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h i g h l i g h t s

• An automated workflow is developed to classify images of camouflaging cuttlefish.
• Classification methodology is based on texture learning.
• System achieves a top performance of 94% accuracy as compared to human labels.
• Classifier output is used to propose a new model of cuttlefish camouflage.
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a b s t r a c t

The automated processing of images for scientific analysis has be-
come an integral part of projects that collect large amounts of
data. Our recent study of cuttlefish camouflaging behavior cap-
tured ∼12,000 images of the animals’ response to changing vi-
sual environments. Thiswork presents an automated segmentation
and classification workflow to alleviate the human cost of process-
ing this complex data set. The specimens’ bodies are segmented
from the background using a combination of intensity thresholding
and Histogram of Oriented Gradients. Subregions are then used to
train a texton-based classifier designed to codify traditional, man-
ual methods of cuttlefish image analysis. The segmentation pro-
cedure properly selected the subregion from ∼95% of the images.
The classifier achieved an accuracy of ∼94% as compared to man-
ual annotation. Together, the process correctly processed∼90% of
the images. Additionally, we leverage the output of the classifier

∗ Corresponding author.
E-mail addresses: e1orenst@ucsd.edu (E.C. Orenstein), jmhaag@ucsd.edu (J.M. Haag), 12.yakir@gmail.com (Y.L. Gagnon),

jjaffe@ucsd.edu (J.S. Jaffe).

http://dx.doi.org/10.1016/j.mio.2016.04.005
2211-1220/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.mio.2016.04.005
http://www.elsevier.com/locate/mio
http://www.elsevier.com/locate/mio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mio.2016.04.005&domain=pdf
mailto:e1orenst@ucsd.edu
mailto:jmhaag@ucsd.edu
mailto:12.yakir@gmail.com
mailto:jjaffe@ucsd.edu
http://dx.doi.org/10.1016/j.mio.2016.04.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


22 E.C. Orenstein et al. / Methods in Oceanography 15–16 (2016) 21–34

to propose a model of camouflage display that attributes a given
display to a superposition of the user-defined classes.

© 2016 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Biological adaptive coloration has been observed in a diverse selection of animals, including
moths, butterflies, spiders, chameleons, and a number of marine species (Stevens and Merilaita,
2009). Cephalopod camouflage has been of particular interest because of the breadth of possible body
patterns these animals are capable of and the speedwithwhich they can change (Barbosa et al., 2007).
Laboratory experiments have suggested that the choice of particular camouflaging body pattern is
fundamentally a visual process; cephalopods actively assess the surrounding ambient light fieldwhen
camouflaging. A contemporary area of research is to unravel the complex physical and neurological
processes underlying this impressive example of crypsis.

The Sub Sea Holodeck (SSH), an aquatic virtual environment, was developed to easily manipulate
the visual environment experienced by a marine organism (Jaffe et al., 2011). The system allows
control of the dynamic light field experienced by the animal using a combination of plasma display
panels and digital projectors. An integrated camera records the subjects’ response. Using the SSH,
biologists are able to perform experiments to better understand the environmental stimuli that elicit
changes in a cephalopods appearance.

The SSH, and other experiments that visually record the behavior of animals, generates large data
sets. The data set from the single experiment analyzed in this work is comprised of nearly 12,000
images. Previous studies of cephalopod camouflage have analyzed data sets of similar size by hand.
This process usually involves categorization according to some salient feature, or manually scoring
each image based on 54 discrete body components followed by cluster analysis (Kelman et al., 2008).
Additionally, the researcher must manually crop the animal from the background to prevent the
type of background (e.g. sand versus black and white rocks) from affecting their scoring of body
pattern. Besides being time consuming, manual processing is subject to errors resulting from short-
term human memory, fatigue, boredom, and recency effects (Culverhouse et al., 2003).

In an effort tomitigate such problems, we propose an automated protocol to segment, register, and
classify laboratory images of cuttlefish. The output of the classifier is further leveraged to quantify the
probability that a given image belongs in each class. This capability will allow for the detection of
subtle changes in an organism’s body pattern that are difficult for a human observer to identify.

2. Prior work

Based on analysis of thousands of images of both terrestrial and aquatic animals, Hanlon (2007)
posited that all animal camouflage can be classified into three basic patterns: uniform, mottle, and
disruptive. Uniform (Fig. 1(a)) and mottle (Fig. 1(b)) patterns allow for general background matching
whereas disruptive (Fig. 1(c)) patterns aim to obfuscate the outline of the animal and often include
some aspects of the first two pattern types.

This generalization has been applied to studies of cuttlefish, providing a common language for
classification. Previous studies have separated both laboratory and in situ images of cuttlefish into
these three broad groups by grading the level of camouflage expression on 54 discrete chromatic,
textural, postural, and locomotive body components as described by Hanlon andMessenger (1988). In
this analysis, a pattern is defined as the combination of these components displayed by an individual.
The ‘‘strength’’ of expression of each of these areas can be evaluated and used for classification.

A number of studies have made efforts towards improving the objectivity of the classification
process. Images of disruptive andmottle displayswere effectively separated by performing a principle
component analysis on a manually generated matrix of body pattern grades (Zylinski et al., 2009).
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