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Abstract Recent advances in technology and the increased
use of tablet computers for mobile health applications such as
vision testing necessitate an understanding of the behavior of
the displays of such devices, to facilitate the reproduction of
existing or the development of new vision assessment tests.
The purpose of this study was to investigate the physical char-
acteristics of one model of tablet computer (iPad mini Retina
display) with regard to display consistency across a set of
devices (15) and their potential application as clinical vision
assessment tools. Once the tablet computer was switched on, it
required about 13 min to reach luminance stability, while
chromaticity remained constant. The luminance output of the
device remained stable until a battery level of 5%. Luminance
varied from center to peripheral locations of the display and
with viewing angle, whereas the chromaticity did not vary. A
minimal (1%) variation in luminance was observed due to
temperature, and once again chromaticity remained constant.
Also, these devices showed good temporal stability of lumi-
nance and chromaticity. All 15 tablet computers showed gam-
ma functions approximating the standard gamma (2.20) and
showed similar color gamut sizes, except for the blue primary,
which displayed minimal variations. The physical character-
istics across the 15 devices were similar and are known, there-
by facilitating the use of this model of tablet computer as
visual stimulus displays.
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Until recently, color cathode ray tube (CRT) monitors have
been the most commonly used kind of visual display for ap-
plications in visual psychophysics laboratories. When devel-
oping any vision tests, the capabilities and limitations of the
display technology must be understood in order to achieve
accurate presentation of visual stimuli. Toward this purpose,
CRT monitors have been carefully evaluated (Chioran et al.
1985; King-Smith, Vingrys, & Benes, 1987; Mollon & Baker,
1995; Sellers et al. 1986). However, numerous factors limit
the utility of CRT monitors in vision research. First, the dis-
play and stimulus parameters are known to be affected by
properties such as the consistency of phosphor color, linearity,
spatial inhomogeneity, and temporal instability (Metha,
Vingrys, & Badcock, 1993; Mollon & Baker, 1995).
Second, the luminance and chromaticity of CRT monitors
depend on spatial additivity, supply voltage, and individual
monitor phosphor characteristics. These are known to vary
over time, necessitating periodic calibration checks of individ-
ual monitors (Krantz, 2000; Mollon & Baker, 1995; Olds,
Cowan, & Jolicœur, 1999). CRT monitors also require signif-
icant warm-up times (ranging from 45 to 180 min) to reach
luminance and chromatic stability (Metha et al. 1993; Mollon
& Baker, 1995). Finally, a convex surface may lead to distor-
tions or variations of luminance and chromaticity toward the
edges (Kondoh, Hatazawa, & Kozuka, 2001; Samei, 2002),
causing difficulties in presenting accurate and consistent stim-
uli in vision experiments (Mollon & Baker, 1995; Samei,
2002). Liquid crystal displays (LCD) and, to a lesser extent,
plasma and organic light-emitting diodes have largely re-
placed CRTs for television displays and some computer work-
station displays. However, CRT displays retain some temporal
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response advantages over LCDs, for displaying moving or
flickering stimuli in vision experiments. Therefore, the LCD
technology needs careful assessment of its temporal properties
(Elze & Tanner, 2012; Wang & Nikolic, 2011), as they have
immediate potential as displays for research laboratories
(Lagroix, Yanko, & Spalek, 2012), particularly for relatively
static displays.

Along with the development of new methods to assess
vision using personal-computer-based software; conventional
vision tests have been replicated on CRT and LCD displays.
For example, computerized tests that replicate the pseudo-
isochromatic plate test (Shin et al. 2014), Farnsworth–
Munsell 100 Hue test (Melamud, Simpson, & Traboulsi,
2006; Shin, Park, Hwang, Wee, & Lee, 2007) and the
Martin Lantern test (Kapoor, Vats, & Parihar, 2013), for color
sensitivity assessment, Web-based color-naming tests
(Moroney, 2003), and visual acuity and contrast sensitivity
tests (Bach, 1996) are currently available. These computer
and Web-based tests may attempt to address the issues of
ambient lighting, color degradation, fading, and finger
smudges. However, it is possible that the usefulness of such
tests can detrimentally be affected by variations in display
(such as luminance and chromaticity variations between de-
vices or across the spatial extent of the display), warm-up
times, and temporal stability. As a consequence, they may
not be as accurate as the clinical tests (Dain & Almerdef,
2016). In the controlled laboratory environment, re-
searchers take care to calibrate the display periodically
and ensure the temporal stability of the visual stimulus
display before running any experiments. If luminance
and chromatic contrast sensitivity tests are to be devel-
oped into useful tools outside the laboratory environ-
ment, it would be helpful to develop a simple, relatively
inexpensive, and easy-to-administer portable vision as-
sessment tool to invest igate visual thresholds.
However, these portable displays need to be assessed
for their stability and consistency in luminance and
chromaticity between devices and across the screen,
and for their temporal characteristics.

The number of modern tablet computer users is increasing
worldwide (Heggestuen, 2013). This trend has led to dramatic
changes in the computer’s roles across society in general, and
in health care in particular (Acharya & Kumar, 2012). For
example, individuals are accustomed to monitor health and
fitness data using applications such as the Fitbit Flex,
Jawbone UP, pedometer, and so forth. A number of modern
tablet computers are currently available that are amenable to
the development of vision-testing apps providing high-quality
vision assessment outside the traditional clinical or laboratory
settings. The development of rapid, sensitive, and reliable mo-
bile health solutions for assessing vision may address the need
for specialized laboratory equipment and longer testing times.
However, these tablet computers are not designed for

psychophysics experiments or vision assessment tests.
Researchers (Aslam et al. 2013; Tahir, Murray, Parry, &
Aslam, 2014) have reported the importance of certain physical
characteristics (gamma function, stability of the display
screen, and the effect of viewing angle) that should be consid-
ered while developing vision tests on tablet computers. With
the improvements in display screen technology and resolu-
tion, it is now possible to use tablet computers such as iPads
to assess contrast sensitivity (Dorr, Lesmes, Lu, & Bex, 2013;
Kollbaum, Jansen, Kollbaum, & Bullimore, 2014) and to be
used in visual psychophysics experiments (e.g., Turpin,
Lawson, & McKendrick, 2014). Portable tablet computers
have the potential to be a useful self-monitoring vision assess-
ment tool; however, there is little information about the pos-
sibility of using a tablet computer to test both color and con-
trast sensitivity. Therefore, the purpose of this study was to
investigate the physical characteristics of one model of porta-
ble tablet computer (the iPad mini Retina display; Apple Inc.,
Cupertino, CA, USA) with regard to display consistency
across a set of devices and for its potential suitability in the
application of vision tests.

Method

A set of 15 iPad mini Retina display devices were purchased
from a retail store and assessed for their physical characteris-
tics and also for their consistency among devices (i.e., must
each device be calibrated individually for vision testing, or is
the between-device variability sufficiently small in practice?).
The iPad mini Retina display has a display resolution of 2,048
× 1,536 pixels at 326 pixels per inch and a screen size of
7.9 in. (16× 12 cm). The settings of the tablet computer were
adjusted prior to the measurements, for consistency of testing
and to minimize power drain due to processor use. Autolock
was set to Bnever,^ auto-brightness was turned off, and bright-
ness was set to its maximum setting of 100%. All applications
running in the background were closed. The display was
cleaned using a micro-cloth to remove any fingerprints from
the screen prior to measurement. The stability of the display,
the effect of low battery on luminance, the effects of viewing
angle and different screen locations on luminance and chro-
maticity, and the effects of temperature on luminance and
chromaticity were assessed on three tablet computers.
Temporal stability, gamma function, and color gamut size
were assessed on all 15 tablet computers and evaluated.

The luminance and chromaticity measurements were ob-
tained with the tablet on a stand at 45 deg to the horizontal at
40 cm f rom the ob jec t ive lens o f a ca l ib r a t ed
spectroradiometer (Model PR-730; Photo Research, Inc.,
Chatsworth, CA, USA). The optical axis of the PR-730 instru-
ment was set perpendicular to the front surface of the tablet
computer, as measured using an electronic inclinometer (Sola
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Electronic Spirit Level ENW60 [24 in.], Austria), and aimed
at the center of the screen. The luminance measurements for
the effect of low battery were taken by mounting the tablet
compu te r pe rpend icu l a r to the ape r tu re o f the
goniophotometer (Optronik, Germany). The iPad mini device
was programmed using a developer (i.e., programmer) appli-
cation called Bcolorpicker^ that allows input of RGB values
(0–255) to display the desired output. The measurements were
taken in a light-tight, unlit ISO 17025 (2005) accredited pho-
tometric laboratory with internal walls painted black
(<0.01 lux according to a Chroma Meter CL-200A; Konica
Minolta, Osaka, Japan).

All instruments used to make photometric and spectral ra-
diance measurements were calibrated using reference sources
for which luminance intensity and spectral radiant intensity
calibration values had been provided by the National
Measurement Institute of Australia. For the reference white
tiles, the reflectance (including spectral reflectance) calibra-
tion values had been provided by the National Research
Council of Canada, and for the reference colored tiles, the
spectral reflectance and chromaticity calibration values had
been provided by the National Physical Laboratory of the
UK. The procedures used are covered by the ISO 17035 ac-
creditation as a calibration laboratory of the Optics &
Radiometry Laboratory by the National Association of
Testing Authorities of Australia (Accredited Laboratory No.
1923; National Association of Testing Authorities, 2015).
Wavelength accuracy was assessed using the spectral lines
of mercury and neon spectral emission sources. The uncertain-
ty of measurements will vary with each measurement, but the
applicable least uncertainties listed in the scope of testing are:

Luminous intensity 1.0%
Luminance 1.5% or 0.01 cd/m2 (whichever is the greater)
from 0.1 cd/m2

Illuminance 0.9% in the range of 0.1 to 10,000 lux
Spectral radiance 0.7 nm in wavelength 3.3% at 380 nm
falling to 1.0% at 555 nm and rising to 1.8% at 780 nm
Chromaticity 0.0015

Time required for stability of luminance and chromaticity
output

The time required to reach stable luminance and chromaticity
from switch-on is an essential aspect of any display that is
intended to be used for vision assessment. Vision assessment
should only commence after stability has been reached. Three
randomly selected tablet computers were left switched off for
24 h, and the display testing was commenced with the devices
at 100% charge level. Luminance and chromaticity were mea-
sured at 200-s intervals for a period of 80 min after switching
on the device, for white (RGB: 255, 255, 255) and the three

primaries [red (i.e., RGB: 255, 0, 0), green (RGB: 0, 255, 0),
and blue (RGB: 0, 0, 255)].

Effect of low battery state on luminance

To understand how the luminance output of the tablet com-
puters is affected when running them on battery charge only,
the luminance outputs of the same three devices were mea-
sured using a goniophotometer. Luminance output was mea-
sured at the center of the display. The tablet computers were at
100% charge level at the start of the measurements, and the
measurements continued until the battery state had reached
0% (automatic shutdown).

Luminance and chromaticity at different screen locations
on the tablet display and with viewing angle

The luminance and chromaticity of the center and four periph-
eral locations (Fig. 1) were measured, for the same three tablet
computers. Perpendicular and angled viewing at the tablet
display were simulated; hence, the PR-730 instrument was
set perpendicular to the measurement location on the display
for the perpendicular viewing condition, and was angled from
the center of the display to the measurement location for the
angled viewing condition (see Fig. 1). The measurements
were obtained for white and three primaries.

Effect of temperature on luminance and chromaticity

The tablet computer has an operating temperature range of
0 to 35 °C, according to the manufacturing specifications.
Luminance and chromaticity were measured for the same
three tablet computers assessed above at four different tem-
peratures (20, 25, 30, and 35 °C). For the temperatures 20
and 25 °C, the tablet computers were brought down to the
test temperature by adjusting the room temperature and
waiting until it (the room temperature) had stabilized (ac-
cording to a Model WS241 Clock/Thermometer/
Hygrometer; Velleman, Inc., Gavere, Belgium). For the

Fig. 1 Tablet computer showing the measurement locations (center and
four peripheral locations)
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temperatures 30 and 35 °C, the tablet computers were
brought to the test temperature in an oven with a glass door
(LEBAC Horizontal Air Flow Oven; Laboratory
Equipment Pty Ltd, Sydney, Australia). To achieve this,
the oven was stabilized to the given test temperature
(±0.5 °C). Once the temperature had stabilized, the tablet
computer was kept inside the oven with the door closed for
measurements. The measurements were taken at the center
of the screen (Fig. 1), with the PR-730 instrument kept
perpendicular to the display, for the colors white, red,
green, and blue.

Gamma function

Gamma is the relationship between the input value and the
displayed luminance when viewed on screen (see, e.g., www.
cgsd.com/papers/gamma_intro.html). It allows the vast range
of luminances in a real-life scene to be compressed into the
limited range of a visual display. It is a nonlinear operation of
the form L= Vγ, where L is the luminance of the display
(expressed as a proportion of maximum), V is the input value
(expressed as a proportion of maximum), and γ is the slope of
the line of best fit in a log(L) versus log(V) function.

The gamma function helps us understand the range of pro-
grammable values for clinical vision testing. The iPad mini
Retina display device has 8-bit resolution (0–255 pixel
values). The luminance at the center of the screen was mea-
sured for nine grayscale intensity levels (R=G=B= 0, 31, 63,
95, 127, 159, 191, 223, and 255) between 0 and 255, at 32-bit
intervals, for all 15 tablet computers.

Color gamut

The color gamut is normally expressed as the color space
area enclosed by the three primaries (red, green, and
blue) and is usually reported as a comparison with the
area of the sRGB space. The sRGB specification is a
default RGB color gamut adopted for computer displays
(IEC, 1999), analogous to the default spaces used in
television (e.g., EBU, 1975; NTSC, 1953).

Determining the color gamut (i.e., the range of colors that
the device can generate) is important if the display is to be
used to assess color sensitivity. It is also important for different
devices to have similar-sized gamuts and between-device con-
sistencies, to minimize the need for individual device calibra-
tion. The chromaticity coordinates for white and the three
primaries were measured at the center of the screen for all
15 tablet computers, to plot their respective color gamuts.

Temporal stability

To assess the stability of the luminance and chromaticity out-
put over time, all 15 tablet computers were tested after one

month and one year from the initial date of measurements.
These measurements were obtained for nine grayscale inten-
sities, as described above in the section on the gamma
function.

Results

Because the three tablet computers showed similar results, for
ease of display (where individual device results are reported),
the luminance and chromaticity are presented for one of the
tablet computers (designated iPad 1).

Time required to stability of luminance and chromaticity

Luminance Figure 2a shows the luminances of white and the
three primaries as a function of time after the device was
turned on (after being switched off for 24 h). A total of 25
measurements were obtained over 80 min. It took approxi-
mately 13 min to reach within 1% variation of the final lumi-
nance value.

The total percentage of variation in luminance output, mea-
sured over 80 min, for white and the three primaries (red, green,
and blue) were 0.0%, 0.8%, 0.2%, and 1.9%, respectively.
Overall, there was a maximum of 1.9% variation in luminance
output for the blue primary, whereas white and the other two
primaries showedminimal variations. It took around 13 min for
blue to be within 1% of the stable luminance values. These
changes in luminance output were gradual and so small as to
be below the limits of perception (Sacek, 2015).

Chromaticity Figure 2b shows the variations in chromaticity
with time for white and the three primaries for iPad 1. Table 1
shows the mean chromaticities along with their uncertainties
for white and the three primaries. The variations in chroma-
ticity were of the same order as the least uncertainty of the
instrument (0.0015).

Effect of low battery state on luminance

The three tablet computers showed similar trends in terms of
variation in luminance output over time. Luminance remained
constant until the battery reached 5% charge level and then
showed a mean (and range across the three devices) reduction
of 4.7% (3%–6%).

Luminance and chromaticity at different locations
on the tablet display

As expected, we found differences in luminance at the periph-
eral locations as compared with the center. The data were
plotted as the percentage changes in luminance from the
brightest part of the screen (center).
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Viewing perpendicularly The luminance values of white and
the three primaries, for the center and four peripheral loca-
tions, in the condition simulating viewing the display screen
perpendicularly, are given in Table 2. For white, averaged
across the three tablet computers, the luminance of the periph-
eral locations varied from 3% to 11% as compared with the
center. Of the four peripheral locations tested, the fourth cor-
ner (Fig. 1) showed the greatest reduction (11%) in luminance
compared with the center. However, variation in the chroma-
ticities in the peripheral locations, as compared with center,

was within 1.5 times the instrument’s least uncertainty
(0.0023) (Fig. 3).

Viewing at an angle (simulating real world scenario) The
luminance values of white and the three primaries for the
center and four peripheral locations, in the condition simulat-
ing viewing the display at an angle, are given in Table 3. For
this condition, the difference in luminance of white in
peripheral locations as compared with the center, after
averaging across the three tablet computers, varied from
6% to 17%. Of the four peripheral locations tested, the
third corner (Fig. 1) showed the greatest reduction (17%)
in luminance compared with the center. However, varia-
tion in the chromaticities in the peripheral locations, as
compared with center, was within 1.5 times the instru-
ment’s least uncertainty (0.0023; Fig. 4).

Effect of temperature on luminance and chromaticity

As has been shown in the literature, the luminance output
decreased as the temperature increased (Dalapati, Manik, &
Basu, 2013; Zhang, Li, Zhang, & Xi, 2008), except for the
blue primary. Figure 5 shows the variations in luminance as a
function of temperature, plotted as percentages of the lumi-
nance at 20 °C, for white and the three primaries. The lumi-
nance values decreased as the temperature increased, for
white, red, and green, whereas the blue primary showed an
initial decrease in luminance from 20 to 25 °C, and then in-
creased from 25 to 35 °C. However, the mean percentage of
variation was within 1%. The mean (with 95% confidence
interval [CI]) luminances for white and the three primaries
were 306 (1.6), 63.9 (0.6), 195 (0.9), and 46.3 (0.3) cd/m2,
respectively.

Table 1 Mean (with uncertainties) u'v' chromaticity coordinates for
white and the three primaries

Mean RMS of SD and Instrument Uncertainty

u' v' u' v'

White 0.197 0.464 0.0015 0.0016

Red 0.408 0.523 0.0015 0.0015

Green 0.143 0.556 0.0015 0.0015

Blue 0.152 0.249 0.0015 0.0015

Table 2 Luminance values of center and four peripheral locations for
white and the three primaries (viewed perpendicularly) for three tablet
computers

iPad No Center Corner 1 Corner 2 Corner 3 Corner 4

White iPad 1 403 404 404 380 371

iPad 2 434 400 401 402 388

iPad 3 413 401 415 369 359

Red iPad 1 87.4 87.5 87.5 81.3 79.8

iPad 2 89.7 83.1 83.3 82.7 79.7

iPad 3 90.1 87.4 89.6 78.8 76.7

Green iPad 1 256 255 255 240 235

iPad 2 279 259 259 260 251

iPad 3 261 251 260 233 226

Blue iPad 1 60.7 60.8 60.5 57.7 55.8

iPad 2 62.9 58.0 58.5 59.6 57.4

iPad 3 63.5 62.1 63.3 57.1 55.6

Fig. 2 Changes in (a) luminance (for white and the three primaries) and
(b) colorimetric data (u'v' chromaticity coordinates for white and the three
primaries; the filled and open symbols represent u' and v' chromaticity
coordinates, respectively) as a function of time
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Table 4 shows the chromaticity coordinates for white and
the three primaries for the four test temperatures. Within the
normal room temperature range (20–30 °C), there was no
measurable change in the chromaticity for white or for the
three primaries. Also, the variation in chromaticities across
the four test temperatures was similar to the least uncertainty
of the instrument (.0015). Therefore, these minor variations in
chromaticity may not have any impact on vision assessment.

Gamma function and color gamut

To understand whether one stimulus look-up table can be ex-
trapolated to a number of devices of the same make and mod-
el, we characterized and compared the gamma functions and
color gamuts of all 15 tablet computers.

Gamma function Figure 6 shows the gamma function of one
of the tablet computers. The relationship between the input
intensity level and the output was nonlinear—that is, a change
in input does not translate into an equivalent change in the
luminance output—and was measured to be very close to that
of the standard gamma (2.20). The gamma functions of the 15
tablet computers (Table 5), calculated by plotting the log of the
intensity scales against the log of brightness, ranged from 2.13
to 2.21, with a mean gamma of 2.18.

The mean (and 95% CIs) (for all 15 tablet computers) lu-
minance values for white, red, green, and blue were 410 cd/m2

(401–420), 87.1 cd/m2 (85.1–89.1), 261 cd/m2 (253–268),

and 61.2 cd/m2 (59.4–63.0), respectively. Of the 15 tablet
computers, the 10th tablet showed consistently low luminance
values (see Table 6).

Color gamut Figure 7 shows the gamut of colors that can be
displayed on the tablet computer, plotted in the 1976 CIE u'v'
color space. The u'v' chromaticity coordinates of the three
primaries were used to determine the color gamut, which

Fig. 3 The u'v' chromaticity
coordinates for (a) white and for
the three primaries—(b) red,
(c) green, and (d) blue—for five
locations (viewed
perpendicularly) for iPad 1

Table 3 Luminance values of center and four peripheral locations for
white and the three primaries (viewed at an angle) for three tablet
computers

iPad No Center Corner 1 Corner 2 Corner 3 Corner 4

White iPad 1 403 390 400 336 337

iPad 2 434 366 388 378 370

iPad 3 413 384 393 322 336

Red iPad 1 87.4 84.5 87.1 73.7 72.7

iPad 2 89.7 75.8 80.5 78.2 76.5

iPad 3 90.1 83.4 85.7 69.2 72.4

Green iPad 1 256 245 252 217 213

iPad 2 279 237 251 244 239

iPad 3 261 240 247 203 211

Blue iPad 1 60.7 59.0 60.3 51.7 50.8

iPad 2 62.9 53.8 56.3 56.9 54.6

iPad 3 63.5 60.0 60.5 49.7 51.7
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was calculated to be 63% of the standard sRGB. Figure 8
shows the u'v' chromaticity coordinates for white (R= G=
B= 255) and the three primaries (R,G,B= 255,0,0; 0,255,0;
and 0,0,255) for all 15 tablet computers. We observed a slight
variation in the chromaticities for the blue primary, whereas
the chromaticities for white, red, and green were consistent
across all 15 tablet computers. The color gamut sizes calculat-
ed as percentages of sRGB ranged from 60% to 66% across
the 15 tablet computers, with a mean color gamut size of 62%.

Table 7 shows the mean (and 95% CIs) chromatic-
ities (of all 15 tablet computers) for white and the three

primaries. The variations in the chromaticities for white,
red, and green across the 15 tablet computers were
within the least uncertainty of the instrument (.0015),
whereas the variation in the blue primary was about
three times the instrument’s least uncertainty (.0045).

Temporal stability

Figure 9 shows the luminance outputs of one of the tablet
computers, measured after one month and one year from the
initial date of the measurements. The measurements lie on
lines with slopes of 1.01 and 0.99 for one month and one year,
respectively, indicating very minimal variations in luminance
over time. The mean chromaticities of the display changed
from (u'v')CIE = (.199, .460) to (u'v')CIE = (.199, .457) and

Fig. 4 The u'v' chromaticity
coordinates for (a) white and for
the three primaries—(b) red,
(c) green, and (d) blue—for five
locations (viewed at an angle) for
iPad 1

Fig. 5 Changes in luminance output as a function of temperature for
white and the three primaries

Table 4 The u'v' chromaticity coordinates for four test temperatures,
for white (R = G= B= 255) and the three primaries (R= 255, G= 255,
and B= 255)

°C White Red Green Blue

u' v' u' v' u' v' u' v'

20 0.194 0.466 0.405 0.522 0.142 0.557 0.151 0.253

25 0.194 0.466 0.405 0.522 0.142 0.557 0.151 0.253

30 0.194 0.466 0.405 0.522 0.142 0.557 0.151 0.252

35 0.193 0.463 0.404 0.522 0.142 0.556 0.152 0.250
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(.196, .456) on the initial date, after one month, and after one
year, respectively.

Discussion

In the present study, we evaluated the possibility of using one
of the currently available tablet computers (an iPad mini
Retina display) for the purposes of portable self-monitoring
vision assessment, by evaluating its physical characteristics.
This study provided important information about the display’s
behavior, which will be essential while developing vision tests
on such tablet computers or designing visual stimuli to assess
specific visual functions. Of the physical characteristics

assessed, the effective time until luminance output stabilized
was 13 min, which was comparable with that reported by
Aslam et al. (2013) as 15 min on a 3rd-generation iPad. The
warm-up time (13 min) reported in this study was consider-
ably lower than those with CRT monitors (45–180 min). The
luminance output reduced by about 5.5% at a battery level of
5%, which is in contrast to that reported by both Aslam et al.
(2013) and Tahir et al. (2014), who reported that the lumi-
nance values on their devices remained stable until the auto-
matic device shutdown.

Fig. 6 Gamma function of one of the tablet computers (iPad 1)

Table 5 Gamma
functions of all 15 tablet
computers

iPad Number Gamma Function

iPad1 2.18

iPad2 2.12

iPad3 2.20

iPad4 2.14

iPad5 2.17

iPad6 2.16

iPad7 2.20

iPad8 2.20

iPad9 2.18

iPad10 2.20

iPad11 2.18

iPad12 2.20

iPad13 2.18

iPad14 2.21

iPad15 2.13

Table 6 Luminance values for white and the three primaries of all 15
tablet computers

White Red Green Blue

iPad 1 403 87.4 256 60.7

iPad 2 434 89.7 279 62.9

iPad 3 413 90.1 261 63.5

iPad 4 428 87.3 279 60.3

iPad 5 409 84.4 261 60.2

iPad 6 439 92.1 282 64.6

iPad 7 421 91.3 265 65.8

iPad 8 415 87.1 267 59.9

iPad 9 412 89.9 262 59.6

iPad 10 360 77.2 222 56.2

iPad 11 403 86.0 254 59.4

iPad 12 399 85.7 245 64.7

iPad 13 413 89.6 261 62.6

iPad 14 413 87.5 262 65.3

iPad 15 392 81.1 254 52.4

Fig. 7 Color gamut of iPad 1, plotted in 1976 CIE u'v' color space. The
dotted triangle represents the sRGB gamut, and the dashed triangle
represents the gamut of the tablet computer under test
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Aslam et al. (2013) reported maximum luminance varia-
tions (from center to periphery) of 23% and 29% for condi-
tions of viewing straight at the display and viewing at an
angle, respectively. In contrast, our study reported less than a
20% variation in luminance at the periphery as compared with
the center for both viewing conditions, which is also less than
the value reported in CRTs (30%; Samei, 2002). This may, in
part, be due to the smaller screen of the iPad mini, and it
remains to be seen whether this would be the case with larger
screens, including with the full-sized iPad. For the luminance
levels of the iPad, previous studies on the effects of
luminance/illuminance on discrimination thresholds have
shown that the discrimination threshold is independent of
the total amount of light (e.g., Bowman & Cole, 1980;
Knoblauch et al., 1987; Verriest, Buyssens, & Vanderdonck,
1963; Verriest, Vandevyvere, & Vanderdonck, 1962).
Therefore, the minor variation we observed between iPad
minis will have no measurable effect on results. Color dis-
crimination results that have varied with different light levels
have required much lower light levels (e.g., Bowman, 1978;

Dain, Pereira, Palmer, Lewis, & Hammond, 1980; Dain,
Scase, & Foster, 1991; Smith, Van Everdingen, & Pokorny,
1991). In the case of detection thresholds, the variation in
luminance will apply to both the background and increment
if the background luminance is within the Weber region
(Ekman, 1959):

Threshold ¼ ΔL
L

¼ k ¼ nΔL
nL

;

where ΔL is the luminance increment at threshold; L is the
background luminance; k is a constant, about 1% for achro-
matic thresholds and a 2° stimulus; and n is any multiplier
(within limits).

The present study showed minimal variations (1%) in lu-
minance and chromaticity with temperature and over time
(temporal stability). We also reported that the gamma func-
tions and color gamuts were comparable across our 15 tablet

Fig. 8 The u'v' chromaticity coordinates for white and the three primaries
of all 15 tablet computers

Table 7 Mean (and 95% confidence intervals) u'v' chromaticity
coordinates for white (R = G= B= 255) and the three primaries (R =
255, G= 255, and B= 255) for all 15 tablet computers

Mean 95% Confidence Interval

u' v' u' v'

White 0.197 0.467 ± .0002 ± .0008

Red 0.408 0.523 ± .0007 ± .0004

Green 0.144 0.557 ± .0003 ± .0007

Blue 0.153 0.249 ± .0012 ± .0040

Fig. 9 Temporal stability of luminance output over (a) one month and
(b) one year, for iPad 1
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computers. Implications of these findings suggest that similar
stimulus parameters may be expected from different devices
of the same make and model, and that a single stimuli look-up
table may be extrapolated to all these tablet computers to
assess specific vision functions, with confidence that the out-
put is as required.

However, it may not be possible to apply these findings to
different generations of iPads or to other Android-/Windows-
based tablet computers. This is due to the fact that these de-
vices have different manufacturing specifications that vary in
their display screen technologies (such as LCD, LED, or
OLED), display resolutions, sizes, and color outputs. Thus,
it is important to note that devices of different makes and
models need to be calibrated on an individual basis (if the
devices are not of the same make and model) to understand
their display performance and also their suitability as displays
for vision assessment. For instance, Dain, Kwan, and Wong
(2016) showed that a single color look-up table could not be
used for the iPhone 4s, iPhone 5, Samsung Galaxy S3, and
Samsung Galaxy S4.

In summary, the way in which a tablet computer is calibrat-
ed and used depends entirely on the mode of application.
Although future studies will be needed to evaluate and under-
stand the suitability of these tablet computers as displays for
moving stimuli for vision research, knowledge of the aspects
of the tablet computers’ performance we have examined al-
lows us to make recommendations regarding their use in vi-
sion assessment with relatively static stimuli.

Auhor note We thank Lois Wang, a vision science student, for help
with the measurement procedures. We declare no competing interests.
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