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Abstract: Face recognition is a technology with great potential in the field of robotics, due to its
prominent role in human-robot interaction (HRI). This interaction is a keystone for the successful
deployment of robots in areas requiring a customized assistance like education and healthcare, or
assisting humans in everyday tasks. These unconstrained environments present additional difficulties
for face recognition, extreme head pose variability being one of the most challenging. In this paper,
we address this issue and make a fourfold contribution. First, it has been designed a tool for gathering
an uniform distribution of head pose images from a person, which has been used to collect a new
dataset of faces, both presented in this work. Then, the dataset has served as a testbed for analyzing
the detrimental effects this problem has on a number of state-of-the-art methods, showing their
decreased effectiveness outside a limited range of poses. Finally, we propose an optimization method
to mitigate said negative effects by considering key pose samples in the recognition system’s set of
known faces. The conducted experiments demonstrate that this optimized set of poses significantly
improves the performance of a state-of-the-art, cutting-edge system based on Multitask Cascaded
Convolutional Neural Networks (MTCNNs) and ArcFace.

Keywords: face recognition; assistant mobile robots; cross-pose face recognition; MAPIR Faces;
human-robot interaction

1. Introduction

The application of robotics in human-populated environments in most cases requires
the interaction between these robotic agents and the individuals present. The complexities
of these interactions vary from one application to another; for example, a Roomba cleaning
robot only needs to avoid individuals, whereas an assistant robot needs to give and
receive feedback from the users [1]. As robots are demanded to accomplish more complex
interactions, they need and increasing amount of additional information about the context
in which they reside. The identity of each human in the environment is one of such pieces
of information that unlock different options for human-robot interaction (HRI). Not only is
it crucial in some settings, such as reminding an elderly user to take its medicine at a certain
time, but also it can enrich everyday interactions by providing a customized service [2].

Human identification has been accomplished using various sources of biometric infor-
mation; such as fingerprints, irises, voices, or faces [3]. Although all of these methods can
be used to identify humans in a variety of settings, in the context of HRI, for example, the
use of mobile robots in home environments, significantly favours the use of face recognition
(FR) for user identification. In comparison to some of these methods, the standout features
of FR are:

• It requires minimal interaction from the user as long as the robot has a sufficiently
clear view of their face. This feature is imprescindible in HRI to achieve more natural
interactions, not relying as much on human cooperation. In comparison, other meth-
ods are more intrusive on the user’s daily lives, for example, voice recognition always
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requires the user to speak, and fingerprint recognition requires the user to physically
touch a sensor.

• The only peripheral needed for FR is a camera, which is a common component in
most mobile robots.

FR performance has drastically improved in recent years, in response to advances
in machine learning; namely the invention of convolutional neural networks (CNNs),
and the widespread increase in the compute power [4,5]. These improvements in the
state-of-the-art have been recorded according to various popular benchmark datasets like
LFW [6], or IJB-A [7]. The usual FR pipeline (Figure 1) is composed of a CNN for face
detection, an optional face alignment step to mitigate pose variance, another CNN to
extract deep feature embeddings from a face image, and a classification method using a
comparison function between embeddings. Currently, some successful applications of FR
are authentication in smartphones and identification in security cameras. Nevertheless,
its use in uncontrolled environments presents detrimental conditions that can seriously
hamper the performance of FR systems, such as: increased variability in the head pose,
greater exposure to detrimental or changing illumination conditions, unpredictable user
movements, and so forth [8–10].

Figure 1. Typical pipeline for face recognition (FR) systems.

Extreme pose variability is one of the hardest challenges in FR, as the appearance of
the subject can vary drastically from two different perspectives. State-of-the-art algorithms
such as FaceNet [11], ArcFace [12], and CosFace [13] still have difficulties to generalize
from frontal faces to profile faces. Figure 2 depicts a real example in which ArcFace shows
sub-human performance due to pose variations. In the context of HRI, these types of
errors reduce considerably the usability of FR, since the system can only be trusted for
quasi-frontal face images. In the case of a mobile robot equipped for HRI such as the Giraff
robot [14], obtaining these types of faces is not impossible, but it requires additional effort:

• Since the robot is mobile, it can reposition itself to find the right perspective of the
face. This is not always possible due to obstacles and requires the robot to estimate
the pose of the head.

• Since the robot is equipped with speakers to interact with humans, it can talk with the
user in an effort to get a frontal face image. This is more intrusive in the users’ daily
lives, and if these occurrences are too common they might annoy the users.

The pose variability problem originates in the fact that training datasets are composed
mostly by frontal images. Deep learning (DL) techniques require tremendous amounts of
data—on the order of 1 million samples. This hunger of data greatly favours automated
methods of image collection from Internet sources in favor of other, more manual, methods.
Internet sources are not without bias, since most of them some common characteristics:
depict famous individuals (introducing a source of possible age, race, and gender bias),
show mostly frontal faces, are of professional quality (high resolution and good illumination
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conditions), and so forth. In comparison, obtaining samples with more varied head poses
is considerably more expensive, since there are not many available sources.

Figure 2. Embedding distance comparison between various poses of the same individual using ArcFace with its standard
distance threshold of 0.4. The distance between (a,b) is 0.412, which is considered a negative match. On the other side,
the distance between (b,c) is 0.347, which is considered a positive match.

In this paper, we further study the effects of adverse head poses to FR, one of the most
detrimental conditions present in uncontrolled environments, such as identification for
HRI. Then we propose a technique for mitigating the effect of this condition, making a
fourfold contribution. First, we provide a pose-aware face collection tool to create datasets
for face recognition (see Section 3). This face collection tool solves the issue of collecting
face images with increased pose variance from a single individual. Since it only relies on a
webcam and various state-of-the-art CNNs, it can be more widely distributed to facilitate
the collection process. Second, we contribute of an evaluation dataset (this dataset is
available at https://doi.org/10.5281/zenodo.4311764) for face recognition (Section 4). The
dataset contains a uniform distribution of poses across pitch and yaw rotation angles. This
feature makes it an ideal benchmark to analyze the effects of pose variance in FR algorithms.
Then, we also contribute evaluations of multiple state-of-the-art neural networks for face
recognition on said dataset. This evaluation puts particular emphasis on discerning the
effects adverse head poses on the algorithms’ performances (Section 5). Finally, we study
how face recognition metrics improve across the head pose space with the increase of head
pose variance in the gallery set at the classification step (Section 6). This study assesses
which poses in the gallery set are most relevant. The selection of these poses is automated
using an optimization method, analyzing how the performance metrics improve as more
images are included in the gallery set As an illustrative result on our novel MAPIR Faces
dataset, ArcFace shows an accuracy improvement from 0.73 to 0.95 by increasing the gallery
dataset from 1 to 5 distinct poses per individual. This distinct set of poses are chosen using
the proposed optimization method to maximize the accuracy of the system.

2. Related Works

This section provides a brief overview of each of the topics covered in this work.
Although FR is the principal problem addressed, the proposed method heavily relies on
head pose estimation (HPE) techniques. Additionally, the development of the MAPIR
Faces dataset is underpinned with a study of contemporaneous face datasets, particularly
those that approach the pose variance problem—either by including more variety of poses
or directly including pose information for each image. Therefore, this section covers the

https://doi.org/10.5281/zenodo.4311764
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following topics: face recognition (Section 2.1), head pose estimation (Section 2.2), and face
recognition datasets (Section 2.3).

2.1. Face Recognition

Face recognition (FR) has been one of the most active research topics in the field of
computer vision [15,16] from as early as the 1990s. One of the first major historical ap-
proaches was that of Eigenfaces [17] which, similarly to other approaches in the 1990s [18],
used holistic methods to extract low-dimensional representations from the whole image.
These first approaches, although achieving some deal of success in controlled environments,
were promptly faced with some great challenges. The pose-illumination-expression (PIE)
problem in FR was known as early as 1964 [19], and yet it remains as one of the greater
issues in the field.

Since then the field has evolved drastically, since the tremendous rise in compute
power has enabled the development of new algorithms [5,11,12]. Specially, the advent of DL
and CNNs have brought on human-like performance in ideal conditions [4,5]. The newest
advances in the field have originated in the development and application of new CNN
techniques. Some of these advancements have been: the aggregation of massive datasets
for training CNNs [20–23], the development of new loss functions to improve feature
extraction [11–13], or the use of novel neural network architectures [24–26]. The problem
of head pose variance in FR systems has been addressed in other works: Huang et al. [27]
applied generative adversarial networks (GANs) to synthesize frontal faces before feature
extraction and Cao et al. [28] used estimated poses to approximate a deep embedding
of the corresponding frontal face. Although these methods obtain increased resilience
to pose variance, they do so by relying on additional and often more computationally
expensive modules at inference time, such as GANs or secondary CNNs. Comparatively,
few efforts have been carried out to understand the effects of the gallery dataset on the
recognition process.

2.2. Head Pose Estimation

Head pose estimation (HPE) is a challenging regression task that requires inferring 3D
information from 2D images. It has been a topic of interest in computer vision for a long
time, since it can be used to detect the gaze and the attention of humans. Some approaches
for HPE have been landmark-based [29–31], parametrized appearance models [32,33],
and DL models [34–36]. Since the advent of CNNs, DL models have become one of the
predominant avenues in HPE. HPE methods usually follow one of two approaches: they
regress the pose directly from a face image, or they locate facial keypoints in the image—
using those to infer the head’s pose. This latter approach, despite the existence of very
accurate landmark detectors, presents some difficulties such as: an inability to infer poses
if a high enough number of landmarks are missing or occluded, and their reliance on 3D
head models. Although advancing the state-of-the-art in HPE is outside the confines of this
work, HPE is a core component of the face collection application described in Section 3.2,
since it will be used to select the images to be stored in the gallery set.

2.3. Related Datasets

This section reviews some of the recent face datasets, particularly those that con-
tain pose-related information. The datasets considered include Biwi Kinect Head Pose
Database [37], University of Cordoba Head database (UcoHead) [38], and University of
Maryland Faces database (UMDFaces) [39], among others:

Biwi Kinect Head Pose Database [37]:
This repository has been a major source of inspiration for this paper. It contains a
large amount of images per individual (∼500) in various poses, each annotated with
their corresponding Euler angle. The major downside of this dataset is the fact that
the poses available for each individual vary greatly from each other, lacking some of
the more extreme poses for most individuals.
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UcoHead dataset [38]:
Dataset that shares many commonalities with our desired dataset: it provides many
images from a set of individuals and a uniform distribution of pitch and yaw poses.
Despite all these similarities, some of its characteristics makes it unfit to analyze FR
algorithms, namely :the low resolution of its images (40 × 40), and the fact that they
are all grayscale.

UMDFaces dataset [39]:
One of the largest datasets available with fine-grained pose annotations. Nevertheless,
they are gathered from public media (e.g., newspapers, internet, etc.), and therefore
the poses available for each individual vary considerably from one another.

The remaining datasets analyzed in this work do not provide any pose-related prop-
erties relevant for this task. For example, IJB-A [7], Cross-Pose Labeled Faces in the Wild
(CPLFW) [8] only provide extended head pose variability compared to previous datasets,
while 300W-LP [40], Bosphorus [41] have a small set of poses annotated. Since these
datasets lacked many of the properties required to evaluate the effects of head pose vari-
ance in FR algorithms, the MAPIR Faces dataset was developed to fill such a role. The
details of this dataset are covered in Section 4.

3. Face Collection Tool

The lack of head pose variability in most face datasets is not easily solved by collecting
more images from the Internet. Individual image collection, despite being more expensive,
allows the creation of more varied datasets. These datasets are not only concerned with the
amount of images they contain, but also with the representation of detrimental conditions
such as pose, illumination or expression changes. The scope of this paper is limited to
increase head pose variability in face datasets—one of the most common detrimental factors
encountered by mobile robots in uncontrolled environments. In order to create a dataset
containing a more diverse and uniformly distributed set of head poses, an application must
meet two requirements: it must be able to infer the head pose of the user (see Section 3.1)
and it must provide an interface to guide the movements of the user (Section 3.2).

3.1. Head Pose Estimation

Fast and reliable HPE is the central pillar of the face collection tool. The application
must estimate the head pose of the user from a constant stream of intensity images at
real-time speeds. These estimations are used to store poses of interest and give appropriate
feedback to the user.

DL has become one of the predominant techniques for HPE in recent years, emulating
the success of other computer vision problems such as object detection, or FR [4,5]. In this
work, a number of open-source state-of-the-art algorithms for HPE have been tested on
evaluation datasets and during our practical experiences developing the application:

3D Dense Face Alignment (3DDFA) [34]
is a pose estimation method that attempts to fit a 3D morphable face model using
a cascaded CNN and a set of face landmarks. A Pytorch implementation of the
method described is provided as a GitHub repository (https://github.com/cleardusk/
3DDFA). This implementation iterates over the original paper and provides various
models pretrained on the 300W and 300W-LP datasets [34,40].

Hopenet [35]
is a CNN based HPE method which aims to compute the 3D pose components directly
from an RGB image instead of estimating face landmarks as an intermediate step.
Some interesting contributions in this paper are: use of multiple loss functions (one
per angle component); and a study on the effects of low resolution images and the
usage of landmarks in pose estimation. A public implementation is available at Github
(https://github.com/natanielruiz/deep-head-pose), which contains some models
pre-trained on 300W-LP.

https://github.com/cleardusk/3DDFA
https://github.com/cleardusk/3DDFA
https://github.com/natanielruiz/deep-head-pose
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FSA-Net [36]
is one of the most recent HPE publications available. The authors introduce some
interesting ideas to the field of HPE, e.g., they borrow some ideas from age estimation
systems, and they use fine-grained spacial structures. At the time of this work,
they allegedly surpass most state-of-the-art methods in HPE benchmarks such as
Biwi [37] and AFLW-2000 [34]. A public implementation is available in Github (
https://github.com/shamangary/FSA-Net), which also contains some models pre-
trained on 300W-LP and Biwi.

Although obtaining perfect head pose information is not the main objective of this
application, the accuracy of the estimation method still has huge importance in the gath-
ering process. Using inaccurate or unreliable estimation methods can severely hinder
the process. In the case the estimator mistakenly outputs of the poses that maximizes
the interest function of the system, it will not be able to correct this error without human
intervention. During empirical testing of the application, it was found that FSA-Net, the-
oretically the most accurate of the methods reviewed, was not enough for our purposes.
Estimations on the most extreme yaw poses (around ±55°) caused some significant issues
which discouraged its use for the dataset creation process.

As 3 HPE methods already tested and ready to be integrated into the application,
the elaboration of a stacking ensemble of these methods was considered the best possible
solution to improve the performance. Each face image detected is fed to the three estimation
methods in parallel as seen in Figure 3. Once the three pose estimations are computed,
their mean is used as output of the system. Averaging the output of multiple estimators is
a common tool to reduce variance for most DL methods [42]. This solution is by no means
perfect, since it increases the resources needed to run the application and reduces the rate at
which estimations are computed. However, the results from the stacking estimator—both
in the aforementioned BIWI dataset and during practical testing—improved significantly,
mitigating the undesired behaviors of the individual estimators to a great extent, e.g.,
unstable predictions, lack of repeatability for similar conditions, and a reduced effective
range of poses.

Figure 3. Schema of the HPE system stacking three methods, where x stands for the average of the
three estimated poses.

Table 1 shows the evaluation results for each of the public implementations and the
stacking estimator on the BIWI dataset. The base estimators all have considerable amounts
of error on this dataset, enough to difficulty the data collection. Although 3DDFA performs
better than others, still has considerable amount of error across all three angle components.
The stacking classifier, which is composed of all three others, performs considerably better
than each of the individual methods—specially in the pitch and yaw predictions. On the
other hand, Table 2 shows the trade-off between the execution of all three methods and
the stacking estimator. As stated before, the use of stacking estimators greatly increases
the computational cost of the system. Nevertheless, it was deemed necessary for the

https://github.com/shamangary/FSA-Net
https://github.com/shamangary/FSA-Net
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correct functioning of the application, even at the cost of a slower collection process (∼4 Hz
running on CPU and ∼25 Hz on GPU).

Table 1. Mean absolute error in degrees of the three available methods’ results on BIWI .

Roll Pitch Yaw Average

3DDFA 8.222 ± 10.600 7.963 ± 9.547 8.465 ± 7.946 8.217 ± 9.364
Hopenet 9.452 ± 8.312 8.566 ± 7.955 12.746 ± 13.916 10.255 ± 10.061
FSA-Net 7.867 ± 7.823 11.048 ± 8.729 15.206 ± 17.894 11.374 ± 11.482
Stacking 5.461 ± 5.375 5.977 ± 4.923 9.029 ± 8.795 6.822 ± 6.364

Table 2. Time benchmarks (mean and standard deviation in ms) for the different head pose estimators,
on a Intel Core i5-9600K CPU and a RTX 2060 GPU.

CPU GPU

3DDFA 16.8 ± 1.23 2.75 ± 1.023
Hopenet 184 ± 15.19 7.62 ± 2.7
FSA-Net 58.3 ± 82.87 26.4 ± 6.83
Stacking 244 ± 78.9 38.9 ± 10.6

3.2. Interactive Application

A desktop application was considered the most appropriate approach to deploy this
face collection tool. It contains a GUI to streamline the face collection process and increase
the pose variance of said face samples. It accomplishes this task by continuously computing
the head pose of the user in real-time. Then, the system selects which estimations are stored
according to a predefined pose criteria. The GUI is updated at each step to give the user
feedback about the current estimated pose and completion progress. This section describes
the face collection process and showcases the GUI application.

Log-in.
As the user starts the application, they are prompted to follow a number of initial
configuration steps: entering an identifier, selecting a storage location, and choosing
a camera; as seen in Figure 4. The application has been developed with the usage
of an RGB-D camera in mind. At the time of this writing, the application supports
the usage of the Orbecc Astra RGB-D camera through the Openni library (https://
github.com/severin-lemaignan/openni-python). Additionally, RGB camera support
is provided via the OpenCV library (https://opencv.org). This enables a greater
number of devices to use the application, since RGB-D cameras have yet to receive a
widespread adoption.

Image collection.
The user is presented with the main view of the application (Figure 5). This view
contains three main components for the user to control and receive feedback about
the collection process—the collection state (Figure 5 1©), the camera feed (Figure 5 2©)
and the control buttons (Figure 5 3©). The camera feed and the control buttons are very
straightforward: the former shows the video feed provided by the camera, while the
latter is used to pause or finish the collection process. The collection state contains a 2D
grid (Figure 5 1©) which divides evenly a pitch-yaw space—the yaw ranges between
(−65.0, 65.0) and the pitch ranges between (−35.0, 35.0). The limits of this 2D space
have been defined in consideration towards preserving the accuracy of the methods
selected in Section 3.1, as both their accuracy and stability decay significantly outside
these bounds. A black pointer (Figure 5 4©) shows the current estimation provided by
the system in real-time. The images stored in the dataset are chosen in consideration
of their estimated head pose. Currently, the application stores a single image for each
cell. The distance from the current yaw-pitch pose to the center of the cell is used as a
scoring function. The nearer a pose is to the center, the more useful it is considered to

https://github.com/severin-lemaignan/openni-python
https://github.com/severin-lemaignan/openni-python
https://opencv.org
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the system. In this way, the color of each cell represents the value of this score at the
current moment. The colorbar on the right (Figure 5 5©) shows the user the range of
scores, where the blue colored cells represent that a pose close to the center of each
cell is already stored within the system.

Figure 4. Log-in view of the developed application. It is the first window appearing when the tool
is launched.

Figure 5. Interface of the interactive application for collecting face images. The interface is composed
of 5 parts: the collection state ( 1©), the camera feed ( 2©), the control buttons ( 3©), a black pointer
( 4©), and a colorbar ( 5©).

After the users have traversed the whole space, they can finish the collection process
manually to store all the images and auxiliary data to the disk. The application does not
send any data automatically. In the context of this work, the users sent said data to the
authors in order to incorporate them to the repository described next.

4. MAPIR Faces Dataset

The collection application has been distributed to members of the MAPIR labora-
tory (http://mapir.isa.uma.es/mapirwebsite/) and their relatives to gather a new face
dataset (This dataset is available at https://doi.org/10.5281/zenodo.4311764). The re-
sulting dataset contains 1005 images from 21 individuals, from an intended number of
∼49 images per individual. These 49 images are uniformly distributed in a 7 × 7 grid

http://mapir.isa.uma.es/mapirwebsite/
https://doi.org/10.5281/zenodo.4311764
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representing the combination of the yaw space in (−65.0, 65.0) and the pitch space in
(−35.0, 35.0) as seen in Figure 6. It is important to clarify that this face dataset is not
intended to train deep neural network (DNN) due to its small size compared to existing
datasets like MS-Celeb-1M or VGGFace2. Instead, it is designed as a benchmark to analyze
the effect of detrimental factors due to pose variance.

Figure 6. Estimated pitch and yaw results from a single individual in the MAPIR Faces dataset.

The dataset is organized in the filesystem as a set of folders, each containing images
from a single individual and a file in json format with information from each image:
roll: Roll component of the estimation in degrees.

pitch: Pitch component of the estimation in degrees.
yaw: Yaw component of the estimation in degrees.
rgb_image: Name of the corresponding intensity image (from the current folder).
depth_image: Name of the corresponding depth image (from current folder) if any is
available.
bbox: Contains the position of the face present in the image in the form of a bounding
box (an array containing the [left, top, right, bottom] positions in the image in pixels).
This estimated bounding box has been computed using MTCNN [43]—a common choice
accompanying many state-of-the-art FR methods.

The contribution of this dataset to the wider FR community establishes a new bench-
mark for FR algorithms. This benchmark has been designed to gain additional insight into
the performance of these algorithms in the presence of detrimental head pose conditions—
one of the core problems of FR. Additionally, this kind of dataset can be used to clarify
which poses are more useful to include in the gallery dataset. An example of these two use
cases is shown in Sections 5 and 6 respectively.

5. Evaluation on Face Recognition Algorithms

The developed dataset can be used to gain insight into the performance of FR al-
gorithms in the presence of detrimental head pose conditions, which are not commonly
represented in other evaluation datasets. However, as previously stated, a robot operating
in human environments may be faced with situations showing a high variability in head
poses. For this endeavor, a face identification challenge is proposed:

1. A gallery set of known faces chosen from the complete dataset. This subset will be used
as representative images for each of the individuals. Most commonly, the gallery set is
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composed by frontal images (center of the grid described in Section 3.2), although it
can contain more images—a topic discussed more in-depth in Section 6.

2. A query set composed by the remaining images in the dataset will be used to evaluate
the FR system according to the different metrics. This process is carried out by
matching the images of the query set to the most similar face images in the gallery set.
This comparison commonly has the following requirements: (i) the face embeddings
computed by a DNN, (ii) a comparison function, and (iii) a distance threshold used to
accept or reject the match.

This process can be used to compute general measurements (e.g., recall, precision,
and accuracy) and even ascertain the effects of pose variance in different FR methods
(Figure 7). A comparative study between three popular open-source methods based on the
state-of-the-art was carried out to both illustrate the need for such a benchmark dataset and
to find out which methods are more resilient to head pose variance. Particularly, the three
open-source implementations used are:

FaceNet [11].
One of the most influential FR papers in recent years. It introduced fundamental
concepts such as direct optimization of the embeddings and the Triplet Loss function.
This optimization technique attempts to learn embeddings with smaller distances
for all pairs of images of the same person (positive pairs) compared to the distance
for different persons (negative pairs). This work uses a community implementation
(https://github.com/davidsandberg/facenet/) of FaceNet based on Tensorflow. It
provides various pretrained models, particularly a model trained on the VGGFace2
dataset [20] is used, as it is the most accurate.

ArcFace [12].
One of the more recent FR systems which shows significant performance upgrades
across most common benchmarks in comparison to FaceNet. It introduces the ArcFace
Loss function which, following the steps of [13,44], optimizes the angular distance
between classes using a modified softmax loss function. The official implementation
(https://github.com/deepinsight/insightface) uses MXNet and provides various
models trained on a cleaned version of the MS-Celeb-1M dataset [21]. This work
employs the provided model LResNet100E-IR.

Probabilistic Face Embeddings (PFE) [45].
A recent state-of-the-art FR approach that represents the usual face embeddings as
Gaussian distributions. This method implies that some of the feature space is wasted
to take into account for unreliable features such as noise, blur, and so forth—all of
which can be mitigated by probabilistic embeddings. An official code implementa-
tion (https://github.com/seasonSH/Probabilistic-Face-Embeddings) based on Ten-
sorflow is provided to accompany the paper. Particularly, this work uses the model
trained on MS-Celeb-1M dataset.

These three methods have been tested using MAPIR Facesand in conjunction with
their recommended comparison thresholds: ∼0.4 for FaceNet and ArcFace; and ∼−2435.04
for PFE. The gallery set is composed from the frontal head poses (pitch and yaw of ∼0.0°)
contained in MAPIR Faces dataset. Using this canonical view of each user, similarity mea-
sures have been computed for all images of the same individual in the query set; i.e., there
are no negative pairs. Since the algorithms may use different comparison functions and
thresholds, the similarity scores have been normalized according to their thresholds to
provide a fair comparison between methods. This way, if the similarity score is greater
than 1.0, it is considered that the samples belong to two different individuals. Since this
evaluation scheme has every possible individual in the gallery set, any image with a score
greater that 1.0 is a false negative. An example of the results of these comparisons using
ArcFace is shown in the Figure 7.

https://github.com/davidsandberg/facenet/
https://github.com/deepinsight/insightface
https://github.com/seasonSH/Probabilistic-Face-Embeddings
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(a)

(b)

(c)

Figure 7. Face similarity results of ArcFace distributed across the selected head pose space. The blue samples represent
correct identifications, while the red ones represent false rejections. The hue of the color is proportional to the similarity
scores. The images on the left are examples of: a selected pose (a), a correct identification (b), and a false rejection (c).

These similarity measurements have been compared across different yaw and pitch
ranges, in Tables 3 and 4 respectively. These results show that all 3 algorithms are affected
strongly by variations in both pitch and yaw. Notably, ArcFace performs poorly when
dealing with the most extreme ranges considered, as the average similarity measurements
exceeds the threshold. On the other hand, FaceNet and PFE are more resilient to adverse
head pose conditions.

Table 3. Mean similarity measurements between embeddings of the same individual in relation to
the yaw of the face.

Method [0, 9.3] [9.3, 28] [28, 46.4] [46.4, 65]

FaceNet [11] 0.441 ± 0.240 0.527 ± 0.162 0.667 ± 0.120 0.860 ± 0.055
ArcFace [12] 0.579 ± 0.328 0.695 ± 0.251 0.871 ± 0.205 1.103 ± 0.134
PFE [45] 0.555 ± 0.192 0.624 ± 0.147 0.718 ± 0.097 0.840 ± 0.039

Table 4. Mean similarity measurements between embeddings of the same individual in relation to
the pitch of the face.

Method [0, 5] [5, 15] [15, 25] [25, 35]

FaceNet [11] 0.480 ± 0.290 0.551 ± 0.186 0.668 ± 0.139 0.816 ± 0.092
ArcFace [12] 0.549 ± 0.329 0.688 ± 0.231 0.873 ± 0.177 1.123 ± 0.125
PFE [45] 0.545 ± 0.205 0.621 ± 0.133 0.729 ± 0.090 0.838 ± 0.040

6. Optimization of Face Recognition Algorithms

FR systems deployed on real environments must be provided with a gallery set
composed of face images from users—whose usually depict a frontal view of the face.
As shown in Figure 7, the efficacy of some methods is limited to a relatively small range
of poses around the gallery image—poses further away from this radius raise type II
errors (false negatives) with increased frequency. In contrast, a different gallery image
can perform better on a different part of the pose space, as depicted in Figure 8. These
observations suggest an increase of efficacy across the pose space the more diverse poses
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are included in the gallery dataset. Additionally, it raises other questions such as: whether
some poses in the space are more important than others, or which amount of images to
store. The inclusion of additional images also increase the computational burden on the
system—since it needs to find the nearest neighbor across all images in a high dimensional
space—, as well as the time needed to meet a person (i.e., to collect the required images to
be stored in the gallery set), and thus a trade-off is needed.

In order to gain more insight into these questions, an optimization problem has been
defined over the MAPIR Faces dataset. This problem attempts to find the most optimal
sets of head poses from the whole dataset to include in the gallery set according to various
FR-related metrics. Each configuration in the search space of this problem corresponds to
a set of distinct poses—MAPIR Faces dataset contains 49 poses total—7 pitch variations
times 7 yaw variations. The performance of a configuration is analyzed using a suite of
3 metrics, which are built upon the results reported by the FR system on the dataset:

Top-1 accuracy.
It measures how many images are correctly identified by the nearest neighbors classifi-
cation among the face embeddings. Additionally, the distance between the nearest pair
found is thresholded according to the FR method used. This is a typical requirement
in these pipelines in order to filter out unknown individuals if any exists.

Distance to nearest true pair.
It measures how well the FR system maps the face images to the deep face embeddings.
Each sample embedding is compared to the same-individual embeddings in the
gallery set. The resulting metric is the distance to the nearest embedding within them,
this being inversely correlated to the efficacy of FR.

Distance to the nearest false pair.
It measures the separation between embeddings of different individuals in the dataset.
The sample embeddings are compared to all different-individual embeddings in
the gallery set. The smaller the distance between the sample embedding and the
nearest different-individual embedding, the more probable it is to find false positives—
particularly when the distance is inferior to the threshold.

(a)

(b)

(c)

Figure 8. Face similarity results of ArcFace using a non-frontal face image. The gallery image depicts a head pose with an
estimated pitch of 20° and a yaw of −37.2°. These samples appear in white at the top-left of the figure. The images on the
left are examples of: a selected pose (a), a correct identification (b), and a false rejection (c).
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The optimization problem in this space is an arduous task due to the dimensionality
of said space. The total amount of configurations raises exponentially according to the
number of poses considered. Since MAPIR Faces dataset contains n = 49 distinct poses,
the whole problem space has 249 configurations. Exhaustive search for the most optimal
configurations is therefore unfeasible for the confines of this work. Nevertheless, there exist
some meaningful subsets of this space for which search is easier. For example, Figure 9
shows that the number of combinations of each length skyrockets in the (10, 40) range,
while remaining small enough to be explored at both ends of the length spectrum.

Figure 9. Length of a combination against the number of combinations of said length in trillions.

As a consequence, exhaustive search was only feasible for a small number of config-
uration lengths. After that point, a heuristic approaches had to be employed to search
the best configurations for the defined metrics. The first heuristic approach considered is
to reduce the search space by discarding combinations containing adjacent poses. This
optimization relies on the assumption that the similarities of adjacent poses contains redun-
dant information which might not be as beneficial for FR compared to more varied pairs of
poses. Even after this optimization the search space remains too challenging to continue
the process—being unable to effectively explore configurations past length N = 10.

At this point, another heuristic approach inspired by genetic algorithms was consid-
ered to explore the remaining configuration space. This process tries to optimize one of
the previously stated metrics for a certain number of poses to be considered in the gallery
set. In terms of genetic algorithms [46], the heuristic search carried out has the following
characteristics:

• An initial population is crafted from the top-30 accuracy individuals of the last
population found by exhaustive search—mostly the configurations of length N = 10.
To fill each individual up to the required length, the remaining spots are filled by
random poses.

• The mutation operator for each individual of length N can change each of the poses
with a probability of 1/N. As each individual is considered a set, the poses used for
the substitution are selected from the ones not already in the set.

• No crossover operator has been used.
• The most promising individuals from the population are chosen using binary tourna-

ment selection.

This way, the search space is reduced considerably compared to exhaustive search.
For some combination lengths the search space contains upwards of 60 trillion configura-
tions, whereas a genetic algorithm that generates 100 children for each of its 1000 iteration
run, only explores about 100,000 combinations per combination length. Since the initial
population for a configuration length (N) is based on the results of the previous search
(N − 1), the final results are bound to perform as well or better than the results for (N − 1).
The search process was carried out using ArcFace to optimize for the most accurate configu-
rations of each length. Figure 10 depicts the evolution of the top-1 configurations according
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to their accuracy in the MAPIR Faces dataset. Figure 10a shows that this accuracy increase
has diminishing returns in relation to their length—the top-1 configuration of length N = 8
already surpasses 0.95 accuracy. Unsurprisingly, both the distance to the nearest true and
false matches diminishes in relation to the configuration length (Figure 10b,c). The decrease
in distance to the false match is a downside as it can raise the chance of false positives. Nev-
ertheless, this distance stays far from the critical value of 0.4; i.e., the acceptance threshold
for ArcFace.

(a) (b) (c)
Figure 10. Metrics for the top-1 accuracy configurations found. (a) Accuracy against the number of poses. (b) Average
distance to the nearest true match against the number of poses. (c) Average distance to the nearest false match against the
number of poses.

As a result of this optimization process, we are able to list the most useful configu-
rations in terms of accuracy as depicted in Figure 11. For instance, the best configuration
of length N = 3 found is shown with greater detail in Figure 12. These results can be
leveraged in different ways, mainly by robots collaborating with humans in uncontrolled
scenarios. As an illustrative example, let’s consider a robot operating in the headquarters of
a company, where it has to recognize people’s faces in order to provide a customized HRI.
In order to design a recognition system as reliable as possible, the company would register
each of the known individuals in the system using the face collection application described
in Section 3.2, obtaining a collection of face images from each individual uniformly dis-
tributed across the head pose space. However, in this kind of scenarios, it is common to
have both time constrains to meet an employee, as well as memory/computational burden
limitations. Therefore, the use of the whole pose distribution in the gallery dataset might
be too burdensome, since it demands a great deal of time to meet each person, and the
algorithm must find the image with the greatest similarity score among a huge amount of
images. At the same time, it is also important to keep the recognition accuracy high, since
recognition errors could lead to undesired situations. A robot equipped with the same
FR system used in this section, i.e., MTCNN and ArcFace, can use the results reported
here to find the optimal trade-off between FR accuracy and said constrains. In the case
another FR system is used, the optimization process described here can be replicated with
this new system, using the publicly available MAPIR Faces dataset to find the key poses to
be acquired.
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Figure 11. Top-5 accuracy configurations for all lengths of the gallery set. For example, the first row
in the 1–10 column reports, as black squares, the 5 most optimal poses to be stored in the gallery set
from a 7 × 7 grid of them.

(a) (b)
Figure 12. Example of the top-1 combination with 3 poses. (a) shows the poses in black in a 7 × 7 grid. (b) shows sample
images for each of the 3 poses for an individual.

7. Discussion

This paper has presented multiple contributions towards improving resiliency of FR
systems in uncontrolled scenarios. Concretely, it has explored how head pose variance
detrimentally affects cutting-edge algorithms in the context of robotics applications. This
endeavor was accomplished by the creation of an interactive application using state-of-the-
art head pose neural networks to aid the collection of face images uniformly distributed
in the space of possible head poses. HPE serves to decide which poses to save at any
given time, while interactive visualizations guide the user towards the desired poses. The
application is available on Github (https://github.com/samuelbaltanas/face-pose-dataset)
and it can be distributed to gather images from multiple individuals. A head-pose-aware
dataset has been created using said application in collaboration with the MAPIR laboratory
at the University of Málaga. Coined MAPIR Faces, said dataset consists of 21 different
individuals and over 1000 images. Relying on this repository, we have compared the effect
of detrimental head poses on three different state-of-the-art FR networks. These results
have made it clear that all 3 networks are affected by pose variance to different degrees.
Particularly, ArcFace shows the most limited pose range in which it is effective, despite
performing similarly or better than the other 2 in most popular benchmarks. Additionally,
a method for enhancing the gallery set by collecting a more diverse poses with the aid of the
previously mentioned application has been proposed. This approach takes in consideration

https://github.com/samuelbaltanas/face-pose-dataset
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the best poses to include for a given algorithm, reported by an optimization process over the
poses in MAPIR Faces dataset. This method can be used to register users in FR applications
with the advantage of storing more facial information than just including a frontal face
image. It is particularly suitable for recognizing individuals in settings where the user
might not look directly at the camera.

Future Directions

The approach presented in this work leaves open multiple lines of research which
should be pursued. First, MAPIR Faces dataset should be expanded, not only to gather
more individuals, but also by including depth information provided by an RGB-D camera.
The usage of depth information in FR is still a relatively unexplored research topic. The
existence of more face datasets containing depth information may offer a way to improve
existing methods. Second, the development of these FR tools for the ROS programming
framework will facilitate their use in real robotic systems. Additionally, it may be beneficial
to use HPE along FR at runtime to help the search for the nearest head poses—as they are
also more probable to be correct matches. Finally, integration of video information over time
may prove useful to enhance the accuracy of FR in robotic systems, given that they perceive
the world as a continuous video feed. Current state-of-the-art FR approaches usually
process video frames individually, without using information from previous frames.

There are also other avenues of research in the domain of healthcare robots and HRI
worth exploring. FR enables an assistive robot to recognize previously learned individuals
in its line of sight. Nevertheless, learning the identities of new individuals at runtime is
a major feature for such an assistant still missing in most open-source systems—such as
the ROS framework (https://www.ros.org/). Other related HRI topic that needs to be
explored in more detail is the search of specific individuals, since it is a game-changing
feature in many robot applications. In the context of healthcare robots, the combination
of user identification and search can enable many tasks only feasible for humans. The
use of mobile robots to monitor of patients condition (e.g., checking out their pulse, blood
pressure, or inquiring on their physical and emotional state) is a prime example of a
use case that requires robust identification and search methods. These features are also
fundamental to provide a personalized user experience—from the most simple tasks, such
as addressing a patient by its name; to the most sensitive ones, such as delivering a dose of
medicine to the correct individual or alerting the nearest healthcare worker of an anomaly
in a patient.

Author Contributions: Conceptualization, S.-F.B., J.-R.R.-S. and J.G.-J.; Formal analysis, S.-F.B. and
J.-R.R.-S.; Funding acquisition, J.G.-J. and J.-R.R.-S.; Investigation, S.-F.B. and J.-R.R.-S.; Methodology,
S.-F.B. and J.-R.R.-S.; Project administration, J.-R.R.-S. and J.G.-J.; Software, S.-F.B.; Data curation,
S.-F.B.; Supervision, J.G.-J. and J.-R.R.-S.; Validation, J.G.-J. and J.-R.R.-S.; Writing—original draft,
S.-F.B.; and Writing—review and editing, J.-R.R.-S. and J.G.-J. All authors have read and agreed to the
published version of the manuscript.

Funding: Work partially funded by the WISER project ([DPI2014-55826-R]), financed by the Spanish
Ministry of Economy, Industry and Competitiveness, and by a postdoc contract from the I-PPIT-UMA
program, financed by the University of Málaga.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The dataset generated during this study is publicly available at
https://doi.org/10.5281/zenodo.4311764.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

https://www.ros.org/
https://doi.org/10.5281/zenodo.4311764
https://doi.org/10.5281/zenodo.4311764


Sensors 2021, 21, 659 17 of 18

References
1. Orlandini, A.; Kristoffersson, A.; Almquist, L.; Björkman, P.; Cesta, A.; Cortellessa, G.; Galindo, C.; Gonzalez-Jimenez, J.;

Gustafsson, K.; Kiselev, A.; et al. ExCITE Project: A review of forty-two months of robotic telepresence technology evolution.
Presence Teleoperators Virtual Environ. 2016, 25, 204–221. [CrossRef]

2. Borghese, N.A.; Bulgheroni, M.; Miralles, F.; Savanovic, A.; Ferrante, S.; Kounoudes, T.; Cid Gala, M.; Loutfi, A.; Cangelosi, A.;
Gonzalez-Jimenez, J.; et al. Heterogeneous Non Obtrusive Platform to Monitor, Assist and Provide Recommendations to Elders
at Home: The MoveCare Platform. In Ambient Assisted Living; Lecture Notes in Electrical Engineering; Casiddu, N., Porfirione, C.,
Monteriù, A., Cavallo, F., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 53–69. [CrossRef]

3. Sabhanayagam, T.; Venkatesan, V.P.; Senthamaraikannan, K. A Comprehensive Survey on Various Biometric Systems. Int. J. Appl.
Eng. Res. 2018, 13, 2276–2297.

4. Krizhevsky, A.; Sutskever, I.; Hinton, G.E. ImageNet Classification with Deep Convolutional Neural Networks. In Advances in
Neural Information Processing Systems 25; Pereira, F., Burges, C.J.C., Bottou, L., Weinberger, K.Q., Eds.; Curran Associates, Inc.:
Red Hook, NY, USA, 2012; pp. 1097–1105.

5. Taigman, Y.; Yang, M.; Ranzato, M.; Wolf, L. DeepFace: Closing the Gap to Human-Level Performance in Face Verification.
In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Columbus, OH, USA, 23–28 June 2014;
pp. 1701–1708.

6. Huang, G.B.; Mattar, M.; Berg, T.; Learned-Miller, E. Labeled Faces in the Wild: A Database for Studying Face Recognition in
Unconstrained Environments; Technical report; University of Massachusetts: Amherst, MA, USA, 2007.

7. Klare, B.F.; Klein, B.; Taborsky, E.; Blanton, A.; Cheney, J.; Allen, K.; Grother, P.; Mah, A.; Burge, M.; Jain, A.K. Pushing the frontiers
of unconstrained face detection and recognition: IARPA Janus Benchmark A. In Proceedings of the 2015 IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), Boston, MA, USA, 7–12 June 2015; pp. 1931–1939, ISSN: 1063-6919. [CrossRef]

8. Zheng, T.; Deng, W. Cross-Pose LFW: A Database for Studying Cross-Pose Face Recognition in Unconstrained Environments; Technical
Report 18-01; Beijing University of Posts and Telecommunications: Beijing, China, 2018.

9. Zou, X.; Kittler, J.; Messer, K. Illumination Invariant Face Recognition: A Survey. In Proceedings of the 2007 First IEEE
International Conference on Biometrics: Theory, Applications, and Systems, Crystal City, VA, USA, 27–29 September 2007;
pp. 1–8. [CrossRef]

10. Hong, S.; Im, W.; Ryu, J.; Yang, H.S. SSPP-DAN: Deep domain adaptation network for face recognition with single sample per
person. In Proceedings of the 2017 IEEE International Conference on Image Processing (ICIP), Beijing, China, 17–20 September
2017; pp. 825–829, ISSN: 2381-8549. [CrossRef]

11. Schroff, F.; Kalenichenko, D.; Philbin, J. FaceNet: A Unified Embedding for Face Recognition and Clustering. In Proceedings of
the IEEE Conference on Computer Vision and Pattern Recognition, Boston, MA, USA, 7–12 June 2015; pp. 815–823.

12. Deng, J.; Guo, J.; Xue, N.; Zafeiriou, S. ArcFace: Additive Angular Margin Loss for Deep Face Recognition. In Proceedings of the
IEEE Conference on Computer Vision and Pattern Recognition, Long Beach, CA, USA, 15–20 June 2019; pp. 4690–4699.

13. Wang, H.; Wang, Y.; Zhou, Z.; Ji, X.; Gong, D.; Zhou, J.; Li, Z.; Liu, W. CosFace: Large Margin Cosine Loss for Deep Face
Recognition. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA,
18–23 June 2018; pp. 5265–5274.

14. González-Jiménez, J.; Galindo, C.; Ruiz-Sarmiento, J.R. Technical improvements of the Giraff telepresence robot based on users’
evaluation. In Proceedings of the 2012 IEEE RO-MAN: The 21st IEEE International Symposium on Robot and Human Interactive
Communication, Paris, France, 9–13 September 2012; pp. 827–832. [CrossRef]

15. Prince, S.J. Computer Vision: Models, Learning, and Inference; Cambridge University Press: Cambridge, UK, 2012.
16. Adjabi, I.; Ouahabi, A.; Benzaoui, A.; Taleb-Ahmed, A. Past, Present, and Future of Face Recognition: A Review. Electronics 2020,

9, 1188. [CrossRef]
17. Turk, M.; Pentland, A. Eigenfaces for Recognition. J. Cogn. Neurosci. 1991, 3, 71–86. [CrossRef]
18. Belhumeur, P.; Hespanha, J.; Kriegman, D. Eigenfaces vs. Fisherfaces: Recognition using class specific linear projection. IEEE

Trans. Pattern Anal. Mach. Intell. 1997, 19, 711–720. [CrossRef]
19. Bledsoe, W.W. The Model Method in Facial Recognition; Panoramic Research Inc.: Palo Alto, CA, USA, 1964.
20. 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. [CrossRef]

21. Guo, Y.; Zhang, L.; Hu, Y.; He, X.; Gao, J. MS-Celeb-1M: A Dataset and Benchmark for Large-Scale Face Recognition. In Computer
Vision—ECCV 2016; Lecture Notes in Computer Science; Leibe, B., Matas, J., Sebe, N., Welling, M., Eds.; Springer International
Publishing: Cham, Switzerland, 2016; pp. 87–102. [CrossRef]

22. Kemelmacher-Shlizerman, I.; Seitz, S.M.; Miller, D.; Brossard, E. The MegaFace Benchmark: 1 Million Faces for Recognition at
Scale. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27–30 June 2016;
pp. 4873–4882.

23. Nech, A.; Kemelmacher-Shlizerman, I. Level Playing Field for Million Scale Face Recognition. In Proceedings of the IEEE
Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017; pp. 7044–7053.

24. 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, 27–30 June 2016; pp. 770–778.

http://doi.org/10.1162/PRES_a_00262
http://dx.doi.org/10.1007/978-3-030-04672-9_4
http://dx.doi.org/10.1109/CVPR.2015.7298803
http://dx.doi.org/10.1109/BTAS.2007.4401921
http://dx.doi.org/10.1109/ICIP.2017.8296396
http://dx.doi.org/10.1109/ROMAN.2012.6343854
http://dx.doi.org/10.3390/electronics9081188
http://dx.doi.org/10.1162/jocn.1991.3.1.71
http://dx.doi.org/10.1109/34.598228
http://dx.doi.org/10.1109/FG.2018.00020
http://dx.doi.org/10.1007/978-3-319-46487-9_6


Sensors 2021, 21, 659 18 of 18

25. Simonyan, K.; Zisserman, A. Very Deep Convolutional Networks for Large-Scale Image Recognition. arXiv 2015, arXiv:1409.1556.
26. Szegedy, C.; Liu, W.; Jia, Y.; Sermanet, P.; Reed, S.; Anguelov, D.; Erhan, D.; Vanhoucke, V.; Rabinovich, A. Going deeper with

convolutions. In Proceedings of the 2015 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Boston, MA,
USA, 7–12 June 2015; pp. 1–9, ISSN:1063-6919. [CrossRef]

27. Huang, R.; Zhang, S.; Li, T.; He, R. Beyond Face Rotation: Global and Local Perception GAN for Photorealistic and Identity
Preserving Frontal View Synthesis. arXiv 2017, arXiv:1704.04086.

28. Cao, K.; Rong, Y.; Li, C.; Tang, X.; Change Loy, C. Pose-Robust Face Recognition via Deep Residual Equivariant Mapping.
In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18–23 June 2018;
pp. 5187–5196.

29. Saragih, J.M.; Lucey, S.; Cohn, J.F. Deformable Model Fitting by Regularized Landmark Mean-Shift. Int. J. Comput. Vis. 2011,
91, 200–215. [CrossRef]

30. Zhu, X.; Ramanan, D. Face detection, pose estimation, and landmark localization in the wild. In Proceedings of the 2012 IEEE
Conference on Computer Vision and Pattern Recognition, Providence, RI, USA, 16–21 June 2012; pp. 2879–2886. [CrossRef]

31. Masi, I.; Chang, F.; Choi, J.; Harel, S.; Kim, J.; Kim, K.; Leksut, J.; Rawls, S.; Wu, Y.; Hassner, T.; et al. Learning Pose-Aware Models
for Pose-Invariant Face Recognition in the Wild. IEEE Trans. Pattern Anal. Mach. Intell. 2019, 41, 379–393. [CrossRef]

32. Cootes, T.; Edwards, G.; Taylor, C. Active appearance models. IEEE Trans. Pattern Anal. Mach. Intell. 2001, 23, 681–685. [CrossRef]
33. Matthews, I.; Baker, S. Active Appearance Models Revisited. Int. J. Comput. Vis. 2004, 60, 135–164. [CrossRef]
34. Zhu, X.; Lei, Z.; Liu, X.; Shi, H.; Li, S.Z. Face Alignment Across Large Poses: A 3D Solution. In Proceedings of the IEEE Conference

on Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27–30 June 2016; pp. 146–155.
35. Ruiz, N.; Chong, E.; Rehg, J.M. Fine-Grained Head Pose Estimation Without Keypoints. arXiv 2018, arXiv:1710.00925.
36. Yang, T.Y.; Chen, Y.T.; Lin, Y.Y.; Chuang, Y.Y. FSA-Net: Learning Fine-Grained Structure Aggregation for Head Pose Estimation

from a Single Image. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Long Beach, CA, USA,
15–20 June 2019; pp. 1087–1096.

37. Fanelli, G.; Dantone, M.; Gall, J.; Fossati, A.; Van Gool, L. Random Forests for Real Time 3D Face Analysis. Int. J. Comput. Vis.
2013, 101, 437–458. [CrossRef]

38. Muñoz-Salinas, R.; Yeguas-Bolivar, E.; Saffiotti, A.; Medina-Carnicer, R. Multi-camera head pose estimation. Mach. Vis. Appl.
2012, 23, 479–490. [CrossRef]

39. Bansal, A.; Nanduri, A.; Castillo, C.; Ranjan, R.; Chellappa, R. UMDFaces: An Annotated Face Dataset for Training Deep
Networks. arXiv 2017, arXiv:1611.01484.

40. Sagonas, C.; Tzimiropoulos, G.; Zafeiriou, S.; Pantic, M. 300 Faces in-the-Wild Challenge: The First Facial Landmark Localization
Challenge. In Proceedings of the IEEE International Conference on Computer Vision Workshops, Sydney, Australia, 2–8 December
2013; pp. 397–403.
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