Downloaded 06/22/22 to 59.38.32.6 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

SIAM J. Sc1. COMPUT. © 2022 Society for Industrial and Applied Mathematics
Vol. 44, No. 3, pp. B723-B745

AN ORTHOGONALIZATION-FREE PARALLELIZABLE
FRAMEWORK FOR ALL-ELECTRON CALCULATIONS IN
DENSITY FUNCTIONAL THEORY™

BIN GAO', GUANGHUI HU*, YANG KUANG!, AND XIN LIUY

Abstract. All-electron calculations play an important role in density functional theory, in which
improving computational efficiency is one of the most needed and challenging tasks. In the model for-
mulations, both the nonlinear eigenvalue problem and the total energy minimization problem pursue
orthogonal solutions. Most existing algorithms for solving these two models invoke orthogonalization
process either explicitly or implicitly in each iteration. Their efficiency suffers from this process in
view of its cubic complexity and low parallel scalability in terms of the number of electrons for large
scale systems. To break through this bottleneck, we propose an orthogonalization-free algorithm
framework based on the total energy minimization problem. It is shown that the desired orthog-
onality can be gradually achieved without invoking orthogonalization in each iteration. Moreover,
this framework fully consists of BLAS operations and thus can be naturally parallelized. The global
convergence of the proposed algorithm is established. We also present a preconditioning technique
which can dramatically accelerate the convergence of the algorithm. The numerical experiments on
all-electron calculations show the effectiveness and high scalability of the proposed algorithm.
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1. Introduction. We aim to find the ground state solution of a molecular sys-
tem from all-electron calculations. In view of Kohn—Sham density functional theory
(KSDFT) [31], this can be achieved by solving the lowest p eigenpairs of the Kohn—
Sham equation:
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where H is the Hamiltonian operator, ¥ (r) is the Ith wavefunction (eigenfunction), &;
refers to the corresponding eigenenergy, and p denotes the number of occupied orbitals.
In this paper, we consider closed-shell systems in which there are two electrons in
each occupied orbital. Alternatively, the ground state solution can be obtained by
minimizing the total energy with orthogonality constraints [43]:

Hll}Il EKS (W)

(12) s.t. (U, W) =1,

where ¥ = (¢1,%2,...,1,), Exs denotes the Kohn-Sham total energy, (-,-) stands
for the inner product, and I, denotes the p x p identity matrix. For notation brevity,
we drop the subscript and let I = I,,. The detailed expressions of the Hamiltonian
operator and the Kohn—Sham total energy will be introduced in the next section.

1.1. Literature review and challenges. In electronic structure calculations,
the pseudopotential approaches have proven to be successful in predicting electrical,
magnetic, and chemical properties for a wide range of materials [45]. However, the
pseudopotentials can hardly construct the transition metals accurately [34] and tend
to mispredict the material properties under extreme environment [54], though modern
optimized norm-conserving Vanderbilt and projector augmented wave potential for-
mulations have enabled accurate and efficient calculations for the whole of the periodic
table over a wide range of external conditions, e.g., [25, 56]. As a result, all-electron
calculations which treat the Coulomb external potential exactly are in demand.

One of the most challenging aspects in all-electron calculations is the computa-
tional efficiency, which is usually dominated by two factors: the singularities arising
from the Coulomb external potential and the orthogonality constraints of the wave-
functions.

To handle the singularities, the numerical discretization is generally required to
be well designed in such a manner that it is able to capture the sharp variations of
the orbitals and meanwhile describe the results on the regions where the orbitals vary
slightly with the least effort. Various discretization schemes have been proposed for
all-electron calculations, for example, the finite difference method [12], the atomic
basis set method [2], the finite element method [53, 51, 6], etc. Specifically, the
finite element discretization, which has a local basis and allows a spatially adaptive
resolution, has received a lot of attention in recent decades including the h-adaptive
finite element method [9, 3, 4, 10, 14], the p-adaptive finite element method [47, 41, 38],
the enriched finite element method [28, 46], and the FE method with a priori designed
mesh [33, 50, 32]. Remark that the state-of-the-art all-electron calculations using a
finite element basis are able to solve large systems containing more than 8000 electrons;
see, e.g., [28, 40, 46]. In this work, we follow the finite element method presented in
[32] to handle the singularities.

When the quantum system is large, all-electron calculations become expensive
[35]. In particular, keeping the orthogonality of the orbitals becomes the bottleneck
in most existing algorithms. The self-consistent field (SCF) method and its variants
[31, 29] are commonly used to solve the Kohn—Sham equation (1.1). The SCF methods
with different charge mixing schemes, for example, Pulay mixing and the Anderson
mixing, have been shown to be robust and have been efficiently implemented in many
widely used packages, e.g., [52, 40, 49, 15, 23, 22, 24, 17, 48, 36, 37, 55]. In addi-
tion to the SCF approaches, there are optimization methods based on solving the
total energy minimization problem (1.2) directly. However, as the eigensolver in the
SCF methods, most of the optimization methods, such as QR retraction [57] and
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F1a. 1. Flowchart of the framework for ground state calculations.

multipliers correction framework [18], carry out an orthogonal update that preserves
the orthogonality of the orbitals. Namely, a certain orthogonalization process such
as the Cholesky-based Gram—Schmidt method [20] is invoked in each iteration. Note
that the orthogonalization process costs at least O(p?) per iteration. Hence, these
methods may be not competent in solving large quantum systems due to this cubic
complexity and the low scalability of any orthogonalization process.

Several algorithms have been exploited to avoid the orthogonalization. Linear
scaling methods [8, 35] build the solutions by direct minimization of unconstrained
variational formulations. Recently, an unconstrained optimization algorithm based on
the augmented Lagrangian method has been proposed in [19]. Here, “unconstrained”
indicates that the iterate is not required to satisfy the constraints in each iteration.
The orthogonality can be guaranteed at any cluster point of the iteration sequence.
Another favored property of this algorithm is that it is not sensitive to the choices
of initial guess and parameters, which makes it robust. Moreover, it is illustrated
both theoretically and numerically that this algorithm does not highly rely on any
prior knowledge of the studied system. All the calculations in the algorithm fully
consist of BLAS operations. Thus it can be naturally parallelized. In view of these
features, a parallelizable framework based on this unconstrained minimization method
for all-electron calculations is proposed.

1.2. Contribution. In this paper, we provide an algorithm framework for all-
electron calculations in the density functional theory. The framework consists of four
parts shown in Figure 1, i.e., the preprocessing part for configuring the problem, the
discretization part for numerically discretizing the continuous problem, the solving
part for obtaining the solutions of the discretized system, and the postprocessing part
for transforming the numerical solutions for further applications.

The efficiency of all-electron calculations benefits from the following aspects of the
proposed framework in Figure 1: (i) a quality finite element space is designed for the
given electronic structure based on the a priori analysis; (ii) an orthogonalization-free
method is proposed and analyzed for the discretized minimization problem; (iii) high
scalability is successfully demonstrated by numerical examples.

More specifically, in preparation of the tetrahedron mesh, the decay of the external
potential is studied with the linear interpolation theory in [26, 50, 32], and a strategy
on generating radial mesh for optimally capturing such decay is designed for a given
electronic structure. It is noted that a quality finite element space would be built
based on the radial mesh, and the efficiency of the algorithm would benefit from the
sparsity of the discretized system and the mature and robust solvers for the sparse
system such as the algebraic multigrid method.

The new method for the discretized optimization problem (1.2) is proposed by
extending the parallelizable columnwise augmented Lagrangian (PCAL) method [19]
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from the following two aspects. First, the PCAL is revised to handle the minimization
problem with general orthogonality constraints, X " BX = I, rather than the standard
ones, XX = I. The global convergence of the new method is established theoret-
ically. Second, a preconditioning strategy is proposed for the class of the PCAL
methods, and a specific preconditioner is designed for all-electron calculations, which
dramatically accelerates the convergence in the simulations.

As an attractive feature of the proposed algorithm, the robustness is successfully
shown by a variety of numerical experiments, i.e., a random initial guess works for all
numerical experiments in this paper, and the numerical convergence of the algorithm
is not sensitive to the selection of the parameters. Finally, the high scalability of the
algorithm is demonstrated by the numerical examples, which obviously indicates the
potential of our algorithm for large scale systems.

1.3. Notation and organization. SRP*? := {§ € RP*P | ST = S} refers to
the set of p x p real symmetric matrices. omin(A) denotes the smallest singular value
of given real matrix A. Diag(v) € SR™™" denotes a diagonal matrix with all entries
of v € R™ in its diagonal, and diag(A) € R™ extracts the diagonal entries of matrix
A € R™*". For convenience, ©(M) := Diag(diag(M)) represents the diagonal matrix
with the diagonal entries of square matrix M in its diagonal. sym(A) := 1(A+ AT)
stands for the average of a square matrix and its transpose.

The organization of this paper is as follows. The KSDFT and its discretization
are presented in section 2. In section 3, we present the algorithm and its convergence
results. The implementation details of the proposed framework are described in sec-
tion 4, and the numerical experiments are reported in section 5. In the end, we draw
a brief conclusion.

2. Finite element discretization for KSDFT. In this section, we introduce
the detailed formulations for KSDFT and the discretization part as illustrated in
Figure 1.

2.1. KSDFT. We consider a molecular system in R> consisting of M nuclei of
charges 71, ..., Zy locating at the positions Ry, ..., Ry and 2p electrons in the non-
relativistic setting. The atomic unit is adopted in this work. Thus the Hamiltonian
operator H in the Kohn-Sham equation (1.1) can be written as

(2.1) H= —%VQ+Vext(r)+VHar([p];r)+ch([p];r),

where the notation V([p];r) implies that V' is a functional of the electron density
p(r) =37, |[tu(r)|?. The first term —V?/2 in H is the kinetic operator. The second
term in H describes the Coulomb external potential due to the nuclei which takes the
form

— E J
(22) %Xt(r) - j=1 ‘T — Rj| .

The third term is the Hartree potential describing the Coulomb repulsion among the
electrons:

(2.3) Vitar (0] ) = / )y

s [T — 1| .

The last term V.. stands for the exchange-correlation potential, which is caused by
the Pauli exclusion principle and other nonclassical Coulomb interactions. Note that

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/22/22 to 59.38.32.6 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

ORTHOGONALIZATION-FREE FRAMEWORK FOR KSDFT B727

the analytical expression for the exchange-correlation term is unknown, and therefore
an approximation is needed. Specifically, the local density approximation from the
library Libxc [39] is adopted in this work.

The total energy of the given quantum system consists of several parts:

(2'4) EKS = Ekinetic + Eext + EHar + Exc + EnuCa

where Flyinetic is the kinetic energy and Fext, Fuar, Fxc, and Eyny, are the potential
energies induced by Voxt, Virar, Ve, and the nucleus-nucleus potential, respectively.
Denoting the exchange-correlation energy per particle by €x.(p), Vic is the functional
derivative of ex.(p) with respect to p, i.e., Vi = dexc(p)/dp. As a result, it follows
that

1< 1
Bicnetic = 5 ) / VP, Eeq = / Vextp(r)dr,  Euar = 5 / Vitarp(r)dr,
1=1 /R R R

7,7
nuc Z Z |R Rk ‘

J=1k=j+1

EXC

I
%\
w

)

%

[e]

e

A

v

Note that FEyyc is a constant for the given system.

The ground state of the given system can be obtained from solving either the
Kohn—Sher equation (1.1) or the total energy minimization problem (1.2). In order to
numerically solve the continuous problem, we consider the finite element discretiza-
tion.

2.2. Finite element discretization. In practical simulations, a bounded poly-
hedral domain Q C R3 serves as the computational domain. Thus the variational
form of the Kohn-Sham equation (1.1) on Q can be formulated as follows: Find
(ei, 1) € R x HY(Q),1=1,2,...,p, such that

/Q@ﬁd)zdrzsl/ﬂwlcpdr Yo € H} (),
(2.5)

[ e =bu, U =120,
Q

where H} (Q) = {p € HY(Q) : plaq = 0} and H(Q) is a standard Sobolev space.

To build a high quality finite element space to approximate the solution of (2.5)
in all-electron calculations, the singularities stemming from the Coulomb potential in
(2.2) should be prudently treated. In this work, we adopt a radial mesh generation
strategy to resolve the difficulty brought by the singularities; see subsection 4.2 for
details.

Assume that the linear finite element space Vi, C H} () is constructed on the
bounded domain 2 partitioned by 7 = {Tx, K = 1,2, ..., Nglc }, where N, represents
the total number of elements of 7. Several commonly used notations in V}, are defined
here. The basis functions are denoted by ¢;, ¢ = 1,...,n, where n is the dimension
of Vj, and the set of basis functions is denoted by N = (¢1,...,9,)". We construct
the matrix of basis function B with B; ; = ¢;¢; then the symmetric mass matrix B €
SR™ "™ can be obtained from B; ; = fQ B; jdr. Furthermore, a sequence of matrices
{Guy € SR™ ", 1 =1,...,n} with the entries (G(;))i; = [, Bijeidr are introduced.
The discretized Laplacian L € SR™*" on V}, is defined as L; ; = fQ Vj - Vdr.
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On the finite element space V},, the discretized variation form of (2.5) becomes
the following: Find (e',4)') € R x V3, I =1,2,...,p, such that

-/Qcpﬁwlhdr :El/ﬂwlhgodr Yo € Vy,
(2.6)

/d’zh?/)l}de:&l/, '=1,2,...,p.
Q

We express the /th wavefunction as ¢! = 3" | X; 10; = X;' N/, where X € R"*? and
X, stands for the ith degree of freedom of ¢lh. Then the electron density can be
rewritten as

plr) =Y (X, M)(XN) =) X BX; = tr(X BX).

=1 =1

Note that the Hartree potential Vi, in (2.3) is also the solution to the Poisson
equation —V?Vjza, = 4mp(r). We denote the discretized Hartree potential by U(X) €
R" such that Vi, = U(X)TA. After the finite element discretization on the Poisson
equation, U is calculated from the linear system LU(X) = 4x(tr(X G X),...,
tr(X TG(n)X ))". In practical simulations, this linear system is solved by an efficient
algebraic multigrid method [11].

Due to the arbitrariness of ¢ in (2.6), we can choose ¢ = ;,i =1,...,n. In view
of the above expressions, finding the solution of the discretized variational form (2.6)
turns into solving the generalized nonlinear eigenvalue problem:

H(X)X = BXE,
(2.7)
XTBX =1,
where E = Diag(e, ..., el) and H(X) € SR™*" is the discretized Hamiltonian matrix

which can be formulated from (2.1) as
(2.8) H(X) = DL+ Mot + Mitas (X) + Mse(X).
The matrices Meoxt, Mpar(X), Mxc(X) € R™*™ are defined as
(Mext)ij = /QVeXtBi,jdr, (Muar)ij = /QVHarBz',de, (Mye)ij = /Q Ve B jdr.

We now represent the total energy (2.4) in the discretized form:
1§ 1 ¢ T T 1 T
Fhinetic(X) = = Z Vi - Vidr = = Z X, VN - X' VNdr = —tr(X"LX),
25 e 25 e 2
Eoxi(X) = / Vextp(r)dr = / Vexttr(X T BX)dr = tr(X " Mo X),
Q Q
1 1 1
Frar(X) = = | Viap(r)dr = = | Vigatr(X T BX)dr = 5tr(XTMHM(X)X),
Q Q

2 2
Fyo(X) = / excp(r)dr = / xett( X TBX)dr = tr(X T Moy (X)X),
Q Q
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where the matrix Mey.(X) in the last formula is defined as (Mexc)i,j = [, €xeBi,jdr.
Thus the discretized form of the minimization problem (1.2) is assembled as

min Exs (X) = Ekinetic (X) + Eext (X) + EHar (X) + EXC(X) + Phue
(2.9)  xeRoo
st.  X'BX=1I,

The generalized orthogonality constraints in (2.9) are known as the generalized Stiefel
manifold [1], denoted by SZ, := {X € R"*? : XTBX = I,,}. Note that the gradient
of Fxg(X) satisfies VEks(X) = 2H (X)X, while we scale it as VEkg(X) = H(X)X
to be consistent with the convention.

3. Parallelizable algorithms. In this section, we concentrate on the solving
part in Figure 1. Namely, the discretized total energy minimization problem (2.9) is
considered. We first state its optimality condition. Then a one-step gradient-descent
update is proposed for solving (2.9), and its global convergence result is established.
We also develop an upgraded algorithm based on the columnwise block minimization
with preconditioning.

The discretized total energy minimization problem (2.9) is a nonconvex con-
strained optimization problem due to the orthogonality constraints. We state its
first-order optimality condition as follows.

DEFINITION 3.1. Given X € R™*P, we call X a first-order stationary point of
(2.9) if the following condition

v

(3.1) { tr(Z "V Eks(X))

0,
XTBX I,
holds for any Z € Tse (X), where Tsp (X) :={Z € R™*": Z"BX +X"BZ =0}

is the tangent space of Sf,p at X.

Following from [18, Lemma 2.2], it can be proved that the condition (3.1) is
equivalent to

(I, - BXXT)VEks(X) = 0,
(3.2) XTVEks(X) = VEks(X)TX,
X"BX = I,

In fact, the second equality of (3.2) is automatically satisfied since VEkg(X) =
H(X)X and the Hamiltonian H(X) is symmetric. Moreover, the condition (3.2)
can be further reformulated as

VEks(X) = BXA,
(3.3) { XTBX = I,

where the symmetric matrix A € SR”*? can be regarded as the Lagrangian multipliers
of the generalized orthogonality constraints. Multiplying the first equation from the
left by X T, it follows that A is given by the closed-form expression at any first-order
stationary point:

(3.4) A=X"VExs(X)=X"H(X)X.

3.1. Main iteration: One-step gradient-descent update. The unconstrain-
ed method proposed in [19] has been proven to be efficient for solving large scale
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orthogonality constrained optimization problems. Briefly, the iterates are not required
to be orthogonal. Meanwhile, the feasibility! violation, defined by || X' BX — I||p,
gradually decreases to zero until the method converges. This type of method enables
us to get rid of the unscalable computation for preserving constraints. In addition,
it provides an opportunity to employ the multicore machines and thus gain better
scalability from parallel computing.

The algorithm in [19] originally aims to solve the problem with orthogonality
constraints (XX = I), and in this subsection, we extend it to the general case
(XTBX = I) which is not a trivial task. The skeleton of this algorithm is based on
the augmented Lagrangian method (ALM) [42]. Let X* be the current iterate; the
classical ALM has two major steps in each iteration:

(1) Update the Lagrangian multipliers A¥.

(2) Minimize the ALM subproblem to obtain X*+1,

(3.5)

. 1 I5) 2
Juin La(X, AF) i= Bis(X) = 5 (A X TBX — L) + 7 [ XTBX — L,

where L£5(X, A¥) defines the augmented Lagrangian function of problem (2.9)
and 8 > 0 is the penalty parameter.
This framework avoids being confronted with the generalized orthogonality constraints.
Next, we discuss how to update these two steps efficiently.
For step (1), in view of the fact (3.4), we suggest the following update of La-
grangian multipliers:

(3.6) AF = XFTH(XF) XE,

Because of the symmetry of the Hamiltonian H(X*), the above update provides
symmetric multipliers A*, which allows us to waive the symmetrization step in [19].

On the other side, the ALM subproblem in step (2) is an unconstrained optimiza-
tion problem, and various methods can be applied to derive different updates. Instead
of solving the subproblem to a certain preset precision, our strategy is to provide an
approximate solution by an explicit formulation. We first introduce a proximal lin-
earized approximation [7] to substitute the augmented Lagrangian function in (3.5).
Specifically, we consider the subproblem

. 7 2
(3.7 oin (VxLp(X® AF), X — X*) + Ek | x —X’fHF.

The parameter 7, measures the dominance of the proximal term. The solution of this
quadratic subproblem is expressed by an explicit form:
1
Xk+1 _ Xk _ *VX;C,@(XIC,A]C)
Nk
1
(3.8) =xF_ — (H(Xk)Xk — BX*X*H(X*)X* + BXF(X* BXY — Ip)) :
Nk

where the last step is owing to the update formula (3.6). It implies that this modified
ALM update is nothing but a vanilla gradient-descent step, and 1/n specifies the
stepsize.

IThe word “feasibility” is often used in constrained optimization; see [42]. Here, it means “or-
thogonality.”
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Now we turn back to the solving part in Figure 1. By using the one-step gradient-
descent update (3.8) in the main iteration, we fulfill a solving part for KSDFT. The
complete algorithm is described in Algorithm 1.

Algorithm 1: Proximal linearized augmented Lagrangian algorithm
(PLAM)

1 Input: discretization with n € N and B € SR™*"; tolerance € > 0; initial
guess X9 € R"¥P; Set k := 0.
2 while H(In - BXkaT)H(Xk)XkH n H)(’ﬁa)('c - IPH > ¢ do
F F

3 Compute the Hamiltonian H(X*) by (2.8).

4 | Update the variable X**! by (3.8).

5 Update the parameters 1 and 3; Set k := k + 1.
6 Output: XF*.

Once the preprocessing and discretization are finished, the number of degrees
of freedom n and the matrix B are fixed. Meanwhile, the initial guess X° can be
generated by any popular strategy in KSDFT. In view of the condition (3.2), we
notice that line 2 (the stopping criteria) in Algorithm 1 is sufficient to check the first-
order optimality. Lines 3—5 are the main iterations in Figure 1. Since the evaluation
of the stopping criterion in line 2 is involved in (3.8), it is a byproduct of lines 3—4
and thus does not require additional costs except for F-norm calculations. In practice,
the BLAS3 operations X " H(X)X and X " BX in (3.8) can be efficiently computed
since B and H are sparse. The gradient-descent update in line 4 is also the BLLAS3
operation. As a result, those calculations in KSDFT can be well assembled in a
parallel way. The choices of parameters will be discussed in subsection 4.4. To sum
up, the algorithm PLAM can be conveniently implemented since there is no matrix
decomposition or eigensolver. It completely consists of BLAS operations. Therefore,
the algorithm PLAM is open to be parallelized. Note that the SCF method can also
be described by the framework Figure 1, and the only distinction between SCF and
PLAM is the main iteration. Specifically, SCF replaces lines 4-5 with solving a linear
eigenvalue problem from (2.7), and in practice one or at most a few iterations in the
eigensolver are enough to get to the next SCF iteration [40].

3.2. Convergence analysis. The global convergence of the plain PLAM for
orthogonality constraints (X " X = I) has been studied in [19]. Next, we consider the
generalized case, i.e., X T BX = I. It can be proved that the existing results are still
applicable for Algorithm 1.

A natural idea to investigate the generalized orthogonality constraints is trans-
forming it into the standard case. Since B is symmetric positive definite, there exists a
symmetric positive definite matrix G' € R™*" satisfying B = G2. By taking Y = GX,
problem (2.9) is equivalent to

: — -1
(3.9) Jain - g(Y) = Exs(GTY)
s.t. Y'Y =1,

Thus the augmented Lagrangian function of (3.9) is defined as

&
=
=
2
[

15 B
9(¥) = SR YTY ~ L)+ ZIYTY - Ll
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The next lemma shows that the transform Y = GX does not change the stationary
points of problems.

LEMMA 3.2. (i) X* is a first-order stationary point of problem (2.9) if and only
if Y* = GX* is also a first-order stationary point of problem (3.9).

(il) X* is a first-order stationary point of ALM subproblem minx cgnxr Lg(X, A*)
with A* = sym(V Exs(X*)T X*) if and only if Y* = GX* is also a first-order station-
ary point of ALM subproblem miny cgnx»p ENB(K 1~\*) with A* = sym(Vg(Y*)TY™).

Proof. (i) Let Y* = GX*; it can be verified that

(I, = Y*Y*")\Vg(Y*) = G (I, — BX*X*")VEks(X™),
Vg(Y*)'Y* = VEks(X*) " X*,
VY* — I, = X*"BX* — I,
Together with (3.2), we can conclude that problems (2.9) and (3.9) share the same

first-order stationary points.
(ii) Let Y* = GX*. Similarly, it can be verified that

A* = sym(Vg(Y*)TY*) = sym(VEKS(X*)TX*) = A",
VyLs(Y* A*) = GV Ls(X*, A¥).

These equalities lead to the desired equivalence. 0

In view of Lemma 3.2 and letting Y = GX, the algorithm for problem (2.9) can
be translated into an adaptation for (3.9). Next, we consider using PLAM to solve
problem (3.9). Recall that there are two major steps in the construction of PLAM:

(1) For the multiplier update, we continue with the explicit update (3.6), i.e.,

AF = sym(Vg(YF)TYH).
(2) We construct the subproblem with respect to Y,

. v Ak k Nk k(|2
(310)  min (VyLp(V A Y -YF) 4+ By - vH|L
where the inner product is defined as (Y,Y) , := tr(Y T BY).

Indeed, this subproblem has the closed-form solution

1 - -
yhH —yk %B Vy Ls(Y, A")

(311)  =vk— niB (Vg(Yk) —YRB(Vg(YR)TYR) + gy E(vR R - Jp)) .
k

Using Y = GX and the expression of A* it follows that the X-update (3.8) can
be exactly recovered from (3.11). In other words, the algorithm PLAM for the X-
problem (2.9) is proved to be equivalent to its adaptation for the Y-problem (3.9).
Whereas the proximal linearized approximation in (3.10) differs from what we used
in [19], the sketch of the convergence analysis is nearly the same. Therefore, the
convergence results for PLAM can be accordingly migrated from [19].

Finally, we present the global convergence of PLAM without proofs. Interested
readers are referred to [19] for a comprehensive understanding, such as the worst-case
complexity and local convergence rate.
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Assumption 3.3. Fxgs(X) is twice differentiable.

Assumption 3.4. For a given X° € R™* P, we say it is a qualified initial guess if
there exists g € (0, 1) such that

.
Omin(X%) >0,  0<[|[X° BX°—I|[p <1-0%

THEOREM 3.5. Let {X*} be the iterate sequence generated by Algorithm 1 ini-
tialized from X° satisfying Assumption 3.3 and Assumption 3.4. Suppose that the
parameters 3 and ny, (k =1,...) are sufficiently large and, in particular, the sequence
{nk} is upper bounded. Then the sequence {X*} has at least one cluster point, any of
which is a first-order stationary point of problem (2.9).

3.3. An upgraded version of PLAM. According to the numerical reports
in [19], the plain PLAM performs well in most problems, whereas its behavior is
sensitive to the parameters 5 and 7. In practice, it is always troublesome to tune
these parameters as PLAM performs identically on different problems. Even worse,
we cannot guarantee the boundedness of iterate sequences without restrictions on
parameters.

Consequently, [19] suggests a columnwise block minimization for PLAM to over-
come these limitations. In light of its motivation, we similarly impose the redundant
columnwise constraints on the subproblem (3.7) and obtain the subproblem:

o R (TGN X X 4
s. t. Diag(X "'BX) =1I.

Notice that the subproblem (3.12) is columnwise separable. Thus, for the ith column
(i=1,...,p), we can construct a subproblem with an extra constraint as follows:

. 2
61 min VaLa(X, AT (e X 4 [l X
s. t. z'Bx =1,

where X; denotes the ith column of X. The redundant constraint is for restricting
the iterate sequence to a compact set and hence making it bounded. The subproblem
(3.13) has the closed-form solution

sz - n%in[’ﬁ(Xka Ak)

(3.14) Xt = — —
HXi = e Vx, Lg(XF, A )HB
where ||z]|z = V2T Bz is a norm for any symmetric positive definite matrix B.

Accordingly, the Lagrangian multipliers of X* can be similarly developed based on
the new subproblem (3.12). Specifically, we construct an update for the Lagrangian
multipliers as follows:

(3.15) A= X HX T xR 1o (XkTVXLB(Xk, X’“TH(X’f)TX’f)) :
where ©(-) = Diag(diag(-)). In view of these formulations, an upgraded version of
PLAM is listed in Algorithm 2 and called PCAL.

Note that the update (3.15) for Lagrangian multipliers in PCAL is different from
(3.6) in PLAM. When the redundant constraints, | X;|l; =1 (¢ = 1,...,p), are
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Algorithm 2: Parallelizable columnwise block minimization for PLAM
(PCAL)

1 Input: triangulation with n € N and B € SR™*"; tolerance € > 0; initial
guess X% € SB . Set k:=0.

n,p?

2 while H(In - BXkaT)H(Xk)XkHF + HX’fTBXk ~ 15| >edo
3 Compute the Hamiltonian H(X*) by (2.8).

4 Compute the Lagrangian multipliers by (3.15).

5 fori=1,...,pdo

6 L Update X by (3.14).

7 | Update XF+! = [XH! . Xk+1],

8 Update the parameters 7, and ; Set k := k + 1.

©

Output: X*.

imposed, the corresponding optimality condition changes simultaneously. Specifically,
problem (2.9) with redundant constraints has the first-order optimality condition as
follows:

(3.16) { VFks(X) = BXA+ BXD,

XTBX = I,

The matrix D € RP*P is diagonal and denotes the multipliers for extra constraints.
Following a similar derivation of (3.3), it can be verified that A in (3.16) achieves
the closed-form expression (3.15) at any first-order stationary point. Notice that the
main calculation of PCAL is a sequence of gradient-descent steps with normalization.
These for-loop computations are independent and hence can be executed in a parallel
fashion. To sum up, the upgraded version of PLAM still enjoys the benefit of parallel
computing.

In scientific computing, preconditioning is typically used to accelerate iterative
algorithms. In [4], a preconditioner for the eigenvalue problem of SCF iteration has
been proposed. It has the form of T = %L — AB, where %L is the discretized kinetic
operator defined in (2.9) and A is an approximated eigenvalue. In view of the optimal-
ity condition (3.3), the update of Lagrangian multipliers (3.6) in PLAM can be viewed

N . T
as the approximation of the eigenvalues. Thus, we choose A% = (X*  H(X¥)X*);; to
construct a preconditioner for the proposed algorithm:

(3.17) fori=1,...,p.

Tk _ iL-AEB if AF <O,

(@) 1 otherwise
Consequently, the one-step gradient-descent update (3.8) in PLAM is preconditioned
as

-1
Xt =xt- (78)  VxLa(X,AF) fori=1,....p,
where the preconditioned gradient can be assembled by solving p linear systems. In
practice, we can use the algebraic multigrid method [11] to solve the linear systems,
and we find that 5 or fewer iteration steps are enough to obtain a quality precondi-
tioner. As a result, the cost of the preconditioning process contributes only a small
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Fic. 2. The performance of the preconditioner (3.17) for a helium (He) atom example with
n=1606,p = 1.

part to the total cost of the algorithm. Nevertheless, the parallel scalability of multi-
grid methods may be limited. In order to achieve efficient large scale calculations, it
is crucial to implement this preconditioning in a sufficiently well scaling parallel way.
Note that PCAL is compatible with this type of preconditioning providing that A* is
selected from (3.15). The parallelizable structure of PLAM and PCAL is still main-
tained as the preconditioning is conducted columnwise. A test in Figure 2 verifies the
effectiveness of the preconditioner (3.17) for both algorithms, where substationarity
is computed by line 2 in Algorithm 1.

4. Implementation details. In this section, we introduce the implementation
details of the framework (Figure 1) in solving the ground state. The quantum sys-
tems examined in this paper are introduced. In addition, several numerical issues in
the simulations are discussed. In view of Figure 2, we observe that PCAL behaves
more efficiently and robustly than PLAM; thus we focus on PCAL in the following
tests.

All the simulations are performed on a workstation with two Intel(R) Xeon(R)
Processors Silver 4110 (at 2.10GHzx8, 12M cache) and 384GB of RAM, and the total
number of cores is 16. The software is the C++ library AFEABIC [4] under Ubuntu
18.10.

4.1. Testing problems. A number of atoms and molecules are simulated to
illustrate the effectiveness and high scalability of the presented algorithm. The scale
of testing systems, i.e., the number of orbitals p, is ranging from 1 to 1152. In the
formulation of problem (1.2), the exchange-correlation potential Vi, and exchange-
correlation potential energy ey. per particle are obtained from the package Libxc [39].
Specifically, the exchange energy functional Fy is the Slater p'/3 functional

1/3
Ex = _§ <3> P1/37
4 \ 7

and the correlation functional E, from [44] is used which takes the form

E. (ry) = —0.1423/ (1 + 1.0529,/75 + 0.3334r,) , re > 1;
€V 0.03111ogr, — 0.048 + 0.002r, logr, — 0.0116r,, r, <1,

where 7, = (3/(47p))'/? is defined as the radius of a sphere containing one electron.
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TABLE 1
Charge number Z; of the nucleus.

H He Li C N O
Z; 1 2 3 6 71 8

The model equations for the various numerical examples are only different in the
external potential term Viy and precisely in the charge numbers and positions of the
nuclei. The charge of a certain nucleus used in numerical experiments is listed in
Table 1. The nuclei positions for small molecules are obtained from the calculated
geometry part of the Computational Chemistry Comparison and Benchmark Data-
base [27] and for carbon nanotubes from [16]. In summary, the electronic structures
He (1), LiH (2), CH4 (5), H20 (5), CeHg (21), C12H19N2 (48) and carbon nanotube
Csss (1152) are tested, where the number in the bracket stands for the number of
orbitals p in the associated system.

In practice, we evaluate the values for substationarity, feasibility violation, and
the total energy of each example during the simulations. kkt = ||H(X)X — BXA|,
fea = ||XTBX — I||F7 and the total energy Fxg is computed from (2.4). When the
summation of kkt and fea is small enough, i.e., the stopping criterion

kkt + fea

tol
ity °

is satisfied, we terminate the algorithm. Here, kktg is the initial substationarity, and
tol denotes the tolerance and is chosen to be 10~® unless specifically stated. The
relationship between the error of ground state energy and the tolerance is discussed
in subsection 5.1.

4.2. Preprocessing and discretization: Mesh and initial guess genera-
tion. Once we determine the computational domain, a space discretization is gen-
erated for the ground state calculation. To resolve the singularities in the external
potential term, a nonuniform mesh for the partition of the computational domain is
introduced to obtain high accuracy with least effort. Specifically, a global mesh size
function based on the external potential is adopted to generate the nonuniform mesh
[32]. Within the linear finite element framework, to capture the 1/r decay in the
external potential, the mesh size function locally behaving as r%/° for small r can be
derived, where r represents the distance to the nucleus. Then we can construct the
mesh size function h(r) at the discretized point 7 as in [32]:

2

_2 6 26
(4.1) h(r) = min {’ylZl 5rf,...,'ylZM5r]";[,72},

where r; = |r — R;| represents the distance to the jth nucleus, 71 controls the resolu-
tion of the mesh, and ~, is the largest allowed mesh size. Note that (4.1) implies that
the closer to the nucleus, the smaller the mesh size, i.e., the denser the mesh grid,
which is as desired. Moreover, the distribution of the mesh grid around the nucleus
with larger charge is also denser than that around the nucleus with a smaller charge.
This can be verified from Figure 3 which shows a radial mesh example for the water
molecule (H20). Remark that once the parameters 71 and 7, are fixed, the number
of mesh grids will increase and the calculations become costly as the atomic number
increases. Adaptive finite element methods or using higher order finite elements can
mitigate the problem effectively, but this is out of the scope of this paper.
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N

v

Fia. 3. Left: the three dimensional mesh for molecule Ha O using the mesh size function (4.1)
with y1 = 0.15,v2 = 8. Middle: the mesh around the ozygen nucleus (—0.217,0,0) in X-Y plane
[-1.217,-0.217] x [0, 1], on which the element shapes are kept. Right: the mesh around the hydrogen
nucleus (0.866,1.509,0) in X-Y plane [0.866,1.866] x [1.509, 2.509]. Generated by the software Gmsh
03.0.6 [21].
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Fic. 4. Energy difference with respect to the number of Dofs of He and CHy (in Hartree unit).
Natom %5 the number of atoms. The reference value E,..; = —2.834826 Ha for helium is calculated
from NWChem with the aug-cc-pv6z basis set. The reference value Eyoy = —40.121849 Ha for methane
is calculated from NWChem with the aug-cc-pvbz basis set.

In order to verify the accuracy of the finite element discretization, we calculate
the ground state energy on different meshes generated by adjusting the parameters
in (4.1). The reference value is generated from a widely used electronic structure
calculation software, NWChem [52]. The results are listed in Figure 4. From the figure
we can find that it takes around 2.5 x 10* degrees of freedom (Dof) for the helium
example to achieve 1072 Ha accuracy per atom (Ha is the energy unit Hartree), and
it takes 1.5 x 10° Dofs for the methane example to achieve such accuracy. Moreover,
we observe that most of the tested examples in this paper can be produced at such
an accuracy. Hence, in the following experiments, we do not report the accuracy and
mainly focus on the studies of convergence and scalability.

It is worth noting that the proposed algorithm is able to accept a random initial
guess, which shows its robustness. In the following comparison, we choose the same
randomly generated initial guess, X° € R™*? satisfying X°' BX? = I, for different
methods. Given a random matrix V € R™*P from the pseudorandom number gen-
erator, X" is generated by the Cholesky-based Gram—Schmidt technique [20], i.e.,
V = X°R, where R € RP*P is an upper triangular matrix. Nevertheless, one can
always benefit from better initial approximations in practice (e.g., [40]), and hence,
comparisons of timings and/or iterations to convergence using random initial guesses,
as in the present work, may be different from the practice.
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TABLE 2
FEigenvalues and energy for the example CHy. The relative error is computed between PCAL
and NWChem.

Ao A1 A2 A3 A4 EKS

SCF -9.7582 -0.6493 -0.3731 -0.3731 -0.3731  -40.12066

PCAL + postprocessing -9.7582 -0.6493 -0.3731 -0.3731 -0.3731  -40.12066
NWChem -9.7609 -0.6221 -0.3474 -0.3474 -0.3474  -40.12185
Relative error 3x107% 4x1072 7x1072 7x1072 7x1072 3x10°°

4.3. Postprocessing: Eigenvalue evaluation in the last step. In view of
the presented unconstrained methods, it is sufficient to output results such that X
satisfies the orthogonality constraint X T BX = I. However, if we want to extract
the desired wavefunctions from the eigenvectors of the generalized eigenvalue problem
(2.7) or the other physical quantities based on the eigenvalues, we need to introduce
a postprocessing. This is due to the fact that X only provides an orthogonal basis of
the desired eigenspace rather than the eigenvectors.

This can be implemented by solving a small px p eigenvalue problem, (X T HX )f( =
AX, with the Rayleigh—Ritz procedure to get the eigenvalues \;,7 =1,...,p, and up-
dating X as X = X X to get the wavefunctions. Note that this procedure is called only
for one time in the algorithm and it is of size p x p. Consequently, its computational
cost can be ignored compared to solving the optimization problem.

To verify the effectiveness of the postprocedure, we compute the eigenvalues of the
Kohn—Sham equation of the CH, system on the radial mesh with n = 151786,p =5
for SCF and PCAL. Moreover, we compare the converged results with the reference
values obtained from the package NWChem [52] using the basis set aug-cc-pv5z. The
computational domain for this example is set as [—20,20]% atomic unit (a.u.), and
the results are listed in Table 2. When the postprocedure is imposed, the eigenvalues
from PCAL are well ordered and agree with eigenvalues from SCF. In addition, we
find that the smallest eigenvalue in PCAL matches NWChem at a 3 x 10~ accuracy
and the largest eigenvalue matches NWChem at a 7 x 102 accuracy.

It is worth noting that in the practical simulations, the postprocedure step will
be imposed as the final step of PCAL.

4.4. Choices of parameters. There are two major parameters in the algorithm
PCAL. In view of Figure 2, the penalty parameter 5 = 1 works well for PCAL, and
hence 1 is set as the default value of 5 in PCAL. Next, we investigate the proximal
parameter 7, whose reciprocal is the stepsize for the gradient-descent step in Algo-
rithm 2. As suggested in [19], the Barzilai-Borwein (BB) strategy [5] is an efficient
way to produce the stepsize:

BBL ._ (G ) BB2 ._ (YELyEh)

(ST, Gh—1) or M [(SF=1, yR=T]’
where S¥ = XF¥ — X*=1 Yk = UV L5(XF* AF) — VxLs(XF 1 AF~1). Tt has other
variations such as the alternating Barzilai-Borwein (ABB) strategy [13]:

BBL  for odd k, BB2  for odd k,
nkABBl :_{ My or n?Bm :_{ My

nEB2 for even k neBL for even k.

We test PCAL with four choices of the parameter 7y, on several testing problems. The
number of iterations to achieve convergence is recorded in Table 3. The notation “-”
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TABLE 3
Number of iterations with different proximal parameters.

He LiH CHs H2O CgHg

BB1 409 - - -
BB2 46 54 75 60 144
ABB1 86 90 129 180 291
ABB2 75 74 90 119 256

represents that the stopping criterion has not been reached after 1000 iterations. This
table reveals that PCAL with n2B2 behaves robustly and has the best performance on
number of iterations. As a result, we choose 77,1332 as our default proximal parameter

in the practical simulations.

5. Numerical examples. In this section, we numerically investigate the per-
formance and parallel efficiency of the algorithm PCAL in all-electron calculations
under the presented framework.

We test the SCF method and a QR-based manifold optimization method (MOp-
tQR) which can be applied to the KSDFT [57]. All these methods are able to fulfill
the solving part in the framework described in Figure 1. They are different in the
main iteration: SCF solves a linear eigenvalue problem; PCAL produces a colum-
nwise gradient-descent update; MOptQR searches along the Riemannian antigradi-
ent and projects the step onto the manifold by QR factorization. We choose the
locally optimized block preconditioned conjugate gradient method [30] as the lin-
ear eigenvalue solver in SCF. The tolerance for the residual of each eigenfunction,
ie., [[HX; — \iBX]|2, is set as 1078, and the number of maximum allowed itera-
tions is 10; the tolerance for solving linear systems in the Hartree potential is set as
10~8; the tolerance for preconditioning is set as 10~6. Moreover, an Anderson mixing
scheme is adopted for SCF using at most 5 adjacent results. In both the SCF method
and MOptQR, the orthogonalization process is implemented by the Cholesky-based
Gram—Schmidt technique [20], which is shown to be more efficient than commonly
used Gram—Schmidt procedures.

In the serial setting, the leading order of computational costs is O(np?) among
these methods. The reason is that BLAS3 operations, such as X " (BX), dominate
the computing, while the function evaluation does not have a crucial impact on the
cost due to the sparsity of discretized Hamiltonian H and mass matrix B. In the
parallel setting, one challenge is to develop an efficiently parallelizable method for
the orthogonalization process in SCF and MOptQR methods whose complexity is
O(p®). There are some success efforts on resolving this issue; e.g., see [40]. Instead,
PCAL is orthogonalization-free and completely consists of BLAS3 operations and thus
benefits a lot from parallel computing. These claims can be verified in the following
experiments.

5.1. Ground state calculations. In this subsection, we compare PCAL with
SCF and MOptQR in all-electron calculations of a list of atoms and molecules under
the serial setting. In order to demonstrate the effectiveness and ability of PCAL, the
following experiments are divided into two classes. For all the systems, the compu-
tational domain is set to be [—20,20]3a.u. The mesh size function (4.1) is applied to
generate the nonuniform mesh for each example. Note that the parameters in (4.1)
are chosen as vy; = 0.15,v, = 8 for CgHg and C12H19No, and ;3 = 0.125,v, = 8 for
the others. The preconditioner (3.17) is used in all the methods.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/22/22 to 59.38.32.6 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

B740

BIN GAO, GUANGHUI HU, YANG KUANG, AND XIN LIU

TABLE 4

The results in Kohn—Sham total energy minimization.

Solver ‘ Fxs kkt Niter fea Fxs kkt Niter fea
He, n = 34481,p =1 LiH, n = 63725,p = 2
SCF -2.86809 2.17_g 31 4.13_35 -7.98190 5.48_3 29  3.19_14
MOptQR -2.86808 3.56_g 36 3.55_15 -7.98190 1.36_7 70 2.70_15
PCAL -2.86808 5.99_9¢ 46 1.62_15 -7.98190 1.25_7 54 2.24_15
CHy, n = 141189,p =5 H20, n = 149616,p = 5
SCF -40.23775 4.92_~ 25  1.91_14 -75.83672 1.25_+7 27  5.41_14
MOptQR -40.23775 1.24_~ 93 2.67_14 -75.83672 1.48_7 74 2.45_14
PCAL -40.23775 5.66_¢g 75  1.59_14 -75.83672 1.33_7 60 4.82_14
CgHg, n = 241939,p = 21 C12H10Ng, n = 522149, p = 48

SCF -231.05824 1.76 _7 28 7.69_14 -571.60648 1.39_g 34 2.27_q14
MOptQR | -231.05824  3.60_~ 269 5.14_14 | -571.60648 7.30_g 501 1.63_13
PCAL -231.05824  3.71_7 144  7.35_14 | -571.60648 5.37_g 148 2.29_33

The PCAL method is compared with SCF and MOptQR on different systems.
The detailed numerical results are listed in Table 4 and Figure 5. We observe from
Table 4 that (1) the total energy FExg obtained by PCAL agrees with SCF and MOp-
tQR; (2) the number of iterations “Nie,” in PCAL is less than MOptQR. Note that
the iteration numbers of SCF are always the smallest. This is due to the fact that
the inner iterations, i.e., solving the linear eigenvalue problem, are required in each
SCF iteration. The convergence results for PCAL are demonstrated in Figure 5. The
first column displays the isosurface of the electron density; the last three columns
present the convergence history of energy, substationarity, and feasibility violation,
respectively. We observe that the feasibility violation of PCAL gradually decreases
until it converges. Note that the postprocessing is not shown in this figure. In the
helium example, the feasibility violation is close to the machine accuracy since the
normalization procedure is equivalent to the orthogonalization procedure in the case
of p=1.

In addition, in order to investigate the varying behavior of the error in the ground
state energy corresponding to the choice of the stopping criterion and tolerance in
PCAL, we produce the results in Figure 6 for the methane and benzene molecules.
We can find that the smaller tolerance, the smaller error in the ground state energy,
which meets our expectation.

5.2. Scalability. In this subsection, we investigate the parallel efficiency of
PCAL. We examine the scalability of PCAL in the parallel setting on a workstation
with two AMD EPYC 7H12 processors (at 2.42GHzx64, 64M cache) and 1024GB of
RAM, and the total number of cores is 128. The testing molecule is C3g4 which has
1152 occupied orbitals. The number of mesh grids n is set to be 380233. We run the
code on different numbers of cores {4, 8,16, 32,64,128}. The corresponding speedup
factor is defined as

wall-clock time for 4-core run

speedup-factor (m) = .
P P (m) wall-clock time for a m-core run

The results are presented in Figure 7, from which we observe that the speedup factor
of PCAL is close to the ideal one. However, MOptQR has low scalability, and its
speedup factor increases slowly.
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6. Conclusion. Based on the finite element method and the PCAL algorithm,
a scalable approach is proposed in this paper for the ground state solution of a given
quantum system. To resolve the singularity introduced from the all-electron model,
a radial mesh is generated according to the structure of the system; then the opti-
mization problem is discretized in the associated finite element space. To avoid the
efficiency bottleneck for large scale systems, i.e., the orthogonalization of those or-
bitals, the original PCAL method is extended and applied in this paper for solving
the discretized optimization problem. A novel preconditioner is designed in the ex-
tended PCAL method, which generally accelerates the convergence in the simulations.

Comprehensive numerical experiments are implemented for different molecules.
The converged results of the proposed method are verified by comparing with a
state-of-the-art package, NWChem. The effectiveness of the proposed method is well
demonstrated by the comparison among the proposed method, the SCF method, and
the MOptQR method in serial computing. Meanwhile, the robustness of the proposed
method is fully demonstrated by its insensitivity to the initial guess and the algorithm
parameters.
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One of the main features of the method proposed in this work is its high scalability,
which is attractive for applying our method potentially on large systems. Although
from the numerical experiments the effectiveness of the method has been observed
successfully, there is room left for further improving the numerical efficiency to en-
hance its competitiveness relative to existing SCF codes: (i) methods such as higher
order finite element methods, adaptive mesh methods, and efficient message passing
interface parallel implementation would be considered in our method, and results to-
wards numerical efficiency will be reported in our forthcoming works; (ii) given the
limited parallel scalability of multigrid methods, a sufficiently well scaling parallel im-
plementation of the multigrid preconditioner will be a key issue to efficient large-scale
calculations in practice.
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