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In today’s conditions, where the human population is increasing, environmental
pollution is also increasing around the world. One of themost important causes of
environmental pollution is the waste materials in the garbage. Misuse of waste
materials causes significant damage to both the environment and human health.
With the developing technology, the recyclability of the raw material used in the
production of waste materials significantly affects both the raw material needs of
the countries and the energy savings. Therefore, many traditional activities are
carried out in recycling facilities in order to reuse the waste materials that can be
recycled in many countries. At the beginning of these activities is manual waste
collection and pre-processing depending on the human workforce. This process
poses a serious threat to both the environment and human health. For this reason,
there is a need for a smart system that automatically detects and classifies the
waste materials in the garbage. In this study, Xception, InceptionResNetV2,
MobileNet, DenseNet121 and EfficientNetV2S deep learning methods based on
artificial intelligence, which automatically classify the waste materials in the
garbage, were used and in addition to these methods, Xception_CutLayer and
InceptionResNetV2_CutLayer based on transfer learning techniques were
proposed. The proposed methods and artificial intelligence-based deep
learning methods were trained and tested with a dataset containing 6 different
waste materials. According to the findings obtained as a result of training and
testing, a classification success rate of 89.72% with the proposed Xception_
CutLayer method and 85.77% with the InceptionResNetV2_CutLayer method, a
better success rate was obtained than the other artificial intelligence-based
methods discussed in the study.
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1 Introduction

With the development of technology, waste materials such as plastic, glass, paper, and
metal, which preserve the food consumed by people, have been used frequently in recent
years. These waste materials become garbage accumulations resulting from the food
consumed by people, threatening both the environment and human health significantly
(Cao and Xiang, 2020; Carolis et al., 2020). These waste materials have become an important
problem for countries and accordingly, waste materials have started to be produced as
recyclable in many countries (Rabano et al., 2018; Yuan et al., 2020). These recyclable waste
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materials provide sustainable development by both reducing the raw
material needs of the countries and significantly affecting energy
savings (Meng and Chu, 2020; Kuang, and Lin, 2021; Peng et al.,
2021). Therefore, recycling facilities have been established in many
countries to reuse waste materials. Detection and classification of
waste materials in these recycling facilities is a difficult and costly
process since it is based on human labor (Ozkaya and Seyfi, 2019;
Dong, 2021; Patel et al., 2021). In addition, the separation of human
labor and waste materials both affect human health negatively and
cause environmental pollution (Ma and Zhu, 2021). Therefore, it is
of great importance for both the environment and human health to
separate the waste materials in the garbage accumulated in the
recycling facilities by using a robot system (Chandra et al., 2021; Cai
et al., 2022). In recent years, with the development of artificial
intelligence methods, object detection and classification within a
certain garbage image are performed and satisfactory successes are
achieved (Wu et al., 2021; Chen et al., 2022; Liu et al., 2022). In this
way, both labor costs are reduced and more efficient processes are
obtained (Tong et al., 2020). In this context, deep learning methods
developed with artificial intelligence technology in recent years have
started to be used in many application areas that make object
detection and classification and have provided important
developments (Zeng et al., 2020; Yang et al., 2021; Zhang et al.,
2021; Tan et al., 2022; Xiao and Sun, 2022; Zhan et al., 2022; Akgül,
2023).

This study, it is aimed to detect and classify waste materials
in the garbage by using artificial intelligence-based Xception,
InceptionResNetV2, MobileNet, DenseNet121, and EfficientNetV2S
deep learning methods. For this purpose, in addition to the Xception,

InceptionResNetV2, MobileNet, DenseNet121 and EfficientNetV2S
deep learning architectures, 2 different deep learning methods named
Xception_CutLayer and InceptionResNetV2_CutLayer have been
proposed. The proposed methods are obtained by applying block
cutting to Xception and InceptionResNetV2 methods, which are
accepted in the artificial intelligence-based literature. In this way,
2 new models based on the transfer learning technique with less
complexity were proposed by reducing both the number of layers and
accordingly the number of parameters. These proposed methods and
5 different deep learning methods discussed in the study were trained
and tested using the Trashnet dataset containing 6 different garbage
types. As a result of training and testing, the experimental results
obtained from all deep learning methods were compared and the best
method discussed in the study was determined. The global
contributions of this study can be summarized as follows.

1. Waste materials are recycled, reducing the damage to the
environment.

2. Efficiency is increased by recycling waste materials.
3. Excessive consumption of natural resources is prevented.
4. Soil fertility and the quality of life of living things increase.
5. A cleaner environment is provided by reducing the amount of

garbage.
6. Contribution is made to the economies of countries.

The remainder of the study is organized as follows. In Section
2, studies that identify and classify waste materials in garbage are
reviewed and discussed. The study and materials and methods are
presented in Section 3, and the experimental results and

FIGURE 1
Sample images of each garbage type in the dataset (A) cardboard (B) glass (C) metal (D) paper (E) plastic (F) trash.
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discussions are presented in detail in Section 4. In Section 5,
detailed information about the results of the study and future
studies is given.

2 Related works

In this section, recent studies on the identification and
classification of waste materials in garbage are examined in detail.

In their study, Endah and Shiddiq performed garbage
classification using the pre-trained VGG16, ResNet-50, and
Xception models TrashNet dataset, and an 88% success rate was
obtained with the Xception model (Endah and Shiddiq, 2020). Fu
et al., in their study, developed an intelligent garbage classification
system based on deep learning and Linux system using the Huawei

Garbage Classification Challenge Cup dataset. In this developed
system, they achieved a success rate of 92.62% in garbage
classification (Fu et al., 2021).

FIGURE 2
Suggested model structure.

TABLE 1 Training and testing datasets of waste images

Waste material image type Train (%80) Test (%20) Total (%100)

Cardboard 322 81 403

Glass 401 100 501

Metal 328 82 410

Paper 475 119 594

Plastic 385 97 482

Trash 110 27 137

Total 2021 506 2527

TABLE 2 Hyperparameters used to train and test each model structure.

Parameters Value

Epoch 50

Mini batch size 16

Activation function Softmax

Optimizer Adamax

Learning Rate 0.001

Loss Function Categorical Crossentropy
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Chen and Xiong proposed a structure that detects 15 objects based
on the Yolov4 model structure, achieving a 64% success rate (Chen
and Xiong, 2020). Yang and Li proposed a new garbage classification
system in their study. ImageNet, Garbage Classification, andTrashNet
datasets were used for the proposed system and they achieved
classification success rates of 64.5%, 82.5%, and 96.10%,
respectively (Yang and Li, 2020). Kang et al., proposed a garbage
classification system based on the ResNet-34 deep learning algorithm
using online and real-life image datasets, and they achieved a 99%
classification success rate (Kang et al., 2020). Qin, et al., proposed a
structure combining salience detection and image recognition for

garbage classification from images with complex backgrounds and
obtained better results (Qin, et al., 2022). Meng et al., in their study,
proposed a new model (X-DenseNet) by combining Xception and
DenseNet deep learning architectures. The proposed model was
trained using a dataset consisting of 6 different (glass, paper,
cardboard, plastic, metal, and other trashes) garbage and achieved
a garbage classification success rate of 94.1% (Meng et al., 2020).

Zhao et al., in their study, proposed an intelligent garbage
classification system based on MobileNetV3-Large, which can both
classify garbage images and classify garbage text. The proposed system
classified garbage images with an accuracy of 81% and texts with an

FIGURE 3
Train-test accuracy graph of each deep learning method (A) Xception (B) InceptionResNetV2 (C)MobileNet (D)DenseNet121 (E) EfficientNetV2S (F)
Xception_CutLayer (G) InceptionResNetV2_CutLayer.
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accuracy of 97.61% (Zhao et al., 2022). Sürücü and Ecemiş compared
pre-trained EfficientNetB7, InceptionV3, NASNet-Large, ResNet50,
and Resnet50-V2 model structures using garbage datasets belonging
to 6 different classes in their study. As a result of the comparison, the
most successful garbage classification model, the Resnet50-V2 model,
has a success rate of 97.07% (Sürücü and Ecemiş, 2022). Luo et al.,
proposed an edge-cloud method using a deep convolutional neural
network to classify recyclable garbage. With this proposed method, it
has been tested using garbage images consisting of real-life data and
90% success accuracy has been achieved (Luo et al., 2021).

3 Materials and methods

3.1 Dataset and image pre-processing

In the study, a Trashnet dataset (Yang and Thung, 2016; Github,
2023) containing 6 different garbage types was used to classify the
wastes in the garbage by using artificial intelligence-based Xception
(Chollet, 2017), InceptionResNetV2 (Szegedy et al., 2017),
MobileNet (Howard et al., 2017), DenseNet121 (Huang et al.,
2017) and EfficientNetV2S (Tan and Le, 2021) deep learning

FIGURE 4
Train-test loss graph of each deep learning method (A) Xception (B) InceptionResNetV2 (C) MobileNet (D) DenseNet121 (E) EfficientNetV2S (F)
Xception_CutLayer (G) InceptionResNetV2_CutLayer.

Frontiers in Environmental Science frontiersin.org05

Kaya 10.3389/fenvs.2023.1228732

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1228732


methods and in addition to these methods, Xception_CutLayer, and
InceptionResNetV2_CutLayer methods. In this dataset, 582 × 384 ×
3 pixels, 403 pieces of cardboard, 501 pieces of glass, 410 pieces of
metal, 594 pieces of paper, 482 pieces of plastic, and 137 pieces of
other trash contains a total of 2527 image data. In Figure 1, there are
sample images of each garbage type in the dataset.

In order to successfully classify 6 different garbage types in the
dataset, new images with 224 × 224×3 pixels were obtained by
preprocessing each garbage image.

3.2 System configuration

In order to obtain successful classification results from the new
dataset obtained as a result of the preprocessing, the design,
implementation, and analysis of each model structure discussed
in the study were made using the Python programming language in
a Google Colaboratory (Colab, 2023) environment with NVIDIA
Tesla K80 graphics processor.

3.3 Model structure and training parameters

In the study, Xception, InceptionResNetV2, MobileNet,
DenseNet121, and EfficientNetV2S deep learning methods based
on artificial intelligence were discussed in order to obtain
successful classification results from the dataset with waste material
images in the garbage. Two deep learning methods based on transfer
learning techniques named Xception_CutLayer and
InceptionResNetV2_CutLayer have been proposed by applying
block cutting to Xception and InceptionResNetV2 models. An
output matrix with the size of 7 × 7 × 1024 is obtained by
applying 1 block (block 14) shearing to the Xception model. In the
same way, an output matrix of 5 × 5 × 2080 is obtained by cutting
10 blocks (from blocks 8_1 to blocks 8_10) on the
InceptionResNetV2 model. According to these output matrices,
Xception_CutLayer and InceptionResNetV2_CutLayer model
structures with better classification performance than both
Xception and InceptionResNetV2 model structures were obtained.
These model structures have been transformed from Xception and
InceptionResNetV2 model structures, which are accepted in the

literature, to simpler model structures in terms of both complexity
and runtime. The diagram of the proposed Xception_CutLayer and
InceptionResNetV2_CutLayer model structures is given in Figure 2.

The Trashnet dataset is divided into the datasets given in Table 1
in detail in order to successfully perform the training processes of
both the artificial intelligence-based methods and the proposed
2 deep learning methods. Using these datasets, the training and
testing of the models were carried out. In addition, hyperparameters
detailed in Table 2 were used to train and test each model structure.

4 Results and discussion

4.1 Classification metrics

Classification metrics are used to compare classification results
obtained from various methods. Precision, recall, F1-score, and
accuracy metrics were used to determine the performance of
each method in the study in the classification of waste materials
in the garbage. The mathematical expressions given in equations
(1–4) were used to calculate the metrics considered.

Precision � TP

TP + FP
(1)

Recall � TP

TP + FN
(2)

F1 − score � 2*Precision*Recall
Precision + Recall

(3)

Accuracy � TP + TN

TP + FP + FN + TN
(4)

Here, TP, FP, TN, and FN are true positive, false positive, true
negative, and false negative, respectively.

4.2 Performance analysis

In this section, training and testing of Xception,
InceptionResNetV2, MobileNet, DenseNet121, EfficientNetV2S,
Xception_CutLayer, and InceptionResNetV2_CutLayer methods
were carried out in order to successfully classify waste materials
in the garbage.

TABLE 3 Numerical results obtained from each model structure according to the test dataset.

Model Accuracy Precision Recall F1-score Support

Macro
avg

Weighted
avg

Macro
avg

Weighted
avg

Macro
avg

Weighted
avg

Xception 0.84 0.82 0.84 0.79 0.84 0.80 0.84 506

InceptionResNetV2 0.84 0.82 0.84 0.79 0.84 0.80 0.83

MobileNet 0.82 0.80 0.82 0.77 0.82 0.78 0.82

DenseNet121 0.84 0.83 0.84 0.79 0.84 0.80 0.84

EfficientNetV2S 0.47 0.42 0.47 0.40 0.47 0.39 0.45

Xception_CutLayer 0.90 0.90 0.90 0.87 0.90 0.88 0.90

InceptionResNetV2_CutLayer 0.86 0.85 0.86 0.80 0.86 0.82 0.85
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According to the datasets given in Section 2.1 and the
hyperparameter values used in Section 2.3, the training process
of each deep learning method discussed in the study was carried out
using the transfer learning technique. The training success accuracy
graphs obtained as a result of transfer learning of these methods are
given in Figure 3, and the loss graphs are given in Figure 4. In order
to determine that the model structures are more successful in
classifying the waste materials in the garbage, the numerical
results of each model are given in Table 3 comparatively and the

confusion matrix graphics obtained from these numerical results are
given in Figure 5.

In the study, the accuracy, loss, and confusion matrix findings
obtained from artificial intelligence-based methods and deep
learning methods in the classification of waste materials in the
garbage were discussed and analyzed comparatively under the same
conditions. According to these findings, the Xception model
structure, which is used in the classification of waste materials in
the garbage and has approximately 20.88 M parameters, was trained

FIGURE 5
Confusion matrix plot of each deep learning method according to the test dataset (A) Xception (B) InceptionResNetV2 (C) MobileNet (D)
DenseNet121 (E) EfficientNetV2S (F) Xception_CutLayer (G) InceptionResNetV2_CutLayer.
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in an average of 550 s, and as a result of the training, 98.61% training,
84.39% testing and 0.4232 loss success rates were obtained. The
InceptionResNetV2 model structure with approximately 54.35 M
parameters was trained in an average of 850 s, and as a result of the
training, 96.14% training, 83.79% testing, and 0.5412 loss success
rates were obtained. The MobileNet model structure with
approximately 3.23 M parameters was trained in an average of
175 s, and as a result of the training, 99.01% training, 82.41%
testing, and 0.4755 loss success rates were obtained. The
DenseNet121 model structure with approximately 7.04 M
parameters was trained in an average of 475 s, and as a result of
the training, 94.46% training, 83.99% testing, and 0.4545 loss success
rates were obtained. The EfficientNetV2S model structure with
approximately 20.34 M parameters was trained in an average of
600 s, and as a result of the training, 44.43% training, 46.84% testing,
and 1.3641 loss success rates were obtained.

The proposed Xception_CutLayer model structure with
approximately 16.11 M parameters was trained in an average of
500 s, and as a result of the training, 95.40% training, 89.72%
testing, and 0.3182 loss success rates were obtained. The proposed
InceptionResNetV2_CutLayer model structure with approximately
30.79 M parameters was trained in an average of 725 s, and as a result
of the training, 87.88% training, 85.77% testing, and 0.5020 loss
success rates were obtained. Therefore, according to the findings,
the waste materials in the garbage were classified with the Xception,
InceptionResNetV2, MobileNet, DenseNet121, EfficientNetV2S,
Xception_CutLayer, and InceptionResNetV2_CutLayer model
structures with success rates of 84.39%, 83.79%, 82.41%, 83.99%,
46.84%, 89.72%, and 85.77%, respectively. According to these results,
it was concluded that the training and test success accuracies of the
artificial intelligence-based Xception, InceptionResNetV2,MobileNet,
DenseNet121 and EfficientNetV2S model structures discussed in the
study were not fully consistent throughout the training process, in
other words, the rate of misclassification increased. This situation was
observed in the classification confusion matrix obtained from each
artificial intelligence-based model structure. It is seen that the
proposed Xception_CutLayer and InceptionResNetV2_CutLayer
model structures have consistent training and test success accuracy
throughout the training. In other words, it was concluded that the rate
of misclassification decreased in the classification of wastematerials in
the garbage. Thus, thanks to the proposed 2 new deep learning model
structures, classification error rate, training time, the number of
parameters, and complexity are reduced.

5 Conclusion

In this study, a dataset consisting of cardboard, glass, metal,
paper, plastic, and trash was used to classify waste materials in
garbage based on sustainable development. In order to successfully
classify the waste materials in this dataset, Xception,
InceptionResNetV2, MobileNet, DenseNet121, and
EfficientNetV2S deep learning methods based on transfer
learning were used. In addition to these methods, 2 new methods
based on transfer learning techniques named Xception_CutLayer
and InceptionResNetV2_CutLayer have been developed by
performing block cutting operations on Xception and
InceptionResNetV2 methods. Both the developed methods and

each artificial intelligence-based deep learning method discussed
in the study were trained and tested under the same conditions.
According to the experimental results obtained as a result of the
training and testing processes of each method, the best classification
success rate in the classification of waste materials in the garbage was
89.72% with the developed Xception_CutLayer model structure and
85.77% with the InceptionResNetV2_CutLayer model structure.

As a result, it was concluded that the success rates of the 2 new
model structures developed in the study in classifying the waste
materials in the garbage are higher than the other methods. In
addition, it was concluded that the 2 new model structures
developed were better than other methods in terms of parameter
number, error rate, training time, and complexity. Therefore, the
successful classification of the waste materials in the garbage by the
2 newmodel structures developed will contribute significantly to the
recycling system.

This study has several limitations. First of all, when classifying
waste materials in real-life applications, images with a clean
background are often not used. Therefore, while classification of
waste materials, classification is made on images with a more
complex structure. For this reason, in order to obtain more precise
classification results, complex dataset images should be used and the
waste materials in these images should be identified and classified.

In the future, the number of images and waste material types in
the dataset will be increased. In addition, cameras will be used to
detect waste materials in more complex images, and the location and
location of waste materials will be detected and classified in real-
time.
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