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Abstract. Assessment of spontaneous movements of infants lets trained
experts predict neurodevelopmental disorders like cerebral palsy at a very
young age, allowing early intervention for affected infants. An automated
motion analysis system requires to accurately capture body movements,
ideally without markers or attached sensors to not affect the movements
of infants. A vast majority of recent approaches for human pose estima-
tion focuses on adults, leading to a degradation of accuracy if applied
to infants. Hence, multiple systems for infant pose estimation have been
developed. Due to the lack of publicly available benchmark data sets, a
standardized evaluation, let alone a comparison of different approaches
is impossible. We fill this gap by releasing the Moving INfants In RGB-D
(MINI-RGBD) (Data set available for research purposes at http://s.fhg.
de/mini-rgbd) data set, created using the recently introduced Skinned
Multi-Infant Linear body model (SMIL). We map real infant movements
to the SMIL model with realistic shapes and textures, and generate RGB
and depth images with precise ground truth 2D and 3D joint positions.
We evaluate our data set with state-of-the-art methods for 2D pose esti-
mation in RGB images and for 3D pose estimation in depth images.
Evaluation of 2D pose estimation results in a PCKh rate of 88.1% and
94.5% (depending on correctness threshold), and PCKh rates of 64.2%,
respectively 90.4% for 3D pose estimation. We hope to foster research in
medical infant motion analysis to get closer to an automated system for
early detection of neurodevelopmental disorders.

Keywords: Motion analysis · Infants · Pose estimation · RGB-D
Data set · Cerebral palsy

1 Introduction

Advances in computer vision and the widespread availability of low-cost RGB-D
sensors have paved the way for novel applications in medicine [28], e.g.
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Alzheimer’s disease assessment [17], quantification of multiple sclerosis progres-
sion [22], as well as gait [43] or motion analysis [8]. For the latter, accurately cap-
turing human movements is the fundamental step. Human pose estimation from
RGB or depth images, especially using convolutional neural networks (CNNs),
currently receives a lot of attention from the research community [5,12,44,45].
However, research is largely focused on adults. The ability to accurately cap-
ture infant movements is fundamental for an automated assessment of motor
development.

In his pioneering work, Prechtl found that the quality of spontaneous move-
ments of infants is a good marker for detecting impairments of the young nervous
system [33]. This discovery led to the development of the General Movements
Assessment (GMA) [11,32,33] which allows detection of neurodevelopmental dis-
orders at a very young age. An automated system, relying on data captured
by cheap RGB or RGB-D cameras could enable the widespread screening of
all infants at risk of motion disorders. This would allow early intervention for
affected children, which is assumed to improve outcome [41].

The application of state-of-the-art adult pose estimation systems to children
was recently studied [36]. Authors found that children are underrepresented in
most widely used benchmark data sets. Their analysis revealed that pose esti-
mation accuracy decreases when approaches that were trained on adult data are
applied to children. To mitigate this problem, they create a data set that was
collected from internet videos, comprising 1176 images of 104 different children
in unconstrained settings. For the evaluation of pose estimation approaches, they
manually annotate 2D joint positions of 22 body keypoints.

Why does no infant data set exist? As mentioned above, computer vision
research is primarily focused on adults. Reasons might include the higher num-
ber of potential applications for adults, with infant motion analysis being more
of a niche application. Furthermore, it is not easy to generate reliable ground
truth for infants. Manual annotation, especially in 3D, is error prone and cum-
bersome. Capturing ground truth with standard motion capture systems using
markers may affect the infants’ behavior, while suffering from problems with
occlusions [27]. Researchers have used robotics to generate ground truth data
[25,37], but reproducing the complexity of real infant movements is not possi-
ble with justifiable efforts. Other than that, laws are more strict concerning the
privacy of children, since infants can not decide whether or not they want their
image to be published. This makes the creation of a data set containing real
infant images more challenging.

We fill this gap by creating an RGB-D data set for the evaluation of motion
capture systems for infant motion analysis using the recently introduced Skinned
Multi-Infant Linear model (SMIL) [14]. Our Moving INfants In RGB-D (MINI-
RGBD) data set contains realistic motion, realistic appearance, realistic shapes,
and precise 2D and 3D ground truth, and covers a wide range of challenging
motions. To preserve the privacy of infants, we generate new textures and shapes
by averaging multiple textures and shapes of real infants. These are still highly
realistic, yet do not show any existing infant. We map real infant movements
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to these new “synthetic infants” and render RGB and depth images to simulate
standard commodity RGB-D sensors. Our data set (described in Sect. 3), differs
from the data set of [36] in multiple ways: (i) it contains infants up to the age
of 7 months, (ii) we consider constrained settings for medical motion analysis,
i.e. infants lie in supine position, facing the camera, (iii) we provide sequences of
continuous motions instead of single frames, (v) we render data from a realistic
3D infant body model instead of annotating real images, (iv) we generate RGB
and depth images, and (vi) we provide accurate 2D and 3D ground truth joint
positions that are directly regressed from the model.

In the following, we review the state of the art in infant motion analysis and
analyze evaluation procedures (Sect. 2). We describe the creation of our data set
in Sect. 3, and present pose estimation baseline evaluations for RGB and RGB-D
data in Sect. 4.

Fig. 1. Standard motion analysis pipeline. After data is acquired, motions are captured.
Motion features are extracted and used to classify or predict the medical outcome. In
this work, we focus on motion capture from RGB or depth images.

2 Medical Infant Motion Analysis - State of the Art

We review systems aiming at the automated prediction of cerebral palsy (CP)
based on the assessment of motions. Although this problem is approached in
different ways, the pipeline is similar for most systems, and can be divided into
motion capture and motion analysis (Fig. 1). Motion features are extracted from
captured movements, and used for training a classifier to predict the outcome.
The reviewed systems report high sensitivity and specificity for CP prediction,
mostly on study populations containing a small number of infants with confirmed
CP diagnosis. Yet, the majority of approaches shows a considerable lack of eval-
uation of motion capture methods. The majority of approaches only scarcely
evaluates the accuracy of motion capture methods. We believe that the sec-
ond step should not be taken before the first one, i.e. each system should first
demonstrate that it is capable of accurately capturing movements before predict-
ing outcome based on these captured movements. Of course, the non-existence
of a public benchmark data set makes it hard to conduct an extensive evaluation
of motion capture accuracy.
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In this section, we present an overview of methods used for infant motion cap-
ture and how these are evaluated. The reader is referred to [26] for an extensive
overview of the motion analysis stage of different approaches.

2.1 Wearable Motion Sensors

Although a recent study shows that wearable sensors do not seem to affect the
leg movement frequency [18], they supposedly have a negative influence on the
infant’s content. Karch et al. report that recordings for two thirds of partici-
pating infants had to be stopped after re-positioning the attached sensors due
to crying (and technical difficulties) [20]. Furthermore, approaches relying on
attached sensors generally suffer from practical limitations like time consum-
ing human intervention for setup and calibration, and add the risk of affecting
the movements of infants. Proposed systems using wearable sensors use wired
[13] and wireless accelerometers [9,10,40], electromagnetical sensors [20,21], or a
pressure mattress in combination with Inertial Measurement Units (IMU) [35].
In the following, we focus on vision-based approaches, and refer the reader to [7]
for an overview of monitoring infant movements using wearable sensors.

2.2 Computer Vision for Capturing Movements

Cameras, opposed to motion sensors, are cheap, easy to use, require no setup
or calibration, and can be easily integrated into standard examinations while
not influencing infants’ movements. This makes them more suitable for use in
clinical environments, doctor’s offices or even at home. Other than sensor-based
approaches, vision-based approaches do not measure motions directly. More or
less sophisticated methods are needed to extract motion information, e.g. by
estimating the pose in every image of a video. We describe the methods used
in the current state-of-the-art in infant motion analysis, as well as the evalua-
tion protocols for these methods. Our findings further support the need for a
standardized, realistic, and challenging benchmark data set.

Video-Based Approaches. We review approaches that process RGB (or
infrared) images for the capture of infant motion. We include methods rely-
ing on attached markers, despite posing some of the same challenges as wearable
sensors. They require human intervention for marker attachment, calibration
procedures and most of all possibly affect the infants’ behavior or content. Still,
they use computer vision for tracking the pose of the infants.

One of the first approaches towards automated CP prediction was introduced
in 2006 by Meinecke et al. [27]. A commercial Vicon system uses 7 infrared cam-
eras to track 20 markers, distributed across the infant’s body. After an initial
calibration procedure, the known marker positions on a biomechanical model
are used to calculate the rotation of head and trunk, as well as the 3D posi-
tions of upper arms, forearms, thighs, lower legs, and feet from the tracked
markers on the infant. The system is highly accurate, authors report errors of
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2 mm for a measurement volume of 2 m3. However, the system suffers from cer-
tain limitations. Due to the unconstrained movements of the infants close to
the underground, especially the markers of the upper extremities were occluded
and therefore invisible to the cameras half of the measurement time. Attach-
ing additional markers exceeded the system’s capabilities and therefore, authors
refrained from using motion features of upper extremities for CP prediction. The
high cost of the system, the complex setup and calibration, and the occlusion
problems stand against the highly accurate tracking of joints in 3D.

Kanemaru et al. use a commercial marker tracking system (Frame-DIAS) to
record 2D positions of markers on arms, shoulders, hips and legs at 30 Hz using
a single camera [19]. They normalize the marker displacement data using the
body size of the infant and smooth the resulting 2D position data. The accuracy
of the capture system is not reported.

Machireddy et al. [25] present a hybrid system that combines color-based
marker tracking in video with IMU measurements. The different sensor types
are intended to compensate for each others limitations. The IMU sensors are
attached to the infant’s hands, legs, and chest, together with colored patches.
The 2D positions of patches are tracked based on color thresholds. From the
known patch size and the camera calibration, an estimate for the 3D position of
each patch is calculated. The IMUs are synchronized with the camera, and the
output of all sensors is fused using an extended Kalman filter. Ground truth for
evaluation is generated by rotating a plywood model of a human arm using a
drill, equipped with one marker and one IMU. Authors present plots of ground
truth positions and estimated positions for a circular and a spiral motion. Exact
numbers on accuracy are not presented.

Adde et al. take a more holistic approach [1]. Instead of tracking individual
limbs, they calculate the difference image between two consecutive frames to
generate what they call a motion image. They calculate the centroid of motion,
which is the center of the pixel positions forming the motion regions in the
motion image. Furthermore, they construct a motiongram by compressing all
motion images of a sequence either horizontally or vertically by summing over
columns, respectively rows, and stacking them to give a compact impression on
how much an infant moved, and where the movements happened. The accuracy
of the system is not evaluated.

Stahl et al. use a motion tracking method based on optical flow between con-
secutive RGB frames [42]. They initialize points on a regular grid, distributed
across the image, and track them over time. They evaluate the approach by man-
ually selecting five points to be tracked from the grid as head, hands, and feet,
and manually correct tracking errors. They display the result of their evaluation
in one plot over 160 frames. Numbers on average accuracy are not given.

Rahmati et al. present an approach for motion segmentation using weak
supervision [34]. Initialized by manual labeling, they track the body segmenta-
tion trajectories using optical flow fields. In case a trajectory ends due to fast
motion or occlusion, they apply a particle matching algorithm for connecting a
newly started trajectory for the same body segment. They evaluate the accuracy
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Table 1. Summary of motion capture methods and corresponding evaluation of depth-
based approaches for medical infant motion analysis. SD denotes standard deviation.

First author,
year, reference

Method // tracked limbs Ground truth (GT) generation //
Reported avg. accuracy

Olsen 2014 [30] Geodesic distances // 11 3D
joint positions

Manual annotation (number of frames
not specified) // 9 cm (extracted from
plot)

Olsen 2014 [29] Model-based tracking // 11 3D
joint positions

Manual annotation (number of frames
not specified) // 5 cm (SD: 3 cm)
(extracted from plot)

Hesse 2015 [16] Random ferns body part
classifier // 21 3D joint
positions

Manual annotation of 1082 frames //
4.1 cm

Hesse 2017 [15] Random ferns (extension of
[16]) // 21 3D joint positions

3D model fitting (+ visual
verification), 5500 frames (3 seq.) //
1.2 cm (SD: 0.9 cm)

Hesse 2018 [14] Model-based tracking // full
body pose and shape

No GT, evaluation on 37 seq. (200K
frames, ∼2 h), pose errors determined
from visual examination // average
scan to model distance 2.51mm, 34
pose errors lasting 90 s (≈1.2%)

Serrano 2016 [37] Model based tracking // angles
of hip, knee, and ankle

Robot leg kicking, angle comparison
for knee and ankle, 250 frames //
2–2.5◦ error

Cenci 2017 [6] Movement blobs // arms and
legs

No evaluation

Shivakumar 2017
[38]

Optical flow + color-based
segmentation // 3D positions of
head, torso, hands, feet

Manual annotation of 60 frames //
8.21 cm, SD: 8.75 cm

on 20 manually annotated frames from 10 infant sequences, reporting an F-
measure of 96% by calculating the overlap between ground truth and estimated
segmentation. They compare their tracking method to different state-of-the-art
trackers on the same data set, with their tracker showing superior results. Fur-
thermore, they evaluate their segmentation method on the Freiburg-Berkeley
data set containing moving objects (e.g. cats and ducks) and compare results
to an optical flow method. Their method achieves best results, at an F-measure
of 77%.

Depth-Based Approaches. With the introduction of low-cost RGB-D sen-
sors, motion analysis approaches started taking advantage of depth information.
The most well-known RGB-D camera is probably the Microsoft Kinect, which
was introduced as a gesture control device for the gaming console XBox, but
soon became widely used in research due to its affordable price. The motion
tracking provided by the Kinect SDK has been used for motion analysis pur-
poses, but does not work for infants as it was purposed for gaming scenarios
of standing humans taller than one meter. We review approaches that aim at
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estimating infants’ poses from RGB-D data and turn our attention to the respec-
tive evaluation procedures. An overview of examined approaches is given in
Table 1.

Olsen et al. transfer an existing pose estimation approach to infants [30]. The
underlying assumption is that extremities have maximum geodesic distance to
the body center. The body center is localized by filtering the infant’s clothing
color, based on a fixed threshold. They locate five anatomical extremities by
finding points on the body farthest from the body center. Assuming a known
body orientation, each of these points is assigned to one of the classes head,
left/right hand, left/right foot, based on the spatial location and the orientation
of the path to body center. Intermediate body parts like elbows, knees and chest
are calculated based on fractional distances on the shortest path from body
center to extremities, resulting in 3D positions of eleven joints. For evaluation,
they annotate 3D joint positions on an unspecified number of frames. Annotated
joints lie in the interior of the body, while the estimated joints lie on the body
surface. Results are presented in a plot, numbers given here are read off this
plot. The average joint position error is roughly 9 cm. Highest errors occur for
hands and elbows (15 cm), lowest for body center, chest, and head (3 cm).

In subsequent work, the same authors use a model-based approach for track-
ing eleven 3D joint positions [29]. They construct a human body model from
simplistic shapes (cylinders, sphere, ellipsoid). After determining size parame-
ters of the body parts, their previous method [30] is used for finding an initial
pose. They fit the body model to the segmented infant point clouds that are
computed from depth images. They optimize an objective function, defined by
the difference of closest points from point cloud and model, with respect to the
model pose parameters using the Levenberg-Marquardt algorithm. As in previ-
ous work, they evaluate the accuracy of their system on manually annotated 3D
joint positions of an unspecified number of frames. The results are compared
to their previous approach. Numbers are extracted from presented plots. The
model-based system achieves an average joint position error of 5 cm (standard
deviation (SD) 3 cm). Largest errors occur for right hand (7 cm) and stomach
(6 cm).

Inspired by the approach used in the Kinect SDK, Hesse et al. propose a
system for the estimation of 21 joint positions using a random ferns body part
classifier [16]. A synthetic infant body model is used for rendering a large num-
ber of labeled depth images, from which a pixel-wise body part classifier based
on binary depth comparison features is trained. 3D joint positions are calculated
as the mean of all pixels belonging to each estimated body part. The system is
trained on synthetic adult data and evaluated on the PDT benchmark data set
containing adults. An average joint positions error of 13 cm is reported, com-
pared to 9.6 cm for the Kinect SDK. The authors manually annotated 3D joint
positions of an infant sequence consisting of 1082 frames. They report an average
joint position error of 4.1 cm, with left hand (14.9 cm) and left shoulder (7.3 cm)
showing the largest errors. They explain the errors with wrongly classified body
parts for poses that were not included in the training set.
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The approach is extended in [15] by including a feature selection step, gener-
ating more infant-like poses for training data, integrating kinematic chain con-
straints, and by applying PCA on torso pixels to correct for body rotations.
Ground truth joint positions are generated for 5500 frames of 3 sequences by
fitting a body model and visually verifying the accuracy of the results. The best
average error of the proposed methods is reported as 1.2 cm (SD 0.9 cm), com-
pared to 1.8 cm (SD 3.1 cm) of the initial approach [16]. Additionally, a more
strict evaluation metric, the worst-case accuracy, is applied. It denotes the per-
centage of frames for which all joint errors are smaller than a given threshold.
For a threshold of 5 cm, 90% of frames are correct for [15], and 55% for [16], a
threshold of 3 cm decreases the accuracy to 50%, and less than 30%, respectively.

In recent work, Hesse et al. propose a model-based approach for estimating
pose and shape of infants [14]. They learn an infant body model from RGB-D
recordings and present an algorithm for fitting the model to the data. They
optimize an objective function, consisting of scan to model distance, similar to
[29], but add more terms, e.g. integrating prior probabilities of plausible shapes
and poses. The average distance of scan points to model surface for 200K frames
of 37 infant sequences (roughly 2 h) is 2.51 mm (SD 0.21 mm). From manual
inspection of all sequences, they report 18 failure cases in 7 sequences and 16
unnatural foot rotations lasting altogether 90 s, which corresponds to 1.2% of
overall duration.

Serrano et al. track lower extremities using a leg model [37]. The approach
is semi-automatic and requires some manual intervention. The infant’s belly is
manually located from the point cloud and the tracker’s view is restricted to one
leg. After the length and width of each segment of the leg model are defined,
the model parameters (angles) are optimized using robust point set registration.
They generate ground truth for 250 frames using a robotic leg that simulates
kicking movements of infants. The average angle error of the proposed method
is reported with 2.5◦ for the knee and 2◦ for the ankle.

In [6], Cenci et al. use the difference image between two frames with a defined
delay in between. After noise filtering, the difference image is segmented into
motion blobs using a threshold. K-means clustering assigns each of the movement
blobs to one of four different body parts (arms and legs). A state vector is
generated for each frame, which contains information on which limb moves/does
not move in this frame. There is no evaluation of the correctness of assigning
blobs to limb classes.

Opposed to previous approaches, which rely on readily available depth sen-
sors, Shivakumar et al. introduce a stereo camera system, providing higher depth
resolution than existing sensors [38]. After initially locating the body center
based on a color threshold, an ellipse is fitted to the colored region and tracked.
In addition to the torso center, hands, legs and head regions are selected by
the user, which are then tracked based on their color. The positions of limbs
are defined as the pixel in the corresponding limb region that is farthest from
the body center. In case of overlap of multiple limb regions, a recovery step
distinguishes them. An optical flow method is used for estimating the motion
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of the limb positions in the successive frame. An evaluation is presented on 60
manually annotated frames from three sequences, showing an average error of
8.21 cm (SD: 8.75 cm) over all limbs.

To summarize the evaluation protocols of reviewed approaches, comparison
to previous work was limited to works of the same authors. Ground truth was
mostly, if at all, generated by manual annotation of a small number of frames
or by relying on robotics. This emphasizes the need for an infant benchmark
RGB-D data set.

Fig. 2. Overview of data set creation pipeline. SMIL body model [14] is aligned to real
infant RGB-D data. Subsets of shapes and textures are used for generating realistic,
privacy preserving infant bodies. We animate the new “synthetic infants” with real
movements (poses) from the registration stage. We render RGB and depth images, and
create ground truth 2D and 3D joint positions to complete our new data set.

3 Moving INfants in RGB-D Data Set (MINI-RGBD)

An RGB-D data set for the evaluation of infant pose estimation approaches needs
to fulfill several requirements. It has to cover (i) realistic infant movements, (ii)
realistic texture, (iii) realistic shapes, and (iv) precise ground truth, while (v)
not violating privacy. Our presented data set fulfills all of these requirements.

The data set creation procedure can be divided into two stages, registration
and rendering (see Fig. 2). Two samples of rendered images and joint positions
are displayed in Fig. 3.

3.1 Registration

The capturing of shape and pose is achieved by registering SMIL to 12 RGB-D
sequences of moving infants that were recorded in a children’s hospital. Written
informed consent was given by parents and ethics approval was obtained from
Ludwig Maximilian University Munich. SMIL is based on SMPL [23], and shares
the same properties. The model can be regarded as a parametric mapping, with
pose and shape parameters serving as input, and output being a triangulated
mesh of the shaped and posed infant, consisting of 6890 vertices. The model
contains 23 body joints, each of which has three degrees of freedom (DOF).
Together with 3 DOF for the global orientation this gives 72 pose parameters.
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Fig. 3. Two samples from MINI-RGBD data set. (a) and (d): RGB image. (b) and (e):
point cloud created from depth image. (c) and (f): ground truth skeleton. Viewpoint
for (b), (c), (e), and (f) is slightly rotated to side. Best viewed in color. (Color figure
online)

We follow the protocol of [14] to register the SMIL model to point clouds
created from RGB-D sequences (which we will also call “scans”). We briefly
recap the method and refer the reader to [14] for additional details.

To register the model to a scan, an objective function is optimized w.r.t. pose
and shape parameters of SMIL. The function consists of the following terms: (i)
distance between scan points and model mesh surface, (ii) a landmark error
terms that penalizes distances between model landmarks projected to 2D and
2D body, face, and hand landmark estimates from RGB images using OpenPose
library [5,31,39,44], (iii) a temporal pose smoothness term, (iv) a penalty for self
intersections, (v) a term for keeping the back-facing model vertices close to, but
not inside the background table, and (vi) prior probabilities on plausible shapes
and poses. This results in a posed and shaped model mesh that describes the
input point cloud data. The initialization frame is automatically selected based
on 2D pose estimates. For the rest of the sequence, the resulting parameters of
the last processed frame are used as initialization for the subsequent frame.

Going beyond the methods of [14], we generate one texture for each sequence,
similar to [3,4]. We create a texture map by finding closest points from textured
point cloud and registered model mesh, as well as a corresponding normal map for
each frame. We merge 300 randomly selected texture maps from each sequence
by averaging texture maps that are weighted according to their normal maps,
with higher weights for points with normals directed towards the camera. Infants
tend to lie on their backs without turning, which is why the merged texture maps
have blank areas depending on the amount of movement in the sequence. We fill
the missing areas by expanding the borders of existing body areas. To preserve
the privacy of the infants we do not use textures from single sequences, but
generate average textures from subsets of all textures. The resulting texture
maps (sample displayed in Fig. 4(a)) are manually post-processed by smoothing
borders and visually enhancing areas of the texture for which the filling did not
create satisfying results. We create a variety of realistic body shapes by averaging
different subsets of shapes from the registration stage (Fig. 4(b)).
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3.2 Rendering

For each of the 12 sequences, we randomly select one of the average shapes
and one of the average textures. We map the pose parameters of the sequence,
obtained in the registration stage, to the new shape, and animate textured 3D
meshes of realistic, yet artificial infants. Based on plane parameters extracted
from the background table of the real sequences, we add a plane to simulate the
background. We texture the plane with one of various background images (e.g.
examination table, crib, changing table) to account for background variation.
We use OpenDR [24] to render RGB and depth images from the meshes and
backgrounds. We select 1000 consecutive frames from each sequence where the
infant is the most active. The rendered depth image is overly smooth, which is
why we add random noise of up to ±0.5 cm to simulate noise levels of depth
sensors. We use camera parameters similar to Microsoft Kinect V1, which is the
most frequently used sensor in approaches in Sect. 2, at a resolution of 640 * 480,
at 30 frames per second. The distance of the table to the camera is roughly
90 cm for all sequences. The 3D joint positions are directly regressed from the
model vertices (see Fig. 3(c) and (f)). To provide 2D ground truth, we project the
3D joints to 2D using the camera calibration. For completeness, we add depth
values for each joint. To simplify data set usage, we provide a segmentation mask
discriminating between foreground and background.

Fig. 4. (a) Sample of generated texture. (b) Generated shapes in T-pose. (c) Plotted
joint positions from an “easy” sequence. Hand positions shown in light and dark green.
Foot positions in red and blue. (d) Hand and foot positions for a “difficult” sequence.
Color coding as in (c). Best viewed in color. (Color figure online)

3.3 MINI-RGBD Data Set Summary

We generate 12 sequences, each with different shape, texture, movements, and
background, and provide 2D and 3D ground truth joint positions, as well as
foreground segmentation masks. Movements are chosen to be representative of
infants in the first half year of life, and we divide the sequences into different
levels of difficulty (see Fig. 4(c) and (d) for examples): (i) easy: lying on back,
moving arms and legs, mostly besides body, without crossing (sequences 1–4), (ii)
medium: slight turning, limbs interact and are moved in front of the body, legs
cross (sequences 5–9), and (iii) difficult: turning to sides, grabbing legs, touching
face, directing all limbs towards camera simultaneously (sequences 10–12).
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Different approaches utilize different skeletons. To properly compare these
approaches, we add one frame in T-pose (extended arms and legs, cf. Fig. 4(b))
for each sequence to calculate initial offsets between estimation and ground truth
that can be used to correct for skeleton offsets.

The limitations of the underlying SMIL model include finger motions, facial
expressions and hair. These are not represented by the model, which is why the
hand is fixed as a fist, and the face has a neutral expression.

4 Evaluation

We provide baseline evaluations using state-of-the-art approaches for the RGB,
as well as the RGB-D part of our MINI-RGBD data set.

4.1 2D Pose Estimation in RGB Images

We use a state-of-the-art adult RGB pose estimation system from OpenPose
library [5,31] as baseline for evaluation of the RGB part of the data set. To
account for differences in skeletons between OpenPose and SMIL, we calculate
joint offsets for neck, shoulders, hips, and knees from the T-pose frame (Sect. 3.3),
and add these offsets to the estimated joint positions in every frame.

Error Metrics. We apply the PCKh error metric from [2], which is commonly
used for the evaluation of pose estimation approaches [5,12,36,44]. It denotes the
percentage of correct keypoints with the threshold for correctness being defined
as 50% of the head segment length. The SMIL model has a very short head
segment (head joint to neck joint, cf. Fig. 3(c) and (f)), which is why we present
results using the full head segment length (PCKh 1.0), as well as two times the
head segment length (PCKh 2.0) as thresholds. The head segment length for each
sequence is calculated from the ground truth joint positions in the T-pose frame.
Average 2D head segment length over all sequences is 11.6 pixels. We calculate
the PCKh values for each joint for each sequence, and average numbers over all
sequences, respectively over all joints.

OpenPose estimates 15 joint positions (nose, neck, shoulders, elbow, hands,
hips, knees, feet) that we map to corresponding SMIL joints. Unlike SMIL, Open-
Pose estimates the nose position instead of head position. We add the model
vertex of the tip of the nose as additional joint instead of using SMIL head joint.

Results. We display average PCKh per joint in Fig. 5(a), and average PCKh
per sequence in Fig. 5(b). The mean average precision, i.e. the average PCKh
over all joints and sequences, for PCKh 1.0 is 88.1% and 94.5% for PCKh 2.0.
PCKh rates are very consistent over most body parts, with a slight decrease of
PCKh 1.0 for lower limb joints, especially knees. Results for some body joints
(e.g. nose, neck, shoulders, Fig. 5(a)) as well as for some sequences (1, 2, 3, 6,
7, 11, Fig. 5(b)) are close to perfect (according to the error metric). We observe
largest errors when the limbs are directed towards the camera.
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Fig. 5. RGB evaluation. Results for 2D pose estimation from OpenPose library. (a)
Percentage of correct keypoints in relation to head segment length (PCKh) per joint.
PCKh 1.0 denotes a correctness threshold of one time head segment length, PCKh 2.0
of twice the head segment length. (b) PCKh per sequence.

OpenPose has reportedly shown impressive results on unconstrained scenes
containing adults [5], and confirms these on our synthetic infant data set. Being
trained on real images of unconstrained scenes, the results further validate the
high level of realism of our data set, but also show how challenging the data is,
and that there is still room for improvement (e.g. sequences 9, 10, 12).

4.2 3D Pose Estimation in Depth Images

We evaluate the system with the lowest reported average joint position error
for RGB-D data from our overview (Table 1), the extension of the pixelwise
body part classifier based on random ferns [15,16]. For each pixel of an input
depth image, the label is predicted as one of 21 body parts (spine, chest, neck,
head, shoulders, elbows, hands, fingers, hips, knees, feet, and toes). The 3D joint
positions are then calculated as the mean of each body part region. RGB is not
used in this approach. Similar to Sect. 4.1, we calculate joint offsets in the T-pose
frame and add them to the estimated joint positions throughout each sequence.

Error Metrics. We use the PCKh error metric as described above, here in 3D.
Average 3D head segment length over all sequences is 2.64 cm. Additionally, we
evaluate the average joint position error (AJPE), which denotes the euclidean
distance from estimated joint position to corresponding ground truth.

Results. We present results in Fig. 6. Mean average precision, i.e. average PCKh
over all joints and sequences, for PCKh 1.0 is 64.2%, and 90.4% for PCKh 2.0.
Compared to the RGB evaluation, we experience a bigger difference between
PCKh 1.0 and PCKh 2.0. Very high PCKh 2.0 rates are achieved for torso and
head body parts, while lowest rates are obtained for joints related to extremities
(Fig. 6(a)). PCKh 1.0 rates differ a lot from PCKh 2.0 for elbows, hands, and
feet. We observe that the estimated hand and foot regions are too large, leading
to the hand joints lying more in the direction of the elbow, respectively the
foot joints in direction of the knees. With an expansion of the threshold for
correctness (PCKh 2.0) these displacements are accepted as correct, leading to
large jumps from around 30% (PCKh 1.0) to 70–80% (PCKh 2.0).
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Fig. 6. RGB-D evaluation. Results for 3D pose estimation based on random ferns
[15,16]. (a) Percentage of correct keypoints in relation to head segment length (PCKh)
per joint. PCKh 1.0 denotes a correctness threshold of one time head segment length,
PCKh 2.0 of twice the head segment length. (b) PCKh per sequence. (c) Average joint
position error (AJPE) per joint. (d) AJPE per sequence.

The average joint position error (AJPE) over all sequences and joints is
2.86 cm. Joint position errors are largest for the extremities, at an average dis-
tance to ground truth of up to 5 cm (Fig. 6(c)). If the estimate for a joint was
missing in a frame, we ignored this joint for the calculation of AJPE, i.e. we
only divided the sum of joint errors by the number of actually estimated joints.
The number of frames with missing estimates, denoted by joint (in 12K frames,
average for left and right sides): neck 37, elbows 12, hands 62, fingers 156, feet
79, toes 607, all others 0. For the calculation of PCKh metric, missing joints
were considered as lying outside the correctness threshold.

The evaluated approach shows high accuracy when arms and legs are moving
beside the body, but the accuracy decreases, especially for hands and feet, when
limbs move close to or in front of the body. This becomes extremely visible in
sequence 9, where the infant moves the left arm to the right side of the body
multiple times, leading to the highest overall AJPE of 4.7 cm (Fig. 6(d)). Best
AJPE results are achieved for sequence 2, at 1.46 cm, which is close to results
reported in [15]. The varying accuracy for different sequences shows the levels
of difficulty and the variance of motion patterns included in the data set.

5 Conclusions

We presented an overview of the state-of-the-art in medical infant motion anal-
ysis, with a focus on vision-based approaches and their evaluation. We observed
non-standardized evaluation procedures, which we trace back to the lack of pub-
licly available infant data sets. The recently introduced SMIL model allows us to
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generate realistic RGB and depth images with accurate ground truth 2D and 3D
joint positions. We create the Moving INfants In RGB-D (MINI-RGBD) data set,
containing 12 sequences of real infant movements with varying realistic textures,
shapes and backgrounds. The privacy of recorded infants is preserved by not
using real shape and texture, but instead generating new textures and shapes by
averaging data from multiple infants. We provide baseline evaluations for RGB
and RGB-D data. By releasing the data set, we hope to stimulate research in
medical infant motion analysis.

Future work includes the creation of a larger data set, suitable for training
CNNs for estimating 3D infant pose from RGB-D data.
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