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Mo.va.on	

 Cameras	are	omnipresent	

 Pa.ern	Projector	+	Camera	=	3D	Sensor	

+ = 
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Structured	Light	

 Synchronized	projec:on	and	capture	

… 

… 
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… 

Without	Synchroniza.on	

 Unsynchronized	projec:on	and	capture	

… 

time 
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Rolling	Shu<er	Cameras	

 Unsynchronized	projec:on	and	capture	

… 

time 

… 
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Structured	Light	Algorithms	

 Exis:ng	algorithms	fail	to	correctly	binarize	

binarized	
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Unsynchronized	Structured	Light	

Unsynchronized	Decoding	Algorithm	 

Unsynchronized	captured	images 

3D	Model 

Scene 

Structured	
Light	Flash 

Rolling	Shu<er	Camera 

Cyclic	Pa<ern	Projec.on 

Decoded	images 
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Model	Variables	

time … Pattern 1 Pattern 2 

row 2 
row 3 

Im
ag

e 

te = row exposure time 
tr = row read-out time 
ti = row idle time 

tf = te + tr + ti 

row 1 

t0 
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Unsynchronized	Model	
…

 

…
 

Camera	
parameters	

Capture	
start	.me	
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Algorithm	Steps	

1) Es:mate	te,	tf,	tr,	and	t0	
2) Es:mate	pa.ern	values:	P1,	…,	PM	

1	
2	

1	
2	
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(1)	Time	Variables	Es.ma.on	

 We	make	P1,	…,	PM	known	by	adding	a	
constant	color	pa.ern	subsequence	

… 

Timing	Calibra.on	sub-sequence	
SL	Pa<erns	
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(1)	Time	Variables	Es.ma.on	

 We	minimize	this	energy:	

	
	

 Constrained	Non-Linear	Minimiza:on	
 Example	ini:al	values:	
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(1)	Timing	Calibra.on	Result	
Image	1 Image	2	 Image	3	 Image	4	

Calibrated	
Model	

Training	
Data	

Input	Image	data	
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(2)	Pa<ern	Values	

 Regularized	Linear	Energy	Minimiza:on:	

	
	

 0	<	Pm	<	1	
 Independent	for	each	pixel	 0	 1	
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Results:	decoded	pa<erns	

… … 

… … 

Input	Image	Sequence	

Output	Pa<ern	Sequence	
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Results:	decoded	pa<erns	

… … 

… … 

Input	Image	Sequence	

Output	Pa<ern	Sequence	
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Comparison	with	Synchronized	SL	

 Camera	FPS	vs.	Projector	FPS	
3D	Model	

20 0	 2.5 5 7.5 10 12.5 15 17.5 
micrometers	[µm] 

Cam	@	1X	Proj	FPS	 Cam	@	1.5X	Proj	FPS	 Cam@1.75X	Proj	FPS	 Cam	@	2X	Proj	FPS	
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Result:	Example	3D	Model	
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Limita.ons:	global	illumina.on	
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Summary	

 SL	without	soXware/hardware	
synchroniza:on	
 Global	and	rolling	shu.er	cameras	
 Results	comparable	to	synchronized	

SL	
 Global	Illumina:on	is	a	challenge	
 Applica:on:	enable	cell	phones	and	

cameras	to	operate	as	3D	cameras	
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Thank	you!	

Fa.h	Calakli	
fa:h_calakli@brown.edu	

Daniel	Moreno	
daniel_moreno@brown.edu	

Gabriel	Taubin	
taubin@brown.edu	
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