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Three approaches to automating taxonomy, with emphasis on the Odonata 

(dragonflies and damselflies) 

By WILLIAM ROBERT KUHN 

 

Dissertation Director: 

Dr. Jessica Lee Ware 

 

 Taxonomy—the field charged with naming and classifying organisms—

forms a foundation for biological research. An understanding of the species on 

Earth is needed for informing biodiversity research, conservation efforts, 

management strategies, and global policy. In recent decades, a ‘taxonomic 

impediment’ has arisen: there is an urgent need to know the millions of yet-

undiscovered species, while funding for the science charged with this task, 

taxonomy, and the number of trained taxonomists are declining. This work aims 

to provide three software tools for taxonomists that allow them to work more 

efficiently and effectively, reducing this impediment. 

 First, a system for automatically landmarking images of specimens for 

geometric morphometric studies was introduced, which could greatly reduce the 

time required to manually landmark images for these studies while also 

increasing the possible sample size of such studies. The system’s landmarking 

error, however, was extremely variable on test images of the wings of dragonflies 

and damselflies (Odonata), and was ultimately too large (300–500 px) to 
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compete with manual landmarking at this time. Second, a method was presented 

for automatically standardizing and extracting descriptive features from images of 

insect wings in order to quantify the appearance of the wings. The 

standardization method was successful in converting scans of odonate wings into 

consistently-formatted square images, automatically. Then, features describing 

the color, texture, and shape of the wings were able to be extracted, producing a 

small set of 663 coefficients that were able to distinguish between species. 

Finally, a system called Odomatic was presented and tested for automatically 

identifying Odonata to species from images of their wings, using the feature 

extraction method combined with machine learning techniques. Odomatic was 

able to make classifications between 32 species with expert-level (up to 92%) 

accuracy, making it useful for quickly identifying specimens. 

 The tools presented here will be deployed for use by odonate researchers 

through the website OdonataCentral.org, but will also be released as open-

sourced Python scripts so that they can be customized to be implemented on 

other taxonomic groups. This work will enable taxonomists and other interested 

parties to make easier morphological comparisons and faster identifications. 
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Chapter 1. Introduction 

 The biological field of taxonomy (and its parent, systematics) forms a 

foundation, indeed a “reference system”, upon which nearly all other biological 

research relies (Crisci 2006). Best known for providing species names, taxonomy 

also provides an infrastructure onto which we attach everything that is known 

about an organism, and allows us the ability to compare them in a consistent, 

meaningful way. Taxonomy is perhaps one of the oldest sciences, rooted in the 

collective human need to classify things in order to make sense of the world 

around us (MacLeod 2008). However, the field as we currently know it is 

grounded in the work of Carl von Linné (1735). In the nearly 300 years since, 

some 1.2 million of the world’s species have been described (Mora et al. 2011). 

But the products of taxonomy are much more than names: biological collections 

provide snapshots of historical biodiversity; taxonomic revisions update our 

understanding of the relationships among species; keys, checklists, and field 

guides make it possible for the knowledgeable and the novice to identify 

organisms; and taxonomic descriptions and monographs encapsulate our 

knowledge of an organism’s morphology, behavior, physiology, biogeography, 

etc. Indeed, taxonomic sciences enrich the human experience on Earth. 

 Taxonomy is more important now than ever before in light of the current 

“biodiversity crisis” (e.g., Koh et al. 2004). There are an estimated 8.7 million 

species on Earth, but only some 14% of them are known to science (Mora et al. 

2011), and even fewer have been studied beyond simply being given a species 

name. A recent study of microbial diversity even suggests that there may be up 
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to 1 trillion species (Locey & Lennon 2016). At the same time, the work of the 

human species is causing unprecedented loss of habitat for our cohabitants 

(Brook et al. 2003) and is changing the global climate (e.g., Karl & Trenberth 

2003). In what has been coined the “sixth mass extinction event” (e.g., Ceballos 

et al. 2015), some 50% of species are projected to become extinct in the next 

half-century (Pimm & Raven 2000; Thomas et al. 2004). It is therefore important 

to learn everything that we can about these species before they are lost. 

 Despite the dire need for taxonomic services, investment into this science 

as well as the number of trained taxonomic experts has been declining in recent 

decades (Godfray 2002; Gaston & O’Neill 2004; La Salle et al. 2009)—a 

phenomenon known as the “taxonomic impediment” (Hoagland 1996). Curiously, 

scientific and funding priorities are shifting away from taxonomy-related works 

toward efforts in other biological fields that rely on and benefit from taxonomic 

products (Carvalho et al. 2008). New tools are needed to allow taxonomists to do 

their work more efficiently and effectively. 

 The aim of this dissertation work is to provide a set of software tools to 

help taxonomists and others to describe the morphology of specimens from 

images. This work is not meant to imply that the taxonomist can be replaced by a 

computer program; but only meant to automate some tedious tasks, like 

landmarking and species identification, where computers excel. This means the 

human taxonomist can spend less time and effort on tedium and more of their 

energies on interesting taxonomic work, particularly alpha taxonomy—describing 

species and making taxonomic revisions. 
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 In Chapter 2 of this work, methods from computer vision are applied to 

automatically locate specific homologous landmarks in images for comparative 

studies, by training a model with manually-labeled example images. In Chapter 3, 

I introduce a method for automatically describing insect wings, from images, 

based on their color, their texture and patterning, and their shape. This method 

encodes descriptive information from these images into a relatively small set of 

feature coefficients, which can be used to describe individuals for comparative 

studies. In Chapter 4, I combine this method with machine learning for automatic 

species identification, in which a system is trained to classify individuals to 

species (or other taxonomic levels) by training it with example images of those 

species. I test these tools on images of dragonflies and damselflies (Odonata), 

but aim for them to be adapted for other taxa as well. By providing these 

computational tools to taxonomists and others, I hope to reduce the taxonomic 

impediment. 

1.1. References 

Brook, B.W., Sodhi, N.S. & Ng, P.K.L. (2003). Catastrophic extinctions follow 
deforestation in Singapore. Nature, 424, 420–426. 

Carvalho, M.R. de, Bockmann, F.A., Amorim, D.S. & Brandão, C.R.F. (2008). 
Systematics must Embrace Comparative Biology and Evolution, not 
Speed and Automation. Evolutionary Biology, 35, 150–157. 

Ceballos, G., Ehrlich, P.R., Barnosky, A.D., García, A., Pringle, R.M. & Palmer, 
T.M. (2015). Accelerated modern human–induced species losses: 
Entering the sixth mass extinction. Science Advances, 1, e1400253. 

Crisci, J.V. (2006). One-dimensional systematist: perils in a time of steady 
progress. Systematic Botany, 31, 217–221. 

Gaston, K.J. & O’Neill, M.A. (2004). Automated Species Identification: Why Not? 
Philosophical Transactions: Biological Sciences, 359, 655–667. 
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Godfray, H.C.J. (2002). Challenges for taxonomy. Nature, 417, 17–19. 

Hoagland, K.E. (1996). The taxonomic impediment and the convention on 
biodiversity. Association of Systematics Collections Newsletter, 24.5, 61–
62. 

Karl, T.R. & Trenberth, K.E. (2003). Modern Global Climate Change. Science, 
302, 1719–1723. 

Koh, L.P., Dunn, R.R., Sodhi, N.S., Colwell, R.K., Proctor, H.C. & Smith, V.S. 
(2004). Species Coextinctions and the Biodiversity Crisis. Science, 305, 
1632–1634. 

La Salle, J., Wheeler, Q., Jackway, P., Winterton, S., Hobern, D. & Lovell, D. 
(2009). Accelerating taxonomic discovery through automated character 
extraction. Zootaxa, 2217, 43–55. 

von Linné, C. (1735). Systema naturae; sive, Regna tria naturae: systematice 
proposita per classes, ordines, genera & species. Haak. 

Locey, K.J. & Lennon, J.T. (2016). Scaling laws predict global microbial diversity. 
Proceedings of the National Academy of Sciences, 113, 5970–5975. 

MacLeod, N. (2008). Automated Taxon Identification in Systematics: Theory, 
Approaches and Applications. CRC Press, London, UK. 

Mora, C., Tittensor, D.P., Adl, S., Simpson, A.G.B. & Worm, B. (2011). How 
Many Species Are There on Earth and in the Ocean? PLOS Biol, 9, 
e1001127. 

Pimm, S.L. & Raven, P. (2000). Biodiversity: Extinction by numbers. Nature, 403, 
843–845. 

Thomas, J.A., Telfer, M.G., Roy, D.B., Preston, C.D., Greenwood, J.J.D., Asher, 
J., Fox, R., Clarke, R.T. & Lawton, J.H. (2004). Comparative Losses of 
British Butterflies, Birds, and Plants and the Global Extinction Crisis. 
Science, 303, 1879–1881. 
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Chapter 2. A tool for automatically landmarking wings of dragonflies and 

damselflies (Odonata) 

2.1. Abstract 

Landmarking is an essential task in the biological field of geometric 

morphometrics—the quantitative study of shape among organisms—but is also a 

time-consuming, manual undertaking, which can limit the size of a comparative 

study. In this study, a system was tested for automatically placing 11 landmarks 

on the fore- and hindwings of a particularly challenging group of insects: the 

dragonflies and damselflies (Odonata). The system used a pictorial structures 

model to learn the appearance and configuration of landmarks from training 

images to predict landmark locations in novel images. In order to compete with 

manual landmarking, the system would need to have a landmarking error of less 

than 10 px; however, the best model had an error of 300–500 px and the error 

was extremely variable across testing images. Thus, the system presented here 

was unable to compete with manual landmarking in its present form. I discuss 

possible reasons for this high error and ways to improve the system. 

2.2. Introduction 

In the field of comparative biology, geometric morphometrics (GMM) has 

become nearly ubiquitous in recent years for quantitatively comparing the shape 

of morphological structures across organisms (Adams et al. 2004). GMM has 

been used in a variety of organisms, from insects (Aytekin et al. 2007; Sadeghi et 

al. 2009; Outomuro et al. 2012; Sanchez Herrera et al. 2015) to fish (Clabaut et 
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al. 2007; Ibañez et al. 2007), and mammals (Caumul & Polly 2005; Cardini et al. 

2007). 

Landmarks are the foundation of GMM. These are coordinates representing 

the positions of salient, homologous morphological features. Landmarking (or 

annotation) is the act of placing landmarks on an image of a specimen and is 

most often performed manually, using software such as tpsDig2 (Rohlf 2005). 

This is a tedious and time-consuming process, requiring a user to point and click 

on the proposed location of each landmark in an image and to repeat this 

process for every specimen that is to be compared. Indeed, this process is so 

laborious that annotation time can limit the scale of comparative studies 

(Palaniswamy et al. 2010). This repetitive activity, however, lends itself to 

automation. Automating the landmarking process could greatly speed it up, 

allowing for studies using a greater number of landmarks and/or specimens, and 

could reduce subjectivity in placement of landmarks by human workers. 

While landmarking is relatively straight-forward for humans to do, it is 

surprisingly difficult to create a computer program that can perform this task 

reliably and accurately. Most existing systems for automating the task of 

landmarking and other related computer vision problems tend toward human-

centric applications, such as detecting and estimating the pose of human figures 

(Felzenszwalb & Huttenlocher 2005; Andriluka et al. 2009; Shotton et al. 2013), 

landmarking human faces (Felzenszwalb & Huttenlocher 2005; Zhou et al. 2009; 

Zhu & Ramanan 2012; Guo et al. 2013), and landmarking medical imagery like 

3D CT scans (Liu et al. 2000; Fatemizadeh et al. 2003; Potesil et al. 2011). There 
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have been relatively few applications of automated landmarking toward non-

human subjects. These include a semi-automated system (where some initial 

human supervision is required) for landmarking three-dimensional images like 

mammalian skulls (Bromiley et al. 2014); an automated system for tracking the 

legs of tarantulas across video frames (Hwang & Choi 2014, 2015); and an 

automated system for landmarking the wings of Drosophila melanogaster 

(Palaniswamy et al. 2010). The latter system was most relevant to this study. It 

was accurate—able to predict the location of landmarks with a 2-px accuracy—

but was only developed for D. melanogaster, one single species that has one 

pair of clear wings. In this study, a system was designed for automatically 

landmarking the wings of numerous species of dragonflies and damselflies (the 

insect order Odonata).   

Compared to D. melanogaster (i.e., Palaniswamy et al. 2010), odonates 

represent a greater challenge for automating annotation. Wing shape varies 

considerably across the order Odonata. The suborders Zygoptera (the 

damselflies) and Anisoptera (the dragonflies) are named for similarity or 

difference of the fore- and hindwings: in most Zygoptera, both pairs of wings 

share a similar shape, whereas in Anisoptera, the hindwings are larger than the 

forewings. Wing shapes can even vary among individuals at the family level: the 

dragonfly family Libellulidae, for example, contains a wide variety of wing shapes, 

from the expanded basal region in the hindwings of Pantala (Appendix B, Plate 

9G–H) to the undulating forewings of Zenithoptera (Appendix B, Plate 10G). 

Differences in the pattern of the wing veins follow changes in wing shape (e.g., 
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Garrison et al. 2006, 2010); thus, a single landmark may be found in markedly 

different locations across the wings of multiple odonate species (or even on the 

fore- and hindwings of the same individual). A landmarker (human or machine) 

must contend with these differences. Perhaps even more challenging though are 

the (sometimes elaborate) color patterns found in the wings of Odonata. While, 

many odonates have clear or lightly-tinted wings (e.g. Appendix B, Plate 1), 

where wing veins contrast well on a membranous background, the wings of other 

species have dark or metallic tinting, or contain stripes or spots (e.g. Appendix B, 

Plate 4E, H–J). In some cases, this coloring can obscure the contrast between 

veins and membrane, making it very difficult to appropriately place landmarks, 

even for a human observer. An automated system for landmarking odonate 

wings would have to overcome these challenges. 

2.2.1. The pictorial structures model 

Felzenswalb and Huttenlocher (2005) introduced a model for recognizing 

objects in images using pictorial structures (PS), which proved to be a simple, yet 

powerful and extensible model. The PS model is briefly described as follows. An 

object (in this case a wing containing landmarks) is represented by its 

appearance and configuration. The configuration of landmarks is represented by 

a graphical model, where vertices (parts) are connected by stretchable edges. 

The best location 𝐿∗ for a set of 𝑛 parts {𝑣1, … , 𝑣𝑛} is determined by minimizing 

the cost function, 

𝐿∗ = arg min
𝐿

(∑ 𝑚𝑖(𝑙𝑖)

𝑛

𝑖=1

+ ∑ 𝑑𝑖𝑗(𝑙𝑖, 𝑙𝑗)

(𝑣𝑖,𝑣𝑗)∈𝐸

), 
(1) 
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where 𝑚𝑖(𝑙𝑖) is the appearance cost of placing part 𝑖 at pixel coordinates 𝑙𝑖 and 

𝑑𝑖𝑗(𝑙𝑖, 𝑙𝑗) is the deformation cost incurred by placing parts 𝑖 and 𝑗 at locations 𝑙𝑖 

and 𝑙𝑗. The appearances of parts can be represented in several ways, two of 

which are described in the Methods. Appearance and configuration parameters 

are learned from training images and corresponding landmark annotations. 

Connections between parts are modeled as a minimum-spanning tree whose 

edges are chosen based on the connection quality between all pairs of parts, and 

which is anchored at an arbitrarily-chosen root part. The best location of the root 

in an image is informed by the quality of the locations of all parts in the tree, 

measured from the tips of the tree toward the root, and that best root location 

also informs the best locations of the other parts, from the root to the tips. This 

upward-downward algorithm, constrained by a tree-structure, is called dynamic 

programming and, in conjunction with distance transforms (Felzenszwalb & 

Huttenlocher 2012), allows the minimization in Equation 1 to be efficiently 

calculated. In fact, a single image can be sampled multiple times (i.e. when 

multiple instances of the same modeled object are present) with little additional 

computation. The specific representations of image appearance and part 

configuration are discussed below. 

2.2.2. A novel application of the PS model 

In this study, the PS model was applied toward landmarking the wings of 

odonates, in order to test whether it could compete with manual landmarking. 

Automated landmarking has never yet been applied to this system, perhaps 

because of the previously-stated challenges: the differences in the shape and 
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color patterning across wings in Odonata that make this task difficult. However, 

the unique properties of the PS model, particularly its reliance on both the 

configuration of landmarks and on their appearance, may allow this model to 

overcome these challenges. 

2.3. Methods 

2.3.1. Training data 

In my PS-based system for learning and predicting the locations of 

landmarks on images (outlined in Figure 2), a set of training images and 

manually annotated landmarks was used to train a model, then an additional set 

of images and corresponding landmarks was used to check the predicted 

landmark locations against manually-annotated (ground-truthed) landmarks. The 

system was trained and tested using 98 images of dragonfly and damselfly 

wings, comprising 36 species (1–16 images per species). These images were 

acquired by digitizing the dorsal side of the excised right fore- and hindwings of 

dried odonate specimens with a desktop scanner (Epson NX620, Epson 

America, California, USA) at 1,200 or 2,400 DPI. Training images were manually 

landmarked in the program tpsDig2 (Rohlf 2005) with 11 landmarks on each wing 

by a human landmarker. These particular landmarks (described in Table 2 and 

shown on images of wings in Figure 1) were chosen because they are found in 

the wings of almost all species of Odonata and are fairly conspicuous so that a 

human worker, and presumably a computer program, could readily locate them. 

During analysis, each image was sampled twice: once for the forewing and once 

for the hindwing. This effectively doubled the size of the annotated image 



11 

 

dataset. To make the wings in images more uniform in scale and also reduce 

computation, images were converted to grayscale and were down-sampled to a 

specific image width, prior to analysis. The landmarks corresponding with each 

image were also down-scaled, proportionally. Several image widths were tested, 

and best results were achieved with 200 or 400-px widths. In addition, I tried 

preprocessing images using an edge filter with a Roberts’ cross operator 

(Roberts 1965; Jones et al. 2001), which emphasizes edges in the image, such 

as wing veins (Figure 6). 

2.3.2. Software package 

Scripts for fitting and applying a PS model were written as a Python 

package called autoLandmark, which is available at http://www.crossveins.com/. 

This package utilizes the following libraries: OpenCV (Jones et al. 2001), the 

Python Imaging Library (PythonWare 2009), scikit-image (van der Walt et al. 

2014), NumPy and SciPy (van der Walt et al. 2011), and dt (Bristow 2014) for 

image manipulation, scikit-learn (Pedregosa et al. 2011) for model configuration 

and testing, as well as pandas (McKinney 2010) and matplotlib (Hunter 2007). 

2.3.3. Training a PS model 

In the system, both the appearance of training images and the 

configuration of corresponding landmarks for those images were used to train a 

model (Figure 2). The model could then be applied to a novel image to predict 

the locations of the model and its respective landmarks on that image. 

The appearance of each part was modelled by creating templates that 

describe what the part should “look like” based on the training images. Two 
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methods for calculating part templates were tested: a patch-based and an iconic 

representation. In the former representation, the region (or patch) of the image 

surrounding a landmark was taken from each training image; the template for 

that part was then calculated as the mean of all its training patches and 

normalized to have values spanning the range 0.0 to 1.0 (Fergus 2005). The size 

of the patch (and template) could be changed, and larger patches encapsulate 

more of the local image features surrounding each landmark, but at the expense 

of model generality (i.e., very large patches may capture mostly information that 

is specific to the training images, and would therefore be less helpful for 

searching novel images). In the iconic representation of part appearance, a set of 

image filters were applied to each training image. The multi-dimensional feature 

vector was then extracted from the filtered image at the coordinates for each of 

the image’s training landmarks. This process was repeated for all training images 

and the normalized mean vector for each landmark across all images was taken 

as the template for that part.  Nine Gabor wavelet filters were used (Figure 4), 

which were designed to closely mimic the nine Gaussian derivative filters used 

by Felzenswalb and Huttenlocher (2005). These filters were applied at three 

scales (σ = 1, 2, and 4), producing feature vectors of length 27 for each part.  

Part configuration (i.e. how parts were arranged with respect to one 

another) was modeled as a set of edges 𝐸 in a tree-structured graph and a set of 

parameters 𝑐𝑖,𝑗 = (𝑠𝑖,𝑗 , Σ𝑖,𝑗) where the ideal location of part 𝑖 was the location of 

part 𝑗 shifted by 𝑠𝑖,𝑗. The ideal location of part 𝑖 was represented as the location 

of part 𝑗 shifted by 𝑠𝑖,𝑗, but the configuration model was deformable so that 
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connection between parts 𝑖 and 𝑗 could be stretched or compressed, at a cost 

encoded in Σ𝑖,𝑗. This cost could differ in the 𝑥- and 𝑦-directions, depending on the 

nature of the training data. The best set of edges 𝐸 was determined by 

calculating the minimum-spanning tree (MST)—the graph which includes all parts 

as vertices, but with the smallest possible total edge weight (Cormen et al. 2009). 

The MST was calculated from an 𝑛 × 𝑛 matrix 𝑞 of the “quality” of the connection 

between parts 𝑖 and 𝑗, where 𝑞𝑖,𝑗 = − log(2𝜋 Σ𝑖,𝑗,𝑥 Σ𝑖,𝑗,𝑦) (Fergus 2005). The MST 

could be navigated by first selecting an arbitrary part as its root. Any parts that 

were adjacent to the root in the tree were taken as its children, and this process 

was continued until all parts had been visited. The final parts of the tree, which 

had no children, were called the tips. Likewise, the parent of every part was 

determined from the tips to the children of the root (the root was parentless).  

The configuration model is illustrated in Figure 5, which shows a 

minimum-spanning tree, with edges colored by their quality. Although the quality 

of connections was determined automatically, their configuration makes intuitive 

sense. Notice, for example, that the edge between parts 1 and 2, which are 

closely associated on the wing (see Figure 1) was relatively high quality, while 

the edge between parts 11 and 4, whose association on the wing is more 

ambiguous, was relatively low quality. The colored dots in Figure 5B show the 

relative position from the training landmarks of every part with respect to its 

parent, and the ellipses are the variance of this positional uncertainty. Notice the 

smaller uncertainty ellipse of part 2’s location with respect to part 1, compared to 

the larger ellipse of part 4’s location with respect to part 11. Also, notice that 
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some ellipses (e.g. part 4) show greater uncertainty in the 𝑥- than in the 𝑦-

directions while others have similar uncertainty in both directions (e.g. part 8).  

During wing-scanning, wings were not always perfectly horizontal in the 

digitized images. Some were rotated up to 15° clockwise or counter-clockwise 

from the horizontal (measured along the anterior margin of the wing). In order to 

account for this possible rotation when modelling wing appearance and 

configuration from the training images and therefore make the model more robust 

to rotation, I tried resampling the training images after rotating them (and their 

respective landmarks). The appearance and configuration of each image was 

sampled normally, then resampled after the image and landmarks were rotated 

slightly (between -15 and 15°). This rotational resampling was suggested in 

Felzenswalb and Huttenlocher (2005) and doubled the size of the training set. 

2.3.4. Applying a fitted PS model 

Once a PS model was trained, the appearance and configuration 

parameters were used to predict landmark locations on an image that was yet 

unseen by the model. This process comprised three main steps (Figure 2): 

calculating the cost based on appearance, performing the minimization, and 

sampling from the transformed response. Prior to further transformation, the 

image was converted to grayscale, resized to the same image width that was 

used in the training process, and possibly edge-filtered, (the same steps used 

during model training). Additionally, I tested slightly blurring the pre-processed 

novel image. 
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An appearance cost map for each part was calculated, based on the pre-

processed novel image and part templates, where each pixel value was a cost of 

placing that part at that pixel location in the image. For the patch-based 

appearance representation, each part template was matched with the image 

using either OpenCV’s normalized sum of squared differences (NSSD), 

normalized cross correlation (NCC), or normalized “CCOEFF” (NCCF) method 

for template matching (Bradski 2000) (Figure 7), giving a cost map where regions 

of the image that match the template most closely were given lower pixel values 

compared to poorer-matching regions, which receive higher values. For the 

iconic representation of appearance, the image was first transformed using the 

same Gabor wavelet filters that were applied to the training images. The 

Euclidean distance was then calculated between each 27-dimensional pixel in 

the transformed image and the 27-length feature vector for a part so that in the 

resultant map, the lowest values were for image pixels that most closely 

resemble that part. An appearance cost map was calculated for every part in the 

model. 

 Next, a minimization was performed, where each part’s cost map was 

translated and distance transformed, recursively, from the parts at the tree’s tips 

to the its root. Starting at any tip (part 𝑖) and given its parent (𝑗), 𝑖’s cost map was 

translated by 𝑠𝑖,𝑗, and the edges of the cost map where padded as needed with 

high-valued (10200) pixels, making the edges of the translated cost map non-ideal 

for part placement. A distance transform (DT) was then performed on the 

translated cost map using an algorithm by Felzenswalb and Huttenlocher (2012), 
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implemented for Python by Bristow (2014). Under the DT, the translated cost 

map was transformed into a “landscape” of paraboloid-shaped, overlapping 

craters ( Figure 8). The bottoms of the craters were local minima from the map, 

their depths were dependent on pixel values at local minima (smaller values 

produced deeper craters), and their widths (in both the 𝑥- and 𝑦-directions) were 

determined by 1/Σ𝑖,𝑗. In this way, there was a smooth, gradual transition in pixel 

values from more ideal (local minima) to less ideal pixel locations. In addition to 

the distance-transformed landscape, the DT algorithm simultaneously produced 

a table giving the location of the nearest local minimum for every pixel in the 

landscape. The translation and DT were repeated recursively, working root-ward, 

producing part response maps (i.e. the landscapes) and part locations maps (i.e. 

the tables of locations) for every part in the MST. The total response map was 

taken as the sum of all part response maps and represented the best locations 

for the root. Figure 9 shows the translated, distance transformed version of the 

appearance cost maps in Figure 7, as well as the total response map (bottom 

right) for a sample image. Because the translation process sometimes seemed to 

crop out the ideal location for a part in the translated cost map, I tried adding 

additional padding (of 10 px, with values of 10200) around each part’s appearance 

map prior to translation. Also, part appearance could be weighted over 

configuration by multiplying the translated cost maps by a scalar prior to distance 

transformation (Fergus 2005). I tested models with weighting values of 5 and 10. 

The best locations of landmarks in each wing in the image were then 

predicted by sampling the results of the minimization. The best model location for 
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the first wing was represented by the location of the global minimum in the total 

response map. Specifically, this was the predicted optimal coordinates for the 

root in the image. Next, given a part 𝑖, a child of the root, and its parent 𝑗 (in this 

case, the root), the coordinates from the 𝑗th part locations map at the predicted 

coordinates for 𝑗 were taken and 𝑠𝑖,𝑗 was added, giving the predicted coordinates 

for part 𝑖. This process was repeated recursively for the rest of the root’s children, 

then their children, etc. until coordinates were predicted for all parts in the model. 

To resample the minimization results for the second wing, an area surrounding 

the global minimum in the total response map was first masked, then the location 

of the global minimum from this new response map was determined, and the 

steps above were repeated to calculate predicted coordinates for the remaining 

parts in the second wing. 

2.3.5. Evaluating model performance 

2.3.5.1. Parameter search 

In order to determine the best combination of parameters for fitting the PS 

model to the images of odonate wings, I ran an exhaustive grid search over 

several possible parameters; however, to reduce the amount of time this search 

would take, I limited the parameters to those determined to be promising based 

on pilot testing. Specifically, I tested the following parameters: image/landmark 

down-sampling width (200 or 400 px), edge-filtering during image pre-processing 

(yes or no), part appearance representation (patch or iconic), root of tree (part 1 

or 4), whether rotational resampling is used (yes or no), configuration-

appearance weighting (5 or 10), degree of blurring prior to minimization (no 
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blurring or σ = 1), and amount of additional padding added to appearance cost 

maps prior to minimization (0 or 10 px around all edges). For patch-based 

appearance models, I tested the following additional parameters: patch size (7, 

13, or 21 px square patches), template-matching method for calculating 

appearance cost maps (NSSD, NCC, or NCCF). There were a total of 1280 

parameter combinations, and for each, a PS model was fit to 20 randomly 

selected images from the training data, then tested on another 20 randomly 

selected images. This was repeated 5 times. Since a “bad” set of training images 

can result in an otherwise “good” combination of parameters giving bad 

predictive performance, only the best 3 of those 5 replicates were used to score 

the combination (as in Palaniswamy et al. 2010). Replicates and combinations 

were scored by the mean of the root-mean-square error (RMSE; Bishop 2006) 

between each predicted and true landmark coordinate across all points in the set. 

RMSE can be taken as the amount of error, in pixels, in the automatic 

landmarking process. 

In order to determine the best possible performance that can be expected 

from this system, I used the “best” combination of model parameters (i.e., the 

one with the lowest mean RMSE) to trained a model on half of the full dataset, 

then tested it on the other half. I repeated this for 10 replicates, then took the top 

6 of 10 replicates, based on each replicates mean RMSE, and determined how 

many predicted coordinates, out of those 6 replicates were within different pixel 

distances from their true coordinates. I also qualitatively assessed the model 
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from the best replicate by manually inspecting several test images onto which the 

true and predicted landmarks were mapped. 

2.3.5.2. Effect of training sample size on landmarking error (RMSE) 

 The effect of training a model with different numbers of training samples 

was tested by ranging the number of samples used to train models from 5 to 75 

in increments of 5, while holding the number of testing samples to 20 other 

individuals. Training and testing samples were randomly selected, without 

replacement, from the full dataset. Models were trained using the best 

combination of parameters. This process was repeated for 10 replicates, and the 

best 6 out of 10 replicates were kept. Training set sizes were compared by the 

RMSE between predicted and true points across all replicates for each size. I 

expected that the variation in larger sets would more closely resemble the 

variation in the entire dataset; and thus, models trained on larger sets would 

have lower RMSE. 

2.3.5.3. Effect of dataset composition on landmarking error 

 I tested the performance of models that were trained using the full dataset 

compared to subsets of the dataset based on morphology and taxonomy. Among 

the dragonflies in the dataset, 23 “clear-winged” species were chosen (see Table 

1) as those where the wings veins clearly stood out against mostly-clear wing 

membrane, although several species may have slight amber or brown tinting at 

the base of the wings. I also chose two genera for which there were multiple 

species in the dataset: the clear-winged dragonfly genus Macromia (14 species 

in the dataset) and the colorful and polymorphic damselfly genus, Polythore (10 
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species). Finally, I chose the clear-winged dragonfly species, Erythemis 

simplicicollis, for which there were 16 individuals. Thus the datasets were as 

follows: the full dataset containing all odonates; clear-winged dragonflies, only; 

Macromia spp., only; Polythore spp., only; and E. simplicicollis, only. Using best 

parameter combination, a model was trained using 15 individuals from the set 

and tested using another 15 individuals. The training and testing sample size was 

set at 15 to control for training set size, since the smallest of these datasets 

contained 15 individuals, and thus 30 wings. This was repeated for 10 

replications, each, and the worst 4 replications were dropped. I expected that 

reducing the diversity in appearance and configuration of landmarks among 

individuals would reduce landmarking error in a trained model (i.e., a model 

would perform best when individuals among the training and testing sets are 

more similar to one another). Because there appeared to be less diversity wing 

shape and coloration in the clear-winged dragonflies, I predicted that the clear-

winged dragonflies would perform better than the full dataset or Polythore spp. 

dataset, which both contain individuals that vary significantly in both appearance 

and wing shape. In addition, I expected that the Macromia spp. and E. 

simplicicollis sets would perform at least as well as the clear-winged set, since 

their members were more similar to one another, compared to the other sets. 

2.4. Results 

I tested the system using 98 scanned and manually annotated images of 

odonate wings. The images were approximately 2,500–4,500 px in length and 

width, before down-sampling for analysis. It should be noted that predicted 
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landmarks were up-scaled back up the original scale of the image; therefore the 

landmarking error (RMSE, measured in pixels) described below was measured 

between full-scale true and full-scale predicted landmarks.  

2.4.1. Parameter search 

I ran a search for the best combination of 10 parameters, with 5 replicates 

each, then kept only the best 3 out of 5 replicates. Doing so reduced the mean 

RMSE among all 1280 combinations from 584.6 ± 462.1 px (mean ± SD) with all 

replicates to 529.3 ± 425.4 px after dropping the worst 2 replicates per 

combination. In the best combination, error ranged from 3.8–1972.3 px (237.4 ± 

231.3 px). Of the best 50 combinations of parameters, 400-px down-sampling 

width was favored (36 out of 50 combinations), most (30) had no edge-filtering, 

the patch appearance representation predominated (43) over the iconic 

appearance model (although the best combination used the iconic 

representation), the choice of assigning parts 1 or 4 as the root of the tree-

structured model was similar (26 and 24, respectively), rotational resampling 

(where images were randomly rotated by a small amount, then resampled during 

training) was not favored (32 ‘no’s), configuration-appearance weighting leaned 

toward 10 (34), blurring before minimization was not favored (23 ‘yes’s), and 

adding 10-px padding (as opposed to no padding) to the appearance cost maps 

prior to minimization was somewhat favored (28). Among the 43 combinations 

with the patch-based appearance model, a 7-px patch size was most favored (27 

out of 43 combinations) followed by the 21-px patch size (10), and the NSSD 

method for template-matching was most favored (27) followed by the NCCF 
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method (12). The best combination of parameters had a mean RMSE of 237.5 (± 

231.3) px, and had the following parameters: down-sampling width = 200 px, yes 

for edge-filtering, iconic representation for part appearance, root = 1, no for 

rotational resampling, configuration-appearance weighting of 10, σ = 1 for 

blurring, and no additional padding. 

 Using the best combination of parameters, models were trained using the 

full dataset. Mean RMSE among the best 6 of 10 replicates ranged from 422.5 (± 

319.7) to 535.2 (± 392.6) px. Table 3 shows the distribution of RMSE values 

across all predicted points in the 6 best replicates. Unfortunately, even the best 

models did not perform well: only 8% of points were within 100 px of their target, 

and most (9,390 points) were more than 200 pixels away. Figure 13 shows some 

examples of landmark predictions made by the best model, which were loosely 

rated as “good”, “fair” and “poor” based on the mean per-wing RMSE for each 

image. 

2.4.2. Effect of training sample size on landmarking error 

 I trained models with the best model parameters while varying the training 

sample size between 7 and 75, and keeping the number of testing samples at 20 

(Figure 11). Sample size affected RMSE much less than expected and RMSE 

varied considerably within sample-size groups; however, there were significant 

differences in RMSE by sample size (ANOVA; df = 14 and 2625, F = 39.86, p << 

0.0001). A Tukey HSD post-hoc test (α = 0.05) showed that sample sizes 10 and 

30 had significantly smaller RMSE (mean ± SD 331.0 ± 313.1 and 363.3 ± 330.1, 

respectively) than all other groups except sample size 25 (385.6 ± 343.4). 
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2.4.3. Effect of dataset composition on landmarking error 

 Dataset composition had a slightly more noticeable effect on RMSE than 

training sample size despite very high variance of RMSE (Figure 12). The 

Macromia spp. dataset showed significantly lower error than the other groups 

(ANOVA: df = 4 and 1975, F = 190.7, p << 0.0001; Tukey HSD, α = 0.05; mean ± 

SD 339.6 ± 388.8 RMSE), while the E. simplicicollis dataset performed 

significantly worse than all the other sets (668.0 ± 583.0). Models trained with the 

full dataset, clear-winged dragonflies, and Polythore spp. sets did not perform 

significantly different from one-another, which is surprising, since—based on 

qualitative assessment—appearance and wing shape vary considerably more in 

the full dataset and Polythore set than among the clear-winged dragonflies. 

2.5. Discussion 

 In this study, I tested a PS model for automatically landmarking images of 

the wings a challenging insect group: the Odonata. Such a system could be 

extremely beneficial for odonate researchers in that it would allow them to 

annotate images much faster and more objectively than is currently possible with 

manual landmarking. In order to compete with manual landmarking and be of use 

for GMM analysis, I estimated that the system’s landmarking error would need to 

be less than ca. 10 px (the approximate width of the average wing vein in the 

image dataset); however, the best landmarking models had an error of 300–500 

px. Indeed, I tested several methods for varying the landmarking model, for 

example, by different appearance representations and by resampling images 

with rotation, to improve it. As shown in Figure 13, the system performed 
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reasonably well on some images—but with extremely high variability in error—

and very poorly on other images. It is unclear why there was such variability in 

the landmarking performance and, unfortunately, the system was not a viable 

replacement for manual landmarking at this time. 

 It may be possible to improve upon my system and thereby reduce 

landmarking error and the most effective way to do that would likely be to change 

the way in which part appearance is represented, which underlies the 

appearance model part of Felzenszwalb and Huttenlocher’s (2005) PS model. 

The appearance representation must be able to generalize the appearance of a 

part and locate a preferably small number of candidate locations for this part in a 

novel image. Possible alternatives the patch-based and iconic representations 

that I tested in this study could be (a) the pairwise geometric histograms 

(Palaniswamy et al. 2010), which take into account the shape of edges in the 

image (this may be particularly useful for densely-veined wings), or (b) the ORB 

(Oriented FAST and Rotated BRIEF) algorithm for detecting image features 

(Rublee et al. 2011), which has been shown to be highly effective for matching 

parts of an object across images. Such alternatives might be able to better 

overcome the differences in wing shape and coloration across Odonata. 
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2.7. Tables and Figures 

Table 1. Species included in dataset for this study. 

Suborder: Family Species No. images 

Clear-winged 

dragonfly? 

Anisoptera: Aeshnidae Aphylla williamsonia 1 yes 

Anisoptera: Aeshnidae Basiaeschna janata 2 yes 

Anisoptera: Cordulegastridae Cordulegaster maculata 2 yes 

Anisoptera: Corduliidae Didymops transversa 1 yes 

Anisoptera: Corduliidae Epitheca princeps 2 no 

Anisoptera: Corduliidae Somatochlora minor 1 yes 

Anisoptera: Gomphidae Gomphaeschna furcillata 2 yes 

Anisoptera: Gomphidae Gomphus exilis 1 yes 

Anisoptera: Libellulidae Celithemis eponina 16 no 

Anisoptera: Libellulidae Erythemis simplicicollis 16 yes 

Anisoptera: Libellulidae Erythemis vesiculosa 16 yes 

Anisoptera: Macromiidae Macromia alleghaniensis 1 yes 

Anisoptera: Macromiidae Macromia annulata 1 yes 

Anisoptera: Macromiidae Macromia aureozona 1 yes 

Anisoptera: Macromiidae Macromia daimoji 1 yes 

Anisoptera: Macromiidae Macromia illinoiensis 2 yes 

Anisoptera: Macromiidae Macromia magnifica 1 yes 

Anisoptera: Macromiidae Macromia manchurica 1 yes 

Anisoptera: Macromiidae Macromia margarita 1 yes 

Anisoptera: Macromiidae Macromia moorei 1 yes 

Anisoptera: Macromiidae Macromia pacifica 1 yes 

Anisoptera: Macromiidae Macromia pinratani 1 yes 

Anisoptera: Macromiidae Macromia splendens 1 yes 

Anisoptera: Macromiidae Macromia taeniolata 1 yes 

Anisoptera: Macromiidae Macromia tillyardi 1 yes 

Zygoptera:  Calopterygidae Calopterayx maculata 1 no 

Zygoptera:  Polythoridae Polythore concinna 1 no 

Zygoptera:  Polythoridae Polythore derivata 1 no 

Zygoptera:  Polythoridae Polythore gigantea 1 no 

Zygoptera:  Polythoridae Polythore mutata 1 no 

Zygoptera:  Polythoridae Polythore neopicta 1 no 

Zygoptera:  Polythoridae Polythore ornata 8 no 

Zygoptera:  Polythoridae Polythore picta 1 no 

Zygoptera:  Polythoridae Polythore procera 1 no 

Zygoptera:  Polythoridae Polythore spaeteri 1 no 

Zygoptera:  Polythoridae Polythore victoria 8 no 
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Table 2. The 11 landmarks used in this study. Figure 1 shows examples of 
these landmarks on odonate wings. 

Landmark No. Description* 

1 Anterior of arculus 

2 Posterior of arculus 

3 Nodus 

4 Intersection of nodus and R 

5 Proximo-anterior corner of 

pterostigma 

6 Disto-anterior corner of pterostigma 

7 Distal end of M1 

8 Distal end of M2 

9 Distal end of M4 

10 Distal end of Cu1 

11 Proximal end of Cu1 

*Wing venation names taken from Walker (1953). 
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Table 3. Distribution of landmarking error by best-parameter models. RMSE 
of all predicted versus true coordinates across the best 6 of 10 replicated models 
using the top-ranking set of parameters and trained/tested on the full dataset. 
The first line, for example is read like this: among all the 12,936 coordinates 
predicted by the best 6 models, 0 (or 0.00 cumulative percent of all the points) 
were within 3 px of their true coordinates. 

Pixel range 

(RMSE) 

No. points 

(non-cumul.) 

Cumulative  

% of points 

3 0 0.00 

4 2 0.02 

5 3 0.04 

10 15 0.15 

15 17 0.29 

20 26 0.49 

30 55 0.91 

40 66 1.42 

50 86 2.09 

75 281 4.26 

100 429 7.58 

150 1,198 16.84 

200 1,368 27.41 

500 4,408 61.49 

>500 4,982 100.00 

Total points 12,936  
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Figure 1. Examples of the 11 landmarks used in this study. See Table 2 for 
descriptions of landmarks. 
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Figure 3. Patch-based appearance representation example. Part appearance 
in the Pictorial Structures model can be represented by taking patches of training 
images surrounding landmarks. Here patches of 20 randomly selected images 
are shown for each of the 11 model parts (rows). The bottom row is the 
normalized mean patch for each part which is taken as a template for what that 
part should “look like.” Note: edge detection was applied to images prior to 
extraction. 
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Figure 5. Example of configuration model. The configuration of parts in the 
Pictorial Structures model is represented in part by a minimum-spanning tree 
(MST) connecting all parts based on the quality of their connections in the 
training data. (A): an MST where connections are colored by quality. Here the 
model is rooted at part 1, and thus the tips of the tree are parts 3, 5, and 10. 
Parts have parents (e.g. 2 is the parent of 11) and children (e.g. 11 is the child of 
2). (B): colored points indicate the position of each part relative to its parent; 
ellipses indicate the variance of the uncertainty in relative part location.  

A 

B 

(root) 
(tip) (tip) 

(tip) 

(child of 2) 

(parent of 11) 
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Figure 6. Edge filtering. A training image to which edge filtering has been 
applied using a Roberts’ cross operator (σ=1; Roberts 1965; Jones et al. 2001). 
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Figure 13. Qualitative assessment of landmarking prediction. Selected 
testing images with true landmarks (black “x”s) and model-predicted landmarks 
(red “+”s for forewing, blue for hindwing) are shown here, sorted roughly by 
landmarking quality. Root parts have a circle around them. Predictions were 
made by the best 10 models (see Methods text for details). 
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Chapter 3. A method for quantitatively comparing appearance of insect 

wings 

3.1. Abstract 

 Images of biological specimens represent a largely-untapped source of 

information that can be used for comparative studies, but new computational 

infrastructure is needed to extract biologically relevant features from complex, 

noisy images. Here, a method was presented for extracting 663 quantitative 

features from images of insect wings relating to the color (chromaticity analysis), 

texture (Gabor wavelet transformation), and shape (morphometric analysis) of 

those wings, and an image standardization method as preprocessing to feature 

extraction. The standardization method was successful in converting scans of 

wings into standardized square images, which could then be used to consistently 

compare the appearance of those wings. Features extracted from those 

standardized images were informative enough to be used to discriminate 

between dragonfly and damselfly species. The methods presented here allow 

researchers to quantify appearance for comparative studies, and are also 

applicable for species identification. 

3.2. Introduction 

 Imagery of Earth’s flora and fauna is increasingly ubiquitous. This is due, 

in part, to recent efforts to digitize large museum collections (e.g., National 

Science Foundation’s Integrated Digitized Biocollections, iDigBio.org), as well as 

the successes of citizen science initiatives (e.g., iNaturalist.org), 

OdonataCentral.org, BugGuide.net), digital specimen repositories (e.g., 
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MorphBank.net), and even images from social sharing sites like Flickr 

(flickr.com). These digital data represent a largely-untapped resource containing 

a wealth of traits about the morphology and ethology of species. They range from 

photographs of live specimens in their natural habitat (in situ images) to images 

of decades or centuries-old preserved specimens. There is a need for 

computational infrastructure to translate this imagery into biologically-meaningful 

information (e.g. Beaman & Cellinese 2012). 

 Presented here is a procedure for converting images of insect wings into 

coefficients (i.e., features) describing their color, texture, and shape, which will 

bolster the cyberinfrastructure needed to turn digital specimen images into data. 

In this paper, I (1) describe three types of features and the methods for extracting 

them from images, (2) evaluate the utility of these features for distinguishing 

between the wings of dragonfly and damselfly species, and (3) demonstrate how 

they can aid in the discovery of taxonomically-interesting morphological 

characters. 

 I chose to work with insect wings for several reasons. They are two-

dimensional and contain species-specific morphological information in the form of 

venation and color patterns, and elements of shape. Additionally, wing 

appearance and shape have been the primary features used in many 

comparative studies of insects, including Odonata (Waage 1979; Córdoba-

Aguilar 2002; Gao et al. 2007; Hassall & Thompson 2009; Sadeghi et al. 2009; 

Schultz & Fincke 2009; Outomuro et al. 2012; Johnson et al. 2013), 

Hymenoptera (Weeks et al. 1999b; Schroder et al. 2002; Baylac et al. 2003; 
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Tofilski 2004, 2008; Hall 2011), Lepidoptera (Mayo & Watson 2007; Le-Qing & 

Zhen 2010, 2012), Diptera (Weeks et al. 1999a; Vaňhara et al. 2007; Lu et al. 

2011), and Hemiptera (Zhao et al. 2010). Aspects of wing morphology, 

particularly patterns of wing venation, are one of the major defining characters 

used to distinguish taxa among the insect order Odonata (dragonflies and 

damselflies) (e.g., Garrison et al. 2006, 2010); however, venation has been 

suggested to suffer from convergence among taxa in this group (e.g. Wootton & 

Newman 2008). I will show that the present method circumvents this potentially 

convergent venation by focusing more on the gestalt, or overall appearance, of 

the wings. 

3.3. Methods 

 In the procedure, images are first transformed into a consistent, 

standardized format, and then three separate analyses are performed to encode 

descriptive coefficients from the standardized images (as in Sanchez Herrera et 

al., 2015). These coefficients are herein referred to as features, and the 

coefficients produced by any one of the analyses are collectively called a feature 

set. All analyses were written in Python and use SciPy (Jones et al. 2001)  and 

scikit-image (van der Walt et al. 2014) libraries for image manipulation, and the 

scikit-learn library (Pedregosa et al. 2011) for dataset analysis. They have been 

incorporated into a package called autoID (described in Chapter 3), which is 

available for download from http://www.crossveins.com. 
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3.3.1. Image dataset 

 I tested the procedure using 1,187 images of the wings of 21 dragonfly 

and 9 damselfly species collected from North and South America (14–94 

individuals per species). These species are listed in Table 1 and examples of 

their wings are shown in Figure 1. Individuals were digitized by excising the right 

fore- and hindwings from each specimen and scanning their dorsal side with a 

flatbed scanner (Epson NX620, Epson America, California, USA) at 1,200 or 

2,400 DPI; wings were excised to simplify their detection in images (see below). 

All wings were scanned with a paper label containing a specimen-specific code, 

and some were additionally scanned with a millimeter scale and color standard 

(Figure 2A). Images were down-sampled from their original size (2500–4500 px 

wide) to 650 px in width prior to analysis to reduce the computation required to 

process them. 

3.3.2. Feature extraction process 

 In this section, the process for converting images into descriptive 

coefficients is described. This is a two-step process, where images are first 

standardized, and the features are extracted from them. 

3.3.2.1. Image standardization 

 Scanned images must first be standardized so that wings can be 

consistently compared across individuals (e.g., for all individuals, the tip of the 

forewing needs to be located in the same region of the standardized image). The 

standardization procedure (illustrated in Figure 4) produces a square image with 

black background, where the forewing and hindwings span the top and bottom 
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halves of the image, respectively (Figure 4F). The square shape of the 

standardized image was a requirement of the Gabor wavelet transformation part 

of the feature extraction (see below), and an image size of 512×512 px was 

chosen as a compromise between image detail and computational efficiency 

(larger images contain more detail but at the expense of greater computational 

cost for manipulating them). There are six steps of the standardization process: 

wing detection, image separation, rotation, rescaling, and padding, and square 

assembly. 

 Wing detection. In order for the rest of the standardization process to 

function, wings in the image must be reliably located and delineated from the 

background—a non-trivial task. This requires an algorithm that is general enough 

to account for variability in the shape, size and condition of wings, as well as 

difference in lighting conditions across imaging devices, while specific enough to 

distinguish wings from labels and other objects in an image. All large objects in 

the image are first located, and then use the shape and texture of these objects 

is used to determine which of them are wings. To detect objects, images are 

converted from color to grayscale and inverted so that the background is black 

and foreground objects are white. Adaptive thresholding is then applied using a 

5-px block size; this essentially detects edges in the image, but does so in a way 

that enables better handling of differences in lighting across the image, such as 

shadows, compared to a global thresholding approach. A hole-filling 

transformation is applied to fill in any black “holes” that are surrounded by white 

edges. Small objects (those smaller than 0.2% of the total image area) are then 
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removed, since they typically represent noise in the image. The image is now 

composed of white objects of various sizes, representing silhouettes of the 

wings, labels, and varying sized patches of noise in the image, on a black 

background.  The objects that are most likely to be wings are determined based 

on two standard shape measurements—solidity and aspect ratio (van der Walt et 

al. 2014)—and two novel measures: edginess and perimeter solidity. Possible 

values of these measurements range from 0.0 to 1.0 except for aspect ratio, 

whose maximum can exceed 1.0. Solidity is calculated as the ratio of an object’s 

area to the area of its convex hull; an object with a solidity equal to 1.0 has a 

perimeter that is completely convex and lacking invagination, whereas an object 

with a solidity close to 0.0 is extremely invaginated in shape. Insect wings are 

mostly convex in shape and so tend to have a solidity >0.7. The aspect ratio is 

calculated as the ratio of an object’s height to its width. All wings are assumed to 

have a maximum aspect ratio of 0.5 (i.e., have a width that is at least twice the 

height); this is based on general Odonata wing morphology and has been shown 

to be true in preliminary data. “Edginess” was devised to estimate the prevalence 

of edges (such as wing veins) in a given patch of an image. To calculate 

edginess, the Canny edge detection algorithm (Canny 1986) is first applied to the 

grayscaled image with σ = 0.5, revealing detected edges as white pixels on a 

black background. An object’s edginess is the number of edge pixels contained 

in the region of the image represented by that object divided by its pixel area. 

Because wing veins register as edges, wings tend to have relatively high 

edginess scores (ca. >0.15), compared to non-wing objects. The final measure, 
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perimeter solidity, measures the degree of smoothness of an object’s perimeter 

and is calculated as the perimeter of the object’s convex hull divided by its actual 

perimeter (which is always larger than or equal to the convex hull perimeter). 

Objects with very jagged edges tend to have values <0.4, while values are higher 

(ca. >0.8) in smooth-edged objects like wings. Figure 3 shows the distributions of 

solidity, edginess, and perimeter solidity for representative wing and non-wing 

objects from some of the test images. The wing-detection algorithm (Algorithm 1) 

takes an image, 𝑖𝑚𝑔, which contains wings, and a variable, 𝑛, indicating the 

number of wings present in 𝑖𝑚𝑔, and it outputs a binary mask the same size as 

𝑖𝑚𝑔, where wing pixels are white on a black background (Figure 2G, Figure 4B). 

In the algorithm, the block size for adaptive thresholding is increased in 

increments of 14 px until a set of 𝑛 objects are found that adhere to the 

constraints placed on solidity, aspect ratio, edginess, and perimeter solidity. 

𝑷𝒓𝒐𝒄𝒆𝒅𝒖𝒓𝒆 𝐺𝑒𝑡𝑊𝑖𝑛𝑔𝑀𝑎𝑠𝑘𝑠(𝑖𝑚𝑔, 𝑛): 𝑡𝑠  = 𝑚𝑖𝑛 threshold for solidity (0.7) 
 𝑡𝑠  = 𝑚𝑖𝑛 threshold for solidity (0.7) 
𝑡𝑒  = 𝑚𝑖𝑛 threshold for edginess (0.15) 
𝑡𝑝𝑠  = 𝑚𝑖𝑛 threshold for perimeter solidity (0.4) 

𝑏𝑠 =  5 𝑝𝑥 
1. 𝑾𝒉𝒊𝒍𝒆 some 𝑚𝑎𝑥 number of iterations has not been exceeded: 

2.  Binarize 𝑖𝑚𝑔 by applying grayscaling, inverting, adaptive thresholding with block size 𝑏𝑠, 
 and then hole filling. Remove objects smaller than 0.2% of total image size. 

3.  Morphologically label binary image, then measure solidity, aspect ratio, edginess, and 
 perimeter solidity  for every object in labeled image. 

4.  Define 𝑖 as the indices of all objects with solidity ≥  𝑡𝑠 and aspect ratio ≤  0.5. 

5.  𝑰𝒇 𝑖 contains fewer than 𝑛 items, increase block size by 14 px and  𝒈𝒐𝒕𝒐 1. 

6.  Descending-order sort 𝑖 by objects’ edginess and remove all but first 𝑛 objects. 

7.  𝑰𝒇 𝑚𝑖𝑛 edginess of  𝑖 ≥  𝑡𝑒 and 𝑚𝑖𝑛 perimeter solidity of 𝑖 ≥  𝑡𝑝𝑠 , 𝒃𝒓𝒆𝒂𝒌. 

8.  𝑬𝒍𝒔𝒆, increase thresholding 𝑏𝑠 by 14 px and 𝒈𝒐𝒕𝒐 2. 

9. 𝑹𝒆𝒕𝒖𝒓𝒏 mask containing only objects in 𝑖. 

Algorithm 1. Pseudocode for an algorithm that selects wing-like objects 

from an image 𝑖𝑚𝑔, containing excised wings and return a mask of them, 
given an a priori number of wings in the image, 𝑛. See Figure 2 for visual 
explanation. 
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 Image separation. Individual wings can then be extracted one-by-one from 

the original image by multiplying the original image by a mask containing only the 

silhouette of the wing of interest. Two images were obtained by doing this for 

both wings in the output mask, each image containing one masked wing (Figure 

4C–D). The upper-most wing is assumed to be the forewing and the lower, the 

hindwing. The extra black background around each image is then cropped.

 Image rotation. Next, wings are reoriented so that their anterior edge 

(costal margin) is approximately horizontal. This is done by fitting a linear 

regression to the pixel coordinates representing the top-most pixels of a wing.  

The image is then rotated by the arctangent of the slope of that regression to 

reorient it (Figure 4E). The bases and tips of the wings in the image dataset used 

here are often tattered, which can cause over- or under-estimation of the slope. 

To prevent this, the proximal and distal 5% of the length of the wing (along its 

longitudinal axis) are ignored for the linear regression. 

 Image rescaling and padding, and square assembly. The reoriented wing 

images are re-cropped so that the wing spans the entire width and height of the 

image, and are resized, proportionally, to be 512-px wide. Black padding is 

added to the bottom of each resized image to make it 256-px in height.  The two 

512×256-px images are assembled into one 512-px square, so that the top and 

bottom halves contain the fore- and hindwings, respectively (Figure 4F). 

3.3.2.2. Feature extraction 

 Once the images are converted to a consistent, standardized form, they 

can be compared. One way to do this would be to compare pixel values across 
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images; however, the standardized images are too large for this: each 3-channel, 

512×512-px image contains 786,432 features. In preliminary work, I found that 

comparing more than a small number of such feature vectors of this size is 

computationally prohibitive. Also, many of the features in such vectors, such as 

pixels that are black across all standardized images, would not be informative, as 

they do not vary across individuals. Instead, each standardized image is encoded 

into a much shorter, 663-length vector, which describes aspects of the shape, 

color, and texture of the wings in the image, through (a) morphometric analysis, 

(b) chromaticity analysis, and (c) Gabor wavelet transformation. 

 Morphometric analysis. The shapes and relative sizes of wings are 

described using 15 measurements (listed in Table 2). These measurements were 

chosen based on observations of how the silhouettes of pilot-study wings vary in 

shape between species. All measurements can be consistently and automatically 

calculated from masks of the fore- and hindwings in standardized square images 

without the need for a scale; all measurements are unit-less (ratios, slopes, etc.). 

 Chromaticity analysis. Information describing local wing coloration is also 

extracted from standardized square images. Images are first converted from the 

RGB (red, green, blue) color space to chromatic coordinates (CCs). The benefits 

of this color conversion are two-fold: the effect of inconsistent lighting across 

images is reduced, which is helpful for comparing images that were digitized with 

different imaging devices, and the correlation between pixel values in the red, 

green, and blue channels is removed (Gillespie et al. 1987; Woebbecke et al. 
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1995; Sonnentag et al. 2012). CCs are calculated from RGB pixel values using 

the transformations, 

𝑟 =
𝑅

𝑅+𝐺+𝐵
, 𝑔 =

𝐺

𝑅+𝐺+𝐵
, and 𝑏 =

𝐵

𝑅+𝐺+𝐵
, (1) 

where R, G, and B are a pixel’s original intensity values and r, g, and b are the 

transformed values. After transformation, the mean and standard deviation of 23 

image regions are calculated from each of the image’s three color channels, 

producing a 128-length feature vector (23 regions × 3 channels × 2 measures 

(mean and SD)). Image regions are sampled in the following order: the whole 

square, upper and lower halves, square quarters, and square sixteenths of the 

image. Means, then standard deviations, are calculated from each region for the 

r-channel, g-channel, and b-channel. This image-sampling scheme was inspired 

by the local color sampling used by Le-Qing and Zhen (2012) and the 

hierarchical scheme for Gabor wavelet sampling in Russell et al. (2007; 

described below). 

 Gabor wavelet transformation. The texture and patterning of each 

standardized image are captured through a Gabor wavelet transformation (GWT) 

applied to the grayscaled image. GWTs are used in many image processing 

applications, including optical character recognition, fingerprint and iris 

recognition, and image compression (Daugman 1988; Weldon et al. 1996), since 

the wavelets closely follow the operation of cells of visual cortex in mammals 

(Daugman 1980). By applying Gabor wavelets—which are essentially image 

filters—at different rotations and scales over an image, the scale and 

directionality of edges and patterns in the image can be encoded. For example, a 

GWT of the wings of Celithemis eponina (Figure 1, 2nd row, 1st column) at a 
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large scale might capture information about the stripes in the wings or their 

general shape, whereas a small-scaled GWT might capture information about the 

wing venation. In the GWT, six Gabor wavelets—the real and imaginary 

components of the wavelet each at three rotations (0°, 120°, and 240°)—are 

applied iteratively to 85 regions of the image (Figure 6A): the entire square 

image, square quarters, square 16ths, and square 64ths of the image (Russell et 

al. 2007) (Figure 6B). In this manner, information is extracted at four scales, 

yielding 510 coefficients per image (2 components × 3 rotations × 85 regions). 

3.3.3. Evaluating the feature extraction process 

3.3.3.1. Measuring ‘discriminability’ 

 The ability of different feature sets to discriminate between species—

discriminability—can be compared using Mahalanobis distance (MD) and 

classification accuracy. Given a set of feature coefficients taken from several 

individuals, each belonging to one of two species, the MD between those species 

is a covariance-adjusted measure of the distance between their centroids 

(reported in standard deviations; Mardia et al. 1979). The MD tells how much the 

multi-dimensional point clouds representing those two species overlap with one 

another, and is defined as 𝐷 = √(�̅�1 − �̅�2)′𝑺𝒖
−1 (�̅�1 − �̅�2) where 𝑺𝒖 is the pooled, 

unbiased covariance matrix 𝑺𝒖 =  𝑛1𝑺𝟏 + 𝑛2𝑺𝟐/(𝑛1 +  𝑛2 − 2), and 𝑛1 and 𝑛2 are 

the group sample sizes. For a given feature set, the principal components (PCs) 

of the set were first calculated; then using the first 10 PCs, the MD between each 

unique pair of species was calculated. For the 30 odonate species used in this 

study, there were 435 unique species pairs. Classification accuracy was 
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measured using a nearest neighbor (NN) approach in a leave-one-out (LOO) 

scheme: species centroids were calculated from a dataset where one individual 

has been left out. That individual was then predicted to belong to the species 

whose centroid was closest to it (measured in Euclidean distance). For each 

feature set, the process was repeated so that a species designation was 

predicted for every individual. Accuracy was calculated as the proportion of 

individuals in each species that were correctly classified. 

3.3.3.2. Feature performance 

 Discriminability was compared among seven feature sets (described 

below); all but one of the sets were derived using all 1,187 dragonfly and 

damselfly individuals. The first four sets were derived from the descriptive 

features: morphometric, chromaticity, and GWT features, and a concatenation of 

all three sets; and an additional three sets—developed for comparison to the 

former sets—were as follows. In order to compare the effect of converting 

images to CCs before sampling in the chromaticity analysis, a feature set called 

“RGB” was taken using the chromatic analysis procedure except that the square 

images were left as untransformed RGB pixel values (not converted to CCs) 

before extraction. In addition, discriminability was measured with two “raw pixel” 

feature sets composed of the concatenated pixel values of the standardized 

squares directly into feature vectors. As previously stated, the 3-channelled 

512×512-px squares are prohibitively large to compare across all individuals, so 

in the first raw pixel set, squares were down-sampled to 75×75 px and then 

concatenated, giving a 16,875-length feature vector per individual. For a second, 
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similar dataset, 10 individuals were randomly selected from each species (300 

individuals, total), and then squares from those individuals were down-sampled 

to 125×125 px and concatenated to produce vectors containing 46,875 features. I 

refer to the latter two feature sets as “raw-pixel sets”. Figure 7 depicts the relative 

size and amount of detail in original and down-sampled versions of square image 

examples. Discriminability was compared between feature sets with an ANOVA 

(α = 0.05) and Tukey HSD post hoc test (α = 0.05) (Quinn & Keough 2009). I 

hypothesized that the descriptive features would discriminate species equally 

well or better than the raw-pixel features, while encoding images into much 

smaller sets of features. I also predicted that chromaticity features would 

discriminate at least as well as RGB features. 

3.3.3.3. Effect of scanner model on feature discriminability 

 To determine how feature extraction was affected by the use of multiple 

scanners to digitize wings in a dataset, five individual dragonflies (of species 

Celithemis eponina, Erythemis vesiculosa, Erythrodiplax umbrata, Miathyria 

marcella, and Perithemis tenera) were digitized with four consumer-grade 

desktop scanner models: Dell P713W (Dell Inc., Texas, USA), Epson NX625, 

Epson Perfection V500, and Epson WF-2630. To account for intra-scanner 

variability, individuals’ wings were scanned three times with each scanner and 

were shifted slightly on the scanner glass between scans. The P. tenera and E. 

vesiculosa individuals were exceptions: their wings were broken during scanning 

and were therefore only scanned twice on the Epson WF-2630. In order to 

measure which features varied the most across scanners, the procedure in the 
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previous section was repeated, giving seven feature sets to compare. These sets 

were derived from all 58 images, and pairwise MDs were calculated between 

scanners rather than species. Since illumination and colorimetric sensors vary 

between image scanner models (Sharma et al. 1998), I hypothesized that, 

among these feature sets, chromaticity would vary the most in images of the 

same object digitized with different scanners. Since conversion of an image from 

the RGB to the chromatic color space should standardize color across different 

lighting conditions (Gillespie et al. 1987), I expected that the RGB feature set 

(which was not transformed into CCs) would produce higher pairwise MDs 

between scanners (i.e., vary more) than the chromaticity feature set, and that the 

morphometric and GWT sets would produce similar MDs between scanners. 

3.3.3.4. Effect of image distortion on feature discriminability 

 Standardized images were distorted with Gaussian blurring or salt-and-

pepper noise, then chromaticity and GWT features were extracted from them, in 

order to test the effect of image distortion on feature discriminability. 

(Morphometric coefficients were not extracted as the morphometric feature 

extraction process requires standardized images to be pristine.) A subset of 300 

standardized squares (10 randomly selected individuals per species) were used, 

and Gaussian blurring was applied to the wings with σ = 0 (no blurring), 1, 2, or 4 

(heavy blurring; Figure 8, top row), followed by feature extraction. Similarly, salt-

and-pepper noise, where random pixels are changed to white or black (Boncelet 

2000), was applied in varying degrees to the same image subset and followed by 

feature extraction. Noise was added with t = 0 (no noise added), 0.01, 0.05, and 
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0.1 (lots of added noise; Figure 8, top row), where t is a threshold value that 

governs the probability that a given pixel will be changed to salt-and-pepper 

noise (the probability of its turning to white or black was 1:1). Discriminability was 

compared between feature sets with an ANOVA (α = 0.05) and Tukey HSD post 

hoc test (α = 0.05). I hypothesized that both chromaticity and GWT features 

derived from unaltered images would discriminate species better than those 

derived from distorted images. 

3.3.3.5. Features for discovery 

 The sampling schemes used for extracting chromaticity and GWT 

features—where each feature was derived from a specific region of the square 

images—potentially allowed for taxonomically interesting characters to be 

discovered in the wings. The F-statistic, which measures discriminative 

information by comparing between-group to within-group variance (Quinn & 

Keough 2009), was calculated for each chromaticity and GWT feature using 

species as the grouping variable. These values were then mapped back onto the 

portion of the square image to which each feature corresponded. This allowed 

the fore- and hindwings to be visualized based on the importance of different 

regions of the wings for discriminating odonate species. 

3.4. Results 

3.4.1. Image Standardization Performance 

 Image preprocessing was successful—where the fore- and hindwings 

were both detected and correctly transformed into a standardized image—for all 

1,187 scans of dragonfly and damselfly wings used in this study (preprocessing 
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failures from pilot data are discussed below). The time required for image 

preprocessing range widely from 4.02–53.78 s per image (22.81 ± 10.56 s, mean 

± SD) on an ASUS N550JV laptop computer with a quad-core 2.40 GHz 

processor and 8 GB RAM (ASUS Computer International, California, USA). Most 

(ca. 95%) of that time was spent on wing detection (21.59 ± 10.45 s) and the 

remaining steps were very fast (1.22 ± 0.36 s). Between 1 and 3 iterations of 

Algorithm 1 were required to preprocess images and the average time per 

iteration was 11.70 ± 4.50 s. 

 Failures in image preprocessing were recorded for other pilot specimen 

analyses not included here, and occurred when the algorithm either failed to 

detect wings that were present in the image or reported non-wing objects to be 

wings. These failures reflect the difficulty of developing a perfect wing-detection 

algorithm and warrant further work to improve upon Algorithm 1. 

3.4.2. Feature Extraction Performance 

 Morphometric, chromaticity, and GWT features were extracted from the 

standardized square images. Feature extraction took 4.50–12.78 s per image 

(8.16 ± 2.10 s). Since the feature extraction process is not computationally 

complex, it its per-image timing could likely be reduced to <1 s, given further 

optimization of the scripts governing the process. 

3.4.3. Feature performance 

 Discriminability in the form of mean pairwise MD and nearest neighbor 

classification accuracy was measured for the seven feature sets (Table 3, Figure 

9). Pairwise MDs ranged widely between 1.04 (highly overlapping species 
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centroids) to 101.26 standard deviations (highly divergent centroids), and species 

classification accuracy ranged from 0.00 (consistent misclassification) to 1.00 

(perfectly accurate classification). Means were significantly different in both MDs 

(ANOVA, df = 6 & 3039, F = 124.23, p < 0.0001) and accuracies (df = 6 & 204, F 

= 25.99, p < 0.0001). Morphometry and GWT produced the smallest mean MDs, 

performing statistically worst (Tukey HSD, α = 0.05), while the large, 125×125 

raw-pixel set performed best. None of the other sets differed statistically from one 

another. The lowest classification accuracy was also attained with the 

morphometry set, while the 75×75 raw-pixel set performed statistically better than 

the chromaticity and combined feature sets. Interestingly, the chromaticity and 

combined sets were equivalent in both mean pairwise MD and mean accuracy; 

this may indicate that the chromaticity features provided the most discriminating 

information among all of the descriptive features (further discussed in ‘Features 

for discovery’ below). Overall, these findings indicate that the feature sets 

provided a similar level of discriminability compared to the features comprising 

concatenated pixel values (i.e. the raw-pixel sets), with the exception of 

morphometric features. In addition, the chromaticity features performed equally 

as well as RGB features. 

3.4.4. Effect of scanner model on feature discriminability 

 Images acquired from four desktop scanners were compared in terms of 

the pairwise MDs between scanners using each of the seven feature sets (Figure 

10). Between-scanner MD varied from 0.73 (low variability) to 23.68 (highly 

variable). The sets ranked as follows in terms of mean pairwise MD: 
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morphometry (1.12 ± 0.29), 125×125 raw pixels (1.24 ± 0.24), 75×75 raw pixels 

(1.26 ± 0.24), GWT (3.64 ± 2.54), chromaticity (3.92 ± 1.31), morphometry, 

chromaticity and GWT combined (3.92 ± 1.31), and RGB (12.26 ± 8.01). The 

RGB set had significantly greater between-scanner MD (ANOVA, df = 6 & 35, F = 

7.21, p = 0.0005; Tukey HSD, α = 0.05) than any of the other feature sets. This 

was consistent with the prediction that the RGB features would vary more 

between scanners than the chromaticity features, and suggests that the 

transformation of standardized square images from RGB to CC color space 

before sampling reduced the effect of variability among scanners. 

3.4.5. Effect of image distortion on feature discriminability 

 Blurring (Figure 11) and salt-and-pepper noise (Figure 12) were added in 

various degrees to standardized square images and the subsequent effects on 

chromaticity and GWT features were measured in terms of pairwise MD and 

classification accuracy. Small, but significant, differences were seen in pairwise 

MD for both chromaticity (ANOVA; df = 3 & 3039, F = 18.46, p << 0.0001) and 

GWT (F = 6.79, p = 0.0002) sets given blurring and in GWT (df = 3 & 3039, F = 

17.73, p << 0.0001) sets with salt-and-pepper noise. No significant differences 

were seen elsewhere. Surprisingly and contrary to the prediction that distortion 

would decrease the discriminability of features, the effects of both blurring and 

salt-and-pepper noise—even in the most extreme (i.e. σ = 4 or t = 0.1)—were not 

appreciable. This may be due to the nature of the feature extraction schema for 

chromaticity and GWT features: specifically, that each feature was derived from a 

large region of the image, rather than from an individual pixel, so that small 
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perturbances in some of a region’s pixels would be unlikely to have a large effect 

on features derived from that region. 

3.4.6. Features for discovery 

 F-statistics were used to visualize the importance of different regions of 

the standardized squares for species discrimination based on the chromaticity 

(Figure 13, Figure 15A) and GWT (Figure 14, Figure 15B) feature sets. Because 

the morphometric features were not sampled in such a mappable way, they were 

not included in this analysis. For the chromaticity features, F-statistics ranged 

from 2.14 to 1023.06, while GWT statistics ranged from 0.67 to 846.81. Features 

with lower F-statistics were worse at discriminating species than those with 

higher statistics. Of the 20 overall most-informative features, 14 were 

chromaticity and 6 were GWT features. All 20 are derived from part or all of the 

lower left quadrant of the standardized square images, which corresponds to the 

proximal half of the hindwing. As seen in Figure 1, this region of the hindwing 

was quite variable in patterning, color, and particularly in shape, although it is 

possible that the image mask (i.e., the black background around the wing) of this 

part of the standardized square images contributed as much or more to the 

information in this region of the image than the color or texture of the image. The 

20 most-conserved features were all from the GWT set, and were mostly in the 

very bottom of the standardized image, which was probably a consistent black 

among all individuals; however, the fourth and fifth of these were in the nodus of 

the hindwing (in the 120°-rotated, imaginary wavelet) and near the arculus of the 

forewing (in the 240°-rotated, imaginary wavelet), respectively. This was 
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surprising considering the apparent variability of these regions and warrants 

further investigation. 

3.5. Discussion 

 In this chapter, a procedure was presented for summarizing the rich visual 

information contained in imagery of insect wings into a relatively small number 

(663) of descriptive feature coefficients for comparative analysis. The novel 

contributions of this work are three-fold: (1) an algorithm for reliably detecting 

wings in an image was introduced, (2) a method for converting images of wings 

into a standardized format was described, and (3) novel feature sets were 

introduced, which capture the shape, color, and texture of the wings, along with a 

method for extracting them from images. The wing detection method was shown 

to be reliable, successfully detecting wings in all images of odonate wings that 

were used in this study. Using the wing detection algorithm, the image 

standardization procedure was able to successfully convert images to 

standardized squares, from which features could be extracted. I demonstrated 

that the chromaticity and GWT features captured discriminating information from 

images equally as well as features derived from raw image pixels, but while 

requiring only a fraction of the number of features. It was also shown that 

converting the standardized images into chromaticity coordinates during 

chromaticity analysis increased the stability of features from images taken across 

multiple scanning devices. The chromaticity and GWT features were shown to be 

robust against distortion of the standardized images. In addition, the sampling 
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method for taking chromaticity and GWT features allowed the most discriminating 

regions of wings to be discovered. 

 Taken together, the methods presented here allow for the quantification of 

wing appearance—a property which is typically difficult to measure. In fact, these 

methods have already been used by Sanchez-Herrera (2015) to quantitatively 

compare the appearance of Polythore damselfly wings. In that study, feature 

coefficients extracted from wing images were not only used to discriminate 

between species, but were also used as continuous morphological characters in 

a phylogenetic reconstruction. In this way, these methods provide a new tool for 

morphological phylogenetics and taxonomy, allowing morphological characters to 

be automatically extracted from images (as in La Salle et al. 2009), which can 

then be used for reconstructing phylogenies or for species description. The 

stability of the chromaticity and GWT features from image taken across multiple 

imaging devices is particularly advantageous as it allows a comparative study to 

include imagery acquired from imaging devices at different insect collections.  

 These methods need not be limited to quantifying appearance of wings in 

Odonata. This procedure should work equally well on other taxa, particularly 

other insect groups, and other morphological structures, with the limitations that 

the structures must be relatively two-dimensional (like wings), that it must be 

possible to image them in a consistent manner, and that the standardization 

procedure presented here (or an alternative procedure) must be able to 

transform the images into a consistent, comparable square format.  
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3.7. Tables and Figures 

Table 1. Composition of the testing dataset. The 1,187 images from 30 
odonate species used in this study are listed here by species. 

Suborder Family Species No. individuals 

Anisoptera Aeshnidae Aeshna juncea 26 

  Basiaeschna janata 18 

 Gomphidae Gomphus vastus 15 

 Corduliidae Epitheca cynosura 68 

 Macromiidae Macromia illinoiensis 31 

 Libellulidae Celithemis elisa 15 

  Celithemis eponina 66 

  Erythemis peruviana 20 

  Erythemis simplicicollis 94 

  Erythemis vesiculosa 52 

  Erythrodiplax fervida 92 

  Erythrodiplax umbrata 19 

  Leucorrhinia intacta 24 

  Libellula incesta 42 

  Libellula luctuosa 43 

  Pachydiplax longipennis 50 

  Pantala flavescens 39 

  Pantala hymenaea 48 

  Perithemis tenera 29 

  Plathemis lydia 43 

  Tramea lacerata 17 

Zygoptera  Calopterygidae Calopteryx maculata 16 

  Hetaerina occisa 71 

 Polythoridae Polythore concinna 14 

  Polythore derivata 47 

  Polythore gigantea 19 

  Polythore mutata 16 

  Polythore neopicta 52 

  Polythore ornata 48 

  Polythore victoria 53 

TOTAL: 7 families 30 species 1,187 
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Table 2. Descriptions of morphometric features. These 15 measurements 
were taken from standardized 512×512-px, square images which were masked 
so that only the silhouette of each wing was present. FW = forewing; HW = 
hindwing. 
Measurement Description 

1. Wing area ratio Ratio of pixel areas of FW to HW 

2. FW elongation 1 – ( (FW major axis length) / (FW minor axis length) ) 

3. HW elongation 1 – ( (HW major axis length) / (HW minor axis length) ) 

4. FW anterior-posterior 

ratio 

Ratio of pixel areas of upper to lower halves of FW 

5. HW anterior-posterior 

ratio 

Ratio of pixel areas of upper to lower halves of HW 

6. FW proximal-distal 

ratio 

Ratio of pixel areas of proximal to distal halves of FW 

7. HW proximal-distal 

ratio 

Ratio of pixel areas of proximal to distal halves of HW 

8. FW slope of 

thickness 

Slope of line that best fits a plot of wing thickness (in px), 

measured along the length of the FW 

9. HW slope of 

thickness 

Slope of line that best fits a plot of wing thickness (in px), 

measured along the length of the HW 

10. FW widest ratio Ratio of distance (in px) from base of FW wing to its thickest 

portion along major axis, to FW wing length (in px) 

11. HW widest ratio Ratio of distance (in px) from base of HW wing to its thickest 

portion along major axis, to HW wing length (in px) 

12. FW tip upper 

curvature 

Coefficient of x3 component of third-order polynomial fit to 

upper half of distal 40% of FW (i.e. degree of curvature of 

upper half of FW tip) 

13. FW tip lower 

curvature 

Coefficient of x3 component of third-order polynomial fit to 

lower half of distal 40% of FW (i.e. degree of curvature of 

lower half of FW tip) 

14. HW tip upper 

curvature 

Coefficient of x3 component of third-order polynomial fit to 

upper half of distal 40% of HW (i.e. degree of curvature of 

upper half of HW tip) 

15. HW tip lower 

curvature 

Coefficient of x3 component of third-order polynomial fit to 

lower half of distal 40% of HW (i.e. degree of curvature of 

lower half of HW tip) 
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Table 3. Discriminability by feature set. 
 Pairwise Mahalanobis distanceb 

between species (n = 435 spp. 

pairs) 

Nearest neighbor classifier 

accuracy for each species (n = 

30 spp.) 

Feature Typea Mean ± SD Min Max Mean ± SD Min Max 

Morphometry 11.57 ± 7.35 1.04 30.17 0.42 ± 0.22 0.00 0.97 

Color (chromaticity) 15.54 ± 8.66 2.01 42.72 0.74 ± 0.15 0.47 1.00 

Gabor wavelet 

transform 

12.80 ± 8.80 1.29 61.72 0.79 ± 0.17 0.45 1.00 

Combined (M, C, & G) 15.54 ± 8.66 2.01 42.72 0.74 ± 0.15 0.47 1.00 

Color (RGB) 17.05 ± 9.43 2.26 53.75 0.81 ± 0.14 0.52 1.00 

75×75 raw pixels  17.23 ± 8.44 2.03 40.87 0.87 ± 0.10 0.65 1.00 

125×125 raw pixels 27.53 ± 

14.75 

2.49 101.26 0.86 ± 0.17 0.20 1.00 

a Calculations for all feature types were done using 1,187 individuals, except for ‘125×125 raw 

pixels’, which was performed on a subset of 300 individuals (10 randomly selected per 

species). 

b MD was calculated from the first 10 principal components of each feature set and measured 

pairwise between each species and all other species other than itself. 
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Figure 3. Properties of wings versus non-wings. Histograms show solidity, 
edginess, and perimeter solidity of wing (green) and non-wing (red) objects from 
a sample of 318 images, which first were binarized as in Figure 2A–E. 
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Figure 7. Comparison of the relative sizes of original squares to reduced 
‘raw pixel’ squares. Shown are 512, 125, and 75-pixel square images for raw 
pixel analysis for Celithemis eponina (top) and Polythore gigantea (bottom). 
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Figure 15. Map of wing importance for species discrimination according to 
chromaticity (A) and GWT (B). These squares summarize Figures 13 & 14, 
where all square or circles are overlaid onto a single set of wings. Here, intensely 
red areas correspond to regions of the wings that have higher F-statistics. For 
visual clarity, only squares and circles corresponding to scales less than one are 
shown. 

A 

B 
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Chapter 4. Odomatic: a system for automatically identifying Odonata from 

images of their wings 

4.1. Abstract 

 Understanding Earth’s species—a task assigned to the field of 

taxonomy—informs biodiversity research, conservation efforts, management 

strategies, and global policy. In recent decades, however, a ‘taxonomic 

impediment’ has arisen: there is an urgent need to know the millions of yet-

undiscovered species, while funding for taxonomic sciences and the number of 

trained taxonomists are both in decline. In this work, I present Odomatic, a 

system for identifying dragonflies and damselflies (Odonata) from their wings. In 

the system, images of odonate wings are preprocessed into standardized 

images, features are extracted from them relating to color texture and shape of 

the wings, and a classifier model is trained to identify them to generic, species, or 

species-sex level. In tests, the system worked best using the random forest 

classification algorithm, its performance was unaffected by the taxonomic level to 

which classes were identified (at least up to the generic level), and it performed 

similarly well on small and large sets of species. Odomatic was also accurate: it 

identified 18 species with up to 92% accuracy and 32 species with up to 91%. I 

plan to incorporate this system into an existing web repository for information and 

images and test it on a much larger set of species. 

4.2. Introduction 

 It is imperative that we know and understand the life on Earth in order to 

inform biodiversity research, conservation efforts, management strategies, and 
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global policy (Weeks & Gaston 1997), but anthropogenic climate change and 

gross habitat destruction are causing many species to become increasingly 

threatened. Incomprehensibly, funding for taxonomy—the science of naming and 

classifying organisms—and the number of trained taxonomists have declined 

markedly in recent decades (Godfray 2002; Gaston & O’Neill 2004; La Salle et al. 

2009).  There is seemingly a need for more taxonomy from fewer taxonomists. 

This conundrum, coined the ‘taxonomic impediment’ (Hoagland 1996), warrants 

augmentation of the traditional practices of this science with the aid of modern 

technological advancements to increase the effectiveness of taxonomic pursuits. 

We can start by automating one of the most time-consuming tasks, identification, 

allowing taxonomists to focus more on much-needed alpha taxonomy (describing 

new species and making taxonomic revisions). 

 Automatic taxonomic identification is a problem of supervised machine 

learning (e.g., Bishop 2006). In this type of learning, a model is trained or fitted to 

infer information from a set of labeled examples, allowing it to discriminate 

between a set of classes (such as genera or species), then its performance is 

checked against additional labeled examples during a testing or validation phase. 

The trained and validated model can then be applied to novel (i.e. unseen) 

inputs, so that it returns a class designation. There are a number of different 

types of models and classification algorithms for training them, which range in 

complexity from those with only a few parameters (e.g., nearest neighbor or 

nearest centroid models), to models that contain tens to thousands of parameters 

(or more), such as random forest, support vector machine, naïve Bayes, or 
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neural network models (discussed further in Methods). In all models, however, 

individuals are represented by feature vectors.  

 The present study is concerned specifically with learning models from 

images (although models can be built for other types of inputs, such as audio 

data (e.g., Russo & Jones 2002; Chesmore 2007)). Images must be converted 

into vectors of features before they can be used to train a model or a fitted model 

can be applied to them. Images are composed of pixel intensities: in a color 

image, these come in triplets—typically, intensities for the red, green, and blue 

channels—whereas grayscale images have a single intensity per pixel. These 

pixel intensities, themselves, can be concatenated into a single vector; however, 

even in small images, these vectors can be quite large (e.g., a 100×100-px color 

image comprises 30,000 values). Training a model using the full feature vectors 

of high resolution images is computationally prohibitive. Also, images tend to be 

highly auto-correlated, so much of the information contained in an image’s full 

feature vector is redundant (Bovik 2000). Instead, steps are often taken to 

preprocess images to reduce the number of features that they contain (such as 

image down-sampling and cropping) and are often combined with methods (e.g., 

edge detection, ordination) for extracting particular features that are likely to vary 

between the classes of interest (Bishop 2006). These measures transform 

images from a relatively large set of mostly-uninformative pixel values to a 

relatively small set of coefficients that are more useful for classification and 

practical for modelling. 
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 An image-based taxonomic identification system comprises a model 

trained to distinguish species using a set of images that exemplify the 

appearance of each species. Great care must be taken when designing the 

model’s training scheme to prevent it from becoming too good at classifying 

these example images at the expense of poor classification performance when 

presented with novel images—a condition known as over-fitting. Example images 

are typically split into mutually exclusive training and testing sets—the former 

being used to train the model, and the latter to judge its performance. This 

scheme is one type of cross-validation. Increasing the size of these training and 

testing sets can also reduce model over-fitting. Additionally, there are methods 

that are unique to each model-fitting algorithm for reducing over-fitting. These 

practices produce taxonomic identification models that are better able to 

generalize between the examples upon which they are trained and real-world 

imagery on which they are later applied. 

 A taxonomic identification model is limited to identifying only taxa on which 

it has been trained. When applied to an image of a previously un-encountered 

taxon, the model will (incorrectly) assign the image to one of the categories that it 

“knows” (i.e. a false positive). This limitation may be inconsequential in 

application where unknown taxa are unlikely to be encountered, but can be 

problematic if they are common. This is particularly problematic if detection of 

rare or unknown species is desirable, as in the case of real-world species 

identification where such instances may represent new species or new locality 

records. To combat the incorrect classification of novel specimens, an extra class 
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can be introduced into the training set, into which are included images of taxa 

that are not represented in the other classes, like rare species or unidentified 

individuals (Wilder et al. 2012). By giving the model an extra class (hereafter, 

“rare-unknown” class), it is not forced to incorrectly identify these individuals. The 

downside of adding a rare-unknown class is that the variability within it can 

outweigh the between-class variability. This can cause “confusion” in the model, 

resulting in the possibility of familiar taxa being incorrectly classified as rare-

unknown taxa (i.e. false negatives). The particular application for which a 

taxonomic identification system will be used governs whether the benefits of 

adding a rare-unknown class outweighs the possible reduction in model 

accuracy. 

 Insects are probably one of the most difficult groups of organisms to work 

with from a taxonomic standpoint: they are typically small in size, often exhibit 

only subtle morphological differences between species, and are incredibly 

speciose.  To ease the burden of sometimes extremely difficult task, several 

automated and semi-automated identification systems have been presented for 

insects and other organisms. Examples of semi-automated systems—where 

some human input is needed to complete the identification process—are ABIS 

(Schroder et al. 2002; Steinhage et al. 2007), which uses images of wings to 

identify closely-related bee species that are otherwise difficult to distinguish, DAII 

(Yang et al. 2015), which identifies Neuroptera from images of the wings of pin-

mounted specimens, and DAISY (O’Neill 2007), which provides general purpose 

identification for many organisms (e.g., insects, leaves, pollen, human faces) 



93 

using various types of images.  These systems require the user to point out 

certain features in the image with a few mouse clicks.  Fully automated 

systems—where the user needs only provide an input image—have been 

designed for identifying members of some spider genera to species using images 

of their genitalia (Do et al. 1999; SPIDA; Russell et al. 2007), stonefly nymphs 

using relatively unconstrained whole-body images (Larios et al. 2008), species of 

moths from images of live individuals (Mayo & Watson 2007), trees of the 

northeastern United States using images of their leaves (LeafSnap; Kumar et al. 

2012), and coral reef fish using live images from underwater-mounted video 

cameras (Wilder et al. 2012).  These systems are generally very successful 

(>80%) at identifying a relatively small number of species for which they have 

been trained; however, even a system that is only able to identify common 

species could be of enormous benefit to taxonomists, freeing them to tackle the 

rare or novel taxa.  

 Dragonflies and damselflies (collectively, the insect order Odonata) are an 

ideal taxonomic group for automatic identification. The diversity of recently-

published field guides for Odonata (e.g. Dunkle 2000; Mead 2003; Nikula et al. 

2003; Abbott 2005, 2011, 2015; Dubois & DuBois 2005; Beaton 2007; Barlow et 

al. 2009; Paulson 2009, 2011; Kerst & Gordon 2011) demonstrates the public’s 

interest in these insects. Odonates are well known among the general public due 

to their aerial acrobatics, vibrant coloration, and ubiquity near water. They are 

obligatorily linked to freshwater systems, making them useful biological indicators 

of environmental health (Cordoba-Aguilar 2008), and making their accurate 
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classification important in this context. Additionally, there are considerably fewer 

(~6,000) species, worldwide, than of many other insect groups, making it 

relatively easy to conduct odonate biodiversity assessments, compared with 

more speciose insect orders (Corbet 1999; Cordoba-Aguilar 2008). Despite the 

availability of resources for identifying them, however, identification of many 

odonates remains difficult and time-consuming. There are large parts of the world 

for which no field guide is available (e.g., much of South America, the Pacific 

Islands, northern and central Africa); and additionally, there are many groups of 

dragonflies (e.g., Erythrodiplax spp., Gomphus spp., Sympetrum spp.) for which 

species’ diagnostic features (e.g., small gentalic features) are difficult to 

distinguish. Identifications must often be made by consulting taxonomic keys and 

species descriptions, which require a special knowledge of taxonomic terms, or 

by comparison of a specimen with type specimens, which can be inaccessible in 

foreign museums. An automated identification system for dragonflies, perhaps 

available as a stand-alone program or website, can help researchers that work in 

less-studied regions or on more difficult dragonfly taxa by reducing the required 

number of manual identifications that must be performed. 

 Here, I present and evaluate a system for automatically identifying 

Odonata from images of their wings, called Odomatic, which combines methods 

for standardizing and extracting features from images (see Chapter 3) with 

powerful machine learning algorithms. Wings make a convenient morphological 

structure since they are relatively flat and thus can be quickly digitized on a 

flatbed scanner. Most odonate genera can be diagnosed down to the generic 
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level based on wing venation alone, and when combined with coloration that 

appears in the wings of many species, the wings may be enough to diagnose 

individuals to species and even species-sex level. 

4.3. Methods 

4.3.1. The Odomatic system 

 Odomatic was built based upon images of dragonfly and damselfly wings. 

A total of 172 odonate species (129 dragonfly and 43 damselfly species) from 

North and South America were digitized (summarized in Table 1; a full list of 

specimens is in Appendix A), primarily from the collection of J.L. Ware (Rutgers 

University, Newark).  The number of individuals (i.e., scanned images) per 

species ranged from 1–98 (mean = 10.5). The fore- and hindwings of each 

dragonfly specimen were excised at their bases and scanned.  For consistency, 

only right wings were used in this study, except for a few cases where only the 

left wings were intact; in those cases, the left wings were digitized and digitally 

reflected to match the right wings. The two wings and a specimen label were 

placed on the glass of the flatbed scanner (Epson NX420 or NX625, Epson 

America, Long Beach, CA) with their dorsal side facing the scanner glass, 

covered with a white index card or the plastic scanner lid, and scanned in 24-bit 

color at 1,200 or 2,400 dpi. Images were saved in .tif format with LZW 

compression.  

 The system was designed (outlined in Figure 1) with the goal of achieving 

the highest classification accuracy between classes. Classification at multiple 

taxonomic levels was tested (see section 4.3.2.2), and all tests included a rare-
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unknown class. Membership of individuals in the rare-unknown class was 

determine based on a cut-off value for class size, 𝑠. If a class contained fewer 

than 𝑠 individuals, its members were automatically reassigned to the rare-

unknown class for training and testing. Classes were then randomized and 

assigned to training and testing sets (described below). Training images were 

down-sampled to 650-px in width, then transformed into a standardized square 

image, where the masked forewing spans the upper half of the image and the 

hindwing spans the lower half, on a black background, using the image 

preprocessing steps described in Chapter 3. Chromaticity, Gabor wavelet 

transform (GWT), and morphometric features (also described in Chapter 3) were 

then extracted from each standardized image, so that every set of wings was 

represented by a vector of 663 features (15 morphometric, 138 chromaticity and 

510 GWT features). Training features were rescaled so that each had a mean of 

zero and standard deviation between -1 and 1. Each feature set was truncated 

across all individuals in the training set using principal component analysis (PCA; 

Bishop 2006), such that if the number of features from any of the classes in the 

training set exceeded the value of 𝑗, they were replaced by the first 𝑗 principal 

components (PCs). The transformed feature sets were then concatenated and a 

classification model was fit to those features. The same procedure (image 

preprocessing, feature extraction, rescaling, and feature set truncation) was 

applied to the images in the testing set, using the rescaling and truncation 

transformations from the training set, which were saved for this purpose. Finally, 

the trained classification model was applied to the testing set in order to predict 
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class identity for each individual. The model was scored by using mean 

classification accuracy, the average per-class proportion of correctly-identified 

individuals to class size. I experimented with several aspects of this process to 

determine the effect on overall model performance (see below).  

 For convenience, the entire process described above was divided into 

three separate tasks. First, all images were down-sampled, preprocessed and 

saved as standardized squares. Second, features were extracted from all 

standardized squares and saved to a database. Finally, model training and 

testing was performed using the pre-existing features in the database. The first 

two tasks were the most time-consuming; however, model training and testing 

was very rapid. Thus this batch-based approach made it possible to train and 

validate thousands of models (using pre-extracted features) in a reasonable 

amount of time (minutes to hours). This would not have been possible if each of 

these tasks were performed on each individual every time a model was trained. 

 Odomatic was written in Python and uses the scikit-learn library 

(Pedregosa et al. 2011). My code is in the form of a Python package, autoID, 

which includes modules for image preprocessing, feature extraction, and model-

building, and is available at http://www.crossveins.com. 

4.3.2. Evaluating the performance of Odomatic 

4.3.2.1. General parameter search 

 I first examined the effects of three factors concerning the training of 

classification models that I expected to have a great effect on species 

classification accuracy: size of classes in the training set, the cutoff value for 
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truncating features (𝑗), and the classification algorithm used to train the model. A 

parameter search was conducted over 160 unique combinations of these three 

factors, and was replicated for each parameter combination 10 times. In each 

replicate, a model was trained according to the prescribed set of parameters on a 

randomly selected training set, then the trained model was applied to another 

randomly selected testing set, producing a predicted class designation for every 

member of the testing set. Mean accuracy was then recorded for that replicate 

and the process was repeated. The number of individuals in each training and 

testing class are discussed below. In this parameter search, individuals were 

labeled to species. The best-performing 6 out of 10 replicates for each parameter 

combination were taken for analysis, based on mean accuracy. 

 I varied the values for 𝑗, the cutoff value for truncating features. If the 

number of features from a feature set (chromaticity, GWT, or morphometric) was 

greater than 𝑗, the values for that feature set were replaced by its first 𝑗 PCs. 

Note that for 𝑗 ≥ 15, the morphometric feature set (comprising 15 features) was 

not truncated. I tested classifiers trained with features conditioned by 𝑗-values of 

5, 10, 15, 25, 50, 75, 100 and 125 (yielding 15, 30, 45, 65, 115, 165, 215, and 

265 coefficients, respectively). I hypothesized that larger values of 𝑗 would yield 

higher mean accuracies than lower values, since the former yields more features, 

and presumably more information for classification, than the latter. 

 I also varied the size of the training set in the parameter search. To do 

this, the dataset was first relabeled using 𝑠 set to 25, so that all species 

represented by fewer than 25 individuals in the dataset were renamed as “rare-
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unknown.” The dataset contained 21 species with at least 25 individuals. Models 

were then fitted on training sets containing 5, 10, 15, or 20 individuals per 

species class (including the “rare-unknown” class), and were tested against a set 

comprising 5 individuals per class, to remove the effect of varying the size of the 

testing set. As a general rule, models trained using more individuals are 

expected to perform better than models trained on smaller datasets (e.g., Bishop 

2006), therefore I expected to see higher-accuracy models from those trained 

with 20 individuals per class. 

 I tested six different classifications algorithms for training a classification 

model from the features, all of which were available in scikit-learn. The nearest 

centroid algorithm (NC), where class predictions are made based on the distance 

between a feature vector and each of the class means from the training data, 

was used as a simple baseline model. The Gaussian naïve Bayes algorithm (NB) 

works by “naïvely”  assuming that all features are independent from one another, 

but generally performs surprisingly well and very fast (Zhang 2004; Pedregosa et 

al. 2011). These first two algorithms do not require any tuning of the model 

parameters (called hyperparameters); all parameters are calculated directly from 

the training data. I also tried four algorithms that do require optimization of the 

model hyperparameters. Prior to the general parameter search, I ran an 

independent search for each of the following classifier algorithms to find the best 

hyperparameters. For this, I used the process described above for the full 

parameter search, except that 𝑗 was set to 40, and training class size was set to 

20. Reasonable values for each hyperparameter were chosen based on the 
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recommendations in the documentation for scikit-learn (Pedregosa et al. 2011). 

The highest-scoring combination of hyperparameters for each classification 

algorithm were used in the general parameter search. The random forest (RF) 

classifier comes from a class of algorithms known as ensemble methods, where 

numerous statistical subunits are each trained on a small subset of the training 

data (Pedregosa et al. 2011). During application of an ensemble model, 

predicted class designation is determined by a “vote” from these subunits; the 

class that gets the highest vote is returned as the predicted class. In an RF 

classifier, these subunits are decision trees and the classification is made by the 

whole “forest” of these trees, hence the name. Artificial neural networks (ANNs) 

are another class of learning algorithms that function similarly to the way the 

brain processes information: inputs are processed by multiple layers of parallel 

artificial neurons (Lang 2008). ANNs are popular for automatic identification (e.g., 

O’Neill 2007; Russell et al. 2007; Wilder et al. 2012) as they are good at 

generalizing from a small set of training examples. Specifically, I tested a 

Bernoulli restricted Boltzmann machine neural network (RBM), which functioned 

as a second feature extractor, and was followed by a logistic regression classifier 

in order to properly classify individuals. Finally, I tested a support vector machine 

(SVM) with a radial-basis filter. SVMs are also popular in species identification 

(e.g., Mayo & Watson 2007; Yang et al. 2015) as they are fast, efficient and 

accurate (Pedregosa et al. 2011). In all, five classification algorithms were tested: 

NC, NB, RF, RBM, and SVM. 
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4.3.2.2. Taxonomic level 

 I measured the performance of models trained to identify species on three 

taxonomic levels: genus, species, and species-sex. The last level was chosen to 

test the effects of sexual dimorphism (where males differ in appearance from 

females) on model performance. Eight species were used throughout this 

experiment, for which there were at least 20 females and 20 males, Celithemis 

eponina, Erythemis simplicicollis, E. vesiculosa, Erythrodiplax fervida, Hetaerina 

occisa, Macromia illinoiensis, Pachydiplax longipennis, Pantala hymenaea, as 

well as a rare-unknown class. Individuals were labeled by their genus only, their 

full species name, or species and sex. Each taxonomic level was tested 10 

times, and for each replicate, the per-class sizes were held to 15 and 5 

individuals for the training and testing sets, respectively. Models were trained 

using the best classification algorithm and 𝑗-value from the general parameter 

search, above. As before, the best 6 of 10 replicates for each level were 

analyzed. It should be noted that the number of classes was 8 at the genus level, 

9 at the species level, and 17 at the genus-species-sex level. Also, C. eponina 

and H. occisa, varied markedly in wing appearance between sexes, while the 

other species showed little to no apparent dimorphism. In this experiment, it 

followed that prediction accuracy would be confounded by sexual dimorphism in 

the first two species when identifying at the species level (i.e. those species each 

have two forms, which were lumped together into a single category), while 

confounding at the genus-species-sex level would come from the non-dimorphic 

species being split into two, relatively similar, classes. At the genus level, both 
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Erythemis species were placed into a single class. It was difficult to predict which 

of the three levels would perform best. 

4.3.2.3. Number of classes 

 The number of classes on which a model was trained was varied and the 

effect on classification accuracy was measured. Individuals were labeled to the 

species level and 𝑠 was set to 15 for relabeling the rare-unknown class, 

producing a dataset with 31 unique species (each with ≥15 individuals) plus the 

rare-unknown class. In each replicate of this experiment, a model was trained 

and tested between 2 and 31 randomly selected species, plus the rare-unknown 

class, on 10 training and 5 testing set individuals per class, respectively; thus the 

number of classes ranged from 3–32. Models were trained using the best 

classification algorithm and 𝑗-value. I performed 50 replicates for each number of 

classes, since the class content could vary widely for larger class sizes, and 

analyzed the best 30 of 50. I expected that models trained on fewer classes 

would out-perform those trained on more classes, as the probability of between-

class confusion would be higher in the latter scenario. 

4.3.2.4. Best-case classifier model 

 In order to explore the upper limits of my classification system given the 

current dataset, I trained models using the best parameters for the parameter 

search, set 𝑠 to 15, 25, or 40 individuals, labeled individuals to the species level, 

and randomly assigned 75% of each class to the training set and the rest of 

individuals to the testing set. These values of 𝑠 produced datasets with 32, 22, 

and 18 classes (including the rare-unknown class), respectively. I ran 100 
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replications of this experiment and analyzed the top 5 of them. In pilot 

experiments, I found that extreme variability in class size negatively affected 

classification performance. In order to limit this effect (particularly between the 

rare-unknown class, which is typically very large, and the smallest classes), I 

limited the size of all classes to twice the median of the original class sizes. 

4.4. Results 

4.4.1. General parameter search 

 One hundred and sixty unique combinations of three model parameters 

were searched in order to find the best combination. It took less than 1 s to train 

and test a classification model on a laptop computer, and less than 5 s to train 10 

replications of a parameter combination. Figure 2 summarizes the results of this 

search. As predicted, there was a clear, increasing trend between training class 

size and model performance, where models trained with 5 individuals per class 

had a mean accuracy (± standard deviation) of 70.7 ± 15.2%, while those trained 

with 20 per class averaged 84.3 ± 3.8%. Given increasing values of 𝑗, model 

performance also increased from 75.0 ± 5.5% at 𝑗 = 5 up to 82.2 ± 7.4% at 𝑗 = 

50, but then decreased after 50. The SVM and RF classifiers worked similarly 

well (82.8 ± 4.5% and 82.5 ± 5.7%, respectively), while NB performed worst (70.6 

± 17.6%) and also had the most variable performance among the classification 

algorithms tested. The best overall combination of parameters, which scored 

90.3%, was the 20 per-class size, 𝑗 = 75, and the RF classification algorithm.  
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4.4.2. Taxonomic level 

 The effects of classifying individuals to genus level, species level, and 

species-sex level were investigated (Figure 3). Classification accuracy was 

highest in models trained to identify to the species-sex level (80.4 ± 3.2%); 

however, there were no significant differences between the three different 

classification levels (ANOVA: df = 2 & 15, F = 2.43, p = 0.12). 

4.4.3. Number of classes 

 The effect of increasing the number of species classes for which a model 

was trained to identify on the model’s classification performance was investigated 

(Figure 4). Models with 3- and 4-classes performed significantly better (93.6 ± 

6.2% and 92.1 ± 4.5%, respectively) than models trained with all other numbers 

of classes except 5 (ANOVA (df = 29 & 870, F = 7.66, p <<< 0.0001) followed by 

Tukey HSD (α = 0.05)). Models trained with 26 classes performed worse (87.0 ± 

1.9%). Despite the significant differences, the number of classes had a relatively 

small effect on mean accuracy; however, there was a marked reduction in the 

variability of accuracy as the number of classes increased (Figure 4). 

4.4.4. Best-case classifier model 

 Three values for 𝑠 were tested in order to determine the best possible 

classification accuracy for Odomatic, with the current image dataset. Averaged 

over the top 5 of 100 replicates, the models trained with the 𝑠 = 40 dataset 

performed the best overall, averaging 91.1 ± 0.5% (Figure 5). This dataset 

contained both the fewest species classes (18) of the three tested here and the 

most individuals per species class—ranging from 40–98 individuals (mean, 58). 
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The top replicate for each of the 𝑠-values scored 91.3% for 𝑠 = 15 (32 species 

classes), 90.8% for 𝑠 = 25 (22), and 91.9% for 𝑠 = 40. The classification ability of 

the latter replicate is illustrated in Figure 6 as a confusion matrix. Rows of this 

matrix are the true classes from the testing set, and columns are the classes 

predicted by the model. For example, among E. simplicicollis individuals (third 

row), 20 were classified correctly, 2 were classified as its congeneric, E. 

vesiculosa, 1 as P. longipennis (whose wings are similar in appearance), and 1 

as rare-unknown. 

4.5. Discussion 

 Here I present Odomatic, a system for identifying odonates from their 

wings. In the system, images of dragonfly and damselfly wings are preprocessed 

into standardized images, features are extracted from them, and a classifier 

model is then trained to identify them to generic, species, or species-sex level. 

The system worked best using the random forest classification algorithm, was 

relatively unaffected by the taxonomic level to which classes were identified (at 

least up to the generic level), and it performed best on small numbers of species, 

although classification accuracy was only slightly reduced for larger species sets 

up to 32 classes. This system was also accurate: Odomatic identified 18 species 

with up to 92% accuracy and 32 species with up to 91%. For comparison, 

Culverhouse et al. (2003), found that trained para-taxonomists were 72% 

accurate in identifying dinoflagellates, where experts had an accuracy of 84–

95%. Odomatic was well within this expert-level range. 
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 Remarkably, Odomatic was able to distinguish these species from wings 

alone. In many odonate genera, such as Erythemis, wings alone are not enough 

to identify individuals to species; body coloration, caudal appendages and 

genitalia must usually be inspected to make a positive identification. However, 

the machine learning algorithms used here were able to discern reliable (and 

perhaps subtle) differences between E. simplicicollis and E. vesiculosa (Figure 6; 

Appendix B, Plate 6E–F). 

 I plan to implement this system within OdonataCentral.org (OC), a web-

based repository for images, records, distribution maps, and identification 

information for dragonflies and damselflies of the Western Hemisphere (Abbott 

2006, 2010). This implementation will allow researchers and citizen scientists to 

upload their own images of odonate wings and receive rapid, expert-level 

identifications. It will also allow me to test this system on a much larger number 

(600+) of species. 

 In addition to identifying Odonata, the code underlying Odomatic—

available as an open-sourced, Python package called autoID (available from 

http://www.crossveins.com)—was designed to be easily adapted to identify other 

organisms with minimal customization. I hope that the tool presented here, as 

well as its underlying code, will help to reduce the taxonomic impediment by 

automating the process of taxon identification. 

4.6. References 

Abbott, J.C. (2011). Damselflies of Texas: A Field Guide. University of Texas 
Press. 



107 

Abbott, J.C. (2005). Dragonflies and Damselflies of Texas and the South-Central 
United States: Texas, Louisiana, Arkansas, Oklahoma, and New Mexico. 
Princeton University Press, Princeton, New Jersey. 

Abbott, J.C. (2015). Dragonflies of Texas: A Field Guide. University of Texas 
Press. 

Abbott, J.C. (2006). OdonataCentral: An online resource for the distribution and 
identification of Odonata. OdonataCentral: An online resource for the 
distribution and identification of Odonata. URL 
http://www.odonatacentral.org [accessed 1 August 2015] 

Abbott, J.C. (2010). OdonataCentral: the past, present and future. Argia, 22, 10–
14. 

Barlow, A.E., Golden, D.M. & Bangma, J. (2009). Field Guide to Dragonflies and 
Damselflies of New Jersey. New Jersey Department of Environmental 
Protection, Division of Fish and Wildlife, Flemington, NJ. 

Beaton, G. (2007). Dragonflies and Damselflies of Georgia and the Southwest. 
The University of Georgia Press, Athens, GA. 

Bishop, C. (2006). Pattern Recognition and Machine Learning. Springer, New 
York, NY. 

Bovik, A. (Ed.). (2000). Handbook of Image and Video Processing. Academic 
Press. 

Chesmore, D. (2007). The automated identification of taxa: concepts and 
applications. Automated Object Identification in Systematics: Theory, 
Approaches, and Applications, pp. 83–100. CRC Press, New York, NY. 

Corbet, P.S. (1999). Dragonflies: Behavior and Ecology of Odonata. Cornell 
University Press, Ithaca, NY. 

Cordoba-Aguilar, A. (2008). Dragonflies & Damselfies: Model Organisms for 
Ecological and Evolutionary Research. Oxford University Press, Oxford, 
UK. 

Culverhouse, P.F., Williams, R., Reguera, B., Herry, V. & González-Gil, S. 
(2003). Do experts make mistakes? A comparison of human and machine 
identification of dinoflagellates. Marine Ecology Progress Series, 247, 17–
25. 

Do, M.T., Harp, J.M. & Norris, K.C. (1999). A test of a pattern recognition system 
for identification of spiders. Bulletin of Entomological Research, 89, 217–
224. 



108 

Dubois, R. & DuBois, B. (2005). Damselflies of the North Woods. Kollath-
Stensaas Publishers. 

Dunkle, S.W. (2000). Dragonflies Through Binoculars: A Field Guide to 
Dragonflies of North America. Oxford University Press, New York, NY. 

Gaston, K.J. & O’Neill, M.A. (2004). Automated Species Identification: Why Not? 
Philosophical Transactions: Biological Sciences, 359, 655–667. 

Godfray, H.C.J. (2002). Challenges for taxonomy. Nature, 417, 17–19. 

Hoagland, K.E. (1996). The taxonomic impediment and the convention on 
biodiversity. Association of Systematics Collections Newsletter, 24.5, 61–
62. 

Kerst, C. & Gordon, S. (2011). Dragonflies and Damselflies of Oregon: A Field 
Guide. Oregon State University Press, Corvallis, OR. 

Kumar, N., Belhumeur, P., Biswas, A., Jacobs, D., Kress, W.J., Lopez, I. & 
Soares, J.B. (2012). Leafsnap: A Computer Vision System for Automatic 
Plant Species Identification. Computer Vision – ECCV 2012 (eds A. 
Fitzgibbon, S. Lazebnik, P. Perona, Y. Sato & C. Schmid), pp. 502–516. 
Lecture Notes in Computer Science. Springer Berlin Heidelberg. 

La Salle, J., Wheeler, Q., Jackway, P., Winterton, S., Hobern, D. & Lovell, D. 
(2009). Accelerating taxonomic discovery through automated character 
extraction. Zootaxa, 2217, 43–55. 

Lang, R. (2008). Neural Networks in Brief. Automated Taxon Identification in 
Systematics: Theory, Approaches and Applications (ed N. MacLeod), pp. 
47–68. CRC Press, London, UK. 

Larios, N., Deng, H., Zhang, W., Mortensen, E. n., Dietterich, T. g., Sarpola, M., 
Paasch, R., Moldenke, A., Lytle, D. a., Yuen, J., Correa, S. r. & Shapiro, L. 
g. (2008). Automated insect identification through concatenated 
histograms of local appearance features: Feature vector generation and 
region detection for deformable objects. Machine Vision and Applications, 
19, 105–123. 

Mayo, M. & Watson, A.T. (2007). Automatic species identification of live moths. 
Knowledge-Based Systems, 20, 195–202. 

Mead, K. (2003). Dragonflies of the North Woods. Kollath-Stensaas Publishing, 
Duleth, MN. 

Nikula, B., Loose, J.L. & Burne, M.R. (2003). A field guide to the dragonflies and 
damselflies of Massachusetts. Westborough, MA : Massachusetts Division 
of Fisheries & Wildlife, Natural Heritage & Endangered Species Program. 



109 

O’Neill, M.A. (2007). DAISY: A Practical Computer-Based Tool for Semi-
Automated Species Identification. Automated Object Identification in 
Systematics: Theory, Approaches, and Applications (ed N. MacLeod), pp. 
101–114. CRC Press, New York, NY. 

Paulson, D. (2011). Dragonflies and Damselflies of the East. Princeton University 
Press, Princeton, NJ. 

Paulson, D. (2009). Dragonflies and Damselflies of the West. Princeton 
University Press, Princeton, NJ. 

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., THirion, B., Grisel, O., 
Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., 
Passos, A., Cournapeau, D., Brucher, M., Perrot, M. & Duchesnay, E. 
(2011). Scikit-learn: machine learning in Python. Journal of Machine 
Learning Research, 12, 2825–2830. 

Russell, K.N., Do, M.T., Huff, J.C. & Platnick, N.I. (2007). Introducing SPIDA-
web: wavelets, neural networks and internet accessibility in an image-
based automated identification system. Automated Object Identification in 
Systematics: Theory, Approaches, and Applications (ed N. MacLeod), pp. 
131–152. CRC Press, New York, NY. 

Russo, D. & Jones, G. (2002). Identification of twenty-two bat species 
(Mammalia: Chiroptera) from Italy by analysis of time-expanded 
recordings of echolocation calls. Journal of Zoology, 258, 91–103. 

Schroder, S., Wittmann, D., Drescher, W., Roth, V., Steinhage, V. & Cremers, 
A.B. (2002). The new key to bees: automated identification by image 
analysis of wings. Pollinating Bees - The Conservation Link Between 
Agriculture and Nature (eds P. Kevan & V.L. Imperatriz Fonseca), pp. 
209–216. Ministry of Environment, Brasilia, Brazil. 

Steinhage, V., Schroder, S., Lampe, K.-H. & Cremers, A.B. (2007). Automated 
extraction and analysis of morphological features for species identification. 
Automated Object Identification in Systematics: Theory, Approaches, and 
Applications (ed N. MacLeod), pp. 115–129. CRC Press, New York, NY. 

Weeks, P.J.D. & Gaston, K.J. (1997). Image analysis, neural networks, and the 
taxonomic impediment to biodiversity studies. Biodiversity & Conservation, 
6, 263–274. 

Wilder, J., Tonde, C., Sundar, G., Huang, N., Barinov, L., Baxi, J., Bibby, J., 
Rapport, A., Pavoni, E., Tsang, S., Garcia, E., Mateo, F., Lubansky, T.M. 
& Russell, G.J. (2012). An automatic identification and monitoring system 
for coral reef fish. Proceedings of SPIE 8499, Applications of Digital Image 
Processing XXXV, p. 84991H–84991H–15. 



110 

Yang, H.-P., Ma, C.-S., Wen, H., Zhan, Q.-B. & Wang, X.-L. (2015). A tool for 
developing an automatic insect identification system based on wing 
outlines. Scientific Reports, 5, 12786. 

Zhang, H. (2004). The Optimality of Naive Bayes. Proceedings of the 7th 
International Florida Artificial Intelligence Research Society Conference, 
pp. 562–567. AAAI Press. 

4.7. Tables and Figures 

  



111 

Table 1. Summary of wing image dataset. 1799 images from 172 odonate 
species were used to test the feature extraction procedure presented here. Listed 
are the species and number of images per species. Appendix A contains a full list 
of specimens. 

Suborder Family Genus Species ♀ ♂ Total 

Anisoptera Aeshnidae Aeshna canadensis 0 1 1 

   eremita 1 9 10 

   interrupta 2 2 4 

   juncea 6 20 26 

  Anax junius 0 6 6 

  Basiaeschna janata 5 13 18 

  Boyeria vinosa 1 5 6 

  Epiaeschna heros 1 1 2 

  Gomphaeschna furcillata 1 3 4 

  Staurophlebia reticulata 2 1 3 

  Triacanthagyna septima 1 1 2 

 Cordulegastridae Cordulegaster erronea 1 1 2 

   maculata 4 11 15 

 Corduliidae Cordulia shurtleffii 7 1 8 

  Didymops transversa 0 3 3 

  Dorocordulia lepida 1 0 1 

   libera 8 6 14 

  Epitheca cynosura 12 58 70 

   princeps 4 9 13 

  Helocordulia uhleri 0 3 3 

  Phyllomacromia picta 1 2 3 

  Somatochlora albicincta 1 8 9 

   linearis 1 0 1 

   margarita 0 1 1 

   minor 0 2 2 

   tenebrosa 2 0 2 

 Gomphidae Aphylla williamsonia 0 1 1 

  Arigomphus villosipes 0 2 2 

  Erpetogomphus designatus 3 4 7 

  Gomphus abbreviatus 3 0 3 

   exilis 0 8 8 

   lineatifrons 4 10 14 

   vastus 11 4 15 

  Hagenius brevistylus 2 1 3 

  Phyllogomphoides pedunculus 0 1 1 

  Progomphus obscurus 0 1 1 

 Libellulidae Acisoma panarpoides 1 1 2 

  Brachymesia furcata 0 6 6 

   gravida 2 3 5 

   herbida 5 8 13 

  Brachythemis contaminata 1 0 1 

  Celithemis elisa 11 7 18 

   eponina 31 42 73 

   fasciata 1 0 1 

   martha 0 1 1 
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Suborder Family Genus Species ♀ ♂ Total 

Anisoptera 
(cont.) 

Libellulidae 
(cont.) 

Crocothemis servilia 1 1 2 

  Dasythemis esmeralda 0 1 1 

  Diastatops intensa 1 11 12 

   obscura 1 3 4 

  Diplacodes trivialis 1 5 6 

  Dythemis velox 1 1 2 

  Elga longistyla 0 1 1 

  Epiaeschna heros 0 1 1 

  Epitheca cynosura 0 2 2 

  Epophthalmia elegans 2 2 4 

   vittata 0 1 1 

   vittigera 0 1 1 

  Erythemis attala 3 4 7 

   credula 0 1 1 

   haematogastra 0 14 14 

   peruviana 0 20 20 

   plebeja 2 5 7 

   simplicicollis 34 64 98 

   vesiculosa 28 25 53 

  Erythrodiplax amazonica 0 1 1 

   basalis 0 2 2 

   berenice 5 3 8 

   fervida 54 43 97 

   fusca 1 0 1 

   umbrata 1 18 19 

  Ladona deplanata 2 6 8 

   exusta 0 2 2 

   julia 3 4 7 

  Leucorrhinia frigida 1 0 1 

   intacta 7 18 25 

  Libellula axilena 0 4 4 

   cyanea 2 4 6 

   herculea 0 1 1 

   incesta 0 47 47 

   luctuosa 6 39 45 

   needhami 0 9 9 

   pulchella 0 2 2 

   quadrimaculata 6 0 6 

   semifasciata 0 3 3 

   vibrans 0 2 2 

  Macrothemis extensa 0 2 2 

  Miathyria marcella 0 4 4 

   simplex 0 3 3 

  Misagria parana 0 2 2 

  Nephepeltia phryne 0 2 2 

  Orthemis discolor 0 1 1 

   feiruginea 0 2 2 

   schmidti 1 4 5 
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Suborder Family Genus Species ♀ ♂ Total 

Anisoptera 
(cont.) 

Libellulidae 
(cont.) 

Pachydiplax longipennis 23 28 51 

  Pantala flavescens 14 27 41 

   hymenaea 23 25 48 

  Perithemis lais 0 3 3 

   tenera 7 25 32 

   thais 0 2 2 

  Plathemis lydia 13 30 43 

  Tholymis citrina 0 1 1 

  Tramea carolina 0 2 2 

   lacerata 7 14 21 

   rustica 0 2 2 

  Uracis imbuta 0 4 4 

   ovipositrix 2 4 6 

  Zenithoptera viola 1 7 8 

 Macromiidae Didymops transversa 0 2 2 

  Macromia alleghaniensis 0 1 1 

   amphigena 1 1 2 

   annulata 2 1 3 

   aureozona 0 1 1 

   bifasciata 0 1 1 

   daimoji 1 1 2 

   illinoiensis 20 24 44 

   irata 1 0 1 

   magnifica 0 4 4 

   manchurica 0 1 1 

   margarita 2 3 5 

   melpomene 0 1 1 

   monoceros 0 2 2 

   moorei 0 2 2 

   onerata 0 1 1 

   pacifica 1 3 4 

   pinratani 0 1 1 

   rickeri 1 0 1 

   sophia 1 0 1 

   taeniolata 0 5 5 

   tillyardi 1 1 2 

   urania 1 0 1 

   wabashensis 1 2 3 

 Petaluridae Tachopteryx thoreyi 0 3 3 

Zygoptera Calopterygidae Calopteryx aequabilis 4 9 13 

   maculata 14 17 31 

  Hetaerina caja 0 2 2 

   capitalis 1 3 4 

   duplex 0 3 3 

   occisa 25 49 74 

  Mnesarete metallica 0 3 3 

 Coenagrionidae Argia apicalis 1 0 1 

 Euphaeidae Dysphaea ethela 0 1 1 
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Suborder Family Genus Species ♀ ♂ Total 

Zygoptera 
(cont.) 

Lestidae Lestes dryas 3 3 6 

 Polythoridae Chalcopteryx rutilans 0 4 4 

   scintillans 1 1 2 

  Cora avrea 0 1 1 

   chirripa 0 4 4 

   cyane 0 2 2 

   inca 1 2 3 

   irene 1 3 4 

   jocosa 0 1 1 

   marina 0 6 6 

   notoxantha 0 1 1 

   semiopaca 0 2 2 

  Euthore fasciata 0 2 2 

   merdiana 0 1 1 

   meridana 0 1 1 

  Miocora peraltica 0 3 3 

   subapicalis 1 0 1 

  Polythore aurora 0 1 1 

   beata 0 2 2 

   boliviana 2 3 5 

   concinna 6 18 24 

   derivata 9 38 47 

   gigantea 6 13 19 

   manua 0 2 2 

   mutata 6 14 20 

   neopicta 8 45 53 

   ornata 17 31 48 

   picta 4 8 12 

   procera 5 3 8 

   terminata 3 5 8 

   victoria 7 47 54 

   williamsoni 0 2 2 

  Stenocora percornuta 1 1 2 

Total  67 172 549 1,250 1,799 
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Figure 1. Flowchart of automatic identification framework. 
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Figure 2. Results of general parameter search. The mean per-class 
classification accuracy of the best 6 of 10 replicated models trained using 
different combinations of three types of parameters are shown, by parameter: 
classification algorithm, where ‘nb’ is naïve Bayes, ‘nc’ is nearest centroid, 
‘nn_log’ is RBM neural network with logistic classifier, ‘rf’ is random forest, and 
‘svm_rbf’ is support vector machine with radial-basis filter (see Methods for 
details); size of the training class (testing class size was held at 5 individuals); 

and the feature truncation parameter, 𝑗 (see text for details). Boxplots: black line, 
mean; red line, median; blue box, 1st & 3rd quartiles; black whiskers, 95% 
confidence interval. The best combination was random forest classifier with 

training class size 20 and 𝑗 = 75. 
  

Classification algorithm 

Training class size 

𝒋 
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Figure 3. Effect of number of taxonomic level on classification accuracy. 
The mean per-class classification accuracy over best 6 of 10 replicated models 
by taxonomic level for grouping individuals (see text for details). Boxplots: black 
line, mean; red line, median; blue box, 1st & 3rd quartiles; black whiskers, 95% 
confidence interval. There were no significant difference between the three class 
groupings (ANOVA: df = 2 & 15, F = 2.43, p = 0.12).  
 
  

Class groupings 

genus-species-sex genus-species genus 
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Figure 4. Effect of number of species classes on classification accuracy. 
The mean per-class classification accuracy over best 30 of 50 replicated models 
trained by number of classes in training and testing sets (see text for details). 
Boxplots: black line, mean; red line, median; blue box, 1st & 3rd quartiles; black 
whiskers, 95% confidence interval. *The 3- and 4-class models performed 
significantly better than all others except the 5-class models (ANOVA (df = 29 & 
870, F = 7.66, p <<< 0.0001) followed by Tukey HSD (α = 0.05)).  

Number of classes 

* * 
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Figure 5. Best-case classification accuracy. The mean per-class classification 

accuracy over best 5 of 100 replicated models trained by the cutoff value 𝑠, 

where classes with few than 𝑠 individuals are lumped into the rare-unknown class 
(see text for details). Boxplots: black line, mean; red line, median; blue box, 1st & 
3rd quartiles; black whiskers, 95% confidence interval.  

s 𝒔 
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Figure 6. Confusion matrix for best model. This confusion matrix for the top 
replicate in the best-case experiment, which scored 91.9%. True class 
designations from the testing set are along the rows; columns are class 
designations predicted by the model; numbers in cells are the number of 
individuals in the row class to be predicted as the column class; cells are colored 
by the proportion of the individuals in that row. For a model that performs perfect 
classification, all individuals will be in the diagonal of the matrix. 
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Conclusions 

 In this dissertation work, three computational tools were introduced for 

describing images of biological specimens. These tools were provided to 

augment taxonomic research, by allowing taxonomists to be more effective and 

efficient, and thereby reduce the taxonomic impediment. 

 In Chapter 2, a time-consuming and tedious task was tackled: 

landmarking specimen images for comparing the shape of morphological 

structures across taxa. This process is typically done manually, which can 

actually limit the size of comparative studies due to the amount of time required 

for human workers to perform manual landmarking. My system for automatically 

landmarking was based on a pictorial structures model, which uses the 

appearance and configuration of manually-placed landmarks in example images 

to predict the locations of corresponding landmarks in novel images. The system 

was trained using images of odonate wings, containing 11 landmarks per wing. In 

its current form, was unable to compete with manual landmarking as its 

landmarking error was high and variable, but I suggest methods for improving the 

system’s accuracy. 

 In Chapter 3, I introduced a novel set of feature coefficients and a method 

for extracting them from images following a novel standardization procedure. 

Using my methods, I was able to extract species-discriminating information from 

images of dragonfly and damselfly wings, which was encapsulated in a relatively 

small number of feature coefficients (~650). From these coefficients, I was not 
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only able to distinguish between species, but also elucidate areas of the 

specimen’s wings that were most conserved or variant among species. 

 Finally, in Chapter 4, I presented a system that combined my feature 

extraction methods from Chapter 3 with machine learning to identify species of 

Odonata from images of their wings. The system was trained using examples of 

the wings of species, then tested using additional examples. I showed that the 

system made expert-level species identifications (able to identify 32 species with 

up to 91% accuracy), and that it was able to be trained to classify individuals to 

genus or species-sex levels, as well, with a similar degree of accuracy. 

 The Python scripts for these software tools, which are open-sourced and 

thus customizable, are available from the http://www.crossveins.com. I hope that 

by making these tools available to the public, that researchers will use them not 

only to describe and identify Odonata, but also to customize them for other 

groups of organisms, as well. I plan to make the odonate identification system 

(called Odomatic) available via the odonate information repository, 

OdonataCentral.org, allowing odonate researchers and other interested parties to 

quickly identify odonates and allowing me to expand the number of species 

included in this system. It is my hope that this work will not only facilitate new 

research on Odonata and other taxa, but perhaps more importantly, that it will 

encourage a new generation of scientists and citizen scientists to have an 

appreciation for the natural world and organismal biology. 
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Appendix A. Table of specimen localities 

 Listed here are all of the dragonfly and damselfly specimens scanned for 

this study, sorted by suborder, family, and species. Individuals are cataloged by a 

unique scan code, but may have additional codes associated with them (in the 

Other Codes column), which include Rutgers University-Newark Insect Collection 

(RU-N) and Florida State Collection of Arthropods (FSCA) catalog numbers, and 

specimen codes from Melissa Sanchez-Herrera (MSH, POZ, PAN, BOY, PHM, 

and MIT), Dominic Evangelista (IWO and KBO), and Adolfo Cordero-Rivera 

(ACR). GPS coordinates that lack “N”, “S”, “E”, and “W” are in decimal degrees. 

Collector abbreviations are as follows: WRK = William R Kuhn, JLW = Jessica L 

Ware, MSH = Melissa Sanchez-Herrera, DAG = Dominic A Evangelista, MW = 

Megan Wilson, MKK = Manpreet K Kohli, Aim High (RU-N) = earth ecology 

program for high school students at RU-N. All specimens were deposited at the 

Rutgers University-Newark Insect Collection, 431 Boyden Hall, 195 University 

Avenue, Newark, NJ 07102, except for the FSCA specimens, which are housed 

at FSCA. 
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Appendix B. Examples of odonate species used in this study 

 Here are shown examples of the wings of the dragonfly and damselfly 

species scanned for this study, divided into 16 plates. The images depicted in 

each plate are the standardized squares (see Chapter 3 Methods for further 

description) for an individual from each species. Images and plates are sorted by 

suborder, family, and species. Information about the localities from which species 

were collected can be found in Appendix A. 
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Plate 1. A: Aeshna canadensis ♂ (Anisoptera: Aeshnidae), B: A. eremita ♂, C: A. 
interrupta ♂, D: A. juncea ♂, E: Anax junius ♂, F: Basiaeschna janata ♀, G: 
Boyeria vinosa ♂, H: Gomphaeschna furcillata ♂, I: Staurophlebia reticulata ♂, J: 
Triacanthagyna septima ♀, K: Cordulegaster erronea ♂ (Cordulegastridae), L: C. 
maculata ♂. 
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Plate 2. A: Cordulia shurtleffii ♀ (Corduliidae), B: Didymops transversa ♂, C: 
Dorocordulia lepida ♀, D: D. libera ♀, E: Epitheca princeps ♀, F: Helocordulia 
uhleri ♂, G: Lauromacromia sp1 ♀, H: Phyllomacromia picta ♀, I: Somatochlora 
albicincta ♀, J: S. linearis ♀, K: S. margarita ♂, L: S. minor ♂. 



164 

 
Plate 3. A: Somatochlora tenebrosa ♀ (Corduliidae), B: Aphylla williamsonia ♂ 
(Gomphidae), C: Arigomphus villosipes ♂, D: Dromogomphus spinosus ♀, E: D. 
spoliatus ♀, F: Erpetogomphus designatus ♀, G: Gomphus abbreviatus ♀, H: G. 
exilis ♂, I: G. lineatifrons ♀, J: G. spicatus ♂, K: G. vastus ♀, L: Hagenius 
brevistylus ♀. 
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Plate 4. A: Phyllogomphoides pedunculus ♂ (Gomphidae), B: Progomphus 
obscurus ♂, C: Acisoma panarpoides ♀ (Libellulidae), D: Brachymesia furcata ♂, 
E: B. gravida ♀, F: B. herbida ♀, G: Brachythemis contaminata ♀, H: C. elisa ♀, 
I: C. eponina ♀, J: C. fasciata ♀, K: C. martha ♂, L: Crocothemis servilia ♀. 
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Plate 5. A: Dasythemis esmeralda ♂ (Libellulidae), B: Diastatops intensa ♀, C: 
D. obscura ♂, D: Diplacodes trivialis ♂, E: Dythemis velox ♂, F: Elga longistyla 
♂, G: Epiaeschna heros ♂ (Aeshnidae), H: Epitheca cynosura ♂ (Corduliidae), I: 
Epophthalmia elegans ♀ (Libellulidae), J: E. vittata ♂, K: E. vittigera ♂, L: 
Erythemis attala ♀. 
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Plate 6. A: Erythemis credula ♂ (Libellulidae), B: E. haematogastra ♂, C: E. 
peruviana ♂, D: E. plebeja ♂, E: E. simplicicollis ♀, F: E. vesiculosa ♀, G: 
Erythrodiplax amazonica ♂, H: E. basalis ♂, I: E. berenice ♀, J: E. fervida ♂, K: 
E. fusca ♀, L: E. sp1 ♂. 



168 

 
Plate 7. A: Erythrodiplax sp2 ♂ (Libellulidae), B: E. sp3 ♂, C: E. sp4 ♂, D: E. sp5 
♂, E: E. sp6 ♂, F: E. umbrata ♂, G: Ladona deplanata ♀, H: L. exusta ♂, I: L. 
julia ♀, J: Leucorrhinia frigida ♀, K: Leucorrhinia intacta ♂, L: Libellula axilena ♂. 
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Plate 8. A: Libellula cyanea ♂ (Libellulidae), B: L. herculea ♂, C: L. incesta ♂, D: 
L. luctuosa ♂, E: L. needhami ♂, F: L. pulchella ♂, G: L. quadrimaculata ♀, H: L. 
semifasciata ♂, I: L. vibrans ♂, J: Macrothemis extensa ♂, K: Miathyria marcella 
♂, L: M. simplex ♂. 
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Plate 9. A: Misagria parana ♂ (Libellulidae), B: Nephepeltia phryne ♂, C: 
Orthemis discolor ♂, D: O. feiruginea ♂, E: O. schmidti ♂, F: Pachydiplax 
longipennis ♀, G: Pantala flavescens ♀, H: P. hymenaea ♂, I: Perithemis lais ♂, 
J: P. tenera ♂, K: P. thais ♂, L: P. lydia ♂. 
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Plate 10. A: Tholymis citrina ♂ (Libellulidae), B: Tramea carolina ♂, C: T. 
lacerata ♂, D: T. rustica ♂, E: Uracis imbuta ♂, F: U. ovipositrix ♂, G: 
Zenithoptera viola ♂, H: Macromia alleghaniensis ♂ (Macromiidae), I: M. 
amphigena ♂, J: M. annulata ♀, K: M. aureozona ♂, L: M. bifasciata ♂. 
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Plate 11. A: Macromia daimoji ♀ (Macromiidae), B: M. illinoiensis ♂, C: M. irata 
♀, D: M. magnifica ♂, E: M. manchurica ♂, F: M. margarita ♀, G: M. monoceros 
♂, H: M. moorei ♂, I: M. pacifica ♂, J: M. pinratani ♂, K: M. rickeri ♀, L: M. sophia 
♀. 
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Plate 12. A: Macromia splendens ♂ (Macromiidae), B: M. taeniolata ♂, C: M. 
tillyardi ♂, D: M. urania ♀, E: M. wabashensis ♀, F: Tachopteryx thoreyi ♂ 
(Petaluridae), G: Calopteryx aequabilis ♂ (Zygoptera: Calopterygidae), H: C. 
maculata ♂, I: Hetaerina caja ♂, J: H. capitalis ♀, K: H. duplex ♂, L: H. occisa ♂. 
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Plate 13. A: Mnesarete metallica ♂ (Calopterygidae), B: Argia apicalis ♀ 
(Coenagrionidae), C: Dysphaea ethela ♂ Euphaeidae), D: Lestes dryas ♀ 
(Lestidae), E: Heteragrion bickorum ♀ (Megapodagrionidae), F: Chalcopteryx 
rutilans ♂ (Polythoridae), G: C. scintillans ♀, H: Cora avrea ♂, I: C. chirripa ♂, J: 
C. cyane ♂, K: C. inca ♀, L: C. irene ♂. 
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Plate 14. A: Cora jocosa ♂ (Polythoridae), B: C. marina ♂, C: C. notoxantha ♂, 
D: C. semiopaca ♂, E: Euthore fasciata ♂, F: E. merdiana ♂, G: E. meridana ♂, 
H: Miocora peraltica ♂, I: M. subapicalis ♀, J: Polythore aurora ♂, K: P. beata ♂, 
L: P. boliviana ♂. 
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Plate 15. A: Polythore concinna ♀ (Polythoridae), B: P. derivata ♀, C: P. 
gigantea ♂, D: Polythore manua ♂, E: P. mutata ♂, F: P. neopicta ♂, G: P. 
ornata ♀, H: P. picta ♀, I: Polythore procera ♀, J: P. spaeteri ♂, K: P. terminata 
♀, L: P. victoria ♂. 
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Plate 16. A: Polythore williamsoni ♂ (Polythoridae), B: Stenocora percornuta ♀. 
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