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Abstract: Nowadays, we are witnessing the wide diffusion of active depth sensors. However, the
generalization capabilities and performance of the deep face recognition approaches that are based on
depth data are hindered by the different sensor technologies and the currently available depth-based
datasets, which are limited in size and acquired through the same device. In this paper, we present an
analysis on the use of depth maps, as obtained by active depth sensors and deep neural architectures
for the face recognition task. We compare different depth data representations (depth and normal
images, voxels, point clouds), deep models (two-dimensional and three-dimensional Convolutional
Neural Networks, PointNet-based networks), and pre-processing and normalization techniques
in order to determine the configuration that maximizes the recognition accuracy and is capable of
generalizing better on unseen data and novel acquisition settings. Extensive intra- and cross-dataset
experiments, which were performed on four public databases, suggest that representations and
methods that are based on normal images and point clouds perform and generalize better than other
2D and 3D alternatives. Moreover, we propose a novel challenging dataset, namely MultiSFace, in
order to specifically analyze the influence of the depth map quality and the acquisition distance on
the face recognition accuracy.

Keywords: face recognition; depth maps; depth sensors; depth map representations; surface normal;
point cloud; voxel; dataset

1. Introduction

In the computer vision field, Face Recognition is a widely studied task and impressive
results have been obtained in the RGB domain [1-3], specially with frontal face poses and
good lighting conditions. Moreover, a substantial improvement has been introduced by
the adoption of (very) deep neural networks [4-6] and huge datasets [7-9]. At the same
time, interest in depth cameras and, consequently, depth maps, has steadily grown in the
computer vision community. Their increasing popularity has been supported by the spread
of inexpensive, but still accurate, active depth sensors and their ability to operate in dark
or in low-light conditions, thanks to the presence of infrared light or laser emitter [10]. For
instance, in the automotive scenario [11,12], depth sensors represent an effective solution
to run non-invasive and vision-based algorithms, such as face verification [13], head pose
estimation [14], or gesture recognition [15]. More generally, starting from the first release
of the Microsoft Kinect device, depth cameras have enabled new interaction modalities
between the users and the environment. Gaming [16], smartphones [17], health care [18],
and human-computer interaction [19] are just some other application fields where depth
sensors have been used in addition or in replacement of the RGB cameras.

Sensors 2021, 21, 944. https:/ /doi.org/10.3390/521030944

https:/ /www.mdpi.com/journal/sensors


https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-9821-2014
https://orcid.org/0000-0003-2441-7524
https://orcid.org/0000-0002-1046-6870
https://orcid.org/0000-0002-6329-6756
https://orcid.org/0000-0002-2239-283X
https://doi.org/10.3390/s21030944
https://doi.org/10.3390/s21030944
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21030944
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/21/3/944?type=check_update&version=2

Sensors 2021, 21, 944

20f18

However, the different building technologies of depth sensors—e.g., Structured Light
(SL) and Time-of-Flight (ToF) to cite the most common —hinder the efficacy of deep learning-
based models when working with depth maps acquired from different depth sensors or
even with the same technology, but in different acquisition setups. Indeed, the problem of
cross-dataset and cross-device generalization is very critical with depth data, especially
with deep learning approaches.

Generally, the problem is mitigated in the RGB domain, in which intensity images,
from the visual point of view, are similar across sensors and huge datasets that are com-
posed of images acquired by different cameras are available.

More specifically, the use of depth maps in combination with deep learning methods
presents the following issues:

®  The difference between depth maps acquired with different devices is significant, in
terms of visual appearance (holes, shadows, noise), accuracy and detail preservation [20]
(as it can be seen in Figures 1 and 2).

®  The same device is subject to environmental conditions, although the depth map
should be independent of them; for example, it collects different data when facing
direct sunlight or when the distance of the target from the device varies significantly.
In the latter case, changes on the target distance affect not only the scale factor, but
also the pixel values itself, the depth map quality, and the level of noise.

e  Mixed datasets, i.e., the dataset acquired with different types of depth devices, still
not publicly available. Moreover, the majority of the existing datasets are collected in
a very limited number of acquisition settings, for instance using a single depth sensor
for all of the the collected sequences. Thus, the generalization capabilities with respect
to different devices and scenarios are often not analyzed in the literature.

Figure 1. Sample images of different depth representation taken from Lock3DFace dataset [21] (Time-of-Flight, first row) and
Biwi database [22] (Structured Light, second row). From the left, the RGB, depth and normal images, point clouds, and voxels

are reported.

Indeed, most of the available methods in the literature are task-tailored on a specific
sensor, only performing intra-dataset tests, i.e., training and testing the proposed algorithms
on the same data collection. Moreover, they usually use deep learning approaches to
analyze depth maps that are represented as gray-level images, ignoring the intrinsic three-
dimensional (3D) information that is embedded in depth data.

In this paper, we study the use of depth maps and deep neural models for the face
recognition task, in search of the depth map representation that maximizes the recog-
nition accuracy and better generalizes on unseen data. In particular, we compare dif-
ferent representations of depth data (depth images, normal images, point clouds, and
voxels, as shown in Figure 1), pre-processing techniques (normalization, equalization,
filtering, and hole filling), sensor technology (SL and ToF), and face-to-camera distance, in
a comprehensive analysis.
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Figure 2. Images from the MultiSFace dataset. In the first row, sensors are placed near the subject (1 m), while in the second

row sensors are placed far (2.5 m). Starting from the left: RGB and infrared images, high- and low-resolution depth maps,

and high- and low-resolution thermal images. Section 3.3 reports further details. From the comparison, it is possible to

evaluate how much the distance from the acquisition device and sensor resolution influences the collected data.

The proposed comparison mainly focuses on the output of the active depth devices,
which have a limited and well-defined maximum range; other types of sensors, such as
stereo cameras, 3D scanners, and LiDARs are out of the scope of this paper.

Summarizing, the main contributions of this work are the following;:

¢ We provide the first rigorous extensive analysis of depth data representations for the
face recognition task, testing the performance and generalization capabilities on four
depth-based public datasets.

¢  We investigate the use of data pre-processing, such as filtering, equalization, and
hole filling, and normalization on depth images, often exploited in the depth-based
literature methods.

e We evaluate different sensor technologies, SL and ToF, and the impact of subject
distance and device resolution by proposing a new dataset, called MultiSFace, which
includes more than 11k frames that were captured with two different synchronized
depth sensors at different distances.

The experimental results suggest that normal images and point clouds that are com-
puted from depth maps, even though rarely used in literature, are the best choice for
achieving the highest accuracy and generalization in the face recognition task.

To the best of our knowledge, there are no existing works analyzing the use of different
depth map representations and neural architectures for the face recognition task in the
intra- and cross-dataset setting. Similar works [23] only address different representations of
synthetic full 3D models of objects, in particular for object recognition and 6DoF estimation.

2. Different Representations of Depth Maps

Depth sensors provide data in several formats, which can be represented as depth
maps. Formally, a depth map can be defined as Dy; = (D, K), where D = {d;;}, with
djj € [0, R],is a matrix of distance values between 0 and the maximum measurable range R,
and K is the perspective projection matrix that is obtained with the intrinsic parameters of
the sensor. More specifically, d;; is the distance between the optical center and plane parallel
to the image plane containing the physical point. The 3D coordinates of each captured point
can be recovered from D and K, and then used to compute point clouds and voxels. Most
of the computer vision algorithms do not directly exploit Dy as input, but they convert
Dy in depth images, voxels, or point clouds, as described in the following paragraphs.

2.1. Depth Maps as Depth Images and Normal Images

The depth image is the most used representation of range data and it is a mere re-
quantization of the D distance matrix. A depth image Ip is encoded as a one-channel
gray-scale image, in which the intensity of each pixel represents the quantized version of
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dj;. This representation is usually referred as depth image, as well as range or 2.5D image.
Spatial resolution, depth precision, and data format strictly depend on the acquisition
device. Frequently, 8-bit gray-scale image formats are used to increase compatibility and
facilitate viewing. Consequently, the computed depth image looses the full 3D content of
the original depth map, in exchange for a 2D representation, which is easier to manage.

Thus, several works combine the use of Convolutional Neural Networks (CNNs) and
depth images as standard intensity images addressing a variety of tasks. In [14,24], depth
images and CNNSs are proposed to regress the 3D head pose. In [14], depth images are also
used to compute optical flow and to generate gray-level facial images by GANSs. In [25],
several pre-processing steps are applied on depth images, including hole filling (to reduce
the areas with invalid depth values) depth range normalization (based on the nose tip
detection), and outlier removal. Hu et al. [26] present a method for boosting depth-based
face recognition through the combined use of high-quality depth data that were acquired
by a 3D scanner and depth images. In [27], a Siamese network that processes pairs of
facial depth images is proposed without exploiting any specific image pre-processing
algorithms. Depth data are simply normalized to have zero mean and unit variance. Some
pre-processing methods for depth images are proposed in [28], including nose tip detection
for face crop and head pose correction. Sometimes, depth images are used in combination
with other types of data that were obtained from depth or RGB-D devices, like intensity
images [29,30] or human body joints [16,31].

However, the visual appearance of depth images is not device-invariant and it is
strictly related to the sensor technology and the acquisition setup. Moreover, pre-processing
steps, which are useful on intensity images, could partially or completely remove the metric
depth information and destroy the 3D consistency.

We define a normal image as a matrix of pixels with three channels Ty = {fzij = (0x,0y,02) },
where each pixel encodes the (x, y,z) components of the estimated surface normal vector
in that point.

In our work, we follow [32] in order to obtain an estimation of surface normals
starting from depth images. Specifically, given the depth matrix D, it is possible to indicate
with Z(x,y) its pixel values. Subsequently, the direction d = (dx,d,,d.) of normals is
computed as:

_(_9Z(xy) 9Z(xy)
o (-2, e »
where 0Z(x,y)/9dx, 0Z(x,y)/dy are the gradients obtained on the depth in the x and y
directions [33]. These directions can be calculated as:

W ~Z(x+1y) —Z(x,y)

2)
9Z(x,
éﬂ; ) Z(x,y+1)—Z(x,y)

Finally, the vector ¥ is the result of the following normalization [34]:

1
= = (dudy 1), B=\/d2 +d3 +1 @3)

It is worth noting that only few works exploit normal images directly obtained from
depth maps. The discriminative content of normal images [35,36] can be exploited, even in
combination with the depth images for the face recognition task [25].

2.2. Depth Maps as Point Clouds

Depth maps can be converted into the corresponding 3D point cloud with coordinates
that are defined on the camera reference frame. Formally, a point cloud can be represented

as an unordered set of points P = {pk = Pk, P, pkz>}, where a generic point py is a
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vector containing its 3D coordinates [37]. The conversion from the depth map to the point
cloud can be defined as

Z(x;,Y;
P, = (% — ) - (fo]/]) (4a)
Z(x;,y;
Pr, = (yj —cy) - (xfyy]) (4b)
Pr. = Z(xi,¥}) (40)

where the 3D point p, = (pg,, Pk,s Pk.) corresponds to the value that is sampled over
the depth map at a generic location (x;, yj) and the constants fy, fy, cx, cy are the elements
that define the camera intrinsic parameters K (assuming that the pixels of the sensors are
squared, i.e., having skew s = 0). In practice, many of the depth sensors (e.g., Microsoft
Kinect, Pico Zense) can also directly provide the 3D point cloud in addition to the depth
maps as an option.

Because point clouds are unordered, with a variable length 1, and sparse in the 3D
space, they are more difficult to be exploited as input for deep networks. Moreover, because
depth maps only contain 2.5D information, the extracted point cloud contains partial 3D
information, i.e., a single view of the 3D scene. Consequently, to the best of our knowledge,
no works propose using point clouds directly obtained from depth maps for the face
recognition task.

On the other hand, point clouds are adopted for the 3D object recognition task, often
on synthetic datasets, as in the work of Qi et al. [37]. The proposed network PointNet is
directly fed with unordered 3D point sets and it is robust to input rotation, corruption
and perturbation. Its evolution, called PointNet™ " [38], consists in a recursive use of the
PointNet model on subsets of neighboring points and it is able to learn local features with
increasing contextual scale. Similar to [38], later works propose increasing the model
capacity stacking hierarchically PointNet [39,40]. Other recent works [41,42] propose the
use of local convolutions on point clouds. Still, the accuracy improvement with respect to
earlier work is limited. It is worth noting that deep learning-based models that deal with
point clouds are often computationally inefficient [43,44] and they require a great amount
of memory. Only recently, [43] investigated how to reduce the memory consumption and
inference time.

2.3. Depth Maps as Voxels

A voxel is a point-wise three-dimensional volumetric representation, the 3D equivalent
of a 2D pixel in standard intensity images [45].
In the literature, the term voxel is also used to represent a 3D volume that is defined

as tridimensional matrix V™ = {vi]-h, ijh=1,.., m}, where m is the number of elements

for each side of the 3D cube and each element v;j; € {0,1} is a binary value, with 0
representing an empty space and 1 an occupied one. In details, a 3D point cloud P can
be converted in a voxel V" with the following procedure. Defining a 3D cube with side
length L centered in pc = (pc,, Pe,, Pe.) (Which usually corresponds to the center of the
point cloud) and the number m of binary voxels for each side of the cube, the 3D volume is
split into m x m X m binary elements of side | = % Each binary element v;j, represents
the presence of at least one point lying inside its corresponding 3D volume s;; of side I:

©)

_J1 3p€P | pr €sin

Vijn = .
0 otherwise

In other words, v;j, € V™ is a binary value that indicates whether at least one point of

the point cloud lies in the 3D volume s;j, corresponding to its cell. Unlike voxels computed

from 3D models, which report the whole volume of the 3D object as occupied, only the
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voxels that correspond to the external visible surface of the object are identified from the
depth maps, i.e., only the 3D data that the depth sensor is able to acquire.

At time of writing, only a few works propose analyzing voxels obtained from depth
maps with deep approaches. Moon et al. [46] propose the use of a specific 3D CNN, called
V2V-PoseNet, to tackle hand and human pose estimation. A voxel-to-voxel architecture
is developed to predict 3D heatmaps, from which 3D coordinates of hand keypoints or
human body joints are obtained.

A considerable number of methods are based on voxels obtained from 3D scanners or
LiDARs. For instance, in [47] voxels are the input of a supervised 3D CNN for the object
detection task. The experimental results are collected processing voxels that were obtained
from 3D scanners. Zhou and Tuzel [48] propose VoxelNet, a generic detection network
able to work with voxels obtained from LiDAR data. Recently, Riegler et al. [49] propose
partitioning sparse 3D data through a set of unbalanced octrees, in which each leaf node
stores a pooled feature representation. They test the proposed method on the 3D object
classification and orientation estimation tasks.

In general, the use of voxels, together with deep learning models, is limited, since a
reference point, i.e., the point around which the 3D space (usually a 3D cube) is sampled,
is needed. Furthermore, it is necessary to define the volume of 3D space around the
reference point and the size of the single voxels, i.e., the level of quantization. All of
these elements deeply influence the final performance of systems based on voxels used as
input data [46,50].

3. Methodology

In this paper, we analyze the use of depth maps for deep face recognition. We aim at
identifying the combination of data representation, a pre-processing/normalization tech-
nique, and deep learning model that obtains the highest recognition accuracy in both the intra-
and the cross-dataset setting. In this section, we characterize this analysis, from the problem
statement and the deep learning models to the datasets and pre-processing techniques.

3.1. Problem Statement and Experimental Setting

We address the face recognition task as a face identification problem, where a single
depth map of an unknown person, i.e., the probe, is compared to a gallery of known
candidates in a closed-set scenario. In this setting, the recognition model compares the
probe with each gallery identity, i.e., a one-to-many comparison, and then outputs a single
label that represents the predicted identity of the probe. Given the predicted identity, we
compare different approaches in terms of recognition accuracy (i.e., top-1 recognition rate)
and compare different deep architectures in terms of computational complexity.

Within the different experimental settings (i.e., the different combinations of data
representation, pre-processing and normalization steps, and deep model), we employ the
same training procedure. Each model is trained on the train split of the selected dataset
for 50 epochs (that we empirically observe as a valid upper-bound limit), while using
the Categorical Cross-Entropy (CCE) loss and Adam optimizer. After every epoch, the
validation accuracy is evaluated and, if higher than any validation accuracy obtained so
far, the model parameters are saved (and later used for testing).

In the testing phase, we discard the last classification layer and compare the probe
and gallery depth maps computing the cosine similarity between the deep features that
were extracted by the networks [51]. For every probe, we select the predicted identity as
the gallery candidate corresponding to the maximum similarity.

3.2. Deep Learning Architectures

Well-known and representative deep learning-based models are selected for the evalua-
tion part. For depth maps used as single-channel images, we exploit the models VGG-16 [6],
ResNet-18 [4], and Inception-v3 [5]. Voxels are used in combination with VoxNet [47], R3D
and R(2+1)D [52], while PointNet [37] and PointNet™ " [38] are employed for point clouds.
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Deep Networks are implemented in PyTorch and adapted for the specific task of face
recognition from depth data, in terms of input channels and final classification layer. For
instance, the first layer of networks used to analyze the depth images is adapted to support
a single-channel input, while the classification part of PointNet and PointNet ' is used
and the segmentation branch is discarded. For a fairer comparison between models (image-
based networks are often pre-trained on bigger datasets), all of the networks are trained
from scratch.

In all of the experiments on every dataset, we employ the same input format, as
detailed in the following. Regarding the 2D CNNSs, the input images are resized to the
resolution of 128 x 128 pixels and the background behind the human face is filtered out,
if present. The images are represented with single-channel images while using the 16-bit
format. The depth values are expressed in mm. When considering the point clouds, we
compute them from the depth maps, as detailed in Section 2.2. We consider, as valid, all of
the points with a non-null depth value and feed them to the point cloud-based networks.
The maximum number of points is set to 16,384. When using the 3D voxels, we obtain
them from the point clouds of the human face. We centered the 3D volume at the point
cloud center (computed as the mean of the coordinates of all the points) and set a cubic
side L = 400 mm. The number of voxels per side m can be 32 or 64, as defined in the
experimental results.

3.3. Datasets

Although the spread of depth sensors is still limited with respect to RGB ones, depth-
based datasets containing faces are already available in the literature. Each of them has
been acquired using a single depth sensor, e.g., Structured Light (SL) or Time of Flight (ToF).

Among them, we have selected two datasets that were acquired with the first version
of the Microsoft Kinect sensor, based on the SL technology, and two datasets that were
acquired with the second version of the same device, based on the ToF technology. We
preferred to exclude other available datasets that contain a limited number of subjects
(e.g., [53]), frames (e.g., [54]), unreliable depth data (e.g., [55]), or 3D facial models instead
of depth maps (e.g., [56]).

Table 1 reports an overview of the chosen datasets, which presents, for each dataset,
the sensor technology; the number of subjects, frames, cameras, and sessions; the level of
complexity when considering the face recognition task (expressed as chance level); and,
the number of different acquisition settings. We split the data inro train, validation, and
test sets using, whenever possible, different sessions/sequences for each subset. We aim at
obtaining a fair subdivision, i.e., the use of different sessions/sequences for each subset
while including samples of each person in the training set. When the official splits conform
to this policy, we used the official train, validation, and test subsets. We also note that each
employed dataset was acquired with a different procedure and thus requires a subdivision
that is based on its structure, yielding a different number of recordings in different settings
for each dataset. Table 2 reports the number of frames belonging to each split.

Table 1. Datasets that were selected for the proposed analysis. DT is the depth technology, #subjs is the number of subjects,

#frames is the number of depth frames and #cams the number of depth camera used. The chance (level) is the accuracy with

random predictions. Settings correspond to the position of the subject w.r.t. the acquisition device. Sessions is the number

of different acquisitions per subject.

Name Year DT #Subijs #Frames Chance (%)  #Cams Settings Sessions
Biwi [22] 2011 SL 20 15k 5.0 1 1 (near) lor2
CurtinFaces [28] 2013 SL 52 5k 29 1 1 (near) 17
Lock3DFace [21] 2016 ToF 509 300k 0.2 1 1 (near) 8to 16
Pandora [14] 2017 ToF 22 125k 4.5 1 1 (near) 5
MultiSFace 2020 ToF 31 11k 3.2 2 2 (near, far) 2




Sensors 2021, 21, 944

8 of 18

Table 2. Training, validation, and testing splits adopted for each dataset. Frames are split following
the procedures described in Section 3.3.

Name Total Depth Training Validation Testing
Frames
Biwi [22] 15k 6.6 k 2.6 k 39k
CurtinFaces [28] 5k 09k 04k 3.7k
Loc k3DFace [21] 300 k 12.2 k 2.7k 17.8 k
Pandora [14] 125k 9.3k 74k 95k
MultiSFace 11k - - 35k

In the following, we present the selected datasets in detail:

Biwi: introduced in [22], it contains approximately 15 k depth frames of the upper
body part of 20 subjects, acquired with the first version of the Microsoft Kinect (SL).
Each subject records a sequence during which they were asked to rotate the head
spanning all of the head angles they were capable of. In our experiments, we use the
first half of each sequence as training set. The second half is randomly shuffled and
split in the validation (40%) and the test set (60%). This is mandatory, since there is
only one session per most of the subjects and each session contains a scripted set of
head movements. Four subjects are recorded twice. We do not use the additional
recordings of these subjects.

CurtinFaces: released in [28], it addresses the task of face recognition under varying
expressions, poses, illumination sources, and disguises. It uses the first version of the
Microsoft Kinect (SL) and it consists of 5044 images that were recorded from 52 subjects
(97 images per subject). In our experiments, we use 18 images per subject as training
set (as in the original paper), 8 images per subject as validation set, and the remaining
images as test set (i.e., 71 images per subject). We refer the reader to [28] for more
details regarding the training split. The validation split is sampled, including a
different pose for every different expression and two illumination variations, in order
to cover the dataset distribution.

Pandora: as presented in [14], this dataset was collected for the head pose estimation
task, but it has also been exploited for the face verification task [13,27]. Acquired
using the second version of the Microsoft Kinect (ToF), it contains 22 subjects and five
sequences for each subject. The faces can be occluded by the presence of garments
and extreme head poses. In our experiments, we use the sequences without garments
and artificial occlusions (i.e., the first three sequences of each subject). In particular,
for each subject, we use the first sequence as training set, the second one as validation
set, and the third one as test set.

Lock3DFace: published in [21], it consists of more than 300 k frames of 509 different
subjects recorded with the second version of the Microsoft Kinect (ToF) in multiple
acquisition sessions. It contains variations in poses, facial expressions, and occlusions,
and each variation is performed multiple times (from two to six recordings). Moreover,
169 subjects have been recorded in separate sessions with a temporal step of up to
7 months. The dataset has been split in a training set, which is composed of the
first recording of each type for each subject, a validation set, composed of the first
frame of the other recordings, and a test set, composed of the remaining frames. We
select the first recording of each type for each subject as a training set, regardless of
the temporal session. Subsequently, since the number of recordings per variation is
subject dependent (and vary from 2 to 6), we select the first frame of the additional
recordings as a validation set and the following frames of each recording as test set.

In addition, we collected a new cross-device dataset for the evaluation of multi-device

and multi-distance face recognition based on depth maps:

MultiSFace: 31 subjects are acquired in three different poses—frontal, side, and back—
at two different distances—near (1 m) and far (2.5 m)—through different depth devices
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at the same time, as shown in Figure 2. The first device, the Pico Zense DCAM710
(https://www.picozense.com/), is a high-resolution depth camera that is based on
the ToF technology that acquires depth frames with a resolution of 640 x 480 pixels at
30 fps in a range of 0.2-5 m. The second sensor is a low-resolution depth camera, the
CamBoard Pico Flexx (https:/ /pmdtec.com/picofamily/), a ToF device more focused
on portability, in terms of both lightweight (8g) and form factor (68 x 17 x 7.35 mm),
than depth quality: as shown in the fourth column of Figure 2, a high level of noise
and a limited resolution (171 x 224) are present in the operating range (0.1-4 m).
The dataset also contains images that were acquired with additional devices: a high-
resolution thermal camera (Flir Boson 640 (https:/ /prod.flir.it/products/boson/)), a
low-resolution radiometric thermal camera (Flir PureThermal 2 (https:/ /groupgets.
com/manufacturers/flir/products/lepton-2-0)), two RGB cameras with different
resolution and image quality. Only depth frames from the sequences containing
frontal views are used in this work.

The MultiSFace dataset allows for investigating the impact of using different depth
sensors at varying distances on the face recognition accuracy. To the best of our knowledge,
MultiSFace is the first publicly available dataset, in which each subject is acquired with
different synchronized depth (and thermal) sensors. MultiSFace is designed as a testing
dataset, in order to make an extremely challenging benchmark on multi-modal face recog-
nition available to the research community. Specifically, we conceive this dataset with
the goal of providing a tool to investigate the cross-device and cross-distance issues. The
MultiSFace dataset is available at https:/ /aimagelab.ing.unimore.it/go/multisface.

3.4. Pre-Processing Techniques

We select common image pre-processing techniques that are applied on depth images
in the literature [21,57,58], such as filtering, histogram equalization, and hole filling. We
individually apply them on Ip.

Filters areoften applied to reduce the high level of noise caused, for instance, by
external light sources and the use of an infrared emitter [20]. To this aim, in the tests we
included a linear filter (Gaussian), a non linear filter (Median), and a data-dependent, thus
not shift-invariant, filter (Bilateral).

Histogram equalization is applied to enhance the contrast in the intensity images
and it can be used to stretch very similar values in depth facial images. Specifically, we
consider the standard equalization and the Contrast-Limited Adaptive Histogram Equalization
(CLAHE) [59] algorithms.

Depth maps often present pixels with missing or spurious depth values, due to
specular or low albedo surfaces: typical parts with invalid values are hair and eye areas.
Additionally, shadows, which are created by the disparity between the sensors and in-
frared emitter, contain missing values. Therefore, some works propose using hole filling
(in-painting) techniques, replacing invalid data. In our work, we adopt the hole filling
procedure that is described in [60].

We report some visual results of these pre-processing techniques in Figure 3.


https://www.picozense.com/
https://pmdtec.com/picofamily/
https://prod.flir.it/products/boson/
https://groupgets.com/manufacturers/flir/products/lepton-2-0
https://groupgets.com/manufacturers/flir/products/lepton-2-0
https://aimagelab.ing.unimore.it/go/multisface
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Figure 3. The sample images taken from Biwi [22] (first row) and Lock3d [21] (last row) showing the visual results of the

pre-processing steps. On the left, the original depth image is reported. Then, we show the results of the following operations:

gaussian blur, median blur, bilateral filtering, histogram equalization, Contrast-Limited Adaptive Histogram Equalization

(CLAHE), and hole filling. The images are converted to 8-bit format for visualization.

3.5. Data Normalization

Generally, data normalization is a key element during the training process of deep
learning models with intensity images [61]. In our case, we test the following normalization
procedures on depth data:

fi(x) = x — pix (6)
fa(x) = x;—:lx 7)
filx) = X minlx) ®)

-~ max(x) — min(x)

where p, and oy are the mean and standard deviation operations. When applied to depth
images, x is the set of valid pixel values (i.e., pixels that are not null, due to an invalid
depth estimation or that do not exceed the maximum depth range of the device). Point
clouds are normalized by applying the operation on each axis, independently. Equation (6)
zero-centers the data/point coordinates, Equation (7) gives data/point coordinates with
zero mean and unit variance, while Equation (8) outputs the values in the range [0, 1].

4. Intra-Dataset Experiments

Intra-dataset experiments are carried out on individual datasets, each split into train-
ing, validation, and testing sets. Thus, models are trained and tested with data that were
acquired by the same depth device and environment, then similar from a visual and quality
point of view. These experiments are focused on the investigation regarding the use of
depth data and deep architectures, in terms of accuracy in face recognition, not considering
generalization capabilities on different datasets and depth technologies. We report the
results in terms of recognition accuracy, as described in the beginning of Section 3, while
using depth and normal images, voxels, and point clouds in Tables 3-5.

We report the best performing pre-processing and normalization steps, which are
individually applied, as described in Section 3.4. Specifically, for the depth images, we
include the Gaussian filter (F) for filtering, Equation (8) for data normalization, and the
histogram equalization (E), while H denotes the hole filling procedure. I represents the
use of normal images as input data. For the point cloud, the data normalization referred as
Py is computed, as in Equation (6). For the voxels, two different sizes (m = 32 or m = 64)
are evaluated.

Looking at the results of image-based methods (Table 3), in general filtering, the
equalization and hole filling procedures do not introduce clear benefits, even if they
are often exploited in literature, as highlighted in Section 2. Therefore, the additional
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computational load that is introduced by them is not justified by a corresponding increase
of accuracy. Instead, data normalization generally maintains or improves the results, in
particular on ToF data.

Nevertheless, the results show that normal images are the best data representation
for recognizing faces while using CNNs in most cases. When compared to depth images,
normal images do not contain the absolute distances of the target points, but they explicitly
express 3D information that is related to the 3D shape of the captured scene. Thus, we
hypothesize that the resulting representation is more suitable for the face recognition task
while using depth devices.

Table 3. Intra-dataset results, in terms of recognition accuracy, using depth and normal images (Ip and Iy). Pre-processing
steps applied on depth images, i.e., filtering (F(Ip)), hole filling (H(Ip)), equalization (E(Ip)), and data normalization
(N(Ip)), are also reported for depth map representation.

Biwi [22] CurtinFaces [28]

Model Ip  F(lp) H(Ip) E(Ip) N(Ip) In Ip  F(Ip) H(lp) E(Ip) N(p) In
VGG [6] 325 33.6 329 299 26.6 43.1 60.5 57.7 574 63.4 575 66.5
Inception [5] 60.9 56.8 529 454 50.8 66.8 29.5 40.0 34.0 33.7 386 422
ResNet [4] 61.5 64.4 58.3 64.0 66.7 80.0 43.0 45.6 40.0 48.8 509 452

Lock3DFace [21] Pandora [14]

Model ID F(ID> H(ID> E(ID> N(ID> IN ID F(ID> H(ID> E(ID> N(ID> IN
VGG [6] 546 534 55.2 61.3 54.9 62.1 51.6 512 47.2 54.0 513 574
Inception [5] 725 716 721 70.3 72.3 81.0 40.0 401 35.5 63.9 596 724
ResNet [4] 51.7  52.8 50.9 56.3 59.0 76.6 403 427 42.6 67.1 654 703

Table 4. Intra-dataset results, in terms of recognition accuracy, using point clouds P. Py represents
the normalized point cloud computed while using Equation (6), as detailed in Section 3.5.

Biwi CurtinF. Lock3D Pandora

Model P PN p PN p PN P PN
PointNet [37] 60.5 53.2 50.7 70.7 55.1 63.9 23.9 25.2
PointNet™+ [38] 404 42.2 454 51.7 51.4 61.8 21.1 35.8

Table 5. Intra-dataset results, in terms of recognition accuracy, using voxels V. 32 and 64 specify the
size m of the three-dimensional (3D) volume (see Section 2).

Biwi CurtinF. Lock3D Pandora

Model V32 V64 V32 V64 V32 V64 V32 V64
VoxNet [47] 53.0 49.2 78.0 73.7 67.8 69.1 36.6 37.2
R3D [52] 64.4 63.3 695 71.4 71.0 70.1 30.0 31.9
R(2+1)D [52] 61.4 58.8 40.0 67.1 68.7 68.5 31.8 37.6

Deep architectures based on point clouds and voxels generally achieve worse results
than image-based approaches, as it can be seen in Tables 4 and 5. In the case of point
clouds, the results show that data normalization is a key element to achieve a good level
of accuracy (especially with PointNet™ "), while experiments with voxels show that the
attained accuracy is not dependent on the network architecture and voxel size. Even from
a computational point of view, CNNs are usually the best choice in terms of memory usage
and inference time.

5. Cross-Dataset Experiments

Cross-dataset experiments are carried out considering two datasets at a time, one for
training the deep models and one for testing. Probe and gallery data are both extracted
from the second dataset. Each experiment is referred in the form “D; — D;”, which means
that the model is trained on the dataset D and tested on D,. Compared to the intra-dataset
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case, these tests are focused on the generalization capabilities of deep models, in particular
when the two datasets have been acquired while using different sensor technologies or in
different acquisition settings.

In Table 6, we report the most interesting results of the cross-dataset evaluation,
obtained with ResNet, R3D, and PointNet™+ for depth images, normal images, voxels, and
point clouds. As in the intra-dataset setting, the results are expressed in terms of recognition
accuracy, following what reported at the beginning of Section 3. The left part of the table
contains results that were obtained using train and test datasets that were acquired with
the same sensor technology, while the right part contains experiments in which the sensor
technology of the test dataset is different from the one of the training dataset. For the
sake of comparison, the best results that were obtained in the corresponding intra-dataset
experiment are reported as "best (intra)". The reference values included in the table are the
ones obtained using D; for both the training and testing and collected from Section 4.

Table 6. Cross-dataset results, in terms of recognition accuracy. The data type used in input is reported (Ip: Depth Maps,
V: Voxels, P: Point Clouds), together to each dataset (C: Curtinfaces [28], B: Biwi [22], L: Lock3DFace [21], P: Pandora [14]),
and each technology of depth sensors (SL: Structured Light, ToF: Time-of-Flight). D; — D, means “trained on D; and tested

on Dy”.
Same Sensor Technology Different Sensor Technology
SL — ToF ToF — SL SL — ToF ToF — SL
Model C-»B B—-C | P—»L L-P C—L C—P B—L B—P P—B P—C L—B L—C
best (intra)  80.0 66.5 81.0 724 72.5 67.1 72.5 67.1 66.7 63.4 66.7 63.4
Ip 34.4 18.2 31.3 25.6 32.8 26.8 30.5 24.9 28.4 14.1 33.1 18.7
In 34.6 35.3 45.6 35.6 25.4 23.2 45.3 32.6 48.2 34.2 37.0 33.0
best (intra)  60.5 70.7 63.9 35.8 63.9 35.8 63.9 35.8 60.5 70.7 60.5 70.7
P 36.4 36.9 40.7 30.0 30.2 12.3 374 26.3 43.5 35.6 37.4 34.7
Py 36.1 39.8 56.2 39.6 58.1 39.1 54.0 34.0 37.5 46.5 35.2 43.3
best (intra) 64.4 78.0 71.0 37.6 71.0 37.6 71.0 37.6 64.4 78.0 64.4 78.0
V32 22.6 20.1 33.5 30.4 413 23.0 36.9 21.3 18.3 15.6 27.1 33.7
vo4 21.7 21.8 38.0 28.2 40.4 23.7 35.8 22.3 22.7 21.4 21.1 33.7

First of all, we note that point cloud-based methods are the best choice in the cross-
dataset setting, even if point clouds that are computed from depth maps are rarely used
in the literature for the face recognition task. They achieve the best accuracy with both
same and different sensor technologies, as confirmed by both the absolute accuracy and
the minor performance drop when compared with the intra-dataset references, as shown
in Table 6. This finding confirms that this data representation is more independent from the
acquisition sensor and that the point cloud-based models are less prone to overfit on the
training dataset. Therefore, point clouds should be used when the testing data are acquired
by different or unknown depth sensors. We believe that the performance discrepancy
between the intra-dataset setting and cross-dataset one reveals a potential difficulty in
assessing the quality of point cloud-based methods. In fact, most of the experiments that
are reported in the literature do not deal with cross-dataset tests and may only observe
unsatisfactory results in the intra-dataset setting.

Regarding the other depth map representations, normal images analyzed with CNNs
obtain higher accuracy when compared to depth images and voxels, thus confirming that
surface normals are an informative and invariant representation of depth maps for the face
recognition task.

As it can be noted, the architectures trained on Pandora achieve better results than
the ones trained on Lock3DFace whether tested on Biwi or CurtinFaces, in particular when
considering normal images and point clouds. Because the main differences between Pan-
dora and Lock3D are the number of frames with different poses (higher in the former) and
the number of subjects (higher in the latter), we hypothesize that, for the face recognition
on 3D representations of depth data, the head pose variability of the training set is more
crucial than the number of different identities.
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6. Cross-Device and Cross-Distance Experiments

The proposed dataset MultiSFace contains data that were acquired from diversified
positions by two different depth sensors. Therefore, it could be used to run an additional
set of challenging experiments. In fact, it can be employed to evaluate the recognition
accuracy when the gallery set and the probe data are collected by different devices or at
different sensor-subject distances.

We run this set of experiments employing architectures that were trained on the
Lock3DFace dataset (we used ResNet for Ip, PointNet™* for Py, and R3D for V32). We
evaluate the recognition accuracy using two ToF sensors (having different resolutions),
labelled as High Resolution (HR) and Low Resolution (LR), and two different sensor-subject
distances, labelled as Near (N) and Far (F). It should be recalled that, since depth maps
are acquired by depth devices, the sensor-subject distance directly affects their quality, in
terms of noise and point density. Therefore, even if some data representations are distance-
invariant (e.g., depth normals, voxels, and point clouds), the depth data acquired by the
sensors are not.

Table 7 reports the results in terms of recognition accuracy. The better generalization
capabilities of the point cloud representation and PointNet™ " are highlighted. However,
the tested approaches do not reach satisfactory recognition accuracy in these challenging
cases. Image-based methods achieve results around 4-6%, which are only slightly higher
than the chance level, while the voxel representation can be suitable for the cross-device
scenarios, since the voxel quantization filters out the differences in the resolution and
quality between the sensors. This holds at the Near (N) distance, where both of the sensors
acquire sufficiently-precise depth maps, while it does not hold at the Far (F) distance, due
to the noisy sparse data acquired by the sensors, especially the low-resolution device.

Table 7. Results on MultiSFace, in terms of recognition accuracy. Tests are carried using different
gallery and probe data. In the left part, cross-distance tests (Near and Far distance) are reported
keeping the sensor fixed. In the right part, cross-device tests (HR and LR, i.e., high and low resolution)
are reported keeping the distance fixed.

Cross-Distance Cross-Device
N—F F—N HR — LR LR — HR
Iy 6.6 49 Iy 34 5.2
HR Py 16.7 13.9 F Py 9.2 7.5
V32 9.0 7.5 V32 3.1 5.4
In 46 44 Iy 6.4 2.7
LR Py 8.6 7.2 N Py 3.1 6.0
V32 4.4 5.0 V32 10.8 8.0

7. Discussion

In this section, we summarize the main considerations that follow from the intra-
and cross-dataset experiments and from the additional analysis obtained on the Mult-
iSFace dataset.

First of all, we observe that, in general, approaches that rely on depth images and
CNNs are limited in terms of the generalization capabilities. That is, a substantial per-
formance drop occurs when these models are tested with depth data that differ from the
training one (as data acquired by the same depth sensor in a different setting or another
sensor with the same or a different building technology). On the other hand, normal images
represent the best choice in order for obtaining higher accuracy in a cross-dataset scenario
while using CNNs. However, they are employed in a minor part of literature work.

Moreover, the results clearly show that point cloud-based representations and ar-
chitectures are the best option in terms of generalization capabilities when the training
and testing data do not belong to the same dataset (i.e., the data are collected in different
acquisition setups). Because similar experiments are not available in the literature, the
reported results can be considered a baselines for future investigation in this research field.
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When considering the intra-dataset setting, the results show that the face recognition
task can be carried out while using depth maps, even if they only contain geometrical
information (in contrast to intensity images that contain shapes, colors, and textures).
However, the generalization capabilities of these architectures have still not been tested
on more challenging settings, i.e., when the probes and the gallery set are acquired with
different depth devices or in different scenarios. These types of experiment can not be
carried out using existing datasets since intra-dataset experiments contain data that are
captured by a single depth sensor, while cross-dataset experiments are not possible (because
different subjects are included in every dataset).

To this end, we have collected the proposed MultiSFace dataset and, in Section 6,
we have reported the results obtained on it using probes and gallery sets acquired by
different depth sensors and at different sensor-subject distances. These results confirm
that 2D representations of depth maps, which are processed with CNNs, are not a suitable
solution for cross-device and cross-distance settings. They also show, in line with previous
findings, that point cloud-based representation and architecture are the optimal solution in
the majority of the tested settings.

However, we want to highlight that the accuracy on the MultiSFace dataset is, without
any doubt, quite low, showing the challenging nature of the recognition task in these scenar-
ios, which was made possible by this particular dataset. In contrast to the high recognition
accuracy obtained in the single-sensor single-dataset scenario, the face recognition task
carried out in the wild using several depth sensors in different acquisition settings is far
from being solved. We believe that this dataset can inspire and be an interesting benchmark
for future investigations regarding face recognition with depth maps that are focused on
generalization capabilities over depth sensors and data.

8. Computational Complexity

The recognition accuracy is not the only element to be taken into account during the
development of real-world face recognition systems. Therefore, in this section, we report
an analysis of the computational complexity of the investigated approaches. In particular,
we report the number of parameters, the memory consumption, and the inference speed
of each method shown in Table 8. All of the deep models have been implemented while
using the PyTorch framework [62] and then tested on a computer equipped with an Intel(R)
Core(TM) i7-7700K and a NVidia GTX 1080Ti.

The first three rows of Table 8 involve CNNSs relying on 2D input images, and then
voxel-based approaches are reported in the central rows and the last two rows contains
the point cloud-based models. As expected, the number of parameters of 2D CNNss is
correlated with the memory occupation: in this context, the VGG-16 model has the highest
number of parameters and, then, the highest RAM occupation. Nevertheless, its inference
time is remarkably low, which is probably thanks to the level of optimization for the
convolutional operations in the PyTorch framework [63]. The same analysis also holds for
voxel-based methods. When considering PointNet and PointNet ", the former requires a
little amount of memory and a sufficiently low inference time while the latter represents an
exception having a very high inference time. We believe that this is caused by the several
clustering operations, still not optimized on GPUs, needed by the architecture.

From a general point of view, we observe that a depth-based face verification system
that is implemented with one of the analyzed architectures can have real time performance
on a workstation and that the RAM usage is low when compared to the typical memory
size of commercial GPUs (6-12 GB).
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Table 8. A comparison of the computational complexity of different methods. We report the number
of parameters, the amount of memory (RAM), and the inference time that isrequired by the models,
implemented in PyTorch.

Model Parameters (M) RAM (GB) Inference (ms)

VGG-16 117.5 2.63 14402
ResNet-18 11.2 0.76 22401
Inception-v3 21.8 091 82403
VoxNet 0.92 0.58 05+0.1
R3D 33.1 1.11 21402
R(2+1)D 31.3 1.09 33+02
PointNet 0.95 0.74 4.8+0.1

PointNet*+ 0.81 1.17 226.54+5.5

9. Conclusions

In this paper, an extensive comparison on the use of depth maps and deep learning-
based approaches is conducted. We investigate how data representations, network ar-
chitectures, pre-processing, and normalization techniques affect the accuracy in the face
recognition task using depth maps. We present the results that were obtained on four public
datasets with multiple intra- and cross-dataset tests that suggest that depth maps should
not be represented and treated as standard images. The results show that pre-processing
and data normalization techniques, applied in combination with convolutional networks,
reduce the 3D content of the depth data, making the corresponding systems less capable of
generalizing and transfering to other depth domains (e.g., different sensors and acquisition
setups). Representations that are based on normal images and, in particular, point clouds
alleviate this problem and result in models with better generalization capabilities. We also
present a new challenging dataset, called MultiSFace, which contains facial data that were
acquired by different synchronized sensors and in different conditions (i.e., at different
sensor-subject distances). The results obtained on this dataset reveal the need for a proper
face recognition method that is invariant to the acquisition sensor and setting and, in
general, capable of fully exploiting the 3D content of depth maps.
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Abbreviations

The following abbreviations are used in this manuscript:

SL Structured Light

ToF Time-of-Flight

6DoF Six Degrees of Freedom

CNN Convolutional Neural Network

GAN Generative Adversarial Network

CLAHE Contrast-Limited Adaptive Histogram Equalization

HR High Resolution
LR Low Resolution
M Million

ms milliseconds

GB GigaByte

References

1. Deng, J.; Guo, J.; Niannan, X.; Zafeiriou, S. ArcFace: Additive Angular Margin Loss for Deep Face Recognition. In Proceedings of
the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Long Beach, CA, USA, 16-20 June 2019.

2. Liu, W; Wen, Y,; Yu, Z,; Li, M,; Raj, B.; Song, L. Sphereface: Deep hypersphere embedding for face recognition. In Proceedings of
the IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21-26 June 2017; pp. 212-220.

3.  Liu, Z; Luo, P; Wang, X.; Tang, X. Deep Learning Face Attributes in the Wild. In Proceedings of the International Conference on
Computer Vision (ICCV), Santiago, Chile, 13-16 December 2015; pp. 3730-3738.

4.  He, K; Zhang, X;; Ren, S.; Sun, J. Deep residual learning for image recognition. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 26 June-1 July 2016; pp. 770-778.

5. Szegedy, C.; Vanhoucke, V,; Ioffe, S.; Shlens, J.; Wojna, Z. Rethinking the inception architecture for computer vision. In Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 26 June-1 July 2016; pp. 2818-2826.

6. Simonyan, K.; Zisserman, A. Very deep convolutional networks for large-scale image recognition. arXiv 2014, arXiv:1409.1556.

7. Cao, Q.; Shen, L.; Xie, W.; Parkhi, O.M.; Zisserman, A. Vggface2: A dataset for recognising faces across pose and age. In
Proceedings of the 2018 13th IEEE International Conference on Automatic Face & Gesture Recognition (FG 2018), Xi’an, China,
15-19 May 2018; pp. 67-74.

8. Guo, Y; Zhang, L.; Hu, Y.; He, X.; Gao, ]. Ms-celeb-1m: A dataset and benchmark for large-scale face recognition. In Proceedings
of the European Conference on Computer Vision, Amsterdam, The Netherlands, 8-16 October 2016, pp. 87-102.

9. Huang, G.B.; Mattar, M.; Berg, T.; Learned-Miller, E. Labeled faces in the wild: A database for studying face recognition
in unconstrained environments. In Proceedings of the Workshop on Faces in Real-Life Images: Detection, Alignment, and
Recognition, Marseille, France, 17 October 2008.

10. Ramey, A.; Gonzélez-Pacheco, V.; Salichs, M.A. Integration of a low-cost RGB-D sensor in a social robot for gesture recognition.
In Proceedings of the 2011 6th ACM/IEEE International Conference on Human-Robot Interaction (HRI), Lausanne, Switzerland,
6-9 March 2011; pp. 229-230.

11. Martin, M.; Roitberg, A.; Haurilet, M.; Horne, M.; Reif3, S.; Voit, M.; Stiefelhagen, R. Drive&Act: A Multi-modal Dataset for
Fine-grained Driver Behavior Recognition in Autonomous Vehicles. In Proceedings of the IEEE International Conference on
Computer Vision, Seoul, Korea, 27 October—2 November 2019; pp. 2801-2810.

12.  Ohn-Bar, E.; Trivedi, M.M. Hand gesture recognition in real time for automotive interfaces: A multimodal vision-based approach
and evaluations. IEEE Trans. Intell. Transp. Syst. 2014, 15, 2368-2377. [CrossRef]

13. Borghi, G.; Pini, S.; Vezzani, R.; Cucchiara, R. Driver Face Verification with Depth Maps. Sensors 2019, 19, 3361. [CrossRef]
[PubMed]

14. Borghi, G.; Venturelli, M.; Vezzani, R.; Cucchiara, R. Poseidon: Face-from-depth for driver pose estimation. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition, Venice, Italy, 22-29 October 2017; pp. 4661-4670.

15.  D’Eusanio, A.; Simoni, A.; Pini, S.; Borghi, G.; Vezzani, R.; Cucchiara, R. Multimodal hand gesture classification for the human—car
interaction. Informatics 2020, 7, 31. [CrossRef]

16. Shotton, J.; Fitzgibbon, A.; Cook, M.; Sharp, T.; Finocchio, M.; Moore, R.; Kipman, A.; Blake, A. Real-time human pose recognition
in parts from single depth images. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition 2011,
Colorado Springs, CO, USA, 20-25 June 2011; pp. 1297-1304.

17.  Valentin, ].; Kowdle, A.; Barron, ].T.; Wadhwa, N.; Dzitsiuk, M.; Schoenberg, M.; Verma, V.; Csaszar, A.; Turner, E.; Dryanovski, L;
et al. Depth from motion for smartphone AR. ACM Trans. Graphics (ToG) 2018, 37, 1-19. [CrossRef]

18. Pohlmann, S.T.; Harkness, E.F.; Taylor, C.J.; Astley, S.M. Evaluation of Kinect 3D sensor for healthcare imaging. J. Med. Biol. Eng.
2016, 36, 857-870. [CrossRef] [PubMed]

19. Villaroman, N.; Rowe, D.; Swan, B. Teaching natural user interaction using OpenNI and the Microsoft Kinect sensor.

In Proceedings of the 2011 Conference on Information Technology Education, West Point, NY, USA, 7-9 March 2011; pp. 227-232.


http://doi.org/10.1109/TITS.2014.2337331
http://dx.doi.org/10.3390/s19153361
http://www.ncbi.nlm.nih.gov/pubmed/31370165
http://dx.doi.org/10.3390/informatics7030031
http://dx.doi.org/10.1145/3272127.3275041
http://dx.doi.org/10.1007/s40846-016-0184-2
http://www.ncbi.nlm.nih.gov/pubmed/28111534

Sensors 2021, 21, 944 17 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Sarbolandi, H.; Lefloch, D.; Kolb, A. Kinect range sensing: Structured-light versus Time-of-Flight Kinect. Comput. Vis. Image
Underst. 2015, 139, 1-20. [CrossRef]

Zhang, J.; Huang, D.; Wang, Y.; Sun, J. Lock3DFace: A large-scale database of low-cost Kinect 3D faces. In Proceedings of the
2016 International Conference on Biometrics (ICB), Halmstad, Sweden, 13-16 June 2016; pp. 1-8.

Fanelli, G.; Gall, J.; Van Gool, L. Real time head pose estimation with random regression forests. In Proceedings of the IEEE
Computer Vision and Pattern Recognition 2011, Colorado Springs, CO, USA, 20-25 June 2011; pp. 617-624.

Su, ].C.; Gadelha, M.; Wang, R.; Maji, S. A deeper look at 3D shape classifiers. In Proceedings of the European Conference on
Computer Vision (ECCV) Workshops, Munich, Germany, 8-14 September 2018.

Ahn, B.; Park, J.; Kweon, LS. Real-time head orientation from a monocular camera using deep neural network. In Asian Conference
on Computer Vision; Springer: Singapore, 2014; pp. 82-96.

Mu, G.; Huang, D.; Hu, G.; Sun, J.; Wang, Y. Led3D: A Lightweight and Efficient Deep Approach to Recognizing Low-quality 3D
Faces. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Long Beach, CA, USA, 16-20 June
2019; pp. 5773-5782.

Hu, Z.; Gui, P; Feng, Z.; Zhao, Q.; Fu, K;; Liu, F; Liu, Z. Boosting Depth-Based Face Recognition from a Quality Perspective.
Sensors 2019, 19, 4124. [CrossRef]

Borghi, G.; Pini, S.; Grazioli, F.; Vezzani, R.; Cucchiara, R. Face Verification from Depth using Privileged Information. In
Proceedings of the BMVC British Machine Vision Association, Newcastle, UK, 3-6 September 2018; p. 303.

Li, B.Y;; Mian, A.S.; Liu, W.; Krishna, A. Using kinect for face recognition under varying poses, expressions, illumination and
disguise. In Proceedings of the 2013 IEEE workshop on applications of computer vision (WACV), Tampa, FL, USA, 15-17 January
2013; pp. 186-192.

Zhang, ].; Li, W.; Ogunbona, P.O.; Wang, P; Tang, C. RGB-D-based action recognition datasets: A survey. Pattern Recognit 2016,
60, 86-105. [CrossRef]

Xie, C.; Xiang, Y.; Mousavian, A.; Fox, D. The Best of Both Modes: Separately Leveraging Rgb and Depth for Unseen Object
Instance Segmentation. Conference on Robot Learning; PMLR: Virtual Conference, 16-18 November 2020; pp. 1369-1378.
Available online: https://www.robot-learning.org/ (accessed on 31 December 2020).

Shi, Z.; Kim, TK. Learning and refining of privileged information-based RNNs for action recognition from depth sequences.
In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 22-25 July 2017; pp.
3461-3470.

Besl, PJ.; Jain, R.C. Invariant surface characteristics for 3D object recognition in range images. Comput. Vision Graph. Image Process.
1986, 33, 33-80. [CrossRef]

Nakagawa, Y.; Uchiyama, H.; Nagahara, H.; Taniguchi, R. Estimating Surface Normals with Depth Image Gradients for Fast and
Accurate Registration. In Proceedings of the 2015 International Conference on 3D Vision, Lyon, France, 19-22 October 2015; pp.
640-647.

Barron, ].T.; Malik, J. Shape, illumination, and reflectance from shading. IEEE Trans. Pattern Anal. Mach. Intell. 2014, 37, 1670-1687.
[CrossRef]

Kakadiaris, I.A.; Passalis, G.; Toderici, G.; Murtuza, M.N.; Lu, Y.; Karampatziakis, N.; Theoharis, T. Three-dimensional face
recognition in the presence of facial expressions: An annotated deformable model approach. IEEE Trans. Pattern Anal. Mach.
Intell. 2007, 29, 640-649. [CrossRef] [PubMed]

Yang, X.; Huang, D.; Wang, Y.; Chen, L. Automatic 3d facial expression recognition using geometric scattering representation.
In Proceedings of the 2015 11th IEEE International Conference and Workshops on Automatic Face and Gesture Recognition (FG),
Ljubljana, Slovenia, 4-8 May 2015; Volume 1, pp. 1-6.

Qi, CR;; Su, H.; Mo, K.; Guibas, L.]J. Pointnet: Deep learning on point sets for 3d classification and segmentation. In Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 22-25 July 2017; pp. 652-660.

Qi, C.R,; Yi, L.; Su, H.; Guibas, L.J. Pointnet++: Deep hierarchical feature learning on point sets in a metric space. arXiv 2017,
arXiv:1706.02413.

Klokov, R.; Lempitsky, V. Escape from cells: Deep kd-networks for the recognition of 3d point cloud models. In Proceedings of
the IEEE International Conference on Computer Vision, Venice, Italy, 22-29 October 2017; pp. 863-872.

Wang, Y.; Sun, Y,; Liu, Z.; Sarma, S.E.; Bronstein, M.M.; Solomon, ].M. Dynamic graph cnn for learning on point clouds. ACM
Trans. Graph. (TOG) 2019, 38, 1-12. [CrossRef]

Thomas, H.; Qi, C.R.; Deschaud, J.E.; Marcotegui, B.; Goulette, F.; Guibas, L.J. Kpconv: Flexible and deformable convolution for
point clouds. In Proceedings of the IEEE International Conference on Computer Vision (CVPR), Long Beach, CA, USA, 16-20
June 2019; pp. 6411-6420.

Wu, W.; Qi, Z.; Fuxin, L. Pointconv: Deep convolutional networks on 3d point clouds. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), Long Beach, CA, USA, 16-20 June 2019; pp. 9621-9630.

Wang, PS.; Liu, Y.; Guo, Y.X;; Sun, C.Y,; Tong, X. O-cnn: Octree-based convolutional neural networks for 3d shape analysis. ACM
Trans. Graph. (TOG) 2017, 36, 1-11. [CrossRef]

Liu, Z,; Tang, H.; Lin, Y,; Han, S. Point-Voxel CNN for efficient 3D deep learning. arXiv 2019, arXiv:1907.03739

Kaufman, A.; Cohen, D.; Yagel, R. Volume graphics. Computer 1993, 26, 51-64. [CrossRef]


http://dx.doi.org/10.1016/j.cviu.2015.05.006
http://dx.doi.org/10.3390/s19194124
http://dx.doi.org/10.1016/j.patcog.2016.05.019
https://www.robot-learning.org/
http://dx.doi.org/10.1016/0734-189X(86)90220-3
http://dx.doi.org/10.1109/TPAMI.2014.2377712
http://dx.doi.org/10.1109/TPAMI.2007.1017
http://www.ncbi.nlm.nih.gov/pubmed/17299221
http://dx.doi.org/10.1145/3326362
http://dx.doi.org/10.1145/3072959.3073608
http://dx.doi.org/10.1109/MC.1993.274942

Sensors 2021, 21, 944 18 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

Moon, G.; Yong Chang, J.; Mu Lee, K. V2V-PoseNet: Voxel-to-Voxel Prediction Network for Accurate 3D Hand and Human Pose
Estimation From a Single Depth Map. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt
Lake City, UT, USA, 19-21 June 2018; pp. 5079-5088.

Maturana, D.; Scherer, S. Voxnet: A 3d convolutional neural network for real-time object recognition. In Proceedings of the 2015
IEEE/RS] International Conference on Intelligent Robots and Systems (IROS), Hamburg, Germany, 28 September-2 October 2015;
pp. 922-928.

Zhou, Y.; Tuzel, O. Voxelnet: End-to-end learning for point cloud based 3d object detection. In Proceedings of the IEEE Conference
on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 19-21 June 2018; pp. 4490-4499.

Riegler, G.; Osman Ulusoy, A.; Geiger, A. Octnet: Learning deep 3d representations at high resolutions. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 22-25 July 2017; pp. 3577-3586.

Le, T.; Duan, Y. Pointgrid: A deep network for 3d shape understanding. In Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition, Salt Lake City, UT, USA, 19-21 June 2018; pp. 9204-9214.

Masi, I.; Wu, Y.; Hassner, T.; Natarajan, P. Deep face recognition: A survey. In Proceedings of the 2018 31st SIBGRAPI Conference
on Graphics, Patterns and Images (SIBGRAPI), Parana, Brazil, 29 October-1 November 2018; pp. 471-478.

Tran, D.; Wang, H.; Torresani, L.; Ray, J.; LeCun, Y.; Paluri, M. A closer look at spatiotemporal convolutions for action recognition.
In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 19-21 June 2018;
pp. 6450-6459.

Mantecon, T.; del Bianco, C.R.; Jaureguizar, F; Garcia, N. Depth-based face recognition using local quantized patterns adapted for
range data. In Proceedings of the 2014 IEEE International Conference on image Processing (ICIP), Paris, France, 27-30 October
2014; pp. 293-297.

Baltrusaitis, T.; Robinson, P.; Morency, L.P. 3D constrained local model for rigid and non-rigid facial tracking. In Proceedings of
the 2012 IEEE Conference on Computer Vision and Pattern Recognition, Providence, RI, USA, 16-21 June 2012; pp. 2610-2617.
Berretti, S.; Pala, P.; Del Bimbo, A. Face recognition by super-resolved 3D models from consumer depth cameras. IEEE Trans. Inf.
Forensics Secur. 2014, 9, 1436-1449. [CrossRef]

Savran, A.; Sankur, B.; Bilge, M.T. Comparative evaluation of 3D vs. 2D modality for automatic detection of facial action units.
Pattern Recognit. 2012, 45, 767-782. [CrossRef]

Zanuttigh, P.; Minto, L. Deep learning for 3d shape classification from multiple depth maps. In Proceedings of the 2017 IEEE
International Conference on Image Processing (ICIP), Beijing, China, 17-20 September 2017; pp. 3615-3619.

Zhang, X.; Wu, R. Fast depth image denoising and enhancement using a deep convolutional network. In Proceedings of the
2016 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Shanghai, China, 20-25 March 2016;
pp- 2499-2503.

Zuiderveld, K. Contrast limited adaptive histogram equalization. In Graphics Gems IV; Academic Press Professional, Inc.:
Pittsburgh, PA, USA, 1994; pp. 474-485.

Telea, A. An image inpainting technique based on the fast marching method. J. Graph. Tools 2004, 9, 23-34. [CrossRef]
Krizhevsky, A.; Sutskever, I.; Hinton, G.E. Imagenet classification with deep convolutional neural networks. In Advances in
Neural Information Processing Systems; Association for Computing Machinery: New York, NY, USA 2012 ; pp. 1097-1105.
Paszke, A.; Gross, S.; Chintala, S.; Chanan, G. Pytorch: Tensors and dynamic neural networks in python with strong gpu
acceleration. Pytorch Tensors Dyn. Neural Netw. Python Strong Gpu Accel. 2017, 6, 3.

Bianco, S.; Cadene, R.; Celona, L.; Napoletano, P. Benchmark analysis of representative deep neural network architectures. IEEE
Access 2018, 6, 64270-64277. [CrossRef]


http://dx.doi.org/10.1109/TIFS.2014.2337258
http://dx.doi.org/10.1016/j.patcog.2011.07.022
http://dx.doi.org/10.1080/10867651.2004.10487596
http://dx.doi.org/10.1109/ACCESS.2018.2877890

	Introduction
	Different Representations of Depth Maps
	Depth Maps as Depth Images and Normal Images
	Depth Maps as Point Clouds
	Depth Maps as Voxels

	Methodology
	Problem Statement and Experimental Setting
	Deep Learning Architectures
	Datasets
	Pre-Processing Techniques
	Data Normalization

	Intra-Dataset Experiments
	Cross-Dataset Experiments
	Cross-Device and Cross-Distance Experiments
	Discussion
	Computational Complexity
	Conclusions
	References

