
T O O L S  T O  FA C I L I TAT E  A U T O N O M O U S  
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Q U A D R O T O R  C A M E R A S  H AV E  H U G E  
P O T E N T I A L  I N  M O V I E M A K I N G

[3DR Solo, 2015]
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Q U A D R O T O R  C A M E R A S  L O W E R  C O S T  O F  
A E R I A L  C I N E M AT O G R A P H Y

Helicopter 
Rent at >$1000 per hour

3

Quadrotor 
Purchase for ~$1000

[Red Bull, 2014] [Cut Media, 2014]



Q U A D R O T O R  C A M E R A S  S U B S U M E  O T H E R  
C A M E R A  R I G S
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Q U A D R O T O R  C A M E R A S  E N A B L E  N E W  
C I N E M AT O G R A P H Y

AeroCine, “The Fallen”, 2015 
NYC Drone Film Festival Award Winner
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B U T  R E Q U I R E S  C H A L L E N G I N G   
M A N U A L  O P E R AT I O N

6

[AeroCine] PILOT CAMERAMAN



U S I N G  I N T E R FA C E S  N O T  D E S I G N E D  F O R  
C I N E M AT O G R A P H Y

DJI Controller, Peter Homer, 2015
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Niels’ Grandpa’s Controller, 1989



P R O B L E M  

Q U A D R O T O R  C I N E M AT O G R A P H Y  
R E Q U I R E S  

T E C H N I C A L  S K I L L  O F  F LY I N G ,  A N D  
A R T I S T I C  S K I L L  O F  C O M P O S I T I O N ,  

S I M U LTA N E O U S LY  A P P L I E D  I N  R E A L  T I M E
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A P P R O A C H  

C I N E M AT O G R A P H Y- F I R S T  I N T E R A C T I O N

9

We will automate the role of the pilot 

Provide tools that enables the user to  
focus on the composition of shots



O V E R V I E W

Compose shots using classic 3D Animation primitives, 
adapted to respect quadrotor camera physics

10

Compose shots in real time using visual composition 
principles from filmmaking 

Horus 
A Tool for Shot Planning

Drone Cinematographer 
A Tool for Filming People 

[SIGASIA 2015]

[arXiv 2016]



O V E R V I E W

Compose shots using classic 3D Animation primitives, 
adapted to respect quadrotor camera physics

11

Compose shots in real time using visual composition 
principles from filmmaking 

Horus 
A Tool for Shot Planning

Drone Cinematographer 
A Tool for Filming People 

[SIGASIA 2015]

[arXiv 2016]



S H O T  W I T H  H O R U S
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M I S S I O N  P L A N N I N G  T O O L S  A L S O  
A U T O M AT E  T H E  P I L O T

13

Mission Planner, ArduPilot, 2015



B U T  T H E Y  D O  N O T  A L L O W  U S E R S  T O  
F O C U S  O N  S H O T  C O M P O S I T I O N  

4

14

Mission Planner, ArduPilot, 2015



E X P L O R AT O R Y  S T U D Y  R E V E A L S  
C I N E M AT O G R A P H Y  C O N C E R N S

6 professional quadrotor  
photographers and videographers 

Novice, Intermediate, and Expert skill levels 

Are familiar with mission planning tools, but have not 
adopted them for cinematography.
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H O W  D O  W E  A L L O W  U S E R S  T O …

plan shots visually 

precisely control shot timing 

rapidly iterate on shots 

see accurate visual previews 

enable autonomous capture
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U S E  3 D  A N I M AT I O N  P R I M I T I V E S !

plan shots visually 

precisely control shot timing 

rapidly iterate on shots 

see accurate visual previews 

enable autonomous capture

17

[Real-Time Cameras, Haigh-Huchinson, 2009] 
[Christie et al, 2008]



U S E  3 D  A N I M AT I O N  P R I M I T I V E S !

plan shots visually 

precisely control shot timing 

rapidly iterate on shots 

see accurate visual previews 

enable autonomous capture

18

[Real-Time Cameras, Haigh-Huchinson, 2009] 
[Christie et al, 2008]



U S E  3 D  A N I M AT I O N  P R I M I T I V E S !

plan shots visually 

precisely control shot timing 

rapidly iterate on shots 

see accurate visual previews 

enable autonomous capture
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[Real-Time Cameras, Haigh-Huchinson, 2009] 
[Christie et al, 2008]



20



PROBLEM
• `
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intended position



PROBLEM
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actual position
intended position



PROBLEM
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actual position
intended position



PROBLEM
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actual position
intended position



PROBLEM

25

💥

actual position
intended position



A P P R O A C H

Invent a shot planning interface  
based on concepts from 3D Animation. 

Adapt 3D Animation Primitives to respect quadrotor 
physics. 

[Real-Time Cameras, Haigh-Huchinson, 2009] [Christie et al, 2008]
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U S E  3 D  A N I M AT I O N  P R I M I T I V E S !

plan shots visually 

precisely control shot timing 

rapidly iterate on shots 

see accurate visual previews 

enable autonomous capture 
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U S E  3 D  A N I M AT I O N  P R I M I T I V E S !

plan shots visually 

precisely control shot timing 

rapidly iterate on shots 

see accurate visual previews 

enable autonomous capture 

provide feedback about quadrotor behavior
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T H I S  I S  H O R U S
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P L A N  S H O T S  V I S U A L LY   
I N  A  3 D  E N V I R O N M E N T
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P L A N  S H O T S  V I S U A L LY  U S I N G   
S PA R S E LY  S P E C I F I E D  K E Y F R A M E S
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P L A N  S H O T S  V I S U A L LY  U S I N G   
S PA R S E LY  S P E C I F I E D  K E Y F R A M E S
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P R E C I S E LY  C O N T R O L  T I M I N G   
W I T H  P R O G R E S S  C U R V E S
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V I S U A L  F E E D B A C K  R E G A R D I N G  
Q U A D R O T O R  B E H AV I O R  
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P R E V I E W  S H O T  B E F O R E  F L I G H T
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O N E - C L I C K  A U T O N O M O U S  C A P T U R E
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T E C H N I C A L  A P P R O A C H
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41

Look-fromLook-at



42

Look-fromLook-at
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Look-fromLook-at



Look-fromLook-atSatisfy Equations of Motion 
44



Look-fromLook-atSatisfy Equations of Motion 
45

Satisfy Equations of Motion 
Stay within Control Limits

Physically Feasible



C H A L L E N G E :  H O W  C A N  W E  F I N D  
P H Y S I C A L LY  F E A S I B L E  T R A J E C T O R I E S ?

It’s known that as long as the 4th derivate of a trajectory 
exits, then it satisfies quadrotor equations of motion. 

How do we add a camera to this? 

If we give users timing control,  
how do we handle control limit violations?  

46

[Mellinger et al, 2013]



A D D I N G  A  C A M E R A  T O  A  Q U A D R O T O R

Physical model 
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A D D I N G  A  C A M E R A  T O  A  Q U A D R O T O R

Physical model 

48

Look-from and Look-at trajectory 
must both be C4 continuous.



G E N E R AT I N G  T R A J E C T O R I E S  F O R  O U R  
Q U A D R O T O R  C A M E R A

49

Generate trajectories that 
satisfy equations of motion

f = ma



G E N E R AT I N G  T R A J E C T O R I E S  F O R  O U R  
Q U A D R O T O R  C A M E R A

50

Generate trajectories that 
satisfy equations of motion

f = ma

Interpolate using C4 continuous 
polynomial splines 

Optimize for smoothness using a 
convex quadratic program



G E N E R AT I N G  T R A J E C T O R I E S  F O R  O U R  
Q U A D R O T O R  C A M E R A

51

f = ma

Generate trajectories that 
satisfy equations of motion  

but not necessarily  
the control limits

Interpolate using C4 continuous 
polynomial splines 

Optimize for smoothness using a 
convex quadratic program



D E A L I N G  W I T H  C O N T R O L  L I M I T S

52

Display control forces in UI, 
require user to stay within 

control limits



T E C H N I C A L  A P P R O A C H  F O R  G E N E R AT I N G  
F E A S I B L E  T R A J E C T O R I E S

Physical model proves 
C4 continuity 

requirement holds for 
Quadrotor Cameras 

53

Generate trajectories that 
satisfy equations of motion but 

not necessarily control limits

f = ma

Display control forces in UI, 
require user to stay within 

control limits



I M P L I C AT I O N :  E X P R E S S I V E N E S S

We can express  
any trajectory a quadrotor camera can execute
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E VA L U AT I O N  O F  O U R  T O O L
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U S E R  S T U D Y  P R O T O C O L

Four participants: two novice cinematographers, two expert 
cinematographers with quadrotor experience 

90 minutes to create two feasible shots: one instructed, 
one open-ended 

Autonomously capture shots on location 

After capture, experts identified shot components that 
would make for challenging manual capture
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K E Y  Q U E S T I O N S

How effective was our visual preview? 

How did subjects use feasibility feedback? 

Did we enable cinematographers to capture challenging 
shots?
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V I S U A L  P R E V I E W  M AT C H E S  F R A M I N G  A N D  
C O M P O S I T I O N  O F  C A P T U R E D  S H O T

58

Expert 2, Freeform Shot



B U T  L I M I T E D  B Y  3 D  M O D E L  A N D  
Q U A D R O T O R  S E N S O R  A C C U R A C Y

59

Novice 2, Freeform Shot



U S E R S  C R E AT E D  F E A S I B L E  PAT H S  I N  
U N E X P E C T E D  W AY S
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V I S U A L  F E A S I B I L I T Y  F E E D B A C K

All users successfully ensured feasibility 

Complex behavior from feasibility feedback: 

Stretch the time 

Tweak trajectory 

Create completely different shot
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R O B E R T S  A N D  H A N R A H A N  E X T E N D E D  H O R U S  
W I T H  A U T O M AT E D  S M A R T  T I M E  S T R E T C H I N G

62

[Roberts and Hanrahan SIGGRAPH 2016]



W E  E N A B L E D  N O V I C E  A N D  E X P E R T  
C I N E M AT O G R A P H E R S  T O  C A P T U R E  
C H A L L E N G I N G  S H O T S
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R E G A R D L E S S  O F  S K I L L  L E V E L ,  U S E R S  
C R E AT E  C H A L L E N G I N G  S H O T S

64

Expert 1, Instructed Shot



R E G A R D L E S S  O F  S K I L L  L E V E L ,  U S E R S  
C R E AT E  C H A L L E N G I N G  S H O T S

Novice 2, Instructed Shot
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R E G A R D L E S S  O F  S K I L L  L E V E L ,  U S E R S  
C R E AT E  C H A L L E N G I N G  S H O T S

66

1.5X 
Expert 1, Freeform Shot

1x 
Novice 2, Freeform Shot 
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69

10X



S U M M A R Y

Demonstrated a tool in which cinematographers could 
express high quality shots for quadrotor cameras, even if 
they were novices. 

Showed how 3D Animation primitives and the look-at 
look-from camera model can be used to fly quadrotor 
cameras.
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W I T H  H O R U S ,  T H E  U S E R  A C T S  A S  A  
C I N E M AT O G R A P H E R  

 

C O M P O S I N G  S H O T S   
U S I N G  K E Y F R A M E S  A N D  E A S I N G  C U R V E S

71



P R O B L E M  

Q U A D R O T O R  C I N E M AT O G R A P H Y  
R E Q U I R E S  

T E C H N I C A L  S K I L L  O F  F LY I N G ,  A N D  
A R T I S T I C  S K I L L  O F  C O M P O S I T I O N ,  

S I M U LTA N E O U S LY  A P P L I E D  I N  R E A L  T I M E
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P R O B L E M  

Q U A D R O T O R  C I N E M AT O G R A P H Y  
R E Q U I R E S  

T E C H N I C A L  S K I L L  O F  F LY I N G ,  A N D  
A R T I S T I C  S K I L L  O F  C O M P O S I T I O N ,  

S I M U LTA N E O U S LY  A P P L I E D  I N  R E A L  T I M E

73

by preplanning camera movements



O V E R V I E W

Compose shots using classic 3D Animation primitives, 
adapted to respect quadrotor camera physics

74

Compose shots in real time using visual composition 
principles from filmmaking 

Horus 
A Tool for Shot Planning

Drone Cinematographer 
A Tool for Filming People 

[SIGASIA 2015]

[arXiv 2016]



S H O T  W I T H  D R O N E  C I N E M AT O G R A P H E R
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H O W  M I G H T  W E  A U T O M AT E  T H E  
C O M P O S I N G  O F  S H O T S ?
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W H AT  D O  W E  K N O W  A B O U T  V I S U A L  
C O M P O S I T I O N ?  A B O U T  S H O T S ?
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E X A M P L E  O F  V I S U A L  C O M P O S I T I O N  
P R I N C I P L E :  R U L E  O F  T H I R D S

78

[Ryan Bromley, 2016]



E X A M P L E  O F  V I S U A L  C O M P O S I T I O N  
P R I N C I P L E :  R U L E  O F  T H I R D S

79

[DesignShovel, 2016]



F I L M  L A N G U A G E  D E S C R I B E S  
C A N O N I C A L  S H O T S

80

[Arijon, 1976]



F I L M  L A N G U A G E  D E S C R I B E S  
C A N O N I C A L  S H O T S

81

[Arijon, 1976]

Internal Shot
External Shot



E X A M P L E  O F  V I S U A L  C O M P O S I T I O N  
P R I N C I P L E :  R E S P E C T  L I N E  O F  A C T I O N

82



E X A M P L E  O F  V I S U A L  C O M P O S I T I O N  
P R I N C I P L E :  R E S P E C T  L I N E  O F  A C T I O N

83

[Arijon, 1976]

Line of Action



E X A M P L E  O F  V I S U A L  C O M P O S I T I O N  
P R I N C I P L E :  R E S P E C T  L I N E  O F  A C T I O N

84

[Arijon, 1976]

Line of ActionLine of Action



E X A M P L E  O F  V I S U A L  C O M P O S I T I O N  
P R I N C I P L E :  R E S P E C T  L I N E  O F  A C T I O N
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[Arijon, 1976]

Line of ActionLine of Action



T H E S E  I D E A S  H AV E  B E E N  U S E D  I N  C O M P U T E R  
G R A P H I C S  T O  C O N T R O L  C A M E R A S

86

[He et al, 1999]



Use canonical shots and composition principles  
as control input to a Quadrotor Camera 

Automate flying the quadrotor 

Novices get high quality visual composition 

Can react in real time

87

K E Y  I D E A



C A N O N I C A L  S H O T S
88

[He et al, 1999] [Rubin, 2002]

Apex Close Apex



C A N O N I C A L  S H O T S

For every subject…

89

[He et al, 1999] [Rubin, 2002]



C A N O N I C A L  S H O T S
90

Internal External

[He et al, 1999] [Rubin, 2002]



91

Internal x2 External x2Apex Close Apex

And the equivalent shots from a higher vantage point

C A N O N I C A L  S H O T S [He et al, 1999] [Rubin, 2002]



U S E R  I N T E R A C T I O N

92

UI



U S E R  I N T E R A C T I O N
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UI



U S E R  I N T E R A C T I O N
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UI



U S E R  I N T E R A C T I O N
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UI



U S E R  I N T E R A C T I O N
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UI



T O O L  O V E R V I E W
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UI



T O O L  O V E R V I E W
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UI



T O O L  O V E R V I E W
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UI



T O O L  O V E R V I E W
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UI



C H A L L E N G E S

We need to track our subjects 

Keep our subjects safe 

Find high quality transitions between shots
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S A F E T Y

102



S A F E T Y  
R E S P E C T  A  N O - F LY  S P H E R E
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S A F E T Y  
R E S P E C T  A  N O - F LY  S P H E R E
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S A F E T Y  
R E S P E C T  A  N O - F LY  S P H E R E

105

Push Quadrotor Out



S A F E T Y  
R E S P E C T  A  N O - F LY  S P H E R E

106

Push Quadrotor Out

Crop or Zoom Camera



S A F E T Y  
A D A P T  C A N O N I C A L  S H O T S

107

A

B

Internal x2 External x2Apex Close Apex



T R A C K I N G  
108



T R A C K I N G  
C A N  W E  U S E  C O N V E N T I O N A L  G P S ?

109

Not accurate enough!



T R A C K I N G  
A  C E N T I M E T E R  A C C U R AT E  G P S  T E S T B E D

110

RTK-GPS vs Conventional GPS 
Tracking Position Accuracy



T R A C K I N G  
A  C E N T I M E T E R  A C C U R AT E  G P S  T E S T B E D

111



T R A C K I N G  
E N D - T O - E N D  S Y S T E M
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R E S U LT S  
S A F E  S TAT I C  S H O T S ,  A C C U R AT E  T R A C K I N G
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R E S U LT S  
S A F E  S TAT I C  S H O T S ,  A C C U R AT E  T R A C K I N G
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R E S U LT S  
S A F E  S TAT I C  S H O T S ,  A C C U R AT E  T R A C K I N G
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R E S U LT S  
S A F E  S TAT I C  S H O T S ,  A C C U R AT E  T R A C K I N G

116



T R A N S I T I O N S  

How do we move the quadrotor camera  
between static shots? 

Can we use the trajectories from Horus?

117



S I M P LY  U S I N G  H O R U S  T R A J E C T O R I E S  
D O E S N ’ T  W O R K

118



T R A N S I T I O N S  

We must move the quadrotor in a way that is  

feasible 

safe 

produces visually pleasing video 

and find such a trajectory on demand, in real-time
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T R A N S I T I O N S  
U S E  T H E  T O R I C  S PA C E  M E T H O D ?

120

[Lino and Christie, SIGGRAPH, 2015] 



T R A N S I T I O N S  
I N S P E C T  T H E  T O R I C  S PA C E  M E T H O D
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T R A N S I T I O N S  
I N S P E C T  T H E  T O R I C  S PA C E  M E T H O D
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T R A N S I T I O N S  
I N S P E C T  T H E  T O R I C  S PA C E  M E T H O D
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T R A N S I T I O N S  
I N S P E C T  T H E  T O R I C  S PA C E  M E T H O D
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T R A N S I T I O N S  
I N S P E C T  T H E  T O R I C  S PA C E  M E T H O D
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T R A N S I T I O N S  
I N S P E C T  T H E  T O R I C  S PA C E  M E T H O D
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R E S U LT:  S A F E ,  F E A S I B L E  A N D   
V I S U A L LY  P L E A S I N G  T R A N S I T I O N S

127



R E S U LT:  S A F E ,  F E A S I B L E  A N D   
V I S U A L LY  P L E A S I N G  T R A N S I T I O N S

128



W E  C A N  A U T O M AT I C A L LY  C A P T U R E   
S E Q U E N C E S  O F  W E L L - C O M P O S E D  S H O T S

129



S U M M A R Y

We automated high quality visual compositions 

We adapted canonical shots to ensure safety 

We validated, and then tracked our subjects, using  
state-of-the-art RTK-GPS 

We introduced a real-time trajectory planning 
algorithm to find visually pleasing, safe and feasible 
transitions. 
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W I T H  T H E  D R O N E  C I N E M AT O G R A P H E R ,  
T H E  U S E R  A C T S  A S  A  D I R E C T O R .
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O V E R V I E W

Compose shots using classic 3D Animation primitives, 
adapted to respect quadrotor camera physics

132

Compose shots in real time using visual composition 
principles from filmmaking 

Horus 
A Tool for Shot Planning

Drone Cinematographer 
A Tool for Filming People 

[SIGASIA 2015]

[arXiv 2016]



133

Proved  C4 continuous look-at look-from trajectories and progress curves 
satisfy Quadrotor Camera equations of motion 

Showed that Computer Graphics primitives enable users to capture high 
quality quadrotor shots, even if they’re novices

Horus

Drone Cinematographer
Adapt canonical cinematography shots to ensure safety 

Track subjects with high enough accuracy for cinematography using RTK-GPS 

Showed how to find visually pleasing and safe trajectories 
for quadrotor cameras filming people

C O N T R I B U T I O N S

[SIGASIA 2015]

[arXiv 2016]



A P P R O A C H  

C I N E M AT O G R A P H Y- F I R S T  I N T E R A C T I O N

134

We automated the role of the pilot 

Provided tools that enabled novice and experts alike  
to capture impressive cinematography 

by incorporating quadrotor demands  
into cinematography primitives



T H E  F U T U R E  I S  B R I G H T !

Plenty of other cinematography primitives  
   “Through the lens” drone control?  

Exciting new tracking and control systems 
    Ultra-Wideband short range tracking? Multi-sensor fusion?  

Hyper-agile quadrotors! 
      10g and 20g quadrotors? 400ft in under 1 second 

Creative uses of drones beyond cinematography
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I M PA C T

136
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F E E L I N G S  
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T H A N K  Y O U
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Silicon Graphics branch, South Africa - Neil McGowen, … 
Extended Family - Ackermans, Du Toits, Oosthuizens, Jouberts, … 
Girlfriend Liz, who lives life so well that Death will tremble to take her
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T H A N K  Y O U

Mental Health 
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F L O R A I N E  B E R T H O U Z O Z  
1 9 8 4 - 2 0 1 5
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N E L L I S  O O S T H U I Z E N  
1 9 2 9 - 2 0 1 6
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A  V I S I O N  O F  T H E  F U T U R E

Robotic systems that intelligently balance  
     Human Interfaces, Aesthetic and Technical Knowledge 

will enable capturing your stories, while remaining 
immersed in your experience.
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“The Universe is made of Stories, not of Atoms”  
- Muriel Rukeyser

T H A N K  Y O U


