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Abstract:

In this work, we propose a people detection system that uses only depth information, provided by an RGB-D
camera in frontal position. The proposed solution is based on a Convolutional Neural Network (CNN) with
an encoder-decoder architecture, formed by ResNet residual layers, that have been widely used in detection
and classification tasks. The system takes a depth map as input, generated by a time-of-flight or a structuredlight based sensor. Its output is a probability map (with the same size of the input) where each detection is
represented as a Gaussian function, whose mean is the position of the person’s head. Once this probability map
is generated, some refinement techniques are applied in order to improve the detection precision. During the
system training process, there have only been used synthetic images generated by the software Blender, thus
avoiding the need to acquire and label large image datasets. The described system has been evaluated using
both, synthetic and real images acquired using a Microsoft Kinect II camera. In addition, we have compared
the obtained results with those from other works of the state-of-the-art, proving that the results are similar in
spite of not having used real data during the training procedure.

1

INTRODUCTION

People detection has earned increasing importance in
different research fields due to its application in multiple areas like video surveillance, security, access control, etc. In most of the previous works (Ramanan
et al., 2006; Jeong et al., 2013) detection is performed
using RGB images. In (Ramanan et al., 2006) a system that learns people’s appearance models is proposed, while the work (Jeong et al., 2013) is based
on the classification of interest points.
Systems that use color information may cause
problems related to privacy since the information
available in an image makes it possible to recognize
the identity of people appearing on it. As an alternative in order to solve these problems, different
proposals have appeared in the literature. Some of
them (Bevilacqua et al., 2006; Zhang et al., 2012;
Stahlschmidt et al., 2013; Luna et al., 2017), as
the one described in this paper, use depth sensors
(2.5D) (Lange and Seitz, 2001; Sell and O’Connor,
2014). Depth images provide information about the
distance from each scene point to the camera. They
a
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then allow detecting people, but not identifying them
(since it is not possible to recognize their identities).
The use of systems based on Deep Learning has increased significantly in recent times, using both RGB
and RGB-D (combination of depth and color) images.
Other works, like (Wang and Zhao, 2017; Zhao et al.,
2017) base the detection only on depth information,
as the system presented herein.
It is important to emphasize that most of the previous works use these depth sensors located in an
overhead position, thus avoiding the problem of occlusions but covering an area that may result in too
small in many applications. In order to increase the
area of study, this work proposes an elevated frontal
position of the camera. Figure 4 shows the perspective of the images with this elevated frontal position
of the camera. One of the main problems to solve
with the chosen perspective is the occlusions, which
must be absorbed by the algorithm to provide a robust
detection.
This work proposes a detection system that uses
a convolutional neural network (CNN) for the robust
detection of multiple people in depth images with elevated frontal location of the camera. The system
has been trained end-to-end using synthetic data, and
the corresponding outputs have been labeled automat225

Martín-López, R., Fuentes-Jiménez, D., Luengo-Sánchez, S., Losada-Gutiérrez, C., Marrón-Romera, M. and Luna, C.
Towards Deep People Detection using CNNs Trained on Synthetic Images.
DOI: 10.5220/0008879102250232
In Proceedings of the 15th International Joint Conference on Computer Vision, Imaging and Computer Graphics Theory and Applications (VISIGRAPP 2020) - Volume 5: VISAPP, pages
225-232
ISBN: 978-989-758-402-2; ISSN: 2184-4321
Copyright c 2022 by SCITEPRESS – Science and Technology Publications, Lda. All rights reserved

VISAPP 2020 - 15th International Conference on Computer Vision Theory and Applications

ically, with a Gaussian function whose mean is the
position of each person’s head. Figure 1 shows an
example of a synthetic image used as input and the
corresponding labeled output. To evaluate and validate the system synthetic data have been used in the
first place, followed by real data. Besides, real data
results have been compared with the results of other
state-of-the-art proposals.
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of speed influenced by the number of detections in the
image, as it does not depend on the number of people
detected.
With a focus from the outside to the inside of the
proposed network, the first step is to define and explain the two main blocks that form the system, shown
in figure 2: the Main Block (MB) and the Hypothesis
Reinforcement Block (HRB).
Both Blocks are based in an encoder-decoder
structure that is described in detail below. The input
image is processed by the MB, which generates the
first likelihood map. Then, this likelihood map and
the input image are concatenated, creating a matrix
with dimensions 240 × 320 × 2 that is processed by
the HRB. The likelihood map generated by the HRB
is the final output of the system. The HRB improves
the detection of the MB, creating a refined likelihood
map with better distinguishable Gaussians and reducing the number of False Positives (FP) that the MB
generates.
The MB has an encoder-decoder structure, based
on ResNet (He et al., 2016) that uses separable layers
based on the ones proposed in (Chollet, 2016). This
kind of convolutional layer has been chosen because
they are much faster than the conventional convolutional layers, maintaining its accuracy.
Main Block (MB)

Figure 1: Input image (where depth values in millimeters
are shown using a colormap) and labeled output image.

The rest of this paper is organized as follows: section 2 explains the architecture of the proposed Deep
Neural Network (DNN), then section 3 presents the
training procedure using synthetic data. Section 4 describes the main results. Finally, section 5 includes
the main conclusions and future work.

Input
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Output

Encoder

2

CNN ARCHITECTURE

As has already been mentioned in the introduction,
we propose a system for people detection based on
CNNs. The system processes the input depth images
and delivers a likelihood map at the output that must
contain as many detections as the number of people in
the image. This likelihood map has the same dimensions as the input image (240 × 320 pixels) and its
appearance is shown in figure 1, where it can be seen
how each detection is indicated in the output likelihood map as a Gaussian function around the 2D position of each detected person head. It is worth to
highlight that an output likelihood map with the same
size as the input depth image allows better accuracy
in the detections, and immunizes the system in terms
226
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Figure 2: Architecture of the proposed CNN for people detection.

Table 1 summarizes all layers included in the MB,
indicating the output dimensions as well as the different parameters involved. Parameters a, b and c of the
Encoding Convolutional Blocks (ECB) and Decoding
Convolutional Blocks (DCB) represent the number of
filters for each internal convolutional layer.
First of all, a separable convolutional layer consisting of 64 kernels of 7 × 7 and a stride of 2 × 2 is
used. After that, there are applied a Batch Normalization (BN) layer (Ioffe and Szegedy, 2015), followed
by a Rectified Linear Unit (ReLU) activation one and
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finally a Max Pooling one of 3 × 3. Then, there are
included three ECB and three DCB. These blocks are
based in ResNet (He et al., 2016), and they are explained below. Finally, the MB contains some layers
of Cropping, ZeroPadding and UpSampling to adjust
the output size, followed by two Separable Convolutional Layers. The former is followed by a Batch
Normalization and a ReLU activation and the latter
by a Sigmoid one.
Table 1: Detailed architecture of the Main Block (MB).
Layer
Input
Convolution
BN
Activation
Max Pooling
CBE
CBE
CBE
CBD
CBD
CBD
Cropping
Up Sampling
Convolution
Cropping
BN
Activation
Convolution
Activation
Output

Main Block (MB)
Output size
Parameters
240 × 320 × 1
120 × 160 × 64 kernel=(7, 7) / strides=(2, 2)
ReLU
40 × 53 × 64
size=(3, 3)
kernel=(3, 3) / strides=(1, 1)
40 × 53 × 256
(a=64, b=64, c=256)
kernel=(3, 3) / strides=(2, 2)
20 × 27 × 512
(a=128, b=128, c=512)
kernel=(3, 3) / strides=(2, 2)
10 × 14 × 1024
(a=256, b=256, c=1024)
kernel=(3, 3) / strides=(1, 1)
10 × 14 × 256
(a=1024, b=1024, c=256)
kernel=(3, 3) / strides=(2, 2)
20 × 28 × 128
(a=512, b=512, c=128)
kernel=(3, 3) / strides=(2, 2)
40 × 56 × 64
(a=256, b=256, c=64)
40 × 54 × 64
cropping=[(0, 0) (1, 1)]
120 × 162 × 64
size=(3, 3)
240 × 324 × 64 kernel=(7, 7) / strides=(2, 2)
240 × 320 × 64
cropping=[(0, 0) (2, 2)]
ReLU
240 × 320 × 1 kernel=(3, 3) / strides=(1, 1)
Sigmoid
240 × 320 × 1
-

The HRB structure is similar to the one of MB
previously described, but it incorporates a few modifications that change its final size, as shown in Table 2,
that describes all the layers of the HRB, defining output parameters and dimensions. The first layers are
identical to the ones in the MB: Separable Convolution layer, Batch Normalization, ReLU activation, and
Max Pooling. The number of ECB and DCB layers is
reduced to two blocks per type. The output stage is
also similar to the one of the MB: two convolutional
layers, followed by BN, a ReLu activation and a final
Sigmoid activation one. ZeroPadding, Cropping and
UpSampling layers are different in terms of parameters to adjust the final output size.
The ECB and DCB have a similar structure,
formed by two unbalanced bonds, the first one has
three convolutional layers, while the second has only
one convolutional layer. The output of the bonds
is added and normalized to create the output of the
block. The main difference between the ECB and

Table 2: Detailed architecture of the Hypothesis Reinforcement Block (HRB).
Hypothesis Reinforcement Block (HRB)
Layer
Output size
Parameters
Input
240 × 320 × 2
Convolution
120 × 160 × 64 kernel=(7, 7) / strides=(2, 2)
BN
Activation
ReLU
Max Pooling
40 × 53 × 64
size=(3, 3)
kernel=(3, 3) / strides=(1, 1)
CBE
40 × 53 × 256
(a=64, b=64, c=256)
kernel=(3, 3) / strides=(2, 2)
CBE
20 × 27 × 512
(a=128, b=128, c=512)
kernel=(3, 3) / strides=(2, 2)
CBD
40 × 54 × 128
(a=512, b=512, c=128)
kernel=(3, 3) / strides=(2, 2)
CBD
80 × 108 × 64
(a=256, b=256, c=64)
Up Sampling 240 × 324 × 64
size=(3, 3)
Cropping
240 × 320 × 64
cropping=[(0, 0) (2, 2)]
Convolution
240 × 320 × 64 kernel=(3, 3) / strides=(1, 1)
BN
Activation
ReLU
Convolution
240 × 320 × 1 kernel=(3, 3) / strides=(1, 1)
Activation
Sigmoidal
Output
240 × 320 × 1
-

DCB is that the former uses convolutions whereas the
latter uses transposed convolutions as an approximation of deconvolutions.
Figure 3 shows the structure of a ECB and a DCB
blocks, where the parameters a, b and c are the depth
of the layer or the number of filters of the corresponding layer.
Encoding Convolutional Block (ECB)
c

+
a

b

c

Decoding Convolutional Block (DCB)
c

+
a

Convolution
Batch Normalization

b

c

Transposed Convolution
ReLU activation

Figure 3: ECB and DCB architecture.

As it can be observed in figure 3, the number of
filters of the third convolution in the bottom line has
227

VISAPP 2020 - 15th International Conference on Computer Vision Theory and Applications

to be equal to the number of filters in the top line (c
parameter). Parameters a, b y c of tables 1 and 2 and
in figure 3 have the same meaning.

3

TRAINING

As it has been explained in the introduction, the proposed CNN has been trained using only synthetic
images. To do that, it has been used the GEINTRA Synthetic Depth People Detection (GESDPD)
dataset (GESDPD, 2019), created by the authors, and
made available to the scientific community1 . The
main characteristics of the GESDPD dataset are described below. The use of synthetic depth images has
allowed the automatic labeling of the images, avoiding the need for manual labeling.

Figure 4: Blender simulated room with different perspectives.
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The GESDPD Dataset
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The GESDPD dataset (GESDPD, 2019) contains
22000 depth images, that simulate to have been taken
with a sensor in an elevated front position, in an indoor working environment, generated using the simulation software Blender (Roosendaal et al., 2007).
The simulated scene shows a room with different
people walking in different directions. The camera
perspective is not stationary, as it rotates and moves
along the dataset, which avoids a constant background
that could be learned by CNN in the training, as
can be seen in figure 4, that shows different perspectives of the synthetic room in the simulation software
Blender (Blender Online Community, ). Using different backgrounds around the synthetic room allows
the CNN to see the background as noise and focus
the training in the people that come along the image,
immunizing the network to the change of camera perspective and assembly conditions.
The generated images have a resolution of 240 ×
320 pixels codified in 16 bits. Some examples of
the synthetic images are shown in figure 5, the images correspond to three different perspectives, and
the depth values are represented using a colormap.
Regarding the labeling, there have been placed
Gaussian functions over the centroid of the head of
each person in the scene, so that the centroid corresponds to the center of the head 2D position and has
a normalized value of one. The standard deviation
(eq. 1) is constant for all the Gaussians, regardless of
the size of each head and the distance from the head to
the camera. Its value has been calculated based on an
1 Available

gesdpd
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Figure 5: Examples of synthetic depth images belonging to
the GESDPD dataset.

estimated value of the average diameter of a person’s
head, taking into account anthropocentric considerations. Under these considerations, the chosen value is
15 pixels.
σ = D/2.5 = 15/2.5 = 6

(1)

Another important point related to labeling is the
overlap of different Gaussians. When two heads are
very close or overlapping with each other, the labeled
Gaussians do not add each other, instead of that, the
maximum value of them prevail, as shown in figure 6.
That modification provides a set of Gaussians that are
always separated, so that the CNN can learn to generate that separation between Gaussians in its output, facilitating the subsequent individual detection of people in the scene.
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Figure 6: Labeled Gaussians detail.

3.2

Training Parameters

The 22000 available synthetic depth images have
been split into two groups: 19800 images (90%) are
used to train the CNN, whereas the remaining 2200
images (10%) are used for testing.
Regarding the parameters configured for the CNN
training, the loss function used is the Mean Square
Error between the ground-truth and the CNN output,
as it can be seen in the equation 2, where L represents the loss function, qi the network output and q̂i
the ground-truth.

L (qi , q̂i ) =

1 N
∑ (q̂i − qi )2
N i=1

(2)

The chosen optimizer is Adam (Kingma and Ba,
2014), with a initial learning rate of 0.001 and early
stopping to avoid overfitting. Early Stopping allows
saving the best epoch weights of the CNN training
session, so the saved weights are the best of all the
training.

variation of the region of interest (ROI), the area in
the image in which people are detected, which is adjusted depending on the characteristics of the dataset.
For each frame, there is a point array in the
ground-truth and another point array obtained by a binarization (with a threshold of 0.6) of the confidence
map generated at the output of the HRB. Then, the
points from the ground-truth and the points generated by the CNN are associated, connecting between
them the closest ones, only if they are nearer than 37.5
pixels (that corresponds to the value of 2.5 times the
estimated average head diameter used in the expression 1). This limit must not be too restrictive because the ground-truth of the images in EPFL-LAB
dataset (Bagautdinov et al., 2015) is in bounding-box
format, so the estimated position of the head centroid
is not very precise.
The points in the ground-truth which are not connected to any detection are considered as False Negatives (FN) since the detection is not carried out. On
the other hand, the detections of the CNN which are
not connected to any point in the ground-truth are
False Positives (FP) since it is a wrong detection. Finally, the errors (FN or FP) outside the ROI are discarded. It is worth highlighting that the ROI is defined
in 3 dimensions: the first two are a rectangle over the
image plane and the third one is a value of maximum
distance (depth). The number of FP and FN is shown
in absolute value and percentage respect to the total
number of points inside the ROI in the ground-truth.
To evaluate the people detection, there have also
been used the following metrics:
• Error: The total error represents the sum of False
Negatives (FN) plus False Positives (FP).
Error = FP + FN

4

RESULTS

This section presents the main results obtained in this
work. As it has been said before, there have been used
2200 synthetic images (a 10% of the original dataset)
for the system evaluation. None of these images have
been used in the training stage. In a second test, there
have been obtained some results using real data from
the RGB-D Pedestrian Dataset (Bagautdinov, 2015;
Bagautdinov et al., 2015). In particular, there have
been used the EPFL-LAB scenes since it includes
people in a room at a distance and perspective similar
to the ones in the training dataset. However, both the
image sizes and camera locations are different from
the ones considered in the synthetic dataset.
To obtain the results, the same algorithm is used
for both tests, with the synthetic dataset and with the
real one. The only difference between them is the

(3)

• Precision: represents the probability that a detection will be made correctly.
TP
Precision =
(4)
T P + FP
• Recall: represents probability that a person will
be detected.
TP
Recall =
(5)
T P + FN

4.1 Results with Synthetic Data
During the evaluation with synthetic data, the ROI
comprehends the whole image since there is no noise,
so there is no need to discard points in the groundtruth or detections in the edges of the image. Moreover, the synthetic data does not present the problem of maximum valid distance so all points have
229
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been taken into account (both, for the ground-truth
and the detections), regardless of its distance. Table
3 presents the results obtained during the evaluation
with synthetic data.
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Table 3: Results with synthetic data.

2000

Region of interest (ROI)
Number of frames
Points in the ground-truth
False Negatives (FN)
False Positives (FP)
Error
Precision
Recall

[(0, 0), (320, 240), inf]
2200
3176
212 (6.68%)
3 (0.09%)
215 (6.77%)
99.89%
93.32%

As it can be seen in table 3, the system barely
makes wrong detections. However, there is a 6.68%
of people in the ground-truth who are not detected.
Going deeper into this fact, it has been observed
that the errors occur at moments when several people are very close and occlusions appear. It must
be taken into account that the dataset has been labeled automatically by the Blender simulation software (Roosendaal et al., 2007), which labels people
even when total occlusions happen. In these cases, it
is impossible for the CNN to detect the person.

4.2

Results with Real Data

The system has also been evaluated using real data.
To do that, there have been carried out several experimental tests using the EPFL-LAB dataset (available
in (Bagautdinov, 2015)), which includes 950 RGBD images, with a resolution of 512 × 424 pixels, that
are coded into 16-bit unsigned integers. To adapt
the images to the input layer, they have been scaled
to 320 × 240 pixels. In addition, the points with a
null value, which correspond to an erroneous distance
measurement have been replaced by the maximum
depth value in the dataset, because otherwise the network process these values as points of zero distance
instead of errors. The EPFL-LAB images show a
room, similar to the one simulated in the synthetic
data, where it can appear up to 4 people. The camera is in an elevated frontal position, within a slope
similar to the one in the training dataset. Figure 7
shows some examples of the images from the EPFLLAB dataset.
In these experiments, the ROI does not include the
edges of the scene where people does not appear complete. Moreover, the maximum distance used for evaluation has been set to 3.5 meters as distance measurements worsen significantly at greater distances. Table
4 shows the obtained results.
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Figure 7: Images from the EPFL-LAB dataset.
Table 4: Results with real data.
Region of interest (ROI)
Number of frames
Points in the ground-truth
False Negatives (FN)
False Positives (FP)
Error
Precision
Recall

[(20, 55), (300, 205), 3500]
950
1959
474 (24.07%)
3 (0.15%)
477 (24.35%)
99.80%
75.80%

Similarly to results in the case of synthetic data,
table 4 manifests that the system does not generate
wrong detections since there is not a significant number of FP. On the other hand, FN are more frequent
and they appear mainly when there exist important
occlusions in the scene.
The obtained results are also compared to other
methods in the state-of-the-art which use the same
dataset. These methods are DPOM, proposed in
(Bagautdinov et al., 2015), which use depth information; ACF, detector of (Dollár, ) which uses color
information; PCL-MUNARO, proposed in (Munaro
and Menegatti, 2014) and based in RGB-D information; and, finally, Kinect II with the results obtained
by Kinect for Windows SDK 2.0 (Microsoft, 2014)
which uses RGB-D information.
Figure 8 shows the results presented in (Bagautdinov et al., 2015) for the mentioned algorithms.
The results of the proposed system (identified as
CNN) are also presented for two values of maximum
distance: 3.5 meters, used in the proposed evaluation,
and 4.5 meters, used in (Bagautdinov et al., 2015).

Towards Deep People Detection using CNNs Trained on Synthetic Images

1

5

Recall

0.8

0.6

CNN (D) (maximum distance 3.5 m)
CNN (D) (maximum distance 4.5 m)
DPOM (D)
ACF (RGB)
PCL-MUNARO (RGB-D)
KINECT2 (RGB-D)

0.4

0.2

0
0

0.2

0.4

0.6

0.8

1

Precision

Figure 8: Comparison of the proposal with other approaches for people detection.

The proposals whose results are displayed with a
curve (DPOM, ACF, PCL-MUNARO) apply a threshold in the detection algorithm that allows obtaining
different values for the Precision-Recall point. Our
system and Kinect II, only display the results with one
Precision-Recall point since the threshold to vary the
Precision-Recall point is not applied in the detection.
The numerical values of the Precision-Recall point
are shown in Table 5.
Table 5: Precision and recall results.
Region of interest (ROI)
Precision
Recall
Region of interest (ROI)
Precision
Recall

[(20, 55), (300, 205), 3500]
0.99
0.76
[(20, 55), (300, 205), 4500]
0.99
0.66

As it can be seen in figure 8 and Table 5, the proposed system based on CNNs obtains close to a 100%
of accuracy since it does not generate FP, so the detections are very precise. The recall values obtained
(0.66 and 0.76) indicate that the system generates FN
and the number of them increases with the maximum
distance of evaluation. It can be easily demonstrated
that people partially occluded, which are in the furthest position of the scene, produce those FN. However, the system performs in a similar way or even better than some of the state-of-the-art proposals shown
in figure 8, especially taking into account that the
training is performed using only synthetic data.

4.3

Timing Results

The average frame rate of the system is 42 FPS
(frames per second), benchmarked on a conventional
Linux desktop PC, with a Processor Intel R Core(TM)
i7-6700K CPU @ 4.00 GHz with 64 GB of RAM, and
an NVIDIA GTX-1080 TI GPU.

CONCLUSIONS

This work describes a system for people detection in
real-time from depth images, which allows preserving
people’s privacy since it is not possible to recognize
their identity from these images. The system is based
on a CNN, composed of two main stages: the main
block and the hypothesis refinement block, both of
them based on residual blocks. Moreover, the CNN
has been trained using only synthetic data, created and
labeled automatically by the Blender simulator. This
allows training the system with a high amount of data
without having to acquire and label them manually.
For the evaluation of the system there have been
used both, synthetic and real data, obtaining an accuracy close to the 100%, since it does not generate false
detections. In addition, these results have been compared with those of other state-of-the-art alternatives
evaluated on the same dataset, determining that the results are similar, despite the fact that the training has
been carried out using only synthetic depth images.
In order to improve the robustness of the proposed
system, the main line of future work is to retrain the
system with real depth images. This training could
be carried out with a reduced number of data, as it is
based on a pre-trained network. In this way it is possible to train a system in two stages: first, with a large
number of synthetic data that do not need manual labeling, and then with a reduced number of real data,
avoiding the cost of manual acquisition and labeling
of a large dataset.
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