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discriminating Pongo and Homo upper molars 
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Abstract 

Objectives 

Convolutional neural network (CNN) is a state-of-art deep learning (DL) method with superior 

performance in image classification. Here, a CNN-based workflow is proposed to discriminate 

hominid teeth. Our hope is that this method could help confirm otherwise questionable records of 

Homo from Pleistocene deposits where there is a standing risk of mis-attributing molars of Pongo 

to Homo. 

Methods and materials 

A two-step workflow was designed. The first step is converting the enamel–dentine junction 

(EDJ) into EDJ card, that is, a two-dimensional image conversion of the three-dimensional EDJ 

surface. In this step, researchers must carefully orient the teeth according to the cervical plane. 

The second step is training the CNN learner with labeled EDJ cards. A sample consisting of 53 

fossil Pongo and 53 Homo (modern human and Neanderthal) was adopted to generate EDJ cards, 

which were then separated into training set (n = 84) and validation set (n = 22). To assess the 

feasibility of this workflow, a Pongo-Homo classifier was trained from the aforementioned EDJ 

card set, and then the classifier was used to predict the taxonomic affinities of six samples (test 

set) from von Koenigswald's Chinese Apothecary collection. 

Results 

Results show that EDJ cards in validation set are classified accurately by the CNN learner. More 

importantly, taxonomic predictions for six specimens in test set match well with the diagnosis 

results deduced from multiple lines of evidence, implying the great potential of CNN method. 

Discussion 

This workflow paves a way for future studies using CNN to address taxonomic complexity (e.g., 

distinguishing Pongo and Homo teeth from the Pleistocene of Asia). Further improvements 

include visual interpretation and extending the applicability to moderately worn teeth. 

1. Introduction 



Human evolution in Asia remains a highly debated topic, especially regarding the chronospatial 

dynamics and interactions of Late Pleistocene modern humans with other hominin groups (Bae et 

al., 2017). The paleoanthropological record is scarce and by definition gives a partial picture of 

the past. Teeth represent the best preserved and most abundant remains in the fossil record, and 

they are also diagnostic elements to assess taxonomic affinities of fossil hominids. Among 

nonmetric features, the manifestations of tooth apparatuses such as cingulum, crista obliqua, cusp 

5, post-paracone tubercle, twinned paracone dentine horn, Carabelli's cusp, protoconule, mid-

trigonid crest give indications on taxonomic affinities (e.g., Filoux & Wattanapituksakul, 2019; 

Ibrahim et al., 2013; Liao et al., 2019; Martin et al., 2017; Martinón-Torres et al., 2012; Radovic 

et al., 2019; Skinner et al., 2008; Wang, 2009; Zhang & Harrison, 2017). Qualitative traits outline 

the morphological form, allowing researchers to infer the possible taxonomic identity for a given 

sample. For specific taxa-like Gigantopithecus blacki, it is possible to recognize them based on a 

combination of qualitative traits, fossil provenance, and fossil age (Zhang & Harrison, 2017). 

However, due to morphological convergence, crown size overlap and other factors complicating 

taxonomic identification (like occlusal wear and taphonomy affecting crown and root 

morphology), the discrimination of Asian fossil taxa such as Pongo, Meganthropus, and Homo 

solely based on qualitative traits is challenging (Smith et al., 2018; Smith, Olejniczak, et al., 

2009; Zanolli et al., 2015, 2019). Quantitative assessments of size, shape, and dental ontogenesis 

thus represent additional evidence to support taxonomic attribution. These methods mainly 

include dental crown size (mesiodistal and buccolingual diameters; e.g., Bae et al., 2014; Yao et 

al., 2020), two-dimensional (2D) dentine horn height (e.g., Olejniczak, Smith, Wang, et al., 

2008), relative cuspal area (e.g., Bailey, 2004), crown tissue proportions and 2D/three-

dimensional (3D) enamel thickness (e.g., Bayle et al., 2010; Kono, 2004; Lockey et al., 2020; 

Martin, 1985; Olejniczak, Smith, Feeney, et al., 2008), occlusal fingerprint analysis (e.g., 

Kullmer et al., 2009), geometric morphometric analysis (e.g., occlusal crown, enamel–dentine 

junction (EDJ), and pulp chamber; e.g., Zanolli et al., 2012; Zanolli et al., 2019; le Luyer et al., 

2016), dental development analysis (e.g., daily secretion rate, long-period line periodicity, crown 

formation time; e.g., Smith et al., 2006; Smith, Olejniczak, et al., 2009; Smith, Harvati, et al., 

2009; Smith et al., 2010, 2018; Smith, 2016). Among the dental structural features, the 

developmental interface between enamel and dentine called EDJ has been demonstrated to be a 

reliable taxonomic proxy to discriminate various hominid taxa even at the subspecific level 

(Skinner et al., 2008, 2009, 2010; Zanolli et al., 2012, 2015, 2019). 

Whenever possible, it is preferable to combine both qualitative and quantitative evidences to 

recognize hominid teeth to improve the reliability of taxonomic assessment. Nevertheless, for 

some dental material with no contextual information on provenience, stratigraphy and 



chronology, like the fossil hominid teeth from von Koenigswald's Chinese Apothecary collection, 

consensus is not reached on their taxonomic statuses even if both nonmetric and metric 

characteristics are described in great details (Ciochon, 2009; Harrison et al., 2014; Pope, 1983; 

Simons, 1963; Smith et al., 2018; von Koenigswald, 1957; Wolpoff, 1982). 

Recently, deep learning (DL) approaches showed remarkable progress in segmentation, detection, 

recognition, classification, scene understanding (Ahmed et al., 2019; Gu et al., 2018; Litjens et 

al., 2017), opening toward new and promising perspectives for applications to the 

paleoanthropological record. One of the most encouraging DL methods is convolutional neural 

network (CNN), which has been proven an excellent method with high accuracy in classification 

task (Chen et al., 2016; Shin et al., 2016). For instance, in the field of dentistry, CNN was 

employed to automatically recognize tooth categories (incisor, canine, premolar, and molar) from 

dentition images (Li et al., 2019; Xu et al., 2019). Most recently, CNN was used to extract 

microfossils automatically from micro-computerized tomography (micro-CT) data of 

sedimentary rock (Carvalho et al., 2020). However, despite the promising potential of this 

method, to the best of our knowledge, CNN has not been adopted to assess taxonomic affinities 

of hominid teeth in previous contributions. We aim here at testing the application of the CNN 

method to taxonomic discrimination with EDJ as the input file. 

2. Materials and methods 

2.1. Materials 

The sample adopted here for CNN training consists of fossil Pongo and Homo (including 

Neanderthals and modern humans) upper molars. All fossil Pongo teeth (n = 53) are original 

samples and they were excavated from different sites in Southern China, including Ganxian cave, 

Naxian cave, Ganqian cave, Yicun cave, Sanxieshan cave, Shanzu cave, and Yanli cave. All 

these caves are in Guangxi province, China. The orangutan specimens were recognized based on 

the morphology of occlusal enamel surface and EDJ, and they exhibit morphology that closely 

approximates that of extant orangutans and clearly differ from fossil and recent humans. Most 

Pongo teeth are scanned by a customized μ - XCT scanner (housed at the Institute of Vertebrate 

Paleontology and Paleoanthropology, Chinese Academy of Sciences) and the remains are 

scanned by a TX225-Actis Micro-CT system (housed at the University Museum, the University 

of Tokyo). Regarding Homo teeth, most of them (n = 47) were downloaded from open-source 

database, including ESRF (2020), MorphoMuseuM Database (2020), NESPOS Database (2020), 

and Morphosource Database (2020). The remaining Homo teeth (n = 6) are original samples. 

More details of these Pongo and Homo samples are documented in Supplementary Material (SM) 

Table 1. Note that these 106 Pongo and Homo maxillary molars were only used to train CNN. 



In addition, six maxillary molars (test dataset in Table 1) that from von Koenigswald's Chinese 

Apothecary collection were adopted to assess the performance of the trained CNN learner. The 

micro-CT data of these teeth are available in ESRF database. We choose these samples to test due 

to the following reasons. First, for the teeth in von Koenigswald's collection, the sites of origin, 

stratigraphic context and associated information are lost. Besides, many teeth are worn on the 

outside, further complicating their taxonomic attributions while the underlying EDJ is well-

preserved. Since it is difficult to assess the taxonomic affinities for these specimens that have lost 

contextual information (e.g., von Koenigswald's collection), the potential of CNN method can be 

appreciated based on tests conducted on the reference sample and on the capacity to assess the 

taxonomic attribution of these test specimens. Another consideration is that Smith et al. (2018) 

have applied various methods, including 2D enamel thickness, morphometric analysis on 2D 

EDJ, long-period line periodicity, and crown formation time, to deduce the taxonomic affinities 

for the aforementioned six molars (test dataset in Table 1), and they concluded that these molars 

belong to Pongo or Homo. Nevertheless, their results showed large morphometric overlap 

between Homo and Pongo in most analyses, leaving some doubts regarding some taxonomic 

assessments. Here, we reassess these six maxillary molars with a DL approach, enabling a mutual 

validation between the CNN results and the conventional results by Smith et al. (2018). 

TABLE 1. Training, validation, and test dataset 

Dataset Fossil Pongo Homo 

Provenancea No. samples Provenanceb No. samples 

Training Yanli cave 

Naxian cave 

Ganxian cave 

Ganqian cave 

Sanxieshan cave 

42 Qafzeh, Israel 

Gurgy, France 

Krapina, Croatia 

La Quina, France 

42 

Validation Yanli cave 11 Qafzeh, Israel 11 



Dataset Fossil Pongo Homo 

Provenancea No. samples Provenanceb No. samples 

Yicun cave 

Naxian cave 

Shanzu cave 

Ganxian cave 

Ganqian cave 

Gurgy, France 

Krapina, Croatia 

La Quina, France 

Test CA673, CA796, CA799, CA771, CA772, CA770 

 a All these caves are in Guangxi province, China. 

 b Note that the provenances of four Homo samples are uncertain and these samples are stored at 

Evolutionary Anthropology Department, Duke University, USA. Please refer to SM Table 1 for 

more details. 

2.2. Methods 

We designed a DL-based workflow (Figure 1). The workflow can be summarized into two steps. 

The first step is making EDJ card, which is a 2D image representing the 3D EDJ surface. In EDJ 

card, colormap stands for height distribution from EDJ surface to cervical plane. The details for 

the first step are described below. 

1. Scan the specimens using micro-CT or synchrotron micro-CT. The voxel size of the 

resultant Pongo volume data ranges from 21.96 to 40.00 μm and 17.93 to 50.00 μm for 

Homo teeth. The volume data are then imported into image processing software (e.g., 

ImageJ, Avzio, Gragonfly, VG Studio, and Mimics), and segmented therein using 

watershed algorithm. If necessary, manual correction is carried out to correct minor 

defects. 

2. Generate surface model from segmented images using a constrained smoothing algorithm 

with a kernel size ranging from two to three (Figure 1(a)). 

3. Import the surface model into Geomagic Design X.2016 and separate the coronal dentine 

from the tooth roots (other CAD software like Rhinoceros can also be adopted for the 

same purpose). Specifically, a spline curve is digitized along the cervical line (black dash 



line in Figure 1(a)). And then, cervical plane (red font in Figure 1(a)) is produced by 

means of fitting with the spline curve (Benazzi et al., 2014; Tafforeau, 2004). The 

cervical plane is used to separate the coronal dentine from the tooth roots (Figure 1(b)). 

Afterward, move and rotate the EDJ until the following three conditions have been met. 

First, the center of the cervical plane is set at the origin point. Second, the direction from 

the paracone tip to the protocone tip is parallel to the x-axis. Third, the normal direction 

of the cervical plane is parallel to the z-axis. Once the origin, x-axis, and z-axis have been 

determined, the y-axis is also determined. In Geomagic, the “Align” module is then used 

to rotate and move the EDJ. In this module, if origin (the center of the cervical plane) and 

two axes (the strait line between the paracone and protocone dentine horns, and the line 

orthogonal to the cervical plane) have been determined, then the target can be moved and 

rotated automatically. In other words, moving and rotating the EDJ are not performed by 

mouse dragging but based on morphological features of the EDJ, including cervix plane, 

paracone tip, and protocone tip. The EDJ is then exported as point cloud file (e.g., asc 

file) where each point has a 3D coordinate. 

4. Make EDJ card. At the moment, CNN methods are not very efficient at dealing with 3D 

surface (Muhazid et al., 2020), so that we need to convert the 3D EDJ surface into 2D 

map. This process is performed in Surfer 12.0. In detail, convert the point cloud into grid 

data using Kriging algorithm and then visualize the grid data via the “Color Relief” 

module (Figure 1(c)). The outcome is EDJ card. The colormap in EDJ card describes the 

height pattern from EDJ surface to cervical plane. To weaken the tooth size effect on 

CNN training, we adopted two different schemes to ensure EDJ cards have approximate 

equal size. In scheme-I, each EDJ card was rendered with its own height range from 

minimum to maximum. In this way, the colormap in EDJ card describes the relative 

height pattern and hence the EDJ card is scale-free in the sense of height. Afterward, we 

proportionally shrunken each EDJ card to make it inscribed by a consistent square 

(1478 × 1478, pixel unit). The second step allows all EDJ cards have approximately equal 

buccolingual diameter or mesiodistal diameter. In our samples, buccolingual diameter is 

larger than mesiodistal diameter. As a result, EDJ cards are inscribed in the buccolingual 

direction and hence all EDJ cards have approximate equal buccolingual diameters. In 

scheme-II, we first did a Procrustes superimposition of the EDJ surfaces of all specimens 

using the “Align Surface” module in Avizo 8.0. After the alignments, we made a statistic 

of minimum and maximum height for all EDJ cards. Not surprisingly, all EDJ cards show 

a minimum height (at the cervix position) of 0 mm. Homo specimen 277 has the 

maximum height (9.75 mm, at the dentine horn tip of paracone) compared to other 

samples. After that, all EDJ cards were rendered with a consistent height range (0–

9.75 mm). It is necessary to mention that in scheme-I, there is no need to align all 

specimens before making EDJ cards while in scheme-II, all specimens need to be aligned 

to each other before making EDJ cards. Besides, in both schemes, all left teeth were 

mirrored for homologous comparisons. 

 

https://onlinelibrary-wiley-com.proxy.mnhn.fr/cms/asset/00e87756-d01e-4987-8548-1bcbabe40d14/ajpa24286-fig-0001-m.jpg
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FIGURE 1. A deep learning (DL) -based workflow to classify hominid tooth. After micro-

computerized tomography (micro-CT) image stacks have been segmented, (a) a virtual surface 

model is generated using constrained smoothing algorithm, and then (b) cervical plane is utilized 

to separate the coronal dentine from the tooth roots. (c) Visualize the coronal dentine by the 

“color relief” module in Surfer. Pr, protocone; Hy, hypocone; Pa, paracone; Me, metacone; co, 

crista obliqua; trb, trigon basin; tab, talon basin. After these processes, the three-dimensional 

(3D) enamel–dentine junction (EDJ) has been transformed to two-dimensional (2D) EDJ card. 

Repeat these processes to all samples until each one has its corresponding EDJ card. After that, 

EDJ cards are labeled with their taxa attributions and then assigned to training or validation 

dataset. When that is finished, (d) the convolutional neural network (CNN) learner can be 

employed to extract numerous features from EDJ card automatically (schematic figure was made 

from the website descripted in Harley (2015)). (e) The final trained CNN learner is adopted to 

predict taxonomic identity of EDJ card. 

 

The above processes enable the transformation from 3D EDJ surface to 2D representation (EDJ 

card). After all samples have been processed and each sample has its corresponding EDJ card, the 

second step, training CNN, can be carried out by following the processes below. 

1. Assign training/validation set. Most of the EDJ cards are assigned to the training set (e.g., 

80%) and the remaining cards to the validation set. To ensure that effective features will 

be extracted by CNN learner, the EDJ cards in training set need to cover as many different 

morphotypes as possible. Specifically, it is preferred that the trained samples are from 

different provenances and/or from different geologic time. 

2. Train CNN learner. The brief principle of CNN is shown in Figure 1(d). Here and for 

example, we take a dentine section as the input layer (Layer 1). Matrix kernels are used to 

do convolution computation on the input layer and the outcome are convolution layer 

(Layer 2). Generally, macrolevel features (e.g., shape of the distal margin) will be 

extracted in the outer convolution layer (e.g., the first convolution layer). The convolution 



layer is followed by downsampling layer (Layer 3, also called as pooling layer), which is 

designed to reduce data size, reduce the phenomenon of over fitting, and improve fault 

tolerance. The commonly used schemes to obtain downsampling layer include max 

pooling and average pooling. The processes of convolution and downsampling are then 

iterated, and deeper layers are obtained (Layer 4, 5, and 6). The deeper the layer is, the 

more microscopic the feature is (e.g., pattern of the dentine horn tip). The fully connected 

layer (Layer 7) converts the feature matrixes of its previous layer into a vector, which 

contains discriminant information and determine classification result (output layer). 

3. Give prediction. After the CNN learner has been trained and high accuracy has been 

reached in the validation set, the trained CNN learner can be employed to predict the 

identities of those EDJ cards, whose taxonomic affinities are uncertain (Figure 1(e)). If 

high accuracy is also reached in a considerable number of predictions, meaning that the 

trained model is robust, the learner can be saved for future use. 

We coded a program using Jupyter notebook to perform the above processes and shared the 

program in Github: https://github.com/CUG-YZX/Pongo-Homo-teeth-classifier. In the program, 

fastai (www.fast.ai) is employed as the basic application programming interface and ResNet18 

(He et al., 2016; Howard & Gugger, 2020) is invoked as the CNN implementation. The program 

is executable in Google Colaboratory (https://colab-research-google-com.proxy.mnhn.fr), where 

it is free to remotely access to high-performance computer. 

To test how well the workflow is working, a sample consisting of 106 maxillary permanent 

first/second molars (53 fossil Pongo, 53 Homo [including modern human and Neanderthal]) were 

processed to generate their EDJ cards, which were further utilized to train and validate the CNN 

learner. Table 1 lists the brief information about training, validation, and test dataset. The detailed 

scheme of assigning training/validation dataset is provided in SM Table 1. It can be noted that 

both training and validation set have samples unearthed from different provenance. Thus, it is 

most likely that different morphotypes are assigned to training/validation set. This allocation 

improves the possibility that generalizable classification features will be acquired by CNN 

learner. It is necessary to mention that the process of CNN training do not involve the samples in 

test set. These samples are used to evaluate the performance of trained CNN learner. 

3. Results 

First, scheme-I was adopted to generate EDJ cards, which were then used to perform the DL-

workflow and the results are shown in Figures 2–4-2–4 and Tables 2 and 3. The EDJ cards of 

Homo teeth are shown in Figure 2. These figures share some common characteristics. First, crista 

obliqua is evident in most cases (but see the exceptions like 248 and EH-BP9). Second, most 

samples display clear trigon basin and talon basin (but see the exceptions such as 252 and 289B). 

Third, hypocone is not higher than protocone in all cases except for KRD166. 



 

FIGURE 2. Enamel–dentine junction (EDJ) cards of studied Homo teeth. All left molars have 

been mirrored to the right position for comparison. Scheme-I was adopted to generate EDJ cards. 



 
FIGURE 3. Enamel–dentine junction (EDJ) cards of studied fossil Pongo teeth. All left molars 

have been mirrored to the right position for comparison. Scheme-I.



 

 
FIGURE 4. Predictions for the validation set. Scheme-I 



TABLE 2. Train loss, valid loss, and accuracy (in validation set) during training. Scheme-I 

Training cycle Train loss Valid loss Accuracy (%) 

1 0.3848 0.0523 100 

2 0.3344 0.0046 100 

    

TABLE 3. Taxonomic predictions for test set by present study and the corresponding diagnostic 

results provided by Smith et al. (2018) using other methods. Scheme-I 

Specimens EDJ carda Present study Smith et al. (2018) 

Prediction Probability Affinity Methodsb 

CA673 
 

Pongo 0.9329 Pongo A, B, C 

CA770 
 

Homo 0.9995 Homo A, B, C, D 

CA771 
 

Homo 0.9941 Homo A, B, C 

CA772 
 

Homo 0.9995 Homo C 

CA796 
 

Pongo 0.9857 Pongo A, B, C, D 

CA799 
 

Pongo 0.9999 Pongo A, B 

 Abbreviation: EDJ, enamel–dentine junction. 

 a Colormap is same as that shown in Figure 4. 



 b Methods applied by Smith et al. (2018): A-2D average enamel thickness, B-geometric 

morphometric analysis on 2D EDJ, C-long-period line periodicity, and D-crown formation time. 

Unlike the Homo teeth where the crista obliqua is evident in most cases, this feature is modestly 

developed in a considerable number of Pongo cards (e.g., NX-B1-97, SZ-2, GQ2-3, and GQ2-2 

in Figure 3). This finding was also previously observed by Zanolli et al. (2019). Due to that, 

trigon basin connects with talon basin and they together merge into a narrow basin in these cases 

such as NX-C1-6, NX-B1-97, NX-A1-97, NX-A2-23, GQ2-2, and GQ2-3. Besides, some Pongo 

cards show that the hypocone is higher than the protocone (e.g., NX-B1-67, GQ2-8, GQ2-6, NX-

B1-77, and YC-2). 

The above analysis implies that discriminant information can be recorded on EDJ card. Although 

only some obvious differences have been pointed out in the above comparisons, it is highly likely 

that there exist other subtle taxonomic features, which are effective in classifying Pongo and 

Homo. It is laborious to find out these classification features in a manual way. Even if diagnostic 

features are found to be valid to classify Pongo and Homo, there is no guarantee that these 

features are efficient in classifying other hominid teeth. With CNN, distinguishing features can be 

detected automatically. In a specific classifying task, numerous features (including both 

diagnostic and nondiagnostic features) are first extracted in form of matrixes and these features 

are then analyzed by CNN to find out which ones are useful in the target task. The advantage of 

CNN is that it finds distinguishing features automatically and can learn to recognize more when 

fed with more specimens/samples. 

Table 2 lists the training details. In the table, train loss and valid loss are quantitative parameters 

reflecting classification quality in training set and validation set, respectively. The lower the loss 

is, the higher the classification quality is. Valid loss is lower than train loss, meaning that there is 

a low probability of overfitting. Both train loss and valid loss are lower in the second training 

cycle than the first one, indicating that model performance has been improved during the second 

cycle. Since the prediction accuracy in validation set has reached 100% in the first two training 

cycles and valid loss is small, the training is basically accomplished, and more training cycles are 

not necessary. 

The details of predictions for validation set are shown in Figure 4. All 22 samples have been 

classified accurately, indicating that effective features are recognized by CNN learner. It is not a 

surprise that such high accuracy is reached, because plentiful features on the EDJ card have been 

compared and with high probability, there exits some features possessing taxonomic value. In 

addition, there is high similarity between training set and validation set. In fact, most samples in 



validation set have at least one contemporaneous and same-provenance homologue in training set 

(SM Table 1). 

Table 3 lists the predictions for test set. The samples in test set are not involved in the previous 

training process, meaning that CNN learner has not “seen” these samples before. With high 

predictive probabilities, predictions match well with the diagnostic results based on other routine 

methods (Table 3). This result strengthens the conclusion that generalizable distinguishing 

features of taxonomic value have been learned by CNN. 

When scheme-II is used to generate EDJ cards, then corresponding results are found in SM 

Figures 1–3 and SM Tables 2 and 3. SM Figure 3 shows that the samples in validation set were 

classified accurately and SM Table 3 also shows that the predictions by CNN learner match well 

with the diagnostic results deduced from previous studies (Smith et al., 2018). These results 

indicate that both scheme-I and scheme-II are compatible with the proposed DL workflow. 

4. Discussion 

During the Pleistocene, at least four hominid taxa, including Pongo, Gigantopithecus, 

Meganthropus, and Homo coexisted in Asia (Zanolli et al., 2019). Pongo and Homo teeth 

frequently co-occur in karstic Pleistocene sediments from Southern Asia (Wang et al., 2007). In 

addition to the spatio-temporal overlap between Pongo and Homo, they experienced a similar 

reduction trend of the dentition, associated with a convergence in molar morphology (Smith, 

Olejniczak, et al., 2009). Both orangutans and hominins have variably wrinkled molars with low 

cuspal relief and oval occlusal outline (Ortiz et al., 2019). In addition, molars of both taxa overlap 

for a number of quantitative variables, including enamel thickness, daily secretion rate, crown 

formation time, 2D geometric morphometric analyses of the EDJ (Martin, 1985; Olejniczak, 

Tafforeau, Feeney, & Martin, 2008; Smith, 2016; Smith et al., 2011; Smith et al., 2018). The 

situation is further complicated by the relatively high frequency of upper and lower fourth molars 

(M4s) in Pongo (Bergstrom et al., 2016; Hooijer, 1948) and by the fact that most of the fossil 

hominid dental specimens are isolated teeth, with unsecure metameric attribution (Smith et al., 

2018). On account of these similarities between Pongo and Homo molars, multiple lines of 

evidence are often necessary to deduce the taxonomic status of a given sample. Thus, an attempt 

of CNN was carried out here to test whether this method could distinguish Pongo/Homo molars. 

The results of this DL-based study on classifying Pongo and Homo upper molars are highly 

encouraging, with predictions that show high accuracy in both validation and test set. However, 

more importantly, the results are achieved on the conditions that sample size of training set is still 

small, and some human samples are even not from Asia. 



Like other statistical methods, the main issue with this Pongo-Homo classifier is that it needs 

sufficient representatives of both orangutans and hominins in the training set to give relevant 

results. A potential bias here is that the fossil Pongo specimens used for training are restricted to 

Guangxi province, China. Samples from other regions (e.g., Southeast Asia) are absent. Besides, 

the ages of these Pongo samples range from late Middle Pleistocene to Late Pleistocene, as 

indicated by a preliminary analysis on fauna assemblage. However, additional samples from 

other periods (e.g., Early Pleistocene) are not involved in the training. Since orangutan molars 

vary chronospatially, possibly due to the presence of the diversification of various species during 

the Pleistocene (Harrison et al., 2014; Ibrahim et al., 2013; Tshen, 2016; Wang et al., 2014), these 

training samples are unlikely to cover all of the past variation of Pongo molars. The situation of 

biased sampling is even worse for Homo. First, nearly all Homo samples are from Europe, 

whereas there is an acute shortage of local (Asia) representatives. Moreover, only two species (H. 

sapiens and Neanderthal) are included in the training without other hominins like H. erectus. 

Likewise, the human samples in training set are not expected to contain all diagnostic features of 

Homo molars. 

Given the above reasons, it is better to take the current trained CNN learner as a trial version. The 

future inclusion of more specimens sampling broader chrono-geographic areas and including 

more taxa, like Gigantopithecus and Meganthropus, will enable strengthening the model and 

make it even more reliable than it is at the moment. In this prospect, open access to more micro-

CT data of hominid teeth would help improving the model and building larger, more inclusive 

reference databases to increase the taxonomic scope. In principle, as both the number of 

specimens and the variability of morphotypes increase in training set, the model performance will 

improve. For these reasons and in order to facilitate the application of this DL CNN model for 

future studies, we share the program on Github, allowing other scholars to optimize this 

taxonomic classifier. 

Future efforts need to be concentrated on the visual interpretation of CNN learner. Although 

plenty of studies have shown the superior performance of CNN in classification task, this model 

remains a black box to some extent, because the structure and algorithm of CNN are extremely 

complicated, and the end-to-end learning strategy is adopted therein (Lipton, 2018; Zhang & Zhu, 

2018). In other words, while prediction is accurate, it is difficult to locate which parts of the 

image are taken as the effective features in the trained CNN learner. For this reason, more and 

more DL coders devote their efforts to visualizing the CNN structure and find out the target 

informative features (Kim et al., 2019). To achieve this goal, multidisciplinary collaborations, 

especially with DL coders, will be required. 



A promising perspective would be to test whether the CNN learner can be extended to 

moderately worn teeth (with worn dentine horn tips). In this paper, nearly all samples are slightly 

worn but without dentine exposure and hence the EDJ cards are complete. However, a large part 

of the unearthed fossil hominid teeth exhibits moderate occlusal wear affecting some of the 

dentine horns. For these samples, the generated EDJ cards are incomplete. In this situation, EDJ 

card lose information on dentine horn tips and are not homologous. However, CNN can also be 

applied to partial EDJ card and if the features recorded on the remaining parts are enough to 

identify a specific taxon for a given sample, then it would be worth exploiting the potential of 

incomplete EDJ cards. For example, Ortiz et al. (2019) have demonstrated that the shape of EDJ 

mesial fovea of upper molar is a distinguishing feature that capable of separating Pongo from 

Homo. In this case, only partial information is needed, supporting the potential of incomplete 

EDJ card. 

Another step forward will consist of developing further DL methods that can be applied to 3D 

structures. To this day, thanks the large availability of reference images necessary to build strong 

training models and the straightforward mathematical architecture behind, 2D DL CNN is 

successfully used for many applications in various fields, including now in paleoanthropology. 

Even if 3D objects are increasingly available and the computational power necessary to run 

complex models continuously increases, there are still many challenges to overcome to develop 

efficient DL architectures to extract and characterize features from 3D shapes made of irregular 

meshes or point clouds (Muhazid et al., 2020). 

5. Conclusion 

For the first time, a DL-based workflow is proposed here to assess taxonomic affinity of hominid 

teeth. The workflow comprises of two steps. The first step is a transformation from 3D EDJ 

surfaces to 2D EDJ cards. The second step is training CNN with the labeled EDJ cards. We coded 

a program to perform the second step and share it with the scientific community. Our first result 

shows that Pongo and Homo are accurately separated by CNN learner in validation set. And more 

encouragingly, predictions for the test set also match well with the results deduced from a 

combination of conventional methods, implying the great potential of CNN method. 
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