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• Security: IEEE S&P(’17,’20), USENIX Security(’21)
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• SW 오류 = 사회 모든 영역에서 발생


• SW 오류 = 사회경제적 비용 1.7조 달러/년

연구 목표
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소프트웨어 오류 문제
• 소프트웨어 오류는 사회 모든 영역에서 발생하는 추세

자율주행SW(2017)금융거래SW(2012) 의료SW(2018)

• 소프트웨어 결함으로 인한 사회경제적 비용은 연 1.7조 달러로 추정

(Software fail watch (5th edition). 2017)

블록체인SW(2020)
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• 명세로부터 프로그램 코드를 자동 생성

프로그램 합성 (Program Synthesis)
Synthesizing Imperative 

Programs

48

• Specification is given as test cases

cf) A General View of Compilers

Compilers can be seen as a code synthesizer that transforms specification
into implementation.

I specification: high-level impl, logics, examples, natural languages, etc
I implementation: low-level impl, high-level impl, algorithm design, etc

e.g., specification: reverse(12) = 21, reverse(123) = 321

See our recent paper:
Synthesizing Imperative Programs for Introductory Programming
Assignments. https://arxiv.org/abs/1702.06334
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• 명세로부터 프로그램 코드를 자동 생성

프로그램 합성 (Program Synthesis)
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딥러닝 기반 프로그램 합성의 특징
• 딥러닝 기반 프로그램 합성은 전체적인 구조는 맞지만, 구체적인 값은 틀린 코드를  
생성하는 경우가 종종 발생

  # Write a python function to toggle all even bits of a given number. 
  # Your code should pass these tests: 
  # 
  # assert even_bit_toggle_number(10) == 0 
  # assert even_bit_toggle_number(20) == 30 
  # assert even_bit_toggle_number(30) == 20 
  def even_bit_toggle_number(n): 
      count = 0 
      res = 0 
      temp = n 
      while temp > 0: 
          if count % 2 == 1: 
              res |= 1 << count 
          count += 1 
          temp >>= 1 
      return n ^ res

딥러닝 모델로부터 생성된 올바르지 않은 프로그램
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양자 회로 자동 합성

|100⟩ ↦
1

2
( |000⟩ + |111⟩) H, CNOT

양자 회로 합성기

입출력 명세 컴포넌트 게이트246
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1:6 Anon.

“How to convert 3-qubit quantum state |100i into |⌧�/ i = 1p
2
( |000i + |111i)

using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p

2
( |000i + |111i))}

• G = {� ,⇠#$) }
Given these inputs, our goal is to synthesize a circuit such as one presented in Figure 3.

H • •

•|100i

H H

|⌧�/ i = 1p
2
( |000i + |111i)

8>>>><
>>>>:

9>>>>=
>>>>;

Fig. 3. �antum circuit for transforming |100i to |⌧�/ i

4 OUR SYNTHESIS ALGORITHM
In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
structure of our algorithm. Finally, we provide the details of the two crucial parts of our algorithm:
module-level pruning (Section 4.3) and candidate module generation (Section 4.4).

4.1 Modular Representation of �antum Circuits

"1 "2
H • •

•
H H

(a)

"1 "2 "3
H • •

•
H H

(b)

Fig. 4. Modular representation of construction GHZ_from_100

Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).

Proc. ACM Program. Lang., Vol. 1, No. CONF, Article 1. Publication date: January 2018.



• 하드웨어

양자 컴퓨터

• 소프트웨어

Q#

Google Sycamore (2019) IBM Hummingbird, Eagle, Osprey (2020-2022)



• 고전 컴퓨터의 일반화

양자 컴퓨터

0

1

고전 비트

|0⟩

|1⟩

|0⟩ + |1⟩

2
양자 비트

(큐비트)

• 가능성 & 한계
NP-complete

NP

P
BQP

소인수 분해

검색



적용 사례

(2) 검색 [Grover 1996]

O(N) vs O( N)

0 0 0 1 0

(1) 소인수분해 [Shor 1995]

O(2N) vs O(N3)



• 비트의 일반화 (0과 1의 중첩—선형 결합)

큐비트
|0⟩

|1⟩

|ψ⟩ = α0 |0⟩ + α1 |1⟩

• : 확률 진폭 (probability amplitude)α1, α2 ∈ ℂ

|α1 |2 + |α2 |2 = 1

• 


• 


•

|0⟩

|1⟩

1

2
|0⟩ +

1

2
|1⟩

•
1

2
|0⟩ −

1

2
|1⟩

•
3
4

|0⟩ +
i

4
|1⟩



• 고전 비트 2개로 만들어지는 상태

N개 큐비트

00,    01,    10,    11

• 큐비트 2개 = 고전 2-bit 상태들의 중첩

|ψ⟩ = α0 |00⟩ + α1 |01⟩ + α2 |10⟩ + α3 |11⟩ (∑
i

|αi |
2 = 1)

• 큐비트 개 = 고전 N-bit 상태들의 중첩N

|ψ⟩ = ∑
x∈{0,1}N

αx |x⟩ 개 확률 진폭을 “저장”2N



• f : {0,1} → {0,1}

병렬처리: 고전 컴퓨터 vs. 양자 컴퓨터

f(0)

f(1)
f(

|0⟩ + |1⟩

2
)vs. 

• f : {0,1}N → {0,1}

f(0)

f(1)

f(2N − 1)

⋮
f(

|0⟩ + |1⟩ + … + |2N − 1⟩

2N
)vs. 



• 큐비트의 내부 상태( )는 알 수 없고, 고전 정보만 관측 가능


• 큐비트 를 측정하면, 


• 의 확률로 이 관측되고  로 붕괴


• 의 확률로 이 관측되고  로 붕괴

α1, α2

|ψ⟩

|α0 |2 0 |ψ⟩ = |0⟩

|α1 |2 1 |ψ⟩ = |1⟩

측정과 붕괴

|0⟩ + |1⟩

2

|ψ⟩ = α0 |0⟩ + α1 |1⟩

|0⟩

|1⟩

측정
50%

50%



• 상태 를 측정하면, 


• 의 확률로 이 관측되고  로 붕괴


• 의 확률로 이 관측되고  로 붕괴


• 의 확률로 이 관측되고  로 붕괴


• 의 확률로 이 관측되고  로 붕괴


• 예: 

|ψ⟩

|α0 |2 00 |ψ⟩ = |00⟩

|α1 |2 01 |ψ⟩ = |01⟩

|α2 |2 10 |ψ⟩ = |10⟩

|α2 |2 11 |ψ⟩ = |11⟩

N개 큐비트 측정
|ψ⟩ = α0 |00⟩ + α1 |01⟩ + α2 |10⟩ + α3 |11⟩

|ψ⟩ =
|00⟩ + |01⟩ + |10⟩ + |11⟩

2



• 얽히지 않은 상태 = 개별 큐비트들이 단순 결합된 상태

얽힘 (Entanglement)

|0⟩ + |1⟩

2

|0⟩ + |1⟩

2

|00⟩ + |01⟩ + |10⟩ + |11⟩
2

X =

• 하나의 큐비트 관찰 결과가 다른 큐비트 상태에 영향을 주지 않음

|0⟩ |1⟩

50% 50%



• 하나의 큐비트 관찰이 다른 큐비트 상태에 영향을 줌

얽힘 (Entanglement)
• 얽힌 상태 = 개별 큐비트 상태들로 분리 불가능

|00⟩ + |11⟩

2

≠ (α0 |0⟩ + α1 |1⟩) × (β0 |0⟩ + β1 |1⟩)

• 하나의 큐비트에서 0을 관측하면 다른 큐비트 상태는 로 결정


• 하나의 큐비트에서 1을 관측하면 다른 큐비트 상태는 로 결정

|0⟩

|1⟩



1. 두 큐비트                                  를  상태로 준비
|00⟩ + |11⟩

2

EPR 패러독스
|0⟩

|1⟩

|0⟩

|1⟩

3. 측정

|00⟩ + |11⟩

2

2. 두 큐비트를 서로 멀리 떨어지도록 이동

|0⟩ |0⟩
|1⟩ |1⟩

“Spooky action at a distance”



양자 게이트

Single Qubit Transformers (Gates)

I =


1 0
0 1

�

↵ |0i+ � |1i I ↵ |0i+ � |1i

X =


0 1
1 0

�

↵ |0i+ � |1i X � |0i+ ↵ |1i

Z =


1 0
0 �1

�

↵ |0i+ � |1i Z ↵ |0i � � |1i

Hakjoo Oh (Korea University) Introduction to Quantum Computing (2) 6 / 21

[0 1
1 0] × [α0

α1] = [α1
α0]

• 큐비트 상태 = 벡터

|ψ⟩ = α0 |0⟩ + α1 |1⟩ = α0 [1
0] + α1 [0

1] = [α0
α1]

• 게이트 연산 = 행렬 곱

α0 |0⟩ + α1 |1⟩ α1 |0⟩ + α0 |1⟩
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Single Qubit Transformers (Gates)

The Hadamard Gate H =

"
1p
2

1p
2

1p
2

� 1p
2

#
= 1p

2


1 1
1 �1

�

↵ |0i+ � |1i H ↵ |0i+|1ip
2

+ � |0i�|1ip
2

H is often used to put the standard basis vectors into superpositions:

H(|0i) = |0i+ |1ip
2

H(|1i) = |0i � |1ip
2

Hakjoo Oh (Korea University) Introduction to Quantum Computing (2) 7 / 21

α0 |0⟩ + α1 |1⟩ α0 |0⟩ − α1 |1⟩

α0 |0⟩ + α1 |1⟩ α0(
|0⟩ + |1⟩

2
) + α1(

|0⟩ − |1⟩

2
)

[1 0
0 −1]

1

2 [1 1
1 −1]



양자 게이트The Controlled-NOT (CNOT) Gate

The CNOT gate

|Ai |Ai

|Bi |B � Ai CNOT =

2

664

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

3

775

negates the second qubit if the first qubit is 1, flipping the probability
amplitudes of |10i and |11i:

CNOT (↵00 |00i+ ↵01 |01i+ ↵10 |10i+ ↵11 |11i)
= ↵00 |00i+ ↵01 |01i+ ↵10 |11i+ ↵11 |10i

The CNOT gate is used to entangle qubits:

|0i+|1ip
2 |00i+|11ip

2|0i

Hakjoo Oh (Korea University) Introduction to Quantum Computing (2) 8 / 21

• CNOT (Controlled-Not) 게이트
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• CNOT: 얽힌 상태를 만드는데 사용

The Controlled-NOT (CNOT) Gate

The CNOT gate
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• 양자 게이트들의 조합

양자 회로
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1:6 Anon.

“How to convert 3-qubit quantum state |100i into |⌧�/ i = 1p
2
( |000i + |111i)

using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p

2
( |000i + |111i))}

• G = {� ,⇠#$) }
Given these inputs, our goal is to synthesize a circuit such as one presented in Figure 3.

H • •

•|100i

H H

|⌧�/ i = 1p
2
( |000i + |111i)

8>>>><
>>>>:

9>>>>=
>>>>;

Fig. 3. �antum circuit for transforming |100i to |⌧�/ i

4 OUR SYNTHESIS ALGORITHM
In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
structure of our algorithm. Finally, we provide the details of the two crucial parts of our algorithm:
module-level pruning (Section 4.3) and candidate module generation (Section 4.4).

4.1 Modular Representation of �antum Circuits

"1 "2
H • •

•
H H

(a)

"1 "2 "3
H • •

•
H H

(b)

Fig. 4. Modular representation of construction GHZ_from_100

Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).

Proc. ACM Program. Lang., Vol. 1, No. CONF, Article 1. Publication date: January 2018.

circ = QuantumCircuit(3) 
circ.h(0) 
circ.cx(0, 1) 
circ.cx(0, 2) 
circ.h(2) 
circ.cx(1, 2) 
circ.h(2)

http://circ.cx


• 고전 프로그래밍(e.g. Python, C, Java, …)과는 전혀 다른 방식


• 양자 프로그래밍은 비직관적


• 데이터 값 : 벡터


• 프로그램 연산자 : 행렬

양자 프로그래밍의 어려움

=
1

2 (1 1
1 −1)

=

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



양자 회로 자동 합성 (OOPSLA 2023)

|100⟩ ↦
1

2
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1:6 Anon.

“How to convert 3-qubit quantum state |100i into |⌧�/ i = 1p
2
( |000i + |111i)

using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p

2
( |000i + |111i))}

• G = {� ,⇠#$) }
Given these inputs, our goal is to synthesize a circuit such as one presented in Figure 3.

H • •

•|100i

H H

|⌧�/ i = 1p
2
( |000i + |111i)

8>>>><
>>>>:

9>>>>=
>>>>;

Fig. 3. �antum circuit for transforming |100i to |⌧�/ i

4 OUR SYNTHESIS ALGORITHM
In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
structure of our algorithm. Finally, we provide the details of the two crucial parts of our algorithm:
module-level pruning (Section 4.3) and candidate module generation (Section 4.4).

4.1 Modular Representation of �antum Circuits
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Fig. 4. Modular representation of construction GHZ_from_100

Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).
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using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p

2
( |000i + |111i))}

• G = {� ,⇠#$) }
Given these inputs, our goal is to synthesize a circuit such as one presented in Figure 3.
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4 OUR SYNTHESIS ALGORITHM
In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
structure of our algorithm. Finally, we provide the details of the two crucial parts of our algorithm:
module-level pruning (Section 4.3) and candidate module generation (Section 4.4).

4.1 Modular Representation of �antum Circuits
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).
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using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p
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( |000i + |111i))}

• G = {� ,⇠#$) }
Given these inputs, our goal is to synthesize a circuit such as one presented in Figure 3.
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In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
structure of our algorithm. Finally, we provide the details of the two crucial parts of our algorithm:
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).
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using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p
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In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).
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“How to convert 3-qubit quantum state |100i into |⌧�/ i = 1p
2
( |000i + |111i)

using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p

2
( |000i + |111i))}

• G = {� ,⇠#$) }
Given these inputs, our goal is to synthesize a circuit such as one presented in Figure 3.
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In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
structure of our algorithm. Finally, we provide the details of the two crucial parts of our algorithm:
module-level pruning (Section 4.3) and candidate module generation (Section 4.4).
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).
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using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p

2
( |000i + |111i))}

• G = {� ,⇠#$) }
Given these inputs, our goal is to synthesize a circuit such as one presented in Figure 3.
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In this section, we present a modular algorithm for synthesizing quantum circuits. Section 4.1
de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
structure of our algorithm. Finally, we provide the details of the two crucial parts of our algorithm:
module-level pruning (Section 4.3) and candidate module generation (Section 4.4).
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).

Proc. ACM Program. Lang., Vol. 1, No. CONF, Article 1. Publication date: January 2018.

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

1:6 Anon.

“How to convert 3-qubit quantum state |100i into |⌧�/ i = 1p
2
( |000i + |111i)

using only Hadamard and ⇠#$) gates?”
This is a state preparation problem and can be translated into our problem de�nition as follows:

• # = 3
• ⇢ = {(|100i , 1p

2
( |000i + |111i))}

• G = {� ,⇠#$) }
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de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where
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This is a state preparation problem and can be translated into our problem de�nition as follows:
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de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
be a consecutive slice ⌧; (q; );⌧;+1 (q;+1); · · · ;⌧;+< (q;+<) (1  ;  =, 0  <  = � ;). For example,
we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where
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de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
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Modules. Given a quantum circuit ⇠ = ⌧1 (q1);⌧2 (q2); . . . ;⌧= (q=), we de�ne a module of ⇠ to
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we can decompose the circuit in Figure 3 into two modules ⇠ = "1;"2 in Figure 4a, where

"1 = � (@0);⇠#$) (@0,@1);⇠#$) (@0,@2), "2 = � (@2);⇠#$) (@1,@2);� (@2).

A circuit may have multiple modular representations. For example, we can also decompose the
circuit in Figure 3 into three modules ⇠ = "1;"2;"3 in Figure 4b, where

"1 = � (@0), "2 = ⇠#$) (@0,@1);⇠#$) (@0,@1), "3 = � (@2);⇠#$) (@1,@2);� (@2).
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합성 알고리즘의 안전성 (Soundness)

“특정 가정하에서 모듈 기반 합성 알고리즘이 항상 정답을 찾아냄”



벤치마크
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885
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887

888

889
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891

892

893

894

895

896

897

898

899

900

901

902
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904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923
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927

928

929

930

931
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Table 2. Solution circuits for the problems in Table 1. Circuits are in the (known) minimal forms.

Type ID Circuit ID Circuit

State
Preparation

three_superpose G1
3 •

H

M_valued H •
H • •

H • • H

GHZ_from_100 H • •
•

H H

GHZ_by_iSWAP Rx (�c
2 )

iSWAP
Rx (�c

2 ) Ry ( c2 )

Rx (�c
2 )

iSWAP
Ry ( c2 )

Rx (�c
2 )

GHZ_by_QFT QFT QFT

QFT QFT
H QFT QFT

GHZ_Game H • • H

H Z •
H Z Z

W_orthog H •

X G1
3 •

X •

W_phased G1
3 • • •

H Z
2
3

Z
2
3

W_four H •
H •

• •

cluster H • H

H Z •
H Z •
H Z H

bit_measure G1
3 • • • •

H •
H • • •

• • •

Multi IO

flip • •
H Z H

H Z H

teleportation • H

H •

draper •
• •

QFT
/ (

QFT†
/

toffoli_by_

p
- • •

• • •
p
-

p
-

p
-

�1

QFT H S T ⇥
• H S

• • H ⇥

indexed_bell •
•

•
H Z

5.2 Results
Table 3 reports the evaluation results. The results show that ourmodule-level algorithm substantially
improves the baseline, the gate-level synthesis method. Within a time limit of 3,600 seconds,
Ours successfully synthesized 16 circuits out of 17, with an average synthesis time of 96.6 seconds.
Among them, 11 circuits were synthesized in less than 10 seconds. Base, on the other hand, solved
10 out of 17 problems in an average time of 639.1 seconds. The overall speed up for the 10 problems
commonly solved by Ours and Base was 20.3x.

Proc. ACM Program. Lang., Vol. 1, No. CONF, Article 1. Publication date: January 2018.



게이트 레벨 합성 알고리즘 모듈 레벨 합성 알고리즘



• 양자 컴퓨팅 및 프로그래밍 소개 

Summary

감사합니다!

• 양자 회로 자동 합성 소개

• 양자 SW + X


• 양자 SW 합성, 최적화, 분석, 검증, 수정, 언어 디자인


