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Hartree-Fock Introduction
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Hartree-Fock Introduction
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2-e	Electron	Repulsion	Integrals	(ERIs)	scale	as	N4:

𝐹./ ← (𝑖, 𝑗|𝑘, 𝑙) ⋅ 𝐷23
𝐹23 ← (𝑖, 𝑗|𝑘, 𝑙) ⋅ 𝐷./
𝐹.2 ← (𝑖, 𝑗|𝑘, 𝑙) ⋅ 𝐷/3
𝐹/3 ← (𝑖, 𝑗|𝑘, 𝑙) ⋅ 𝐷.2
𝐹.3 ← (𝑖, 𝑗|𝑘, 𝑙) ⋅ 𝐷/2
𝐹/2 ← (𝑖, 𝑗|𝑘, 𝑙) ⋅ 𝐷.3

Fock update	(𝐷./ = ∑ 𝐶.2𝐶/2�
2 ):



Challenges and Solutions
– Challenges

• Monolithic	code	(~2	million	lines)	written	decades	ago	in	Fortran	77
• Optimized	for	old	CPU	architectures	(cache	unfriendly)
• Global	data	structures	(COMMON	blocks)	are	used	throughout	the	code
• Use	of	obsolete	constructs	(IF	computed	GOTO,	EQUIVALENCE	etc.)
• Custom	dynamic	array	allocator	(hard	to	debug)
• High	memory	demand	of	quantum	chemistry	algorithms

– Why	we	care	
• Over	200,000	users	world	wide	(100+	active	code	developers,	
GAMESS-UK,	Firefly	(former	PC-GAMESS))

• One	of	the	most	popular	quantum	chemistry	packages
• INCITEs,	ESPs,	ECP,	2	IPCCs

– Solutions
• Rewrite	critical	subroutines	in	Fortran	95
• Remove	global	data	structures
• OpenMP parallelization	and	vectorization
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Hartree-Fock original MPI code
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OpenMP scaling on single Xeon Phi
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Thread	affinity	impact:

Graphene	bilayer	benchmark
60	carbon	atoms,	6-31G	basis	set

§ OpenMP code	scaling	up	to	240	
threads

§ Thread	affinity	does	not	matter	at	
thread	limit

§ It	is	better	to	distribute	threads	
over	cores	otherwise

§ 1x	Xeon	Phi	5120D



OpenMP and MPI scaling on single Xeon Phi
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Scalability	of	original	GAMESS	code	
and	OpenMP version	on	a	single	
Intel	Xeon	Phi	card	using	C60	
benchmark	



OpenMP and MPI scaling on single Xeon Phi
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Scalability	of	original	GAMESS	
code	and	OpenMP version	on	a	
single	Intel	Xeon	Phi	card	using	
C60	benchmark	

The	performance	of	OpenMP
code	is	very	similar	with	1/2/4	
threads	per	core



OpenMP and MPI scaling on many Xeon Phi
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Graphene	bilayer	benchmark
240	carbon	atoms,	6-31G	basis	set

§ Both	original	and	hybrid	codes	
scale	well

§ Original	code	requires	DAPL	
UD	feature	to	work	(but	not	
OpenMP code)

§ Memory	footprint	of	original	
MPI	code	is	too	high	for	KNC

§ RSC	PetaStream (based	on
Xeon	Phi	5120D)



Preliminary KNL results
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– Early	KNL	results	for	new	ERI	code:
• Intel®	Xeon™	7250	(68	cores,	All-to-All	mode)
• No	KNL-specific	code	optimization
• KNL	vs	KNC	(Xeon	Phi	7120D):
2-3x	performance	improvement	even	for	all-to-all	cluster	mode

• MCDRAM	vs	DDR4:
2-5x	performance	difference

• On	small	working	set	cache	memory	mode	works	as	well	as	flat
– Vladimir	is	working	on	data	vector	length	increase	to	get	more	performance
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Scaling on Theta

Chemical	system:	mesoporous	silicate	nanoparticle	(MSN)	- 1770	atoms,	8946	basis	functions
Non-threaded	Hartree-Fock calculations	with	STO-3G	basis	set
64	MPI	ranks	per	node,	cache/quad	mode

These	preliminary	scaling	benchmarks	suggest	that	we	should	be	able	to	scale	calculations	on	
all	Theta	nodes
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Nodes
Cores

Wall	Time	(s) Speed	up

128 8192 942.5 1.00

256 16384 485.3 1.94

512 32768 202.2 4.67



Results

– ERI	code	is	now	thread-safe	(Rotated	axis	and	Rys ERI)
– Implemented	OpenMP parallelization	in	SCF	driver
– Significantly	reduced	memory	footprint	(only	Fock matrix	is	replicated)
– Threaded	energy	code	for	RHF,	UHF,	ROHF,	and	HF-exchange	part	in	

hybrid	DFT
– Threaded	gradient	code	for	RHF,	UHF,	ROHF,	and	HF-exchange	part	in	

hybrid	DFT
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