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Motivation

• Parameter	Estimation	(PE)	is	a	time-consuming	
process;	we	need	to	find	a	new	way	to	accelerate	it	
in	view	of	many-GW-detection era	towards	3G
• Freq.-domain	CBC	PE	on	
15 parameters	(3(Mc,q,φ)	+6(spin)	+6(ext.))	with	
- Nested	sampling	with	MCMC	sub-chains	and	
- IMRPhenomPv2 waveform	model	
has	been	accelerated	with	GPU
• The	codes	are	all	newly	written	in	C++	and	CUDA
and	produce	the	same	output	for	cbcBayesPostProc



P.E.	with	Bayes’	theorem

arXiv:1409.7215



Nested	sampling

• Introduced	by	J.	Skilling	to	compute	Bayesian	
evidence(Z)	with	MCMC	sub-chains	by	transforming	
the	Multi-Dimensional	integral	into	1-dimension	
over	the	prior	volume Ref(e.g.):	arXiv:1409.7215



Nested	sampling	in	LAL

• Implemented	in	:
LALInferenceNest,	LALInferenceNestedSampler,
LALInferenceProposal,	LALInferencePrior,	…
• 5	methods	used	for	Jump	proposals	(LAL	default)	:	
- CovarianceEigenvectorJump
- DifferentialEvolution
- EnsembleStretch
- EnsembleWalk
- DistanceLikelihood

• MCMC	sub-chain	length	is	determined	at	every		
(Nlive/10)	iterations	from	autocorrelation	length	

For	more	details	please	refer:	arXiv:1409.7215	or	the	source	code	itself	



GPU	Approach

• Waveform	and	likelihood	calculations	are	
the	dominant	sources	of	time	consumption	for	P.E.

- 4,096(srate)	x8(seglen)/2	x2(Nifo)	=	32,768	/call
- ~1,000	times	called	per	iteration
- ~16,000	iterations	per	run

=>	5	x1011 calculations	/	run

• These	particular	parts	are	implemented	in	CUDA
- Single	Floating	point is	used	(10-5~10-4 precision)

*	In	LALSimulation,	waveform	calculation	can	run	in	OpenMP
but	the	performance	didn’t	improve	so	significantly	on	Core™	i7



Core	of	the	GPU	code

cimr:	IMRphenomP wave	form	calculation
Each	GPU	core	:	each	frequency	bin

core:	Likelihood	calculation



Core	of	the	GPU	code
Each	GPU	core	:	each	frequency	bin

Polarization	and	Detector	antenna	pattern

tpr,	tpi:	Waveform	template

dfr,	dfi:	Data-template

cs:	Chis-quare (log(likelihood))	element



Performance	test

• GW150914 data	from	LIGO	Open	Science	Center
• LAL:	lalinferene_nest with	IMRPhenomPv2,	
seglen=8,	Nlive=500 are	used	as	a	reference
- running	on	single	CPU	(4 parallel	jobs	/	machine)

• GPE	(GPU-accelerated	P.E.)	:
- running	on	single	CPU/machine	and	tested	
with	3	different	GPU	boards	(NVIDIA™	GeForce™)

• 23	independent	runs	performed	and	time	
consumptions	and	output	results	are	compared	



Performance	comparison
Code Hardware Spec. Wall	Time

Mean	± RMS
Acceleration
w.r.t. LAL

Improvement

LAL Core™	i7 4	cores	(x2	HT)
3.6 GHz

24:27:24
± 47:42

GPE GeForce™
GTX	1060

1152	cores
1.76	GHz
192 bit	Bus

17:21
±0:28 ×84.5

GPE
GeForce™
GTX	1070

1920 cores
1.68	GHz
256 bit	Bus

13:58
±0:17 ×105.0 24%	to	1060

GPE
GeForce™
GTX	1080

2560	cores
1.85	GHz
256 bit	Bus

12:25
±0:15 ×118.1 40%	to	1060

13%	to	1070

Log	Bayes	factors	ln(Bs/n)	:	254.7±0.3 and 254.5±0.3 in LAL and GPE,	respectively



Nested	sampling	parameters
LALInference_nest

dZSloppy	fractionSub-accept	rateAccept	rate
GPE

dZSloppy	fractionSub-accept	rateAccept	rate

For	more	details	please	refer:	arXiv:1409.7215	or	the	source	code	itself	



Comparisons	(Nested	sampling	parameters)

Termination	condition:	dZ=0.1

LAL
GPE
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GPE

LAL
GPE

LAL
GPE
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Parameters	in	the	final	500	live	points	(from	23	independent	runs)
Note:	they	are	not	the	posterior	distributions
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Comparisons	(CBC	parameter	correlations)
Parameters	in	the	final	500	live	points	(from	23	independent	runs)
Note:	they	are	not	the	posterior	distributions

LAL
GPE
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GW	events	analysis

• GW150914
- Detailed	studies	done	by	LVC
many	official	results	have	been	published

• GW151226
- Weaker	but	longer	signal
• GW170814
- Localization	by	LV
• GW170817
- The	first	and	(so	far)	the	only	BNS	events

Nlive=	2048,	Time	comsumption :	1~4	hours



GW150914	references

Referenced	compared	in	this	study
• PRL	116,	061102 :	First	detection
• PRL	116,	241102 :	CBC	parameter	estimation
• PRD 93,	122004 :	Minimal	assumptions
• PRX	6,	041014 :	Improved	analysis
• PRX	6,	041015 :	Review	of	O1	BH-BH	events



PRX	6,	041014	– Improved	analysis

• Full	parameter	(15)	estimation	with	precessing-spin



Comparison	of	results – GW150914
PRX	6,	041014
(IMRPhenom)	

GPE	with
LOSC	data

SNR 23.7 23.7

Chirp	mass	(det.) 30.6	+1.8	-1.8 30.0	+2.2	-2.5

m1	(det.) 38.5	+5.6	-3.6 38.9	+5.9	-4.4

m2(det.) 32.2	+3.6	-4.8 31.1	+4.6	-6.7

Mass	ratio 0.84	+0.14	-0.20 0.80	+0.13	-0.16

Chirp	mass	(source) 28.1	+1.7	-1.6 27.6	+1.9	-2.2

m1 (source) 35.3	+5.2	-3.4 35.7	+5.7	-3.9

m2	(source) 29.6	+3.3	-4.3 28.5	+4.1	-6.1

Luminosity distance	(Mpc) 440	+160	-180 431	+150	-174

Source	redshift 0.094	+0.032	-0.037 0.091	+0.035	-0.029

Effective	inspiral	spin χeff -0.05	+0.13	-0.15 -0.03	+0.12	-0.14

Effective	precession	spin	χp 0.35	+0.45	-0.27 0.32	+0.45	-0.25



PRD93,	122004	– Minimal	assumptions

• Using	burst	analysis	(not	CBC)	but	sky	localization	
errors	are	compared	between	with	and	without	
calibration	errors	(10%,10	deg)	



PRX	6,	041015	– Review	of	O1	BBH	events

• Using	the	improved	calibration	errors



Comparison	of	results	– GW150914
PRD	6,	041014 (Burst)	
50	%	C.L.									90	%	C.L.

GPE	(LOSC	data)
50	%	C.L.									90	%	C.L.

No	C.E. 48	deg2 150	deg2 46	deg2 158	deg2

C.E. (5%,	5	deg) –– –– 78	deg2 296	deg2

C.E. (10%,	10	deg) 150	deg2 610	deg2 150	deg2 577 deg2

PRX	6,	041015	(CBC)

Improved	C.E. –– 230	deg2 67	deg2 236	deg2

GPE
C.E.	(10%,	10	deg)

PRD	5,	041014
C.E.	(10	%,	10	deg)



GW151226	references

References	compared	in	this	study
• PRL	116,	241103
• PRX	6,	041015



Comparison	of	results	– GW151226
PRX	6,	041015
(IMRPhenom)	

GPE	with
LOSC	data

SNR 13.0 12.1

Chirp	mass	(source) 8.90	+0.31	-0.27 8.92	+0.37	-0.33

m1 (source) 14.5	+6.6	-3.7 14.0	+6.2	-3.4

m2	(source) 7.4	+2.3	-2.0 7.7	+2.2	-2.0

Luminosity distance	(Mpc) 440	+170	-180 441	+196	-195

Source	redshift 0.092	+0.033	-0.037 0.095	+0.039	-0.037

Effective	inspiral	spin χeff 0.22	+0.15	-0.08 0.23	+0.14	-0.11

Primary	spin	magnitude	a1 0.55	+0.35	-0.42 0.56	+0.35	-0.44

Primary	spin	magnitude	a2 0.52	+0.42	-0.47 0.56	+0.39	-0.50

SNR	could	not	be	reproduced	exactly	as	in	the	publication
Maybe	we	need	additional	cleaning	of	LOSC	public	data



Comparison	of	results	– GW151226

GW151226:	(PRX	6,	041015)
90	%	ΔΩ	=	850	deg2

GPE
90	%	ΔΩ	=	863	deg2



GW170814	reference

References	compared	in	this	study
• PRL	119,	141101



Comparison	of	results	– GW170814
PRX	6,	041015
(IMRPhenom)	

GPE	with
LOSC	data	(CLN)

SNR 16.1 16.6

SNR	(H,L,V) 7.3,	13.7,	4.4 9.5,	13.1,	4.0

Chirp	mass	(source) 24.1	+1.4	-1.1 23.2	+2.0	-2.1

m1 (source) 30.5	+5.7	-3.0 30.7	+6.9	-4.1

m2	(source) 25.3	+2.8	-4.2 23.2	+4.1	-5.0

Luminosity distance	(Mpc) 540	+130	-210 462	+157	-168

Source	redshift 0.11	+0.03	-0.04 0.10	+0.03	-0.03

Effective	inspiral	spin χeff 0.06	+0.12	-0.12 -0.06	+0.18	-0.21



Comparison	of	results	– GW170814

PRL	119.	141101
90	%	ΔΩ	=	60	deg2

GPE
90	%	ΔΩ	=	55	deg2

LIGO-T1700453



GW170817	reference

References	compared	in	this	study
• PRL	119,	161101



Comparison	of	results	– GW170817

PRX	6,	041015
(IMRPhenom)	

GPE	with
LOSC	data	(CLN)

SNR 32.4 37.2

SNR	(H,L,V) 18.8,	26.4,	2.0 21.9, 29.8,	3.8

Chirp	mass	(source) 1.188	+0.004	-0.002 1.188	+0.005	-0.003

m1 (source) 1.36	– 1.60 1.36	– 1.72

m2	(source) 1.17	– 1.36 1.09	– 1.36

Mass	ratio 0.7	– 1.0 0.63	– 0.98

Distance 40	+8	-14 36	+10	-20

Low	spin	priors	(|χ|	<	0.05)



Comparison	of	results	– GW170817

PRX	6,	041015
(IMRPhenom)	

GPE	with
LOSC	data	(CLN)

SNR 32.4 37.2

SNR	(H,L,V) 18.8,	26.4,	2.0 21.9, 29.8,	3.7

Chirp	mass	(source) 1.188	+0.004	-0.002 1.188	+0.005	-0.003

m1 (source) 1.36	– 2.26 1.36	– 2.12

m2	(source) 0.86	– 1.36 0.91	– 1.36

Mass	ratio 0.4	– 1.0 0.43	– 0.97

Distance 40	+8	-14 36	+11	-20

High	spin	priors	(|χ|	<	0.89)



Comparison	of	results	– GW170817

PRL	119.	141101
90	%	ΔΩ	=	28	deg2

GPE	(|χ|	<	0.05)
90	%	ΔΩ	=	13.5	deg2

LIGO-G1701985

GPE	(|χ|	<	0.89)
90	%	ΔΩ	=	14.3	deg2
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Comparison (KAGRA	40	Mpc)

Event	#
SNR(H) SNR(L) SNR(V) SNR(K) Network
TN SH TN SH TN SH TN SH TN SH

10 42.2 42.2 43.2 43.2 9.2 9.2 7.8 7.8 61.6 61.6

Based	on	Narikawa-san’s	list:	TF2_15BNS125_40Mpc_i30deg.xml	

Ev. #
ΔΩ	(HL) ΔΩ	(HLV) ΔΩ	(HLK) ΔΩ	(HVK) ΔΩ	(LVK) ΔΩ(HLVK)

TN SH TN SH TN SH TN SH TN SH TN SH

10 167 144 5.5 5.9 25.5 27.1 8.1 9.3 6.9 6.6 5.3 5.6

Agreements	between	TN	and	SH	results



Comparison
Event	#10	<HL>	ΔΩ	= 167	(TN),	144	(SH)	deg2

TN

SH



Injected	signal	SNR

Event	#
SNR(H) SNR(L) SNR(V) SNR(K) Network
TN SH TN SH TN SH TN SH TN SH

2 19.4 19.4 26.2 26.2 2.7 2.7 3.5 3.5 32.9 32.9

271 25.2 25.2 8.8 8.8 12.4 12.4 3.4 3.4 29.7 29.7

287 16.3 16.3 18.1 18.1 7.5 7.5 3.6 3.6 25.7 25.7

294 27.5 27.4 15.4 15.4 12.0 12.0 3.5 3.5 33.9 33.9

300 20.1 20.1 12.9 12.9 10.7 10.7 3.6 3.6 26.4 26.4

306 18.1 18.1 16.8 16.8 8.8 8.8 3.7 3.7 26.5 26.4

320 21.9 21.9 17.0 17.0 10.2 10.2 3.7 3.7 29.8 29.8

Based	on	Narikawa-san’s	list:	TF2_15BNS125_40Mpc_i30deg.xml	



Comparison

Event	# 2 271 287 294 300 306 320
ΔΩ	TN 22.29 11.06 17.15 7.92 12.48 11.75 11.22
ΔΩ	SH 25.98 10.42 11.18 9.88 11.7 11.68 10.73
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O3	simulation

• LIGO	116	Mpc
• Virgo	62.9	Mpc
• KAGRA	9.5	Mpc	



Detector	antenna	patterns
Sqrt(Fp2+Fx2)



O3	simulation

Fix	distance	of	BNS	at	40	Mpc,	then	…
• Randomly	distribute	 (BNS:	1.4-1.4)
- inclination
- polarization
- sky	location
(25,000	=	5,000	events		x5	detector	cases)	

• Fix:	 inclination			(4) (BNS:	1.5-1.25)
and	polarization	(5)	
- Uniformly	distribute	source	location	(192)
(15,360	=	192	x5	x4	 x4	sensitivity	cases)	



Condition1	:	Random	inclination
Tagoshi-san’s	results
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Condition1	:	Random	inclination
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O3	simulation

Fix	distance	of	BNS	at	40	Mpc,	then	…
• Randomly	distribute	 (BNS:	1.4-1.4)
- inclination
- polarization
- sky	location
(25,000	=	5,000	events		x5	detector	cases)	

• Fix:	 inclination			(4) (BNS:	1.5-1.25)
and	polarization	(5)	
- Uniformly	distribute	source	location	(192)
(15,360	=	192	x5	x4	 x4	sensitivity	cases)	



Simulation	conditions

Signal	injection:	NS-NS	(1.5-1.25)	at	40	Mpc	
TaylorF2	waveform	(no-spin,	no-tidal)

Injected	with	15,360	(=	192	x5	x4	x4)	conditions:
• 192	(Longitudes	and	Latitudes	– Healpix uniform)
• 5	Polarization	angles	(ψ =	0,	0.2π,	0.4π,	0.6π.	0.8π)
• 4	Inclination	angles			(θJN =	-30o,	-42o,	42o,	30o)
• 4	sensitivity	scenarios

computation	time	for	each	simulation	is	~6	min.
(with	GeForceTM GTX	1080	Ti)	



Condition2	:	Fix	inclination
Comparison	between	Fisher	(Y.Michimura et	al.)	and	Nest	(SH)		



Condition2	:	Fix	inclination

• LIGO	116	Mpc
• Virgo	62.9	Mpc
• KAGRA	9.5	Mpc	



Sensitivity	scenarios

LIGO*1 Virgo*1 KAGRA*2

Case	1 Late	Low
(116	Mpc)

Mid. Low
(62.9	Mpc)

O3-40
(42.3 Mpc)

Case	2 Late	Low
(116	Mpc)

Late	Low
(83.1	Mpc)

O3-40
(42.3 Mpc)

Case	3 Late	Low
(116	Mpc)

Late	Low
(83.1	Mpc)

O3-20*3
(20.1	Mpc)

Case	4 Late	Low
(116	Mpc)

Mid. Low
(62.9	Mpc)

O3-10
(9.5 Mpc)

*1 Sensitivity	data	from	arXiv:1304.0670 (LRR	19,1)
*2 Sensitivity	data	by	Y.Enomoto	JGW-T1707556
*3 Sensitivity	data	interpolated			JGW-T1707556



Sky	confidence	area	comparison
Case	1:	LVK=	120,	60, 40 Mpc
ψ =	0	θJN =	30o

LIGO*1 Virgo*1 KAGRA*2

Case	1

~120	Mpc

~60	Mpc ~40	Mpc

Case	2
~80	Mpc

~40	Mpc

Case	3 ~20	Mpc

Case	4 ~60	Mpc ~10	Mpc



LIGO*1 Virgo*1 KAGRA*2

Case	1

~120	Mpc

~60	Mpc ~40	Mpc

Case	2
~80	Mpc

~40	Mpc

Case	3 ~20	Mpc

Case	4 ~60	Mpc ~10	Mpc

Sky	confidence	area	comparison
Case	1:	LVK=	120,	60,	10 Mpc
ψ =	0	θJN =	30o
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90% distance error (Mpc)
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Distance	estimation	error
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Simulation	results
http://www.icrr.u-tokyo.ac.jp/~haino/gsim/gsim.html



Simulation	results
http://www.icrr.u-tokyo.ac.jp/~haino/gsim/gsim.html



O3	simulation

Fix	distance	of	BNS	at	40	Mpc,	then	…
• Randomly	distribute
Significant	improvement even	with	10	Mpc
(By	selecting	ρK>2)

• Fix:	inclination	and	polarization
Only	a	small improvement	with	10	Mpc
>	20	Mpc	
is	required
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Outline

• G.P.E.	– GPU	accelerated	Parameter	Estimation

• Comparison	of	results – GW	events	analysis

• Comparison	of	results – Simulation

• Immediate	future – O3	simulation

• Physics	targets – O5	simulation	
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• Comparison	of	results – Simulation

• Immediate	future – O3	simulation

• Physics	targets – O5	simulation	



KAGRA	physics	targets	(O5)



Physics	example:

Nature	Astronomy 1,	0121	(2017) Nature	551,	85	(2017)

Hubble	constant	
– an	issue and	a	new	hope

GW170817+EM



GW	standard	siren	(BNS,	NSBH?)

• GW =>	Luminosity	distance
EM =>	redshift

• Good	sky	localization	is	needed	to	identify	EM
(Ndet >=	3)

• By	accumulating	many	BNS	events,	
distance	error	can	be	reduced	with	sqrt(N)	



KAGRA’s	contribution

KAGRA	(with	design	sensitivity)	will	improve
• Network	SNR
• Effective	duty	cycle	(3/4	>>	3/3)
• Sky	localization
• Distance/inclination	estimation
• …



BNS	simulation

• 10,000	events	with	random	distributions	of
- mass	(1.0	– 2.0	Ms)
- distance	(by	volume)
- inclination,	polarization,	
sky	location

• Assuming	design	sensitivity



Hubble	constant	from	GW	siren



Hubble	constant	VS	events
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Calendar days
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Assumed	duty	cycle	:	80%	for	each	detector



Calendar days
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Assumed	duty	cycle	:	60%	for	each	detector



NSBH
arXiv1804.07337



KAGRA	physics	targets	(O5)

• To	be	continued…

• More	detailed	discussions	expected	
in	KSC	session	of	the	coming	f2f	meeting	at	OCU	



Another	on-going	project

• Evaluating	calibration	error	by	implementing	
realistic	IFO	model	and	calibration	error	priors
• To	be	discussed	in	Kiban(s)	meeting	(May/21	OCU)


