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ABSTRACT

Metelli has proposed a model of the intensity relationshipé
in perceptual transparency based on Talbot's law of color
fusien.  Four constraints follow from the application of Talbot's
law. Violations of two constraints (Constraints i and ii) ad-
versely affect the perception of transparency, while violations
of two other constraints (Constraints iii ang iv) do not. Many
common occurrences of transparency are in terms of subtractive
rather than additive color mixture. The constraints derived
from the Metelli model have been found to also hold for subtrac-
tive color mixture. i i f the Metelli model is that

hSparency varies linearly not with
reflectance but with lightness, a nonlinear function of reflec-
tance. The hypothesis is pProposed that the PEECeption of Erans—
parency results from a higher-order encoding of the pattern of
lightnesses in a stimulus. An alternative derivation of Con-
straints i and ii, not based on Talbot's law, is presented in
terms of lightness values. Constraints iii and iv are not in-
terpretable in terms of lightness, and are not implemented by
the visual system. Their violation, therefore, does not ad-
versely affect the perception of transparency.
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Metelli (1974a,b) has proposed a model for the inten-
sity relationships in perceptual transparency. The central
assumption of Metelli's model is that transparency occurs
in accordance with Talbot's law of color fusion. The prosi-
mal stimulus resulting when an episcotister rotates in front

of the surfaces A and B is depicted in Figure 1. Rotating

the episcotister rapidly produces the perception of a trans-

parent color (regions d and c¢) lying in front of surfaces
A and B. According to Talbot's law, the apparent reflectances
of regions d and c are equal to

(1) d = cat+(l-a)e

(2) ¢ ab+ (1-a)e
where a is the areal fraction occupied by the open sectors of
the episcotister, 1-a is the areal fraction occupied by the

blades of the episcotister, a is the reflectance of surface A,







b the reflectance of surface B, and e the reflectance of the
episcotister blades. Solving Equations (1) and (2) for o and
e yields
(3) a (d-c)/ (a-b)
(4) e (ac-bd) / (a+c) - (b+d)

Alpha is the proportion of the apparent reflectances of
d and c determined by the reflectances a and b and is an index
of the ﬁransparency of the apparent disk. Since a is re-
stricted to values between 0 and 1, Equation 3 implies (i) if
a>b, then d>c and vice versa if a<b, and (ii) the absolute
difference |a-b| must be greater than the absolute difference
|d-c|. Constraint i is a restriction on the order of the in-
tensities and insures that a is positive. Constraint ii is
a restriction on the magnitudes of the intensities and insures G
that o is less than 1. Since e is also restricted to values
greater than orlequal to 0 and less than 1, order and magnitude
constraints can also be-derived from Equation 4.1 Equation 4
implies (iii) if (a+c)>(b+d) then ac>bd and vice versa if (a+c)<
(b+d), and (iv) the absolute difference | (a+c) = (b+d) | must be
greater than the absolute difference |ac-bd|. Constraint iii

insures that e is non-negative, and Constraint iv insures that

—

e 1s less than 1. The four constraints are independent. Numeri-

cal values can be assigned to the reflectances a, b, ¢, and d
in Equations 3 and 4 that satisfy three of the constraints but
not the fourth.

Metelli (]974b) has demonstrated that the perception of

transparency occurs when Constraints i and ii derived from




Equation 3 are met and fails to occur when either of these
constraints are violated. He has, however, not investigated
the conseguences of violating Constraints iii and iv derived
from Equation 4. This may be because it does not seem that
they would affect the perception of transparency since it
appears doubtful that people are able to make the judgments
required by Constraints iii and iv. To anticipate, we w}ll

present evidence that violations of Constraints iii and iv

" do not adversely affect the perception of transparencf. We

argue that the computations carried out by the visual system

in perceiving t;ansparency are in terms of lightness values

rather than in terms of reflectances or‘luminances. The

order relationships in Constraint i and the difference rela-
tionships in Constraint ii are interpretable in terms of light-
ness values. (A theoretical justification of Constraints i and

ii not based on Talbot's law and using lightness values rather

than reflectances is presented later.) Central visual processes
are able to determine whether a pattern of lightness values satis-
fy certain order relationships, and whether the difference be-
tween two lightness values is greater or less than that between
two other lightness values. Constraints iii and iv which in-

volve the operations ocf addition and multiplication are not

readily interpretable in terms of lightness values. It is not
clear what it means to add or multiply two lightness values, and
central visual processes appear not to be able to manipulate light-
ness values in the ways necessary to determine whether Constraints_,

V

iii and iv are satisfied.




The present study seeks to clarify both the factual back-
ground and the theoretical issues in the perception of trans—
parency. Experiments are reported that test and extend the
Metelli model. An aliernative model of the intensity rela-
tionships in transparency is presented in terms of the trans-

mission of light by a filter. The filter model is compared.

with the episcotister model proposed by Metelli. The experi-

 mental results and the theoretical analyses support the hypothe-

sis that the perception of transparency results from the encoding
of the structural information in a stimulus pattern by higher-

order perceptual processes.

Experiment 1
Experiment 1 was designed to investigate how the pattern
of iﬁ;ge intensities and the figural configuration affects the
perception of transparency. Two supplementary experiments that

answer questions raised by Experiment 1 are also reported.

Method

Stimuli.- The stimuli were computer generated Polaroid pic-
tures.2 Two sets of stimuli were prepared. Set 1 consisted
of 4 regions of differing intensity depicting two overlapping
squarés on a larger square as illustrated in Figure 2a. The
regions of differing intensity are identified by lower case
letters and the squares by capital letters. The
smaller squares were apprdximately 2.7 cm on a side and the

larger square 6.6 cm on a side. The area of overlap was a

square 1.3 cm on a side.




Insert Fig. 2 about here

The intensities of the 4 regions were 100, 150, 200, and 250 ¢

on a linear gray scale ranging from 0 to 255. Twenty-four
stimuli were generated corresponding to the 24 possible per-—
mutations of the four intensity values. A stimulus is iden-
tified by a sequence of the four letters a, b, c, and d, eidg.;

dcba. The letter order 1nd1cates 1ncrea51ng gray levels of the

e e e e e e _

regions from lowest to highest. Table 1 lists the 24 stimuli.
S£imuli 1 through 10 satisfy or effectively satisfy Constraints
Pand Sris (Stimulii 1, 2.4 5 Sang 7 thfough 10 technically vio-
late constraint ii since the absolute difference |a-c| is

»y equal to the absolute difference |a-b|. 2an o equal to 1 is

the limiting value for the occurrence of transparency. Obser-
vations, however, indicated that the perception of transparency
is affected only if Constraints i and ii are clearly violated.
Stimull which violate the constraints at limiting values will
be considered to effectively satisfy the constraints.) Stimuli
11 through 16 violate Constraint i in a strong sense. If the
gray levels in the 4 quadrants at the x-junction in the upper
left bf Figure 2a are traced out in increasing magnitude, the
gray levels criss-cross (see Figufe 2b). Stimuli 17 and 18
violate Constraint ii in the strong sense that the intensity

interval ab is contained within the intensity interval cd.

Stimuli 19 and 20 violate both Constraints i and ii strongly.




Stimuli 21 through 24 violate Constraint i, but the bright-
ness values do not criss-cross. They effectively satisfy

Constraint ii. All 24 stimuli satisfy Constraint iii .~ The

gray scale values may be normalized to take on values between
_Ovanﬁ 1 if they are divided by 255, the maximum value. Con-
straint iv is satisfied iflthe ratio of the normalized gray
scale values |ac-bd| divided by |(a+c)-(b+d)| (e in Equation
4) is less than 1, and is violated if the ratio is equal or
greater than 1. Since (atc)-(b+d) is equal to 0 for stimuli
1, 2, 4, 5, 7, 8, 9, and 10, Constraint iv is violated with

these stimuli. The violation, however, is weak. A change of

the lowest gray level from 100 to 110 would lead to satisfy-

ing Constraint iv. A change of 10 on the gray scale is a 4 per—z

cent change. The remaining stimuli in Set 1 satisfy Constraint /
iv.

Set 2 consisted of 40 stimuli and investigated the effect
of figural configuration on the perception of transparency.
The two configurations illustrated in Figure 3 were compared.
Configuration I was similar to that in Set 1. The differences
were that the lower square was changed to a rectangle and located
to the right, rather than to the left, of the upper square.
The siies of the squares were the same as in Set 1. The rec-—
tangle was 4 cm X 2 cm. The area of intersection was a rectangle
1.7 cm x 1.0 cm. Configuration II consisted of 4 differing
intensity regions depicting an inner square overlying a bipartite

background composed of two adjacent rectangles. The inner squarée




was 3.4 cm on a side, and the background rectangles 3.4 cm x

6.7 cm. The intensities of the four regions in Set 2 were not,
Insert Fig. 3 about here

as in Set 1, permutations of the same four intensities but
varied. Pairs of stimuli were generated in which the corres-
ponding regions in Configurations I and II were the same inten-
sities. Eight stimuli each with Configurations T and II satisfy
Constralnts i and ii. The stimulus orders and their numbers

&z £ - /oY

f
wereabdc(l), bcda (2) cdba (3).and dcba (2). Four stimuli

each with Conflguratlons I and II were generated with the
order cdab " Two stimuli satisfy Constraint ii but not Con-

straint i and two stimuli fail both constraints. The inter-

val cd exceeds the interval ab by 25 (& 10 percent gray

scale difference) and 10 (a 4 percent gray scale difference)

respectively. Four stimuli each with Configurations I and

IT were generated with the order cdﬁgl The stimuli satisfy
Constraint i but not Constraint ii. The intensity differ-
ence between regions d and ¢ exceeds the intensity difference
between regions a and b by 17 (a 7 percent gray scale differ-
ence) on 2 stimuli, and by 40 (a 16 percent gray scale differ-
ence}.on 2 stimuli. Eight stimuli violate Constraint I

storngly and involve a criss—crossing of brightness values.

/0
(2

The stimulus orders were acdb(2), bdac(l), bdca(3), and
filss
cadb(2). The eight stimuli satisfy Constraint ii and occur

only with Configuration I.




All stimuli in Set 2 satisfy Constraint iii. Two of
the eight stimuli satisfying Constraints i and ii in Set 2

violate Constraint iv. The ratio of the normalized gray

scale values of stimulus abdc substituted in Equation 4

is 2.2. The lowest gray level must be increased by 25

(L0 percent) to satisfy Constraint iv. The value of

| (a+c)-(b+d) | is 0 for one of the cdba stimuli. The viola-
tion, however, is weak, and an increase of the lowest gray
level by 4 percent leads to satisfying Constraint iv. The
remaining stimuli in Set 2 all satisfy Constraint iv. Sam—

Ple stimulus displays are shown in Figure 4.
Insert Fig. 4 about here

Procedure.- Sets 1 and 2 were alternated. Before pre-
senting either set of stimuli, subjects were shown examples

of overlap with and without transparency. Before Set 1, trans- |

|
|

parency was illustrated by showing subjects a Polaroid filter ;
overlying gray papers. They were arranged as in Figure 2.
Overlapping without transparency was illustrated by showing
subjects four gray papers corresponding to regions a,b,c, and

d in Figure 2 superimposed on one another. The four gray

papers were seen as opaque. The subjects were told that they
would be shown photographs of surfaces érranged as in Figure

2 and asked to judge whether the bottom square (D) was trans-

parent. They were instructed that they were to judge the

—
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bottom square as transparent only if both the background p

(A) and the top square (B) were seen through the bottom | th}\

i 2 0N 3

square. If only the background or only the top square weref__u,‘ﬁ_
Jr @ {
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x
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seen through the bottom square, but not both, the bottom / g
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square was to be judged as not transparent. Subjects were

also told that we were concerned only with the perceived
transparency of the bottom square. Only if the background

and the top square were seen through the bottom square

should a stimulus be judged as transparent. If the back-

ground and the bottom square were seen through the top

square, the stimulus should be judged as not transparent.’
Similar instructions and examples were given before Set 2I
was presented. Subjects were shown examples of overlapping
with and without transparency using a Polaroid filter and
gray papers arranged as in Configurations I and IT of

Figure 3. Subjects were cautioned that a stimulus was to be

reported as transparent only if they could see both the top

square and the background through the bottom rectangle (Con-

figuration I), or if they could see through the inner square

to both background rectangles (Configuration II). A stimulus
was also to be judged as not transparent if a surface other

than the indicated surface was seen as transparent. For
example, the top square was seen as transparent with Con-
figuration I or the left or right half of the inner square was
seen as transparent but not the entire square with Configuration

II. To report a stimulus as transparent one should see through
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the bottom rectangle with Configuration I and through the
inner square with Configuration II to both underlying sur-
faces.

The subjects were told that we were interested in

their immediate visual perception. They were instructed

pression, and not to try to reason things out. The two

sets of stimuli were presented by means of a Gerbrands
tachistoscope. The viewing distance was 59.7 cm and the
exposure duration was-gﬂfgcepqSi A'subject initiated a
stimulus presentation by pressing a switch. Before pre-
senting each stimulus set, 5 practice stimuli were pre-
sented. The 5 practice stimuli contained 2 stimuli which

are generally judged as not transparent, and one stimulus

in which a surface other than the indicated surface was J'

seen as transparent. The 5 practice stimuli presented be-
fore Set 2 consisted of 3 stimuli with Configuration i

and 2 stimuli with Configuration II. The stimuli within

—

each set was presented in a different random order to each
subject.
Subjects.- Twenty-one volunteers with normal or corrected

to normal vision served as subjects. They were naive con-

cerning the purpose of the experiment.

Results
Table 1 presents the results with Set 1. The mean number

transparency judgments of stimuli 1 through 10 satisfying




Constraints i and ii is 18.3 with a standard deviation of

1.7. The weak violation of Constraint iv by stimuli 1, 2, |

|

4, 5, and 7 through 10 did not adversely affect the percep-) L

3/~
V s

tion of transparency. The perception of transparency was
also not affected by the pattern of lightness changes. The
lightnesses of the overlapping regions (regions ¢ and 4)
are increased with stimuli abdec, bacd, adbc, and bcad, de-
creased with stimuli cdba, dcab, cbda, and dacb, and the
lightness of the darker surface is increased while the light-
ness of the lighter surface is decreased with stimuli adcb

and bcda. Inspection of Table 1 shows that the occurrence

of transparency judgménts was not affected.

The perception of transparency did not occur when either
the order relations in Constraint i or the magnitude relations
in Constraint ii were violated strongly. The mean number of
transparency judgments of the six stimuli (stimuli 11 through
16) with criss-crossing brightnesses which satisfy Constraint
ii but strongly violate Constraint i is .83 with a standard
deviation of .98. The mean number of transparency judgments
of the two stimuli (stimuli 17 and 18) which satisfy Constraint
i but strongly violate Constraint ii is .50 with a standard
deviation of .71. The two stimuli (stimuli 19 and 20) which

fail to satisfy both Constraints i and ii were never judged to

be transparent.
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Stimuli 21 through 24 fail to satisfy Constraint i.

Significant numbers of tran;pgrency judgments were obtained

et U3) 4o pgr (4] . |
with stimuli Ldab and badc. " The stimulus cdab received 13 |
)
transparency judgments (over 50 percent), and the stimulus ¢,,,

‘Lu' A \h

badc 6 transparency judgments (over 25 percent). Why do 455

these two stimuli produce exceptions and not the stimuli
alrap 79 ‘o
abcd and dcba? A stimulus is ambiguous as to whether surface

D is seen overlying surface B or surface B is seen overlying
surface D. The theoretical derivation assumes that the overlying
transparent regions are d and ¢ and the underlying opaque re-
gions are a and b. If surface B is seen overlying surface D,

then the regions b and 4 are interchanged. Thus, the stimulus
a 8,, i} a3 t,f (;’ ', - "? i {;w g-::'!‘?.r_,?v
abcd becomes adbc and the stimulus dcba becomes bcda. Both

e

adcb and bcda satisfy the order and magnitude restrictions

respectively of Constraints i and ii. What is suggested is

that subjects tended to see these surfaces-as tfansparent with surface
B over surface D (See Figure 4f). The low number of transparency
Judgments reflect that the instructions asked subjects to report
the stimulus as transparent only if surface D is seen overlying
surface B. Support for this conjecture comes from_a prelimi—

nary study in which the stimuli in Set 1 were presented using

slides to a group of 18 subjects. The instructions were simi-

lar to those given in Experiment 1. The main difference was

that subjects were first asked to judge whether they saw a sti-
mulus as transparent, and then asked to judge whether surface D
was seen overlying surface B or whether surface B was seen over-

lying surface D. Two subjects judged the stimulus abcd




transparent with surface D overlying surface B while 16 sub-
jects judged the stimulus transparent with surface B overlying
surface D (stimulus adcb). Two subjects judged the stimulus
dcba transparent with surface.D overlying surface B while 15
subjects judged the stimulus transparent with surface B overly-
ing surface D (stimulus order bcda). One subject judged the
stimulus as not transparent.

In contrast, stimuli cdab and badc cannot be seen as
surface B overlying surface D. If surface B is seen overlying
surface D, then cdab becomes cbad and badc becomes dabc.
Both cbad and badc strongly violate Constraint ii. The inter-
val cd is included in the interval ab; The occurrence of
transparency judgments with stimuli cdab and badc indicates that
if figural conditions strongly suggest transparency, the per-
ception of transparency can occur even if the pattern of
image intensities contradicts it. We shall return to this ques-
tlon in the General DlSCUSSlOn S b e et o

Sl A eda beelc )
Table 2 presents the results with Set 2. The mean number

of transparency judgments with Configuration I was 17.8 with a

standard deviation of 1.5. The mean number of transparency
judgments with Configuration II was 14.8 with a standard devia-
tion of 2.6. A t test is significant at the .01 level (t(7) =

bhe
3.57, p<.01). The number of transparency judgments of the‘gbdc
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and cdba stimuli which violated Constraint iv were bothi 17
with Configuration I and 15 and 14 respectively with Con-
figuration II. The fact that the transparency judgments
with stimulus abdc was similar to the other stimuli sug-
gests that the violation of Constraint iv does not detri-
mentally affect the perception of transparency.

The four stimuli with the order cdab fail to satisfy the

order relation in Constraint i. The mean number of trans- [ AL
v

parency judgments with Configuration I is 10.0 with a stan- 2,

TN
(,- 4

dard deviation of 2.5,‘and with Cenfiguration II 1.5 with =
standard deviation of 1.0. (Subjects' judgments of the two

' stimuli failing Constraint ii were similar to those of the

two stimuli satisfying Constraint 1ic) ¢ A & test of ‘the dif-
ference is significant (t(3) = 5.47, pP<.05). Thus, excep-
tions to Constraint with stimulus cdab occurred more readily
with Configuration I than with Configuration II. The local
cues for transparency are similar for Configurations T and L@
The x-junctions indicate the possibility of transparency on
S;Qhr;onfigurations. The fact that Configuration I was more
effective than Configuration II in producing the perception of

»

transparency indicates that the global figural configuration af—f
' [

fects the perception of transparency. The component regions /

in Configuration II are more regular and symmetric with a non- |

transparent organization than the corresponding regions in

CGonfiguratieon F.
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‘The four stimuli with the order cdba satisfy Constraint
i but fail to satisfy Constraint ii. The mean number of
transparency judgments with Configuration I is 13.0 with
a standard deviation of 1.2 and with Configuration II 10.5
with a standard deviation of 2.7. A £ test of the differ—
ence is not significant (B(3) = M. 897 o> ) .
The eight criss-cross stimuli occurred only with Con-
Eiguration T The mean number of transparency judgments
is 2.1 with a standard deviétion of 2.9. A relatively large
T

number of transparency judgments (8) occurred with one of Jove

G ) ﬁ/ —

the acdb stimuli. Region c in this stimulus is less than ;;jiﬁ;i%
-5 of a Munsell step lighter than region d. The closeness “\”-——L’/‘
in lightness of the two regions appears to have facilitated

the perception‘of transparency. If regions c and d are inter-
changed, the order becomes gggg which satisfies both the order |

and magnitude constraints. The results again indicate that if

figural cues strongly suggest transparency,'then contradictory
indications from the pattern of intensities may be overriden

with some subjects.

Supplementary Experiments

Supplementary Experiment 1.- The aims of the first supple-

mentary experiment were (a) to determine whether the transparency

A Ch b
judgments evoked by stimulus aZdb described in the previous

paragraph is replicatable, (b) to examine how the magnitude
N e e el = e

qr /‘Z— .

? : Tl : 0t o
of the violation of Constraint i with stimulus éabé and of

: e : ] b
Constraint 11 with stimulus ébdélaffects the perception of
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transparency, (c) to examine further whether violations of

T ——

Constraint iv detrimentally affect the perception of trans-

— —

parency.
The procedure was the same as in Experiment 1. Nine-
teen stimuli were presented. Four of the eight criss-cross

stimuli in Experiment 1 were presented. The stimulus orders
neped £poQr bpga o h sl
were acdb, bdac, bdca, and cadb. (The acdb stimulus was the

stimulus which evoked transparency judgments in Experiment 1.)
\—\—M\’v_/—w

: g pab-

Four new cdab stimuli were prepared. The stimuli violated

only Constraint i. The gray scale difference between a and ?

b was constant, 125; the gray scale differences between % and

'/3 ‘ ~ 7 :
‘A were 10, 20, 40, and 60 respectively. (If g and é are per- |

muted, the stimulus order becomes dcab which satisfies Con-

G120 —

straint i.) Two new ¢dba stimuli were prepared.. The gray = @ Wl

[44< (k4]
scale difference between a and b was constant, 25; the gray
scale differences between ¢ and d were 40 and 100 respectively.
Three stimuli were presented which violated only Constraint iv.

al-pg
The abdc stimulus of Experiment I was presented. Two new

stimuli with the stimulus orders %eéd and bcad were prepared.
The ratios of the normalized gray scale values substituted -

in Equation 4 were 2.0 for both stimuli. The minimum differ-
ence necessary to satisfy Constraint iv was a gray scale change
of 23 (a 10 percent change) with both stimuli. Twenty-five
new volunteers with normal or corrected to normal vision served

as subjects. They were naive concerning the purposes of the

experiment.
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Stimulus acdb again evoked a significant number of

transparency judgments. Fourteen subjects judged stimulus

a g b /7 3
a¢db as transparent. Only one other of the criss-cross

stimuli evoked transparency judgments. Three subjects'

7 a
Ghie

judged stimulus bdca transparent. We have suggested that

T D’?/ N

5 A s
it is the closeness in lightness of regions c and d on stimu-
B 4 p -
lus ié&b that is responsible for the large number of trans-

parency judgments. This is supported by the finding that
transparency judgments vary inversely with the salience with
which Constraints i and ii are violated. Transparency Jjudg-

Apa ¢
ments with stimulus cdab were 17, 10, 5, and 2 respectively when the

A

f 14
gray value value of d exceeded that of ¢ by 10, 20, 40, and 60 respectively.

Gy é’f&
Transparency judgments with stimulus Cﬁba were 19 and 4 when the

gray scale difference between c and d exceeded that between a
and b by 15 and 75 respectively. The mean number of trans-
parency judgments of the six stimuli satisfying Constraint iv
was 24.6 with a standard deviation of .82. The mean number of
transparency judgments of the 3 stimuli failing to satisfy
Constraint iv was 23.3 with a standard deviation of 1.53. Un-
like Constraints i and ii, violation of Constraint iv does not
affect transparency judgments. Figures 5c¢ and 5d show two of
the stimuli- (abdc and bacd) which violate Constraint iv. Figures
5a and 5b show two stimuli which satisfy Constraints i, ii, and
iv, but wviolate Constraint i Ty 5a (a+c) exceeds (d+b) by

60, while bd exceeds ac by 1000. In 54 (d+b) exceeds (a+c) by




60, while ac exceeds bd by 1000. The demonstrations indi-
cate that violations of Constraint iii also does not detri-
mentally affect the perception of transparency.

Supplementary Experiment 2.- Constraints i and ii are

not always sufficient to uniquely determine the perception

of transparency. For example, Table 1 shows that stimuli

&l-par opilg Yyhpo 2 b

abdc, adbc, cbda, and cdba all satisfy the order and magni-
tude constraints. " Tf curface B is seen as overlying surface
D, then stimulus abdc becomes adbc, and stimulus adbc becomes
abdc. Similarly stimulus cbda becomes cdba, and stimulus
cdba becomes cbda. Auxiliary principles become necessary to

predict whether surface D is seen as transparent and overlying

surface B or surface B is seen as transparent and overlying

surface D when subjects are not instructed to see a particular
arrangement as in Experiment 1. One possible principle is that
region ¢ in Figure 2 is joined to regions b or d depending on
which it differs dleast feom in lightness. BAn experiment was
conducted to test this possibility. o
The 'six stimuli abde, adbec, cbda, cdba c;ab;land ag;c.from
Set 1 were presented ipdividually using 4 different random
orders to 40 subjects in two classes. To familiarize subjects

with the phenomenon, they were shown pictures of surfaces

arranged as in Configuration II in which the perception of
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transparency occurred and in which it failed to occur.
Subjects were asked to indicate on a data sheet, first, whe-
ther a stimulus was seen as transparent and, second, if a
stimulus was seen as transparent, whether the top square
was seen to overlie the bottom square or whether the bottom
square was seen to overlie the top square. The subjects
were instructed to base their judgments on their immediate
visual impression. To avoid position biases, 19 subjects
were presented with the stimuli upright and 21 with the
sfimgli inverted.

Stimuli cadb and dbac have criss-crossing brightnesses

and should be ‘judged as not transparent. Region ¢ is closer

in lightness to region d than to region to b for stimuli
abdc and cdba, while for stimuli adbc and cbda region c is
closer in lightness to region b than to region d. Accord-
ing to the hypothesis proposed, surface D should be seen to
overlie surface B (D/B) with stimuli abdc and cdba, and sur-
face B should be seen to overlie surface D (B/D) with stimuli
adbc and cbda.

Table 3 presents the number of non-transparency judg-
ments, of D/B transparency judgments, and of B/D transparency
judgments. The freguencies in Table 3 combine the judgments
made with both the upright and inverted presentations of the

stimuli. The number of non-transparency judgments was 66 and

of transparency judgments 14 with stimuli cadb and dbac. The

reason for the larger number of transparency judgments than in




Experiment 1 is not clear. It may simply reflect a criterion
difference. The instructions in Experiment 1 were given in-
dividually and emphasized that a stimulus was to be judged
transparent only if one saw through the overlying surface

to both underlying surfaces. The number of transparency
judgments of D/B was 61 and of B/D 14 with stimuli abdc and
cdba. The number of transparency judgments of B/D was 54 and
of D/B 20 with stimuli adbc and cbda. The percentage dif-

ference of .54 is significant (z = 4.50, p<.0l). The results

clearly show that there is a presumption to join the region

c with the region which is closest in lightness. The results
also indicate a position bias. Twenty-two of the 34 judgments
counter to the hypothesis were judgments that the top square
was transparent and overlay the bottom square. The percentage
of judgments differ significantly from the 50 percent chance
level at the .05 significance level (z = 1.88). The fact that
in Experiment 1 stimuli adbc and cdba gave as many transparency
judgments with surface D overlying surface B as stimuli abdc
and cbda indicates that the predisposition to unite regions
which are closer in lightness can easily bebvercome by an
instructional set.

Filter Model

The question may be raised: Since Constraints i and _

e

71

ii are not wholly ecologically representative, why do they pre- i ?{
dict the occurrence of transparency as well as they do? The
luminances of the areas d@ and c in Figure 1 are the result of

stimulating the retina by the light reflected from the
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episcotister and from the surfaces A and B behind the episco-
. tister. The resulting addition of luminances is known as
additive color mixture and is given quantitatively by Talbot's
law. Additive color mixture occurs in some natural scenes
as, for example, with clouds of dust. Many common occurrences
of transparency, however, are in terms of subtractive rather
than additive color mixture. When an object is viewed through
a liquid, mist, or glass, subtractive color mixture occurs.
The luminance of the oéerlapping area in subtractive color
mixture is the result of the light intensity reflected by the
background surféce and transmitted by the transparent medium
plus the light intensity reflected by the transparent medium.
What are the relations among image intensities when trans-
parency occurs in terms of subtractive color mixture? The phy-

sical situation is depicted in Figure 6a. We will assume an

achromatic surface viewed in neutral illumination through a

transparent medium that is nonselective for wavelength. 1In
Insert Fig. 6 about here

Figure 6a, a is the reflectance of surface A, b the reflectance
of surface B, f the reflectance of filter F, and t the trans-
mittance of the filter. Figure 6b illustrates the pattern
of reflectance and transmittance assumed to occur. The ap-
parent reflectances of regions d and c are equal to

(5) d = £+(t2a)/@1-£a)

(6) © = £+(t°b)/(1-£b)
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Solving equations 5 and 6 for t and f yields

(7) t = /qc_bcd+bd2_d)(bhamabc+a2c)/(b—a+abd—abc)2

o)l e (bd-ac) /b (1+ad) -a (1+bc)
Order and magnitude constraints for the perception of trans-
parency with subtractive color mixture can be derived from

Equations 7 and 8. Since the percéption of transparency

occurs when t is restricted to values between 0 and 1, Equa—

tion 7 implieé that (v) (c—bcd+bd2—d)(b—a—abc+a2c)>0 and

that (vi) (b—a+abd—abc)2 is greater than (c—bcd+bd2—d)(b—a—
abc+a2c). Since the reflectance of the filter, £, is also
restricted to values greater than or equal to 0 and less than
1, Equation 8 implies (vii) if bd>ac then b(l+ad)>a (1+bc) and
vice versa if bd<ac and (viii) the absolute difference b(l+ad) -
a(l+bc) must be greater than the absolute difference bd-ac.
Constraints v and vii insure that t and f are positive and non-
negative respectively while constraints vi and viii insure that
t and'f are less than 1.

What is the relationship between the equations derived from
the episcotister and the filter models? Equations 1 and 2 are
clearly not equal to Equations 5 and 6. For example, if 3=.5,
b=.3, and t=.7, and e and £ = .2, d and ¢ are equal to .41 and
.27 from Equations 1 and 2, while 4 and c are equal to .47 and
.36 from Equations 5 and 6. The order and magnitude constraints,
however, defining the boundary conditions for solutions of the

two sets of equations, appear to be closely related. Equations




5> and 6 of the filter model imply Constraints i and ii de-
rived from Equation 3 of the episcotister model, and Equa-
tions 1 and 2 of the episcotister model imply Constraints

v and vi derived from Equation 7 of the filter model.S3
Although we have not been able to demonstrate it mathemati-
cally, a computer search of the solutions of Equations 5 and

6 of the filter model has failed to find any solutions which
violate Constraints iii and iv derived from Equation 4.
Similarly, a computer search of the solutions of Equations

1 and 2 of the episcotister model has failed to find any solu-
tions which violate Constraints vii and viii derived from
Equation 8 of the filter model. What is suggested is that the
solution sets of Equations 1 and 2 and Equation 5 and 6 are
the same or very nearly the same.

The physical occurrences of transparency involve both
color addition and color subtraction and set the normative
conditions for the perception of transparency. If perception
is to be adaptive, it must satisfy these conditions except
in unimportant ways. This does not mean, however, that the
visual system solves Equations 1 and 2, and 5 and 6. The

visual system may utilize heuristics to judge transparency

which in the main agree with physical reality. Constraints i

and 1i derived from Metelli reflect order and difference re-
lations that occur both with additive and subtractive colox
mixture. The two constraints are, therefore, ecologically

valid indicators of physical transparency and can serve as a

basis for adaptive behavior. The constraints with additive
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and subtractive color mixture are, of course, not always
the same. 1In the case of hue, for example, yellow plus
blue yields white with additive color mixture while yellow
Plus blue yields green with subtractive color mixture.
Beck (1972, 1975) presented demonstrations showing that hue
transparency occurs with subtractive color mixture. An
experiment investigating the perception of transparency
with hue has found that it occurs as readily with subtrac-
tive color mixture as with additive color mixture. The results
of this experiment will be reported‘in'a separate paper.
Experiment 2

We have indicated that the equationé describing trans-
parency with additive and subtractive color mixture are not
quantitatively equal. Transparency judgments based on Equa-

& 3 =

Y VVM% tion 3, for example, will not be quantitatively correct with
&Mi@bvmﬂ4;subtractive color mixture. This is, however, not very impor-
Ut 1N rtun

Muaelp feey tant because in general one is not able to make quantitatively
f all el wiea : :

&2 Una b n, aCCuUrate judgments of transparency. We W};lwshgw‘that itrans=

%ff%f%ﬁﬂjbarency estimates are based not on physical luminance or re-

flectance values but on sense distances. Metelli's Equations

1 and 2 describing transparency assume that transparency is

determined by the physical luminance or reflectance values.

Equal increments of reflectance, however, do not represent
equal increments in lightness. For example, the lightness
difference between two papers that have reflectances of 80
percent and 90 percent is very small while the difference

between papers having reflectances of 5 percent and 15 percent




is very large. Since the visual system does not have direct
information about reflectances, it is likely that transparency
judgments will vary linearly not with reflectance difference
but with lightness difference. Thus, to predict quantitative
judgments of transparency, one must introduce a psychophysical
function, such as the Munsell value scale, which describes

how lightness varies as a function of reflectance. The aim of
Experiment 2 was to determine whether transparency judgments
vary linearly with reflectance difference or with lightness
difference.

Method

The stimulus consisted of three intensity regions arranged

to depict two overlapping rectangles as shown in Figure 7.

The stimulus color of régidn a was a Munsell value of 1 (1.2
percent reflectance) and of region b a Munsell value of 8
(59.1 percent) and of region ¢ a Munsell value of 4 (12 per-
cent). The stimulus is ambiguous and can be seen as the up-
right rectangle overlying the diagonal rectangle or of the dia-
gonal rectangle overlying the upright rectangle.

The Munsell papers were pasted on a matte black background.
The background was cut away so that only the stimulus figure
was visible. The stimuli were supported by a stalk fitted
into a wooden base located at eye level 5 feet from a subject.

The illumination came from a projector using a bulb having a
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color temperature of 2900K. The light passed through a

1-62 Corning filter which converts thg illuminant ﬁo

C.I.E. illuminant C (6500K). Subjects viewed the

stimuli monocularly through a viewing tube that limited
visibility to the immediated stimulus surround. An electri-

cally controlled shutter limited viewing time to a 2 second

period. Subjects were allowed to view a stimulus for as

many two-second periods as they wished, but were urged to
—_—
make theif1g;E;;;;;;_;;;;h;;;;;_;;;;gzgte visual impression.
Subjects were first acquainted with the pPhenomenon of
transparency through examples. The test stimulus was pre-
sented together with 10 other stimuli made up of colored
Munsell papers.4 Subjects judged the chromatic stimuli only
with respect to whether they were seen as transparent or
not. Following the presentation of the chromatic stimuli,
subjects were instructed that the next stimulus would be
achromatic, and that they would judge the stimulus not only
with respect to whether it appears transparent but also with
respect to how transparent it appears. They were told that
a surface can vary in transparency. Different degrees of
transparencf were described by asking subjects to think about
mixing ink with water or milk with water. Adding milk or
ink to the water decreases the transparency of the mixture.
Subjects were asked to judge whether they saw transparency
or not. If a subject reported seeing transparency, the sub-
ject was then asked whether the upright rectangle or the dia-

gonal rectangle was seen as the overlying surface. Subjects




were asked to estimate the transparency of the overlying sur-

face from near zero percent (nearly completely opaque) to

near 100 percent (nearly completely transparent). Follow-

ing the transparency judgment, subjects were asked to try

e — 2

to see the three regions as coplanar and to match the light=

nesses of the regions to grays on a Munsell chart. The

Munsell chart was placed on a shelf to the left of a sub-
ject and illuminated by an Easel lamp which simulated C.I.E.
illuminant C. Subjects were allowed to view the stimulus
without time limit while matching the stimulus to the
Munsell grays.

Subjects.-Eleven subjects served in the experiment. They
all had normal or corrected to normal vision, and were naive
about the purpose of the experiment.

Results and Discussion

In Figure 7a, a represents the reflectance of the top
surface T, and b the reflectance of the bottom surface B. The
transparenc§ of the top surface in the area of overlap is rep-
resented by . According to Talbot's law, the apparent re-

flectance of region c is equal to

(9) ¢ = ab+(l-a)a ©

where ¢ and (l-a) represent respectively the proportions of
which the apparent reflectance ¢ 1s made up of the reflectances
of surfaces B and T. Solving Equation 9 for o, yields

(10) a = (c-a)/(b-a)
If the diagonal black surface is seen as transparent, the

perceived transparency calculated in terms of reflectance is




y
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.19 and in terms of Munsell value .43. The mean of Subjjects®
lightness matches of regions a, ¢, and b were Munsell values
ofi 311, 5 .5 and 9.2 The transparency estimate when these
Velues are 'substituted in Eguation 10 is .39 The mean
of subjects' tfansparency estimates is 41.4 with a standard
deviation of 5 -t Thus, one must introduce into Equation 10
lightness values rather than reflectances to accurately
predict quantitative transparency judgments.

The finding that the perception of transparency is deter-
mined not by the physical reflectahces, but by lightness

values, argues that the phenomenon of transparency is not

based on Talbot's law. In fact, if one sets up an episco-

tister, judgments of transparency would be inaccurate. Rather,
the perception of transparency appears to be based on the
lightness values which are a nonlinear function of reflectance.
What is the theorefical justification for using the Munsell values
of regions a, b, and ¢ in Equatien 102 A justification may be
given based on the hypothesis that the perceived transparency

is a function of the rélative similarity of the lightness of

region ¢ to the lightness of the underlying region b and to

the lightness of the overlying region a. The perception of

, _— s
transparency is the result of encoding the lightness of region
c as the lightness of the underlying region b modified by the
lightness of the overlying region a. The more similar the

lightness of c is to the lightness of a, the less the perceived

", transparency, and the more similar the lightness of ¢ is to the
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lightness of b, the greater the perceived transparency. The
-Munsell value scale is based on direct estimates of light-
ness differences and reflects lightness similarities. If
M(a), M(b), and M(c) are the Munsell values of the regions
a, b, c, the relative similarity of lightness ¢ to light-
ness a is given by the difference, dl, (M(c)-M(a)) divided
by the difference, d2, (M(b)-M(a)) (see Figure 7b). The
equation for perceived transparency has the same form as
Equation 10, but with Munsell values substituted for re-
flectances:

(11) o = M(c)-M(a)/M(b)-M(a)

Partial Transparency.- The perception of transparency

with a three-part stimulus is anomalous. One does not jofzha ?
ceive a transparent surface through which other objects

and surfaces are seen. Rather, one perceives a surface which
is in part transparent and in part opaque. Metelli (1974)
has called this special kind of transparency "partial trans-
parency." As pointed out above, a model based on Talbot'sl
law and color addition requires the reflectance of the over-
lapping region c to lie between the reflectance of the a
region and the reflectance of the b region.  The similarity
algorithm we have proposed for judging the degree of trans-
parency also requires that the lightness of the overlapping

region c lie between the lightness of the a region and the

lightness of the b region. 1In contrast, a model based on

‘

a filter and subtractive color mixture allows the reflec-

tance of the overlying region c to be greater than the




reflectances of the a and b regions. Inspection of Equa- ->Lé s

2

tion 6 shows that this will occur, for example, if £, the Ezzce{b
s
J—'v_w‘)/L

reflectance of the top surface, is greater than b, the re- ;fgﬁk 7

ol R

flectance of the bottom surface. Informal observations TWix L ]
=T t|’._a1, 3

Sy : : 5 e

indicate that the occurrence of partial transparency is much *%tj &

/)

more difficult, if not impossible, without the assumption

of a special attitude, when the reflectance of the overlying
= —

e IR e e 4 P e LN o e ]

$wa_reglon c is greater than the reflectances of reglons a and b.
e S

—

Q& o *}HEartlal transparency, as pointed out, is not ecologlcally
m~2 - e

X | representative and appears to occur because of a preference .
WAL —

: by the visual system for minimizing the complexity of the
perceptual interpretation. The perception of transparency
in Figure 7 both simplifies the shapes and minimizes the
lightness changes. Encoding the lightness of an overlying
region in terms of the lightnesses of the base and top sur- [
faces may simply require that the encoded lightness lie
between the two reference lightnesses. This may simply

reflect our greater experience with the mixing of paints

and the overlapping of filters to that of the adding of

lights. If T and B in Figure 7 are two projected rectangles

of light, the intensity in the overlying area is greater = a e
than the intensities of the non-overlying areas of the rec-
tangles. If is also of interest to note that if partial
transparency occurs in nature, it occurs in terms of addi-

tive color mixture. For example, the threads in the corner

of an opaque fabric may be pulled apart. When viewed from

a distance in which the individual threads cannot be resolved,
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part of the surface is seen as opaque and part of the sur-
face is seen as transparent.

Complete Transparency.- Equation 3 gives the degree

of transparency according to Talbot's law for two surfaces
of differing reflectance seen through a transparent medium
as in the case of an episcotister. Metelli (1974a) de-
scribes this kind of transparency as "complete transparency."
Though we have not conducted any experiments, we believe
that with complete transparency, as with partial transpar-
ency, the degree of perceived transparency will not be cor-
rectly predicted when physical reflectance or luminance
values are substituted in Equation 3. Wé conjecture that
substituting lightness values for reflectances in Equation 3
will correctly predict the perceived degree of transparency.
Our hypothesis is that the estimate of transparency is %

i
based on the amount of apparent contrast reduction. The %&
perception of the degree of transparency is assumed to be
a function of the similarity of the lightnesses d and c

relative to the similarity of the lightnesses a and b (see

Figure 2). If the contrast between the lightness of re-

gions d and c is very similar to the contrast between the

lightnesses of the regions a and b, then the perceived trans-

parency is very high. If the lightnesses of the regions d
and c are equal, i.e., their contrast is zero, then the degree
of perceived transparency is zero. As the lightness differ-
ence between the regions d and c approaches the lightness

difference between the regions a and b, the perceived degree




33

of transparency goes to 100 percent. The similarities
between the lightnesses d and ¢, and a and b are given
by their differences on the Munsell value scale which
describes how subjective lightness differences vary

as a function of reflectance differences, i.e., M(4)-
M(c) and M(a)-M(b). The degree of transparency is a
function of the relative similarity of the lightnesses

d and c to that of a and b and is given by the equation

(11) o = M(d)-M(c)/M(a)-M(b)
Equation 11 has the same form as Equation 3 but with

Munsell values substituted for reflectance values.

General Discussion

Perceptual transparency is a function of the stimulus

information indicating that the overlying surface is not

opaque and transmits as well as reflects light. Trans-
parency is indicated by the alteration in image inten-
sities produced by the overlying surface, the image dis-
tortions occurring because of light refraction, and the
cues provided by figural configuration, depth, and motion.
The finding that the perception of transparency is a

function of lightness indicates that transparency is not,
as suggested by Metelli (1974b), the result of splitting a
stimulus luminance into the luminance of the background sur-
face and the luminance of the transparent surface, i.e.,
the reverse of color fusion. 1In fact, constraints based on

reflectance or luminance which involve a nonlinear

oy : 7 :
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transformation of lightness informatién cannot be imple-
mented by the visual system. Since lightness is a
nonlinear function of reflectance, the magnitude relations

embodied in Constraint ii can be satisfied in terms of

L=y
either lightness or reflectance and not the other. The Zrﬂﬁ/

stimuli in Experiment 1 and in the supplementary éxperi-
ments reported were chosen so that the perceivéd lightness
and the physical gray scale values were‘consistent. If.a
sfiﬁulﬁs satisfied Constraint i in terms of gray scale
values, the stimulus effectively satisfied the constraint
in terms of lightness values.” The visual system also
appears to be able to make only order and relative differ-
ence judgments of lightnesses. Constraints iii through vii ov
which involve the addition and multiplication of physical
intensities are not reinterpreted in terms of lightness
relations.

How do the cues deriving from the pattern of intensi-
ties relate to other stimulus information affecting the per-
ception of transparency? The other variable that has been
systematically studied is figural configuration. Metelli
(1974b) has identified three main figural conditions for
percéiving transparency: figural unity of the transparent
layer, continuity of the boundaries in the transparent
region with the boundaries of the nontransparent regions,
and stratification of the transparent region into two over-

layping layers. Our observations suggest that figural cues




are primary and that if the figural configuration indicates
the possibility of transparency then the pattern of lightness
relationships are checked to see if they are consistent with
transparency. Tra?sparency will be seen if the pattern of

2
lightnesses satisfx Constraints i and ii. If more than one

ieg
stratification of the surfaces satisfy the constraints, then
a8

instructional sets or subsidiary principles determine what is

seen. One such principle is that the overlapping region tends

to the region from which it deviates least in lightness.

If the figural cues for transparency are strong enoﬁgh,
then transparency may be seen even when the pattern of lightness
relationships are incorrect. A striking example of this is
described by Metzger (1955). Metzger showed that if a disk
is made to rotate slowly about a point, two intersecting cir-
cles on the disk will become separated in depth. There is a
splitting of the intersecting region into two planes based on
two kinds of contour movements. One plane is defined by
contours which move into each other, and the other plane by
contours which are displaced over the retina. An observer sees
a moving circle rotating around a stationary circle. What is
of interest is that the cues for seeing overlapping circles
are so strong that the perception of transparency occurs for
color combinations that strikingly violate both additive and
subtractive color mixture. Transparency can also occur with
stationary stimulus patterns when the pattern of hues or
lightnesses are incorrect. The stimulus order %Eggdwith Con-

figuration I evoked judgments of transparency despite the
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violation of the order constraint by the pattern of light-
nesses. When transparency occurs in such cases, the hues
and lightnesses of the overlapping_region may not appear
correct. One needs to distingush between the perception

of transparency and color scissioning. We use "color

scissioning” to refer to perceiving the color in the inter—
secting area as being composed of the base color and the
overlying transparent color. Transparency can occur with
and without color scissioning.

When does color scissioning occur? Metelli (1974a) 5
N

o
g

explains color scissioning as a splitting of the stimulus

luminance into the luminances of the background surface and "

of the overlying transparent surface. We have argued that ﬁﬁf;ff

/

color scissioning is not the reverse of Talbot's law of

color fusion. Rather, it is a higher-order more cognitive
en_oodirig of the structural information in a stirmlus. We hypothesize
;hat color scissioning is the result of an encoding of a sti-
mulus in terms of the color of an opaque surface and the color
of a transparent surface overlying the Oopagque surface.

Incoding in terms of a perceptual schema such as

overlying planes of colors appears to require sensory support.

Sensory support can occur in various ways. Phenomenological
observation suggests that all colors can be described using

the color names "red," "yellow," "green," "blue," "black"” and
"white." For example, orange can be described be seen as a
combination of a red color and a yellow color. Color scission-
ing can therefore occur in which an orange stimulus color is

Seen as a red through a yellow or vice versa. Another way of




providing sensory support may be in terms of contrast colors

at the boundaries of the transparent and the nontransparent

regions, or flecks of the nontransparent color may leak
through the transparent medium. Transparency with color
scissioning occurs when sensory support leads to the visual
system encoding the overlapping color as the opaque under-
lying color modified by the color of the transparent surface.
When such an encoding is not induced in the visual system,
the perception of transparency occurs without color scission-

ing, i.e., one has impression of transparency but the colors in

the overlapping region are all wrong.

—
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Footnotes

Metelli (1975) suggests the possibility of seeing a

surface - through- a black transparent color when e=0.

-‘The density of the transparent color varies inversely

with a.

The stimuli were prepared at the Computer Vision Labora-—
tory at the University of Maryland.

We are indebted to Dr. Seymour Haber of the National
Bureau of Standards for these proofs.

The results with the chromatic stimuli will be reported
in a separate paper dealing with color transparency.
When making the stimuli, the authors judged adjacent
gray level differences in Set 1 to give equal lightness
differences. Subsequent matches of the gray levels to
Munsell Grays by other observers showed that some judged
the lightness difference between gray levels of 100 and
150 to be greater than the lightness difference between
the gray levels of 150 and 200, and 200 and 250. The
increased difference was never judged to be more than

.5 of a Munsell value step. A comparison of transpar-
ency judgments of the stimuli in Set 1 shows that the
possible greater difference in lightness between the two
lowest gray levels did not affect the results. For
example, the number of transparency judgments with sti-

mulus cdba (in which the lightness difference between




regions c and d would be slightly greater than that

of ab) was the same as with stimulus bacd (in which

the lightness difference between regions a and b

would be slightly greater than that of cd.
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Table 1

Frequency of Transparency Judgments in Set 1

Satisfy Constraints i and ii Fail Constraint ii Strongly (The
interval ab is included within the
Stimuli interval cd.)

abdc  Wastpsg 15 N-FT Stimull 2
2dbe! o bpe . oo 18 +17.  &vad 0
adch Lty dapd

bacd 18 R=.50 SD—: /i1l

bcad 20
beda 21 Fail Constraints i and ii Strongly

cbda 20 = Stimuli f
caba o e19.  &nd

0
dacb - 18 +20. Bpad 0

dcab 17
¥=18.3 SD=1.7

Fail Constraint i Strongly Fail Constraint (i
(Criss—-cross Stimuli) ot tru) 07 N
Stimuli

Stimuli 3 b
agbé Y - 21. abfg
el
bdad /¢ : »o /
bgéé K724, dcba
éadb
ébéa.

X=.83

Note.- All stimuli in Set 1 satisfy Constraint iii. Stimuli
1, 2, and 4 through 10 violate Constraint iv (see text).
Stimuli satisfy constraints unless otherwise noted.




Table 2

Mean Frequency Transparency Judgments in Set 2

Stimuli : Configuration I Configuration IT

Mean Mean

Satisfy Constraintsi 17 .8 14.8
and i1 (Eight stimuli:

abde[l] ,bedal2] ,cdba 3],

dcba[2])

Fail Constraint i :
m - 32 -

(Four stimuli with order
cdab. Two stimuli satis-
fied Constraint ii and two
stimuli did not.) 7

e\ o dy
= L g
Fail Constraint ii

(Four stimuli with order
cdba in which cd>ab) — %

Eail Constraint i Strongly 200
(Eight criss-cross stimuli:
acdb[2] ,bdac[1l] ,bdcal3],

cadb[2])

-3

, iapLes Sy
A A o ) ¢ ¥y \

Notel— All stimuli in Set 2 satisfy Constraint iii. Stimulus abde
and one of: the cdba stimuli fasl te satisfy Constraint iv

(see text). Stimuli satisfy constraints unless otherwise
noted.




Table 3

Distribution of Judgments in Supplementary Equipment 1

Stimuli Not transparent

abdc 4
adbc 6
cadb
cdba
cbda

dbac

Note.- D/B:square D is seen as transparent and is seen to
overlie sgquare B. B/D.square B is seen as trans-

parent and is seen to overlie square D (see Figure
2) .
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Figure Captions

Figure 1. The proximal stimulus that results when an
episcotister rotates in front of two surfaces differing
in reflectance. Capital letters A and B indicate the
background surfaces. Lower case letters indicate re-
gions of differing intensity.

Figure 2. a. Stimulus configuration in Set 1. ILower
case letters indicate regions of differing intensity.
Capital letters indicate the surfaces depicted. b. Dia-
gram illustrating the criss-crossing of gray levels with

stimulus acdb (see text).

Figure 3. Stimulus configurations I and II in Set 2.

Lower case letters indicate regions of differing inten-
sity. Capital letters indicate the surfaces depicted.
Figure 4. Sample stimuli: a. Stimulus cdba satisfying
Constraints i through iv (Configuration I); b. Stimulué
cdba satisfying Constraints i through iv (Configuration
IT); c. Criss-cross stimulus acdb violating only Constraint
i; d. Stimulus cdba violating only Constraint ii; e. Sti-
mulus cdab violating only Constraint i; f. Stimulus dcba
violating only Constraint i: f is seen with the top square
overlying the bottom square, i.e., stimulus order bcda
which satisfies Constraint i. 9; Stimulus cdba in which c is
closer in lightness to b than to d. There is a tendency

to see the top square over the bottom square, i.e., adcb.




h; Stimulus cdba in which ¢ is closer in lightness to
d than to b. There is a tendency to see the bottom
square over the top square.

Figure 5. Displays a and b violate only Constraint iii;
Displays ¢ and d violate only Constraint iv.

Figure 6. a. Illustration of subtractive color mixture
occurring with a filter. b. Illustration of the pattern of

reflectance and transmittance (see text).

Figure 7. a. Stimulus figure in Experiment 2. b. Rela-

tive similarity of region c to that of regions a and b

(see text).







&

Sk

Sorie e : '

o

T

.._,,
o

Figure 4




Figure 4, cont'd.




gl S R

Figure 5




N AANN
/‘\ VoS

f+t +2f+t

Figure 7




The Perception of Transparency with Achromatic Colors

Jacob Beck
niversity of Oregon, Eugene, Oregqn
K. Prazdny
Fairchild Caméra and Equipment Corporation, Palo Alto, California
Richard Ivry

University of Oregon, Eugene, Oregon

Metelli has proposed a model of the intensity relationships in perceptual

transparency based on Talbot's law df color fusion. Four constraints follow
from the application of Talbot's law. The experiments indicate that viola-
tions of conétraints i and ii adversely affect the perception of transparency,
while violations of constraints iii and iv do not. Many common occurrences of
transparency are in terms of subtractive rather than additive color mixture.
The constraiﬁts-derived from the Metelli model appear also to hold for sub-
tractive color mixture. An assumption of the Metelli model is that the degree
perceived transparency varies linearly with reflectance. An experiment
indicates that the'degreg of perceived transparency varies linearly not with
reflectarce but with lightness, a nonlinear function of reflectance. The
results are discussed in terms of how the pattern of intensities relate tﬁ
other stimulus information such as figural configuration in producing the

perception of transparency.

This research was supported by NSF Grant MCS-79-23422 to the Computer
Vision Laboratory, University of Maryland, and by AFOSR Contract F49620-83-

C-0093 to the Psychology and Computer and Information Sciences Departments,

University of Oregon.




Metelli (1974 a, b) has proposed a model for the intensity re]atiéhships
in percepfua] transparency. The ;entraI assumption of Metelli's model is that
transparency occurs in accordance with Talbot's law of color fusion. The proximal
stimulus resulting when an episcotister rotates in front of the surfaces A and B
is depicted in Fig. 1. Rotating the episcotister rapidly produces the perception

of a transparent color (regions d and c) lying in front of surfaces A and B.

G
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According to Talbot's law, the apparent reflectances of regions d and c are equal to

(1) %=aa+(1—a)g:
(2 Eoneliio) &
where o is the areal fraction occupied by the open sectors of the episcotister,
1-a is the areal fraction occupied by the blades of the episcotister, a is the
reflectance of surface A, b the reflectance of surface B, and E‘the reflectance
of the episcotister blades. Solving equations (1) and (2) for « and e yields
(3) os(é-Br(ad)
(4) e (a%—b@jf(a+g3~(b+35

Alpha is the proportion of the apparent reflectances of d and c determined

Y
/

by the reflectances a and b and is an index of the transparency o?_the apparent

disk. Since @ is restricted to values between 0 and 1, equation 3 implies (1) if

a>b, then d>c” and vice versa if a<b, and (ii) the absolute difference |aﬂb|

»
L i i T v - - - - -
must be greater than the absolute difference {d-c]|. Constraint i is a restriction
J e

on the order of the intensities and insures that ¢ is positive. Constraint ii is

a restriction on the magnitudes of the intensities and insures that « is less than

1. Since e is also restricted to values greater than or equal to 0 and less than




or equal to 1, order and magnitude constraints can also be derived froh-equation 4.]
Equation 4 implies (iii) if (atc)>(b+d) then ac>bd and vice versa if (atc)<(b+d),

and (iv) the absolute difference l(a+c)~(b+d)| must be equal to or greater than

the absolute difference |ac-bd|. Constraint iii insures that e is non-negative,

and constraint iv insures that e is less than or equal to 1. The four constraints
are independent. Numerical values can be assigned to the reflectances a, b, ¢,

and d in equations 3 and 4 that satisfy three of the constraints but not the fourth.

\

Metelli (1974 b) has demonstrated that the percéption df‘transparency

occurs when constraints i and ii derived from equation 3 are met and fails to I

occur when either of these constraints are violated. He has, however, not inves-

tigated the consequences of wviolating constraints iii and iv derived from equation

4. This may be because it does not seem that they would affect the perception

of transparency since it appearé doubtful that people are able to make the judg-
ments required by constraints iii and iv. To anticipate, we will present evidence
that violations of constraints iii-and iv do not adversely affect the perception
of transparency. We argue that the Computations carried out by the visual

system in perceiving transparency are in terms of lightness values rather than

in terms of reflectances or luminances. Processing of the intensity information
involves checking whether the 11§htnesses in a pattern satisfy the -order restric-
tions of coastraint i and the magnitude restrictions of constraint ii. Constraints
111 and iv involve operations of addition and multiplication that are not readily
interpretable in terms of lightness values.

The present study seeks to clarify both the factual background and.the
theoretical issues in the perception of transparency. Six experiments test and
extend the Metelli modael. A model of the intensity relationships when trans-
parency occurs in terms of a filter that transmits light is also presented. The
relations between the intensity values when transparency occurs with a filter

and with an episcotister are compared.




.. EXPERIMENT 1
Expegiment 1 was designed to investigate how the pattern of image inten-
sities and the ?igura? configuration affect the perception of transparency.
Two supplementary experiments answeriﬁg questions raised by Experiment 1 are
also reported.

Method

Stimuli. A PDP-11 computer was used to generate two sets of Polaroid

pictures at the Computer Vision Laboratory, University of Maryland. A computer

controlled a flying spot in focus on a CRT, and an oscilloscope camera imaged

the CRT Tace plate onto the film. The stimuli in Set 1 consisted of 4 regions

differing in reflectance and depicted two overlapping surfaces, B and D, on a
larger background surface, A (Fig. 2a). Capital letters in the figures identify
depicted surfaces and lower case letters regions of differing reflectance. The

figures B and D were 2.7 x 2.4 cm with the area of overlap 1.3 x 1.2 cm. The

background figure A was 6.6 x 6.0 cm.. The four reflectances were programmed
to differ by equal 'increments. The reflectances of 10 stimuli .were measured with

a Spectra-Pritchard photometer. The mean reflectances of the 4 regions were

Il -22 (SD=.02), .34 (SD=.02), .47 (SD=.02), and .59 (SD=.03).

2L yg 59
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Set 1 contained 24 stimuli corresponding to the 24 possib@e_permutation§ of

the 4 different reflectances. A stimulus is identified by a séquence of the
fiolr Yettens,a; b, ¢ and d, e.g., dcba. The letter order indicates jncreasing
gray levels from ?qyeg? to highest. Table 1 lists the 24 stimuli. Stimu?i"} |
-th;éugh 10 satisfied or éf%eﬁtive]y satisfied constraints i and ii. (Stimuli 1,

2, 4, 5, and 7 through 10 technically violated constraint ii since the absolute




differeﬁce |c-d| was equa?_to the absolute difference [a-b]. An a‘equa]

to 1 is the limiting va]ue for the occurrence of transparency. ‘Observations,

Hﬁwever, indfcated that the perception of transparency is affected only if

constraints i and ii are clearly violated. Stimuli which violated constraints

‘ : effectively

at 1imiting values will be consideredato satisfy the constraints.) Stimuli 11

through 16 violated constraint i in a strong sense. If the gray levels fn the

4 quadrants at the x-junction in the upper left of Fig. 2a are traced out in

increasing magnitude, the gray levels crisscross (Fig. 2b). Stimuli 17 and 18

violated constraint ii in the strong sense that the gray level interval ab is

contained within the gray level interval cd. Stimuli 19 and 20 violated both

constraints i and ii strongly. Stimuli 21 through 24 vioiated constraint 1,

but the gray levels do not crisscross. They effebtiveiy satisfied constraint ii.
Since (atc)-(b+d) is equal to O for stimuli 1, 2, 4,:5, and 7 through 10,

e is undefined and constraints iii and iv are not satisfied. On each of the | -

stimuli decreasing the highest_ref]ectan;e by 4 percent satisfied constraints |

iii and iv. Stimuli 1, 2, 4, 5, and 7 through 10 may be considered to weakly

e e

violate coggﬁraints iii and iv. The remaining stimuli in Set 1 satisfied both

éonstraints iii and iv. |
:Eggzg;investigated the giifsfhgiwiiggiglwcqnf{ggraﬁjon on the perception

of transparency. Configuration I was similar to that in Set 1 and is illustrated

in Fig. 3a. The overlapping figures B and D were a Square 2.6 cm on a side and

a rectangle 4 x 2 cm.  The area of overlap was a rectangle 1.7 x 1 cm. uThe

background figure A was a square 6.7 cm on a side. Configuration II is illustrated

in Fig. 3b. The 4 regions of differing reflectance were arranged to depict an

inner square, D, overlying a bipartite background consisting of two adjacent




6

rectangles, A and B. The inner.square was 3.4 cm on a side, and the background

rectangles 3.4 x 6.7 cm. The gray levels of the 4 regions in Set 2 were not,

as in Set i, permutations of the same 4 reflectances but varied. Table 2 Tists
the stimulus reflectances. Negative values for « and for e indicate that a
stimulus violated constraintsi and iii respectively; absolute values greater than
1 and « for e indicate that a stimulus violated constraints ii and iv.

Set 2 contained 40 stimuli. Sixteen'pairs of stimuli were generated in
which corresponding regions in configurations I and II were thé same ref1ectanées.
Qg!gg_gtimu11 each with configurations I and II satisfied constraints i and 1ii
(stimuli 1 through 7 in Table 2).IFour stimuli each with configurations I and
IT were generated with the order cdab (stimuli 8 through 11).=;The order cdab
violated constraint i. Three stimulus pairs also violated constraint i{;- Five
stimuli each with configurations I and II were generated with the order cdba
(stimuli 12 through 16). These pairs of stimuli violated constraint ii but not
constraint i. Eight stimuli were generated only with configuration I. They
violated constraint i strongly and involved a crisscrossing of gray levels
(stimuli 17 through 24). These eight stimuli satisfied constraint ii.

Stimuli 4, 5, and 6 in Table 2 violated éonstraint iii. These violations,
however, are small. Increasing the reflectance of c in stimulus 4 by 2 percent,
in stimulus 5 by 1 percent, and in stimulus 6 by 2 percent satisfies constraint iii.
The remaining stimuli in Set 2 satisfied both constraints iii and iv. Sample.

stimulus displays are shown in Fig. 4. It should be noted that the halftone process

fails to accurately reproduce the gray values of the stimuli in Figs. 4 and 7.




Procedure. Sets 1 and 2 were alternated. Before presenting each set

of stfmu1{,.subjects were shown examp1és of overlap with and without transparency.
Befﬁre Set 1, transparency was illustrated by showing a Polaroid filter over-
lying gray papers arranged as in Fig. 2a. Overlapping without tranSparency was
illustrated by superimposing four gray papers corresponding to regions &5 Dy Cy

and d ianig. 2a. They appéared opaque. The subjects were told that they would
be shown photographs_of surfaces arranged as in Fig. 2a and asked to judge whether
the bottom square-like figure (D) was transparent. They were instructed that

they were to report D transparent only if both the background (A) and the top
square (B) were seen through D. _If only A or only B were seen through D, but

not both, the stimulus was to be judged as not transparent. Similar instructions -
and examples were given before Set 2 wﬁs presented. .Subjects were again cautioned
that a stimulus was to be reported as transparent only if they ;ou]d see both

the top square and the,ba;kground;through'the bottom rectan§1e.(Fig. 3a), or

if they coq]ﬂ see. through the ﬁnnef square to both background rectangles (Fig. 3b).
The instructions wiﬁh.both‘sets also stressed thaf a stimulus was to be judged

as not transparent if a surface other than the indicated surface ﬁas.seen as
transparent. For example, a stimulus was to be judged as not transparent if the
top square was seen as transparent with configuration I, or the left or right

half of the inner square was seen as transparent but not the entire square with

configuration II.  Fwaene. &a fenteds /Y €

(4
The subjects were instructed to make an immediate judgment based on their
visual impression. The individual stimuli were mounted on pieces of vhite

' cardboard and presentad by means of a Gerbrands tachistoscope. The viewing

e | distance was 59.7 cm  and the exposure duration was 2 seconds. A subject initiated-

a stimulus presentation by pressing a switch. Before presenting each stimulus




set, 5 pvﬂﬁt1ce stimuli were presented. The 5 practiﬁe stimuli contained 2

stimuli which in pre-tests were judged as transparent, 2 stimuli which were

judged as not transparent and 1 stimulus {n which a-surface other than the indicated
surface was seen as transparent. The 5 practice stimuli presented before Set 2
consisted of 3 stimuli with configuration I, and 2 stimuli with configuration II.
The stimuli within each_set were presented in d different random order to each
subject.

Subjects. Twenty-one volunteers with normal or corrected to normal vision
served as subjects. They were naive concerning the purpose of the experiment.
Results

Table 1 presents the resu]ts with Set 1.

The mean number of transparency

judgments of stimuli 1 Lhrough 10 satisfying constraints i and ii is 18.5

with a SD of 2.0. The [weak) violation of constraint iv by stimuli 3 > 5,

-} -_—

and 7 through 10 did not adversely - affect the percept1on of tranSparency The
percept1on of transparency was also not affected by the pattern of Tightness
changes. The lightnesses of the overlapping regions (region c and d) are increased
with stimuli abdc, bacd, adbc, and bcad, decreased with stimuli cdba, dcab, cdba,
and dacb, aud.the lightness of the darker surface is increased while the lightness
of the lighter surface is decreased with stimuli adcb and bcda. Inspection -
of Table 1 shows that the occurrence of transparency Judgments wds not affected.
The perception of transparency did not occur when either the order relations

in constraint i or the magnitude relations in constraint ii were violated strongly.

The mean number of transparency judgments of the 6 stimuli (stimuli 11 through 16)




with crisscrossing gray levels ‘which satisfied constraint ii but strong]y
violated censtraint i is .67 with a SD of .82. The mean number of transparency
judgments of the two stimuli (stimuli 17 and 18) which satisfied constraint i
but strongly violated constraint ii is .50 with a SD of .71. The two stimuli
(stimuli 19 and 20) which failed to satisfy both constraints i and ii were |
never judged to be transparent.

Stimuli 21.through 24 Tail to satisfy constraint i. Significant numbers of
transparency Jjudgments were obtained with stimuli cdab and badc. The stimulus
cdab (Fig. 4e) was judged transparent 13 times (over 50 percent), and the Stimu]us
badc 6 times (over 25 percent). Why do these two stimuli produce exceptions and
not the stimuli abcd and dcba? A stimulus is ambiguous as to whether surface D
is seen overlying surface B or surface B is seen_over]ying surface D. The

theoretical derivation assumes that the overlying transparent regions are d and

c and the underlying opaque regions are a and b. If surface B is seen overlying

—

surface D, then the regions b and d are interchanged. Thus, the stimulus abcd

becomes adbc and the stimulus dcba (Fig. 4f) becomes bcda. Both adcb and bcda

—

satisfied constraints i and ii. What is suggested is that subjects tended to
; SN~—"7—7—7— @

see these surfaces as transparent with surface B overlying surface D. The low number
d—r-—————r_-————r"———-——"‘—'rnﬁ_—_-“‘“mﬁ_ﬁ_ﬁ___ﬂw—%

P —————

of transparency judgments reflect that the instructions asked subjects to report

the stimulus as transparent only if surface D is seen overlying surface B. Support

for this coajecture comes from a preliminary study in which the stimuli in Set 1

were presented using slides to a group of 18 subjects. The instructions were
similar to those given in Experiment 1. The main difference was that subjects
were first asked to judge whether they saw a stimulus as transparent, and then asked

to judge whether surface D was seen overlying surface B or whether surface B was

seen overlying surface D. Two subjects judged the stimulus abcd transparent with
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surface D overlying surface B while 16 subjects judged the stimulus trénsparent
with surface B overlying surface D (stimulus adcb). Two subjects judged the

stimulus dcba transparent with surface D overlying surface B while 15 subjects.
judged the stimulus transparent with surface B overlying surfacelD (stimulus-
bcda). One subject judged the stimulus as not transparent.

In contrast, stimuli cdab and badc cannot be seen as surface B overlying
surface D. If surface B is seen overlying surface D, then cdab becomes cbad and
badc becomes dabc. Both cbad and badc strongly violate cbnstraint ii. The

interval cd is included in the interval ab. The occurrence of transparency

judgments with stimuli cdab and badc indicates that if figural conditions strongly

suggest transparency, the perception of transparency occurs even when the pattern

————

of image intensities contradicts it.

Table 2 presents the results of Set 2. The mean number of transparency

Judgments for the 7 stimuli satisfying constraints i and ii with configuration I

is 17.9 with a SD of 1.6. The mean number of transparency judgments for the

corresponding stimuli with configuration IT is 14.9 with a SD of 2.8. A t-test

of the difference between means is significant t(6)=3.44, p<.05 . Combining

the number of transparency judgments with configurations I and II, the mean number

'
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of transparency judgments of the 8 stimuli satisfying constraint iii was 17.5

with a SD of 2.2. The mean number of transparency judgments of the 6 stimuli

violating constraint iii was 14.8 with a SD of 2.6. A t-test of the difference
is not significant [t(12)=2.06, p>.05].
The four stimuli with the order cdab violated the order relation in constraint

The mean number of transparency judgments with configuration I is 10.0 with a




SD of 2.5, and with configuration II 1.5 with a SD of 1.0. A t-test of the

difference is significant [t(3)=5.47, p<.05]. Thus, exceptions to constraint i)

with stimulus cdab occurred more readw}y with configuration I than with config-!

:J
uration II. The local cues for transparency are similar for configurations I %

and II. The x-junctions indicate the possibility of transparency on both configura-ﬁ}

tions. The fact that configuration I was more effective than configuration II in ;

producing the perception of transparency indicates that the global figural config~:

'

uration affects the perception of transparency. The combonent regions in configurél'
tion Il are more regular and symmetric with a nontransparent organization than the
corresponding regions in configuration I,

The five stimuli with the order cdba satisfied constraint i but failed to

satisfy constraint ii. The mean number of transparency Judgments with confiqura-

tion I is 13.2 with a SD of 3.0 and with configuration II 11.8 with a Shof 2.5.
R t-test of the difference is not significant [ t(4)=.93, p>.4].

The eight crisscross stimuli occurred only with configuration I. The mean

number of transparency judgments is 2.1 with a SD of 2.9. A relatively large

number of transparency judgments (8) occurred with one of the acdb stimuli (stimu?us;]

17 in Table 2). Region ¢ in this stimulus differs by 1 percent from region d.2
The closeness in Ijghtness of the two regions 1S_Iike1y to have facilitated the

perception of transparency. If regions c and d are interchanged, the order becomes

adcb which satisfies both the order and magnitude constraints. | The results again
_-_-_'_‘_‘-—-_\_
1n 1cate that if f1gura1 cues strongly suggest transpar

ency, then contrad1gtor§‘}

%a

w

}1nd1catlons from the pabterr of intensities may be overr1dd°n)

Supplementary Experiments

Sapp1emenuarv Experiment 1. The aims of the experiment were (a) to examine

—

how theJﬂgﬁQ&L&dﬁ of the violation of constraint i and of constraint ii affects

the perception of transparency, and (b) to determine whether the Jjudgments of




The nrocedure was the same as in Experiment 1. Nineteen stimuli were

presented. The stimulus arrangement was that of configuration I. Table 3 lists

the stimulus reflectances.. Nine stimuli satisfied constraints i through iv

(stimuli 1 tnrough 9 in Table 3). Four stimuii were generated which Vioiated

constraint i (stimuii 10 through 13) Tre stimuius order was cdab The

————

refiectance ot region d exceeded that of region c by il m2 and 8 percent If

C and d are permuted, the stimulus order becomes cdab which satisfies constraint

i. Two stimuli violated constraint ii (stimuli 14 and 15).

The difference in

reflectance between regions d and ¢ exceeded that between regions a and b by 4

percent for stimuius]4‘and by 27 percent for stimulus15. Four Crisscross stimuii

were presented (stimu]i 16 through 19). Twenty-five new vo]unteers with normal

or corrected to normal vision served as subJects. They were naive concerning the

purposes of the experiment.

The mean number of transparency judgments of the 9 stimnii satisfying constraints
1 thivough iv is 23.9 with a SD ofi 2.0. SEtimulus agdb (stimulus 16) again evoked a
Siénificant number of transparency judgments. Fourteen subjects judged stimulus
acdb as transparent. Only one other of the crisscross stimuli was seen a§
transparent. Three subjects judged stimulus bdca (stimulus 18) as transparent.

We have suggested that it is the closeness in reflectance of regions c and d

number of

transparency Jjudgments. This is supported.by the finding that?transparency)

-

2 judgments varied inversely with the salience with which constraints i and ii are}

on stimUTUgﬂecdb'that is responsible for the relatively large

(vio]ated.\ The number of transparency judgments with the stimulus order cdab were

17, 10,5 and 2 when the refilectance of d exceeded that of c by 1, 2, 4 = and




13

8 percent:respective1y. The number of transparencg Judgments with the stimulus

order cdba were‘]Q and 4 when the ref1ectance d1fference between ¢ and d exceeded

e

that between a and b by 4 and 27 percent respectively.

_§upplgygqggfymﬁgperjmgnﬁ_gg Constraints i and ii are not sufficient to

unlquely daterm1ne Lhe perception of transparency. For example, Table 1 shows

that stimuli abdc, adbc, cbda, and cdba all satisfy the order and magnitude

constraints. If surface B is seen as overlying surface D, then stimulus abdc

becomes adbc, and stimulus adbe becomes abdc. Similarly stimulus cbda becomes

cdba, and stimulus cdba becomes chda. Auxiliary principles become necessary to

redict whether surface D is seen as transparent and overlyin surface B or
P ying

surface B is seen as transparent and overlylng surface D when subjects are not

instructed to see a part1cu1ar arrangement as in Experiment 1. TﬁﬁEﬁEBEE?E1e
£;~ 1pr1nc1p]e is t_Ef‘FEETBEHE“TH_??Q_"ﬁ_?g—Eb1ned to Tegions b or d depending on

910n5 or d depend1ng Dﬂ

lwh1ch it d1fferes rom in 11ghtness. (Figs. 4g and 4h) An experiment

was conducted to test this possibility. .\ U S

The 6 stimuli abdc, cdba, adbc, cbda, cadb, and dbac from Set ] were
presented individually using 4 different random orders to 40 subjects in two
classes. To familiarize subjects with the phenomenon, they were shown pictures
of surfaces arranged as in configuration II in which the perception of trans-
parency occurred and in which it failed to occur. Subjects were asked to indicate

on a data sheet, first, whether a stimulus was seen as transparent, and second, if

a stimulus was seen as transparent, whether the top square was seen to overlie the




bottom square or whether the bottom square was seen to overlie the top square.
The subjects were instructed to base their judgments on their immediate visual

impression. To avoid position biases, 19 subjects were presented with the stimuli

upright and 21 with the stimuli inverted.

Stimuli cadb and dbac have crisscrossing gray levels and should be seen as -

not transparent. Region ¢ is closer in lightness to region d thah to region b

for stimuli abdc and cdba, while for stimuli adbc and cbda region ¢ is closer

in lightness to region b than to region d. According to the hypothesis proposed,

surface D should be seen to overlie surface B (D/B) with stimuli abdc and cdba, and

surface B should be seen to overlie surface D (B/D) with stimuli adbc and cbda.
Table 4 presents the number of nontransparent Judgments, of D/B transparent

judgments, and of B/D transparent judgments. The frequencies in Table 4 combine

the judgments made with both the upright and inverted presentations of the stimuli.

The number of nontransparency judgments was 66 and of transparency judgments

14 with stimuli cadb and dbac. The reason for the larger number of transparency
judgments than in Experiment 1 is not clear. It may reflect a criterion

j’djffgggqce. The instructions in Experiment 1 were given ‘individually and emphasize&

that a stimulus was tc be judged transparent only if one saw through the overlying

surface to both underlying surfaces. The total number of transparency judgments

of D/B was 61 and of B/D 14 for stimuli abdc and cdba. The total number of
transparency judgments of B/D was 54 and of D/B 20 for stimuli adbc and cbda. A
t-test tested the hypothesis that there is a presumption to unite regions havihg

more similar lightnesses. The number .of B/D judgments were. subtracted from the




numbers o? D/B judgments. The mean of the difference scores for stimuli abdc

and cdba was 23.5, and for chda and adbc -17.0: A t-test of the difference

- - - - %%
between the two means is significant [t(2)=8.?9, pr< . 057 {T@g_ﬁggﬁl&; also

—

suggest a position bias. Twenty-two of the 34 judgments counter to the hypothesis
Qé;e judgments thatTEﬁéftUp*§qH5ﬁ5TEET75QEEEE?EﬁE_5ﬁa"BVEFTgy_EEEﬁEEEfEE;Eﬁﬁﬁfég
The percentage of judgments differ significantly from the 50 percent change
level at the .05 significance level (z=1.88). The fact that in Experiment 1

stimuli adbc and cbda gave as many transparency judgments of D/B as stimuli abdc

and cdba indicates that[the predisposition to unite regions which are closer
1 4n 1lightness can easily be overcome by an instructional set.

EXPERIMENT 2
Experiment 2 investigated how violations of constraints iii and iv affect
the perception of transparency.

Method

Stimuli. Ten stimuli arranged as in cohfjguration II were constructed {}éﬂg
from gray papers. Four papers differing iﬁ ref]éctancé depicted a central rec-
tangle overlying a bipartite background; The rectangle was 2x1 cm and consisted
of two adjacent squares 1 cm on a side. The'background.consisted of two ad-

e

jacent squares 2.5 cm on a side. Table 5 lists the stimulus reflectancesﬁ
Négative values of e indicate that stimuli 1 and 3 violated constraint iii.
Constraint iii is satisfied if the reflectance of ¢ in stimulus 1 is increased
by 5 percent and in stimulus 3 by 8 percent. Since the value of e is undefined,
stimulus 7 also violated constraints iii and iv. Constraints iii and iv are
satisfied if £he reflectance of ¢ in stimulus 7 is increased by 13 percent. The
negative values for a« indicate that stimuli 2, 4, 6 and 8 violated constraint i.

The values of « greater than 1 indicate that stimuli 9 and 10 violated constraint

ii. The values of o and e indicate that stimulus 5 satisfies constraints i through iv.




Procedure. The procedure ‘was similar to that in Experiment 1. Transparency

was first illustrated by showing subjects a Po]arqid filter that could be rotated
from clear to opaque. Subjects were then shownAcomputer generated pictures of

]
{ow

surtfaces arranged as in Fig. 3b. The 10 stimuli were mounted on pieces of black g

P e S

cardboard and presented by means of a Gerbrands tachistoscope. Subjects were
instructed to report whether the center region.d and_c were seen as transparenf.
They were told to judge a stimulus as transparent only if both background regions,
a and b, could be seen through regions d and Elrespectivejy. If only region a
could be seen through region d or only region b through region c, then' a subject
was told to judge the stimulus as not transparent. The subjects were told to.
make their judgments based upon their immediate visual impression. The exposure
duration was 1.5 secs. Four computer‘generated pictures of surfaces arranged as

in configuration II were presented as practice stimuli. Two of the practice

stimuli produced a perception of transparency and 2 did not. To familiarize a

.

subject with the stimuli, the 10 étimu]i were presented in a preliminary trial
during which no judgments were made; The stimuli were presented in a different
random order to each subject.

Subjects. Fifteen volunteers with normal or corrected to normal vision
served as subjects. They were naive concerning the purpose of thé experiment.

Results.

Table 5 shows that the perception of transparency occurred.infrequént]y when

either constraints i or ii were violated except for stimulus 10. The reason for

)

¢

{
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the 6 transparency judgments of stimulus 10 is not clear. In contrast, the perception




of transparency occurred frequently with violations of either constraints 111
or iv. Stimulus 5 which satisfied constraints 1 through iv was judged trans-
parent by 13 subjects. Stimulus 1 which violated constraint 111 was judged

transparent by 14 subjects. Stimulus 3 which also violated constraint iii was

judged transparent by 10 subjects. It fails to differ significantly from stimulus

5 [t(14)=1.38, p>.05] but differs significantly from stimulus 1[t(14)=2.26,

p<.05]. The smaller number of transparency judgments with stimulus 3 we be11eve

is due to stimulus 3 fa1]1ng to satisfy constra1nt i1 in terms of ]1ghtn°ss

Lightness is a nonlinear function of reflectance and the magnitude relation in

constraint ii can be satisfied or violated independently by lightness and reflectance.

Matching the lightnesses to Munsell values showed that the lightness. difference
between a and b on stimulus 1 equals the lightness difference between ¢ and d.
On stimulus 3 the Tightness difference between ¢ and d is approximately .75 of
a Munsell step greater than the lightness difference between a and b dhis s
consistent with 6ur suggestion that the important variab]e‘in satisfying constraint
ii is lightness and not reflectance ar luminance. Table 5 also shows that stimulus

both
/ which violated,constraints iii and iv was Jjudged transparent by 14 subjects.

The resu]ts therefore, 1nd1caLe that lviolations of constraints iii and iv fail

Kﬁo affﬂc the perception of transparoncy
FILTER MODEL

The question may be raised: Since constraints i and ii are not who11y
M*-“.—-

ecoTog1ca11y represnntat1ve why do they pred1ct the occurrence of transparency

as well as they do? The luminances of the areas d and ¢ in Fig. 1 are the
result of stimulating the retina by the light reflected from the episcotistef
and from the surfaces A‘and B behind the episcotister. The resulting addition
of luminances is known as additive color mixture and is given quantitatively by

Talbot's law. Additive color mixture occurs in some natural scenes as, for




example, with clouds of dust. Many common occurrences of transparency, however,

are in terms of subtractive rather than additive color mixture. When an object is

viewed through a Tiquid, mist, or glass, subtractive color mixture occurs. The

luminance of the overlapping area ip subtrqgﬁjve color mixture is the result

of the 1?ght intensity reflected by ;;é background surface and transmitted by

the transparent medium plus the light intensity reflected by the trénspafeht medium.
What are the re1étions among image intensities when transparency occurs in

'terms‘of subtractive color mixture? The physicé] situation is depicted in F1g.

5a. We will assume an achromatic surface viewed in neutral illumination through

a transparent medium that is nonselective for wavelength. 1In Bid> 53 a s the

reflectance of surface A, b the refTectance of surface B, f the reflectance of

filter E, and t the transmxttance of the f1]ter Fig. 5b illustrates the pattern

of reflectance and transmwttance assumed to occur. The apparent refiectahces of

regions d and c are equal to

(5) d=f+(t%a)/(1-fa) -

(6) c=f+(t%b)/(1-fb)
Solving equations 5 and 6 for t and f yields

) = / (c- bcd+bd d)(b—a—abc+a2c)/(b—a+abd—abc)2

(8) f= (bd-ac)/b(1+ad)-a(1+bc)
Order and magnitude constraints for the perception of transparency with subtractive

color mixture can be derived from equations 7 and 8. Since the perception of

transparency occurs when t is restricted to values between 0 and 1, equation 7

implies (v) (c—bcd+bd2—d)(b-a—abc+a2c)>0 and (vi) (b—a+abd~abc)2>
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(c~bcd+bd2—d} (b—auabc+a2c). Since the reflectance of the filter, f, ﬁ; also
restricted to values greater than or equal to 0 and less than 1, equation 8
imp?ies.(vii) if bd>ac then b(1+ad)>a(1+bc) and vice versa if bd<ac and (viii)
the absolute ‘difference |b(1+ad)-a(1+bc)| must be greater than the absolute
difference |bd-ac|. Constraints v and vii insure that t and f are positive
while constraints vi and viii insure that t and f are less than 1. An
additional constraint is that t+f must be less than or equal to 1.

What is the relationship between the équations derived from the episcotister
and the filter models? Equations 1 and 2 are clearly not equal to equations 5I
and 6. For example, if a=.5, b=.3, and t=.7, and e and f=.2, d and c are
equal to .41 and .27 frqm-equations 1 and 2, while d and c are equal to .47
and .36 from equations 5 and. 6. The order and magnitude constraints, however,

defining the boundary conditions for solutions of the two sets of equations,

appear to be closely related. Equations 5 and 6 of the filter model imply con-

'straints 1 and 11 derived from equation 3 of the episcotister model, and
equations Tland 2 of the episcotister model imply constraints v and vi derived
- from equation 7 of the filter model.g Although we have not been able to demonstrate
it mathematically, a computer search of the soiutions of equations 5 and 6 of the i
filter model has failed to find any solutions which violate constraints iii and iv
derived from equation 4. Similarly, a computer search of the solutions of
- equations 1 and 2 of the episcotister model has failed to find any solutions
which violate constraints vii and viii derived from equation 8 of the filter model.
The variables viere incremented by .02 within the bounds for each set of equations
and the calculations carried out to 4 decima] places. What is suggested is that
the solution sets of equations 1 and 2 and equations 5 and 6 are the same or very
nearly the same.

The physical occurrences of transparency involve both color addition and

color subtraction and set the normative conditions for the perception of




'transparency. If perception is to be adaptive, it must satisfy these Ebnditions
except in'unimportant ways. This does not mean, however,lthat the visual system
solves eguations 1 and 2, and 5 and 6. The visual system may utilize heuristics
to judge transparency which inlthe main agree with physical reality. Constraints
i and ii derived from Metelli reflect order and difference relations that occur
both with additive and subtractive color mixture. The two consfraints aré,
therefore, ecologically valid indicators of physical transparency and can serve

as a basis for adaptive behavior. The constraints with additive and subtractive

color mixture are, of course, not always the same. In the case of hue, for example,
yellow plus blue yields white with additive color mixture while yellow plus blue
yields green with subtractive color mixture. Beck (1972, 1975) presented

dqmonstrations showing that hue transparency occurs with subtractive color mixture.

EXPERIMENT 3

We have indicated that the equations describing transparency with additive
and subtractive color mixturé are not quantitatively equa].: Tranéparency
Jjudgments based on Equétion 3, for example, will not be quantitatively correct
with subtractive color mixture. This is, howeQer, not very important because
in general one is not able to make quantitatively accurate judgmeﬁts of trans-
parency. Transparency estimates appear to be based not on physical luminance
or reflectance values but on ]1ghtnessvva]ues. Metelli's equations 1 and 2
describing crahsparency assume that transparency is determined by the physical
luminance or reflectance vaiues. Equal increments of reflectance, howevef, do
not represent equal increments of lightness. For example, the lightness
difference between two papers that have reflectances of 80 percent and 90 pércent
is .45 of a Munsell step, while the difference between papers having reflectances
of 5 percent and 15 percent is 1.82 Munsell steps. Since the visual system does

not have direct information about reflectances, it is likely that transparency

judgments will vary 1ineaf1y not with reflectance difference but with lightness




difference. Thus, to predict quantitative judgments of transparency, ﬁne must .
introduce’ a psychophysical function, such as the Munsel] value scale, which

describes how 1ﬁghtness varies as a function of reflectance. The aim of Experi-
ment 3 was to determine whether transparency judgments vary linearly with re-
flectance difference or with lightness difference.

Method

The stimulus consisted of 3 intensity regions arranged to depict two over-

lapping rectangles as shown in Fig. 6a.

The stimulus color of region a was a Munsell value of 1 (1.2 percent reflectance)

and of region b a Munsell value of 8 (59.1 percent) and of region ¢ a Munsell

value of 4 (12 percent). The stimulus is ambiguous and can be seen aé the up-

right rectanglé overlying the diagonal rectangle or of the diagonal rectangle

overlying the upright rectang]e..

The Munsell papers were pasted on a matte black background. The background
was cut away so that only the stimulus figure was visible. The stimuli were
supported by a stalk fitted into a wooden base located at eye level 5 feet from
a subject. The illumination came from a projector uéing a bulb having a color
temperature of 2900K. The light passed through a 1-62 Corning filter which
converts the illuminant to C. I. E. illuminant C(GSOUK). Subjects viewed the stim-
uli monocularly through a viewing tube that 1limited visibility to the immediate
stimulus surround. An electrically controlled shutter limited viewing time to

2 seconds. Subjects were allowed to view a stimulus for as many two—seconq

i e i

T ———— e

* periods as they wished, but were urged to make their judgments upon their
immediate visual impression.

Subjects were first acquainted with the phenomenon of transparency through
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examples. The test stimulus was presented together with 10 other stimuli made
up of colored Munsell papers.S Subjects judged the chromatic stimuli only with
respect to whether thesy were seen as transparent or not. Following the presenta-
tion of the chromatic stimuli, subjects were 1nstructed that the next stimulus
would bs achromatic, and that they would judge the stimulus not only with respect
to whether it appears transparent but also with respect to how transparent it
appears. They were told that a surface .can vary in transparency. Differing
degrees of transparency were described by asking subjects to think about mixing ink
with water or milk with water. Adding milk or ink to the water decreases the
transparency of the mixture. Subjects were asked to judge whether they saw trans-
parency or not. IT a subject reported seeing transparency, the subject was then
asked whether the upright rectangle or the d1agona1 rectangle was seen as the fl{;
overlying surface Subjects were asked to est1mate the transparency of the over-
lying surface from near zero percent (nearly completely opaque) to near 100 per-
cent (nearly completely transparent). Following the transparency Jjudgment, subjects
were asked to try to see the three regions as coplanar and to match the lightness
of the regions to an 18 step Munsell value scale. ' The Munsell scale was placed on
a shelf to the left of a subject and-illuminated by an Easel Tamp which simulated
C. I. E. illuminant C. Subjects were allowed to view the stimulus without time

— ey e

1imit while matching the stimulus to the Munsell grays.

Subjects. Eleven subjects served in the experiment. They all had normal
or corrected to normal vision, and were naive about the purpose of the experiment.
Results and Discussion |

In Fig. 6a, a represents the reflectance of the top surface T, ana b the

reflectance of the bottom surface B. The transparency of the top surface in the

area of overlap is represented by a. According to Talbot's law, the apparent

reflectance of region c is equal to
(9) c=ab+(1-a)a

where o and (1-a) represent respectively the proportions of which the apparent
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reflectance c is made up of the reflectances of surfaces B and T. Solving

Equation;Q for a, yields
(10) a=(c-a)/(b-a)

If the upright black surface is seen as transparent, the perceived transparency
calculated in terms of reflectance is .19 and in terms of Munsell value .43. The
mean of subjects' lightness matches of regions a, c, and b were Munsell values

o6f= 3215 15.5 and 9.2. The transparency estimate when these values are substituted
in equation 10 is .39. The mean of subjects' transparency estimates is 41.4 with

a standard deviation of 5.1. Thus, one must introduce into equation 10 lightness
values rather than ref1ectancés to accurately predict quantitative transparency
judgments.
. The finding that the perception of transparency is determined not by the
physical reflectances, but by 1ighfness-va?ues, argues that the phenomenon of
transparency is not based on Talbot's law. In fact, if one sets up an episcotister,
judgments of transparency would be fnaccurate. Rather, the perception of
fransparency appears to be based on the lightness values which are a nonlinear
function of reflectance. What is the theoretical justification for using the
Munsell values of regions a, b, and ¢ in equation 10? A justification may be

given based on the hypothesis that the perceived transparency 1is a function of

the relative similarity of the lightness of region c to the lightness of the [

underlying region b and to the lightness of the overlying region a. The percep-!
tion of transparency is the result of encoding the lightness of region c as the
lightness of the underlying region b modified by the lightness of the overlying
region a. The more similar the lightness of ¢ is to the lightness of a, the less
the perceived transparency, and the more simi]af the Tlightness of ¢ is to the
lightness of b, the greater the perceived transparency. The Munsell value scale
is based on direct estimates of lightness differences and reflects Tightness

similarities. .If M(a), M(b), and M(c) are the Munsell values of the regions a, b

3




c, the relative similarity of lightness ¢ to lightness a is given by the difference, -
i, [M(c);ﬁ(a}]divided by the difference, d2, [M(b)-M(a)] (Fig. 6b). The
equatfcn for perceived transparency has the same form as Equation 10, but with

Munsell values substituted for reflectances: _
(11)  o=M(c)-M(a)/M(b)-M(a)

{:EEEEEEE:EEEEEiEEEEEQ;} The ﬁerception of transparency with a three-part
stimulus is anomalous. One does not pefceive a transparent surface through
which other objett§ and surfaces afg seen. Rather, one perceives a surface
which is in part transparent and in part opagque. Metelli (1974a) has called
this special kind of transparency “paftia1 transparency." As pointed out above,
a model based on Talbot's law and color addition requires the reflectance of
the overlapping fegion c to lie between the reflectance of the a region and the
reflectance of the b region. fhe similarity algorithm we have proposed for
Judging the degree’of transparency also requires that the lightness of the over-

lapping region c lies between the lightness of the a region and the lightness of

the b region. In contraét, a model based on a filter and subtractive color
/—MA—’\_’_—\

mixture allows the reflectance of the overlapping region to be greater than the|
reflectances of the nonover]aé;;:g;7;;;ﬂ;;§3 This occurs, when the reflectance
e = |

of the top surface is greater than the reflectance of the bottom surface.
Equation 6 gives the reflectance of the overlapping region, c, when F and B in

Fig. 5a are interpreted to be the two overlapping surfaces. (It is of interest

to note that there is a physical interpretation with additive color mixture in

which the intensity of the overlapping region is greater than that of the nonover-

-EEEiﬂﬂ\IEEiEEE; This occurs if B and T in Fig. 6 are two projected rectangles

of light. Partial transparency, as pointed out, is not ecologically representa-

tive and appears to occur because of a preference by the visual system for

: minimizing the complexity of the perceptual interpretation. The perception of

ev- . transparency in Fig. 7 both simplifies the shapes and minimizes the lightness
._Lg./,h
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of the overlapping region is below, and above that of the nonoverlapping regions

Nineteen of 26 subjects judged the stimulus shown in Fig. 7a transparent but

only 6 subjects judged the stimulus shown in Fig. 7b transparent. Thus, Judgments | (&

of transparency do occur when the reflectance of the overlapping region fails ~——
to lie between the reflectances of the nonoverlapping regions.

EXPERIMENT 4

—

Metelli has called the perception of transparency "complete transparency"

when a transparent film is perceived to overlie two opaque surfaces differing
in reflectance. Equation 3 gives the degree of transparency in the Metelli
model for complete transparency. We believe that with complete transparency, as

with partial transparency, the degree of perceived transparency will not be

correctly predicted when physical reflectances are substituted in equation 3. One f

possibility is that substituting lightness values for reflectances in equation 3 {
correctly predicté the perceived degree of transparency. fhe argument for :
this is that the estimate of transparency is based on the reduction of apparent
contrast. The perception of the degree of  transparency is assumed to be a

function of the similarity of the lightnesses of regions d and c relative ton

the similarity of the lightnesses of regions a and b (Fig. 2). If the lightnesses
of the regions d and ¢ are equal, i.e., }hgir cgﬁﬁrgsk‘is zero, then the degree

of perceived transparency is zero. As the lightness difference between the

regions d and c approaches the lightness difference between the regions a and
e e

b, the perceived degree of transparency goes to 100 percent. /This equation,
A however, can not be correct without further restriction. Consider stimulus 9 in
Table 6. The lightness difference between d and c is nearly equal to that between
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a and b. Subjects’ mean ]ighthess match of region‘a was a Munsell va]gé (M.V.)
of 7,8,7b:a MoV of 6.5,_c a M.V. of 2.7, and d'a MV off 3.9 Stimulis 9
was arranged as in configuration I and could be seen as either surface D over-
lying surface B, or as surface B overlying surface D. Substituting lightness
values 1in Equation 3 gives a transparency of .96 when D is seen to overlie é,
and .99 when B is seen to overlie D. Transparencies of .96 and .99 imply that
the Tightness of region d is close to that of region a and the lightness of re-
: [P

gion c is close to that of regibn b. This is clearly not the case. Table 7

shows that the mean judged transparency was .38 when surface D was seen overlying

.surface B and .59 when surface B was seen overlying surface D. The reason the

[formula is incorrect is that although the lightness difference d-c is nearly equal

; to the lightness difference a-b, the ]ightnesisof d and a and of ¢ and b ére not
close to each other. It is not clear what formula relates the perceived degreei

: of transparency to 1ightné§srva1ues'in the case of complete transparency.» The

main aims of Experiment 4 were to deterhine (a) whether subjects are able to make

re]iéb]e judgments of transparency in the case of complete transbarency, and (b)

whether a formula can be developed in terms of lightness values which will

predict the pérceived degree of transparency.

Method

Stimuli. Twenty-eight computer generated stimuli were mounted on white cards.

Six stimuli strongly violated constraints i1 and ii and in pretesting were judged

as not transparent. These served as catch stimuli. Seventeen stimuli were
arranged as in configuration I (Figs. 2a and 3a) and 5 stimuli as in configuration

{ r11
|

II (Fig. 3b). P

R

B R

Procedure. Two independent groups of subjects made stimulus Jjudgments. One
group of 10 subjects matched the Tightness composing a stimulus to a chart of
Munsell grays. The second group judged whether a stimulus appeared transparent,

and if transparent, the degree of transparency.

In the Tightness matching task, subjects were asked to match the
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lightness of the different regipns composing a stimulus with the lighthésses on a

Munsell Chart ranging from 1 to 9.5 in .5 steps. Subjects were told that none

of the Munsell values might seem like a perfect match, but they should select the
gray which appeared to be the best match. Subjects were first given a sample
stimulus not used in the experiment and asked to match the lightnesses of the re-
gions to the Munsell values. Subjects proceeded through 22 noncatch stimuli at their
own pace. Themstimulf were presented using two different random orders.

In the transparency estimation task, the instructions vere similar to those
with Set 2 in Experiment 1 with the following differenceé. For configuration I
stimuli, subjects were first asked whether the overlying surface appeared trans-
parent. If they said that the oveﬁlying surface did not appear transparent, the
trial was concluded. If they_reported-the overlying surface transparent, they were
then asked whether the rectangle D was seen to overlie the squarebB (D/B)

» Or

whether the square B was seen to overlie the rectangle D (B/D) (Fig. 3a). For

configuration II stimuli, the center sequare is always seen to overlie the back-
ground square. Subjects were therefore, only asked to Jjudge whether the center
square appeared transparent (Fig. 3b). The criteria for judging a stimulus trans-
parent was the same as with Set 2 in Experiment 1. As in Experiment 3, differing
degrees of transparency were explained by asking subjects to think of mixing ink
with water or milk with water. A visual example of the continuum from transparency

to.opague was demonstrated by rotating crossed polaroid: filters from clear to opaque

Subjects estimated the degree of'transparency on a scale from 0 to 100.

————

The stimuli were exposed for 5 secondEAin a Gerbrands tachistoscope. A subject

e

initiated a trial by pressing a switch and was allowed to view a stimulus for as

many times as he wished. Before beginning the experiment, 10 practice stimuli were
ey et o

presented. Six of the practice stimuli were arranged as in configuration I and 4
as in configuration II. The 28 stimuli were presented randomly. Two different

random orders were used. ° 7 q ¢ HEL v caldliinl )
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Subjects. Ten volunteers with normal or corrected to normal vision served as

subjects in the lightness experiment. Twenty-six different volunteers with normal

or corrected to normal vision served as subjects in the transparency experiment.6

All subjects were najve as to the purposes. of the experiment.

RESULTS
Table 6 lisEs the 22 noncatch stimuli, their reflectances, and the values
of o and e when a stimulus was seen aé D/B and when a stimulus was seen as B/D.
_.Jable 7 presents the number of transparency judgments of each stimulus, and the

“mean transparency est1m=Les and their standard deviations.

.u» A Roman numeral II

o e fo]]owwnj g st

imulus indicates that the stimulus arrangement was that of con-

’f1gurat1on L

M
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Stimuli 1 through 8 in Table 6 satisfied constraints i £h}0ugh iv.

Six were

with configuration I and 2 with configuration II. Four of the configuration I
stimuli (stimuli 1 through 4) satisfied the constraints when a stimulus was seen

as D/B, and 2 (stimuli 5 and 6) when a stimulus was seen as B/D. The configuration

IT stimuli (stimuli 7 and 8) were always seen with the center square overlying
the. background square and are listed under D/B in Table 6. The mean number of

transparency judgments of these 8 stimuli is 23.8 with a SD of 2.4, Stimuli vio-

lating constraints iii and iv were also Jjudged transparent. The value of e remains

the same and does not depend on whether a stimulus is seen as D/B or B/D,

Stimuli G through 13 violated only constraint iii, and stimuli 14 and 15 violated

QN \ Y

only constraint iv. St1ru]1 16) through 18 violated both constraints iii and iv.
The mean number of transparency judgments of the 10 stimuli violating either

cons traimts i o v s 221 withia SD of 2.3

R
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Comperisons of stimuli which violated constraints only as D/B or B/D need

to be made with care. Other factors, such as the vio]ations_of other con-
straints and the proximity of c in lightness to d or co b may affect judgments.
As in earlier experiments, Tables 6 and 7 show that violations of constraints
i and i1 decreased the number of transparency judgments. Three stimuli vio-
lated only constraint i. Stimuli 5 and 6 violated constraint i with the arrange-
ment D/B, and stimulus 2 violated constraint i with the arrangement B/D: © Tne
mean number of transparency judgments is 2.0 with.a ShEofe 2.0 Stimuius 3
violated only constraint ii. Thjs occurred with the arrangement B/D. The number
of transparency judgments is 1.

| Table 7 shows that subjects were able to make re]ative]y consistent estimates
of transparency. Correlation coefficients were computed between the predicted

and obtalned transparency est1mates for stimuli in wh1ch 5 or more subJects
S————

Judged a stimulus as transparent The corre]at1on of the obta1ned transparency

—¢ ._\a =
( e, & F\ - ‘1‘,*._ \ =

est1mates with thoseagree1cted by Equatlon 3 1s‘.23_fgr_3neﬂ§_sElTEll satisfying
constra]nts i through iv. The hypothesis that transparency varies linearly with
o requires the intercept to be 0 and the slope 1. The intercept of the re-
gression equation is .28 and the slope .66. In addition to the 10 stimuli noted
above which violated only constraints ii1i and iv, stimulus 19 violated con-
straint iii only when seen as D/B and stimulus 20 violated constraint iii on]y
when seean as B/D,

estimates (n=19 when D/B and B/D are counted separate]y)}is 122: The intercept

of che regression equation is .36 and the slope is .21. Thus, the results

show thét a Tails to predict the degree of perceived transparency.

The stimulus relations underlying the perception of transparency may be quite




different than the criteria used to judge the degree of transparency. We
hypothesized that transparency depends on central visual processes checking whether
the lightnssses in a pattern satisfy the order restrictions of constraint i

and the magnitude restrictions of constraint ii. Judgments of the degree of

transparency may be based on other, not necessarily even consistent, stimulus

relations. For configuration I stimuli, it is possibTe subjects attended to

N
| N

the lightness relations between regions b, c, and d in making transparency estimates:

The estimation of transparency would then be predicted by an equation similar to
equation 11. An equation analogous to equation 11 is given by equation 12
| c-d|

(2) o=
f

el
The equation assumes that surface D is seen to overlie surface B. If surface B
is seen to overlie surface D then the numerator is |c-b|. The rafionale for this
equation is: (a) If c equals d in lightness then transparency is 0; (b) The
greater the difference in lightness between c and d the greater is the perceived
transparency; }(c) The degree of perceived transparency is EEETEliEEq so that
it lies between 0 and 1 by dividing the absolute difference |c-d| by the absolute
difference |c-d|+|c-b|. If the lightness of c is between the lightnesses of b and
d, equation 12 reduces to equation 11. The correlation (n=25) between predicted
and obtained transparency ié .67 when mean lightness values are substituted in
equation 12 and .69 when reflectances are substituted. The slopes are .39 and
.40 and the intercept values .37 and .36 respectively. The results show that we
do not as yet have a good understanding of the factors controlling the judgment

of transparency with complete transparency.




-General Discussion = A ot WA

Perceptual transparency is a function of the stimulus

_information indicating -
that ‘the over]yihg surtace is not opaque and transmits as well as reflects

light. Transparency is indicated by the alteration in image intensities

produced by the ovef1ying surface, the image distortions occurring because of
light refraction, and the cues provided by figural configuration, depth, and
motion. The finding in Experiment 3 that the perception of transparency is a
function of lightness indicates that transparency is_not, as suggested by Mete111
(1974a, b), the result of splitting a stimulus luminance into the luminance

of the background surface and the luminance of the transparent surface, i.e.

the reverse of color fusion. In fact, constraints iii and iv which are based

| epm———— —————

on the physical variables of reflectance or luminance appear not to be implemented

by the visual system. The visual system appears only to be able to make order

and relative distance Judgments of lightnesses.

How do the cues der1v1ng from the pattern of intensities relate to other
stimulus information affecting the perception of transparency? The other variable
that has been systematically studies is f}gura] configuration. Metelli (1974b)
has identified three main figural conditions for perceiving transparency:
figural unity of the transparent 1ayer, continuity of the boundaries in the
transparent region with the boundaries of the nontransparent regions, .and
stratification of the transparent region into two overlapping layers. Our 0bser~i
vations suggest that figural cues §E¢hpfi@afy and that if the figural configura- |

tion indicates the possibility of transparency then.the pattern of lightness

relationships are checked to see if they are consistent with transparency.
p Y




Transparency will be seen if the pattern of lightnesses satisfies constraints i \\

and ii. If more than one stratification of the surfaces satisfies the constraints,

then instructional sets or subsidiary principles determine what is seen. One

such principle is that the oVer]apping region tends to the region from which it

deviates least in lightness. P, G EOST SO s
If the figural cues for transparency are strong enough, then transparency

may be seen even when the pattern of lightness relationships is incorrect. A —

striking example of this is described by Metzger (1955). Metzger showed that MAee
if a disk is made to rotate slowly about a point, two intersecting circles on
the disk will become separated in depths There is a splitting of the intere

secting region into two planes based on-two kinds of contour movements One

p]ane 1s def1ned by contours which move 1nto each other; and the other p1ane by
23 RV 8

contours wh1ch are d1sp1aced over the ret1na

X

An*observer sees a mov1ng c1rc1e

et e

! rotat1ng around a statlonary gireiles  What s of interest is that the cues for
seeing over]appwng circles are so strong that the perception of transparency
oocurs for color'combinations that strikingly violate both additive and subtractive

color mixture. The present study shows that transparency can also occur with

stationary stimulus patterns when the pattern of Tightnesses are incorrect. For example,
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f

X

the stimulus order‘cdab with configuration I evoked Judgments of transparenc

despite the violation of the order constraint by the pattern of Tightnesses.
lhen transparency occurs in such cases, the hues and lightnesses of the over-

lapping region may not appear correct. One needs to distinguish between the

perception of transparency and color scissioning. We use "color scissioning"

to refer to perceiving the color in the intersecting area as being composed of

the base color and the overlying transparent color. Transparency can occur

with and without color scissioning.

—— ————

When does color scissioning occur? Metelli (1974a) explains color
scissidning as a.splitting of the stimulus luminance into the Tuminances of
the backgreund surface and of the overlying transparent surface. We have
argued that color scissioning is not the reverse of Talbot's law of color fusion.
Rather, it is a higher-order more cognitive encoding of the structural information
in a stimulus. We hypothesize that gglgi_igissjpnipg*ji“the result of an encoding'
of a stimulus in terms of the color of an opaque surfaég and the color of a
transparent surface overlying the opaque surface. Encoding in terms of a
perceptual schema such as overlying planes of colors appears to require sensory
support. Sensory support can occur in various ways. Phenomenological observa-
tion suggests that all colors can be described using the color names "red,"
yellow," "green," "blue," "black" and "white." For example, orange can be
described as a combination of a red color and a yellow color. Color scissioning
can therefore occur in which an orange stimulus color is seen as a red through a
( yellow or vice versa. Another way of providing sensory support may be in terms of

contrast colors at the boundaries of the tr

——

ansparent and the nontransparent regions

2

or flecks of the nontransparent color may leak through the transparent medium.

Transparency with color scissioning occurs when sensory support leads to the

visual system encoding the overlapping color as the opaque underlying color




modified by the color of the transparent surface. When such an encoding is

not induced in the visual system, the perception of transparency occurs without

color sc

issioning, i.e., one has impression of transparency but the colors in

the overlapping region are wrong.
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Footnotes
Metel1i (1975) suggests that the possibility of seeing a surface through
a black transparent color when e=0. The density of the transparent color
varies inversely with a. .
Edge contrast increased the lightness difference between regions c and d.
A 1 percent difference in reflectance corresponds to a lightness difference
of .08 of a Munsell step. When the stimulus was matched so that only
regions c and d were visible, the lightnesses of the two regions were
nearly indistinguishable. When viewed normally, the Tightness difference
between regions ¢ and d was between .25 and -5 of a Munsell step.
It should be pointed out .that the value of e can change greatly with small

changes in reflectance. For example, if a=.15, b=.28, c=.47, and d=.35,

e=2.75. If c is decreased to .45 and d increased to .36, e=.83. This

makes it further unlikely that the visuaI system takes into account to the

value of e.

We are indebted to Dr. Seymour Haber of the Natural Bureau of Standards
for these proofs. For a related matheﬁatica1 treatment see Brill (Note 1).
The results with the chromatic stimuli will not be reportéd in this paper.
In general, they showed that the perception of transparency occurs as readily
with subtractive color mixture as with additive color mixture.

Twenty-nine subjects were run. One subject was dropped because he con-
sistently called the catch stimuli transparent. Two subjects were dropped
beéause they misunderstood the instructions. They thought that a stimulus
to be reported transparent had to be seen as transparent when surface D is.
seen overlying surface B and when surface B is seen over]ying surface D.
There are two possibilities if a subject’s transparency estimates are based

on attending to 3 of the lightness values in a stimulus. A subject may

Ve
‘,\,'




. Footnotes (cont.)

attend to the Tightness values of regions b, c, and d or to the lightness

vaiues of regions c,d, and a. For configuration I stimuli, the overall

pattern makes it seem likely that subjects would attend to regions b,c,

and d. For configuration II stimuli, the two alternatives are equally

Tikely. We decided, therefore, to test the hypothesis with cdnfiguration

I stimuli.
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