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Configuration Interaction

Full Configuration Interaction (FCI)

• Exact solution of ĤΨ = EΨ in a complete basis of Slater

determinants

• The determinant basis is derived from the one-electron basis

set

• Only approximation : one-electron basis-set incompleteness

• Intractable : O(N!) scaling

• All the post-Hartree-Fock methods are approximations of the

FCI within the same basis set
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Configuration Interaction

Configuration Interaction (CI)

• CISD, CISDTQ, etc : Truncate the determinant space based

on the degree of excitation with respect to the Hartree-Fock

determinant

• CAS-SCF : FCI within a restricted set of MOs, improved with

orbital optimization

• MR-CI : Truncate the determinant space based on the degree

of excitation with respect to the CAS
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Selected Configuration Interaction
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Full Configuration Interaction

FCI has seen a breakthrough in 2007

• DMRG1

• FCI-QMC : Stochastic solution of FCI equations.2

• First row diatomics cc-pV5Z.3

• Selected Configuration Interaction

• Scaling is still O(N!), but pre-factor is killed.

• Much larger active spaces are possible today

1G. K.-L. Chan et al , arXiv:0711.1398 (2007)
2G.H. Booth et al , J. of Chem. Phys. 131, 054106 (2009).
3D. Cleland et al , J. Chem. Theory Comput. 8, 4138 (2012)
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Selected Configuration Interaction
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Selected Configuration Interaction
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Selected Configuration Interaction

Selected Configuration Interaction (sCI)

• Select determinants on-the-fly

• with perturbation theory (CIPSI4) or based only on the matrix

elements of Ĥ (SHCI5)

• Target spaces : Full-CI, MR-CISD, large CAS

• Use PT2 to estimate the missing part

4B. Huron et al , J. Chem. Phys. 58, 5745 (1973).
5A.A. Holmes et al , J. Chem. Phys. 147, 164111 (2017)
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Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉
3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +

∑
i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}
5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉
6. Choose εn+1 < εn

7. Iterate

8



Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉
3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +

∑
i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}
5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉
6. Choose εn+1 < εn

7. Iterate

8



Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉

3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +
∑

i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}
5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉
6. Choose εn+1 < εn

7. Iterate

8



Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉
3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +

∑
i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}
5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉
6. Choose εn+1 < εn

7. Iterate

8



Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉
3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +

∑
i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}

5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉
6. Choose εn+1 < εn

7. Iterate

8



Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉
3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +

∑
i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}
5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉

6. Choose εn+1 < εn

7. Iterate

8



Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉
3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +

∑
i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}
5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉
6. Choose εn+1 < εn

7. Iterate

8



Algorithm

CIPSI Algorithm
Start with D0 = {|HF〉} and |Ψ0〉 = |HF〉.

1. ∀ |i〉 ∈ {T̂SD|Ψn〉} \ {Dn}, compute ei = 〈i |H|Ψn〉2
E(Ψn)−〈i |H|i〉

2. if |ei | > εn, select |i〉
3. Estimated energy : E (Ψn) + EPT2(Ψn) = E (Ψn) +

∑
i ei

4. Dn+1 = Dn ∪ {∪i(selected)|i〉}
5. Minimize E (Ψn+1) (Davidson),

Ψn+1 = Ψn +
∑

i(selected) ci |i〉
6. Choose εn+1 < εn

7. Iterate

8



Selected CI
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• When Ndet = NFCI, EPT2 = 0, CI is solved exactly.

• Every CI problem can be solved by iterative perturbative

selection
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Selected CI

• exFCI : Extrapolate E = f (EPT2) at EPT2 = 0, estimates the

complete CI solution.
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FCI wave function can’t be

computed or even stored:

NFCI = 2.5× 1025

= 42.4 moles
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About Quantum Package

https://quantumpackage.github.io/qp2

• Open-source programming environment for quantum

chemistry

• Uses determinant-driven algorithms : can solve CI problems

with arbitrary CI spaces

• Efficient CIPSI and stochastic PT2 computational kernels

• Designed first for for programmers, but easy to use

• Users are encouraged to develop their own plugins, which they

can redistribute autonomously
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About Quantum Package
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About Quantum Package
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About Quantum Package

Quantum Package @LCPQ

• post-Hartree-Fock methods (MR-CCSD, MR-CISD,

DDCI, . . . )

• Excited states

• Stochastic perturbation theory

• Coupling with Quantum Monte Carlo (post-FCI methods)

• Efficient algorithms and implementation
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About Quantum Package

Quantum Package @LCT

• Development of DFT functionals

• sCI combined with range-separated DFT

• Density-Based Basis-Set Correction

• Implementation of selected CAS-SCF
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About Quantum Package

Quantum Package @Argonne

• Development of sCI for periodic systems

• Interface with QMCPack

• Compilation scripts and tools
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Some applications

CI-related applications

• Shifted-Bk : Dress the Hamiltonian with the PT2 and iterate6

• MR-CCSD : Express the MR-CCSD problem as a MR-CISD

with a dressed Hamiltonian7

• Orthogonal Valence Bond Hamiltonians incorporating

dynamical correlation effects 8

• Benchmarks for Excited states9 10

• FCI for molecules with Slater-type orbitals11

6Y. Garniron, et al (2018), J. Chem. Phys., 149:6(064103)
7Y. Garniron et al (2017), J. Chem. Phys., 146:15(154107).
8E. Giner et al (2017), Comput. Theor. Chem., 1116(134-140)
9P.-F. Loos et al (2018), J. Chem. Theory Comput., 14, 8, 4360-4379

10P.-F. Loos et al (2019), J. Chem. Theory and Comput., 15, 3, 1939-1956
11M. Caffarel, work in progress
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Some applications

DFT-related applications

• A Density-Based Basis-Set Correction for Wave Function

Theory12

• Range-separated multideterminant DFT 13

• Range-separated multideterminant DFT with QMC14

12P.-F. Loos et al , (2019), J. Phys. Chem. Lett., 10:11(2931–2937)
13Ferté et al , (2019), J. Chem. Phys. 150, 084103.
14A. Benali, A. Scemama, P.-F. Loos, E. Giner, work in progress
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Some applications

Post-FCI Quantum Monte Carlo
Use large CIPSI expansions as trial wave functions.
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14M. Caffarel, T. Applencourt, E. Giner and A. Scemama (2016), J. Chem.

Phys., 144:15(151103)
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Some applications

QMC-related applications

• Post-FCI Quantum Monte Carlo15

• Excited states16

• Geometry optimization17

• Geometry optimization for excited states18

• Thermo. limit of Diamond with perdiodic CIPSI/QMC.19

15M. Caffarel et al (2016) ACS Pub., Recent Progress in QMC, 1234, ch2, 46.
16A. Scemama et al (2018), J. Chem. Phys., 149(034108)
17M. Dash et al (2018), J. Chem. Theor. Comput., 14:8(4176–4182)
18M. Dash et al (2019) arXiv:1905.06737
19K. Gasperich, T. Applencourt, Y. Luo, L. Shulenburger, P. Kent, J. Krogel, K.

Jordan, P.-F. Loos, A. Scemama, M. Caffarel, and A. Benali, work in progress
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Parallelism

Master node

MPI job 1

Slave node 1

Slave node 2Slave node 3 Slave node 4

MPI job 2

Slave node 5

Slave node 6 Slave node 7

ZeroMQ Task server

MPI rank 0

    

MPI rank 0

    

    Collector

Compute

MPI rank 1

    

MPI rank 2

    

MPI rank 3

    

MPI rank 1

    

MPI rank 2

    

Ongoing project : one calculation delocalized in CALMIP

(Occitanie) and CRIANN (Normandie)
21



Parallelism
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Benchmark

made on

Irene

(TGCC/GENCI)
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Conclusion

• Web site: https://quantumpackage.github.io/qp2/

• Video tutorials

• Try in the browser

• Source code: https://github.com/QuantumPackage/qp2

• Documentation:

https://quantum-package.readthedocs.io
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