A SYSTEM TFOR MIXING OR COMPOSITING IN REAL-TIME,
COMPUTER GENERATED 3D OBJECTS AND A VIDEO FEED FROM A
FILM CAMERA

BACKGROUND OF THE INVENTION
1. Ticld of the Tnvention

A system for mixing or compositing teal-time, computer generated 3D objects and a video
feed from a film camera, such as 2 viden camera, to generate 4 real-time augmented teality

video for TV broadcast, cinema or video games.
2. Desctiption of the Prior Art

Over the past 20 years, there has been considerable tesearch and commercial activity in
this field; reference may be made to viden ingertion or augmented reality systems from
companies, such as Sportvision, Inc, which has developed television viewing
enhancements for spotting events, such as Ametican footbsll, adding a virtal fitst down
line that viewets see super-imposcd onto the pitch. Other companies that have developed
systems in this area include PVI, Inc. One common feature of known systems is that they
rely principally on analysing the features in the vidco feed from the camera to determiae
which part of the real-wortld scene the:camera is pointing at; the system will have eatlier
built up 8 3D map of that scene 8o that, once it knows where in the ‘scene it is pointing at,
it is able to add or composite computer generated objects (such as the virtual fitst down
ling) onto the video feed in such a way that the object’s position and orentation makes it
appear a natura} part of the scene. One disadvantage of replying purely on the optical flow
in this way is that such systems can be vureliable,

Other systems rely on pute marker-based approaches (Lightcraft Technologies for
example). They require an operatos to put teal physical markers (1m x Jm large) on set to
be detected by the system. It is higbly inefficient as it needs houts or days to set up a stage,
which is something very unlikely to work for movie production. 1t also has many
constraints as the physical markers must always remain in the field of view of their system.

Scientific references may also be made to the papers cited in Appendix 1.




BRIEF SUMMARY OF THE INVENTION

The present lnvention is, in one aspect, 2 system for 1ﬂﬁng ot compositing real-time,
computer generated 3D objects and a video feed from a film camera, such as a video
camera, to generate augmented reality video for TV broadcast, cinema or video games, in
which:
(a) the body of the film camera can be moved in 3D and scnsors in or attached
directly or indirectly to the film camera provide teal-time positioning data
" defining the 3D p';asition and 3D otientation of the film camera, or enabling the
3D position and 3D otientation of the film camera to be calculated and
(b) that real-time positioning data is then autnmatically used by the system to create,
recall, rendet ot modify computer generated 3D objects and
(©) the resulting computer generated 3D objects are then mixed in or composited
with the video feed from the film camera o provide augmented reality video for

TV broadcast, cinema ot video games,

Oplional festutes — some or all of which can be combined with each other, include the

following:

o the computer generated 3D objects are mixed in or composited in teal-time with
the real-time video feed from the film camers,

s Real-time zoom, focus and irs scttings of the filin camera are measured and
used, together with the real-time positioning data, so that the 3D objects are
correctly rendered in 2 desired locadon and oxicntation in a 3D scene.

e The sensors include an accelerometer, and a gyro (6DOF sensor).

e The sensots include a 3-axis accelerometer measuting ttanslational acceleration in
3D, a 3-axis gyro measuting angular velocity in 3D, and magnctometer measuting
absolute heading in.3D, and heoce constituting a IDOF sensor.

» The sensors include a 3D range sensor, such as structured light or time-of-flight
camera,

e The 3D range sensor captures the depth of each pixel in a video output from the

camecera,




» The depth of edges is refined by reprojecting the 3D range sensor depths oato
the high resolution video fecd of the film camera.

» The sensors are formed into a unit that can be securely fixed to the film camera

0 The unit includes one ot two witness cameras.

o The unit jncludes & 3D range sensor that caprares the deprh of each pixel
in a video output,

o The unit includes a (DOF or 9IDOT sensor.

o The unit uses switchable hangers 10 allow it to be fixed to different sizes
and designs of film cameras and rods.

0 ‘Thc unit is extensible to include other forms of sensots.

o The unit: can form a survey device which can be used to survey a complex
scene and transmit data defining the 3D scene being surveyed wirelessly
to a computet: which then tracks or recovers tracking of the scene.

o Film camera includes conventional encoders to read the camera zoom,
focus and iris.

e System includes one single witness catnera (monoscopic case) or two witness
cameras (stereocscopic case), equipped with lenses which may be 180 degree fish
eye lenses.

e The wilness camera(s) are off-set from the film camera and that off-set is
obtained using a calibration chart including a first and second group of circles,
cach circle being in a known location with respect to one or more of the other
circles and each circle being recognized using a blob image algorithm.

2 A lens of the film camera is calibrated for optcal distortion using a calibration
chart including several circles, cach circle being in a known location with respect
to one or more of the other circles and each circle being recognized using a blob
image agorithm.

o Film Camera is any of the following: ctane camera; steady cam; hand-held-
camera; dolly mounted camera, tripod-mounted camera, smartphonc, augmented
reality glasses.

* The 3D position and oricntation of the film camera is determined with reference
to o 3D map of the real-world gencrated, in patt, by using the real-time 3D
positioning data from the sensors plus an optical flow in which witness camera(s)

sutveys a scene and softwate running on a processor deteers natural markers in



the scene (‘feature points’) that have not been manually or artificially added to
that scene.

The systein utilizes one or two high-speed (such as at least 100 fps) witncss
cameras to enable the system to be fully initialized without a separate stage of
purely surveying the scene to be tracked (called ‘instant survey’), but instead
surveying takes place continuously whilst the camera is being used to caprure
vidco.

Stereoscopic system enables software to process the images and, even with the
camera system not belng moved at dll, to generate an instant 3D poiut cloud (for
example associating a large number of points in the scene to their position in a
3D space using knowledge of the separation between the two camera and
epipolar geometry).

The depth of each pixel in the 3D point cloud is obtained using corresponding
2D tcxtare patches obtained from each stereoscopic witness camera and an epi-
polar line search algorjthm.

Systemn rons a fusion algorithm that combines optical flow data (rom the witness
camera system with the real-time positioning data from the hardwarc sensors.
Fusion algotithm is based on an Extended Kalman Filter prediction/correction
technique to integrate outputs from, and to re-calibsate, all the sensors, which
may include an accelerometer, a gyroscope, a magnetomcter, a 3D range scnsor,
to detcrmine the position and oricntation of the camera.

EKF fusion algorithm uses confidence level data, ussociated with the output
from each sensor, when determining how to merge the data from each sensor.
Keyframes generated by the witness camera system are part of the visual tracking
ptocess and are real-time images computed at 4 different resolution levels of the
witness camcra video feed.

System includes (a) a content gencrating computer that provides 3D computer
generated animation of virtual figures, objects and places, and (b) a rendering
computer (which may or may not be scparate from the content generaling
computet), and in which the real-time positioning data defining the 3D position
of the film camera is used by either or both of the content generating computer
aud the rendering computer to cause real-time, computer gencrated 3D objects

to be generated that can in real-time be inserted and mixed with the video feed



from the film camera to form a natural part of the scene shown in that video
feed.

The computer generated 313 objects are animations that can move anywhere
within the scenc and can alter their shape and appearance in a manner
determined by the content generaling compuler.

Computer generated 3D objects are animated figures of people or crcatures that
move (c.g. run, dance, walk, fight, fly, jump, ...} in a realistic manner when mixed
in the scene.

Cameta positioning or tracking data is also made available for use in post-
production to facilitate post-production CGI.

The 3D range sensor is used to enhance the accuracy of a depth measurement
associated with a reconstructed 3D point, or to reject that reconstructed 31D
point.

The 3D range sensor is uscd for real-time depth keying to enable dynamic
occlusion and suppress the eventual use of a green stage.

System uses a small camera registration object, such as a board of known size and
covered with a known pattern, placed in the scene so that a corner of the
detected pattern is treated as the origin for the 3D point cloud (and thus the
wotld),

Camera tegistration object comptises at least two spheres of known size arranged
in a true vertical and recoguized using a blob image recognition algorithn.
System includes 2 magnetometer to indicate magnetic Nosth, an acceleromceter to
indicate gravity dircction (and thus giving true verdcal ), a gyro to indicate if the
system is tilted up/down or has panned Jeft or right or has been rotated about
the optical axis, and a 3-axis accclcromcter to enable translation in 3D from 2
sturt position to be inferred.

Software attempts to generate a uaiformly distdbuted poiot cloud in the 3D map
to greatly reduce tracking losses and increase tracking accuracy (more parallax is
generated, so the estimated camera position is more accuratc).

The cameta tracking system can be wirclessly connected to the camera system
and can hence be rapidly moved around the set when generating the 3D point
cloud — no need ro trail cables over the set, unlike earlier witness camera systems.

The camera tracking system combines reul-time suveying of a 3D scene



(monoscopic case) or instant survey (stercoscopic case) with tracking of the film
eamcta as the dirceror/cameraman tracks, pans, tilts the camera tracking system
attached to the film camera,

System fully automates all aspects of film camera tracking, including roration,
translation, focus, ids, focal Jength; and automates the scaling, positioning and
otientation of the 3D computer generated content 1o be mixed in with the video.
System enables real-dme, condnuous surveying of a scene to gencratc a more
complete point cloud defining the scent

System attaches rotation invariant descriptors, for cxample using ORB, to feature
points detected in the scene to facilitate recovery of tracking.

Systern uses a constanc velocity model associated with the information provided
by the sensors to predict the next position of the film camera using the
previously correctly compuled or confirmed position. It uses that prediction to
re-project the 3D point cloud onto the current frame, to enable a point matching
algorithm to match poinrs identified in the real-time video feed from the witness
camcra system and the projected points in the new, 3D point cloud.

System uses a Levenbetg-Marquardt minimization scheme for camera tracking to
minimize the etror between the points identified in the real-time video feed from
the witness camera system and the projected points in the new, 3D point cloud.
The usetr can use the 3D point cloud generated by the camera tracking system to
define 3D masks, such as 3D Garbage Matting masks.

3D ijects include static objects, dynamic animations, vittual worlds, virtual
people, virtual buildings, virtaal scenery, virtwal film sets, and any data jn an
animation database. )

The film camera and the witness camera ate calibrated for frame acquisition delay
using a modulated light source, such as by comparing light intensity curves

associated with a flashing LED.

Other Concepts — euach can be combined with any of the featutes defined above, or

with any other concept defined below:

A method of mixing or compositing real-line, computer generated 3D objects and a

video feed frona a film cameta in which the body of the flm camera can be moved in 3D

and sensors in or attached to the camera provide real-time positioning data defining the
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3D position and 3D orientation of the camera, or enabling the 3D position to be

calculated.

A method for mixing or composting real-ime, computer generated 3D objects and n
video feed from a film camera, such as a videco camera, to generate augmented reality
vicleo for TV broudeast, cinema ot video games, in which:

(a) the Lody of the film camerm can be moved In 3D and sensors in or attached
directly or indircctly to the filn camera provide real-time positioning data
defining the 3D posidon and 3D otientatdon of the film camera, or enabling the
3D position and 3D orientation of the film camera tw be caleulated and

(b) that rcal-time positioning data is then automatically uscd by the system to create,
recall, render or modify computer generated 3D objects and

(© the resulting computer generated 3D objects are then mixed in or composited
with the video feed from the film camera to provide augmented reality vicdeo for

TV broadcast, cinema or video gumes.

Methods or systems as defined above and used to enable a ditectot (or a director of
photography) to frame-up the pre-production computer generated 3D assets in camera,
typically previsualisation or visual effects assets, in real-time onto the live action film
plate ot vidco images as captored by the camera, enabling the director to explore possible
camera angles and moves in real-time with the computer generated 3D assets b'c(ing

automatically mixed into the video as seen by the director.

Methods ot systems as defined above in which the real-time positioning data is recorded

and time-code stamped to provide match-move data for post-production processes.

Methods ot systerns as defined above and used to enable vittual objects or images to be

inserted into a broadcast video strcam,

Method of system as defined above to enable one or mote of the following:
¢ Real-time tracking for studio cameras

* Real-time tracking for Steadicam

¢ Real-ime wacking for Crane-mounted cameras

« Real-dme tracking for Dolly-mounted cameras




* Real-time tracking fot Steadicam

* Real time tracking for Qustside Broadcast (OB)

* Using real-time data (e.g, tracking data) for 2D post-production

* Using real-time data (e.g, tracking data) for post-conversion for 3D stereoscopic
content

* Using real-time data (e.g. tracking data) for native 3D stercoscopic content

* 3D praphics insertion

* 3D graphics insertion for in-studio or on-set product placement

* 3D graphics insertion for OB

* 3D graphics insertion for other sponsored images

* 3D graphics inscrdon that is viewer-location specific

* 3D graphics insertion that is viewer-specific

* 3D graphics inscrtion that is time-specific

* 3D grapbics insertion for filling out crowd scenes

* 3D graphics insertion for green screen replacement

* 3D graphics insertion of educational content to assist learning, in museuns and
interpretation centtes in cultural, historic ot natural sites.

* Measurement of the absolute ot relative size of objects in the scene.
Mathods or systems as defined above, where the ilm cament is one of the Toliowing:

- All cameras with o standard tether
- Cmeras requiring tactical aptical fibee connection

- Camera requiring RIF/wireless comncetion
Method ot systems as defined above, deployed in one of the following markets:

- Film/TV (not live)

- Commercial (not live)
- Commerdials live

- Broadcast (not sports)
- Broadcast OB

- Spotts studio based

- Sports OB based



- TV produce placement live

- Intetnet usage (not live)

- Internet live

- Internet live tetritoty based

- Interent product placcment live

- Museumn /heritage content

- Museum/heritage advertisements
- Architcceural

- Games

Methods or systems as defined above and used to enable augmented reality images to be
displayed by any display device, inchiding a smartphone, and angmented tealily plasses,
the appearnnce of the augmented reality images being automatically altered in

dependence on the real-time positioning data.

A film, movie, TV show or video game in which real-time, computer generated 3D
objects are mixed with a video feed from a camera, in which the body of the camera can
he moved in 3D and sensots in or atrached to the camera provide seal-time positioning
data defining the 3D position of the camera, of enabling the 3D position to be
calculated,

A scene surveying and tracking device adapted to be attached to a conventional camera,
in which the body of the camera can be moved in 3D and hardwate sensors in the scene
sutveying and tracking device provide real-time positioning data defining the 3D position

of the camera, or enabling the 3D position to be calculated,

A hand-held or portable camer including sensors in or artached to the camera provide
real-time positioning data defining the 3D position and 3D orientation of the camers
relative to a 3D reference frame, or enabling, fully or ag parl of a systcm that analyses

other data, such as optical flow data, the 3D position to be calculated.

A film camera including or attached to a stereoscopic witness camera system, the witness

camnera system generating wide-angle (e.g. 180 degree) stereoscopic itnages, enabling




software (o process the images and, without the camera system being tracked/moved at

all, to generate an instant 3D point cloud.

A camera tracking system for attaching to a filn camera, having the witness camera
system generating stereoscopic images, enabling software to process the images and,
without the camnera system being moved at all, ro generate an instant 31 point cloud and

provide teal-time tracking (position, odentation, zoom, focus and jris) of the film camera.

Augmnented reality glasses including sensors in or attached to the glasses provide real-
time positioning data defining the 3D position and 3D orientation of the glasses relatve
to a 3D reference frame, or enabling, fully or as patt of a system that analyses other data,

such as vptical flow data, the 31D position to be calculated.

‘I'he present system is implemented in a system called Neam. Various applications of

Necam include the following:

Visual Effects in Film, TV and Commercials

Visual effects in pre-production and production: Neam secks to help fill the gap between
the previs (pre-production) and VIX (post-production) during the shooting process
(producdon), Neam offers a solution to those wishing to trame vp on the VFX in-
cameta, whilst shooting, in real-time. Using previously created content, often from the
ptevis process, Ncam is able to composite those previs assets, normally 3D models and

animation, onto the live action Alm plate in realtime.

Taking the carefally crafted and approved previs onto set can save huge amounts of
time. The filmmakers can frame up the previs or VEX, whether it be shooting on
greenscreen and compositing a virtual background or overlaying a creature or object in
the foreground. The filmmakets ate then able to take back control of the previs and VEX
exploring possible camera angles and moves on the fly and in realdme, without the usual

constraints.

In turn, the darta is recorded and tme-code stamped, giving the VIX department camera
match-move data (the 6 DOF track) whilst at the same time providing editorial with a

‘temp’ of the final VFX.
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By shooting the ‘temp’ VEX in-cameta and by designing the VEX catlicr in the process,
it’s possible to take a lot of the guess work out of the VFX as a post-production process.

We can lessen the VI'X design process, thus saving wastage.
Virtual Advertising — Live Broadcast

Neam’s technology lends itself well to real-time virtual advertising with the broadcast
space. Digital product placement, where the product is insercted after  the shoot during
post-production, as opposed to a real physical product being in-camera, is becoming
more populat. However, with the ability to augment the digital product placement live,
we are able to open up various possibilities. Examples may include branding logos on
sports ficlds or canned drinks in a soap opeta, This is where the ability to render photo-
real CG images, in real-time, based on the shooting environments lighting, becomes

critical.
Holographic Gaming
Combining Ncam’s technology with holographic displays and eye-wear (such as Google

Glass) could provide a totally immersive gaming expericnce. Bleading the real world with

virtual worlds and characters. The possibilities are somewhat endless.
Museum & Herltage

Neatn’s technology offets a wide range of potential applications to the museum and

heritage scctors.

As an exploratory tool it could be useful for the reconstruction of heritage sites such as

ruins, showing what the site looked like in its former gloty.

Within muscums Ncam may be used as an educational tool, perhaps to demonstrate a
dinosaur’s size and movement, it’s internal organs or skeletal structure. Another example
may be to explore the workings of the integral combustion engine, effectively viewing an

exploded animated diagram, but in full immersive 3D space.

Virtnal Camera - VCS

Ncam technology lends itself perfectly for this application. A virtwal camera js essentially

an LCD screen showing a complete CG 3D cnvironment. As the operator moves the
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LCD screen, it behaves just like a physical camera in terms of movement, The LCD
camera is tracked in XYZ translations and rotations and shows the full CG environment
from a CG enpine, in teal-time. There are cutrently various VCS (virtual camera system)
solutions available, but all have limitations in terms of the technology. They tend to be
titme consuming to setup, limited in the space and environment in which they will
operate, and arc expensive. A Neam based VCS would Jikely take the shape of a tabler,
whereby the processing would be calculated locally combined with an I.CD scrcen, The
CG compurations could be taken {from a remote PC ot possibly locally depending on
requirements, The idea is to enable open access through usability and price points to lots
of departments within a film, who previously have been unable to have access to such
tools. This is very useful for designers, architects, VFX, games companies, CG and

animation houses cte.
This VCS would also form the backbone to the potential museum and hetitage solution.
Vittual Scout System - VS8

If you imagine you're shooting a movie and it's predominantly on
bluescteen/greenscreen. Howr, as a filmmaker or director, do I work out which angles ot
shots will be the best? After all, I may have a small amount of physical set and a few
actors, but I have litte idea, apart from my imagination, of which camera angles are best,
let alone explain to the entre ctew where we should set up the cameras and make a valid
choice of lenses. Currently we would move a film camera and all its paraphernalia to a
location on the sct, sctup Ncam and take a look, only to realise it would be better in
another position. If only we had a lightweight portable system to make those decisions,

quickly and cfficienuy. This is Ncam V35S,

VSS is Ncam as it is today, but integrated into a small form factor camera - think
DSLR. It is essentially a digital viewfinder with the benefits of Ncam, We are
combining all the elements of Neam as it is today, on a film sct, but in a portable
device. Virtual production for TV episodic would also benefit hugely from this tool, as
would museurn/heritage sites as well as architects wishing to show potential investors

their new creatdons.
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BRIEF DESCRIPTION OF THE FIGURES

Figure 1
Hatchware description for configuration 2,3. Note that the version deawn here is the one

having the tracking workstation and the tendering workstation merged.

Pigute 2
Glabal tracking algorithm to obrain the position and rotation of a film camera in real-

Hime.

Figure 3
‘The 3D auto-leveling Registration Object created for our system. That object is used in
the real sceae to automatically compute the origin, the oricntation and the size of the

real-world inn our software. A planar version is shown on the right picrure of figure 5.

Figure 4
The Image Pyramid used for the detection of natural markers, This figure also shows

some 2D textute patches assodated to the markers,

Figure 5

Calibtatlon charts developed and used in Ncam, Left: calibration chart used to calibrate
all lenses. Middle: Calibration chart used or a linéup computing between a film camera
and a witness camera. The chart on the left might also be used for cases where the fora
length on the film camera is short enough (experimentully decided on ser). Righe: planar
version of the registration object. Easier to handle and can be placed anywhere on the
ground surface. The citcles give an orthonormal basis giving the world orientation, scale
and origin (0,0,0) when adding virtual objects to the real scene. The center of the top left

circle is the origin of the world,
Figure 6

The Camera Bar to be mounted on a Film Camera with the different hanger sizes (for

15mm and 19mm rods).
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Figure ¥

The wireless survey device. When:a surveyis required {i.¢, monoscopic case for exa mple
(see. section 2.1, 6f very complex gets. (see ehd of section 21.3)), the whole tiacking
process is then achieved usibg that survey device, When the survey. is compléte, all the
wacking data (point cloud, keypoints, et¢) are wirclessly teansmited to  the
I'vneking/Rendering Workstation that instantly recovers the: tracking anid starrs streaming

out both tracking data and final compusited result.

Figure 8

The Camera/Computer Breakour Box, Noté that thie version vsing multiple BJ45 cables
& shown here. All thest Breakout boxes also have g vatiant where those cables are
replaced by a single tactical optical fiber cable,
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DETAILED DESCRIPTION OF THE INVENTION

This technology is about mixing real-time computer-generated 3D objects and real-
life video feed coming from a real camers {(called film camera for the remaining of
this paper) on a film set, TV broadcast or video game. The main objectives of this

syslem are:

o To provide a real-time framing tool of virtual characters and environment for

movie directors.

» To display in real-time the pholo-realistic result of the virtual objects directly

merged with the real video.

o To provide an accurate estimntion of the position of a film camera (called
camera tracking) for both on-sct shooting and movie post-production. All film
cameras are handled: craue cameras, steady cam, hand-held camera, cameras

on tripods, ctc.

« To provide an approximation of the 3D geometrical modeling of the real scene,
handling occlusion between the roal objects (and/or actors) and the virtual

cnvironment (3D aobjects, characters, etc.).

The technology described here is first of all a powerlul sensor fusion algorithm,
thus merging natural markers (i.e. not manually added to the physical scene) com-
puted from the 3 (sterecscopic case) or 2 (monoscopic case) different optical flows
and the physical measurement of 4 other sensors (gyroscop, accelerometer, magne-
tometer, 3D range sensor: It is also a totally non-intrusive system which does not
require to manually add any physical markers or anything directly visible in the real

scene to do its job.

1 Hardware

The technology has 2 different possible hardware configurations depending on the

kind of data that have to be streamed out.

All these 2 configurations have in comuon the following hardware mounted on
a device called the camera bar (see figure 6 for detailed schematics), as well as a
separate connection box which is essentinlly a breakout box merging or separating
all the different cables into one or several independent looms (see figure 8 for detailed

schematics):
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e One or two high speed cameras {at least 100fps), called witness cameras, de-

pending on the selected approach (monoscopic or stereoscopic).

Bach witness camcra has a 180 degrees fish-eye lens mounted on.

A 9-DOF sensor, including a gyroscop, magnetometer and accelerometer (or
§-DOF when the magnetometer caunot be used).

A 3D range sensor that captures the depth of a pixel.

In addition to the camera bar, all the configurations have regular lens encoders
mounted on the Alm camera to read the zoom, focus and irig values. They also

have in common & wircless survey device (see figure 7 for detailed sclhematics) to

survey the scene and learn it. However, note that in the cuse of a full stereoscopic

approach (sec section 2.5), and more precisely an instunt survey (see section 2.5.1),

that survey device is not needed.

Apart from these shared features, the 2 configurations are described as follows:

Configuration 1: Camera Streaming

1. Wircless embedded computer:

B

(a)

(b)

(0)

An Bmbedded Tracking Computer is mounted on the fiim camera. 1t
wireless streams out the film camera translation and rotation (RT) to an
external rendering workstation, ns well as the zoom, focus and iris (ZFI)
that come from the encoders.

An External Content Generating Workstation. This machine typically
runs & computer graphics software to provide 3D computer generated
snimation and relevant CG content for the final compositing. It also
streams out the animated data to the external rendering workstetion (1-
ic).

An Externul Rendering Workstation that on one hand receives the data
from the eimbedded computer (1-1a}, and on the other hand also handles
the animated date coming from the content generating workstation (1-
1b). This rendering workstation uses the flm camera RT+ZFI coming
from 1-la to display the 3D virtual environment coming [ron 1-1b, and
mixes the result within the real video flow coming from the film caunera. It
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also streams the final composited result back to the film camera syepiece

or a control monitor without any wire.

2. Wired embedded computer

(a)

(b)

{c)

An Embedded Tracking Computer is mounted on the film camers. It
streamy out the film camera translation, rotation (RT) and the encoder
data (ZFI) to an external rendering workstation using tactical optical
fiber cables.

Simijlar as Confignration 1-1b.

Similar as Configuration 1-1c¢, except that the final composited result is
sent back to the camera through an HD-SDI cable.

Configuration 2: Total Streaming

1. Wireleas embedded computer:

(a)

(b)

()

(d)

An embedded tracking computer is mounted on the film camera. No
actunl processing in achieved on that umit. It only wireless streams out
all the sensor data to an external tracking workstation. 2x video flows of
the witness cameras, 1xSDOY data, 1x range sensor data are streamed
out. The total amount of date requires a minimum bandwidih greater
than 142MB/sec sec (witness cameras require 63MB/sec, range sensor
74MB/sec, 9DOF sensor 4.4MB/sec).

An External Tracking Workstation. that receives the data from the em-
bedded tracking computer. This unit processes all the sensor dats to
compute the rotation and translation matrices of the film camera. It
streams out the Camera RT+ZFI to the external rendering workstation
.(2-14).

An external Content (Gencrating Workstation. This machine typically
runs a computer graphics software to provide 3D computer generaied
animation snd relevant CG content for the final compositing. It also
gtreams out the animated data to the external rendering workstation (2-
1d).

An Exterual Rendering Workatation that on one hand receives the data
from the embedded computer (2-1h), and on the other hand also handles
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the animated data coming from the content generating workstation (2-
1¢). This rendering workstation uses the filn camera RT-1 ZFI coming
from 2-1b to display the 3D virtual environment coming from 2-1c, and
mixes the result within the real vidgo flow coming from the film camera. It
also streams the final composited result back to the film camera eyepiece

or a control monitor without any wire.
2. Wired embedded computer:

(&) An embedded tracking computer is mounted on the film camera. It
streams out the flm camera translation and rotation (RT) to an ex-
terunl rendering workstation (2-2¢) using tactical optical fiber cables or
multiple Cot-6 R.J45 cables. Encoders are used again for zoom, focus and
iris (ZFI).

(b) Similar as Configuration 2-1c.

(c) Similar as Configuration 2-1d, except that the final coniposited result is
sent back to the camera through an HD-SD] cable.

3. No embedded computer (see figure 1 for a graphical illustration: all other
versions can be easily derived from that one):

(8) A-single camera tracking device (camera bar) is attached to the film
camera, and connected to the breakout box.

(b) An external tracking workstation that receives the data from the embed-
ded tracking device. This unit processes all the sensor data to compute
the rotation and translation matrices of the film camera. Encoders are
used agein for 200m, focus end iris (ZFY). Tt streams out the Camera
RT+ZFI, to a rendering workstation 2-3d.

(¢) Similar as Configuration 2-1c.

(d) Similar as Configuration 2-1d, except that the finel composited result is
sent back to the camera through an HD-SDI cable.

In addition to the previous configurations, every version also has two others
variants. One has the Content Generating Workstation actually merged with the
Extornal Rendering Workstation, and the second variant has the External Rendering
Workstation merged with the Tracking Workstation,
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2 Software

Several new scientific methods and softwares have been crealed to achieve accurate
tracking results and real-time augmented reality [19]. These mnethods ave described

in the next sections.

2.1 Monoscopic Markerless Tracking from video feed
2.1.1 Process Overview

The monoscopic Llechnique used in the technology is built on two separate passes
which are actually tcchnically almost the same, except that one requires a user in-

teraction whereus the other is completely automatic.

The Hrst pass is called a survey. A user utilizes a device built on the hardware
deseribed in the second paragraph of section 1 (see also figure 7) Lo scan the real scene
and the registration object. During that phase, natural markers are antomatically
learned and computed in 3D by the system as the user scans the environment walking
around. As goon as the uscr has started to do the survey, he has to also capture
the registration object (see section 2.1.3.2) in order to automatically estimate the
scale, origin and orientation of the world, Once this has been achieved, the user can
continuc scanning the rest of the scene to build the best possible 3D point cloud of
natural markers (a natural marker is a fcature point invisible to the hnman eye and
which is computed by our algorithms). The more thorough this survey is achieved,
the better the final result will be. The survey part is the most important tasl of all
and it is highly critical.

The second pass is the film camera tracking (see section 2.1.4) which is done from
the tracking device which has been put onto the film camera. Different configurations
apply, following the description of the previous section entitled “Hardware” and
according to various situations. This step is fully automatic and usually does not

require any human interaction.

2.1.2 Algorithm Overview

The technology described here is an augmented reality framework based on a mul-

tiple sensors [usion technique (see section 2.3).
Indeed, it does not rely on Lhe usual sole optical flow data to track a camera
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and insert a virlual object. Such techniques have demonstrated their scientific and
practical limitations in many cases. For example, if a user hides the camera used
for tracking, then Lhe trackdng fails and gets lost. 1t is the exact same problem if
the camera points out to a region which has not been surveyed (see section 2.1.3).
Moreaver, even if the film camera is nol. moving al all, there are still some inevitable
slight wobbling issues diue to accuracy of the detected nabural markers computed hy
the pure visual tracking algorithm. Filtering the data partially solves the issue i,
you never get a perfectly stable virtual object especially when nsing very long foeal
lens. As our technology uses other sensors to know if the camera is muving or not,

our tracking algorithm does not have that issue.

Regular optical flow techniques like SLAM[9], PTAM]8], RSLAM[13], ete. use
informations coutained in the video captured by the camera to approximate ils po-
sition and oricotation. Our technology has u similar approach for its visnal tracking
part {called visual éracking), except that on one hand the core ol the tracking is not
a simple keyframe search when it gets lost, and on the second hand it uses all the
data of the 7 available sensors (onc film camera, two witness canleras, a gyroscop,
an acceleromeler, a magnetometer and a 3D range sensor) to compute an accurate

position and orientation of the camera.

We use an Extended Kalman Filter (EKF, sce section 2.3.2) |7, 21] to inte-
grate the following sensors: gyroscop, accelerometer, magnetometer sensors and
witness cameras. The EKI' technique is the heart of our software and all Lhe pre-
diction/correction algorithm is based on a data merging method allowing to use the
best of each sensor. This provides an unrivaled robustness to simple and critical
cases where all other techniques fail. Indeed when a sensor has lost the track (actu-
ally meaning that its measurements are not reliable anymore), the BKI is still able
to obtain an estimation of the position/orientation by merging the data. of the other
reliable and remaining sensors. In addition to that, as every sensor has level of con-
fidence, this impacts on the merging algorithm in order to prevent the system from
using inaccurate informations. l'or example, a regular gyroscop has a natural flaw
called the drift which tends to modify its orientation cven when it is not moving.
The more time goes the more error is generated by the gyroscop. The drift correc-
tion of the gyroscop is done by using the visnal tracking, and the visual tracking is
corrected by the gyroscop when its erfor becomes too big. The EKF is thus able

Lo fined the best position and rotalion of the Film Camera by predicting the move-
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ments of the Film Camera using the previous correetly estimated values, and then

correcting its prediction according ta Lhe new measurements given by all the seusots.

Furthermore, most pure optical-based tracking techniques use keyframe (i.e.
anapshots) Lo locate the camera when it gets lost. If you have no keyframe of
the current view you are pointing at with the camera, then the recovery fails, More
robust techniques are ol course usable like SIFT[11] or SURT(1] techniques to solve
cases where you have simply vertically rotated the camera for example. Indeed as
all these systems compare the current frame to the most similar keyframe, it is quite
interesting to use rotation and scaling invariant descriptors to obtain a better and
faster matching. However, if you don't have any keyframe from the position where
the camera is, there is no way your gystem could recover its position. Our tech-
nice takes the very best of every technique (note thal we use ORB[18] us keypoint
descriplors), and we simmultaneously rnn three different threads to recover the lost
tracking (see section 2.1.4.4 for more details). The recovery process can be szen a
globnl slgorithm based on a probabilistic and stochastic approach. When the track-
ing gets lost, the 3D space is instantly sampled around the latest known positions
using a ellipsoidal appronch and sll keyframes inside that cllipsoid sre comnpared Lo
the current keyframe. Moreover, all other data coming from the remaining sensors
(gyroscop, accelerometer, muagnetometer, 3D range sensor) are still merged in the
search allowing our software to disambiguate all the plausible good candidates. Of
course, if no keyframe is a good enough candidate, then the system will use all oth-
ers sensore apart from the visual tracking one to compute an approximation of the
current position. The obvious consequence of that technique is that our technology
allows the user to point the camera to a place that has not been surveyed without
losing the tracking. However our algorithms never stop sampling the 3D apace to
find a keylrame (i.e. better approximation of RT) that matches the current suup-
shot. If a visual tracking is recovered, all other sensor data are used snd updated
to correct their own informations in addition tho the camera ones (sec Extended

Kalman Filter, section 2.3.2).

The latest {i.e. regular) version of our techuology is stereoscopic (see section
2.5) meaning that it uses two witness cameras spuced out by 21 centimeters (sce
figure 6). This technology rdnes not require any computation of o homography or
any manuai translabion ol a single witness camera (see section 2.1.3) to compute

the depth inforniation of natural markers detected in the video feed. This method
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simplifies our main algorithin by making the survey phase obsolete in most cases
(scc section 2.5). As in the monoscopic technique, the visual tracking itself has a
complete sub-pixel approach allowing the system to track the position at the camera
at 4 dilferent levels of an image pyromid (see figure 4) whereas all other optical-flow
based technologies wrongfully use a pixel approach on only two ditferent resolutions

of images when searching for feature points.

2.1.3 1" Phase: The Survey

2,1.8.1 Initialization Step

The first step is for the uscr to do a physical/manual horizontal translation
with the device in order to capture two frames. The algorithm auto-detects natu-
ral markers (i.e. feature points) in the images by using a corner detection method
called FASTER][17]. A matching is applied to find the correspondence betwesn pair
of points. For one image, all the detected points must remain on the same 3D plane
to be able to compute a correct homography from that planc to the picture. This
gives a rotalion and translation of the cunera regarding the 3D plane, The second
picture follows the same principle and we obtain a second position and translation of
the camera for the current picture, It is now possible to compite the transformation
from one camera to the other and obtuin & first 3D point cloud.,

Let's consider twoviews (Left and Right) captured by a camern. For each-view
the witness camera was targeting at & point M being on a plane. M% and M*® are
the perspective projections of M in left and right views respectively.

We can write:
M =H. -M? (1)

11=(D-R+."r"ﬁ') 1))
where:
o R is the rotation matrix by which M is rotated in relation to MR,
« N (A, B,C) is the normal vector to the plane which the point M belongs ta.

s D is the distance to the plane such ag Az + By +Cz+ D=0,
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Solving for H in equation 1 yields to:

[ TprE 0 \ ‘
Ynr
1
0 Tpl
H = 0 Yt
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\  —Zunr —ymr

Our algorithm requires u minimum of 4 coplanar points to do a correct initial-
ization. It is quite usual that we actually have much more points than that. That
ig why we compute 1 possible homographies using 4 points smong the whole set
of puints for every homography. We then use a RANSAC[4] method to actually
find the best possible homography and build a set of inliers and outliers candidates.
Outliers will be rejected wherens inlicrs will be refined by a Gauss-Newton method
minimizing the errors of reprojection of the points in the two views, Having the best
homography computed from the filtered set of points, it is now neceasary to estimate
the rotation and translation matrices between left and right views. This is easily
achieved by using the singular value decomposition into two orthogonal matrices U,
V and a diagonal matrix Y. Matrix ¥ can now be written as: H = UYV?,

YT = (D-R+T-N" (3)
with:
R = det(U)-det(V)-U-R - V*
T .
N = v.N

D = det(U)-det(V) - D'
As we do not handle undetermined homography cnses, Equation 3 has two possible
solutione:
o Solution 1: B
=y !
T = (M — ) 0 (4)
~n 3
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A1, A and Az ave the sigenvalues of matrix H from equation 2, and sorted such
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¢ Solution 2:
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with; _ "
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sing = egg LRGN
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M1, Az and Az are the eigenvalues of matrix H from equation 2, and sorted such
88 M Do Ag and Ny A da A e

In additien to the set of features points, the algorithm also captures two key
positions as snapshots of what the witness cameras sees from every viewpoint. The
learning of additionsl points ig slways a sum of three: components: new detected
points, key pesitions end patches, which are.described section 2.1.3.3.

Finally, noté that in the case of a stereoséopic approach (see section 2.5), the sur-

vey phase becomes automati¢ and instait. A manual survey might still be used for
extremely complex cases (experimentally decided on set) but this remains anecdotal.
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2.1.3.2 Automatic Scale, Origin and Orientation of the 3D World

During a monoscopic survey, it is not possible to compute an accurate origin,
scale and orientation of the world as this would eitber require the prior knowledge of
a real object including ibs exact shape and dimensions, or the distance used between
the two views for comnputing the homography. Note that in that last case, this would
not give vou the origin or the orientution of the world anyway. Most systems do
not take that part inlo account. They often ask the user to do the scale manually
by entering Lhe dimensions of a 3D object visible in the videos. Other opiions are
for the user $o scale the 3D virtunl characters within a specific modeling/animation
softwarc during the shoot and also properly aligning it with the real world. Ilow-
ever, any scale error -even small- has dramatic impacts onto the quality of the final
compositing and that is why it is so curefully achieved in our technology (see below).
One of the most common observed consequences of a bad scaling is a fecling for the
user that virtual objects ore sliding on the ground, inatead of remaining perfectly

attached (Lo it.

Wa propose a new method which requires to put a proprietary registration

object in the scene when doing the survey. This object is automatically detected
because it has a very well-known shape, and all its dimensions are also known. No
user interaction is required at all,
Our registration object is made of several parts which are esgentially spheres and
legs as shown in figure 3. The epheres are crucial parts of that object in our system,
as they allow to use blob defection algorithms to recognize the pattern through the
video. The gravity centers of the projected spheres (i.e. circles) are then computed
and as we accurately know the dimensions and the distance between every sphere,
the system is able to give a very precise scale for the world. We also have & planar
version of the registration object (see right picture of figure 5), which is often more
convenient to move [rom a place to apother on a real stage.

Once this has been achieved, o user is able for example to put 2 1.80m tall virtual
object mbo the real video and ensures it will really look that tall and correct. Other

approaches fail to obtain such a quality because of the manual aspect of the task,

The automatic scaling is actuwnlly somethiug which is done during the survey

itself, but as it happens at the beginning of the survey, i} ia important to consider
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it as an initialization step too. The computed scale is indeed used in the following
steps of the survey to build an accurate set of 30 natural markers. Let’s see now in

details the survey itsclf,

2.1.3.3 Survey Process and Point Cloud Construction

The survey requires the user to move through the scens using the survey device,
As the syslem always computes new points according to the confidence it has in the
previously learned ones, the survey is always built in a way that the witness camera
sces enough points from the previous set to add new candidafes.

During the witness camera moveruents, the algorithm creales a map made ol three

sets of data learned in the 4 different levels of an image pyramid {see figure 4):

o A key position. A key position contuains a snapshot at 4 different vesohitions
of what the wilness camera sees. The lower level of Lhe pyramid i3 the original
resolution of the witness camera (640 x 480 in our case}. That key position is
also used by the algorithm to recover the camera position when the tracking

is getting wrong.

o A set of 2D feature points estimated by FASTER][17] in every images of the
key position. FASTER is a very well-known algorithm whoss main feature
is to be a corner detector algorithm. BEvery keypoint has also an attached
ORB descriptor to onsure 8 much faster recovery when losing the tracking
(see section 2.1.4.4).

e A set of palches (16 x 16 2D textures) centered on every feature point de-
tected by the previous step. During the detection of new points, there is no
way starting [rom o single view to compute their depth. That is what the
patches are useful for. An epipolar search (see figure 2, Point Cloud Builder
rectangle) can be applied through the 4 images of the key positions by find-
ing a correspondence between two patches into two 28 close as posgible key
positions. Omnce a point {i.e. a patch) has been detected in both views, it is
then possible to computn a 31> feature point. The set of 3D feature point is
called a Map, Tt is imporiant to also understand that this search between to
key position A and B is achieved by traversing equal levels of pyramid A and

B but also B's pyramid sub-level (see figure 4).

During the construction of the map, the camera moves according to the displace-

ment of the survey operator. At this timc, our software only knows the parameters
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of the camera that were previously compited (i.e. tracked). In order to compute
the new position of the camera, we need the current frame and the 3D point clond
of neturul markers. On one hand, FASTER computes a set of 2D markers at several
levals of the image pyramid (current level and cwrrent level+1), and on the other
hand the 31 point cloud is reprojected onto the current frame. This last step can
only be achieved if we know the position of the camera as the points are being re-
projected from its viewpoint. But that is precisely what we are trying to compnte.
Therefore our software uses a constant velocity model associnted Lo the information
provided by our 9-DOF scusor (see section 2.3) Lo predict the nuxt position of the
camera using the previously correctly compiled position. Using that prediction, Lhe
3D puint cloud can be reprojected onto the current frame and a point matehing algo-
rithm is applied to find A correspondence between the 2D poinss that were detected
by FASTER and the projected points of the 3D point cloud. ‘The error between the
two sels of markers is minimized using 0. Levenberg-Marquardt|10, 12, 15} algorithm
s it is known to be the best optimization algorithm for that kind of problems. If
the number of matched points divided by the total number of projected points is
greater than a given threshold, the system is able to successfully track the camera
{the tracking is good) and is allowed to add new key positions. The 2D points de-
tecied by FASTER that did not find a match in the 3D point cloud are stored in
the memory for later user, as well as their related 2D 16 X 16 texture patches. They
will be required to generate new 3D feature points (see next paragraph).

New key positions (and new feature points) are added if 3 conditions are fulfilled.
First, a3 we said in tho previous paragraph, the tracking must be good meaning that
it is accurate enough or not lost. Second, the key position is added every 30 frames
(1 per second) ta avoid builkding a too huge set of data. Third, the new key position
must be at o minimum distance of 10¢m from the closest key position. This prevents

the syatem from learning ndditional points when being siationary.

‘When all these tests have successtully passed, the software can add a new snap-
shot and new 3D feature points. The first step is to use FASTER again o delect
new relevant 2D points in the new frame {snapshot). As we have u seb of unmatched
2D feature points coming from the track, we now try to match the old” 2D feature
point set and the uewly computed one. This js done by a classical epipolar search
using the 2D texture patches of the new set of points. The patches are moved along

the epipolar lines (see ligure 2) trying to match the set of 2D patches of the "old”
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set of points. Thanks to the epipolar constraint, it is possible to compute the depth
of the 31D point coming from the matching of two 2D points. This is actually similar
to the mabching step of the homnography phase (see section 2). If new points have
been added to the map, a local bundle adjustment is applied. After having refined
the position and rotation of the camera using thesc new feature points, a Levenberg-
Marquardt minimizalion algorithm is used to refine the 3D position of all feature
points. This is done on a k+-1 frames window, meaning that the mininization takes
into account the current snapshotl plus the k closest ones to properly estimate the
current position and rotation of the camera (local bundle adjustment). The value
of k can be either empirically determined or be adaptively computed according to

a given error threshold for the minimization algorithim.

In addition to the local bhundle adjustment, a global bundle adjustment is also
applied on all existing key posilions. As the sct of key posilions gets bigger and
bigger across time, the system takes more and more time to do the global adjust-
ment. If new key positions are being added and our software did not have enough
time to do the local and/or global bundle adjustments, the adjustments are then
just canceled to leave the priority to the addition of new key positions. They will

be applied again as soon as the addition of new key positions is achieved.

Once there is an existing point cloud, the camera can be tracked. This is described

in the next section.

2.1.4 2™ Phase: Tilm Camera Tracking

2.1.4.1 Geometric Camera Calibration

The camera calibration has scveral goals. On one hand it gives us a mathemati-
cal relation to describe how the image i9 created on the sensor. On the second hand
it computes a transformation matrix between the 3D points and their projection

onto the image plane of the camera.

This important prerequisite of tlie survey and tracking process means that we
have to compute two different kind of properties: the intrinsic and extrinsic parar-
eters. The intrinsic parameters ave related to the camera and lens properties and
move accordingly to the way they have been physically built. They encompass the

image format, the distance between the optical center of the camera and the image
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plane, and the principal point. The image format is made of two scale factors re-
lating pixcls to distance. The principal point is the projection of the optical center
onto the image plune (being ideally in the middle of the image). In addition to
that, some lenses require to have their optical distortion being computed and taken
into account for the tracking. During a calibration process, a planar surface having
several circular patterns are successively captured by the camera (see figure 5). For
all positions, the extrinsic parawmeters (1.e. position and the rotation of the cam-
era) and the intrinsic parameters (incliding the optical distortion) are computed
through a Levenberg-Marquardt Minimization algorithm which minimizes the ervor
of reprojection betwsen all the snapshots,

This process is a very famous technique based on Devernay and Fangeras's works([3].

2.1.4.2 Filin Camera Offset

The global system developed here requires to put a tracking device directly at-
tached to the Largeted film camera. The witness camera position and orieutation
are estimated using the previously describer tracking technique. However, there is
a problem of scale by using the smme pattern for both film and witness cameras.
Indeed, as our witness cameras use 180 degrees lenses, the circular shapes in the cal-
ibration pattern tend to appesr really small in the witnoss camera view thus malking

them hard to detect.

We have created our own calibration chart which is actually made of two different
size and contrast patterns. One part of the chart has purse black circles on a pure
white background (for the witness cameraa). A second part of the chart is made of
pure white circles on a pure black background (Film Camera). We then use a very
simmple pattern detector to find holh patterns for the witness and the film cameras.
As we know the exact relatlive positioning of both patterns, the position and rotation
of the film camera can be found by ”propagating” the computed position end rota-
tion of the witness camera and vice-versa. Indeed, since both cameras are directly
attached together, we are able to utilize a lineup algorithm to accurately compute
the 3D offsct (R, T') between them. We have developed a lineup algorithm based on
the previously described circular patterns, The patterns whose exact sizes, shapes
and positions are known are separately recognized by both cameras, thus rising a
trivial nathemnaticsl relation (Rotation and Translation) between the witness and

the film comeras,
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2.1.4.3 Tracking Phase

Separating the survey from the tracking process is only a pragmatic way to de-
geribe how the system is used on set. Indeed, the tracking process is not different
from the tracking described in figure 2 and nsed during a survey. Il however uses o
simpler device (see figure 6) which is quite close Lo Lhe survey dovice except that it

does not include a touchscreen for obvious reasons.

The Visnal Tracking rectangle of figure 2 depicts how a mateh is found between
the 2D natural markers detected by FASTER in a new frame and the existing 3D
point clond. The 2D texture patches associaled with every natural marker and com-
ing from both gets of data are linearly compared. Once all feature points have been
processed, u Gauss Newton algorithm is applied to find the best possible match and
compute the position and orientation of the camera. Such a minimization algorithm
usually require about 10 iterations to converge to the solution. In order to increase
the robustness of the criteria to minimize, we utilize a-statistical Tukey M-Estimator
(maximum likelihood type estimator) [6]. This also ensures that the convergence is

not disrupted by outliers.

Every tracking is done twice and on two different levels of the pyramid before
obtaining the final parameters of the camera. First, the convergence of the algorithm
is greatly increased by computing an approximation of thé position and orientalion
of the camera through a coarse level of the image pyramid, and using a subset of
the natural markers. Second, the same computation is achieved on a far bigger
set (around 20 times bigger) and being merged with the previous approximation to

obtain the final accurate resulf.

2.1.4.4 Tracking Failures and Recovery

During a camera tracking on a real set, many situation can happen where the
visual tracking gets lost. This often occurs for example when people stay in front of
the witness camera or the bar is simply hidden by objects. Ior all the cases where
we lose the visual tracking, threc different recovery threads arc started at the same

time and the one which first gets a recovery is accepled.

Using the prediction function of the Extended Kalman Filter (see section 2.3.2),
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it is possible to first attempt a camera position recovery starting a search from the
EKF predicted paramcters. Indeed, as the EF is a prediction-correction algorithm,
ik alwoys (ries bo guess whaot will be she next position of the camera before it actually
moves to that position. When the prediction is correct, it thug possible to obtain
an jostant recover. In practice, that prediction works very well when the witness
camera is hidden and when the system is tracking using the IMU. However, it often
failg ig there has also been a significant translation of the film camera while hiding

the witness cameras.

The second level of 1'ecr)vc:1*); is very different. Livery feature point has o rote-
tion Invariant descriptor associated to ik, following the ORB (Oriented FAST and
Rotated BRIEF) technique [18]. Ii first relies on the femous FAST(16] technique
to compute multi-scale features (L.e. at the different levels of the image pyramic,
see figure 4) associnted Lo an Harris score [8]. The orientation of the descriptor
is computed using an intensity centroid. The sceond deseriptor is rBRIEF, which
is a BRIDI descriptor [2] rotated following the orientation of the keypoint. Using
these two descriptors, our technique is able to recover from positions where regular
visual tracking techniques fail. For example, let's say we lose the visual tracking
for any reason. Suppose we now translate and rotate by 90 degrees around the 7
axis the camers while still being lost. The current image seen by the camera has
never been learned before but it is still pointing to a direction where we add key
pogitions and key points learned beforc. However as a regular recovery process is
not rotation invariant, those systems fail to recover the tracking. In our case, the
use of rotation invariant descriptors associated o every key point allows a fast re-
cover (using a brute force matching techuique) as soon as the film camers has heen

pointing sorewhere into that position before (rotation does not matter).

Finally the third recovery tluead is more brutal and computationally intensive.
An ellipsoid (3D ellipse) is built around the last known camcra position. That
ellipsoid has a size made of the parameter covariance computed but the Extended
Kalman Filter. Multiple samples are then generated inside the ellipsoid following the
error covariance of the EKF. A RANSAC algorithm is applied to that set in order
to find the best possible matching for the searched camera position and orientation.
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2.2 Dynamic Zoom, Focus and Iris

During the global tracking process, a director or a director of photography for exam-
ple might decide to zoom or focus on a character/object in the scene, Our technology
integrates several regular cucoders such as the ones proposed by Arri, but is also
able to hondle any other encoder to caplure a zoon, focus and iris value in real-time.

This allows dynamic zooming and depth of field on sct.

2.3 Sensor Fusion Technique

All the pure optical based markerless techniques can fail to track in many situations.
The most common case 19 nol having enough natural markers left in the current
view of the witness camera. In idcal situations this rarely happens as the user
pays attention not to hide the lens with his hand lor example. On real sets, that
sivuation happens i lot simply because the cainera crew often needs to change lenses,
maodify the camera rig, clean the lens, move to enother shooting place, etc. On a
regular marker-based and markerless (optical flow based) technique, this prevents
the tracking system from finding a good estimate of the position and rotation of the
cuInera.,

We have created s sensor fusion method which sutomatically correct the position and
the rotation of a witness camera using multiple sensors: witness cameras, gyroscop,
accelerometer and magnetometer. That technique is the heart of our technology.
Thes first step is the calibration of the system, meaning calibrating the 9-DOF IMU
rejatively to the witness cameras. Ii is a critical step to ensure that all the sensors
actually work in the same basis. The relation between the 3-DOF sensor and the
witness cameras is close to an hand-eye technique{20], but we have added several
interesting scientific contributions to make it fit with our tracking algorithm.

2.3.1 IMU-Witness Camera Calibration

Let’s consider the transformation R;ap¢ which computes the rotaetion from the
9-DOF sensor (IMU) to one of the two witness cameras (C). Ii;pu is known in its
Jocal bagis and Rg is also know in its own local basis. The goal 18 to solve Riyy—e
for Rg = Risyac - Rivu

Rymusc is ensured to be elways constant as the relation between the IMU and the
cameras does not change over time (they are hoth attached to the stafic camora bar).
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It is thus possible to write fax 4, §€ 10,7}
RR = Ruu-e Riyy
RE™ = Bianeac Riih
R = Rypoase - R!J':HU:
We con deduce from ‘the previous equations:
Rg™ = Rususor Rid
£
‘Rlcn-«l“ln-) = HIMU oo J“Jn‘;a—ln-:
R = Ryygae s R

with the relations:

R R (R

RGH" B Riy - (Risf)™

The rotation measurement given by gyroscop and the visual tracking sre supposed-
to be the same: [t is thus logical to consider that Hyye and Re deseribe the same.

angles of rotation but in different bases. Using the log map of the rotation matrix
in Algebra Lie defined as Log : SO(8) —+ s0(3), it is possible to convert the matrix
R to an axis-angle (72,a) representation:

(srfﬂg) - 1)

# = arccos
1 Re(3,2) R.(2,3)
Ty = m Rnfla:;) R¢{3,1)

R(2,1) He(1,2)

with ¢r(R.) being the trace of the matrix such as tr(R.) = T3, Re(f,4).
We can now write the following overdetermined equation system:

Fh ot = Ry Faet®
8 : ®)
Font=%4 = Rinyac Pttt
Fen~tn-1 = Rpgyoc: Fimy™
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As for any overdetermined system, it is possible to solve the previous rectangniar
matrix using a Singular Value Decomposition (SVD) as S == Uo V!, with U the mxn
matrix of the cigenvectors of S - 5%, V the n X n matrix of the eigenvectors St &

and 1) the n x n dingonal matrix of the ordered singular values of S.

The previous solution of the equation is subject to noise coming from measurements.
Therefore we apply a Levenberg-Marquardt minimization scheme to minimize the
enor:

B = ||(Rusvoe X Tigo i 7H1) gt -t 1) (9)

Now that we have a mathematical relation between the IMU and the witness
cameras, it is possible to inject all measurement to the IExtended Kalman Filter
in order to extract the very best of every scnsor and compute the Rotation and

Translation of the ilm camera.

2.3.2 Extended Kalman Filter

The Extended Kalman Filter (EKF) is a very well known technique in Aerospace
and Roeholics research areas to merge dilferent data coming from multiple different
sepsors. It is essentially used to estimate the paramneters of a non linear system from
noisy measurements by computing an estimation error and applying two phases;
prediction and correction. In the prediction phase, the Kalmao filter computes the
new pavameters as well as a related error at a timestep using the parameters and
the error eslimated at the previous timestep. The corrcction phase updates the
prediction using new noisy measures. Those new measures allow to compute new
estimated parameters and error from the predicled parameters and error. If the
error is bigger than a given threshold, the parameters are corrected.

In our case heve, the BKF is developed in a very specific way as we have multiple
measurements related to 3D rotutions (gyroscop + witness cameras) and they cannot
be interpolated casily.

The idea of an EXF for our technolology is to put some sort of confidence value to
every measurement (witness camera, gyroscop, magnetometer, accelerometer) and to
iteratively correct the current estimated position and rotation using the sensar which
obtains the best confidence score. T practice, the EKT is a hil more complicated
than that and can be mathematically deseribed as i prediction-correction algarithm
for nonlinenr systems. Considering a state vector X (t) at a timestep 2, the algorithm

applies the current physical model of our movement equations to predict a new state
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of the vector X (2) becoming X (1)t. The correction phase then generates a new state
vector X (t+ At) at a timestep t + At.
The EKF model can be written as follows in our case:

Y{t) = h(X(t),B) (10)
XA = f(X(t),At)

with h being the state equations for our observables and X; being the vector of
Translation, Rotation, Translation Velocity and Angular Velocity in the global basis,
and f the update function of the state vector. B is the global noise in the system.

Definition of A

Y(t) = h(X(t), B) (1)

1f on vne hand we congider the measurements coming from the markerless visual
tracking (i.e. witness cameras here) as By;iness, and on the other hand the measure-
ments coming from the IMU a8 Aray, we can tell that A is made of twe types of
nbaervables, Miyimess 00d Bpagy. By definition, A is & trivial fuhctior and its general
form is given by identification: Yyiness(t) = X (i) and Yipew(t) = X(f). Depending
on the kind of sensors which is sending the measures, we can now write two different
vergion of A and thus rewriting the equation 11 for the visual fracking case as:

Ywime@g(t),T = X(t).T
Yoitness(t)- B X(t).R
Yuinea(®).V = X(t).V
Youmese) 8 = X(2).8
Yurtiness(t)-{a € T, R, V; 2} being the observables y (y € RY) of the visual tracking
at a timestep ¢ for the Translation (T, in mneters), Rotation (R, in radians), Velocity
(V,in - s') and Angular Velocity (§3, in rad - s71).

In the case where the sensor is & gyroscop, equation 11 becomes:

X(t).R

_ ) Yiuu(t).R
re) -_{Yuwu(t)-fi = X().4 .

Y(t) = (12)

]

Yimw(t)-{e € R, Q} being the observables of the IMU at a timestep ¢ for the Rotation
(R, in radians) and Angular Velocity (£, in rad-s~1), There is indeed no computable
tranglation or velocity using a 9-DOF sensor.
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Definition of §

X(0% = J(R ()8 (e
with X(£)2* being the predicted state vector at timestep ¢ + Af, and X({) the
estimated state vector gff timestep fi

The function § is the update finction of the state vector and is defined as:

X()F + XV A
X@)LR x X(t)0.-4,
XV

X151

Note that the regular update fimction of the IKalman Filter is not usable to our case
aE the Ratation Matrices cannct be interpolated and heing written a a linear form
A X +B

X(yat = (15)

Prediction Step
The prediction step is writlen using the definition of the Kalman filter:

R@)B = k@), 00 (16)
PY = AP AT+Q- At (17)

with:
Ak PPt the covariance matrix of the predicted error pt: the timestep &+ At,
4 P, the covariance matrix of the error at the timestep 4,

& A the transition matrix such as A, = j‘;{q‘ | Xees, Ac is the jacobian matrix of
f and computed as a sum of finite differences: [(=+8=/G)

& (Q'is the covariance matrix 12 % ¥ of the noise ef'the state vector. The:noise:
of the trauslation state vector is heuristically put 8% 1e~3, as-well a8 the noise
of the rotation state vector 6 Fee 2.
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Correction Step

Following the Kahnan definition, the corrcction in vir case is writien asi

Kb+ Af) = PRLHT(t + AY). (U (t-+ Af)HH(E+ AL)-PA - HT (¢ +At.))"' (18)
P(t+At) = (] — K({t+ D) - H(L + A) - P (19)
X021 + KA At) X Jusenessprare- T
X)ALR x K+ AY) % Juimesppro R
| R@)PLV + K+ A) X Juinessiiaiu-V
L1 ‘Q‘ [t)m'n x K {"' + At) X qunmuuu-n

X(L+Al)= (20)

with:
o T the identity matrix,
o K(t+ At) the Kalman gain at timestep ¢ + At,
# H being the jacobian matrix of the function h, itself DEINg Autiness: OF Hrary
depending on the current selected gensor.
. f)h At ;
In ow case, the jacobian i computed as a sum of finite differences:

Wsitneasiingtr(® + A) — hutnensparw (%)

A

o U{t+ At) is the covatianes matrix of thie noise measorements of the currently
selected sensor (witness camern or IMU). That velue is modified depending on
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the quality of the measure (confidence value). In the case of a visual tracking,

it relies on the tracking error &:

0.0001 if € < 1.0 pizel

(22)
10.0 if £ > 1.0 pizel

1t is even easier to determine U(¢ + Az) for the IMU as the noise errors are

directly giveni by the manufacturer for all the sensors. TThe previous equation

is directly replaced by those errors.

e P(t + At) is the covariance matrix ol the error al the limestep ¢ + AL

e V and Q2 are the matrix representation of the velocity vector V and the angu-

lar velocity a respectively.

o Juitnessjtaau O equation 20 is also written following the kind of sensors:

J; wilncss-:[1

wa'me.sa-R

J. wilnesa* V =

J witness Q
Jivv R
Ju 2

b

i

0

y(t+ AT — VAT
y(t + At).R x VAR
y(t + AtV - VALV
y(t + At).Q x Y20
y(t + At).R x V24 RT
y(t + AL).Q x Y20

s y(t + At) is the current messurement given by the selected semsor. y(t +
Ap).(a € {R,T,V,Q}) is the measurement of the Translation, Rotation, Ve-
locity and angular Velocity respectively. J.(a € {R,T,V,§}) is known as the

Kualman Innovation.

2.4 3D Reconstruction and Depth Keying

The real-time 3D rcconstruction is achieved vsing a 3D range sensor integrated into
our camera bar. That rsnge sensor can be u strucbured light device (Microsolt
Kinect, Asus Xtion for example) or & time-of-flight camnera (like an Advanced Scien-
tific Concept’s TigerEye for example) also known as Flash Lidar. Both techniques
have limitations and our technology only uses a short range sensor Asus Xtion for
now. As usual, a step of calibration ig required to know the positian of the Asus

Xtion relatively to the witness cameras. We simply use the exact same technique
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than for the witness to {ilm lineup (see section 2.1.4.2). As the range sensor has a
greyscale camera, we use onr usual culibration pattern to have it detected in hoth
cameras: the range sensor’s camern and one of our witness cameras. That process

is pretty straighlforward and similar to 2.1.4 2

The range sensor is used for two purposes in our technology. On one hand it
helps deleting bad feature points created far asway behind objecls for exaunple. A
simple reprojection of the feature points onto the deplh map of the range sensor can
tell if the feature point is correct or not During the stereoscopic tracking (see sec-
iion 2.5), every point, ereated Dy the epipolar geometry can still be closer or farther
than the estimation given hy the epipolar lines. We compare the reconstructed 3D
point to the currenl. volue ol its reprojection into the range sensor’s depth map to

enhance its accuracy or simply rojec it.

The second use of the range sensor relies on the depth map itselfl. As it gives
the depth at a maximum range of 12m, we area able to occlude every people (actor)
in the sct within that range by the virtual characters/objects and vice-versa. This
is called dynamic ocelusions and raises another level of realism for visual cffeets in
both movies and live-broadeasting. Our technology uses the main film camera feed
(this could also be nchieved ndding an additional high resolution witness camera)
to enhance the resolution of the range sensor by re projecting the depth onlo the
film camera and refining the results (edge enhancement). Such a technology is able
to provide real-time depth keying and thus eliminating the use of a binding green

screen especially when a more powerful range sensor is used (Flash Lidar).

2.5 Stereoscopic Markerless Technique

The previously described technique using a monoscopic approach s actually not
cfficicnt enough on real situations. As it requires a known real object to be used as
registration to compute the scale, orientation and posilion of the world, it is often
hard to nse it on movies where many people are always on your path when you're
trying Lo register (detect) the object. Bul the main lmitation of that monoscopic
approach is the fact it requires to survey the scene. As an homography has to be
used for the initialization of the system, it implies that a technician has to come
to the set to start surveying it. In practice, thab operation is rarely successfully

achieved as people working on set never leave the place befure the very last seconds.
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We have built a sterecoscopic approach to get rid of that linitation and thus bringing

the fully original notion of instant survey and tracking.

2.5.1 Instant Survey

The stereoscopic technique embedded in the camera tracking is a major step for-
ward compared Lo any other techinique including onr monscopic approach previously
deseribed. Indecd the use o 2 pre-calibrated witness cameras brings several advan-
tages. The first one is the fnstant Survey. Unlike the technique described in the
monoscopic approach, there is no prior survey required flor the scene. As the ex-
act distance between the two witness cameras is perfectly known, and as they are
synchronized using their internal genlock hardware capabilities, we are able to get a
point cloud instantly withont moving the bar. The homography described in para-
graph is then not used anymore as Lhe 3D rveconstruction of a point is brought by
the two witness camera through the theory of Stereovision. The second major poinl,
ig that there is no manual scale required. During the capture of the the two video
streams, we run a Levenberg-Marquardt minimization scheme to minimize the sum
of the pixel error between the projection of the 3D point estimated by epipolar
geomelry and the 2D feature point detected in the current video.

2.5.2 Automatic-Registration

Using an instant smurvey however raiscs a new issue which is the impaossibility of
using a registration object like ¢he one that was detected in the monoscopic ap-
proach. The main reason of that limitation comes from the fact that the camera
bar is directly attached to film camera and it is not possible to ask to the canera
crew to move their camera around to learn the registmﬁion object. That is why
we have added a second automatic registration which does not require any physical
registration object to be added to the scene, It however requires the user to have
two different interactions with the point cloud: a point selection to tell to the system
what is the point we intend to use as a ground reference, and a manual rotation

around the Y (vertical) axdis to properly orient the CG content relatively to the scene.

In order to be able to only have these two very fast and very simple user in-
teractions, we must then compute 2ll the other left degrees of freedom, meaning
computing an orthonormal basis having a Y axis perfectly vertical and a correct

staling. Our technology simply takes advantage of the embedded accelerometer in
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the bar to computc the gravity orientation, i.e. the Y axis. The magnetometer
gives the north direction and thus provides an approximate vector that allows us to

compute an orthonormal basis using regular cross products.

The scale is even much easier to compule. It is fully instant and antomatic and
docs not require any user interaction. As the distance belween the witness cameras
is accurately known, all the 3D recomstimeted points directly have the right scale
so there is no additional object to be delected like in regular pure structure from

motion (SFM) algorithms,

2,6.3 Instant Tracking

The tracking process is slightly different from the one described for the monoscopic
approach in section 2.1.4.3. Every new point is created by using epipolar geometry
which engures that the the scale and depth of a 3D feature poinb is always correct.
This means that as soon esg our system ig started, it is already tracking thanks to

that lightspeed accurate and instent survey,

We compute the union of all the reprojected 3D points being seen from the left
and right cameras to ensure & maximuin stability of the traclking process. The point
cloud is simply gemerated by the 3D intersection of the epipolar lines combined
with the ORB descriptor for the feature matching (ses section 2.1.4.4). The feature
matching and global minimnization scheme remains similar to the one used in the

1onoscopic approach.

In order to be able to rely on the instant survey, we have slso highly modified
the way new points are built in the point cloud. In addition to the stereoscopic
reconstruction of the point, we have added the notion of grid dispersion and unifor-
mity of feature points. During a regular tracking algorithm, & 2D [eature detection
algorithm is leunched and points are reconstructed in 3D as described in scction
2.1.3.3 and 2.1.4.4. However, many of these points are unreliable (bad depth, cdge
points, moving points, shadow points, etc.) and the algorithm tends to learn a lot
of point in high contrasi arens and nothing in low contrast areas. This generates a
lot of noise in the tracking data giving the feeling the camere is shaking. The grid
dispersion technique that we have created tries to distribule the nulural markers

learncd by the system in an almost unilorm way, We first start by using s very high




ihreshold to generate a maximom of feature points. We then reduce the number of
feature points according to a threshold given by the uger (16 x 16 grid, 2 samples
per cell for example) using a Harris score (we chose the 2 besy points for example).
Every point thus has a quality criteria used to say how reliable it is. If the uni-
formity is not good cnough, the system also locally changes the cantrast throshold
to ensure being able to catch points even In low contrast areas. The fact that our
algorithm distributes the feature points across the picture also prevents the systen
from losing the tracking easily. Indeed, regular monoscopic approsches without a
grid dispersion technique lile ours 1auy huve a lot of points for tracking in the lower
left part of the picture (or example. If un actor gets into that ave hiding all these
nabiral markers, the tracking will be instantly lost, which ig something thal cannot

happen in our case as we distribute the feature on the whole picture.

2.6 Augmenting the Real World
2.8.1 The Camera/Witness Delay problem

As the film camera and the witness camneras run at different speeds, they might
generate different delays in the frame acquiring process. The film camers is actually
the one which creates far the highest delay forcing us to compute it in order to

properly augment the real world.

We use our own calibration device again to automatically compute the delay
between two camerass. A small sun-bright led flashing at 1Hy is used in front of
both cameras. A blob detector algorithm enhanced by an intensity thresholding
technique has been developed to detect the led in both cameras. The related inten-
sity curves that are generated from the capture of the led intensity in the cameras
are compared using a minimization slgorithm in order {o find the best terporal
coherency between samples. Several stabistical parameters are thus minimized and
a delay in milliseconds i automatically extracted from the calibration in around 10

seconds.

2.6.2 Rendering and Augmented Reality

Once we have a camere tracking working, our software can receive data from dif-
ferent CG content gencrator softwares like Autodesk MotionBuilder for example.
Those duta are directly integrated and rendered inside owr software (in the case

where the tracking and the rendering workstation are merged, see figure 1) to be
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composited with the real background or foreground (in case of a green stage).

Another interesting feature inherent to our technology is the 3D Garbage Mat-
ting. Garbage Matting is certainly not our invention but it is done in an innovative
way in our case. Indeed, as our tracking algorithm generates an accurate 3D point
cloud (thanks to the stereoscopic approach}, all these points have a representation
in both 3D and 2D when being reprojected onto the Film Camers video. We have
developed a simple user interface that allows the user to select multiple points within
the 3D point cloud, We thus create a 3D object by triengulating all the selected
points using an Ear Triangulation algorithm [14). Thal newly created surface can
now be activated as a Gachage Malting Object, meaning that every pixel covered
by the 2D projection of that object onta the flm camere video is now replaced by
the 3D virtual environment generated Uy the 3D Content Generating Workstation
(see section 1). Note that in the case of the use of a long range depth sensor (i.e.
at least 50m) the Garbage Matting technique becomes useless as our depth keying

method casily replaces it (see section 2.4).
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CLAIMS

1.

A markerless system for mixing or compositing in real-time, computer generated 3D

objects and a video feed from a film camera, such as a video camera, to generate real-time

augmented reality video for TV broadcast, cinema or video games, in which:

(@)

(b)

@

the body of the film camera can be moved in 3D and sensors, including multiple non-
optical sensors, sclected from the group of accelerometer, gyroscope, or
magnetometer, in which the sensors are in or attached directly or indirectly to the film
camera and provide real-time positioning data defining the 3D position and 3D
otientation of the film camera, or enable the 3D position and 3D orientation of the
film camera to be calculated;

a pair of stereoscopic witness cameras are fixed directly or indirectly to the film
camera;

that real-time positioning data is then automatically used by the system to create,
recall, render or modify computer generated 3D objects;

the resulting computer generated 3D objects are then mixed in or composited with
the video feed from the film camera to provide augmented reality video for TV

broadcast, cinema or video games;

and in which:

O]

2.

the 3D position and orientation of the film camera is determined with reference to a
3D map of the real-world generated whilst the camera is being used to capture video,
by using the real-time 3D positioning data from the non-optical sensors plus a video
flow from each stereo witness camera that enables the scene to be reconstructed in
3D using stereoscopic algorithms running on a processor operating on natural
markers in the scene (‘feature points’) that have not been manually or artificially
added to that scene, so that the system is capable of tracking a scene without the
requirement for an initial or prior survey of the scene prior to filming with the film

camera.

The system of Claim 1 in which the sensors include a 3D range sensor, such as

structured light or time-of-flight camera that captures the depth of each pixel in a video
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output from the camera.

3. The system of Claim 2 in which the depth of edges is refined by reprojecting the 3D

range sensor depths onto the high resolution video fced of the film camera.

4. The system of any preceding Claim which utilizes one or two high-speed (such as at
least 100 fps) witness cameras to enable the system to be fully initialized without a separate
stage of purely surveying the scene to be tracked (called ‘instant survey’), but instead

surveying takes place continuously whilst the camera is being used to capture video.

5. The system of Claim 4 in which the two high speed witness cameras form the
stereoscopic system that enables software to process the images and, even with the camera
system not being moved at all, to generate an instant 3D point cloud (for example associating
a large number of points in the scene to their position in a 3D space using knowledge of the

separation between the two camera and epipolar geometry).

6. The system of Claim 4 in which the depth of each pixel in the 3D point cloud 1s
obtained using corresponding 2D texture patches obtained from each stereoscopic witness

camera and an epi-polar line search algorithm.

7. The system of any preceding Claim which runs a fusion algorithm that combines
optical flow data from the witness camera system with the real-time positioning data from the

hardware sensots.

8. The system of Claim 7 in which the fusion algorithm is based on an Extended
Kalman Filter prediction/cortection technique to integrate outputs from, and to re-calibrate,
all the sensors, which may include an accelerometer, a gyroscope, a magnetometer, a 31D

range sensor, to determine the position and orientation of the camera.

9. The system of Claim 8 in which the Extended Kalman Filter fusion algorithm uses

confidence level data, associated with the output from each sensor, when determining how to
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merge the data from cach sensor.

10. The system of any preceding Claim in which keyframes generated by the witness
cameras are part of the visual tracking process and are real-ume images computed at 4

different resolution levels of the witness camera video feed.

11. The system of any preceding Claim in which a 3D range sensor is used to enhance
the accuracy of a depth measurement associated with a reconstructed 3D point, or to reject

that reconstructed 3D point.

12. The system of Claim 11 in which the 3D range sensor is used for real-time depth

keying to enable dynamic occlusion and suppress the eventual use of a green stage.

13. The system of any preceding Claim in which software attempts to generate a
uniformly distributed point cloud in the 3D map to greatly reduce tracking losses and
increase tracking accuracy, in which more parallax is generated, so the estimated camera

position is more accurate.

14. The system of any preceding Claim providing a camera tracking system that combines
instant survey (stereoscopic case) with tracking of the film camera as the director/cameraman

tracks, pans, tilts the camera tracking system attached to the film camera.

15. The system of any preceding Claim that enables real-time, continuous surveying of a

scene to generate a more complete point cloud defining the scene.
16. The system of any preceding Claim that attaches rotation invariant descriptors, for
example using ORB (Oriented FAST and Rotated BRIEF), to feature points detected in the

scene to facilitate recovery of tracking.

17. The system of any preceding Claim that uses a constant velocity model associated

with the information provided by the sensors to predict the next position of the film camera
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using the previously correctly computed or confirmed position.

18. The system of Claim 17 that uses that prediction to re-project a 3D point cloud onto
the current frame, to enable a point matching algorithm to match points identified in the real-
time video feed from the witness camera system and the projected points in the new, 3D

point cloud.

19. The system of Claim 18 that uses a Levenberg-Marquardt minimization scheme for
camera tracking to minimize the error between the points identified in the real-time video

feed from the witness camera system and the projected points in the new, 3D point cloud.

20. The system of any preceding Claim in which a user can use a 3D point cloud
generated by the camera tracking system to define 3D masks, such as 3D Garbage Matting

masks.

21. The system of any preceding Claim in which the film camera and a witness camera
are calibrated for frame acquisition delay using a modulated light source, such as by

comparing light intensity curves associated with a flashing LED.

22. The system of any preceding Claim in which the film camera is any of the following:
crane camera; steady cam; hand-held-camera; dolly mounted camera, tripod-mounted camera,

smartphone.

23. A markerless method for mixing or compositing real-time, computer generated 3D
objects and a video feed from a film camera, such as a video camera, to generate augmented
reality video for TV broadcast, cinema or video games, in which:

(a) the body of the film camera can be moved in 3D and sensors, including multiple non-
optical sensors, selected from the group of accelerometer, gyroscope or
magnetometer, in which the sensors are in or attached directly or indirectly to the film
camera and provide real-time positioning data defining the 3D position and 3D

orientation of the film camera, or enable the 3D position and 3D orientation of the
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film camera to be calculated;

(b) a pair of stereoscopic witness cameras are fixed directly or indirectly to the film
camera;

(c) that real-time positioning data is then automatically used by the system to create,
recall, render or modify computer generated 3D objects;

(d) the resulting computer generated 3D objects are then mixed in or composited with
the video feed from the film camera to provide augmented reality video for TV
broadcast, cinema or video games;

and in which:

(¢) the 3D position and orientation of the film camera 1s determined with reference to a
3D map of the real-world generated whilst the camera is being used to capture
videoby using the real-time 3D positioning data from the non-optical sensors plus a
video flow from each stereo witness camera that enables the scene to be
reconstructed in 3D using stereoscopic algorithms running on a processor operating
on natural markers in the scene (‘feature pomts’) that have not been manually or
artificially added to that scene, so that the system is capable of tracking a scene
without the requirement for an initial or prior survey of the scene prior to filming

with the film camera.

24, A matkerless system for mixing or compositing in real-time, computer generated 3D
objects and a video feed from a film camera, such as a video camera, to generate real-time
augmented reality video, wherein the system includes augmented reality glasses, and wherein
the augmented reality glasses include the film camera, in which:

(a) the body of the film camera can be moved in 3D;

(b) sensors, including non-optical sensors such as an accelerometer, and/or gyroscope
and/or magnetometet, in or attached directly or indirectly to the film camera provide real-
time positioning data defining the 3D position and 3D orientation of the film camera, or
enabling the 3D position and 3D orientation of the film camera to be calculated;

(c) a pair of stereoscopic witness cameras are fixed directly or indirectly to the film camera;
(d) that real-time positioning data, and a video flow from each stereo witness camera, is then

automatically used by the system to create, recall, render or modify computer generated 31D
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objects, and
(¢) the resulting computer generated 3D objects are then mixed in or composited with the
video feed from the film camera to provide augmented reality video to the augmented reality

glasses.

25. A markerless method for mixing or compositing real-time, computer generated 3D
objects and a video feed from a film camera, such as a video camera, to generate augmented
reality video, wherein the method uses augmented reality glasses, and wherein the augmented
reality glasses include the film camera, in which:

(a) the body of the film camera can be moved in 3D;

(b) sensors, including non-optical sensors such as an accelerometer, and/or gyroscope
and/or magnetometer, in or attached directly or indirectly to the film camera provide real-
time positioning data defining the 3D position and 3D orientation of the film camera, or
enabling the 3D position and 3D orientation of the film camera to be calculated;

(c) 2 pait of stereoscopic witness cameras are fixed directly or indirectly to the film camera;
(d) that real-time positioning data, and a video flow from each stereo witness camera, is then
automatically used by the system to create, recall, render or modify computer generated 3D
objects, and

(e) the resulting computer generated 3D objects are then mixed in or composited with the
video feed from the film camera to provide augmented reality video to the augmented reality

glasses.
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