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• Seed-adaptive grey-box fuzzing [ICSE 2023]
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Fig. 2. Workflow of SEAMFUZZ

bit of s (i.e., 0 to 1) and the consecutive two bits from the
10-th position (i.e., 10 to 01) to generate a new test-case s 0

(“1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1”).
Using the newly generated test-case s 0 as an input, AFL

executes the target program pgm as shown at line 8 in
Algorithm 1. s 0 is accumulated to the seed input corpus I
if it covers a new execution path or makes a program crash.
In this paper, we refer to these test-cases as interesting test-
cases. AFL repeats these steps until it generates and tests n
test-cases. Undoubtedly, the methodology for formulating the
mutation methods M , the mutation strategy, greatly affects the
performance of fuzzing tools.

Limitation. Traditional program-agnostic fuzzers such as
AFL totally rely on the randomness of selecting mutation
methods for test-case generation, which is a major shortcom-
ing preventing optimal performance. It is well-known that
AFL can generate enormous number of test-cases within a
reasonable time (e.g., 96 millions of test-cases generated in 3
days) for any types of testing program. It, however, shows low
efficiency of generating meaningful test-cases, which lead to
unexplored program locations, due to its inherent randomness.

In order to improve the efficiency and the performance
of mutation-based fuzzers, the program-adaptive approaches,
notably MOPT [28], have become a trending approach, which
aims to control the probability distribution for selecting muta-
tion methods with respect to the target program. However,
they tune the mutation strategy with respect to only the
testing program, missing the opportunity of leveraging the
different characteristics of distinct seed inputs. We experi-
mentally observed that some seed inputs can be effectively
mutated for penetrating into deeper program locations or
triggering program crashes if it follows a certain probability
distribution far from the one learned on a target program.
This observation motivated us to develop a new technique
which automatically applies the proper probability distribution
of choosing mutation methods to different seed inputs.

III. OUR TECHNIQUE

In this section, we present our technique for automati-
cally learning optimized probability distributions of choosing
effective mutation methods regarding to each seed input.
A naive approach to achieve this goal would be to learn
probability distributions for all seed inputs individually. In
practice, however, this simple approach is not appropriate to
test real-world programs as we demonstrate in Section IV-D.
This is because the number of seed inputs maintained during
fuzzing is typically tens of thousands, so there is little chance

Algorithm 2 SEAMFUZZ
Require: Program pgm , seed input corpus I .
Ensure: path coverage Cover(I ), crashing input corpus Crash
1: procedure SEAMFUZZ(pgm, I )
2: Crash  ;
3: G  ; . information for seed groups
4: repeat
5: s  SELECTSEED(I )
6:
7: g  CLUSTER(s,G) . g = (sid,S ,Pid,Dg,Db)
8: G  G\{g}
9:

10: for i = 1 to n do
11: P sample from {Pid,Pr} with prob = [✏, 1� ✏]
12: M  SAMPLE(P) . M = h(op0, loc0), ..., (opk, lock)i
13: s0  MUTATE(s,M )
14: (I ,Crash, g) EXECUTE(pgm, s0, g)

15: g 0  LEARN(g)
16: G  G [ {g 0}
17: until timeout reached
18: return (Cover(I ),Crash)

that the individual probabilities learned for each input are re-
used. To address this challenge, our algorithm comprises of
two key components: seed cluster and probability learner.

A. Overview of SEAMFUZZ

Let us first briefly explain how our approach works. Figure 2
illustrates the workflow of SEAMFUZZ. SEAMFUZZ comprises
two more phases compared to the traditional mutation-based
fuzzing tool: (1) seed cluster which clusters the seed input into
the seed group with the similar characteristics (Section III-B)
and (2) probability learner that learns the probability dis-
tribution of selecting effective mutation methods tailored for
each seed group (Section III-C).

Overall Algorithm. We now explain how SEAMFUZZ
works by following Algorithm 2 step by step. SEAMFUZZ first
initializes the set Crash of error-triggering inputs and the set
G of seed groups to empty sets at lines 2–3 of Algorithm 2.
Then, SEAMFUZZ selects a seed input s from seed input
corpus I . At line 7, the function CLUSTER identifies the seed
group to which the selected seed input s belongs, and returns
the corresponding group g , a quintuple (sid,S ,Pid,Dg,Db).
Each component in a quintuple will be discussed in Sec-
tion III-B and Section III-C. Before sampling mutation meth-
ods for a test-case generation, SEAMFUZZ determines whether
to follow the learned probability Pid (exploit) or the random
probability Pr (explore) at line 11. Since the balance between
exploitation and exploration affects greatly on the perfor-
mance, we, based on trial and error, set the probability for
exploitation and exploration to be 70% and 30%, respectively
(i.e., the value of ✏ at line 11 is 0.7). SEAMFUZZ follows
the selected probability distribution P to select the effective
mutation methods M for mutating the seed input s at line
12, and then it executes the program pgm with the new
test-case s 0 generated by M . For each test-case execution at
line 14, SEAMFUZZ accumulates the useful data, where the
data is later used to update the probability distribution Pid

optimized for the seed group g in the LEARN function at line

• Finding soundness bugs in SMT solvers [ICSE 2023]
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• Automated parameter configuration [ICSE 2022]
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ABSTRACT
We present S��T����, a novel technique to automatically tune
external parameters of symbolic execution. Practical symbolic ex-
ecution tools have important external parameters (e.g., symbolic
arguments, seed input) that critically a�ect their performance. Due
to the huge parameter space, however, manually customizing those
parameters is notoriously di�cult even for experts. As a conse-
quence, symbolic execution tools have typically been used in a
suboptimal manner that, for example, simply relies on the default
parameter settings of the tools and loses the opportunity for bet-
ter performance. In this paper, we aim to change this situation by
automatically con�guring symbolic execution parameters. With
S��T���� that takes parameter spaces to be tuned, symbolic ex-
ecutors are run without manual parameter con�gurations; instead,
appropriate parameter values are learned and adjusted during sym-
bolic execution. To achieve this, we present a learning algorithm
that observes the behavior of symbolic execution and accordingly
updates the sampling probability of each parameter space. We eval-
uated S��T���� with KLEE on 12 open-source C programs. The
results show that S��T���� increases branch coverage of KLEE by
56% on average and �nds 8 more bugs than KLEE with its default
parameters over the latest releases of the programs.
ACM Reference Format:
Sooyoung Cha, Myungho Lee, Seokhyun Lee, and Hakjoo Oh. 2022. S���
T����: Maximizing the Power of Symbolic Execution by Adaptively Tuning
External Parameters. In 44th International Conference on Software Engineer-
ing (ICSE ’22), May 21–29, 2022, Pittsburgh, PA, USA. ACM, New York, NY,
USA, 12 pages. https://doi.org/10.1145/3510003.3510185

1 INTRODUCTION
Decades of research have transformed symbolic execution into a
mainstream technique in software testing. The basic idea of sym-
bolic execution is to replace program inputs by symbolic variables
and explore the execution paths of a program symbolically. Since its
inception [7, 32, 41], symbolic execution has been an active research
area [5]. In particular, the last decade has seen remarkable advances,
signi�cantly mitigating main challenges such as path explosion
∗Corresponding author
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$ klee --simplify-sym-indices --max-memory=1000 --optimize

--use-forked-solver --use-cex-cache --external-calls=all

--max-sym-array-size=4096 --max-instruction-time=30s

--max-time=60min --max-memory-inhibit=false

--max-static-fork-pct=1 --max-static-solve-pct=1

--max-static-cpfork-pct=1 --switch-type=internal

--search=random-path --search=nurs:covnew

--batch-instructions=10000 ./pgm.bc --sym-args 0 1 10

--sym-args 0 2 2 --sym-files 1 8 --sym-stdin 8 --sym-stdout ...

Figure 1: The parameter setting of KLEE used in [49]

and constraint solving [6, 14, 23, 34, 36, 38, 39, 45, 48, 52, 54, 66].
Equipped with these techniques, symbolic execution tools such as
KLEE [11] have become publicly available and widely used in both
academia and industry [12, 13].

Despite the progress, however, maximizing the performance of
modern symbolic execution tools is notoriously di�cult in practice.
One main reason is that state-of-the-art symbolic executors have
a number of important external parameters that critically a�ect
their e�ectiveness. For example, Figure 1 shows a typical command
for running KLEE, which was tailored to GNU Coreutils by the
original authors of KLEE [11, 49]. These parameters, for example,
are to select which search strategy to use, to decide the symbolic
arguments, and to choose the memory budget. It is well-known that
these parameters have a huge impact on the runtime performance
of symbolic execution and therefore must be carefully tuned for
each target program [45, 60, 63].

Manually tuning such parameters is challenging even for experts.
Note that more than half of the parameters in Figure 1 are of non-
boolean types (e.g., string or integer), and their combination induces
an enormous search space. Consequently, KLEE has typically been
used without proper con�guration of those parameters; existing
works either (1) simply rely on the parameter setting in Figure 1 [17,
18, 23, 50, 63] (even for programs beyond Coreutils) or (2) manually
tune speci�c parameters (e.g., symbolic arguments) atop the default
parameter values [37, 45, 52, 60, 66]. Recently, a few techniques [14,
16] have been proposed for tuning search heuristics automatically
but other critical parameters still need to be con�gured manually.

In this paper, we present S��T����, a novel technique for auto-
matically tuning symbolic execution parameters. Initially, from the
users, S��T���� takes as input the sample spaces for the parame-
ters to be tuned. Then, with S��T����, symbolic execution tools
such as KLEE can be run without manual parameter tuning; appro-
priate parameter values for the target program are automatically
adjusted by S��T���� during symbolic execution. To do so, along

$ klee pgm.bc

• Language model-guided symbolic execution [Security 2021]



• Boosting unsound, path-sensitive bug-finders [ICSE 2023]

정적 분석

TABLE I: Performance of original Infer(Pulse). Analysis time in seconds. Kmain: the number of disjuncts to be maintained
during the main analysis.

Program KLOC Kmain = 5 Kmain = 10 Kmain = 20 Kmain = 40 Kmain = 60
alarms time alarms time alarms time alarms time alarms time

gawk 57 68 9 67 22 67 67 68 294 69 497
redis 74 4 25 4 73 4 196 2 585 2 1,042
nasm 103 55 13 76 16 80 27 99 49 93 86
sqlite 117 2 42 2 232 2 835 2 3,178 8 3,237
gnucobol 123 10 28 10 68 11 201 12 666 11 1,717
gnuastro 151 47 48 51 56 52 78 63 201 66 320
DyLP 157 11 25 17 56 18 158 21 567 19 1,018
httpd 207 373 64 435 167 473 554 466 2,091 506 5,190
git 238 5 42 4 97 6 278 5 1,116 5 2,047
freeipmi 318 10 36 12 77 13 197 16 674 16 1,178
vim 342 1 67 1 187 1 926 1 3,725 1 7,448
bluez 366 59 24 98 55 113 164 130 508 158 880
cpython 367 10 97 10 207 12 645 12 2,595 12 5,200
openssl 414 412 99 422 238 425 841 468 3,767 492 7,314
gettext 701 93 39 96 92 138 277 161 1,408 179 2,510
TOTAL 3,735 1,160 659 1,305 1,642 1,415 5,444 1,526 21,425 1,637 39,684

TABLE II: Performance of data-driven Infer(Pulse). M : the number of learned models (from which the best one is used for
each program). Kmain: the number of disjuncts to be maintained during the main analysis. Kpre: the number of disjuncts to be
maintained during the pre-analysis. Total: total analysis time including pre- and main-analyse. Pre: pre-analysis time.

Program

M = 1
M = 3

Kpre = 1 Kpre = 3
Kmain = 5 Kmain = 20 Kmain = 5 Kmain = 5 Kmain = 10

alarms time alarms time alarms time alarms time alarms time
Total Pre Total Pre Total Pre

gawk 76 24 82 205 75 33 15 75 47 30 78 70 29
redis 4 33 4 347 4 64 31 5 82 53 5 136 59
nasm 46 19 72 73 64 53 37 65 60 43 90 73 47
sqlite 8 66 8 649 8 98 42 8 156 99 8 256 92
gnucobol 10 27 12 400 10 73 33 10 108 72 10 182 78
gnuastro 54 52 68 182 54 200 137 64 225 159 71 281 166
DyLP 21 35 22 245 21 68 32 17 98 65 20 144 66
httpd 286 107 397 1,234 609 167 65 609 262 159 617 419 176
git 5 62 6 568 69 102 44 69 160 102 61 255 103
freeipmi 11 32 16 276 32 83 36 32 104 59 201 191 66
vim 167 101 398 1,005 167 166 67 525 232 151 535 403 162
bluez 139 40 167 243 77 73 39 113 94 63 148 148 69
cpython 16 131 17 853 15 259 142 15 336 228 17 498 254
openssl 669 80 842 495 968 198 74 968 296 170 757 439 177
gettext 156 67 182 431 156 141 75 165 184 123 186 268 132
TOTAL 1,668 875 2,293 7,208 2,329 1,777 870 2,740 2,443 1,576 2,804 3,764 1,674
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Fig. 1: Comparison of the cost/bug-finding efficiency between original and data-driven Infer.

Precision

Speed

• Balancing precision & scalability of sound analysis [POPL 2022]
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데이터 기반 프로그램 분석
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StrategyOur Goal

• Our goal is to automate the heuristic designing process.

program
pre-analysis 2obj: {m1,m2,…}

1obj: {m7,m9,…}
insens: {m3,m4,…}

main analysis
results

Graph Analysis strategy

Our framework

machine-learning techniques
specially designed for static analysis

• Automatic: little reliance on analysis designers

• Powerful: machine-tuning outperforms hand-tuning
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• 도메인 특화 기술


• C/C++ 메모리 오류 자동 수정 [FSE 2018, ICSE 2020]


• Java 널 포인터 오류 자동 수정 [ICSE 2022]


• Python 타입 오류 자동 수정 [FSE 2022]


• Solidity 보안 취약점 자동 수정 (in progress)


• OCaml 프로그래밍 과제 자동 수정 [OOPSLA 2018/2019, FSE 2021]


• 일반 기술 (테스트 케이스 기반)

프로그램 자동 수정 연구
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일반적 자동 수정 기술 현황

    void checkVisibility(Node t, Node parent) {
(-)   boolean isOverride = t.inGlobalScope() && ...  
(+)   boolean isOverride = parent.getJSDocInfo() == null && ...

      if (isOverride) {
        compiler.report(PRIVATE_OVERRIDE);
      }
    }

Closure-71 (Defects4J) 사례
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양자 회로 자동 합성 (OOPSLA 2023)

|100⟩ ↦
1

2
( |000⟩ + |111⟩) H, CNOT

양자 회로 합성기
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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)
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• 고전 컴퓨터의 일반화
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• 비트의 일반화 (0과 1의 중첩—선형 결합)

큐비트
|0⟩
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|ψ⟩ = α0 |0⟩ + α1 |1⟩

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

|α1 |2 + |α2 |2 = 1
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• 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} → {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
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• 얽히지 않은 상태 = 개별 큐비트들이 단순 결합된 상태
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|0⟩ + |1⟩
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|0⟩ + |1⟩
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|00⟩ + |01⟩ + |10⟩ + |11⟩
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X =

• 하나의 큐비트 관찰 결과가 다른 큐비트 상태에 영향을 주지 않음

|0⟩ |1⟩

50% 50%



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

|00⟩ + |11⟩

2



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

|00⟩ + |11⟩

2

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



• 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⟩



1. 두 큐비트                                  를  상태로 준비
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EPR 패러독스
|0⟩
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|00⟩ + |11⟩

2

2. 두 큐비트를 서로 멀리 떨어지도록 이동
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“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
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• CNOT: 얽힌 상태를 만드는데 사용

The Controlled-NOT (CNOT) Gate

The CNOT gate

|Ai |Ai

|Bi |B � Ai CNOT =
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3
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CNOT (↵00 |00i+ ↵01 |01i+ ↵10 |10i+ ↵11 |11i)
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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).
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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


• 전혀 다른 계산 모델

양자 프로그래밍의 어려움



양자 회로 자동 합성 (OOPSLA 2023)

|100⟩ ↦
1

2
( |000⟩ + |111⟩) H, CNOT

양자 회로 합성기
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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))}
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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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de�nes what we mean by modules and describe their properties. Section 4.2 describes the high-level
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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
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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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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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?”
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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:

• # = 3
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• 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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• ⇢ = {(|100i , 1p

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

• G = {� ,⇠#$) }
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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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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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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.

1. 모듈 = 게이트 조합 (up to some fixed length)

아이디어: 모듈 레벨 양자 회로 합성

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 = {� ,⇠#$) }
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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•
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(a)

"1 "2 "3
H • •

•
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(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).
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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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(a)
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(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).
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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.

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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(a)
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(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).
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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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“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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“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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•
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(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).
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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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(a)
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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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합성 알고리즘의 안전성 (Soundness)

“특정 가정하에서 모듈 기반 합성 알고리즘이 항상 정답을 찾아냄”
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Modular Component-based �antum Circuit Synthesis 1:19

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 •
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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.
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