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(ABSTRACT)

Despite the fact that higher-order tensors (HOTSs) plague electronic structure methods and
severely limits the modeling of interesting chemistry problems, introduction and application
of higher-order tensor (HOT) decompositions, specifically the canonical polyadic (CP) de-
composition, is fairly limited. The CP decomposition is an incredibly useful sparse tensor
factorization that has the ability to disentangle all correlated modes of a tensor. However
the complexities associated with CP decomposition have made its application in electronic

structure methods difficult.

Some of the major issues related to CP decomposition are a product of the mathematics of
computing the decomposition: determining the exact CP rank is a non-polynomially hard
problem, finding stationary points for rank- R approximations require non-linear optimization
techniques, and inexact CP approximations can introduce a large degree of error into tensor
networks. While other issues are a result of the construction of computer architectures. For
example, computer processing units (CPUs) are organized in a way to maximize the efficiency
of dense linear algebra and, thus, the performance of routine tensor algebra kernels, like the
Khatri-Rao product, is limited. In this work, we seek to reduce the complexities associated
with the CP decomposition and create a route for others to develop reduced-scaling electronic

structure theory methods using the CP decomposition.



In Chapter 2, we introduce the robust tensor network approximation. This approximation
is a way to, in general, eliminate the leading-order error associated with approximated ten-
sors in a network. We utilize the robust network approximation to significantly increase
the accuracy of approximating density fitting (DF) integral tensors using rank-deficient CP
decompositions in the particle-particle ladder (PPL) diagram of the coupled cluster method
with single and double substitutions (CCSD). We show that one can produce results with
negligible error in chemically relevant energy differences using a CP rank roughly the same
size as the DF fitting basis; which is a significantly smaller rank requirement than found
using either a nonrobust approximation or similar grid initialized CP approximations (the
pseudospectral (PS) and tensor hypercontraction (THC) approximations). Introduction of
the CP approximation, formally, reduces the complexity of the PPL diagram from O(N¥®)
to O(N®) and, using the robust approximation, we are able to observe a cost reduction in

CCSD calculations for systems as small as a single water molecule.

In Chapter 3, we further demonstrate the utility of the robust network approximation and, in
addition, we construct a scheme to optimize a grid-free CP decomposition of the order-four
Coulomb integral tensor in O(N*) time. Using these ideas, we reduce the complexity of ten
bottleneck contractions from O(N®) to O(N?) in the Laplace transform (LT) formulation
of the perturbative triple, (T), correction to CCSD. We show that introducing CP into
the LT (T) method with a CP rank roughly the size of the DF fitting basis reduces the
cost of computing medium size molecules by a factor of about 2.5 and introduces negligible
error into chemically relevant energy differences. Furthermore, we implement these low-cost

algorithms using newly developed, optimized tensor algebra kernels in the massively-parallel,



block-sparse TiledArray [Calvin, et. al Chemical Reviews 2021 121 (3), 1203-1231| tensor

framework.

This work was supported in part by the U.S. National Science Foundation and the Virginia

Tech Institute for Critical Technology and Applied Science



Breaking the curse of dimensionality in electronic structure methods: towards

optimal utilization of the canonical polyadic decomposition
Karl Martin Pierce

(GENERAL AUDIENCE ABSTRACT)

Electronic structure methods and accurate modeling of quantum chemistry have developed
alongside the advancements in computer infrastructures. Increasingly large and efficient
computers have allowed researchers to model remarkably large chemical systems. Sadly, for
as fast as computer infrastructures grow (Moores law predicts that the number of transistors
in a computer will double every 18 months) the cost of electronic structure methods grows
more quickly. One of the least expensive electronic structure methods, Hartree Fock (HF),
grows quartically with molecular size; this means that doubling the size of a molecule increase
the number of computer operations by a factor of 16. However, it is known that when
chemical systems become sufficiently large, the amount of physical information added to the
system grows linearly with system size.|Goedecker, et. al. Comput. Sci. Eng., 2003, 5, (4),
14-21] Unfortunately, standard implementations of electronic structure methods will never
achieve linear scaling; the disparity between actual cost and physical scaling of molecules is
a result of storing and manipulating data using dense tensors and is known as the curse of

dimensionality.|Bellman, Adaptive Control Processes, 1961, 2045, 276|

Electronic structure theorists, in their desire to apply accurate methods to increasingly large
systems, have known for some time that the cost of conventional algorithms is unreasonably

high. These theorists have found that one can reveal sparsity and develop reduced-complexity



algorithms using matrix decomposition techniques. However, higher-order tensors (HOTs),
tensors with more than two modes, are routinely necessary in algorithm formulations. Matrix
decompositions applied to HOTs are not necessarily straight-forward and can have no effect
on the limiting behavior of an algorithm. For example, because of the positive definiteness
of the Coulomb integral tensor, it is possible to perform a Cholesky decomposition (CD) to
reduce the complexity of tensor from an order-4 tensor to a product of order-3 tensors.|Beebe,
et. al. Int. J. Quantum Chem., 1977 12, 683-705] However, using the CD approximated
Coulomb integral tensors it is not possible to reduce the complexity of popular methods such

as Hartree-Fock or coupled cluster theory.

We believe that the next step to reducing the complexity of electronic structure methods is
through the accurate application of HOT decompositions. In this work, we only consider a
single HOT decomposition: the canonical polyadic (CP) decomposition which represents a
tensor as a polyadic sum of products. The CP decomposition disentangles all modes of a
tensor by representing an order-N tensor as N order-2 tensors. In this work, we construct
the CP decomposition of tensors using algebraic optimization. Our goal, here, is to tackle
one of the biggest issues associated with the CP decomposition: accurately approximating
tensors and tensor networks. In Chapter 2, we develop a robust formulation to approximate
tensor networks, a formulation which removes the leading-order error associated with tensor
approximations in a network.|Pierce, et. al. J. Chem. Theory Comput., 2021 17 (4), 2217-
2230] We apply a robust CP approximation to the coupled cluster method with single and
double substitutions (CCSD) to reduce the overall cost of the approach. Using this robust CP

approximation we can compute CCSD, on average, 2.5-3 times faster and introduce negligibly



small error in chemically relevant energy values. Furthermore in Chapter 3, we again use
the robust CP network approximation in conjunction with a novel, low cost approach to
compute order-four CP decompositions, to reduce the cost of 10 high cost computations in
the the perturbative triple, (T), correction to CCSD. By removing these computations, we
are able to reduce the cost of (T) by a factor of about 2.5 while introducing significantly

small error.
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Chapter 1

Introduction

1.1 The complexity of electronic structure theory

Modern electronic structure theory methods are plagued by the curse of dimensionality,|3]
a term coined by Bellman in the field of dynamic programming, is a computational phe-
nomenon where the number of operations required to estimate a function increases exponen-
tially with the number of inputs. For example, consider the exact Schrédinger equation,|6]
the central equation to quantum mechanics, which describes the physical phenomena of
chemistry. To solve the Schrédinger equation requires determining the form and then op-
timizing a wavefunction (V) of N particles where each particle’s position and behavior is
correlated with every other particle. A naive choice for the form of the W is a single function
of N parameters which can be represented as an order-NN tensor. Every mode of this wave-
function tensor describes the kinetic energy of a single particle ¢ and particle ¢’s interaction

with all other N — 1 particles; thus, the dimension of each mode must grow linearly with
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the size of the molecule. The curse of dimensionality tells us that storing and optimizing
such a wavefunction has a computational cost on the order of NV.* For example, consider a
two-water cluster which contains 20 electrons. The exact wavefunction for this system would
contain 20%° ~ 1.0 x 10%¢ elements and any operation applied to a tensor of this size would
take a standard laptop equipped with two Quad-Core Intel i7 processor about 9 million years

to complete.

Obviously, it is not reasonable to define ¥ as a single function of N parameters. There-
fore, routinely the wavefunction is approximated as a separable, antisymmetric product of
N one-particle functions. Unfortunately, even from this simplified approximation, it is still
impractical to determine exact solutions to the Schrodinger equation, as that requires recov-
ering N-body correlation. Algorithms which incorporate the complete picture of many-body
correlation still have a restrictively large cost, for example the full correlation-interaction
(CI) approach applied to a system of N electrons and K basis-function orbitals requires a
factorial large number, O(([]\g)), of operations.|7| It is, however, computational reasonable
to introduce a portion of the low-order correlation. To determine an accurate, low-order
correlated, approximate wavefunction solution to the Schrédinger equation, electronic struc-
ture theorists have developed many ab-initio approximation algorithms like the Hartree-Fock
(HF),[8, 9] Moller-Plesset (MP),[10, 11] and coupled cluster (CC)[12-14] methods. Unfortu-
nately, these approximations too suffer from the curse of dimensionality, though to a lesser
degree, with HF scaling as O(N?), the popular second-order MP (MP2) approach scaling as

O(N?) and the family of CC methods scaling as O(N?*2), where k is the number of cor-

*The operational cost of methods in this work will be referred to using big O scaling notation, which
describes the limiting behavior of an algorithm.
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related particles. The computational scaling of these methods is not a result of the physics
of electrons but of modern computer architectures which store information in tensors and
are optimized to use dense matrix algebra. It is obvious that the curse of dimensionality
is actually an issue of data representation. Fortunately, modern mathematics provides us
with ways to disentangle computer tensor structures using tensor decompositions and fac-
torizations. These factorizations allow for the development of reduced scaling and low cost
algorithms. Thus, much research has gone into the development of tensor decomposition
and sparse tensor representation in electronic structure methods. This work seeks to push
this field of research by constructing error-minimized approximated tensor network models

and reduced-cost method implementations.

1.2 Electronic structure theory methods

1.2.1 First-order approximation to the Schrodinger equation

The central equation to non-relativistic electronic structure theory is the time-independent

Schrodinger equation|6]

HU = EV (1.1)

which describes the electronic and nuclear mechanics of a system. In this equation the
Hamiltonian operator, H, acts on a wavefunction ¥ and produces the corresponding energy

of the system E. In general, ¥ is a function of electronic and nuclear position however,
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the exact form of ¥ is only known for the hydrogen atom. To reduce the complexity of
wavefunction, two assumptions are made about the form of . First, it is assumed that
nuclear positions are fixed via the Born-Oppenheimer approximation,[15] and thus, we seek
to optimize an electronic wavefunction, 1, subject to these fixed nuclei. Second, it is assumed
that the electronic wavefunction can be written as a product single-electron functions also
known as spin-orbitals, x(x) = ¢(r)a(w); where the function ¢(r) describes the spatial
position of an electron and a(w) describes the electronic spin.[16] Note, in the following
work we will only consider the spatial orbital portion and thus y(x) = ¢(r) One way to

construct a wavefunction ansatz is by using a Slater determinant:[17]

¢1(r1) ¢2(r1) ... on(r1)

1 ¢1(r2) ¢2(r2) ... on(r2)
w(rl,...rN)_ﬁ

¢1(rn) ¢2(rn) ... on(rn)

as a determinant naturally introduces antisymmetry into the wavefunction, i.e. swapping any
two columns of a determinant introduces a negative sign into the wavefunction. Furthermore,
a determinant based wavefunction introduces Fermi correlation, i.e. it prevents the formation
of a wavefunction with two electrons to occupy the same spatial position and spin-states.
The set of one-electron functions used to describe a single particle is called the atomic orbital
(AO) basis and is denoted by the indices p, v, 0, A.... The Hartree-Fock method, discussed

in the next section, uses variational minimization to find the best set of AOs which minimizes
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the electronic energy expression

Ey = <¢|Helec|w> (13)

where He. is defined in Eq. (1.5)

1.2.2 The Hartree-Fock approximation

The Hartree-Fock (HF) method[8, 9] seeks to determine the best ground-state, single-

reference Slater determinant via variational minimization of the electronic wavefunction

Eo(@b) = <,¢|f{elec|w>' (14)

for a system of NV electrons and M nuclei, where

. N 1 ) N M ZA N N 1
Helec:_Z§vz_ZzA:a+ZZE (15)
A 7 v >0

where V; describes the kinetic energy of the 7th electron, Z—j describes the Coulombic inter-
action between the ith electron with the Ath nucleus, and % describes the Coulombic inter-
action between the ith and jth electron. Algebraic solutions to HF can found for molecules
using a set of molecular orbitals (MOs) which are, by definition, linear combinations of the

finite set of atomic orbital (AO) basis functions: [18|

‘¢Z> = Zc,ui(b,u (16)
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where C); are MO expansion coefficients. The molecular HF problem reduces to determin-
ing optimized MO expansion coefficients which can be done using the matrix Roothaan

equations|16]

FC = SCe (1.7)

where F'is the Fock operator, S is a matrix describing the AO overlap and € is the MO orbital
eigenvalues. The variational HF minimization, in the limit of an infinite AO basis, determines
the best single-determinant, self-consistent, mean-field approximation to the ground-state

electronic wavefunction.

The MOs computed using Eq. (1.7) are called the canonical HF molecular orbitals and can be
partitioned into NV occupied orbitals, which represent the lowest N eigenvalue labeled i, j, . . .
and the remaining K — N occupied orbitals labeled a, b, ..., where K is the number of AO
basis functions. The N occupied MO orbitals can be used to form the ground-state single
determinant HF wavefunction.[18] The MO subspaces are invariant to unitary rotations,
provided the rotations do not mix the occupied and unoccupied subspaces. This is otherwise

known as Brillouin’s theorem.[19, 20|

The HF method has, formally, an asymptotic complexity of O(N%), where N is a measure

of the system size. The most cost intensive portion of HF is the construction of the Fock
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tensor, specifically, the computation of the two electron integral tensor (TEI)':

, 0,(T1)Bp(r1) 0} (r2)Po (T2)
a1 = (ulpe) = (uplv) = [ [ AT drydr, (1.8)
where % = rlrﬂ, is the Poisson kernel. For large systems it is possible to utilize integral

screening techniques, such as the Schwartz inequality,[21] to reduce the complexity of HF
algorithm to O(N2in(N)). The HF procedure is a relatively, inexpensive ab initio approach
to solving the Schrédinger equation. However, its base assumption, that the wavefunction
is a product of N non-interacting functions, is incorrect.[22] Accurately determining exactly

how electrons in a chemical system interact with each other is the correlation problem.

1.2.3 Electronic correlation

Accurate modeling of instantaneous, electron-electron interactions is necessary to predict
chemical properties and reactions. For example, correlation is necessary to accurately model
protein folding and Uracil molecule stacking.[23-25] Uracil is a nucleobase found in RNA.
Understanding how Uracil molecules stack is important for biology, genomics, and drug
development. We know that the primary force which stabilizes nucleobase stacking is dis-
persion, a force which exists as a bi-product of electron correlation. Unfortunately, the HF
method is flawed because the independent particle picture fails to consider instantaneous
effects of Coulomb repulsion; the HF method simply subjects each electron to a mean-field

of charge generated by the other N-1 electrons.[22] Thus, methods that don’t fully consider

"Note, the physicist bra-ket notation uses (rirs|riry) convention, while the chemist notation uses

(ryri|rory) and tensors follow the standard 772
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the effects of electron correlation, like HF, cannot properly model nucleobase stacking and

protein folding.[26]

Electron correlation has been defined by Lowdin|27] as:

Ecorr - 50 - EHF (19)

where & is the exact non-relativistic energy and Eyp is the HF energy at the HF limit,
i.e. using an infinite basis set However this definition is inexact because HF does partially
correlate electrons of parallel spin. Thus, it is more accurate to define E,,,, as an observable
of a wavefunction, W.,,, which is orthogonal to a reference wavefunction (here we only
consider a HF reference wavefunction) and encapsulates the physical interactions which the

reference wavefunction does not consider,[28] i.e.

\Ijexact = \IIHF + \chorr- (110)

To follow we introduce popular post-HF methods, explain how these methods construct
V.o to approximate a system’s correlation energy, and discuss the costs associated with

each approach.

1.2.4 Perturbation based corrections

Many body perturbation theory (MBPT) was first used in nuclear physics in 1957[29] and

was later applied to ab initio electronic structure theory in 1968.[30, 31| Starting from the
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exact, eigenvalue representation of the Schrodinger equation

ﬁexact|\1[exact> - €0|\I]exauct> (111)

perturbation theory assumes that there exists a zero-order approximation to this equation
which is nearly the exact solution. The exact solution, then, can be expressed as the zeroth-
order approximation plus a series of small perturbations. For example, the exact Hamiltonian

can be expressed as

Heooo = Hy+ NH, + ... \"H,, (1.12)

where A represents a small valued perturbation. To solve for the n-order perturbative cor-
rection to the energy, one expands each term in Eq. (1.11), collects equivalent orders of

perturbation (), and solves for the nth-order of \.

Here, the presentation of MBPT will follow the popular Moller-Plesset (MPn) definition.|10,
11] In MPn theory, one assumes that HF is the zeroth-order approximation to Eq. (1.11).
HF canonical MOs are subject to Brillouin’s theorem[19] which ensures that first-order per-
turbations are identically zero. One of the most popular corrections is the MP2 correction

because of its relatively simple formulation and low computational cost:

gy = L5~ @l w13

4 € €p — €; — €
ijab a6 g J
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where (abl||ij) is the anti-symmetrized TEI tensor

(abl|ij) = (ablij) — (ablji) (1.14)

and € are MO energies, which are the the eigenvalues to the canonical HF MOs. Computation
of MP2 has a computational complexity of O(N®) and a storage requirement of O(N?). The

computational scaling comes from the AO to MO orbital transformation via

(ablij) = 3" CluConCiuCoy uv|po) (1.15)

nvpo

MP2 is a useful method because it is a relatively inexpensive, single calculation route to
recovering many-body correlation. Unfortunately, MP2 has some serious issues accurately
predicting correlation energy because it assumes HF mean field orbitals as the reference

state.[32]

Another popular perturbative correction is the triple substitution, (T), correction to the
coupled cluster with single and double substitution (CCSD) method.[13] The (T) energy

consists of two energy contributions

Eq = Ep + Egp (1.16)

and can be understood as the MP4 and MP5 order corrections to the HF zeroth-order state.

The (T) correction is praised for its balance between computational cost and accuracy in
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modeling electron correlation. The energy terms in Eq. (1.16) are defined as

1 Wik piik
E[4] __ abc ~ “abe 1.17
T 3ZZea+eb+ec—e,~—ej—ek’ (1.17)
ijk abc
1 ik piik
E[5] - _ = abc ~ “abc ] 1.18
ST 3%;%;%4—61,4—60—@—6]-—6;3 ( )

The tensors W, R, and V are constructed from optimized coupled cluster single and double
substitution tensors and the TEI tensor; a complete definition be found in Section 3.2. One
of the biggest issues with the (T) correction is its restrively large, O(NT), computational
scaling. However, reducing the computation required to find the (T) energy correction is
currently being studied by a number of researchers. In Chapter 3, we make great strides in
reducing the cost of the (T) correction by introducing integral tensors approximated using

the canonical polyadic (CP) decomposition.

These perturbation based theories are among the least cost intensive tools to incorporate
many-body correlation as they require no iterative optimization schemes. However, they
work under the assumption that the reference state is nearly the correct answer, which is
not the case for HF. The family of CC methods are a successful, though cost intensive, way

to systematically introduce correlation into an uncorrelated reference wavefunction.

1.2.5 Coupled cluster methods

Coupled-cluster (CC) methods were first developed by Cizek and Paldus in the 1960’s[33-35]
and are known for their exceptional accuracy and rapid and systematic inclusion many body

correlation.[36-39] The CC family of methods is defined by the exponential wavefunction
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ansatz: |¥eoo),

Wee) = e |®y), (1.19)

with |®g) being a reference state (typically, the ground-state Hartree-Fock determinant) and

T being a cluster operator composed of 1-, 2-, ... N-particle components:
T=T+Ty+T5+... (1.20)

In the traditional coupled-cluster method Tp are pure excitation operators that promote p

particles from the occupied MOs in |®g) to the unoccupied (virtual) orbitals:

- 1 91...8
Ty=— Z firdn gt ...anaip...ail (1.21)

where a;/a] are fermionic annihilation/creation operators such that a, deletes an orbital
¢¢ from @y and a;, creates an orbital ¢, in ®,.[36, 40] In traditional CC, ¢ amplitudes in
Eq. (1.21) are determined by projecting the electronic Schrédinger equation onto left-hand
excited determinants (®,e~ 7|, where |®,) is a determinant obtained from |®,) by exciting 1

or more particles. The resulting equations,

(@, e THeT|Dg) = (@, H|Do) = 0, (1.22)
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involve the similarity-transformed Hamiltonian H = e THeT that has finite particle rank

due to its truncating commutator expansion:|36]

|+l 7L 7T 4 AT 7T (123)

Su
|
S
_|_
=
S
_|_
2|
=
=
’ﬂ>

Construction of CC using the exact N-particle cluster operator is infeasible as the compu-
tational complexity grows with particle rank k as O(N?*2). Fortunately, due to the rapid
(exponential)[37-39] convergence of the CC ansatz with the particle rank, the cluster opera-
tor can be limited to a low particle rank. The least expensive truncation’ are the 2-particle
substitutions (CCD) and 1- and 2-particle substitutions (CCSD) and such truncations have
a computational complexity of O(N°) and a storage complexity of O(N*). Inclusion of exact
3-particle substitutions (CCSDT)[14] is restrictive for large systems|[12, 41-43| as CCSDT
has a computational complexity of O(N?®) and a storage complexity of O(N®). Fortunately,
as discussed in the previous section, it is possible to approximate the 3-particle substitu-
tions using a perturbative correction on top of the CCSD ansatz, CCSD(T),[13]| which has

a computational complexity of O(NT).

The computational and storage complexity of the CC family of methods, and all the meth-
ods discussed up to this point, is an artifact of representing data on computers using dense
tensors. Conventional tensors entangle each mode of a tensor with every other mode. For
example, scaling a single mode of a k dimensional tensor with d elements requires d* opera-
tions. Determining a sparse representation for a tensor reduces the complexity of storing and

using modes of such a tensor. Thus, much work, including that which is presented here, has
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been done to find accurate and efficient sparse tensor representations in electronic structure

methods.

1.3 Tensor approximations

A tensor is any multidimensional array; commonly, an order-one tensor is known as a vector
or array, an order-two tensor is known as a matrix and a tensor of order-three or higher is
known as a higher-order tensor (HOT).[44] Because of the topology of tensors and tensor-
networks, as a chemical system grows the amount of information and number of computations
required to model a system will not depend on the amount of physical information being
introduced but will in fact, be directly correlated to the highest-order tensor-network in the

method.

The computational scaling introduced by dense tensors algebra severely limits the application
of accurate electronic structure methods. Figure 1.1 demonstrates the limitation of standard
implementations of of 1- and 2- particle methods, like HF and CCD respectively. # A
realistic system of RNA would contain over 200 nucleotides|[46] and modeling such a system
in a relatively accurate way would take far too long. Fortunately, this is not the end for ab
initio quantum chemistry because the computational representation is unphysical and, using
mathematical approximations, one can reduce the computational complexity of electronic

structure methods. In the following sections will introduce and discuss the motivation and

fIn Figure 1.1, The labeled lines represent the time it takes to complete a PhD program in the US
(roughly 5 years), the time since the creation of the first computer in 1945 (Electronic Numerical Integrator
and Computer, labeled ENIAC), the time since the construction of the first pyramid in 2650 BCE (labeled
Pyramids), and the age of the universe (labeled Universe)[45]
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Figure 1.1: Extrapolated cost of computing the energy of a complex which contains n € [1,100] uracil molecules with a
single-particle approach, like HF, or a two-particle approach, like CCD. Figure courtesy of Dr. Edward F. Valeev

application of tensor decomposition in electronic structure theory methods.

1.3.1 Matrix decompositions of the two-electron integral tensor

One of the most commonly used sparse tensor representation in electronic structure methods
is the matrix approximation of the two-electron integral (TEI) tensor, g from Eq. (1.8). The

goal is to represent the order-4 tensor g as a product of lower-order tensors

g= BB". (1.24)

This sparse representation can be constructed two ways: using the Cholesky decomposition
(CD) or using the density fitting (DF) approximation. Both of theses constructions utilize

fact that the TEI tensor, and by extension the Coulomb kernel, %, is positive (semi)-definite.
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The DF and CD both start by approximating the order-four g tensor as a matrix using a

one-electron densities:

Guowr = // pua<r1)M(rla r2)pu)\(r2)d7aldr2 (125)

where

/pw(rl)drl :/q§;(r1)¢g(r1)dr1, (1.26)

~

M (ry,rs) is a postive definite two-particle operator, i.e. the Coulomb kernel ﬁ, and the
comma notation indicates indices which make up the column and row-wise modes of the

matricized tensor.

The Cholesky decomposition (CD) is an algebraic matrix decomposition which converts any

square, symmetric matrix A into a product of lower triangular matrices
A=LL". (1.27)

In theory, the CD requires the matrix A to be positive definite; however, in practice, semi-
definiteness creates no complication as the algorithm to compute the CD stops when diagonal
elements of the matrix A are smaller than a threshold value. The CD was first used to
to approximate the TEI tensor in 1977 by Beebe and Linderburg.[4] Using the CD, one

can numerically compute the rank-P decomposition of the matrix g which results in the
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factorization

P
Guov = Z BZZ;BII,D)\ (128)

The numerical CD of the TEI typically finds a rank, P, 3-10 times greater than the number
of basis functions N.[47] The CD of the TEI is, typically, more accurate and can be more
practical than the DF approximation;[48] however, it is more cost intensive to construct than
the DF approximation. Much work has put into finding efficient CD algorithms, for more

details see the recent developments by Folkestad et al.[49] and Zhang et al.[4§]

The density fitting (DF) approximation, also known as the resolution of identity (RI), is
a specific formulation of the CD which uses a predetermined auxiliary basis.[49] The DF

method approximates one-electron densities using a grid or auxiliary basis:

Nrit

PW 7”1 de XX 7’1 (129)

where the auxiliary basis yx is abbreviated as X and Y. The DF fitting coefficients d are

constructed using the formula

A = (po V) xy (1.30)

Y

where the three-body integral tensor is defined as

(oY) :/ ¢Z(r1)¢a(r1)XY(P2)drldr2 (1.31)

T12
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and the two-body metric tensor J is defined as

Jxy = / / Xx (r1) M (ry12) xy (r2)drdr, (1.32)

such that M is a two-particle kernel. One of the most popular form of the two-index metric
tensor is the Coulomb metric[50, 51 where M = é The Coulomb metric is praised for

its accuracy in electronic structure calculation, though other metrics have been proposed|52]

which can be computed more quickly. Using Eq. (1.29), one can express the TEI matrix, as

(nolvA) = (no AT xalJ ] px (BlvA) = ZB“XB (1.33)

XY

provided that the metric tensor J is positive (semi)definite. The half-transformed tensor B

is defined as

BEX = 3 (uo| A) T2 ax (1.34)

The density fitting basis is typically 2-3 times larger than the number of orbital basis
functions. Though the DF approximation is, in general, less accurate than CD, it can be
computed relatively quickly, as it does not require the numerical decomposition of an order-

four tensor.

Matrix decompositions of the TEI tensor are widely used in electronic structure methods
because they can significantly reduce the storage requirements of the TEI tensor. However,

their application in the effort to construct reduce-scaling algorithms is relatively limited
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because these matrix decompositions do not decouple indices which describe orbitals of
the a single particle. Fortunately, there are many applications where these approximations
can be used to reduce some high-scaling contractions and, therefore, the computational
prefactor of such methods. Understanding the limitation of matrix decompositions applied
to higher-order tensor algebra leads us to the next step in tensor approximations: utilization

of higher-order tensor decomposition schemes.

1.3.2 Higher-order tensor decomposition and the canonical polyadic

decomposition

Because matrix decomposition schemes, like the DF approximation, cannot, in general,
reduce the scaling of electronic structure methods, we look to higher-order formulations
which can completely disentangle higher-order tensors (HOTs). HOT decompositions may
be viewed simply as extrapolations of matrix decomposition schemes but, unfortunately, the
well behaved properties of analogous matrix decompositions do not carry. Matrix decom-
position methods are well-understood, straightforward approaches which transform general
order-two tensors into a standard matrix product representation using a finite algorithm.
Matrix factorization can discover latent information, such as the rank of the matrix which is
the number of unique vectors which span the matrix space, and there are finite algorithms
which can discover this information; for example, the rank is the number of linearly inde-
pendent rows or columns in a matrix. HOT decomposition too transform (order-N) tensors
into standard tensor products, however, in general, constructing optimal representations in

this form is non-trivial. In the following, we will introduce the canonical polyadic (CP) de-
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composition, discuss its strengths and flaws, and show how it may be constructed for tensors

used in electronic structure methods.

As discussed before, a HOT is a multi-index array which has three or more modes. In this
work we assume tensors are real but, in general, this is not required. Here, we will limit our
discussion of HOT decompositions to the CP decomposition, though other decomposition
topologies do exist such as the Tucker decomposition|44, 53| and tensor train.|[54, 55| The

goal of the CP decomposition is to express the tensor 7 as a sum of Rcp rank-one tensors:

Rcp

T=> A& AcR (1.35)

In Eq. (1.35) A, is the weight of the rank-one tensor X, and is determined by normalizing
the vector components of X,.. A rank-one, order-k tensor is defined as the outer product of

k vectors|44]

such that
X g Rivfxxly (1.37)
a eRl, @ eRE .. oM eRE (1.38)

where I; is the dimension of the ith mode. One can form a CP factor matrix using the set
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IS

Rcp

(a) [3
(b)

Figure 1.2: a. Graphical representation of an order-3 tensor; b. Graphical representation of a CP decomposition of an order-3
tensor

of Rgp vectors which span a single mode of T, i.e.

AW = (o o ey (1.39)

» Y Rcp

Using this definition, one can also represent the CP decomposition as a set of factor matrices
coupled by the hyperdimension Rcp. Figure 1.2 uses a graphical tensor representation to
illustrate how the CP decomposition constructs a sparse representation of an order-3 tensor.
In this graphical representation, tensors are nodes, the order of a tensor is the number of

edges connected to the node, and the dimension of each mode are labels on the edges.

Representing a HOT using the CP decomposition requires, first, determining the rank of the
HOT and, second, computing the optimized CP factor matrices. Unlike matrix decompo-
sitions, there is no finite algorithm to determine the rank of a HOT.[56, 57| Typically, one
must optimize multiple rank-R < Rcp approximations and choose the R which constructs
an acceptable approximation based on the tensor’s application. Next, finding the optimal

rank-R CP decomposition requires the minimization of a non-linear loss function

min f(A) = %HT— T(A)|? (1.40)
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where 72(A) is the CP approximation of the HOT T computed using the set of k factor

matrices and the weighting coefficients A:
R R
T(A) =) NADAD AR, (1.41)

and A is a vector of CP factors A = {AM A®  A®} Fortunately, there are many

algorithms to minimize this objective function.[58-60)]

In this work, we numerically optimize the CP decomposition of Coulomb integral tensors
using an alternating least squares (ALS) algorithm. The ALS algorithm is a linear approxi-
mation of the non-linear objective function, Eq. (1.40). The ALS turns the Eq. (1.40) into
a set of k linear objective functions by fixing all factor matrices except for one and solving
for that single matrix.[44| The optimization cycles through the k linear objective functions
until a stopping condition is met; typically this condition is that the change in the nonlinear

CP objective function, Eq. (1.40), becomes small.

The ALS algorithm is easy to understand and implement but it does have its shortcomings:
ALS optimization is heavily guess-dependent; the ALS algorithm cannot determine minima
or stationary points of the objective function, Eq. (1.40); and ALS optimizations can stag-
nate when factors become nearly degenerate.|[44] Robust, gradient and nonlinear least square
algorithms exist[59] however, these algorithms can require significantly more computational
resources than the ALS algorithm. Because of the complications related to numerical opti-
mization of the CP decomposition, it is useful to point out paths for grid-based CP factor

matrix discovery.
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1.3.3 Grid-based higher-order tensor decompositions

Much like the CD approximation, formulation of CP approximated HOT via numerical op-
timization is robust and accurate, but can be time and memory intensive depending on the
order of the tensor, the rank of the CP decomposition, and the CP optimization scheme.
Therefore, researchers have worked to develop CP approximations of HOT which utilize
factor matrices constructed using grids. In Chapter 2, we compare our numerical CP factor-
ization of the DF approximated TEI tensor to two grid-based CP initialization schemes: the
pseudospectral (PS)[61-65] and the tensor hypercontraction (THC)[66-73] methods. Both
of these schemes seek to reduce the complexity of the TEI tensor using a grid-based order-
three CP decompositions. The PS method works by approximating the integration of a

single, one-particle density using a finite sum over a quadrature grid, i.e.

(1o lA) = 3wyt (r,)do(ry) / M (r, 12)¢%(r2)pa (1) dry (1.42)

where w, is the weight of the quadrature grid point, g. This quadrature factorization allows

the TEI tensor to expressed as

(nolvX) = Z YoreXog (1.43)

where

Xpg = \/w_g¢u(rg) (1.44)
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and

Vo= [ Mg xa)d ra)on(ra) (1.45)

The THC approach is the next step in factorization, as it factorizes both sets of particle den-
sities and can by achieved by substituting each exact one-particle density with a quadrature
grid

(nolvA) = Z nglwanb rg,)po(rg, ) M (T917ng)¢z<rgz)¢>\(rgz) (1.46)

g1 92

where w,, is the weight of the quadrature grid point g; and where wy, is the weight of the
quadrature grid point go. Equivalently, the THC can be constructed by approximating each

order-three DF' integral tensor on a quadrature grid

(nolX) = Z Wg, ,,(Tg, ) Po (Tg, )X x (Tg,) (1.47)

where, again, w,, is the weight of the quadrature grid point g;. In the end THC has the

form:

,ua|1/)\ ZZX‘lngbgl g1 QQX:gQXd,QQ’ (1.48)

g1 92

Where X are the orbital-basis factor matrices and Y is a factor matrix which connects the

two grid and contains information about the two-particle kernel M.

Another grid-based CP factorization is the Laplace tranformation (LT) utilized in pertur-
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bation theories like MP2 and (T).[74-78] The LT is used in Chapter 3 to deconstruct the

canonical HF orbital energy denominator tensor,

g 1
ijk _
abc T 5 (149)
€q T €+ € — € — € — €
into a product of 6 tensors using a quadrature grid, i.e.
iik _ _ _ ) .
D;]bc ~ Z wye €asa p—ChSa p—EcSa piSa p€jSa otk Sa (150)

«

where w, is the weight of the quadrature grid point «. Introduction of the LT factorized
denominator tensor simplifies perturbative energy expressions by removing their dependency

on canonical HF orbitals.

Grid-based CP initialization is incredibly useful because it can be constructed much more
quickly than numerical optimization based initialization. However, one issue that grid-based
schemes face is choosing a grid representation which can maximize accuracy and minimize
the number of required grid points. We recognize that grid-based initialization is necessary
to accelerate relatively low-cost methods such as HF and MP2 and thus, it is the goal of this

work to construct means to minimize the error introduced by grid-based CP factorizations.



Chapter 2

Robust approximation of tensor
networks: application to grid-free tensor

factorization of the Coulomb interaction

Reprinted with permission from Pierce, K.; Rishi, V.; Valeev, E. F. J. Chem. Theory Comput.

2021, 17, (4), 2217-2230 Copyright 2021 American Chemical Society

2.1 Introduction

Numerical approximation of the (matrix elements of the) Hamiltonian is a ubiquitous strat-
egy for decreasing the cost and complexity of quantum simulation of, e.g., electronic structure
in both real space and spectral representations. Examples in spectral representations include

density fitting (DF: also referred to in quantum chemistry as the resolution-of-the-identity

26
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(RI), in global|79, 80] and local[81-83]), the pseudospectral[61, 62, 64, 84-90] (PS) approach,
Cholesky decomposition (CD),[4, 91-93] the fast multipole method (FMM),[94-96] tensor
hypercontraction (THC),[66-68, 70, 71, 73, 97-99] the canonical polyadic (CP) decomposi-
tion (also known as CANDECOMP /PARAFAC]100, 101]), [102-108] and many others.[109—
118] These approaches can be coarsely classified as (a) abstract (algebraic) approximations
of the Hamiltonian tensor (e.g., CD, CP, global DF, algebraic FMM][119, 120]), and (b) ap-
proximations that utilize physical context (e.g., use of grids in pseudospectral and THC,

domain decomposition in FMM and local DF).

It is common to wish to approximate tensors in a tensor network. In such a case, it may
be possible to construct a better network approximation to the original tensor network than
obtained by approximating the individual tensors in the network. Inspired by these basic
observations we consider the robust* approximation of tensor networks, in which the leading-
order error due to the approximation of the network constituents is cancelled. Here, we
demonstrate the utility of the idea by constructing a robust CP (rCP) approximation for
a simple network of two order-3 tensors obtained by the DF-factorization of the 2-particle
Coulomb interaction tensor. Unlike DF-factorization alone, the rCP-DF decomposition re-
duces the complexity of the ladder-type diagrams in many-body electronic structure methods.
The robustness of the approximation ensures a favorable prefactor; in this work, cost savings
are observed for systems with as few as 3 atoms, as demonstrated for the particle-particle
ladder (PPL) diagram in the coupled cluster method with single and double excitations

(CCSD).

*In this work, the term “robust” mirrors its use in the discussion of fitting in quantum chemistry[121]
rather than referring to the robust approximation of individual tensors.[122]
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The rest of manuscript is organized as follows. In Section 2.2 of this paper we introduce the
idea of robust approximation of tensor networks, use it to construct an efficient algebraic
approximation to a 2-particle interaction tensor, and discuss how to utilize the proposed
factorization to evaluate the particle-particle ladder (PPL) diagram with reduced complexity.
Section 2.3 describes the details of the computational experiments. Section 2.4 compares the
performances of non-robust and robust approximations applied to the CCSD PPL diagram
using standard benchmark sets of noncovalent interaction energies and reaction energies.

Section 2.5 summarizes our findings and discusses other possible applications of the idea.

2.2 Formalism

2.2.1 Robust approximation of tensor networks

Consider a tensor network composed of a sequence of tensors, {71... T} = {T:},i=1.. k.
For our purposes the network can have arbitrary topology, it does not even need to be
connected. Our objective is to minimize the error in the network due to replacing tensors 7;

~

by their approximants 7;. Assuming that the approximation error in each tensor,

6 =T~ T (2.1)
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is “small”; i.e., |[|0;|]| = O(e) 2 € < 1, the tensor network can be accurately represented in

terms of tensor approximants by including terms linear in the error:
(T Ty ={Ti. T} + ) AT Tim16; T .. T} + O(E). (2.2)
J

Note that the naive approximation of the network, given by the first term on the right-hand
side, is only accurate to O(¢). A robust approximation, accurate to O(€?), is obtained by

plugging Eq. (2.1) into Eq. (2.2):
(T Ty == k)T T+ > AT T T T T} + O(é). (2.3)
i

Clearly, the robust approximation is only applicable to tensor networks, not individual ten-

SOTrs.

In the context of numerical tensor approximations, the robust approximation has enjoyed
a long use by the electronic structure community.[113, 121, 123, 124| Despite its simplicity
and /or apparent lack of novelty, in the context of tensor computation the idea has potentially
significant unexplored utility. Its utility came as a real surprise to us when we stumbled on

its novel application, described below.
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2.2.2 Robust approximation of factorized 2-particle interaction ten-

sor

Consider a tensor representation of a 2-particle interaction' in a generic basis of size n:

Jab,ed = // Ga(r1)@p(r1)g(r1, T2) @ (r2)Pa(r2) dry drs. (2.4)

The comma separator between indices defines the default matricization; namely, matrix
O will refer to the matricized form of tensor O, with element Op,,,. 4¢... located in row
p1p2 - .. and column ¢qo ... of the matrix. It is also useful to convey tensor expressions

diagrammatically; in Penrose notation tensor g is represented as a single node (Figure 2.1a).

a C a C a
r X
030
b d b d b
(a) gab,cd (b) Factorization of ggp cd (¢) CP factorization of
via Eq. (2.5) Bpg,x via Eq. (2.10)

(d) CP-PS factorization of ggp, cq via Eq. (2.17) (e) CP-DF factorization of g4p,cq via Eq. (2.19)

Figure 2.1: Graphical representation of the 2-particle interaction tensor (Eq. (2.4)) and factorizations thereof considered in
this work.

To efficiently approximate g, it is important to retain the analytic properties, such as symme-

"In this work we only consider Coulomb interactions using the Poisson kernel: g(ri,rs) = |r; — ra| 7
extension to other multiplicative and non-multiplicative kernels is straightforward.
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tries and positivity. In this work, specifically, we must consider the properties of the Poisson
kernel, g(r;,re) = |r; — ro| 7', which is “positive” in both 2-particle and 1-particle senses,
i.e., both gof(ri,r2) = g(r1,12) X f(r1,12) and g, f(r) = fg(rl,rQ)f(m)er, respectively,

are positive definite operators.

For positive-definite kernels, the tensor g can be factorized into a symmetric form,

Gab,cd ~ Z Bap xBea x, (2.5)
X

which, in its matrix form, is recognized as the ubiquitous, symmetric particle-wise factoriza-
tion

g~ BB'. (2.6)

Such “generalized square root” factorization is not unique. One way to compute the factor-
ization efficiently is by a (rank-revealing) Cholesky decomposition (CD);|93| for any finite
precision the CD rank (i.e., the number of columns of B) is O(n). Another way to compute

this symmetric factorization is via DF, where

Bapx = Capy (GY?) (2.7)

Y, X

the fitting coefficients C,, y are determined by weighted least-squares fitting,|79-83] typically,

using the Coulomb “metric™:

(G)yy = / ox (1)g(1,2)6y (2) d1 d2, 2.8)
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and the square root of G is defined by Eq. (2.6), rather than the conventional, principal square

root. The size of the fitting basis {¢x}, denoted here by X, is in practice proportional to n.

For large systems CD and DF approaches lead to sparse B, however, in large basis sets the
onset of sparsity can be slow and thus difficult to exploit. Hence, it may be worthwhile to
seek more general data sparsity in B by further factorization. For example, consider the

approximate CP factorization of B:

R
Bab,X ~ Z 5a,rﬁb,T7X,r (29)

For real basis functions g. ¢ and, hence, By, x are symmetric with respect to the a <> b

permutation; this symmetry is ensured automatically if k3, = B, or

R
Bab,X ~ Bab,X = Z ﬁa,rﬁb,r'y}(,r (210)

It is well known|[56, 57| that (aside from trivial examples) finding the exact CP rank R is
hard, but there are efficient ways to construct such approximations for a fixed CP rank,

R.[58-60]

Tensor factorization of Coulomb interaction Eq. (2.4) that utilizes CP topology has been
long employed in electronic structure. This is due to the natural connection between CP
factorization and quadrature approximation for an integral over a product of three or more
factors. Most relevant for our purposes is Friesner’s pioneering use of a pseudospectral (PS)
method (PS methods are also known as discrete variable representation [DVR| methods) to

solve the Hartree-Fock equations for electrons.|61] His work led to the pseudospectral family
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of methods|61, 62, 64, 84, 86-90] which approximate Coulomb integrals using a numerical
quadrature over one electron. This quadrature approximation is also employed in the COSX
method[112-115, 117, 118, 125] and in the approximation of many-electron integrals in

explicitly correlated F12 methods.[126]

Computing gap ¢ using numerical quadrature involves replacing the integration over a single

electron, for example electron 1, with a sum over a set of quadrature points:

PS

Gabea = ) Wy} (xg)dp(ry) /g(rgar2)¢2(r2)¢d(r2)dr2 (2.11)

where w, is the weight of the g quadrature point; Introducing

Xag =\/Wgtha(ry), (2.12)
}/;J,cdE/g(rg,b)@(rz)(?d(h)dI‘27 (2.13)

leads to the algebraic form of the PS approximation,

PS
Gab,cd ~ Z X:,gXb,g)/g,cda (214>

g

which makes the connection to CP factorization obvious; note that the summation over grid
points g corresponds to the 3-way hyperedge in the diagrammatic representation of Eq. (2.14)
in Figure 2.1d. In practice, an accurate implementation of the PS approximation is sensitive
to choice of grid and requires various measures to reduce the error.[65, 68, 113, 115, 118]

However, the algebraic form of the PS approximation can be viewed as an abstract tensor



Karl Martin Pierce Chapter 2. Robust approximation of tensor networks 34

network approximation of g, .4, with factors X and Y defined not by the particular choice

of real-space quadrature in (2.11), but by arbitrary fitness conditions.

Inserting a quadrature once for every particle leads to, what Martinez and co-workers termed,

the tensor hypercontraction* (THC) approximation|[66-71, 73, 97| of gap.cd,

Gabed B> Wy W& (10 )00 )G (T gy T ) B (g )G(Xys), (2.15)

91,92

and its algebraic form:

THC % %
Yab,cd ~ ZZXa,ngb,glY;]thXc,ngdﬂz' (216)

g1 92

The diagrammatic representation of Eq. (2.16), shown in Figure 2.1e, includes two 3-way
hyperedges. Clearly, the same idea can be applied to a matrix element of any (local) n-
body operator.[69] THC approximation was originally exploited in the algebraic form, us-
ing algebraic CP decomposition of 3-center overlap integrals in the context of (non-robust)
overlap-metric DF to define factors X and Y in Eq. (2.16) (“PF-THC”).[66] It was subse-
quently formulated using real-space quadrature to define factors X and least-squares fitting
to determine factor Y in Eq. (2.16) (“LS-THC”)[68, 71, 99]. What these approaches have
in common with each other and with other related factorizations[105] is use of the tensor
network topology of Eq. (2.16); how the factors are determined can differ widely between

the methods.

Although our focus in this manuscript is on the 3-way CP factorization (CP3) we should also

fThe term “hypercontraction” presumably refers to the appearance of hyperedges in the diagrammatic
representation of CP-like tensor networks, e.g., Figure 2.1d.
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note that the direct 4-way algebraic CP factorization of Coulomb integrals (CP4) has been
employed by Benedikt and co-workers.[102-104] Related 4-way factorizations of Coulomb
integrals has been considered by Peng and Kowalski, who proposed to compress the Cholesky
factors of the Coulomb tensor by the SVD; the use of factorized integrals has been explored
in the CC method.[127] More recently, Motta and co-workers employed a similar multi-step
factorization to reduce the cost of auxiliary-field Quantum Monte Carlo methods.[128| The
similarity of these factorizations to the 4-way CP decomposition is due to the appearance of
the 4-way hyperedge, whereas all of the factorizations considered in this work are limited to

3-way hyperedges only.

To introduce the main result of our work consider how to best introduce the CP3 approxi-
mation (Eq. (2.10)) for the symmetric (CD/DF-like) factorization in Eq. (2.5). Using CP3

once produces a PS-like factorization, to which we will refer as CP-PS:

R R
CP-PS
Jabecd =~ E E Ba,rﬁb,r’YX,chd,X = E ﬁa,rﬁb,r(’yB)cd,ra (217)
X T

T

where we introduced

(/VB)CdJ‘ = Z’VX,TBcd,X; (218)
X

compare Eq. (2.17) to Eq. (2.14) to recognize the connection to the algebraic PS factorization.

Using CP3 twice produces a THC-like factorization, to which we will refer as CP-DF:

R R R R
Gab,cd CP@DF Z Z Ba,rﬁb,erX,r Z ﬁc,r’ﬁd,r’fYX,r’ = Z ﬁa,rﬁb,r Z Bc,r’ﬁd,r’ (’V’VT)r,r’? (219>
X r! r r!

T
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where we introduced (yy"),.» = > vx+7x~; compare Eq. (2.19) to Eq. (2.16) to recognize

the connection to the algebraic THC factorization.

Clearly, both CP-PS and CP-DF approximations are linear in the error introduced by the
CP3 approximation (Eq. (2.10)). As discussed in Section 2.2.1, it is possible to eliminate

the linear error using the robust form of CP-DF, to which we will refer as rCP-DF:

R R
rCP-DF . s
Gab,cd ~ 2ggbf7)cclljs - ngF,)chl)F = Z 5a,rﬁb,r <2(ﬁ}/B)cd,r - Z Bc,r/ﬁd,r’ (77T>r,r/> . (22())

Although the rCP-DF approximant has a higher computational cost than either CP-PS or
CP-DF, computing the PPL diagram with the rCP-DF approximation has the same complex-
ity (O(N?)) as the aforementioned approaches. However, the systematic error cancellation
unique to rCP-DF should, at equal CP rank, result in significantly smaller errors than either

CP-PS or CP-DF and thus should be computationally superior to these simpler alternatives.

2.2.3 Application to the particle-particle ladder diagram

Our primary objective is to reduce the computational cost of the particle-particle ladder
(PPL) diagram in CC and other many-body methods. It is well known that both PS[86, 90|
and THC factorizations|71, 105] can reduce the computational complexity of the PPL term

in the canonical MO basis from O(N%) to O(N®), hence the same should be possible for the

PPL term in the rCP-DF approximation. Indeed, plugging in Eq. (2.17) into the spin-free
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PPL expression (permutational symmetry is ignored for simplicity) yields:

R
CP-PS
> Gabedtray ~ PPLETS=3"5,, (Z(VB)cd,r (Z 5b,rtbdz‘j)> ' (2.21)
bd . b

d

The order of evaluation which minimizes the operation count is shown by parentheses, with
the result of each binary tensor product stored in an intermediate tensor. The inner-most
product, >, Bbrtedij — (11)raij, is covariant (i.e., it is a pure tensor contraction) and has an
operation cost of 20?u®R, where o and u are the numbers of occupied and unoccupied MOs,
respectively, and R is the CP rank. The second product is of general type (i.e., it cannot
be mapped to a single matrix multiplication), and has the same cost as the first product.
The last product is a pure contraction and has the same cost as the other 2 contractions.
The total operation count of the CP-PS approximated PPL is thus 60*u?R vs the 20%u* cost
of the naive approach; note that precomputing the (vB) intermediate (Eq. (2.18)) is done
once, outside of the CCSD solver loop, and has the negligible cost (2u*X R, where X is the
size of the DF fitting basis). We can expect computational savings from the use of CP-PS

when R < u?/3.5

The PPL term can be similarly reformulated with the O(N?®) cost using the CP-DF approxi-
mation. One approach, utilized by Parrish et al.[71] and Hummel et al.[105], uses the CP-PS

route (Eq. (2.21)) by recomputing the appropriate intermediates:

R
CP-DF .
E Jabedlvdij = PPLPF = E Bar <E (YB)cd,r (E 5b,rtbdij>> ; (2.22)
bd r d b

$Note that the CP-PS approximation breaks particle equivalence symmetry and therefore, in practice,
the result must be symmetrized with respect to the transpose of ia and jc index pairs.




Karl Martin Pierce Chapter 2. Robust approximation of tensor networks 38

where (YB)q, is the CP-factorized intermediate (yB)eq,, obtained by inserting Eq. (2.10)

into Eq. (2.18)%:

R
(")/B)cd,r = Z 7X,r (Z Ba,r’ﬁb,r”VX,r’) . (223)
X r!

The operation count of this route is 60*u?R, hence the crossover relative to the naive PPL

evaluation occurs at the same CP rank as in the CP-PS route.

Another CP-DF route, utilized by Hummel et al.[105] and Mardirossian et al.[129] introduces

order-4 tensors with 2 CP indices:

R R
Z gab:Cdtde CPQDF PPLCP_DF = Z ﬁa,r Z (ﬁc,r’ ((’V’}/T)r,r’ (Z ﬁb,r (Z 5d,r’tbdij> ) >) .
b d

bd T r!

(2.24)

Compared to 3 tensor products in the CP-PS approach, the CP-DF route has 5 products,
with all but the third product of (y7") being pure contractions. The operation count is
40*u? R + 40*uR? + 0® R?; since in practice R > u, the cost is expected to be dominated by

the 40*uR? contribution.

To reduce the operation count, relative to the conventional PPL, the route outlined above
requires R < \/u3/2 = u*?/+/2 (compared to R < u?/3 requirement of the CP-PS-based
route). Clearly, the cost crossover occurs earlier in the CP-PS-based route. Furthermore,
the low arithmetic intensity of the element-wise (Hadamard-like) third product in Eq. (2.24)

lowers the computational efficiency of this approach. For these reasons, throughout our work

IN.B. if 5X > 3R, Eq. (2.23) can be reordered to compute (yB) more efficiently
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we used the CP-PS-based approach, Eq. (2.22), to implement CP-DF PPL.

Clearly, the PPL term can be therefore approximated via rCP-DF with the O(N®) cost by

naively combining the CP-PS and CP-DF approximations:

S Guveatiais "% 2 x PPLOPFS _ ppLOPOT, (2.25)
bd

Plugging Eq. (2.21) and Eq. (2.22) into Eq. (2.25) and refactoring leads to the following

evaluation scheme with optimal operation count:

R
rCP-DF .
Zgab,cdtbdij ~ PPL"Pr = Z Ba,r (Z(VB)cd,r (Z ﬁb,r%dz‘j)) ; (2.26)

bd r d b

in which we introduced

A

(vg)cd,r = Q(WB)cd,r - (’YB)cd,r (227)

The total operation count of the rCP-DF PPL approximation is 60?u? R, which is identical to
that of the CP-PS and CP-DF PPL approximations. Thus, rCP-DF is the preferred 3-way

CP approach in the context of the PPL evaluation.

2.3 Computational details

CP approximations for order-3 tensors were computed using the standard alternating least

squares (ALS) method.[130, 131] Although ALS can be slow to converge and the quality of
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the solution can strongly depend on the initial guess,[132] we found that our solver converged
robustly with an initial guess of vectors generated using quasi-random numbers taken from
the uniform distribution on [-1,1]. No consistent benefit was found from an initial guess
scheme which generated factor matrices using the higher-order SVD (HOSVD)[44] padded
with random vectors (where random vectors were generated as just described). Furthermore,
no discernible benefit was found from the use of a regularized ALS (RALS) solver.[133]
The use of non-linear and gradient-based solvers|58, 59| as an alternative to ALS will be

investigated in future work.

Assessment of the CP-based Coulomb tensor factorizations utilized the full S66 benchmark
set of weakly bound complexes|[134] as well as a 12-system representative set of 12 com-
plexes (S66/12)!; some computations utilized a smaller 7-system subset of S66,/12 (systems
1-4 and 10-12; dubbed S66,/7). The S66 geometries were taken from the Benchmark En-
ergy and Geometry Database (BEGDB).[135] Additional assessments utilized the HJO12
set of isogyric reaction energies,|[136, 137] the 8 low-lying conformers of (H2O)g[138] and a
conformer of (Hy0)9.[139, 140] All of the above computations utilized the cc-pVDZ-F12
(abbreviated as DZ-F12) orbital basis set (OBS)[141]. The 2-clectron interaction tensors
were approximated using standard Coulomb-metric density fitting using the aug-cc-pVDZ-
RI (abbreviated as aVDZ-RI) density fitting basis set (DFBS).[142] Assessment of the basis
set variation in the performance of rCP-DF used the following additional OBS/DFBS pairs:
the aug-cc-pVDZ[143, 144] (aVDZ) OBS paired with the aVDZ-RI DFBS, the aug-cc-pVTZ

(aVTZ) OBS[143, 144] paired with the aug-cc-pVTZ-RI[142] (aVTZ-RI) DFBS, and the cc-

I1 water ...water, 2 water ... MeOH, 3 water ... MeNH,, 4 MeNH, ...MeOH, 5 benzene ...benzene
(m-7), 6 pyridine ...pyridine (7-7), 7 uracil ...uracil (7-7), 8 pentane ...pentane, 9 benzene ...benzene
(TS), 10 benzene ...ethyne (CH-7), 11 ethyne ...water (CH-O), 12 MeNHs ... pyridine
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pVTZ-F12[141] (TZ-F12) OBS paired with the aVTZ-RI DFBS. The CP approximations
of Coulomb integral tensors was utilized in only the PPL diagram of CCSD. Only valence

electrons were correlated in all CCSD computations.

All computations were run on the Virginia Tech Advanced Research Computing’s Cascades
cluster which utilizes standard nodes that contain 2 Intel Xeon E5-2683 v4 CPUs, and high-
memory nodes, each with 4 Intel Xeon E7-8867 v4 CPUs. Only the (Hy0)q9 computations

utilized Cascades high-memory nodes. In the following section, speedup is determined as

IDF-
speedup = DF-CCSD (2.28)

tcp-pPL-DF-ccsD + top-ALS

where tpr.cosp and tep.ppr-pr-.ccsp are the total time it takes to compute the CCSD cor-
relation energy with either the DF or CP approximation applied to the PPL diagram and

tcp.aLs is the time it takes to compute the CP decomposition using the ALS method.

The CP-ALS decomposition was implemented in C++ in the open-source Basic Tensor
Algebra Subroutines (BTAS) library.[145] The CP-DF, CP-PS and rCP-DF approximations
are implemented in a developmental version of the Massively Parallel Quantum Chemistry

(MPQC) package.[146]

2.4 Results

The discussion of computational experiments is organized as follows. In Section 2.4.1 we

examine how the errors in the matrix elements of the Coulomb operator converge with respect
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to the CP rank. It turns out that the use of CP in the CP-PS and CP-DF approximations
results in 2 types of errors: due to suboptimal factors in the tensor network and due to
the deficient CP rank; the use of the robust approximation greatly reduces both types of
errors. In Sections 2.4.2 and 2.4.3 we discuss the error in the CCSD energies introduced by
and the cost reduction of the CP approximation of the PPL diagram, respectively. Note, to
standardize CP rank across systems, we report the CP rank in the units of X (the size of

the density fitting basis), which grows proportionally to n.

2.4.1 Errors in Coulomb matrix elements: effects of CP factor op-

timality, CP rank, and robustness

The most direct way to assess a particular factorization of the Coulomb interaction tensor
is to examine the matrix elements themselves. Since the data varies little between sys-
tems, Figure 2.2 shows the absolute errors of the matrix elements of g, ¢ for a particular
system, namely, the water dimer at the S66 geometry. The first observation is that both
the average (solid circles) and the maximum (horizontal line) errors decrease in the CP-
DF>CP-PS>rCP-DF series, with the CP-DF and CP-PS errors decaying with the CP rank
at a similar rate, and much slower than the rCP-DF errors. This observation is easy to

explain. Using the matrix notation introduced in Eq. (2.6), it is clear that the leading-order
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error of the CP-DF factorization should be roughly twice the error of CP-PS:

1 /.4 . 1
PP _ gCP-PS _BRT _ . <BBT n BBT> =3 (BT +Bs"), (2.29)

g’ — g PF =BBT —-BB" =¢6B' +Bs' +66" =2 (g —g") +867,  (2.30)
where B is the matricized form of the CP approximant in Eq. (2.10), and
§=B-B (2.31)

is the CP error tensor. Clearly, as the CP rank increases, the CP error § decreases but the
CP-PS / CP-DF ratio of errors stays approximately 2. Since the rCP-DF is quadratic in
4, the rCP-DF error should decay with the CP rank faster than either that of CP-PS or
CP-DF'. The improvement of rCP-DF over CP-DF is approximately one order of magnitude

for R = 1.5X, and approaches 2 orders of magnitude for R = 5X.

It is instructive to wonder whether it is possible to improve CP-PS and CP-DF approxima-
tions solely by relaxing the factors in the respective tensor networks approximating gup cd-
Indeed, it is important to recognize that CP-PS and CP-DF approximations utilize CP fac-
torization of B that is optimal (in the least-squares sense) for representing B, not g. It is
therefore possible to optimize the factors in the tensor networks approximation of g directly.
Partial relaxation of the factors in the CP-PS and CP-DF networks to minimize the error in
g was already employed in some real-space-based THC developments by Parrish et al.,[68,
71] and full relaxation of the CP-DF network cost was implemented by Schutski et al.[73]

(e.g., see the discussion of their THC-ALS-RI solver). To investigate whether the subopti-
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Figure 2.2: Absolute errors in matrix elements of gq, .4 for a water dimer with S66 configuration approximated by the CP-PS,
CP-DF, and rCP-DF factorizations obtained with ALS precision of ¢ = 1073. The error bars denote the max/min unsigned
errors.

mality of the CP-DF network using the B-optimized factors is significant we implemented
an ALS solver that minimizes the CP-DF error in gP¥;** the operation complexity of such
solver is identical to the O(N*) complexity of the ALS solver for the CP decomposition of B,
albeit the prefactor is somewhat larger. Only few iterations are needed to relax the CP-DF
network fully with respect to g if we use, as the initial guess, the factors obtained by CP3

decomposing B.

As the data in Sections 2.4.2 and 2.4.3 indicates, the tensor element errors obtained with the
g-optimized CP-DF network are moderately smaller than the errors of the reference CP-DF

network, but still exceed the CP-PS errors and they are not competitive with the errors

**See the Supporting Information for the detailed algorithm description.
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in the zero-cost robust CP-DF approximant. This observation suggests that the dominant
source of error in the CP-DF (and CP-PS) approximants is the deficiency of the CP rank.
The robust approximation is clearly able to greatly reduce both sources of error, due to the
suboptimality (with respect to gP¥) of the factors in the CP-DF network and due to the

deficient CP rank.

2.4.2 Errors in the CCSD energies vs. the CP approximation pa-

rameters

The error of the CP approximation is determined by the CP rank, R, and by the precision,
¢, of the inexact CP solver (in our case, ALS); as already mentioned we found negligible
dependence of the ALS solution on the initial random guess. The ALS precision in this work

is estimated by the difference between the current and previous iteration’s decomposition

“fit” A defined for Eq. (2.10) as

R
||Bab7X - Zr‘ 5a,rﬂb,r7X,r“ —1.0— H‘sH

A=10-—
| Bap, x| | Bav.x ||

(2.32)

where ¢ is the CP error tensor as defined in Eq. (2.31). Clearly, because € depends on the
change in the loss function, smaller values for € do not necessarily lead to a smaller CP error.
Thus, we first assessed how the error in Fccgp due to the CP approximation depends on €

for a range of fixed CP ranks, R.
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Variation of the CP error with the ALS solver precision

Figure 2.3 report the relationship between € and the CP error in the valence CCSD correlation
energy per electron for the S66/7 test set for CP ranks in the X < R < 5X range. For low
CP ranks (R < 2X) the error varies little with e. As CP rank increases progressively smaller

values of € are required to obtain sufficiently converged ALS solutions. However, the effect

of € on the CCSD energy is significantly weaker than that of the CP rank R.

Error in Eccsp per valence electron

Error in Eccsp per valence electron

Figure 2.3: Mean unsigned errors in the per-electron CCSD correlation energies (kcal/mol) of molecules in the S66/12 dataset,
relative to canonical CCSD, induced by the (a) CP-DF, (b) CP-PS or (¢) rCP-DF approximations to PPL vs the ALS precision
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Figure 2.4: Mean unsigned (a) and signed (b) errors, respectively, in the CCSD binding energies (kcal/mol) of the S66,/12
dataset, relative to canonical CCSD, induced by the CP-DF, CP-PS or rCP-DF approximations to PPL vs CP rank R (in units
of the fitting basis, X). ALS precision fixed at € = 1073. The error bars denote the max/min errors.

Variation of the CP error with the CP rank

Figure 2.3 indicated that increasing the CP rank R reduced the error in the CCSD energy
monotonically. These figures also gave the first evidence of performance advantage of rCP-
DF over CP-DF and CP-PS. At R = 1.5X (the red line in Figure 2.3c¢), rCP-DF is more
accurate than both CP-DF and CP-PS with R = 2X (the orange line in Figures 2.3a
and 2.3b). Furthermore, the error in the CCSD energy is reduced at a fast rate, with respect
to CP rank, for rCP-DF, which corroborates our discussion in Section 2.4.1. For each R
and at converged ¢, the rCP-DF approximation introduces error which is at least an order

of magnitude smaller than the error introduced by either CP-DF or CP-PS.

Next we examined the influence of the CP rank on the errors in chemical energy differences,
rather than in absolute correlation energies. The unsigned and signed errors in the weak
noncovalent binding energies of the S66/12 test set and in the HJO12 isogyric reaction
energies are reported in Figures 2.4 and 2.5, respectively. Because, compared to R, € has a

relatively small influence on E¢csp, we have limited this assessment to using relatively loose
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Figure 2.5: Mean unsigned (a) and signed (b) errors, respectively, in the CCSD reaction energies (kcal/mol) of the HJIO12
dataset, relative to canonical CCSD, induced by the CP-DF, CP-PS or rCP-DF approximations to PPL vs CP rank R (in units
of the fitting basis, X). ALS precision fixed at € = 1073. The error bars denote the max/min errors.

ALS tolerances of ¢ = 107271 The target level of performance, defined here stringently as the
maximum error of less than 0.1 kcal /mol, is achieved with CP-DF and CP-PS when R > 2X.
However, the use of rCP-DF allows us to attain the target accuracy with much smaller CP
rank, R > X. For all relevant CP ranks, rCP-DF is at least an order of magnitude more
accurate than CP-DF and CP-PS. As expected, the CP-PS errors are roughly a factor of 2

smaller than those due to CP-DF.

The performance of the rCP-DF approximation to PPL is relatively insensitive to the basis
set. Using the larger TZ-F12 OBS as well as the standard correlation-consistent aVD,TZ
OBS does not appear to radically change the convergence trends, as illustrated in Figure 2.6.%
The errors in binding energies are small (< 0.1 kcal/mol even with R = X) and rapidly
decrease when R is increased. The protracted convergence with the CP rank when using
the aVDZ basis is somewhat puzzling, but is likely due to the need for tighter CP solver

convergence for the smaller basis sets.

tThe corresponding results for a tighter ALS tolerance, e = 10~*, are reported in the Supporting Infor-
mation.

A note of caution to the readers not familiar with the D,TZ-F12 basis sets: they are actually quite a bit
larger than their conventional counterparts, and include even more diffuse Gaussians than the augmented
correlation consistent basis sets
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It is instructive to compare the rCP-DF approximation for the PPL diagram with the
best THC-based approach for the same, namely the least-squares THC(DF) method |LS-
THC(DF)| and its orbital-weighted extension |W-LS-THC(DF)| developed by Parrish et
al.[71] Table 2.1 juxtaposes the maximum absolute and relative CCSD energy errors due
to the rCP-DF and the THC PPL approximations for the 8 low-lying (H2O)g conformers.

The same OBS/DFBS basis set pair, TZ/TZ-RI, was utilized for all computations. The

Maximum Absolute Error Maximum Relative Error

rCP-DF 0.45 0.036
LS-THC(DF)|71] 2.13 0.18
W-LS-THC(DF)[71] 0.29 0.03

Table 2.1: Maximum absolute and relative errors in valence TZ/TZ-RI DF-CCSD correlation energies (mFE},) of 8 low-lying
(H20)¢ clusters.[138] For the rCP-DF approximation CP rank and ALS precision were fixed at R = 1.3X and ¢ = 1073,
respectively.

S66/7

~& TZ-F12/aVTZ-RI
F & aVTZ/aVTZ-RI

aVDZ/aVDZ-RI

S66/7

& TZF12/aVTZRI avDZ/aVDZ-RI
% 8- aVTZ/aVTZRI

kcal/mol
+
7',
A
4
kcal/mol

cpP 3Rxank
(2) (b)

Figure 2.6: Mean unsigned (a) and signed (b) errors, respectively, in the CCSD binding energies (kcal/mol) for the S66/7
dataset, relative to canonical CCSD, induced by the rCP-DF approximation to PPL vs CP rank R (in units of the fitting basis,
X) using 3 different basis sets, aVDZ/aVDZ-RI, aVTZ/aVTZ-RI and TZ-F12/aVTZ-RI. ALS precision fixed at e = 1073. The
error bars denote the max/min errors.

rCP-DF approach used R = 1.3X, whereas the corresponding LS-THC grid size corresponds
to R ~ 4X, i.e., roughly 3 times larger than used by our method. Although the absolute
energies are most accurate with the W-LS-THC(DF) method of Parrish et al., the relative
energies of the clusters are nearly as accurate with our method, despite its much smaller CP

rank. Most importantly, the rCP-DF approach greatly outperforms its true THC counter-
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part, LS-THC(DF), again despite the much smaller CP rank. It is clear that the errors of the

rCP-DF approach can be reduced further in the context of the CC methods by combining

it with the orbital-weighting idea of Parrish et al.[71]

2.4.3 Cost reduction vs DF-CCSD

Next we examined whether the stringent target errors in CCSD energies due to the rCP-DF

PPL formulation can be attained along with demonstrated computational cost savings.

The observed speedups in the DF-CCSD computations due to the CP-based PPL refor-

S66/12, DZ-F12/aVDZ-RI

Speedup

w A U O N 00 O

1X 1.5X 2X 25X 3X 3.5X 4X 4.5X 5X
CP Rank

(a) Average speedup (Eq. (2.28)) of CCSD with rCP-DF-
approximated PPL vs CP rank R (in units of the fitting basis, X))
for the S66/12 dataset. ALS precision fixed at € = 1073, The error
bars denote the max/min speedup.

S66/12, DZ-F12/aVDZ-RI

o O

Speedup
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1X 1.5X 2X 2.5X 3X 3.5X 4X 4.5X 5X
CP Rank
(c) Average speedup (Eq. (2.28)) of CCSD with rCP-DF-
approximated PPL vs CP rank R (in units of the fitting basis, X)
for the 7 largest clusters in the S66/12 dataset. The error bars de-
note the max/min speedup.

S66/12, DZ-F12/aVDZ-RI
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(b) Average speedup (Eq. (2.28), excluding the cost of CP-ALS) of
CCSD with rCP-DF-approximated PPL vs CP rank R (in units of
the fitting basis, X) for the S66/12 dataset. The error bars denote
the max/min speedup.

Figure 2.7: Speedup of CP-PPL CCSD
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mulations are illustrated for the clusters in the S66/12 test set in Figure 2.7a. Just as in
Section 2.4.2, only € = 1072 are reported in the manuscript, with the ¢ = 10™* results avail-
able in the Supporting Information. Significantly smaller average speedups were observed
with € = 107* compared to € = 1073, for the same CP rank. This suggests that the cost
of ALS CP solver can increase dramatically with €, due to the increasing number of ALS
iterations. To further illustrate this point, Figure 2.7b demonstrates the speedups obtained
by excluding the cost of ALS. We see that ALS has the most dramatic effect on cost when

€ is tighter and R is larger.

Unsurprisingly, ALS optimization had the greatest impact on the smallest molecules. Fig-
ure 2.7c¢ demonstrates that the speedup for the 7 largest clusters in the S66/12 set is signifi-
cantly greater than the average speedup over the entire set and for all values of R. Since we
found the energies relatively insensitive to the choice of €, we recommend the use of € ~ 1073

for all practical computations, unless extremely high target accuracy is sought.

We further assessed the performance of the rCP-DF PPL approximation for the S66/7 dataset
with 3 additional basis set pairs (Figure 2.8). As one might expect, for larger basis sets,
like TZ-F12 or aVTZ, the PPL diagram contributes significantly more to the cost of CCSD,

hence even greater cost savings from rCP-DF are observed.
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Figure 2.8: Average speedup (Eq. (2.28)) of CCSD with rCP-DF-approximated PPL vs CP rank R (in units of the fitting
basis, X) for the S66,/7 dataset. ALS precision fixed at ¢ = 10~3. The error bars denote the max/min speedup

To further assess the performance of the rCP-DF PPL approximation, we computed the
errors in CCSD binding energies for the entire S66 test set, using R = 1.3X and € = 1073;

the results are reported in Figures 2.9 and 2.10. For all systems, the errors introduced by

Eccsp D, tocsp lppL tep-ALS
DF -5.02009 182.47 1.36 x10* 1.11 x104 —
CP -5.02233 182.44 3.47 x10° 1.17 x10® 2.32 x103
Error Speedup
—1.41 x 1073 2.81 x 1072 3.92 9.46

Table 2.2: Valence CCSD correlation (Fccsp, En) and dissociation energies (De, kcal/mol), the average per-iteration time
spent in CCSD (tccsp, s) and its PPL contribution (tppr, s) for the (H20)20 cluster. The total time of the CP ALS optimization
is also reported (tcp-aLs, s). CP rank and ALS precision are fixed at R = 1.3X and € = 10~3, respectively.

rCP-DF are significantly less than 0.1 kcal /mol, and the computational savings are realized
for all systems, with average speedups of 4. This figure shows a clear trend: larger molecules

benefit more from rCP-DF than smaller molecules. This trend is an artifact of the ALS
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Figure 2.9: Unsigned errors in the S66 CCSD binding energies (kcal/mol), relative to canonical CCSD, induced by the rCP-DF
approximation to PPL. CP rank and ALS precision are fixed at R = 1.3X and € = 10~ 3, respectively. Molecules ordered from
smallest to largest number of occupied orbitals. The orange line is the target maximum error, 0.1 kcal/mol, and the green line
is the average error of the set.

optimization: as we increase the systems size, the cost of CCSD increases faster than the
cost of the ALS and, thus, computing the ALS takes up a smaller percentage of the total
CCSD time, as illustrated in Figure 2.11. To note, although we only show speedup for the
S66 cluster molecules, all of the dissociated cluster molecules also experienced a reduced cost
over canonical DF-CCSD. The smallest dissociated molecule, a single water molecule, saw a
cost reduction of a factor of 2. To demonstrate the performance of the DF-CCSD method
with the rCP-DF-approximated PPL term for a larger system, we used it to compute the
binding energy of (H50)q, with results reported in Section 2.4.3. With the recommended

values of R and ¢, the cost of CCSD can be reduced by a factor of 3.8, with only a ~ 0.03
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kcal /mol impact on the binding energy.

566, DZ-F12/aVDZ-RI

Speedup

Figure 2.10: Speedup (Eq. (2.28)) of CCSD with rCP-DF-approximated PPL for the entire S66 dataset. CP rank and ALS
precision are fixed at R = 1.3X and € = 103, respectively. Molecules are ordered according to the number of occupied orbitals,
from smallest to largest. The orange line represents no speedup over CCSD and the green line is average speedup of the set.
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Figure 2.11: Percent of the total CCSD time spent in ALS for each cluster molecule in S66 dataset using rCP-DF with CP
rank R = 1.3X and ALS precision of e = 1073. Molecules are ordered according to the number of occupied orbitals, from
smallest to largest.

2.5 Summary and perspective

In this work, we considered how robust (in the Dunlap sense[121]) approximation of tensor
networks, in which the leading-order error due to the approximation of the network con-
stituents is explicitly cancelled, can be used profitably to construct efficient factorizations
of the 2-particle Coulomb interaction tensor. We specifically considered tensor networks
utilizing CP decomposition of order-3 tensors that arise from generalized square root factor-
izations of the Coulomb tensor, namely Cholesky and density fitting. Single use of the CP

decomposition leads to a tensor network resembling the factorization in the well-known pseu-
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dospectral (PS) method, whereas double CP insertion leads to the tensor network topology
of the tensor hypercontraction (THC) factorizations. Robust factorization combines these
two base factorizations, resulting in a 1 to 2 order reduction of the error over either naive
substitution scheme. Deeper analysis of the errors in the Coulomb interaction tensor re-
vealed that the novel factorization, dubbed rCP-DF, corrects both errors resulting from the

suboptimality of the CP factors as well as the errors due to deficient CP rank.

As is also possible with the PS and THC factorizations, the rCP-DF factorization lowers
the operation complexity of the cost-dominant PPL diagram in pair theories from O(N°) to
O(N?). Here we demonstrated in practice that the rCP-DF-approximated PPL can lower
the practical cost of DF-CCSD even for systems with as few as 3 atoms. We make this claim
because sufficiently small (on the thermal energy scale) errors can be achieved with a CP
rank approximately equal to the rank of the density fitting basis itself; this hyperedge size
requirement is substantially smaller than the requirements in previous PS and THC studies.
For example, for the standard S66 and HJO12 benchmark sets of noncovalent interaction
energetics and reaction energies, respectively, the use of such low CP rank induces mazimum
errors of only ~ 0.1 kcal/mol. For the larger example of a 20-water cluster, the rCP-DF

error in the dissociation energy was found to be only 0.03 kcal /mol.

Although the complexity reduction due to the use of rCP-DF is very modest, the use of rCP-
DF-PPL in the context of divide-and-conquer reduced-scaling CC approaches like FMO,[147]
CIM,[148] DEC,[149, 150] and others|151], might be beneficial to reduce the cost of the

fragment computation.

The proposed robust tensor factorization of the Coulomb interaction, clearly, can be improved
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further, as well as applied in other contexts. Some of the promising ideas are listed here:

e This particular robust CP-based factorization, which we consider here, utilized the
density-fitting-based generalized square root factorization of the Coulomb tensor. Though,
it should be trivial to apply the factorization to other square-root factorizations, such

as the (pivoted) Cholesky.

e Although we only considered algebraic CP decomposition of the square root factor,
it should be possible to use the idea in the context of quadrature-based factorization,
such as PS, COSX, and least-squares THC. For example, robust LS-THC should allow
for the use of smaller grids than currently possible (the juxtaposition of the rCP-DF
and LS-THC(DF) performance in Section 2.4.2, albeit limited, suggests that grid size
reductions of a factor of 3 or more are realistic). Robust factorization should also

simplify formulation of analytic gradients.

e A combination with other ideas such as the use of orbital-biasing explored in LS-THC-

based coupled-cluster|71| and the use of frozen natural orbitals should be beneficial.

e The efficiency of the CP solver can be greatly improved via the use of gradient-based

techniques.

Work along some of these directions is underway.
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Chapter 3

Effective use of 4-way canonical polyadic
decomposition for accelerating the

coupled-cluster perturbative triples.

3.1 Introduction

The canonical polyadic (CP) decomposition[100, 101] is a powerful tool used to construct
mathematically sparse representations of higher-order tensor and to eliminate the curse of
dimensionality from computational modeling. In electronic structure methods, introduction
of the algebraic CP decomposition|5, 102-107] is fairly limited for a number of reasons: there
is no finite algorithm to discover the rank of a CP decomposition[56, 57|, optimization of
CP factor matrices requires solving a set of nonlinear equations, and CP based algorithms

require the implementation of non-standard tensor-algebra kernels. To solve some of the

59
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issues related to construction of CP represented tensors, researchers have developed grid-
based initialization schemes such as the pseudospectral|61, 62, 64, 84-90| (PS) approach,
and tensor-hypercontraction[66-68, 70, 71, 73, 97-99] (THC). Both the PS and THC ap-
proaches construct sparse representations for the order-four tensors using order-3 CP (CP3)
decompositions. However, electronic structure methods routinely require tensors of order-
four and higher. Additionally, depending on the approximated network topology, the CP3
approximation may fail to reduce the complexity of high-scaling contractions. In the cases
where the CP3 based approximations are ineffective, it can be beneficial to construct accu-
rate CP approximations to order-four tensors. In this work, we develop a reduced-scaling
approach to construct high-accuracy, order-four CP decompositions of the Coulomb integral
tensor by substituting the density fitting (DF) approximation into the CP loss function. We
demonstrate the efficiency and accuracy of the approach by introducing order-3 and order-4
CP approximated integral tensors into the Laplace-transformed (LT) triples correction to

the coupled cluster method with single and double substitutions [CCSD(T)].

CCSD(T)[13] plays a key role as the most economical route to approaching the chemical
accuracy for chemical energies and other properties, and thereby surpasses the accuracy of
mainstream density-functional approximations by significant margin. However, CCSD(T),
in its naive formulation, is restricted to relatively small chemical systems due to its O(N7)
operation complexity. Therefore, much recent effort has been focused on reducing the com-
putational operations and time-to-solution of CCSD(T). The former can be achieved by
exploiting massively parallel HPC resources[152-167|, including various types of accelerated

hardware (such as general-purpose graphical processing units)[153, 168-171]. It is possible to
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reduce the complexity of CCSD(T) by exploiting numerical sparsity of the CCSD amplitudes
and Hamiltonian tensors. This sparsity can be reveled using a localized representation such
as localized occupied and unoccupied orbitals or even atomic orbitals[166, 172-190]. How-
ever, because the zeroth-order Mgller-Plesset Hamiltonian used in the CCSD(T) method is
not diagonal in localized representations, these approaches usually involve a low-rank rep-
resentation of the zeroth-order Hamiltonian inverse tensor via a Laplace transformation|78]
(LT) or a Cholesky decomposition[191]|. Furthermore, fragment-based approaches avoid some
technical complexity by using pre-defined partitioning of an entire molecule into polyatomic

fragments.[148, 192-197]

Here, we introduce CP approximated Hamiltonian tensors into the LT CCSD(T) formulation
introduced by Constans and co-workers|78]. To demonstrate the utility of the order-3 and
order-4 CP approximations we reduce the complexity of 9, rate-limiting contractions from
O(N®) to O(N®). The error of CP approximated tensor networks is made small by explicitly
removing leading order error using the robust tensor network approximation, which we de-
veloped earlier this year|[5]. The CP decomposition is not a physics-based or orbital-specific
approximation therefore it is possible to combine the CP approximation with coarse-grain
fragmented CCSD(T) approaches, such as the LNO CCSD(T) method presented by Kallay,
Nagy, et al[166, 177, 182, 183]. Because such extensions are non-trivial it will not be demon-
strated here. However, we will discuss, in detail, how the robust CP decomposition can be
deployed in such context. Large-scale parallelization of the CP approximated LT CCSD(T)
approach, developed here, is facilitated by its implementation using the Tiled Array massively

parallel-distributed tensor framework|1, 109, 198].
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The rest of this manuscript is organized as follows. In Section 3.2 we introduce the DF
and CP decompositions and demonstrate how one can construct the CP4 approximations
in O(N*) time. Furthermore, we introduce LT CCSD(T) and show how we reduce the
complexity of 9 rate-limiting O(N°) contractions using CP3 and CP4. In Section 3.3 we
discuss the details of our computational experiments. Section 3.4 reports on the accuracy of
the rCP-DF-LT CCSD(T) approach and compares the computational performance of rCP-
DF-LT CCSD(T) to the DF-LT CCSD(T) and the DF CCSD(T) methods. Section 3.5
discusses how the polynomial complexity of the presented approach can be lowered to linear
by coarse-graining the LT CCSD(T) energy expression. Finally, Section 3.6 summarizes our

findings.

3.2 Formalism

3.2.1 Approximating the Coulomb integral tensor

The most popular factorization of the Coulomb integral tensor is the density fitting[50, 79,
80, 199] (DF) approximation. The DF approximation seeks to factorize the order-4 2-particle

interaction tensor, here expressed in a generic basis

o2 = [ [ 0005(wa)g(00, 22160000, (v s, (3.1)
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as a product of lower order tensors. In general, this factorization can be constructed as
Gabed Y CVVECEY, (3.2)
XY

where C’s are DF fitting coefficients|79-83] and V' is the two-center integral

VY,X :/drlergb;‘,(rl)g(rl,r2)gbx(r2). (33)

In this work we utilize the Poisson kernel: g(ri,r3) = |r; — 3|7, which is a positive-definite

kernel. For any positive-definite kernel, Eq. (3.1) can be factorized into the symmetric form

Gabea = Y B BIY, (34)
X

where Bu.x = >y CV VY2, Additionally, the size of the fitting basis {¢x}, denoted as
X,Y, ..., is proportional to V. It is also possible to construct canonical polyadic (CP) factor-
izations of the order-4 coulomb integral tensor and the order-3 DF-approximated Coulomb

integral tensors, defined in Eq. (3.4).

The CP approximation|100, 101] is a higher-order decomposition that factorizes an order-N
tensor into a polyadic sum of rank-one tensors. For example, the CP decomposition of the

tensor T € RIxf2xxIn ig

Rcp
7= MV ©a?®---©a®™ |a) e R" (3.5)

where the component vectors a!” are unit-normalized and A, contains the scaling information
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for the rank-one component tensor, y = af}) ® a?) ® -+ ®a®™. The number of rank-
one tensors, Rcp, necessary to satisfy the equality in Eq. (3.5) is known as the CP rank.
Unlike matrix decomposition, determining the CP rank of a non-trivial tensor is a difficult
problem[56, 57|. In practice, determining a suitable rank requires optimizing multiple rank-
R < Rcp CP approximation and choosing the value of R which satisfies the desired accuracy
requirements. Taking the set of R vectors which span R’¢, one can form the ith factor matrix
AW = {agi), agi), e ,ag)}. This factor matrix representation of the CP dceomposition allows
one to express the CP factorization of an order-N tensor as a set of N order-2 tensors which

are coupled by the hyperdimension R.

We construct the CP decomposition of the order-4 two-electron integral tensor, Eq. (3.1),

using the set of factor matrices x = {7, p, 8,k }:

Rcpy

Ghe ~ Gt = > VPLBIRS. (3.6)

We denote this factorization the CP4 approximation because our target, g, is an order-4
tensor. Later, we show that the size of the CP4 rank is proportional to V. Additionally, we

construct CP decompositions of the order-3 DF Coulomb integral tensors

Rcps

B~ B = Y A (3.7)

and

Rcps

B ~ B = ) plrix, (3.8)
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which are denoted as CP3 approximations. Because it is known that the quality and effi-
ciency of the the CP optimization processes can strongly depend on the initial guess, we
use optimized CP3 factor matrices as inputs to the CP4 optimization. We allow the CP3
and CP4 ranks to differ, so when the Rcpy > Rcps we pad the CP4 guess with vectors of
quasi-random numbers taken from the uniform distribution on [-1,1]. We have found that

this padded CP4 initial guess rapidly converges to a high accuracy approximation.

Recently we have shown|5] that the leading-order error associated with approximating tensors
in a arbitrary tensor network, {7175 ...T}} where k > 1, can be removed using a robust

tensor network formulation. This robust approximation is defined as
{Tl, e ,Tk} ~ (]_ — ]’C){Tl, R ,Tk} + Z{Tl, e ,T’]‘_l, 7},@+1, ce ,Tk} (39)
J

where Tj is the approximation of the tensor 7;. We use the robust approximation in this
work to minimize both the propagation/amplification of error introduced by approximating
tensor networks and the error associated with rank-deficient CP3 and CP4 approximations.

Next, we introduce a reduced-scaling scheme to optimize the CP4 factor matrices.

3.2.2 Reduced-scaling CP decompositions using tensor network ap-
proximations
In general, constructing an order-N CP decomposition of a tensor, T € R/*/**I ysing an

alternating least squares (ALS) optimization scheme has a computational scaling of O(IV R)

per iteration, where R is the rank of the decomposition. This means, given R o« N, a naive
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optimization of the CP4 decomposition has an iterative cost of O(N®). However, we realize
that it is possible to reduce the complexity of the ALS scheme by replacing a target tensor
in any CP loss function with a representative tensor-network. For example, CP4 seeks to

optimize the order-four Coulomb integral tensor g using the loss function
1 ia ~ a2
F&x) = Sligse = 9(x)pcll™ (3.10)

However, we can accurately approximate g tensor as a product of order-three tensors using
the conventional DF approximation. Substituting the DF tensor network into the CP4 loss

function creates the approximate loss function
~ 1 iX paX ~ ia |2
160 = I B — ()i (3.11)

Using the DF-network approximated CP loss function, we construct an ALS optimization
with a reduced-scaling cost of O(N*) per iteration. Although others have introduced tensor
networks into the CP loss function|73], this is the first implementation which we know of
that computes factor matrices for only the external modes of a tensor network. The CP
decomposition, in this way, provides one a route to approximate the result of a tensor-

network without the apriori computation of such tensor network.

Now, both the CP3 and CP4 ALS optimizations have a computational cost of O(N?). In
Section 3.4, to demonstrate the effectiveness of the DF approximated CP4 ALS optimization
algorithm, we approximate the order-four coulomb integral tensor, ¢g, and use such approxi-

mation to effectively reduce the cost of LT CCSD(T) while introducing negligibly small errors
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in relevant energy differences. Next, we discuss the Laplace transformation formulation of
the (T) energy correction and subsequently, we demonstrate how we use CP approximations

to reduce 9 rate-limiting contractions in LT CCSD(T).

3.2.3 The traditional and Laplace-transformed (T) energy correc-

tion

In the canonical Hartree-Fock basis the spin-restricted closed-shell (T) energy consists of 2

contributions:|13|
Er) = By’ + Egr, (3.12)
with

W Wl‘;k zjbk
ET o ZZ zgk ’ (313)

’L]k abce abc
5] z]k z]k
5] abc abc
EST = — = E E W (314)
zgk abe abc

Note that the superscripts in Eq. (3.12) denote the Mgller-Plesset (MP) order relative to an

HF zeroth-order state. * In Eqgs. (3.13) and (3.14), the order-6 tensors, Wlif, Vigf, RYF and

a a abc

*Additionally, for non-HF references (or for spin-restricted open-shell HF references; these cases will not
be considered here) both contributions of these energies are 4-th order in MP, and, furthermore, there is
another 4th-order contribution to the energy that must be included.[200]
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-
D7, are defined as:

Wit = PSSl - i), 319
f m

VIR = itk 4 glft 4 i, (3.16)

RUN = AWIE + WhT + Wi — oWkt — oW i — oWk, (3.17)

D = fot fo+ fo— fi— fl - f, (3.18)

where 7 and t. are the converged CCSD cluster amplitude tensors, g?¢ is the Coulomb
repulsion two-electron integral tensor, Eq. (3.1), f? is the diagonal matrix elements of the

Fock operator, and P,7. operator defines index permutations for a given six-index tensor:

Phe (0ghe) = (O330) + (0leg) + (Ozp) + (04) + (Oa) + (Ofie)- (3.19)
Notice, the indices 7, 7, k,[,... and a,b, c,d, ... represent the occupied and unoccupied sub-

spaces of the molecular orbital (MO) basis,respectively, while the indices p,q,r,s... repre-

sent general indices.

The asymptotic complexity of the (T) energy is controlled by the construction of the Wéii
intermediate whose cost is O*V* 4+ 01V3 = O(NT), where O and V correspond to the size
of the occupied and unoccupied orbital subspaces, respectively. Typically, the canonical HF
basis is delocalized over the entire chemical system and, unfortunately, orbital localization

techniques, such as the pair natural orbital|[185, 201-203] (PNO) technique, cannot be intro-

duced via simple unitary rotations. The complexity of orbital localization comes from the
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fact that the orbital energy denominator, Eq. (3.18), can only be written in this simple form
for the diagonalized HF basis. However, it is possible to factorize the inverse orbital energy

denominator tensor using a Laplace transformation (LT)[74-77]:
(D! / “Pieds Zw e~ Dibete, (3.20)
0

The LT is approximated on a quadrature grid using n, quadrature points and a weight
of w, for every quadrature point, a. Rewriting the (T) energy contributions, Egs. (3.13)
and (3.14), with this factorization restores the freedom to change representation via unitary

orbital rotations|78|. The LT (T) energy terms can be written as

[4 ijk zgk —Djksa
E Wabc abc abe

a  ijkabe

—3 Z thf ) i,z" (féa))m" (f(ga))k 1% (f(a)) (fvga))b,b' (f’l(La))c,c’ RZ’];’137 (3.21)

5 ijk pijk —DY*s,
Eé% - g Z Z ‘/;lgc Rajbc Pabe

ijkabc «

- - Z v;gf O “ (f(ga))ml (fo(a))k’k, (féa))m/ (fqga))bb/ (fﬁa))qcl RZ%’Z (3.22)

)

In Egs. (3.21) and (3.22) we employ Einstein summation convention for all covariant dummy
indices (those indices that appear twice on distinct tensors) and introduce the following

exponentiated occupied/unoccupied Fock matrices

Epc}
£
Il

€5afo7 Where <f0)i,i/ = f’i,i’) (323)

fQ(LOé) = e—Safu.’ Where (fu)a’a, = fll,(ll’ (3.24)
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After eliminating the orbital energy denominator in Egs. (3.13) and (3.14) it is no longer
necessary to construct the order-6 tensor intermediates, W and R, before evaluating the
energies. It is, instead, possible to expand and refactorize the terms in Eqgs. (3.21) and (3.22)
in such a way that only order-4 tensor intermediates appear and, in doing such, one reduces
the complexity of the method to O(N®). Starting from Constans|78] factorization of LT
CCSD(T), we introduce the DF approximation and form 75 unique energy contributions!.
In Table 3.1 we have reported number of O(N°) contractions found in this DF-LT (T)
factorization and we report the time it takes to compute the most cost-intensive contractions
per quadrature point for a (HyO)i2 cluster in TIP4P geometry[139, 140| using the aug-
cc-pVDZ orbital basis with an aug-cc-pVDZ-RI DF basis|[143, 144]. This calculation was
run using the Virginia Tech Advanced Research Computing’s (ARC)Cascades cluster which

utilizes standard nodes that contain 2 Intel Xeon E5-2683 v4 CPUs. As one can see, the most

Number of terms | Cost (s)
ov?® 1 2,2641
oVt 8 3,1397
o3V3 22 637
o2 12 61
OV 5 -

Table 3.1: The number of terms in DF-LT CCSD(T) which have an O(N®) computational scaling, and the average cost of
computation per quadrature point for a (H20)12 cluster using TIP4P[139, 140| optimized geometry using and aug-cc-pVDZ
orbital basis[143, 144| set and a cc-pVDZ-RI[142, 143, 204] DF basis set.

+: The timing of this computation actually contains 1 OV® contraction and 1 O2V* contraction.

T: The timing of this computation contains 7 of 8 O2V4 contractions.

time-intensive portions of this DF-LT CCSD(T) method are the eight O*V* contractions and
the one OV contraction. In the sections to follow we, first, demonstrate the limitations of
CP3 approximated tensor networks and finally, show how we use CP approximations to

reduced the complexity of these 9 rate-limiting contractions.

"The complete set of DF-LT CCSD(T) equations can can be found in Section 4.1.1
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3.2.4 The limitations of the CP3 approximation

In this work, we seek to reduce the complexity of the 9 O(N®) contractions in LT CCSD(T).
However, in our efforts to reduce the complexity of these contractions we realized the limi-

tations of the CP3 approximation of the DF Coulomb integral tensor network. One tensor

network in LT CCSD(T) where CP3 fails is
> gkted Yot (3.25)
abef ic ij

and here we walk through the key points which lead to the failure of CP3.

First consider the sub-network

> gl (3.26)

which has a cost of OV?® Notice that the labels i and ¢ occupy different particle indices for
both Coulomb integral tensors. Because of this fact, it is not possible to use DF to reduce
the complexity of this sub-network. It is, however, possible to reduce the complexity of the

sub-network using using the following CP3 formulation:

Rcps

ngfgif ~ A0 O el BIXY)). (3.27)

%

However, as one can see that reducing the complexity of this sub-network leaves the full

network with a computational scaling of O?V*. Upon further investigation, one realizes that
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there is no way in which CP3 can be used to reduce the complexity of the full network.
The CP3 approximation has a limited degree of freedom because each DF tensor requires its
own CP3 factorization, and thereby each DF tensor introduces a sum over a different rank

hyperdimension, i.e.

Rcps Rcps

g2~ Y BB &Y (D i) (O vhBhxy). (3.28)
X X r!

T

This limitation, coupled with the fact that each CCSD amplitude tensor, ¢, contains a single

index from each Coulomb integral tensor, g, leads to the failure of CP3.

Fortunately, this inadequacy can be overcome by increasing the flexibility of our model using

the CP4 approximation. We rewrite Eq. (3.25) using the CP4 approximation as

Rgpy
D aln Qo )Y Bit)) (3.29)
rfa ci i e b

where 7 is constructed using the Khatri Rao product

W= O KL (3.30)

As predicted, the CP4 approximation of Eq. (3.25) as Eq. (3.29) reduces the complexity
of both restrictively large O(N°®) contraction. Next we walk through how we reduce the

complexity of 9 O(N®) terms in DF-LT CCSD(T).
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3.2.5 Reduced-scaling algorithms: rCP-DF-LT CCSD(T)

Finally, we demonstrate how how to reduce the scaling of nine rate-limiting contractions
using CP approximated integral tensors. Additionally, we analyze the cost of the steps
involved in these reduced-scaling computations and compare the reduced-cost to the term’s

first conventional counterpart.

Because of their similar network topology, we factorize the following three terms in nearly

the same manor as,

ch4
ie 4 ik gk ik ik ic i €] jk ik
(gbcgaé)(téstif - Qtélgti’b) - Z(W/r ga{:) [(prti];)("iﬁ(t{)f - Qt;b))] (331)
(gisgih) (Atihtls — 26150y = (X B Vgl | (ot (2 (48] — 2t73)) (3.32)
and
ch3
ie 1 ik gk ik gk [ i ayj ik ik
(gbigcé)(‘ltjest{)f - 2752'225%) = Z(Xf‘(BCX)gbi [(ﬁrtig)(Pg(‘ltif - Qti‘b)] . (3.33)

r

The cost of computing these contractions in these three terms are nearly identical, therefore,
during the analysis of the cost I will use a general R to mean either Rcps or Repa.t First,
computation of the contraction (y¢gi/) [which is similar to (xX BiX)gi/| costs RV30. Second,

the computation of(p¢t/¥) [which is similar to (p; (4til; —Ztﬁ)] costs RO?V?2. Next, each of the

rUea

fPlease note, to introduce the robust network approximation we utilize symmetry in the CP factorizations
for Eqs. (3.31) and (3.32). However, for Eq. (3.33) we must use both CP3 and CP4 factorizations.
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three terms has the non-covariant contraction t{f;til; which costs RO*V? to compute. Finally,
each term has the dot product ¢g}*t}* which costs ROV; thus, the final cost of these terms is
RV30 + 3RO?V? + ROV. The conventional cost of these contractions is OV + V*0? + V4
and, taking the leading order costs, we recognize that we will find a cost reduction when

R < V2. Later, we will show that R values for CP3 and CP4 are on the order of V.

Next we show the factorizations for the remaining O?V* contractions. Starting with Eq. (4.6),

from the appendix, we factorizes G2 and G3 using CP3 as

chB
G255 = gint]) = B0 By (i) (3.34)
and
chS
G35 = gpotl) = BN B ) (it])). (3.35)

These factorizations reduce the cost of these contractions from O?V* to O?V2Rcps
+OV3Reps and, therefore, we will find speedup in these terms when R < VO. Please note,
the factorization of G2 and G3 are the only ones in this work where we do not use the robust

network formulation.

Next, we reformulate the g times g contractions found in Eqgs. (4.17) and (4.18) using sym-

metric robust CP4 approximations:

ch4

gigll = (e (2.095 — g17)) (3.36)
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and

ch4

gals = (el - al) (3.37)

where g is CP4 approximation of g. Subsequently, we compute the dot product of the result
of Egs. (3.36) and (3.37) with 7'1 and 72 which are defined in the Appendix, Section 4.1.1.

These CP4 factorizations reduce the scaling of these contractions from O*V* to V3OR.

Finally, we factorize Eq. (4.35) using the CP3 approximation

chS

—tir (9 (157295 — 9)) = = > OGBS (Br (157 (0 (255 — 35i)) (3.38)

r

ch3
(g (0 (g — 2050)) = > _ (X BB (0 (v (357 — 235))) (3.39)

r

where, to utilize the robust tensor network approximation, we use
37 =2BXBIY — B BIX (3.40)

in place of the canonical gflj tensor. These factorizations reduce the complexity of the ¢{2g%
contraction from O*V* to OV3R. Notice, however, that this reformulation does not reduce

the O3V, g contraction.

In the sections to follow, we will show that the CP3 and CP4 ranks required to preserve the

accuracy of relevant energetic differences is proportional to the size of DF fitting basis and we
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demonstrate realized cost reduction over DF-LT (T) and canonical DF (T) for medium-sized

molecules.

3.3 Computational details

rCP-DF-LT CCSD(T) and DF-LT CCSD(T) calculations have been computed using a devel-
opmental version of the massively parallel quantum chemistry (MPQC) software package[l1]
while DF CCSD(T) calculations were computed using the Psid software package.[205] All of
these computations were run on the Virginia Tech Advanced Research Computing’s (ARC)
Cascades cluster which utilizes standard nodes that contain 2 Intel Xeon E5-2683 v4 CPUs.
The CP approximations of order-3 and order-4 tensors were computed using the standard
alternating least squares (ALS) method.[130, 131] In this work, as was done in our previous
work, [5] initial guess of vectors for the CP3 decomposition were generated using quasi-random
numbers taken from the uniform distribution on [-1,1]. As discussed earlier in this work, we
utilized optimized CP3 factors and quasi-random numbers as an initial guess strategy for
the CP4 decomposition. Using these initialization approaches, we see rapid convergence to

high accuracy approximations.

Quadrature accuracy was studied using a (H2O)g cluster with TIP4P optimized geome-
try[139, 140] and the two largest molecules from the S66 benchmark set of weakly bound
complexes|134] (uracil ...uracil and pentacene ...pentacene). These S66 geometries were
taken from the Benchmark Energy and Geometry Database (BEGDB).[135] For the (H20)13

cluster we utilized the cc-pVDZ (DZ) basis set accompanied by the corresponding cc-pVDZ-
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RI (DZ-RI) DF basis set,[142, 143, 204] for the uracil ... uracil computation we utilized the
cc-pVDZ-F12 (DZ-F12) basis set with the aug-cc-pVDZ-RI (aVDZ-RI) DF basis set,[141,
142| and the pentacene ...pentacene computation utilized the 6-31G*(0.25) basis set with

the aVDZ-RI DF basis set[204, 206].

CCSD(T) Energy and timing data was drawn from water clusters with 5 to 12 molecules
in the TIP4P optimized geometry|[139, 140]|, using this data we determine the optimal CP
rank for rCP-DF-LT CCSD(T) and show the speedup of rCP-DF-LT CCSD(T) over DF-LT

CCSD(T). Here we define speedup as

t:cP-DF-LT cCsD(T) + tALS

speedup = (3.41)

IpF-LT CCSD(T)

where taps is the time it takes to optimize the CP3 and CP4 approximations using the
ALS optimization scheme. Using this optimal CP rank, we show that the error in reaction
energies for the Neese, Wennmohs, Hansen (NWH) dataset[207], a set of 23 reactions with
molecules up to 36 atoms, is less than our desired error threshold (0.01 kcal/mol). ¥ The
water cluster and reaction energy calculations in this work utilized the aug-cc-pVDZ (aVDZ)

basis set[143, 144] with the aVDZ-RI DF basis set.

$The NWH dataset conatins the following molecules, sorted from least number of vitaul orbitals to
greatest: 1. Hy, 2. CoHy, 3. HoCNy, 4. propyne, 5. allene, 6. cyclopropene, 7. N-methylenemethanamin,
8. aziridin, 9. propene, 10. cyclopropane, 11. acetic acid, 12. methyl formate, 13. ethanediol, 14.
dimethylperoxide, 15. propan-2-one, 16. oxetane, 17. buta-1,3- diene, 18. cyclobutene, 19. 1-pyrazoline,
20. cyclopentene, 21. vinylcyclopropane, 22. dihydrofuran-2(3H)-one, 23. vinyl acetate, 24. heptahex-
ane, 25. heptatriyne, 26. 2-hydroxypyridine, 27. 2-hydropyridone, 28. neo-pentane, 29. n-pentane, 30.
tetrahydropyran-2-one, 31. pentan-2,4-dione, 32. toluene, 33. norbornadiene, 34. 2,3-dimethylbut-2-ene,
35. styrene, 36. cyclooctatetraene, 37. C903 (carbo-[3]oxocarbon), 38. C903(D3hiso2), 39. p-xylene,
40. hexanoic acid, 41. methyl pivalate, 42. n-octane, 43. 2,2,3.3 -tetramethylbutane, 44. CioHis, 45.
cyclopentadienyletropenyle, 46. octamethylcyclobutane, 47. [2,2]paracyclophane.
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3.4 Results

3.4.1 Quadrature accuracy

Though the work presented here does not explicitly depend on the number of quadrature
points, we would like to use enough points to properly represent realistic calculations and
demonstrate the accuracy of the rCP formulation. Therefore, in this section, we study how
the number of quadrature points affects the accuracy of absolute and relative energy values
and determine how many points we should use for the remainder of this study. We limit this
investigation to a few large molecules, (HO)1g, uracil ... uracil and pentacene ... pentacene.
Our results are summarized in Table 3.2. In this table, A F,p, represents the DF-LT CCSD(T)
absolute energy error per electron with respect to DF CCSD(T) while AE, .. represents the

binding energy error with respect to DF CCSD(T).

(H20)13 Uracil dimer Pentacene dimer
Nq A-Eabs AEjb.e. A-Eabs A-E'b.e. AEabs AEjb.e.
2 0.00244 0.180 0.114 0.561 0.313 44.9
3 —2.22 x 107°  -0.00406 0.0185 0.113 0.0496 9.10
4 —1.48 x 107°  -0.00215 0.00369 0.0272 0.00499 0.979
5 —8.71 x 107  -0.00119 7.22x10~* 0.00645 4.18 x 107* 0.0841
6 —5.66 x 107 -0.00071 1.24 x 107  0.00119  3.56 x 107> 0.00740

Table 3.2: Error in absolute per electron energy, A,ps (kcal/mol), and binding energy, Ay .. (kcal/mol), for LT-DF CCSD(T)
compared to DF CCSD(T) with respect to the number of quadrature points ng for selected chemical systems.

Both the absolute and relative energy errors fall monotonically with number of quadrature
points which is in agreement with the findings presented in Constans’ LT CCSD(T)|78] work.
To determine an optimal number of quadrature points we utilize the standard chemical

accuracy requirement of less than 1 kcal /mol error in relative energy. We find this chemical



Karl Martin Pierce Chapter 3. Effective use of 4-way dec 79

accuracy requirement is satisfied when n, > 4, and, in the following, choose to use n, = 4.

3.4.2 Computational performance of rCP-DF-LT CCSD(T)

In this results section it is our goal to determine minimum CP3 and CP4 ranks for rCP-
DF-LT CCSD(T) and to show that the method can reduce the cost of DF-LT CCSD(T)
for medium-sized molecules. We desire these molecules to be relatively equal in size to the
molecule fragments generated by Nagy’s LNO CCSD(T) method. In their recent work, Nagy
has shown that LNO CCSD(T) requires localized fragments which contain between 108 and
563 unoccupied orbitals[183, 208] and between 29 and 92 local occupied orbitals|[183, 208]
per fragment . To represent fragments of this size we use water clusters with between 5 to 12
water molecules, which have between 180 and 435 unoccupied orbitals. After determining
a minimum CP3 and CP4 rank for these water clusters we, further, compute the error in
reaction energy for the Neese, Wennmohs, Hansen (NWH) dataset and demonstrate that the

chosen ranks introduce little error into DF-LT (T) computations.

First, we seek to understand the error introduced by the CP approximations. We use this
error analysis to help determine optimal CP3 and CP4 ranks. As discussed in Section 3.4.1,
we fixed the number of quadrature points to 4 in these computations. In Figure 3.1a we
compare both rCP-DF-LT and DF-LT CCSD(T) to Psi4’s DF CCSD(T) and compute the
error in absolute (T) energy, A Eys, per electron. Notice, the CP3 and CP4 ranks are defined
as a multiple times the size of the DF basis, X. Figure 3.1a helps us understand the nature of
the error introduced by the CP3 and CP4 approximations. We notice that, low rank CP3 and

CP4 approximations, in this scope, benefit from fortuitous cancellation of errors. However,
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Absolute energy error per electron, water clusters 5-12, avVvDZ/aVDZ-RI
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& Rep3=0.85X —@— DF-LT vs Psi4 DF
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Dissociation energy error, water clusters 5-12, aVDZ/aVDZ-RI
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Figure 3.1: (a) Absolute energy error per electron (AE,ps, kcal/mol) for approximated LT CCSD(T) methods versus Psi4’s

DF CCSD(T). (b) Unsigned dissociation energy error (AEg;, kcal/mol) for approximated LT CCSD(T) methods versus Psi4’s
DF CCSD(T). Error bars represent max and min error
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when error associated with CP4 rank is reduced (at large values of Rcpy4), the error due to
CP3 is revealed. Therefore, we approximate CP3 error using data points at Rgpy = 3X. CP3
error rapidly converges, from Rgps = 0.75X to Repsz = 0.95X the error per electron drops by
a factor of about 9, from 9.5 x 10~% keal /mol to 1.4 x 10~* kcal /mol. CP4 error converges less
rapidly, for example from Rcpy = X to Repy = 1.5X we observe an error reduction of about
2. Additionally, we note that error associated with the CP4 approximation is significantly
higher than the error associated with CP3. These observations elude to our later finding,
that Rops must be larger than Rcps. It is not reasonable to derive minimum CP3 or CP4
ranks using absolute energy errors so, next, we compute and compare the cluster dissociation

energies.

In Figure 3.1b we compute the dissociation energy error, AFEy;, for water clusters (HyO)s5
through (H20)15 and use the results to determine the minimum-rank values for CP3 and CP4
rank. In this work, we require minimum-rank combinations to introduce a maximum error of
less than 0.1 kcal /mol in relative energy, a threshold 10 times smaller than the conventional
chemical accuracy measure. From Figure 3.1b, we see, again, that the CP4 error is slow
to converge relative to CP3 error. Maximum CP3 error at Rcps = 0.75X is already less
than 0.1 kcal /mol and by Rcpsz = 0.95X it is just slightly larger than 0.025 kcal/mol. While
CP4 error at rank Rcpy = X is roughly 0.5 kcal/mol. One anomaly worth noting is the
Ricotcps = 0.85X curve is lower in error than the Ri.:cp3 = 0.95X, when Ricpicps < 1.5X.
This anomaly can be attributed to fortuitous cancellation of error since CP3 and CP4 errors
are opposite in sign. This cancellation of error is, in general, not guaranteed and potentially

a relic of these water systems tested. Therefore, for high accuracy calculation we suggest
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Speedup of rCP-DF-LT CCSD(T) over DF-LT CCSD(T)
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Figure 3.2: (a) Speedup of rCP-DF-LT CCSD(T) over DF-LT CCSD(T) including (a) and excluding (b) the ALS optimization
time for TIP4P water clusters (H2Os5 through H20O12). Error bars provide max and min speedup.

using larger values of Ricpicps Wwhen Ryeiopz < 0.95X. In Figure 3.1b, we can identify the

minimum-rank [CP3, CP4| pairs which satisfy our error threshold as [0.75X, 2X], [0.85.X,
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1.5X] and [0.95X, 1.5X]|. However, to ensure the accuracy of Rypicp3 = 0.85X for systems
other than water clusters, we will use the pair [0.85X, 2.0X]. To chose the best minimum-
rank combination, we need to understand the cost associated with CP3 and CP4 and how

these costs change with rank.

Next, we seek to determine which minimum-rank CP3/CP4 pair, determined previously, has
the capacity to reduce the cost of computing DF-LT CCSD(T) and which pair finds the
greatest cost reduction. Figure 3.2 shows the speedup of the rCP-DF-LT CCSD(T) method
over the DF-LT CCSD(T) method for the 8 water clusters, HyO5 through HyO15. Note that
the maximum bars in Figure 3.2 are correlated with large system computations and the
minimum bars are correlated with small system computations. The correlations found in

Figure 3.2 develops for two reasons.

First, as system size grows the cost of computing optimized CP3 and CP4 decomposition
becomes small relative to the cost of computing the CP-DF-LT (T) energy. However, when
we assess the impact of the CP optimization by comparing the speedups in Figure 3.2a,
which includes the ALS optimization, to the speedups in Figure 3.2b, which doesn’t include
the ALS optimization, we find that ALS optimization reduces the speedup of the max, min
and average points by about 0.3. The consistency of cost between all of these points tells us
that the ALS optimization is relatively fast for all 8 of these water clusters. Furthermore, in
Figure 3.3 we show the percent of time spent computing the ALS optimization (m)’;‘;—LiT(T) *
100) in rCP-DF-LT (T) calculations is less than 40 percent for all clusters and CP3 and

CP4 ranks and, for water cluster of with 7 or more molecules, these three ALS optimizations

takes less than a quarter of the total CP-DF-LT (T) time.
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Percent of CP-DF-LT CCSD(T) time spent computing ALS optimization
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Figure 3.3: Percent of rCP-DF-LT CCSD(T) time spent computing the CP3 and CP4 ALS optimizations

Second, the general-type contractions (necessary in these CP algorithms) are tensor-algebra
kernels which modern computer architectures are not optimized to compute. The low ef-
ficiency of the general-type contraction kernel (compared to the modern gemm kernel effi-
ciency) becomes apparent when the rank is closer to the CP crossover, R = VO, ie. in
relatively small molecular systems. The general-type contractions are primarily used in al-
gorithms in CP3 factorizations and, for this reason, we seek to minimize the CP3 rank.
Moreover, Figure 3.2 shows that increasing CP4 rank has a relatively small influence on
the cost of the rCP-DF-LT (T) method, compared to the cost of increasing the CP3 rank.

Therefore, based on the conditions laid out in this section, we determine the best, minimum



Karl Martin Pierce Chapter 3. Effective use of 4-way dec 85

Cost of computing CCSD(T)
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Figure 3.4: Cost of computing (T) energy for water clusters with between 5 and 12 molecules in aVDZ/aVDZ-RI using the
conventional DF (T) method from Psi4[205], DF-LT (T) and rCP-DF-LT (T) with Rcps = 0.75 and Rcpg = 2.2

CP3/CP4 pair to be [0.75X 2X|. Using this pair, we show, in Figure 3.4, the full cost of
computing the (T) energy using the three different methods, DF (T), DF-LT (T) and rCP-
DF-LT (T). rCP-DF-LT (T) quickly becomes less expensive than canonical DF (T'), while
the crossover of DF-LT (T) is not in the range of this plot. Next, we compute the reaction
energies for the NWH dataset using CP3/CP4 ranks of [0.75X,2.2X] to further demonstrate

the accuracy and performance of the rCP-DF-LT (T) approach.

In Figure 3.5 we present the reaction energy errors for the NWH dataset using rCP-DF-LT

CCSD(T) with respect to DF-LT CCSD(T) using 4 quadrature points and Rcps = 0.75X
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Reaction energy error, NWH aVDZ/aVDZ-RI
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Figure 3.5: Reaction energy error (AFEjreqc, kcal/mol) for the NWH dataset in the aVDZ/aVDZ-RI basis. Reaction numbers
correspond to those found in table IV in the original work[207]

and Rcps = 2.2X. All reaction energy computations here introduce less than 0.1 kcal /mol.
We find that the largest reaction energy errors comes from reactions 5. (2 p-xylene — [2,2]
paracyclophane + 2 Hy) and 2. (2 2,3-dimethylbut-2-ene — octamethylcyclobutane). These
reactions contain our largest molecules, however the size of the molecule doesn’t seem to
strongly effect the accuracy of the (T) energy. Figure 3.6 shows the absolute energy error
per electron for all the systems in the NWH dataset sorted from smallest to largest number
of virtual orbitals. From this figure, one can see that the size of the systems has little effect
on the magnitude of the absolute per electron energy errors associated with CP. However,

it is obvious that larger molecules tend to have a negative deviation from the exact value,
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Absolute energy error per electron, NWH dataset aVDZ/aVDZ-RI
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Figure 3.6: Absolute energy error per electron (AEgpsoiute, kcal/mol) for the NWH dataset in the aVDZ/aVDZ-RI basis.
Line represents average per electron error.

while smaller molecules have a positive deviation. The relatively high reaction energy error
associated with these large molecule reactions could, thus, be a result of the difference in
signed error of molecules involved in the reactions. For higher accuracy computations, we

suggest increasing the CP3 rank to minimize this signed error problem.

In Figure 3.7 we show the speedup of the rCP-DF-LT CCSD(T) method for the largest 17
molecules in the NWH dataset. These molecules have 18 and more occupied orbitals and
between 206 and 456 unoccupied orbitals which falls in the range of fragment sizes used
in LNO CCSD(T) computations. We see definitive speedup over conventional DF-LT (T)

when the number of unoccupied orbitals exceeds 208 and increased benefits as the number
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Speedup of LT CCSD(T), NWH aVDZ/aVDZ-RI

3.0

2.5

2.0

Speedup
=
wv

1.04

0.5+

0.0-

29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
Sorted Molecule number

Figure 3.7: Speedup of largest 29 molecules in the NWH dataset with a CP rank of X
of unoccupied orbitals grows.

In conclusion, the CP4 approximation, introduced in this work, can be accurately computed
using the DF network in the CP loss function. We have shown that the CP3 and CP4
approximations can be introduced accurately into the LT CCSD(T) method and can be used
to reduce the complexity of the most restrictive terms in this method. We have demonstrated
that both the CP3 and CP4 approximation require a relatively low CP rank (R ~ X) to
achieve sub 0.1 kcal /mol accuracy in relative energies. Furthermore, we have shown that the
cost of (T) can be significantly reduced for medium sized molecules using this rCP-DF-LT

CCSD(T) method.
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3.5 Further Complexity Reduction by Coarse-Graining

In traditional CCSD(T), for the sake of memory, contractions are course-grained over vir-
tual indices. However,Constan’s LT CCSD(T) implementation|78] avoids construction of
the approximate order-6 three-particle amplitude tensor T;{,f by completely expanding the
tensor W and V in Eq. (3.13) and Eq. (3.14). Expansion of Eq. (3.13) and Eq. (3.14) sig-
nificantly reduces the memory requirements of CCSD(T) and, therefore, gives us freedom to
course-grain our computations over either occupied or unoccupied indices. Introduction of
local molecular orbitals (LMOs), as done by Nagy et. al[166, 177, 182, 183], leads naturally
to occupied-index coarse-grain algorithms. Unfortunately, an LMO implementation would
also require the computation of CP decomposed Hamiltonian integral tensors for every lo-
calized occupied orbital, which may make the cost of constructing the CP4 decomposition
prohibitively large. However, it may be reasonable to decompose fragmented two-particle

amplitude tensors. We are currently working on an optimized implementation of this strat-

egy.

3.6 Conclusions

In this work, we present means to reduce the scaling of the canonical polyadic (CP) factor-
ization of higher-order tensors. We do this via the introduction of a representative tensor
network into the CP optimization problem. To demonstrate the abilities of this reduced-

scaling CP factorization, we compute the decomposition of the order-4 Coulomb integral
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tensor using a density fitting (DF) tensor network factorization, denoted as the CP4 approx-
imation. Additionally, we compute the CP factorization of the order-3 DF Coulomb integral
tensors, which we denote the CP3 approximation. Using the CP3 and CP4 approximations,
we reduce the complexity of 9 rate-limiting contractions found in the DF and Laplace-
transformed approximated perturbative triples correction to the coupled cluster with single
and double substitution |[DF-LT CCSD(T)| method. Furthermore, we minimize the error
associated with rank-deficient CP approximations using using a robust tensor network for-
mulation, denoted as rCP. The robust tensor network formulation explicitly removes leading

order error associated with approximating a tensor-network.

The rCP-DF-LT CCSD(T) implementation introduced here is able to reduce the cost of
computing DF-LT CCSD(T) for molecules with 208 and 500 virtual orbitals, on average,
by a factor of about 3.5. Furthermore, we show that CP3 and CP4 ranks necessary to
introduce negligible error in relevant relative energies is roughly the size of the DF fitting
basis, Rcps = 0.75X and Rcps = 2X. In our future work, we plan to integrate these CP
approximations into an orbital localized, fragmented version of DF-LT CCSD(T) to further

reduce the cost of computing accurate energies of large molecular systems.
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Chapter 4

Conclusion and outlook

The goal of this research has been to address some of the major issues associated with in-
troducing the canonical polyadic (CP) decomposition to reduce the computational scaling of
electronic structure methods. In previous studies, relatively large rank CP decompositions
have been necessary to ensure reasonably small error introduction. These high rank de-
compositions made it difficult to see a cost reduction for reasonable sized chemical systems.
We have shown that introduction of the robust tensor network approximation significantly
increases the accuracy of rank-deficient CP approximated tensor networks. This accuracy,
in turn, allows one to use relatively low CP rank decompositions and to reduce the cost of
electronic structure methods. In Chapter 2, our reduced cost coupled cluster method shows

a significant speedup for systems as small as a single water molecule.

It is well understood that optimizing factors of a rank-R CP is a difficult task. In this
work, we found the numerical optimization of order-three and order-four integral tensors to

be a relatively time consuming process. In relatively low scaling methods, like the coupled
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cluster method with single and double substitutions (CCSD), computing optimal CP factor
matrices can significantly reduce the effective speedup. To maximize the benefit of using
the CP approximation we look towards combining the robust network approximation with
grid-based CP initialization. Additionally, we found that, provided a good initial guess, the
CP ALS solver can quickly find accurate CP approximations but it can take many iterations
to converge CP algorithms tightly. Combining the CP ALS solver algorithm with robust,
non-linear optimization methods will allow us to maximize accuracy in the numerical CP

approximations.

Furthermore, we have shown that CP loss functions can be approximated or modified to
reduce the complexity of computing higher-order CP decompositions. We show that one
can reduce the complexity of computing the CP decomposition of order-four, Coulomb inte-
gral tensors from O(N®) to O(N*) by introducing the DF approximation into the CP loss
function. In Chapter 3, we utilize CP Factor matrices of the Coulomb integral tensor found
using this reduced scaling DF approximated CP optimization and in the Laplace transform
(LT) perturbative triple substitution (T') correction to CCSD and introduce negligible errors
into chemically relevant energy differences. We found that the application of order-three
DF approximated integral tensors can be limited, one such instance is pointed out in Sec-
tion 3.2.4, and these limitations can, in some cases, be circumvented using the order-four
CP decomposition of the Coulomb integral tensor. In future work, we hope to use both the
order-three and the order-four CP approximations of the Coulomb integral tensor to reduce
the computational complexity of other methods, such as the coupled cluster method with

single, double and triple substitutions (CCSDT).
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Finally, we recognize the cost reduction in this work is relatively modest. However, we believe
that reduced-cost CP algorithms will be found beneficial in divide-and-conquer reduced-
scaling approaches. The CP decomposition does not depend on electronic sparsity and
can be computed for integral tensors of each fragment without worry of adding unphysical
artifacts. Particularly, we look look forward to introducing CP approximated integral tensors
into the local fragmentation (T) schemes developed by Nagy et al.[166, 177, 182, 183| It is
our hope that this work leads the many avenues of electronic structure methods towards

reduced cost and scaling algorithms via introduction of the CP decomposition.
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Figure 4.1: Mean unsigned (a) and signed (b) errors, respectively, in the CCSD binding energies (kcal/mol) of the S66,/12
dataset, relative to canonical CCSD, induced by the CP-DF, CP-PS or rCP-DF approximations to PPL vs CP rank R (in units
of the fitting basis, X). ALS precision fixed at e = 10~%4. The error bars denote the max/min errors.
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Figure 4.2: Mean unsigned (a) and signed (b) errors, respectively, in the CCSD reaction energies (kcal/mol) of the HJO12
dataset, relative to canonical CCSD, induced by the CP-DF, CP-PS or rCP-DF approximations to PPL vs CP rank R (in units
of the fitting basis, X). ALS precision fixed at ¢ = 107%. The error bars denote the max/min errors.
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(a) Average speedup (Eq. (2.28)) of CCSD with rCP-DF-approximated PPL vs CP rank R (in units of the fitting basis, X) for the S66/12 dataset.
ALS precision fixed at e = 10~%. The error bars denote the max/min speedup.

S66/12, DZ-F12/aVDZ-RI

SO N 00

Speedup
(02}

1X 1.5X 2X 2.5X 3X 3.5X 4X 4.5X 5X
CP Rank

(b) Average speedup (Eq. (2.28)) of CCSD with rCP-DF-approximated PPL vs CP rank R (in units of the fitting basis, X) for the 7 largest
clusters in the S66/12 dataset. ALS precision fixed at € = 10~%. The error bars denote the max/min speedup.
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The algorithm to compute g optimal CP-DF.

99

Algorithm 0: CP-DF optimal g, ¢ factorization

Solve: argmin||Bap, x Bed,x — Bab,y Bea,v |l
Such that Bap,y = 37 Ba,rBb,r7v,r
~ R/
and Beq,y = 22,7 Be ' Ba o/ Yy, pt
Result: B4 Bb,'r' YY,r ﬁc,r' ﬁd,r/ Yy,
initialization:
Provided: R, ecp ;
Set:
Ba,rBb,rvy,r + argmin(||Bap,y — Bap, v II),
écd,Y <~ Bab‘Yx

v+ 1 5 D
&M« ||Bay, x Bea,x — Bab,y Bea,v |l;

while (¢"1! —£™) > € do

// Compute outer index factor update ;
for C™ € {Ba,r,By,r} do

Mgy, y + Bap,x Bea,x Bed,vs

if C" == B4, then
| Vby,r < Bb,r @vy,r; // © indicates Khatri-Rao product

else
‘ Vay,r < Ba,r © vy,r; // © indicates Khatri-Rao product

end

W« VIVv;

cntl « MmvwT; // t indicates inverse
end

// Compute fitting basis factor update

Kab,r < Ba,r © Bo,r;

vy Bcd,YBCTdy ;

Mgp,y < Bap,x Bed,x Bed,v's

W« K'K;

F L Wik TV

// Compute new CP approximation

By c TR A

// Repeat for the other DF factor

// Check the fit of the approximation
571 — £n+1 .
€L« |Bay, x Bed,x — Bab,y Bea, v II;

n+<n—+1;

end
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4.1 Appendix

Accuracy of the quadrature scheme

There exist a number of ways to determine quadrature weights and roots (w, and s,) for
CCSD(T): using least squares,|74-76] the Euler-McLaurin formula (also known as the radial
quadrature scheme in density functional theory [DFT]),[81, 209] the minimax algorithm|210],
and the Gauss-Laguerre and Gauss-Legendre quadrature schemes.|78] Because of its simplic-

ity, in this work we utilize the weights and roots determined via Gauss-Legendre integration.

Using Gauss-Legendre integration one introduces a convenient variable substitution, s =

—%lnx, into Eq. (3.18),

00 1
_piik 1 z]k Dwk 1
/ Dabcsds — ——/ u,bc 1dl’ ~ —— axOé abC (41>
0 B Jo Z

where the parameter [ is defined as the triples gap. From here, the quadrature roots and
weights, s, and w,, are determined using the Gaussian quadrature integration approach.
Using this technique, the accuracy of CCSD(T) is dependent on the number of quadrature

points.

In Constan’s original LT-CCSD(T) publication, researchers studied the energetic accuracy
of a set of small molecules versus the number of quadrature points and found that, to achieve
an accuracy of several pkEy, at least 4 quadrature points were required. For slightly larger

molecules, (Hy0); and (Hy0)g, researchers found only 3 quadrature points were required
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to achieve puFE) accuracy. Unfortunately, Constan’s found that computing LT-CCSD(T) for
(H20)3 with more than 1 quadrature point and (HyO)g with more than 3 quadrature points

took more time than a conventional CCSD(T) computation.

4.1.1 LT CCSD(T) equations

In this section, the indices a,b,c and i, 5,k are, implicitly, transformed via the Laplace
quadrature scheme. Additionally, we split the up the contractions by multiple energy con-

tributions and LT (T) energy is computed per quadrature point, « as

energypy+ = 3.0 *x wq * (2.0 * energy,, + 2.0 * energy,, — 4.0 x energy,,, + energy,_, — energy,_.);

(4.2)

energy,,

This term has an OV?® and an O*V* contraction

energy,,+ = Y (D ko) (5 * (] — 2t])) (4.3)

ebfa ck i
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With DF, the next two terms have an O*V* cost

energy,,+ = Y _ > (Bi' (> By B Z BIX) Zt (4.0t1) — 2.0¢]?) (4.4)
ck

eafb XY

energy,,— = Z Z Z(gggB )BJ* Zt * (4. Otfb 2.0tf;-b) (4.5)

eafb X ck

The next portion has 4 intermediates 2 (G2 and G3) which cost O2V4 and 2 which cost

O(N?) with DF

ef __ eX bX 1 fb
Gl =>"BXY " BVt (4.6)
X bj
G2t =D gijtis (47)
bj
G35 = Zng“tf ! (4.8)
ef _ eX bX , fb
G4l = " BN B, (4.9)
X bj



Karl Martin Pierce Appendix B. 104

These 4 intermediates contribute to the energy as

energy,,+ = Y  G2§1(G2l — 4G3[! — 4G4l +8G1L}) (4.11)
eaif

energy,,+ = Z G4l gale (4.12)
eaif

energy,,+ = »  G314(2G4L + G3[ — 4G1)}) (4.13)
eatf

energy,,+ = Y G2 (4G1)T — 4G4)?) (4.14)
eafi

and cost O(N?).

The next section has 2 intermediate T tensors which each cost O3V? to construct:

T15T =) el + ) et — 4y tentld (4.15)
ak ak ak

T2T = —2uptlt — 2y w42 gl (4.16)
ak ak ak

These intermediates are, then, contracted with coulomb integral tensors. Computing these

contractions has an O?V* cost:

energy,,+ = Z Tl;lf Z g,ffgg’ (4.17)
efji be

energy,,+ = Y T2 " gitg)f (4.18)
efji be

This is the final portion of energy,, only costs O(N?), containing 2 OV* and 20%V? con-
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tractions.

energy,,+ = > (Y gitape) (4 Y tith — 2y )

ef cbk ija ija
b
energy,,+ = > (O giigl) (=2 el 4> " wenld)
ef cbk tja tja

energyoo

The first contributions to energy,, have a cost of V20?3

cjk abi abi
energy,,+ = Z g gom (=2 Zt Prob 4 Zt Peba
cjk abi abi

The next contributions have a cost of O*V? and O°V:

energy,,+ = » ()t t)(4 Z g g+ Z giw g —4.0 Z g 95

mijn  bc

CNETEY oo+ = SUMimijn Z e 1) (2 Z 95w g — 2.0 Z TG =2 Z FomGin)

105

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

In the next section 4 intermediates are constructed 2, T'1 and T2 are constructed in O(N?)
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time using DF while the other 2 cost O*V2.

T =Y " BXN(> e BYY)

X by
T2t =3 BX(Y B
X bj
T3 = g
bj
T4 = 1597,
bj

These four intermediates contribute to energy,, using the following equations

energy,,+ = »  T470 (8T + T4 — AT3]')

main

energy,,+ = T30 (2720 + T30 — AT1])

main

energy,,+ = Z T120(4T10)

main

energy,,+ = »_ T200 (272" — 4T47" — AT17")

main

The final contribution to energy,, has a scaling of O*V?

energy, o+ = () gl g (O Attt — .05 the + tis the)

mabn  jk

energy,,+ = > (> gl ) =2ttt + 2450 th — 249 1he)

mabn  jk

106

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)
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energy.,,

First, energy,, has two terms which have a cost of O?V*

energy, .+ = — Z te Z Z teb 2.0g5 — 931)

abkl ec
energy,,+ = > £y gt Zteb g5 — 295)
abkl ec

and a third term whose cost is reduced from O?V* to O3V? using DF

energy,.,+ = Z B Z BX )(Z tr(2. Ogi — 95)

Xec i
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(4.35)

(4.36)

(4.37)

The next portion requires the construction of four intermediates which cost OV to compute

T, = >t
bj

ei eb ba

T3, = Z s
bj

: byab
T = Z tijtin

bj

(4.38)

(4.39)

(4.40)

(4.41)
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These intermediates contribute to energy,, in the following way

energy,+ = S 3(3. BX(S B gl T1E, (4.42)

eian X bj

energy,,+ = Y (> _ gitg) (115, + AT28, — 2T3%, — 2T4%) (4.43)
eian  bj

energy o+ =y (Z B;X Z Gy BYO)) + QB Bngm)> (T35, + T4, — 2715, — 2T2)
eian X bj

(4.44)

Two of these energy contributions cost N° using DF and one costs O3V?

For the next portion, again four intermediates are constructed, two of these intermediates

cost N using the DF approximation and the other two cost O3V3

GT1S, =Y BX(O tiB) (4.45)
X ak

GT2, =Y BX(O B (4.46)
X ak

GT3%, = Zt;gggf (4.47)

GT4S, = Zt;jg;’; (4.48)

These intermediates contribute to energy,, using the following two equations and cost O3V3:

energy,,+ = » (AGT1S, + GTAS, — 2GT35, — 2GT25) >~ gehte) (4.49)
eijn be
energy,,+ = » (GT25, + GT3, — 2GT4S, — 2GT15,) > gidtle. (4.50)

eijn
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The final contribution to energy,, has a cost of N®

energy,,+ = » (Y gatie) (O Atsrgs — 2109 (4.51)

en  bck aij
energy,,+ = Y (Y girtin) (O =2t gl + g (4.52)
en  bck aij

energy,

Here we construct 3 intermediates, 2 which cost O*V? and one that is reduced to O(N?)

using DF

GTUg =" gty (4.53)

GT2 => BX(>_ Btf) (4.54)
X at

GT3e =" gictls (4.55)

ai

contributions to energy, . are computed using the following equations and cost O(N?)

energy,_,+ = Z t2(2 Z GTlfgggf (4.56)
bk fej
energy, .+ = Z th(—4 Z GTlf,‘;géb (4.57)
fei
energy, .+ = th —4) " GT2gl) (4.58)
cfj
energy, ,+ = Ztk Z GTS;,jggf (4.59)

kb fej
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Next, there is a contribution to energy,_, which costs O3V?

energy, .+ =Y (> gl Zt“ 261 — 4t (4.60)

ijkf be

The next portion contains two terms both which have an O®*V? contraction, a contraction

reduced to O(N®) using DF and an additional O(N®) contraction

energy, .+ =Y () BN B (8tl — 4tf)) Z gt (4.61)
ck

aijf X
energy,_ .+ = Z(Z Qg,‘jftjg +2 Z Bf‘X(Z ngtfc Z gf;bt;’ (4.62)
aijf ck X ck

The final portion of energy, . are three terms which cost O(N?)

energy, .+ =Y (D gl(8gr —4gi) (> _tht9) (4.63)

fi  bck aj

energy, o+ =Y (> g (208 — thf‘ t) (4.64)
fi  bck

energyy—s+ = Z Zg“b 2tﬂ’ — tfb Z t¢(4g7¢ — 2¢7%) (4.65)
fa  bij ck
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energy, s

The following contributions all have a computational cost of O(N®)

energy, .+ = Z (th (8 Zt“g]“fl (4.66)

in

energy,_,+ = Z (b (2 Zt“gm (4.67)

in

energy, .+ = Z(Z gjgg;fl Z th(8thr — 450 (4.68)

na cjk

energy, .+ = Z(Z gorgin) Z th (210 — 4¢be) (4.69)

na cjk

The next portions creates two intermediates: 1 costs O*V? to compute and the the other is

reduced to O(N°®) using DF

9918, = > ghghh (4.70)
bk
9925, = Z BiX Z By g, (4.71)

These intermediates contribute to the energy as follows

energy, + = Y (8992, + 29915, — Z B Z BY¥ ghe)( Z ) (4.72)

ijan

energy, + = Z(—élggf — 499, Z t5tin) (4.73)

ijan
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The next contribution has a cost of O*V?2

energy, ,+=—4x Y (> _ gt Z ) (4.74)

ijkn ab

Of the final contributions to energy,_, one has a cost of O*V3, one has a cost of O*V? and

one has a cost reduced to O(N?) using the DF approximation

energy,_ + = Z 2.0 % Z gorthe) Z th gk (4.75)

abin
energy, o+ =Y (> BIN(D B2tk —4t5)) (O tigi) (4.76)
abin X cj k

energy, .+ = (S 0 (S aii) (4.77)
ab

ign
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