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Supporting Information 

Analysis of hyperspectral images 

 To assess the spectral similarity between the reflectance spectra of animal and 
background, the Spectral Angle Mapper (SAM) classification analysis of ENVI image 
analysis software (ITT Visual Information Solutions, Boulder, CO) was performed on 
the HSI-generated data cubes. SAM is a physically-based spectral classification that 
uses an n-dimensional angle to match pixels to reference spectra. The algorithm 
determines the spectral similarity between two spectra by calculating the angle 
between the spectra and treating them as vectors in a space with dimensionality equal 
to the number of bands. Smaller angles represent closer matches to the reference 
spectrum. Using the tool for delineating the region of interest (ROI), some represented 
skin components of cuttlefish were selected, and the reflectance spectra of each ROI 
were averaged. These averaged ROI spectra were then used as reference spectra to do 
the SAM classification analysis. Threshold of 0.1 (ENVI default setting) or 0.05 for 
the maximum acceptable angle (radians) between the reference spectrum vector and 
the pixel vector was applied to classify the images and to visualize the spectral 
similarity maps. 

 Cuttlefish images on different types of substrates were analyzed (Figs. S1-S3). In 
Disruptive body pattern, three ROIs on a cuttlefish (Fig. S1A) including Median 
mantle papillae (MMP; green), Paired mantle spots (PMS; blue), and White square 
(WS; red) were selected as reference spectra, and the algorithm highlighted areas of 
spectral similarity. For example, when the full spectral range (369-901 nm) was taken 
into consideration, the Paired mantle spots (Fig. S1E) showed distinct spectral 
characteristics on the spectral similarity map (and hence were highlighted). However, 
when only the spectra within the human visible range (400-650 nm) were compared, 
there were many substrate areas resembling the spectral property of the Paired mantle 
spots (Fig. S1F). A similar trend was observed in the other two ROIs (Fig. S1C&D 
and S1G&H), and for cuttlefish on different substrates (Figs. S2&S3). These spectral 
similarity maps (classifications) enable the unbiased comparison of the spectral 
properties of cuttlefish and their natural substrates in the spatial domain. Having 
normalized the data for source error, it also demonstrates that using HSI provides this 
advantage over using sequential, individual point spectral measurements. The fact that 
many regions were highlighted on these spectral similarity maps when only the 
human visible range was considered suggests that reflectance spectra of cuttlefish 
randomly resemble the background spectra and this similarity may facilitate color 
match for camouflage.  
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Finally, it is worth mentioning that certain body pattern components that we 
perceive as similar colors were in fact different based on the SAM classification 
algorithm. For example, when the MMP was the ROI, the White head bar was similar 
but most of the White square was not (Fig. S1C&D). This observation highlights the 
need of using objective measurements to compare the spectral properties among body 
pattern components and background substrates. 

Color space modeling 

To estimate the chromatic discriminability (ΔS) of cuttlefish against background 
in the eyes of di- and tri-chromatic fish predators, the color space model of Vorobyev 
and Osorio (1) was implemented. This model assumes that the luminance information 
is disregarded, and colors are encoded by an opponent mechanism. It also assumes 
that the chromatic discrimination in this color space is limited by noise originating in 
the receptors and determined by the relative proportion of each photoreceptor. This 
model calculates the “distance” (ΔS), or the just noticeable difference (JND), between 
the colors in a di- or tri-chromatic visual space. Colors that appear similar within each 
visual system result in low ΔS values, whereas those that are chromatically 
contrasting are high in value. 

Following Equations 1-3 in the main text, the difference in receptor signals ΔQi 
for two stimuli, a and b, was calculated as: 

    (1) 

where Qi,a and Qi,b are coded quantum catches of stimuli a and b in photoreceptor of 
type i. 

To calculate the chromatic discriminability (ΔS) of two stimuli in di- and 
tri-chromatic visual spaces, the following equations were used. 

For a dichromat: 

   (2) 

For a trichromat: 

   (3) 

where ei represents noise in photoreceptor of type i, and was approximated by the 
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Weber fraction (wi) adjusted by the proportion of cone types (2). 

   (4) 

where ni is the estimate of proportion of cone type i, and nlws is the estimate of 
proportion of long-wavelength-sensitive (LWS) cone. Averaging over proportion of 
cells improves the signal to noise ratio as the square root of ni. In the absence of 
behavioral data on the visual thresholds of fish predators, the Weber fraction of the 
LWS cone was set at 0.05. This value was chosen as a conservative measure of visual 
performance, being more than twice the measured value (half the sensitivity) of the 
human LWS cone system (3). Without morphological studies of the fish retina, the 
relative proportions of the different cone types in hypothetical fish predators were set 
as 1:1 for dichromats and 1:1:1 for trichromats. We also modeled data with a ratio of 
1:2 (S:M) for dichromats and 1:2:2 (S:M:L) for trichromats, but found no significant 
differences in the overall results. 

 Finally, to visualize the chromatic discriminability (ΔS) between camouflaged 
cuttlefish and background, the color contrast images were generated by assigning ΔS 
between each pixel and averaged background in the color space of di- and 
tri-chromatic predators (4). 

 

Quantification of body patterns and background textures 

To characterize the body patterns of camouflaged cuttlefish and their background 
textures, the granularity analysis (5, 6) was used. Essentially, this automated method 
is designed to quantify spatial scales and contrast of animal or background by 
analyzing the image in different spatial frequency bands.  

For examining the cuttlefish body patterns, each animal image was cut out from 
its context and warped to conform in size and shape to a standard cuttlefish template. 
Six octave-wide isotropic ideal filters were used for this granularity analysis. 
Applying these six filters to the warped cuttlefish image yielded six images that 
partition the information in the original image into different “granularity bands” 
(discarding a small amount of information in the highest frequencies). From each of 
the six band-pass filtered images, we extracted one number: the sum of the squared 
pixel values in that image. This is the total energy of the original, standardized image 
in the given spatial frequency band. We refer to these six energies as the “granularity 
spectrum” of the image. The scale of these numbers is arbitrary. We use a scheme in 
which energy is expressed as a mean quantity per pixel and is normalized to reflect a 
proportion of the maximum possible energy that could exist in any image (note: the 
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images have pixel values of 0-255). This energy measure is closely related to the 
root-mean-square (RMS) contrast typically used in characterizing the contrast of 
complex scenes. Based on the shape of this granularity spectrum, three major body 
patterns (Disruptive, Mottle, and Uniform) can be readily distinguished. Typically, the 
spectrum of the Uniform response has low energy in all six granularity bands. The 
Mottle pattern yields a spectrum with more energy at all bands than the Uniform 
pattern, and this spectrum has highest energy in granularity bands 2, 3, and 4, which 
are by definition mid scale in size. Finally, the Disruptive pattern evokes a spectrum 
with more total energy than either the Uniform or Mottle patterns, and most of this 
energy is in the two coarsest (i.e., large scale) granularity bands 1 and 2. Importantly, 
the amplitude and shape of these curves reflect high/low contrast and coarse/fine scale 
of the body patterns, respectively. 

For examining the background textures, three adjacent substrate regions in the 
cuttlefish image were cut out and the same analysis was applied to derive the 
granularity spectra. Averaged granularity spectrum of three selected backgrounds was 
then used to compare with the granularity spectrum of cuttlefish in the same image. 
To evaluating the pattern match between animal and background in the luminance and 
chromatic channels of fish predators, the monochromatic, and isoluminant di- and 
tri-chromatic images of camouflaged cuttlefish (e.g., Fig. 2B, 2E, and 2F) were 
subjected to this granularity analysis. 

Alternatively, to simply determine the information contents of these 
monochromatic and isoluminant chromatic images, the RMS contrast of the entire 
image was calculated. In isoluminant di- and tri-chromatic images, the contrast was 
obtained by averaging RMS of images in the RGB channels. 
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Figure legends 

Figure S1 Spectral characteristics of a cuttlefish in Disruptive body pattern and 
substrates are similar within the human visible wavelength range. (A) Three regions 
of interest (ROIs) on a cuttlefish including Median mantle papillae (MMP; green), 
Paired mantle spots (PMS; blue), and White square (WS; red) were selected for the 
Spectral Angle Mapper (SAM) classification analysis. Aii and Aiii are enlarged views 
of Ai. (B) Reflectance spectra of three ROIs. The shaded area indicates the human 
visible wavelength range, 400-650 nm. (C) Classified match areas (green) by the 
SAM analysis using the averaged reflectance spectrum of MMP as a reference and 
setting the spectral angle threshold of 0.1 radians. The full spectral range (369-901 nm) 
was taken into consideration. Left: overlay with the pseudo-color image; Right: 
display of only the match areas. (D) Same as in C, but only the spectra within the 
human visible range (400-650 nm) were compared. (E)-(F) Same conventions as in 
C-D, the averaged reflectance spectrum of PMS was used as a reference for the SAM 
analysis (blue areas). (G)-(H) Same conventions as in C-D, the averaged reflectance 
spectrum of WS was used as a reference for the SAM analysis (red areas). Scale bar, 2 
cm. 

Figure S2 Spectral characteristics of Mottle cuttlefish and substrates are similar 
within the human visible wavelength range. (A) Three regions of interest (ROIs) on a 
cuttlefish including Major lateral mantle papillae (MLMP; cyan), Median mantle 
papillae (MMP; green), and Paired mantle spots (PMS; blue) were selected for the 
Spectral Angle Mapper (SAM) classification analysis. Aii and Aiii are enlarged views 
of Ai. (B) Reflectance spectra of three ROIs. The shaded area indicates the human 
visible wavelength range, 400-650 nm. (C) Classified match areas (cyan) by the SAM 
analysis using the averaged reflectance spectrum of MLMP as a reference and setting 
the spectral angle threshold of 0.1 radians. The full spectral range (369-901 nm) was 
taken into consideration. Left: overlay with the pseudo-color image; Right: display of 
only the match areas. (D) Same as in C, but only the spectra within the human visible 
range (400-650 nm) were compared. (E)-(F) Same conventions as in C-D, the 
averaged reflectance spectrum of MMP was used as a reference for the SAM analysis 
(green areas). (G)-(H) Same conventions as in C-D, the averaged reflectance spectrum 
of PMS was used as a reference for the SAM analysis (blue areas). Scale bar, 2 cm. 
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Figure S3 Spectral characteristics of Uniform cuttlefish and substrates are similar 
within the human visible wavelength range. (A) Two regions of interest (ROIs) on a 
cuttlefish including arm patch (Arm; green) and White square (WS; red) were selected 
for the Spectral Angle Mapper (SAM) classification analysis. Aii and Aiii are enlarged 
views of Ai. (B) Reflectance spectra of two ROIs. The shaded area indicates the 
human visible wavelength range, 400-650 nm. (C) Classified match areas (green) by 
the SAM analysis using the averaged reflectance spectrum of Arm as a reference and 
setting the spectral angle threshold of 0.1 radians. The full spectral range (369-901 nm) 
was taken into consideration. Left: overlay with the pseudo-color image; Right: 
display of only the match areas. (D) Same as in C, but only the spectra within the 
human visible range (400-650 nm) were compared. (E)-(F) Same conventions as in 
C-D, the averaged reflectance spectrum of WS was used as a reference for the SAM 
analysis (red areas). Scale bar, 2 cm. 

Figure S4 Color matching of camouflaged cuttlefish showing a Disruptive body 
pattern on the mixed rock substrate when viewed by hypothetical di- and tri-chromatic 
fish predators at 1m depth. (A) The pseudo-color image for simulating the human 
view of the cuttlefish. This composite image was formed by using three frames (650, 
550, and 450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E) and 
the transmission spectrum (Fig. 1F). (B) The monochromatic image for representing 
the luminance information of di- and tri-chromatic predators. (C)&(D) The composite 
images for simulating the di- and tri-chromatic predator views of the cuttlefish, 
respectively. (E)&(F) The isoluminant chromatic images for representing the color 
information of di- and tri-chromatic predators. (G)&(H) The color contrast images 
showing just-noticeable-differences (JNDs) of color signals between animal and 
background when viewed by di- and tri-chromatic predators (see Methods). The 
scales indicate JNDs. Scale bar, 2 cm.  

Figure S5 Color matching of camouflaged cuttlefish showing a Disruptive body 
pattern on the mixed rock substrate when viewed by hypothetical di- and tri-chromatic 
fish predators at 10m depth. (A) The pseudo-color image for simulating the human 
view of the cuttlefish. This composite image was formed by using three frames (650, 
550, and 450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E) and 
the transmission spectrum (Fig. 1F). (B) The monochromatic image for representing 
the luminance information of di- and tri-chromatic predators. (C)&(D) The composite 
images for simulating the di- and tri-chromatic predator views of the cuttlefish, 
respectively. (E)&(F) The isoluminant chromatic images for representing the color 
information of di- and tri-chromatic predators. (G)&(H) The color contrast images 
showing just-noticeable-differences (JNDs) of color signals between animal and 
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background when viewed by di- and tri-chromatic predators (see Methods). The 
scales indicate JNDs. Scale bar, 2 cm. 

Figure S6 Color matching of camouflaged cuttlefish showing a Mottle body pattern 
on the mixed pebble substrate when viewed by hypothetical di- and tri-chromatic fish 
predators at near-surface. (A) The pseudo-color image for simulating the human view 
of the cuttlefish. This composite image was formed by using three frames (650, 550, 
and 450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E). (B) The 
monochromatic image for representing the luminance information of di- and 
tri-chromatic predators. (C)&(D) The composite images for simulating the di- and 
tri-chromatic predator views of the cuttlefish, respectively. (E)&(F) The isoluminant 
chromatic images for representing the color information of di- and tri-chromatic 
predators. (G)&(H) The color contrast images showing just-noticeable-differences 
(JNDs) of color signals between animal and background when viewed by di- and 
tri-chromatic predators (see Methods). The scales indicate JNDs. Scale bar, 2 cm. 

Figure S7 Color matching of camouflaged cuttlefish showing a Mottle body pattern 
on the mixed pebble substrate when viewed by hypothetical di- and tri-chromatic fish 
predators at 1m depth. (A) The pseudo-color image for simulating the human view of 
the cuttlefish. This composite image was formed by using three frames (650, 550, and 
450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E) and the 
transmission spectrum (Fig. 1F). (B) The monochromatic image for representing the 
luminance information of di- and tri-chromatic predators. (C)&(D) The composite 
images for simulating the di- and tri-chromatic predator views of the cuttlefish, 
respectively. (E)&(F) The isoluminant chromatic images for representing the color 
information of di- and tri-chromatic predators. (G)&(H) The color contrast images 
showing just-noticeable-differences (JNDs) of color signals between animal and 
background when viewed by di- and tri-chromatic predators (see Methods). The 
scales indicate JNDs. Scale bar, 2 cm. 

Figure S8 Color matching of camouflaged cuttlefish showing a Mottle body pattern 
on the mixed pebble substrate when viewed by hypothetical di- and tri-chromatic fish 
predators at 10m depth. (A) The pseudo-color image for simulating the human view 
of the cuttlefish. This composite image was formed by using three frames (650, 550, 
and 450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E) and the 
transmission spectrum (Fig. 1F). (B) The monochromatic image for representing the 
luminance information of di- and tri-chromatic predators. (C)&(D) The composite 
images for simulating the di- and tri-chromatic predator views of the cuttlefish, 
respectively. (E)&(F) The isoluminant chromatic images for representing the color 
information of di- and tri-chromatic predators. (G)&(H) The color contrast images 
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showing just-noticeable-differences (JNDs) of color signals between animal and 
background when viewed by di- and tri-chromatic predators (see Methods). The 
scales indicate JNDs. Scale bar, 2 cm. 

Figure S9 Color matching of camouflaged cuttlefish showing a Uniform body pattern 
on the sand substrate when viewed by hypothetical di- and tri-chromatic fish predators 
at near-surface. (A) The pseudo-color image for simulating the human view of the 
cuttlefish. This composite image was formed by using three frames (650, 550, and 
450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E). (B) The 
monochromatic image for representing the luminance information of di- and 
tri-chromatic predators. (C)&(D) The composite images for simulating the di- and 
tri-chromatic predator views of the cuttlefish, respectively. (E)&(F) The isoluminant 
chromatic images for representing the color information of di- and tri-chromatic 
predators. (G)&(H) The color contrast images showing just-noticeable-differences 
(JNDs) of color signals between animal and background when viewed by di- and 
tri-chromatic predators (see Methods). The scales indicate JNDs. Scale bar, 2 cm. 

Figure S10 Color matching of camouflaged cuttlefish showing a Uniform body 
pattern on the sand substrate when viewed by hypothetical di- and tri-chromatic fish 
predators at 1m depth. (A) The pseudo-color image for simulating the human view of 
the cuttlefish. This composite image was formed by using three frames (650, 550, and 
450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E) and the 
transmission spectrum (Fig. 1F). (B) The monochromatic image for representing the 
luminance information of di- and tri-chromatic predators. (C)&(D) The composite 
images for simulating the di- and tri-chromatic predator views of the cuttlefish, 
respectively. (E)&(F) The isoluminant chromatic images for representing the color 
information of di- and tri-chromatic predators. (G)&(H) The color contrast images 
showing just-noticeable-differences (JNDs) of color signals between animal and 
background when viewed by di- and tri-chromatic predators (see Methods). The 
scales indicate JNDs. Scale bar, 2 cm. 

Figure S11 Color matching of camouflaged cuttlefish showing a Uniform body 
pattern on the sand substrate when viewed by hypothetical di- and tri-chromatic fish 
predators at 10m depth. (A) The pseudo-color image for simulating the human view 
of the cuttlefish. This composite image was formed by using three frames (650, 550, 
and 450 nm) of the HSI data multiplied by the irradiance spectrum (Fig. 1E) and the 
transmission spectrum (Fig. 1F). (B) The monochromatic image for representing the 
luminance information of di- and tri-chromatic predators. (C)&(D) The composite 
images for simulating the di- and tri-chromatic predator views of the cuttlefish, 
respectively. (E)&(F) The isoluminant chromatic images for representing the color 
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information of di- and tri-chromatic predators. (G)&(H) The color contrast images 
showing just-noticeable-differences (JNDs) of color signals between animal and 
background when viewed by di- and tri-chromatic predators (see Methods). The 
scales indicate JNDs. Scale bar, 2 cm. 

Figure S12 The root-mean-square (RMS) contrasts of the mono-, di-, and 
tri-chromatic images of the (A) Disruptive (B) Mottle (C) Uniform cuttlefish when 
viewed by fish predators at different depths. The RMS contrasts from 4 sets of HSI 
images for each substrate type were averaged. Contrast information of camouflaged 
cuttlefish is much higher in the luminance channel than in the color channels of fish 
predators. The error bars represent SEM. 
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