantly better than

that of DX (Table 12).

Table 12 Subjects’ evaluations using three devices under three character sizes

1_8pt 2 12 pt 3_16 pt
(Mean=*S.D.) (Mean=S.D.) (Mean=+S.D.)

DX 426 + 221 60.3 + 19.0 = 643 + 21.2
iPad 494 & 210 67.1 + 193 =« 711 + 235
Paper 458 + 218 64.4 + 19.7 69.8 + 205

Table 13 below shows a comparison of the correct answer rate index by the font
sizes for each age group using the one-way ANOVA. The VAS scores for the iPad at 12
pt size were significantly lower than that of the Paper. No significant difference for the
reading time index was observed between the font sizes and types of devices. Finally, no
significant difference for all indices were observed among the age groups. In this table,
values in the same column with the same letters are significantly different (*; p<0.05)

using the ANOVA and the Scheffe multiple comparison procedures (Table 13).

Table 13 Multiple comparison for VAS, reading time index and correct answer rate
index

1.8pt 2_12 pt 3_16 pt
(Mean=+S.D.) (Mean=+S.D.) (Mean=S.D.)
DX 1.014 + 0.151 0.967 + 0.116 1.044 + 0.101
1Pad 0936 =+ 0.125 2 1.025 =+ 0.071 1.058 + 0.095 2
Paper 0947 + 0.173 = 0988 =+ 0.117 1.021 + 0.100 @
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3.4 Discussion

The 1ISO recommends more than a level of 500 Ix for indoor reading of all types

[45] and up to 1000 Ix for a working environment. Some studies have found no significant

differences on the readability of an e-paper, LCD, or paper at the 1,000 Ix level [14]. This

experiment was conducted just under 1,000 Ix of illuminance to eliminate the effect of

ambient illuminance on the readability of the reading terminals.

In traditional typography involving paper text, point size generally refers to

height and width of a block on which a character rests rather than the actual letter. Thus,

while two fonts can have the same point size, the letters themselves could be

comparatively different in terms of height and width which in turn can affect spacing at

the lower sizes. Therefore, a uniform font type such as Courier was applied in this

experiment.

The Courier font type represents a monospaced font recommended for such

studies by the ISO [46]. Moreover, some studies have reported that Courier is a viable

font for the elderly suffering with vision problems including macular degeneration [49].

As aresult, Courier serves as a type standard in which the character heights in millimeters

ensures compatibility with an objective measure.

The main purpose in this experiment was on the visual performance of the font
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features as a display media and how they may effect readability for various ages. A

comparison was made between the e-paper and LCD, which are currently available on

the market, with conventional paper text. Previous studies assisted in order to establish

the ideal text font sizes [50] [51], which were in turn set at three levels: 8 pt (character

height: 2.75 mm), 12 pt (3.25 mm), 16 pt (5.75 mm).

The reader evaluations showed scores above 45 (on a scale 0 to 100) for each

device and font size on the Visual Analytical Scale, with exception of the DX at the 8 pt

size. The mean average score for the DX was slightly under 45 on the scale. Past studies

have reported establishing a baseline score of 45 for VAS to indicate whether participants

reached a certain level of proficiency in reading a text [32].

The e-paper showed no significant difference compared with other devices for

the reading time index and correct answer index. No significant differences for each

character size were observed among age groups. All the devices were readable at about

the 8 point size which supports previous studies that looked at visual performance and

fatigue [52] [53]. In total, the results suggest that the height size of Courier at 8 pt could

represent a default setting for such devices.
3.5 Conclusions

This study investigated the effects of ambient illuminance, font sizes and aging

on the readability of e-papers. The findings for this experiment offers several suggestions
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with respect to font sizes and the devices, and how they might be used by the elderly.
3.5.1 Font sizes

(1) The screen font size (character height) that participants feel readable is more than 2.75

mm. A font size of more than 2.75 mm is recommended as a permissive size to be

displayed on the screens of e-papers for all ages.

(2) The minimum font size level at which those readers under 65 years of age can maintain

their performance (that is, there is no decrease in reading speed and correct answer rate)

is the character height size of 2 mm. While those over 65 will see a decrease in

performance at below 2.75 mm.

(3) All groups saw a decrease in reading speed at the 2.75 mm (8 pt), which explains the

rationale for recommending this size as the minimum limit.
3.5.2 Devices

(1) The readability of electronic devices used in this study performed equally to paper

text. However, such devices are more advantageous because they allow the reader the

opportunity to change font sizes, and this is particularly helpful to the elderly.
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Chapter 4: Effects of Aging and Visual Acuity on the Legible Point Size of a Single
Character on an E-paper Display

4.1 Introduction

The previous two chapters described experiments that investigated the effects

of lighting (environmental condition) and font size (performance) on the readability of

different electronic devices. This chapter presents an experiment that analyzed human

factors (visual acuity, aging and lens cloudiness) on the legibility of two font types

displayed on an e-paper. In simplest terms, legibility refers to the ability to recognize and

identify characters or fonts, while readability is more related to determining what the

characters actually make-up in terms of meaning or comprehension [54]. The legibility

of characters or fonts can have a direct affect upon readability.

Meanwhile, visual acuity refers to the clarity of vision and is a measure of the

spatial resolution that human beings have as part of the visual processing system and is

typically tested with a Snellen Chart or Landolt rings (as well as other tests) [55]. Both

distance and size of viewing characters are relevant in terms of establishing what might

be tested or set as a standard. Ideally, a person with 50cm/50cm vision (reading from a

book or screen device) would be able to discern characters on the display from 50 cm and

therefore would be expressed as having 1.0 acuity. Both viewing distance and aging play

a role on visual acuity, which has been well documented in the literature [56] [57] [58].
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In 2013, the estimated world expenditure that consumers spent on books was

$121.5 billion, and business forecasters predicted that the total spent on such items would

probably plateau at about 1.1% by 2018 [59]. Meanwhile, the total amount spent on for

e-books represented only about 12% of the book market in the fiscal year 2013-14 but the

prediction has been that this would increase to 25% by 2018 [60]. While older people

may still have some reluctance about buying and reading e-paper devices, a shift in

attitude may occur as this area of the market becomes more familiar with the advantages

of the technology. Indeed, an increasing number of reports are indicating that such devices

may actually be better for the elderly than typical books [61].

One of the concerns for all readers has been with the reading of characters on

small screens with low resolution displays. Since 2007, Amazon’s e-paper products such

as Kindle Paperwhite have grown in popularity. One of the reasons for this growing

appeal has been due to the improvement in the device’s resolution, going from 167 ppi to

300 ppi, and at a lower price. While e-paper devices have become increasingly popular,

they include numerous font types with multiple sizes that need testing for legibility.

Therefore, the aim of this experiment was to compare and evaluate the smallest point

sizes that could be read from two main font types: Helvetica and Times New Roman.
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4.2 Methods

This study included the participation of 133 people aged 17 to 79 years old.
Individuals who needed to wear corrective lens during the procedure were allowed to do
so in order to complete the tests. All participants, regardless of whether or not they needed
corrective lenses, were measured for binocular near visual acuity for 50 cm [60]. The near
visual acuity was expressed in the following way: 0.1, 0.3, 0.5, 0.7, 1.0, or 1.2. The visual
function of a single eye with cataract cloudiness (CC) in the lens [62] [63] [64] was
calculated with the use of an anterior ocular segment measuring instrument called the
EAS-1000™ (NIDEK Inc.). There were 256 levels of cataract cloudiness (0= no
cloudiness and 255=the maximum) [65]. An individual’s level of cloudiness was based
on the lens clarity in the best eye; for example, if a person had a level 100 in the left eye

and 150 in the right eye, then they were considered as having a 100 for cloudiness.

The VDT used for this experiment was the Amazon Paperwhite. This device
has a screen size of 6 inches and a resolution of 300 ppi [66]. The illuminance level was
set at 750 Ix as recommended by the International Organization for Standardization (ISO)
[45] and the Japan Industrial Standards (JIS) which recommends higher than 500 Ix for

reading books [67].
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Figure 10 below represents a photo of the experimental room and general

reading condition. Figure 11 below presents an example of the Kindle Paperwhite

displaying characters. Figure 12 below shows how the readers would have viewed the

task performance.

Figure 10 Photo of the ongoing experiment.

Figure 11 Photo of the e-paper device displaying characters.
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Figure 12 Example of the reading tasks of characters from largest to smallest.

The participants were asked to read a string of English alphabetic letters out
loud for the same reason as the first experiment. There were 20 lines and each line
contained a random selection of seventeen English letters in upper case for both font types.
Seventeen letters were displayed left to right, from 18 pt to 2 pt. While there are 26 letters
in the English alphabet, the letters “I”” and “J” were excluded in order to avoid confusion.
The experiment included a comparison of characters representing the two main font
families: Helvetica, which is a sans serif font type, and Times New Roman as a serif type
(Figure 13). Stone et al. found these font types are sufficiently representative for a

comparative analysis of legibility involving adult readers [68]

49



ABCDEFGHKLMN
OPQRSTUVWXYZ

(a) Helvetica

ABCDEFGHKLMN
OPQRSTUVWXYZ

(b) Times New Roman

Figure 13 Two fonts used in the experiment.

The participants sat down in a chair and held the reading device at a set distance.
The visual distance from the eye to the device was limited to 50 cm. The participants were
asked to read aloud the test letters that were displayed on the screen. Reading from left to
right, the participant would start at 18 pt and read down to 2 pt. Meanwhile, the tester

recorded the answers whether correct or error depending on what was read aloud.

For each font, the participants had to read twenty lines; therefore, they read a
total of 40 lines for both font types. In order to exclude for the effect of ordering, each
reader started with a different font type, and the letters were randomly selected. As long

as the participant could read a font at 80% then it was considered legible. The definition
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of the smallest legibility is the specific point size where a person can read a font size
correctly at 80% [69]. For example, if participant A could read 16 of 20 letters at the 4
point character size (80%) but 15 of 20 at the 3 pt size (75%), then the smallest point of

legibility would have been at the 4 point size.
4.3 Results

Figures 14 and 15 below show the correlation between 50 cm visual acuity and
the minimum legible font size for the Helvetia and Times New Roman. As illustrated in
the figures, the results found that the smallest point of legibility for the Helvetica font was
an average of 3.75 pt + 0.95 (height 0.94 mm) and for Times New Roman 4.27 pt + 1.08
(height 0.99 mm). This means that most of the readers with 50 cm visual acuity could not
read the font size for Helvetica on average below 3.75 pt (Figure 14) and for Times New

Roman below 4.27 pt (Figure 15).

N U
8 & 5 °

Nnumber of people
o

Smallest legible font size

50 cm visual acuity

Figure 14 Correlation between visual acuity and font size for Helvetica.
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Figure 15 Correlation between visual acuity and font size at the Times New Roman.

Table 14 below provides a nonparametric correlation coefficient and comparison

between the independent variables (age, 50 cm visual acuity, cataract cloudiness) and the

smallest legible font sizes. As shown, the smallest legible font size had a positive

correlation with age and cataract cloudiness (p<0.01) and a negative correlation with 50

cm visual acuity (p<0.01).

Table 14 Coefficient between smallest legible font size and independent variables

The smallest legible font size above the
correct response rate of 80 %

Helvetica Times New Roman

Correlation Coefficient 0.438™ 0.395™
Age (years) Significance (bilateral) 0.000 0.000
Participants 133 133
Less Correlation Coefficient 0.383™ 0.359™
Cataract Significance (bilateral) 0.000 0.000
Cloudiness Participants 133 133
) _ Correlation Coefficient -0.500™ -0.527"

Visual acuity . 3
. Significance (bilateral) 0.000 0.000

(Binocular) —
Participants 133 133
**: p<0.01
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After making these comparisons, 105 participants of those who had good to
excellent visual acuity (above 1.0) were separated in order to serve another comparative
purpose. Table 2 below provides the results from this analysis. The smallest legible
characters were 3.48 + 0.70 pt (character height: 0.88 mm) for Helvetica, and 4.00 + 0.77
pt (0.93 mm) for Times New Roman.

Table 15 below provides a nonparametric correlation coefficient and
comparison between the independent variables (age, 50 cm visual acuity, cataract
cloudiness) and the smallest legible font size. As shown, for Helvetica, the smallest
legible font size had a positive correlation with age and cataract cloudiness (p<0.05) and
a negative correlation with 50 cm visual acuity (p<0.01). For Times New Roman, there
was a negative correlation with 50 cm visual acuity (p<0.01).

Table 15 Coefficient of font sizes and independent variables for those with 50 cm
visual acuity above 1.0

The legible smallest font size above the
correct response rate of 80 %

Helvetica Times New Roman

Correlation Coefficient 0.238" 0.189

Age (years)  Significance (bilateral) 0.014 0.053

Participants 105 105

Less Correlation Coefficient 0.216" 0.166

Cataract Significance (bilateral) 0.027 0.091

Cloudiness Participants 105 105

) ~ Correlation Coefficient -0.255™ -0.328™
Visual acuity ——— -

. Significance (bilateral) 0.009 0.001

(Binocular) —
Participants 105 105

*: p<0.05, **:p<0.01
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4.4 Discussion
Sagawa et al. noted the importance of “accessible design” when dealing with

technologies that may be a problem for certain groups such as the elderly [70]. Essentially,
this means that assistive products can either be developed to enhance the visual
performance of a VDT (with special glasses) or the device itself should be modified so as
to help people with disabilities or special needs. The basic concern here in this study is
with ways to modify fonts so as to better assist the elderly with the legibility of screen
fonts.

The experiment included a large sampling of participants. Many of these
individuals had partaken in previous human experiments for the last 10 years and were
familiar with near vision experiments. Most of these individuals have appropriate glasses
for 50 cm visual distance. In this experiment, the smallest point of legibility for the
Helvetica font was an average of 3.75 pt + 0.95 (height 0.94 mm) and for Times New
Roman 4.27 pt + 1.08 (height 0.99 mm). For these readers, the smallest font sizes were
surprisingly legible. When compared to the available literature, the participants in this
study were able to read font sizes half the size of most other studies. Therefore, no real
recommendation can be made with regard to a minimum standard font size based on this
experiment.

In general, visual acuity carries a lot of weight in the legibility of characters.
The participants who had visual acuity of more than 1.0 with 50 cm binocular vision were
analyzed separately in order to avoid the effects of low visual acuity. In total this group,
on average, was able to legibly identify smaller font sizes. However, the legibility for
Helvetica also decreased according to age while Time New Roman had a lower

correlation with age.
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Previous studies have reported that elderly people had lower legibility of fonts
with e-papers [71] [72]. This study defined the font size by point instead of character
height. With respect to the observed values, these two font styles are too small to be really
legible below 3 point. The data indicates that the legibility of the smallest font of
Helvetica was affected more by the independent variables, which may reflect the
difference between the heights of these two typefaces. The character height of the Times
New Roman is 92% of the size of a Helvetica single character. Therefore, a precise
comparison of the different characters in the number of points between these two font
types is difficult. In actuality, it would be better to compare these fonts according to height.
The reason for this need of a different comparison is due to the fact that point size refers

to the “print block™ rather than the size of the character.

4.5 Conclusions
The results from this experiment revealed that age, cataract cloudiness, and 50

cm visual acuity influence the legibility of e-paper displays. Recently, e-paper displays
were developed with a front light system in order to assist with indoor lighting. The
contrast ratios and brightness were much improved especially for elderly people. E-ink
displays are designed to be similar to conventional paper. Furthermore, e-paper devices
can magnify the size of characters manually by the reader.

The results from this experiment suggest that the font type might change the
legibility. However, in order to compare the various font types, a more accurate approach
to looking these fonts is necessary. Further study is needed to investigate the effects of

font type and character height on legibility.

55



Chapter V: Conclusion

Manufacturers of visual terminals, whether for home or office use, are presently

attempting to produce devices that mimic the real world as close as possible. These Visual

Display Terminals (VDTs) include in-built technologies on their screens such as on LCDs

or e-papers. Indeed, producers of such devices seek to enhance the visual performance of

their technologies while promoting the idea that such innovations are as proficient as

reading from paper. As the number of products increases, consumers should consider not

simply practical matters such as quality and costs but also the health and safety of such

mechanical devices.

The International Organization for Standardization does attempt to establish

recommended guidelines for the use of such devices. One area of concern is visual fatigue

which may occur while reading such devices. Both environmental conditions such as

lighting and the performance settings on mechanical reading devices can result in added

strain on the eyes, which is concern of both the manufacturers as well as consumers.

Therefore, the purpose of this dissertation was to provide the results from three separate

studies looking at how participants handled certain tasks under different lighting

conditions, several font styles (Courier, Helvetica and Times New Roman), as well as

how visual acuity may affect legibility of an electronic device.
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The first experiment asked subjects to evaluate three different types of electronic

displays after a short reading duration under 14 levels of illuminance. The results from

this first study found that a recommended minimum illuminance for comfortable reading

for all electronic devices was at the level of 200 Ix. Moreover, devices with additional

light sourcing (LCD and ILU-EPD) showed a positive effect for enhancing readability

under low ambient illuminance, while a reflective device (EPD) performed closer to paper

in higher levels of illuminance.

The second investigated the effects of ambient illuminance, font sizes and aging

on the readability of e-papers. The experiment used Courier as it is repudiated to be a

good font type for objective measurements and generally preferred for individuals with

failing eye sight. The results from the experiment found that readers under 65 years of

age could read characters fairly well at about the 2 mm height range, while those of over

65 years of age began to slow their reading speed and increase the number of errors at a

character height of about 2.75 mm (8 pt). As all groups began to slow their reading speed

at about the 2.75 mm height, a recommended permissive setting for font sizes in electronic

devices would be at this size. Furthermore, the readability of e-papers showed equal

performance to paper text, but such devices are more advantageous for individuals

because the font size can be manually controlled.
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The last experiment compared how well different age groups could legibly read

increasingly smaller font sizes. The study compared Helvetica and Times New Roman as

representative of the two main font families (serif and sans serif), which reflect part of

the on-going debate as to which is preferable. Unlike the first two experiments, this study

focused on age, cataract cloudiness, and visual acuity as possible influences on the

legibility of characters on an e-paper device. All three factors had some degree of

influence on the legibility of the two fonts read from the e-paper. However, visual acuity

played a greater role as it had a negative correlation with both the smaller sizes for both

fonts. However, more study is needed in order to deal with the respective height

differences between fonts.

In total, this dissertation presents the results from three experiments that

attempted to address the three fundamental concerns in ergonomics with regard to human

interaction with Visual Display Terminals. The general concerns are with how

environmental conditions, machine performance, and the human factor affect the

legibility and readability of electronic devices. The three experiments analyzed and tested

the effects of ambient illuminance, font sizes, and visual acuity. The purpose of the

dissertation was to contribute to the recommendations of global standardization for the

operation of electronic devices, particularly for elderly users.
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Appendix: Dissertation Publications

These chapters are based on the following articles:

Chapter 2

R. P. Lege, S. Hasegawa, H. Ishio, T. Takahashi, K. Hyodo, S. Matsunami, Y. Ishii, K.
Iwata, T. Kojima and M. Miyao, "Measuring the effects on lighting on the readability of
electronic devices," Journal of the Society for Information Display (JSID), 2017 (in press).
Chapter 3

R. P. Lege, S. Matsunami, T. Kojima and M. Miyao, "How well the elderly evaluate the
readability of E-papers--The effects of font sizes,” Bulletin of Social Medicine, vol. 34,
no. 1, 2017 (in press).

R. P. Lege, S. Matsunami, T. Kojima and M. Miyao, "How well the elderly evaluate the
readability of E-paper devices: Standardization of minimum legible character size,"
Bulletin of Social Medicine, vol. 34, no. 1, 2017 (in press).

Chapter 4

R. P. Lege, N. Ishio, I. Morita, T. Kojima, R. Kimura, K. lwata, S. Matsunami, H. Ishio
and M. Miyao, "Effects of aging and visual acuity on the legible point size for a single
character on E-paper display,” Bulletin of Social Medicine, vol. 34, no. 2, 2017 (in press).
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