DIY Multiview Camera System:
Panoptic Studio Teardown

Capture Software, Storage, Calibration, and Multiple Kinect Subsystem
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480 VGA Cameras
31 HD Cameras
10 Kinects
















Synchronized Videos from 521 Views
480 VGAS, 31HDs, and 10 RGB+Ds

581 GB/ min
VGA (24 cameras): 184 MB/s X 20

640 x 480 x 1 Byte/pixel x 24 cameras x 25 frame/sec

HD: 120 MB/s X 3
1920x1080 x 2 Byte/pixel x 30 frames/sec
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Capture Software



Capture Software
VWhy Is This Not Straightforward?
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Capture Software
VWhy Is This Not Straightforward?

Master Node

Ceed e Clock System
24 \VVGA Cameras

480 VGA Cameras (20 Panels)
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Capture Software
VWhy Is This Not Straightforward”

Master Node

N Clock System
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Capture Software
VWhy Is This Not Straightforward?

\Vaster Node Scalability
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5 DLP ﬁ’rojectors
10 Kinects (5 Panels)




Capture Software
VWhy Is This Not Straightforward?

\Vaster Node Scalability
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Capture Software

Option 1: Asynchronized Initiation Without Preview

Master Node
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Capture Software

Option 1: Asynchronized Initiation \Without Preview
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Capture Software

Option 1: Asynchronized Initiation \Without Preview

Camera 1
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Capture Software

Option 1: Asynchronized Initiation \Without Preview
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Uelcome to Lbuntu 12,04.4 LTS (GNLWLinux 3,5,0-46~generic xB85_64)
* Documertation: https://help.ubuntu,con/
Last login: Fri Jul 24 18:27:01 2015 from velO

denolvesl:"§ od build-Capturelual-Dasktop-Release/
denolue3l:”/bui 1d-Capturelual -Dask top-Releazes []

DO @E CSSH:ve3s
Velcome to Lbuntu 12,04.4 LTS (N Lirux 3.5,0-46-gereric x86_64)
* Documentation: https://help.ubuntu,con/
Last login: Fri Jul 24 18:32:04 2015 from ve0O

denolve3b:"$ od build-Capturelual-Desktop-Ralease/
denolve35:“/tus 1d-CaptureDual -Desktop-Rolcases []

OO CSSH:vedl

Last login: Sat Jul 25 02:44:06 2015 from vel0
denolvedl:"$ od build-Capturelual-Desktop-Release/
denolvedl :“/bul ld-Capturelusl ~Desk top-Feleases []

Velcome to Ubuntu 12,04 .4 LTS (GNU/Lirux 3,5,0-48-generic xE5_64)
* Documentation: https://help. ubuntu,com/
Last login: Fri Jul 24 18:32:18 2015 from wvel0

demoive32:$ od bul ld-CaptureDual ~Desktop-Relesse/
demoidve32:%/bul | d-Capturelual-Desktop-Releasas []

OO E CSSH:ve37
Walcome to Ubuntu 12,04.4 LTS (GNU/Linux 3.5.0-46-generic xB85_64)
* Documentation: https://help.ubuntu,com/
sow Jdev/edf] will be chacked for errors at next reboot ***
Last login: Fri Jul 24 18:35:13 2015 from wedd

demoidve37:$ od butld-CaptureDual “Desktop-Releaze/
demo@ve37: " /bul | d-CaptureDual-Desktop-Releaset []

Last login: Sat Jul 25 02:39:29 2015 from vedd
demoidved2:“$ cd butld-CaptureDual -Desktop-Release/
demo@ved2: " /bui ld-CaptureDual =Desktop-Releases []

¢
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a
o
&
24

a
[

g
.
o
g
~

datazHD.txt

Ve cannot see the gata

Velcome to Ubuntu 12,044 LTS (GNU/Linux 3,5,0-46-generic xB85_64)
* Docisentation: hitps://help.ubuntu,con/

Last login: Fri Jul 24 18:34:51 2015 from wvelO
denc@oe33:"$ od build-CaptureDual~Desktop~Relesss/
deno@oe33:"/tui 1 d-Capturelual-Desk bop-Rel eases []

DO E CSSH:ve3s
Velcoms to Wuntu 12,04.4 LTS (MW Linux 3.5.0-46-generic x86_64)

* Documentation: https://help.ubuntu,con/’

Last login: Fri Jul 24 18:27:01 2015 from wvelO
denoei3:"S od bulld-Capturelual-Desktop-Ralexss/
donolve3:*/tui 1d-Capturelual -Desktop-Rel eases [)

O©E CSSH:veds

Last login: Sat Jul 25 02:29:54 2015 from vel0
denoipved3: S od butld-Capturelual-Desktop-Release/
denolved 327 /bul 1d-Capturelual ~Dezk top~Relcases []

Velcome to Lbuntu 12,044 LTS (CNUWLinux 3,5,0-46-gereric x86_64)
* Documertation: https://help.buntu,con/
Last logtn: Fri Jul 24 18:24:52 2015 from velO

denolveid:"$ cd build-Capturelual-Desktop-Release/
denolve3d:”/tul 1d-Capturebual -Dask top-Feleazes []

OO E CSSH:ve3d
Velcone to Lbuntu 12,04.4 LTS (GNWLirux 3.5.0-46~-gereric x86_64)
* Documentation: https://help.ubuntu,con/
Last login: Fri Jul 24 18:32:26 2015 from ve0O

denolve33:"$ od build-Capturelusl-Deskbop-Ralease/
denoBve33:/tus 1d-Capturelual -Desktop-Reloases [J

Uelcome to Ubuntu 12,04,4 LTS (CNWVLirux 3,5,0-46~gereric x85_54)
* Documentation: httpsi//help.uburtu,con/

*** Jdev/sdfl will be checked for errors at next reboot ***

Last login: Fri Jul 24 18:37:31 2015 from ve00

demove35:™$ cd build-Capturebual-lesktop-Felease/
demoue35: “/but ld-CaptureDual ~Desktop-Releases []

|

Last login: Sat Jul 25 02:42:23 2015 from ve0d
demolivedd:™$ cd build-Capturelual-Desktop-Release/
denolvedd : " /bul 1d-Capturelusl ~Deask top-Releases []

Flle Hostls Send Help

‘@00 cssups)

Malcome to Ubuntu 12,04.4 LTS (GNMLirx 3.5.0-46-genaric x85_64)
* Documentation: https://help.ubuntu,con/

% Jdev/sdfl will be checked for errors at next reboot ***

Last login: Fri Jul 24 18:41:37 2015 from wel0

demollved:”$ cd build-Capturelual<Desktop-Relecase/
demoued0: "/but 1d-CaptureDual ~Dasktop-Releases |]

OO E CSSH:ve4ds

Last login: Sat Jul 25 02:27:38 2015 from ve0
demollved5: S cd build-Capturelual -Desktop-Relcase/
demoved5: "/bui 1d-CaptureDual -Desktop-Releases (]

during the capture
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Capture Software

Option 2: Synchronized Initiation With
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| ocal servers
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| ocal servers
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Capture Software

Option 2: Synchronized Initiation With

Preview streaming

24 \/GA Cameras

Preview
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Capture Software

Option 2: Synchronized Initiation With Preview

| | | Master Node
Preview streaming Capture start-end time
Local servers —\Ei
| ocal
Node
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Capture Software

lake Home Messages

Frame O
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Time

Timestamped frames allow
a posteriori time alignment

Better capture software may
provide conveniences
(e.q., preview)
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Data / Storage

VWhy Do We Need 1o Consider This”?

VWe would prefer,

® Higher resolution
® Higher frame rate
¢ \/ore viewpoints

» ® | arge size
¢ Hard to save

N Panoptic Studio,
8.85 GB/sec = 531 GB/Min
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Do not save images
e Real-time system

Data / Storage

Options?

oy ixy
A, iz

e Save compressed data

e Save raw data




Data / Storage

Our Solution
Master Node

BE B BE - B BE B Clock S%/C;tem -- ih -----------------
N———m™m Y S < —
24 VGA Cameras 31 HD Cameras

e (31 Panels)
480 VGA Cameras (20 Panels)

i Kinect Master Node ﬁ

- - - - - - - - - -
\ v

5 DLP ﬁ’rojectors
10 Kinects (5 Panels)
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Data / Storage

Our Solution: Local Storage Systems

Master Node Scalability
Local ﬁ Local
Storage Storage

................ B BEE B - BR - Clock Sy%t -

24 VGA Cameras 31 HD Cameras

s (31 Panels)
480 VGA Cameras (20 Panels)

Local 5
Storage

f E 5 DLP Projectors

10 Kinects (5 Panels)

Diversity



Data / Storage

How Big Is The Panoptic Studio Data’?

VGA (24 cameras): 184 MB/s X 20
640 x 480 x 1 Byte/pixel x 24 cameras x 25 frame/sec

HD: 120 MB/s X 31
1920x1080 x 2 Byte/pixel x 30 frames/sec

Kinect: 145 MB/s X 10

1920 x 1080 x 2 Byte/pixel x 30 fps

+ depth 512 x 424 x 2 Byte/pixel x 30 fps (12.4 MB/s)
+ IR 512 x 424 x 2 Byte/pixel x 30 fps (12.4 MB/s)

+ body keypoints, audio

Note: average HDD's writing speed: 80-160 MB/s



Data / Storage

How Big Is The Panoptic Studio Data’?

VGA (24 cameras): 184 MB/s X 20
640 x 480 x 1 Byte/pixel x 24 cameras x 25 frame/sec

Why not SSD? () € = RADO
SSD (1TB) can capture 90 minutes

HD: 120 MB/s X 31
1920x1080 x 2 Byte/pixel x 30 frames/sec

Kinect: 145 MB/s X 10

1920 x 1080 x 2 Byte/pixel x 30 fps
+ depth 512 x 424 x 2 Byte/pixel x 30 fps (12.4 MB/s)
+ IR 512 x 424 x 2 Byte/pixel x 30 fps (12.4 MB/s)

+ body keypoints, audio

Note: average HDD's writing speed: 80-160 MB/s
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Storage System

Long-Term Storage

e NAS 12 x 8TB (Synology)
o« 1 NAS: 88 TB (with RAID5) = 166 minutes

e $29/ min
AW $1.700 + $260 x 12 = $4.820 / 166 min

-- | » Currently Panoptic Studio has about 1 PB data




Storage System

lake Home Messages
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L ong-term storage
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Data size vs Writing speed
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Camera Calibration
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Ntr
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Camera Calibration
VWhy Do We Need This”

C

Nsic: K

insic: R t

el

s distortion: k1, ko, p1, P2, D3



2D Checker Board
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Camera Calibration
Space of Options

Wand (Light, Ball) 3D Pattern

Structure from Motion
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ntrinsic: K

xtrinsic: R t
_ens distortion: k1, ka2, p1, P2, P3

Caltech Camera Calibration Toolbox
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Camera Calibration

nsic: K

insic: R t

_EN

s distortion: k1, k2, p1, P2, P3

A Single Camera

—Xample

o0

1005‘“_,....:..

-100.\'.......

-200

{0

Caltech Camera Calibration Toolbox



& < A P‘anar\Patter\n To Cah&ate Pap@ptre Studio

/ \ | 1 “‘.’ | = :

O e (G00d accuracy

Accuracy

.‘@@*\L:

. e Need to cover many locations

Scalapility

e Problem for sensors with different frame rates
VGA 251ps, HD 30fps, Kinects 30fps)

Diversity




41

Our Solution For Camera Calibration

How To Calibrate Panoptic Studio Cameras

® Different types of cameras

- No pertect sync among different types

- Pattern should be stationary

® A large working volume

- Pattern should cover as much space as possible

® 500+ cameras

- FuUlly automatic method is needeo

- Avold any iImage selections



A 3D Calibration Structure

using Structure from Motion (STM)

No pattern

4
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Panoptic Studio Camera Calibration

VWe Use A lent by Projecting A Random Pattern
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Calibration Pipeline

Based on Structure from Motion (StV)
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Calibration Pipeline

Based on Structure from Motion (ST
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Panoptic Studio Camera Calibration

DISCUSSION

® | ess accurate keypoint localization

® Scale factor is missing

® 5 minutes for capture

® Fully automatic process

® Applicable for different types of
sensors (except Kinect depth)
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Camera Calibration

lake Home Messages

Three Basic Steps for Calibration:
o Keypoint localization

* |dentity & match correspondences .+ Coverage of working volume
o Practicality

 |nitialization (camera matrices and 3D points) —

» o \/isyalStM + custom codes
_ o COLMARP (https://colmap.aithub.io/)

e Bundle adjustment
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https://colmap.github.io/

Vliscellaneous



Audio Capture

Timestamped by HD Cameras

Master Node

Clock System

31 HD Cameras
(31 Panels)

Currently 15 wireless + 3 fixed microphones



Audio Capture

Timestamped by HD Cameras

Master Node

Clock System

31 HD Cameras
(31 Panels)
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» Floor lights

» Important in

e \Want ’[O--' 2
-l

e rate cameras



Multiview RGB-D:
Kinect Subsystem
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Ten RGB-D Sensors




Sensor Placement
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Sm

Sensor Placement




Spatial Sampling "

~2M points ~10M points




Synchronizing Diverse Sensors

Set signals on a Common Timebase

—0 VGA

—@® Kinect




Synchronizing Diverse Sensors

Set signals on a Common Timebase

K2

K3

1/30

20

HI

100

Time (ms)

—0 VGA
-0 HD

—0 Klnec:
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Spatio-Temporal Sampling @ =
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~ Fast Motion Artifacts =~
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LTC Timecode

Decoding

%|3703787.7 w
Mono, 16000Hz
32-bit float 0.5-

=T AALAADAL ARG
o YTV T UU DI

From production cameras 1/29.97

Starting sample

:I. J R 1-05
| A 1.0
D
- Project Rate (Hz): Selection Start: nd £ | ength Audio Pgsition:
16000 ¢ | [ SnapTo 00h0Om01.2265 1000 Qb m00.000s~

START OF FRAME

FRAMES| USER |FRAMES
BITS
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USER
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SEC

16

USER
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20

SEC | USER
BITS
24 28

MIN

32

USER
BITS

36

MIN

40

44

DIRECTION SENSE
BORDER BITS
USER |HOURS| USER |HOURS| USER SYNC
BITS BITS BITS WORD

48 52 lsg 160 0
From SMPTE Made S/m,o/e T|me||ne V|sta Inc.

\@4:1@:54:28/

HH:MM:SS:FF

frame number

SMPTE standard, many decoders exist:

http://x42.github.io/libltc/



Synchronizing Diverse Sensors

Set signals on a Common Timebase
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Kinect Capture System




Kinect Capture System
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Kinect Capture System

—— LTC Timecode Dome Exterio 'r‘ ome i R
— 5 : ‘ .: §
, PAps Tie *

Clock System
(LTC)



Kinect Capture System

Kinect for Windows Adapter

— LTC Timecode Dome Exterior Don |
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Capture

Clock System
(LTC)






Kinect Capture System

Kinect for Windows Adapter

/4 < B A
— LTC Timecode Dome Exterior Don |
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Capture &
Node
|
Length
Limited:
USB 3.0
Clock System
(LTC)



Kinect Capture System

Kinect for Windows Adapter
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Kinect Capture System

Kinect for Windows Adapter

. R : \.
- Ethernet | /4 . R
—— LTC Timecode Dome EXxterior Jon -
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Clock System [
(LTC)

Master



Kinect Capture System

Kinect for Windows Adapter /4 . .
—— FEthernet , . . R
—— LTC Timecode Dome Exterior J Jon |
O - : o v

o)

Capture
Node

-
Clock System [
(LTC)

(Raw) 145 MB/s approximately 1.15 Gb/s
Master Dual NIC for realtime transfer



Kinect Capture System

Kinect for Windows Adapter

. R : \.
- Ethernet | /4 . R
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Master



RGB+Depth Relative Timing

What Does Frame Start Mean®

Color frame

|

0 20 40 60 80 100 120 140 160 180

Time (ms)



RGB+Depth Relative Timing

What Does Frame Start Mean”
Depth frame

Color frame

|
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RGB+Depth Relative Timing

What Does Frame Start Mean”
Depth frame

Color frame

Rolling
shutter start



Rolling Shutter Effects







* No compensation

+ Compensated
From Depth / IR
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Fast Motion Artifacts
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Kinect Synchronization

lake Home Messages

@ — @ Off-the-shelf RGBD sensors are cheap, but
Frecision yvou'll have to deal with synchronization &
iINterterence

@ — @ Modifying hardware Is very impractical;
sy PTP as an alternative

® Quick way to get 3D reconstruction

Versatility



Kinect Calibration

Depth

IR
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Kinect Calibration

lake Home Messages

® Combining RGB+IR+Depth will require
specialized calibration

® Static checkerboard to calibrate intrinsics and
extrinsics between color & depth per Kinect,
STM between sensors

® Multiple RGB-D sensors may produce
additional noise and interterences



Break/Questions

After the break:
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Backup Slides



Panoptic Studio Architecture

Time Alignment Across Subsystems

Master Node
Local
Node
. . ............... . . . ................ . ................ . ----------------
24 VGA Cameras 1 HD Cameras

o 31 Panel
480 VGA Cameras (20 Panels) ( anels)

................ 5 DLP Iv)r()ject()rs

10 K};lects (5 Panels)

Optic Fiber —— GbE Genlock HD-SDI —— LTC —— VGA Video —— USB3.0 e Time Align.
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Panoptic Studio Architecture

Time Alignment Across Subsystems

Master Node

24 VGA Cameras 1 HD Cameras

(31 Panels)

e

480 VGA Cameras (20 Panels)

- ~ 5 DLP Projectors
10 Kinects (5 Panels)
Optic Fiber —— GbE Genlock HD-SDI —— LTC —— VGA Video —— USB3.0 e Time Align.
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