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METHOD OF 3D RECONSTRUCTION OF
DYNAMIC OBJECTS BY MOBILE
CAMERAS

FIELD OF THE INVENTION

[0001] The present invention relates to three dimensional
reconstruction. More specifically, the present invention
relates to three dimensional reconstruction using mobile
cameras.

BACKGROUND OF THE INVENTION

[0002] Visual effects are fancy and ubiquitous nowadays
but not efficient in movie production. The cost is huge, and
the development time is lengthy. Existing system of three
dimensional motion capturing require the motions to be
limited in space covered by a fixed camera mesh.

SUMMARY OF THE INVENTION

[0003] A method of 3D motion reconstruction of outdoor,
highly flexible moving subjects with multiple cameras on
drones is described herein. A multi-drone capturing system
is used to remove the restriction of a dedicated virtual reality
shooting place, “the hot seat,” so that the actor/target is able
to perform agile or long-distance activities outdoor. The
subject’s 3D pose parameters are estimated by the captured
multi-view images by the drones, and the sequence of poses
becomes the motion in time to control the animation of a
pre-built 3D model. The method is able to be directly
integrated into an existing Virtual Reality/ Augmented reality
(VR/AR) production chain, and the subject is able to be
extended to animals that are difficult to be contained ina VR
camera mesh space.

[0004] In one aspect, a method comprises obtaining a 3D
model of a subject generated using a multi-view capturing
system, capturing motion of the subject while the subject is
moving with a plurality of drones, estimating pose param-
eters of the subject using the captured motion from the
plurality of drones and applying the pose parameters to
animate the 3D model. The method further comprises posi-
tioning the subject within views of the plurality of drones by
implementing 3D positioning directly. The method further
comprises positioning the subject within views of the plu-
rality of drones by implementing 3D positioning indirectly
from 2D. The method further comprises using prediction to
predict a future location of the subject to determine where to
position the plurality of drones. The method further com-
prises collecting the captured motion from the plurality of
drones at a ground control station. The ground control
station receives videos, positions, and timestamps from the
plurality of drones, and sends any controlling or correction
commands to the plurality of drones. The method further
comprises controlling drone formation of the plurality of
drones with a ground control station. The method further
comprises controlling drone formation of the plurality of
drones with a tracking drone of the plurality of drones. Each
camera of each drone of the plurality of drones is configured
to broadcast absolute positions to all other cameras.
[0005] In another aspect, an apparatus comprises a non-
transitory memory for storing an application, the application
for: obtaining a 3D model of a subject, receiving captured
motion of the subject while the subject is moving from a
plurality of drones, estimating pose parameters of the sub-
ject using the captured motion from the plurality of drones
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and applying the pose parameters to animate the 3D model
and a processor coupled to the memory, the processor
configured for processing the application. The application is
further configured for positioning the subject within views
of the plurality of drones by implementing 3D positioning
directly. The application is further configured for positioning
the subject within views of the plurality of drones by
implementing 3D positioning indirectly from 2D. The appli-
cation is further configured for using prediction to predict a
future location of the subject to determine where to position
the plurality of drones. The apparatus receives videos,
positions, and timestamps from the plurality of drones, and
sends any controlling or correction commands to the plu-
rality of drones. The application is further configured for
controlling drone formation of the plurality of drones.

[0006] In another aspect, a system comprises a plurality of
drones configured for capturing motion of a subject while
the subject is moving and a ground control station config-
ured for: obtaining a 3D model of the subject generated
using a multi-view capturing system, estimating pose
parameters of the subject using the captured motion from the
plurality of drones and applying the pose parameters to
animate the 3D model. Each drone of the plurality of drones
is equipped with at least one RGB camera device, wherein
a camera’s orientation is controllable by a gimbal attached
to each drone of the plurality of drones. The plurality of
drones are configured for positioning the subject within
views of the plurality of drones by implementing 3D posi-
tioning directly. The plurality of drones are configured for
positioning the subject within views of the plurality of
drones by implementing 3D positioning indirectly from 2D.
The plurality of drones are configured for using prediction to
predict a future location of the subject to determine where to
position the plurality of drones. The ground control station
is configured for collecting the visual data from the plurality
of drones. The ground control station is configured to
receive videos, positions, and timestamps from the plurality
of drones, and send any controlling or correction commands
to the plurality of drones. The ground control station is
configured to control drone formation of the plurality of
drones. A tracking drone of the plurality of drones is
configured for controlling drone formation of the plurality of
drones. Each camera of each drone of the plurality of drones
is configured to broadcast absolute positions to all other
cameras.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 illustrates a diagram of a method of a 3D
model controlled by multi-drone capturing according to
some embodiments.

[0008] FIG. 2 illustrates a diagram of a drone and a
coordinate system according to some embodiments.

[0009] FIG. 3 illustrates a diagram of a drone and a
coordinate system according to some embodiments.

[0010] FIG. 4 illustrates a diagram of a drone and a
coordinate system according to some embodiments.

[0011] FIG. 5 illustrates a flowchart of a method of multi-
drone tracking and capturing according to some embodi-
ments.

[0012] FIG. 6 illustrates examples of embodiments of
indirectly positioning 3D Psub(t) from 2D according to
some embodiments.
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[0013] FIG. 7 illustrate exemplary diagrams of multiple
drones positioned at varying angles according to some
embodiments.

[0014] FIG. 8 illustrates a diagram of camera fine tuning
according to some embodiments.

[0015] FIG. 9 illustrates a diagram of implementing a
gimbal control system according to some embodiments.
[0016] FIG. 10 illustrates a block diagram of an exemplary
computing device configured to implement the drone-based
3D motion reconstruction method according to some
embodiments.

[0017] FIG. 11 illustrates a diagram of a system config-
ured to implementing the drone-based 3D motion recon-
struction method according to some embodiments.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0018] A method of drone-based 3D motion reconstruc-
tion of outdoor, highly flexible moving subjects with mul-
tiple cameras on drones is described herein. A multi-drone
capturing system is used to remove the restriction of a
dedicated virtual reality shooting place, “the hot seat,” so
that the actor/target is able to perform agile or long-distance
activities outdoor. The subject’s 3D pose parameters are
estimated by the captured multi-view images by the drones,
and the sequence of poses becomes the motion in time to
control the animation of a pre-built 3D model. The method
is able to be directly integrated into an existing Virtual
Reality/ Augmented reality (VR/AR) production chain, and
the subject is able to be extended to animals that are difficult
to be contained in a VR camera mesh space.

[0019] The drone-based 3D motion reconstruction method
includes obtaining or generating a 3D model of a subject
using a stationary multi-view capturing system; performing
motion capture of moving subjects using multiple drones;
and applying the captured motion to animate the 3D model.
Multiple cameras on unmanned aerial vehicles (e.g., drones)
or another mobile device are used for 3D model control. A
drone swarm (e.g., set of multiple drones) each carrying a
camera is configured to track, follow, and capture the subject
from multiple views. The subject is able to move and
perform freely, either indoor or outdoor. The subject is also
able to interact with gadgets which was not allowed in the
current camera mesh space. Each drone is able to determine
its next pose in real-time by itself using only the broadcasted
subject position. The whole swarm formation guarantees no
opposite facing drone pairs to prevent an ill-posed 3D pose
estimation.

[0020] FIG. 1 illustrates a diagram of a method of a 3D
model controlled by multi-drone capturing according to
some embodiments. In the step 100, offline subject 3D
modeling is implemented to obtain the 3D model of the
subject and other individual traits such as the biomechanical
constraints. In the step 102, multi-drone tracking and cap-
turing is implemented. At least two drones are used to
capture the subject’s videos from different viewpoints.
Although a drone swarm is described herein as the mobile
platform of cameras, the mobile platform may be replaced
with other groups of movable devices satistying the com-
munication and control prerequisites. In the step 104, subject
pose parameter estimation is implemented by using the
visual data from all drones to estimate the 3D subject pose
parameters. In the step 106, 3D reconstruction by model
animation is performed. The 3D subject pose parameters are
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for rendering the subject in AR/VR. In some embodiments,
fewer or additional steps are implemented. In some embodi-
ments, the order of the steps is modified.

[0021] A Ground Control Station (GCS) is used for col-
lecting the data from each drone and performing subject
pose parameter estimation for 3D model control. Drone
formation control is able to be done on the GCS or a specific
tracking drone to compute and send data or commands for
positioning each drone. A multi-drone framework is dis-
cussed in U.S. patent application Ser. No. 16/917,013, filed
Jun. 30, 2020, titled “SYSTEM OF MULTI-DRONE
VISUAL CONTENT CAPTURING,” which is hereby
incorporated by reference in its entirety for all purposes.

[0022] A wireless communication is established between
the drones and a GCS, while it is not restricted to any
specific wireless protocol. The GCS receives the drone
videos, positions, and timestamps, and sends any controlling
or correction commands to any drones.

[0023] Absolute drone positioning is able to be done by
Real-Time Kinematic GPS (RTK-GPS) and Inertial Mea-
surement Unit (IMU) or by additional devices such as using
UltraWide Band (UWB) for a GPS-denied environment.
Given the position of a subject and the expected viewing
direction of a drone camera, the drone is able to move its
position and rotate the gimbal to meet the expected camera
position and the optical axis direction.

[0024] Each drone has at least one RGB camera (or
another type of camera) for video capturing. A camera’s
orientation is controllable by a gimbal attached to a drone.
Any additional hardware is able to be implemented to enable
drone and/or camera movement. Setting an RGB camera’s
pose includes all the steps from drone positioning to gimbal
rotating. Each camera is able to broadcast its absolute
positions to all other cameras/drones at any time. Drone
positioning to position multiple drones given the know
subject position is discussed in U.S. patent application Ser.
No. 16/917,671, filed Jun. 30, 2020, titled “METHOD OF
MULTI-DRONE CAMERA CONTROL,” which is hereby
incorporated by reference in its entirety for all purposes.

[0025] FIG. 2 illustrates a diagram of a drone and a
coordinate system according to some embodiments. The
exemplary coordinate system is North, East and Down
(NED). The global coordinate is a fixed 3D coordinate in the
real world. It is able to be any predefined coordinate system
or a customized coordinate. The drone coordinate is defined
on the drone, which is dynamic with respect to the global
coordinate. The camera coordinate is defined on the camera
attached to a rotatable gimbal, and the gimbal is fixed on the
drone. Therefore, the camera coordinate is relatively fixed to
the drone coordinates. There is also a 2D image coordinate
defined on the camera sensor. It is fixed to the camera
coordinates. Image coordinates are able to be fully derived
from the camera coordinates. In some embodiments, the
coordinates are not fixed and are of a dynamic nature.

[0026] FIG. 3 illustrates a diagram of a drone and a
coordinate system according to some embodiments. A
drone’s position in the global coordinates is available either
by GPS or any existing drone positioning methods. The
orientation is able to be represented in three rotation angles
with respect to the global coordinates: o.,°(t), B (1), vp°
(1), where a.,°(1), BrE(1), Yp°(1), are the rotation angles
around axis X, Y and Z, respectively. A 3D rigid transform
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T,°(t) from the drone coordinate to the global coordinate at
any time t is derived from the above position and orientation
measures.

[0027] FIG. 4 illustrates a diagram of a drone and a
coordinate system according to some embodiments. The
camera is attached on a rotatable gimbal. Camera position to
the drone (x,7, y.7, z.7) is fixed and time invariant. Camera
orientation to the drone o 2(t), ,.2(1), v, (1) is controlled by
the rotations about the gimbal axes. The direction of camera

optical axis in the drone coordinate, L P(t), is able to be
determined by o (1), B.2(1), v.2(t). By above, a camera’s
pose P_P(t) in the drone’s local coordinate at time t is (x 2,
y.2, 2.2, 0 P, BEW, v.21). Given T,C(1), L 2(t) is able

c

to be transformed to the global coordinate as L,(t), and
P_Z(t) to the camera’s global pose P_°(t) as (x.°(1), y.°(1),

z.4(1), 0. °(), B.EO), v.C1), ). I:E is normalize to have unit
length and determines (c..©(t), B (1), v.°(1).

[0028] FIG. 5 illustrates a flowchart of a method of
multi-drone tracking and capturing according to some
embodiments. In the step 500, subject positioning is imple-
mented in the drones. The subject is positioned in 3D either
by implementing 3D positioning directly or implementing
3D positioning indirectly from 2D. Subject positioning
includes framing the subject within the drones’ cameras’
views, so that the drones are able to capture content of the
subject. In the step 502, subject motion prediction is per-
formed. The subject motion prediction is able to be per-
formed on the drones and/or on the GCS. The prediction is
able to be performed by sequential pose estimations. For
example, the next subject position is predicted, and then the
next appropriate camera positions are determined/predicted.
By performing subject prediction, the flight of the drones is
able to be smoother, and the subject is able to be better
centered in the videos. In the step 504, camera positioning
is performed. Camera positioning (or calibration) is per-
formed on/between the drones. The real camera positioning
includes moving the drone to the predicted camera positions.
Each camera’s position is fine tuned by the residual between
the captured subject image and the expected subject image.
Each camera and/or the GCS know the positions of the
others cameras in real-time. In the step 506, each drone
captures content (e.g., video) of the subject from its respec-
tive angle. In some embodiments, fewer or additional steps
are implemented. In some embodiments, the order of the
steps is modified.

[0029] Subject positioning is implemented on each of the
drones. The position is P, (0)=(X,,,,(©), YD), Z,,, (1) of
the subject at time t in the global coordinates. P, (1) is
defined on a reference point of the subject. Examples of the
reference point includes, but is not limited to: a character
point on the face such as the nose; a character part of the
body such as the hip; a character point on a gadget attached
to the subject, such as a marker or bulb on the helmet; the
3D centroid point of the subject’s volume or the head
volume; or the point of a sensor or a marker having specific
spatial relations to the subject.

[0030] Embodiments of directly positioning P,,,,(t) in 3D
by each drone include: a RTK-GPS receiver carried by the
subject; a wireless (e.g., UWB) transmitter carried by the
subject; radar or LiDAR positioning methods; or RGB-D or
stereo cameras. The wireless transmitter periodically broad-
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casts its beacons, and more than three receivers are able to
determine the transmitter’s position in 3D.

[0031] Embodiments of indirectly positioning 3D P_,.(t)
from 2D include using a full body 2D detector or 2D part
detectors and trackers, and one is able to use either marker-
based or marker-less methods. For marker-based methods,
one puts the marker(s), which are detectable by the imaging
devices on the drone, on the subject’s body. The markers are
able to be positioned in 2D images in such methods. For
marker-less methods, positions are detected of either the
subject’s full body or parts of the subject’s body, and the
area/position of the parts in a 2D image are reported. P, (t)
projected in 2D is defined as some specific position such as
the neck joint, a specific marker, or the mass center of the
full body in the image coordinate. Face position is an
example of a 2D part detector and tracker.

[0032] FIG. 6 illustrates examples of embodiments of
indirectly positioning 3D P, (1) from 2D according to some
embodiments. As described above, the examples include
marker-based, full body, body parts, marker-less, and face
positioning.

[0033] 3D P,,,(t) from 2D includes several implementa-
tions or steps. The 2D positional estimates and the current
camera pose from each drone are sent to the GCS and/or a
specific tracking drone. 3D P_,,(t) is able to be estimated by
optimizing the 2D reprojection errors on each drone camera
image, or by a Deep Neural Network (DNN) regression
model giving the 2D positions and camera poses. A sequence
of the estimated P,,,(t) values are able to be used for
prediction.

[0034] Tracking and prediction for 2D and 3D subject
positioning includes 2D tracking on each drone for faster
detection and 3D tracking on the GCS and/or a specific
tracking drone for subject position prediction.

[0035] For 2D tracking on each drone, options include: a
visual tracker such as optical flow or template matching;
statistical filtering such as the Kalman filter and its variants
or a particle filter; learning-based methods such as the
correlation kernel filter (CKF) and its variants. In any way,
the 2D positioning at time t will use the prediction position
at time t-1 as a priori.

[0036] 3D tracking and prediction on the GCS or a specific
tracking drone exploits the history of P, including the
latest P, (t), the tracking and prediction is able to be done
by statistical filtering such as the Kalman filter or its variants
or particle filter; the prediction is also able to be done by
DNN models trained for position prediction, especially the
variants of RNN sequential models. At the end of tracking,
t<—t+1 is updated, and broadcast the prediction P, (1) to all
drones so they can control their motion smoothly following
the subject.

[0037] An important aspect of multi-drone tracking and
capturing is camera positioning. Given f’mb(t), multiple
drones with cameras are positioned. As described herein, the
application titled, “Method of Multi-Drone Camera Con-
trol,” discusses a method to position multiple drones with
cameras given P, ,(t). In some embodiments, a centralized
camera positioning implementation of multiple drones is
used, and in some embodiments, a distributed camera posi-
tioning implementation of multiple drones is used. The
drone swarm formation described herein is not restricted. In
some embodiments, three or more drones is implemented. In
some embodiments, a specific fast swarm formation for
subject pose capturing is implemented.
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[0038] A fast swarm formation method is able to be used
for subject pose capturing. A drone is able to be positioned
above(called the “top camera”) while more drones are
around the side of the subject. For each drone, a prediction
P (0=(X,, 0, Y (D), Z,, (1)) is received from the GCS or
the top drone. For the calculations, it is assumed there are a
total of N drone cameras to be positioned. The process starts
with the top camera (first camera) positioning: (x,.°(t),

Y5, 2.50)=K o0 Y (s Zos(OHZ, Z=(X, Y, 2).

[0039] L.(0=—7/Z, which determines (0. (1), B.S(1),
v.6(t)) of the top of the camera, where (%, y, z) is in the
exemplar global NED coordinate. (X, y) is a constant offset
to conform the safety requirement to fly over the subject.
z<0 is also a preset constant, and Izl is the height above
P_,,(1) so the camera’s image is able to cover the complete
subject’s area.

[0040] First side camera (second camera) positioning:

F0, 350, 2O XD, VgD, Zunts 7D
LE0=7 Iy,

which determines (o °(t), B,°(t), 7.°(t)) of this camera.

T, 50, 3,50, 2.0). N3O+, S0P,

where d is a pre-calculated distance between the camera and
the subject so the camera’s image is able to cover the
complete subject’s area. The combination of x, (1), y (1) is
able to be arbitrary or determined by a specific facing
criteria. z,9(t)=Z,,,(t) or close to Z,,(t) such that the
camera’s image is able to cover the complete subject’s area.
[0041] For the additional n” cameras, n>3:

Let 6 = tan L (350 /2 ),

(xC@, ¥, 28 (0),) = Ko (), Youp (), Zeun(0) +

) (n - 2)360° (1 — 2)360°
(dsm(e N —) dcos(@ N —) (L(z)).
W-D+WN%2) W-D+N%2)

Let v.(t) =
. (n—2)360° (n —2)360°
(dsm(0+ —) dcos(O " —] (L(t)]
WN-D+N%2) WN-D+WN%2)

—

vC . . .
L) = ——, which determines (@S, BE(e), yE®) of this camera.
Ve

A side camera is positioned to avoid exact opposite (180°)
viewing directions on the X-Y plane.

[0042] FIG. 7 illustrate exemplary diagrams of multiple
drones positioned at varying angles according to some
embodiments. Depending on the number of drones in use,
the angles between the drones are modified.

[0043] In some embodiments, the swarm formation per-
forms translation in the global coordinates. The second

camera’s V_(t>) is fixed to (v,, v,, 8), where & is the predefined
height difference between the camera and the subject’s head
such that the captured image by the camera is able to cover
the complete body of the subject.

[0044] In some embodiments, head guidance is used to

—
specify the second camera’s v(t). Any face pose estimation
methods are able to be used to identify the orientation of the
face in 3D. The methods are able to be 2D face detection
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with eye and nose positioning on each drone camera, then
the eyes and nose positions are triangulated in 3D by the
multiple drones. The orientation of the face in 3D is able to
be estimated by the face feature points. The methods are also
able to use direct 3D face pose estimation from each single
2D face image by some 2D to 3D face pose inference model,
and then the pose is optimized among all drones’ pose
estimates in the global coordinates. After the face pose is
estimated, the unit vector of face orientation in the global

coordinate is defined as (f.(t), ,(t), (1)), then V_(t>) is set to
(=df (1), —df (D), 8), where d is defined herein.

[0045] The pose-capturing formation described herein
involves minimal communication between the drones or the
GCS, because the broadcasted P_,(t) is sufficient. For
obtaining P, (t), the 3D tracking with subject position
prediction is able to be done on the top drone. The top drone
is able to serve as a specific tracking drone since its camera
has the aerial view (e.g., by flying 10 meters above the
subject), which is more accurate for tracking the subject on
the X-Y (ground) plane than the side drone cameras. The top
drone is also able to keep the subject accurately tracked in
GPS-denied environments. In some embodiments, for sim-
plicity, it is assumed the ground plane is parallel to the global
coordinate’s X-Y plane. If the ground is slanted, all of the
side cameras’ X-Y positions are able to be tilted by a slant
angle about the Z-axis, centered at P_,,(t) for flight safety.
[0046] The drone formation emphasizes the effective
viewpoints for 3D body part triangulation other than the
coverage of a subject’s volume. Each drone is fine tuned. As
described in the U.S. patent Ser. No. 16/917,671, filed Jun.
30, 2020, titled, “METHOD OF MULTI-DRONE CAM-
ERA CONTROL,” fine tuning the drone (or more specifi-
cally the camera on the drone) is implemented. At time t, the
location of the camera is:

[0047] P, (O=(x.C(t), y.°(1), z.°(t)), and the true loca-
tion of the subject is p,,..At)- A 3D vector in the global
coordinates from the camera to the target is:

—> — —>
VED=D el DD (L) and v,E)=vC(1)/|vE(D)|. The control
policy of the set of gimbal parameters, Gim, is set at time t

to let L G(t) approach v,C(1), that is:

Gim*(f) = argmin
Gim(r)

[0048] FIG. 8 illustrates a diagram of camera fine tuning
according to some embodiments.

[0049] By a control policy, the camera is moved by the
gimbal to always keep the target in the image center (or at
least attempt to). The implementation of gimbal control
policy is mechanics-dependent for each gimbal.

[0050] FIG. 9 illustrates a diagram of implementing a
gimbal control system according to some embodiments. The
gimbal control system centers the target in the image.
[0051] Subject pose parameter estimation is implemented
which uses offline subject 3D modeling. Offline subject 3D
modeling is used to obtain the 3D model of the subject and
other individual traits such as the biomechanical constraints.
Subject pose parameter estimation involves 2D part posi-
tions and then 3D subject pose estimation. 2D part position
determination is implemented on the drones and/or on the
GCS. 3D subject pose estimation is performed on the GCS.
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[0052] 2D part positions are able to be used to perform or
assist in performing 3D subject pose estimation. The part
positions (e.g., joints, eyes, hands) in each camera image are
determined. If the task is performed on the drones, then each
drone sends the 2D part positions and the latest timestamps
it received from all other drones back to the GCS. If the task
is performed on the GCS, each drone sends each frame and
the timestamps received from all other drones at this frame
back to the GCS. In either implementation, the camera
positions are sent back to the GCS.

[0053] 3D subject pose estimation includes optimization
with the following data: skeleton lengths, camera positions,
2D part positions in each camera image, and 2D/3D spatio-
temporal smoothness constraint.

[0054] For subject pose parameter estimation, offline sub-
ject model building is implemented. To achieve higher
accuracy, the subject’s body parameters are measured before
the capturing. The body parameters could include the length
of skeleton between joints and biokinetic extrema of each
joint the subject is able to perform. In general, 20-40 major
body joints are used to control an avatar, with more mea-
surements being better. The surface model of the subject is
also able to be modeled by the subject’s texture and shape.
Given the surface model, it is possible to calculate or
generate detailed expressions or actions for the avatar.
[0055] For subject pose parameter estimation, an exem-
plary implementation is described in U.S. patent application
Ser. No. 62/782,862, titled, “PHOTO-VIDEO BASED SPA-
TIAL-TEMPORAL VOLUMETRIC CAPTURE SYSTEM
FOR DYNAMIC 4D HUMAN FACE AND BODY DIGI-
TIZATION,” which is hereby incorporated by reference in
its entirety for all purposes. The exemplary implementation
is about a system to build a human skeleton and surface
model and then capture the spatio-temporal changes.
[0056] Subject pose parameter estimation in each 2D
image is able to be performed using CNN-based, multi-
subject methods. The estimation is able to be combined with
prediction models for better tracking. If the computations are
done on the GCS, the 2D image by each camera is sent to
the GCS.

[0057] Embodiments of the pose parameters are able to be
for sparse parts or dense parts, compatible with an avatar
model. For sparse parts, one is able to use methods such as
OpenPose or Mask R-CNN to position each major joint of
each subject in an image in real-time. If the computations are
done on a drone, then the 2D joint positions are sent to the
GCS. For dense parts, an example is DensePose, which
positions the elastic part surface in an image. If the com-
putation is performed on a drone, all of the output images or
part parameters are sent to the GCS. In DensePose, these are
the patch, U, and V images.

[0058] For subject pose parameter estimation, the input
includes: subject model parameter set M (e.g., the lengths of
different body parts of the subject, the subject surface
models, or the individual part’s biokinetic motion limita-
tions), the current time t, the total number of cameras N, the
intrinsic parameters of camera ¢ as K_, camera c’s pose in
the global coordinates as P_°(t), 2D part positions p(t,) of
the subject in camera c¢’s image coordinate with timestamp
t., where j stands for the part index, and the history of p;“(t.)
for all t.<t.

[0059] The output of subject pose parameter estimation
includes a 3D subject’s pose parameter set A(t) at time t, for
a sparse part-controlled avatar, an exemplar A(t) is the 6
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degrees of freedom 3D position and rotation of each joint,
and for a dense part-controlled avatar, an exemplar A(t) is
the 3D vertex positions of the body surface mesh model.
[0060] In some instances, the view of the subject is
obstructed or occluded, and a 3D pose is not able to be
generated from the acquired data. A time-constrained 3D
pose estimation using multiple drones is used for such
conditions. The estimation sets a subject’s 3D pose to be
estimated at GCS at a period q with tolerance €, and the
minimum number of cameras for triangulation is m, where
m>2. At an estimation time t, an inlier camera C is set to
C=0. For each drone camera c, if the latest received p;(t,)
has t—t_<e, then C=Cuc. After all cameras are checked, if
ICI<m, extrapolation is performed for the 3D parameter set
at time t as A*(t) and output A*(t) for avatar control.
Otherwise, if ICI2m, for each drone camera ceC, if t.<t,
extrapolation is performed for each 2D parameter at time t,
which forms the estimated $,°(t) of any part j.

[0061] 2D to 3D estimation uses K=K, and P(D=U.,.
viP,°(1). The objective is to find the optimal A*(t) minimiz-
ing a loss function L:

A*(t) = argminL(4(1), M, C, K, P(2))
A

More specifically, L is defined as:

LADM,CK P()=w, E . (AD).CK POWw,Ep,
(AWDM)Hw,,, B (ADA )

where E_,,,, E,,,. and E_,, are the energy functions of 3D to
2D part reprojection error, deviations according to the
biokinetic statistics, and the 3D temporal smoothness of part
trajectories. W,,,, Wg,, and w,, are the corresponding
weights of the energy terms. A, is the history of A earlier
than t.

[0062] For data output, A*(t) is output for avatar control.
A*(t) is added to A,;,, and the oldest A(t) is removed from
A, if it is not used by the future extrapolation. A*(t) and t
are broadcast to all drones so each drone is able to use this
information in the prediction model for 2D part positioning.
[0063] A*(t)is able to be solved by optimization methods,
which are usually iterative, such as gradient descent, Gauss-
Newton, or a variant of quasi-Newton methods such as
L-BFGS. A*(t) may also be solved by an end-to-end DNN-
based method by training a regression model with the output
head containing A*(t). At inference, the computation is able
to be done in one cycle without iterations.

[0064] Examples of implementations are able to be found
in U.S. patent application Ser. No. 63/003,097, titled ML-
BASED NATURAL HUMAN FACE/BODY ANIMATION
USING VOLUMETRIC CAPTURE SYSTEM+MESH
TRACKING, which is hereby incorporated by reference in
its entirety for all purposes.

[0065] FIG. 10 illustrates a block diagram of an exemplary
computing device configured to implement the drone-based
3D motion reconstruction method according to some
embodiments. The computing device 1000 is able to be used
to acquire, store, compute, process, communicate and/or
display information such as images and videos including 3D
content. The computing device 1000 is able to implement
any of the encoding/decoding aspects. In general, a hard-
ware structure suitable for implementing the computing
device 1000 includes a network interface 1002, a memory
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1004, a processor 1006, /O device(s) 1008, a bus 1010 and
a storage device 1012. The choice of processor is not critical
as long as a suitable processor with sufficient speed is
chosen. A GPU is also able to be included. The memory
1004 is able to be any conventional computer memory
known in the art. The storage device 1012 is able to include
a hard drive, CDROM, CDRW, DVD, DVDRW, High
Definition disc/drive, ultra-HD drive, flash memory card or
any other storage device. The computing device 1000 is able
to include one or more network interfaces 1002. An example
of a network interface includes a network card connected to
an Ethernet or other type of LAN. The I/O device(s) 1008
are able to include one or more of the following: keyboard,
mouse, monitor, screen, printer, modem, touchscreen, button
interface and other devices. Drone-based 3D motion recon-
struction application(s) 1030 used to implement the drone-
based 3D motion reconstruction method are likely to be
stored in the storage device 1012 and memory 1004 and
processed as applications are typically processed. More or
fewer components shown in FIG. 10 are able to be included
in the computing device 1000. In some embodiments, drone-
based 3D motion reconstruction hardware 1020 is included.
Although the computing device 1000 in FIG. 10 includes
applications 1030 and hardware 1020 for the drone-based
3D motion reconstruction implementation, the drone-based
3D motion reconstruction method is able to be implemented
on a computing device in hardware, firmware, software or
any combination thereof. For example, in some embodi-
ments, the drone-based 3D motion reconstruction applica-
tions 1030 are programmed in a memory and executed using
a processor. In another example, in some embodiments, the
drone-based 3D motion reconstruction hardware 1020 is
programmed hardware logic including gates specifically
designed to implement the drone-based 3D motion recon-
struction method.

[0066] In some embodiments, the drone-based 3D motion
reconstruction application(s) 1030 include several applica-
tions and/or modules. In some embodiments, modules
include one or more sub-modules as well. In some embodi-
ments, fewer or additional modules are able to be included.

[0067] Examples of suitable computing devices include a
personal computer, a laptop computer, a computer worksta-
tion, a server, a mainframe computer, a handheld computer,
a personal digital assistant, a cellular/mobile telephone, a
smart appliance, a gaming console, a digital camera, a digital
camcorder, a camera phone, a smart phone, a portable music
player, a tablet computer, a mobile device, a video player, a
video disc writer/player (e.g., DVD writer/player, high defi-
nition disc writer/player, ultra high definition disc writer/
player), a television, a home entertainment system, an aug-
mented reality device, a virtual reality device, smart jewelry
(e.g., smart watch), a vehicle (e.g., a self-driving vehicle), a
drone, or any other suitable computing device.

[0068] FIG. 11 illustrates a diagram of a system config-
ured to implementing the drone-based 3D motion recon-
struction method according to some embodiments. In some
embodiments, the system includes a set of drones 1100 and
a GCS 1102. Each of the drones 1100 includes a camera
1104. The drones 1100 are able to include other features/
components including additional cameras, sensors, gimbals,
gyroscopes, and/or any other components. As described
herein, the drones 1100 are configured to track, predict and
be positioned with respect to a subject and each other so as
to capture content (e.g., images/video) of the subject from
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many different angles. In some embodiments, at least one of
the drones 1100 is positioned directly above (or above with
an offset) the subject, and this drone is a control drone with
additional features such as additional software features
which enable the drone to communicate and process com-
mands and information to the other drones. The GCS 1102
is configured to communicate with the drones 1100 and
process content received from the drones 1100. The drones
1100 are configured to communicate with each other as well.
As described herein, the drones 1100 and/or the GCS are
able to perform the steps of the drone-based 3D motion
reconstruction described herein. In some embodiments,
instead of utilizing drones, another set of mobile camera
devices are used.

[0069] To utilize the drone-based 3D motion reconstruc-
tion method, multiple drones acquire images and videos of
a subject from a variety of angles. The multiple drones are
configured to establish a position and track the subject. The
drone-based 3D motion reconstruction method is able to be
implemented with user assistance or automatically without
user involvement (e.g., by utilizing artificial intelligence).
[0070] In operation, the drone-based 3D motion recon-
struction method and system is able to track and follow
motion of subjects. The method and system remove the
restrictions of past motion capture systems including the
space to capture, the location to capture and human-only
subjects. For example, the restriction of a dedicated VR
shooting place, “the hot seat,” is removed, so the actor/target
is able to perform agile or long-distance activities. The
resultant pose parameters are used to manipulate an existing
surface/volumetric VR actor model. The method is able to be
directly integrated into an existing VR/AR production chain.
The method and system do not require tremendous building
efforts that are required by past motion capture systems.
Furthermore, serious site investigation and planning, robust
camera installation, complicated wiring, and area marking
capturing are not required. The method and system are able
to be utilized with studio-level VR/AR for movie or TV
production, professional athlete or dancer remote training.
The method and system are also able to be utilized for video
conferencing, virtual Youtube, gaming, and motion replay
(spatiotemporal album).

SOME EMBODIMENTS OF METHOD OF 3D
RECONSTRUCTION OF DYNAMIC OBJECTS
BY MOBILE CAMERAS

[0071] 1. A method comprising:

[0072] obtaining a 3D model of a subject generated
using a multi-view capturing system;

[0073] capturing motion of the subject while the
subject is moving with a plurality of drones;

[0074] estimating pose parameters of the subject
using the captured motion from the plurality of
drones; and

[0075] applying the pose parameters to animate the
3D model.

[0076] 2. The method of clause 1 further comprising
positioning the subject within views of the plurality of
drones by implementing 3D positioning directly.

[0077] 3. The method of clause 1 further comprising
positioning the subject within views of the plurality of
drones by implementing 3D positioning indirectly from
2D.



US 2023/0306640 Al

[0078] 4. The method of clause 1 further comprising
using prediction to predict a future location of the
subject to determine where to position the plurality of
drones.

[0079] 5. The method of clause 1 further comprising
collecting the captured motion from the plurality of
drones at a ground control station.

[0080] 6. The method of clause 5 wherein the ground
control station receives videos, positions, and time-
stamps from the plurality of drones, and sends any
controlling or correction commands to the plurality of
drones.

[0081] 7. The method of clause 1 further comprising
controlling drone formation of the plurality of drones
with a ground control station.

[0082] 8. The method of clause 1 further comprising
controlling drone formation of the plurality of drones
with a tracking drone of the plurality of drones.

[0083] 9. The method of clause 1 wherein each camera
of each drone of the plurality of drones is configured to
broadcast absolute positions to all other cameras.

[0084] 10. An apparatus comprising:

[0085] a non-transitory memory for storing an appli-
cation, the application for:

[0086] obtaining a 3D model of a subject;

[0087] receiving captured motion of the subject
while the subject is moving from a plurality of
drones;

[0088] estimating pose parameters of the subject
using the captured motion from the plurality of
drones; and

[0089] applying the pose parameters to animate the
3D model; and

[0090] a processor coupled to the memory, the pro-
cessor configured for processing the application.

[0091] 11. The apparatus of clause 10 wherein the
application is further configured for positioning the
subject within views of the plurality of drones by
implementing 3D positioning directly.

[0092] 12. The apparatus of clause 10 wherein the
application is further configured for positioning the
subject within views of the plurality of drones by
implementing 3D positioning indirectly from 2D.

[0093] 13. The apparatus of clause 10 wherein the
application is further configured for using prediction to
predict a future location of the subject to determine
where to position the plurality of drones.

[0094] 14. The apparatus of clause 10 wherein the
apparatus receives videos, positions, and timestamps
from the plurality of drones, and sends any controlling
or correction commands to the plurality of drones.

[0095] 15. The apparatus of clause 10 wherein the
application is further configured for controlling drone
formation of the plurality of drones.

[0096] 16. A system comprising:

[0097] a plurality of drones configured for capturing
motion of a subject while the subject is moving; and
[0098] a ground control station configured for:

[0099] obtaining a 3D model of the subject gener-
ated using a multi-view capturing system;

[0100] estimating pose parameters of the subject
using the captured motion from the plurality of
drones; and
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[0101] applying the pose parameters to animate the
3D model.

[0102] 17. The system of clause 16 wherein each drone
of the plurality of drones is equipped with at least one
RGB camera device, wherein a camera’s orientation is
controllable by a gimbal attached to each drone of the
plurality of drones.

[0103] 18.The system of clause 16 wherein the plurality
of drones are configured for positioning the subject
within views of the plurality of drones by implementing
3D positioning directly.

[0104] 19. The system of clause 16 wherein the plurality
of drones are configured for positioning the subject
within views of the plurality of drones by implementing
3D positioning indirectly from 2D.

[0105] 20. The system of clause 16 wherein the plurality
of drones are configured for using prediction to predict
a future location of the subject to determine where to
position the plurality of drones.

[0106] 21. The system of clause 16 wherein the ground
control station is configured for collecting the visual
data from the plurality of drones.

[0107] 22. The system of clause 16 wherein the ground
control station is configured to receive videos, posi-
tions, and timestamps from the plurality of drones, and
send any controlling or correction commands to the
plurality of drones.

[0108] 23. The system of clause 16 wherein the ground
control station is configured to control drone formation
of the plurality of drones.

[0109] 24. The system of clause 16 wherein a tracking
drone of the plurality of drones is configured for
controlling drone formation of the plurality of drones.

[0110] 25. The system of clause 16 wherein each cam-
era of each drone of the plurality of drones is config-
ured to broadcast absolute positions to all other cam-
eras.

[0111] The present invention has been described in terms
of specific embodiments incorporating details to facilitate
the understanding of principles of construction and opera-
tion of the invention. Such reference herein to specific
embodiments and details thereof is not intended to limit the
scope of the claims appended hereto. It will be readily
apparent to one skilled in the art that other various modifi-
cations may be made in the embodiment chosen for illus-
tration without departing from the spirit and scope of the
invention as defined by the claims.

What is claimed is:

1. A method comprising:

obtaining a 3D model of a subject generated using a
multi-view capturing system;

capturing motion of the subject while the subject is
moving with a plurality of drones;

estimating pose parameters of the subject using the cap-
tured motion from the plurality of drones; and

applying the pose parameters to animate the 3D model.

2. The method of claim 1 further comprising positioning

the subject within views of the plurality of drones by
implementing 3D positioning directly.

3. The method of claim 1 further comprising positioning

the subject within views of the plurality of drones by
implementing 3D positioning indirectly from 2D.
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4. The method of claim 1 further comprising using
prediction to predict a future location of the subject to
determine where to position the plurality of drones.

5. The method of claim 1 further comprising collecting
the captured motion from the plurality of drones at a ground
control station.

6. The method of claim 5 wherein the ground control
station receives videos, positions, and timestamps from the
plurality of drones, and sends any controlling or correction
commands to the plurality of drones.

7. The method of claim 1 further comprising controlling
drone formation of the plurality of drones with a ground
control station.

8. The method of claim 1 further comprising controlling
drone formation of the plurality of drones with a tracking
drone of the plurality of drones.

9. The method of claim 1 wherein each camera of each
drone of the plurality of drones is configured to broadcast
absolute positions to all other cameras.

10. An apparatus comprising:

a non-transitory memory for storing an application, the

application for:

obtaining a 3D model of a subject;

receiving captured motion of the subject while the
subject is moving from a plurality of drones;

estimating pose parameters of the subject using the
captured motion from the plurality of drones; and

applying the pose parameters to animate the 3D model;
and

a processor coupled to the memory, the processor con-

figured for processing the application.

11. The apparatus of claim 10 wherein the application is
further configured for positioning the subject within views
of the plurality of drones by implementing 3D positioning
directly.

12. The apparatus of claim 10 wherein the application is
further configured for positioning the subject within views
of the plurality of drones by implementing 3D positioning
indirectly from 2D.

13. The apparatus of claim 10 wherein the application is
further configured for using prediction to predict a future
location of the subject to determine where to position the
plurality of drones.

14. The apparatus of claim 10 wherein the apparatus
receives videos, positions, and timestamps from the plurality
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of drones, and sends any controlling or correction com-
mands to the plurality of drones.

15. The apparatus of claim 10 wherein the application is
further configured for controlling drone formation of the
plurality of drones.

16. A system comprising:

a plurality of drones configured for capturing motion of a

subject while the subject is moving; and

a ground control station configured for:

obtaining a 3D model of the subject generated using a
multi-view capturing system;

estimating pose parameters of the subject using the
captured motion from the plurality of drones; and

applying the pose parameters to animate the 3D model.

17. The system of claim 16 wherein each drone of the
plurality of drones is equipped with at least one RGB camera
device, wherein a camera’s orientation is controllable by a
gimbal attached to each drone of the plurality of drones.

18. The system of claim 16 wherein the plurality of drones
are configured for positioning the subject within views of the
plurality of drones by implementing 3D positioning directly.

19. The system of claim 16 wherein the plurality of drones
are configured for positioning the subject within views of the
plurality of drones by implementing 3D positioning indi-
rectly from 2D.

20. The system of claim 16 wherein the plurality of drones
are configured for using prediction to predict a future
location of the subject to determine where to position the
plurality of drones.

21. The system of claim 16 wherein the ground control
station is configured for collecting the visual data from the
plurality of drones.

22. The system of claim 16 wherein the ground control
station is configured to receive videos, positions, and time-
stamps from the plurality of drones, and send any controlling
or correction commands to the plurality of drones.

23. The system of claim 16 wherein the ground control
station is configured to control drone formation of the
plurality of drones.

24. The system of claim 16 wherein a tracking drone of
the plurality of drones is configured for controlling drone
formation of the plurality of drones.

25. The system of claim 16 wherein each camera of each
drone of the plurality of drones is configured to broadcast
absolute positions to all other cameras.
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