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o Ovewew INTEGRATIVE EXAMPLE

We discuss the architecture and developments in “Lightspeed,” a C++/CUDA/
Python library designed to enhance the ease of development of production-level
electronic structure methods. Lightspeed does not do electronic structure theory
—Lightspeed helps you do electronic structure theory. To that end, Lightspeed
provides simple C++ and Python interfaces to such primitive operations as
molecular integrals, Coulomb (J) and exchange (K) matrix builds, density
functional theory (DFT) potentials, complete active space matrix-vector
products, and gradients for all of the above. Additional utility libraries provide
access to tensor operations, large-scale optimization algorithms (e.g., DIIS and
Davidson methods), and several types of electronic structure analyses (e.g.,
orbital localization, grid properties, etc). These operations are implemented for
CPU and/or GPU hardware, depending on the resources available at runtime.
Moreover, Lightspeed enables rapid development of new electronic structure
methods, as demonstrated herein with the “Parallax” fragment-based model,
which 1s capable of single point and gradient evaluations for systems with >1
million atoms, and a new implementation of the “F-SAPT” intermolecular
interaction analysis which can provide detailed analysis of full drug-protein
interactions.
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High-Level Library Layout:

Level |: Data Structures Existing Pilot Code | Future Extensions
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Users: Domain-Specific Codes

Code Snippet: GPU-Based J Builds:

1 import lightspeed as 1ls # The |

2 resources = ls.Resourcelist. huild{] . ; .

3 molecule = ls.Molecule. Frnm_xyz_FllE{ geom.xyz') # Read ./geom.xyz and |
4 basis = 15.BasiSSet,frﬂm_ghs_fileimulecule, ‘cc-pvdz") # Construct

] pairlist = 1ls.PairList.build_schwarz(basis, basis, 1.8E-14) # Construct |

6 S = ls.IntBox.compute ﬂverlap{resnurEEE, pairlist} ¢ Comput
7 1 = ls.IntBox.compute_coulomb( ; {
B resources,
9 ls.Ewald.coulomb(), andard | )
1@ pairlist, # The pairlist on the br
11 pairlist, # The pairlist on the ket |3
12 S, } The input density matrix (S used for demo only)
14 1.8E-6, f o goub ]
14 1.8E-14) 8 The
15 print J

Code Snippet: Easy Cube Flles'

71 cube = 1s.CubicProp(options={ #

72 resources’' : ref.resources,

73 molecule' : ref.molecule,

74 hasis' : ref.basis,

75 pairlist' : ref.pairlist})

76 cube.save_density cube( # Save g density cube corresponding to Dtot in rho.cube
77 rho.cube’ ,

78 Dtot)

79 cube.save orbital cubes( # Save 2 orbital cubes 1ii

80 psi’,

81 Cgap)

82 cube.save esp cube( # Sove an ESP cube corresponding to Dtot in esp.cube
83 ‘esp.cube ,

84 Dtot)

Code Snippet: IBO Localized Orbitals:

32 |ibo = 15 IBO(options={ / ild IAOs

33 ‘resources’ : ref.resources,

34 'hnicculﬁ' : ref.molecule,

35 'basis” : ref.basis,

36 'minbasis’' : ref.minbasis,

37 '‘Cref' : ref.tensors['Cocc']})

38  Focc = ls.Tensor.array(np.diag(ref. tensors{ ULu']}} # The occ-occ Fock matri

39 U, L, F = ibo.localize(ref.tensors[ Cocc'], Fnac} Find localized occupied orbitals
48 Q = ibu.urbital_atumic_charges(L} # Local orbital atomic charges

R.M. Parrish, X. Li, J.E. Ford, R.D. Guerrero, and T.J. Martinez, in preparation.

FOMO-CASCI QM/MM Dynamlcs with Psidewinder:

1 import lightspeed as 1s # The lightspee ile
2 import psiw # The “psidewinder" E.Jﬁ!ﬁ:'dﬂf wru-;-wu-: g1
3. import md # The lightweight adiabatic MD code
4 # CPU and/or GPU resources
5 resources = ls. Hesnur:eLlst hulld{}
E ~ ar -:I-.- 1358 | '. & A4 .: ' ] ~a i i
7 gmmm = psxw.ﬂHHH.frum“prmtup{
8 prmtopfile='pyp.prmtop’,
g inpcrdfile='pyp.rst’,
18 gmindsfile='pyp.gm’,
11 charge=<1.,8,
12 }
13 # Geometry manages all external environment considerations
14 geom = p51w Genmetry build(
15 resourcessresources,
= s QM/MM Model:
17 basisname='6-31g’, :
18 ) :
19 I.I '-I;.I-_.. '.' ETad WE ! T4 - o 1 3 ar-tiona := arbhita |
28  ref = psiw.RHF. frum nptlﬂns{
21 geometry=geom,
22 g_convergence=1.08E-b,
23 fomo=True,
24 fomo_method="'qgaussian’,
25 fomo_temp=6. 2,
26 fomo_nocc=187,
27 fomo_nact=3, .
28 ) .
29  ref,compute_energy()
3 # FOMO-CASCI (3 singlet states)
31 casci = psiw,CASCI.from_options|
32 reference=ref,
33 nocc=187,
i4 nact=3,l .
15 nalpha=2, iy L,
36 nbeta=2, S
37 S_inds=[@], W?r‘tﬁgﬁ vy
38 S_nstates=[3], A ‘-{W""U" .
39 ) 'f"‘u‘ g gy G e
48  casci. cnmpute Enargy{} & viiu *
a1 o ) manages guesses, MOM, et g -
42 lut = md CAS{I LUT frnm nptluns{
43 casci=casci,
44 print_level=#,
45 rhf_guess=True,
46 rhf_mom=True,
47 )
48 | # Velocity Verlet integrator (other integrators have thermostats)
49  yv = md.VV.from_options |
e dt=28. H i 28 an time
51 )
52 # Get masses and 1nital momenta fTrom table/rs
53  masses = md.compute_masses(gmmm.molecule)
54 momenta = md.momenta_from_rst_file(
55 filename='pyp.rst’,
56 masses=masses)
5? L1d il ...:-": LI -:".l".-.- f : ' = L e f '1';{!I-I ' = { L :-':":l:.'l ] ) USE .:-"-'I !I.-' LAr OLRer I L)
58  wyz_reporter = md.XYZReporter.from_options(
59 interval=l,
68 filename='adiabatic.xyz")
61 # Make entries 1in a .npz '.L Le Ll aLdial ua =
62 npz_reporter = md.NPZReporter.from_options|(
63 interual:z,
64 filename='adiabatic.npz’,
65 state Energles-TrueJ
&6 | & R sdigbatic MD on 51
67 almd = md AIHB frum _options(
68 lot=1lot,
&9 integrator=vy,
78 target_5=0,
71 target_index=1,
72 masses=masses,
73 momenta=momenta,
74 state_tracking='adiabatic’,
75 reporters=[xyz_reporter, npz_reporter])
76  aimd.initialize()
77 aimd.run(2886)
78  aimd.finalize()

HIDING PERFORMANT CODE/EXPOSING MULTILEVEL PARALLELISM

User Implementation Model:

Single Node

Future Extensions

CPU GPU

(IntBox, CASBox, etc)
Library Implementation Model:

(Del.ite)
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LIGHTSPEED APPLICATION: LARGE-SCALE FUNCTIONAL-GROUP SAPT

Basics of F-SAPT:
1) Allow the many-body 1 [ 2) ldentify two key occupied 1
interaction to occur naturally bodies in each many-body
[SAP'I}—O.E) for now]. interaction term.

h*{_}”t‘ | ) | |
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o 1b . .‘! 4&,‘ :

3) Perform key two-body
occupied summations with local
quasiparticles. 2 o

Computational Formulation: ~1300 lines of Lightspeed!

Old-Style F-SAPT (Electrostatics): New-Style F-SAPT (Electrostatics):

Z% = wh Za, D*A CpawiCua

(A|B)| f(A]EE)f - Il wh

Vi = Z4(A|B) + Dy, (pq| B)

HEEE JA = Z4(Alrs) + D?‘i}(pq )
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Exchange: Induction(A+B):

® 1167 kcal mol- ¥ -27 kecal mol-!

F-SAPT(-0.5)/6-31G* : 1831 atoms, 17809 nao, ~17 hours wall on 8x GTX 970.
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Primarily developed using pilot version of Lightspeed prior to 5ciDAC start.
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PME/FTC/QEM Blurring Approach:

Raw Density: Gaussian-Smoothed Density:
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Short-Range Cutoff Distance: Fourier Grid Spacing:
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