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Overall brightness decrease observed in the
Ehrenstein illusion induced for

both contrast polarities

JIRO HAMADA
Tokushima University, Tokushima, Japan

Brightness of both the area at the center of the Ehrenstein illusion and the area outside the
center was measured for figures of both contrast polarities by matching them to Munsell gray
patches (reference Munsell values> 6). Relative illusory enhancement of brightness or darkness
was observed at the center of the Ehrenstein figures with dark or light lines, respectively. However,
the absolute brightness measured at the center and outside the center of the Ehrenstein figures
revealed an overall darkness enhancement for both contrast polarities. A three-stage hypotheti
cal model is proposed to explain the results qualitatively: (1) The light and dark illusory patches
may be due to the possibility that activity at the receptive-field center region spreads laterally
and angle-dependently into the background, whereas no such spreading occurs within the cen
tral gap between radial lines. (2) Subjective contours may result from the boundary of the lateral
spread into the background. (3) The overall brightness decrease observed in Ehrenstein figures
of both contrast polarities may be due to an additional spreading of nonantagonistic inhibition.

In the Ehrenstein (1941) illusion, a light patch is per
ceived between the ends of dark radial lines on a light
background (negative contrast) and a dark patch is per
ceived between the ends of light radial lines on a dark
background (positive contrast). Spillmann, Fuld, and Ger
rits (1976) and Spillmann, Fuld, and Neumeyer (1984)
reported, on the basis of threshold and suprathreshold
measurements, that the illusion was stronger with posi
tive contrast. Fuld and O'Donnell (1984) confirmed, for
an Ehrenstein figure of negative contrast, Ehrenstein's
qualitative observation that increasing the gap between
the ends of the radial lines results in increased brightness
enhancement. It is difficult to explain these findings in
terms of classical simultaneous contrast based on lateral
inhibition. Day and Jory (1978, 1980) therefore in
troduced use of the term "line contrast" in addition to
simultaneous contrast. They assumed that the line con
trast, present in the Ehrenstein illusion, was the result of
assimilative and dissimilative processes.

Spillmann (1985) reviewed the peculiarities of the
Ehrenstein illusion and related phenomena as clarified by
phenomenological, psychophysical, and neurophysiolog
ical approaches. Up to now, the amount of assimilation
occurring in the background of an Ehrenstein pattern has
been described only qualitatively (Ehrenstein, 1941; Day
& Jory, 1978; it has not yet been investigated quantita
tively. The present study investigated the following ques-
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tions: (1) What are the brightnesses of the Ehrenstein
figure as measured in the central gap between the radial
line ends and on the background between the lines lying
side by side? (2) How does the strength of the illusion
depend on the contrast polarity? (3) What is the effect of
the gap diameter?

METHOD

Apparatus and Stimuli
Figure I shows the side (a) and front (b) views of theexperimental

apparatus. Eight quartz-iodine lamps (6 V, 20 W) illuminated a
light-gray circular screen (Munsell N7.0, 6°10' of visual angle)
and its black surround area (Munsell N2.5, 38° of visual angle,
both in width and height). When illuminated in this manner, the
luminance of the round screen was 19 mL, and the luminance of
the square surround area was 2 mL. Six stimulus fields were em
ployed: four different Ehrenstein figures and two different round
uniform control fields. A slide projector (100 V, 250 W) was used
to superimpose the stimulus fields onto the screen. They were
presented for a duration of 2 sec. Figure 2 illustrates the stimulus
fields used. Each Ehrenstein figure consisted of eight lines, dark
on a light background (negative contrast) or light on a dark back
ground (positive contrast). The luminances of the light lines and
the background in negative contrast were 44 mL, and those of the
dark lines and thebackground in positive contrast were 19 mL. The
lines of the Ehrenstein figures subtended 2°36' or 2°05' in length
and 3' in width. The outer diameter of the entire figure was 5°43'.
Two gap diameters of either 31' or 1°33' were used. The small
gap diameter of 31' was similar to the largest one used by Fuld
and O'Donnell (1984). Two uniform fields with thesame luminances
(44 and 19 mL) and the same diameter as the backgrounds of the
two Ehrenstein figures served as controls. To measure the appar
ent brightnesses of the central gap and the background of theEhren
stein figure, and of the uniform control field, 33 Munsell patches
of various shades of gray were used as comparison stimuli. They
were presented in a comparison window (30' wide and I °45' high),
located 5 °43' of arc above the round screen. The gray values ranged
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Figure 1. Schematic representation of the experimental apparatus. For further details, see Method section.

from Munsell N1.5 to N9.5 in steps of NO.25; the corresponding
luminances varied from 0.88 to 40 mL.

UNIFORM CONTROL FIELD
44 ML 19 ML

Procedure
Five subjects (4 students in an undergraduate course and the

author) participated in the experiment. All observers had normal
or correeted-to-normal vision. The head was stabilized by a head
and chinrest. Thedistancebetween the subject and the circular screen
was 116 em. The task of the subject was to compare the apparent
brightnesses of both the illusory patch and the background in the
Ehrenstein figure, as well as of the uniform field, with those of
the Munsell gray patches shown in the rectangular window above.
Three categories to judge the apparent brightnesses were used:
"darker," "lighter," or "equal." The method of limits was used
to obtain a point ofsubjective equality, which was the mean of two
upper limits and two lower ones. They were measured by both an
ascending series and a descending series in an experimental ses
sion, and were defined by a transition of the three categories. The
sequences of stimulus presentation were counterbalanced. During
the task, each subject moved his or her eyes freely between the test
and the comparison stimuli. The subjects madeall comparisons fov
eally by looking back and forth. The subjects started with a prac
tice session and then proceeded to six experimental sessions, each
on a different day.

RESULTS

The means and 1 SD from 5 subjects are shown in
Figure 3 as a function of the gap diameter with contrast
polarity as parameter. The brightness of the illusory light
patch (filled circles, e; about Munsell N6.9) in negative
contrast figures was darker than that of the correspond-

EHRENSTEIN FIGURE
DARK ON LIGHT LIGHT ON DARK

(NEGATIVE CONTRAST) (POSITIVE CONTRAST)

Figure 2. mustrations of test stimuli. Black/white lines on the
screen-tone refer to dark/Iight lines on light/dark background in the
Ehrenstein figure. Subjects quantified the apparent brightnesses of
the positions indicated by the open circles (0) by comparison with
MonseU gray papers.
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Figure 3. Average MonseU gray values from 5 subjects as a function of gap
diameter of the Ehrenstein figure with contrast polarity as parameter (broken
and soHdtines indicate negative and positive contrastll). Brightnesses of the illu
sory patch (filled circle, e), the background (open circle, 0), and uniform field
(cross, x) are depicted. Dotted tines indicate the brightnesses of the uniform
control fields. The vertical bars on the data points indicate 1 SD of 5 subjects.

ing uniform field (cross, x ; N7.2). A two-way analysis
of variance involving two figures, 5 subjects, and six ses
sions yields significant differences for the main effect of
figures, that is, the uniform control field and the illusory
light patch for both the small gap diameter [F(l,50) =
6.74, p < .05J and the large one [F(I,50) = 4.37,
p < .05]. The main effect of subjects was highly signifi
cant [Fs(4,50) = 31.7 and 30.0, p < .01], whereas the
figures x subjects interaction was not significant [Fs(4,50)
= 0.56 and 0.76, p > .05]. The brightnesses of both the
light backgrounds (open circles, 0; N5.3) and the dark
patches (filled circles, e; N4.9) in the positive contrast

figures were clearly below those of the corresponding uni
form fields (cross, x, N6.1).

With an increase of gap diameter, the brightnesses of
the two locations, that is, the central gap and the back
ground, of the figures in both contrast polarities remained
constant. For the negative figure-ground contrast, a three
way analysis of variance on the locations (2) X gap di
ameters (2) X subjects (5) with six sessions revealed that
the main effects of locations [F(l,IOO) = 5.39, p < .05J
and of subjects [F(4,IOO) = 65.0, p < .01Jachieved sig
nificance, whereas that of gap diameters [F(l,IOO) =
0.06, p > .05J and all of the interactions did not yield



70 HAMADA

significant differences. For the figure with a positive con
trast polarity, the analysis of variance also yielded sig
nificant differences between two locations [F(1, 100) =
22.5, p < .01] and among 5 subjects [F(4,100) = 138.8,
p < .01], but not between two gap diameters [F(1,loo)
= 0.34, P > .05]. The locations X subjects interaction
was found to be significant [F(4, 100) = 3.26, p < .05],
but none of the other interactions were.

The average data from two figures with the small and
large gap diameters indicated that the brightness differ
ences between the illusory patches and the backgrounds
were represented by Munsell NO.4 and NO.2 for positive
and negative contrast, respectively. The three-way anal
ysis of variance on the contrast polarities (2) x gap di
ameters (2) x subjects (5) with six sessions yielded sig
nificant differences between the contrast polarities
[F(I,loo) = 15.1, P < .01] and among the 5 subjects
[F(4,IOO) = l5.5,p < .01], but not between the two gap
diameters [F(1,loo) = 2.79,p > .05]. Thus, the Ehren
stein illusions were greater for the positive contrast figures
than for the negative contrast ones.

DISCUSSION

The data plotted in Figure 3 indicate that (1) the light
and dark illusory patches were observed in the Ehrenstein
figures of negative and positive contrasts, and (2) regard
less of negative and positive contrast, the brightnesses of
both the illusory patch and the background of the Ehren
stein figures were darker than the brightness of the uni
form control field. The results may qualitatively be ex
plained by a three-stage model developed by Hamada
(1984a, 1984b, 1985). The model assumes antagonistic
and nonantagonistic mechanisms at early stages of the
visual system and the reconstructive process of a lateral
spread at a higher stage. The antagonistic mechanism cor
responds to the lateral inhibition of neural units (Bekesy,
1968) and their psychophysical counterparts, that is, per
ceptive fields (lung & Spillmann, 1970). In addition, to
explain the brightness decrease in both the light and dark
stripes of square-wave gratings and the Craik-O'Brien pat
tern, which could not be explained by antagonistic inhi
bition, nonantagonistic inhibition (Hamada 1984a, 1985)
is assumed to diffuse widely over a large area in a pat
tern. A study of Freund, Hennerici, and Rabenschlag
(1977) indicates that synergistic reversal of surround- into
center-type responses might be involved as a neural ba
sis for nonantagonistic inhibition. Furthermore, Hamada
(1985) applied Gerrits and Vendrik's (1970) concept of
the lateral spreading of center-surround activities to ex
plain the Craik-O'Brien illusion. The lateral spreading of
neural activity is assumed to be halted by a barrier that
corresponds to the position of the inflection point or the
zero-erossing (Hamada, 1984b; Marr & Hildreth, 1980;
Watt & Morgan, 1983) of the neural profile. The Ehren
stein illusion can be explained by a three-stage model (see
Figure 4) as follows.

Excitation/inhibition organized at a first stage, for dark
and light lines on uniform fields, is shown in Figures 4a
and a' , respectively. A dark line reduces excitation at the
line and reduces inhibition around it (Figure 4a), whereas
a light line induces excitation at the line and induces in
hibition around it (Figure 4a'). The neural profile for each
line in antagonistic processing may be approximated by
the difference of two Gaussians (DOG), which correspond
to center and surround fields. A computer simulation on
border contrast (Hamada, 1984b) showed that the ratio
of the center and surround space constants of DOG filters
was about 9.0, and that the ratio of the strengths ofcenter
and surround activities was about 0.19. Thus, total
response at the center should be stronger than that at the
surround. Nonantagonistic inhibition, which is produced
at a second stage, suppresses the excitation induced by
the dark line, whereas the same inhibition enhances the
antagonistic inhibition induced by the light line, as shown
in Figures 4b and b'. Thus, inhibition results in the over
all darkening seen in Ehrenstein figures of either nega
tive or positive contrast. Nonantagonistic inhibition should
be stronger than antagonistic inhibition, because the
brightness of illusory light patch in the figure of negative
contrast was darker than that of the uniform control field.
The neural profile resulting from both the antagonistic and
nonantagonistic mechanisms should have two inflection
points around the dark/light lines, as indicated by the open
circles in Figures 4b and b' . In the two-dimensional space,
the distribution of neural activity for the line has a con
tour line that corresponds to inflection points. Lastly, the
neural profile compounded by the antagonistic and nonan
tagonistic processes is further processed at a third stage
in which lateral spreading takes place. It is assumed here
that neural activities inside the subjective contour line
should be homogenized and those outside it (hatched areas
in Figures 4b and b') should spread to the right angle
against the dark/light lines, as shown in Figures 4c and
c'. Then angle-dependent lateral spreading might lead to
the illusory light and dark patches perceived in the Ehren
stein figure, since the background receives lateral spread
ing, whereas the central gap does not. The resulting neu
ral activities are schematically indicated by light and dark
screen-tone sections in Figures 4d and d', where the
boundary of the lateral spread in the Ehrenstein illusion
is shown by a circular subjective contour. The lateral
spreading might correspond to assimilation on both sides
of a line (Helson, 1963), whereas the lack of spreading
within the gap of the line ends might cause dissimilation
(Day & lory, 1978, 1980).

Hamada (1985) found an asymmetry of the Craik
O'Brien illusion, in which a pattern of negative contrast
induced a stronger illusion than did that of positive con
trast. In contrast to the Craik-O'Brien illusion, positive
contrast was stronger than negative contrast in the Ehren
stein illusion, consistent with other results (Spillmann,
Fuld, & Gerrits, 1976; Spillmann, Fuld, & Neumeyer,
1984). The reverse asymmetry in strength in the Craik-
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Figure 4. 'Ibree-5tage model of hypothetical neural activities generating the Ebrenstein illusion. Cues of negative flgure-ground con
trast are shown on the left; those of positive contrast are shown on the right. 1be value, 0, on the ordinate indicates the neural activity
corresponding to the uniform control field. The broken Iines in (b) and (b') indicate the activity level inhibited IIOIIIdltagonistkally in
the Ebrenstein figure. 1be dotted lines in (c) and (e') indicate the neural activity at the central gaps between the endsof the radial Iines.
1be brightnesses for the Ebrenstein figure are schematically indicated by light and dark screen tone in (d) and (d'), 1be center-.-ronncl
fields organized by antagonistic excitation/inhibition at the first stage are shown in (a) and (a'). At a second stage, the nonantagoolstic
inhibition is widely diffused, corresponding to an overall darkening, as shown in (b) and (b'). n.- neural activities are -..ned to
be produced at early levels of the visual system. and to be sent to a higher level. At a third stage, lateral spreading, which is baited
at locations of inflection point indicated by open circles in (b) and (b'), takes place. A subjective contour line corresponds rougbIy to
the inflection points around the line in two-dimensional space. The neural activities imide the contour line are homogenized, and those
outside the line (hatched area) spread to right angie against the line, as shown in (c) and (c'), The light and the dark illusory patches
produced are shown in (d) and (d'). An explanation for tbIs is as follows: AngIe-dependent lateral spreading takes place only outside
the subjective contour line (background), but not in the central gap. Thus, a semicircular subjective contour appears at the boundary
of lateral spreading.
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O'Brien and Ehrenstein illusions found for both contrast
polarities should be investigated in further studies.

Cohen and Grossberg (1984) and Grossberg and Min
golla (1985) recently distinguished two parallel contour
sensitive processes (boundary contour and feature con
tour processes), and correctly predicted the brightness
paradoxes reported by Bergstrom (1966) and Hamada
(1982, 1985). The boundary contour process is supposed
to be sensitive to the orientation and amount of contrast
in edges, and the feature contour process is sensitive to
both the amount and direction of contrast. The orientation
dependent boundary grouping process of Grossberg's
model generates the contours. In addition, his model pro
poses a nonoriented filling-in process. On the other hand,
the model presented here assumes that the inflection points
are extracted as edges or contours which halt the angle
dependent lateral spreading at a higher stage of the hu
man visual system.

Conclusion
This study shows that when the light or dark illusory

patches are observed in the Ehrenstein figure with dark
or light lines, the brightnesses both of the illusory patch
and of the background are darker than that of the uniform
control field. The results can be explained by the three
stage model as follows: (1) The illusory light and dark
patches are not due to the summation of activities at the
antagonistic receptive-field surround region, but are due
to the angle-dependent lateral spreading of the center ac
tivities at the field; (2) the semicircular subjective con
tour is produced by the boundary of the angle-dependent
lateral spread; and (3) the overall brightness decrease in
the Ehrenstein illusion of both contrast polarities may be
due to additional spreading of nonantagonistic inhibition
(Hamada, 1982, 1985).
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