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Abstract. It is a standard aim to complete tasks efficiently and effectively. 
When technology is involved, the tools must be designed to facilitate optimal 
performance.  The ActualDepthTM Multi-Layer Display (MLDTM) is a ‘new 
generation’ display, consisting of two layered Liquid Crystal Displays (LCDs), 
with a gap between them.  The top LCD displays transparently, allowing both 
layers to be viewed simultaneously.  This paper describes an experiment that 
investigated relative reading speeds, error detection, comprehension speeds and 
comprehension accuracy on the MLDTM, including a comparison with standard 
single layered displays.  A framework pertaining to colour and transparency us-
age on the MLDTM was then developed, which is intended to enhance the us-
ability and effectiveness of the display.   In general, it was found that overall 
readability was improved on the MLDTM, compared to a standard display, and 
different transparency levels and colours should be employed, depending on the 
purpose of reading the text.     

1   Introduction 

This paper reports on an experiment conducted to determine which colour combina-
tions and transparency levels support optimal reading performance on the MLDTM, in 
its current state.  The study also includes a comparison between reading performance 
on the MLDTM, and on a standard single layered display.   

The MLDTM has the potential to increase information uptake, by taking advantage 
of human parallel processing.  It is claimed that the MLDTM will increase productivity 
by up to forty percent [10].  This is particularly beneficial in situations where the user 
is presented with information in an intense fashion, such as command and control 
systems [2].  Consequences of errors within system usage vary in gravity, from poor 
user performance, to possible loss of life.  It is therefore important to research the 
MLDTM in its current state, and propose a framework to enhance usability and interac-
tion.  The elements of colour and transparency are an integral part of the MLDTM, and 
it is therefore appropriate that these issues are investigated, in order to support optimal 
performance.   
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To date, three basic guidelines for colour and transparency usage within the MLDTM 
have been devised [3]: 

• The two screens of the MLDTM are lit from the back, so dark content 
placed on the rear screen will obscure the content on the front screen.   

• With respect to transparency, noise and texture distracts the user’s eyes 
from a layer, while drawing attention to the noise. 

• Combining colours within the MLDTM is similar to overlaying two sheets 
of cellophane, with a light placed behind.  It has been identified that by 
placing a darker colour over a lighter colour the resulting colour will not 
be as transparent as it would be with the lighter colour placed on top.   

Little research has been done with regard to the usability the MLDTM.  However re-
search regarding single layered displays has been performed, such as readability of 
text using different colour combinations.  Previous research has shown that comple-
mentary colours cause undesirable flickering, resulting in eyestrain [5]; contrasting 
colours should be used for foreground/background combinations [6], [7], [8], [12], 
[14]; and negative polarity (dark text on light background) improves readability [11], 
[14], [15].   

Previous research investigating transparent text [16] concluded that employing a 
textured background slowed reading times, and the more transparent the text was, the 
slower the reading times were.   

In this experiment, it was hypothesized that previous findings mentioned above 
(pertaining to the standard single layered display), would also pertain to the MLDTM.   

2   Method 

As the objective of the research was focused towards investigating colour combina-
tions and transparency levels on the MLDTM in its current state, and the scope was 
narrowed to examine the task of reading text, the following factors of readability were 
tested: 

i. Reading speed:  how quickly a textual passage could be read. 
ii. Error detection: how efficiently simple spelling errors could be recog-

nized. 
iii. Comprehension speed:  how quickly text could be comprehended and 

recalled. 
iv. Comprehension accuracy:  how accurately text would be comprehended 

and recalled.   

2.1   Experimental Design 

The study used a between and within subjects, 4 x 12 repeated measures experimental 
design, that tested aspects of reading performance against display type (transparency 
level) and colour combinations (text colour/background colour).   



For the purpose of data collection and analysis, the type of display (normal single 
layered display and MLDTM) and their transparency level were combined and concep-
tually treated as the “display”; resulting in four types of ‘displays’ being tested: 

• SLD: Standard single layered display 
• MLD: MLDTM 
• MLD+:  MLDTM with 30% more transparency added 
• MLD++:  MLDTM with 70% more transparency added 

The twelve colour combinations were selected from the results obtained from pre-
vious research [1], [9].  It was decided to test twelve combinations in order to keep the 
experimental design within the scope of the study.  Four colour combinations found to 
be good were selected; four found to be bad, and four where research was inconclu-
sive as to their effectiveness.  These colours were selected to represent those com-
monly used, and to ensure that a variety of colours were tested.   

The twelve colour combinations were divided into two groups (A and B), so each 
participant was only exposed to six of the twelve combinations.  However within a 
single experiment, each combination was tested twice (to ensure consistency), and 
hence each participant was presented with twelve experimental trials.  The assignment 
of the colour combinations was performed randomly, to eliminate opportunity for 
participant prediction.  The twelve selected colour combinations, together with their 
group and trial allocations are shown in the table below: 

Table 1. Colour combinations selected from previous research findings [1], [9] 

 Assigned 
Group 

Trials Text  
Colour 

Background  
Colour 

 T5, T12 Black White A T1, T10 Magenta Blue Good  
Combinations T5, T12 Green  Black 
 B T1, T10 Yellow Blue 
 T3, T8 Green  White A T6, T11 Blue Red Poor  
Combinations T3, T8 Blue Black 
 B T6, T11 Red Green 
 T2, T9 Light Magenta Green A T4, T7 Yellow Magenta Effectiveness 
Unknown T2, T9 Green Red 
 B T4, T7 Yellow Cyan 

 
 

Table 2 summarizes the transparency levels and display types employed across the 
two colour groups. 



Table 2. Transparency levels and displays tested within the two colour groups 
 Colour  

Group 
Applied Transparency 
 Level (%) 

0* (MLD) 
30 (MLD+) A 
70 (MLD++) 
0* (MLD) 
30 (MLD+) 

MLDTM 

B 
70 (MLD++) 

A 0 (SLD) SLD B 0 (SLD) 
* “0%” transparency on the MLDTM equates to 
the standard transparency on the front screen, 
with no further transparency being applied 

 
A practice trial was also undertaken, to familiarize participants with the experiment.  
This practice used black text on a yellow background; and was chosen as to not ‘skew’ 
the results, by giving a preview of any colour combinations in the experiment.  The 
practice could be repeated as many times as desired, until the participant felt confident 
to continue with the actual experiment.   

2.2   Equipment 

Four experimental systems were developed, using VisualBasic 6.0 (one for each col-
our group for each of the two displays).  Systems designed for the single layered dis-
play were implemented with the text overlaid on the background, and for the screen 
dimensions of 1024 x 768 pixels.  Systems designed for the MLDTM were twice the 
width (2048 x 768 pixels), to reflect the way the MLDTM treats the display as a ‘dou-
ble-width’ standard display, that ‘wraps’ the content around.  Therefore text and but-
tons were put on the left hand side, and the background on the right hand side.  Par-
ticipants navigated through the system by clicking on buttons, which also acted as a 
trigger to start and stop the timers (for each reading and set of comprehension ques-
tions). 

 
Fig. 1. System design for the standard single layered display (left) and the MLDTM (right) 

All texts were left justified, with single line spacing, and one line spacing between 
paragraphs.  The font was Tahoma, size 10 point, as this font was found to support 
optimal reading performance on a screen in previous research [13].  All buttons were 



in the bottom right hand corner, and all screens with readings included a consistent 
‘textured’ background, to reflect the typical use of the MLDTM.   

Two identical computers were used; one for each of the display types.  Both dis-
plays were 15 inches, and accompanied with a keyboard and mouse.   

2.3  Participants 

Forty participants took part in the experiments.  All participants were eighteen years 
or over; spoke English as a first language; had good or corrected eyesight and had 
common trichromat vision (normal colour vision).  Participants were randomly di-
vided into the groups, with five participants being tested for a specific colour set and 
display (and transparency) type.   

2.4  Readings and Tasks 

Readings were evaluated using the Flesch reading difficulty index [4], to ensure con-
sistency.  The level of difficulty of all readings used had a readability index of be-
tween sixty and sixty-five (classified as “plain English”, where zero is “very difficult” 
and one hundred is “very easy”).  Each reading was divided into two parts of ap-
proximately 150 words, with a line length of approximately 70 characters.  This was 
to avoid the need for scrolling or paging, which would have introduced new variables.   

Each reading contained either six or eight spelling errors.  As participants were ex-
posed to each colour combination twice, one instance of each combination contained 
six errors, and the other contained eight.  All spelling errors were simple and common 
words, to ensure the ability to detect errors was being tested (not the knowledge that a 
word was spelt incorrectly).  An implemented counter recorded the number of errors 
detected for each reading, which was triggered by the participant pressing the ‘Enter’ 
key on the keyboard.   

At the conclusion of each reading, participants were presented with a set of five 
comprehension multiple choice questions about the reading.   

In order to apply transparency to the MLDTM, a tool called ‘Vitrate’ was employed.  
This is a utility for Windows 2000 (or newer) that allows the transparency of windows 
to be adjusted, between zero and ten.   

3   Results and Discussion 

The system used in the experiments automatically recorded the times taken to com-
plete each reading, and each set of comprehension questions; the number of errors 
detected in each reading; and the answers given for comprehension questions.   

After removing any values greater than two standard deviations from the mean (to 
prevent the results being skewed), a repeated measures ANOVA was used, to deter-
mine whether or not differences in the results were significant.   



3.1 Transparency and Display Type 

The following figures illustrate the mean results for each of the types of readability 
tested, between the groups, showing the variances across the different display types 
and transparency levels.   

 
Fig. 2   Mean results for reading times (top left), number of errors detected (top right), compre-
hension times (bottom left) and number of correct comprehensions (bottom right) across the 
display types and transparency levels  
 
Key Findings   Results from the repeated measures multi-factor ANOVA show that 
there was a significant display effect for the tested readability types (reading speed: 
(F(3, 76) = 7.380, p = 0.000), error detection: (F(3, 76) = 2.060, p = 0.001), comprehen-
sion speed: (F(3, 76) = 5.912, p = 0.001) and comprehension accuracy: (F(3, 76) = 10.702, 
p = 0.000)).  Results regarding display type and transparency are summarized below: 

i. The MLDTM in its current state supported the best-observed performance 
with respect to reading speed, and comprehension speed and accuracy. 

ii. Improved error detection resulted from 30% transparency being added to the 
MLDTM.  As this display type did not perform well with respect to other as-
pects of readability, it can be assumed that this level of transparency slows 
the reading process down, making errors more apparent to the reader. 

iii. With the exception of error detection, reading performance was improved on 
the MLDTM with 70% transparency, compared to when just 30% transpar-
ency was added, however the reasoning for this is not apparent.   

iv. Reading speeds and comprehension speeds were increased, and comprehen-
sion accuracy was improved on the standard single layered display, compared 



to the MLDTM with 30% and 70% transparency added; however demon-
strated the poorest error detection performance; indicating that errors are 
more obvious when the text is projected out from the background.  

v. Comprehension accuracy performance decreased in a near-linear fashion, as 
the transparency on the MLDTM increased, indicating that higher transpar-
ency levels result in text that is harder to comprehend, presumably due to 
concentration being devoted to discerning the actual words. 

vi. Comparing the best and the poorest performance on the displays, there was 
approximately a 40% difference in reading speeds; 25% difference in error 
detection; 40% difference in comprehension speeds; and 40% difference in 
comprehension accuracy.   

 
While it appears that, with the exception of error detection, readability is well sup-
ported by the MLDTM in its current state, it would be desirable to test further levels of 
transparency at smaller intervals, to confirm this finding.  This would allow for spe-
cific usage recommendations to be made, as opposed to very generalized guidelines. 

3.2 Colour Combinations 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 

1. Black on White 2. Yellow on Blue 3. Magenta on Blue 4. Green on Black 
5. Green on White 6. Blue on Red 7. Red on Green 8. Blue on Black 
9. Green on Red 10. Yellow on Cyan 11. Light Magenta on Green 12. Yellow on Magenta 

 

Fig. 2   Mean results for reading times (top left), number of errors detected (top right), compre-
hension times (bottom left) and number of correct comprehensions (bottom right) across the 
colour combinations  



 
Figure 2 illustrates the mean results for colour combinations employed on the MLDTM 
in its current state.  On each graph, the first four colour combinations along the x-axis 
are those previously found to be good; the middle four are those found to be poor, and 
the right four those where their  effectiveness is unknown ([1], [9]). 
 
Key Findings   Results from the repeated measures multi-factor ANOVA show that 
there was a significant colour combination effect for the tested readability types (read-
ing speed: (F(5, 180) = 4.975, p = 0.000), error detection: (F(5, 190) = 3.006, p = 0.012), 
comprehension speed: (F(5, 190) = 20.653, p = 0.000), and comprehension accuracy: 
(F(5, 360) = 48.414, p = 0.000)).  Results regarding display type and transparency are 
summarized below: 

i. For each aspect of readability tested, there is no apparent correlation between 
the determined effectiveness of various colour combinations in previous re-
search ([1], [9]), and their associated performance on the MLDTM.  This dem-
onstrates that there are usability differences between a standard display and 
the MLDTM, and emphasizes the need to reassess colour combination rec-
ommendations for the MLDTM, rather than applying the same rules as rec-
ommended for standard displays.   

ii. Colour combinations of high saturation (such as magenta and blue) slow 
reading on the MLDTM down. 

iii. Colours of low contrast (such as blue and black) result in poor reading per-
formance, with all four types of readability tested.  This correlates with pre-
vious findings and recommendations ([6], [7], [8], [12], [14]). 

iv. Complementary colours (such as yellow and blue) are not necessarily poor 
with respect to reading speed, and comprehension speeds.  This conflicts 
with previous findings [5], which suggests that complementary colours cause 
eye flicker.  However complementary colours degraded performance with re-
spect to error detection and comprehension accuracy.    This indicates that 
the ‘eye flicker’ thought to result from such combinations may in fact speed 
processes such as reading and comprehension recall, however degrades tasks 
requiring attention to detail, such as error detection, and recalling the specif-
ics of the content.   

v. Negative (dark on light) polarity combinations (such as green on white and 
black on white) supported improved error detection, which agrees with pre-
vious findings that negative polarity improves readability ([11], [14], [15]).  
However combinations of positive polarity (light on dark) were seen to best 
facilitate faster comprehension speeds and comprehension accuracy.  While a 
reason for this is not certain, it is possible that darker text allows the reader to 
focus on the actual characters of the text, facilitating error detection, while 
lighter text does not make individual characters stand out so much, allowing 
the general flow to text to be read faster. 

vii. Comparing the best and the poorest performance associated with colour com-
binations, there was approximately a 50% difference in reading speeds; 
110% difference in error detection; 70% difference in comprehension speeds; 
and 120% difference in comprehension accuracy.   



While general recommendations with respect to colour combinations can be made 
from these findings, it would be desirable to extend this study by testing a greater 
range of combinations, as only testing twelve limits the degree to which specific rec-
ommendations can be made.    

 3.3   Transparency and Display Types and Colour Combinations 

While there were significant transparency and display type effects, and significant 
colour combination effects, there ANOVA tests found there to be no significant inter-
action between these two, for any aspect of readability (reading speed:  (F(25,180) = 
1.232, p = 0.201), error detection: (F(25,190) = 1.065, p = 0.386), comprehension speed: 
(F(25,190) = 1.181, p = 0.262) and comprehension accuracy: (F(25,190) = 1.065, p = 
0.386)).   

4 Conclusions 

In general, results from this experiment differ to those obtained from similar research 
with standard single layered displays, emphasizing the importance of reassessing de-
sign recommendations for the MLDTM.   Results from this study therefore do not sup-
port the hypothesis that design recommendations for standard displays will relate, and 
can also be applied to the MLDTM.   

Results have been obtained, from which recommendations can be made with regard 
to colour and transparency usage on the MLDTM.  No further transparency should be 
applied to the display, although it has been shown that further transparency can en-
hance tasks such as error detection.  In general, colour combinations of high contrast 
should be employed, with low saturation.  To ensure optimal readability, it is recom-
mended that complementary colours be avoided (although these do not necessarily 
degrade performance, they also do not optimize it).  For tasks requiring attention to be 
paid to detail, use dark on light polarity, however light on dark polarity should be used 
for tasks corresponding to the actual content of the passage (specifically comprehen-
sion tasks).   

The results suggest that the colour combinations and transparency levels employed 
on the MLDTM can greatly affect reading performance.  Readability can be affected by 
25-40%, depending on the display type and transparency level used, and 50-120% 
depending on the colour combinations selected.  However when making such design 
choices, it is important to keep in mind what the goal of the task is; fast reading; error 
detection; fast information recall; or accurate information recall, as not all these tasks 
are best supported by the same design specifics.   
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