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Quantum Computing: not so scary

e A little linear algebra

® |nterest in Iearnlng something new




0 Quantum computers



Circuit model semantics

circuits
—
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measurement
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The NISQ era

State-of-the-art quantum computers have...
e 50-100 qubits

® a variety of implementation techniques
® quantum supremacy (well, almost)
® a lot of noise introducing errors

NISQ = Noisy Intermediate-Scale Quantum



® [anguage design
® Functions, data types, modularity

e Quantum circuits

|0y —{H}— Simple, intuitive,
Ur compositional

11)—{H}—
e QOperational, denotational, categorical
semantics




Compilers, optimizations

Algorithms

Application areas
® Chemistry, cryptography, machine learning...

Logic, formal methods



9 Syntax and semantics



Qubits (Quantum bits)

qg:=10)||1) (bra | ket)




g:=10)][1) (bra | ket)
| a|0) + 5]1) where a, 8 € C
and o2 4+ %=1




g:=10)][1) (bra | ket)
| a|0) + 5]1) where a, 8 € C
and o’ + 5% =1
(g) where [0) = (1)
and [1) = (1)




A quantum programming language

cu=--- (quantum commands)
ckqg—=Pq (operational semantics)
qg:=al0)+5]1) |- (quantum state)

peR (probability)



Measurement: ¢ ::= - - - | meas(x)

meas(x) - a |0) + 8 1) =2 |0) .

meas(x) F a [0) + 3 [1) =7 |1)

Recall o® + 32 = 1.




Measurement: ¢ ::= - - - | meas(x)

meas(x) - a |0) + 5 |1) — 0)
meas(x) F « |0) + 3 [1) =5 1)

Example (Measuring a classical state)

meas(x) - [0) — |0) a=1,8=0
meas(x) - |0) —° |1)




Measurement: ¢ ::= - - - | meas(x)

meas(x) - a |0) + 5 |1) C 0) _D:
meas(x) F o |0) + 8 [1) =% |1)

Example (Measuring superposition)

meas(x) - 25 [0) + 5 [1) =2 [0)
meas(x) - % |0) + % 1) =2 |1)




Density matrix semantics

meas(x) - % 0) + \% 1) —2 [0)
1
meas(x) % 10) + % 1) =2 |1)

Density matrix encodes a probability distribution
over quantum states.

sl (2 12) = (4 1)



Systems of multiple qubits

qu=--- ‘ Q00 ‘00> + ap1 ‘01> + aq9 |10> + aqq |11>
where a2, + a3, + i, +ai, =1




Systems of multiple qubits

qi=--- ‘ Q00 ‘00> + a1 ‘01> + aq9 |10> + aqq |11>
where a2, + a3, + i, +ai, =1

Semantics

(g§§> where |00) = ( ),

(elenlenlog




Combining independent qubits

gu=--]|q®q

Qo Bo _ ggg?
(m) N (ﬁl) - (giéﬁ)

= oy ’OO> + apfh ‘01> + a1 59 |10> + a1 54 ’11>




Entanglement

Not all 2-qubit states can be factored into two
1-qubit states.

Example (Bell state)




Multiple qubits

cky =Py
v == ([ls]; 9) (configuration)
Is::=[x1,...,x,] (qubit ordering)
qi=--- (quantum state)

peR (probability)



Measurement with multiple qubits

Semantics (Independent)

meas(x) = (|x, y]; (a|0) + 3 1)) ® q))
= (% v};10) ® qy)

meas(x) = ([x, y]; («|0) + 5 |1)) ® q,)
=5 (% ;1) @ q)




Measurement with multiple qubits

Semantics (Entangled)

meas(x) k- ([x, y]; 75(|00) + [11)))
—2 ([x 11; [00))

meas(x) = ([x, y}; 75(00) + [11)))
=7 ([x ;|11))




Initialization

cu=---| x=init(b) |b>—
b € Bit

x = init(b) = ([ls]; q) — ([Is,x]; g ® | b))




Initialization

cu=---| x=init(b) |b>—
b € Bit

x = init(b) = ([ls]; q) — ([Is,x]; g ® | b))

We initialize classical, independent qubits.
How to get superpositions and entanglement?



Unitary transformations

C;;:---’U(Xl,...,Xn) u

U ::=---(Unitary operations)




Unitary transformations

-+ - (Unitary operations)

U(8) F ([38]; q) = ([38]; [Ul(a))

[U] € U: a square, complex matrix satisfying

[U'IU = [UIUY = 1.




Unitary transformations (X/NOT)




Unitary transformations (X/NOT)

aon=n-(£) )
)-




Unitary transformations (Hadamard)




Unitary transformations (Hadamard)

Us=---|H [[H]]:%G _11> S P




Unitary transformations (Hadamard)




Unitary transformations (Cx/Controlled NOT)

Semantics

1000
0100
0010




Unitary transformations (Cx/Controlled NOT)

Semantics

0
— | CX [CX] = |
0

[CX](]00)) = |00)
01) i
11)
10)

_ o O O

S O O
S O = O

[CX](lo1
[CX] (10
[CX] (|11

~ ~—— ~—— ~—
~—" ~— ~—o ~—




Classical control flow?

— 7N b

if bthen|cl| else|c2




QRAM model semantics
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QRAM model semantics

7N\ b

circuits

Classical | — quantum
mputer
compute & computer

measurement
results

b



QRAM model semantics

circuits

Classical | — gquantum
computer ” computer

measurement
results

b



Quantum while language

¢ ::=--- | while meas(q) do ¢

| if meas(q) then ¢ else ¢

“Quantum data, classical control”



A small quantum language

c = x = init(b) | meas(x) | U(X])
SKIP | ¢; ¢ | if meas(q) then ¢; else ¢

| while meas(q) do ¢

ct([ls]; q) =P ([IsT; d)




Other language designs

Functional languages with linear types

Embedded language

Quantum-specific abstractions and applications

Categorical semantics

Graphical calculi e.g. ZX-calculus

A lot of creativity!
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