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Most of web-ba­sed systems use a fas­hion-dri­ven grap­hi­cal user in­ter­fa­ce de­sign which does not ne­ces­sa­rily pro­vi­de the 
rea­ders with high rea­ding per­for­man­ce of co­lour va­ria­tions of text and back­ground. Many stu­dies ad­dres­sed this prob­lem 
but none of them suc­cee­ded in of­fe­ring com­ple­te and conc­lu­si­ve re­sults in form of rea­ding per­for­man­ce tab­le which could 
be used in prac­ti­ce. The aim of this pa­per is to find rea­sons for the­se in­com­ple­te re­sults. In our re­search, we firstly analy­zed 
dif­fe­rent ex­pe­ri­ment de­signs des­cri­bed in the li­te­ra­tu­re and pro­po­sals for furt­her re­search. Con­se­quently, we tried to find an 
im­pro­ved de­sign and car­ried out an ex­pe­ri­ment in­vol­ving 270 stu­dents who te­sted 30 web-safe co­lour com­bi­na­tions. Ho­we
ver, our ex­pe­ri­ment also did not re­veal sta­ti­sti­cally sig­ni­fi­cant dif­fe­ren­ces in rea­ding speed. The­re­fo­re the mul­ti­di­men­sio­nal 
sca­ling (MDS) met­hod was per­for­med to show that the speed of rea­ding can­not be des­cri­bed as a one-di­men­sio­nal prob­lem. 
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Fac­tors Af­fec­ting Rea­ding Speed ­
Mea­su­re­ments of Co­lou­red Web Pa­ges

1	 In­tro­duc­tion

The acceptance of information when learning, creating, 
making decisions, and entertaining depends on its presentation 
(Bostrom and Kaiser, 1981, Sanders, 1993, McDowell et al., 
1997, Resinovič et al., 1999, Suh, 1999). The importance of 
information presentation on a electronic visual display had not 
become evident until 1973 (Mason and Mitroff, 1973, Dyson, 
2004). The systematic research on the role of a colour as an 
additional dimension of information presentation in compu
ter based information systems started even two years after
wards (Christ, 1975, Teichner, 1979, Gremillion and Jenkins, 
1981, Tullis, 1981, Ghani and Lusk, 1981, Silverstein,1982, 
DeSanctis, 1984, DeSanctis and Jarvenpaa, 1985, Benbasat et 
al., 1986), which can be supported by at least two reasons: (a) 
Colour is strongly incorporated into the system of human inte
ractions with the environment. In its aesthetic function colour 
is much more effective than in the functionally rational cate
gory. Therefore there was no need for research into possible 
effects of colours on the capacity of human information pro
cessing for quite a long time. (b) The use of colour depended 
on the level of information technology development. In the 
first period the focus of the development was mostly directed 
towards technical and economic aspects. Ergonomic and per
sonal aspects were neglected.

In the past ten years, due to the intensive development 
of the Internet, the presentation of information has gained 

key importance. Most web pages use a fashion-driven graphi
cal user interface design with two main objectives: to attract 
attention of visitors and to reflect a graphical image of orga
nization. Even though high readability and legibility (Con
nolly, 1998) of the presented information are rarely treated as 
important, many studies addressed these aspects, especially 
in technology enhanced web-based systems (Latchman et al., 
1999, Casini et al., 2003) where readability is one of the most 
critical elements in comparison to printed materials. From 
the below given review of related work it is evident that the 
first research on the impact of colour combinations on visual 
performance was carried out by using printed material. More 
recent research has mainly focused on the effects of different 
colour combinations on the information presented on elec
tronic visual displays. Firstly, let us introduce the terms of 
reading performance: readability, legibility, and reading speed.

1.1 	 Rea­da­bi­lity, le­gi­bi­lity, and rea­ding speed

Several definitions of readability and legibility exist. Reada
bility, initially defined by Klare (1969), is later addressed in 
ISO 9241-3 (1992) as the characteristics of text which allows 
groups of characters to be easily discriminated, recognized 
and interpreted. Normally, it is concerned with continuous 
texts. Common measures of readability include identification 
of misspelled words, searching for pre-specified letters/words 
within word lists of passages, and reading rate. However, 
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since readability is considered to be a human psychological 
response, there are several factors influencing its performance. 
It is usually difficult to isolate these factors when measuring 
readability. One of the principal requirements for efficient 
readability is the legibility of the presented information. Legi
bility was originally defined by Tinker (1963) as the effect of 
all relevant text properties, such as type face and colour, on 
the visual processes involved in reading. ISO 9241-3 (1992) 
defines legibility in the limited sense as the visual properties 
of a character or symbol that determine the ease with which it 
can be recognized. In this sense, legibility is not related with 
continuous texts.

1.2 	 Rea­ding per­for­man­ce of sub­trac­ti­ve 
co­lours

The first research into what particular colour combinations 
on posters make them most visible from the distance was 
published by Le Courier, Sheldons Limited House in Leeds 
(Le Courier, 1912, Luckiesh, 1923), the posters printing com
pany that performed an experiment in which different colour 
posters were put on wooden signs. Each poster contained two 
rows of letters. One row had well defined letters, the other had 
less defined letters like i, j. The posters were exposed to sun
light and a group of people was asked to rank the legibility of 
the letters, while reading the posters from different distances. 
Apparently, the most legible poster from the far distance was 
the poster with black letters on a yellow background. They 
tested thirteen colour combinations and got the results which 
were listed from the most legible to the least legible (known as 
Le Courier legibility table): 

(1) black on yellow, 	 (8) white on red,
(2) green on white, 	 (9) white on green,
(3) red on white, 	 (10) white on black,
(4) blue on white, 	 (11) red on yellow,
(5) white on blue, 	 (12) green on red,
(6) black on white, 	 (13) red on green.
(7) yellow on black, 

Surprisingly, the most widely used combination of printed 
text, black letters on white background, was only in the sixth 
position of legibility. The amount of difference between ranks 
was not given. Detailed statements regarding the colours and 
conditions of the experiment such as the number of subjects, 
kind of ink and paper used, size of type, line width, text used, 
etc., were omitted as well.

Between 1928 and 1963 Tinker and Paterson carried out 
a comprehensive research into speed of reading (Tinker and 
Paterson, 1929, Tinker, 1955, Tinker, 1963). Among other 
parameters of printed material they also studied the influence 
of colours. Ten colour combinations were used. Eight of them 
were comparable to the combinations from Le Courier table 
while two combinations resulted from the available coloured 
paper stocks. Students were tested with Chapman-Cook speed 
of reading test. The obtained results differ from the results of 
Le Courier table in five out of eight cases. The most important 
difference is the first place of the combination black on white 

and the fourth of the combination black on yellow. They sta
ted that speed of reading does not depend on colour as such 
but on brightness differences. Despite the differences between 
legibility and readability tables, the main common characte
ristic is that both generally recommend dark characters on a 
light background.

1.3 	 Rea­ding per­for­man­ce of ad­di­ti­ve co­lours

The additive colours of electronic visual displays have diffe
rent optical characteristics than subtractive colours of printed 
texts: on Cathode Ray Tube (CRT) display an image is pro
duced by an energized beam of electrons bombarding a thin 
layer of phosphor material. The beam is scanning through all 
pixels in the image, which results in a flickering picture on a 
CRT display. 

Previous studies (Gould et al., 1987, Dillon, 1992) repor
ted that image quality of additive-colour display was inferior 
to the subtractive-colour prints. It was shown that the workers 
performed tasks about 30% slower with CRT display than 
with paper. The workers also complained about visual fatigue 
and visual strain. Therefore, visual performances and user 
preferences of subtractive colours cannot be directly applied 
to additive colours, which motivates the research into the inf
luence of colour combination on visual performance using 
electronic visual displays.

Although some of the early work (Radl, 1980, Pace, 1984) 
failed to identify specific colour combinations that are more 
readable than others on electronic visual displays, it was evi
dent that colour combination of text and background was an 
important characteristic of visual stimuli that may affect visual 
performance. Further studies (Bruce and Foster, 1982, Murch, 
1985, Matthews and Mertins, 1987) found that inappropriate 
use of colour can result in a poor performance and a higher 
incidence of visual discomfort. They suggested the avoidance 
of using red, green and blue in combination.

Some authors tried to explain the differences in visual 
performance merely by the luminance contrast. Bruce and 
Foster (1982) found positive correlation between luminance 
contrast and the rank order of reading speed. The hypothe
sis that reading ability is sensitive to luminance contrast and 
insensitive to chromatic contrast was also supported by the 
results of Legge and Rubin (1986). In an extensive experiment, 
Pastoor (1990) analysed a set of 18 colour combinations that 
were used to measure reading times and preference ratings. 
However, none of these studies proved statistically significant 
effect of colour combination on the speed of reading or visual 
search task.

The luminance contrast was the most important factor in 
the above mentioned studies, but there are other studies which 
investigate additional factors, such as chromatic contrast. 
Apparently, Travis et al. (1990) performed an experiment to 
investigate the influence of chromatic contrast. They emplo
yed 33 subjects to compare reading performance of 36 colour 
stimuli on white background by detecting given strings among 
words and nonsense anagrams presented on the screen for a 
short time. The results show that although the luminance con
trast between the alphabetic string and the white background 
was zero, a near-perfect reading was still possible. This impor
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tant finding means that purely chromatic differences may be 
sufficient for the visual system to maintain word identification. 
Again, the results did not show statistical significance. 

More recent studies have concentrated on the impact of 
colour combinations used on the web. Two experiments were 
conducted by Ling and Schaik (2002) and Pearson and Schaik 
(2003). In the first study they investigated effect of colour by 
employing twenty-nine participants rating and performing 
visual search of information in navigation bar. The combi
nations were black on white, blue on white, blue on yellow, 
yellow on blue, red on green and green on red. There was 
a significant effect of colour combination on accuracy and 
speed of searching, as well as on preference and perceived 
display quality. The green/red combination was relatively 
poor in terms of speed. Regarding the subjective data, blue 
on white was the best in terms of preference and perceived 
display quality. Lastly, Hall and Hanna (2004) examined the 
impact of Web page text-background colour combination on 
readability, retention, aesthetic and behavioural intention by 
measuring subjective opinion with questionnaires. Four colour 
combinations (black on white, white on black, light blue on 
dark blue and cyan on black) were ranked by thirty-six stu
dents answering five questions on a 10-point Likert scale. The 
major findings were: colours with greater luminance contrast 
generally lead to greater readability and colour combinations 
do not significantly affect retention.

With regard to the methods employed for measuring 
visual performance, the experiments in the mentioned studies 
can be classified in three groups. The first group consists of 
the experiments in which visual search tasks were perfor
med (Pace 1984, Ling and Schaik, 2002, Pearson and Schaik, 
2003). The results were statistically significant only if a small 
number (maximum six) of colour combinations was used.

The experiments in the second group (Bruce and Foster, 
1982, Pastoor, 1990, Wu and Yuan, 2003) estimated the rea
ding speed by measuring the time needed to read a text. Howe
ver, the obtained results from this group did not show a signi
ficant effect of a colour combination on the speed of reading.

The third group comprises the experiments (Travis et 
al., 1990, Shieh et al., 1997, Wang and Chen, 2003) in which 
visual performance was measured as a percentage of cor
rectly recognized characters or words. The tested stimuli were 
shown to the participants either in a relatively small size or for 
a very short time. Although these experiments were closer to 
the measurement of legibility than readability, there were still 
other psycho cognitive factors influencing the results. This 
group of experiments also does not offer statistically signifi
cant differences.

1.4 	 The aim of this study

With respect to the effects of colour on visual performance, the 
available results of all three groups of experiments in the abo
ve mentioned studies are inconclusive, as they neither provide 
a statistically proved and commonly accepted readability table 
for additive colour combinations, nor the explanation why the 
results are not statistically significant. Therefore, the aim of 
our study is to investigate why statistically significant results 
have not been reached yet. 

One possible answer may be the inappropriateness of 
methods that were used. Consequently, we carefully analyzed 
different experiment designs described in the literature and 
proposals for further research. Namely, some authors finished 
their discussions by giving suggestions on how to improve their 
research methodology and proposed further research direc
tions. For instance, Lin (2003) suggested further investigation 
of the visual performance with respect to both chromaticity and 
luminance contrast. In the guidelines for further work, Hall and 
Hanna (2004) pointed out that hues should be selected to better 
represent the wavelengths across the spectrum. On the basis 
of collected information we developed an improved method. 
Most of given suggestions were considered. As a reading per
formance measured in our study a reading speed was selected 
since reading is the most natural treatment of text. As a reading 
material, a sequence of meaningless syllables was used in order 
to minimize the influence of content on reading speed. 

Another possible answer lies in the fact that there were not 
enough participants in an experiment. Pett and Wilson (1996) 
suggested that contrary to the previously performed research, 
statistically proved results might be achieved by carrying out 
an experiment with significantly more subjects. This sugge
stion was also taken into account. Our experiment involved 
270 students who tested thirty most competitive web-safe 
colour combinations with the highest luminance contrast.

Unless the improved method mentioned above involving 
270 participants brings statistically significant results, we 
need to conclude that a number of participants is still too low. 
However, it is practically impossible to involve considerably 
higher number of participants. Therefore we can create a fol
lowing hypothesis:

The reading speed of a web text in different colour com
binations displayed on CRT monitor cannot be described as a 
one-dimensional problem.

This implies that besides the physical characteristics of 
colour combinations, such as luminance contrast, colour diffe
rence and polarity, which can be controlled and studied sepa
rately, there are also many psychological factors influencing 
the reading speed. These factors differ greatly from a person 
to person and cannot be neutralized by an improved method 
and an acceptable number of participants in the experiment.

The remainder of the paper is organized as follows: the 
description of the experiment is followed by the results, dis
cussion and final remarks.

2 	 Ex­pe­ri­ment de­sign

Our study examined the factors which affect the readability of 
different colour combinations of text and background, presen
ted on CRT display, with the measurement of speed of reading, 
similar to experiments performed in studies (Tinker and Pater
son, 1929, Bruce and Foster, 1982, Pastoor, 1990, and Wu and 
Yuan, 2003).

2.1 	 Co­lour com­bi­na­tions

In their study, Hoadley and Jenkins (1987) found that solid 
colours without any patterning were the most effective to uti
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lize in multi-colour information presentations on CRT display. 
In order to be in accordance with this finding and to achieve 
the same presentation among different monitors and browsers, 
the colours used in our study were chosen from non-dithering 
web-safe colour palette (Lehn and Stern, 2000), which con
sists of 216 different colours. Although a very large number of 
colour combinations might be utilized in an experiment of this 
kind, it was necessary to limit the present study to a smaller 
number of well-defined colours. The colours chosen for the 
experiment were the elementary colours:

(1) white 	 (hexadecimal red-green-blue  
	 (RGB) intensity value is #FFFFFF), 

(2) yellow 	 (#FFFF00), 
(3) red 	 (#FF0000), 
(4) magenta 	 (#FF00FF), 
(5) blue 	 (#0000FF), 
(6) cyan 	 (#00FFFF), 
(7) green 	 (#00FF00), 
(8) black 	 (#000000). 
Each of these eight colours was combined with all other 

colours to make the 56 text/background colour combinations. 
Having limited number of participants, the experiment 

was performed with thirty colour combinations of the highest 

luminance contrast, as it was found to be of a major impor
tance in Foster (1982), Legge and Rubin (1986), and Pastoor 
(1990). Since evaluating all thirty colour combinations would 
have been too tiring for our participants, we decided to split 
the colour combinations ordered by DL into three sets of ten 
combinations. The black on white (B/W) combination was 
added to all three sets for a reference. B/W combination is 
also a part of the first set. Therefore, in the first set the B/W 
combination appeared twice. In the statistical analysis only the 
second of both results for B/W was taken into account.

Table 1 shows the colour combinations, their colour diffe
rence (DE) and luminance contrasts (DL) which are calculated 
in accordance with the model of colour space CIE L*a*b* 
proposed in 1976 by Commission Internationale de l’Éclaira
ge (CIE 1986).

It should also be noted that initially all 56 colour com
binations were tested with a small group of participants. 
Consequently, it was obvious that some colour combinations 
deviated significantly from the average performance. These 
combinations consist of colour pairs with low luminance con
trast (white & yellow, cyan & green, red & magenta, and blue 
& black) and were thus not included in our study. In accordan
ce with the conclusions of previous studies (e.g. Matthews and 

Tab­le 1: 	Co­lour com­bi­na­tions sor­ted by de­crea­sing DL (cou­lours are vi­sib­le in the 
	 in­ter­net ver­sion of the jour­nal, http://ver­si­ta.me­ta­press.com/con­tent/121156/)
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Mertins, 1987, Hall and Hanna, 2004), such colours perform 
significantly low and thus it is suggested to avoid their use for 
presentations on electronic visual displays.

2.2 	 Par­ti­ci­pants

In response to advertisements at the introductory course of 
Informatics in the first-year of studies at the University of 
Ljubljana, 300 students were recruited as volunteers. They 
consisted of 121 males and 179 females. The mean age of 
participants was 19 (ranging from 18 to 21). All participants 
had normal or corrected to normal visual acuity, and were 
tested with the Ishihara test for colour blindness to identify 
the participants with colour vision deficiencies (protanopia, 
deuteranopia, and tritanopia). Nine participants (six males and 
three females) failed on this test. The data were collected from 
them, but are not considered in this paper. All participants had 
at least basic computer experience. After collecting 270 valid 
results the experiment was terminated.

2.3 	 Ap­pa­ra­tus, ma­te­rials, en­vi­ron­ment ­
and vie­wing con­di­tions

To assure an adequate and equal testing environment for all 
participants, the viewing conditions were arranged in con
formance with the ISO 9241-3 (1992) and ISO 12646 (2004) 
standards. The experimental tasks were presented on 21 Dell 
CRT display. The screen resolution was 1280 x 1024 pixels 
without interpolation and the refresh rate was 85 Hz (non-in
terlaced). Chromatic resolution was 32 bit. The chromaticity 
of white point was set to D50, gamma value to 2.0, and the 
luminance level of white point was greater than 120 cd/m2. 

The display was calibrated with the X-Rite Colour Monitor 
Optimizer (2004).

Following the standard, the ambient was neutral (light 
brown) with no areas causing glare or reflections on the moni
tor screen. The mean ambient illumination was below 300 lux. 
The only source of light in the room was a shielded lamp on 
the ceiling, while other sources of light had been curtained. 
The luminance values of the ambient were measured with a 
digital lux-meter.

The participants were seated in a position where the 
distance between the screen and the participants’ eyes was 
1 m. This is upper level of interval suggested by (Kroemer, 
1993). The screen centre was slightly below the participants’ 
eye-level, forming viewing angle of approximately 15°. The 
inclination of the monitor was 105°.

2.4 	 Pro­ce­du­re

We employed a very similar method to the one presented in 
Tinker and Paterson (1929). However, the colours used in 
their study were not well defined. The colour names such as 
green or red can incorporate a great variety of colour casts – 
from a light green to a dark one. The Chapman-Cook Speed 
of Reading tests (Tinker and Paterson, 1929-1946) had been 
slightly adapted for the measurement of reading speed from 
a electronic visual display. Instead of measuring a number 
of paragraphs and words read in a certain amount of time, 
the participants were requested to silently read a single fixed 
length paragraph (Figure 1). The time of reading was collected 
under the supervision of a tutor. Silent reading was selected 
after initial testing of the procedure with a small group of par
ticipants. It turned out that loud reading of unusual words may 
cause significant pronunciation problems. 

Fi­gu­re 1. An exam­ple of the rea­ding speed test page
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The participants were divided in three groups of 90 peo
ple. Each group performed experiments by reading 10 colour 
combinations as well as the B/W combination for reference. A 
single participant tested a slightly different paragraph in each 
colour combination. All paragraphs were of the same length 
and consisted of the same collection of words but the word 
order was different in order to prevent the participants from 
memorizing the text after reading it several times and sharing 
the text content with future participants. A 10 x 10 Latin squa
re determined what paragraph was read in what colour combi
nation and in what sequence. In each group of 90 people, the 
Latin square was used nine times. With three groups, all thirty 
colour combinations were tested.

Before the experimental session, participants had been 
thoroughly explained the system and had performed a practice 
session under the supervision of a tutor. The participants were 
then asked to read the paragraph as quickly and as accurately 
as possible.

The experiment, developed as a web-based application 
with java on client side and database on the server side (Hu
mar and Gradišar, 2003), consisted of two parts. The first part 
was a colour vision test. The second part consisted of reading 
colour combinations starting with B/W for each participant. 
Before the paragraph was read in a particular colour combina
tion, the whole electronic visual display was coloured in the 
colour of the combination background. After pressing a key, 
the timer was started and the paragraph was displayed in the 
middle of the screen. The participants started to read the text as 
soon as it was displayed. Having finished reading, they pressed 
the key again to stop the timer. The time needed for reading the 
paragraph in each colour combination was collected automati
cally for all users and stored into the database. After finishing 
one test and before starting a new one, the participants were 
exposed to a screen with a relaxing non-glaring grey colour 
(10 cd/m2) to neutralize the effect of the previous colour com
bination. When ready for the next test, they pressed a key. The 
participants took approximately 15 min to complete the expe
riment. Following completion, the participants were thanked 
and then fully debriefed.

2.5 	 Data Analy­sis

In order to test the hypothesis, multidimensional scaling was 
used (MDS; Davidson 1983). This technique is similar to the 
principal components analysis - its goal is to detect meaningful 
underlying factors that allow exploring a chosen phenomena. 
The basis for factor exploration with MDS is just one variable 
which is the “distance”, or dissimilarity between stimuli. In 
our case, the colour combinations can be regarded as stimuli, 
and distances between them are estimated as differences in 
measured reading speeds between colour combinations. The 
MDS algorithm tries to arrange the stimuli in a multidimensio
nal space in such a way that distances are preserved as much 
as possible. The obtained dimensions in this kind of confi
guration can be seen as factors that influence (and explain) 
the ordering of stimuli within space. However, there are two 
obstacles of this analysis in comparison to the principal com
ponents analysis. The first is that the axes are, in themselves, 
meaningless and the second is that the orientation of the pic

ture is arbitrary. Unfortunately, principal components analysis 
is possible when we have a reach set of observed variables.

In this way, the number of statistically significant factors 
can be obtained. Since other non-significant factors could be 
present in every experiment, the fit of measured distances to 
statistically significant factors is usually not ideal. The quality 
of the fit can be estimated in different ways. The most common 
way is to use STRESS measures (like a Phi value or a coef
ficient of alienation), which are calculated as a sum of squa
red deviations of the observed distances from the reproduced 
distances. (For instance, the raw stress value Phi is estimated 
by firstly transforming the measured distances by a monotone 
transformation function.) If these measures show that the fit is 
relatively poor, one can increase the number of dimensions in 
the space and engage MDS to arrange colour combinations to 
a better fit. 

One can decide on the number of factors by using the 
STRESS value. For instance, when increasing the number of 
factors, when one achieves a Phi value smaller than 0.05, addi
tional factors are usually regarded as nonsignificant. A scree 
plot can also help when deciding about the number of signifi
cant factors. In the scree plot, the stress value is plotted against 
different numbers of dimensions. The cut-off point is normally 
chosen where the smooth decrease of stress values appears to 
level off to the right of the plot.

Besides a goodness of fit, the MDS technique allows one 
to use Shepard diagram which shows the reproduced distan
ces (on vertical axis) for a particular number of dimensions, 
against the observed input data (measured distances, shown on 
horizontal axis). Shepard diagram also shows a step-function 
from D-hat values, which are monotone transformations of the 
input data. If all reproduced distances fall onto the step-line 
of D-hat values, then the rank-ordering of distances would be 
perfectly reproduced by the respective solution (dimensional 
model).

3 	 Re­sults

The average reading times in seconds reduced by the average 
reading time of the referential B/W combination (Tinker and 
Paterson, 1929) are shown in Table 2. The analysis of variance 
was performed without giving any statistically significant dif
ferences in the average reading times between all thirty tested 
colour combinations.This implies that despite an improved 
method and an increased number of participants the reada
bility table cannot be offered to the practice. Consequently, 
we performed a MDS analysis of the obtained results which 
explained why statistically significant differences were not 
found.

For the MDS analysis, we firstly need to define distan
ces between colour combinations. The distances between two 
colour combinations in our case are the differences in speed 
of reading between these colour combinations. The measure 
of dissimilarity (distance) between i-th and j-th colour com
bination is dij. dij is the absolute difference in reading times 
for a stimulus pair (i, j). Obviously dij = dji=0 when i = j. The 
obtained distance was then averaged on the participants, thus 
establishing the n-dimensional diagonal square matrix of data 
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where each cell represented the average absolute difference in 
reading times for a colour combination (i, j), and where n is 
in our case the number of different colour combinations. Since 
we have experiments in three sets, there are three separate sets 
of results. As mentioned above, the first og both results for 
B/W in the first set was not taken into account, Therefore n = 
10 for the first group and n = 11 for the second and third. The 
number of distances/dissimilarities when n = 10 is thus 45 and 
55 in second and third group.

Firstly, we calculated STRESS values Phi and coefficient 
of alienation as fit measures for different dimension setups. 
According to Table 3, for all three groups of experiments we 

chose at least five-dimensional setup to reduce Phi below 0,05, 
which helped us achieve relatively low values for the coeffi
cient of alienation, too. Both measures for all dimension setups 
are shown in Table 3. Figure 2 shows the graphic presentation 
of Phi for different dimension setups (the scree plot). 

Figures 3 to 5 represent Shepard diagrams of five dimen
sional setups for three groups of experiments. Most of the 
points are clustered around the step-line. In our case, the 
reproduced distances are close to the step-line, which suggests 
a relatively good fit but with five dimensions.

Tables 4, 5 and 6 show the results from five-dimensional 
setups, for each experiment group separately. The dimensions 

Tab­le 2: 	The ave­ra­ge rea­ding ti­mes in se­conds re­du­ced by ave­ra­ge rea­ding time ­
	 of the re­fe­ren­tial B/W com­bi­na­tion

Tab­le 3: 	Coef­fi­cients of alie­na­tion and Phi va­lues for all di­men­sion se­tups and sets of ex­pe­ri­ments
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Fi­gu­re 2. Phi va­lues and num­ber of di­men­sions for the MDS of co­lour com­bi­na­tions pro­ces­sing ti­mes

Fi­gu­re 3. 	She­pard dia­gram for five-di­men­sio­nal MDS so­lu­tion for the first group of ­
	 ex­pe­ri­ments
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are ranked from 1 to 5 according to their strength of distinguis
hing between different colour combinations. Colour combina
tions are arranged according to the values of the first dimen
sion which is the strongest factor (it distinguishes the colour 
combinations better than other four dimensions).

A power analysis was performed for this setup. The 
average reading time was estimated at 16.18 seconds with 

4.21 seconds standard deviation. If we assume that the maxi
mum difference between colour combinations is around two 
seconds, the sample size of 90 participants in each group is lar
ge enough, since the analysis shows that the power of 0.8953 
can be expected for the effect size of 0.475 with a = 0.05.

Fi­gu­re 4. 	She­pard dia­gram for five-di­men­sio­nal MDS so­lu­tion for the se­cond group of 
	 ex­pe­ri­ments

Fi­gu­re 5. She­pard dia­gram for five-di­men­sio­nal MDS so­lu­tion for the third group of ex­pe­ri­ments
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4 	 Dis­cus­sion

This study investigated the impact of colour combinations on 
the reading speed of web page text presented on a CRT dis
play. Reading speed was measured through the time needed 
to read a fixed length paragraph, as it has been performed in 
previous studies (Tinker and Paterson, 1929, Bruce and Foster, 
1982, Pastoor, 1990, and Wu and Yuan, 2003). The experiment 
was designed in conformance with the ISO 9241-3 (1992) and 
ISO 12646 (2004) standards. We tried to improve the design 
also by using the experience from similar previous studies to 

avoid some of their drawbacks and by taking into account the 
suggestions for future research especially regarding the num
ber of participants, the number of colour combinations and 
their selection in such a way that they were distributed over the 
entire spectrum. In spite of that we did not get the results with 
statistically significant differences in reading speed between 
colour combinations.

The results presented in Table 2 are in agreement with 
previous studies, which investigated smaller sets of colour 
combinations. The results support the suggestion of Bruce 
and Foster (1982) not to use green and blue or red and cyan in 

Table 4: Five-dimensional colour combinations scale: first group of experiments

Tab­le 5: Five-di­men­sio­nal co­lour com­bi­na­tions sca­le: se­cond group of ex­pe­ri­ments

Tab­le 6: Five-di­men­sio­nal co­lour com­bi­na­tions sca­le: third group of ex­pe­ri­ments
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combination. They are also in agreement with study of Pearson 
and Schaik (2003), who preferred blue-on-white combination 
against red-on-white. The results mostly support the succes
sion of four colour combinations, tested by Hall and Hanna 
(2004), although black & white combinations are in inversed 
order.

Many studies addressed the problem of measuring the rea
ding performance. Untill now none of them has succeeded in 
offering complete and conclusive results in form of readability 
table which would include a large set of colour combinations 
and where the differences between them would be statistically 
significant. The goal of this research is not to compare the 
results of our experiments with other studies into more depth 
to find differences and similarities. Our intention was either to 
get the results with statistically significant differences between 
colour combinations on the basis of the improved experiment 
design and higher number of participants or in other case to 
use obtained results for further statistical investigation in order 
to find the reasons for being unsuccessful.

The speed of reading depends on a colour combination, 
font selection, type size, type rendering technology, etc. (Le 
Courrie, 1912, Luckiesh, 1923, Tinker and Paterson, 1929, 
Boyarski et al., 1998). Since our goal was to explore the asso
ciation between the speed of reading and colour combination, 
we prepared the experiment where other factors were fixed. 
However, there are many psychological factors influencing 
the speed of reading, e. g. aesthetics or possible different inter
pretation of the instructions for the participants. Variations of 
psychological factors could be theoretically neutralized by 
an increased number of participants. In our case there were 
270 participants. In comparison to other studies, this number 
can be considered very high, but it was nevertheless not high 
enough to provide significant results. Therefore the intention 
of further statistical analysis was to determine the presence of 
other factors besides colour combinations which affect reading 
speed and which were not neutralized by a given number of 
participants. 

MDS was selected as the most appropriate method since 
the goal of MDS is to detect meaningful underlying factors 
that allow a researcher to explore observed dissimilarities bet
ween stimuli which are colour combinations in our case. MDS 
attempts to arrange colour combinations in a space with a par
ticular number of dimensions so as to reproduce the observed 
distances. Since the experiment in our case was carried out in 
three groups, the MDS analysis was performed three times.

The results of the MDS analysis for each group of experi
ments show that there are at least five factors having influence 
on the speed of reading. The reader should note that the results 
for all three groups are very similar. Also the reported values 
of fit measures are similar and not in favour of a one-dimen
sional setup where the speed of reading would depend only on 
the colour combination. It seems that in spite of a relatively 
high number of participants, reading speed still depends on 
a mixture of factors. According to the given results, a hypot
hesis that the speed of reading web text in different colour 
combinations presented on electronic visual display cannot be 
described as a one-dimensional problem is supported because 
a drastic increase in the number of participants from seve

ral hundred to maybe several thousand would be practically 
almost impossible.

These results can also be used to explain the reason why 
previous studies (Bruce and Foster, 1982, Pastoor, 1990, Wu 
and Yuan, 2003) failed to find statistical differences in reading 
speed for larger groups of additive colour combinations distri
buted over the entire spectrum.

5 	 Fi­nal re­marks

Reading speed of thirty most competitive colour combinations 
with the highest luminance contrast, selected out of 56 com
binations composed of eight elementary web-safe colours was 
tested. The selected colour combinations differ in the luminan
ce contrast, colour difference and polarity. Luminance contrast 
was used as a selection criterion because it affects reading 
speed more than colour difference. 

The aim of the study was to propose a readability table 
with statistically significant differences between colour com
binations or to find out why this was not possible. 

The obtained results show that despite the improved expe
riment and the higher number of used subjects there are no 
statistically significant differences in reading speed between 
thirty colour combinations. To find out why, the MDS method 
was used. We noticed at least five factors which simultane
ously and differently affect reading speed of a coloured text. 
It would be very difficult if not impossible to identify them 
and to design a new experiment in such a way that these fac
tors would be neutralized and statistical significance would 
be reached within an acceptable number of participants. Such 
a result is not in accordance with some findings of previous 
authors which suggest that statistically proved results might 
be achieved by carrying out an experiment with significantly 
more subjects. 

Even though we are not able to find out what variable 
individual factors represent, we can at least create a hypothesis 
on the meaning of these factors:

Besides the physical characteristics of colour combi
nations, such as luminance contrast, colour difference and 
polarity, which can be controlled and studied separately, there 
are also many psychological factors influencing the speed of 
reading. These factors are:
n	 different understanding of instructions especially the part 

which says: read the text thoroughly and as fast as possib
le

n	 psychological stress caused by fear that the participant 
will not be able to complete the task properly

n	 unconscious attempts in trying to understand the meaning 
of the text

n	 unconscious attempts in trying to figure out the context 
n	 different perceptions of aesthetics of the text.

One possible and approximate solution to the described 
problem would be in limiting the research to visibility/legibi
lity of colour combinations. It can be assumed that visibility is 
the most important common factor which influences reading 
speed and is independent of aesthetics, content, context etc. 
of text. 
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