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Purpose: The contrast sensitivity function (CSF) is measured traditionally with grating
stimuli. Recently, we introduced a new set of digit stimuli to improve the efficiency of
CSF tests for people unfamiliar with the Latin alphabet. Given the significant
differences between grating and digit stimuli, we conducted this study to evaluate
whether the estimated CSFs from the digit test are equivalent to those from the
grating test.

Methods: The CSFs of five young (with Psi) and five older (with quick CSF [qCSF])
participants were measured with a two-alternative forced choice (2AFC) grating
orientation identification task and a 10-digit identification task. The CSFs obtained
from the two tasks were compared.

Results: The estimated CSFs from the two tasks matched well after controlling for
stimulus types and performance levels. The root mean square error (RMSE) between
the CSFs from the two tasks was 0.093 6 0.029 (300 trials) and 0.131 6 0.016 (100
trials) log10 units for young and older observers, respectively. To reach the same
standard deviation (0.1 log10 units), the digit CSF test required fewer trials/less time
than the classic grating CSF for young (60 vs. 90 trials) and older (15 vs. 21 trials)
observers. The complicated behavioral responses of the observer in the 10-AFC digit
identification task can be accounted by a model that consists of digit similarity and
one single parameter of sensory noise (v2[99] ¼ 3.42, P ¼ 0.999).

Conclusions: The estimated CSFs from the digit test highly matched those obtained
from the grating test; however, the digit test is much more efficient.

Translational Relevance: The digit CSF test provides a compatible assessment of the
CSF as the traditional grating CSF test with more efficiency.

Introduction

The contrast sensitivity function (CSF), which
delineates how visual sensitivity varies with spatial
frequency, provides a comprehensive characterization
of spatial vision in basic and clinical applications.1–5

Since the discovery of multiple spatial frequency
channels in vision and the introduction of Fourier
analysis into vision science by the pioneering work of
Campbell and Robson,6 sinewave gratings have been
widely used in vision research7–11 and especially in
contrast sensitivity tests, including the various CSF

charts, such as the Functional Acuity Contrast Test
(FACT),1,12 CSV1000,13 and Vistech Contrast Test,14

and computer-based procedures.15

CSF tests with grating stimuli are based on either a
Yes–No detection or a two-alternative/interval
forced-choice paradigm (2AFC) with two response
alternatives. There is ample evidence that the test
efficiency of psychophysical procedures increases with
the number of task alternatives.16–22 The efficiency of
CSF tests with grating stimuli is limited by the
number of response alternatives. One possible solu-
tion is using an N-alternative forced choice orienta-
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tion discrimination task with N . 2. The problem is
that gratings do not have a lot of different and readily
named orientations. When more than four orienta-
tions are involved, grating orientation identification
may introduce some cognitive load for the partici-
pants,20 which makes it very difficult to improve the
efficiency of the grating test.23

Another solution is to use characters, such as
letters or digits, as stimuli in N-alternative forced-
choice tasks to improve the efficiency of CSF tests.
There is an added advantage that characters have
distinct spatial structures and can be readily recog-
nized without much effort. Indeed, a number of recent
developments have shown that CSF tests with 10-
alterantive forced choice tasks using either Sloan
letters24 or digits25 are much more efficient than those
with 2AFC grating tests. Because of the presence of
multiple spatial channels in the visual system,6 the
contrast sensitivity function; that is, contrast sensitiv-
ity as a function of spatial frequency, measured with
narrow-band stimuli provides a more comprehensive
assessment of vision.15,24,26 Many studies have used
bandpass filtered letter or digit stimuli to assess the
CSF.24,25,27,28

The CSF measured with grating stimuli has been
used as the reference standard in spatial vision
testing.29,30 For the newly developed CSF tests, a
very important question is: Are the estimated CSFs
from the new tests with bandpass-filtered characters
equivalent to those from the grating tests? We attempt
to answer the question for the CSF measured with the
digit stimuli.

The 10AFC digit identification paradigm differs
from the 2AFC grating task in many ways. First, digit
stimuli, unlike gratings, are nonperiodic, which means
the Michelson contrast varies from location to
location in a digit image. The threshold of a spatial
frequency is determined by the contrast energy,31

which is the sum of squared contrast at each spatial
location of the stimulus and accounts for effects of
luminance distribution and stimulus area.5,32,33 Thus
the grating and digit stimuli with the same Michelson
contrast value have different total contrast energy and
result in drastically different threshold/sensitivity
measures. Second, CSF tests in the literature use
gratings of either equal size or equal number of cycles
across different spatial frequencies.34 Digit stimuli are
by definition of equal number of cycles. Third, the
contrast thresholds measured in the 10AFC and
2AFC tasks may correspond to different performance
levels. Fourth, while most 2AFC grating CSF tests
use equivalent and orthogonal stimuli, letter or digit

stimuli have different legibilities.35,36 The uneven
similarities can make some alternatives more favored
than others and, therefore, affect the test precision.
Although the bandpass-filtered digit stimuli used in
our previous study had a greatly improved similarity
structure,25 the effect of nonorthogonal stimuli on the
estimated contrast sensitivities has not been system-
atically investigated to our knowledge.

We evaluated the similarity/difference between the
CSFs obtained with grating and digit stimuli in young
(Experiment 1) and older (Experiment 2) observers.
To analyze the data using psychophysical models and
account for potential differences among digits, an
enormous amount of data were collected from each
observer in Experiment 1. A number of analyses were
done to evaluate the similarity/difference between
CSFs obtained from the two tasks and to test the
underlying assumptions in the digit CSF test.

Experiment 1

Method

Observers
Five graduate students (mean age 26 6 1.58 years;

age range, 24–28 years) at Wenzhou Medical Univer-
sity participated in Experiment 1. All participants
underwent detailed ophthalmologic and optometric
examinations performed by the first and second
authors. All five observers (Y1–Y5) had normal or
corrected-to-normal vision (logMAR � 0) and no
history of mental diseases. The observers showed no
sign of any eye disease. They were free from any
systemic diseases. Detailed characteristics of the
participants are listed in Table 1. All participants
except one author (Y5) were naive to the purpose of
the study. The study protocol adhered to the tenets of
the Declaration of Helsinki and was approved by the
institutional review board of human subject research
of the Eye Hospital at Wenzhou Medical University.
Written informed consent was obtained before the
experiment for all observers.

Apparatus
The programs used in the study were written in

MATLAB (MathWorks, Natick, MA) with Psy-
chtoolbox extensions37 and run on an Apple Mac
mini computer (Model No. A1347; Apple Inc.,
Cuppertino, CA). Stimuli were displayed on a 27-
inch ASUS PG279Q monitor (Asus Corp. Taipei,
Taiwan) with a 25603 1440 pixel resolution and a 60
HZ refresh rate. The display was gamma-corrected
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with a photometer (ST-86A; Photoelectric Instrument
Factory of Beijing Normal University, Beijing, China)
and had a mean luminance of 91.2 cd/m2. A bit-
stealing algorithm was used to achieve 9-bit gray-scale
resolution.38 Observers viewed the display binocularly
with their best refractive corrections by wearing
glasses in a dark room at a distance of 1.34 m. A
chin/forehead rest was used to minimize head
movement during the experiment.

Stimuli
Sinewave gratings and bandpass-filtered digits

were used as stimuli in the experiment. We generated
Sloan digits following the specifications for Sloan
letters.39 The detailed specifications of the digits have
been reported in our parallel study.25 Because the
unfiltered digits contains a range of spatial frequen-
cies,26 all digits were filtered with a raised cosine
filter24,26 to create bandpass-filtered stimuli (Fig. 1a).
The center frequency of the filter is 3 cycles per object
(cpo) and the full bandwidth at half height is one
octave. The filtered digits, resized to 128, 68, 38, 1.58,

0.758, and 0.388, corresponding to central spatial
frequencies of 0.5, 1, 2, 4, 8, and 15.8 cycles per degree
(Fig. 1c), were used as signal stimuli in the 10-digit
identification task.

The grating stimuli were static sinusoidal gratings
oriented either þ458 or �458 from vertical (Fig. 1b).
Each stimulus contained six cycles of a sinewave. A
half-Gaussian envelope (r ¼ k/3) was used to blend
the grating into the background. The spatial envelope
resulted in a four-cycle full contrast circular window.
By rescaling the grating images to different sizes, we
generated grating stimuli with center spatial frequen-
cies of 0.5, 1, 2, 4, 8, and 15.8 cycles per degree. The
grating stimulus had a random selected phase from 0
to 2p in each trial.

Design
In the experiment, the CSF of each participant was

measured with a 2AFC grating orientation identifi-
cation task and a 10-digit identification task in
separate blocks. Contrast thresholds at 0.50, 1, 2, 4,
8, and 15.8 cpd were measured using the Psi

Table 1. Clinical Characteristics of All Observers

Subject Age/Sex

Refractive
Correction

(1.34 m, OD/OS)
LogMAR VA

(OD/OS)
Correction

Method MMSE (point)

Y1 24/M �6.00 0 Spectacles –
�5.50 0

Y2 26/M �6.75/�1.00 3 25 0 Spectacles –
�6.00/�0.75 3 85 �0.1

Y3 28/F �7.50 0 Spectacles –
�7.50 0

Y4 27/F �7.50 �0.1 Spectacles –
�7.50 �0.1

Y5 25/F �7.25/�1.00 3 35 0 Spectacles –
�6.00/�1.25 3 160 0

O1 66/M þ1.50/�1.50 3 75 0 Spectacles 27
þ1.50/�1.00 3 95 0

O2 61/F þ2.50/�0.50 3 70 �0.1 Spectacles 28
þ2.75/�0.50 3 115 �0.1

O3 65/F þ0.50/�0.75 3 90 �0.1 Spectacles 27
�1.25 �0.1

O4 60/M þ1.50/�1.50 3 80 �0.1 Spectacles 28
þ1.50/�1.50 3 95 �0.1

O5 73/M þ3.25/�1.50 3 70 0 Spectacles 30
þ2.50/�1.25 3 90 0

Y1–Y5, represent observers who participated in Experiment 1; O1–O5, represent observers who participated in
Experiment 2; F, female; M, male; OD, right eye; OS, left eye; LogMAR VA, LogMAR Visual Acuity; MMSE, Mini-Mental State
Examination.
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method.40 The Psi method was programmed to
estimate the thresholds using Weibull psychometric
functions with a fixed slope of 3 in the grating task
and a fixed slope of 2.74 in the digit task based on
data from pilot studies. Each experimental block
lasted approximately 20 minutes and consisted of 300
trials (50 trials 3 6 spatial frequencies). Every block
was divided into six mini-blocks. The observers could
take a break after each mini-block. The spatial
frequency of the test stimulus in each trial was
selected randomly. Observers completed 10 grating
blocks and 10 digit blocks over a total of five days. In
each day, the order of the sessions was either ‘‘grating,
digit, digit, grating’’ or ‘‘digit, grating, grating, digit’’,
counter-balanced over days for each observer.

In the beginning of the experiment, observers were
prescribed with approximately 200 practice trials in
each task to become familiar with the experimental
setting and procedure. In the beginning of the first

block in each day, observers were given 5 minutes to
adapt to the dim test environment.

Procedure
Each trial began with a 250-ms crosshair fixation

in the center of the screen, and a brief tone signaling
its onset, followed by a short 125-ms blank screen
with mean luminance. The test stimulus then was
presented for 133 ms. To facilitate response collection,
a response screen was shown 500 ms after stimulus
presentation. The response screen displayed 10 digits
during the digit identification task and two thick
oblique lines, oriented 458clockwise or 458 counter-
clockwise from vertical during the grating task. Digits
and oblique lines in the response screen were arranged
as a 23 5 or 13 2 matrix, and presented in the center
of the display.

Observers were instructed to use the keyboard to
type or mouse to select the stimulus they saw.
Allowing different participants to use their more

Figure 1. (a) Ten filtered digits. (b) Two Gaussian-windowed gratings. (c) Filtered digit ‘‘0’’ in different spatial frequency conditions.
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familiar input devices could reduce test variability. An
auditory beep immediately followed each response,
independent of response accuracy. A new trial started
500 ms after each response.

Results

Equating Stimulus Energy and d0 Performance Level
As we mentioned previously, the contrast energy is

a better contrast metric for stimuli with nonperiodic
luminance distributions.32,41 When the stimulus area
and duration are known, the square root of contrast
energy can be simplified to the root mean square
(RMS) contrast, which is defined as the standard
deviation of the pixel contrast in an image. To equate
the contrast energy of grating and digit stimuli, we
converted the nominal contrast values of both types
of stimulus into RMS contrast. We generated grating
images and digit images at 100 different contrast
levels and six spatial frequencies and calculated the
RMS contrast for every image. By averaging the
RMS contrast across orientations/digits and spatial
frequencies, we obtained the RMS contrast as a
function of nominal contrast for grating and digit
stimuli, respectively. Figure 2 shows the relationship
between the nominal and RMS contrasts for grating
and digit stimuli, which can be described by straight
lines with different slopes:

RMSgrating ¼ 0:2333Cgrating ð1aÞ

RMSdigit ¼ 0:1023Cdigit ð1bÞ

Second, contrast thresholds measured with the two

tasks may correspond to different d 0 performance
levels, which represent the distance between the means
of the signal and the noise distributions, divided by
their common standard deviation.42 The contrast
threshold measured by the 2AFC task with the Psi
method corresponds to 81.6% correct,43 or a d 0 of 1.27.
On the other hand, the contrast threshold measured by
the 10AFC task corresponds to 66.9% correct, or a d 0

of 1.99.24 To equate the d 0 performance level of the two
tasks, we converted the measured thresholds in the digit
task at 66.9% correct (d0¼ 1.99) into thresholds at 43%
correct (d0 ¼ 1.27) using a Weibull psychometric
function:

CSFd 0¼1:27 ¼ CSFd 0¼1:99
þ log10ðlog½ð1� cÞ=ð1� 0:43Þ�Þ=b; ð2Þ

where c¼ 0.1, and b¼ 2.74. (We used a fixed slope of
2.74 for the Psi method in the experiment.) With
Equations 1 and 2, we converted the estimated contrast
thresholds in both tasks into RMS contrast thresholds
at the same d 0 performance level of 1.27.

Agreement Between the CSFs From the Two Tasks
To evaluate the equivalency of the estimated CSFs,

we compared the CSFs obtained from the digit and
grating tests. The estimated contrast sensitivities at
the six spatial frequencies from the Psi method over
10 blocks of the digit and grating tasks for each young
observer are plotted in Figure 3. As we can see, after
equating the contrast energy and d 0 performance
levels, the CSFs obtained from the digit and grating
tasks were very close for all observers.

The repeated measure analysis of variance (AN-
OVA) showed that, for the young observers, there
was a significant effect of stimulus type, F(1, 4) ¼
12.99, P ¼ 0.023, with no significant interaction
between the stimulus type and spatial frequency, F(5,
20) ¼ 0.358, P ¼ 0.871, which suggests there was a
constant difference between the CSFs measured with
grating and digit. To quantify the amount of
difference between the CSFs obtained from the two
tasks, we calculated the RMS error (RMSE) between
them. As the CSF using the Psi method was measured
with six parallel adaptive procedures in six spatial
frequencies, the RMSE was evaluated every six trials,
one for each spatial frequency. Figure 4a shows the
RMSE as a function of trial number in Experiment 1.
The RMSE decreased drastically in the first 30 trials.
The average RMSE across all five young observers
was 0.131 6 0.042, 0.112 6 0.038, 0.095 6 0.040, and
0.093 6 0.029 log10 units after 30, 60, 120, and 300
trials, respectively. We also performed a correlation

Figure 2. The relationship between nominal and RMS contrasts
for grating and digit stimuli. Black line: grating; Red lines: digit; Red
dashed lines indicate 61 SD of the slopes of 10 digits.
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analysis on the estimated contrast sensitivities from
the two tasks (Fig. 4b). The Pearson correlation
coefficient was 0.991 (P ¼ 5.71 3 10�26).

Moreover, we performed a Bland-Altman analy-
sis44–46 to quantify the agreement between the
estimated CSFs from the digit and grating tasks
(Fig. 4c). The mean difference was�0.072 log10 units.
The limits of agreement were 6 0.128 log10 units.
Taken together, the results indicated that the estimat-
ed CSFs with the grating and digit stimuli were highly

matched with a small (approximately 0.1 log10 units)
constant difference across spatial frequencies.

Precision of the Two CSF Tests

The precision of a test can be gauged by the
standard deviation of test results from repeated
measures. We calculated the standard deviation of
the CSFs of 10 blocks in every six trials, and averaged
it across six spatial frequencies for each young
observer. The mean standard deviations over five

Figure 3. The CSFs from 10 blocks of digit and grating tasks for each young observer in Experiment 1. The blue and red curves represent
CSFs obtained from the grating (d0 ¼ 1.27) and digit (d0 ¼ 1.27, after conversion) tasks, respectively. Error bars: 61 SD.

Figure 4. (a) The average RMSE between the CSFs obtained from the digit and grating tasks as a function of trial number in Experiment
1. The dashed lines represents 6 1SD. (b) Scatter plot of the CSFs obtained from the two tasks for all young observers in Experiment 1. (c)
The Bland–Altman plot of the estimated CSFs from the digit and grating tasks in Experiment 1: the difference between the CSFs from the
two tasks against the mean of the CSFs from the two tasks. Different symbols represent different observers.
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young participants for the two tests are plotted as
functions of trial number in Figure 5. The average
standard deviation of the CSFs obtained from the
digit task decreased rapidly in the first 50 trials. After
the first 24 trials, the standard deviation of the CSFs
from the digit task was lower than that of grating
CSF. The standard deviation of the CSFs was 0.184
6 0.018, 0.111 6 0.016, 0.078 6 0.009, and 0.049 6

0.007 log10 units after 30, 60, 120, and 300 trials,
respectively, from the digit task and 0.311 6 0.054,
0.215 6 0.062, 0.124 6 0.026, and 0.054 6 0.008
log10 units after 30, 60, 120, and 300 trials,
respectively, from the grating task. The t-tests have
been applied to compare the standard deviations of
the CSFs at each trial with 0.1 log10 units for two
tasks. The standard deviation of CSFs from the digit
task decreased to 0.1 log10 units after 60 trials (t[4]¼
1.508, P¼ 0.206) and became significantly lower than
0.1 log10 units after 96 trials (t[4]¼ 2.867, P¼ 0.046).
In contrast, the standard deviation of CSFs from the
grating task required at least 90 trials to reach 0.1
log10 units (t[4] ¼ 2.556, P ¼ 0.063) and 162 trials to
get below 0.1 log10 units (t[4]¼ 3.007, P¼ 0.040). The
digit test exhibited higher precision.

Test–Retest Reliability of the Digit CSF Test
To evaluate the test–retest reliability of the digit

test with the Psi method in young group, we analyzed
the overall concordance correlation coefficient
(OCCC)47,48 for measuring agreement among 10 digit
assessments. The OCCC is the weighted average of
the pairwise concordance correlation coefficient
(CCC) between any two assessments, which evaluates
the agreement between two tests by computing the

weighted average of the pairwise CCC between any
two assessments and has desirable characteristics.
Concretely, the OCCC is estimated by the following
equation47:

cqC
O ¼

2
PJ�1

j¼1
PJ

k¼jþ1 Sjk

J� 1ð Þ
PJ

j¼1 S
2
j þ J

PJ
j¼1 Y�j � Y��
� �2 ð3Þ

where each of J observers assesses each of N subjects
(a random sample from the population of interest)
with a continuous scale Y. And Yij is the estimate
from observer j for subject i (i¼1, . . . , N). Y�j, Sj, and
Sjk represent as sample means, variances, and
covariances, respectively. In Experiment 1, the mean
OCCC of the estimated digit CSF across five young
observers was 0.956 6 0.157.

Properties of the Psychometric Functions in the Digit
CSF Test

In the procedure, we treated all 10 digits as
equivalent stimuli and used a single psychometric
function to model observer’s performance in each
spatial frequency condition. Although the similarities
structure among filtered digits were improved with
our design,25 the RMS contrasts of different digits
with the same nominal contrast were different (as
evidenced by the SD of RMS contrast function for
digit stimuli in Fig. 2). This would undermine the
assumption of the single psychometric function. To
evaluate if the difference in RMS contrast impaired
the fidelity of the estimated CSF, we examined the
psychometric function for each digit at each spatial
frequency by collecting a large amount of data in
Experiment 1.

For each observer in Experiment 1, there were a
total of 6 (spatial frequency) 3 10 (digit) 3 50 (trials
per digit). This allowed us to construct 6 (spatial
frequency) 3 10 (digit) psychometric functions for
each observer and fit them with Weibull functions
using a maximum likelihood procedure.49

Two models were used in the fitting procedure. In
Model I, the threshold and slope of the Weibull
function are independent across all the digit and
spatial frequency conditions. In Model II, we
constrained the slope of the Weibull function to be
the same across all the digit and spatial frequency
conditions. A v2 test was used to test the goodness of
fit of/between the nested models.49 Both models
showed significant good fit to the raw psychometric
function for all observers (v2 test, all P . 0.4, Table
2). Model comparison showed that the two models
were equivalent (v2[59], all P . 0.10, Table 2),

Figure 5. The average standard deviation of the estimated CSFs
from the two tasks as functions of trial number in Experiment 1.
The red and blue curves represent results from the digit and grating
tests, respectively. The dashed lines represent 61 SD.

7 TVST j 2019 j Vol. 8 j No. 6 j Article 16

Zheng et al.



suggesting that the slope of the psychometric func-
tions was the same across all the conditions. The best
fitting model for Y1 is showed in Figure 6.

Based on the best fitting model for each observer,
we calculated the threshold and slope of the
psychometric function in each digit and spatial
frequency condition. The average slope across ob-
servers was 2.93 6 0.45, which was not significantly
different from the fixed slope of 2.74 used in the
experiment (t[4] ¼ 0.923, P ¼ 0.408). In Figure 7, we
plot the average threshold across all digit conditions
against the estimated threshold from the Psi method
for all the observers and all the spatial frequency
conditions. The two measures matched extremely
well, with a RMSE of only 0.038 log10 unit. The
diagonal line accounted for 99.4% of the variance.

Confusion Matrix
To gain a more complete picture of observer

behavior in the digit identification task, we combined
the data from all the observers and computed a

confusion matrix (Fig. 8a). The ith column of the
confusion matrix represents the frequency of report-
ing the jth (j¼ 1, 2, . . . 10) digit when the ith digit was
presented to the observer. The diagonal entries of the
confusion matrix indicated the frequency of correct
responses. Across all digits, 70.2% responses were
correct, with digit 7 being the least confusable digit
with a 92% correct response rate. The off-diagonal
entries indicated ‘‘confusion.’’ Those with more than
10% response rate were highlighted in red. Digit 8 was
the most confusing digit, and was confused with digit
3 and 5 quite often.

Given the complicated behavioral responses of the
observer in the 10AFC digit identification task, one
would ask whether the CSF measured with the
complicated task can faithfully reflect the sensory
limitation of our visual system. To answer the
question, we constructed a simple observer model,
in which:

Table 2. Results of the Model Fit for All Observers

Observer Y1 Y2 Y3 Y4 Y5

Model I
v2(2880) 2.75 3 103 2.87 3 103 2.59 3 103 2.88 3 103 2.62 3 103

P 0.963 0.550 1.00 0.498 1.00
Model II

v2(2939) 2.81 3 103 2.94 3 103 2.65 3 103 2.95 3 103 2.69 3 103

P 0.950 0.476 1.00 0.421 1.00
Model II vs. Model I

v2(59) 67.8 73.1 64.1 73.9 64.7
P 0.202 0.103 0.301 0.092 0.285

Figure 6. The best fitting model (Model II) for Y1.
Figure 7. The comparison between the average threshold across
10 digits and the estimated threshold from the Psi method.
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1. The observer has full knowledge of all filtered
digits when they are at the highest contrast;

2. The input of an ith digit input is represented in
the jth digit template with an mean activation
that is proportional to the complex wavelet
structural similarity indexes (CWSSIM)50 of the
filtered digits25 (Fig. 10b), between the input and
the template.

3. Because we did not use external noise and have
collapsed all the spatial frequency conditions in

this analysis, we made another simplifying
assumption that the gain of the digit templates
is 1, and the internal noise in each digit channel
is a Gaussian random variable. The internal
noise in all channels is independent and identi-
cally-distributed with the same standard devia-
tion, Na.

4. The observer reports the digit associated with
the template that has the maximum activation.

The model can be expressed with the following

Figure 8. (a) The digit response confusion matrix. The ith column of the confusion matrix represents the frequency of reporting the jth
digit when the ith digit was presented to the observer. (b) The complex wavelet structural similarity indexes (CW-SSIM) of the filtered
digit stimuli. (c) Scatter plot of the entries of the observed confusion matrix against the CW-SSIM based model predictions.

Figure 9. The averaged CSFs from the digit and grating tasks with the qCSF method in older group. The blue and red curves represent
CSFs obtained from the grating (d0 ¼ 1.27) and digit (d0 ¼ 1.27, after conversion) tasks, respectively. The shaded regions represent 61
inter-run SD.

9 TVST j 2019 j Vol. 8 j No. 6 j Article 16

Zheng et al.



mathematical expression:

Ri ¼ arg max
j

CWSSIMi;j þNa � G½0; 1�
� �

; ð4Þ

where G(0,1) is a Gaussian random variable with
mean of zero and standard deviation of one. After
considering the image similarity, the model with one
additive noise parameter provided an excellent fit to
the confusion matrix (the maximum likelihood
procedure, v2 test, v2[99] ¼ 3.42, P ¼ 0.999). The
observed confusion matrix is plotted against the
model predictions in Figure 8c. The correlation
between them is 0.960 (P , 0.001). The results
suggested the CSF measured with the 10-AFC digit
identification task can faithfully reflect the sensory
constraint.

Experiment 2

In Experiment 1, we showed that the CSF
measured with the digit and grating stimuli matched
well in young observers. Because the data from a
diverse population is more convincing, we further
compared the CSFs measured with digit and grating
in a group of older participants.

Method

In Experiment 2, the quick CSF procedure (qCSF)
used in our previous study25 was used to save the
testing time. Older participants who were not familiar
with computers were asked to verbally report the
identity of the digit stimulus, and their responses were

collected by the experimenter via the computer
keyboard. The rest of the experiment setup, such as
apparatus and stimuli, were exactly the same as those
used in Experiment 1.

Observers
Five older participants (mean age, 65 6 5.15 years;

age range, 60–73 years) from the local communities in
Wenzhou, Zhejiang, China, took part in Experiment
2. The first and second authors performed the
ophthalmologic and optometric examinations for
them. All observers were phakic and had normal or
corrected-to-normal vision (logMAR � 0). The
observers showed no sign of eye disease other than
cataract (O1–O5) and pterygium (O1, right eye). They
also were free from diabetes, hypertension, and
cognitive deficits (Mini-Mental State Examination
[MMSE] . 26 points), and no history of mental
diseases. All participants were naive to the purpose of
the study. The study protocol adhered to the tenets of
the Declaration of Helsinki and was approved by the
institutional review board of human subject research
of the Eye Hospital at Wenzhou Medical University.
Written informed consent was obtained before the
experiment for all observers.

Procedure and Design
Contrast sensitivities at 0.50, 1, 2, 4, 8, and 15.8

cpd were measured using the qCSF method with
grating24 and digit stimuli.25 Each participant com-
pleted six qCSF runs with grating task and six qCSF
runs with digit task over a total of three days. Each
qCSF run consisted of 100 trials and lasted approx-

Figure 10. (a) The average RMSE between the CSFs obtained from the digit and grating tasks as a function of trial number for older
observers in Experiment 2. The dashed lines represents 6 1SD. (b) The Bland–Altman plot of the estimated contrast sensitivities from the
digit and grating tasks in Experiment 2. Different symbols represent different observers. (c) The average standard deviation of the
estimated CSFs from the two tasks as functions of trial number in Experiment 2. The red and blue curves represent results from the digit
and grating tests, respectively. The dotted lines represent 61 SD.
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imately 10 minutes. Participants were given five
minutes to adapt to the dim test environment before
the test in each day. Some participants who usually
did not wear spectacles were given an additional 25
minutes to get used to their prescribed optical
correction.

Results

Agreement Between the CSFs From the Two Tasks
We compared the CSFs obtained from the grating

and digit qCSF in the older group using same
correction in Experiment 1. The CSFs from six qCSF
runs with grating and digit stimuli are plotted in
Figure 9. After equating the contrast energy and d 0

performance levels, the CSFs obtained from the digit
task were close to those from the grating task for all
older observers.

The result of the repeated measure ANOVA
showed a similar pattern to that in the young group.
For the older observers, there was a significant effect
of stimulus type (F[1, 4] ¼ 32.2, P ¼ 0.005), with no
significant interaction between stimulus type and
spatial frequency (F[5, 20] ¼ 0.231, P ¼ 0.945). We
also calculated the RMSE between the CSFs obtained
from the two tasks to further quantify the agreement
between them. From Figure 10a, we can see that the
RMSE decreased rapidly in the first 10 trials. The
average RMSE across all older observers was 0.159 6

0.041, 0.125 6 0.034, 0.126 6 0.024, and 0.131 6

0.016 log10 units after 15, 30, 60, and 100 trials,
respectively. We also performed a Bland-Altman
analysis44–46 to quantify the agreement between the
estimated contrast sensitivities from the digit and
grating tasks in Experiment 2 (Fig. 10b). The mean
difference was �0.107 log10 units. The limits of
agreement were 60.151 log10 units.

Precision of the Two CSF Tests
The similar pattern of the standard deviation as

functions of trial number also was shown for older
observers (Fig. 10c). The average standard deviation
of the CSFs among six blocks obtained from the digit
task decreased rapidly in the first 20 trials. After the
first five trials, the standard deviation of the CSFs
from the digit task was lower than that of grating
CSF. The standard deviation of the CSFs was 0.114
6 0.016, 0.087 6 0.023, 0.074 6 0.015, and 0.068 6

0.018 log10 units after 15, 30, 60, and 100 trials,
respectively, for the digit task and 0.181 6 0.022,
0.122 6 0.042, 0.122 6 0.061, and 0.105 6 0.052
log10 units after 15, 30, 60, and 100 trials, respective-
ly, for the grating task. For the digit task, the

standard deviation of the CSFs reached 0.1 log10
units after 15 trials (t[4]) ¼ 1.867, P ¼ 0.135) and
became significantly lower than 0.1 log10 units after
47 trials (t[4]¼ 3.225, P¼ 0.032). For the grating task,
the standard deviation of the CSFs reached 0.1 log10
units in 21 trials (t[4]¼ 2.314, P¼ 0.082) but never got
below 0.1 log10 units in the entire run (Ps . 0.05 for
trials after 21). Again, the digit test was more precise.

Test–Retest Reliability of the Digit CSF Test
To evaluate the test–retest reliability of the digit

test with qCSF method for older observers, we
analyzed the OCCC with Equation 3 for assessing
agreement among six digit measurements. The mean
OCCC of the estimated CSF across five older
observers in Experiment 2 was 0.913 6 0.042.

Discussion

In this study, we compared the CSFs obtained
from a digit identification task with those from a
more traditional grating orientation identification
task. We found that, after controlling for stimulus
type and performance level differences, the CSFs
obtained from the two tasks highly matched for
young and older observers. However, if we defined
the efficiency as the standard deviation change per
unit time or trial,24 the digit CSF test was more
efficient than the grating CSF test. For young
observers, with 120 trials, the standard deviation of
the estimated contrast sensitivities was 0.078 6 0.009
and 0.124 6 0.026 log10 units for the digit and
grating tests, respectively. For older observers, after
60 trials the standard deviation of the CSFs was 0.074
6 0.015 and 0.122 6 0.061 log10 units for the digit
and grating tests, respectively. To reach the same
standard deviation, the digit CSF test required fewer
trials/less time than the grating CSF. In addition, we
found, through a detailed analysis of the psychomet-
ric functions for individual digits, that the average
thresholds over all digits matched the estimated
thresholds in the experiment with a method that
assumed a single psychometric function for all the
digits and the complicated behavioral responses of the
observer in the 10AFC digit identification task can
faithfully reflect the sensory constraint of the visual
system. The results suggested that the digit CSF test
provides a compatible assessment of the CSF as the
traditional grating CSF test with more efficiency.

From a first principle point of view, the CSFs
should be independent of the task used in measure-
ment, because the contrast threshold is determined by
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the sensory constraint of the same visual system.
Previously, we have shown that the CSF could be
decomposed into several key system limiting factors:
internal additive noise, template gain, multiplicative
noise, and transducer non-linearity.28,51 The only
difference between the grating and digit CSF tests are
the input stimuli and response structure; the system
parameters do not change. That is why it is not
surprising to find the equivalency of the two tests
after we matched the stimulus energy and perfor-
mance level. Because we have only collected data in
the zero external noise condition in this study, we
cannot fully determine the system parameters.52–54 It
would be interesting to compare these system
parameters between grating and digit tasks in future
studies with data in a range of external noise
conditions.

One potential complication with the use of digit
stimuli is that they are not all equivalent and
nonorthogonal. This may introduce response bias in
multialternative forced choice tasks.55,56 The digit
stimuli used in the current study were developed in a
parallel study and had an improved similarity
structure compared to those used in the chart
reported by Khambhiphanta et al.25 Bandpass filter-
ing26,28 further reduced the standard deviation of the
pairwise similarities (CW-SSIM) between digits to
0.126. In this study, we analyzed the confusion matrix
by aggregating the data from all observers, and found
that it can be well predicted by the CW-SSIM matrix
of the stimuli. The result suggested that we can
incorporate CW-SSIM into future development of the
CSF test to take into account the nonorthogonal
nature of the stimuli.

Consistent with the results in the literature for
Sloan letters,35 we found that the slopes of the
psychometric functions were the same across the 10
digits and all the spatial frequencies. The finding is
consistent with our previous observation that the
slope of the psychometric function is constant across
different spatial frequency and external noise condi-
tions.28,43,51 The observed slope invariance supports
the ‘‘homogeneity assumption’’ of slope for all
pattern-detecting mechanisms.57 It also is an impor-
tant regularity that we can exploit to model human
performance in multiple conditions. For example, the
qCSF method makes use of the fixed slope across
spatial frequencies to gain testing efficiency.15,24,43

CSF tests with grating stimuli traditionally have
been performed either with stimuli of a fixed size
(and, therefore, different numbers of sinewave cy-
cles),34,58 or Gabors with a fixed number of cycles

(and therefore different sizes).58 Pelli and Bex5 suggest
that the use of a fixed number of sinewave cycles is
better because neurons in the visual cortex are
roughly spatial scale-invariant, and fixing stimulus
size would introduce additional processes, such as
spatial summation as spatial frequency increase.59

The grating stimuli with a fixed number of sinewave
cycles was used in the current experiment. In digit or
letter CSF tests, the stimuli are scaled to generate tests
at different spatial frequencies so that the size of
grating stimuli was identical to that of the digit stimuli
at same spatial frequency.

In summary, our results suggested that the digit
CSF test provides a compatible assessment of the CSF
as the traditional grating CSF test with more
efficiency. It can be incorporated into vision assess-
ment instruments to test people unfamiliar with the
Latin alphabet.
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