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ABSTRACT 

The manual processing and analysis of videos from camera traps is time-consuming and includes several steps, 

ranging from the filtering of falsely triggered footage to identifying and re-identifying individuals. In this study, 

we developed a pipeline to automatically analyze videos from camera traps to identify individuals without 

requiring manual interaction. This pipeline applies to animal species with uniquely identifiable fur patterns and 

solitary behavior, such as leopards (Panthera pardus). We assumed that the same individual was seen throughout 

one triggered video sequence. With this assumption, multiple images could be assigned to an individual for the 

initial database filling without pre-labeling. The pipeline was based on well-established components from 

computer vision and deep learning, particularly convolutional neural networks (CNNs) and scale-invariant feature 

transform (SIFT) features. We augmented this basis by implementing additional components to substitute 

otherwise required human interactions. Based on the similarity between frames from the video material, clusters 

were formed that represented individuals bypassing the open set problem of the unknown total population. The 

pipeline was tested on a dataset of leopard videos collected by the Pan African Programme: The Cultured 

Chimpanzee (PanAf) and achieved a success rate of over 83% for correct matches between previously unknown 

individuals. The proposed pipeline can become a valuable tool for future conservation projects based on camera 

trap data, reducing the work of manual analysis for individual identification, when labeled data is unavailable. 
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1.   INTRODUCTION 
With nearly 40,000 species classified as threatened by 

the IUCN and a general upward trend [1], efficient and 

reliable monitoring of wild animals in their natural 

habitats is essential for wildlife conservation. 

Monitoring is a complex and time-intensive task for 

ecologists and is a crucial step to answer hypotheses 

on the abundance, behavior, territory, social 

relationships and anthropogenic interaction. 

Conducting a population monitoring on a species 

gives scientists insights into the species’ 

endangerment and helps to achieve conservation 

objectives to protect the population adequately and is 

an integral part of adaptive conservation cycles [2, 3]. 

Individual identification is a common method to 

estimate a population size [4]. Over recent years, 

camera traps have become an increasingly popular 

tool to monitor wildlife unobtrusively. The low 

acquisition and maintenance costs make camera traps 

an effective tool to collect large volumes of data 

without invading the habitat and disrupting the 

animal’s natural behavior [5]. The affordability of 

camera traps generally results in an immense amount 

of collected videos and images.  However, analyzing 

the enormous amount of data is time consuming, 

monotonous and exceeds the processing workload 

experts can manually accomplish in a short time [6]. 

Computer vision (CV) and artificial intelligence (AI) 

have the potential to automatize selected tasks and 

support ecologists in their work to identify individuals 

based on visual characteristics [4]. Convolutional 

neural networks (CNNs) have the power to learn 

features and quickly classify images. The drawback of 

current supervised classification methods is the 

relatively large amount of required labeled training 

data, which is not available in most cases for 

individual identification in wild environments [4]. The 

pipeline developed for this study, was composed of 

different components to automatize the manual steps 

typical of individual identification, combining deep 

learning and classical vision for feature detection as 

motivated in other studies [7]. The analytical steps 

included the detection and location of the animal, 

filtering of empty images and videos, extraction of 

meta information (e.g. from video files), detection and 

description of an individual’s features, comparing the 

identified features among individuals and finally, the 

decision making about potential matches.  

We demonstrated the usability of the pipeline with a 

dataset of leopard (Panthera pardus) videos collected 

with camera traps by the Pan African Programme: The 

Cultured Chimpanzee (PanAf) [8] (Figure 1). A 

leopard’s coat pattern has the same characteristic as a 

human fingerprint. Both uniquely identify an 

individual [9]. We aimed to label and match 

individuals’ appearances in the dataset and assign an 

ID for each individual, if the available data allowed. 

This task can be challenging because the data were 

Figure 1. Matches found during analysis with pipeline 
Correct matches of individuals from different videos of low illumination and quality, with only parts of the animals being 

visible. The individuals in the images on the left were matched to the individuals in the images on the right respectively. 
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collected in the wild with varying conditions and 

differed in terms of lighting, quality, occlusions and 

included false triggers. Additionally, animals can be 

hidden, appear from various viewpoints or distances 

as well as in diverse poses (Figure 2). Leopards fulfill 

the requirement of being a solitary species [10] and 

thus an automatic labeling of the data with the 

presented pipeline is applicable. We therefore could 

reasonably assume that within one motion-triggered 

video, the same individual was seen throughout the 

frame sequence, which enabled the collection of 

different footage of the individual. A general 

drawback of CNNs for classification tasks is the open 

set problem [11, 12]. A traditional classifier can only 

re-identify and sort into a dictionary of known classes 

it was trained on. The classifier is compelled to pick 

the class that fits the most, even if none of the classes 

fit from a human perspective. For individual 

identification, this means that for an unknown 

individual, the classifier assigns it to one of the known 

individuals that fits the most. For population 

monitoring studies the total population is not known 

in advance and identifying unknown individuals is of 

high relevance. Our aim was to assist ecologists with 

a tool for individual identification of fur-patterned 

solitary species without requiring a large, labeled 

dataset of known individuals and the necessity of 

constant user inputs. We developed a modular pipeline 

that covers the subtasks of data preprocessing to 

individual identification. 

2.   RELATED WORK ON CAMERA 

TRAP DATA ANALYSES 

Detection & Classification 

Non-prefiltered datasets taken by motion-triggered 

cameras usually include a relatively large amount of 

falsely triggered images or videos, and footage on a 

spectrum of many species living in the ecosystem. An 

automated detector and classifier are essential for 

ecologists to process the automatically captured data, 

in a reasonable time frame [13]. For both filtering 

tasks, a type of classification is needed, either for the 

species or more generally separating into ‘non-empty’ 

and ‘empty’ classes. For the detection and localization 

of wildlife, which covers the task of filtering empty 

images, the MegaDetector [14] model is state-of-the-

art. The trained CNN model returns bounding boxes 

around the detected animals. It was trained on many 

different datasets, including different species taken in 

diverse ecosystems. The model is constantly 

improved, and new versions are released regularly. On 

an ordinary GPU, the MegaDetector can process 

between 150,000 and 250,000 images per day [14]. 

While the MegaDetector is applicable to ecosystems 

around the globe, species classification approaches are 

usually tied to a specific ecosystem and its inhabitants. 

Pre-trained CNN models for species in North America 

[15, 16], Africa [16, 13, 17], Europe [18, 19] and 

Australia [16] are available, but they mostly cover 

focal species. Trained CNN models are also prone to 

the open set problem and can only classify the species 

they were trained on and are not sensitive to unknown 

species. Training such models require a large amount 

of labeled training data, and manual labeling is time-

consuming [20]. For datasets with thousands or even 

millions of records, the labeling of the data may last 

multiple years [21]. To speed up this process, 

platforms were created to involve volunteers labeling 

the data. 

Citizen Science 

Volunteers who label data for projects are called 

citizen scientists [13, 22]. Platforms like Zooniverse 

[23], Wildlife Insights [24]  and Wildbook [25] offer 

an option for research projects to open their data to 

citizen scientists who sort the images into predefined 

classes. With this approach, organizations can process 

the data relatively faster, and with the positive side 

effect of drawing the public’s attention to wildlife 

conservation. Besides the progress for the current case 

Figure 2. Footage from camera traps 

Captions by the PanAf with different quality, lighting, 

visibility and posture of the animal. 
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study, labeling the datasets benefits the training of 

machine learning algorithms to support future wildlife 

conservation projects. The Snapshot Safari project [6, 

26] is one of the world’s largest camera trapping 

initiatives that used citizen scientists. From 2013 to 

2020, over 138,000 volunteers from across the globe 

labeled more than nine million images. The drawback 

of this approach is that volunteers usually do not have 

many years of expertise and lack the knowledge to 

label rare species or individuals which can be 

challenging with camera trap images, even for experts 

[27]. The first attempts for online data processing with 

citizen scientists in near-real-time were conducted by 

a project in South Africa to fight wildlife poaching 

[28]. Captured images were immediately uploaded to 

a website. Volunteers examining the data can report a 

suspected poaching vehicle or human in the images 

and trigger a warning to local rangers in the nature 

reserve who thereby gain the opportunity to react 

quickly and prevent poaching activities.  

Identification and Re-Identification of 

Individuals 

While the automated classification of different species 

has been investigated over recent years, the field of 

identification of individual animals is still in its 

infancy. The identification and re-identification of 

individuals differ from the above-described task of 

species classification. For this task, not the species is 

recognized, but the unique individual. The 

identification of individuals with computer vision 

methods relies on visual biometric features that 

uniquely identify the individual. Since the biometric 

characteristics of different species vary, no overall 

solution covers all case studies. Early computer 

vision-assisted approaches for individual 

identification of marine mammals used unique body 

marks on the fins [29], or the fin’s trailing edge was 

represented as integral curvatures [30]. The first ever 

automated estimation of a population was performed 

on African penguins (Spheniscus demersus) based on 

spot locations on their chest [31] compared against a 

database of known individuals. Nowadays, CNNs are 

a popular solution for individual identification and re-

identification tasks. CNNs can extract features from 

animals with distinctive body marks. Previous studies 

applied CNNs to coat-, skin- or feather patterns of 

ringed seals (Pusa hispida) [32], whales [33], snow 

leopards (Panthera uncia) [34] and small birds [35]. 

In a study on the Great Barrier Reef, shell patterns of 

green turtles (Chelonia mydas) were extracted with a 

neural network system [36].  

To the best of our knowledge, only supervised 

learning models have been used for individual 

identification of wildlife, treating each individual as a 

single class. Supervised, CNN-based solutions require 

large training datasets of labeled images, which are 

usually not available for wild animals, especially for 

automatically captured data.  

A group from Shanghai Jiao Tong University, together 

with the World Wide Fund for Nature (WWF), 

generated and published a labeled dataset of 92 Amur 

tigers (Panthera tigris altaica) for training purposes. 

They trained an individual identification model on this 

dataset, for which each flank of a tiger was treated as 

an entity [37]. The patterned pelages on opposite 

flanks of felids are different and independent [38]. 

When the footage only shows opposite flanks of an 

animal separately in different captures, with no 

overlap of body parts seen, it is impossible to 

recognize whether the flanks belong to the same 

individual. Treating both flanks of the same individual 

as separate entities could lead to a biased estimation of 

the population size by a factor of 2. Further research 

tested Siamese convolutional neural networks with 

triplet loss [39], which are commonly used for person 

re-identification [40], for the re-identification of lions 

(Panthera leo), nyalas (Tragelaphus angasii) and 

ringed seals [41, 32]. But as with other deep learning 

approaches, labeled training data are required. 

Furthermore, CNN-based solutions bear the open set 

problem, which complicates identifying entities 

unknown to the population.  

An alternative to CNN-based solutions is the pattern-

matching scale-invariant feature transform (SIFT) 

algorithm [42]; with its scale, location, viewpoint and 

illumination invariant feature descriptor, it is well-

suited for camera trap data [44]. Wild-ID [45] and 

HotSpotter [45, 25, 46, 47] are individual 

identification programs based on the SIFT algorithm 

for species with distinctive visual features. The SIFT 

approach is not applicable for species that lack unique 

fur or body markings.  

The same concept used for human facial recognition 

can be applied to identify primates [48–50], pandas 

[51], bears [52] and pigs [53, 54]. For approaches 

concentrating on the face the collection of useable 

datasets in terms of quality, viewpoint and labeling is 

even more difficult than for fur-patterned species. 

Available datasets mostly stem from captive animals 

from zoos or farms. 

The proposed solutions for individual identification 

described above all had at least one of the following: 

a labeled dataset, data collected under non-wild 

conditions, images manually photographed, closed 

populations where all individuals were known, or the 

solutions required human decision making or drawing 

bounding boxes.  

In contrast, our study presents a pipeline that does not 

rely on labeled data or human interaction and covers 

the open set challenge. Our pipeline was tested with a 

dataset of videos automatically captured with camera 

traps in the wild. Thus, it covers the task of individual 
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identification and re-identification for an unlabeled 

dataset. Our pipeline benefits research by saving users 

valuable time estimating the number of individuals in 

a dataset. 

3.   PIPELINE FOR AUTOMATIC 

INDIVIDUAL IDENTIFICATION 
Our objective was to provide researchers with a tool 

that automatizes individual identification from 

determining the animal’s location in the video frames 

to feature extraction and matching. We develop a 

robust pipeline that unites the aforementioned 

analytical steps. The pipeline consists of newly 

developed components combined with existing 

components with proven functionality in prior case 

studies. Interim steps are implemented to substitute 

the otherwise required user input for specific 

components. The pipeline’s main components cover 

the following tasks: 

1. Image extraction: Extracting frames from 

video files and incorporating additional 

sequence-based information. 

2. Object detection: Locating the animal 

within the image or classifying an image 

as empty. 

3. Species classification: Selecting only 

images that include the species of interest. 

4. Feature extraction: Detecting and 

describing features and measuring 

similarity to other images based on 

distance. 

5. Clustering: Automatic matching of 

images to individuals based on their 

similarity. 

The components of the pipeline are schematically 

outlined (Figure 4) and described in more detail 

below. 

Image Extraction 

The first component of the pipeline was the extraction 

of frames and additional information from video data 

compared with image data. We assumed that within 

one triggered video the same individual was seen 

throughout the frame sequence as leopards lead 

mainly solitary lives, and multiple images could be 

initially assigned to one individual ID in the database. 

Ideally, the animal moved during the video and images 

of various body poses from different viewpoints were 

obtained. 

Object Detection 

We embedded the above described MegaDetector [14] 

as an independent module to the pipeline for the task 

of object detection, which located the animal in the 

image and returned a bounding box. If no animal was 

found, the image was classified as empty. 

Species Classification 

Depending on the project/species of interest, a specific 

classification model must be chosen, e.g. the Zamba 

Cloud [17]. (For potential options, refer to the Related 

Work section). The present work focuses on 

individual identification, and the used dataset was 

already prefiltered for leopards by citizen scientists on 

the Zooniverse platform [23] the species classification 

component is therefore greyed out in Figure 4.  

Feature Extraction 

For feature detection and feature description, we 

employed the SIFT-based HotSpotter [45, 25, 46, 47]. 

SIFT-based algorithms do not require labeled training 

data. The HotSpotter outperformed its competitor 

Wild-ID in other studies [43]. The SIFT  algorithm 

identified stable points in the image. It detected and 

described distinctive and characteristic features of the 

individual’s fur-pattern (Figure 3) and turned them 

into feature vectors, which were mapped into a feature 

space. The feature vectors from frames from different 

videos were queried against other frames in the 

database, and a similarity score is calculated. The 

similarity score depended on the Euclidean distance of 

the mapped feature vectors in the vector space for each 

frame pairing. The analysis process required 

distinctive visual features and was only applicable to 

species with visually distinctive characteristics. 

 

Clustering 

In the last step, the footage is assigned to respective 

individuals. This usually requires the user’s decision 

and input. For our presented pipeline, the matching 

step was conducted automatically. We merged videos 

into clusters based on the user’s predefined threshold 

for the similarity score. The clusters could be 

visualized in graphs, where nodes represented videos. 

Two nodes were connected with an edge, if frames 

from the videos matched. Each cluster represented one 

individual. We derived the width of the edges in the 

visualization (Figure 5) from the degree of similarity. 

A wide edge implied a high similarity between the 

animal shown in the frames of the videos. The distance 

between the nodes and clusters did not give 

Figure 3. SIFT feature detection 
Left: Raw frame from camera trap captured video.  

Right: Extracted SIFT features visualized with HotSpotter 

[45, 25, 46, 47]. 

study. 
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information on their similarity and were arranged to 

display a comprehensible representation. For each 

compared video pairing, three cases were possible: 

A. Both nodes did not belong to a cluster yet. 

B. One node was already part of a cluster, but 

the other one was not. 

C. Both nodes already belonged to a cluster, 

but different clusters, causing a conflict. 

We handled the three cases as follows. In case A, a 

new cluster consisting of the two videos was created, 

while in case B, the free node was assigned to the 

existing cluster. Case C is the most complex of the 

cases. If the compared nodes were already assigned to 

different clusters, the nodes were rearranged and 

assigned to another cluster, so that the edges were 

based on the highest similarity scores. If the similarity 

of the new video pairing was higher than the similarity 

that binds the video into the present cluster, the video 

was released from the present cluster by deleting the 

edge and creating a new edge to the video with the 

higher similarity. Figure 5 illustrates a schematic 

example where the red subgraph shows that the animal 

seen in videos 3, 4, 6 and 7 were likely the same 

individual. The same accounts for the animal seen in 

the videos of the blue subgraph. While for video 9, 

printed in green, no match was found. Our pipeline 

outputted an HTML visualization of the clusters and a 

database comprising similarities and affiliations that 

ecologists could use for further observations. 

The outlined components of the pipeline, including 

image extraction, object detection, species 

classification, feature extraction and clustering, are 

schematically outlined in Figure 4. 

4.   CASE STUDY 
The data we used to demonstrate the pipeline in this 

study were provided by the PanAf [8]. The PanAf 

collected data at over 40 temporary and collaborative 

research sites with motion and infrared-equipped 

camera traps across Central and West Africa. Over 

600,000 video clips were taken with a duration of one 

minute each.  Forest habitats are complex areas to 

collect images and video data. Low light levels during 

the night further complicate the data collection and 

analysis, and the videos can be of low quality and only 

black and white. Snapshots taken from the videos of 

the animals can vary in distance and be blurred or 

relatively close up (Figure 1). The PanAf study was 

originally designed to capture data on chimpanzees 

and the camera locations were selected to suit their 

behavior, which makes the dataset especially 

challenging for other species than chimpanzees. To  

demonstrate the pipeline, a subset of the leopard 

dataset was used for which volunteers on Zooniverse 

labeled the individuals. The leopards’ IDs were 

confirmed when citizen scientists that have been 

extensively involved and experienced in leopard  

identification unanimously agreed on the matching 

spot patterns after manual visual inspection [55]. The 

information on the individuals was only used for 

Figure 5. Schematic illustration of a cluster 
 Each node represents one video and each cluster an 

individual. The red graph showed that the animals seen 

in videos 3, 4, 6 and 7 were likely the same individual. 

Analogue for the blue graph. The animal in video 9 was 

not matched to any other animal in the video footage. 

Figure 4. Schematic concept of the pipeline  
Components of the pipeline include image extraction, object detection, species classification, feature extraction and 

matching, finalized by clustering the videos to represent individuals. The species classifier module is greyed out and was not 

used in this case study. 
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validation purposes and not in the process itself. The 

leopard subset encompassed footage from 2011 to 

2018 and totaled 210 videos from eight field sites 

representing 68 unique camera locations.  

5.   RESULTS 
We demonstrated the pipeline for the individual 

identification and re-identification for an unlabeled 

dataset without manual interaction using part of the 

PanAf leopard dataset. 

We automatically processed the 210 videos to validate 

our pipeline. A total of 116 matches were found, with 

97 of those matches being correct, giving 83.6% 

success rate. The image in Figure 6 shows a correct 

match. In this example, the leopard’s visible right hind 

limb had the most prominent features.  

Even for complex footage at nighttime, with low 

quality and only parts of the animals captured, 

matching features could be extracted and matched 

(Figure 1). The most frequent reason for mismatches 

was the background for images taken at the same 

location since camera traps were fixed to a site and 

scenery (Figure 7). A comparison to other studies on 

individual identification is listed in Table 1. None of 

the existing approaches unites the ability to cope with 

data captured in the wild, unknown total populations, 

gain additional information from video format and at 

the same time does not require labeled data or manual 

inputs during the process.   

Table 1. Top-1 accuracy for individual identification programs 
*Partly labeled data. New unknown images are mapped to a database of known individuals. 

Species Method 
Data cap-

tured in wild 

No manual 

pre- 

processing 

No  
labeled 

data re-

quired 

Video 

For unknown 

total popula-

tions 

Top-1 

 accuracy 

Manta rays / whales [56] CNN ✓ ✓ ✓   64 

Saimaa ringed seals [32] Siamese network ✓  ✓   75 

Jaguar/Ocelot [43] HotSpotter / SIFT ✓ ✓ (✓)*   77/76 

Jaguar/Ocelot [43] WildID / SIFT ✓ ✓ (✓)*   68/63 

Manta [57] SIFT ✓ ✓   ✓ 51 

Amur tiger [37] CNN   ✓ ✓  89 

The presented leopard 

pipeline 

HotSpotter + pre-

processing ✓ ✓ ✓ ✓ ✓ 83 

Figure 7. Incorrect match of individuals  
Reasons for the incorrect match are matched objects in the background of fixed camera sceneries. 

Figure 6. Correct match of an individual  
The top and bottom row show the same individual in 

different captures. Left: Raw images. Right: The same 

image, but with detected and matched features in the other 

image of the same individual. 
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6.   DISCUSSION & OUTLOOK 
In this study, we addressed the problem of animal re-

identification from camera trap data. Our aim was to 

substitute manual user input and the need for labeled 

data. The core idea of the developed pipeline was to 

take advantage of video data and its consecutive 

frames for animals with solitary behavior. The 

pipeline’s functionality was proven by identifying and 

re-identifying leopards from an unlabeled dataset 

collected by the PanAf.  

For future work, a more detailed localization and 

extraction of the animal from the background rather 

than the current rectangular bounding boxes can 

address the challenge of matching the same objects in 

the background because of the fixed scenery in camera 

traps. The fixed scenery can also be used as an 

advantage for the extraction of the background. The 

detection of objects of interest may also be supported 

through the availability of video data by extracting 

optical flows [58]. CNN-based approaches for 

semantic segmentation could extract a mask for the 

animal, which excludes the background [59, 60]. 

For future studies, it may be interesting to collect 

additional information on the viewpoint and the 

visible flank of the animal for a better overview on 

known individuals. A process that automatically feeds 

a database with this information can further improve 

the monitoring of wildlife and prevent the incorrect 

matching of opposite sides of animals. With this 

information not only matching pairings can be 

detected, but also pairings that reliably show different 

individuals can be detected and marked. 

Our pipeline will be used to support the PanAf 

identifying additional individuals in other regions. 

Another experiment for the future is to apply the 

pipeline to other species and valuate its suitability for 

cross-species applications.  

7.   ACKNOWLEDGMENTS 

We thank the following members of the PanAf 

consortium and team for data or technical support with 

data processing: Karsten Dierks, Dervla Dowd, Henk 

Eshuis, Theo Freeman, John Hart, Thurston Cleveland 

Hicks, Jessica Junker, Vincent Lapeyre, Vera Leinert, 

Yasmin Moebius, Mizuki Murai, Emmanuelle Normand, 

Colleen Stephens and Virginie Vergnes. Further, we 

thank the following citizen scientists for their support: 

Tonnie Cummings, Carol Elkins, Lucia Hacker, Briana 

Harder, Karen Harvey, Laura K. Lynn, Heidi Pfund, 

Kristeena Sigler, Libby Smith, Jane Widness and Heike 

Wilken. 

We thank the following government agencies for their 

support in conducting field research in their countries: 

Ministere des Eaux et Forets, Côte d’Ivoire; Ministère 

de l’Enseignement Supérieur et de la Recherche 

Scientifique, Côte d’Ivoire; Institut Congolais pour la 

Conservation de la Nature, DR-Congo; Ministere de la 

Recherche Scientifique, DR-Congo; Agence 

Nationale des Parcs Nationaux, Gabon; Centre 

National de la Recherche Scientifique (CENAREST), 

Gabon; Société Equatoriale d’Exploitation Forestière 

(SEEF), Gabon; Forestry Development Authority, 

Liberia; Direction des Eaux, Forêts et Chasses, 

Senegal. As well as the following NGOs in their 

countries: Taï Chimpanzee Project, Côte d’Ivoire; 

Wild Chimpanzee Foundation, Côte d'Ivoire, Liberia 

& Guinea; Lukuru Wildlife Research Foundation, DR-

Congo; Loango Ape Project, Gabon; Fongoli Savanna 

Chimpanzee Project, Senegal. 

The Pan African Program: The Cultured Chimpanzee 

is generously funded by the Max Planck Society, the 

Max Planck Society Innovation Fund, and the Heinz 

L. Krekeler Foundation. 

8.   REFERENCES 

[1] “IUCN Red List Quadrennial Report 2017-2020,” https://
nc.iucnredlist.org/redlist/resources/files/1630480997-
IUCN_RED_LIST_QUADRENNIAL_REPORT_2017-
2020.pdf 

[2] A. F. O'Connell, J. D. Nichols, K. U. Karanth, Eds. Camera 
traps in animal ecology: Methods and analyses. 
Springer, 2011. 

[3] A. Caravaggi, P. B. Banks, A. C. Burton, C. M. V. Finlay, P. 
M. Haswell, M. W. Hayward, M. J. Rowcliffe, M. D. 
Wood, “A review of camera trapping for conservation 
behaviour research” Remote Sensing in Ecology and 
Conservation, vol. 3, no. 3, pp. 109–122, 2017, doi: 
10.1002/rse2.48. 

[4] S. Schneider, G. W. Taylor, S. Linquist, S. C. Kremer, 
“Past, present and future approaches using computer 
vision for animal re‐identification from camera trap 
data” Methods in Ecology and Evolution, vol. 10, no. 4, 
pp. 461–470, 2019, doi: 10.1111/2041-210X.13133. 

[5] P. Glover-Kapfer, O. R. Wearn, “Camera-Trapping WWF 
Guidelines” WWF Conservation Technology Series, 
2017. 

[6] A. Swanson, M. Kosmala, C. Lintott, R. Simpson, A. Smith,  
C. Packer, “Snapshot Serengeti, high-frequency 
annotated camera trap images of 40 mammalian species 
in an African savanna” Scientific data, 2015, doi: 
10.1038/sdata.2015.26. 

[7] M. Stefańczyk, T. Bocheński, “Mixing deep learning with 
classical vision for object recognition” Journal of World 
Society for Computer Graphics (JWSCG), vol. 28, no. 1-2, 
pp. 147–154, 2020, doi: 10.24132/JWSCG.2020.28.18. 

[8] Max Planck Institute for Evolutionary Anthropology. 
“Pan African Programme: The Cultured Chimpanzee | 
Where we work” http://panafrican.eva.mpg.de/english/
where_we_work.php (accessed Nov. 22, 2022). 

[9] P. Henschel, Ed., "Leopards in African Rainforests: 
Survey and Monitoring Techniques" Wildlife 
Conservation Society, 2003. 

[10] T. N. Bailey, "The African Leopard: Ecology and Behavior 
of a Solitary Felid" Columbia University Press, 1993. 

[11] W. J. Scheirer, A. de Rezende Rocha, A. Sapkota, T. E. 
Boult, “Toward Open Set Recognition” IEEE Transactions 
on Pattern Analysis and Machine Intelligence, vol. 35, 
no. 7, pp. 1757–1772, 2013, doi: 
10.1109/TPAMI.2012.256. 

ISSN 1213-6972 (print) 
ISSN 1213-6964 (online)

Journal of WSCG 
http://www.wscg.eu

Vol.31, No-1-2, 2023 

https://www.doi.org/10.24132/JWSCG.2023.1 8



[12] P. Oza, V. M. Patel, “Deep CNN-based Multi-task 
Learning for Open-Set Recognition” 2019, early access: 
https://arxiv.org/pdf/1903.03161 

[13] M. Willi, R. T. Pitman, A. W. Cardoso, C. Locke, A. 
Swanson, A. Boyer, M. Veldthuis, L. Fortson, “Identifying 
animal species in camera trap images using deep 
learning and citizen science” Methods in Ecology and 
Evolution, vol. 10, no. 1, pp. 80–91, 2019, doi: 
10.1111/2041-210X.13099. 

[14] S. Beery, D. Morris, S. Yang, “Efficient Pipeline for 
Camera Trap Image Review” Data Mining and AI for 
Conservation Workshop at KDD19, 2019, http://
arxiv.org/pdf/1907.06772 

[15] M. A. Tabak, M. S. Norouzzadeh, D. W. Wolfson, S. J. 
Sweeney, K. C. Vercauteren, N. P. Snow, J. M. Halseth, P. 
A. Di Salvo, J. S. Lewis, M. D. White, B. Teton, J. C. 
Beasley, P. E. Schlichting, R. K. Boughton, B. Wight, E. S. 
Newkirk, J. S. Ivan, E. A. Odell, R. K. Brook, P. M. Lukacs, 
A. K. Moeller, E. G. Mandeville, J. Clune, R. S. Miller, 
“Machine learning to classify animal species in camera 
trap images: Applications in ecology” Methods in 
Ecology and Evolution, vol. 10, no. 4, pp. 585–590, 2019, 
doi: 10.1111/2041-210X.13120. 

[16] G. Falzon, C. Lawson, K.-W. Cheung, K. Vernes, G. A. 
Ballard, P. J. S. Fleming, A. S. Glen, H. Milne, A. Mather-
Zardain, P. D. Meek, “ClassifyMe: A Field-Scouting 
Software for the Identification of Wildlife in Camera Trap 
Images” Animals, vol. 10, no. 1, 2020, doi: 
10.3390/ani10010058. 

[17] “Zamba Cloud.” https://www.zambacloud.com/#what-
is-zamba-cloud (accessed Feb. 20, 2023). 

[18] P. Follmann, B. Radig, “Detecting Animals in Infrared 
Images from Camera-Traps” Pattern Recognition and 
Image Analysis, vol. 28, no. 4, pp. 605–611, 2018, doi: 
10.1134/S1054661818040107. 

[19] C. Carl, F. Schönfeld, I. Profft, A. Klamm, D. Landgraf, 
“Automated detection of European wild mammal 
species in camera trap images with an existing and pre-
trained computer vision model” European Journal of 
Wildlife Research, vol. 66, no. 4, 2020, doi: 
10.1007/s10344-020-01404-y. 

[20] J. Parham, C. Stewart, J. Crall, D. Rubenstein, J. 
Holmberg, T. Berger-Wolf, “An Animal Detection 
Pipeline for Identification” 2018 IEEE Winter 
Conference, pp. 1075–1083. 

[21] M. S. Norouzzadeh, A. Nguyen, M. Kosmala, A. Swanson, 
M. S. Palmer, C. Packer, J. Clune, “Automatically 
identifying, counting, and describing wild animals in 
camera-trap images with deep learning” Proceedings of 
the National Academy of Sciences USA, vol. 115, no. 25, 
2018, doi: 10.1073/pnas.1719367115. 

[22] M. S. Palmer, S. E. Huebner, M. Willi, L. Fortson, C. 
Packer, “Citizen science, computing, and conservation: 
How can “Crowd AI” change the way we tackle large-
scale ecological challenges?” Human Computation 
Journal, vol. 8, no. 2, pp. 54–75, 2021, doi: 
10.15346/hc.v8i2.123. 

[23] “Zooniverse.” https://www.zooniverse.org/ (accessed 
Feb. 20, 2023). 

[24] J. A. Ahumada, E. Fegraus, T. Birch, N. Flores, R. Kays, T. 
G. O’Brien, J. Palmer, S. Schuttler, J. Y. Zhao, W. Jetz, M. 
Kinnaird, S. Kulkarni, A. Lyet, D. Thau, M. Duong, R. 
Oliver, A. Dancer, “Wildlife Insights: A Platform to 
Maximize the Potential of Camera Trap and Other 

Passive Sensor Wildlife Data for the Planet” 
Environmental Conservation, vol. 47, no. 1, pp. 1–6, 
2020, doi: 10.1017/S0376892919000298. 

[25] T. Y. Berger-Wolf, D. I. Rubenstein, C. V. Stewart, J. A. 
Holmberg, J. Parham, S. Menon, J. Crall, J. van Oast, E. 
Kiciman, L. Joppa, “Wildbook: Crowdsourcing, computer 
vision, and data science for conservation” Data For Good 
Exchange 2017, 2017, http://arxiv.org/pdf/
1710.08880v1 

[26] Jason Parham, Jon Crall, Charles Stewart, Tanya Berger-
Wolf, Dan Rubenstein, “Animal Population Censusing at 
Scale with Citizen Science and Photographic 
Identification” AAAI Spring Symposia, pp. 37–45, 2017. 

[27] P. D. Meek, K. Vernes, G. Falzon, “On the Reliability of 
Expert Identification of Small-Medium Sized Mammals 
from Camera Trap Photos” Wildlife Biology in Practice, 
vol. 9, no. 2, 2013, doi: 10.2461/wbp.2013.9.4. 

[28] “Wildlife Protection Solutions.” https://
wildlifeprotectionsolutions.org/ (accessed Nov. 21, 
2022). 

[29] G. R. Hillman, B. Würsig, G. A. Gailey, N. Kehtarnavaz, A. 
Drobyshevsky, B. N. Araabi, H. D. Tagare, D. W. Weller, 
“Computer-assisted photo-identification of individual 
marine vertebrates: a multi-species system” Aquatic 
Mammals, vol. 29, no. 1, pp. 117–123, 2003, doi: 
10.1578/016754203101023960. 

[30] H. J. Weideman, Z. M. Jablons, J. Holmberg, K. Flynn, J. 
Calambokidis, R. B. Tyson, J. B. Allen, R. S. Wells, K. 
Hupman, K. Urian, C. V. Stewart, “Integral Curvature 
Representation and Matching Algorithms for 
Identification of Dolphins and Whales” 2017 IEEE 
International Conference on Computer Vision 
Workshops: ICCVW, pp. 2831–2839, 2017, doi: 
10.1109/ICCVW.2017.334. 

[31] R. B. Sherley, T. Burghardt, P. J. Barham, N. Campbell, I. 
C. Cuthill, “Spotting the difference: towards fully-
automated population monitoring of African penguins 
Spheniscus demersus” Endangered Species Research, 
vol. 11, pp. 101–111, 2010, doi: 10.3354/esr00267. 

[32] E. Nepovinnykh, T. Eerola, H. Kalviainen, “Siamese 
Network Based Pelage Pattern Matching for Ringed Seal 
Re-identification” 2020 IEEE Winter Applications of 
Computer Vision Workshops (WACVW), pp. 25–34, 
2020, doi: 10.1109/WACVW50321.2020.9096935. 

[33] R. Bogucki, M. Cygan, C. B. Khan, M. Klimek, J. K. Milczek, 
M. Mucha, “Applying deep learning to right whale photo 
identification” Conservation Biology, vol. 33, no.3, pp. 
676-684, 2019, doi: 10.1111/cobi.13226. 

[34] M. Hamilton, S. Raghunathan, A. Annavajhala, D. 
Kirsanov, E. de Leon, E. Barzilay, I. Matiach, J. Davison, 
M. Busch, M. Oprescu, R. Sur, R. Astala, T. Wen, C. Park, 
“Flexible and Scalable Deep Learning with MMLSpark” 
Journal of Machine Learning Research, vol. 82, 2017, 
https://arxiv.org/pdf/1804.04031 

[35] A. C. Ferreira, L. R. Silva, F. Renna, H. B. Brandl, J. P. 
Renoult, D. R. Farine, R. Covas, C. Doutrelant, “Deep 
learning‐based methods for individual recognition in 
small birds” Methods in Ecology and Evolution, vol. 11, 
no. 9, pp. 1072–1085, 2020, doi: 10.1111/2041-
210X.13436. 

[36] S. J. Carter, I. P. Bell, J. J. Miller, P. P. Gash, “Automated 
marine turtle photograph identification using artificial 
neural networks, with application to green turtles” 
Journal of Experimental Marine Biology and Ecology, vol. 

ISSN 1213-6972 (print) 
ISSN 1213-6964 (online)

Journal of WSCG 
http://www.wscg.eu

Vol.31, No-1-2, 2023 

https://www.doi.org/10.24132/JWSCG.2023.1 9



452, pp. 105–110, 2014, doi: 
10.1016/j.jembe.2013.12.010. 

[37] S. Li, J. Li, H. Tang, R. Qian, W. Lin, “ATRW: A Benchmark 
for Amur Tiger Re-identification in the Wild” 
Proceedings of the 28th ACM International Conference 
on Multimedia, pp. 2590–2598, 2019. doi: 
10.1145/3394171.3413569. 

[38] K. S. Pereira, L. Gibson, D. Biggs, D. Samarasinghe, A. R. 
Braczkowski, “Individual Identification of Large Felids in 
Field Studies: Common Methods, Challenges, and 
Implications for Conservation Science” Frontiers in 
Ecology and Evolution, vol. 10, 2022, doi: 
10.3389/fevo.2022.866403. 

[39] X. Dong, J. Shen, “Triplet Loss in Siamese Network for 
Object Tracking” Proceedings of European Conference 
on Computer Vision (ECCV), pp. 472-488, 2018. 

[40] D. Organisciak, C. Riachy, N. Aslam, H. P. Shum, “Triplet 
Loss with Channel Attention for Person Re-
identification” Journal of World Society for Computer 
Graphics (JWSCG), vol. 27, no. 2, 2019, doi: 
10.24132/JWSCG.2019.27.2.9. 

[41] N. Dlamini, T. L. van Zyl, “Comparing Class-Aware and 
Pairwise Loss Functions for Deep Metric Learning in 
Wildlife Re-Identification” Sensors (Switzerland), vol. 21, 
no. 18, 2021, doi: 10.3390/s21186109. 

[42] D. G. Lowe, “Object recognition from local scale-
invariant features” The proceedings of the 7th IEEE 
International Conference on Computer Vision, 1999, 
vol.2, pp. 1150-1157,  doi: 10.1109/ICCV.1999.790410. 

[43] R. B. Nipko, B. E. Holcombe, M. J. Kelly, “Identifying 
Individual Jaguars and Ocelots via Pattern‐Recognition 
Software: Comparing HotSpotter and Wild‐ID” Wildlife 
Society Bulletin, vol. 44, no. 2, pp. 424–433, 2020, doi: 
10.1002/wsb.1086. 

[44] D. T. Bolger, T. A. Morrison, B. Vance, D. Lee, H. Farid, “A 
computer-assisted system for photographic mark-
recapture analysis” Methods in Ecology and Evolution, 
vol. 3, no. 5, pp. 813–822, 2012, doi: 10.1111/j.2041-
210X.2012.00212.x. 

[45] T. Y. Berger-Wolf, Di Rubenstein, C. V. Stewart, J. 
Holmberg, J. Parham, J. Crall, “IBEIS: Image-based 
ecological information system: From pixels to science 
and conservation” Bloomberg Data for Good Exchange 
Conference, vol. 2, 2015. 

[46] J. P. Crall, C. V. Stewart, T. Y. Berger-Wolf, D. I. 
Rubenstein, S. R. Sundaresan, “Hotspotter — patterned 
species instance recognition” 2013 IEEE Workshop on 
Applications of Computer Vision (WACV), pp. 230–237, 
2013, doi: 10.1109/WACV.2013.6475023. 

[47] J. Parham, C. Stewart, J. Crall, D. Rubenstein, J. 
Holmberg, T. Berger-Wolf, “An animal detection pipeline 
for identification” IEEE Winter Conference on 
Applications of Computer Vision (WACV), pp. 1075–
1083, 2018. 

[48] D. Schofield, A. Nagrani, A. Zisserman, M. Hayashi, T. 
Matsuzawa, D. Biro,  S. Carvalho, “Chimpanzee face 
recognition from videos in the wild using deep learning” 
Science Advances, vol. 5, no. 9, 2019, doi: 
10.1126/sciadv.aaw0736. 

[49] D. Crouse, R. L. Jacobs, Z. Richardson, S. Klum, A. Jain, A. 
L. Baden, S. R. Tecot, “LemurFaceID: a face recognition 
system to facilitate individual identification of lemurs” 

BMC Zoology, vol. 2, no. 1, 2017, doi: 10.1186/s40850-
016-0011-9. 

[50] C.-A. Brust, T. Burghardt, M. Groenenberg, C. Kading, H. 
S. Kuhl, M. L. Manguette, J. Denzler, “Towards 
Automated Visual Monitoring of Individual Gorillas in 
the Wild” 2017 IEEE International Conference on 
Computer Vision Workshops (ICCVW), pp. 2820–2830, 
2017. 

[51] P. Chen, P. Swarup, W. M. Matkowski, A. W. K. Kong, S. 
Han, Z. Zhang, H. Rong, “A study on giant panda 
recognition based on images of a large proportion of 
captive pandas” Ecology and Evolution, vol. 10, no. 7, pp. 
3561-3573, 2020, doi: 10.1002/ece3.6152. 

[52] M. Clapham, E. Miller, M. Nguyen, R. C. van Horn, 
“Multispecies facial detection for individual 
identification of wildlife: a case study across ursids” 
Mammalian Biology, 2022, doi: 10.1007/s42991-021-
00168-5. 

[53] K. Wang, C. Chen, Y. He, “Research on pig face 
recognition model based on keras convolutional neural 
network” IOP Conference Series: Earth and 
Environmental Science, vol. 474, no. 3, 2020, doi: 
10.1088/1755-1315/474/3/032030. 

[54] M. Marsot, J. Mei, X. Shan, L. Ye, P. Feng, X. Yan, C. Li, Y. 
Zhao, “An adaptive pig face recognition approach using 
Convolutional Neural Networks” Computers and 
Electronics in Agriculture, vol. 173, 2020, doi: 
10.1016/j.compag.2020.105386. 

[55] M. S. McCarthy, C. Stephens, P. Dieguez, L. Samuni, M.-
L. Després-Einspenner, B. Harder, A. Landsmann, L. K. 
Lynn, N. Maldonado, Z. Ročkaiová, J. Widness, R. M. 
Wittig, C. Boesch, H. S. Kühl, M. Arandjelovic, 
“Chimpanzee identification and social network 
construction through an online citizen science platform” 
Ecology and Evolution, vol. 11, no.4, 2020, doi: 
10.1002/ece3.7128. 

[56] O. Moskvyak, F. Maire, A. O. Armstrong, F. Dayoub, M. 
Baktashmotlagh, “Robust Re-identification of Manta 
Rays from Natural Markings by Learning  Pose Invariant 
Embeddings” Digital Image Computing: Techniques and 
Applications (DICTA), 2021, doi: 
10.1109/DICTA52665.2021.9647359. 

[57] C. Town, A. Marshall, N. Sethasathien, “Manta Matcher: 
automated photographic identification of manta rays 
using keypoint features” Ecology and evolution, vol. 3, 
no. 7, pp. 1902–1914, 2013, doi: 10.1002/ece3.587. 

[58] Z. Tu, W. Xie, D. Zhang, R. Poppe, R. C. Veltkamp, B. Li, J. 
Yuan, “A survey of variational and CNN-based optical 
flow techniques” Signal Processing: Image 
Communication, vol. 72, pp. 9–24, 2019, doi: 
10.1016/j.image.2018.12.002. 

[59] S. Brahimi, N. Ben Aoun, C. Ben Amar, A. Benoit, P. 
Lambert, “Multiscale Fully Convolutional DenseNet for 
Semantic Segmentation” Journal of World Society for 
Computer Graphics (JWSCG), vol. 26, no. 2, 2018, doi: 
10.24132/JWSCG.2018.26.2.5. 

[60] A. Leipnitz, T. Strutz, O. Jokisch, “Performance 
Assessment of Convolutional Neural Networks for 
Semantic Image Segmentation” 27th International 
Conference on Computer Graphics, Visualization and 
Computer Vision 2019, doi: 
10.24132/CSRN.2019.2901.1.4.  

 
 

ISSN 1213-6972 (print) 
ISSN 1213-6964 (online)

Journal of WSCG 
http://www.wscg.eu

Vol.31, No-1-2, 2023 

https://www.doi.org/10.24132/JWSCG.2023.1 10


	J_WSCG-papers
	D47-full


