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Abstract: This communication focuses on the implementation of the time-dependent
density functional-based tight-bind (TD-DFTB) method on the Multi-core and GPU
system to be used in excited state calculations of large system. Sparse matrix and
OpenMP multithreading are used to speed up the program. The most time-consuming
part of the DFTB ground state is implemented on the graphical processing units (GPUs)
with double precision. The block Davidson algorithm is used for finding the lowest
eigenvalue and eigenvector of the large time-dependent density-functional (TDDFT)
matrix. Compared with the first-principle CIS and full TDDFT -calculation, the
implementation of the fast TD-DFTB code on serials of organic molecules shows that
the fast TD-DFTB code can obtain reasonable result with a much cheaper computational
requirement.
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SCC-DFTB is derived using a Taylor series expansion of the DFT [1] total energy with
respect to the charge density fluctuations around a given reference charge density. From the

*Corresponding author. E-mail address: klhan@dicp.ac.cn (Ke-li Han).

http://www.global-sci.org/cicc ©2013 Global-Science Press
124




G. -H. Fan et al. / Commun. Comput. Chem., 1 (2013), pp. 124-131 125

full Kohn-Sham DFT expressed on a local basis, SCC-DFTB undergoes several main
approximations [2]. With the approximations the DFTB total energy and eigenvalue

equation can be briefly written as: [3]
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The time-dependent liner response extension of DFT is used for the excited states. The
resulting TDDFT eigenvalue equation is: [4, 5]
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To ignore the sophisticated integration, the same gamma approximation in the ground state
is introduced to coupling matrix Kij [6]. Eq. 2 is diagonalized to obtain the singlet and

triplet excited state energies.
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Figure 1: Structure of a PYP chromophore in vacuum (56) and with an increasing number of
solvated waters. Only five solvated PYP structure are shown (57, 510, S13, 516, and S20).

The Hamiltonian matrix and the overlap matrix in Eq.1 are built and updated in a
compressed sparse-row format. The OpenMP multi-thread technique is used to build up the
sparse matrix. This reduces the computational cost of building the Hamiltonian matrix
element into a small portion of the total ground-state procedure. The main computational
time is then spent on the diagonalization of the eigenvalue Eq. 1. The MAGMA[7] library is a
dense linear algebra library similar to LAPACK, but used for heterogeneous/hybrid
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"Multi-core + GPU" architectures. The diagonal LAPACK routine DSYGVD is replaced with
the MAGMA GPU diagonal routine MAGMA_DSYGVD. Double precision is used
throughout the program and all the properties can be preserved. An iterative method such
as the Davidson algorithm [8-10] is used to calculate the eigenvectors without explicitly
constructing the TDDFT matrices. The block Davidson algorithm finds several lowest
eigenvalues of the TDDFT matrix by starting with an arbitrary eigenspace with dimension (!
=N) and constructing the orthogonal basis (K1,Kz,...,Ki). The trial vector and the eigenspace
at some iteration are expanded in a linear combination of the orthogonal vectors. The linear
combination coefficients in the equation are found by the Ritz variational procedure, leading
to the projected eigenvalue equation. The dimension of the eigenvalue equation is much
lower than the original TDDFT eigenvalue problem which can be solved more efficiently.
New subspace vectors orthogonalized to the previous subspace vectors are added to the
subspace. The whole procedure is repeated until convergence is reached.

At each iteration, the algorithm requires the formation of the matrix-vector product
HFi which is the most time-consuming part of the whole procedure. The matrix
vector-product of the eigenvalue equation 2 can be further written as:
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The OpenMP implementation of the second part is conducted as follows. Step 1: The temp
product with the initial eigenvector for each atom is calculated; Step 2: The product of the
gamma matrix with temp vector is produced; Step 3: The dot-like product is conducted for
each ia. The first step for the OpenMP can be parallelized by adding the OpenMP parallel
reduction directive before the jb loop. The parallel of the matrix vector product of Step 2 is
implemented by the OpenMP version of the LAPACK routine DSYMV in the Intel Math
Kernel Library. The parallelization of the last step of the matrix vector product is
implemented using the OpenMP parallel do loop directive. We have also tried to utilize GPU
to accelerate the matrix vector product.

Table 1: TD-DFTB excited state energy and the time spent on the CPU with the OpenMP and
block Davidson methods obtained on a platform with an 8-core Intel Xeon E5530 CPU. The
full GPU-TDDFT results and molecule labels are taken from Ref. 11 for comparison.

Time (second) Excite energy 51-S0
CIS BLYP B3LYP TDDFTB CIS BLYP  B3LYP TDDFTB
S1(44) 12.1 7.8 23.6 0.3 3.95 2.57 3.13 2.54
52(128) 97.1 42.6 92.5 1.1 4.11 2.28 2.98 2.40
53(296) 711.8 94.4 425.6 7.2 412 2.10 2.93 2.26
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54(636) 3508.2 230.2 1369.8 46.1 3.97 1.76 2.76 2.14
S5(112) 419 19.4 50.0 0.7 4.71 2.81 3.52 3.00
56(29) 7.1 4.7 8.7 0.3 3.75 2.32 2.95 2.06
S7(71) 13.7 9.1 19.7 0.4 3.70 2.15 2.90 2.29
58(149) 38.2 19.3 54.6 1.2 3.67 0.83 2.52 2.20
59(218) 719 32.1 83.2 29 3.66 0.73 2.40 2.16
510(332) 133.2 54.8 111.9 8.3 3.64 0.08 1.65 1.88
511(467) 217.5 777 173.4 15.5 3.64 0.03 1.27 2.059
512(605) 318.1 - 217.7 28.5 3.64 - 1.14 1.83
513(812) 493.2 - 335.2 35.9 3.65 - 0.86 1.80
514(962) 656.3 - 266.9 40.5 3.65 - 0.60 1.62
515(1220) 894.0 - 910.3 62.1 3.65 - 0.09 0.71
516(1490) 1221.2 - 1218.7 96.9 3.65 - 0.05 0.89
517(1751) 1583.5 - 833.6 159.2 3.66 - -0.05 1.16
518(2078) | 2118.2 - 958.0 266.1 3.65 - 0.57 1.48
519(2399) | 4504.1 - 1113.7 397.5 3.65 - 0.80 1.76
520(3011) | 5644.3 - - 773.5 3.65 - - 1.61

We then implement the TD-DFTB code on the excited state energy of large molecules
shown in Table 1. The full TDDEFT result is obtained from Isborn et al[11] which use GPU to
accelerate the full TDDFT calculation. Their calculations are conducted with a GPU-based
software package using the configuration interaction singles (CIS) and the adiabatic linear
response of Tamm-Dancoff time-dependent density functional theory [12]. Their calculations
are run on platform with dual quad-core Intel Xeon X5570 CPUs and 8 Tesla C1060 GPUs.
The tests[11] shown in Figure 1 include four generations of oligothiophene dendrimers[13]
(51-54), the entire photoactive yellow protein (PYP)[14] solvated by TIP3P[15] water
molecules (S5), and an analog of the PYP chromophore called deprotonated
trans-thiophenyl-p-coumarate[16] solvated with an increasing number of QM waters
(56-520). Table 1 shows that the CIS result is generally higher than the TDDFT with the
BLYP functional and the hybrid B3LYP functional[17, 18]. Some of the GPU-TDDFT results
from Ref. 11 are unknown, because the ground-state SCF procedure does not converge to
reach a reasonable result. The TD-DFTB result does not show the problems. All ground-state
SCC run with the charge error of 1.0 x 10 converge in a number of circles less than 20.
However, some molecules such as the test case S15 and S16 have an over underestimated
excited state energy which may be caused by the general problem of TDDFT to unable to
correctly describe the charge transfer characteristic of these transitions[17]. The TD-DFTB
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result generally lies between the result of the CIS and TD-B3LYP. It can reach an excited state
energy close to that of the TD-B3LYP, with much less time and memory requirement.
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Figure 2: Time and speed of the ground state with different programming skills. The
calculation is three self-consistency charge steps of the ground-state run for a 270 angstrom
long carbon nanotube with 2560 atoms. The tests are conducted on a machine with an 8-core
Intel Xeon E5620 CPU and an NVIDIA Tesla C2050 GPU card.

Figure 2 shows the program performance on a machine with an 8-core Intel Xeon E5620
CPU and an NVIDIA Tesla C2050 GPU card. The calculation is three self-consistency steps of
the ground-state run on a 270 angstrom long carbon nanotube with 2560 atoms. With the
GPU acceleration the best speed-up is 8.73 compared with the serial code run on CPU. The
figure also shows that each programming technique contributes to the total speed-up of 8.73.
Figure 3(a). shows the timing information of the first three excited-state calculations for the
block Davidson method and the ARPACK package which is a commonly used package for
computation of few eigenvalues of large matrices by the Implicitly Restarted
Arnoldi/Lanczos Method [19]. As the systems size increases, the time for the block Davidson
increases slowly, whereas the time for the ARPACK solver increases rapidly. The iterations
taken and the number of matrix vector product with ARPACK and the block Davidson
method is shown in Figure 3(b). Compared with the commonly used ARPACK package, the
block Davison method uses fewer iterations and matrix vector products. Figure 4 shows the
scaling property of the program as the basis size increases. The time for the excited state
increase in the quadratic trend as the number of basis size increases. The TD-DFTB code
with the block Davidson method can obtain excited energy within tens of minutes for
systems with thousands of atoms, much faster than the GPU-CIS calculation with the
minimal 6-31G basis set.
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Figure 3: (a) Timing report of the first three excited-state calculations from S6 to 513 with
different iterative methods. (b) The corresponding number of matrix vector products taken
for TD-DFTB excited states. The convergence threshold (norm of the residual vector) of both
methods is set to 10-.
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Figure 4: Time spent for the TD-DFTB computation of the lowest excited state energy S1 as
the number of basis function size increases. The test system is the above test case S6 to S20,
with 29 to 3011 atoms.

In summary, we have presented the implementation of the TD-DFTB method and the
performance of the code in large systems. The ground state calculation on a 270A carbon
nanotube with 2560 atoms shows that the sparse matrix and the OpenMP multithreading
accelerate the program by 5.52 times with an 8-core CPU while the GPU acceleration can
further accelerate the code to 8.73. Compared with the commonly used ARPACK package
the block Davidson iterative solver requires fewer numbers of iterations. The whole scale
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property of the program increases in the quadratic trend as the number of basis size
increases. The program can obtain reasonable excited energy compare to TDDFT within tens

of minutes for systems of thousands of atoms.
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