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1. Introduction and Objectives

Artificial intelligence for human behaviour
recognition has achieved relevant progress in ac-
tivity analysis, skeleton-based action recogni-
tion, and the automatic understanding of social
interactions. However, many existing datasets
and models are still developed in controlled set-
tings and mainly represent neurotypical popu-
lations. This limits their applicability in real-
world educational and care contexts, where be-
haviours are spontaneous, social situations are
less structured, and individual variability is par-
ticularly high. These limitations are especially
relevant for people with intellectual and devel-
opmental disabilities, who remain underrepre-
sented in current Al benchmarks and whose
body behaviours may not correspond to stan-
dard action categories [3, 5].

This thesis investigates the feasibility of a
privacy-preserving pose-based pipeline for body
behaviour recognition in a daycare centre at-
tended by adults with intellectual and develop-
mental disabilities, in collaboration with Frater-
nita e Amicizia. The work does not aim to im-
plement a deployed assistive prototype or an au-
tomatic surveillance system. Instead, it focuses
on the methodological and experimental foun-

dations required to transform real-world multi-
view video recordings into anonymous skeletal
representations, annotated temporal windows,
and learning-based benchmarks.

The proposed approach follows a human-centred
perspective. The pipeline explicitly avoids facial
recognition, voice identification, emotion recog-
nition, biometric profiling, and personal identi-
fication. Only observable and non-invasive sig-
nals are considered, including body pose, move-
ment, posture, tracking continuity, and coarse
spatial relations. Manual annotations were de-
fined with the support of educators and were de-
signed to describe visible behaviours rather than
infer emotions, intentions, or clinical states.

In this context, the main objective of the the-
sis is to assess whether skeleton-based repre-
sentations can provide a learnable signal for
recognising observable body behaviours in a nat-
uralistic and inclusive setting. To this end,
the work combines multi-view acquisition, cam-
era calibration, 2D pose extraction, anonymous
tracking, 3D reconstruction, ELAN-based an-
notation, dataset construction, and learning-
Several modelling strate-
gies are explored, including SVM baselines on
interpretable 2D and 3D features, PoseC3D

based evaluation.



Overview of the video processing and pose-based pipeline
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Figure 1: Overview of the privacy-preserving video processing and pose-based pipeline.

experiments on skeleton-based representations,
and exploratory relational and annotation-aware
analyses [2, 4, 7].

Overall, the thesis shows that pose-derived fea-
tures contain a partially learnable behavioural
signal, while also revealing important limitations
related to class imbalance, occlusions, tracking
fragmentation, incomplete relational visibility,
and weak generalization across sessions. The
contribution should therefore be understood as a
feasibility and benchmarking study for privacy-
preserving body behaviour recognition, rather
than as a ready-to-deploy monitoring tool.

2. Pose-Based Data Processing
Pipeline

As summarized in Figure 1, the processing work-
flow was designed to transform raw multi-view
recordings into privacy-preserving skeletal repre-
sentations suitable for annotation alignment and
learning-based analysis'. Data were collected
in collaboration with Fraternita e Amicizia in a
real daycare environment using two fixed cam-
eras placed in complementary viewpoints of the
room. This configuration made it possible to
observe everyday activities from different per-
spectives while preserving the ecological validity
of the setting and avoiding intrusive sensing de-
vices.

'Data acquisition and processing were authorized by
Politecnico di Milano’s Ethical Committee - authoriza-
tion no. 71/2025

The raw videos were first converted into a stan-
dard format and pre-processed through camera
calibration and lens undistortion. Intrinsic cali-
bration was used to estimate the camera matrix
and distortion coefficients of each view, while the
relative configuration between cameras provided
the geometric basis for the multi-view branch.
This step was necessary to obtain more consis-
tent observations across views and to support
subsequent 3D reconstruction.

For the 2D branch, human poses were extracted
independently from each camera view. FEach
detected person was represented through body
landmarks, from which anonymous tracks were
constructed over time. Since the recordings were
collected in an unconstrained real-world envi-
ronment, pose extraction was affected by oc-
clusions, seated postures, partial visibility, and
close interactions between people. For this rea-
son, the tracking pipeline was refined to favour
temporally consistent trajectories, remove short
or low-quality detections, and preserve informa-
tive partial upper-body poses when the full body
was not visible.

A further stitching step was applied to reduce
track fragmentation. Compatible track seg-
ments were merged only when temporal, spa-
tial, and geometric consistency criteria were sat-
isfied. This strategy was intentionally conser-
vative: uncertain associations were discarded
rather than forcing potentially incorrect iden-
tity links. As a result, the pipeline produced
anonymous person-level trajectories suitable for



alignment with manual annotations, without re-
lying on face recognition, appearance matching,
voice identification, or biometric information.
In parallel, a multi-view 3D branch was devel-
oped to reconstruct skeletal information from
the two camera views. The approach relied
on explicit geometric triangulation when corre-
sponding 2D keypoints were available, followed
by reprojection-based filtering to remove unreli-
able points. A fusion step was then used to im-
prove continuity by retaining triangulated joints
whenever possible and completing missing infor-
mation only when necessary. This design is con-
sistent with recent work emphasizing the role
of multi-view geometry for robust 3D pose esti-
mation under occlusions and viewpoint changes
1, 4].

The final outputs of the pipeline consist of 2D
pose tracks for each camera, stitched anony-
mous trajectories, and multi-view 3D or fused
skeletal representations. These outputs do not
contain facial, vocal, emotional, or identity-
related information. Instead, they provide ge-
ometric and temporal descriptors of observable
body behaviour, which are later transformed
into window-level features for supervised learn-
ing.

3. Annotation and Dataset

Construction

The annotation process was designed to con-
vert real-world observations into temporal labels
suitable for supervised learning, while preserv-
ing the human-centered nature of the project.
Since the recorded activities were spontaneous
and socially situated, the codebook was not de-
fined as a list of standard actions, but as a set of
observable body and relational behaviours rel-
evant to the educational context. The annota-
tion protocol was developed iteratively, combin-
ing exploratory video review with feedback from
educators at Fraternit‘a e Amicizia.

Annotations were created in ELAN and orga-
nized into four conceptual groups: individual be-
haviours, relational behaviours, support-context
annotations, and tag notes. Individual labels de-
scribe behaviours associated with a single per-
son, such as transitions between sitting and
standing, closed posture, disengagement from
the group, or repetitive movements. Relational
labels describe dyadic configurations, such as

proximity, mutual orientation, or affiliative con-
tact. Support-context and tag annotations were
used to mark educator interventions, ambigu-
ity, occlusions, or visibility issues, but were not
treated as main target classes.

For the supervised person-level task, the origi-
nal codebook was reduced to four target classes:
Stand, Sit, ClosedPosture, and DisengagedRepet-
itive. The last class aggregates disengagement
from the group and repetitive movements, in
order to obtain a more robust label for learn-
ing. Relational labels, such as SocialOrientation
and AffiliativeContact, were kept separate and
used only in exploratory pair-level analyses, be-
cause they refer to pairs of people rather than
to single-person samples.

A key step was the alignment between manual
annotations and automatic pose tracks. ELAN
annotations refer to anonymous session-level
IDs, while the processing pipeline produces tech-
nical stitched-track IDs. These two levels were
connected through a conservative manual map-
ping procedure based on temporal overlap, spa-
tial coherence, and visual inspection. Only high-
confidence mappings referring to participants
and marked as usable for machine learning were
retained. Educators, ambiguous mappings, and
unreliable tracks were excluded from the super-
vised datasets.

After mapping, each annotated participant was
represented through a discrete timeline sampled
at 2 Hz. The annotated intervals were projected
onto this timeline, and fixed-length sliding win-
dows were generated with durations of 2, 4, and
6 seconds and a stride of 0.5 seconds. Each
window was assigned a label through majority
voting and was retained only when one positive
class covered at least 50% of its timesteps. Win-
dows without a sufficiently represented target
behaviour, or windows affected by ambiguous la-
bel assignments, were discarded.

This process produced separate dataset versions
for the two 2D camera views and for the multi-
view 3D branch. The main 2-second person-
level datasets contain 17,372 samples for CAM1,
11,580 samples for CAM2, and 607 trainable
samples for the 3D representation. The result-
ing datasets are strongly imbalanced, especially
toward ClosedPosture, reflecting the natural dis-
tribution of behaviours in the observed setting
rather than an artificially balanced experimental



protocol.

4. Learning-Based Behaviour
Recognition

The learning-based part of the thesis investi-
gates whether the pose-derived representations
constructed from the annotated recordings con-
tain a signal that can be used to distinguish ob-
servable body behaviours. The main task was
formulated as a four-class person-level classifi-
cation problem, using the final individual labels
Stand, Sit, ClosedPosture, and DisengagedRepet-
itive. Each sample corresponds to an annotated
person observed within a temporal window and
described through features extracted from the
corresponding pose tracks.

The first experimental branch focused on 2D
tabular features extracted separately from the
two camera views. These features summarize
tracking continuity, pose availability, detection
quality, bounding-box position and shape, move-
ment of the body centre, and coarse body-
geometry measures. This representation was in-
tentionally simple and interpretable, since the
goal was to establish a robust baseline before in-
troducing more complex models. Support Vec-
tor Machines were used as the main classifier,
with feature standardization, class balancing,
and hyperparameter tuning. Performance was
evaluated primarily through macro-F1 and bal-
anced accuracy, due to the strong imbalance
among behavioural classes.

A second branch explored the contribution of the
multi-view 3D representation. In this case, the
input features do not describe only image-plane
motion, but also the availability and quality of
the reconstructed 3D signal, including usable 3D
timesteps, joint availability, reconstruction qual-
ity, and multi-view or fused-signal ratios. This
branch was more selective than the 2D one, be-
cause a window could be retained only when the
multi-view reconstruction was sufficiently reli-
able. Although smaller, the 3D dataset made
it possible to test whether geometric informa-
tion across views could provide a more balanced
representation of body behaviour.

In addition to tabular baselines, the thesis
explored PoseC3D as a skeleton-based deep-
learning model. PoseC3D represents skeleton
sequences through pose-derived heatmap vol-
umes and has been proposed as a robust alter-

native to graph-based skeleton action recogni-
tion, especially in the presence of pose estima-
tion noise and multi-person settings [2]. In this
thesis, PoseC3D was evaluated both on 2D pose-
derived samples and on a dedicated 3D-derived
export. These experiments were treated as ex-
ploratory, because the available dataset is small
and strongly imbalanced compared with stan-
dard action-recognition benchmarks [7].

The thesis also included two exploratory exten-
sions beyond the main person-level task. First, a
relational branch was designed to model dyadic
behaviours such as SocialOrientation and Affil-
1ativeContact. This branch was motivated by
research on bodily behaviour and social interac-
tion analysis [5, 6], but it was limited by the low
number of windows in which both subjects of
a dyad were simultaneously visible and reliably
mapped. For this reason, relational modelling
was treated as a feasibility analysis rather than
as a consolidated benchmark.

Second, an annotation-aware extension was in-
troduced to test whether contextual annotations
could enrich the feature space without leaking
the target label. These features summarized
the presence of overlapping relational annota-
tions, support-context annotations, tag notes,
and other-person events within the same tem-
poral window. The goal was not to replace
pose-based recognition with annotation-derived
labels, but to assess whether contextual informa-
tion could improve or explain model behaviour.
Overall, the experimental design compares in-
creasingly rich representations: monocular 2D
tabular features, multi-view 3D quality-aware
features, skeleton-based deep representations,
relational pair-level features, and annotation-
aware contextual features. This structure makes
it possible to evaluate not only predictive per-
formance, but also the methodological limits of
behaviour recognition in a real, inclusive, and
privacy-sensitive setting.

5. Results and Discussion

The experimental results show that pose-derived
representations contain a learnable signal, but
also that behaviour recognition in this setting
remains challenging. As reported in Table 1,
the monocular 2D baselines achieved the high-
est overall accuracy, especially in the CAM?2 set-
ting. However, the gap between accuracy and



Table 1: Summary of the main experimental results.

Setting Model Results

CAM1 2D, 2s only SVM Acc. 0.69; BAcc. 0.30; MF1 0.31; WF1 0.70
CAM2 2D, 2s only SVM Acc. 0.73; BAcc. 0.35; MF1 0.32; WF1 0.79
Multi-view 3D, 2s trainable SVM Acc. 0.52; BAcc. 0.38; MF1 0.34; WF1 0.44
3D-derived export PoseC3D Top-1 0.68; Mean class acc. 0.59

macro-F1 reveals the effect of the strong class
imbalance, with models tending to favour the
dominant class, ClosedPosture, over shorter and
less frequent behaviours such as Stand and Sit.
The comparison between CAM1 and CAM2 con-
firms that the two camera views are not equiva-
lent. Although both views observe the same en-
vironment, differences in viewpoint, occlusions,
and pose quality lead to different dataset distri-
butions and model behaviour. CAM2 achieved
the best monocular SVM performance, with ac-
curacy 0.73 and macro-F1 0.32, while CAM1 ob-
tained accuracy 0.69 and macro-F1 0.31. In both
cases, the 2-second window configuration was
more stable than mixed window sizes, suggest-
ing that shorter windows better preserve brief
transitional behaviours.

The multi-view 3D branch produced a much
smaller trainable dataset, because each retained
sample required sufficient reconstruction qual-
ity, reliable identity alignment, and usable tem-
poral coverage. Despite this reduction, the 3D
SVM baseline achieved the best balanced accu-
racy and macro-F1 among the SVM settings.
This suggests that multi-view geometric infor-
mation may support a more balanced represen-
tation of behaviour, even when fewer samples are
available. The PoseC3D experiment on the 3D-
derived export further supports this observation,
reaching top-1 accuracy 0.68 and mean class ac-
curacy 0.59 on the exported subset. However,
these results should be interpreted cautiously
because the 3D-derived dataset remains small.
The exploratory relational branch highlighted
a different limitation. Although relational la-
bels are important for describing social dynam-
ics, the available data did not provide enough
reliable windows in which both members of a
dyad were simultaneously visible and mapped.
As a consequence, graph-based relational mod-
elling was not methodologically robust in the

current dataset. Tabular relational classifiers
were tested as exploratory alternatives, but their
performance remained strongly dependent on
the split and on video-specific conditions.

The annotation-aware experiments showed that
contextual annotations can introduce an addi-
tional signal, especially under random splits.
However, grouped and leave-one-session-out
evaluations revealed that this signal does not
consistently improve generalization to unseen
sessions. This suggests that annotation-aware
features may capture context-specific patterns,
but are not yet sufficient to overcome the vari-
ability of the real-world setting.

Overall, the results indicate that privacy-
preserving skeletal representations are informa-
tive, but not sufficient on their own to obtain ro-
bust and generalizable behaviour recognition in
this context. The main limitations are not only
algorithmic, but also structural: class imbal-
ance, occlusions, partial visibility, fragmented
tracks, limited 3D coverage, and the intrinsic
variability of spontaneous behaviours all affect
model performance. For this reason, the results
should be interpreted as a feasibility benchmark
rather than as evidence of a ready-to-use recog-
nition system.

6. Conclusions

This thesis investigated the feasibility of
privacy-preserving body behaviour recognition
in a real daycare setting involving adults
with intellectual and developmental disabilities.
The work developed an end-to-end method-
ological pipeline, from multi-view video ac-
quisition and pose extraction to anonymous
tracking, educator-informed annotation, dataset
construction, and learning-based evaluation.
Throughout the process, the analysis was in-
tentionally limited to non-invasive skeletal and
contextual signals, avoiding facial recognition,



voice identification, emotion recognition, bio-
metric profiling, and personal identification.
The results show that pose-derived representa-
tions can capture a partially learnable signal
for observable body behaviours, especially when
short temporal windows and multi-view infor-
mation are considered. At the same time, the
experiments highlight the difficulty of this task
in naturalistic settings. Class imbalance, occlu-
sions, partial visibility, tracking fragmentation,
limited 3D coverage, and session-specific vari-
ability strongly affect model performance and
generalization. The relational and annotation-
aware analyses further show that richer con-
textual information is promising, but still con-
strained by data sparsity and incomplete simul-
taneous visibility.

Overall, the thesis contributes a reproducible
feasibility benchmark rather than a ready-to-
deploy recognition system. Future work should
extend the dataset across more sessions and par-
ticipants, improve robust multi-person tracking,
strengthen multi-view temporal modelling, and
further involve educators in the interpretation
of model outputs. These directions are essen-
tial for developing inclusive Al methods that re-
main technically reliable, ethically cautious, and
meaningful for real educational and care prac-
tices.
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