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What is a quantum computer?
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Quantum computer simulator
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Quantum computing in a nutshell
• Qubit state: coherent superposition of standard basis states

| ⟩𝜓 = 𝛼!| ⟩0 + 𝛼"| ⟩1 , 𝛼# ∈ ℂ

• Interpretation:
– 𝛼! $ probability of measuring | ⟩0
– 𝛼" $ probability of measuring | ⟩1
– Requirement: 𝛼! $ + 𝛼" $ = 1
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Quantum computing in a nutshell
• Qubit register: coherent superposition of product basis states

| ⟩𝜓 = 𝛼!| ⟩00 + 𝛼"| ⟩01 + 𝛼$| ⟩10 + 𝛼%| ⟩11 , 𝛼# ∈ ℂ

• Interpretation:
– 𝛼! $ probability of measuring | ⟩00
– 𝛼" $ probability of measuring | ⟩01
– …
– Requirement: 𝛼! $ + 𝛼" $ + 𝛼$ $ + 𝛼% $ = 1
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Quantum computing in a nutshell
• Quantum gate: unitary operator acting on probability amplitudes

𝐻| ⟩𝜓 = "
$
1 1
1 −1

𝛼!
𝛼" = &!'&"

$
| ⟩0 + &!(&"

$
| ⟩1

• Example:

𝐻| ⟩0 = "
$
1 1
1 −1

1
0 = "

$
| ⟩0 + "

$
| ⟩1 =: | ⟩+

𝐻| ⟩1 = "
$
1 1
1 −1

0
1 = "

$
| ⟩0 − "

$
| ⟩1 =: | ⟩−
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Quantum computing in a nutshell
• Bell state: entangled qubit states

C)*+ 𝐻| ⟩0 ,, | ⟩0 - =

C)*+ "
$
| ⟩00 + 0| ⟩01 + "

$
| ⟩10 + 0| ⟩11 =

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⋅ "
$

1
0
1
0

=

"
$
| ⟩00 + 0| ⟩01 + "

$
| ⟩11 + 0| ⟩10
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Find

𝑞 = �⃗�.𝑀�⃗�

such that

𝐴�⃗� = 𝑏

𝑁×𝑁 Hermitian 𝑠-sparse matrix 𝐴 with low condition 
number 𝜅 and 𝒪(𝑠) access to entries from row index

CG algorithm 𝒪 𝑁𝑠𝜅
scalar output 𝒪(𝑁 𝜅)

HHL algorithm 
𝒪 𝜅$ log𝑁/𝜖

Exponential 
speed-up
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The math behind HHL

A Hermitian

A Hermitian
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HHL algorithm
• Construct
• Eigen decomposition
• Invert eigenvalues
• Fused-multiply-add

???
INV

???
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From vectors to qubits

A Hermitian
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QPE

Eigenvalue decomposition
Same eigenvectors:

Different eigenvalues:

Velocity

“Hamiltonian simulation”

“coupled”
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Last step

?
INV

QPE

“Ancilla”

Ancilla Rotation
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Challenges in practice
• Vector implementation
• Hamiltonian simulation
• Eigenvalue inversion
• Ancilla rotation

QPE
INV

A.R.

Full 
implementation

Proof-of-concept 
implementation
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Eigenvalue inversion
• Three methods:

– Quantum algorithm (Cao et al. 2012)
– Newton-Raphson (Sugg. by Cao et al. 2012)
– Long division (Thapliyal et al. 2017)

Didn’t work

Inefficient

QPE
INV

A.R.
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Thapliyal division

• SUB
• cADD
• FLIP
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cADD – How difficult can it be?
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From division to inversion
Division: 
Inversion: 

Take: &
Integers!

!!!

Base 10:

Binary:

Cut-off at k-th decimal!

Integers!
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Ancilla rotation
Want:

Have:

Taylor expansion:

QPE
INV

A.R.



21

Cao’s approximation

Approximation:

e.g.
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Higher-order approximations
&

• Reuse Cao’s circuit
• Two high-order methods:

– Calculate higher-
power, then rotate

– Directly rotate over
higher-power

Too many 
qubits!

?

?
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Direct higher-order rotation
&

?
e.g.

Remember:

Too much detail
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HLL algorithm in action

QPE
INV

A.R.
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HLL algorithm in action

Available online: https://github.com/0tmar/BEP_Quantum
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Conclusion and outlook
• Practical implementation of HHL algorithm on QX simulator
• Generic routines for eigenvalue inversion and ancilla rotation

Ongoing and future work
• Generic vector implementation and Hamiltonian simulation
• Analysis for non-perfect qubits and real quantum hardware
• Integration into LibKet framework
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