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ABSTRACT

THE EFFECT OF CONTEXT-DEPENDENT
LIGHTNESS ON CONTRAST DETECTION AND

IDENTIFICATION, AND ITS NEURAL CORRELATES

Zahide Pamir Karatok

Ph.D. in Neuroscience

Advisor: Hüseyin Boyacı

October 2017

Perceived contrast of a grating varies with its background (or mean) luminance:

of the two gratings with the same photometric contrast the one on higher lumi-

nance background appears to have higher contrast. On the other hand, context

often causes a large perceived difference between equiluminant regions (e.g., si-

multaneous brightness contrast). Does perceived contrast also vary with context-

dependent background lightness even when the luminance remains constant?

In this study, the effect of context-dependent lightness on contrast perception

was investigated using psychophysical and functional magnetic resonance imag-

ing (fMRI) methods. First, we measured appearance judgments of participants

and demonstrated that context-dependent lightness of background influences the

perceived contrast of rectified gratings. Perceived contrast of gratings superim-

posed on equiluminant but perceptually lighter background is higher compared

to ones on perceptually darker backgrounds. However, this pattern is valid only

for incremental, not for decremental contrast.

Literature indicates a significant difference between visual processing near and

above threshold. Also, behaviorally it has been shown that appearance and

threshold tasks are mediated by different mechanisms. Therefore, here, we also

measured the effect of context-dependent lightness on contrast detection and

discrimination thresholds using a 2-IFC procedure. Results indicate that both

detection and discrimination thresholds are lower for the gratings superimposed

on perceptually lighter backgrounds. Differently from the appearance results, the

effect was observed both for incremental and decremental contrast.

In an fMRI study, we investigated whether activity in any brain region cor-

relates with background-lightness-dependent contrast perception. Although our

stimulus was physically identical, we observed difference in BOLD response within

pre-defined region of interests (ROIs) in different visual areas. Both for incremen-

tal and decremental contrast, activation, especially in V1, was greater when the
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grating was superimposed on lighter background for all the contrast levels tested.

Variation in V1 activity with varying contrast links better with the detection

and discrimination thresholds than the appearance results. Therefore, this study

might offer a neural evidence for dissociation between the mechanisms underly-

ing detection (threshold) and identification (appearance) measures. However, the

relationship between the threshold and fMRI data does not really agree with the

previous findings in literature. These results indicate that the neural activation

caused by the detection mechanism may change depending on the absolute or

perceived value of the contrast.

Keywords: Contrast, lightness, context, detection, identification, threshold, ap-

pearance.



ÖZET

BAG̃LAMA DAYALI AÇIKLIG̃IN KONTRAST
SAPTAMA VE TANIMLAMA ÜZERİNDEKİ ETKİSİ VE

BU ETKİNİN NÖRAL KORELASYONLARI

Zahide Pamir Karatok

Nörobilim, Doktora

Tez Danışmanı: Hüseyin Boyacı

Ekim 2017

Basit bir görsel uyaranın algılanan kontrastı, üzerinde bulunduğu fonun lumi-

nansına (veya ortalama luminansa) bağlı olarak değişir. Fiziksel olarak eşit

kontrasta sahip iki uyarandan yüksek luminanslı fonda gösterilen uyaranın kon-

trastı daha yüksek algılanmaktadır. Bir diğer yandan, bağlam sıklıkla luminansı

eşit uyaranların algılanan değerlerinin (örneğin açıklık) farklı olmasına sebep

olur (eş zamanlı parlaklık kontrastı uyaranı gibi). Bu bilgiler algılanan kon-

trastın fonun luminansı sabit tutulduğunda bağlamın etkisiyle değişen açıklık

değerine bağlı olarak değişip değişmeyeceği sorusunu doğurmaktadır. Bu soruyu

yanıtlamak amacıyla, bu çalışmada, psikofizik ve fonksiyonel manyetik rezo-

nans görüntüleme (fMRG) yöntemleri kullanılarak, bağlama dayalı açıklığın kon-

trast algısı üzerindeki etkisi araştırılmıştır. Bunun için ilk olarak bağlama

dayalı açıklığın algılanan kontrastı nasıl etkilediği ölçülmüş ve bir kontrast

barının algılanan kontrastının üzerinde bulunduğu fonun açıklık değerinden etk-

ilendiği gösterilmiştir. Buna göre, fiziksel olarak tamamen birbirinin aynı ol-

malarına karşın, açıklık değeri yüksek olan fon üzerindeki barın kontrastı daha

yüksek olarak değerlendirilmiştir. Sonuçlara göre, görsel sistemin açıklık değerini

algılanan kontrast değerinin hesaplanmasında kullandığı görülmüştür. Fakat bu

etki, sadece luminansı artan kontrast barları (pozitif kontrast) kullanıldığında

görülmüş; luminansı azalan kontrast barları (negatif kontrast) kullanıldığında ise

kaybolmuştur.

Literatürde, bir uyaranın algılanan değerinin ve eşik değerinin farklı mekaniz-

malar tarafından belirlendiğine dair bulgular mevcuttur. Bu nedenle, bu

çalışmada ayrıca bağlama dayalı açıklığın kontrast saptama ve ayırsama

eşiğini nasıl etkilediği uyumsal iki aralıklı zorunlu seçim yöntemi kullanılarak

araştırılmıştır. Sonuçlar, kontrast barlarının açıklığı yüksek olan fon üzerine

yerleştirildiğinde açıklığı düşük olan fon üzerine yerleştirilmelerine kıyasla sezim
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ve ayırsama eşiğinin daha düşük olduğunu göstermiştir. Algılanan kontrast

deneylerinden farklı olarak burada hem pozitif hem negatif kontrast barları

bağlama dayalı açıklıktan etkilenmiştir.

fMRG çalışmasında, beyindeki nöral aktivasyonun bağlama dayalı açıklık etk-

isini yansıtıp yansıtmadığı araştırılmıştır. Gösterilen fon ve kontrast barları fizik-

sel olarak tamamen birbirinin aynı olmasına karşın görsel alanlarda önceden belir-

lenmiş ilgi bölgeleri içinde bu uyaranlara verilen tepki farklılık göstermiştir. Buna

göre, özellikle V1 bölgesinde, test edilen tüm kontrast değerleri için kontrast bar-

larının, açıklığı daha yüksek olan fonlara yerleştirildiği durumda daha yüksek

BOLD aktivasyonuna sebep olduğu gözlenmiştir. V1’deki aktivasyon değişimi

algılanan kontrast değerlerine kıyasla eşik değerleriyle daha uyumludur. Bu ne-

denle, bu çalışmanın saptama ve tanımlama görevlerinin farklı mekanizmalar

tarafından yürütüldüğüne dair nöral bir kanıt olduğu düşünülmektedir. Fakat,

bu çalışmadaki eşik ile fMRI verileri arasındaki ilişki, literatürdeki daha önceki

bulgularla tam olarak uyumlu değildir. Bu sonuçlar saptama mekanizmasının

yarattığı nöral aktivasyonun kontrastın mutlak veya algılanan değerlerine bağlı

olarak da değişebileceği sonucuna işaret etmektedir.

Anahtar sözcükler : Kontrast, açıklık, saptama, tanımlama, eşik, görünüm.
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Chapter 1

Introduction

1.1 Background

Visual information processing begins in the retina by detection of visible light

[e.g., 1, 2, 3, 4]. Light reflected from the visual world is transduced into neural

activity by photoreceptors, rods and cones, and transmitted to retinal ganglion

cells in the retina [2, 3]. Because of the center-surround receptive field organiza-

tion of the retinal ganglion cells, they respond antagonistically to a stimulation in

their center and surround region. For instance, for an ON-center OFF-surround

neuron, increased luminance at the center increases its response, but increased lu-

minance at the surround decreases it. Therefore, a visual neuron responds weakly

to uniform illumination of whole receptive field and it responds strongly when the

light intensities in the center and surround are quite different [1, 2, 3, 4]. Hence,

the output of retina is not a faithful reproduction of light that reaches the eye

from the external world. Instead, it is mostly the contrasts in light [1, 5, 6].1

The sensitivity of the retina to the contrast of an image rather than its absolute

1Vision scientists define contrast as a difference in light intensity between dark and light
regions of a visual stimulus; or a measure of differences in luminance between light and dark
regions compared to the mean luminance in an image [e.g., 7, 8] and calculate the local contrast
in an image using various formulas, such as those of Michelson or Weber contrast.
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amount of light is not a defect of the visual system. On the contrary, this is what

makes the visual system so robust and reliable. The absolute amount of light de-

tected by retina is primarily determined by the intensity of light source such that

increasing the ambient light intensity also increases the amount of light reflected

by objects [1]. However, in order to identify a particular visual object as the

same object under different viewing conditions, visual system should be able to

give a fixed response, independent of light source, to the light reflected from that

object. The absolute amount of light is relatively inadequate to succeed in object

identification [1, 9, 10] because of its dependence on light source. On the other

hand, contrast information is quite informative because it is mostly preserved

despite the changing ambient light intensity. Thus, the center-surround receptive

field organization provides an adaptive advantage by eliminating the uninforma-

tive information and transmit the most meaningful information to higher levels

in the processing [1]. By doing this, the visual system also ensures to preserve the

small differences in light intensity. The visual information is slightly distorted in

each relay step it is transmitted during the information processing. Therefore,

if information about absolute amount of light is directly sent to higher levels,

small differences in light intensities might be lost and not detected because of the

distortion. In order to minimize this potential lost, the visual system computes

contrast in the retina, at the very beginning of the information processing [1]. On

the other hand, by now it is well established that the human visual system is not

primarily concerned with estimating the physical and optical properties of images

formed on the retina. Instead it seems to be more interested in estimating object

and scene properties that are critical for the fitness of the organism [see e.g.,

11, 12]. Therefore, despite the elaborate computation of contrast in the retina,

photometric quantities of contrast computed in the retina do not always capture

the relevant perceived qualities in the image [13], For instance, it is well known

that perceived contrast of a simple isolated stimulus, such as a grating, is affected

by its spatial frequency and background (or mean) luminance, the measure of the

intensity of light reflected from a surface, even when its calculated photometric

contrast remains the same [e.g., 7, 14, 15, 16, 17, 18].

While how the visual system accomplishes this remarkable feat of estimating
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Figure 1.1: Illusory checkerboard stimulus. “Context squares”, A and B have
identical luminance but different lightness.

object and scene properties given a pair of inherently ambiguous retinal images

is far from being completely understood, it is certain that it uses myriad of

contextual cues that are present in a typical everyday scene. For example, in

simple configurations luminance and lightness, defined as the perceived relative

reflectance, covary. However, it is well known that lightness and luminance do not

always covary, instead lightness depends on the context within which the surface

is viewed. An example can be seen in Figure 1.1 that even though two surfaces

marked as A and B (context squares, CSs) are equiluminant, because of their

respective contexts, the visual system estimates (correctly) that their lightnesses

are different [also see 19, 20, 21, 22, 2].
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Considering the discrepancy between luminance and lightness as Figure 1.1

convincingly demonstrates, a new question arises: does perceived contrast of a

grating vary with the luminance or lightness of its background? In other words,

suppose that we superimpose grating patterns on CSs (see Figure 2.4), what

happens to the perceived contrast of those gratings? If contrast perception varies

only with luminance, we would not expect to see any differences in perceived

contrast of gratings superimposed on the CSs. Such a result would indicate that

unlike other visual features such as luminance [see e.g., 19, 10, 23] or size [see

e.g., 24, 25, 26], contrast is largely preserved as it is computed in the retina.

Alternatively, contrast might vary with lightness. Then, this would suggest that

it is affected by visual context like many other visual features whose computation

begins in the retina [see e.g., 19, 10, 23, 24, 25, 26]. The distinction is critical

to fully understand the underlying mechanisms of contrast perception. Also, this

would help us to understand the visual system better because contrast critically

affects visual performance on many tasks such as object identification, speed

judgment or motion detection [16]. Moreover, some other features of a visual

stimulus such as shape, texture and size are determined via contrast within the

object or between the object and background [2]. In addition to these, there

is evidence that contrast and luminance are processed via different networks in

brain [27, 28, 29, 16]. Therefore, it could also indicate at which level contrast,

luminance and lightness operate and interact in the visual system.

Even though context-dependent lightness has been studied extensively [e.g., 30,

31, 32], its effect on perceived contrast was not studied directly and systematically

previously. In a number of studies, related problems, particularly the effects of

context-dependent lightness (and brightness) on luminance discrimination and

detection thresholds were addressed [e.g., 33, 9, 34, 35, 31]. Maertens, Wichmann,

and Shapley [36] investigated the effect of surrounding context on the lightness

of elliptical regions using Adelson’s cylinder-and-checkerboard stimulus [37], and

Shapley and Reid’s stimulus [38]. In both types of context the authors placed

elliptical targets on perceived-dark and perceived-light squares which were in fact

equiluminant. They found that lightness of ellipses were assimilated, for example

the ellipse placed on perceived-lighter square was also perceived lighter. However
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they did not asses perceived contrast between those ellipses and their background

explicitly, in fact they offered models to explain their lightness results based on

the photometric contrast values. Therefore, in a series of studies, we aimed to

directly examine the effect of context-dependent lightness on contrast perception.

1.2 Scope and Motivation of the Present Study

In order to investigate the effect of context-dependent lightness on contrast per-

ception, we conducted behavioral and fMRI experiments. First, we conducted

behavioral experiments in order to investigate how context-dependent lightness

affects contrast appearance judgments (i.e. perceived contrast or contrast iden-

tification) and contrast detection and discrimination thresholds. In chapter 2,

I introduce a study in which we investigate how perceived contrast of a grating

is affected by the luminance and context-dependent lightness of its background

[39]. We measured the perceived contrast of incremental and decremental rec-

tified square-wave gratings superimposed on equiluminant but perceptually dif-

ferent backgrounds. Our results demonstrated that context-dependent lightness

affects the judgments for contrast. More specifically, perceived contrast of grat-

ings superimposed on equiluminant but perceptually lighter backgrounds was

higher compared to those superimposed on perceptually darker backgrounds. In

this experiment, we examined the appearance of gratings and we published the

results [39].

There is converging behavioral and neural evidence in literature that detec-

tion and identification are processed at least by partly separate mechanisms in the

brain [9, 40, 41]. For instance, Hillis and Brainard [9] previously indicated that

although object detection and identification require the processing of luminance

pattern in a stimulus, demands of the two tasks are different. Object detection

requires to detect differences in luminance between a particular object and adja-

cent objects whereas object identification requires to give a fixed response across

changing viewing conditions. Considering these different demands, they claimed
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appearance judgment tasks as we did in our previous experiment model the ob-

ject identification whereas detection and discrimination threshold tasks model the

object detection performance. They also showed behaviorally that detection, and

identification of incremental elliptical patches in complex scenes similar to ours

were mediated by different mechanisms. Besides, literature indicates significant

differences between visual processing near threshold and above threshold [42].

Therefore, it is also crucial for us to understand how context-dependent light-

ness affects detection and discrimination thresholds of contrast gratings. Here,

detection threshold refers to the smallest amount of stimulus energy necessary to

detect its presence whereas discrimination threshold can be defined as the small-

est difference between two stimuli that a person can detect. With this motivation,

in the present study we also aim to investigate the effect of context-dependent

lightness on contrast thresholds. In Chapter 3 and Chapter 4, studies in which we

investigate how context-dependent lightness affects contrast threshold perception

are explained in detail. To examine whether context-dependent lightness has an

effect on threshold-level contrast perception, we first conducted detection thresh-

old experiments using our illusory checkerboard stimulus (see Chapter 3). The

checkerboard we used in our studies has a strong illusory effect. Therefore, we

also tested a weaker illusory lightness stimulus, i.e. the simultaneous brightness

contrast (SBC, see an example in Figure 4.1) because we predicted that the effect

will correlate with the strength of the illusory lightness effect (see Chapter 4).

In these experiments we tested incremental and decremental contrast types, and

different frequency levels.

In this study, we also aim to systematically investigate the neural correlates of

the context-dependent lightness effect on perceived contrast and contrast thresh-

olds using functional magnetic resonance imaging (fMRI) techniques in order to

unveil the underlying neural mechanisms of the context-dependent lightness ef-

fect. In Chapter 5 and Chapter 6, fMRI studies are explained in detail. First, an

fMRI experiment is conducted in order to examine the effect of context-dependent

lightness on associated cortical activity (see Chapter 5). In this study, an inter-

esting relationship between the fMRI, contrast appearance and contrast threshold

results was observed. In order to investigate this relationship systematically and
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to link behavioral and neural data better, we conducted additional behavioral and

fMRI experiments of contrast detection and discrimination (see Chapter 6). Re-

sults of this study offer a neural evidence for dissociation between the mechanisms

underlying detection and identification measures.
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Chapter 2

Perceived Contrast in Context

This chapter is based on a publication by Z. Pamir and H. Boyaci, ”Context-

dependent lightness affects perceived contrast,” Vision Research, vol. 124, pp.

24-33, 2016. Reproduced (or reproduced in part) with permission from Elsevier

Publications (order number: 4161820641422).

Measurement of the lightness experiment in Section 2.2 is previously reported

in a master’s thesis titled ”The effect of context luminance on contrast percep-

tion” and submitted to the Graduate School of Informatics Institute of Middle

East Technical University in August, 2014 by Zahide Pamir. The same data is

also reported here in order to show that the illusory checkerboard stimulus used

in the present experiments ensures the desired lightness effect. Data for the other

experiments in this dissertation is collected especially for this Ph.D. study us-

ing the optimal experimental design and parameters decided upon the results of

experiments conducted for the above-mentioned master’s thesis.

2.1 Introduction

In this study, we investigated the effect of context-dependent lightness on per-

ceived contrast using a stimulus inspired by Adelson’s checkerboard stimulus [37].
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There were two equiluminant context squares (CSs) on the stimulus, lightnesses

of which appeared considerably different (Figure 2.1). This stimulus allowed us

to keep the luminance constant and test only the effect of context-dependent

lightness.

We conducted two series of experiments in the study. Firstly, we as-

sessed the lightness effect in the stimulus after applying several image ma-

nipulations (see Figure 2.1). In the second experiment we measured the per-

ceived contrast of rectified square-wave gratings superimposed on the CSs (see

Figure 2.4). Using rectified gratings allowed us to study positive and nega-

tive contrast patterns independently, which was critical because both behav-

ioral and neural evidence in previous studies suggest fundamental differences

between processing of incremental and decremental luminance patterns [e.g.,

43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53]. Previous studies in literature have

found interactions between spatial frequency and mean luminance in contrast

perception using simple gratings [54, 14, 55, 15, 56]. More specifically, perceived

contrast of high-frequency gratings were more strongly affected by the mean lu-

minance [15]. Therefore, in our experiments we included spatial frequency as a

further condition. Besides, additional control experiments were conducted to ad-

dress possible confounds and the effect of actual changes in luminance. Detailed

information about the experiments can be found in [39].

2.2 Measurement of the Lightness Effect

In this experiment, we quantified the lightness effect in the illusory checkerboard

stimulus after several image manipulations in order to ensure that there is a

significant lightness effect in our stimulus. The lightness effect is defined and

quantified as the difference between the lightnesses of the CSs marked “A” and

“B” in Figure 2.1. Also, the other purpose of this experiment was to find the

impact of image manipulations on the strength of the lightness effect. This al-

lowed us to identify the stimuli with strong lightness effects to use in subsequent

contrast experiments.
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Figure 2.1: Examples of the stimulus after image manipulations. “Context
squares” (CSs), A and B in the first image and in the same position in all images,
have identical luminance but different lightness.

2.2.1 Methods

2.2.1.1 Participants

Eight participants (three male) including the author ZP participated in the ex-

periment. The mean age was approximately 23.4 ranging from 21 to 26. All

participants reported normal or corrected-to-normal vision, and had no history of

neurological or visual disorders. Participants gave their written informed consent

and the experimental protocols were approved by the Human Ethics Committee

of Bilkent University.

2.2.1.2 Stimuli and Design

The experimental software was prepared by us using the Java programming

platform. The stimuli were presented on a CRT monitor (HP P1230, 22 inch,

1600×1200 resolution). Presentation of correct luminance values was ensured

by using a gray scale look-up table prepared after direct measurements with a

colorimeter (SpectroCAL, Cambridge Research Systems Ltd., UK). Participants

were seated 75 cm from the monitor, and their heads were stabilized using a chin

rest. Participants’ responses were collected via a standard computer keyboard.

A variant of Adelson’s checkerboard stimulus (“illusory checkerboard stimulus”
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Figure 2.2: Lightness experiment. Participants’ task was to adjust the luminance
of an external patch to match the lightness of the context squares. The match-
ing patch was placed on a random-noise background. Instructions about which
context square is tested in that particular trial was given by the text strings
“LEFT” and “RIGHT” on the random-noise background. The arrow and the
text “adjustable patch” were not shown on the screen during the experiment.

or “stimulus” from here on, Figure 2.1) was generated using the open source

rendering package Radiance [57]. The stimulus subtended 9.5 by 9.5 degrees of

visual angle. Approximate size of the CSs was 0.85 by 0.85 degrees of visual

angle. We prepared eleven different versions of the stimulus by manipulating

the overall image contrast and luminance using the open-source software GIMP

(http://www.gimp.org/). After these image manipulations, luminance of the

context squares were 1.64, 2.74, 2.86, 4.34, 6.58, 10.1, 12.65, 16.11, 17.4, 20.41

and 26.15 cd/m2 (mean luminance of the stimulus: 1.83, 3.9, 5.13, 5.83, 6.98,

11.34, 13.18, 16.43, 16.74, 21.14, 23.37 cd/m2, respectively). Because of the

configuration of the stimulus the right CS was subjectively lighter than the left

one (see Figure 2.1 for examples).
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Participants’ task was to adjust the luminance of an external patch until its

lightness matched that of the CSs. The matching patch was placed on a random-

noise background, subtending 15 × 3 degrees of visual angle (Figure 2.2). Lumi-

nance of each pixel on the random-noise background was drawn from a random

distribution between 0 and maximum possible luminance of 100.32 cd/m2, and

the resulting image was convolved with a 6-by-6 uniform filtering kernel. The size

of the matching patch was approximately the same as that of the CSs. The initial

luminance of the matching patch was determined randomly at the beginning of

each trial. Adjustments could be done in large steps (approximately 2 cd/m2)

using the right and left arrow keys or in smaller steps (approximately 0.2 cd/m2)

using the up and down arrow keys. Instructions about which CS is tested in that

particular trial was given by the text strings “left” and “right” on the random-

noise background. Each variant of the stimulus was presented five times for each

context square. This resulted in 110 trials completed in one experimental session

(11 stimulus versions (CS luminance levels) × 2 CS positions × 5 repetitions).

The order of trials was randomized.

2.2.1.3 Data Analysis

Data were analyzed using SPSS Version 19 (SPSS Inc., Chicago, IL). A repeated

measures analysis of variance (ANOVA), was conducted in order to test two

factors: CS luminance (11 levels), and CS position (two levels: left, right). Addi-

tionally, the magnitude of the lightness effect, quantified as the difference between

right and left CS settings, was tested with two-tailed paired-samples Student’s

t-test for each level of CS luminance.

2.2.2 Results

Figure 2.3 shows the deviation of the raw settings from the actual CS lumi-

nances. Analyses showed that main effect of CS position was statistically signif-

icant (F(1,7) = 89.8, p < 0.001). Mean deviation from the actual luminance for
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Figure 2.3: Results of the lightness experiment. Deviation of settings from actual
luminance is plotted for each CS position as a function of context square lumi-
nance. Positive (negative) deviation means setting was higher (lower) than the
actual CS luminance. A value of “0” corresponds to perfect luminance match.
Under all conditions, participants judged the right CS statistically significantly
lighter, consistent with the subjective experience in Figure 1.1. Error bars show
±1 SEM.

the right CS (M = 6.68, SEM = 1.18) was higher than that for the left CS (M =

-6,36, SEM = 0.37). Two-tailed paired-samples Student’s t-test results showed

that settings for left CS and right CS were statistically significantly different at

all luminance levels tested (among 11 conditions: minimum t(7)=6.37; maximum

t(7)=13.3; mean t(7)=9.03; p < 0.001 for all conditions). These results clearly

show that, even though the CSs were equiluminant the right CS was perceived

lighter, which is consistent with the subjective experience in Figure 2.1. In ad-

dition, we found a main effect of the context square luminance (F(10,70)=59.06,

p < 0.001): as the luminance of context squares increased the lightness effect

tended to increase.

2.2.3 Intermediate Summary and Discussion

In all conditions tested we found a significant effect of context on lightness, which

slightly increased with CS luminance. Thus the lightness effect in our stimulus
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was so robust that we could utilize it to test the effect of context-dependent

lightness on contrast perception. Because there was not a big difference in the

lightness effect across different CS luminance values, we used four versions of

the context stimulus in the following contrast experiments: one with a high, one

with a medium, and two with low CS luminances. We included two low CS

luminances because results of Peli and his colleagues [7] suggest that the effect of

mean luminance on perceived contrast is stronger for lower luminances.

2.3 Measurement of Perceived Contrast

In this experiment, we investigated the relationship between context-dependent

lightness and perceived contrast. For this purpose, we used rectified gratings su-

perimposed on CSs with positive contrast (incremental grating, i.e., luminance of

grating’s bars is higher than the background), and negative contrast (decremental

grating, i.e., luminance of grating’s bars is lower than the background) (see Fig-

ure 2.4). We tested four versions of the illusory checkerboard stimulus that led to

strong lightness effects based on the results of the first experiment. We compared

the perceived contrast of photometrically identical incremental and decremental

gratings superimposed on equiluminant but perceptually different CSs (Figure

2.4).

2.3.1 Methods

2.3.1.1 Participants

Incremental grating condition. Two males and four females participated in the

experiment under the incremental grating condition. Two of them were among

the participants of the lightness experiment and they also participated in the

experiment under the decremental grating condition. The mean age was 24.6

ranging from 22 to 29.
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Figure 2.4: Task and procedure in the contrast experiment. Participants were
asked to adjust the contrast of a “match” grating to match that of the “standard”.
Standard was always placed on one of the CSs. The match was placed on a
square, which was placed on a random-noise background. The arrow, and the
text “adjustable grating” were not shown on the screen during the experiment.
(A) Incremental grating condition, (B) decremental grating condition.

Decremental grating condition. Two males and four females participated in the

experiment under the decremental grating condition. Two of them were among

the participants of the lightness experiment and they also participated in the

experiment under the incremental grating condition. The mean age was 25.3

ranging from 23 to 28.

All participants reported normal or corrected-to-normal vision, and had no his-

tory of neurological or visual disorders. Participants gave their written informed

consent and the experimental procedures and protocols were approved by the

Human Ethics Committee of Bilkent University.

2.3.1.2 Stimuli and Design

The contextual stimulus and the physical components of the experimental setup

were the same as in the lightness experiment, except a bigger version of the

context stimulus was used (13.4 by 13.4 degrees visual angle).
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We estimated the perceived contrast of incremental and decremental rectified

square-wave gratings superimposed on the CSs (Figure 2.4). Our aim was to

compare the perceived contrast of photometrically identical gratings superim-

posed on equiluminant but perceptually different CSs. Participants’ task was to

perceptually adjust the contrast of a “match” grating to match that of the “stan-

dard” grating. The standard was always placed on one of the CSs. The match

grating was placed on a square that had the same luminance and approximately

the same dimensions as the CS, which in turn was placed on an external random-

noise background (Figure 2.4). Contrast of the gratings was defined by Weber

Contrast, C = (Lgr − LCS)/LCS, where Lgr and LCS correspond to grating and

CS luminance respectively [58]. The positive contrasts tested were 0.1, 0.3 and

0.6, and the negative contrasts were -0.1, -0.3 and -0.6. Adjustment was done in

∆C = 0.1 steps by the use of left and right arrow keys and fine tuned adjust-

ment was done in ∆C = 0.01 steps using the up and down arrow keys. Four

versions of the context stimulus were used, in which CS luminances (background

luminance) were 1.64, 2.86, 10.1, and 17.4 cd/m2. Stimuli were presented in a

random order on a black background. Gratings with frequencies of 2.5, 5, and

10 cycles/degree (cpd) were tested, blocked in different sessions. Match always

had the same frequency as the standard. In each trial the contrast of the stan-

dard was pseudo-randomly chosen among the contrast levels tested and balanced

across the session. Match had the same contrast polarity as the standard and its

initial contrast was determined randomly at the start of each trial. During the

trial the background luminance of the match remained constant and equal to that

of the CSs. Thus, when the participants adjusted the contrast of the match grat-

ing the mean luminance of match background-plus-grating slightly varied. This

may have a very small or negligible effect, which should not change the main

conclusions because we always compare the settings for physically identical CSs.

Each session contained 120 trials with 5 repetitions for every combination of con-

ditions (4 stimulus versions (CS luminance) × 3 contrast levels × 2 CS positions

× 5 repetitions). Different frequency levels are tested in separate sessions.
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2.3.1.3 Data Analysis

The analyses were performed on an “effect score” defined by

ρC =
CR − CL

CR + CL

, (2.1)

where CR and CL stand for the participant’s setting for the grating superimposed

on the right and left CS respectively. An effect score of zero would mean no

difference in perceived contrast between the gratings. For decremental contrasts,

before computing ρC we first converted the contrast settings to positive values

(therefore a positive ρC means perceived contrast on the right CS is more neg-

ative in the case of decremental gratings). In order to test whether the effect

score is different than “0” we conducted one-sample two-tailed Student’s t-test in

SPSS. Effect scores obtained under different contrast types were compared using a

two-tailed independent-samples t-test in SPSS. Further analyses were conducted

using a repeated measures ANOVA with three factors (luminance, frequency, and

contrast) and Bonferroni corrected pairwise comparisons in SPSS.

2.3.2 Results

Results are plotted in Figure 2.5 in the form of effect score. In the incremental

grating condition, mean effect score was positive (ρC = 0.14 SEM = 0.02), and

statistically significantly different than zero (t(5) = 8.03, p < 0.01). In other

words, perceived contrast was higher when the grating was located on the per-

ceptually lighter right CS. In the decremental grating condition mean effect score

was negative (ρC = -0.01, SEM = 0.02). However, it was not statistically signif-

icantly different than zero (t(5) = -0.52, p > 0.05). In other words, there was

no difference between perceived contrast of decremental gratings superimposed

on the left and right CS. Effect scores for incremental and decremental gratings

were statistically significantly different (t(10) = 5.48, p < 0.01). There was no

significant main effect of frequency on the results in either condition (incremental

grating: F(2,10) = 0.1, p > 0.05; decremental grating: F(2,10) = 1.02, p > 0.05).

Therefore, Figure 2.5 shows the effect scores averaged across frequencies.
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Figure 2.5: Mean effect scores, ρ̄C , from the contrast experiment. Brightness of
the bars indicate different contrast levels. Because frequency did not have a main
effect, effect scores are averaged over three frequency levels. An effect score of
“0” means that there is no difference between perceived contrasts of the gratings
superimposed on the right and left CSs. A positive (negative) value means that
the absolute value of the perceived contrast of the grating on the lighter CS was
greater (less) than that on the darker one. (A) Incremental grating condition.
(B) Decremental grating condition. Error bars show ±1 SEM.
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CS luminance affected ρC in both conditions (incremental grating: (F(3,15)

= 10,6, p < 0.05; decremental grating: F(3,15) = 6.72, p < 0.05). We did not

find an effect of standard contrast in the incremental grating condition (F(2,10)

= 2,85, p > 0.05). However, standard contrast affected ρC in the decremental

grating condition (F(2,10) = 12.21, p < 0.05).

2.3.3 Intermediate Summary and Discussion

Results of this experiment showed that context-dependent lightness affects per-

ceived contrast of an incremental grating: the same grating appears to have

higher contrast when it is superimposed on an equiluminant but perceptually

lighter background. This result is in line with previous findings, which demon-

strated that perceived contrast is higher for gratings with higher mean luminance

even when their photometric contrast remains constant [7, 15]. However, interest-

ingly we found no effect of context-dependent lightness for decremental gratings

and there was no main effect of spatial frequency.

2.4 Effect of Background Luminance Differ-

ences on Perceived Contrast

We conducted an additional experiment in order to directly compare the effects

of luminance and context-dependent lightness. In this experiment we measured

the perceived contrast of gratings superimposed on a pair of gray-scale patches

without the three-dimensional context (see Figure 2.6). Luminances of the iso-

lated patches were different and they were determined based on the group average

results of the lightness experiment to approximate the perceptual difference be-

tween the CSs. Results are also compared to the findings of [7], where mean or

background luminance was shown to have an effect on perceived contrast.
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2.4.1 Methods

2.4.1.1 Participants

The same participants (four female, two male) who took part in decremental

grating condition in the previous experiment participated in this experiment.

2.4.1.2 Stimuli and Design

In this experiment we measured the perceived contrast of gratings superimposed

on a pair of gray-scale patches without the three-dimensional context. Two

patches were located at the same spatial positions and dimensions as the CSs in

Experiment 2.3. Luminances of the isolated patches were different and they were

determined based on the group average results of the lightness experiment (Ex-

periment 2.2) to approximate the perceptual difference between the CSs. More

specifically the left patch had a lower and the right patch had a higher luminance.

Four pairs of luminances were used, corresponding to the CS luminances of 1.64,

2.86, 10.1, or 17.4 cd/m2 (note that this is the same set of luminance values

used in Experiment 2.3). For example, for the CS luminance of 1.64 cd/m2, we

used 1.92 cd/m2 for the left and 7.3 cd/m2 for the right patch, as these were the

average settings obtained in the lightness experiment for the left and right CSs

respectively. Other luminance pairs were as follows: 1.33, and 10.39 cd/m2; 3.46,

and 21.75 cd/m2; 5.98, and 25.33 cd/m2. A match grating was superimposed on a

patch with a luminance that corresponded to the tested patches in that trial (1.64,

2.86, 10.1, or 17.4 cd/m2), which in turn was placed on an external random-noise

background. Participants’ task was to adjust the contrast of the match grating to

match that of the standard grating. The standard grating was pseudo-randomly

superimposed on one of the two patches, and its contrast could be 0.1, 0.3, or 0.6

in the incremental grating condition, and -0.1, -0.3, or -0.6 in the decremental

grating condition. The initial contrast of the match was determined randomly at

the start of each trial. Both match and standard gratings had a spatial frequency

of 2.5 cpd. There were 120 trials (4 luminance pairs × 3 contrast levels × 2 patch
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positions × 5 repetitions) in each session. Participants completed two sessions,

one for incremental gratings and one for decremental gratings.

2.4.1.3 Data Analysis

Raw data were converted to effect scores as defined before (see Equation 2.1). For

the decremental gratings, before computing ρC we first converted the contrast

settings to positive values (therefore in case of decremental gratings a positive

score means that perceived contrast on the right (higher luminance) patch is

more negative). All further analyses were performed on the effect scores. A

two-tailed one-sample t-test was conducted to test whether the effect score is

different than zero. In order to determine the effect of other factors (luminance

pair and contrast), a repeated measures ANOVA was applied. Incremental and

decremental grating conditions were compared using two-tailed paired-samples

t-tests. Finally, two-tailed independent-samples t-tests (for incremental gratings)

and two-tailed paired-samples t-tests (for decremental gratings) were employed

to compare the effect scores with those in Experiment 2.3.

2.4.2 Results

Results are shown in Figure 2.6. Under the incremental grating condition the

mean effect score was positive (ρC = 0.2, SEM = 0.03) and statistically signif-

icantly different than zero (t(5) = 6.08, p < 0.01), which means perceived con-

trast was higher when the grating is placed on a higher luminance background.

However, under the decremental grating condition the mean effect score was not

statistically significantly different than zero (ρC = 0.05, SEM = 0.02; t(5) =

1.93, p > 0.05). The difference between the effect scores for incremental and

decremental gratings was statistically significant (t(5)=3.07, p < 0.05).

Next we compared the results with those from Experiment 2.3. For incre-

mental gratings there was not a significant difference between the effect scores

(t(10)=1.23, p > 0.05). Overall, effect scores tended to be larger for isolated
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Figure 2.6: Perceived contrast of gratings on isolated backgrounds. Experimental
design and results. Participants adjusted the contrast of the match grating to
match that of the standard on isolated patches. The geometry and position of the
patches were identical to those of the CSs in the contextual stimulus. However this
time the patches actually differed in luminance. (A) Incremental gratings. (B)
Decremental gratings. The two bar plots on the right show the results presented
in the same format as in Figure 2.5. The pattern of results was similar to the one
found in Experiment 2.3. Error bars show ±1 SEM.
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patches with different luminance (2.5 cpd condition on CSs: ρC = 0.15, SEM =

0.03; on isolated patches: ρC = 0.2, SEM = 0.03). For the decremental gratings

the difference was statistically significant (t(5)=2.73, p < 0.05; 2.5 cpd condition

on CSs: ρC = -0.02, SEM = 0.03; on isolated patches: ρC = 0.05, SEM=0.02).

2.4.3 Intermediate Summary and Discussion

Results show that background luminance affects perceived contrast of incremental

gratings, which is in line with previous literature [e.g., 7]. However, there was

no effect of luminance on the perceived contrast of decremental gratings. The

pattern of results is consistent with Experiment 2.3, although in general the

effect of luminance tends to be larger than that of context-dependent lightness.

2.5 Measurement of Lightness of the Gratings

In Experiment 2.3, where gratings were superimposed on CSs, participants could

have used a strategy where they match the lightness of gratings to perform the

task, instead of matching their contrast. In order to rule out this possibility and to

ensure that participants indeed performed the given contrast task we conducted

a control experiment. Here we asked the participants to estimate the lightness of

incremental gratings superimposed on CSs in the contextual stimulus. We then

used these estimates to calculate “derived contrast” and “derived effect score”

as described below. Finally we compared the derived scores to those obtained in

Experiment 2.3.
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2.5.1 Methods

2.5.1.1 Participants

The same six participants who participated in Experiment 2.3 incremental grating

condition completed this experiment.

2.5.1.2 Stimuli and Design

A standard grating with one of 0.1, 0.3, or 0.6 Weber contrast was superimposed

on one of the CSs in a pseudo-random order. Participants’ task was to adjust

the luminance of an external circular matching patch to match the gratings in

lightness (i.e. the vertical “bars”). The match was placed on a square that had

the same luminance as the CS and approximately the same dimensions, which in

turn was placed on an external random-noise background (Figure 2.7).

2.5.1.3 Data Analysis

Results from this experiment were converted first to “derived contrast” by placing

participants’ estimate, L̂gr, in the contrast equation, C = (Lgr−LCS)/LCS. Next

“derived effect scores” were computed using Equation 2.1, based on the derived

contrast values, and compared with the results from Experiment 2 using two-

tailed paired-samples Student’s t-test.

2.5.2 Results

Results are shown in Figure 2.7. We found that derived effect scores of this exper-

iment and those obtained in Experiment 2.3 were statistically significantly, and

extremely different (overall difference: t(5) = 23.37, p < 0.001). For instance, for

the CS with a luminance of 2.86 cd/m2 and grating with a contrast of 0.3, the
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Figure 2.7: Lightness of the gratings. In this experiment participants matched
the lightness of the gratings using an external circular match placed on a patch
and random noise background. “Derived contrast” and “derived effect score”
were computed using those estimates. Derived effect scores and the effect scores
from Experiment 2 are shown in the right panel. Clearly, participants performed
the two tasks differently. Error bars show ±1 SEM.

effect score was 0.25 in Experiment 2.3, whereas here the derived effect score was

0.97 (Figure 2.7). These results show that if participants were simply matching

the lightness of gratings without considering contrast at all, we would obtain ex-

tremely different results for the contrast matching experiments. Thus, the results

provide a strong evidence that participants matched the contrasts of gratings,

not their lightnesses in the contrast experiments.

2.6 Summary and Discussion

Results of this study showed that perceived contrast is not determined solely

by the localized features of the retinal image. Context-dependent lightness, as

well as actual luminance, of the background influence the perceived contrast of

rectified gratings. Our results are consistent with previous studies which showed

that perceived contrast of visual patterns in simple scenes, such as Gabor patches

on a uniform background vary with their mean or background luminance [e.g.,
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7, 59, 15]. Additionally, in our study, we showed that this effect is not limited to

the background luminance but extends to context-dependent lightness. Moreover,

in our study we showed that even when there is no physical difference between

the patterns there is still an effect of background lightness on perceived contrast.

Comparing physically identical patterns circumvents nonlinearities and confounds

that might in principle be introduced by physical changes.
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Chapter 3

Contrast Detection Threshold

Measurement Using Illusory

Checkerboard Stimulus

In our previous study (Chapter 2), we examined the appearance of gratings and

we showed that context-dependent lightness affects perceived contrast. In other

words, context affects the appearance of contrast gratings. But the function

of the visual system is not limited to appearance judgments, it also includes

discrimination and detection. Moreover, appearance, and discrimination and

detection could be mediated by distinct neuronal mechanisms [9]. Therefore,

appearance and threshold performance might be affected differently by context-

dependent lightness. To investigate this possibility, we measured the effect of

context-dependent lightness on contrast detection threshold using the illusory

checkerboard stimulus introduced in previous chapters. In this experiment, we

tested incremental and decremental contrast types, and different frequency levels.

Also, in a pilot experiment, we tested only incremental gratings and could see

the effect on detection thresholds. Details of the pilot experiment can be found

in Appendix A.
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3.1 Methods

3.1.1 Participants

Five participants (one male) including author ZP participated in the experiment.

The mean age was approximately 27 ranging from 23 to 29. All participants re-

ported normal or corrected-to-normal vision, and had no history of neurological

or visual disorders. Participants provided written informed consent and the ex-

perimental protocols were approved by the Human Ethics Committee of Bilkent

University.

3.1.2 Stimuli and Design

The experimental software was prepared using the Java programming platform

(http://hboyaci.bilkent.edu.tr/PsychWithJava/). The stimuli were presented on

a CRT monitor (HP P1230, 22 inch, 1024 X 768 resolution). To be able to

present very fine-grained contrast differences, the dynamic luminance range of

the monitor is increased (14-bit luminance resolution) using a digital-to-analog

converter (Bits#, Cambridge Research Systems Ltd., UK). Presentation of cor-

rect luminance values was ensured by using a 14-bit gamma-corrected gray scale

lookup table prepared after direct measurements with a colorimeter (Spectro-

CAL,Cambridge Research Systems Ltd., UK). Participants were seated 60 cm

from the monitor, and their heads were stabilized using a chin rest. Participants’

responses were collected via a standard computer keyboard.

Illusory checkerboard stimulus subtended 13.4 by 13.4 degrees visual angle.

Approximate size of the context squares (CSs) was 1.2 by 1.2 degrees of vi-

sual angle. Rectified square-wave gratings weighted by two-dimensional isotropic

Gaussian envelopes were superimposed on the context squares of the illusory stim-

ulus. Gratings with frequencies of 2, and 4 cpd were tested, blocked in different

sessions. Luminance of the context square was 10.1 cd/m2 (Mean image lumi-

nance was 11.34 cd/m2). Gratings with incremental and decremental contrast
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Figure 3.1: Protocol for the detection threshold experiment. At the beginning
of each trial, either original checkerboard stimulus or the mirror-symmetric ver-
sion of it was presented randomly. An arrow was used to inform participants
about the side of the stimulus on which the grating would be presented. Gratings
were superimposed on only one of the CSs, either darker or lighter, throughout a
session. In each trial, a grating is presented at one of the intervals selected ran-
domly. Participants are asked to decide in which interval the grating is presented.
Participants are allowed to look at the target CS directly.

were tested in different sessions.

In the experiment, detection thresholds were estimated using an adaptive two-

interval forced-choice (2-IFC) procedure (Figure 3.1). At the beginning of each

trial, either original checkerboard stimulus or the mirror-symmetric version of it

presented randomly. An arrow was used to inform participants about the side of

the stimulus on which the grating would be presented. Gratings were superim-

posed on only one of the CSs, either darker or lighter, throughout a session. Each

trial started with a 400-millisecond (ms) illusory stimulus presentation, followed

by two intervals each presented for 200 ms. Intervals were separated by a 600-ms

inter-stimulus interval (ISI), the illusory stimulus remained on the screen during

the ISI. A beep-sound was presented at the beginning of each interval in order to

inform participants that the interval begins. The grating was randomly presented
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at one of the intervals and participants were allowed to look at the target CS di-

rectly. Participants were asked to decide the temporal position of the grating.

Two interleaved staircases with a starting point 0.002 and 0.02 contrast level (80

trials each, 160 trials in total) were applied in a single session. After each trial,

contrast of the next grating was decided based on the previous responses follow-

ing a 1-up 3-down adaptive staircase with 0.001 contrast steps. The contrast of

the grating was decreased one step (makes the task harder) following three con-

secutive correct answers, and increased one step following an incorrect answer.

There was no time constraint; the illusory checkerboard stimulus remained on

the screen until the participant gave a response. Observers participated in eight

experimental sessions ( 2 CSs (darker or lighter) X 2 contrast type (incremental

or decremental) X 2 frequency levels (2 or 4 cpd)).

3.1.3 Data Analysis

Data were first analyzed with Palamedes toolbox [60] to find the detection thresh-

old (79% success) in Matlab (R2016b, MathWorks). A psychometric function

(PF) was fit to the raw data with a Weibull function and lapse rate was fixed

to 0. Standard error of the thresholds were calculated for each participant using

bootstrapping. Mean thresholds averaged across observers and standard error of

mean for each condition were computed and plotted in figures. For decremental

contrasts, before computing the threshold, we first converted the levels to positive

values.

We conducted ANOVA on the estimated threshold values with three factors

(contrast type, CS, frequency). Further, thresholds for different CSs obtained un-

der different contrast types were averaged over two frequency levels and compared

using a two-tailed paired-samples Student’s t-test in SPSS.
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Figure 3.2: Results of contrast detection experiment using illusory checkerboard
stimulus. Mean detection thresholds for the contrast gratings superimposed on
darker or lighter context square across different contrast types and frequency
levels are plotted. Detection threshold is lower for the gratings superimposed on
equiluminant but perceptually lighter CSs. * p < 0.05. Error bars show ±1 SEM.

3.2 Results

Detection thresholds for incremental and decremental contrast patterns across

two frequency levels are shown in Figure 3.2. Analyses showed that main effect

of CS was statistically significant (F(1,4) = 132.45, p < 0.001). Mean detection

threshold for the gratings superimposed on darker CS (M = 0.014, SEM = 0.001)

was higher than that on the lighter CS (M = 0.011, SEM = 0.0004). However,

main effect of contrast type (F(1,4) = 0.004, p > 0.05) and frequency (F(1,4) =

5.77, p > 0.05) was not statistically significant. Also, there was no significant

interaction. Two-tailed paired-samples Student’s t-test results showed that mean

detection threshold for the gratings superimposed on darker CS was significantly

higher than that on the lighter CS for all conditions tested (2 cpd decremental

grating condition: t(4) = 5.18, p < 0.05; 4 cpd incremental grating condition:

t(4) = 4.54, p < 0.05; 4 cpd decremental grating condition: t(4) = 3.58, p <

0.05;) except the 2 cpd incremental grating condition(t(4) = 2.64, p = 0.057).

Because spatial frequency has not an effect on thresholds, we also averaged the
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Figure 3.3: Results of contrast detection experiment using illusory checkerboard
stimulus. Mean detection thresholds for the contrast gratings superimposed on
darker or lighter context square across different contrast types are plotted. Be-
cause frequency did not have a main effect, thresholds were averaged over two
frequency levels. Detection threshold is lower for both incremental and decre-
mental gratings superimposed on equiluminant but perceptually lighter target
regions. * p < 0.01. Error bars show ±1 SEM.

thresholds across frequencies (see Figure 3.3) and compared them from different

CSs obtained under different contrast types using a two-tailed paired-samples

Student’s t-test. Also, mean proportion of correct responses averaged across

participants and frequency levels and corresponding PFs are plotted in Figure 3.4

as a function of stimulus contrast. In the incremental grating condition, mean

detection threshold for the gratings superimposed on darker CS (M = 0.0136,

SEM = 0.0007) was higher than that on the lighter CS (M = 0.0108, SEM =

0.0006) and the difference was statistically significant (t(4) = 7.37, p < 0.01). The

same effect was observed for decremental gratings. In the decremental grating

condition, mean detection threshold for the gratings superimposed on darker CS

(M = 0.0134, SEM = 0.0005) was higher than that on the lighter CS (M =

0.011, SEM = 0.0005) and the difference was statistically significant (t(4) = 4.66,

p < 0.01).
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Figure 3.4: Mean proportion of correct responses averaged across participants
and two frequency levels as a function of stimulus contrast, and corresponding
psychometric functions (PF).

3.3 Summary and Discussion

Results showed that context-dependent lightness of the background affects con-

trast detection thresholds. In this experiment, gratings superimposed on equi-

luminant but perceptually lighter CSs were detected at relatively lower contrast

levels than those superimposed on perceptually darker CSs. These results are

partly consistent with our previous appearance results. For the incremental grat-

ings, both threshold and perceived contrast are affected by the context-dependent

lightness. However, for the decremental gratings, only threshold is affected by

the context-dependent lightness, but not the perceived contrast.

It is well known that spatial frequency affects contrast perception in simple

gratings [61, 14, 54, 55, 15, 56]. For all frequencies tested we found an effect of

context-dependent background lightness on contrast detection threshold. How-

ever, frequency did not change the effect significantly although there was a trend

(p = 0.075) seen in the Figure 3.2. Similarly, we could not find an effect of

frequency on the appearance results either. We offered an explanation in the
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Discussion Chapter (see Chapter 7) for the disagreement between our results and

findings in the literature considering differences in experimental designs. Also,

the limited number of frequency levels we could test in the threshold experiments

might have led to the disagreement. We could not create gratings with higher fre-

quencies in this experiment because of the limited dimensions of our monitor and

the relatively small size of CSs on which we superimposed gratings. Therefore,

we tested the effect of frequency on contrast detection thresholds again in the

following experiment conducted using simultaneous brightness contrast stimulus.
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Chapter 4

Contrast Detection Threshold

Measurement Using

Simultaneous Brightness

Contrast Illusion

After showing the effect of context-dependent lightness on perceived contrast and

contrast detection thresholds, we wanted to see whether the effect correlates with

the strength of the illusory lightness effect. The checkerboard we used in our

previous studies has a strong illusory effect. Therefore, we also wanted to test a

subjectively weaker illusory lightness stimulus, namely the simultaneous bright-

ness contrast stimulus (SBC, see an example in Figure 4.1). In this study, we

measured perceived contrast and detection thresholds of gratings superimposed

on the SBC stimulus. Besides, we tested higher frequency levels in this threshold

experiment.
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Figure 4.1: An example of simultaneous brightness contrast effect. Although the
inner squares have equal luminance value, most observers have reported different
brightness values [19].

4.1 Measurement of Perceived Contrast

4.1.1 Methods

4.1.1.1 Participants

Four participants (one male) including the author ZP participated in the exper-

iments. The mean age was approximately 27.7 ranging from 25 to 32. All par-

ticipants reported normal or corrected-to-normal vision, and had no history of

neurological or visual disorders. Participants provided written informed consent

and the experimental protocols were approved by the Human Ethics Committee

of Bilkent University.

4.1.1.2 Stimuli and Design

The experimental software was prepared using the Java programming platform

(http://hboyaci.bilkent.edu.tr/PsychWithJava/). The stimuli were presented on

a CRT monitor (HP P1230, 22 inch, 1600 X 1200 resolution). Presentation of

correct luminance values was ensured by using a gray scale look-up table prepared
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Figure 4.2: Task and procedure in the contrast adjustment experiment conducted
using SBC stimulus. Participants were asked to adjust the contrast of a match
grating to match that of the standard. Standard was always placed on one of the
CSs. The match was placed on a square, which was placed on a random-noise
background. The arrow, and the text “adjustable grating” were not shown on
the screen during the experiment.

after direct measurements with a colorimeter (SpectroCAL, Cambridge Research

Systems Ltd., UK). Participants were seated 75 cm from the monitor, and their

heads were stabilized using a chin rest. Participants’ responses were collected via

a standard computer keyboard.

In this experiment, a typical SBC stimulus was used in order to create light-

ness illusion (see Figure 4.2). The stimulus was generated using the open source

inkscape software (https://inkscape.org/en/). Although the small inner squares

(context squares in SBC illusion, CSs) superimposed on left and right side of

the image have identical luminance, our observers informally reported they look

considerably different. In this stimulus, absolute value of contrast between back-

ground and inner squares kept identical (33% Michelson Contrast). The stimulus

covered 15.2 by 11.4 degrees of visual angle. Approximate size of the inner squares
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was 3.2 by 3.2 degrees of visual angle. Luminance of the context square was 17.4

cd/m2 (mean image luminance was 18.7 cd/m2). Participants’ task was to per-

ceptually adjust the contrast of a match grating to match that of the standard

grating. The standard was always placed on one of the CSs. The match grating

was placed on a square that had the same luminance and the same size as the CS,

which in turn was placed on an external random-noise background (Figure 4.2).

Contrast of the gratings was defined by Weber Contrast. Incremental gratings

with either 0.1, 0.3, or 0.6 contrast levels and frequency of 2 cpd were tested

in a single session. Adjustment was done in ∆C = 0.1 steps by the use of left

and right arrow keys and fine tuned adjustment was done in ∆C = 0.01 steps

using the up and down arrow keys. In each trial the contrast of the standard was

pseudo-randomly chosen among the contrast levels tested and balanced across the

session. Initial contrast of match was determined randomly at the start of each

trial. Each session contained 30 trials with 5 repetitions for every combination of

conditions (3 contrast levels × 2 CS positions × 5 repetitions).

4.1.1.3 Data Analysis

The analyses were performed on an effect scores defined previously in Equation

2.1. In order to test whether the effect score is different than “0” we conducted

one-sample two-tailed Student’s t-test in SPSS. Further analyses were conducted

using one-way ANOVA in SPSS in order to assess the effect of different contrast

levels.

4.1.2 Results

Raw settings are shown in Figure 4.3. Analyses showed that there was no

difference in effect scores across different contrast levels (F(2,6) = 1.27, p >

0.05). However, mean effect score was positive (ρC = 0.049, SEM = 0.01) and

significantly different than zero (t(3) = 3.67, p < 0.05). Further analyses revealed

that only effect score significantly different than zero was at 0.6 contrast level (ρC
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Figure 4.3: Mean settings in the contrast adjustment experiment conducted us-
ing SBC stimulus. Red horizontal lines shows the actual contrast under that
condition. Error bars show ±1 SEM.

= 0.04 SEM = 0.0073; t(3) = 5.38, p < 0.05). At 0.1 contrast level (ρC = 0.07

SEM = 0.03; t(3) = 2.39, p > 0.05) and 0.3 contrast level (ρC = 0.03 SEM =

0.01; t(3) = 1.82, p > 0.05) the effect score was not different than zero. In other

words, perceived contrast was higher only when the grating with 0.6 contrast was

superimposed on the perceptually lighter CS.

4.1.3 Intermediate Summary and Discussion

Results of this experiment show that context-dependent lightness affects perceived

contrast of an incremental grating even when we manipulated lightness using a

weaker illusory stimulus, simultaneous brightness contrast. The same grating

appears to have higher contrast when it is superimposed on an equiluminant but

perceptually lighter CS of SBC illusion. However, as we predicted the effect was

also weaker compared to experiments conducted using illusory cylinder stimulus

(for cylinder stimulus mean effect score: ρC = 0.14; SEM = 0.02; t(5) = 8.03,

p < 0.01; for SBC stimulus mean effect score: ρC = 0.049 SEM = 0.01; (t(3) =

3.67, p < 0.05 ).
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4.2 Measurement of Contrast Detection Thresh-

old

4.2.1 Methods

4.2.1.1 Participants

Four female participants including the author ZP participated in the experiments.

The mean age was approximately 25.5 ranging from 23 to 28. All participants

reported normal or corrected-to-normal vision, and had no history of neurological

or visual disorders. Participants provided written informed consent and the ex-

perimental protocols were approved by the Human Ethics Committee of Bilkent

University.

4.2.1.2 Stimuli and Design

The experimental software was prepared using the Java programming platform

(http://hboyaci.bilkent.edu.tr/PsychWithJava/). The stimuli were presented on

a CRT monitor (HP P1230, 22 inch, 1024 X 768 resolution). To be able to present

very fine-grained contrast differences, the dynamic luminance range of the moni-

tor is increased (14-bit luminance resolution) using a digital-to-analog converter

(Bits#, Cambridge Research Systems Ltd., UK). Presentation of correct lumi-

nance values was ensured by using a 14-bit gamma-corrected gray scale lookup

table prepared after direct measurements with a colorimeter (SpectroCAL, Cam-

bridge Research Systems Ltd., UK). Participants were seated 120 cm from the

monitor, and their heads were stabilized using a chin rest. Participants’ responses

were collected via a standard computer keyboard.

The experimental protocol is shown in Figure 4.4. In the experiment, an adap-

tive two-interval forced-choice procedure (2-IFC) was used. At the beginning of

each trial, either original SBC stimulus or the mirror-symmetric version of it is
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Figure 4.4: Protocol for the detection threshold experiment conducted using si-
multaneous brightness contrast. At the beginning of each trial, either original
or the mirror-symmetric version of the simultaneous brightness contrast stimulus
was presented randomly. An arrow was used to inform participants about the side
of the stimulus on which the grating would be presented. Gratings were superim-
posed on only one of the CSs, either darker or lighter, throughout a session. In
each trial, grating is presented at one of the intervals selected randomly. Partici-
pants are asked to decide in which interval the grating is presented. Participants
are allowed to look at target CS directly.
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presented randomly. Gratings weighted by two-dimensional isotropic Gaussian

envelopes were superimposed on only one of the CSs, throughout a session. Lu-

minance of the context square was 17.4 cd/m2 (mean image luminance was 18.7

cd/m2). The stimulus covered almost the entire computer screen (approximately

18 by 12.5 degrees of visual angle). Approximate size of the inner squares was

6.2 by 6.2 degrees of visual angle. An arrow was used to inform participants

about the side where the grating would be presented. Each trial started with

a 400-millisecond (ms) illusory stimulus presentation, followed by two intervals

each presented for 200 ms. Intervals were separated by a 600-ms ISI, the illusory

stimulus remained on the screen during the ISI (Figure 4.4). A beep-sound was

presented at the beginning of each interval in order to inform participants that

the interval begins. The grating was randomly presented at one of the intervals.

Participants were asked to decide the interval in which the grating was presented.

Two interleaved staircases with a starting point 0.002 and 0.02 contrast level (80

trials each, 160 trials in total) were applied in a single session. After each trial,

contrast of the next grating was decided based on the previous responses following

a 1-up 3-down adaptive staircase with 0.001 contrast steps. The contrast of the

grating was decreased one step following three consecutive correct answers, and

increased one step following an incorrect answer. There was no time constraint;

the illusory SBC stimulus remained on the screen until the participant made a

response. Observers participated in 12 experimental sessions (2 CSs (perceived

darker or lighter) X 2 contrast type (incremental or decremental) X 3 frequency

levels (1, 7 or 14 cpd)).

4.2.1.3 Data analysis

Data were first analyzed with Palamedes toolbox [60] to find the detection thresh-

old (79% success) in Matlab (R2016b, MathWorks). A PF was fit to the raw data

with a Weibull function and lapse rate was fixed to 0. Standard error of the thresh-

olds were calculated for each participant using bootstrapping. Mean thresholds

averaged across observers and standard error of mean for each condition were

computed and plotted in figures. For decremental contrasts, before computing
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Figure 4.5: Results of contrast detection experiment using simultaneous bright-
ness contrast stimulus. Mean detection thresholds for the contrast gratings su-
perimposed on darker or lighter context square across different frequency levels
are plotted. (A) Incremental grating condition. (B) Decremental grating con-
dition. Differently from the experiments conducted using illusory checkerboard
stimulus, mean detection threshold for the gratings superimposed on darker was
not significantly higher than that on the lighter CS. Error bars show ±1 SEM.

the threshold, we first converted the levels to positive values. We applied re-

peated measures ANOVA with three factors (contrast type, CS, frequency) and

Bonferroni corrected pairwise comparisons on the estimated threshold values in

SPSS.
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4.2.2 Results

Results are shown in Figure 4.5. Also, mean proportion of correct responses

averaged across participants as a function of stimulus contrast and corresponding

PFs are plotted in Figure 4.6. Here, mean proportion of correct responses of 1 cpd

spatial frequency condition was shown as a representative of all frequency levels

tested. Analyses showed that differently from the experiments conducted using

illusory checkerboard stimulus, main effect of CS was not statistically significant

(F(1,3) = 5.36, p > 0.05). Mean detection threshold for the gratings superim-

posed on darker CS (M = 0.021, SEM = 0.001) was not significantly higher than

that on the lighter CS (M = 0.02, SEM = 0.001). Also, main effect of contrast

type (F(1,3) = 4.57, p > 0.05) was not statistically significant. However, main

effect of frequency was significant (F(1,3) = 274.39, p < 0.001). Also, there was

no significant interaction. Bonferroni corrected pairwise comparisons showed that

the detection thresholds at 1 and 14 cpd (M = 0.008, SEM = 0.001 for 1 cpd;

M = 0.04, SEM = 0.0001 for 14 cpd; p < 0.001) and 7 and 14 cpd (M = 0.014,

SEM = 0.002 for 7 cpd; p < 0.01) was significantly different.

4.2.3 Intermediate Summary and Discussion

In this experiments we could not find an effect of lightness on contrast detection

thresholds, although there is a trend in some conditions similar to findings of ex-

periments with the checkerboard stimulus. Since the context-dependent lightness

effect in adjustment experiment was considerably weaker when we used SBC illu-

sion, this result is not very surprising. Also, spatial frequency affected threshold

performance in this experiment. Detection thresholds increased as the spatial

frequency increased.
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Figure 4.6: Mean proportion of correct responses averaged across participants
for 1 cpd spatial frequency condition as a function of stimulus contrast, and
corresponding psychometric functions (PF).

4.3 Summary and Discussion

Results of adjustment and threshold experiments conducted using SBC illusion

support our prediction that the context-dependent lightness effect correlates with

the strength of the illusory lightness. When the lightness illusion is weaker, the

context-dependent lightness effect is much smaller or absent. Also, differently

from the previous experiments done with the illusory checkerboard stimulus, here

we found an effect of frequency. In this experiment, we used bigger gratings in

a relatively simpler contextual environment. Previously, it has been shown that

spatial frequency filters’ resolution decreases as the retinal eccentricity increases

[62]. Therefore, bigger gratings could be processed by the filters whose resolution

is relatively weaker and this may affect the behavioral performance negatively.

This could potentially explain the discrepancy between the previous and the

present results.
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Chapter 5

fMRI of Perceived Contrast in

Context

In our previous experiments, we showed that behavioral performance both on ap-

pearance and detection threshold measures is affected by the context-dependent

lightness of the background on which contrast patterns are superimposed. In

order to investigate the underlying neuronal mechanisms of this effect, we con-

ducted an fMRI study. Also, we replicated appearance experiments in the scanner

to ensure that the stimulus conditions were identical for behavioral and fMRI ex-

periments.
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5.1 Behavioral Appearance Experiment in the

Scanner

5.1.1 Methods

5.1.1.1 Participants

Eight participants (four female) including the author ZP participated in the ex-

periments. The mean age was approximately 25.6 ranging from 21 to 29. All

participants reported normal or corrected-to-normal vision, and had no history of

neurological or visual disorders. Participants provided written informed consent

and the experimental protocols were approved by the Human Ethics Committee

of Bilkent University.

5.1.1.2 Stimuli and Design

For this experiment, we replicated our previous adjustment experiment while

participants were lying in the scanner. Visual stimuli were presented on a MR-

compatible LCD monitor (TELEMED, 32 inch, 1920 X 1080 resolution) that

was viewed by participants through a mirror located above their eyes inside the

scanner. The viewing distance was 135 cm. The monitor was calibrated using a

SpectroCAL (Cambridge Research Systems Ltd.) colorimeter.

Differently from previous experiments, we only tested one contrast and one

frequency level that we used in the fMRI experiment (0.2 incremental or decre-

mental contrast, 2 cpd spatial frequency). Participants’ task was to perceptually

adjust the contrast of a match grating to match that of the standard grating. The

standard was always placed on one of the CSs. The match grating was placed on

a square that had the same luminance and approximately the same dimensions

as the CS, which in turn was placed on an external random-noise background.

Contrast of the rectified square-wave gratings were defined by Weber Contrast.

47



Adjustment was done in 0.02 steps using buttons of a MRI-compatible response

pad. We used the version of the checkerboard stimulus in which CS luminance

was 2.86 cd/m2. Stimuli were presented on a black background. In each trial

the contrast of the match had the same contrast polarity as the standard and

its initial contrast was determined randomly at the start of each trial. Each ses-

sion contained 10 trials with 5 repetitions for every combination of conditions (1

contrast level X 2 CS positions X 5 repetitions). Incremental and decremental

contrast patterns were tested in different blocks.

5.1.1.3 Data Analysis

Analyses were performed on averaged perceived contrast scores. First, a repeated-

measures ANOVA was conducted in order to test two factors: contrast type (two

levels: incremental, decremental), and CS (two levels: darker, lighter). Also,

we conducted two-tailed paired-samples Student’s t-test in SPSS in order to test

whether perceived contrasts of gratings superimposed on either darker or lighter

CSs are significantly different.

5.1.2 Results

Results are shown in Figure 5.1. The ANOVA results showed that main effect of

contrast type (F(1,7) = 0.026, p > 0.05) and main effect of CS (F(1,7) = 4.15, p >

0.05) was not statistically significant. However, the interaction between contrast

type and CS (F(1,7) = 31.45, p < 0.01) was significant. For the incremental

grating condition, perceived contrast of gratings superimposed on lighter CSs

was higher than those superimposed on darker CS (t(7)= 4.26, p < 0.01). For

the decremental grating condition, the difference was not significant (t(7)= -

1.05, p > 0.05). In this experiment, consistent with our previous adjustment

experiments, we found that perceived contrast increased with context-dependent

lightness of the background for incremental gratings, but not for decremental

gratings.
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Figure 5.1: Mean settings in the perceived contrast experiment in the scanner.
Red horizontal line corresponds to the actual contrast. Consistent with previous
adjustment experiments, perceived contrast increased with context-dependent
lightness of the background for incremental gratings, but not for decremental
gratings. * p < 0.01. Error bars show ±1 SEM.

5.2 fMRI Experiment

5.2.1 Methods

5.2.1.1 Participants

Eight participants (four female) including the author ZP participated in the ex-

periments. The mean age was approximately 25.6 ranging from 21 to 29. All

participants reported normal or corrected-to-normal vision, and had no history of

neurological or visual disorders. Participants provided written informed consent

and the experimental protocols were approved by the Human Ethics Commit-

tee of Bilkent University. All participants have participated in the behavioral

appearance experiments in the scanner (Section 5.1).
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Figure 5.2: Protocol for the fMRI study. In each experimental block, gratings
are flickering on the CSs. During the block, one of the gratings is frozen for 500
milliseconds randomly in each 2-4 seconds.

5.2.1.2 Stimuli and Design

Monitor properties were the same with the behavioral experiment in the scanner.

The fMRI experiment included an anatomical scan, a functional localization scan,

and eight experimental scans. The illusory checkerboard stimulus was used in the

experiments. Photometrically identical gratings were superimposed on both CSs

simultaneously. Gratings were flickering at 4 Hz to avoid adaptation of neurons.

In the first 24 seconds only illusory checkerboard stimulus was presented on the

screen without gratings on CSs, and in the last 12 seconds, they viewed a uniform

dark gray background. A block design experiment consisting of two conditions

was conducted. First condition was experimental block and the second condition

was control block. In the experimental block, participants viewed flickering grat-

ings on CSs. In the control block, only the illusory checkerboard stimulus was

presented. Each experimental block was followed by the control block, and this

circle was repeated seven times. Each block lasted 12 seconds and participants

viewed the fixation mark throughout the experiment (see Figure 5.2).
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In literature it has been shown that spatial attention alters both visual percep-

tion [63, 62, 64] and neural activities in visual pathways [65]. Therefore, spatial

attention was controlled in this study. We examined how manipulating attention

modulates the effect of lightness on contrast perception in two conditions. Par-

ticipants were required to fixate either on fixation mark or on the gratings. We

increased the attentional load at fixation in order to control top-down attentional

mechanisms and evaluate the bottom-up (sensory-driven) responses of early vi-

sual areas [66, 67]. In the two attentional condition, the presentation paradigm

was identical only the tasks differed. In the attend-to-fixation condition, partici-

pants were required to detect and report the changes in color of the fixation mark

by pressing the response buttons. In the attend-to-stimulus condition, one of the

flickering gratings froze for 500 milliseconds randomly in every 2000-4000 mil-

liseconds. Participants were asked to fixate the dynamic fixation mark, and they

are required to detect the grating that has been frozen. Eight fMRI scans were

applied; two for different attention levels and two for different contrast types.

Each condition was repeated two times in one of which mirror-symmetric version

of the stimulus was presented. Also, functional regions of interest (ROIs) were

identified in a different scan within the main experimental session.

5.2.1.3 Anatomical and Functional Region of Interest (ROI) localiza-

tion

We conducted a separate fMRI session in order to identify retinotopic visual

areas. We used the standard phase-encoded retinotopic mapping methods (see

an example in Figure 5.3) based on neural responses to rotating wedge and

expanding or contracting rings of flickering black and white checks [68, 69].

We identified functional ROIs in a different scan within the experimental ses-

sion. We functionally localized the cortical areas corresponding to the spatial

location of gratings on CSs using conventional methods in which participants

viewed flickering gratings on a trapezoid-shaped background whose luminance,

size and locations were exactly the same as the CSs (see Figure 5.4). Also,

physical properties of the gratings were identical with the ones used in actual
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Figure 5.3: An example of flickering black and white checks stimuli used in con-
ventional retinotopy experiments. (LEFT) Rotating wedge. (RIGHT) Expanding
or contracting rings.

fMRI experiment. In the first 24 seconds subjects viewed only the trapezoid-

shaped background without gratings. In the experimental block, participants

viewed flickering gratings on the trapezoid-shaped background. In the control

block, there were no gratings on this background. Each experimental block was

followed by the control block, and this circle was repeated seven times. Each

block lasted 12 seconds and participants viewed the fixation mark and they were

required to detect changes in its color throughout the experiment.

Figure 5.4: Functional ROI stimulus. Flickering gratings were shown on a
trapezoid-shaped background whose luminance, size and locations were exactly
the same as the context squares. Participants viewed the fixation mark and they
were required to do fixation task by detecting the changes in its color. The only
difference with the experimental stimulus was absence of the illusory checkerboard
stimulus.
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5.2.1.4 MRI data acquisition

Experiment was conducted at the National Magnetic Resonance Research Center

(UMRAM), Bilkent University. Scanning was performed on a 3 Tesla scanner

(Siemens Trio) using a thirty two-channel phase-array head coil. Each session

began with an anatomical scan using a high resolution T1-weighted 3D MPRAGE

sequence (1x1x1 mm3 resolution, TE: 3.02 ms, TR: 2600 ms, FOV read: 256, FOV

phase: 87.5, flip angle: 8 degrees, slice thickness: 1 mm). Functional data were

acquired with an echo-planar imaging (EPI) sequence (TR: 2000 ms, TE: 35 ms,

flip angle: 75 degrees, slice thickness: 3 mm, number of slices: 30, FOV: 192x192

mm2, matrix: 64x64, slice orientation: parallel to calcarine sulcus).

5.2.1.5 fMRI data processing and analyses

MRI data were processed using BrainVoyager QX (Brain Innovation, Maastricht,

The Netherlands). First white matter-gray matter boundaries are drawn, then the

cortex is constructed and inflated. Functional images were preprocessed to correct

for 3-dimensional head motion, to filter out low temporal variations (below 0.015

Hz) and to remove linear trend. The functional images were first transformed

into AC-PC space and then aligned with the anatomical image.

Boundaries between visual areas were drawn based on the Linear Correlation

Maps of retinotopic mapping section. Functional ROIs within each visual area

were identified by a General Linear Model procedure on the inflated cortices. The

time course and event-related average of fMRI signals of each functional scan were

extracted from pre-defined ROIs. In order to extract the time course of BOLD

responses, the data across all the voxels within the ROI was averaged and per cent

BOLD signal change, normalized by the mean BOLD signal across the scan, was

computed for each time point. Next trial-onset-locked event-related averaging

was performed, and the average response between 8 and 12s of control condition

(0-4 secs. before the stimulus onset) was subtracted from the average response

from forth to seventh volume (between 6 and 14s after the stimulus onset) of
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the experimental block as the average response for further analyses. Repeated-

measures ANOVA was conducted in order to test three factors: contrast type (two

levels: incremental, decremental), attentional condition (two levels: attend-to-

stimulus, attend-to-fixation), and CS (two levels: darker, lighter). Additionally,

for each condition, data from darker and lighter CS was compared by conducting

a two-tailed paired-samples Student’s t-test in SPSS.

5.2.2 Results

BOLD response time courses within V1 for incremental and decremental contrast

stimuli in two attention conditions are shown in Figure 5.5, and event-related

averages in different visual areas within pre-defined functional ROIs are plotted

in Figure 5.6. Also, accuracy of participants on behavioral attention tasks they

performed during fMRI scanning is plotted in Figure 5.7 in order to show that

they performed very well on both attention tasks. Below, detailed results are

reported separately for each visual area.

5.2.2.1 Activity within pre-defined functional ROI in V1

Results are shown in Figure 5.6. Analyses showed that main effect of CS (F(1,7)

= 21.56, p < 0.01) and main effect of attentional condition (F(1,7) = 8.84,

p < 0.05) were statistically significant. However, main effect of contrast type

was not significant (F(1,7) = 0.035, p > 0.05). Also, there was no significant in-

teraction. Two-tailed paired-samples Student’s t-test results showed that for the

incremental grating condition, the BOLD activity was increased when the grat-

ing was superimposed on perceptually lighter CS both for the attend-to-stimulus

(t(7)= 3.29, p = 0.013; not significant after Bonferroni correction) and the attend-

to-fixation (t(7)= 6.64, p < 0.001) conditions. The same pattern was observed for

the decremental grating condition that the BOLD activity was increased when

the grating was superimposed on lighter CS both for attend-to-stimulus (t(7)=

4.007, p < 0.01) and attend-to-fixation (t(7)= 4.21, p < 0.01) conditions. Results
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Figure 5.5: BOLD response time courses in seconds for incremental and decre-
mental contrast stimuli from V1 among two different attention conditions. ”0”
point corresponds to onset of experimental condition. In each condition, the
BOLD activity corresponding to lighter CS is larger. Error bars show ±1 SEM.
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Figure 5.6: Results of fMRI experiments. For each condition, trial-onset-locked
event-related averages in different visual areas within pre-defined functional ROIs
were calculated for each of eight subjects. The average response between 8 and
12s before the stimulus onset was subtracted from the average response from third
to sixth volume (between 6 and 14s after the stimulus onset) of the experimental
block and plotted here as the averaged %BOLD signal change. * p < 0.05 (Lighter
*: not significant after Bonferroni correction). Error bars show ±1 SEM.

clearly showed that for both contrast types, BOLD activity in V1 increased sig-

nificantly when identical gratings were superimposed on perceptually lighter CS

for both attention conditions.

5.2.2.2 Activity within pre-defined functional ROI in V2

Results are shown in Figure 5.6. ANOVA results revealed that the only significant

main effect was seen for the CS (F(1,7) = 10.44, p < 0.05). Also, there was no

significant interaction. Two-tailed paired-samples Student’s t-test results showed

that for the incremental grating condition, the BOLD activity did not change

depending on the gratings on CSs (attend-to-stimulus condition: t(7)= 1.18,

p = 0.27; attend-to-fixation condition: t(7)= 1.99, p = 0.08). However, for

the decremental grating condition, the BOLD activity was increased when the
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Figure 5.7: Mean accuracy of participants on attention tasks they performed
during fMRI scanning. Participants performed well in both attention tasks. Error
bars show ±1 SEM.

grating was superimposed on lighter CS both for attend-to-stimulus (t(7)= 3.22,

p = 0.015; not significant after Bonferroni correction) and attend-to-fixation (t(7)

= 4.58, p =0.003) conditions.

5.2.2.3 Activity within pre-defined functional ROI in V3

Results are shown in Figure 5.6. Similar with the activation in V2, ANOVA

analyses showed that the only significant main effect was observed for the CS

(F(1,7) = 16.64, p < 0.01). Also, there was no significant interaction. Additional

t-test analyses revealed that the BOLD activity was increased when the grating

was superimposed on perceptually lighter CS for incremental grating condition

both for attend-to-stimulus (t(7)=2.64, p = 0.033; not significant after Bonfer-

roni correction) and attend-to-fixation (t(7)=3.85, p < 0.01) conditions. For

decremental gratings condition BOLD increase in attend-to-stimulus condition

was not significant (t(7)=1.46, p > 0.01), but the difference was significant for

attend-to-fixation condition (t(7)=4.06, p < 0.01).
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5.2.2.4 Activity within pre-defined functional ROI in V4

We could not define ROI in V4 for one participant. Therefore, analyses were

conducted using data from seven participants. Results are shown in Figure 5.6.

ANOVA and two-tailed paired-samples Student’s t-test results showed that there

was no significant activity change in V4 except that the difference was significant

for the decremental grating attend-to-fixation condition (t(6)=4.88, p < 0.01).

5.3 Summary and Discussion

In our previous experiments, we showed that the perceived contrast of recti-

fied square-wave gratings is affected by the context-dependent lightness. Ex-

cept decremental contrast patterns, when identical gratings are superimposed

on equiluminant backgrounds, the one on perceptually lighter background ap-

peared to have higher contrast. In order to investigate the underlying neuronal

mechanisms of this effect, we conducted an fMRI study. In a block design, we

superimposed identical flickering gratings simultaneously on perceptually darker

and lighter CSs. We tested both incremental and decremental contrast patterns

in two attention conditions called “attend-to-stimulus” and “attend-to-fixation”.

Our fMRI results showed that although the physical properties of the local stim-

uli that fall within our pre-defined ROIs are identical, there was a difference in

BOLD signal especially in primary visual cortex (V1) correlating with the per-

ceptual effect. More specifically, when identical gratings are superimposed on

equiluminant backgrounds, the one on the perceived-lighter background elicited

higher BOLD activity at all conditions we tested (incremental vs. decremental;

attend-to-stimulus vs. attend-to-fixation).

Our results highlighted an interesting relationship between behavioral and

neural data. Namely, fMRI results are not completely in line with the behav-

ioral appearance results (see Section 2.3 and 5.1). For incremental gratings,

perceived contrast increased with the increase in context-dependent lightness of

the background. fMRI results were in agreement with this pattern. However, for
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decremental gratings, although there was no behavioral effect in the appearance

experiment, increased BOLD signal change was observed for the condition that

decremental gratings were superimposed on the lighter CS. Interestingly, pat-

tern of neural activity only matched with the pattern of behavioral findings at

threshold level (see Chapter 3). At threshold level, context-dependent lightness

effect was seen both for incremental and decremental contrast patterns and there

was no difference between these contrast types. Similarly in fMRI experiments,

the effect was found for both contrast types and there was no difference between

them. Since our BOLD results correlates better with threshold measures than

the appearance measures, we thought that the BOLD activity we observed in

V1 might better correspond to detection, but not the identification mechanism.

Therefore, our results might be a neural evidence of the distinct mechanisms

underlying detection and identification that Hillis and Brainard [9] showed be-

haviorally. In order to investigate this relationship further and systematically,

we conducted additional behavioral threshold and fMRI experiments explained

in the next chapter (see Chapter 6).
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Chapter 6

Linking Behavioral and Neural

Data

Our previous fMRI results are not completely in line with the behavioral ap-

pearance results. Instead, they are similar to the those of threshold measures.

Considering this pattern in the results, the BOLD activity in V1 may better cor-

respond to detection, but not the identification mechanism. Thus, the BOLD

activity we observed in V1 might be a neural evidence of the distinct mechanisms

that mediates object detection and identification shown behaviorally before [9].

According to Hillis and Brainard [9], detection mechanism can be modeled by

both detection and discrimination threshold measures. Therefore, if fMRI ac-

tivity we observed corresponds to detection mechanism, it should also correlate

well with contrast discrimination thresholds. Previously, it has been shown that

BOLD activity in early visual areas is consistent with the behavioral contrast dis-

crimination thresholds [70]. Therefore, if BOLD activity corresponds to detection

mechanism, then we expect to predict discrimination thresholds from correspond-

ing BOLD activities. Therefore, in this study, we conducted additional behav-

ioral and fMRI experiments in order to compare the behavioral and neural results

systematically. In the behavioral experiments, we tested the context-dependent
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lightness effect both on detection and discrimination thresholds. Later, we con-

ducted an fMRI study in order to examine the relationship between behavioral

and neural data in detail. Also, an alternative experiment was conducted in or-

der to investigate the relationship between behavioral and neural data. Details

of this experiment can be seen in Appendix B.

6.1 Contrast Discrimination Threshold Mea-

surement

6.1.1 Method

6.1.1.1 Participants

Five participants (two male) including the author ZP participated in the exper-

iments. The mean age was approximately 26.4 ranging from 23 to 29. All par-

ticipants reported normal or corrected-to-normal vision, and had no history of

neurological or visual disorders. Participants provided written informed consent

and the experimental protocols were approved by the Human Ethics Committee

of Bilkent University.

6.1.1.2 Stimuli and Design

The stimuli were presented on a CRT monitor (HP P1230, 22 inch, 1024 X 768 res-

olution). To be able to present very fine-grained contrast differences, the dynamic

luminance range of the monitor is increased (14-bit luminance resolution) using

a digital-to-analog converter (Bits#, Cambridge Research Systems Ltd., UK).

Presentation of correct luminance values was ensured by using a 14-bit gamma-

corrected gray scale lookup table prepared after measurements of every four steps

in a range that is necessary for generation of our stimuli with a colorimeter (Spec-

troCAL, Cambridge Research Systems Ltd., UK). Participants were seated 75 cm
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from the monitor, and their heads were stabilized using a chin rest. Participants’

responses were collected via a standard computer keyboard.

The illusory checkerboard stimulus subtended 20 by 20 degrees of visual angle.

Approximate size of the context squares was 2.65 by 2.65 degrees of visual angle.

Luminance of the context square was 8.17 cd/m2. Rectified square-wave gratings

weighted by two-dimensional isotropic Gaussian envelopes were superimposed on

the context squares of the illusory stimulus. Contrast of the gratings was de-

fined by Weber Contrast. Incremental and decremental gratings with frequency

of 2 cpd were tested. In the experiment, contrast detection and discrimination

thresholds were measured at two baseline contrasts (0 (0%) and 0.2 (20%) con-

trast levels), using an adaptive two-interval forced-choice (2-IFC) procedure. The

baseline contrasts were tested in different sessions. At the beginning of each trial,

either original checkerboard stimulus or the mirror-symmetric version of it pre-

sented randomly. Gratings were superimposed on only the right CS, which might

be either darker or lighter depending on the trial, throughout a session. Each trial

started with a 3000 ms illusory stimulus presentation, followed by two intervals

each presented for 500 ms. Intervals were separated by a 500-ms inter-stimulus

interval (ISI), the illusory stimulus remained on the screen during the ISI. A

beep-sound was presented at the beginning of each interval in order to inform

participants that the interval begins. In one of the two intervals randomly cho-

sen, a standard grating with baseline contrast was presented and a test grating

of slightly higher contrast than the standard grating was presented in the other

interval. There was a fixation mark in the middle of two CS and participants

were required to fixate on it throughout the session. Participants were asked to

decide the temporal position of the grating with higher contrast (test grating)

by pressing either left arrow or right arrow button in a keyboard (Figure 6.1).

An auditory feedback was provided following only an incorrect response. Darker

and lighter CSs were tested within the same session. Two interleaved staircases

were applied for each CS independently (4 staircases in total, each containing 60

trials, 240 trials in total) in a single session. After each trial, contrast of the next

test grating was decided based on the previous responses following a 1-up 3-down

adaptive staircase with 0.3% contrast steps for 0%, and 0.5% contrast steps for
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Figure 6.1: Protocol for the discrimination threshold experiment. At the begin-
ning of each trial, either original checkerboard stimulus or the mirror-symmetric
version of it presented randomly. Gratings were superimposed on only the right
CS, which might be either darker or lighter depending on the trial. A beep-sound
was presented at the beginning of each interval in order to inform participants
that the interval begins. In one of the two intervals randomly chosen, a standard
grating with baseline contrast was presented and a test grating of slightly higher
contrast than the standard grating was presented in the other interval. There was
a fixation mark in the middle of two CS and participants were required to fixate
on it throughout the session. Participants were asked to decide the temporal
position of the test grating.

20% baseline contrast. There were four conditions (2 contrast type (incremental

or decremental) X 2 baseline contrast levels (0% or 20%)) in the experiment. In

order to be conservative about the results, measurement of each condition was

repeated three times on each participant. Therefore, observers participated in

twelve experimental sessions.

6.1.1.3 Data analysis

Data were first analyzed with Palamedes toolbox to find the threshold (79% suc-

cess) [60] in Octave (http://www.octave.org). Standard error of the thresholds
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were computed using bootstrapping. For decremental contrasts, before comput-

ing the threshold, we first converted the negative values to positive. Raw data

were converted to discrimination threshold by subtracting the threshold from

baseline contrast. Analyses were done using the mean of three repeats of each

condition. We conducted repeated measures ANOVA with three factors (contrast

type, CS, contrast level) and thresholds for different CSs were compared using a

two-tailed paired-samples Student’s t-test in SPSS.

6.1.2 Results

Results are shown in Figure 6.2. Also, mean proportion of correct responses av-

eraged across participants and corresponding PFs are plotted in Figure 6.3 as a

function of stimulus contrast.Similar to previous experiments, main effect of CS

was statistically significant (F(1,4) = 221.8, p < 0.001). Mean discrimination

threshold for the gratings superimposed on darker CS (M = 2.9, SEM = 0.2) was

higher than that on the lighter CS (M = 2.5, SEM = 0.2). Also, main effect of

contrast (F(1,4) = 32.51, p < 0.01) was statistically significant. Mean discrimi-

nation threshold for the gratings with 20% baseline contrast (M = 4, SEM = 0.5)

was higher than that with the 0% baseline contrast (M = 1.4, SEM = 0.1) as

expected considering a typical threshold-versus-contrast (TvC) curve. Further-

more, unlike previous results, main effect of contrast type was also significant

(F(1,4) = 8.77, p < 0.05). Mean thresholds for the incremental gratings (M =

2.9, SEM = 0.3) was higher than that with the decremental gratings (M = 2.5,

SEM = 0.2).

Detection threshold at 0% baseline contrast was significantly higher when grat-

ings were superimposed on perceptually darker CSs than that on lighter CSs both

for incremental (for lighter CS: M = 1.2, SEM = 0.09; for darker CS: M = 1.6,

SEM = 0.1; t(4) = 8.58, p < 0.01) and decremental gratings (for lighter CS: M

= 1.2, SEM = 0.06; for darker CS: M = 1.4, SEM = 0.08; t(4) = 7.83, p < 0.01).

Results were similar for discrimination thresholds at 20% baseline contrast. There

was a significant difference in discrimination thresholds of gratings superimposed
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Figure 6.2: Discrimination Thresholds for the incremental and decremental grat-
ings superimposed on either darker or lighter CSs. Here, mean of three repeats
of each condition was reported. Discrimination threshold is higher when gratings
are superimposed on darker CS. * p < 0.05. Error bars show ±1 SEM.

on lighter and darker CS both for the incremental gratings (for lighter CS: M =

3.9, SEM = 0.4; for darker CS: M = 4.6, SEM = 0.4; t(4) =3.42, p < 0.05) and

the decremental gratings (for lighter CS: M = 3.3, SEM = 0.4; for darker CS: M

= 3.9, SEM = 0.4; t(4) = 2.98, p < 0.05).

6.1.3 Intermediate Summary and Discussion

Results of the present experiment was consistent with our previous results (see

Section 3.2 in Chapter 3). For the detection threshold of incremental and decre-

mental gratings, a lower contrast is required in order to detect the presence of a

grating when it is superimposed on perceptually lighter CS compared to those su-

perimposed on perceptually darker CS. Also, as we predicted, the same effect was

observed for discrimination threshold of incremental and decremental gratings.
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Figure 6.3: Mean proportion of correct responses averaged across participants as
a function of stimulus contrast, and corresponding psychometric functions (PF).
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Figure 6.4: Example contrast response function (CRF). It forms a sigmoidally
shaped function that expanses at low contrast levels and compresses at high con-
trasts where response saturates; and neural response increases relatively linearly
at midrange contrast levels.

6.2 fMRI of Contrast Discrimination Measure-

ment

Single-unit recording and human imaging data suggest that increases in stimulus

contrast cause a monotonic increase in neural activity in V1 [71, 72]. However,

the increase in neural activity is not linear across all ranges of contrast. It forms

a sigmoidally shaped contrast response function (CRF, see Figure 6.4 for an

example) that expanses at low contrast levels and compresses at high contrasts

where response saturates; and neural response increases relatively linearly at

midrange contrast levels [71]. Behaviorally, contrast discrimination threshold is

represented as a function of baseline contrast and it is called a threshold versus

contrast or a TvC curve [73, 70, 74] (see Figure 6.5 for an example). At zero

baseline contrast, the minimum contrast increment that can be detected is called

detection threshold. As the baseline contrast increases above zero, discrimination

threshold first drops below the detection threshold; and then it increases again.
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Figure 6.5: Example threshold versus contrast (TvC) curve. Behaviorally, con-
trast discrimination threshold is represented as a function of baseline contrast
and it is called a TvC curve. At zero baseline contrast, the minimum contrast
increment that can be detected is called detection threshold. As the baseline
contrast increases above zero, discrimination threshold first drops below the de-
tection threshold; and then it increases again.

Behavioral performance on discrimination is believed to be limited by neuronal

signals in early visual areas [70]. In other words, in order to detect an increment

in contrast behaviorally, neural activity should increase by a criterion amount.

Therefore, shape of the TvC curve depends on contrast response function, and

discrimination thresholds can be predicted from the inverse of the slope of CRF

[70]. For example, discrimination threshold is lower at the contrast levels where

slope of the CRF is steeper because neural response increases by the criterion

amount with less increase in stimulus contrast. In our study, if the fMRI and the

threshold data is consistent, we would expect to see steeper slopes for the CRF

of both incremental and decremental gratings superimposed on lighter CSs than

that of darker CS because thresholds were significantly lower for those gratings

superimposed on lighter CSs. However, instead of the threshold results, if our

fMRI result is consistent with the appearance results, we would expect to see

larger BOLD response increases only for the incremental gratings superimposed

on lighter CSs, but not for decremental gratings because perceived contrast sig-

nificantly increased only for the incremental gratings superimposed on lighter CSs

(see Figure 6.6 for expected results). In order to compute the slope at the contrast
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Figure 6.6: Expected fMRI results based on the appearance and threshold re-
sults. (A) In a case that BOLD activity in a cortical area is related to contrast
appearance we would expect to see different patterns for incremental and decre-
mental gratings. BOLD signal should be higher for the incremental gratings on
lighter CS than that of superimposed on darker CS, and it should be similar for
decremental gratings superimposed either on lighter CS or darker CS. (B) In a
case that BOLD activity in a cortical area is related to thresholds, we would
expect to see steeper slope of CRF for the grating superimposed on the lighter
CS both for incremental and decremental grating conditions. Thin lines show
the relationship between stimulus contrast (on the x axis) and criterion amount
increase (on the y axis). For instance, for the 20% baseline contrast, contrast of a
grating superimposed on darker CS should be higher than that of superimposed
on lighter CS in order to evoke the neural response increase by criterion amount.

levels we tested in the behavioral experiments, we collected data from five contrast

levels (3.5%, 7%, 14% 20% and 28%) in the fMRI study. Also, we replicated ap-

pearance experiments in the scanner to ensure that the stimulus conditions were

identical for behavioral and fMRI experiments and context-dependent lightness

effect is still observed under the conditions in the scanner.
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6.2.1 Behavioral Adjustment Experiment in the Scanner

6.2.1.1 Method

6.2.1.1.1 Participants Five participants (two male) including the author

ZP participated in the experiment. All five had previously participated in the

behavioral discrimination threshold measurement experiments (Section 6.1).

6.2.1.1.2 Stimuli and Design Visual stimuli were presented on a MR-

compatible LCD monitor (TELEMED, 32 inch, 1920 X 1080 resolution) that

was viewed by participants through a mirror located above their eyes inside the

scanner. The viewing distance was 170 cm. The monitor was calibrated using a

SpectroCAL (Cambridge Research Systems Ltd.) colorimeter.

For this experiment, we replicated our previous adjustment experiment while

participants were lying in the scanner. We tested one contrast and one frequency

level (20% incremental or decremental contrast, 2 cpd spatial frequency). Partic-

ipants’ task was to perceptually adjust the contrast of a match grating to match

that of the standard grating. Differently from our previous experiments, the stan-

dard grating was placed on one of the CSs and the match grating was placed on

the other CS. The approximate size of the grating was 1.6 degree. There was a

fixation mark between the two CSs. Participants were asked to fixate the fixation

mark while performing the adjustment task. Contrast of the rectified square-wave

gratings were defined by Weber Contrast. The tested incremental and decremen-

tal contrast level was 0.2 and -0.2, respectively. Adjustment was done in 0.02

steps using the buttons of an MRI-compatible response pad. We used the version

of the checkerboard stimulus in which CS luminance was 13.82 cd/m2. Checker-

board stimuli were presented on a gray background whose luminance was 24.39

cd/m2. In each trial the contrast of the match had the same contrast polarity as

the standard and its initial contrast was determined randomly at the start of each

trial. Each session contained 10 trials with 5 repetitions for every combination of

conditions (1 contrast level X 2 CS positions X 5 repetitions). Incremental and
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Figure 6.7: Mean settings in the perceived contrast experiment in the scanner.
Red horizontal line corresponds to the actual contrast. * p < 0.05. Error bars
represent ±1 SEM.

decremental contrast patterns were tested in different blocks.

6.2.1.1.3 Data Analysis Analyses were performed on averaged perceived

contrast scores. First, a repeated-measures ANOVA was conducted in order

to test two factors: contrast type (two levels: incremental, decremental), and

CS (two levels: darker, lighter). Also, we conducted two-tailed paired-samples

Student’s t-test in SPSS in order to test whether perceived contrasts of grat-

ings superimposed on either darker or lighter CSs are significantly different. For

decremental contrasts, before computing the mean perceived contrast, we first

converted the levels to positive values.

6.2.1.2 Results

Behavioral results in the scanner are shown in Figure 6.7. The repeated-measures

ANOVA results showed that main effect of contrast type (F(1,4) = 0.34, p > 0.05)

and main effect of CS (F(1,4) = 2.97, p > 0.05) was not statistically significant.

However, the interaction between contrast type and CS (F(1,4) = 18.36, p < 0.05)
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was significant. For the incremental grating condition, perceived contrast of grat-

ings superimposed on lighter CSs was higher than those superimposed on darker

CS (t(4)= 3.34, p < 0.05). For the decremental grating condition, the difference

was not significant (t(4)= 0.33, p > 0.05). In this experiment, consistent with

our previous adjustment experiments, we found that perceived contrast increased

with context-dependent lightness of the background for incremental gratings, but

not for decremental gratings.

6.2.2 fMRI Experiment

6.2.2.1 Method

6.2.2.1.1 Participants Five participants (two male) including the author

ZP participated in the experiment. All five participants had also participated in

the behavioral discrimination threshold measurement experiments and behavioral

adjustment experiments in the scanner.

6.2.2.1.2 Stimuli and Design Visual stimuli were presented on a MR-

compatible LCD monitor (TELEMED, 32 inch, 1920 X 1080 resolution) that

was viewed by participants through a mirror located above their eyes inside the

scanner. The viewing distance was 170 cm. The monitor was calibrated using a

SpectroCAL (Cambridge Research Systems Ltd.) colorimeter.

The illusory checkerboard stimulus was used in the experiments. Photo-

metrically identical rectified square-wave gratings weighted by two-dimensional

isotropic Gaussian envelopes were superimposed on both CSs simultaneously.

3.5%, 7%, 14%, 20% and 28% incremental and decremental contrast levels, de-

fined by Weber Contrast, were tested in different runs. In the first 24 seconds

subjects viewed only the illusory stimulus without gratings. In a block design,

subjects viewed five 12-second alternating blocks of two conditions. In the first

condition, gratings were presented (experimental blocks). Experimental blocks

were separated by control blocks where gratings were absent on the illusory
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checkerboard stimulus. In all blocks, subjects viewed a dynamical fixation mark

whose color is alternating between black, red and green. Participants were asked

to fixate the fixation mark, and they were required to report the changes in its

color by pressing the response pad. Gratings were flickering at 4 Hz to avoid

adaptation of neurons. Five fMRI scans for different contrast levels times two

for different contrast types were applied. Each condition was repeated two times

using the mirror-symmetric versions of the illusory stimulus. As a result, there

were twenty fMRI scans in the experiment. Also, the experiment included an

anatomical scan, and two functional region of interest (ROI) localization scans.

6.2.2.1.3 Region of Interest (ROI) localization Retinotopic visual areas

were defined in a different session based on responses to rotating wedge and

expanding rings of flickering black and white checks, using the standard phase-

encoded retinotopic mapping methods (see an example in Figure 5.3) [68, 69].

Functional ROIs were identified in two different scans within the main exper-

imental session. One scan was conducted using incremental and the other was

conducted using decremental contrast gratings. Cortical areas corresponding to

the location of gratings on CSs were functionally localized by conventional meth-

ods in which subjects viewed flickering gratings on a trapezoid-shaped background

whose luminance, size and locations were exactly the same as the CSs (see Figure

5.4). Gratings with 20% contrast and 2 cpd frequency levels were used. First, the

trapezoid-shaped left and right backgrounds were presented during 24 seconds as

an initial blank period. Later, in an experimental block, flickering gratings were

presented for 12 seconds on both left and right backgrounds simultaneously. The

experimental block was repeated for five times in a scan, separated by 12 seconds

control blocks. In control blocks there were no gratings on the backgrounds. In

this scan, participants were required to respond to changes in color of the fixation

mark.

6.2.2.1.4 MRI data acquisition Scanning protocols were the same with the

previous fMRI experiment (see Section 5.2.1.4).
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6.2.2.1.5 fMRI data processing and analyses MRI data were pre-

processed and ROIs were defined as it is explained in Section 5.2.1.5. ROIs

defined by the incremental grating ROI scan was used to analyze the data in the

incremental grating conditions and ROIs defined by the decremental grating ROI

scan was used to analyze the data in the decremental grating conditions. For

each fMRI scan, the time course of BOLD responses was extracted by averaging

the data across all the voxels within the pre-defined ROIs in V1, V2, V3, and V4;

and then normalized by the mean BOLD signal across the scan. Next trial-onset

locked event-related averaging was performed, and the average response between

8 and 12s of control condition (0-4 secs. before the stimulus onset) was subtracted

from the average response from forth to sixth volume (between 6 and 12s after

the stimulus onset) of the experimental block as the average response for further

analyses. Data was analyzed in two different ways in order to compare the fMRI

results with the appearance and threshold results separately. To see whether

fMRI and appearance results are consistent repeated-measures ANOVA was con-

ducted using average response scores. Three factors, contrast type (two levels:

incremental, decremental), contrast level (five levels: 3.5%, 7%, 14%, 20%, 28%),

and CS (two levels: perceived darker, lighter) were tested. Additionally, a two-

tailed paired-samples Student’s t-test was applied in SPSS to the data averaged

across contrast levels corresponding to darker and lighter CSs for incremental and

decremental condition separately. If the fMRI and the appearance data is consis-

tent, we would expect to see larger BOLD response increases for the conditions

where perceived contrast increased significantly. In order to see whether fMRI

and threshold results are consistent we first fitted a CRF to the fMRI data aver-

aged across participants. We used the following equation suggested by Boynton

et al. [70] to fit CRF:

R̂(C) = α
Cp+q

Cq + σq
, (6.1)

where, R and C correspond to response and stimulus contrast, respectively. The

value of other symbols defines the shape of the function. In order to fit the

function to the averaged fMRI data we performed a numerical search to minimize

error using the weighted least-squares error function below:

X2 =
∑
i

[R̂i −Ri]
2

σ2
i

, (6.2)
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where R̂ and R are the predicted and measured responses to the ith scan (thus

the ith contrast level), respectively. Standard error of the mean for each contrast

level was computed considering the variance across participants and this value is

defined as a variance in the data by σ2
i in the equation. After we fit the CRF, we

computed the slopes at 0% and 20% contrast levels. If the fMRI and the threshold

data is consistent, We would expect to see steeper slopes for the conditions where

the thresholds are significantly lower. In order to compute the standard errors of

the slopes, we bootstrapped the data and computed estimated standard errors.

6.2.2.2 Results

We could define the functional ROIs for four out of five participants. There-

fore, further analyses are conducted using data from four participants. Below,

the results were compared with the behavioral appearance and threshold results

separately.

6.2.2.2.1 Are the fMRI results consistent with appearance results?

6.2.2.2.1.1 Activity within pre-defined functional ROI in V1 Re-

sults at the 20% contrast level are shown in Figure 6.8 (top left). Analyses showed

that main effect of CS (F(1,3)=19.47, p < 0.05) was statistically significant. Main

effect of contrast was also significant (F(4,12)=4.97, p < 0.05). However, main

effect of contrast type was not significant (F(1,3)=1.53, p > 0.05). Also, there

was no significant interaction. Two-tailed paired-samples Student’s t-test re-

sults showed that for the decremental grating condition, the BOLD response was

larger when the grating was superimposed on perceptually lighter CS (t(3)=4.84,

p < 0.05). The same pattern was observed for the incremental grating condition.

The BOLD response tended to be larger when the grating was superimposed on

the lighter CS but the difference was not statistically significant (t(3)=2.85, p

= 0.065). Results showed that for both contrast types, BOLD response in V1

tended to increase when identical gratings were superimposed on the perceptually
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Figure 6.8: Mean BOLD signal change for 20% incremental and decremental
contrast in V1, V2, V3 and V4. BOLD signal amplitude is higher both for
incremental and decremental gratings superimposed on lighter CS. * p < 0.05.
Error bars represent ±1 SEM.

lighter CS. BOLD activity changed significantly depending on the CS for decre-

mental gratings. The same pattern was observed for incremental gratings but the

difference was not statistically significant. Overall, results showed that activity

in V1 was not completely consistent with the context-dependent lightness effect

on perceived contrast.

6.2.2.2.1.2 Activity within pre-defined functional ROI in V2 Re-

sults at the 20% contrast level are shown in Figure 6.8 (top right). Analyses

showed that main effect of CS (F(1,3)=23.38, p < 0.05) was statistically signifi-

cant. Main effect of contrast was also significant (F(4,12)=8.7, p < 0.05). How-

ever, main effect of contrast type was not significant (F(1,3)=1.98, p > 0.05).

Also, there was no significant interaction. Two-tailed paired-samples Student’s

t-test results showed that for the decremental grating condition, the BOLD re-

sponse was increased when the grating was superimposed on perceptually lighter
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CS (t(3)=4.009, p < 0.05). The same pattern was observed for the incremen-

tal grating condition, that is the BOLD response tended to be larger when the

grating was superimposed on lighter CS but the difference was not statistically

significant (t(3)=0.85, p > 0.05). Results showed that activity pattern was very

similar to those of V1. Results showed that activity in V1 was not completely

consistent with the context-dependent lightness effect on perceived contrast.

6.2.2.2.1.3 Activity within pre-defined functional ROI in V3 Re-

sults at the 20% contrast level are shown in Figure 6.8 (bottom left). A similar

trend was observed in V3, that is the BOLD response tended to increase when the

grating was superimposed on perceptually lighter CS. However, main effect of CS

(F(1,3)=6.57, p = 0.083) was not significant. Also, main effect of contrast type

was not significant (F(1,3) =1.91, p > 0.05). However, main effect of contrast

was significant (F(4,12) =7.59, p < 0.05). There was no significant interaction.

Two-tailed paired-samples Student’s t-test results showed that both for the decre-

mental grating condition (t(3)=1.78, p > 0.05) and for the incremental grating

condition (t(3)= 3.06, p = 0.055), BOLD activity did not change significantly

depending on the CS. Results showed that activity in V3 was not consistent with

the context-dependent lightness effect.

6.2.2.2.1.4 Activity within pre-defined functional ROI in V4 Re-

sults at the 20% contrast level are shown in Figure 6.8 (bottom right). A similar

trend was observed in V4, that is the BOLD response tended to increase when

the grating was superimposed on perceptually lighter CS. However, main effect of

CS (F(1,3)=1.62, p > 0.05) and main effect of contrast type was not significant

(F(1,3) =0.89, p > 0.05). However, main effect of contrast was significant (F(4,12)

=5.11, p < 0.05). Also, there was no significant interaction. Two-tailed paired-

samples Student’s t-test results showed that both for the decremental grating

condition (t(3)=1.23, p > 0.05) and for the incremental grating condition (t(3)=

1.2, p > 0.05), BOLD response did not change significantly depending on the CS.

Results showed that activity in V4 was not consistent with the context-dependent

lightness effect.
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6.2.2.2.2 Are the fMRI results consistent with threshold results? In

order to see whether fMRI and threshold results are consistent we first fitted CRF

to the mean fMRI data averaged across participants and we computed standard

errors using bootstrapping. Mean BOLD signal amplitude in V1,V2, V3, and V4

as a function of contrast and fitted CRFs to the actual data is plotted in Figure

6.9. In order to compare the BOLD activity and detection threshold performance

we computed the slope CRF between 0% and 1% contrast levels and those slopes

were plotted in Figure 6.10 across V1, V2, V3, and V4. BOLD activity pattern

in all visual areas are consistent with the behavioral performance that detection

thresholds were lower for the conditions where the slope is steeper.

Discrimination threshold at 20% baseline contrast (note that this is the value

we tested in the discrimination threshold experiments) performance should be

predicted from the slope of CRF at 20% contrast level and those slopes were

plotted in Figure 6.11 across V1, V2, V3, and V4. For the incremental gratings,

BOLD activity pattern in V2, V3 and V4 was consistent with the discrimination

threshold performance. For the decremental gratings, BOLD activity pattern was

not consistent with the discrimination threshold performance in any visual area.

6.2.3 Intermediate Summary and Discussion

Results of the present fMRI experiment showed that BOLD response tended to

increase for the gratings superimposed on the perceived lighter CS more than

those superimposed on the darker CS. However, for most of the conditions this

difference did not reach to the significance level even for the conditions we could

observe significant differences in our previous fMRI experiment (see Chapter 5).

We believe that this is mainly caused by the limited number of participants we

have in the present study. Still, inspecting the patterns in results, we see that the

fMRI activity is not consistent with the appearance results. Perceived contrast

was higher for the incremental gratings superimposed on lighter CSs compared to

those superimposed on darker CSs in the appearance experiment. However, per-

ceived contrast of decremental gratings was not affected by the context-dependent
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Figure 6.9: Mean BOLD response amplitude in V1, V2, V3, and V4 as a function
of contrast and fitted CRFs to the actual data. BOLD response change tended
to be larger for the gratings superimposed on the lighter CS for the most of the
conditions we tested in all visual areas. Error bars represent ±1 SEM.
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Figure 6.10: Slope of the CRF curve between 0% and 1% contrast level in V1,
V2, V3, and V4. CRF was fitted to the mean fMRI data averaged across par-
ticipants. According to the recent models of contrast processing, slopes should
be higher at the points that detection threshold is lower. Results are consistent
with this expectation in all visual areas. Error bars represent ±1 SEM obtained
by bootstrapping.
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Figure 6.11: Slope of the CRF curve at 20% contrast level in V1, V2, V3, and V4.
CRF was fitted to the mean fMRI data averaged across participants. According to
the recent models of contrast processing, BOLD activity slopes should be higher
at the points that discrimination threshold is lower. For the incremental gratings,
the BOLD activity pattern in V2, V3 and V4 is in line with this expectation.
However, for the decremental gratings the activity pattern does not agree with
the expectation. Error bars represent ±1 SEM obtained by bootstrapping.
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lightness. Although there is no significant behavioral context-dependent lightness

effect for the decremental grating conditions, fMRI results indicated significant

BOLD increase when the gratings were superimposed on lighter CSs than those

superimposed on darker CSs. Our fMRI results are not completely consistent

with the threshold results either considering the contrast processing models in

literature [e.g., 70]. According to the recent models, thresholds should be pre-

dicted from the inverse of the slope of CRF, and lower threshold scores should be

observed where the fMRI data has steeper slopes. Therefore, in our experiment

since we observed lower detection and discrimination thresholds for the gratings

superimposed on lighter CS, we also expected to see steeper slopes in the fMRI

data for those gratings at least at the contrast levels we measured behaviorally.

The relationship between the fMRI data and the detection threshold data was

consistent with this expectation. However, we could not see such a pattern for

the fMRI and the discrimination threshold data. Still, variation in the fMRI ac-

tivity with varying contrast links better with the thresholds than the appearance

results because fMRI data at least correlates well with the detection threshold

data. Therefore, we believe that this study offers a neural evidence for dissocia-

tion between the mechanisms underlying detection (threshold) and identification

(appearance) measures [9]. It should also be noted that the reason why we could

not see the expected relationship between fMRI and discrimination threshold

data might be due to the insufficiency of the recent contrast processing models

in order to explain the contrast processing in context. Therefore, we would need

to develop new models. In addition to the slope of CRF, absolute or perceived

values of contrast might also contribute to the contrast thresholds. Therefore,

these models should be revisited again and tested in context, too.
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Chapter 7

Discussion

In this thesis work, I have investigated how contrast detection and identification

of rectified square-wave gratings is affected by the context-dependent lightness

of its background using psychophysical and functional magnetic resonance imag-

ing (fMRI) methodologies. In behavioral experiments, we modeled detection and

identification by threshold tasks and appearance tasks, respectively [9]. In our

experiments we used an illusory checkerboard stimulus in which two equilumi-

nant “context squares” (CSs) appeared different in lightness (Figure 2.1). First,

in a behavioral experiment we ensured that the stimulus had the desired light-

ness effect on all participants. Later, in a series of experiments we measured

the contrast appearance of incremental and decremental rectified square-wave

gratings superimposed on the CSs. We found that perceived contrast increased

with context-dependent lightness of the background for incremental gratings, but

not for decremental gratings. More specifically, when identical incremental grat-

ings are superimposed on equiluminant backgrounds, the one on the perceptually

lighter background appeared to have higher contrast. In this experiment, we

investigated the appearance of gratings, not their detection or discrimination

thresholds. Hillis and Brainard [9] previously showed that detection and identi-

fication of incremental elliptical patches in complex scenes similar to ours were
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mediated by different mechanisms. Thus, after showing the effect of context-

dependent lightness on perceived contrast, in the next experiment, we investi-

gated how context-dependent lightness affects contrast detection and discrimina-

tion thresholds using both the illusory checkerboard stimulus and a typical simul-

taneous brightness contrast stimulus (Figure 4.1). We first conducted detection

threshold experiments. For the experiments we used the illusory checkerboard

stimulus, we found that contrast detection threshold was higher when gratings

were superimposed on the equiluminant but perceptually darker backgrounds.

Results were partly consistent with the previous appearance experiments. Lower

appearance experience cohered with the higher detection threshold. However,

differently from appearance judgments, context-dependent lightness affected the

detection thresholds of both incremental and decremental gratings.

Overall, our behavioral results are consistent with previous studies which

showed that contrast of visual patterns in simple scenes, such as Gabor patches

on a uniform background vary with their mean or background luminance [e.g.,

7, 59, 15, 54]. Here we show that the effect is not limited to the background lu-

minance but extends to context-dependent lightness. Moreover, in our study we

show that even when there is no physical difference between the patterns there is

still an effect of background lightness on contrast perception. Comparing phys-

ically identical patterns circumvents nonlinearities and confounds that might in

principle be introduced by physical changes.

Surprisingly, context-dependent lightness of the background affected the per-

ceived contrast of incremental gratings but not decremental ones. On the other

hand, it affected the contrast detection and discrimination thresholds of both in-

cremental and decremental gratings. Processing differences between positive and

negative local contrast has been reported before in literature both by behavioral

and neuronal studies [e.g., 43, 44, 45, 46, 47, 51, 52]. For example, it has been

shown that detection threshold of decrement is lower than that of increment par-

ticularly when the background luminance is low [e.g., 49, 75, 50]. The light-dark

asymmetry is also incorporated in some models of brightness [e.g., 76, 77]. Yeh,

Xing, and Shapley [78] found that single-unit activity of V1 neurons was stronger

for decrements than increments. In a human fMRI study stronger BOLD signal
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in V1 was reported in response to negative contrast stimuli compared to positive

contrast ones [79]. Komban et al. [80] showed that dark targets are perceived

faster and more accurately than light targets at suprathreshold levels on noisy

backgrounds and argued that this difference indicates that greater neuronal re-

sources are devoted to process decremental patterns in the early visual pathway.

Therefore, the asymmetry found in our study could be the consequence of differ-

entiation in the processing of positive and negative contrast by the visual system,

starting from the retinal ganglion cells [81]. Note that, it is also possible that

any effect of luminance or context-dependent lightness on perceived contrast of

decremental patterns could have gone undetected in our experiments because of

limited range of background luminances and lightnesses studied. Particularly for

the isolated patches there was a trend for the effect of luminance on perceived

contrast that did not reach a statistically significant level. At the moment, we

do not have any explanation for the asymmetry between perceived contrast of in-

cremental and decremental gratings. Why and how patterns presented on higher

lightness, as well as luminance backgrounds should appear to have higher con-

trast? Likewise, why should the visual system rely more on the photometric

contrast when it comes to appearance of decremental patterns? This could have

adaptive advantages considering the statistics of natural scenes [82]. For exam-

ple, measuring local contrast values [83] showed that negative polarity noise has

a wider distribution of local contrast values than positive polarity noise. Still,

asymmetries between positive and negative contrast patterns at the appearance

experiments coheres with the findings in the literature. However, these findings

are insufficient to explain why context-dependent lightness affects decremental

gratings at the detection level but not at the identification level. A possible ex-

planation is going to be addressed below considering the findings of the fMRI

experiments.

After showing the context-dependent lightness effect both at the detection

and identification levels, we conducted fMRI experiments in order to investigate

the underlying neural mechanisms. In a block design, we superimposed iden-

tical flickering gratings simultaneously on perceptually darker and lighter CSs.

We tested both incremental and decremental contrast patterns and showed that
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when identical gratings are superimposed on equiluminant backgrounds, the one

on the perceptually lighter background elicited higher BOLD activity at all condi-

tions we tested including incremental and decremental patterns. Several neuronal

mechanisms could potentially account for our findings. Our behavioral and fMRI

results consistently demonstrate that contrast perception is affected by visual

context. These results indicate that contrast is not preserved as it computed in

the retina. It is possible that in complex scenes perceived contrast is determined

at a later stage and in a higher cortical area in the hierarchy of the visual system,

after lightness is computed based on global information. Alternatively, perceived

contrast could be determined in earlier areas, for example in V1, after receiving

feedback about context-dependent lightness. The latter is plausible given fMRI

results in literature showing context-dependent lightness related activity in early

visual areas [e.g., 84]. Besides, BOLD activity we observed in V1 correlates with

the perceptual context-dependent lightness effect on contrast. Therefore, our re-

sults support that feedback mechanisms are involved in the process of contrast

computation (see Figure 7.1). Still, because of the limited temporal resolution of

BOLD signal [85], we cannot clearly show the direction of information flow with

the methods we used in the fMRI data analysis. Therefore, applying alterna-

tive analysis methods to the data that can show the functional connectivity and

the direction of the information flow between cortical areas like dynamic causal

modelling [86] would be beneficial to see the effect of feedback interactions bet-

ter in future studies. In yet another alternative, the perceived contrast could be

influenced directly by the context without lightness mediating the effect.

Our fMRI results highlighted an interesting relationship between behavioral

and neural data. Namely, fMRI results correlated better with the threshold re-

sults than the appearance results. For the incremental gratings, higher context-

dependent lightness led to a higher perceived contrast, lower detection and dis-

crimination thresholds and higher BOLD signal in V1. For the decremental grat-

ings, higher context-dependent lightness led to lower detection and discrimination

thresholds and higher BOLD signal in V1 whereas it did not affect the perceived

contrast. The reason that our BOLD results correlate better with threshold
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Figure 7.1: Schematic illustration of how contrast is computed in the brain based
on the results of this study. There are feed-forward (also called bottom-up) and
feedback pathways (also called top-down) between cortical areas in the brain.
Information coming from the retina is usually transmitted to LGN and then
primary visual cortex, V1, through feed-forward pathways. From V1, visual in-
formation is sent to the extra-striate cortex (V2,V3, and V4) and other higher
level cortical areas. Feed-forward pathway is usually driven by sensory input. For
instance, incremental and decremental contrast information is first computed in
the retina and transmitted to visual cortex through ON and OFF feed-forward
retinal pathways. ON pathway responds to both increment and decrement of
low contrasts, whereas OFF pathway responds only to a decrement of relatively
high contrast [81]. Also, ON pathway allow better intensity discrimination com-
pared with the OFF pathway responses near threshold [87]. In addition to the
feed-forward information processing of sensory input, extra-striate cortex and
other higher level cortical areas send visual information which is usually driven
by visual context and higher level cognitive mechanisms such as attention, and
expectation to earlier visual areas through feedback pathway [88]. BOLD activ-
ity we observed in earlier visual areas including V1 correlates better with the
perceptual context-dependent lightness effect than the sensory input. Therefore,
contrast could be determined in earlier visual areas, after receiving feedback about
context-dependent lightness.
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measures than the appearance measures might be the presence of different mech-

anisms that mediate these tasks in the brain as Hillis and Brainard [9] showed

behaviorally. Therefore, this unexpected correlation we have seen might be a

neural evidence for the dissociation between underlying mechanisms of detection

and identification. In order to investigate this further, we conducted additional

threshold and fMRI experiments.

In the threshold experiment, we tested detection and discrimination perfor-

mance and could see the effect of context-dependent lightness on both. Later, we

collected fMRI data at different contrast levels. If BOLD activity in a cortical

area is related to perceived contrast we would expect to see different patterns

for incremental and decremental gratings. For incremental gratings BOLD signal

change would be higher when gratings are superimposed on lighter CS than those

superimposed on darker CS. For decremental gratings BOLD signal would not

change depending on the background lightness of gratings. If the activity is re-

lated to thresholds, we would expect to see higher signal change between the two

consecutive contrast levels (slope) both for incremental and decremental grat-

ings superimposed on the lighter CS [70]. However, results were not completely

in agreement with our hypothesis. Results showed that both incremental and

decremental gratings superimposed on lighter CS elicited higher BOLD signal

than those superimposed on darker CS. Therefore, BOLD activity was not really

consistent with the appearance performance. However, the corresponding BOLD

activity did not correlate well with the behavioral threshold performance either.

Variation in BOLD activity with varying contrast linked well with the detection

threshold performance, but it was completely unrelated to the discrimination

threshold performance. Recent theories that explains the link between behav-

ioral performance and neural activation of contrast discrimination only take into

account the slope of the BOLD change [70]. However, this might be insufficient

to explain the contrast processing especially for the situations that the contrast

pattern is in context. In addition to the slope of CRF, absolute or perceived

values of contrast might also contribute to the contrast thresholds. Therefore,

these models should be tested in context, too.

Previously it has been shown that lightness of incremental elliptic targets was
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affected by the context-dependent lightness of their otherwise equiluminant back-

grounds [9, 34, 36]. Could our results be simply explained by a purely lightness-

based contrast mechanism, in which first the lightness of each pixel is estimated,

and based on this the contrast is computed? Results of our control experiment

do not support this possibility. The contrast of incremental gratings computed

mathematically based on participants’ lightness estimates were extremely differ-

ent than their perceived contrasts directly measured. Our results also highlight

that simply keeping photometric contrast constant does not guarantee the same

for the perceived contrast and contrast threshold. This is often overlooked in

lightness literature, and in some studies perceived contrast may have led to the

reported lightness effects [e.g., 9, 34, 36].

The BOLD signal increase we demonstrated for the gratings superimposed on

perceptually lighter CS might also be attributed to higher perceived lightness of

the background. However, this possibility seems unsubstantial because of two

reasons. First, in the control block of the fMRI experiments, illusory cylinder

stimulus was shown on the screen without gratings on it. Therefore, any back-

ground lightness-dependent activity should already be subtracted from the final

BOLD activity we reported. Second and more importantly, contrast type ma-

nipulation using incremental and decremental patterns enabled us to tease apart

such a possibility. In decremental grating condition, contrast is increased by de-

creasing the luminance of grating’s bars. In other words, higher contrast requires

lower overall luminance. Therefore, if changes in BOLD activity are related to

lightness, we would observe decrease in BOLD signal. Oppositely, we observed

increase in BOLD signal related to increase in decremental contrast. Therefore,

our results show that compared to lightness, the BOLD activity we observed

correlates better with the changes in contrast.

It is well known that spatial frequency affects contrast perception in simple

gratings [e.g., 61, 14, 54, 55, 15, 56]. For all frequencies tested we found an effect

of context-dependent background lightness on perceived contrast and contrast

thresholds, however there was no influence of frequency on the magnitude of the

effect in the experiments conducted using the illusory checkerboard stimulus. This

result does not seem to be in complete agreement with the findings of Peli and
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his colleagues [15], who showed that perceived contrast of high frequency grat-

ings (e.g., 8 and 16 cycle/degree) are strongly affected by background luminance,

whereas that of low-frequency gratings (e.g., 1 and 2 cycle/degree) are much less

affected. The disagreement could simply be caused by differences in experimen-

tal procedures. The patterns used by Peli and his colleagues [15] were sinusoidal

Gabor patches with up to 16-fold difference in spatial frequency (1 through 16

c/d), whereas here we used rectified square-wave gratings with a maximum of

4-fold difference in spatial frequency. In their study participants altered their

gaze between two patterns every 1.5 seconds, whereas in our study they freely

viewed the stimulus. Moreover, they used a standard grating whose spatial fre-

quency was fixed, and the spatial frequency of their test patch varied. In our

study the spatial frequencies of the standard and the match patch were equal in

each trial. Therefore we did not directly compare perceived contrast across differ-

ent frequencies. Instead we compared the magnitude of the effect of background

lightness on perceived contrast for different spatial frequencies. Alternatively the

disagreement with Peli and his colleagues’ [15] results could be an indication that

luminance and context-dependent lightness of the background affect perceived

contrast through different mechanisms. However, in an earlier pilot study using

isolated patches we failed to find an effect of frequency, which does not support

such a possibility. In yet another alternative the disagreement with results might

be caused by the spatial properties of the gratings we used in the experiments. We

conducted additional detection threshold experiments using simultaneous bright-

ness contrast illusion and we could see the effect of spatial frequency on detection

thresholds. The size of the grating we used in this experiment was considerably

larger than those superimposed on the illusory checkerboard stimulus. The effect

of spatial frequency on contrast perception might be evident only when certain

interactions occur with the size of the stimulus.
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7.1 Conclusions

Results of this study show that perceived contrast and contrast threshold is

not determined solely by the localized features of the retinal image. Context-

dependent lightness, as well as actual luminance, of the background influence the

perceived contrast and contrast detection and discrimination thresholds of recti-

fied gratings. These results show that contrast perception depends neither purely

on luminance nor lightness [89], instead they suggest that luminance and light-

ness, and contrast share common underlying mechanisms but can be assessed

independently at least to some extent [27, 28, 29]. Also, neural correlates of

the perceptual lightness effect on contrast perception can be observed in striate

and extra-striate cortex. Therefore, it is clear that contrast is affected by visual

context like many other visual features whose computation begins in the retina.

Therefore, the results of this study support that although contrast is elaborately

computed in retina, its computation does not end in retina. Instead, perceived

contrast and contrast threshold could be determined in higher level visual areas;

or alternatively in earlier areas, after receiving feedback about context-dependent

lightness. Perceived contrast and contrast threshold of decremental patterns are

affected differently by the context-dependent lightness and the fMRI data cor-

relates better with the threshold data. Therefore, this study might be a neural

evidence for distinct mechanisms mediating detection (modeled by threshold ex-

periments) and identification (modeled by appearance experiments) mechanisms.

However, the link between fMRI data and the threshold data is not really con-

sistent with the recent models in the literature [e.g., 70]. These models might

be insufficient to explain contrast information processing in a rich visual context.

Therefore, further behavioral and neural experiments are needed in order to test

the recent models especially under more naturalistic viewing conditions. New

computational models are also needed.
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Appendix A

Contrast Detection Measurement

of Incremental Gratings

This study is a pilot experiment of the detection threshold measurements con-

ducted using the illusory checkerboard stimulus (see Chapter 3). Here, only

incremental gratings at one frequency level was tested.

A.1 Methods

A.1.1 Participants

Six participants (two male) including author ZP participated in the experiment.

The mean age was approximately 26.3 ranging from 22 to 31. All participants

reported normal or corrected-to-normal vision, and had no history of neurological

or visual disorders. Participants provided written informed consent and the ex-

perimental protocols were approved by the Human Ethics Committee of Bilkent

University.
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Figure A.1: Protocol for the detection threshold experiment. Gratings were su-
perimposed on only one of the CSs, either darker or lighter, throughout a session.
In each trial, grating is presented at one of the intervals selected randomly. Partic-
ipants are asked to decide in which interval the grating is presented. Participants
are allowed to look at target CS directly.

A.1.2 Stimuli and Design

In this experiment, the physical components of the experimental setup were the

same as in the previous experiment (Section 3.1.2) unless indicated otherwise.

There were slight differences in the experimental design as explained below.

In the experiment, detection thresholds were estimated using an adaptive two-

interval forced-choice (2-IFC) procedure. Rectified square-wave gratings with a

spatial frequency of 2 cycle/degree were superimposed on the CSs of the illusory

stimulus. Gratings were superimposed on only one of the CSs, either darker or

lighter, throughout a session. At the beginning of each session, participants were

informed about the target CS. Each trial started with a 400-millisecond (ms)

illusory stimulus presentation, followed by two intervals each presented for 200

ms. Intervals were separated by a 400-ms inter-stimulus interval (ISI) (Figure

A.1), the illusory stimulus remained on the screen during the ISI. A beep-sound

was presented at the beginning of each interval in order to inform participants

that the interval begins. The grating was randomly presented at one of the

intervals. Participants were allowed to look at target CS directly and they were
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asked to decide the temporal position of the grating. Two interleaved staircases

with a starting point 0.002 and 0.02 contrast level (50 trials each) were applied

in a single session. After each trial, contrast of the next grating was decided

based on the previous responses following a 1-up 3-down adaptive staircase with

0.001 contrast steps. The contrast of the grating was decreased one step following

three consecutive correct answers, and increased one step following an incorrect

answer. There was no time constraint; the illusory cylinder stimulus remained on

the screen until the participant made a response. Observers participated in two

experimental sessions, each for one context square (left or right context square).

A.1.3 Data Analysis

Data were first analyzed with Palamedes toolbox to find the detection threshold

(79% success) [60] in Octave (http://www.octave.org). Standard error of the

thresholds were computed using bootstrapping. Next, using SPSS Version 19

(SPSS Inc., Chicago, IL), we applied two-tailed paired-samples Student’s t-test

on detection thresholds of gratings superimposed on darker and lighter CSs.

A.2 Results

Results are shown in Figure A.2. We found that the gratings superimposed on

the perceptually darker context square have higher contrast detection thresholds

(M = 0.015, SE = 0.002) than those superimposed on the lighter context square

(M = 0.011, SE = 0.001). Two-way paired-samples t-test analysis revealed that

there is a significant difference in detection thresholds (t(5)=2.6; p < 0.05). Thus,

our results showed that gratings superimposed on equiluminant but perceptually

lighter target regions were detected when contrast of grating is relatively lower

than those superimposed on perceptually darker target regions.
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Figure A.2: Results of contrast detection experiment. Mean detection thresholds
for the incremental contrast gratings superimposed on darker or lighter CSs are
plotted. Detection threshold is lower for the gratings superimposed on equilumi-
nant but perceptually lighter CS. Error bars show ±1 SEM.

A.3 Intermediate Summary and Discussion

Results of contrast detection threshold experiment showed that context-

dependent lightness of the target region influences the contrast threshold of in-

cremental gratings. Detection threshold of the incremental gratings was lower for

the gratings superimposed on perceptually lighter CSs. However, in this study we

did not test decremental contrast patterns. Therefore, in the main experiment

(see Chapter 3) we tested both incremental and decremental contrast gratings

with different frequency levels. We also made slight changes in the experimental

design. Due to the configuration of the stimulus the right context square was

subjectively lighter than the left one in this study. In order to eliminate possible

confounds, we also used the mirror-symmetric version of the stimulus.

104



Appendix B

An alternative study to link

behavioral and neural data

This study was first conducted as an alternative experiment to see the relationship

between behavioral and neural data. In this experiment, we tested two baseline

contrast levels in behavioral threshold experiments and four baseline contrasts in

an FMRI study. However, we were not able to fit contrast response function to

our fMRI data because of the limited number of contrast levels tested. Therefore,

in order to compute the slope at the contrast levels we tested behaviorally, we

conducted additional behavioral and fMRI experiments and we reported those

results in Chapter 6. Here we only reported the per cent BOLD signal change

across different conditions.

B.1 Discrimination threshold measurement

In this experiment, we tested detection threshold at 0% baseline contrast and

discrimination threshold at 20% baseline contrast.
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B.1.1 Method

B.1.1.1 Participants

Nine participants (two male) including the author ZP participated in the exper-

iments. The mean age was approximately 27.2 ranging from 24 to 32. All par-

ticipants reported normal or corrected-to-normal vision, and had no history of

neurological or visual disorders. Participants provided written informed consent

and the experimental protocols were approved by the Human Ethics Committee

of Bilkent University.

B.1.1.2 Stimuli and Design

The stimuli were presented on a CRT monitor (HP P1230, 22 inch, 1024 X 768

resolution). To be able to present very fine-grained contrast differences, the dy-

namic luminance range of the monitor is increased (14-bit luminance resolution)

using a digital-to-analog converter (Bits#, Cambridge Research Systems Ltd.,

UK). Presentation of correct luminance values was ensured by using a 14-bit

gamma-corrected gray scale lookup table prepared after measurements of every

four steps in a range that is necessary for generation of our stimuli with a colorime-

ter (SpectroCAL,Cambridge Research Systems Ltd., UK). Values of other steps

were defined by interpolation. Participants were seated 75 cm from the monitor,

and their heads were stabilized using a chin rest. Participants’ responses were

collected via a standard computer keyboard.

The illusory checkerboard stimulus subtended 20 by 20 degrees of visual angle.

Approximate size of the context squares was 2.65 by 2.65 degrees of visual angle.

Luminance of the context square was 8.17 cd/m2. Rectified square-wave gratings

weighted by two-dimensional isotropic Gaussian envelopes were superimposed on

the context squares of the illusory stimulus. Incremental and decremental grat-

ings with frequency of 2 cycles/degree were tested. Contrast of the gratings was
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defined by Weber Contrast. In the experiment, contrast detection and discrimi-

nation thresholds were measured at two baseline contrasts (0% and 20% contrast

levels), using an adaptive two-interval forced-choice (2-IFC) procedure. Two

baseline contrasts were tested in different sessions. At the beginning of each trial,

either original checkerboard stimulus or the mirror-symmetric version of it pre-

sented randomly. Gratings were superimposed on only the right CS, which might

be either darker or lighter depending on the trial, throughout a session. Each trial

started with a 3000 ms illusory stimulus presentation, followed by two intervals

each presented for 500 ms. Intervals were separated by a 500-ms inter-stimulus

interval (ISI), the illusory stimulus remained on the screen during the ISI. Dark

and light CSs were tested within the same session. Two interleaved staircases

were applied for each CS independently (4 staircases in total, each containing 60

trials, 240 trials in total) in a single session. After each trial, contrast of the next

test grating was decided based on the previous responses following a 1-up 3-down

adaptive staircase with 0.003 contrast steps for 0% and 0.005 contrast steps for

20% baseline contrast. Observers participated in four experimental sessions (2

contrast type (incremental or decremental) X 2 baseline contrast levels (0% or

20%)).

B.1.1.3 Data analysis

Data were first analyzed as it is explained in Section A.1.3. For decremental

contrasts, before computing the threshold, we first converted the levels to positive

values. Raw data were converted to discrimination threshold by subtracting the

threshold from baseline contrast level.

We conducted repeated measures ANOVA with three factors (contrast type,

CS, contrast level) and thresholds for different CSs were compared using a two-

tailed paired-samples Student’s t-test in SPSS.
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B.1.2 Results

Results are shown in Figure B.1. Similarly to previous experiments, main effect of

CS was statistically significant (F(1,8) = 19.27, p < 0.01). Mean discrimination

threshold for the gratings superimposed on darker CS (M = 0.028, SEM = 0.001)

was higher than that on the lighter CS (M = 0.024, SEM = 0.002). Also, main

effect of contrast (F(1,8) = 60.56, p < 0.001) was statistically significant. Mean

discrimination threshold for the gratings with 20% baseline contrast (M = 0.039,

SEM = 0.003) was higher than that with the 0% baseline contrast (M = 0.013,

SEM = 0.001) as expected considering a typical TvC curve. Also, similarly to

previous results, main effect of contrast type was not significant (F(1,8) = 3.78,

p > 0.05).

Detection threshold at 0% baseline contrast was significantly higher when grat-

ings were superimposed on perceptually darker CSs than that on lighter CSs both

for incremental (for lighter CS: M = 0.0109, SEM = 0.0006; for darker CS: M

= 0.0143, SEM = 0.001; t(8) = 5.36, p < 0.01) and decremental gratings (for

lighter CS: M = 0.0124, SEM = 0.0005; for darker CS: M = 0.0152, SEM = 0.007;

t(8) = 8.68, p < 0.01). Results were similar for discrimination thresholds at 20%

baseline contrast. For the incremental gratings, there was a significant difference

in discrimination thresholds of gratings superimposed either on lighter or darker

CS (for lighter CS: M = 0.038, SEM = 0.003; for darker CS: M = 0.045, SEM

= 0.002; t(8) =2.44, p < 0.05). The same trend was observed for decremental

gratings, and the difference was close to significance (for lighter CS: M = 0.034,

SEM = 0.003; for darker CS: M = 0.038, SEM = 0.004; t(8) = 1.926, p = 0.09).

B.1.3 Intermediate Summary and Discussion

Results of the present experiment was consistent with the previous results. For

the detection threshold, a lower contrast is required in order to detect the presence

of a grating when it is superimposed on perceptually lighter CS compared to the

condition that gratings were superimposed on perceptually darker CS. Also, as
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Figure B.1: Discrimination Thresholds for the incremental and decremental grat-
ings superimposed on either darker or lighter CSs. Discrimination threshold is
higher when gratings are superimposed on darker CS. Error bars show ±1 SEM.

we predicted, the same trend was observed for decremental gratings. Here com-

pared to the previous experiment, context-dependent lightness effect on contrast

threshold was stronger. After ensuring that context-dependent lightness affects

contrast discrimination thresholds, we conducted fMRI experiments.

B.2 fMRI of Contrast Discrimination Measure-

ment

In order to compute the slope at the contrast levels we tested behaviorally, we

collected data from four contrast levels (0% and 5% for the 0% baseline con-

trast tested behaviorally, and 20% and 30% for the 20% baseline contrast tested

behaviorally) in the fMRI study.
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B.2.1 Method

B.2.1.1 Participants

Six participants (three male) including author ZP participated in the experiment.

Five of them were also participated behavioral discrimination threshold measure-

ment experiments. Mean age was 26 ranging from 23 to 29. Participants provided

written informed consent and the experimental protocols were approved by the

Human Ethics Committee of Bilkent University.

B.2.1.2 Stimuli and Design

B.2.1.2.1 Behavioral Experiment in the Scanner For this experiment,

we replicated our previous adjustment experiments in the scanner. Differently

from those experiments, the standard grating was placed on one of the CSs and

the match grating was placed on the other CS. Although monitor properties were

the same with the previous fMRI experiments, the viewing distance was changed

to 162 cm due to some technical problems. The approximate size of the grating

was 1.68 degree.

B.2.1.2.1.1 Data Analysis Analyses were performed on averaged per-

ceived contrast scores. In order to test whether perceived contrasts of gratings

superimposed on either darker or lighter CSs are significantly different, we con-

ducted two-tailed paired-samples Student’s t-test in SPSS. For decremental con-

trasts, before computing the mean perceived contrast, we first converted the levels

to positive values.

B.2.1.2.2 fMRI Experiment The fMRI experiment included an anatomical

scan, a functional localization scan, and eight experimental scans. The illusory

checkerboard stimulus was used in the experiments. Photometrically identical

gratings were superimposed on both context squares simultaneously. 0% baseline
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contrast condition and 20% baseline contrast condition were tested in different

runs. In the first 24 seconds subjects viewed only the illusory stimulus without

gratings. In a block design, subjects viewed five 12-second alternating blocks of

three conditions. In the first condition, gratings with baseline contrast (either

0% or 20%), and in the second condition, gratings with slightly higher contrast

than baseline contrast (either 5% or 30%) were presented (experimental blocks).

Experimental blocks were separated by control blocks that gratings were absent

on a checkerboard stimulus. In all blocks, subjects viewed the fixation mark.

Gratings were flickering at 4 Hz to avoid adaptation of neurons. One of the

flickering gratings is frozen for 500 milliseconds randomly in every 2000-4000

milliseconds. Participants were asked to fixate the fixation mark, and they are

required to detect the grating that has been frozen. Eight fMRI scans were

applied; two for different baseline contrast levels and two for different contrast

types. Each condition was repeated two times in one of which mirror-symmetric

version of the stimulus was presented. Also, an additional functional region of

interest (ROI) localization scan was applied in the main fMRI experiment.

B.2.1.2.2.1 Region of Interest (ROI) localization Both anatomical

(Figure 5.3) and functional ROIs (Figure 5.4) were defined as it is explained

in Section 5.2.1.3. Differently here, two contrast levels, either 5% or 20%, were

presented in alternating experimental blocks which were separated by 12 seconds

control blocks.This cycle was repeated for five times in a scan. Also, similar

with experimental scans in this experiment, in this scan, one of the flickering

gratings is frozen for 500 milliseconds randomly in every 2000-4000 milliseconds.

Participants were asked to fixate the fixation mark, and they are required to

detect the grating that has been frozen.

B.2.1.2.2.2 MRI data acquisition Scanning protocols were as explained

in Section 5.2.1.4.
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B.2.1.2.2.3 fMRI data processing and analyses MRI data were pre-

processed and ROIs were defined as it is explained in 5.2.1.5. For each experimen-

tal scan, the time course and event-related average of fMRI signals from defined

ROIs was extracted. For each fMRI scan, the time course of BOLD responses

was extracted by averaging the data across all the voxels within the pre-defined

ROI, and then normalized by the mean BOLD signal across the scan. Also, mean

BOLD signal of three time points before the stimulus onset were normalized to

zero for each condition. An event-related averaging were then performed by av-

eraging time points of experimental block from third to fifth (between 6 and 12s)

starting at the stimulus onset. We first fitted the CRFs to the data using the

protocols explained in Section 6.2.2.1.5. However, those fits were not very suc-

cessful because of the limited number of contrast levels we tested. Therefore,

results were not reported here. Additionally, a repeated-measures ANOVA was

conducted in order to test three factors: contrast type (two levels: incremental,

decremental), contrast level (two levels: 0%, 20%), and CS (two levels: darker,

lighter). Additionally, a two-tailed paired-samples Student’s t-test was applied

in SPSS to the data corresponding to darker and lighter CSs for each condition

separately.

B.2.2 Results

B.2.2.1 Behavioral Experiment in the Scanner

Behavioral results in the scanner are shown in Figure B.2. For the incremental

grating condition, perceived contrast of gratings superimposed on lighter CSs was

higher than those superimposed on darker CS (t(5)= 3.59, p < 0.05). For the

decremental grating condition, the difference was not significant (t(5)= 0.22, p >

0.05). In this experiment, consistent with our previous adjustment experiments,

we found that perceived contrast increased with context-dependent lightness of

the background for incremental gratings, but not for decremental gratings.
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Figure B.2: Mean settings in the perceived contrast experiment in the scanner.
Red horizontal line corresponds to the actual contrast. * p < 0.05. Error bars
show ±1 SEM.

B.2.2.2 fMRI Experiment

We could define the functional ROIs only in V1 and only for three participants.

Therefore, further analyses are conducted using data from three participants.

Event-related averages in pre-defined functional ROI in V1 for incremental and

decremental contrast stimuli are plotted in Figure B.3. Below, detailed results

are reported.

Analyses showed that the only significant main effect was CS (F(1,2) = 19.5,

p < 0.05). Bold signal change was higher when grating were superimposed on

perceptually lighter CS (M = 0.42, SEM = 0.12) than those superimposed on

darker CS (M = 0.15, SEM = 0.12). Despite the limited number of data, two-

tailed paired-samples Student’s t-test results showed that for the most of the

conditions tested (six out of eight, see Figure B.3) there was a significant difference

or a trend in thresholds for the gratings superimposed either darker or lighter

CSs. Results showed that for both contrast types, BOLD activity in V1 tended

to increase when identical gratings were superimposed on perceptually lighter CS.
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Figure B.3: Results of fMRI experiments. For each condition, trial-onset-locked
event-related averages in V1 within pre-defined functional ROIs were calculated
for three subjects. Data at 3rd, 4th, and 5th TR points were averaged for com-
parison between conditions. *p < 0.05 Lighter * p < 0.1. Error bars show ±1
SEM.

B.2.3 Intermediate Summary and Discussion

Results of the present fMRI experiment is consistent with our previous fMRI ex-

periments. BOLD response is higher for the gratings superimposed on lighter CS

than those superimposed on darker CS. Also, as the contrast increases, BOLD

response increases both for incremental and decremental contrast patterns. How-

ever, in this study we had a difficulty of defining functional ROIs. In our fMRI

experiments, we always defined functional ROI in a different scan within the

main experimental session. However, we used different fixation tasks in the ex-

periments. In the previous study, participants’ task were detecting changes in

fixation mark’s color by pressing response button. In the present study, one of

the flickering gratings superimposed on CSs is frozen. Participants were asked

to fixate the fixation mark, and they are required to detect the grating that has

been frozen. This new task has yielded an extensive negative BOLD within the

occipital cortex that disable us to define active voxels within the functional ROI

scan. Also, because of the limited number of contrast levels we tested in the fMRI

experiments we could not compute the slopes effectively. Therefore, additional

experiments were conducted and reported in the main text in Chapter 6.
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