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Programming Languages

» Human-readable



Quantum Programming

The problem
Features: Implementation constraints:
» Superposition » Number of qubits
» Entanglement » Decoherence
> Reversible > Execution environment
Limitations:
» No-cloning

> Reversible



Quantum Programming

Quantum Programming Libraries: A different approach for the same problem

Popular quantum programming libraries:
» Cirq
> ProjectQ
> PyQuil
> Qiskit



Classification

Quantum Assembly: Q. Circuit Description:  High-level Lang.:

» OpenQASM > LIQUI|) > Q#
> Quil > QWIRE » Silg
» Blackbird?! » Quipper > Ket
> QMASM? » Scaffold

! Continuous-variable quantum optical circuits
2 Adiabatic quantum computers



Quantum Assembly Languages
OpenQASM

» IBM Quantum Experience

» Quantum circuit



Quantum Assembly Languages
OpenQASM

Figure 1: Quantum teleportation example [CBSG17].

// quantum teleportation example
OPENQASM 2.0;

include "qgelibl.inc";
qreg ql3];

creg cO[1];

creg ci[1];

creg c2[1];

// optional post-rotation for state tomography
gate post q { }
u3(0.3,0.2,0.1) q[0];
h ql1];

cx ql1],ql2];

barrier q;

cx ql[0],ql1];

h q[0];

measure q[0] -> cO[0];
measure q[1] -> c1[0];
if(c0==1) z q[2];
if(c1==1) x q[2];

post ql2];

measure q[2] -> c2[0];



Quantum Assembly Languages

OpenQASM
Figure 2. Quantum teleportation circuit [CBSG17].
q[0]10) {u3(0.3,0.2,0.1 1 (HA
q[1]10) (H] e i
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Quantum Assembly Languages

OpenQASM

Table 1: Open QASM (2.0) language statements [CBSG17].

Statement Description Example
OPENQASM 2.0; Denotes a file in Open QASM format® OPENQASM 2.0;
qreg name[size]; Declare a named register of qubits qreg q[5];
creg name[size]; Declare a named register of bits creg c[5];

include "filename";

gate name(params) gargs { body }
opaque name (params) gargs;

// comment text

Open and parse another source file

Declare a unitary gate
Declare an opaque gate
Comment a line of text

include "gelibl.inc";

// oops!

U(theta,phi,lambda) qubit|qreg;
CX qubit|qreg,qubit|qreg;
measure qubit|qreg -> bitl|creg;
reset qubitlgreg;

gatename (params) qargs;

if (creg==int) qop;

Apply built-in single qubit gate(s)
Apply built-in CNOT gate(s)
Make measurement(s) in Z basis

Prepare qubit(s) in |0)

Apply a user-defined unitary gate
Conditionally apply quantum operation

U(pi/2,2%pi/3,0) ql[0];
CX ql01,ql1];

measure q -> c;

reset q[0];

crz(pi/2) ql1],ql0];
if(c==5) CX q[0],q[1];

barrier qargs;

Prevent transformations across this source line

barrier q[0],q[1];

@ This must appear as the first non-comment line of the file.



Quantum Assembly Languages
Quil
» Forest SDK - Rigetti
» Classical and quantum States
» DEFGATE; DEFCIRCUIT

Figure 3: Quil example [SCZ16].

LABEL @START
HO

MEASURE 0 [0]
JUMP-WHEN @END [0]

HO

H1

CNOT 1 O
JUMP @START
LABEL QEND
YO

MEASURE 0 [0]
MEASURE 1 [1]



Quantum Circuit description languages
Quipper

» Scalable quantum circuit description
» Haskell embedded language

Figure 4: Quantum teleportation example [GLRT13].

plus_minus :: Bool -> Circ Qubit
plus_minus b = do

q <- qinit b

r <- hadamard q

return r

share :: Qubit -> Circ (Qubit, Qubit)
share a = do
b <- qinit False
b <- gnot b ‘controlled‘ a S —
return (a,b)




bell00 :: Circ (Qubit, Qubit)

bell00 = do 0} . °

a <- plus_minus False

(a,b) <- share a of

return (a,b)

alice :: Qubit -> Qubit -> Circ (Bit,Bit)
alice q a = do

a <- gnot a ‘controlled‘ q —
q <- hadamard q [meas |

(x,y) <- measure (q,a)
return (x,y)

bob :: Qubit -> (Bit,Bit) -> Circ Qubit
bob b (x,y) = do X
b <- gate_X b ‘controlled‘ y |
b <- gate_Z b ‘controlled‘ x ]
cdiscard (x,y) ——

return b

teleport :: Qubit -> Circ Qubit
teleport q = do
(a,b) <- bell00
(x,y) <- alice q a

b <= bob b (x,y)
return b



High-level languages
Q#

Beyond quantum circuit

Classical and quantum computation

Python and .NET languages (C#, F#)

Function (°T -> ’U)

Operation (°T => ’U)

Controlled; Adjoint; (°T => Unit is Ctl + Adj)



Figure 5: Approximated QFT of Q# [SGT118].

namespace Microsoft.Quantum.Canon {
open Microsoft.Quantum.Primitive;

operation ApproximateQFT ( a: Int, qgs: BigEndian) : () {
body {
let nQubits = Length(gs);

for (i in @ .. (nQubits - 1) ) {
for (j in 0..(i-1)) {
if ( (i-j) <a) {
(Controlled R1Frac)( [qs[ill, (1, i - j, as[jil) );
}

3
H(qs[il);
}

// Apply the bit reversal permutation
// to the quantum register
SwapReverseRegister(qs);

}

adjoint auto
controlled auto
controlled adjoint auto



High-level languages
Silq

» Safe uncomputation and intuitive semantics

» Linear type system* (const; duplication)

Figure 6: Benefit of Silq's automatic uncomputation [BBGV20]

1 d:=a|| b]]| c; il 1 using(t=Qubit()){
2 OR(a,b,t);
3 OR(t,c,d);
4
5

1 with_computed (OR a b) $
2 \t -> 0R t ¢ Quipper

Adjoint OR(a,b,t);
} Q#



High-level languages
Silg

Figure 7: Examples of invalid Silg programs, their error messages, and
possible fixes (where applicable) [BBGV20].

def nonConstFixed(const c:B){

def discard(n: IN] (x;uint[n]){ o
- 11 1= Bipmg Vo [0)c

y i= X% 2; // '%' supports quantum inputs

def useConsumed (x:B) {

y = H(x); // consumes x . if X(c) { phase(m); }
return (x,y); A . ., 1= 5Dy [0),
} // undefined identifier x } 7/ parameter 'x' is not consume }
def nonQfree(const x:B,y:B
def useConsumedFixed (const x:B){ ot H(O) . ( b i 1" def condMeas (const c:B,x:E){
AR if H(x = X(y); ;
11 91 = Sheg Yo l0)x return y: 4 Y if ¢ { x := measure(x); }
11 2= T Yo 0D ® [0)x vi } // cannot call function
- } // non-lifted quantum expression must be consumed
y = H(X); // ‘measure[B]' in 'mfree’ context
17 Y3.= Zomg Yo [0 @ (10}, + (=) 1)) def nonConst(c:B){
return (x,y); def revMeas(){

if X(c) { phase(n); } // X consumes c

return reverse(measure);
} // non-lifted quantum expression must be consumed TSR

} // reversed function must be mfree



High-level languages
Ket

» Cloud-based quantum computation
» Generic quantum programming
» Dynamic quantum execution

» Runtime quantum code generation; Future
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26
27
28

def

def

a =
b =

bell (aux0, auxil):

q = quant(2)

if aux0 ==
x(q[01)

if auxl ==
x(q[11)

h(q[01)

ctrl(qlo],x,ql1])

return q

teleport(a):

b = bell(0, 0)
ctrl(a, x, b[0])
h(a)

m0 = measure(a)

ml = measure(b[0])

if ml == 1:
x(b[1])
if m0 == 1:
z(b[11)
return b[1]

quant (1)
teleport(a)

result = measure(b)
result.get ()

LABEL Qentry

ALLOC  qO0

ALLOC gl

ALLOC g2

H ql

CTRL ql X

CTRL q0 X

H q0

MEASURE qO0

INT i0 ZE

MEASURE q1

INT il ZE

INT i2 1

INT i3 i1

BR i3 Qif.th
LABEL @Qif.thenO

X q2

JUMP Qif.endl
LABEL Qif.endl

INT i4 1

INT i5 i0

BR i5 Qif.th
LABEL Qif.then2

A q2

JUMP Qif.end3
LABEL Qif.end3

MEASURE g2

INT i6 ZE

q2
ql
c0

cl

en0

en2

c2

i2
@if.endl

i4
Q@if.end3
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Quantum Programming Languages
Evandro Chagas Ribeiro da Rosa

“Quantum computers raise interesting problems
for the design of programming languages|...]"
(Deutsch, 1985)
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