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Behavior forecasting for social interactions: a
multimodal skeleton-based approach.

German Barquero

Abstract

Many works focus on predicting the motion or trajectory of individuals engaged in a particular action, which intends to reduce
the inherent stochasticity of the future. We open a new horizon by aiming at forecasting human behavior in dyadic interactions.
In such scenarios, the ability to anticipate human behavior implies an implicit knowledge of the underlying mechanisms of
communication involving cognitive, affective, and behavioral perspectives. This knowledge is key for many applications in robotics,
medicine and psychology. In this work, we introduce an extended version of the UDIVA dataset which contains automatically
extracted face, body and hands landmark annotations for 145 dyadic sessions among 134 participants. We use it to deeply analyze
the current limitations of interaction forecasting, most of them derived from the multimodal nature of the future and the huge
dimensionality attached to human behavior. In parallel, we propose a multimodal recurrent model based on the popular seq2seq
model, which serves as a baseline for future research on this topic. Finally, we present an ablation study to discuss the effects of
leveraging multimodal data such as audio and participants metadata.

Index Terms
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I. INTRODUCTION

Ake a moment to think about a recent conversation you were engaged in. How often did you nod while endorsing the

other interlocutor’s speech? Or scratch your chin while thinking deeply about an answer to a difficult question? Both your
compliance with someone’s speech and a demanding question triggered specific behaviors. Now, imagine yourself involved in
a conversation where your partner is totally frozen. Weird, right? These conversational behaviors are not only expected but
also needed in order to enhance human-to-human communication.

Therefore, understanding the dynamics of individuals’ behavior is important for many applications related to human commu-
nication. In a unidirectional speech, we all agree that the way someone behaves evolves over time but is exclusively driven by
intrapersonal characteristics (e.g., personality, mood, speech) and the scenario context (e.g., thesis defense, informal speech).
The body language of an extrovert person talking about themselves will differ from that of a shy person. Similarly, someone’s
behavior will vary from a job interview to a friendly conversation. In dyadic interactions, mirroring the behavior of a person also
needs to contemplate interpersonal cues [1]]. These include not only the interlocutor’s expression, gestures or body language, but
also intrinsic characteristics of the interaction like their social relationship or their role within the conversation. For example,
the greeting between two people will depend on their relationship and their meeting context. Similarly, we are more likely to
remain static and nod while listening to our partner’s arguments. shows some examples of interaction-driven behaviors.

In medicine and psychology, for example, experts analyze the behavior of the patient in social environments in order to
detect any communication anomalies. Deficits in eye contact, pointing or expressing emotions represent key markers that might
help in the diagnosis of autism spectrum disorders [2], [3]]. In other fields like virtual reality or robotics, communication needs
to be fully replicated. Therefore, social robots and virtual avatars need to combine all natural modalities involved in a real
interaction. In order to induce a human-like social interaction, their facial expressions [4], [S] need to be harmonized with
the body pose, the hands gestures and the speech [6]. To do so, we need to fully understand and model the behavior in
human-to-human interactions, which represents a challenge involving cognitive, affective, and behavioral perspectives, among
others.

In this work, we focus on forecasting human behavior. This problem is especially important in human-robot communication
(or personalized assistive agents) where the automated agent may need to predict someone’s future behavior in the short-term
in order to provide a better and faster response. Similarly, it is of utmost importance to any system to minimise the latencies.
We cannot always afford that the person waits until the whole information is processed, so detecting and interpreting the person
social signals may help providing with a fast approximation for a starting point, which may be improved as more information
is collected. For example, safety driving systems extremely benefit from anticipating pedestrian trajectories, as they may need
to make an emergency stop in order to avoid an accident. Also, one may argue that by forecasting human behavior during
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Fig. 1. Two examples of conversations where each individual behavior is highly driven by the dyadic interaction. On the top row, the left-most participant nods
in answer to the interlocutor question, which results in the latter acquiring a typical posture of someone who is dubious and thinks deeply about something.
On the bottom example, both participants engage in a highly interactive conversation which triggers surprise and joy emotions from the right-most participant.
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Fig. 2. Representation of the problem tackled in this work. The skeleton annotations including facial landmarks, body joints and hands articulations are
available (observation window) and used to predict their movement in the future frames (prediction window).

an interaction, we are also understanding the underlying mechanisms of human interaction and, therefore, uncovering their
semantics, context, etc.

To represent the behavior dynamics, we rely on the movement of the skeleton joints of the person, which comprise the main
body articulations and facial landmarks, see We have seen that both intra- and interpersonal components affect the
human behavior and therefore need to be included in any behavioral model. However, contemplating all possible combinations
of components yields a colossal set of scenarios. Additionally, behavior forecasting needs to deal with the stochasticity of the
future. In order to alleviate both challenges, many related works focus on predicting the human behavior while performing
specific actions [7]], [8]. In these scenarios, there are no interpersonal cues and the intrapersonal ones are minimized. Also,
the future is narrowed down and becomes more deterministic. Instead, we open a new horizon and define the problem of
forecasting the future behavior in dyadic interactions, see [Figure 2} The proposed scenarios are unconstrained, action-agnostic,
and the participants’ behaviors are under the influence of strong interpersonal cues.

The main contributions of this work are summarized as follows.

e We extend the UDIVA dataset [9] with new automatically extracted skeleton annotations for face, body and hands.
Annotations underwent a sequence of post-processing steps which reduced errors and improved their quality, especially
for hands.

o We propose a recurrent architecture based on the popular Seq2seq architecture [10] to solve the future behavior forecasting
problem. We present several experiments where our model outperforms the zero-velocity baseline and also include a first
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Fig. 3. On the left, a toy example of behavior forecasting in a deterministic environment. On the right, in a stochastic environment. The dots represent two
body joints (e.g., the elbow and the wrist), and the line represents the part of the body connecting both joints (e.g., the forearm). Their radius and width
correspond to their probability distribution. Darker areas correspond to higher probabilities of the body articulation to be located there at each timestamp.
Probabilities get blurrier and averaged as time passes. Figure inspired by [[L1].

attempt to merge multiple modalities (audio, metadata and dyadic information). We aim at establishing a baseline for
future behavior forecasting with UDIVA which we hope will encourage research on this dataset.

« We present a case study where we applied the proposed model to participate in a challenge that was organized in parallel
to this work, within the scope of the 2021 International Conference in Computer Vision (ICCV’21). The metrics used in
this competition were also explored and defined as part of this work.

II. STATE OF THE ART

In this section, we review previous research outcomes relevant to human behavior forecasting. We also revise the literature
on dyadic human interactions. Finally, we debrief the state-of-the-art on face, body and hand landmarks estimation.

A. Behavior forecasting

The multimodal nature of future prediction makes it an extremely challenging problem. For instance, the much more generic
problem of video future prediction often results in blurred predicted sequences of frames [11]. These are representations of
the future uncertainty as the average of all the possible futures. A visual representation of this effect can be seen in
While being unavoidable, it can be alleviated by reducing the complexity of the prediction and increasing the contextual
information provided. In an intent to reduce the future stochasticity, many works focus on leveraging much lower-dimensional
data: body poses. In the past years, human body poses and facial expressions have been leveraged to recognize behavior [12],
infer intents [13] or detect behavioral and emotional disorders [14]. Similarly, behavior forecasting can be reduced to a future
pose estimation problem, which is a relatively new problem compared to predicting image or video pixels.

Stochastic predictions. Some works embrace the future uncertainty and exploit it by predicting multiple futures. In [7],
a conditional variational autoencoder (CVAE) takes the trajectories of several joints and treats the task as a pose completion
problem. Its main limitation resides in its very nature: future trajectories for at least one joint need to be provided. This
is not a limitation for [[15], in which the latent vector is brought to the frequency domain to improve the diversity of the
predictions while retaining accuracy. The realism of the predicted poses is ensured by recursively fitting a 3D body model
to them. The main drawback is that the recursive optimization slows down the inference process and nothing guarantees the
motion realism. With a similar idea, a novel sampling strategy, DLow, was proposed to promote the poses variability of future
human motions [[16]. Conditional Generative Adversarial Networks (GAN) have also been widely used to improve the futures
diversity. For example, Long et al. suggest to use a latent code to reflect various behaviors and an attraction point to reflect
various trajectories, which need to be provided at inference time [17]. This strategy also alleviates the mode collapse frequently
suffered on adversarial training. In [18]], a sequence-to-sequence Wasserstein GAN which enforces pose and motion realism
by adding a gradient and a bone loss is proposed.

Deterministic predictions. Other works, instead, consider the future to be deterministic. Compared to the stochastic methods,
the results of these methods can be easily evaluated by directly comparing them to the ground truth. Most of them add
constraints or provide contextual information in order to narrow the future space and therefore reduce its stochasticity. The first
methods proposed were encoder-recurrent-decoder architectures which modeled human kinematics [19]]. In a similar fashion,
a sequence-to-sequence (Seq2seq) recurrent neural network (RNN) with residual connections was proposed as a forceful
action-agnostic baseline [20]. Led by their success at natural language processing (NLP), hierarchical multiscale RNNs were
favorably translated to human pose forecasting in order to deal with the wide diversity of motion patterns of the body parts
and their distinct motion dependencies [21]], [22]. However, recurrent approaches tend to suffer from errors accumulation and
struggle with long-term predictions. To overcome these challenges, additional strategies have been proposed. In [23]], a dropout
autoencoder LSTM (Long Short-Term Memory network) and a 3-layer LSTM are combined to implicitly learn and model the
structural and the spatio-temporal aspects of the task being performed. Other works apply attention to capture the long-range
spatial correlations and temporal dependencies [24], [25]]. Very interestingly, Want et al. transformed the human pose prediction
into a reinforcement learning problem [26]]. They proposed an imitation learning algorithm which learns to make accurate short
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and long-term pose predictions with very fast training speed. Instead of predicting the whole sequence of future poses, a recent
work has proposed to predict meaningful key moments in a future action [8]. They argue that this formulation is better suited
for intent and action forecasting as it disentangles the temporal and intentional aspects of human actions. Unfortunately, this
formulation is not applicable to action-agnostic contexts like ours.

Exploiting interactions. The future behavior of individuals is strongly determined by their interaction with other individuals
and objects in their surroundings. By definition, graph convolutional networks (GCN) are able to encode such interactions.
Some works have successfully used GCNs to generate context-aware encodings which are fed to RNNs decoders [27]], [28]].
They all come to the same conclusion: the contextual information contains very valuable information regarding the human
future behavior. Other solutions proposed went beyond and considered each joint as an individual agent [29]], [30]. The rationale
behind this idea is that treating the human body as a graph instead of a skeletal kinematic tree helps to capture long range
dependencies among joints [29]. Li et al. extended this idea by adding a multiscale graph computational unit which fuses
features across different body scales [30]. Very recently, Liang et al. have proposed a novel architecture which merges the
history of the agent with the current graph of agent trajectories [31]]. Although it was originally designed for autonomous driving,
encoding the past history of human motion may become useful to detect and predict person-specific behaviors. Unfortunately,
all aforementioned methods skip a very frequent and critical problem observed in many applications: missing or incomplete
pose observations. In order to repair such observations, Cui and Sun propose using an additional GCN trained to identify
erroneous poses [32].

B. Dyadic interactions

Although the literature review on human behavior forecasting is extensive, few works focus on conversations between two
(dyadic) or more interlocutors. In a situation where a group of people is interacting, the positions and orientations of the
individuals, their body and hand gestures, gaze, and facial expressions become extremely relevant for behavior forecasting.
Also, other semantically important content like speech, voice tone or other information related to the interlocutors may influence
their behavior. Naturally, multimodal information needs to be exploited in a specific way in order to fully profit from it.

In order to mix monadic and dyadic information including speech, Ahuja et al. proposed a dyadic residual-attention model
[33]. Results show the temporal evolution of the importance of both inter- and intrapersonal dynamics when predicting human
behavior. Similar conclusions were extracted from [34], where facial gestures synthesized from dyadic information were
preferred over those generated from monadic data. Other studies have recently reported that considering the personality traits
of the interlocutors also enhances the prediction of nonverbal behaviors [35]], [36]. In order to exploit this, Ahuja et al. present
an architecture which encodes behavioral patterns from both individuals and applies style transfer to the raw predicted human
behavior [37]. Despite the relevance of the methodology they propose, they aim at synthesizing motion that matches audio
for social conversations, which is not our use case. We can assume that leveraging linguistic information helps reducing the
stochasticity of the interlocutors future behavior, as it incorporates more semantic information of the interaction taking place.
However, the mean-convergence effect observed in the future prediction field is still reported in social behavior prediction [38]].

Within the scope of this project, behavior forecasting is limited to the prediction of the image coordinates for facial, body
and hand landmarks in the subsequent frames. As reported in most of the literature reviewed, this problem simplification aims
at reducing the future uncertainty and narrowing the prediction space to a single solution. In order to support our choice on
the methods used for landmarks retrieval, we thoroughly reviewed the state of the art on human landmarks estimation.

C. Landmarks estimation

Human pose estimation has extensively attracted the interest of the computer vision community. Its attractiveness resides in
the wide spectrum of fields where it proves useful: robot interaction [39], [40], virtual reality [41], autonomous driving [42]]
or medicine [43], [44], among others. When it comes to perception and human behavior analysis, the body pose, the facial
expression and the hands gestures become of utmost importance.

The estimation of facial landmarks have been intensively studied, yielding very satisfactory results. Recent methods can be
split into those regressing 3D morphable model parameters [45], [46], [47] and those directly regressing the 2D/3D coordinates
of the points [48]], [49]. Feng et al. present a detail-consistency loss which disentangles the expression from the face and
helps retrieving more expressive face shapes [S0]. At the same time, it allows them to synthesize realistic expressions while
keeping person-specific details unchanged. As the popularity of video-based applications increase, new methods incorporate
video-based training, which improves the stability of 3D face alignment in videos [S1].

The body joints estimation problem has been given roughly the same importance. Methods in the literature have traditionally
been enclosed in two categories: bottom-up and top-down approaches. Bottom-up methods leverage heatmaps and anthropo-
metric heuristics to build the human skeleton [52]]. The main limitation resides in their inherent bias towards false positives
and their low accuracy on truncated (i.e., partially visible) bodies. In [53]], the authors work in a metric 3D space instead of
the image space (image coordinates in pixels) in order to address the latter limitation (the whole body is always available).
Top-down methods, on the other hand, focus on first detecting the location of the person of interest within the image in order
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Fig. 4. On the left, setup for the six tripod-mounted cameras of the UDIVA dataset. GF: General frontal camera, GB: General rear camera, HA: individual
high angle cameras, FC: individual frontal cameras, E: ego cameras. On the right, synchronized views from the 8 cameras.

to reduce the number of false positives [54]. On the downside, the person detection step may become a bottleneck to handle
occlusions and can increase their computational complexity.

However, the translation of these methods to hand pose estimation is not straight-forward due to its unique characteristics.
The complex physiology of hands, their rapid movement and their frequent interactions between them or with external objects
make it a very challenging problem [53]. As a result, most of them rely on a hand detector so that the hand region can be
handled at higher resolutions [56], [57]. Some of these works directly estimate the 3D joints [58]], [39], [60] or 3D meshes
[57], while many others propose parametric models which estimate configurations of statistical models like MANO [61]], [36].

III. THE UDIVA DATASET

In this section, we briefly describe the UDIVA dataset (Understanding Dyadic Interactions from Video and Audio signals)
[9], and present the version v0.5 used in this work.

A. Dataset description

The UDIVA dataset was born as a benchmark to study and understand the mechanisms of influence, perception and adaptation
to verbal and nonverbal social signals in dyadic interactions. The dataset was carefully tailored so that the individual and dyad
characteristics as well as other contextual factors could be accessed and easily analyzed. The 147 voluntary participants (44.9%
female) ranged from 4 to 84 years old (mean=31.29) and came from 22 countries (68% from Spain). They were distributed into
188 dyadic sessions (90.5h of recordings), with an average participation of 2.5 sessions/participant (max. 5 sessions). During
the session, they were asked to speak the language both felt most comfortable with. Spanish was the most popular choice
(71.8%), followed by Catalan (19.7%) and English (8.5%). Pairs of participants were chosen according to their availability
while trying to preserve a close-to-uniform distribution among all possible combinations between variables (gender, age group
and relationship between interlocutors).

Participants sat around a table forming a 90° angle with each other to avoid occlusions in the cameras field of view, and
close enough to favour the interaction in collaborative activities. The camera setup consisted of six HD tripod-mounted cameras
(1280x720px, 25fps): two general frontal and rear cameras, two individual high angle cameras and two frontal cameras, see
Additionally, participants wore an egocentric camera (1920x1080px, 30fps) around their necks, and a heart rate
monitor on their wrist. The audio was acquired with two individual lapel microphones and an omnidirectional microphone on
the table.

Before their first session, participants filled a sociodemographic questionnaire, including: age, gender, ethnicity, occupation,
maximum level of education, and country of origin. Personality was also assessed through age-dependent standardized ques-
tionnaires. For all sessions, participants completed pre- and post-session mood and fatigue assessments. After each session,
participants filled again the personality and mood and fatigue questionnaires about their interlocutor in order to provide their
perceived impression.

During the session, participants engaged in five different tasks which were designed by psychologists to elicit distinct
behaviors and cognitive workload: Talk, Animals, Lego, Ghost and Gaze. In Talk, participants talked about any subject for 5
minutes. The quality of interaction, empathy and synchrony, among others, can be observed in this task. In Animals, participants
asked 10 yes/no questions each in order to guess the animal from the picture on each other’s forehead, which mainly reveals
cognitive processes and features gaze events. The cooperative Lego building task enforces collaboration, joint attention, and
leader-follower behaviors. In the Ghost task, participants played the competitive ”Ghost blitz” cards game, which fosters
cognitive processing speed analysis. Finally, the Gaze task was recorded while participants followed directions to look at the
interlocutor’s face, at static/moving object, or elsewhere. This may represent a useful ground truth for gaze gestures and face
modeling with varied head poses.
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B. Dataset extension: v0.5

The UDIVA v0.5 dataset is still a preliminary version of the UDIVA dataset [9]]. It includes a subset of the participants,
sessions, synchronized views, and annotations of the complete UDIVA dataset. This dataset contains 145 dyadic interactive
sessions with 134 participants (ranging from 17 to 75 years old, 44.8% female). Each session features two subjects participating
together in 4 of the 5 original tasks: Talk, Lego, Ghost and Animals. As in the original dataset, the same person was allowed
to participate in up to 5 sessions with different interlocutors. The dataset is released divided into training, validation and
test sets, which include 116/99, 18/20 and 11/15 sessions/participants, respectively. These splits were selected following a
greedy optimization procedure which tried to keep a similar distribution in each split regarding each session and participant
characteristics. Participants are not shared among splits.

In addition to the recordings of the 4 tasks, the transcripts of the session conversations and a set of automatically extracted
annotations are included. The latter contains the landmarks for face, body and hands and the 3D eye gaze vector. Their
extraction, post-processing and cleaning were part of the thesis and they will be thoroughly described next:

1) Landmark extraction and post-processing: Face, body and hands landmarks were extracted from both individual frontal
views (FCI and FC2) of the 4 available tasks: Talk, Lego, Ghost and Animals.

« Face landmarks. 68 face fiducials were regressed by the 3DDFA_v2 algorithm [51]], [62]. This method uses a lightweight
backbone together with a landmark-regression regularization to achieve state-of-the-art accuracy at very fast speeds. The
method also incorporates a short-video-synthesis training strategy, which helps retrieving stabler landmarks for videos.
Additionally to the facial landmarks, the face detection confidence provided by FaceBoxes [63] was stored. The face
landmarks retrieval was constrained to the most centered face detected within each frame, discarding false detections
product of the occasional profile view of the interlocutor. In order to reduce the jittering, the landmarks coordinates from
frame ¢ were average-smoothed with those from frames ¢ — 1 and ¢ + 1.

o Body landmarks. 24 full-body joints and a detection confidence were retrieved by using the MeTRAbs method [53]],
[[64]], which beat all the tested methods thanks to performing particularly well with truncated upper bodies. This top-
down algorithm detects the body and leverages volumetric heatmaps to extract 2D landmarks in the image space (image
coordinates in pixels) along with their corresponding 3D landmarks in the camera coordinate frame. Additionally, detection
mistakes were identified and fixed by leveraging a tracker which enforced a spatio-temporal continuity [65]. An extra
post-processing step was applied to translate the 3D coordinates to the image space while preserving the depth value.
First, we found the 3D similarity transformation 7" which minimized the least squares problem 7'X3p_~op = Yap where
Xsp—s2p = (x3p,ysp) (pose camera coordinates), and Yop = (z2p, y2p) (pose image coordinates). The matrix 7" was
defined to have 8 degrees of freedom: 3 for rotation, 3 for translation and 2 for scaling (this parameter was fixed to 1
for z). Then, T" was applied to X3p = (23p,¥Ysp, 23p) vector. The resulting TX3p = Y3p vector was stored as the 3D
body joints coordinates. Finally, a one-euro-filter was applied in the temporal axis in order to remove the jitter (cut off
to 0.001 and 3 = 0.005).

o Hand landmarks. 21 hand landmarks were retrieved with the hand estimator module from FrankMocap [56], [66]. This
method first detects the hand and then fits a 3D model, which provides 3D hand landmarks. The hand detector leveraged
was trained with 100K images featuring a wide range of hand interactions with either objects or themselves [67]]. The
hands landmarks estimator was trained with the Ho-3D dataset, among others, which contains 60K samples aiming to
study the interaction between hands and objects. As a result, the method infers fairly accurate landmarks in the recurrent
scenario where hands are interlaced, interacting with objects or mildly occluded, see Similarly to the procedure
followed for the body detections, a tracker ensured a spatio-temporal smoothness and filled the gaps of hands missed
due to rapid movement or severe occlusions [65]. Unfortunately, this scenario is much more challenging and required of
further processing to increase the quality of the annotations, especially to ensure the consistency of the left-right hand
associations. This process has been extensively described in Appendix [A] The one-euro-filter previously described was
likewise applied (0.001 and a 8 = 0.02).

o 3D eye gaze vector. The ETH-XGaze baseline method [68]], [69] used the face fiducials previously retrieved to extract
the gaze vectors. The method was trained on the largest-scale gaze dataset existing up to date, with huge variability in
terms of appearance, head, poses, gaze directions, and accessories like glasses. The reported error of the method is at the
level of other state-of-the-art approaches.

Note that the landmarks used for this work were simplified and figures only show 28 landmarks for face (face contour and
nose skipped), 10 for body (upper body) and 20 for hands (wrist not considered). More details can be found in Section

2) Data cleaning: In order to ensure a fair evaluation, landmarks of the Talk task from the validation and test sets underwent
a visual inspection process. The selection of this task was driven by its highly interactive nature, which could provide the
most valuable insights about the underlying mechanisms of human-human interaction. Also, the landmarks extraction is less
challenging due to the lack of occlusions and interactions with objects. The gaze vector was not visually assessed as it will
not be evaluated either. All frames from the 18 validation and 11 test sessions were annotated as follows:
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Fig. 5. Face, body and hands landmarks, and gaze vector displayed over examples of the Talk, Animals, Lego and Ghost tasks from 4 sessions (left to right).

Validation set Test set
Correct Mild Severe Switched Fixed Visibility = FBI Correct Mild Severe  Switched  Fixed Visibility = FBI
Face 99.3 0.6 0.1 - - - 99.7 0.2 0.1 - - -
Body 98.1 1.9 0.0 - - - 97.2 2.7 0.1 - - -
Left hand 88.9 72 39 0.4 2.6 6.6 87.0 8.0 5.0 0.2 1.6 7.1
Right hand 90.1 5.4 4.5 0.4 2.0 6.9 82.3 9.7 8.0 0.2 34 7.0

Table 1. Visual annotation process for validation and test sets: prevalence of each label (% of frames). FBI: Fixed By Interpolation

o Face annotation. The quality of the face landmarks was assessed and classified for each frame as: 1) correct, if all
landmarks faithfully matched their anatomical locations, 2) mild, if the retrieved face was slightly translated with respect
to its anatomical position but its shape and orientation were correct, and 3) severe, if either the shape or the orientation
was wrong. shows visual examples for each label.

o Body annotation. Similarly, the quality of the body joints was annotated. Comparatively, we were more permissive
regarding the quality thresholds as the body joints estimator yielded noisier predictions in our challenging scenario
characterized by truncated bodies. Consequently, body landmarks were classified as correct provided that their pose was
correct and their individual joints locations matched their anatomical position accounting for certain error. The mild label
was associated to body landmarks with one inaccurate side, and the severe label to those either with both sides incorrect
or with severe single joints mislocations.

« Hands annotation. The quality flag was set to correct if their orientation was correct and fingers matched their anatomical
position allowing for some error. If the fingers did not match either in shape or position but the overall orientation was still
right, they were labeled as mild. On the contrary, if neither the hand orientation nor the fingers were correctly inferred,
the hand quality was labeled as severe. Additionally, the hand visibility (visible or not visible) and cases where the left
hand was detected as the right hand or vice versa (hands switch) were annotated. Although the methods presented in
Section [lII-B1| substantially improved the quality of the hand landmarks, wrong or missing hands were still very frequent
during hands interactions or occlusions. In order to maximize the number of correct hand annotations, sequences of
consecutive frames (to,...,t,) with n > 2 with correct hand landmarks at ¢y and ¢,, but with wrong or missing hands
in all frames {¢;}1<i<n—1 were identified. From those, segments for which a linear interpolation between the ¢o and ¢,,
landmarks could generate valid hands for the interval (¢, t,,) were annotated. Such linear interpolation was applied as an
extra post-processing step, see [Figure 6p.

Note that, except for the described cases for the hands, the landmarks were not manually fixed. The hands linear interpolation
proved extremely useful as it fixed up to 7% of the annotations in both validation and test sets, see However, the
quality of the hands annotations still represents the biggest limitation of the dataset, as the number of correct hands annotations
varies from 80% to 90% in the validation and test sets.

3) Segments generation: In this work, we consider an observation window of 4 seconds (100 frames), which we consider to
provide a reasonable conversational context for behavior forecasting. The length of the window to predict (prediction window)
was set to 2 seconds (50 frames), which allows us to evaluate both short- (0 — 400ms) and long-range behaviors (> 400ms)
[ZQ), [I10, [7]. Each pair of observation window and prediction window will be hereafter called a segment. These segments
conceptually include information of both participants.

In order to fairly evaluate dyad-driven behaviors, the landmarks in these segments had to be as accurate as possible for both
session participants. Ideally, the evaluation could have been constrained to the 150-frames-long sequences with correct face,
body and hands landmarks for both participants. However, this restrictive scenario implied an upper bound for the amount of
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Fig. 6. In (a), examples of correct, mild and severe quality labels for face, body and hands landmarks. In (b), a sequence of 104 frames with wrong left-hand
landmarks which was fixed by linearly interpolating the landmarks from the last and the first correct extractions before (frame 705) and after (frame 810) the
sequence, respectively.

segments of 288 for the validation set and 97 for the test set (28.2% and 16.2% of total frames used, respectively). In order to
keep a good trade-off between landmarks accuracy and number of segments fulfilling the constraints, the correctness condition
was only required for face, body and at least one hand (if visible) for both participants. This increased the previous upper
bound up to 658 and 300 segments for validation and test sets, respectively.

The non-overlapping segments selection can be performed in many different ways. Importantly, the set of selected segments
to be predicted needs to be as diverse as possible so that it represents the whole spectrum of human behavior possibilities.
Unfortunately, such behavioral diversity can be difficult to model. We simplify it by assuming that such variety can be preserved
by enforcing the diversity of movement velocities (magnitude and angle) and hands visibility and correctness. Therefore, for
each candidate segment, the angles and speeds of the 28 face landmarks, 6 body arms landmarks and 20x2 hand landmarks
were computed. For each participant, two 2D histograms were computed per body part: one for the observation window and
one for the prediction window. The histograms were generated with 3 bins for speed ([0, 3), [3,6) and > 6 px/frame for face
and body, and [0, 4), [4,8) and > 8 px/frame for hands) and 11 bins for angles (equally split from — to 7) and normalized.
The raveled histograms were concatenated along with the percentage of correct/visible hands (8 values, 2 for each hand of
both participants), yielding a feature vector of size 9784 per candidate segment (4892 for each participant).

The feature vectors for all candidate segments from the validation set were grouped into N clusters with NV = 1,...19 by the
K-means clustering algorithm [71]. The inertia resulting from each clusterization was computed and is shown in [Figure 7h.
This value reached a plateau for N > 12, so we chose to classify our segments into 16 clusters. The distribution of candidate
segments per cluster was not evenly distributed (Figure 7p, left column), so a greedy sampling strategy was followed: non-
overlapping segments were selected starting from the least populated cluster. This strategy yielded 598 validation segments
(37.4 £ 10.4 segments per cluster) following a more uniform distribution (Figure 7p, right column). Same clusters were used
to classify the test candidate segments, resulting in 278 test segments (18.5 &= 13.6 segments per cluster).

IV. METHODOLOGY

In this section, we first describe the pre-processing steps we apply in order to prepare our landmark annotations, metadata
and audio feature vectors. Then, we propose a recurrent architecture which attempts to solve the behavior forecasting problem.

A. Pose representation

There are several challenges associated to our automatically extracted skeleton annotations. In the first place, our three
skeleton entities (face, body and hands) were independently extracted. As a result, the depth coordinates are not within the
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Fig. 7. In (a), the inertia curve when clustering the candidate segments according to their feature vectors into 1 < N < 19 groups. In (b), distribution of the
candidate segments (left column) and the sampled final segments (right column) from the validation and test sets (top and bottom rows, respectively).

same plane. This makes it more difficult for the model to extract useful insight from the 3D coordinates. Secondly, we need to
detach our predictions from the image space in order to compress the subspace of poses that the network needs to model. At
the same time though, the location and trajectory of the person within the video view (e.g., centered, closer to its interlocutor,
etc.) is relevant and strongly determines their future behavior. Therefore, our predictions cannot be fully trajectory-agnostic.

The first challenge is not solvable, so we assume that our three spaces of coordinates will be independent and that the
depth coordinate may become an important source of noise. In order to alleviate the second problem, some works propose
working with offsets instead of poses. This strategy isolates the input and the predictions from the image space, and thus
simplifies the subspaces where they belong to [20], [72]. Unfortunately, this solution would aggravate the third problem, as it
completely detaches the behavior forecasting from the person position in the scene. In order to find the right trade-off, recent
works have shown that mixing root-relative position, velocity and acceleration is beneficial for future poses forecasting [73]],
[74]. Following this trend, we combine the joints’ root-relative positions and their offsets to create our input. To do so, we
define three roots: 1) the middle point between both eye pupils, 2) the middle chest joint, and 3) the middle knuckle. They are
used to define the face, body and hands root-relative coordinates, respectively, which are computed by subtracting the roots’
(z,y, z) coordinates from each joint’s (z,y, z) coordinates. The offsets from frame ¢ correspond to the difference between
coordinates in frames ¢t — 1 and ¢. We store the values of the roots as the trajectory of each skeleton entity.

In order to reduce the complexity of our problem, we only worked with a subset of landmarks. Landmarks were chosen
according to their relevance for human behavior analysis. For face, we only kept 28 landmarks: 5 landmarks per eyebrow, 3
landmarks per eye (4 inner points averaged as the eye center, and both end points), 5 landmarks per lip (computed by averaging
the top and bottom edges of each lip), and the 2 mouth extremes. From body, we only kept the 10 upper-body joints (skipping
the head joint). We kept all the landmarks of the fingers (4 joints each) and discarded the wrist one, which is especially noisy.
Missing face, body or hands were replaced by an array of zeros. Additionally, the trajectory of the roots within the image also
needs to be predicted in order to recover the landmarks in the original video sequence. Therefore, the image coordinates of
the face root were included as an extra landmark, and the image coordinates of the body and hands roots replace the roots’
root-relative coordinates, which are 0. As a result, the full-body skeleton consists of 79 landmarks.

B. Metadata and audio

Our work includes a first attempt to leverage multimodal data to forecast future behavior. To do so, we pre-processed the
metadata and the audio so that it could be easily fed into any network.

Metadata. We associate an array of metadata values to each segment which contains two types of information: participants
and session data. For the former, the age, gender, country of origin, education level and self-reported personality (Big Five
traits [73]: openmindedness, conscientiousness, extraversion, agreeableness and negative emotionality) are included for each
participant. For the latter, the language spoken, the relationship between participants (known or not), and the pre-session
mood. The mood was assessed with 8 categorical values: good, bad, happy, sad, friendly, unfriendly, tense, and relaxed. First,
categorical variables were transformed to numerical ones by assigning an integer to each possible value. All values were then
normalized to the [-1,1] range using their statistics in the training sessions. The metadata arrays contained a total of 39 values
(18 for each participant and 3 for the session).

Audio. The audio feature extraction was done with VGGish [[76], which was specifically developed for the audio modality.
The pre-trained weights were learned on the popular YouTube-8M dataset [77], and the model generates feature vectors of
size 128 for audio chunks of 1 second. Therefore, we extracted and concatenated 4 non-overlapping feature vectors from the
audio of each segment’s observation window of 4 seconds. As a result, the size of the audio feature vector is 512. All audio
feature vectors were normalized to the [-1, 1] range using the statistics from the training sessions.
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Fig. 8. Proposed Seq2seq architecture for future behavior forecasting based on skeletons. The skeletons are embedded and then recurrently fed into a long

C. Architecture

short-term memory encoder (LSTM). The beginning of the decoding process is triggered by the last observation. The decoded future poses are recurrently
embedded and sent through the decoder until the whole sequence of future poses is predicted.

The proposed architecture is based on the sequence-to-sequence (Seq2seq) model, originally adopted from the natural
language processing field [10], see The choice of this architecture lays on the idea that the skeleton behavior from
the observation window can be encoded into a feature vector representation (two if we use a LSTM unit as recurrent cell),
which can be merged with the last observed skeleton to effectively predict the next skeleton pose. To do so, the root-relative
positions of the participants’ skeletons and their offsets are concatenated, flattened and then embedded by going through a

dense layer followed by a non-linearity. In our unimodal and main approach, the embedded input from each participant is
treated independently and fed to the same encoder. This means that we are not including information from participant 2 to

predict the behavior of participant 1 (we include an experiment which does, in [subsection V-D). Finally, the last observation
(i.e., the landmarks from the last frame of the observable window) is fed to the decoder (also shared between both participants)
which also uses the encoder’s last hidden and cell states to predict the pose offsets. These offsets are added to the coordinates

of the previous skeleton in order to generate the next pose, which is again fed to the decoder. This process is repeated until
the whole prediction sequence is generated.

In the final model, both encoder and decoder consist of a one-layered LSTM unit. The choice for the non-linearities is a
leaky ReLU with negative slope of 0.01. The layers’ configurations have been experimentally set. The output of the embedding
layer is 512, and the sizes of the LSTM’s hidden and cell states are 1024. The output size is 1024 for the two sequential linear
layers. The network has a total of 15.2 millions of parameters.

V. EXPERIMENTS AND RESULTS

In this section, we present the experimental results of this work, which mainly focuses on the recurrent Seq2seq approach.
We first show the importance of choosing an appropriate input structure, the effects of dataset scaling and how the recurrent
approach outperforms the two considered baselines. Then, we extensively discuss the trade-off between short (< 400ms) and
long-term (< 2s) predictions, and the benefits of focusing on one body part at a time instead of predicting all of them at once.

Finally, we evaluate the contribution of the different modalities (e.g., dyadic information and audio features) when added to
the baseline (i.e., only skeleton landmarks).

Baselines. The simplest baseline for behavior forecasting using skeletons consists in propagating the landmarks from the
last observed frame into the future, as if the person froze once the observation window finished (zero-velocity baseline), see
[Figure 9a. While it may seem counterintuitive, the zero-velocity baseline has been proven a very strong and difficult to improve
baseline [20]. This is especially true in our use case where most parts of the participants body remain static while listening to
their partner’s speech. We also include a baseline inspired by the temporal convolutional networks (TCN) [78]]. This network
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Fig. 9. In (a), a visual example of the zero-velocity baseline. It propagates the last observation into the future predictions as if the participant became frozen
immediately after starting to predict. In (b), a graph representing the participants (nodes) and the sessions (edges connecting their two participants) from the
training set of the UDIVA dataset v0.5. In red dashed lines, the two sessions removed in order to extract an independent validation set (blue nodes).

is bigger than the Seq2seq (30.9M) as we experimentally found that bigger dense layers at the output yielded better results.
TCNs have proven to work as well as recurrent models in many practical applications [79]. Their main advantage is that
they can model long-range dynamics with relatively few parameters. However, their main disadvantage is the fixed size of the
output sequence. Our TCN architecture is simple and consists of three 1D temporal convolutions (64, 128 and 256 kernels of
size 3), followed by a convolution with 1 filter which efficiently fuses the output of the convolutions before feeding it to two
sequences of a dense layer followed by a non-linearity (Leaky-ReLU). In this work, most methodological exploration focuses
on the recurrent approach, as the length of the sequence to be predicted can be dynamic, which suits very well the needs of
this project.

Dataset. We trained our models with the training set from the UDIVA v0.5 dataset. We split its 116 sessions (99 participants)
into training (90%) and validation (10%) subsets. In order to avoid any participant appearing in sessions from both sets, two
sessions were removed (040090 and 098126), see . As a result, training and validation splits contained 102 and
12 sessions, respectively. From each session of the training set, consecutive segments of 150 frames with a stride of 1 were
extracted. For the validation sessions, the stride was set to 100. From both set of segments, segments with a missing hand in
the last observed frame but visible in the sequence to predict were filtered out. The rationale behind this decision is purely
conceptual. Since the network’s output are offsets, we can’t reconstruct the full skeleton of the predicted sequence in the image
space if the hand is missing in the last frame of the observation window.

Implementation details. The network was trained to predict the displacement offsets for each landmark. It was trained by
minimizing the mean squared error (MSE, see between the 2-dimensional joints from the predicted sequence,
which is reconstructed from the predicted offsets (Y'), and those from the ground truth (Y). In our scenario, 7' = 50. N varies
in function of the experiment, i.e., the parts of the body we predict. For the scenario where all body joints are predicted,
N = Ntace + Noody + 2 Npana = (28 +1) + 10+ 2 - 20 = 79, see Section for more details.

T N
1 N
MSE = —— Y —Y)? 1
N T ; ;( LY ()
We train all the instances of our architecture with the AMSGrad variant of the Adam optimizer [80] (weight decay to 0.001,
51 =10.9, B2 = 0.999 and a batch size of 512) with learning rate set to 0.0001, and dropout to 0.5 (0.3 for the TCN). Early
stopping was applied to all the models when validation loss stopped decreasing for 10 epochs in a row.
Evaluation metrics. The MSE described above is computed in the root-relative space of coordinates to avoid reconstructing



MASTER THESIS DISSERTATION, MASTER IN COMPUTER VISION, SEPTEMBER 2021 12

Architecture Tasks  Input* | MPJPE ST MT LT | FDE A

Zero-velocity baseline - - ‘ 24.56 9.61 2395 3275 ‘ 35.33 0.00

TCN Talk {0,1} 2522 1024 2479 3323 | 3545 70.13
TCN All {0,1} 25.45 1029 25.00 33.57 | 3572 66.63
Seq2seq Talk {0,1} 24.78 9.69 2419 33.03 | 3550 40.92
Seq2seq All {0,1} 24.19 953  23.62 3219 | 34.62 38.62
Seq2seq All {0} 24.27 971  23.85 32.07 | 3437 3693

Table II. Comparison of the proposed Seq2seq model against the zero-velocity baseline (propagating last observation into the future) and the temporal
convolutional baseline (TCN). While TCN does not scale well with the dataset size, the Seq2seq model benefits from training with all the tasks (4 times
more data). As a result, our model beats the zero-velocity baseline. Including the first order input helps the network to better model short-term behaviors. *
Zero (0, landmark positions) and first (1, velocity offsets) order inputs. MPJPE: Mean Per Joint Position Error, ST: Short-Term (0-400ms), MT: Mid-Term
(400ms-1.2s), LT: Long-Term (1.2-2s), FDE: Final Displacement Error, A: divergence.

the pose in training time. In exchange for their straight-forward and fast computation, they do not provide us with information
on the real distance between the model predictions and the ground truth. Therefore, we evaluate our trained models with the
Mean Per Joint Position Error (MPJPE), which has been broadly used in the past for the evaluation of pose estimation methods
[81], [82]. It is computed as the mean of the L2 distances between the ground truth and the predicted landmarks in all frames.
We also present three MPJPE variants: the short-term (ST), the mid-term (MT), and the long-term (LT) versions by restricting
it to the intervals of frames 1-10 (0-400ms), 11-30 (400ms-1.2s) and 31-50 (1.2s-2s), respectively. We also calculate the Final
Displacement Error (FDE) [83], which corresponds to the MPJPE of the last predicted frame of the sequence, and helps to
depict divergences in the very long-term. Similarly to the loss computation, missing body parts were skipped. Finally, we
compute the divergence (A) as the norm of the predicted offsets from all frames. This metric quantifies the amount of motion
in the predicted sequence of skeletons.

Evaluation segments. The evaluation was performed on the raw annotations of the UDIVA v0.5 validation set (18 sessions),
hereafter referred to as test set. We grouped all the training segments into 30 clusters with K-means algorithm, using the feature
vectors described in Section without the correct flag. These were used to classify the consecutive overlapping segments
extracted from the test set (stride of 1). Then, these were greedily sampled to generate the set of 1616 non-overlapping test
segments used to evaluate our models.

A. Input order and dataset scale

As previously discussed, recent works argue on the benefits of including first and second order inputs (landmarks’ position
and velocity offsets, respectively). This assumption goes along with our experimental results, which show that the proposed
Seq2seq approach benefits from the inclusion of first order inputs, see MPIJPE decreases from 24.27 to 24.19 mainly
due to the improvement in the short-term period (decreases from 9.71 to 9.53), which may be a sign that the first order
information helps the network to model the dynamics of the joints. Although these results may not be meaningful, we include
the first order information in our experiments so that the network can choose whether such information is relevant for the task.

Human behavior is very complex and the amount of possible scenarios in a dyadic interaction is huge. As a result, the
dimensionality of the observation and prediction spaces that we are trying to map is very high. In order to assess the importance
of the training dataset size when modelling such a complex scenario, we compare a model trained with only the Talk task
against a model trained with all the tasks (roughly four times more segments). The results show how the TCN performance
does not scale very well with the dataset size, and even presents a slight decrease of performance (MPJPE from 25.22 to
25.45). This may suggest that the network capacity is limited and that bigger TCNs should be explored for exploiting the
extra data, as incorporating new tasks also extends the space of task-specific behaviors. Visually, predictions made by the TCN
are very jittery and tend to deform, which is expressed as a high divergence (A > 65). This does not match previous works
stating the robustness of TCNs against long-term deformations [17]]. However, we hypothesize that this effect is caused by our
predictions being offsets instead of coordinates, which may eventually force the TCN to act as a recurrent model and therefore
complicate its training.

On the contrary, the Seq2seq network, although having roughly the same number of parameters, scales very well with the
dataset size and outperforms the TCN in both scenarios (MPJPE of 24.78 against 25.22 with Talk only, and 24.19 against
25.45 with all tasks). Interestingly, the main benefit from training the Seq2seq with all tasks resides in the long-term MPJPE
(33.03 to 32.19), compared to the small improvement for short-term predictions (9.69 to 9.53). Reasonably, the bigger size
of the dataset might help the model to learn long-range behaviors. To state the difficulty of beating the zero-velocity baseline
(MPJPE=24.56), note that our model beats it only when trained with all the dataset tasks (MPJPE=24.19).

B. Short/Long-term trade-off.

In this section, we compare our approach to another model (Seq2seq_ST) trained with a less ambitious goal: minimizing the
MSE only for the first 10 frames (400ms, compared to the standard MSE considering a future of 2s), therefore ignoring the
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‘ MPIJPE ST MT LT ‘ FDE A

Zero-velocity baseline

All 24.56 9.61 2395 3275 | 3533  0.00
Face 17.86 6.08 17.19 2440 | 26.11 0.00
Body 10.50 3.85 10.12 1421 | 1542  0.00

Hands 37.75 15.88 37.79 4937 | 53.01 0.00

Seq2seq_ST - Short-term

All 25.04 9.11 23774 3442 | 38.12 59.08
Face 18.04 5.73 16.98 2525 | 27.62  20.19
Body 10.92 3.75 10.17 1524 | 17.10 11.06
Hands 38.63 15.05 37.62 5236 | 5799 52.83

Seq2seq_LT - Long-term

All 24.19 9.53  23.62 32.19 | 34.62 38.62
Face 17.56 6.04 1698 2390 | 25.62 17.62
Body 10.60 3.85 10.20  14.36 | 15.61 8.00
Hands 37.02 1572  37.08 4832 | 51.56 32.56

Table III. Evaluation results of the proposed Seq2seq model trained by minimizing the short-term mean squared error (MSE for frames within 0-400ms)
compared to minimizing the standard MSE (long-term, frames within 0 — 2s). The results show how our short-term approach (Seq2seq_ST) considerably
outperforms the zero-velocity baseline in the short-term MPJPE (ST) in return for a lower performance in the long-term (LT). The opposite effect is
observed for the long-term approach, Seq2seq_LT, which also predicts more static behaviors, especially for hands (lower A than Seq2seq_ST).

Short-term MPJPE (<400ms) B Zero-velocity [ Seq2seq_ST [ Seq2seq_LT Long-term MPJPE (400ms-2s)
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Fig. 10. In (a), boxplot of the short-term MPJPE for the whole skeleton. The zero-velocity baseline is compared to the Seq2seq models trained with short-
and long-term losses (Seq2seq_ST and Seq2seq_LT, respectively). Results from the segments of the six most representative test clusters are shown for both
session participants. In (b), same results for the long-term MPJPE. Although not being explicitly trained for long-term behavior modeling, the Seq2seq_ST
beats the zero-velocity baseline with respect to the LT MPJPE of the full skeleton in segments with more movement (participant 1, clusters 8, 13 and 22).
However, the Seq2seq_LT still offers the lowest LT MPJPE in those and outperforms the Seq2seq_ST in more static segments (participant 1, clusters 0, 11
and 27). However, in such static scenarios, the zero-velocity baseline still presents lowest MPJPE.

mid and long-term futures (400ms-2s). Results for the whole skeleton, and split by body part, are shown in Although
the intuition would make us expect a decrease in the short-term MPJPE and a dramatic increse in the mid- and long-term
MPJPEs compared to original model (Seq2seq_LT), only the former effect is observed (from 9.53 to 9.11). Interestingly, the
MT MPIPE only raises from 23.62 to 23.74, which still outperforms the zero-velocity baseline (MT=23.95), while the LT
MPIPE effectively increases by a larger margin (from 32.19 to 34.42). These results are aligned to prior work pointing out
that acquiring the ability to predict longer sequences in the future harms the model performance in the short-term, and vice
versa. In return though, predictions from the short-term approach tend to be more dynamic and less conservative (A is 52.9%
higher than Seq2seq_LT). Combined with its considerably higher FDE value (34.62 and 38.12 for long- and short-term goals,
respectively), it suggests that predictions from Seq2seq_ST tend to increasingly diverge from the ground truth as we move
farther into the future. This effect is validated by visually inspecting the results. On the contrary, when the model aims at
longer futures, outputs become more static and less adventurous. This effect is driven by the future stochasticity and resembles
the blurring observed in future image prediction [11].

While some of the test segments contain sequences of joints with little to no movement, others present fast motions. It is
difficult to assess and compare the performances of our models in such diverse dataset. Clusters used for the retrieval of test
segments are used for the sake of a fairer comparison. In we show the distributions of MPJPE per segment and
participant (each cluster may be conceptually different in a participant basis) in the six most populated clusters (including at
least 80 segments each and a 49% of the whole test set in total). When looking at the ST MPJPE (Figure 10p), its average value
for the Seq2seq_LT never beats the baseline, showing its poor short-term prediction capabilities. The Seq2seq_ST, instead,
outperforms the zero-velocity baseline in two clusters (participant 1, clusters 13 and 22). On the other hand, the LT MPJPE
(Figure T0b) results are clearer: the long-term Seq2seq beats the short-term one in almost all the clusters (9/12). The baseline
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we plot now the MPJPE distributions per part of the body. This fine-grained analysis shows that the differences in MPJPE

observed for some clusters in the long-term are originated in the face and hands predictions. For body, the performance from our approach do not differ much
from that of the zero-velocity baseline.
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Fig. 12. Analysis of the divergence (quantity of movement) of the predictions from Seq2seq versions trained with short and long-term loss functions (0-400ms
and 0-2s, respectively). In (a), divergence boxplots for both models split per participant into the 6 most popular clusters in the test set. The lower divergence
of the LT model is consistent in all clusters. In (b), the relationship between divergence and MPJPE per cluster, model (ST on the left and LT on the right)
and body part (top, middle and bottom for face, body and hands, respectively). We observe a high linear correlation between divergence and MPJPE, which
hints that the more risky predictions are, the more they tend to miss the real future behavior, particularly for hands and body.

keeps its advantage over our models only in clusters with very static segments (low MPJPE for the zero-velocity baseline):
clusters 0, 11 for participant 1 and clusters 8, 22 and 22 for participant 2. [Figure 11| replicates the analysis for each part of the
skeleton. It shows that most of the gains observed in some clusters from the whole picture come from the face and hands. We
also discern very limited improvements for the body pose with respect to the zero-velocity baseline, which could be driven by
its highly static and fairly noisy nature.

Similarly to our test set containing segments with differences in their motion, our models also predict sequences with diverse
motion degrees. We have already seen that training with an eye to the long-term horizon (Seq2seq_LT) produces futures with
less motion compared to training aiming at the near future (Seq2seq_ST). In [Figure 12, this effect is exhibited split by
participant and cluster, showing its consistency across the six most populated test clusters. In order to determine the accuracy
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Fig. 13. Training and validation losses for the Seq2seq models trained forecasting a short-term future (Seq2seq_ST) and a long-term future (Seq2seq_LT). For
visualization purposes, the early-stopping was deactivated. We observe how training for the long-term future leads to earlier divergence (5000 steps) compared
to training for the short-term future, whose validation loss keeps decreasing for a longer time (15000 steps).

Input  Loss ‘ MPIJPE ST MTpg LTr ‘ FDEp Input Goal ‘ MPIPE STy MTgy LTy ‘ FDEg
Seq2seq_ST (< 400ms) Seq2seq_ST (< 400ms)

Full Full 18.04 573 1698 2525 | 27.62 Full Full 38.63 15.05 37.62 5236 | 57.99
Full Face 18.16 5.32 16.40  26.33 30.46 Full Hand 37.55 15.17 37.18 49091 54.25
Face  Face 17.25 528 16.00 24.50 | 28.03 Hand Hand 37.46 1520  37.02 49.76 | 53.59
Seq2seq_LT (< 2s) Seq2seq_LT (< 2s)

Full Full 17.56 6.04 1698 2390 | 25.62 Full Full 37.02 1572 37.08 48.32 | 51.56
Full  Face 16.79 571 16.25 22.88 | 24.33 Full  Hand 36.91 15.72  37.06 48.13 51.50
Face  Face 16.69 5.65 1628 22.64 | 24.08 Hand Hand 36.94 15.82 37.08 48.10 | 51.46

Table IV. On the left, the results of our model trained with the full skeleton compared to the model trained with only the face aiming at predicting the face
behavior. On the right, same comparison for hands. For face, training with only face as input yields the best results for both short and long-term goals.

of our models when making risky and dynamic predictions (e.g., clusters 0, 11, 13 for participant 2) compared to static and
conservative ones, we plot the pairs of average divergences and MPJPE for each body part (face, body and hands). We find
that the MPJPE and the divergence for both ST and LT Seq2seq versions are highly linearly correlated for body (p = 0.87 and
0.90) and hands (p = 0.94 and 0.92), which means that risky predictions tend to be wrong. However, this linear correlation is
not so strong for face (p = 0.73 and 0.76, respectively), see [Figure 12p. In fact, the plot shows some highly divergent clusters
with MPJPE values as low as other less divergent clusters. This represents an indicator that our model behaves remarkably
better for face than for body or hands.

Although our best model beats the zero-velocity baseline, we still have a big margin of improvement and are far from
predicting sequences which could be mistaken by real behaviors. This is also reinforced by the visualization of the training and
validation loss curves, see Although the training loss keeps decreasing, proving the model as capable of modeling
the behaviors from the training set, it quickly overfits. Thanks to the early-stopping, the final training and test MPJPE do not
differ much for neither the short-term model (21.38 and 25.04) nor the long-term model (20.48 and 24.19).

C. Holistic contributions.

A question that quickly arises when predicting three different body parts is whether training a model to predict the behavior
of each part would work better than training a generic model to predict all of them at once. To answer this question, we
trained expert models for each part of the body. Each of them was trained twice with different inputs: with the past observation
of 1) the whole body, and 2) only the part to be predicted. Results are summarized in For face forecasting with
Seq2seq_LT, the model clearly benefits from restricting the prediction to the face, as the MPJPE decreases from 17.56 (whole
skeleton as both input and output) to 16.79 (whole skeleton as input) and 16.69 (only face as input). This improvement is
especially boosted for Seq2seq_ST with face as both input and output, improving the MPJPE from the original score of 18.04
to 17.25. Although this phenomenon is also observed for Seq2seq_ST with hands (MPJPE from 38.63 to 37.55 and 37.46
when using the whole skeleton and only hands, respectively), it is not translated to the Seq2seq_LT model (small decrease
from 37.02 to 36.91 and 36.94). Again, this could be a sign that the network learns to model the face better than it does for
the other parts of the body. The rigidness of the head, the bounded dynamics of the face landmarks, and the limited facial
expression captured could explain this superiority.

Interestingly, the higher dimensionality of the full body input made both the short and long-term Seq2seq models overfit
faster. Still, they eventually reached a similar minimum in the validation loss curve. This suggests the need of bigger datasets
for effectively exploiting the additional knowledge provided by the whole skeleton dynamics.
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Architecture | MPJPE ST MT LT | FDE A

Seq2seq_ST: short-term goal (< 400ms)

Unimodal Seq2seq 25.04 9.11 2374 3442 | 38.12  59.08
Seq2seq w/ dyadic 25.02 9.18 2384 3422 | 3757 5844
Seq2seq w/ metadata (v1) 24.99 9.14 2376 3425 | 37.60 60.03
Seq2seq w/ metadata (v2) 24.59 9.21 23.62 33.34 | 3629 50.80
Seq2seq w/ audio (v1) 24.16 9.13 2339 3255 | 3529 5033
Seq2seq w/ audio (v2) 24.70 9.17 2373 3355 | 3655 56.56

Seq2seq_LT: long-term goal (< 2s)

Unimodal Seq2seq 24.19 9.53 23.62 3219 | 34.62 38.62
Seq2seq w/ dyadic 24.13 9.54 2364 3201 | 3430 3725
Seq2seq w/ metadata (v1) 24.16 9.56  23.66 32.06 | 3450 36.37
Seq2seq w/ metadata (v2) 24.02 9.53 2354 31.84 | 34.14 3645
Seq2seq w/ audio (v1) 24.23 9.54 23.69 3220 | 3462 41.12
Seq2seq w/ audio (v2) 24.15 9.54 2364 32.05 | 3428 3877

Table V. Comparison of the proposed model with its multimodal versions including dyadic information, participants’ metadata and audio. Although small
gains are observed when including audio in the Seq2seq_ST model, multimodal approaches do not consistently improve the unimodal model in either the
short or long-term goals.

D. Multimodality.

Apart from the landmarks annotations used until this point, the UDIVA dataset includes data from a wide range of sources:
speech, transcriptions, metadata, image/video, etc. Merging this data so that the network can leverage it and improve the overall
results is challenging. In this section, we make a first attempt to merge some modalities.

Dyadic. In order to include information about the interlocutor’s behavior, we assume it to be another modality. To do so, we
feed the encoded hidden and cell states from participant 1 into a linear layer (output of size 64) followed by a non-linearity
(leaky relu). The resulting hidden and cell embedded vectors of size 64 are concatenated into the encoded hidden and cell
states from participant 2 before being fed to the decoder. And vice versa. Therefore, the decoder is aware of the interlocutor’s
behavior during the observation window.

Metadata. We tested two merging methods. In the first (v1), we simply concatenate the metadata array of participant 1 (2)
together with the session metadata array and their embedded pose before being fed to the encoder/decoder of participant 1 (2).
The second approach (v2) concatenates the metadata array of participant 1 (2) and the session metadata to the hidden and cell
states of the encoder of participant 1 (2) before sending them to the corresponding decoder.

Audio. The audio feature vector of the whole segment (of size 512) is embedded into a feature vector of size 64 by feeding
it into a sequence of non-linear (as suggested by the authors in [76]), linear, and non-linear layers. The two versions vl and
v2 merge the audio feature vector in a similar way to the ones described above, replacing the metadata array by the audio
feature vector.

Results for all the multimodal models tested are summarized in The main benefits from including extra information
should come in the long-term scenario. However, results are, in overall, inconclusive. It looks like the audio may help a
bit for the Seq2seq_ST, but such differences are not translated to the Seq2seq_LT model, where all the tested multimodal
models perform equally. We hypothesize that the inclusion of dyadic, metadata and audio information greatly expands the
dimensionality of the problem and that more data is needed in order to take advantage of them. Indeed, by plotting the training
and validation losses from the Seq2seq_LT, see we observe that the multimodal metadata versions of the model
overfit slightly faster than the unimodal model. However, better ways of fusing the multimodal information need to be explored
and tested, as how to properly incorporate information from different time scales, semantics, etc, is a huge research topic.

VI. CASE STUDY - ICCV’21 DYAD CHALLENGE

In parallel to this work, we co-organized the ICCV’21 DYAD Challenge, which aimed at advancing and motivating the
research on visual human behavior analysis in dyadic and small group interactions. The challenge used the here described
UDIVA v0.5 dataset. In this section, we present the metrics of the challenge and use them to compare our best models with
respect to the baseline and the participants.

A. Evaluation metrics

The objectives of both the DYAD’21 behavior forecasting challenge and this work could be split into 3: accurately predicting
face, body and hands trajectory and motion. A suitable metric for such goals should 1) encourage realistic future predictions
and 2) avoid penalizing dramatically outlier predictions. The first constraint prevents us from using any distance metric
(e.g., MPJPE), as any corrupt prediction would penalize the final score too heavily. Instead, upper bounded metrics could
be considered. The second constraint is quite challenging though. While realism can be easily assessed from a qualitative point
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Fig. 14. Training and validation loss while training the Seq2seq_LT and their multimodal versions including metadata. Early stopping was deactivated in
order to observe how quickly the validation loss diverges. We observe that by including the metadata makes the model overfits slightly faster..

of view, providing a quantitative score is not trivial. Instead, we propose a set of broadly adopted metrics in pose estimation
which already implicitly imply such realism.

1) Face: the area under the curve (AUC) of the cumulative error distribution plot (CED). It is computed up to the 25%
of the inter-pupil distance. Such distance is defined by averaging the distance between the landmarks of both pupils in
all participant frames. Although the most common upper bound for the CED was 10%, we relax it due to the superior
difficulty of our problem [84]. Only frames with correct face landmarks are considered (Mg). 100 bins are considered
for the AUC calculation.

o M
F= AUOCEFD(O:O.QS)

2) Body: the percentage of correct keypoints (PCK) up to 50% of the head size [85]. This value is computed for each
body joint and averaged to get the body score. While high values for this metric do not implicitly imply body realism,
we do not consider this a problem given the static nature of the body in dyadic conversational scenarios. Only frames
with correct body pose are considered (Mp). In order to contemplate the higher levels of noise present in the body
annotations, only 10 bins are considered for the PCK scores computation.

P
1
B := - Z AUcngi(O;Oﬁ)’ P := #body-joints considered
i=0

3) Hands: the AUC of the success rate (SR) [86] plot up to the 50% of the palm size. The palm size is defined as the
distance between the knuckles of the index and the little fingers. The final hands score is the average of this value for
both hands. Only frames with correct hand landmarks are considered (Mp and Mp). 100 bins are considered for the
AUC calculation.

M M
H"+ H" _ (AUCGR, (0:0.5) T AUCS R, (0:0.5))
2 2

In the challenge, participants were ranked according to each of these metrics. The participant with the lowest average rank
was declared the winner.

H =

B. Challenge results

In these section, we present the results of our best models with the metrics of the competition. The characteristics of the
segments to predict are the same as the ones used in our experiments: an observation window of 100 frames (4 seconds),
and a prediction window of 50 frames (2 seconds). The skeleton annotations from the observation window were cleaned as
explained in Section [[II-B

Validation set. If we naively used the Seq2seq_LT model to predict the 50 future frames, we would score 0.268, 0.856,
0.340 for face, body and hands, respectively. These are far from the baseline values of 0.292, 0.859, 0.395. Similarly, if we
used the Seq2seq_ST model instead, we would get worse results for body and hands (0.272, 0.850, 0.302), which matches
the results from our experiments with MPJPE. The reason behind this is that the challenge metrics are very strict and greatly
penalize wrong predictions. Unfortunately, given the stochasticity of the future, our model will unavoidably output wrong
sequences of future poses from time to time. In order to compensate for those errors, the network would need to perfectly
predict many segments. This is not feasible. Instead, we attempted a very conservative strategy. We knew that our models
made better predictions for the short-term future. Therefore, we explored whether by using them to predict very few frames,
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Fig. 15. Performance of the proposed models in the validation stage of the DYAD challenge split by face (left), body (middle) and hands (right). The x
axis corresponds to the number of frames predicted before replicating the last predicted pose into the future (in a similar way the zero-velocity baseline is
generated). For a better visualization, the bottom row plots zoom in the low values of x from the top row plots. The maximum is reached after predicting few
frames, and quickly decreases as we dare to predict further due to the highly penalizing challenge metrics. * Model using only face as input.

Validation Test
Architecture Face Body Hands Face Body Hands

Baseline 0.2917 0.8593  0.3950 0.3458  0.8897  0.5392
Team 1 02917  0.8593  0.3955 - - -
Team 2 0.1585 0.7991  0.1723 - - -

Seq2seq_ST - Face (10-0-0%)  0.3037 - - 0.3525 - -
Seq2seq_ST - Full (7-4-2%)  0.2960 0.8598 0.3956 0.3465 0.8898  0.5399
Seq2seq_LT - Full (5-5-0%)  0.2924  0.8594 0.3950 0.3457 0.8896  0.5392

Ensemble of models  0.3037  0.8598  0.3956  0.3525 0.8898  0.5399

Table VI. Final results of our proposed model for the validation and test stages of the DYAD challenge. The best models in the validation stage were used
as an ensemble of models to combine the benefits from each of them. Scores for the baseline (propagating last observation to the future frames) and other
participating teams are also included. *Number of frames predicted before freezing face, body and hands, respectively.

N, before applying zero-velocity (propagating the last predicted pose into the future), we improved the zero-velocity baseline
(propagating the last observed pose into the future). plots the challenge metrics in function of the choice of N for
several models. We observe that this strategy indeed improves the baseline for very few frames (< 400ms for face and less
than < 200ms for body and hands) before quickly falling as more frames are predicted before the static propagation. By using
this strategy along with the Seq2seq_ST, we scored (0.296, 0.858, 0.3956) with N = 7, 4 and 2 frames for face, body and
hands, respectively, see All of them improved the zero-velocity baseline. Additionally, we used the Seq2seq_ST
model trained to predict only the face behavior (which improved the face MPJPE, as described in Section [V-C) to increase
the face score to 0.3037.

Test set. For the test stage, participants only had three attempts to submit their predictions. Therefore, only the best performing
models performing at validation stage should be submitted to the test stage. In order to combine the benefits of our best models,
we merged the Seq2seq_ST for full body and the Seq2seq_ST for face into an ensemble of models. From the former, we kept
its body and hands predictions with N = 4 and 2, respectively, which were the best values from the validation stage. Similarly,
from the latter, we used its face predictions with N = 10. As a result, we scored 0.3525, 0.8898, 0.5399 for face, body and
hands, respectively, and outperformed the baseline for all the parts of the body (0.3458, 0.8897, 0.5392), see

VII. CONCLUSIONS AND FUTURE WORK

In this work, we introduced an extended version of the UDIVA dataset (v0.5) with automatically extracted face, body and
hand annotations which were refined through a series of post-processing steps. These annotations were used to tackle the future
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behavior forecasting in dyadic interactions. In an attempt to solve this problem, we proposed a recurrent Seq2seq architecture
which learns to predict the future behavior more accurately than the zero-velocity baseline, even for long prediction windows
(up to 2 seconds). Although the overall results were not outstanding, this superiority suggests that our model is, in fact,
learning behavioral routines up to certain degree. This is especially true for face, whose predictions visually resemble realistic
behaviors. We also made a first attempt to use multimodal information to improve our predictions, although results showed no
improvements over the monomodal model. Finally, to assess the potential of our model, we tested it in a behavior forecasting
competition. Our model beat the zero-velocity baseline and the two teams that were participating until the day of submission
of this thesis.

As in many other machine learning applications, the biggest limitation of this work resides in the data. On one side, the
complexity associated to modelling human behavior is huge. The number of variables and possible scenarios during a human-
to-human interaction is immense. In order to train a model which is able to model all these scenarios, we need to generate
a training dataset which illustrates such variability. On the other side, our dataset annotations were automatically extracted
and, as a result, are very noisy. This could help to explain the inferior capacity of our model to forecast the hands and body
behaviors compared to that of the face, for which annotations were significantly more accurate.

Another limitation lies in the test segments whose last observation does not include the hand landmarks due to either the
hand being hidden under the table, or the algorithm not succeeding to retrieve the landmarks. Although much less often, this
scenario also happens for the body. As a result, our algorithm predicts meaningless offsets (the future missing body part of the
skeleton can not be reconstructed). This is a conceptual problem which is not currently being addressed because those segments
are filtered out from the training set. However, it could be mitigated in the future by adding a module which first inferred an
approximation of the full skeleton from which the offsets would be subsequently predicted. Similarly to this idea, we could
also take advantage of the temporal dimension of our skeleton annotations to train a model which learnt to recover the missing
landmarks in a dropout autoencoder fashion. This could be either previously trained and applied as a pre-processing step, or
included as an extra module and trained end-to-end.

Future work also includes replicating the automatic skeleton extraction with other similar datasets. Even if such datasets are
not filmed during dyadic interactions, the human behavior core is cross-sectional and shared among different contexts. Those
generic extra datasets could be used to pre-train our network weights before fine-tuning it with the UDIVA dataset. From the
technical point of view, other state-of-the-art architectures like transformers, graph neural networks or generative adversarial
networks could also be tested in the context of the UDIVA dataset. In parallel, statistical tests should be incorporated in order
to assess the significance of the differences among the performances of the models. Finally, qualitative metrics could be also
explored in order to evaluate the realism or the smoothness of the predicted skeleton sequences.
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APPENDIX A
HANDS POST-PROCESSING

The appearance of the interlocutor’s hands is very frequent in the views used for this work (FCI and FC2), as can be
observed in In such scenarios, the extraction methods may generate landmarks for more than one person. We easily
retrieve the face and body of interest by selecting the most centered set of landmarks. Unfortunately, the highly sparse set of
locations where the hands of interest appear overlaps with those from the confounding hands (the interlocutor’s). This sets
off a high number of frames where the hand of interest can be easily mistakenly chosen. The same applies to the right-left
association to the hands, which might be wrong if the arms of the person are crossed. By default, the hands estimator module
[66] associates the left/right label if the detection is the closest to the left/right body elbow (which is inferred in parallel). This
assumption becomes especially erroneous for the aforementioned crossed-arms scenario.

In order to minimize these errors, we sequentially applied several post-processing methods:

1) We extracted hands bounding boxes and their left/right default association.

2) We removed temporally consecutive detections with an intersection-over-union (IoU) value smaller than 0.1 (hand

switches/jumps).
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3) We looked for left/right hands temporal gaps generated by missed or removed hands. These gaps were tracked forwards

and backwards using [65]. If the bidirectional tracker eventually overlapped with the last and first detections before and
after the gap (i.e. tracked detection has an IoU with the original detection bigger than 0.25), both sequences of tracked
detections from the gap are merged and saved. If only one tracker overlapped with the other side of the gap, the merging
was skipped and only the detections from the successful tracker were stored. This step successfully recovered all the
correct detections removed in the previous step and fixed sequences of rapidly moving hands.

4) We extracted the hands landmarks inside the bounding boxes from the previous step.
5) We computed the vector from the left wrist to the left palm of the pose from the body of interest, V7, z. We also computed

the vector from the left/right wrist of the hand to the left/right middle knuckle, V1. Similarly, we computed Vi and
Ve for the right hand. If Vip - Vg < 0 and Vyp - Vry < 0, i.e. angles between the vectors of the body and both
hands differed more than 90°, the left/right associations were switched.

6) We removed the hands detections that fulfilled any of the following conditions:

o Left/right hand wrist was closer to the left/right pose wrist of the confounder body (i.e. interlocutor’s body) by a
margin of 20 pixels.

o The left hand wrist was closer to the right pose wrists by a margin of 60 pixels with respect to the left pose wrist.
Same for the right hand wrist.

7) We repeated the steps 3 and 4, filling the gaps generated by the previous step, and extracting the new and final hand

landmarks.

8) We applied the one-euro-filter to the hand landmarks with a cut-off of 0.001 and a 8 = 0.02 [87].

Some of the previous parameters were selected after statistically analyzing the properties of the resulting landmarks (e.g.
distances between hands and wrists, angles, etc.) and others by visually inspecting the erroneous results (e.g. intersection-over-
union thresholds).
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