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Abstract: The main forms of normal and anomalous human color vision can be classified by
the Rayleigh match — the ratio of red and green light that matches an amber reference light. We
have used a new device — the Penn Anomaloscope — to obtain Rayleigh matches for a group
of normal and anomalous participants. The Penn anomaloscope exhibited a high test-retest
reliability, not only giving the same diagnosis for normal and anomalous observers on different
occasions but also preserving individual differences among normal observers. There was good
agreement with the diagnoses given by an established commercial anomaloscope, the Oculus
HMC. Using the DeMarco-Smith-Pokorny theoretical cone sensitivities for anomalous and
normal observers, and our own measurements of the spectral power distributions of the primaries
of the Penn anomaloscope, we modeled the settings that would be predicted for protanomalous,
deuteranomalous, and normal participants. There was close agreement between the settings
expected from the modeling and the settings independently obtained empirically. The Penn
device is compact and portable, and it may be recommended for field studies and educational
purposes.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
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1. Introduction

The Rayleigh match offers a definitive classification of variant forms of color vision [1-3]; and
anomaloscopes — refinements of Lord Rayleigh’s ‘colour mixing box’ [4] — are the definitive
instruments for measuring the match [5,6]. Anomaloscopes, however, are expensive: Commercial
instruments typically command a price that is one or two orders of magnitude greater than that
of a new set of Ishihara pseudoisochromatic plates. So color scientists and ophthalmological
clinicians will welcome the instrument introduced by David Brainard and his colleagues, which
can be constructed for less than $100, is very compact, and is readily portable. A brief description
of the device has been given by Turner and colleagues [7] and more details are available from the
Brainard laboratory [8].

The Pennsylvania instrument (Fig. 1) can be controlled by a laptop computer via an Arduino
microprocessor. LED sources provide the three independent primary lights that any anomaloscope
requires. Much of the cost saving is achieved by foregoing the optics that provide a split field
in many traditional ophthalmoscopes [5,9-11]: Instead, red/green diffused light from a tricolor
LED illuminates one hexagonal field and diffused light from an amber LED illuminates a second,
spatially separate field. A prototype of the instrument was generously made available to us by Dr.
Brainard.

We report here: (i) the test-retest reliability of the prototype Penn Anomaloscope for normal,
protanomalous, and deuteranomalous observers; (ii) the relationship between participants’
settings on the Penn instrument and their settings on a commercial anomaloscope (the Oculus
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Fig. 1. Left: A sketch of the Penn Anomaloscope, showing some details of the interior.
Right: Arrangement of added viewing hood.

HMC); and (iii) the relationship between the average settings of our three types of observer and
the settings expected theoretically from the physical primaries of the instrument.

For the third of these purposes — the modeling of our observers’ settings — we needed estimates
of the spectral sensitivities of the cones of the normal, protanomalous and deuteranomalous
observers. We used the estimates of DeMarco, Smith and Pokorny [12]. Their normal observer
has the color-matching properties of the Judd;gs; 2-deg Observer as (minimally) modified by Vos
[13]. Their anomalous observers were constructed to differ from the Judd;9s; Observer in either
the middle-wave or the long-wave photopigment and to exhibit the average Rayleigh matches
of protanomalous and deuteranomalous observers in the large cohort of young military recruits
tested by Ingeborg Schmidt [14]. To estimate the sensitivity of the anomalous photopigment
of the protanomalous observer, DeMarco et al. removed lens and macular absorption from
the normal middle-wave photopigment, shifted this template on a frequency abscissa, and then
replaced the pre-receptoral factors [12]. The shift was adjusted in small steps to give the best fit
to the average Rayleigh match of Schmidt’s protanomalous observers. An analogous procedure
was used to estimate the spectral sensitivity of the deuteranomalous photopigment.

It is known, of course, that there is no single protanomalous observer and no single deutera-
nomalous observer, just as there is no single normal observer [e.g. 9, 15-17]: In all cases, there
is likely to be variation in the amino-acid sequence of the opsins [e.g. 18, 19-22], in the effective
optical density of the cones [23-25], and in pre-receptoral absorptions [26,27] (although variation
in macular pigment should have little effect in the Rayleigh region of the spectrum). In particular,
reductions in the optical density of the cones may occur in anomalous observers if some hybrid
photopigments are less stable than are the normal ones [25,28]. Even when the sequences of the
X-chromosome array are known from genetic analysis, Rayleigh match mid-points cannot be
predicted with precision [17, Table 2].

Given the uncertainties in estimating individual cone pigments and given that the DeMarco et
al. fundamentals were explicitly constructed to yield the average Rayleigh matches of anomalous
observers, we judge that these fundamentals are satisfactory for our present purpose. It is relevant
that ‘extreme anomalous’ observers — those whose matching range included one end of the
anomaloscope range — were excluded from Schmidt’s sample [14]. That was also the case for the
present study.
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2. Methods
2.1. Participants

The 32 participants (ten female) were predominantly students or staff of Cambridge University,
recruited through social media. Their average age was 27.2 years. Eight participants were
anomalous trichromats and the remainder had normal color perception.

Participants were screened and classified by means of the Ishihara pseudoisochromatic plates
(9™ edition), the Cambridge Colour Test [29,30] and the Oculus HMC Anomaloscope (Oculus
Optikgerite Gmbh, Wetzlar, Germany) [31]. The Ishihara plates were presented under a Macbeth
daylight lamp [32].

To confirm their phenotype, anomalous trichromats were additionally tested with the OSCAR
test [33,34], which uses a modified form of flicker photometry (‘counterphase modulation
photometry’) to measure relative sensitivity to red and green light. We excluded extreme
anomalous observers, i.e. those whose settings on the Oculus Anomaloscope extended to one or
other extreme of the range.

All participants gave informed written consent. The experiments were approved by the
Psychology Research Ethics Committee of Cambridge University (PRE.2021.84).

2.2. Equipment

Details of the components and construction of the Penn Anomaloscope are available from the
website of the Brainard Laboratory [8]. The compact, 3D-printed, housing (Fig. 1) measures
only 83 X 65 % 109 mm. It holds an Arduino ‘Leonardo’ microprocessor and an Adafruit Proto
Shield for Arduino (V:R3). The latter carries the two LEDs. Above each LED is a tube that
presents a diffuse hexagonal stimulus to the eye. Filters can be mounted in these tubes to modify
the spectral power distributions in the two beams.

The red and green primaries are provided by a diffuse tricolor LED and have nominal
wavelengths 623 nm and 523 nm respectively (Adafruit component ID: 848). The original amber
primary LED had a nominal peak wavelength of 605 nm (Adafruit component ID: 3260) and this
LED, like the tricolor LED, was screened with an orange filter (Rosco Roscolux #23). During
assembly, we broke the leg of the amber LED and were unable to source an identical replacement.
We therefore took the opportunity to substitute an AlGalnP LED (RS Components, UK, 826-717),
which has a peak wavelength of 592 nm (dominant wavelength 589.4 nm) and thus is spectrally
closer to the D line originally used by Rayleigh [4] and to the amber primary of the Nagel and
many subsequent anomaloscopes [5,11,35-37]. In addition, this spectral region favors optimal
chromatic discrimination [38]. In order to maintain a suitable range of luminous output, we
screened the amber LED with a Wratten 15 cut-on ‘Deep Yellow’ gelatin filter, which has a
transmission of 90% at 590 nm. We left in place the orange filter in the bicolor channel.

We made direct calibrations of the three primary outputs of the Penn Anomaloscope, using
a JETI spectroradiometer model Specbos 1201 (JETI Technische Instrumente GmbH, Jena,
Germany): We measured, in energy units, the peak wavelengths and spectral power distributions
of the three primaries, as well as the spectral power distributions of the red/green mixtures
over a range of settings of the mixture field. We made analogous measurements for the Oculus
Anomaloscope, but using a PhotoResearch spectroradiometer PR670, since this instrument
allowed us to focus through the optics of the anomaloscope and select the half-field that we
wished to measure.

Whereas in the Nagel or the Oculus anomaloscopes the monochromatic and the mixture
fields form two abutting hemicircles, the Penn Anomaloscope presents to the observer two
hexagonal fields, which are spatially separated (Fig. 1). To standardize the viewing distance
on the Penn instrument, to exclude stray light, and to ensure that viewing was monocular, we
constructed a simple conical viewing hood from black card and mounted it on the upper face of
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the anomaloscope. The viewing distance was approximately 200 mm. At that distance, each
hexagonal field subtended 3.29 deg. The inner edges of the two fields were horizontally separated
by approximately 3.7 deg.

2.3. Procedures

Participants were tested on the Penn and the Oculus Anomaloscopes during the first visit to the
laboratory. In both cases, participants viewed the stimuli monocularly with their preferred eye
and while wearing their normal spectacle correction as appropriate. All participants made a
second visit to the laboratory and gave a second set of settings on the Penn Anomaloscope. On
each visit, at least three independent settings were made on the Penn Anomaloscope.

We used the software supplied with the Penn Anomaloscope. We added a key press to the
software to save parameters of each adjustment — time; red-green mixture value (designated ‘A’
in the software); and intensity value for the amber field. A second added key press served to
randomize the values of the red-green and amber primaries before each new adjustment.

In order to standardize the participants’ adaptation, they were tested under ambient illumination
that had a chromaticity close to Illuminant D65 (Northern Daylight); but during settings on the
Penn Anomaloscope the viewing hood (see above) minimized stray light. During testing on the
Oculus Anomaloscope, the in-built white field alternated with the test fields.

2.4. Modeling

In order to compare our results with those that might theoretically be expected, we modeled, for
the two instruments, the settings predicted from the normal, protanomalous and deuteranomalous
observers of DeMarco, Smith and Pokorny [12]. Figure 2 represents the modeling process. To
calculate the Rayleigh match that each type of observer would be expected to accept, we first
multiplied our empirically measured spectral power distributions at a range of R/G settings by
the tabulated cone sensitivities of each of the three observers of DeMarco et al. We summed the
products to obtain the total excitation of each cone type as a function of R/G settng (top right
panel of Fig. 2). The same calculations were performed for the amber primary. (The short-wave
cones are omitted from these calculations, since they are minimally sensitive in the Rayleigh
range.) We then calculated the ratios of cone excitations that would be produced at each value
of A (bottom right panel). In the case of normal observers, these are the ratios L/M. For the
protanomalous DeMarco observer, the ratio corresponds to M’/M, and for the deuteranomalous,
to L/L’. We similarly calculated the fixed ratio that would be elicited by the amber primary for
each type of observer: These are the horizontal lines in the bottom left panel of Fig. 2 and are
theoretically independent of the intensity of the amber primary. We then found the value of A
that the observer would be expected to choose in order to match the ratio produced by the amber
primary: Graphically, this corresponds to the intersection of the pairs of functions in the bottom
left panel. We made analogous calculations for the Penn and the Oculus instruments.

3. Results and discussion
3.1.  Spectral power distributions

Figure 3(A) shows the normalized spectral power distributions of the three primaries of the Penn
Anomaloscope. The green primary — one of the outputs of the tricolor LED — has a shoulder at
long wavelengths. In Fig. 3(B) we show how the intensities of the red and green primaries vary
in relationship to A, the indicator of R/G ratio provided by the Penn software: The intensity of the
red primary increases almost linearly with A, but the green primary remains constant until A=0.3.
In consequence, the luminous output of the mixture does not remain constant as A is varied (open
squares in graph).
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Fig. 2. The stages in modeling the settings expected from different types of observer
when they make Rayleigh matches on the Penn and the Oculus HMC Anomaloscopes. The
spectral power distributions at different R/G settings are multiplied by the normal or by the
anomalous cone sensitivites and the products are summed, in order to estimate how the total
excitation of each kind of cone varies with R/G setting (top right panel). The ratios of cone
excitations are next calculated as a function of R/G (bottom right). The fixed ratios produced
by the amber field are represented by horizontal lines in the plot at the bottom left; and the
intersection of these lines with the curves for the mixture field give the Rayleigh match that
is predicted (vertical broken lines). Note: DeMarco, Pokorny and Smith [12] denote as L
the anomalous photopigment of the protanomalous and as M’ the anomalous photopigment
of the deuteranomalous. Modern usage has reversed this convention [17,28,39] and so we
here use L’ for the variant long-wave pigment thought to be present in the deuteranomalous
and M’ for the variant middle-wave pigment of the protanomalous.
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3.2. Evaluation of test-retest reliability on the Penn anomaloscope

Figure 4 shows the relationship between the average of the first set of empirical settings for our
individual observers and the average of the second set (which were performed on a different
day). The ordinates of the graph are the raw readings of the instrument (‘A’). A Pearson’s
correlation test revealed a strong relationship between the two independent settings on the Penn
Anomaloscope (R =0.886, p <.001) when only normal observers were included. Thus the Penn
instrument is precise enough and stable enough to preserve the well-known variation among
normal observers. Turner et al. [7] have similarly reported that the Penn Anomaloscope exhibits
good test-retest reliability for normal observers. When we included anomalous trichromats in
our sample, there was a very strong relationship indeed between the two settings (R =0.989,
p <.001).

0.6

0.5

0.4

0.3

Second Penn Setting

0 0.1 02 03 04 05 0.6 0.7 0.8
First Penn Setting

Fig. 4. The test-retest reliability between the two sessions of repeated settings on the Penn
Anomaloscope, as made by normal and anomalous observers.

3.3. Comparison of settings on the Penn and the Oculus anomaloscopes

Figure 5 plots, for individual normal, protanomalous, and deuteranomalous observers, the
relationship between their empirical settings on the Penn instrument and their corresponding
settings on the Oculus (open symbols). The settings are expressed in the units of the raw readings
of the two instruments (A in the case of the Penn device, and the R/G mixture scale (0-73) in the
case of the Oculus). We do not express the ordinates in anomalous quotients, since the latter are
intended only for comparing instruments with the same primaries [1,36].

The empirical settings show a good overall agreement: In no case did the two instruments offer
contradictory diagnoses, or a diagnosis that contradicted our secondary measures (Cambridge
Colour Test; OSCAR test). When anomalous trichromats are included in the total sample, there
is a very strong relationship between empirical measures on the two instruments: The value
of Pearson’s correlation is R =0.971 (p <.001). The value for the non-parametric Spearman
correlation p (which does not assume that the underlying distributions are normal) was 0.728
(p <.001). If only the population of normal observers is considered, the Pearson correlation is
positive but non-significant (R =0.356, p = 0.088) and Spearman’s p is 0.361 (p =.084).
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Fig. 5. The relationship between settings made on the Penn and on the Oculus instruments.
The open symbols are the empirical settings made by our observers. Circles correspond
to normal observers, triangles to protanomalous, squares to deuteranomalous. The solid
orange symbols are the values that our modeling predicts for the normal, protanomalous and
deuteranomalous observers of DeMarco, Smith and Pokorny. The ordinates of the graphs
are expressed in terms of the raw scales of the two instruments.

Although a linear fit to the empirical data of Fig. 5 would capture much of the variance, there
is no a priori reason to expect a linear relationship. There are two reasons for this. Firstly, owing
to the way that the output of the green primary of the Penn device varies with A (Fig. 3(b)),
the relationship between A and R/G is non-linear. Secondly, there are large differences in the
primary wavelengths of the two anomaloscopes. Owing to observer metamerism [40], there is no
common metric for comparing individual settings on anomaloscopes with different primaries.
Within both the anomalous and the normal groups, each observer has his or her own set of cone
sensitivities, and these would need to be multiplied by the two different sets of primaries in order
to estimate the relative excitations of the cones in each case.

3.4. Modeling

Also shown in Fig. 5 (solid symbols) are the average settings expected theoretically for the
three types of DeMarco-Smith-Pokorny observers. These settings were modeled as described in
Methods and are independent of the empirical settings of the current participants. The modeled
values in Fig. 5 depend only on the tabulated sensitivities of the DeMarco observers and on
our physical measurements of the outputs of the two anomaloscopes. The agreement is good.
We would not expect perfect agreement, since our average observers would not be expected to
coincide exactly with the DeMarco-Smith-Pokorny observers and since there must be residual
experimental error in the settings of our observers and in our calibrations. It is relevant, of
course, that anomalous observers used in the modeling [12] were explicitly constructed to have
the average settings that were made by Schmidt’s anomalous observers on a Nagel anomaloscope
with primaries 537, 589 and 666 nm [14].
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3.5. Limitations

Ideally, the long-wavelength primary of the Penn Anomaloscope would be moved from 623 nm to
be close to the classical Nagel primary (typically 665-670 nm): The greater the separation of the
primaries, and the narrower their bandwidths, the better will an anomaloscope separate different
phenotypes [3,9,36]. However, the present long-wave primary is constrained by the availability of
suitable tricolor LEDs (as was the case for a solid-state anomaloscope developed 40 years ago by
Kintz [41]). The large advantage of the use of a tricolor LED for the red and green primaries is
that no optics are required to produce a reasonably uniform mixing field: This factor is critical to
the low cost and the compactness of the Penn Anomaloscope. Another promising new, low-cost
anomaloscope is similarly limited by the primaries available [42]. It would, however, be readily
possible to move the amber primary of the Penn device to a wavelength closer to the 589 nm of
the Nagel anomaloscope — as we have done in the present study.

One property of the Penn device is that the monochromatic and mixture fields cannot be
juxtaposed as semi-circular half fields, as they are in the classical anomaloscope of Nagel [5] or
in many subsequent instruments such as the Oculus [31]. These different spatial arrangements
offer a further reason why we would not expect a perfect relationship between the Penn and
the Oculus Anomaloscopes. Nevertheless, the spatial separation of the two fields on the Penn
instrument may not degrade the observer’s performance: Separation of the discriminanda does
not necessarily impair color discrimination and a small separation may even enhance it [43—46].

4. Conclusions

The Penn Anomaloscope is compact and portable enough to be used in field research outside the
laboratory. It is economical to construct. Yet it exhibits good test-retest reliability, its diagnoses
are concordant with those obtained with the Oculus HMC Anomaloscope and with other tests,
and its results are theoretically valid. The Penn instrument would certainly be satisfactory for
routine screening and diagnosis. However, it would at present be inappropriate to use it in any
situations where the measurements may have legal implications, such as testing for entry to
professions that have formal standards for color vision. In particular, the device would not satisfy
the German standard for anomaloscopes, DIN 6160:2019, which specifies wavelengths close to
those of the classical Nagel anomaloscope [2].

The Penn Anomaloscope would especially recommend itself for teaching, for example, in
schools of medicine or optometry or psychology; for it would be feasible to provide enough
devices for all members of the class to have extended experience in using the instrument. Indeed,
our experience suggests that some students may enjoy constructing the Penn Anomaloscope
using the instructions provided by its designers.
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