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ABSTRACT
The human visual system has adapted to function in different lighting environments and

responds to contrast instead of the amount of light as such. On the one hand, this

ensures constancy of perception, for example, white paper looks white both in bright

sunlight and in dim moonlight, because contrast is invariant to changes in overall light

level. On the other hand, the brightness of the surfaces has to be reconstructed from the

contrast signal because no signal from surfaces as such is conveyed to the visual cortex.

In the visual cortex, the visual image is decomposed to local features by spatial filters

that are selective for spatial frequency, orientation, and phase. Currently it is not known,

however, how these features are subsequently integrated to form objects and object

surfaces.

In this thesis the integration mechanisms of achromatic surfaces were studied by

psychophysically measuring the spatial frequency and orientation tuning of brightness

perception. In addition, the effect of textures on the spread of brightness and the effect

of phase of the inducing stimulus on brightness were measured.

The novel findings of the thesis are that (1) a narrow spatial frequency band,

independent of stimulus size and complexity, mediates brightness information (2)

figure-ground brightness illusions are narrowly tuned for orientation (3) texture borders,

without any luminance difference, are able to block the spread of brightness, and (4)

edges and even- and odd-symmetric Gabors have a similar antagonistic effect on

brightness.

The narrow spatial frequency tuning suggests that only a subpopulation of

neurons in V1 is involved in brightness perception. The independence of stimulus size

and complexity indicates that the narrow tuning reflects hard-wired processing in the

visual system. Further, it seems that figure-ground segregation and mechanisms

integrating contrast polarities are closely related to the low level mechanisms of

brightness  perception.  In  conclusion,  the  results  of  the  thesis  suggest  that  a

subpopulation of neurons in visual cortex selectively integrates information from

different contrast polarities to reconstruct surface brightness.
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TIIVISTELMÄ
Ihmisen näköjärjestelmä on mukautunut toimimaan hyvin erilaisissa

valaistusolosuhteissa ja reagoi kontrastiin eikä valon määrään sinänsä. Toisaalta tämä

mahdollistaa havaintojen pysyvyyden, esim. valkoinen paperi näyttää valkoiselta sekä

kirkkaassa auringonvalossa että hämärässä kuunvalossa, koska kontrasti on riippumaton

yleisestä valaistuksesta. Toisaalta pintojen kirkkaus on rakennettava uudelleen

kontrastisignaalista, koska pinnasta sinänsä ei kulkeudu signaalia näköaivokuorelle.

Näköaivokuorella paikkataajuus-, kallistuskulma-, ja vaihevalikoivat suotimet purkavat

visuaalisen maailman paikallisiin piirteisiin. Vielä ei kuitenkaan tiedetä miten nämä

paikalliset piirteet yhdistetään objekteiksi ja objektien pinnoiksi.

Tässä väitöskirjassa tutkittiin akromaattisten pintojen rakentumismekanismeja

mittaamalla psykofysiikan menetelmillä kirkkauden havaitsemisen paikkataajuus- ja

kallistuskulmavalikoivuus.  Lisäksi mitattiin tekstuurien vaikutus kirkkauden

leviämiseen ja indusoivan ärsykkeen vaiheen vaikutus kirkkauteen.

Väitöskirjan uudet löydökset ovat 1) kapea paikkataajuuskaista, joka on

riippumaton ärsykkeen koosta ja monimutkaisuudesta, välittää kirkkausinformaatiota 2)

kuvio-tausta -kirkkausilluusiot ovat valikoivia kallistuskulmalle 3) tekstuurireunat ilman

luminanssieroa voivat pysäyttää kirkkauden leviämisen 4) reunoilla ja tasa- ja

puolisymmetrisillä Gaboreilla on samanlainen vastakohtainen vaikutus kirkkauteen.

Kapea paikkataajuusvalikoivuus viittaa siihen, että vain osa primäärin

näköaivokuoren soluista osallistuu kirkkauden havaitsemiseen. Riippumattomuus

ärsykkeen koosta ja monimutkaisuudesta viittaa siihen, että kapea valikoivuus heijastaa

näköjärjestelmän mukautumatonta prosessointia. Lisäksi vaikuttaa siltä, että kuvio-

tausta -erottelu ja kontrastin polariteetteja yhdistävä mekanismi ovat tiiviisti yhteydessä

kirkkauden havaitsemisen matalan tason mekanismeihin. Yhteenvetona voidaan sanoa,

että väitöskirjan tulosten mukaan pintojen kirkkaus rakennetaan siten, että vain pieni osa

näköaivokuoren soluista yhdistää tietoa valikoivasti vastakkaisista kontrastin

polariteeteista.
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ABBREVIATONS

2AFC two alternative forced-choice

c contrast

c/deg cycles/degree

cRF classical receptive field

deg degree of visual angle

fMRI functional magnetic resonance imaging

MOCS method of constant stimuli

OFF visual system that responds to decrements

ON visual system that responds to increments

PSE point of subjective equality

RF receptive field

rms root-mean-square

sd standard deviation

SF spatial frequency

V1 primary visual cortex

V2 secondary visual cortex
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1. INTRODUCTION
An everyday assumption is that a white surface looks white because of the amount of

light reflected from the surface, i.e., a white surface reflects more light than a black

surface. However, hardly anyone would disagree that a piece of white paper looks white

both in bright sunlight and in dim moonlight. If the amount of reflected light determined

the whiteness of the paper, then a cloud appearing in front of the sun or dimming the

lights would make the white paper look dark grey or black. Instead of the amount of

light as such, the whiteness and blackness are determined by the ratio of the amount of

light reflected from the target and its context. The neural mechanisms of surface

brightness perception are, however, not yet known.

   The perceived properties of surfaces should be separated from the physically

determined quantities. Surface reflectance determines what percent of the incident light

is reflected. Lightness refers  to  perceived  reflectance.  Luminance  is  the  amount  of

visible light reflected from a surface. Brightness refers to perceived luminance. Surfaces

can have different lightness and brightness or the same lightness, but appear different in

brightness (e.g., if surfaces are perceived to be of the same material but differently

illuminated). Further, surfaces of equal luminance can appear different in brightness, as

shown by the well-known phenomenon of simultaneous contrast (Fig. 1A).

1.1. Brightness explained

In  the  first  half  of  the  20th century it was established, both in psychophysical and in

physiological experiments, that the brightness of a surface is determined by the

luminance ratio, i.e., contrast, between the surface and its surround, and that light

adaptation, lateral inhibition and ganglion cells in the retina form the neural basis of

brightness perception. Contrast is invariant to the changes in the overall light level (e.g.,

Shapley, Kaplan & Purpura, 1993) and the ratio rule correctly predicts brightness when

the luminance of the centre and the surround is systematically varied (Wallach, 1948;

Whittle & Challands, 1969). In the extreme cases, a piece of black paper appears white

if only it (and not the surround) is lighted by a spot light, and a piece of white paper

appears black if only the surround is lighted by an intense light. The former is known as
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the Gelb effect and the latter as the Kardos effect, named after the Gestalt psychologists

from the beginning of the 20th century (for reviews, see Fiorentini, Baumgartner,

Magnussen, Schiller & Thomas, 1990; Gilchrist, 2006).

   Physiological recordings of the receptive fields of the ganglion cells, the output cells

of the retina, show that the cells respond to contrast (Barlow, 1953; Kuf er, 1953). The

receptive field (RF) of a cell is the area on the retina which, when stimulated with light,

either increases or decreases the activity of the cell. The RFs of the ganglion cells are

circular and contain a centre area and an antagonistic surround. The activity of the ON

ganglion cell increases when the light hits the centre and decreases when the light hits

the surround of the RF. The OFF ganglion cells operate in the opposite way. Under

uniform  illumination  over  the  entire  RF,  the  activity  of  the  cell  remains  at  the

spontaneous firing rate. Hence, the cells are not activated by luminance as such, but

instead, by a spatial change in luminance, such as a contrast border in the RF. The

contrast responses are generated through complex neural circuits in the retina, e.g.,

through feed-forward excitatory connections and lateral inhibitory connections (for

review, see Masland, 2001). The axons of the ganglion cells form the optic nerve and

transmit the information to the visual cortex. The ON and the OFF systems have been

related to the opponent perceptions of brightness and darkness (Jameson & Hurvich,

1964; Jung & Spillmann, 1970) and the systems remain separate until the visual cortex

(Schiller, 1982; Schiller, Sandell & Maunsell, 1986).

Figure 1. Brightness illusions. A) The simultaneous contrast illusion shows that identical small squares

appear different in brightness due to different border contrasts. B) Benary’s (left) and White’s (right)

illusions. The small triangles and squares have identical luminance and border contrast, but still they

appear different in brightness due to contextual effects.

   A     B
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1.2. Challenges to the low-level explanation

The psychophysical model (Wallach, 1948; Whittle & Challands, 1969) and the neural

circuits in the retina (Barlow, 1953; Enroth-Cugell & Robson, 1966; Hartline, Wagner

& Ratliff, 1956; Kuf er, 1953; Rodieck, & Stone, 1965) were commonly accepted as

the mechanisms of brightness perception (Cornsweet, 1970), although some brightness

effects or illusions (Benary, 1924; Helson, 1963; Fig. 1B) and the uniform appearance

of surfaces were not explained. During the last decades of the 20th century, this

explanation was, however, challenged due to several striking demonstrations which

could not be accounted for by the low-level mechanisms. In these experiments, the local

structure of the stimuli was kept constant, and the perceived organization or structure of

the images was varied. If the low-level processes determined brightness, the high-level

manipulations should not have any effect. The opposite was found. Changing the

perceived spatial location changed the appearance of the stimulus, although the

luminance ratios reflected on the retina remained constant (Gilchrist, 1977). This

showed without doubt that brightness perception is much more complicated than the

local contrast model implied. After several additional demonstrations of the limits of the

low-level account (Adelson, 1993; Anderson & Winaver, 2005; Knill & Kersten, 1991;

White, 1979), the high-level processes have been considered essential in constructing

brightness.

   The models derived from the above-mentioned experiments emphasize processes such

as  anchoring  to  local  and  global  frameworks  (Gilchrist  et  al.,  1999),  decomposing  an

image into layers (Anderson, 1997) and analysing an image on the basis of contour

junctions (Adelson, 1993; Ross & Pessoa, 2000; Todorovic, 1997). On the contrary, the

models of low-level brightness perception involve processes such as edge integration

(Land & McCann, 1971; Reid & Shapley, 1988), brightness filling-in (Gerrits, &

Vendrik, 1970), multi-scale filtering (Watt & Morgan, 1985) and the computation of

local energy (Morrone & Burr, 1988), and generally cannot explain the high-level

effects (but see discussion and, e.g., Blakeslee & McCourt, 2004).

   Figure 1B shows Benary’s and White’s illusions (Benary, 1924; White, 1979), which

cannot be explained with local luminance contrast. The border contrasts of the squares

in White’s illusion and the triangles in Benary’s illusion are identical, but still the

squares and triangles in both images appear different in brightness. These illusions show



12

that the figure-ground type of image segregation affects brightness, e.g., the triangle on

the right side of the figure appears to be located on the cross and the triangle on the left

side appears to be located on the background of the cross (Fig. 1B).

   Another challenge to the low-level explanation is the uniform appearance of surfaces.

It has been hypothesized that, in the visual cortex, the neural activity spreads from the

cells activated by the luminance border to the cells covered by the surface. The

phenomenon of filling-in is well-established in experiments using the retinal

stabilization of images (Gerrits, De Haan & Vendrik, 1966; Krauskopf, 1963) and

artificially induced scotomas (Ramachandran & Gregory, 1991). The time-course of

brightness perception also supports the filling-in type of processing (Davey, Maddess &

Srinivasan, 1998; Hamburger, Prior, Sarris & Spillmann, 2006; Paradiso & Hahn, 1996;

Paradiso & Nakayama, 1991; Rossi & Paradiso, 1996).

1.3. The visual cortex

The first recordings of cortical neurons showed that the cells in the primary visual

cortex (V1) act like local spatial filters (Hubel & Wiesel, 1959, 1968). The RFs of the

cells correspond only to a small area in the retina and are elongated in one direction.

Thus,  the  optimal  stimulus  for  a  given  cell  is  an  oriented  spatial  pattern  on  a  certain

spatial scale (De Valois, Albrecht & Thorell, 1982; De Valois, Yund & Hepler, 1982;

Maffei & Fiorentini, 1973) and is mathematically equivalent to the Gabor function, i.e.,

a sine wave grating in a Gaussian window (Marcelja, 1980; Fig. 2A). Three parameters,

spatial frequency (SF), orientation and phase, describe the basic characteristics of the

simple cells in the visual cortex. SF refers to the density of the light and dark stripes in

the grating, and phase refers to a position in the cycle.  With an array of spatial  filters,

the visual image is decomposed into the Fourier components of the image (Fig. 2B).

Thus, instead of the apparent visual features, such as lines or edges, our visual system

detects the components of which the features are constructed (Campbell & Robson,

1968). The human visual system can detect SFs at the range of seven octaves up to 60

c/deg and is most sensitive to medium SFs (1-10 c/deg). It is important to note that

sharp edges are composed of several components and thus they are broadband in the SF

domain (Fig. 2B) and activate several neurons with different SF tunings.
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   The understanding of the properties of the single cells in V1 and the role of the

primary visual cortex has, however, changed profoundly (for review, see Shapley,

2004). Currently, it is acknowledged that stimulating the area outside the classical

receptive  field  (cRF)  of  the  cells  in  V1 can  affect  the  activity  of  the  cell,  and  thus,  it

seems that the neurons in V1 are also involved in global processes. Contextual effects in

V1 have been found for the pop-out effect (Knierim & van Essen, 1992), contour

integration (Kapadia, Ito, Gilbert & Westheimer, 1995), figure-ground segregation

(Lamme, 1995) and in V2 for border ownership, i.e., neurons have preference

depending on which side of the figure the border is located (Zhou, Friedman & von der

Heydt, 2000). In addition to contextual modulations, the concept of the RF in V1 has

also advanced, e.g., the tuning of the cells can alter as a function of time (DeAngelis,

Ohzawa & Freeman, 1995), and the spatial summation (the size of the RF) is inversely

related to stimulus contrast (Sceniak, Ringach, Hawken & Shapley, 1999).

Figure 2. Spatial frequency analysis. A) The receptive fields of the simple cells in the primary visual

cortex are best described as Gabor functions (bottom), which are a multiplication of a sine wave grating

(top left) and a Gaussian window (top right). B) Every visual image can be decomposed into sine wave

components, e.g., the square wave grating on the left is constructed from (is the sum of) the six gratings

on the right.

1.4. Brightness processing in the visual cortex

The discovery of contextual effects in V1 has turned attention back to the low-level

mechanism of brightness perception. V1 is the first processing level in which the

=

*

A B
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activity of single cells correlates with the brightness of the surfaces (Rossi & Paradiso,

1999). If the cRF of the cell in V1 is located on a uniform surface that is kept constant,

and the surround of the surface, far beyond the cRF of the cell, is temporally modulated,

the activity of the cell varies in counter phase to the surround modulation (Kinoshita &

Komatsu, 2001; MacEvoy, Kim & Paradiso, 1998; Rossi & Paradiso, 1999; Rossi,

Rittenhouse & Paradiso, 1996). The apparent brightness of the surface varies also in

counter phase to the surround, i.e., a dark surround brightens and a light surround

darkens the surface (Fig. 1A), suggesting that these cells mediate brightness

information. These cells have been found in the visual cortices of both cats and

monkeys. Behavioural experiments have also shown that monkeys see surfaces and

brightness illusions similarly to humans (Friedman, Zhou & von der Heydt, 1999;

Huang,  MacEvoy  &  Paradiso,  2002).  These  “brightness”  cells  are  not  a  new  class  of

cells, but instead are characterized as typical cells in V1 with narrow selectivity in SF,

orientation and phase. This suggests that the neurons in V1 are multiplexing different

types  of  information,  i.e.,  the  same  cells  mediate  both  border  contrast  and  surface

brightness (Rossi, Rittenhouse & Paradiso, 1996).

   In addition to brightness, the activity of some cells in V1 correlates with other

properties of the surfaces, such as luminance (Hung, Ramsden, Chen & Roe, 2001;

Kinoshita & Komatsu, 2001; Lu & Roe, 2007; Roe, Lu, & Hung, 2005), relative

luminance (Peng & van Essen, 2005) and colour (e.g., Friedman, Zhou, & von der

Heydt, 2003). Some studies suggest that the cells in V1 encode “real” brightness,

whereas the cells in V2 encode “illusory” brightness (Hung, Ramsden, Chen & Roe,

2001; Lu & Roe, 2007; Roe, Lu, & Hung, 2005). Further, two recent studies have tried

to directly quantify the filling-in type of processing and have found latency differences

between the border and surface responses in V1 (Huang & Paradiso, 2008) and in V2

(Hung, Ramsden & Roe, 2007). Previously, temporal changes in the RFs have been

found which are consistent with filling-in (Eysel, Gonzalez-Aguilar & Mayer, 1981;

Gilbert & Wiesel, 1992; Pettet & Gilbert, 1992).

   The activity of V1 in humans, measured with fMRI during a simple contrast detection

task, correlates with perception rather than the actual presence of the physical stimulus

(Ress & Heeger, 2003), showing the evident role of V1 in conscious perception. The

fMRI measurements on surface brightness-related activity in the visual cortex have,
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however, been discrepant. Some studies have found brightness-related activity in V1

(Boyaci, Fang, Murray & Kersten. 2007; Haynes, Lotto & Rees, 2004; Pereverzeva &

Murray, 2008), but some have not (Boucard, van Es, Maguire & Cornelissen, 2005;

Cornelissen, Wade, Vladusich, Dougherty & Wandell, 2006; Perna, Tosetti, Montanaro

& Morrone, 2005). Recently, activity related to border ownership has been found in V2

with fMRI (Fang; Boyaci & Kersten, 2009).

1.5. Aims of the study

In this thesis the low-level mechanisms of brightness perception were studied. The

single cell recordings suggest that the brightness of surfaces is already processed in the

primary visual cortex. The fMRI measurements of the brightness-related activity of the

human primary visual cortex are not, however, entirely consistent. If brightness is

processed in V1, then brightness is mediated by cells tuned for SF, orientation and

phase. Previously it has been assumed that the processing of brightness is multi-scale,

i.e., information at every available SF channel is used for the computation of brightness.

This assumption was tested by estimating the peak and the bandwidth of the SF tuning

of brightness perception.

   A  schematic  diagram  of  the  possible  neural  connections  of  brightness  perception  or

brightness filling-in is presented in Figure 3. The neurons sensitive to luminance

borders (“border” cells) feed the mechanisms encoding surface properties (“surface”

cells), and the brightness fills in, i.e., the activity of the neurons responding to the

border spreads to adjacent neurons inwards to the surface. Sharp edges are broadband in

the SF domain, and the neurons tuned to different SFs and phases are activated in every

point of the border. But are all these neurons involved in brightness perception?

Neurons with different SF tuning basically mediate the same information of the sharp

edges, and hence all these neurons might not be needed. Similar questions can be asked

for neuron transmitting and encoding the surface. Does the activity spread to every

neuron located on the surface? How do the multiplexing cells that detect borders and the

cells that encode surface brightness interact?

   To get some insight into the questions above, the dependence of brightness perception

on low-level features was psychophysically measured. The experiments were designed
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to test the effect of SF (I, II, III), orientation (II), phase (III, IV), stimulus size (I, II),

stimulus complexity (II, III) and contrast polarity (II, IV) on brightness perception and

brightness  filling-in.  The  results  of  the  thesis  support  the  low-level  accounts  of

brightness perception and suggest that only the neurons selective for medium SFs

mediate brightness information (Fig. 3).

Figure 3. A schematic diagram of the neural connections of brightness perception (and brightness filling-

in). The left side of the figure illustrates that the even- and odd-symmetric cells of different SF tunings

(different sizes of the receptive fields) respond to the luminance border of the surface, and subsequently

the brightness fills the entire surface. The right side of the figure further illustrates the three stages of

brightness perception: 1) the edge is filtered with a bank of filters tuned to different SFs, 2) the neural

activation  spreads  to  the  adjacent  neurons  inwards  to  the  surface,  and  3)  the  neurons  located  on  the

surface represent brightness.  According to the results of the thesis, only “border” cells selective for

medium SFs feed the “brightness” cells located on the surface via cells with similar SF tuning.

Odd-symmetric “border” cells

Even-symmetric “border” cells

Even- and odd-symmetric
“surface” cells

Edge filtering

Spreading activation

Encoding brightness
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2. METHODS & RESULTS

2.1. General methods

2.1.1. Psychophysics and noise masking

The neural mechanisms of brightness perception were studied using standard

psychophysical methods. In psychophysics, either the contrast threshold (e.g., the

contrast of the stimulus that is barely detectable) or the point of subjective equality (e.g.,

the contrast of the stimulus that is not discriminable from the comparison stimulus) is

usually  measured  as  a  function  of  some  parameter  of  the  stimulus,  e.g.,  SF  or

orientation. The properties of the studied mechanism are inferred from the measured

functions and changes in thresholds or subjective measures. A compilation of the

methods used in the experiments is presented in Table 1.

   In every sensory system, the detection and perception of objects and events is limited

by  the  strength  of  the  signal  compared  to  the  strength  of  the  noise.  The  noise  can  be

external (e.g., disturbing sounds) or internal (e.g., random activity of the neurons) to the

sensory system. Perceptual mechanisms can be studied by adding external noise to the

stimuli and measuring a subject’s performance in some perceptual task (Harmon &

Julesz, 1973; Morrone, Burr & Ross, 1983; Solomon & Pelli, 1994; Fig. 4). The noise

that deteriorates the subject’s performance presumably activates the same mechanism

that is used in the perceptual task. Therefore, the properties of the mechanism of interest

can be inferred from the properties of the noise. Furthermore, by measuring the

subject’s performance as a function of some dimension of the noise (e.g., SF or

orientation) and keeping all the other variables (such as overall luminance, the spatial

dimensions of the stimuli, etc.) constant, the tuning of the neural mechanism can be

estimated. Noise masking was used in studies I and II.

2.1.2. Subjects & equipment

In total eight subjects (the author and seven naïve to the purposes of the studies)

participated in the experiments. All subjects had normal or corrected to normal vision.

The stimuli were generated and the experiments were conducted in VisionWorks (I, III,
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IV) and Cambridge Research Systems ViSaGe (II) environments. The stimulus display

was a calibrated and linearized CRT monitor with at least 14-bit greyscale resolution.

The display was the only light source in the laboratory during the experiments.

Table 1. The stimuli, the tasks and the methods used in different experiments.

EXPERIMENT STIMULI THE SUBJECT’S TASK MEASURE METHOD

Polarity (I) Incremental or
decremental
ellipses

Brightness polarity
identification: “Is the
patch lighter or darker
than the background?”

Threshold 1-interval
2AFC
MOCS

Orientation (I) Horizontal or
vertical ellipses

Orientation identification:
“Is the patch oriented
horizontally or
vertically?”

Threshold  1-interval
2AFC
MOCS

Detection (II) White’s and
Benary’s illusions,
simultaneous
contrast

Detection: “On which
side of the figure was the
small test patch?”

Threshold 1-interval
2AFC
3-1
staircase

Brightness (II) White’s and
Benary’s illusions,
simultaneous
contrast

Brightness matching:
“Increase or decrease the
contrast of the test patch
until it appears similar in
brightness to the
comparison patch.”

PSE 1-interval
nulling
technique

Texture (III) An incremental
circular disk which
was unmodulated,
composed of a
uniform texture or
two textures

Brightness matching:
“Which one of the disks
appears darker or as
having lower mean
luminance?”

PSE 1-interval
spatial
MOCS

Flankers (IV) An incremental or
decremental
Gaussian blob
flanked by Gabors
or edges in a
Gaussian envelope

Brightness matching: “In
which of the two intervals
does the stimulus appear
brighter?”

PSE 2-interval
1-1
staircase
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2.2. Study I

In most models of brightness perception, brightness is computed from the luminance

borders  in  multiple  SF  bands.  Currently  it  is  also  known  that  the  cells  in  V1  that  are

selective for SF mediate brightness information. In studies of brightness perception, the

stimuli are usually sharp-edged, which are broadband in the Fourier domain and hence

activate a wide range of neurons in V1. The information from the different SF bands

can, however, be redundant. Hence, the information of a narrow band could be

sufficient for computing brightness. The assumption of a multi-scale processing of

brightness was tested by measuring masking tuning functions for brightness with a very

simple stimulus (an incremental or decremental luminance patch) and a robust task

(polarity  identification).  In  addition,  it  was  tested  whether  the  brightness  of  a  simple

grey patch is detected with a filter matched in size with the stimulus or on the basis of

border information. The two accounts have different predictions for the width and the

location of the tuning functions. The matched-in-size filter predicts a narrow tuning

which scales to stimulus size, whereas computation from borders predict a broad tuning

independent of stimulus size.

2.2.1. Stimuli & Noise

The stimuli were incremental or decremental ellipses presented on a uniform mid-grey

display. The ellipses were either in horizontal or vertical orientation (Fig. 4). The width

and height of the stimuli varied from .2 to 3.3 and from .6 to 10 deg, respectively. The

stimulus was masked with band-pass filtered white noise (Fig. 4). The bandwidth of the

isotropic  noise  was  one  octave.  The  size  of  the  noise  was  always  larger  than  the

stimulus and subtended beyond the stimulus on each side. For every trial, a new random

sample of the noise mask was generated.

2.2.2. Procedure

The contrast thresholds for the identification of brightness polarity and stimulus

orientation  were  simultaneously  measured  with  two  2AFC  tasks.  In  each  trial  the

subjects answered two questions: 1) “Is the stimulus brighter or darker than the

background?”  2) “Is the patch oriented horizontally or vertically?” A method of
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constant stimuli was used with 9 contrast levels and 14 repetitions/stimuli. Thus, each

threshold estimate in the result figures is based on 252 trials (9 x 14 x 2 stimulus types).

The thresholds were computed from the psychometric functions fitted to the data. The

thresholds were measured with and without noise superimposed on the stimuli and as a

function of the centre SF of the noise. To quantify the peak and the width of the tuning,

a Gaussian function was fitted to each data set.

   In addition, the stimulus was filtered with a bank of Gabor filters. The “bar” response

of the filter was calculated in the centre of the stimulus as a function of the filter SF.

Further, the experiment was replicated with an ideal observer model based on template

matching. The model contained four templates (equal to four stimulus types), and in

each trial the model chose the template which was most similar to the noisy stimulus.

Figure 4.  A  demonstration  of  the  noise  masking  in  study  I.  The  stimuli  were  bright  or  dark  ellipses

masked with band-pass filtered noise. The noise centre SF increases from left to right. Only the noise in

the middle columns masks the stimulus, i.e., in the middle columns the stimulus is harder to see than in

the first and the last column (if the effect is not visible, try different viewing distances).
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2.2.3. Results

In every condition and for every subject, the masking tuning functions for brightness

polarity and stimulus orientation identification were narrow and peaked at the medium

SF range (Fig. 5A, data from one subject), i.e., the noise mask increased the

identification thresholds only in the medium SF range when compared to the thresholds

without a noise mask (the horizontal lines in Fig. 5A). The tuning functions peaked at

1.4-4.9 c/deg for brightness polarity identification and at 2.0-5.0 c/deg for orientation

identification. The tuning functions for orientation identification peaked at a slightly

higher SF range than for polarity identification (a 0.5 oct difference for 2/3 subjects),

although the  difference  was  not  statistically  significant.  The  widths  (full  width  at  half

height) of the functions varied from 1.35 to 2.2 octaves.

   The size of the stimulus did not have much effect, and the tuning functions for stimuli

of different sizes are highly similar (Fig. 5A, size increases from top to bottom). To

compare the results with the matched filter type of processing, the stimulus was filtered

with a bank of filters (the dotted lines in Fig. 5A). With the smallest stimulus size, the

measured tuning functions and responses of the optimal filter overlapped (Fig. 5A, top

row). However, as the stimulus size increases (Fig 5A, middle and bottom row), the

response of the optimal filter (dotted line) shifts to lower frequencies as expected, but

the peaks of the masking tuning functions remain almost at the same SF range (dashed

line). The 16-fold (4-octave) variation in stimulus size shifted the peak of the tuning

functions only one octave to lower SFs (Fig. 5B). The ideal observer model also failed

to explain the independence of the tuning from the stimulus size (Fig. 5B).

   The narrow SF tuning for brightness polarity identification suggests that only a

narrow SF band or a subpopulation of neurons in V1 mediate brightness information.

The independence of the tuning from the stimulus size suggests that the scale of

brightness processing could be hard-wired at the low processing level of the visual

system.
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Figure 5. Spatial frequency tuning. A) Masking tuning functions for brightness polarity and orientation

identification. The abscissa corresponds to the centre SF of the noise mask, and the ordinate corresponds

to the contrast threshold. The straight lines are thresholds without a noise mask. The dotted grey lines are

filter responses. The size of the stimulus increases from top to bottom, B) The effect of stimulus size on

the peak and width (error bars) of the tuning functions for three subjects. The abscissa corresponds to the

stimulus width, and the ordinate corresponds to the peak of the Gaussian functions fitted to the data.

A B
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2.3. Study II

The narrow tuning found in study I could be specific to the simple stimulus and the task

used. Firstly, study I was replicated with a more complex stimulus and a different task.

In the figure-ground brightness illusions created by Benary and White (Benary, 1924;

White, 1979), both the luminance and the luminance contrast of the small squares and

triangles are identical but still appear different in brightness (Fig. 1B). The apparent

brightness difference has been explained with a figure-ground segregation type of

process: the small squares and triangles appear to belong to different backgrounds, and

hence they appear different. These illusions were masked with a narrow SF band noise

similarly to study I. A narrow-band noise should have a minimal effect on the

appearance of the illusions since it presumably only scrambles the activation of a small

population of neurons at low processing levels.

   Secondly, in both figures the small squares and triangles are composed of borders of

different contrast polarities, which are known to be processed in a separate and

asymmetric mechanism. Further, the different polarity borders are in different

orientations (Fig. 1B). If the integration of different contrast polarities plays any role in

brightness perception, then noise in different orientations could have a distinct effect on

brightness. Hence, the orientation tuning functions were measured. In both conditions

(SF and orientation masking) brightness matching and edge detection tasks were used to

separate the processing of brightness and edges.

2.3.1. Stimuli
Simultaneous contrast (Fig. 1A) and Benary’s (Fig. 1B, left) and White’s illusions (Fig.

1B, right) were used as stimuli. The overall size of the stimuli was 7.3 x 7.3 deg. With

White’s illusion the size of the stimulus was varied from 3.4 to 21.5 deg. In the SF

masking  condition  (Fig.  6A)  the  noise  was  identical  to  study  I.  In  the  orientation

masking condition (Fig. 6B), the SF band of the noise was 2-4 c/deg (the critical band

found in study I), and the width of the orientation band was 30 deg.
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Figure 6. Masking demonstration of the modified White’s illusion. The contrast of the figure decreases

from top to bottom. To find the critical noise mask, trace down each column until the stimulus is barely

seen. (If the effect is not visible, try different viewing distances.) A) The stimulus masked with isotropic

noise.  The  SF of  the  noise  mask increases  from left  to  right. B) The stimulus masked with orientation

filtered noise. The orientation varies clockwise from left to right (0, 45 and 90 deg).

A

B
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3.3.2. Procedure

The detection threshold and brightness (PSE) of the test patches embedded in the

figures were measured with a 3-1 staircase method and a nulling technique,

respectively. In the detection experiment, the test patch (small square or triangle) was

randomly placed on either the left or right side of the figure, and the subjects answered

the question: “On which side of the figure was the small test patch?” Two interleaved

staircase series were used with a .005 contrast step and 10 reversal points. The contrast

of the stimulus was increased after an incorrect answer and decreased after three

consecutive correct answers at the same contrast level. The threshold estimate was

computed as an average of the last eight reversals. In the brightness experiment, the

brightness difference between the test and comparison patches were nulled by adjusting

the contrast of the test patch. The nullings were done three times for both test patch

locations (Fig. 1), and the measurements were done twice. The instruction to the subject

was: “Increase or decrease the contrast of the test patch until it appears as similar as

possible to the brightness of the comparison patch.” The thresholds and PSEs were

measured with and without noise superimposed on the stimuli and as a function of the

noise SF and orientation.

2.3.3. Results

Compared to study I, highly similar masking tuning functions were found. The

measured masking tuning functions for the polarity identification (I; Fig. 5A), the

detection of the small squares and triangles (Fig. 7A), and the strength of the illusions

(Fig. 7B) are highly similar. The peaks and the widths of the tuning functions vary from

2.2 to 4.0 c/deg and from 0.6 to 1.7 octaves, respectively (Fig. 7A, 7B). The size

invariance (found in study I) was also replicated with White’s illusion (Table 2). The

estimated peaks and widths of the SF tuning in studies I and II are listed in Table 2.
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Figure 7. Spatial frequency tuning of Benary’s illusion, White’s illusion and simultaneous contrast (from

left  to  right,  respectively).  The  abscissa  corresponds  to  the  centre  SF  of  the  noise  mask. A) Masking

tuning functions for the detection of the triangles and squares embedded in the illusions. The ordinate

corresponds to the contrast thresholds. The straight lines are thresholds without a noise mask. B) Masking

tuning functions for the strength of the illusions. The ordinate corresponds to the strength of the illusions

(calculated as the difference between the brightness matches of the small patches on the left and right

sides of the figure). The straight lines are the strength of the illusions without a noise mask.

   The  orientation  of  the  noise  did  not  have  any  systematic  effect  on  the  detection

thresholds of the small squares and triangles, and the orientation tuning functions were

almost flat for every stimulus (Fig. 8A). The slight increases of the thresholds in

Benary’s (45 deg) and White’s (0 deg) illusions are within the confidence interval (Fig.

8A). The brightness matches of Benary’s and White’s illusions, but not the

simultaneous contrast, depended on the orientation of the noise mask. Particularly, the

strength of White’s illusion strongly depended on the orientation of the mask. The noise

orthogonal to the surround grating darkened the patch on the dark stripe and lightened

the patch on the light stripe (Fig. 8B, graphs on the left, 0 deg orientation). The noise

parallel to the surround grating lightened the patch on the dark stripe and darkened the

patch  on  the  light  stripe  (Fig.  8B,  graphs  on  the  left,  90  deg  orientation).  Hence,  the

noise mask parallel to the surround grating increased the illusion, and the noise mask

A

B
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orthogonal to the grating decreased the illusion (Fig. 8B, graphs on the right) compared

to the condition without a noise mask (Fig. 8B, straight lines). Similar results were

found with grating contrasts of 10% and 20%.

   The results replicated the findings of the study I and suggest that narrow SF band

mediates brightness, that the critical SF band is independent from stimulus size, and that

separate mechanisms mediate brightness perception and edge detection. The similar

results for studies I and II suggests that the scale of brightness processing does not

depend on the task or the complexity of stimulus. Further, the narrow orientation tuning

of the figure-ground illusions suggests that the mechanisms integrating contrast

polarities are crucial in creating White’s and Benary’s illusions.

Figure 8. Orientation tuning of the illusions. The abscissa corresponds to the orientation of the noise

mask (0 deg = vertical, orientation varies clockwise). A) Masking tuning functions for the detection of the

triangles and squares embedded in Benary’s illusion, White’s illusion and simultaneous contrast (from

left to right, respectively). The ordinate corresponds to the contrast thresholds. The straight lines are

thresholds without a noise mask. B) Brightness matches and the strength of White’s illusion. The two

graphs on the left show brightness matches for the squares on the dark and light stripes. The two graphs

on the right side show the strength of the illusion (calculated, from the data on the graphs on the left, as

the difference between the brightness matches). The straight lines are the strength of the illusion without a

noise mask.

A

B
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Table 2.  Estimated peaks and widths of the SF tuning of brightness in studies I and II.

EXPERIMENT STIMULUS TYPE STIMULUS SIZE
Width & height
(deg)

PEAK   &   WIDTH
(c/deg)        (oct):

Polarity (I) Incremental and decremental
ellipses

0.21   x   0.63
0.83   x   2.50
3.33   x   10.0

4.0              1.35
2.2              1.35
1.7              2.20

Orientation (I) Horizontal and vertical ellipses 0.21   x   0.63
0.83   x   2.50
3.33   x   10.0

4.9              1.35
2.9              1.35
2.2              2.20

Detection (II) Triangles in Benary’s illusion
Squares in White’s illusion

Squares in simultaneous
contrast

1.72   x   1.22
0.34   x   0.34
1.22   x   1.22
5.37   x   5.37
1.22   x   1.22

4.0/ 4.0       1.5/ 1.6
4.1/ 3.6       1.6/ 1.9
2.2/ 2.3       1.7/ 1.6
2.4/ 1.6       5.2/ 2.6
4.0/ 4.0       1.3/ 1.4

Brightness (II) Triangles in Benary’s illusion
Squares in White’s illusion
Squares in simultaneous
contrast

1.72   x   1.22
1.22   x   1.22
1.22   x   1.22

2.4/ 3.5       0.9/ 1.4
3.8/ 2.3       1.3/ 0.9
3.4/ 4.0       1.6/ 0.5

2.4. Study III

The visual cortex only receives information of the contrasts of the luminance borders,

and the surfaces are rebuilt or reconstructed from the contrast information. In terms of

filling-in, luminance borders trigger brightness spreading, and brightness fills the entire

surface. On the neural level this indicates that the activity of the neurons spreads from

the borders to the surface (Fig. 3). If the multiplexing cells in V1 mediate brightness

information, then activating these cells with an additional stimulation could disturb

brightness perception. This was tested by adding textures to the stimuli. Thus, if

brightness spreads from the border to the centre of the stimulus, then adding a texture to

the outer region of the stimulus (Fig. 9A, top row) could disturb brightness perception.

The textures were band-pass filtered noise and hence activate mainly neurons with a

similar SF tuning. The SF tuning of brightness filling-in was measured by varying the

SF  content  of  the  textures  (Fig.  9A,  bottom  row).  In  addition  to  the  unmodulated

surface, the brightness (perceived mean luminance) of spatially modulated textures was

measured.
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   Throughout the experiments, the mean luminance of the stimulus was always kept

constant. Thus, with every stimulus in every condition brightness should be perceived as

veridical if the luminance border contrast solely determines brightness. If, however,

there are changes in brightness, it would mean that texture borders, without any

luminance difference along the border, interfere with brightness perception or block

brightness spreading.

2.4.1. Stimuli

The stimuli were incremental, circular luminance disks (size 6 deg; contrast 10%). The

luminance disks were unmodulated, composed of a uniform texture, or segmented into

two regions with different textures (Fig. 9A shows examples of the segmented stimuli).

The mean luminance of the textures was always constant and equal to the unmodulated

disk. The textures were composed of band-pass filtered noise equal to the noise used in

study I.

2.4.2. Procedure

The brightness of the stimulus centre (and the surround in one condition) was measured

with the method of constant stimuli. The test and the comparison patches were located

on the left and right sides of the display, and the subjects answered the question:

“Which one of the disks appears darker or as having lower mean luminance?” Seven

contrast levels and 15 repetitions/stimuli were used, and thus each PSE estimate in the

result figures is based on 105 trials. The PSEs were computed from the psychometric

functions fitted to the data.

2.4.3. Results

The brightness of the unmodulated disk and the mean luminance of a disk composed of

a uniform noise texture were perceived as veridical (data not shown; the dotted straight

lines in Fig. 9B, 9C correspond to the real mean luminance of the stimulus). However,

when the centre or the  surround  region  of  the  disk  was  modulated,  the  perceived

brightness of the disk centre was reduced (Fig. 9B). The brightness of the unmodulated
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centre (when the surround was modulated; Fig. 9A, top row) was reduced by 50-100%

(Fig. 9B, open squares). The brightness of the modulated centre (when the surround was

unmodulated; Fig. 9A, second row) was reduced by 20-50% (Fig. 9B, filled diamonds).

In the former case, the brightness of the centre sometimes diminished completely, and

the centre appeared equal to the mean luminance of the whole display. The brightness of

the surround region was, however, perceived as veridical (data not shown).

Figure 9. Texture experiment. A) A few examples of the textured stimuli and the experimental setup. The

test stimulus was on the left side and the comparison on the right side of the display. Top: The centre was

unmodulated, and the surround region contained a texture. Middle: The surround region was

unmodulated, and the centre contained a texture. Bottom: Both the centre and surround regions contained

textures. B) Brightness matches of the centre region with stimuli containing one textured region. The

abscissa corresponds to the centre SF of the texture (in the centre or in the surround region). The ordinate

corresponds to the PSE calculated from the psychometric function. The straight lines correspond to the

veridical contrast of the stimulus. C) Brightness matches of the centre region with stimuli containing two

textures. The abscissa corresponds to the centre SF of the texture in the centre region. The black arrows

mark the SF of the texture in the surround region. The ordinate corresponds to the PSE calculated from

the psychometric function. The straight lines correspond to the veridical brightness of the stimulus.

A         B

        C
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   When the disk was composed of two different textures,  one in the centre and one in

the surround region of the disk (Fig. 9A, bottom row), the reduction of the brightness of

the centre region depended on the SF difference between the textures (Fig. 9C). If the

SF of both textures was similar and there was only a phase difference, the brightness of

the centre was only slightly reduced (Fig. 9C, conditions marked with an arrow).

However, when the SF difference between the textures increased, the reduction of

brightness  also  increased  (Fig.  9C).  The  width  of  the  tuning  was  estimated  to  be  ~1.5

octaves.

   The reduction of brightness due to textures shows that texture borders without any

luminance differences interferes with brightness perception. The SF specificity of the

reduction suggests that brightness filling-in is narrowly tuned for SF.

2.5. Study IV

Most brightness studies have used sharp-edged or broadband stimuli, which activate

large populations of neurons. In this study, in addition to sharp-edged borders,

physiologically more simple stimuli, i.e., Gabors were used (Fig. 10A). It is commonly

assumed that odd-symmetric filters are used to detect edge types of patterns and even-

symmetric filters are used to detect line types of patterns. This suggests that the former

mediates brightness and the latter contours. It was tested 1) whether edges and Gabors

have a similar effect on surface brightness and 2) whether the even- and odd-symmetric

Gabors have different inducing effects on the brightness of the probe stimulus.

2.5.1. Stimuli

The stimuli were incremental or decremental Gaussian blobs (sd 0.5 deg; 10% contrast)

flanked by either edges in a Gaussian window (sd 0.3 x 1 deg), even-symmetric Gabors

(sd 0.3 x 1 deg) or odd-symmetric Gabors (Fig. 10A). The flankers were positive (ON)

or negative (OFF). The distance (centre to centre) between the blob and the flankers was

2 deg. The SF of the Gabors was 1 c/deg, and the Gabors had full contrast.
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2.5.2. Procedure

The brightness of the Gaussian blobs was measured with the two-interval 1-1 staircase

method, in which the contrast of the comparison patch was increased or decreased

depending on whether the subject judged the comparison patch to be brighter or darker

than the test patch. The subjects answered the question: “In which of the two intervals

does the stimulus appear brighter?” Two interleaved staircase series, one starting above

and one below the contrast of the standard stimulus, were run twice. The PSE was

calculated as an average of the last 8 reversal points (12 reversals in total).

2.5.3. Results

Only the edges in the Gaussian window produced illusory change (Cornsweet, 1970;

O’Brien, 1958) in the apparent brightness of the surface, i.e., the area between the edges

appeared brighter or darker depending on the polarity of the edges (seen faintly in Fig.

10A, second row). However, both edges in the Gaussian window and even- and odd-

symmetric Gabors had a similar inducing effect on the brightness of the blob. The

brightness/darkness of the blob was reduced (Fig. 10 B). The reduction was similar for

all types of flankers, but depended on the relative polarity of the flankers and the blob,

i.e., the effect was antagonistic. Negative flankers reduced the brightness of the

incremental blobs more than positive flankers (Fig. 10 B, grey line), and positive

flankers reduced the darkness of the decremental blob more than negative flankers (Fig.

10 B, black line). Brightness/darkness was always reduced; only in one condition with

one subject was a clear enhancement found (Fig. 10B, top row, lower small figure).

   The antagonistic and similar effects of both even- and odd-symmetric Gabors suggest

that the integration of brightness is selective to the relative contrast polarity.
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Figure 10. The stimuli and results of the flankers experiment. A) The stimuli were circular Gaussian

blobs (seen faintly between the flankers) flanked by edges in a Gaussian window (second row), even-

symmetric Gabors (third row) and odd-symmetric Gabors (bottom row). B) Brightness matches of the

Gaussian blobs with different types of flankers. The graphs on the left side are averages, and the small

graphs on the right represent the individual data. The abscissa corresponds to the reduction of the

brightness of the incremental blob and the reduction of the darkness of the decremental blob. Different

conditions from top to bottom: edges in a Gaussian window, even-symmetric Gabors and odd-symmetric

Gabors.

A         B
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3. DISCUSSION
The neural mechanisms of surface brightness perception were studied in four sets of

psychophysical experiments. It was found that noise in a narrow spatial frequency range

deteriorates brightness polarity identification (I) and the strength of brightness illusions

(II). This spatial frequency range was found to be independent of stimulus size (I, II)

and complexity (I, II). Furthermore, within this narrow SF range, a narrow orientation

tuning was found for figure ground brightness illusions (II), i.e., masking only some of

the objects’ edges decreased (and sometimes increased) the strength of the illusions. It

was also found that separate mechanisms mediate brightness perception and edge

identification (I) and detection (II). The results are not compatible with multi-scale

models of brightness perception (e.g., Blakeslee & McCourt, 2004; Kingdom &

Moulden, 1992; Watt & Morgan, 1985). Instead, the results suggest that a narrow

(Perna & Morrone, 2007; Peromaa & Laurinen, 2004) and fixed SF channel (Perna &

Morrone, 2007) mediates brightness information. By using textures composed of

narrow-band noise, it was found that texture borders without any luminance difference

are able to block brightness spreading (III) and that brightness spreading depended on

the SF difference between the textures (III). The tuning of brightness spreading or

filling-in was narrow (III) and similar to the tuning found in the masking experiments (I,

II).  In  the  last  study,  the  inducing  effect  of  the  even-  and  odd-symmetric  Gabors  and

edges did not differ, but the inducing effect was antagonistic (IV). Specificity for

contrast polarity was also found in the orientation masking experiment (II); the critical

edge was always of a different contrast polarity than the other edges of the object. These

suggest that the integration of different contrast polarities is tightly coupled to scene

segmentation and brightness perception.

   The theories and models of brightness perception can be coarsely categorized into

three classes according to how much is known about the neural processes of the

mechanisms that they postulate. Firstly, there are the theories of brightness perception

that involve processes such as anchoring (Gilchrist et. al., 1999), decomposing an image

into layers (Anderson, 1997) and contour junction analysis (Adelson, 1993; Ross &

Pessoa, 2000; Todorovic, 1997). While these theories are more or less computational,

the neural mechanisms of these processes are still largely unknown. Secondly, many
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models of brightness perception are built on well-known neural processes, such as

multi-scale filtering (Blakeslee & McCourt, 2004; Kingdom & Moulden, 1992; Watt &

Morgan, 1985) and the computation of local energy (Morrone & Burr, 1988). Other

low-level models of brightness perception involve processes such as edge integration

(Land & McCann, 1971; Rudd & Zemach, 2004; Vladusich, Lucassen, & Cornelissen,

2006), brightness filling-in (Arrington, 1996; Cohen & Grossberg, 1984; Gerrits, &

Vendrik, 1970; Grossberg & Todorovic, 1988; Pessoa, Mignolla & Neumann, 1995)

and boosting of low spatial frequency information (Dakin & Bex, 2003), which all

involve some kind of low-level filtering process. Thirdly, there are some new ideas on

the neural basis of brightness perception, but these ideas have not yet been implemented

in computational models. The ideas on multiplexing cells (Rossi, Rittenhouse &

Paradiso, 1996) and border ownership (von der Heydt, Friedman & Zhou, 2003) have

been established neurally, but their role in the computation of surface brightness is not

yet  fully  understood.  The  results  of  the  thesis  in  relation  to  some  of  the  models  and

ideas on brightness perception are discussed below.

3.1. The narrow spatial frequency band mediates brightness

Currently it is acknowledged that brightness is computed from the sharp luminance

borders that are detected with a bank of visual filters tuned for different SFs. Thus, the

narrow masking tuning functions we found for brightness are quite surprising (I, II).

The brightness of a simple patch could either be detected with a filter corresponding to

the spatial dimensions of the stimulus or computed from the edges. The matched filter

type of processing predicts narrow tuning, and thus our results seem to support that

option (I, II). However, the peak of the tuning should scale to stimulus size. Instead, our

results show that the stimulus size has only a minor effect (I, II). The independence

from the size of the stimulus suggests that it is the retinal SFs, not the object SFs, which

determine the critical SF for brightness. The edge-based computation predicts broad

tuning and similar tunings for both brightness and edge perception. Our results are not

fully compatible with these predictions either (I, II). Our results suggest that brightness

is computed from the borders, but only from a narrow SF band (I, II; Perna & Morrone,

2007; Peromaa & Laurinen, 2004). The similar tuning found for simple patterns (I),
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figure ground illusions (II) and texture differences (III) further confirms that the

measured tuning functions are not merely a reflection of the properties or the Fourier

spectrum of the image, but instead reflect, a possibly hard-wired functioning of the

visual system.

   Previously narrow tuning for brightness perception has been found by Peromaa and

Laurinen (2004) using noise masking (similar to our experiments) and by Perna and

Morrone (2007) using notch filtering. In Perna and Morrone’s experiment (2007), the

brightness  was  diminished  when only  one  SF band was  filtered  from the  stimulus.  In

both of these studies, the critical SF band was, however, on a lower SF range (~1 c/deg)

than in our experiments (1.5-5 c/deg; I, II, III). Thus it seems that the scale for

brightness is partly flexible and that the visual system can use (and choose) the optimal

channel depending on the stimulus and the task. However, the narrow tuning suggests

that choosing the channel in brightness perception is limited only to the medium SF

range (1-5 c/deg).

3.2. Multiplexing brightness

The contextual effects found in the single cell recordings suggest that the neurons in the

primary visual cortex mediate brightness perception (Hung, Ramsden & Roe, 2007;

Hung, Ramsden, Chen & Roe, 2001; Kinoshita & Komatsu, 2001; Lu & Roe, 2007;

MacEvoy, Kim & Paradiso, 1998; Roe, Lu, & Hung, 2005; Rossi & Paradiso, 1999;

Rossi, Rittenhouse & Paradiso, 1996). In single cell recordings, however, no selectivity

for specific SF, phase or orientation has been found among the cells mediating

brightness information when compared to the cells mediating contrast borders. It seems

that neurons in V1 multiplex a different type of information depending on the stimulus

in the cRF and the context. The narrow tuning we found is compatible with the

processing  of  brightness  in  V1.  The  estimated  widths  of  the  tunings  (I,  II,  III)  are  in

good agreement with the tuning widths of the neurons in V1 of the monkey (De Valois,

Albrecht & Thorell, 1982). Our results suggest, however, that only a subpopulation of

neurons in V1, with medium SF selectivity, compute brightness from the borders and

mediate brightness. Different SF bands for surface brightness and border contrast (I;
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Peromaa & Laurinen, 2004) could be used in decoding surface and border information

from the multiplexed signal from a certain retinal location.

3.3. Integration of contrast polarity

The  visual  system  contains  separate  ON  and  OFF  channels  from  retina  to  cortex  for

incremental and decremental stimuli (Schiller, 1982; Schiller, Sandell & Maunsell,

1986). It is not yet known, however, at which level of processing and how the different

systems are integrated or whether the channels remain separate (Vladusich, Lucassen &

Cornelissen,  2007).  In  study  IV,  the  different  types  of  flankers  had  a  similar,  polarity

specific, reductive effect on the brightness/darkness of the test stimulus. This suggests

that both even- and odd-symmetric neurons are involved in brightness perception and

that connections between the opposite polarities might be antagonistic.

   White’s and Benary’s illusions show that scene segmentation can have a strong effect

on brightness. Consequently, these illusions have been explained by mid- and high-level

processes, such as anchoring to different frameworks (Gilchrist et. al. 1999),

decomposing the image into layers (Anderson, 2003) and the selective integration of

borders (Ross & Pessoa, 2000; Todorovic, 1997). However, multi-scale filtering and

contrast normalization has also been shown to explain the illusions (Blakeslee &

McCourt, 2004; Moulden & Kingdom, 1989). A noise mask in a narrow orientation

band within a narrow SF band should not have much effect on mid- and high-level

processes and multi-scale filtering. Yet the results show that depending on the

orientation of the narrow-band noise, White’s illusion increased, decreased or

diminished completely (II).

   Different contrast polarities have been shown to be critical for White’s illusion

(Spehar, Gilchrist & Arend, 1995). Since the different polarity borders are in different

orientations, the narrow orientation tuning of White’s illusion (II) is presumably related

to  the  integration  of  different  contrast  polarities.  Asymmetries  in  the  processing  of

increments and decrements are well known (De Weert & Spillmann, 1995; Schirillo &

Shevell,  1996).  However,  since  the  incremental  and  decremental  borders  of  the  small

squares in White’s illusions are identical, the asymmetry of increments and decrements

or integration as  such  is  not  sufficient.  Instead,  it  seems  that  borders  of  different
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contrast polarities are integrated according to figure-ground assignments, or conversely,

that the integration of different contrast polarities form the basis of figure-ground

segregation.

   Single cell recordings suggest that each luminance border is double-coded by two

populations of neurons, each assigning the luminance border to the figure on the

opposite sides of the border (von der Heydt, Friedman & Zhou, 2003). Border

ownership activity has been found mainly in V2 and V4 (but also in V1), and it has been

suggested to form the low-level neural basis of figure-ground segregation (von der

Heydt, Friedman & Zhou, 2003) and the perception of transparency (Qiu & von der

Heydt, 2007). The border ownership type of processing could explain Benary’s and

White’s illusions, e.g., borders orthogonal to the surround grating are owned by the

square, and borders parallel to the grating are owned by the bars of the grating. Hence,

masking only the borders owned by the square is sufficient (II). However, the border

assignment might also go the other way around, and some additional rules or restrictions

are needed, e.g., that simple interpretations are preferred.

3.4. Textures and brightness

In some conditions of the texture experiment, the perceived mean luminance of spatially

modulated stimuli was measured instead of the brightness of spatially unmodulated

stimuli, which are typically used in brightness studies. In agreement with previous

studies, the perceived mean luminance of the texture was veridical (III; Nam & Chubb,

2000). Thus, the brightness matches of the modulated and unmodulated stimuli are

comparable.

   Previously it has been shown that the strength of the simultaneous contrast is reduced

when the centre and the surround of the stimulus are segregated with different textures

(Laurinen, Olzak & Peromaa, 1997). Similarly, the brightness of an unmodulated

luminance patch is reduced if it is surrounded with an inhomogeneous surround instead

of a homogenous surround (Schirillo & Shevell, 1996). Further, making a “texture” by

adding several patches of different luminance to the surround improves constancy

(Gilchrist & Annan, 2002). In all these studies, in addition to the texture difference,

there has also been a luminance difference between the centre and the surround. In our
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setup we found a similar effect of the textured surround on brightness without any

luminance difference between the centre and the surround (III). It is also known that if

the centre and the surround have equal luminance, the contrast of the surround

suppresses the perceived contrast of the centre (Chubb, Sperling & Solomon, 1989).

Hence, we found a similar type of effect on brightness (III). However, the perceived

contrast is suppressed maximally when the centre and the surround contain similar SF

textures (Chubb, Sperling & Solomon, 1989), whereas the brightness is reduced

maximally when the centre and the surround contain different SF textures (III).

Although a phase difference segregates textures clearly, the phase difference was not

sufficient for the reduction of brightness (III). This suggests that figure-ground

segregation as such cannot explain the effect of textures on brightness. Instead, the

results suggest that brightness spreads only between neurons with similar SF tunings.

3.5. Levels of brightness perception

The neural circuits in the retina and the retinal gain control form the basis of brightness

perception (e.g., Shapley, Kaplan & Purpura, 1993). The brightness of flashes is a

power function of intensity (Raab, 1962; Stevens, 1961) and can be predicted by the

initial increase of the activation of photo receptors (Djupsund, Fyhrquist, Hariyama &

Donner, 1996; Donner, 1989). The retinal ganglion cells respond to luminance contrasts

in their receptive field (Barlow, 1953; Enroth-Cugell & Robson, 1966; Hartline, Wagner

& Ratliff, 1956; Kuf er, 1953; Rodieck, & Stone, 1965) and form the neural substrate

for a number of phenomena, which are based on border contrast (Fiorentini,

Baumgartner, Magnussen, Schiller & Thomas, 1990; Wallach, 1948; Whittle &

Challands, 1969). However, the uniform appearance of the extended surfaces and the

integration of edges in a visual scene presumably require the involvement of the visual

cortex (e.g., Fiorentini, Baumgartner, Magnussen, Schiller & Thomas, 1990;

Heinemann & Chase, 1995; Reid & Shapley, 1988). Open questions are how much of

brightness perception can be accounted for by the processes in the primary visual cortex

and what is the role of ON and OFF channels in brightness perception.

   Many of the single cell recordings (Kinoshita & Komatsu, 2001; MacEvoy, Kim &

Paradiso, 1998; Rossi & Paradiso, 1999; Rossi, Rittenhouse & Paradiso, 1996) and
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fMRI studies (Boyaci, Fang, Murray & Kersten. 2007; Haynes, Lotto & Rees, 2004;

Pereverzeva & Murray, 2008) agree that the brightness of simple figures (such as

simultaneous contrast) is processed in V1, but illusory brightness (such as the

Cornsweet illusion) is processed in V2 (Hung, Ramsden, Chen & Roe, 2001; Lu & Roe,

2007; Roe, Lu, & Hung, 2005; but see Perna, Tosetti, Montanaro & Morrone, 2005). In

addition, the polarity specific end-stopping in V1 has been suggested to form the neural

basis of junction analysis and border ownership (Yazdanbakhsh & Livingstone, 2006),

and the border ownership -related activity in V2 has been suggested as the neural basis

of figure-ground segregation (Zhou, Friedman & von der Heydt, 2000).

   Our results are compatible with the physiological results listed above. The narrow SF

tuning found in masking (I, II) and texture (III) experiments supports the involvement of

V1 in brightness perception. The narrow orientation tuning for brightness (II) that

correlated with the contrast polarity of the borders and the border ownership type of

processing, but that was not found for detection (II), supports the need for additional

processing in illusory brightness perception. The difference between the different

flankers also fits to this observation. Gabors induce some changes in brightness, but are

not strong enough to induce change in the brightness of the whole surface (IV).

   Even if the figure-ground segregation could be traced back to border ownership and to

the  first  levels  of  cortical  processing,  some  high-level  effects  on  brightness  are

indisputable, e.g., the effect of the perceived spatial arrangement (Gilchrist, 1977). The

effect of depth interpretations on brightness could be, in principle, explained with the

processing in the low cortical levels which are known to encode depth, e.g., binocular

disparity (Barlow, Blakemore & Pettigrew, 1967). Further, the same low-level

mechanism has been suggested to mediate the brightness of both transparent and opaque

surfaces (Perna & Morrone, 2007). In addition to Benary’s and White’s effects, many

illusions contain both incremental and decremental borders. The role of border

ownership and integration across contrast polarities in these illusions remain, however,

a subject for future experiments.
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4. CONCLUSIONS
The  results  of  the  thesis  are  not  compatible  with  current  views  on  surface  brightness

perception and suggest that, instead of multi-scale processing, brightness is computed

on a narrow SF band. This suggests that only a subpopulation of cells in the primary

visual cortex is involved in brightness perception. This indicates that neurons with

different SF preferences might signal different aspects of luminance borders, e.g.,

sharpness/blur or brightness. These could then be interpreted as shadow boundaries,

object borders or reflectance differences. The independence of the scale of brightness

processing from the size and the complexity of the stimulus supports the low-level

accounts of brightness perception and suggests that the scale might be hard-wired into

the visual system. This shows, somewhat surprisingly, that the visual system is unable

to adjust the observed channel or utilize the equivalent information outside the critical

scale. Further, the results show that high- and mid-level explanations might not be

needed to account for the figure-ground type of brightness illusions. Instead, integration

of the separate ON and OFF channels could form the neural substrate of figure-ground

segregation and brightness illusions. Overall, the results support low-level explanations

in brightness perception and suggest that some of the seemingly complicated problems

have already been solved in the first stages of cortical processing.
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