is perceived but the object moves too rap-
idly to be followed as a rigid whole
throughout its trajectory. In the final stage,
rated ‘3, the two alternating views appear
superimposed. There is flickering but no
apparent movement.

The subject took as much time as he
needed on each trial to rate the quality of
the apparent movement for a given pair at
a particular rate of alternation. The trials
were grouped into three equal blocks by
condition, with half of the depth pairs pre-
ceding and half following the block of pic-
ture-plane pairs. Each subject rated a par-
ticular pair at all nine rates of alternation
before proceeding to another pair with a
new angular difference. The order of the
five angular differences was counterbal-
anced across subjects, and the order of the
nine rates of alternation within each angu-
lar difference was randomized separately
for each subject.

Although the subjects were not informed
of either the angular difference or the ran-
domly chosen rate of alternation for each
successive trial, each subject gave consist-
ent ratings, which generally changed mo-
notonically with rate of alternation. Out of
the 1350 ratings, there were only five viola-
tions of monotor.city. According to the
subjects, the perceptual experience pro-
duced by a given rate of alternation of a
given pair of views was quite distinctive
and readily classified on the three-point
scale.

For sufficiently slow alternations, rat-
ings of ““1” are consistently given, but
beyond some critical rate, the rigid coher-
ence of the apparent movement is lost and
the ratings rather abruptly fall off toward
“2” (Fig. 2A). (Some subjects exhibit a
short plateau at *“2,” which indicates that
the experience of nonrigidity or non-
coherence of the motion can occur over a
range of rates.) Typically, as the angular
difference is reduced, the drop occurs at
shorter field durations; that is, for smaller
angles, the appearance of rigid rotation of
the object as a whole is maintained into
more rapid rates of alternation.

As a quantitative estimate of the field
duration at which the appearance of coher-
ent rigid motion breaks down for each pair
of views, we took the duration correspond-
ing to the point at which the linear rating
profile, starting from the level 1, first
reached the level of 1.5, halfway between
the ratings for rigid and nonrigid motion.
For the rating profiles shown in Fig. 2A,
this crossing point occurred at durations
(to within 5 msec) of 100, 140, 180, 230,
and 270 msec for angles of 20°, 60°, 100°,
140°, and 180°, respectively.

Although the results for individual sub-
jects are more variable for this task than
they were in the mental rotation task of
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Shepard and Metzler (/), the mean results
(Fig. 2B) are parallel. Again we find that
estimated time increases linearly with an-
gular difference; the slope is virtually the
same for differences in depth and in the
picture plane. Statistical analyses in-
dicated no significant departure from lin-
earity in either of the two functions and no
significant difference between their slopes.
[The fact that the absolute times were
again slightly longer, overall, for the pic-
ture-plane pairs may be attributable, as in
the earlier studies (I, 2), to properties pe-
culiar to the particular objects and views
chosen for the depth and picture-plane
pairs.]

The total range of times here of only 190
msec (from about 110 msec at 0° to 300
msec at 180°) is much less than the corre-
sponding 3500-msec range (from 1 second
at 0° to between 4 and 5 seconds at 180°) in
the previous mental rotation task. Where-
as the earlier range corresponded to an es-
timated rate of mental rotation of 50° to
60° per second, the present range corre-
sponds to a vastly greater rate of nearly
1000° per second. The similarity between
the patterns of these and the earlier results
is consistent with the growing body of
findings that corresponding processes of
visual imagery generally proceed much
more rapidly when (as in more perceptual
tasks) they are driven externally than when
(as in purely imaginal tasks) they must be
generated internally (4).

The finding of near equivalence between

the breakdown times for apparent rotation
in depth and in the picture plane adds to
earlier evidence (5) that phenomena of ap-
parent movement are governed by rela-
tions in an internally constructed represen-
tation of something three-dimensional
rather than by distances in the purely two-
dimensional retinal image.
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Stanford University,
Stanford, California 94305
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A Line, Not a Space, Represents Visual Distinctness of Borders

Formed by Different Colors

Abstract. When observers are asked to rate the visual distinctness of borders formed by
the junction of two photic stimuli, normal trichromatic subjects behave in a manner sim-
ilar to that of tritanopes in a color mixture experiment. All stimuli that look the same to
the tritanope produce the same border distinctness with any other stimulus. Sets of such
stimuli, whose members do not form borders with each other, map as single points along
a curved line, where the Euclidean distance between pairs of points representing the two
stimuli is nearly proportional to the rated distinctness of the border formed between
them. In the absence of luminance differences, the perception of contour apparently de-
pends on the stimulation of only two cone types.

Colors of equal luminance are typically
conceived as being arranged in a two-di-
mensional space. White is at the center,
spectral colors form the outer limits, com-
plementary colors are opposite, and non-
spectral colors fill the space defined by
spectral colors and nonspectral purples.
This representation characterizes chro-
maticity diagrams derived from color mix-
ture data, and also describes purely psy-
chological color diagrams based upon the
appearance of colored chips without re-
gard to their physical characteristics (/, 2).

In experiments described here, observers

~were required to ignore color appearance

and judge instead the distinctness of a con-
tour formed between two adjacent fields of
light (3). In each case, before the dis-
tinctness judgment, the intensity of one
field was varied with respect to the other
until the border formed between them ap-
peared minimally distinct. By this criterion
of judging color pairs, we have obtained
the unexpected and surprising result that
all colors—spectral and nonspectral
alike—can be ordered along a line.
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We investigated 36 nonspectral colors
having the chromaticities shown in Table
1. These were presented in all possible
combinations as the right and left halves of
a circular, 25-troland bipartite field sub-
tending 1.35° of visual angle. The stimulus
on the right served in each case as a refer-
ence field. Each of the 36 stimuli had been
previously adjusted in intensity to form a
minimally distinct border (MDB) with a
white reference field; thus the entire experi-
ment was done at a constant luminance (4).
The other 35 stimuli were presented in turn
to the left field.

Our first task as observers was to adjust
the intensity of the left field until an MDB
was formed between it and the reference
field. After doing this, we rated the per-
ceived distinctness of the border on an
eight-point scale, where 0 corresponded to
no perception of a border, | meant a just-
perceptible border, and 7 represented a
very distinct border.

The data of the experiment were ar-
ranged in a 36 x 36 half matrix represent-
ing all possible pairs of different colors.
There were four entries in each cell-—two
for each subject times two for the right-left
positioning of otherwise identical pairs.
The averages of these sets of four dis-
tinctness ratings comprised 630 entries
into a multidimensional scaling program
(5). The purpose of the scaling procedure
was to find a representation of the 36 stim-
uli as 36 points in a space of the least num-
ber of dimensions such that the experimen-
tally obtained distinctness ratings were ap-
proximately monotone or, preferably,
nearly porportional to corresponding dis-
tances. For example, points representing
stimuli that formed very distinct borders
(rating of 7) should be far apart on such a
diagram whereas those for stimulus pairs
rated 0 should coincide. Although degree
of monotonicity improves with the number
of dimensions in the solution, the validity
and interpretability of the configuration
becomes more uncertain so that it is gener-
ally advisable to attempt to find a solution
in as few dimensions as possible (6).

The result of this analysis is schematized
in Fig. 1. The correlation of Euclidean,
straight-line distances between points in
this configuration and the distinctness rat-
ings is .98, which indicates that this ar-
rangement of the stimuli well represents
the perceived distinctness of borders
formed between them. Spectral and non-
spectral colors are intermixed along the
line in a systematic way. Stimuli that are
located at the same point on the line should
form O-rated borders with one another,
and any one of these should be equivalent
to any other when tested with a color that
plots elsewhere on the line. It should be
emphasized, contrary to previous reports,
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Fig. 1. Results from the
multidimensional scaling
of judged differences
among all possible pairs
of 36 nonspectral colors.
Stimuli were juxtaposed /
and the luminance of one
of the pair was adjusted
so that the border be- -
tween them was mini-
mally distinct. Distinct-
ness was then judged on
an eight-point scale. Dis-
tances between points
in the two-dimensional
space depicted here and
the initial distinctness
ratings (obtained experi-
mentally) are highly cor-
related (r = .98). Within
the limits of experimen-
tal error, all of the points
fall along a curved line
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schematized here by a curve fitted by eye. A second experiment (Fig. 2) demonstrated that each of
these nonspectral colors is equivalent, in its border-forming properties, to some monochromatic
stimulus. The wavelengths of these equivalent stimuli are given in Table 1.

that this figure clearly does not represent a
chromaticity diagram or color mixture
diagram (7). The space in which the line
rests can only be viewed from the stand-
point of the subjects’ task——the rating of
border distinctness. Thus, it is not possible
to ““mix” two stimuli together to produce a
point that plots somewhere other than on
the line, for within experimental error, all
stimuli fall on its locus.

In an attempt to understand this result,
we then asked the question: How are sets of
stimuli arranged in chromaticity space, so
that members of these sets map onto a

-single point along the line? An initial in-

spection of the chromaticity of stimuli that
plotted close together on the line suggested
that the points within such clusters would
probably be confused by tritanopic observ-
ers—members of that rare class of dichro-

Fig. 2.
iment,

In this exper- 0.9
monochromatic
stimuli of the wave-
lengths shown in this
C.LLE. chromaticity dia-
gram were juxtaposed
with mixtures of non-
spectral primaries. There
were three sets of these,
defined by the connected
solid points. Subject
B.W.T. adjusted the
ratio of the primaries at
constant luminance until
an MBD was formed
between the mixture
and the monochromatic
stimulus beside it. In
most such cases the
border disappeared en-
tirely. The residual bor-
der was otherwise always
very indistinct and was
never visible to the other
subject. The chromatic-
ities of the mixture
points, as determined by
the method of vector
colorimetry, were deter-
mined and are shown by
the open circles. An ad-

525 n?‘\)

ditional experiment that
permitted exact matches

to be made under a condition of artificial tritanopia yielded identical results. The straight lines
converging toward the blue corner of the diagram are the tritanopic confusion lines. All of the chro-
maticities which fall along these lines collapse to single points on the line at approximately the

locations shown.
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mat believed to lack the cones sensitive to
short wavelengths (8). We confirmed this in
two further experiments. In the first, the
experimenter set a monochromatic light of
fixed intensity into the left field. The ob-
server then adjusted the chromaticity and
luminance of the light in the right field
(which fell somewhere along the lines de-
fined by the solid end points shown in Fig.
2) until he had minimized the distinctness
of the border. Subject R.M.B. could al-
ways find a unique setting that produced an
MDB of 0; subject B.W.T. could always
produce a unique setting, but sometimes
weak borders were seen.

The results of this experiment (Fig. 2)
defined lines that converge toward the trit-
anopic copunctal point, which represents
the missing receptors sensitive to short
wavelengths. This finding was tested direct-
ly in another experiment. Each observer
was exposed for 5 minutes to an intense
blue light (436 nm, 10° trolands) and con-
tinued to view it throughout the session ex-
cept for the periods required to make
instrument settings. The purpose of the
adapting light was to create and maintain
a state of artificial tritanopia (9) by sup-
pressing the sensitivity of cones sensitive to
short wavelengths more than that of the
other two types. Subject R.M.B. was
wholly successful in doing this: at the
match point the field appeared as a circular
spot of homogeneous color.

Data from the two experiments were
identical within experimental error (10).
For subject R.M.B., this means that if
the effects of adaptation to the blue light
are allowed to wear off, the color differ-
ence that emerges between the halves of
the previously uniform field does not pro-
duce a discriminable border (/7). Subject
B.W.T.’s results are consistent with this ex-
cept that he sometimes perceived a slight
color difference under artificial tritanopia.
These findings suggest that the cones that
mediate the perception of blueness in tri-
chromatic observers do not contribute to
the perception of contour ({/2). This means
that any two stimuli that activate cones
sensitive to long and middle wavelengths
equally will fail to support a contour at
their junction. Consequently, any observer
with only one of these latter two types of
cones should see no contour when the re-
maining cones are equally activated on
both sides of the field, and borders rated 0
should therefore occur for any two chro-
maticities provided that adjustment of the
relative intensity of one of them is allowed.
This leads to the prediction that prota-
nopes and deuteranopes, who are believed
to lack cones sensitive to long and middle
wavelengths, respectively, but who have
normal cones sensitive to short wave-
lengths, should show no sensitivity to
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borders formed by any two chromaticities
at an MDB because they lack one of the
two mechanisms required for border per-
ception in the absence of luminance differ-
ences (13). The tritanope, who lacks cones
sensitive to short wavelengths, should
make the same setting as the normal tri-
chromatic observer. These results have led
us to consider the question of the under-
lying structure of ‘the initial scaling study
reported here. From the latter experiments
it seems clear that the activities of the
cones sensitive to long and middle
wavelengths can be posited as the major
underlying mechanism contributing to
these results. We have tentatively labeled
the axes of Fig. 1 with this in mind; further
experimentation is needed to determine
more thoroughly the shape of the line. The
abscissa can be seen to relate to the ratio of
the activities of the two cone types under
consideration while the ordinate may re-
late to some aspect of saturation.

Our results may have important impli-
cations for attempts to understand color
metrics by using MacAdam ellipse data as
the empirical base against which to test

Table 1. 1931 Commission Internationale
d’Eclairage (C.1.E.) chromaticity coordinates of
the 36 stimuli used in the initial experiment.
Also shown is the wavelength of a mono-
chromatic light that a tritanopic observer should
confuse with the stimulus.

Stimulus x y A(nm)
1 16 .02 455
2 16 .04 503
3 17 18 532
4 17 .03 533
5 23 74 540
6 21 45 541
7 23 38 546
8 24 32 552
9 .30 65 552

10 .26 48 552
11 .26 30 558
12 .30 45 558
13 21 10 563
14 31 38 563
15 27 24 566
16 .26 20 567
17 31 30 567
18 .39 49 567
19 22 11 567
20 41 50 569
21 .20 05 573
22 .25 12 578
23 .33 24 578
24 24 10 578
25 .34 20 586
26 .35 20 588
27 .33 16 592
28 47 30 592
29 .59 39 594
30 .26 08 594
31 36 13 608
32 .64 30 614
33 .40 14 617
34 .51 20 619
35 .64 25 635

660

color discrimination theory. MacAdam’s
original observer attempted to match col-
ors along various meridia in chromaticity
space (I4). The dispersion of his settings
was used as an index of perceived color dif-
ference in the direction of the variable
stimulus. MacAdam’s fields were juxta-
posed, but not perfectly so, such that the
border between them did not completely
disappear after the observer made a color
match. It is therefore possible that the ob-
server may have confounded two different
criteria in making settings: (i) just-notice-
able differences in color appearance and
(i) minimally perceptible border dis-
tinctness. Our results indicate that these
two criteria of judgment depend upon very
different mechanisms (15).

In chromaticity space, one can trace out
many paths from one color to another
along a graded series of colors. Although a
straight line does not necessarily represent
the smallest number of just-noticeable dif-

‘ferences between two such points, there is

at least no problem about varying chro-
maticity along such a straight-line path.
The representation of stimuli in two-di-
mensional border distinctness space has
very different properties because there is
only one path that can be followed in a
continuous series leading from one color to
another, and this is the curved path along
the line in Fig. 1. Yet the measure of sen-
sory difference between two stimuli juxta-
posed and compared in this way is not the
length of that curved path, but rather the
length of the straight line connecting the
points representing the two stimuli—a line
along which no real colors lie. This pro-
vides an unusually clear example of how
integrating just-noticeable differences can
lead to incorrect conclusions about the size
of large sensory differences.

Some of the 36 stimuli tested in our ini-
tial experiment lie on the spectral locus of
chromaticity space, and are thus equiva-
lent in chromaticity to spectral colors. It is
an unorthodox notion that spectral and
nonspectral colors can be represented to-
gether for any purpose along a single line.
It may help to recall that this does occur in
the one-dimensional chromaticity dia-
grams of dichromats, and because we deal
here not with color appearance but border
distinctness, normal observers behave like
tritanopes. Thus, the fan of lines in chro-
maticity space—each representing a set of
colors all of which are seen as the same by
a tritanope—can be used to determine
which spectral color is equivalent to any
given nonspectral color with respect to
contour-producing ability.

Along the curved line, white is located
near the center and other colors appear to
be graded according to increasing imbal-
ance of the activity of the cones sensitive to
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long and middle wavelengths. One direc-
tion from white indicates the relative in-
crease in the activity of the long-wave-
length cones while the other direction in-
dicates relative increase in the activity of
the middle-wavelength cones. Whereas
representation of the same stimuli in chro-
maticity space shows which colors are
equivalent when used as members of an
MDB pair, representation in border-dis-
tinctness space shows how all possible sets
of such stimuli map along the line, which in
turn predicts their ability to form contours
with other colors.
BrIAN W. TANSLEY*
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University of Rochester,
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Fishes in Oxygen-Minimum Zones: Blood Oxygenation

Characteristics

Abstract. Teleosts living in some mid-water pelagic regions of the Pacific are hypoxic
or anaerobic during most of the day and become aerobic only during their diurnal migra-
tions to and from the sea surface. The blood oxygen capacities of these fishes are among
the lowest ever reported, and the oxygen dissociation curves show a very low affinity for

oxygen. ’

The oxygen-minimum zone in the north-
eastern tropical Pacific is the largest open-
ocean area exhibiting well-developed hy-
poxic or anaerobic features (/). In the east-
ern extremes of this ocean off the coast of
central and southiern Mexico, the depth of
the oxygen minimum (the dissolved oxygen
content is generally less than 0.1 ml per li-
ter of seawater) extends from approxi-
mately 100 to 900 m with relatively little
variation throughout the year, or from
year to year (2).

Biologically, however, the eastern por-
tion of the low-oxygen region is character-
ized by surprisingly abundant populations
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Fig. 1. Oxygen dissociation curves (at 0°C) for
Myctophum nitidulum (@) and Vinciguerria lu-
cetia (O).

of metazoans, living in the oxygen-impov-
erished water at least during daylight
hours, and often associating in deep scat-
tering layers (DSL) (3). These populations,
particularly the fishes, make a diurnal mi-
gration to the surface at dusk and return to
depth just prior to sunrise in the classical
DSL pattern characteristic of these spe-
cies. The vertical migrations amount to
300 m or more.

Paradoxically, the fishes present in the
low-oxygen region often have gas-filled
swim bladders with high percentages of ox-
ygen (Table 1) (4). The means by which
such diverse groups as fishes, squids, crus-
taceans, and others survive in the condition
of low oxygen are poorly understood, but
in the case of some crustaceans and at least
one fish they include -adaptations per-
mitting regulation of oxygen consumption
in environmental oxygen concentrations
dropping as low as 0.2 ml per liter of
seawater (5). We report here some physi-
ological parameters of the blood of repre-
sentative fishes from this region.

Fishes were collected with a Tucker net
(6) equipped with a timer-actuated, open-
ing-closing mechanism, an acoustic depth-
indicating pinger, and a digital flowmeter
mounted within the body of the net. The
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